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BACKGROUND: Genome-wide association studies have identified several hundred susceptibility single nucleotide variants for
coronary artery disease (CAD). Despite single nucleotide variant-based genome-wide association studies improving our
understanding of the genetics of CAD, the contribution of structural variants (SVs) to the risk of CAD remains largely unclear.

METHOD AND RESULTS: We leveraged SVs detected from high-coverage whole genome sequencing data in a diverse group of
participants from the National Heart Lung and Blood Institute’s Trans-Omics for Precision Medicine program. Single variant
tests were performed on 58 706 SVs in a study sample of 11556 CAD cases and 42907 controls. Additionally, aggregate tests
using sliding windows were performed to examine rare SVs. One genome-wide significant association was identified for a com-
mon biallelic intergenic duplication on chromosome 6921 (P=1.54E-09, odds ratio=1.34). The sliding window-based aggregate
tests found 1 region on chromosome 17925.3, overlapping USP36, to be significantly associated with coronary artery disease
(P=1.03E-10). USP36 is highly expressed in arterial and adipose tissues while broadly affecting several cardiometabolic traits.

CONCLUSIONS: Our results suggest that SVs, both common and rare, may influence the risk of coronary artery disease.
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RESEARCH PERSPECTIVE
What Is New?

This study represents the first large-scale multi-
ancestry association study between structural
variants identified through whole genome se-
quencing and coronary artery disease.

e The study identifies candidate common and
rare structural variants associated with coronary
artery disease in an ancestrally diverse cohort
some of which include genes implicated in
cardiometabolic risk factors for coronary artery
disease.

What Question Should Be Addressed

Next?

e |arger studies with enhanced calling of struc-
tural variants using either short- or long-read
sequencing technologies are needed to repli-
cate and extend these findings.

Nonstandard Abbreviations and Acronyms

CNV copy number variants

PCs principal components

SV structural variants

TOPMed Trans-Omics for Precision Medicine
program

WGS whole-genome sequencing

the accumulation of atherosclerotic plaque in

blood vessels, is the leading cause of mortality
worldwide." A complex interplay between genetic and
lifestyle factors influences the development of CAD.
Genome-wide studies have uncovered the genetic
basis of CAD using single nucleotide variants (SNVs),
identifying >300 loci associated with coronary athero-
sclerosis.?=® Despite heritability estimates ranging from
40% to 60%, the identified loci explain only a fraction
of the overall disease heritability.>4-% The missing her-
itability may be at least partially attributed to another
class of genetic variation known as structural variants
(SVs).”

SVs refer to large-scale alterations in chromosome
structure, ranging in length from approximately 50
base pairs to multiple megabases, making them the
most extensive class of genomic variation.2 They in-
clude various subclasses such as unbalanced copy
number variants (CNVs) involving deletions and du-
plications of genetic material, as well as balanced

COronary artery disease (CAD), characterized by
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rearrangements like inversions.? The impact of SVs ex-
tends to gene dosage alterations, thereby influencing
phenotypic variations.®'© Nonetheless, their contribu-
tions to human diseases to date have been predomi-
nantly studied in the context of congenital anomalies'
and severe neurological’®'* or psychiatric disorders.'®
The potential of SVs to act as modulators of genetic
susceptibility to other complex disease, like CAD, re-
mains inadequately investigated. This can be partly
attributed to the rarity of randomly occurring SVs in
the general population® and the complexity involved
in identifying them accurately.'® Very few studies in
the past 15years have examined the association be-
tween atherosclerotic phenotypes and structural vari-
ants.'”?? Early studies with limited sample sizes and
low-resolution array platforms, which could detect only
large CNVs (typically >100kb), failed to identify SVs as-
sociated with CAD."?" More recent array-based CNV
association studies performed by biobanks have iden-
tified genome-wide significant CNV loci for CAD, but
given that only large CNVs could be detected, these
studies primarily focused on a small fraction of SVs,
leaving the majority unexplored.??

Using sequencing data, SVs as small as 50 base
pairs can be accurately called, and this can be inclu-
sive of all categories of SVs without limiting to only
CNVs.'%23 We aimed to build on previous efforts by
conducting an SV association study with CAD using
deep whole-genome sequencing (WGS) data from
54 463 individuals of diverse ancestries participating in
the National Heart Lung and Blood Institute’s Trans-
Omics for Precision Medicine (TOPMed) program.?*

METHODS

Data Availability

An overview of the TOPMed participant consent and
data access procedures is provided at https:/topmed.
nhlbi.nih.gov/topmed-data-access-scientific-commu
nity. Participant-level genotype and phenotype data are
available to approved investigators via the database of
Genotypes and Phenotypes. The database accession
numbers for all TOPMed studies referenced in this
paper are listed in Table S1. Additionally, genomic
summary results pertaining to this study are available
at phs001974, as detailed at https:/topmed.nhlibi.nih.
gov/topmed-genomic-summary-results-public.

