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BACKGROUND Stent thrombosis (ST) is a rare, yet devastating, complication following percutaneous coronary inter-

vention (PCI), with poorly understood pathophysiologic characteristics and genetic backgrounds.

OBJECTIVES The authors performed a genome-wide association study to identify the common genetic loci associated

with early stent thrombosis (EST) and late/very late ST (LST/VLST) in a contemporary Japanese multicenter PCI registry.

METHODS Among 8,642 PCI patients included in the registry, 42 who experienced stent thrombosis [EST (n ¼ 15) and

LST/VLST (n ¼ 27)] were included (mean age, 67.6 � 10.8 years; and 88.1% men). We conducted a genome-wide as-

sociation study using the BioBank Japan patient population as the control (control #1: acute coronary syndrome

[n ¼ 29,542] and control #2: effort angina [n ¼ 8,900]) to identify significant single nucleotide polymorphisms (SNPs)

and evaluate the performance of polygenic risk scores (PRSs) for predicting these conditions.

RESULTS We compared patients with EST with controls #1 and #2 and identified SNPs (rs565401593 and rs561634568)

in NSD1, and patients with LST/VLST with controls #1 and #2 and identified SNPs (rs532623294 and rs199546342) in

GRIN2A. PRS for LST/VLST showed high predictive performance (area under the curve 0.83 [95% CI: 0.76-0.89] and

0.83 [95% CI: 0.77-0.89]), whereas PRS for EST showed modest predictive performance (area under the curve 0.71

[95% CI: 0.58-0.85] and 0.72 [95% CI: 0.58-0.85]).

CONCLUSIONS We identified different genetic predispositions between EST and LST/VLST and demonstrated that the

incorporation of PRS may aid in risk prediction of this highly fatal event. (JACC Adv 2023;2:100172)
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ABBR EV I A T I ON S

AND ACRONYMS

ACS = acute coronary

syndrome

AUC = area under the curve

CYP2C19 = cytochrome

P4502C19

DAPT = dual antiplatelet

therapy

DES = drug-eluting stent(s)

EA = effort angina

EST = early stent thrombosis

GRIN2A = glutamate

ionotropic receptor NMDA type

subunit 2A

GWAS = genome-wide

association study

KiCS = Keio interhospital

cardiovascular Studies

LST = late stent thrombosis

NCBI = National Center for

Biotechnology Information

NSD1 = nuclear receptor

binding SET domain Protein 1

PCI = percutaneous coronary

intervention

PRS = polygenic risk score(s)

SNP = single nucleotide

polymorphism

ST = stent thrombosis

VLST = very late stent

thrombosis
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S tent thrombosis (ST) remains a major
concern despite considerably improved
outcomes in the field of percutaneous

coronary intervention (PCI) for patients
with coronary artery disease. ST has
become a relatively rare complication owing
to the introduction of a newer generation of
drug-eluting stents (DES) and novel P2Y12
inhibitors (eg, prasugrel or ticagrelor),
occurring in 0.5% to 4% of patients accord-
ing to recent reports.1,2 Nevertheless, ST
remains a severe complication, with a high
mortality rate (40%) and high recurrence
rate.3-5

Mechanisms and risk factors associated
with ST have been investigated, and strong
genetic predisposition has been suggested as
a risk factor. For example, cytochrome
P4502C19 (CYP2C19) loss-of-function alleles
(*2, *3, *17 alleles), ABCB1, and ITGB3 PLA2,
all of which are involved in clopidogrel
metabolism and platelet function, are repre-
sentative variants associated with ST.6,7

However, genome-wide analysis to detect
common genetic variants associated with ST
has not been conducted. Considering that
several common genetic variants are identi-
fied to be associated with coronary artery
disease or myocardial infarction,8-13 a
comprehensive genome-wide analysis to
detect common genetic variants associated
with ST is warranted.
Additionally, several recent studies have shown
that risk factors may vary between early and late
ST.14-16 In early stent thrombosis (EST), procedural
factors, such as stent under-expansion, presence of
residual coronary dissection, uncovered strut, and
malapposition, play an important role,1 whereas the
mechanism of late stent thrombosis (LST)/very late
stent thrombosis (VLST) is associated with abnormal
vascular response such as a hypersensitivity reaction
and neoatherosclerosis, suggesting the involvement
of genetic predisposition beyond the clinical and
procedural factors.5,14,16 Given the possible different
mechanisms and risk factors between EST and LST/
VLST, it is reasonable to assess individual genetic
factors associated with ST in each clinical
presentation.

Here, we performed a genome-wide association
study (GWAS) comparing individuals with EST or LST/
VLST and those with acute coronary syndrome (ACS)
or effort angina (EA) to identify unique genetic de-
terminants associated with EST and LST/VLST in
Japanese patients with coronary artery disease.
METHODS

STUDY POPULATION. Patients with ST were identi-
fied from the Keio interhospital Cardiovascular
Studies (KiCS) PCI registry, which is a prospective 15-
center registry designed to collect clinical variables
and outcome data on consecutive patients who un-
dergo PCI, with dedicated clinical research co-
ordinators assigned to each site. The complete list of
the investigators and coordinators is provided in the
Supplemental Appendix. Approximately 200 vari-
ables were collected from each patient. The clinical
variables and in-hospital outcomes of patients from
the KiCS PCI registry were defined in accordance with
the National Cardiovascular Data Registry version
4.1.17 The present analysis was conducted according
to the principles of the Declaration of Helsinki and
was approved by each participating hospital’s ethics
review board.

ADJUDICATION OF STENT THROMBOSIS. For the
present study, definite ST was defined on the basis of
the Academic Research Consortium definition.18 As
an initial step, patients who underwent PCI for defi-
nite ST were screened by 2 authors (M.S. and S.K.).
After confirming the diagnosis from abstracted med-
ical records, 132 patients with definite ST were iden-
tified, among whom 42 patients were alive, followed
at their outpatient clinics at the hospitals that per-
formed the index PCI procedure, and provided writ-
ten consent for the genetic data analysis.

