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Abstract
Suicide is an urgent public health crisis that claimed over 49,000 lives in the US in 2023. While genome-wide association
studies of suicide are beginning to reveal genetic risk attributable to common variants with small effects on liability, these
results explain only a fraction of the substantial proportion of risk due to genetics known to contribute to suicide mortality.
As with other complex health conditions, some of this unexplained genetic risk is likely due to rarer variants with larger
effects on liability. Using whole genome sequencing data from 1,054 population-ascertained suicide deaths from the Utah
Suicide Mortality Research Study (USMRS) jointly processed with 1,230 controls, we investigated intragenic deletions as a
class of genomic variation likely to disrupt gene function. To minimize false positives, deletions were limited to those found
in large publicly available control datasets (1000 Genomes, GnomAD, and Centers for Common Disease Genomics) and
where replication of deletions occurred across two cohorts within the USMRS suicides. Deletions meeting these filters were
manually validated. Eleven deletions had at least 2-fold increase in frequency in suicide deaths vs. controls (range 2.28 to
4.46). Implicated genes were associated with mental health conditions (MPST, IL4R, CDH13), epilepsy (CLCA4), intellectual
disability (ZNF44), neuronal function (OSBPL2), metabolic function (FBOX36), lipid metabolism (TM9SF3), immune functions
(PIPOX, IL4R), and Alzheimer’s disease (ZHX3, LMNTD1). Pending replication, these results may help prioritize biological
pathways for future functional studies with the goal of increasing our understanding of risk mechanisms leading to suicide
mortality.

Introduction
In the U.S., the suicide death rate is the highest it has been in over 80 years;1 suicide prediction and prevention are top public
health priorities. Identification of risk factors leading to suicide death remains challenging due to the complexity of suicide
risks; however, genetic factors comprise one important aspect of risk that may allow substantial progress in bridging this
knowledge gap, as estimates of heritability are ~ 50%.2–4

Recent genome-wide association study (GWAS) results based on large cohorts have begun to reveal common genetic
factors associated with suicide outcomes.5–10 While these findings represent significant progress, due to availability of data
they are largely dominated by cohorts of living individuals with suicidal ideation (SI) or suicide attempt (SA), not suicide
mortality. The resulting focus on the close association between underlying polygenic risk of psychiatric disorders with
polygenic risks of suicide outcomes in these studies may reflect the demonstrated strong clinical associations of
psychopathology with SI and SA.11 However, recent data suggests that the risk of suicide mortality, as compared to risk of

SI/SA, may also have strong non-psychiatric risk associations,12–15 highlighting a knowledge gap that could be bridged
through closer study of genetic variation among suicide deaths.

In addition, the recent GWAS studies of suicide outcomes provide estimates of SNP heritability ranging from 3.9–5.7%,
considerably less than the heritability estimates of suicide outcomes of 30–50% from the classical behavioral genetic
designs involving aggregated family and twin studies3, 16–19. This “missing heritability” likely derives from effects of rare
genomic variation and/or from the contribution of gene x gene or gene x environment effects.20–21 A recent exome-wide

study of rare potential functional single nucleotide variants in Veterans22 provides an important step to begin to bridge this
knowledge gap, though that study focuses on the outcomes of suicidal thoughts and behaviors rather than suicide mortality.

These knowledge gaps regarding specific risks associated with mortality and limited knowledge of contributions of rare
variation can be addressed by investigating large samples of population-ascertained suicide deaths regarding changes in
rarer genetic variation, particularly structural variation.23 Structural variants (SVs) are a broad class of genome variation that
is extremely diverse in type and size (typically 50–100 base pairs to several megabases).24 SVs are present in all human
genomes and often have severe functional consequences due to their ability to disrupt genes, cause gene fusions, rearrange
regulatory elements and alter gene dosage.25 SVs have historically been harder to study than common variation data due to
limitations associated with the necessary sequencing technologies and detection algorithms.24 Thus, like rarer SNVs,

Page 2/22



structural variants have largely been excluded from large-scale genetic studies even though rare, functional genetic variation
may play a crucial role in understanding the complexities of suicide risk.26

The current study provides results from a comprehensive study of whole genome sequence (WGS) data from a large sample
(N = 1,054) selected from a population-ascertained suicide mortality study.27 This study design addresses previous
challenges faced by studies of rare variation in suicide mortality, including small cohorts, reliance on genotyping rather than
WGS data, and/or ascertainment within individuals with specific clinical diagnoses. Using WGS data, emerging approaches
can be used to more reliably detect and call SVs.24 This genome-wide investigation focuses on deletions overlapping coding
sequence of genes; these represent genomic events most likely to affect gene function. We have chosen to focus on
deletions as they are more confidently detected by available robust computational tools.24,28

Methods
An overview of the study cohorts, filtering steps, and testing for deletion significance is shown in Fig. 1.