TOPMed Analytical Samples

The National Heart Lung and Blood Institute-sponsored
TOPMed program, comprising of several preexisting
studies that ascertained participants on heart, lung,
blood, and sleep disorders, represents a substantial
and expanding resource, currently encompassing
217 936 participants. However, only a fraction of these
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contributing studies have CAD data. We included
54 463 participants from 13 TOPMed studies: Genetics
of Cardiometabolic Health in the Amish (n=1088), ARIC
(Atherosclerosis Risk in Communities Study, n=3789),
BioMe (Mount Sinai BioMe Biobank, n=8718), CARDIA
(Coronary Artery Risk Development in Young Adults,
n=3044), CHS (Cardiovascular Health Study, n=2936),
COPDGene (Genetic Epidemiology of Chronic
Obstructive Puimonary Disease Study, n=9908), DHS
(Diabetes Heart Study, n=334), FHS (Framingham
Heart Study, n=3912), GeneSTAR (Genetic Studies
of Atherosclerosis Risk, n=1365), GENOA (Genetic
Epidemiology Network of Arteriopathy, n=1211), JHS
(Jackson Heart Study, n=3270), MESA (Multi-Ethnic
Study of Atherosclerosis, n=4466), and WHI (Women’s
Health Initiative, n=10422). Further descriptions of
the design of the participating TOPMed cohorts and
the sampling of individuals within each cohort for
TOPMed WGS are provided elsewhere.?* All studies
were approved by the appropriate institutional review
boards and informed consent was obtained from all
participants (Data S1, "Brief Information about the
TOPMed studies included in this paper").

Phenotype Harmonization

Incident and prevalent cases were defined as
individuals with acute myocardial infarction, coronary
revascularization, or coronary heart disease death as
adjudicated by the respective cohorts. Controls were
defined as noncases who additionally did not have
angina or “possible” coronary heart disease death.
Harmonization of outcomes across cohorts was
conducted by the TOPMed data coordinating center in
consultation with 2 coauthors trained in adult cardiology
(S.L.C., T.L.A). Complete details of this harmonization
process have been published elsewhere?® and are also
available at https:/topmed.nhibi.nih.gov/dcc-harmo
nized-phenotypes.

TOPMed Whole-Genome Sequencing

WGS was performed to an average depth of 38x
using DNA isolated from blood, polymerase chain
reaction-free library construction, and lllumina HiSeq
X-Ten technology with a 150bp paired end reads.
Sequencing was performed across seven centers
(Broad Genomics, University of Washington Northwest
Genomics Center, New York Genome Center, lllumina
Genomic Services, Macrogen Corp., Baylor College
of Medicine Human Genome Sequencing Center, and
McDonnell Genome Institute) (Table S1) where the
reads were aligned to the build 38 human reference
genome (GRCh38). Details for variant calling and qual-
ity control are described on the TOPMed website.?®
Briefly, SNVs/small indels discovery and genotype
calling were performed jointly across all the available
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TOPMed Freeze 9 studies using the GotCloud pipe-
line?”?8 resulting in a single multistudy genotype call
set, and variant filtering was done using support vector
machine classifier.

Structural Variants in TOPMed

SVs in TOPMed were available through SV Freeze 1.1
on 138134 diverse human genomes across 44 stud-
ies. SV calling and genotyping have been described
elsewhere.?® Briefly, SV calling was done by deploying
the Parliament2 pipeline in which SVs were identified
using a multitool ensemble of SV callers like Manta,*°
Delly,®" Lumpy,®? BreakSeq2,°® and CNVnator.3* SV
calls were then integrated using SURVIVOR,®® filtered
using SVTyper,3® and genotyped using muCNV.*” The
TOPMed SV Freeze 1.1 call set consisted of a total of
466455 SV sites on 22 autosomes including 231817
deletions, 197 412 duplications and 37 226 inversions,
and the genotypes of each of these SVs were repre-
sented in a bi-allelic genotype format (Genotype=0/0,
0/1, 1/1), similar to SNVs and small indels generated
from the same WGS data

STATISTICAL ANALYSIS

Single SV Test for Association

We performed genome-wide tests for association
of SV using a mixed effects model approach imple-
mented in the R Bioconductor package GENESIS®®
with CAD status as the outcome of interest. First, a null
model was fit adjusting for several fixed effects includ-
ing age at baseline, sex, TOPMed study, and a variable
indicating sequencing center. Adjustments for the first
10 ancestry-informative principal components (PCs)
were also made. PCs for our analytic sample were
derived using the WGS SNV genotypes on PC-AIR.%°
Subsequently, K-means clustering was applied to
the PCs data to categorize individuals into European,
African, Admixed American, East Asian, and South
Asian genetic ancestry groups (Figure S1). To account
for technical sources of variability arising from the se-
quencing process, we additionally included the first 10
read depth-based principal components (batch-PCs)
in our model. For the estimation of batch-PCs, aver-
age sequencing depth for every 1000 bp region (“bin”)
across the genome was computed using Mosdepth.*°
We removed bins known to be problematic including
those containing highly repetitive DNA sequence with
poor mapping (mappability<1.0 based on 50bp k-mers
in GEMTools v1.75945).4" To avoid overcorrecting for
sex, bins were limited to autosomes. After normalizing
~150000 remaining bins, we performed Randomized
Singular Value Decomposition,*? a scalable alterna-
tive to PC analysis, to generate batch-PCs. To ac-
count for genetic relatedness among participants, a
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random effect with covariance matrix proportional to
the fourth degree sparse empirical kinship matrix com-
puted using PC-Relate®® was included in the model
(Data S1, "TOPMed Freeze 9 Relatedness Analysis").
The output of the null model was then used to per-
form genome-wide Score tests of genetic association
for all SVs that passed the TOPMed SV quality filters,
had a site missingness of <60%, and had a minor al-
lele count>10 (Table S6). Significance was evaluated
after estimating Bonferroni threshold (P<8.52E-07) and
a secondary threshold based on false discovery rate
(P<1.08E-06), accounting for the number of independ-
ent SVs (N=58706) across the genome.