ST was further categorized according to the time of
occurrence of ST: EST (occurring within 30 days from
the index procedure), LST (occurring between 31 and
365 days), and VLST (occurring after >1 year).18 As the
VLST group had a minimal number of patients, the
LST and VLST groups were combined in our study.

CLINICAL VARIABLE DEFINITION. Chronic total oc-
clusion was indicated if the segment with 100% pre-
procedure stenosis was presumed to be totally
occluded for at least 3 months before the procedure.
Type C lesions were defined as diffuse (length >2 cm),
excessive tortuosity of proximal segment, extremely
angulated segments >90�, total occlusions >3 months
old and/or bridging collaterals, inability to protect
major side branches, and degenerated vein grafts
with friable lesions.19 Procedural complications
included the following events during the hospitali-
zation: postprocedural myocardial infarction, cardio-
genic shock, heart failure, stroke, cardiac tamponade,
new requirement for dialysis, cerebral bleeding, cor-
onary dissection, and coronary perforation. Coronary
dissection was defined as the appearance of contrast
materials outside the expected luminal dimensions of
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TABLE 1 Baseline Demographics and Procedural Characteristics in Patients With EST Compared With Patients With LST/VLST

Total
(N ¼ 42)

EST
(n ¼ 15)

LST/VLST
(n ¼ 27) P Value

Baseline demographics

Days from stent implantations to
the onset of stent thrombosis, d

550 (9 to 2,497) 6 (5 to 9.5) 1979 (760 to 3,330) <0.001

Age, y 67.6 � 10.8 66.9 � 11.0 68.0 � 10.9 0.732

Female, % 5 (11.9) 3 (20.0) 2 (7.4) 0.478

Body mass index, kg/m2 24.9 � 4.9 25.6 � 4.8 24.7 � 5.0 0.642

Prior myocardial infarction, % 21 (60.0) 5 (62.5) 16 (59.3) 1.000

Prior PCI, % 33 (94.3) 7 (87.5) 26 (96.3) 0.410

Prior coronary artery bypass grafting, % 3 (8.6) 1 (12.5) 2 (7.4) 0.553

Prior heart failure, % 4 (11.4) 0 (0.0) 4 (14.8) 0.279

Atrial fibrillation, % 3 (10.3) 0 (0.0) 3 (13.0) 0.637

Diabetes mellitus, % 11 (26.2) 1 (6.7) 10 (37.0) 0.387

Creatinine, mg/dL 1.57 � 2.54 1.83 � 3.49 1.43 � 1.89 0.637

Hemoglobin, g/dL 12.0 � 1.9 11.8 � 2.2 12.2 � 1.8 0.543

Hemodialysis, % 1 (2.4) 0 (0.0) 1 (3.7) 1.000

Stroke, % 2 (5.7) 0 (0.0) 2 (7.4) 1.000

Peripheral artery disease, % 1 (2.9) 0 (0.0) 1 (3.7) 0.99

Hypertension, % 25 (71.4) 4 (50.0) 21 (77.8) 0.389

Current smoker, % 13 (37.1) 3 (37.5) 10 (37.0) 1.000

Dyslipidemia, % 24 (68.6) 6 (75.0) 18 (66.7) 1.000

Malignancy, % 1 (3.0) 0 (0.0) 1 (3.8) 0.637

Acute coronary syndrome, % 25 (59.5) 10 (66.7) 15 (65.2) 1.000

Ejection fraction, % 54.3 (11.9) 56.5 (10.5) 53.1 (12.6) 0.375

Lesion data

ST vessel, % 0.712

Left anterior descending 23 (54.8) 7 (46.7) 16 (59.3)

Left circumflex coronary 4 (9.5) 2 (13.3) 2 (7.4)

Right coronary artery 15 (35.7) 6 (40.0) 9 (33.3)

Type of stents 0.164

Bare metal stent 7 (16.7) 2 (13.3) 5 (18.5)

Fist-generation DES 7 (16.7) 1 (6.7) 6 (22.2)

Newer-generation DES 24 (57.1) 12 (80.0) 12 (44.4)

Unknown 4 (9.5) 0 (0.0) 4 (14.8)

Stent diameter, mm 3 (2.5 to 3.5) 3 (2.5 to 3.0) 3 (2.5 to 3.5) 0.712

Stent length, mm 19.5 (18.0 to 24.5) 22.0 (18.0 to 27.0) 19.0 (18.0 to 23.0) 0.398

IVUS use, % 29 (69.0) 14 (93.3) 15 (55.6) 0.017

OCT use, % 1 (2.4) 0 (0.0) 1 (3.7) 0.016

Rotablater use, % 2 (4.8) 2 (13.3) 0 (0.0) 0.116

Lesion type

Type C, % 14 (33.3) 9 (69.2) 5 (26.3) 0.029

Chronic total occlusion, % 2 (4.8) 2 (14.3) 0 (0.0) 0.144

Complications at the index PCI 3 (7.1) 2 (13.3) 1 (3.7) 0.287

Coronary dissection, % 1 1 0

Post-PCI myocardial infarction, % 1 1 0

Cerebral bleeding, % 1 0 1

Major bleeding, % 2 2 0

Malapposition, % 4 (9.5) 2 (13.3) 2 (7.4) 0.608

Clinical presentation at the time of ST 0.348

STEMI 27 (64.2) 12 (80.0) 15 (55.6)

NSTEMI/UA 10 (23.8) 2 (13.3) 8 (29.6)

Effort angina 5 (11.9) 1 (6.7) 4 (14.8)

Continued on the next page
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TABLE 1 Continued

Total
(N ¼ 42)

EST
(n ¼ 15)

LST/VLST
(n ¼ 27) P Value

Adherence <0.001

DAPT at the time of ST 22 (52.4) 15 (100.0) 7 (25.9)

Guideline-recommended DAPT de-escalation 7 (16.7) 0 (0.0) 7 (25.9)

Discontinuation of APT due to major bleeding 1 (2.4) 0 (0.0) 1 (3.7)

Discontinuation of APT due to surgery 1 (2.4) 0 (0.0) 1 (3.7)

Discontinuation of APT due to other reasons 2 (4.8) 0 (0.0) 2 (7.4)

Discontinuation of APT due to unknown reasons 9 (21.4) 0 (0.0) 9 (33.3)

Living alone, % 6 (14.3) 3 (20.0) 3 (11.1) 0.543

Dementia, % 1 (2.4) 1 (0.7) 0 (0.0) 0.183

Values are median (IQR), mean � SD, or n (%).