Data resources from suicide deaths. Data from Utah suicide deaths used in this study were available through a long-term
collaboration with the Utah State Office of the Medical Examiner (OME). Suicide determination was made by the OME
following detailed investigation of the scene and circumstances of death. High quality DNA was extracted from whole blood
obtained by the OME as a part of routine autopsies as previously described.27 Linking identifiers from suicide deaths were
securely transferred by the OME to staff at the Utah Population Database (UPDB;
https://uofuhealth.utah.edu/huntsman/utah-population-database). The UPDB is a statewide database with > 27 million data
records, including demographics, electronic health records data, and genealogical records. UPDB staff unrelated to the study
linked OME data from suicide deaths to UPDB health data, and then secure data transfer methods were used to provide a
limited use dataset to the research team. This study was approved by Institutional Review Boards at the University of Utah,
Intermountain Healthcare, and the Utah Department of Health and Human Services.

Selection of the initial 1,058 suicide deaths for generation of whole genome sequencing (WGS) data was done based on
factors associated with increased likelihood of greater genetic risk, including younger age at death, evidence for significant
extended familial risk of suicide death using Utah genealogical data,29 and diagnoses of bipolar disorder, which is

associated with high risk of suicide death.30

Control data. Joint processing of WGS data from Utah suicide deaths was done with individual WGS data from 1,230
controls unrelated to each other or to the suicides, and matching the predominantly Northern European ancestry of the Utah
population. These unrelated, ancestry-matched controls were from three sources: 1) 622 from the 1000 Genomes Project
(1000Genomes);31 2) 512 from the Centre d’Etude du Polymorphisme Humain (CEPH) genetic reference families;32 and 3)
96 from a Utah study of longevity.33

Relatedness and ancestry. Pairwise relatedness was computed using genetic identity by descent in PLINK.34 Among suicide
deaths, 20 pairs with third-degree relatedness or closer were retained to allow for correction of initial results and
prioritization for potential future analyses if familial transmitted variants were observed. Prior to selection for this study, all
controls related to suicide deaths at the level of third degree or closer were eliminated.

However, all suicide deaths were retained regardless of ancestry. Sensitivity tests were implemented to determine the extent
to which any result was driven by non-European carriers of the deletions. Ancestry was determined through comparison of
genotypes to reference population data available in the 1000Genomes using the kgp2anc algorithm
(https://github.com/freeseek/kgp2anc). Overall, data from Utah suicides with WGS revealed predominantly European
ancestry (98.10%); only 15 suicide deaths had < 90% EUR ancestry.
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Whole genome sequencing pipeline. WGS data were generated on the 1,058 Utah suicide deaths and processed jointly with
data from 1,230 controls. All data were generated using Illumina NGS technology with an average read depth of ~ 30x.
Alignment, variant calling, and joint genotyping of suicide deaths and control WGS datasets was performed at the Utah
Center for Genetic Discovery (UCGD) Core Facility, part of the Health Sciences Center Cores at University of Utah. The UCGD
pipeline (v 2.13.77) called variants using the Sentieon software package,36 which incorporates GATK best practices37–38

with other innovative elements. Use of this UCGD pipeline has been described in detail elsewhere.39 Briefly, sequence reads

were aligned to GRCh38 (Genome Reference Consortium Human Build 38) using BWA-MEM.40 The Haplotyper algorithm in
Sentieon36 was used to produce genomic Variant Call Format (gVCF) files.

Final suicide death WGS cohorts. Suicide deaths were processed in two cohorts (N = 674 and N = 384); data from four in the
first cohort were omitted due to low quality, leaving N = 670 and N = 384, total N = 1,054. The gVCF files were then combined
and jointly processed with data from the 1,230 individual controls. Table 1 presents descriptive data from the two suicide
death cohorts, showing more individuals with older age at death and more females in cohort 2 compared to cohort 1 (age
test: t = 10.93, p < 0.0001; sex test: chi-square = 11.75, p = 0.0006).

Table 1
Demographic characteristics of 1,054 Utah suicide deaths with WGS data.

Cohort N with
WGS

%
female

Avg. age at death in
years (sd)

% European
ancestry

N with bipolar
disorder

Cohort 1 670 24.25% 28.87 (sd = 13.08) 97.72% 145

Cohort 2 384 34.12% 37.84 (sd = 12.21) 98.58% 180

All suicides with
WGS

1,054 27.84% 32.13 (sd = 13.47) 98.10% 325

Note. Demographic age and sex data were computed from the suicide cohort with verified health records data (N = 
1,049).

Structural variant (SV) calling. Detection of structural variants (SVs) was done using Smoove (version 0.2.6l;
https://github.com/brentp/smoove) and Manta (version 1.6.0),41 again using the GRCh38 reference genome. Smoove and
Manta produce VCF files that contain deletions and duplications, and unclassified breakends; Smoove additionally includes
inversions and Manta includes insertions. Genic information (Ensembl GRCh38.p12) and Duphold42 quality metrics were
added to the VCF files using the Smoove annotate and duphold commands. SVAFotate43 was also used to annotate
population frequencies of deletions from public WGS control datasets including the Genome Aggregation Database
(GnomAD),44 the Centers for Common Disease Genomics (CCDG),45 the full 1000Genomes cohort,31 and the full CEPH

cohort.32 The reciprocal overlap fraction requirement of 0.8 was used to match SV calls between the suicide cohort and
these public datasets in SVAFotate.