Chromatin Interaction Map Prediction

We used Akita,*>%* a deep learning model based on
neural networks, to predict 3-dimensional genome
contact matrices solely from DNA sequence data,
enabling the evaluation of chromatin perturbations
induced by SVs. Both the reference sequence and
the alternate sequence, encompassing a 1Mb re-
gion centered around the SV events, were input into
the model. Subsequently, contact maps were gener-
ated for both the reference and alternate sequences.
Additionally, a subtraction matrix was constructed to
depict alterations in chromatin disruption between the
2 sequences.

Aggregate Tests for Rare SVs

We conducted a series of aggregate tests using a
sliding-window approach to investigate the association
between rare SVs and CAD with the R Bioconductor
GENESIS package.®® The baseline test was a burden
test with null weights, which assumes the same di-
rectionality of effects within each window and assigns
equal weight to all variants. We also applied (1) the
burden test with Madsen-Browning*® weights, where
the weighting scheme emphasizes on rarer SVs by
assigning weights inversely proportional to their allele
frequency; (2) Sequence Kernel Association Test*® with
Wu weights, which is designed to handle variants with
opposing effect directions within windows. The Wu
weights are derived from the beta distribution, giving
higher weightage to rare SVs; and finally (3) the Variant
Set Mixed Model Association Test*, a robust hybrid
of the Sequence Kernel Association Test and the bur-
den test, allowing it to accommodate both homogene-
ous and heterogeneous variant effect directions within
a window. The Variant Set Mixed Model Association
Test was also implemented with Wu weights to prior-
itize rare SVs. To decrease the number of tests and
to avoid spurious associations, we included only SVs
that passed the TOPMed SV quality filters and had a
site missingness of <60%. To expand the scope of rare
SV analyzed, we stipulated a minor allele frequency
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of <=1% while also ensuring a minor allele count>=5.
We defined a 100kb sliding window with a bin size of
30kb across the entire genome. The null model from
single variant test was used to perform aggregate
tests incorporating the Score statistic, Q statistic, and
a combined approach that integrates both the Score
and Q statistic. Significance was evaluated after a
Bonferroni correction for 54523 windows was made
(P<0.05/54523=9.17E-07).

SV Look-Up

For thorough investigation of the hits we obtained from
our single SV association tests and rare SV aggregate
tests, we queried various databases including the
Genome-Wide Association Studies (GWAS) catalog,*®
the Common Metabolic Diseases Knowledge Portal*®
for phenome-wide association studies, TOP-LD,%°
AnnotSV,%! Clinvar,®® deCode,>® ENCODE,* GTex%®
and the 1000 Genomes Project Phase 3 structural
variant data set.%®

RESULTS

We conducted a comprehensive examination of 54 463
subjects enrolled in 13 TOPMed studies. In this cohort,
approximately one third were identified as cases of
CAD; these cases exhibited an approximate age differ-
ence of 11years compared with our controls (Table 1).
In this group of cases, 59% self-identified themselves
as White, 19% as Black, 14% as Hispanic, and the re-
maining as Asian.

We examined a total of 58 706 SVs in these individ-
uals with the smallest variant measuring 11 bp, and an
average SV length of 18.9 kb (Figure S2). Approximately
75% were rare (minor allele frequency<1%) whereas
only 12.5% of the variants were categorized as com-
mon. Notably, over half of these variants were identified
as deletions with minor allele frequency<1% (Table 2).

Table 1. Sample Characteristics

Cases Controls
Total (N=54463) 11556 42907
Incident 5184
Prevalent 6372
% male sex 35 44
Age,y, mean+SD 66+13 55+15
Self-reported race or ethnicity
White 6 842 25303
Black 2175 12978
Hispanic/Latino 15680 2788
East Asian 101 857
South Asian 121 96
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Table 2. Structural Variants Distribution by Minor Allele Frequency and Type

MAF<1% 1%<=MAF<5% MAF>=5% Total

Deletion 31170 (53.10%) 6 454 (10.99%) 6 512 (11.09%) 44136 (75.18%)
Duplication 7 924 (13.5%) 603 (1.03%) 646 (1.10%) 9 173 (15.63%)
Inversion 4923 (8.39%) 327 (0.56%) 147 (0.25%) 5397 (9.19%)

Total

44017 (74.98%)

7 384 (12.58%)

7 305 (12.44%)

58706

MAF indicates minor allele frequency.

The QQ plot and genomic inflation factor of our
genome-wide association study between SVs and
CAD suggested a well-calibrated analysis with lit-
tle evidence of inflation from population stratification
(A=1.034) (Figure S3). Subsequent stratification of the
QQ plots based on allele frequency also revealed mini-
mal to no evidence of inflation (A ranging from 1.031 to
1.053; Figure S4).