APT ¼ antiplatelet therapy; DAPT ¼ dual antiplatelet therapy; DES ¼ drug-eluting stent; EST ¼ early stent thrombosis; IVUS ¼ intravascular ultrasound; LST ¼ late stent
thrombosis; NSTEMI ¼ non-ST-segment elevation myocardial infarction; OCT ¼ optical coherence tomography; PCI ¼ percutaneous coronary intervention; STEMI ¼ ST-
segment elevation myocardial infarction; UA ¼ unstable angina; VLST ¼ very late stent thrombosis.
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the target coronary vessel that caused flow limita-
tions (TIMI flow grade 0-2) of the distal vessels.20

CONTROL ARM. All control participants for the ge-
netic analysis were collected from the BioBank Japan
(https://biobankjp.org/english/index.html), one of
the largest non-European biobanks that collabora-
tively collects DNA and serum samples from 12 med-
ical institutions in Japan, consisting of approximately
200,000 individuals.21,22

The BioBank Japan obtained informed consent
from all participants and approved an application for
access to and use of the data by the Sample and Data
Access Committee (approval number: P0102). Ethical
approval for the analysis was obtained from the
Institutional Review Board of Tsukuba International
Clinical Pharmacology Clinic, Japan (approval num-
ber: 0020). The control arm consisted of patients
with ACS (control #1; n ¼ 29,542) and those with EA
(control #2; n ¼ 8,900). The definitions of these di-
agnoses were described in the design paper of Bio-
Bank Japan; briefly, these were based on the
diagnoses of attending physicians at cooperating
hospitals.21

GENOTYPING AND QUALITY CONTROL OF SAMPLES. All
genetic tests were performed with informed consent
from the patients after genetic counseling. After
obtaining written informed consent, genomic DNA
was isolated from the peripheral white blood cells of
each patient. Samples in the case group were geno-
typed using the Infinium Asian Screening Array-24
v1.0 BeadChip (Illumina Inc, GRCh 37), whereas the
control group was genotyped using the Illumina
Infinium OmniExpressExome-8 v1.0, Illumina Infin-
ium OmniExpressExome-8 v1.2, and Illumina
HumanOmniExpress-12 v1.0. (Illumina Inc).23 This
genotyping array was generated in accordance with
the East Asian reference panel that includes whole-
genome sequencing, allowing efficient genotyping
in East Asian populations.13,24

All samples met the manufacturer’s quality control
criteria (sample call rate$97%) and were not in
close genetic relationship (PI_HAT calculated by
PLINK37 >0.1875). Single nucleotide polymorphisms
(SNPs) used to evaluate the quality control of samples
fulfilled the following criteria: 1) call rate $95%; 2)
P value obtained by the goodness-of fit test for
Hardy–Weinberg equilibrium $1.0 � 10�3; and 3) mi-
nor allele frequency $0.01.

SNP GENOTYPE IMPUTATION. Haplotype phasing
was conducted using EAGLE v2.4.1 (alkesgroup.
broadinstitute.org/Eagle/) as a pre-phasing for the
genotype imputation after SNP filtering. Next, we
used Minimac3 software40 for genotype imputa-
tion.25 As an imputation reference, we used the
reference haplotypes of 1000 Genomes Project Phase
3 version 5 genotype (n ¼ 2,504), which were recently
constructed and validated for imputation accuracy.26

Finally, after the imputation, we excluded variants
with an imputation quality of Rsq <0.3 and minor
allele frequency <0.01.

STATISTICAL ANALYSIS. GWAS and reg iona l
p lot t ing . A genome-wide association test for the
initial screening of potential candidate SNP markers
of ST was applied to the imputed SNPs. We
performed GWAS using multivariable logistic
regression with the Efficient and Parallelizable
Association Container Toolbox (EPACTS). Age, sex,
body mass index, creatinine, hemoglobin, and top
10 principal components were used as covariates.27

Population structure can occasionally cause
confounding in GWAS, and it is addressed by
including principal components as covariates. As for
our analysis, we used the top 10 principal
components to adjust for population stratification as
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TABLE 2 Clinical Characteristics of Control Group Participants With Acute

Coronary Syndrome and Effort Angina

ACS
(n ¼ 29,542)

EA
(n ¼ 8,900)

Female, % 7,794 (26.4) 2,427 (27.3)

Age, y 67.8 � 10.1 68.9 � 9.5

Body mass index, kg/m2 23.8 � 3.3 23.9 � 3.3

Creatinine, mg/dL 0.88 � 0.23 0.88 � 0.23

eGFR, mL/min/1.73 m2 67.5 � 14.9 66.6 � 14.4

Hemoglobin, g/dL 13.6 � 1.7 13.6 � 1.7

Ejection fraction, % 60.7 � 13.2 63.0 � 12.2

Systolic blood pressure, mm Hg 141 � 18.0 143 � 18.0

Diastolic blood pressure, mm Hg 82 � 11.3 82 � 11.4

HbA1c (NGSP), % 5.5 � 0.6 5.5 � 0.6

Sodium, mEq/L 141 � 2.6 141 � 2.7

Potassium, mEq/L 4.27 � 0.42 4.27 � 0.41

HDL-C, mg/dL 50.4 � 13.8 50.5 � 13.5

LDL-C, mg/dL 130 � 39.3 131 � 39.2

Albumin, g/dL 4.2 � 0.41 4.2 � 0.40

CK, U/L 105 � 56.1 105 � 54.8

CRP, mg/dL 0.25 � 0.27 0.24 � 0.26

WBC, mL 6,264 � 1,738 6,110 � 1,633

Platelet, 104/mL 21.7 � 6.2 21.1 � 5.9

Values are n (%) or mean � SD.