Filtering criteria for deletions. Filtering was performed using Slivar,46 and filtered to minimize artifacts and maximize
potential functional deletions using these criteria: 1) overlap an exon using Smoove gene annotations; 2) pass Duphold42

quality metrics (Duphold_pass flag and fold change DHFFC < 0.7) and be present in at least suicides in suicide cohort 1; 3)
have frequency < 0.2 in at least one of the large control WGS data resources noted above to remove more common
deletions; 4) be > 100 base pairs (bp) and < 1 megabase (Mb); 5) exist at least once in the large control WGS resources to
remove likely artifacts; and 6) be present also in at least two suicides in cohort 2 (N = 384) to provide internal validation.

Statistical tests. For deletions meeting these criteria, frequencies in suicide deaths were compared to frequencies in the
jointly processed control sequence data using exact binomial tests. Deletions with significant fold increase in frequency over
jointly called control data at a false discovery rate < 0.05 were retained for manual validation. Frequencies of these deletions
were checked in the GnomAD non-Finnish European “non-neuro” subset (GnomAD v2.1, N = 16,684), which omits data from
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individuals with neuropsychiatric and neurological conditions.47 Because these GnomAD data were not jointly called with the
suicide data, these aggregated control frequencies were checked for comparison only.

Manual validation of deletions. Smaller deletions (less than 5,000 bp) were verified by PCR and subsequent electrophoresis
of the PCR product on agarose gels. First, primers flanking the putative deletions were designed using the Primer3 program
(v. 0.4.0). 50 ng of template DNA was then amplified with these primers in a PCR reaction using Q5®High-Fidelity DNA
Polymerase (New England Biolabs®) per manufacturer’s recommended conditions. PCR product was subsequently
electrophoresed on 1XTBE 2% agarose gels in the presence of Ethidium Bromide and then visualized on a Fotodyne™
FOTO/Analyst™ Workstation. The deletion was verified when product bands of two different sizes were present after PCR,
one band being the larger wild type allele and the other band being a smaller deleted allele. Larger deletions (greater than
5,000 bp) were verified using pre-designed Taqman™ Copy Number Assays purchased from Thermo Fisher Scientific.
Quadruplicate reactions were carried out per manufacturer’s recommendations, and the data was analyzed with
CopyCaller® Software.

Additional validation was done using SAMPLOT48 to visualize the deletions in silico for comparison with manual validation
results and to obtain indications of read depth sequence alignments and confidence intervals of calls in the region of the
deletion. Specifically, each deletion was inspected in the called region for losses in the depth of coverage or split or
discordant read signatures.

Characterization of implicated genes and of SNPs within the deletions. Potential functional impact of SNPs within each
significant deletion was characterized using public data from the GTEx consortium (https://gtexportal.org/). Gene-drug
interactions were compiled using the DGIdb resource49 and gene expression level changes in the presence of drugs were
compiled using DRUGBANK.50 Additional characterizations of the genes implicated by the deletions included publicly
available genetic associations from the GWAS Catalog.51

Clinical data. Once SVs were identified and validated, additional electronic health records (EHR) data linked to suicide deaths
were then used to provide descriptive information regarding possible variation in the proportion of decedents with co-
occurring health conditions by deletion in order to direct possible future studies. Diagnostic data from the International
Classification of Diseases (ICD-9 and ICD-10; https://archive.cdc.gov/www_cdc_gov/nchs/icd/) system in the EHR was
tabulated for suicides with deletions. Diagnoses were collapsed into phecodes,52 curated groups of ICD codes created to
capture clinically meaningful phenotypes, using the hierarchical classification of diagnoses in the PheWAS catalog
(PheCode Map X).53 Diagnoses that occurred within one week prior to death were excluded to eliminate diagnoses
associated with the final fatal suicide event rather than those reflecting prior risk. Phecodes relating to mood disorders,
bipolar disorders, substance use disorders, psychotic disorders, anxiety disorders, sleep disorders, and disorders associated
with pain were compiled (see Supplemental information for specific ICD codes within each phecode).

Results
Sequencing quality control. Overall, WGS data in the Utah suicide deaths was of high quality, with coverage from 25x to 48x
across both batches, averaging 30x. In addition to the four cases dropped from suicide cohort 1 for poor quality noted
above, data from nine cases in this cohort with lower alignment (one at 77.6%, four at 80%-90%, four at 90%-95%), and six
cases from the second suicide cohort with lower alignment (one at 74.2%, two at 80%-90%, and three at 90%-95%) were
retained for analysis and scrutinized at the manual validation stages. Descriptive demographic data was available for the
subset of suicide deaths with available verified health records data (N = 1,049).

SV discovery and filtering. Figure 1 summarizes the deletion filtering. In the initial cohort of 670 suicide deaths, used as the
discovery set, 58,012 deletions were discovered. While additional structural variants were apparent (e.g., insertions,
inversions), this study focused on deletions as those that are the most robustly detected.24,28 Of the 58,012 deletions, 7,616
crossed an exon using the Smoove_gene annotation. At the next step, 831 deletions passed Duphold quality parameters and
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were present in at least two suicide deaths in cohort 1. Using the SVAFotate tool, each deletion was compared to the public
data cohorts (GnomAD, CCDG, 1000Genomes, and CEPH). Deletions were deemed to be present in controls if there was at
least 0.8 reciprocal overlap in deletion boundaries. We only retained those with a frequency of < 0.2 in at least one of these
control cohorts to eliminate common events, resulting in 391 retained deletions. Of these 391, 29 were >1Mb, and 42 were < 
100bp; these were omitted as likely artifacts.