The single variant association test identified one sig-
nificant biallelic SV, chr6:112 405 701-112406 900, sur-
passing both the false discovery rate and Bonferroni
thresholds (P=1.54E-09, Figure 1). This specific dupli-
cation variation occurred on chromosome 6921, span-
ning a genomic region of 1200bp, with an observed
allele frequency of 5.9%. Notably, this variant was more
common among individuals with genetically inferred
ancestries of South Asian and Admixed American
(Table 3). In the pooled ancestry analysis, each addi-
tional copy of this duplication was associated with a

1.34-fold increased odds ratio for CAD and explained
0.06% of CAD phenotype variance.

We examined the genomic landscape surrounding
the duplication region, extending up to 1Mb, for as-
sociations with CAD (Figure 2). Interestingly, we iden-
tified 4 SNVs and 1 indel at a distance of over 500kb
from the duplication event, demonstrating a significant
association with CAD. However, these variants pos-
sessed an exceptionally low frequency in our samples
(minor allele frequency <0.00005) and were not in LD
with our significant duplication SV. We also identified
some common intergenic SNVs located within the du-
plication on chromosome 6. However, these SNVs that
were not found to be in LD with each other, were only
nominally associated with cardio-metabolic traits in the
phenome-wide association studies catalog (Table S2).
We did not identify other SV and SNVs/indels in LD with
our duplication using TOP-LD. Furthermore, we looked
up the GWAS catalog and found no known GWAS hits

~logyo (pval)

8
Chromosomes

Figure 1. Manhattan plot for genome-wide single variant association test of SVs with CAD.
BNF indicates Bonferroni threshold; CAD, coronary artery disease; FDR, false discovery rate; and SV, structural variant.
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Table 3. Minor Allele Frequency and Genotype Distribution of the Duplication Variant Stratified By Genetically Inferred

Ancestry and CAD Case/Control Status

Genotype 0/0 or CN 2 | Genotype 0/1 or CN | Genotype 1/1 or CN
N N (Case:Control) | MAF (Case:Control) | (Case:Control) 3 (Case:Control) 4 (Case:Control)
European ancestry 28806 | 5933: 22 873 9.6%: 5% 35637: 17 008 843: 1892 02: 15
African ancestry 16036 |2 593: 13 443 10%: 4.7% 1600: 10 923 399: 1 090 05: 26
Admixed American ancestry | 8272 |2 720: 5552 15.2%: 3.2% 1362: 4 534 579: 358 08: 07
East Asian ancestry 1025 |117:908 5%: 1.6% 89: 826 10:26 00: 01
South Asian ancestry 324 193: 131 16.5%: 7.5% 77:80 38:12 00: 01

CAD indicates coronary artery disease; CN, copy nhumber; and MAF, minor allele frequency.

within 1 Mb of the duplication event. Interestingly, the
duplication overlapped with large known SVs that were
previously identified in studies focusing on develop-
mental delay. Most of these variants were classified as
pathogenic by ClinVar (Table S3).

Based on the deCode database, the duplica-
tion event was localized within a genomic seg-
ment demonstrating minimal recombination activity.
However, it does not align with regions identified by
TOPMed as being densely or sparsely populated with
SVs.2° Functional annotation using AnnotSV indicated
that this duplication belonged to the category of un-
known significance, was located within an intergenic
region of the genome, and did not overlap any short
or long ncRNAs. The 2 closest genes to the duplica-
tion were RFPL4B, positioned ~55 kb upstream, and
MARCKS, located ~1.45mb downstream of the event.

Additionally, the identified duplication overlapped with
an ENCODE predicted distal enhancer characterized
by elevated levels of H3K27ac and H3K4me3 histone
marks and high CTCF (CCCTC-binding factor) binding
sites (Figure 3). Upon comparing the chromatin con-
tact matrices derived from the reference sequence and
the alternate sequence featuring the duplication event,
Akita predicted modifications in the contact map. The
alteration was characterized by an increase in contact
between the LAMA4 gene and the intergenic region sit-
uated downstream of the duplication event (Figure 4).
All 4 sliding-window-based aggregate tests iden-
tified a significant region on 17925.3 (P=1.03E-10,
Figures S5 and S6). This region overlapped USP36
gene, and harbored a 45 bp deletion, chr17:78 792
636-78792679. This intronic deletion had an observed
allele frequency of 0.00006 and a minor allele count of

BNE = 6.80E-07
FDR = 1.09E-06

-logy, (pval)

logso (pval)
(4]
bl
o
®

113000000 113500000

Chromosome 6

Figure 2. Miami plot for regional associations of SVs (top), SNVs/indels (bottom) with CAD on 6q21.
BNF indicates Bonferroni threshold; CAD, coronary artery disease; FDR, false discovery rate; SNV, single nucleotide variant; and SV,

structural variant.
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6 split equally between cases and controls of African
ancestry. GTEx data revealed that USP36 was well ex-
pressed in adipose tissues including both visceral and
subcutaneous (median transcripts per million: 31.15;
27.05 respectively), aorta (median transcripts per mil-
lion: 24.31) and coronary artery (median transcripts per
million: 23.77).