ACS ¼ acute coronary syndrome; CK ¼ creatine kinase; CRP ¼ c-reactive protein; EA ¼ effort
angina; eGFR ¼ estimated glomerular filtration rate; HbA1c ¼ hemoglobin A1c; HDL-C ¼ high
density lipoprotein-cholesterol; LDL-C ¼ low density lipoprotein-cholesterol; NGSP ¼ National
Glycohemoglobin Standardization Program; WBC ¼ white blood cell.
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recommended by previous studies.28-30 SNPs with
P < 5.0 � 10�8 were used in the subsequent analyses
as candidate SNPs. A value of P < 1.0 � 10�6 was
considered “suggestive significance threshold,” to
avoid losing potential candidates with an estimated
P of no less than GWAS significance (5.0 � 10�8),
considering the sample size of this study. The
Manhattan plots and QQ-plots were drawn using R
3.6.3, whereas regional plots were drawn using
LocusZoom Version 1.4. Meta-analysis was
performed using the inverse-variance method.31,32

Gene-wise ana lys i s . We evaluated gene-level asso-
ciations and calculated the polygenic score for each
gene region using the SNP-set (Sequence) Kernal As-
sociation Test (SKAT)-O.33-35 Statistical significance
was set at 2.5 � 10�6 for the SKAT-O test.

Polygen ic r i sk score (PRS) ca lcu lat ion . We used
PRSice (https://choishingwan.github.io/PRSice/) to
calculate PRS. Briefly, trait-specific weights (beta’s for
continuous traits and the log of the odds ratios [ORs]
for binary traits) were obtained from GWAS. In the
target sample, PRS was calculated for each individual
based on the weighted sum of the number of risk al-
leles that the individual carries multiplied by the
trait-specific weights. All SNPs of the candidate genes
(registered in RefGene database [http://varianttools.
sourceforge.net/Annotation/RefGene]) were used for
the calculation of PRS. The performance of PRS was
examined by measuring the area under the curve
(AUC) to assess discrimination.
Evaluation of candidate SNPs and gene features. We
searched NCBI dbSNP (https://www.ncbi.nlm.nih.
gov/snp/) and ClinVar (https://www.ncbi.nlm.nih.
gov/clinvar/) databases to evaluate the contribution
of the candidate SNPs to ST. Gene features were
identified using the NCBI Gene (https://www.ncbi.
nlm.nih.gov/gene) database.

RESULTS

STUDY POPULATION (PATIENTS WITH ST EXTRACTED

FROM KiCS PCI). In the present analysis, 42 patients
with ST [EST (n ¼ 15, 35.7%) and LST/VLST (n ¼ 27,
64.3%)] who consented for the genetic data analysis
among those in the KiCS PCI registry were studied.
The mean � standard deviation in age was
67.6 � 10.8 years, and 88.1% were men. Table 1 lists
the baseline demographics and procedural charac-
teristics in patients with EST compared with those in
patients with LST/VLST.

There were no significant differences between the
EST and LST/VLST groups in terms of baseline patient
demographics. Angiographically, patients with EST
had higher complex lesions (eg, type C lesions, 69.2%
vs 26.3%, P ¼ 0.029) and procedure-related compli-
cations after PCI (13.3% vs 3.7%, P ¼ 0.287) than pa-
tients with LST/VLST. The status of antiplatelet
therapy at the time of ST is also shown in Table 1. All
patients with EST were receiving dual antiplatelet
therapy (DAPT) at the time of ST.

In comparison, patients with LST/VLST presented
higher use of first-generation DES than patients with
EST. Among 27 patients with LST/VLST, 7 received
DAPT (all patients were receiving aspirin plus clopi-
dogrel), 7 received guideline-recommended single
antiplatelet therapy, whereas the remaining 13 had
discontinued antiplatelet therapy at the time of ST (1
patient due to major bleeding, 1 due to surgery, and 2
due to other relevant clinical reasons [for the
remaining 9 patients, the reason for discontinuation
of antiplatelet therapy was unclear]).

STUDY POPULATION (CONTROL PATIENTS EXTRACTED

FROM BioBank JAPAN). Table 2 lists the clinical
characteristics of the control group participants with
ACS (n ¼ 29,542) and EA (n ¼ 8,900) that were
extracted from the BioBank Japan database.
The mean in age was 67.8 � 10.1 years and
68.9 � 9.5 years, and 73.6% and 72.7% were men in
the ACS and EA groups, respectively. Overall,

https://choishingwan.github.io/PRSice/
http://varianttools.sourceforge.net/Annotation/RefGene
http://varianttools.sourceforge.net/Annotation/RefGene
https://www.ncbi.nlm.nih.gov/snp/
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https://www.ncbi.nlm.nih.gov/gene
https://www.ncbi.nlm.nih.gov/gene


CENTRAL ILLUSTRATION Genome-Wide Association Study Investigating Genetic Backgrounds of
Stent Thrombosis

Shoji S, et al. JACC Adv. 2023;2(1):100172.

In a genome-wide association study (GWAS), we compared patients with early stent thrombosis (EST) (n ¼ 15 from the KiCS PCI registry) with controls #1 (A) and #2

(B), and identified significant single nucleotide polymorphisms (SNPs) [rs565401593 and rs561634568] in NSD1, and compared patients with late/very late stent

thrombosis (LST/VLST) (n ¼ 27 from the KiCS PCI registry) with controls #1 (C) and #2 (D), and identified significant SNPs [rs532623294 and rs199546342] in GRIN2A.