After these filtering steps, there were 320 deletions, 113 of which were not found in any of the large external control cohorts.
Most of these previously undescribed deletions (N = 96, 85%) were with imprecise boundaries in the suicide cohort,
suggesting these deletions may represent spurious findings; these deletions will require future detailed studies. For this
study, we retained only the 207 deletions that were also found in at least one of the large external control datasets. Our next
step was to determine the presence of these 207 deletions to the second cohort of 384 suicide deaths. We required precise
base-pair matching of the start and stop of the deletion in two suicides in the second cohort of 384 suicides for this
replication step. Of the 25 deletions that met this requirement, there were 14 deletions with at least two occurrences in this
second cohort, and with at least a two-fold increase in frequency of each deletion over and above its frequency in jointly
processed controls.

Manual validation and statistical testing of the 14 deletions. Validation for seven of the smaller deletions was done using
PCR (PIPOX, TM9SF3, ZNF44, OSBPL2, ZHX3, APOOL, MPST; see Supplemental Tables S1-S2 for primers and details). Primers
for the LILRA1 deletion (chr19:54601316–54601631) were not possible to design given extensive homology across the
region of the deletion with three other regions on chromosome 19. For the APOOL deletion (chrX:85087992–85088221), only
seven of 16 suicides clearly showed the deletion. These two deletions were therefore not studied further in this analysis.
Validation of MPST was also carried out with a Taqman assay because the PCR validation only amplified the smaller, deleted
allele. This Taqman assay showed evidence of varying copy numbers of this SV in both suicides and controls. Though
results still implied case-control differences, this variation suggests interpretation of this deletion should be approached
with caution. For the other deletions validated by PCR, all suicides determined to have the deletion by in silico methods
(SAMPLOT)48 also showed validation with PCR except for data from one suicide for the TM9SF3 deletion, leaving 10 suicides
with that deletion (case frequency = 0.00476, fold increase over controls = 3.33). For the larger deletions requiring Taqman
validation, FBXO36, LMNTD1, CLCA4, FBX036, and IL4R were manually validated for all suicides with these deletions. For
CDH13, two of the 20 suicides initially identified as having the deletion failed to validate, leaving 18 with the deletion (case
frequency = 0.000857, fold increase over controls = 2.06).

Figures representing successful in silico and manual validations for 11 remaining deletions can be found in the
supplemental materials. Table 2 gives details of each validated deletion. These 11 deletions were significantly elevated over
the frequency in jointly processed WGS data from controls at a false discovery rate (FDR) of 0.05.
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Table 2
Manually validated deletions present in at least two suicides in each of the two suicide death cohorts and showing > two-fold

increase in frequency over jointly processed control sequence data.
Chr Start

(hg38)
End Length Gene Frequency,

jointly
called
controls1

Frequency,
suicide
deaths

Fold
increase
in
suicides2

p-
value3

Frequency,
in non-
neuro
GnomAD4

22 37019286 37024652 -5366 MPST 0.000784 0.00381 4.86 3.12E-
04

0.00089

17 29056851 29058075 -1224 PIPOX 0.000784 0.00381 4.86 3.12E-
04

0.00102

2 229931901 229954572 -22671 FBXO36 0.000876 0.00333 3.81 2.88E-
03

0.00102

12 25494303 25501878 -7575 LMNTD1 0.002393 0.00905 3.78 1.44E-
06

Not
reported

10 96521588 96521862 -274 TM9SF3 0.001429 0.00476 3.33 1.09E-
03

0.00168

19 12292303 12294048 -1745 ZNF44 0.002443 0.00762 3.12 8.99E-
05

0.00294

20 62294459 62295274 -815 OSBPL2 0.001405 0.00429 3.05 3.39E-
03

0.00102

20 41184282 41184388 -106 ZHX3 0.001106 0.00333 3.01 9.79E-
03

0.00132

1 86562531 86573603 -11072 CLCA4 0.002291 0.00571 2.49 4.02E-
03

0.00240

16 27325117 27339881 -14764 IL4R 0.003522 0.00810 2.30 1.66E-
03

Not
reported

16 83162542 83176121 -13579 CDH13 0.004146 0.00857 2.07 3.75E-
03

0.00450

Notes. Listed frequencies in suicides are of deletions that were manually validated. A total of 25 deletions in suicides
were prioritized with requirements of: meeting quality, length, and frequency criteria to minimize false positive
occurrences (see text); and occurrence in at least two suicides in the initial cohort of 670 suicides and at least two
suicides in the second cohort of 384 suicides (to increase robustness).

1 Jointly processed control data was chosen to match for ancestry from three sources: N = 622 from the 1000 Genomes
Project; N = 512 unrelated individuals from Utah CEPH genetic reference families; N = 96 from Utah study of longevity.