We also conducted a more in-depth analysis
on regions with a suggestive significance level of
P<1E-4. Our investigation revealed 24 additional re-
gions, 6 identified by all 4 tests, distributed across

various chromosomes (Table 4, Figures S5 through
S7). Notably, structural variants were identified in re-
gions on chromosomes 4, 3, 12, 14, and 15, coincid-
ing with the genomic loci of WDR19, ROBO1, SOX5,
DLGAPS, and SH3GL3 genes. WDR19 and ROBO1
genes were found to be well expressed within aortic
tissue. The Variant Set Mixed Model Association Test
also identified a region with SVs that overlapped a long
noncoding RNA (IncRNA) gene LINCO0570 on chro-
mosome 2; this INcCRNA gene’s expression was upreg-
ulated in myocardial tissues. Interestingly, the inversion
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Figure 4. Comparing the chromatin contact matrices with and without the duplication variant.

Obs/Exp indicates observed over expected.

J Am Heart Assoc. 2025;14:e036499. DOI: 10.1161/JAHA.124.036499



Structural Variants and Coronary Artery Disease

lyer et al

(penunuo)
50-362'k IVAINS 0000v€06| 000206 o]
1digg 9| S0-30+9 65G| uoneled|/86.2. 19-82 /2L 19
VTS
90-319'6|  90-319'6| 90-3+9'6| 90-319'6| L¥MS ‘Usping 00008/ 19| 100089 }9 It
£2| v0-3652 06| uoneoldna | 206 2.806-81822£06
9| S0-325'S| 80V .| uonelpd|9589ZE06-616+E06
90-397'8 1VININS| 00000¥706| LOO00OE06 0]
SOA L0504 8| 50-38G7 809| UonelRQ|869E526/-0608526/
SeA Logoy GL| vo-38€L| /S| uoneleq | £.G 1£26/-9189226.
IVIAINS
G0-30€'t 90-362Z|  90-3£9'% | 90-380°2| ‘LYMS ‘Ueping 0000086/ | L0000Z6L 3
61HaM G| G0-329F%| 82ZLZ| uoneled|9r0r9Z6E-8L6 LIZ6E
1VININSG|
90-30%'t 90-30%'L|  90-30F'L| 90-30%'L | ‘L¥MS ‘ueping 00008Z6€| L0008L6E 4
9| S0-3g8'S| L0v .| uoneleq | 9589ZE06-6776LE06
LVAINS
90-3v0'L 90-3v0°'L|  90-3¥0'L| 90-3K0'} | ‘LYMS ‘ueping 0000/£06| 1000206 oL
96dSn 9| G0-392'9 Gg/| uoneled|Sv8ze88/-1zk2e88.
9edsSn 9| S0-3r0'9 9%| uoneleq|6/926.8/-7£926.8.
0+-368°G 1IVININS| 00005882 | 10006282 LE
0
SeA ZL|-3e€e0l’L| 2£99L| uoueled|0/86£SE8-VEZETSER
0
SOA IL|-321680°k| 200/L| uoneled|6986£5£8-898225ES
oL-38y't IVATIS 000029€8| 100025€8 Gl
0
SOA €TOEHS gh|-3e€e0kL| 2899L| uoneled|0/86£SE8-7EZETSES
0
SeA STOEHS FL|-321680°k| 200ZL| uoneled|69868S£8-89822568
o3yt VTS 000065€8| L0006V €8 Gl
SOA 9edSn 9| S0-3r0'9 G| uoneleq|6/926.8/-7£926.8.
IVAINS
(o[ E= 1o 0l-3v0°L|  Ok3K0'L| OL-3Y0'L| ‘LyMS ‘ueping 0000288.| 100028/ Lt

sasAjeuy a1ebaib66y Buring $-31>d ploysadyl aosueosniubig aallsabbng ay) passod) jey] suoibay ‘y a|qeL

10.1161/JAHA.124.036499

14:€036499. DOI:

J Am Heart Assoc. 2025



Structural Variants and Coronary Artery Disease

lyer et al

(penunuo)

G| 90-38Lv 669 € |uoneolidng| 002 09695-10025695
SBA 8| G0-3e¥’L| 0.G6EL| UOISISAUL| QLI /80 /.G-9VG /¥69G
§0-3/99| S0-39¢'9 usping | 00008695 | 0008895 4
G| S0-3r9v 00¢ | uopeed|  91.6875-9lr88Y S
1VININS|
G0-3¢8'9 §0-3¢8'S §0-328'S| G0-328'G | 'LVMS ‘Ueping L 0000€9S| +OOOEYS 4
Sdvo1a k¢| ¥0-380°¢ 06} ¥ uonleled | 900691 SG-918 791 GG
G| S0-3ry’s Lyl |uoneondna| 280k SS—2¥BEHESS
SOA G| S0-309v er8 g uopneled | 696 kL S5-8¢H 901 SS9
§0-309'9 1VININS| €] 00008LSG| L00080SS 14
SOA 0/S00ONIT 0c| v0-3re’t 766€ uonsied | €690y -0e620v L
9] §0-399°S 29lS uoneled | 65€¢8e H-v6L LLE L
G0-38G'Y 1VININS| ¢| 0000y HL| LOOOLE LH 4
0| ¥0-366'9 1289 uons|ed | 60¢6+598-68€€1598
8l| ¥0-308' 00¢ S uopneled | 00981998-10EE€L598
¢lk| ¥0-30Lk G/6¢€ uons|ed | 868861 98-1c6 61798
9| 90-3¢9°S [0k uoneied | 15658798-01608798
G0-366'€ A ] 00008598 | L000EY98 9
G£G839¢00000OSN3 Ok| S0-38¢'6 €00 L uonsed| 861918 1S-G61 G188 1S
8¢| ¥0-3¢8'¢ 806 uoneed| ¢covvl IS-vL.ev. IS
96| €0-305°6 8001 | UoIsIoAU| LG9V Y. IS-BY9EY.L LS
§0-36¥'¢ G0-379'C| LVMS ‘usping €| 0000¢81S| L000CL IS 143
8| ¥0-3¢8'¢ 806 uonsied | ¢eovvl lS—vI.EV. 1S
96| €0-305°6 800 || UOISIBAUl| LS9VY. IS-6Y9EVL 1S
§0-36¥'¢ G0-328'k | LVMS ‘Usping ¢| 00009Z1S| 100099 IS v
SOA L0904 8| G0-389Z 609 uonsled | 869£5¢6/.-060£9¢6.
SOA L0904 S| v0-38€°+ 8S8L ¥ uoneled | €45 1€¢6.-9189¢c6.
SOA 10904 €61 | €0-389°t ¢l |uoneondnd | #0661 6.-£€2661 62
G0-3G¥°+ LVININS €| 0000Z¢6.| 1000LL6L €
9| §0-3¢5'S 80Y £ uons|ed | 95892¢£06-6v6L€06
/9¢| €0-3/9°¢ 8y uoneled | ¢¢c99v¢06-52597¢ 06