Control #1: acute coronary syndrome (n¼ 29,542), Control #2: effort angina (n¼ 8,900) from BioBank Japan. The x-axis represents chromosomal positions and the y-

axis represents log10 P values. The red horizontal lines indicate a statistically significant level at P < 5.0 � 10�8 and the blue horizontal lines indicate a suggestive

significance threshold considered as P < 1.0 � 10�6. KiCS ¼ Keio interhospital cardiovascular Studies; PCI ¼ percutaneous coronary intervention.
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creatinine, hemoglobin, and ejection fractions in each
group were 0.88 � 0.23 and 0.88 � 0.23, 13.6 � 1.7 and
13.6 � 1.7, and 60.7 � 13.2 and 63.0 � 12.2 in patients
with ACS and EA, respectively.

GENOME-WIDE ASSOCIATION STUDY. The results of
the GWAS are summarized in Central Illustration
(Manhattan plot) and Table 3. QQ-plots of the
genome-wide association are shown in Figure 1.
The GWAS comparing patients with EST with con-
trols #1 and #2 revealed significant SNPs
(rs565401593 [Chr5:176613030_AT/A: OR 194.5, 95%
CI: 31.2-1,210, P ¼ 1.61 � 10�8] and rs561634568
[Chr5:176672977_T/A OR 210.0, 95% CI: 36.4-1,211,
P ¼ 2.23 � 10�9]) in NSD1 (Central Illustration A and B,
Figures 2A and 2B). All SNPs that reached
genome-wide significance are summarized as po-
tential candidates in Supplemental Tables 1 and 2. In
a gene-wise analysis, NSD1 variants were signifi-
cantly associated with the occurrence of EST when
patients with EST were compared with control #1
(P ¼ 1.58 � 10�14) and control #2 (P ¼ 1.44 � 10�21).

The GWAS comparing patients with LST/VLST
with controls #1 and #2 revealed significant SNPs
(rs532623294 [Chr16:9991046_A/T: OR 46.0, 95% CI
11.1-191.0, P ¼ 1.33 � 10�7] and rs199546342 [Chr16:
9995088 CTT/C: OR 61.6, 95% CI 13.8-274.0,
P ¼ 6.13 � 10�8]) in GRIN2A (Central Illustration C
and D, Figures 2C and 2D). All SNPs that reached
genome-wide significance are summarized as poten-
tial candidates in Supplemental Tables 3 and 4. In
a gene-wise analysis, GRIN2A variants were

https://doi.org/10.1016/j.jacadv.2022.100172
https://doi.org/10.1016/j.jacadv.2022.100172
https://doi.org/10.1016/j.jacadv.2022.100172


FIGURE 1 Quantile–Quantile Plot of the Genome-wide Association

(A) Comparison between the patients with early stent thrombosis (EST) and those with acute coronary syndrome (ACS). (B) Comparison between the patients with EST

and those with effort angina (EA). (C) Comparison between the patients with late ST/very late ST (LST/VLST) and those with ACS. (D) Comparison between the patients

with LST/VLST and those with EA.
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significantly associated with the occurrence of LST/
VLST when patients with LST/VLST were compared
with control #1 (P ¼ 7.04 � 10�5) and control #2
(P ¼ 5.33 � 10�6).

Finally, PRS for LST/VLST showed higher predic-
tive performance (AUC 0.83 [95% CI: 0.76-0.89] and
0.83 [95% CI: 0.77-0.89]) (Figures 3C and 3D), whereas
PRS for EST showed modest predictive performance
(AUC 0.71 [95% CI: 0.58-0.85] and 0.72 [95% CI:
0.58-0.85]) (Figures 3A and 3B).
DISCUSSION

ST is a rare, but severe, complication that can occur
after implanting stents during PCI. There are multi-
factorial factors associated with the occurrence of
ST, ranging from lesion severity, stent type (espe-
cially first-generation DES), procedural technique
(malapposition or procedural complication), patient
characteristics (diabetes, obesity, chronic kidney
disease, and stroke), adherence to antiplatelet



FIGURE 2 Regional Plots of the Lead Single Nucleotide Polymorphisms

Association signals around the novel sentinel variants [(A) rs565401593, (B) rs561634568, (C) rs532623294, and (D) rs199546342] in regional plots after comparing

(A) Patients with early stent thrombosis (EST) and those with acute coronary syndrome (ACS); (B) Patients with EST and those with effort angina (EA); (C) Patients with

late ST/very late ST (LST/VLST) and those with ACS; (D) Patients with LST/VLST and those with EA. The x-axis represents chromosomal positions around the novel

sentinel variant, and the y-axis represents log10 P values. The strongest signal in this locus is shown in purple. The dot color for a variant represents the degree of

linkage disequilibrium (R2) estimates between each variant and the novel sentinel variant. GRIN2A ¼ glutamate ionotropic receptor NMDA type subunit 2A;

NSD1 ¼ nuclear receptor binding SET domain protein 1.
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therapy, and genetic factors. Additionally, consid-
ering the possible different mechanisms and risk
factors between EST and LST/VLST, it is reasonable to
assess individual clinical and genetic factors associ-
ated with ST in each clinical presentation. Therefore,
we conducted comprehensive analyses to detect
unique factors associated with EST and LST/VLST.
The main findings of our study are as follows: 1)
clinically, patients with EST had higher complex
lesions and procedure-related complications than
patients with LST/VLST; 2) patients with LST/VLST
presented higher use of first-generation DES and
lower adherence to antiplatelet therapy than pa-
tients with EST; 3) NSD1 for EST and GRIN2A for
LST/VLST were identified as susceptibility markers;
and 4) PRS (especially for LST/VLST) could provide
novel risk stratification information. Our findings
suggest that the involvement of clinical factors and
genetic predisposition between early and LST/VLST
may vary.