2 Fold increase in suicides indicates the ratio of the frequency in suicides to the frequency in controls.

3 Significance of binomial tests comparing suicide deaths to jointly called controls. Listed p-values listed were all
significant at a false discovery rate (FDR) < 0.05.

4 Frequencies are given for comparison only, as data were not jointly processed. GnomAD is the Genome Aggregation
Database; the “non-neuro” subset of non-Finnish European ancestry in GnomAD v2.1 (N = 16,684) omits data from
individuals with neuropsychiatric and neurological conditions.

SNP-level and gene-level associations of significant deletions. For the 11 significant deletions, tissue associations are
summarized in Table 3 for SNPs within each significant deletion with overlapping in GTEx data. Brain expression of SNPs
within deletions was found for FBXO36, ZNF44, CLCA4, and IL4R. Further details of the GTEx SNP-level data is given in
Supplemental Table S3. Deletions in MPST, LMNTD1, IL4R, and CDH13 implicated gene-drug interactions from data in the
Drug-Gene Interaction Database (DGIdb).49 Table 3 lists additional gene transcriptomic changes in the presence of drugs
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(DRUGBANK)50 and also gives a summary of associations for each gene found in the GWAS catalog.51 Further discussion of
the associations with these resulting genes is provided below.
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Table 3
Additional characterizations of deletion regions and implicated genes.

Gene
implicated
by
deletion

GTEx
expression
of SNPs
within
deletion
regions1

GWAS Catalog
associations

DGIdb gene-drug interactions DRUGBANK transcriptomics

MPST No del
SNPs
overlap
with GTEx

Hemoglobin, gut
microbiome,
metabolite
levels, putamen

DGIdb: Thyroxine (thyroid hormone
levels)

Upregulated: Selenium (found
in supplements; important for
prevention of cellular damage
by free radicals); Vitamin E
(vitamin deficiency)

Downregulated:
Acetaminophen (analgesic;
pain, fever, allergies);
Irinotecan (mitochondrial
inhibitor; cancer)

PIPOX 4 SNPs,
adrenal
gland
expression

MDD,
Depression, AD,
BMI, accelerated
aging, language,
smoking
heaviness,
smoking
initiation

None Upregulated: Belinostat
(histone deacetylase inhibitor;
cancer); Estradiol (estrogen;
menopause); Entinostat
(histone deacetylase inhibitor;
cancer); Ethinylstradiol
(estrogen; menopause, acne);
Genistein (isoflavonoid;
cardiovascular disease);
Panobinostat (histone
deacetylase inhibotor;
cancer); Valproic acid*
(antiepileptic; bipolar
disorder, depression, mania,
migraine, seizures)

Downregulated:
Cyclosporine+ (anti-
inflammatory; arthritis, other
immune conditions);
Quercetin (natural favonoid;
antioxidant); Theophylline
(adenosine antagonist;
asthma); Tretinoin (retinoid;
acne, skin disorders);

FBXO36 19 SNPs, 4
with brain
expression

Triglycerides,
creatinine, fat
mass, BMI

None Upregulated: Vorinostat
(histone deacetylase inhibitor;
cancer of the immune
system)

Downregulated:
Acetaminophen (analgesic;
pain, fever, allergies);

LMNTD1 4 SNPs,
testis
expression

Gut microbiome,
monocyte count

DGIdb: Capecitabine (cytotoxic
agent, cancer treatment)

Upregulated: Calcitriol
(vitamin;
hyperparathyroidism)

1 Further detail of SNP names, p-values, and GTEx-associated tissues appears in Supplemental Table S3. See
Supplemental information for a listing of GWAS Catalog references.

* Valproic acid is a histone deacetylase (HDAC) inhibitor known to alter expression of many genes involved in both
inflammation and neurodevelopment.81

+ Cyclosporine alters expression of many genes across a broad network of immune pathways.97
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Gene
implicated
by
deletion

GTEx
expression
of SNPs
within
deletion
regions1

GWAS Catalog
associations

DGIdb gene-drug interactions DRUGBANK transcriptomics

TM9SF3 No del
SNPs
overlap
with GTEx

Bone density None Downregulated:
Acetaminophen (analgesic;
pain, fever, allergies); Copper
(transition metal; nutritional
supplements); Cyclosporine+
(anti-inflammatory; arthritis,
other immune conditions);
Valproic acid* (antiepileptic;
bipolar disorder, depression,
mania, migraine, seizures)

ZNF44 4 SNPs, 3
expressed
in brain

Alcoholic liver
disease

None Upregulated: Cyclosporine+
(anti-inflammatory; arthritis,
other immune conditions)

Downregulated: Methotrexate
(thymidylate synthesis;
cancer, arthritis); Quercetin
(natural flavonoid;
antioxidant); Valproic acid*
(antiepileptic; bipolar
disorder, depression, mania,
migraine, seizures); Vitamin E
(vitamin deficiency)

OSBPL2 1 SNP
expressed
in testis

Bipolar, platelet
volume, nicotine
dependence,
reticulocyte
fraction, cortical
folding,
educational
attainment

None Upregulated: Bortezomib
(proteasome inhibitor;
cancer); Cyclosporine+ (anti-
inflammatory; arthritis, other
immune conditions); Valproic
acid* (antiepileptic; bipolar
disorder, depression, mania,
migraine, seizures)