penunuod “f jqel

10.1161/JAHA.124.036499

J Am Heart Assoc. 2025;14:e036499. DOI



Structural Variants and Coronary Artery Disease

lyer et al

(penunuo)

S¥/89¢00000OSN3 9] §0-398'S €3 uopeed| gc6elec-048¢lec
1VININS|
G0-388'6 Sg0-38¢'v G0-388'8 | 'L¥MS ‘Ueping A 00007 ¢ L0o0keC 8l
SOA GxXos G| S0-309v| 99871 uonsled | 708866 £¢-8€¢ LS6€C
1VININS|
§0-3/8'8 §0-3/8'8 §0-3/8'8| G0-3/8'8| 'LVMS ‘Usping L| 000086€C| LOO088EC al
G/89¢00000OSN3 9| §0-3¢5'9 G/} [uoneoldn@|  €e08Y¥2-858 Ly 2
S¥/89200000OSN3 G| S0-309% €91 8 uoneed| 9vSeerc-€8e9er ¢
SG/89¢00000OSN3 G| S0-369v /.9 ¢ uoneed| 6.216£¢-90188€¢
G/89¢00000OSN3 o€k | €0-39¢'L| 66.Lck uonsed|  00046€¢-+0cv8EC
S¥/89200000OSN3 9eh| €0-35¢’L| /[68cH uonsed| ¢90.6£¢-991¥8€¢
SG/89¢00000OSN3 LOL| €0-310°kL| 661Gk uonsed| 00.86€¢-+0S€8EC
G/89¢00000OSN3 ¥9| v0-3¢'9| 6609k uonsled| 00886E£¢—+0L28EC
S¥/892000009DSN3 899 | €0-360'9 0SL ¥ uoneed| €.69/8¢-cccclee
LVININS|
G0-38L'6 G0-39¢v G0-380'8 | 'L¥YS ‘ueping 8 0000Z¥c¢| +000.EC 8l
S/89200000OSN3 G| S0-309v €91 8 uoneed| 9vrSeerc-e8e9ct ¢
G/89¢00000OSN3 G| S0-365v .9 € uoneed|  64/16£¢-90188E¢C
S¥7/89200000DSN3 9¢k| €0-39¢'L| 66.ck uonsed| 000.6€c-+0c¥8EC
S/89200000OSN3 9eh| €0-39¢'L| /[68ctH uonsed| ¢90.6£¢-991¥8E¢
G/89¢00000OSN3 LOL| €0-310°L| 66LGH uopsled| 00.86€¢-H0S€8EC
G¥/£€9¢00000DSN3 ¥9| v0-32¥'9| 6609} uoneled| 00886€c¢-+0L28€C
SG/89200000OSN3 8599| €0-360'9 0SL ¥ uoneed| €.69/8¢-€ccclec
LVININS
G0-316'8 S0-3vev G0-306°Z | 'L¥MS ‘Ueping A 0000v¥c| FOOOVEC 8l
¢el| €0-3¢c’'t| €Ll uopeled | 992986 99-€66 72699
vhE| €0-3vkh|  66Ect uoneled | 00¢98695-108€L6 95
G| S0-38L v 669 € | uoneolidng | 00209695100 25695
SOA 8| G0-3e¥’L| 0LG6€L| UOIsIdAUl|QLL /80 /5-9VS V669G
G0-3/9'9| §0-39¢'9 usping 7| 0000¥0.S| LOOOV69S 4
¢gl| €0-3cc’'t| €Ll uone|ed | 992986 95-€66 72695
vLE| €0-3vkL| 66Ecl uopeled | 00¢98695-108€.699

penunuod “f jqel

10

10.1161/JAHA.124.036499

J Am Heart Assoc. 2025;14:e036499. DOI



"JUBLIBA [BINJONJIS ‘AS PUE 1S8} UOIIBIO0SSE [9pOW PaXxiLL
10S JUBLEA | VININS 1581 UOIBIOOSSE [oUIY 90UBNbas ‘[MS ‘JUBLIEA 8l ‘AY ‘Aousnbauy oja|[e Joull 4|\ 1UN0D B|8|[e JoulW ‘DVIA ‘SOIPN1S UONBIOOSSE 8pIm-auioush ‘QYAD ‘asessip Alopie A1euoiod sejeoipul gD