Previous studies on genetic factors associated with
ST have been primarily focused on mutations
involved in antiplatelet metabolic pathways and high
on-treatment platelet reactivity.36,37 Renowned ge-
netic variants include CYP2C19 loss-of-function al-
leles (*2, *3, *17 alleles), ABCB1, and ITGB3 PLA2, all of
which are involved in the conversion of clopidogrel to
its active metabolite.6,7 Prasugrel is metabolized to its
active metabolite primarily by CYP3A5 and CYP2B6,
and to a less extent by CYP2C9 and CYP2C19.38



FIGURE 3 Receiver Operator Characteristic Curves for Polygenic Risk Scores for Patients With Stent Thrombosis

(A) Comparison between patients with early stent thrombosis (EST) and those with acute coronary syndrome (ACS). (B) Comparison between the patients with EST and

those with effort angina (EA). (C) Comparison between the patients with late ST/very late ST (LST/VLST) and those with ACS. (D) Comparison between the patients

with LST/VLST and those with EA. Area under the curve (AUC) with 95% CI are shown.
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TABLE 3 Summary of New Loci Identified in This Genome-Wide Association Study

GWAS Chr.
Position
(GRCh37) REF ALT Gene Lead SNP MAF OR 95% Lower CI 95% Upper CI P Value

EST vs ACS 5 176,613,030 AT A Deletion: NSD1 rs565401593 0.013629 194.5132 31.2481 1210.8075 1.61E-08

EST vs EA 5 176,672,977 T A Intron: NSD1 rs561634568 0.011982 209.9984 36.3963 1211.6423 2.23E-09

LST/VLST vs ACS 16 9,991,046 A T Intron: GRIN2A rs532623294 0.022413 46.0027 11.0895 190.8342 1.33E-07

LST/VLST vs EA 16 9,995,088 CTT C Deletion: GRIN2A rs199546342 0.013761 61.6147 13.8638 273.8331 6.13E-08

ACS ¼ acute coronary syndrome; ALT ¼ alternative allele; Chr ¼ chromosome; EA ¼ effort angina; EST ¼ early stent thrombosis; GWAS ¼ genome-wide association study; GRCh 37 ¼ Genome Reference
Consortium Human Build 37; LST/VLST ¼ late/very late stent thrombosis; MAF ¼ minor-allele frequency; OR ¼ odds ratio; REF ¼ reference allele; SNP ¼ single nucleotide polymorphism.
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Although both clopidogrel and prasugrel are pro-
drugs, clopidogrel is bioactivated primarily by
CYP2C19 and is therefore less effective in patients
with decreased or no function variant alleles in
CYP2C19. Among patients with ACS, the POPular
Genetics (Patient Outcome after Primary PCI) trial has
demonstrated noninferiority of the genotype-based
antiplatelet selection strategy over standard care
with respect to thrombotic events and lower inci-
dence of bleeding, suggesting the utility of genotype-
guided P2Y12 inhibitor selection strategy to prevent
ischemic events including ST.39 In contrast, our study
is unique in terms of identifying common genetic
variants not involved in the antiplatelet metabolic
pathways, and provides further evidence and insights
into a possible genetic mechanism of EST and LST/
VLST to further understand the causes of ST.

To the best of our knowledge, this study is the first
to show that polymorphisms located within NSD1
were associated with EST, whereas polymorphisms
located within GRIN2A were associated with LST/
VLST. NSD1 knockout in a mouse model increased the
levels of H3K27me3 and reduced those of H3K36me2,
thereby inhibiting Wnt10b expression. These results
suggest that inactivation of the Wnt/b-catenin
signaling pathway inhibits the proliferation, migra-
tion, and invasion of human cells.40,41 Accordingly,
NSD1 variants could affect DNA methylation, result-
ing in abnormal proliferation of endothelial cells and
platelet aggregation. Flow disturbance, especially the
occurrence of non-streamlined flow along the mal-
apposed stent struts, is highly relevant to acute
thrombogenicity.14,42,43 Taken together, patients with
genetic factors, who are more prone to abnormal cell
proliferation and platelet aggregation, may be prone
to ST, superimposed by abnormalities in blood flow
by stent under-expansion, residual coronary dissec-
tion, or malapposition.15 GRIN2A is a member of the
glutamate-gated ion channel protein family that
forms N-methyl-D-aspartate receptor (NMDAR) sub-
units44 that create ion channels in the cell membrane
that allow the influx or efflux of cations, such as Ca2þ,
which are important for synaptic transmissions,
cellular migration, and survival. GRIN2A mutations
increased NMDR-mediated Ca2þ responses and
enhanced cell proliferation and invasiveness, thereby
contributing to the oncogenic effects in melanomas.45

Previous studies on the mechanisms of ST using
intravascular ultrasound and optical coherence to-
mography have demonstrated that advanced neo-
atherosclerosis with neointimal rupture could be
critical risk factors for ST in both DES and bare metal
stent.14,46-49 Accordingly, the proliferation and inva-
sion functions of GRIN2A may cause neointimal pro-
liferation and neoatherosclerosis in stents, possibly
leading to thrombus formation. Further analysis is
required to corroborate our findings and clarify the
association of our newly identified genetic variants
and incidence of ST in other cohorts with different
ethnicities.