Downregulated: Methotrexate
(thymidylate synthesis;
cancer, arthritis)

ZHX3 No del
SNPs
overlap
with GTEx

Unipolar
depression,
daytime napping,
sleep duration,
MDD, depressive
symptoms,
drinks per week,
migraine,
triglycerides,
cholesterol, CAD,
BMI, waist-hip
ratio

None Upregulated: Copper
(transition metal; nutritional
supplements); Disulfiram
(aldehyde dehydrogenase
inhibitor; alcohol addiction);
Methotrexate (thymidylate
synthesis; cancer, arthritis);
Valproic acid* (antiepileptic;
bipolar disorder, depression,
mania, migraine, seizures)

Downregulated:
Cyclosporine+ (anti-
inflammatory; arthritis, other
immune conditions)

1 Further detail of SNP names, p-values, and GTEx-associated tissues appears in Supplemental Table S3. See
Supplemental information for a listing of GWAS Catalog references.

* Valproic acid is a histone deacetylase (HDAC) inhibitor known to alter expression of many genes involved in both
inflammation and neurodevelopment.81

+ Cyclosporine alters expression of many genes across a broad network of immune pathways.97
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Gene
implicated
by
deletion

GTEx
expression
of SNPs
within
deletion
regions1

GWAS Catalog
associations

DGIdb gene-drug interactions DRUGBANK transcriptomics

CLCA4 11 SNPs,
all
associated
with brain
expression

IgG
glycosylation,
macrophage
inflammatory
protein 1b levels

None Downregulated: silicon
dioxide (found in
supplements; respiratory
toxicity)

IL4R 27 SNPs,
17 with
brain
expression

Asthma, allergy,
C-reactive
protein,
respiratory
diseases, IgE
levels, eosinophil
counts

DGIdb: Sunitinib (antineoplastic
agent; cancer); Cintredekin
Besudotox (antineoplastic agent;
cancer); Pitrakinra (IL4 and IL13
inhibitor; asthma); Bizaxofusp
(antineoplastic agent, cancer);
Romilkimab (IgG4 antibody; fibrous
diseases); Dupilumab (monoclonal
antibody, asthma, COPD, dermatitis)

Upregulated: Estradiol
(estrogen; menopause);
Cyclosporine+ (anti-
inflammatory; arthritis, other
immune conditions); Cisplatin
(chemotherapy; cancer);
Diethylstibestrol (estrogen
receptor; menopause);
Calcitriol (vitamin;
hypoparathyroidism);
Genistein (estrogen receptor;
menopause); Imatnib (kinase
inhibitor; cancer);
Methotrexate (thymidylate
synthesis; cancer, arthritis);
Selenium (found in
supplements; important for
prevention of cellular damage
by free radicals); high
cholesterol, stroke, CVD);
Testosterone (androgen; low
testosterone, breast cancer);
Vitamin E (vitamin
deficiency); Zinc (vitamin
deficiency)

Downregulated: Arsenic
trioxode (nuclear factor
kappa-b inhibitor; cancer);
Belinostat (histone
deacetylase inhibitor; cancer);
Dexamethasone
(glucocorticoid receptor;
immune diseases);
Fenretinide (synthetic
retinoid; cancer); Quercetin
(natural favonoid;
antioxidant); Simvistatin
(hydroxy-methylglutaryl-CoA
reductase inhibitor;

CDH13 No del
SNPs
overlap
with GTEx

ADHD, smoking
initiation,
clozapine
response,
amphetamine
response, SZ, AD
onset age,

DGIdb: Tritiated dihydrotetrabenazine
(radioligand, used to assess binding
of vesicular monoamine
transporter–VMAT2 in studies of
neurodegenration or psychiatric
disorders); Ketanserin
(antihypertensive; hypertension);

Upregulated: Tretinoin
(retinoid; cancer, skin
conditions)

Downregulated:
Acetylcysteine (glutothione
synthetase; lung conditions,

1 Further detail of SNP names, p-values, and GTEx-associated tissues appears in Supplemental Table S3. See
Supplemental information for a listing of GWAS Catalog references.

* Valproic acid is a histone deacetylase (HDAC) inhibitor known to alter expression of many genes involved in both
inflammation and neurodevelopment.81

+ Cyclosporine alters expression of many genes across a broad network of immune pathways.97
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Gene
implicated
by
deletion

GTEx
expression
of SNPs
within
deletion
regions1

GWAS Catalog
associations

DGIdb gene-drug interactions DRUGBANK transcriptomics

educational
attainment,
cognitive ability,
CAD, blood
pressure,
adiponectin
levels, COPD
treatment
response, BMI,
antibody
response to
COVID-19
vaccine