11

Structural Variants and Coronary Artery Disease

lyer et al

00090€8¢EL
€8] ¥0-3/¢°9 66¢ | uonsied —L097¥0E8Et
0cl LGc8el
18| v0-3rSv 6.1 uonsied —I¥69528¢Et
YECvve8el
€| ¥0-309°¢ (04 uonsiedg —vlevyesel
§€98¢c8El
clk| ¥0-30L+ elgel uonsied —¢chSlesel

G0-3/6'6 usping ] 0000LE8EL | LOOOLEBEL A
Ldigg 9] §0-30L9 099 uonsled | /86 4cL 19-8¢y L2l 19
S9| ¥0-3519 00¢ € | uoneolidnd | 000829 L9-H0S 729 19

G0-3ev'6 1VININS| ¢| 0000SZ19| LO00S9 9 A
G/89¢00000OSN3 G| S0-365v /.9 ¢ uonsled|  64/216€¢-90188E¢C
S¥7/89200000DSN3 9¢L| €0-39¢'L| 66.Lck uoneed| 000.6€c-+0C¥8EC
S/89¢00000OSN3 9ch| €0-39¢'L| /68cCk uonsed| ¢90.6£¢-991¥8E¢
G/89¢00000OSN3 LOL| €0-310°F| 661Gk uopsed|  00.86€¢-H0S€8EC
S¥7/869200000DSN3 ¥9| ¥0-32v'9| 6609} uoneed| 00886€£c¢-+0L28€C
S/89200000OSN3 8599| €0-360'9 0SL ¥ uopeed| €.69/8¢-6ccclec

penunuoy 'y 9|qeL

10.1161/JAHA.124.036499

14:€036499. DOI:

J Am Heart Assoc. 2025



lyer et al

on chromosome 2 and the deletion on chromosome
12 exhibited overlaps with genomic loci implicated in
type-2 diabetes and ischemic stroke traits, as indi-
cated by hits in the GWAS catalog.

DISCUSSION

GWAS have identified several SNVs and small indels
that contribute to CAD. However, the impact of SVs on
atherosclerotic phenotypes, particularly in individuals
of non-European ancestry, has not been adequately
assessed. In this study, we evaluated the influence of
SVs on CAD in a diverse group of participants from the
TOPMed program. Through analyses using single SV
association tests, we discovered a duplication on chro-
mosome 6 that exhibited statistically significant associa-
tions with CAD. The odds ratio for our duplication variant
exhibited a large effect size, especially when consider-
ing the small magnitude of the SNV effects profiled from
prior CAD association studies. The rare SV aggregate
tests helped us uncover a deletion on chromosome 17
that overlapped a gene exhibiting significant expression
levels in arterial and adipose tissues.

We cross-examined our SV hits in the recently made
available 1000 Genomes Project Phase 3 structural
variant data set where SVs were detected by high cov-
erage sequenced data using lllumina short-reads on
3202 samples. However, none of the variants that we
found to be associated in our data were present in the
1000 Genomes Project data. This could be attributed
to the smaller sample size of the 1000 Genomes
Project data set compared with TOPMed.

The modeling of 3D genome structure identified
heightened spatial interactions, notably originating
from the promoter/enhancer region of LAMA4 situated
on the complementary strand. LAMA4, characterized
by high expression in aortic and cardiac muscles,
though not previously linked to atherosclerotic dis-
eases, has been implicated in human conditions such
as arrhythmogenic right ventricular cardiomyopathy/
dysplasia,®” hereditary electrocardiogram abnormal-
ities,%” and dilated cardiomyopathy.®®%° These con-
ditions share biological pathways with CAD involving
inflammation, dyslipidemia, metabolic syndrome, and
cardiac remodeling. We speculate that LAMA4 could
be a candidate gene contributing to these pathways,
and our duplication event, due to the spatial orien-
tation, may be in close proximity to the regulatory
elements of LAMA4, potentially influencing its tran-
scriptional activity, thereby affecting endothelial cells
and their function.

One of the neighboring genes near the duplica-
tion event, MARCKS, exhibits heightened expression
levels across various tissues, except for arterial tis-
sue. Previous studies have indicated that silencing of
the MARCKS gene might carry significant beneficial
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implications for the biological dynamics of vascular
smooth muscle cells situated within blood vessels.8%6"
We postulate that the duplication event may influence
the silencing mechanism of MARCKS, given the ele-
vated levels of H3K27ac and H3K4me3, the presence
of active enhancer elements, and high CTCF binding
sites within the duplicated genomic region. The SV,
through CTCF proteins—known for mediating long-
range chromatin interactions, could bring the enhancer
into close proximity with the MARCKS promoter re-
gion. This, coupled with histone modifications in the
region, could signal an upregulation of MARCKS ex-
pression, thereby increasing vascular smooth muscle
cell proliferation and contributing to the progression of
atherosclerosis. The potential role of the INcCRNA gene
LINC02541, located between MARCKS and the SV
cannot be ignored. Prior studies have shown that this
INcBRNA can modulate gene expression in the context
of type 2 diabetes® and metabolically unhealthy obe-
sity®3—both of which fall within the same disease spec-
trum as CAD. Thus, we conjecture that the SV may
upregulate LINC0O2541, which in turn could mediate
the upregulation of MARCKS’ expression. Subsequent
investigations are warranted to elucidate the poten-
tial causal role of these candidate genes, LAMA4 and
MARCKS, in the development of CAD.