Prior studies have shown that different factors
contributed to the occurrence of ST according to the
timing after stent implantation. For the EST
events, technical aspects, such as incomplete stent
expansion, serves as a strong contributing factor.
A measured stent area of <4.5 mm2 with optical
coherence tomography or<5.5 mm2with intravascular
ultrasonography reflects incomplete stent expansion
and is associated with ST, showing a larger effect on
early events (EST).50,51 Similarly, during the late
phase, clinical and procedure-related factors were
attributed to the incidence of ST; for example, a his-
tory of malignancy is strongly associated with the
occurrence of LST.1 Stent strut malapposition, espe-
cially “late acquired malapposition” caused by posi-
tive remodeling of stent-implanted vessels, has been
reported as a leading mechanism underlying LST.52 In
addition to clinical factors, regarding the incidence of
LST, genetic factors may play a crucial role; in the
DESERT (International Drug-Eluting Stent Event
Registry of Thrombosis) registry, African–American
ethnicity has been shown to correlate with LST.53

Our study has expanded these prior works and
shown that different genetic variants are associated
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with the occurrence of ST depending on the time of
occurrence of ST after PCI, and demonstrated that the
influence of genetic variants might be more prominent
for LST/VLST than for EST. These findings could be the
basis of future genetic research in the field of ST.

STUDY LIMITATIONS. First, owing to the necessity of
informed consent for the genetic analysis, patients
who died of ST and could not consent for the study
were not included, which might have caused selec-
tion bias. Furthermore, despite the multicenter
collaborative patient recruitment strategy over
8 years with a clear diagnostic criterion, the stringent
enrollment process led to a relatively small number
of cases, which could have led to underestimation of
the differences in the effect size in loci related to ST.
A larger sample will be required in the future.
Nevertheless, it is of clinical importance that the
genomic associations were obtained in our study. The
precise mechanisms of the relationship between the
genetic variants and the occurrence of ST remain
unknown, but there are potential explanations for
this: 1) number of participants in the control arm was
relatively large; 2) the participants included in case
and controls are homogeneous (Japanese); 3) patients
with ST in our study were accurately adjudicated by
the KiCS PCI event committee; and 4) genetic vari-
ants that were newly identified in our analysis could
be more influential in terms of the incidence of ST
than the CYP2C19-related genes. The HOST-EXAM
trial showed that clopidogrel monotherapy is supe-
rior to aspirin monotherapy as chronic maintenance
therapy among patients who had successfully
completed the required duration of DAPT therapy
post–DES PCI.54 Moreover, the trial was conducted in
South Korea, where CYP2C19 loss-of-function genetic
variants are common, yet high efficacy of clopidogrel
was observed. This finding suggests that the effect of
CYP2C19 loss-of-function genetic variants on ST
occurrence is relatively small, whereas other genetic
variants such as those identified in our study might
play a more important role among the Asian popu-
lation. Second, noncoding variants can regulate one
or more genes across long genomic distances, and the
same allele or multiple alleles within a haplotype
might have context-specific functions or function in
different cell types.55 There is a possibility for pleio-
tropic regulation of multiple genes and multiple cell
types at the NSD1/GRIN2A locus; hence, evaluation of
multiple variants, candidate genes, and cell types is
critical to assess causality and determine how those
variants might converge on phenotypes that
contribute to the occurrence of EST or LST/VLST.
Third, we could not identify patients with ST in the
control arm due to the lack of information about ST in
the BioBank Japan. However, given the extremely
low incidence of ST, almost all patients in the control
arm could be approximated as patients receiving a
stent but remained free of ST. Fourth, the perfor-
mance of PRS should be ideally evaluated using
different validation cohorts. However, this was
challenging in this study, as ST, although associated
with high mortality, is encountered rather infre-
quently. Thus, we used all samples in one-stage
GWAS to maximize the statistical power. Finally, as
this was a pilot study involving a GWAS, further
in vivo and in vitro research such as whole-genome
sequencing are needed to understand the causal
relationship between these promising common ge-
netic variants and the occurrence of ST. However,
considering the limited treatment strategies and poor
clinical outcomes of ST, our findings may have a
potential clinical application via gene-guided risk
stratification of patients undergoing PCI.

CONCLUSIONS

Patients with EST had higher complex lesions and
procedure-related complications than patients with
LST/VLST, whereas patients with LST/VLST pre-
sented higher use of first-generation DES and lower
adherence to antiplatelet therapy than those with
EST. Furthermore, we identified new genetic sus-
ceptibility markers in EST and LST/VLST using GWAS.
The PRS, especially for LST/VLST, could provide
novel risk stratification information. Differences in
clinical and genetic factors, which are dependent on
the time of occurrence of ST, suggest possible dif-
ferences in the mechanism of ST based on the time of
ST occurrence, which further encourages well-
designed future studies on the clinical and genetic
factors associated with the occurrence of ST.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Genome-

wide association study of demonstrated that

polymorphisms located within NSD1 were associated with

EST, whereas polymorphisms located within GRIN2A were

associated with LST/VLST. Furthermore, PRS for LST/

VLST showed higher predictive performance than those

for EST.

TRANSLATIONAL OUTLOOK: Our study identified

different genetic predispositions between EST and LST/

VLST and provided evidence that PRS may aid in the risk

prediction of ST.

Shoji et al J A C C : A D V A N C E S , V O L . 2 , N O . 1 , 2 0 2 3

Identifying Genomic Regions Associated With Stent Thrombosis J A N U A R Y 2 0 2 3 : 1 0 0 1 7 2

12
RE F E RENCE S
1. van Werkum JW, Heestermans AA, Zomer AC,
et al. Predictors of coronary stent thrombosis. The
Dutch Stent Thrombosis Registry. J Am Coll Car-
diol. 2009;53(16):1399–1409. https://doi.org/10.
1016/j.jacc.2008.12.055

2. Tada T, Byrne RA, Simunovic I, et al. Risk of
stent thrombosis among bare-metal stents, first-
generation drug-eluting stents, and second-
generation drug-eluting stents: results from a
registry of 18,334 patients. J Am Coll Cardiol Intv.
2013;6(12):1267–1274. https://doi.org/10.1016/j.
jcin.2013.06.015

3. Bangalore S, Toklu B, Patel N, Feit F, Stone GW.
Newer-generation ultrathin strut drug-eluting
stents versus older second-generation thicker
strut drug-eluting stents for coronary artery dis-
ease: meta-analysis of randomized trials. Circula-
tion. 2018;138(20):2216–2226. https://doi.org/10.
1161/CIRCULATIONAHA.118.034456