Dextroamphetamine sulfate (CNS
stimulant; ADHD, narcolepsy,
cognitive dysfunction); Reserpine
(antihypertensive/ antipsychotic;
hypertension, psychotic agitation);
Aspirin (NSAID);
Iodovinyltetrabenazine (radioligand
VMAT2 binding agent; used in PET
imaging for neurodenerative
disorders); Tetrabenazine (VMAT2
inhibitor, Huntington’s chorea,
Tourette, tardive diskinesia);
Perphenazine (antipsychotic,
dopamine blocker; schizophrenia);
[125]7-Azido-8-iodoketanserine
(photoaffinity probe; used to study
VMAT 2 and serotonin receptors);
Clopidogrel (antiplatelet; clotting
disorders, stroke); Sorafenib (multi-
kinase inhibitor; cancer);
Deutetrabenazine (tardive diskinesia,
chorea in HD, NOTE: may increase
suicidality); Carbon-11 labeled
dihydrotetrabenazine (PET
radioligand; used to image brain
VMAT2)

acetaminophen overdose);
Epigallocatechin gallate
(hypertension, diabetic
neuropathy); Folic acid (found
in supplements; folate
deficiency, anemia)

1 Further detail of SNP names, p-values, and GTEx-associated tissues appears in Supplemental Table S3. See
Supplemental information for a listing of GWAS Catalog references.

* Valproic acid is a histone deacetylase (HDAC) inhibitor known to alter expression of many genes involved in both
inflammation and neurodevelopment.81

+ Cyclosporine alters expression of many genes across a broad network of immune pathways.97

Phenotypic associations. There were no related pairs among the suicide deaths sharing validated deletions in Table 2. None
of the validated deletions occurred in individuals with < 95% European ancestry with the exception of the deletion in TM9SF3
on chromosome 10. This deletion was carried in two suicides with < 95% European ancestry, one with 84.1% European
ancestry, 15.0% Admixed American ancestry, and 0.9% South Asian ancestry, and the other with 81.3% European ancestry,
17.9% East Asian ancestry and 0.8% Admixed American ancestry. Removing these two occurrences from the data lowered
the observed frequency to 0.00381, leaving a fold increase of 2.67 and a binomial test significance of 1.19E-02 which
remained significant at FDR (0.05).

Supplemental Table S4 presents descriptive aggregated demographic and clinical data from suicides carrying each deletion
and also the overall frequencies in all 1,049 suicide deaths with WGS data and verified health records data, and the subset of
1,030 with sufficient ICD data to compute phecodes (two suicides with deletions, one with IL4R and one with FBX036, and 17
without any deletions had insufficient ICD data to compute phecodes). The variability in demographic and clinical data
across those carrying deletions is presented to provide descriptive information, but not subjected to statistical tests as
numbers of individuals with each deletion are low.

Discussion
This study represents an extensive investigation of structural variation, specifically intragenic deletions, in a large cohort of
suicide deaths. Our analysis of whole genome sequencing (WGS) data from 1,054 suicide cases and 1,230 controls
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identified 11 internally replicated, manually validated deletions with significant enrichment in suicide deaths compared to
controls. The use of WGS data allowed for a comprehensive analysis of deletions, overcoming limitations of our previous
studies that relied on genotyping arrays which do not contain the detailed sequence information.54–55 The deletions found in
this study impact genes with associations that offer insights into potential genetic mechanisms leading to suicide mortality
risk. These results builds upon evidence from previous studies of common single nucleotide polymorphisms (SNPs) and
studies of rare single nucleotide variants (SNVs).

Unsurprisingly, several of the genes with validated deletions have been associated with a range of mental health conditions.
MPST, which is involved in cellular energy metabolism, has been associated with stress-induced depressive sypmptoms56

and schizophrenia.57 IL4R, a gene that modulates immune and inflammatory responses, has also been implicated as a
modulator of stress exposures resulting in later depression, anxiety, and/or cognitive impairment.58–59 CDH13, which
regulates synapse formation and neuronal migration has been associated with several neuropsychiatric conditions,
including depression, schizophrenia, bipolar disorder, and ADHD.60–61

In addition to psychiatric risks, genes in this study show associations with neurological conditions, neurodevelopment, and
neurodegeneration. CLCA4, which is a chloride channel regulator, has been linked to epilepsy risk.62 ZNF44, a transcription
factor, has been associated with intellectual disabilities,63 highlighting a potential overlap between suicide risk and
neurodevelopmental conditions that has been previously documented in the Utah suicide data resource.64 Both ZHX3, a

stress-related RNA regulator, and LMNTD1, a regulator of cell proliferation, have been implicated in Alzheimer’s disease.65–66

In addition, though not directly implicated in neurodegeneration, OSBPL2, a lipid transporter, has been associated with
cholinergic neuronal differentiation;67 degeneration of cholinergic neurons is a common phenomenon in Alzheimer’s
disease.68 PIPOX has functions relating to neuroprotection, cellular stress, and aging processes.69

Notably, several of the genes associated with deletions in our study, including PIPOX, ZHX3, CDH13, and LMNTD1 have also
been implicated in previous GWAS related to psychiatric, neurodevelopmental, and neurodegenerative disorders.70–75 In
addition to gene-level associations, SNPs within the implicated deletion regions in this study also revealed potential
relevance for psychiatric or neurological risk. In particular, GTEX SNP-specific results revealed substantial brain expression
for CLCA4 and IL4R.