Our agnostic rare SV analysis, while combing
through the entire genome, identified several hits
associated with CAD. Within the genomic vicinity
of the identified deletion event on chromosome 17
(17:78792634-78 792 679), we used the GWAS catalog
to identify a cluster of 10 SNVs that spanned 1 to 53kb
from the duplication. These SNVs exhibited statistically
significant associations with various traits encompass-
ing systolic blood pressure, body mass index, ischemic
stroke, and insulin resistance. In addition to USP36,
several SNVs from ROBO1, SOX5, and DLGAP5 were
found to be associated with various cardiometabolic
traits. A subset of these genes (USP36, ROBO1, and
WDR19) were also highly expressed in adipose and
aortic tissues, whereas the product of INcCRNA gene
LINC00570 was found to be upregulated in myocar-
dial tissues of patients with hypertrophic cardiomy-
opathy.* This is significant because hypertrophic
cardiomyopathy shares several biological pathways
with CAD, including pathways involved in inflammation,
dyslipidemia, metabolic syndrome, and cardiac re-
modeling, all of which are central to the pathophysiol-
ogy of both conditions. Furthermore, SH3GL3, another
gene identified in this analysis, has been implicated
as a regulator of blood vessel lumen maintenance in
zebrafish.®® These findings prompt contemplation re-
garding the potential influence of these rare variants on
these genes and their contributions to CAD.

To the best of our knowledge, only 2 GWAS of CAD
focusing on CNVs have been reported to date.?%??
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Among these studies, only 1 investigation involving
more than 470000 individuals from the UK Biobank
identified significant associations with CAD,?? specif-
ically the common deletion at 9p23 (~189kb), com-
mon duplication at 4p16.3 (~63kb), and aggregated
rare deletions at LDLRADS. In our study, we exam-
ined these 2 previously implicated common regions
and identified 27 rare overlapping deletions (ranging in
size from 26 bp to >400kb) within the 9p23 locus, but
none demonstrated statistical significance (Table S4).
Similarly, within the 4p16.3 locus, we observed 1 de-
letion and 1 duplication event, both of which were rare
but not even nominally significant (Table S4). Our ag-
gregate analysis did not identify any significant signals
across 5 windows on chromosome 11 that overlapped
LDLRADS3 gene region (Table S4). We also investigated
the nature of association of our significant findings in
the UK Biobank study; we did not find any overlapping
in CNVs but identified genes like ROBO1, SH3GL3,
and RFPL4B through their gene-based burden tests
that exhibited nominal significance (Table S5). Lack of
replication may be attributed to (1) limitations with re-
spect to the sample size of our study; (2) differences in
the SV calling methods, (3) our use of whole-genome
sequenced data versus the UK Biobank’s use of ge-
notyping arrays; (4) methodological differences in
assessing rare SV, with their approach centering on
genes as biological units for aggregation excluding el-
ements from noncoding genome while we canvassed
the whole genome employing the sliding window ap-
proach; and lastly (5) differences in the sample compo-
sition where UK Biobank participants were healthy and
of European ancestry compared with the multiances-
try participants ascertained for CAD that we leveraged
within the TOPMed program.

We acknowledge several study constraints despite
the innovative nature of our study: (1) our analyses
were confined to 3 specific categories of autosomal
SVs—deletions, duplications, and inversions; (2) solely
an additive framework was employed for single variant
genome-wide discovery; (3) due to sample size limita-
tions, ancestry-specific assessments and replication
were unfeasible; (4) given the low number and frequency
of SVs in comparison to SNVs, many sliding windows
encompassed only 1 SV; and (5) lack of replication given
the unavailability of SV data sets that have been called
through sequenced data. Additionally, it is worth noting
that ambiguity arises in SV identification through short
reads; inaccuracies in the contig assembly process
using short reads can result in unreliable variant break-
points.%® The resolution of these constraints could be
achieved by integrating long-read data into expansive
multiancestry SV association studies within the context
of CAD. Such endeavors will enhance our comprehen-
sion of the contribution of SVs to susceptibility to highly
heritable complex traits like CAD.
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CONCLUSIONS

In conclusion, our investigation has brought to light
novel variants dispersed across multiple chromosomes
to help elucidate the previously largely unexplored
interplay between SVs and CAD. Although our findings
are fewer compared with SNV-based GWAS studies,
and the identified SVs appear to play a limited role in
CAD, this may be due to the suboptimal sample size, the
inherent complexity of SVs, and their calling algorithms.
Nevertheless, as in many complex diseases, SVs likely
contribute to CAD pathogenesis. And for this, larger
WGS studies are essential to replicate our findings and
to identify additional associations. Such studies should
ideally leverage the fidelity of recently developed long-
read sequencing technologies. Addressing the current
knowledge gap in understanding the role of SVs in CAD
across diverse ancestral groups represents a crucial
opportunity to unravel the biological foundations
underlying CAD.
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