Gene-drug interactions and drug-related transcriptomics also suggest potential interesting associations. Of particular
interest for suicide outcomes, a gene-drug interaction has been noted between CDH13 and deutetrabenazine which is
indicated for tardive dyskinesia and chorea in Huntington’s disease, but has an adverse event profile that includes
depression, insomnia, and suicidality.76–77 Upregulation of CHD13 with folic acid provides an interesting connection with a
recent study showing an association between several studies linking suicide outcomes to folic acid.78–82 CDH13 additionally
shows gene-drug interactions with other drugs used to treat neurological disorders (tetrabenazine) or psychiatric disorders
(reserpine, perphenazine, dextroamphetamine sulphate),49 and with compounds used in neurological or psychiatric research
(tritiated dihydrotetrabenazine, iodovinyltetrabenazine, [125I]7-Azido-8-iodoketanserin, Carbon-11 labeled
dihydrotetrabenazine).49 The upregulation of ZHX3 with disulfiram, an aldehyde dehydrogenase inhibitor used for alcohol
addiction corroborates evidence from the GWAS catalog suggesting the possible importance of this gene in alcohol-related
disorders that have been notably implicated in suicide risk.83 Transcriptional associations with valproic acid, a histone
deacetylase inhibitor associated with psychiatric disorders, seizures, and migraine, was found across several of the
implicated genes in our study (PIPOX, TM9SF3, ZNF44, OSBPL2, ZHX3). Valproic acid is known to alter expression of many
genes involved in neuronal function.84

The genes implicated in this study also suggest the potential importance of non-psychiatric aspects of health in suicide risk.
This result is possibly unsurprising given recent work implicating health risks beyond neuropsychiatric associations with
suicide mortality.12–15, In particular, the deletions in PIPOX and IL4R specifically suggest involvement of immune function
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and inflammation, 87–91 which have previously been associated with suicide outcomes.92–95 In our study resource, the
importance of these processes has been implicated a via associations with pain85–86 and with environmental exposures.96–

97 Of note, gene-drug interactions and transcriptomic drug-gene changes also highlight immune function across several of
the genes implicated in this study. Notably, regulatory changes were seen with cyclosporine for PIPOX, TM9SF3, ZNF44,
OSBPL2, ZHX3, and IL4R. Cyclosporine is an immunosuppressant, which is known to alter expression of genes across a
broad network of immune pathways.98 Other risk processes suggested by our findings include metabolic function (FBXO36,
F-box protein 36, a ubiquitin protein)99 and lipid metabolism (TM9SF3, transmembrane 9 superfamily member 3, a regulator

of Golgi homeostasis).100 These results are consistent with prior research that suggests metabolic diagnoses may be a
factor contributing to suicide risk.101–102

At a macro level, while relatively few studies of functional rare genetic variation have been done in suicide risk, there is
convergence between the results of this study and previous work regarding evidence of association with neuropsychiatric,
neurodegenerative, inflammatory, and immune risks, both for suicide death854, 55, 85, 103 and for suicidal thoughts and

behaviors.22 This convergence appears to transcend differences in study designs, types of data used, and ascertainment.

Study Limitations and Future Directions
Although we used an internal replication approach, external replication in independent cohorts is essential to confirm
findings, though the limited availability of WGS datasets in individuals who died by suicide present ongoing replication
challenges. The data in our study was also enriched for younger age at death, bipolar disorder, and familial risk. While this
strategy may have increased power to detect genetic signals, generalizability may have been lessened. Most of our suicide
death cohort was of European ancestry, which may limit the generalizability of the results in other populations. Further
studies in diverse populations are necessary to validate these findings across different genetic backgrounds.

Additionally, work will be needed to fully characterize the biological impacts of these deletions on gene expression and
function. Associations with demographic and clinical data will also require replication, larger samples, and study designs
focused on variation across implicated genes aggregated across gene pathways. Next steps will also include broader
investigations of other types of genomic variation, including non-coding deletions, other structural variant types (e.g.,
duplications, inversions), and assessment of putatively functional single nucleotide variants (SNVs). Importantly, future work
must also explore interactions among rare variants as well as rare variant interactions with common polygenic backgrounds,
demographic attributes, clinical characteristics, and/or environmental exposures.

Conclusions
This work further advances our understanding of the genetic factors contributing to suicide risk by examining the role of
rare, potentially functional intragenic deletions. Our findings implicate diverse mechanisms of risk and suggest the
importance of integrating structural variant analysis with existing knowledge from other genetic and non-genetic studies. As
the field progresses, further research and replication in independent cohorts will be essential to confirm and extend these
results, to understand the underlying biological mechanisms, and to understand demographic, clinical, and environmental
contexts interacting with biological risks. Though considerable additional work will be required to identify other rare risk
variants and additional complex genetic interaction effects accounting for the missing heritability leading to suicide risk, this
knowledge may provide a first step in helping determine subsets of individuals with specific biological risks, and may enable
identification of potential drug targets. As part of a complex risk landscape, rare genetic variation plays an essential role in
increasing the understanding of complex and heterogenous biological risk mechanisms. However, it is important to
emphasize that deletions do not deterministically confer suicide mortality risk, but rather represent only one component
within a complex set of interacting genetic and environmental risk factors.
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Figure 1

Cohort descriptions and filtering of deletions.
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