4. Van Werkum JW, Heestermans AACM, De
Korte FI, et al. Long-term clinical outcome after a
first angiographically confirmed coronary stent
thrombosis. An analysis of 431 cases. Circulation.
2009;119(6):828–834. https://doi.org/10.1161/
CIRCULATIONAHA.108.799403

5. Kimura T, Morimoto T, Kozuma K, et al. Com-
parisons of baseline demographics, clinical pre-
sentation, and long-term outcome among patients
with early, late, and very late stent thrombosis of
sirolimus-eluting stents: observations from the
Registry of Stent Thrombosis for Review
and Reevaluation. Circulation. 2010;122(1):52–61.
https://doi.org/10.1161/CIRCULATIONAHA.109.
903955

6. Cayla G, Hulot JS, O’Connor SA, et al. Clinical,
angiographic, and genetic factors associated with
early coronary stent thrombosis. JAMA.
2011;306(16):1765–1774. https://doi.org/10.1001/
jama.2011.1529

7. Hulot JS, Bura A, Villard E, et al. Cytochrome
P450 2C19 loss-of-function polymorphism is a
major determinant of clopidogrel responsiveness
in healthy subjects. Blood. 2006;108(7):2244–
2247. https://doi.org/10.1182/blood-2006-04-
013052

8. Erdmann J, Kessler T, Munoz Venegas L,
Schunkert H. A decade of genome-wide associa-
tion studies for coronary artery disease: the
challenges ahead. Cardiovasc Res. 2018;114(9):
1241–1257. https://doi.org/10.1093/cvr/cvy084

9. Van Der Harst P, Verweij N. Identification of 64
novel genetic loci provides an expanded view on
the genetic architecture of coronary artery dis-
ease. Circ Res. 2018;122(3):433–443. https://doi.
org/10.1161/CIRCRESAHA.117.312086

10. Nelson CP, Goel A, Butterworth AS, et al. As-
sociation analyses based on false discovery rate
implicate new loci for coronary artery disease. Nat
Genet. 2017;49(9):1385–1391. https://doi.org/10.
1038/ng.3913

11. Howson JMM, Zhao W, Barnes DR, et al.
Fifteen new risk loci for coronary artery disease
highlight arterial-wall-specific mechanisms. Nat
Genet. 2017;49(7):1113–1119. https://doi.org/10.
1038/ng.3874

12. Klarin D, Zhu QM, Emdin CA, et al. Genetic
analysis in UK Biobank links insulin resistance and
transendothelial migration pathways to coronary
artery disease. Nat Genet. 2017;49(9):1392–1397.
https://doi.org/10.1038/ng.3914

13. Ishigaki K, Akiyama M, Kanai M, et al. Large-
scale genome-wide association study in a Japa-
nese population identifies novel susceptibility loci
across different diseases. Nat Genet. 2020;4(7):
669–679. https://doi.org/10.1038/s41588-020-
0640-3

14. Adriaenssens T, Joner M, Godschalk TC, et al.
Optical coherence tomography findings in pa-
tients with coronary stent thrombosis: a report
of the PRESTIGE Consortium (Prevention of Late
Stent Thrombosis by an Interdisciplinary Global
European Effort). Circulation. 2017;136(11):1007–
1021. https://doi.org/10.1161/CIRCULATIONAHA.
117.026788

15. Kuramitsu S, Ohya M, Shinozaki T, et al. Risk
factors and long-term clinical outcomes of
second-generation drug-eluting stent thrombosis:
insights from the REAL-ST Registry. Circ Car-
diovasc Interv. 2019;12(6):1–9. https://doi.org/10.
1161/CIRCINTERVENTIONS.119.007822

16. Nakazawa G. Stent thrombosis of drug eluting
stent: pathological perspective. J Cardiol.
2011;58(2):84–91. https://doi.org/10.1016/j.jjcc.
2011.07.004

17. Kohsaka S, Miyata H, Ueda I, et al. An inter-
national comparison of patients undergoing
percutaneous coronary intervention: a collabora-
tive study of the National Cardiovascular Data
Registry (NCDR) and Japan Cardiovascular
Database-Keio Interhospital Cardiovascular
Studies (JCD-KiCS). Am Heart J. 2015;170(6):1077–
1085. https://doi.org/10.1016/j.ahj.2015.09.017

18. Cutlip DE, Windecker S, Mehran R, et al.
Clinical end points in coronary stent trials: a case
for standardized definitions. Circulation.
2007;115(17):2344–2351. https://doi.org/10.1161/
CIRCULATIONAHA.106.685313

19. Smith SC, Feldman TE, Hirshfeld JW, et al.
ACC/AHA/SCAI 2005 guideline update for percu-
taneous coronary intervention: a report of the
American College of Cardiology/American Heart
Association Task Force on practice guidelines
(ACC/AHA/SCAI Writing Committee to update the
2001 guidelines for percutaneous coronary inter-
vention). J Am Coll Cardiol. 2006;47(1):e1–e121.
https://doi.org/10.1016/j.jacc.2005.12.001

20. Sharma SK, Israel DH, Kamean JL, Bodian CA,
Ambrose JA. Clinical, angiographic, and procedural
determinants of major and minor coronary
dissection during angioplasty. Am Heart J.
1993;126(1):39–47. https://doi.org/10.1016/
S0002-8703(07)80008-1

21. Nagai A, Hirata M, Kamatani Y, et al. Overview
of the BioBank Japan Project: study design and
profile. J Epidemiol. 2017;27(3):S2–S8. https://doi.
org/10.1016/j.je.2016.12.005

22. Hirata M, Kamatani Y, Nagai A, et al. Cross-
sectional analysis of BioBank Japan clinical data: a
large cohort of 200,000 patients with 47 com-
mon diseases. J Epidemiol. 2017;27(3):S9–S21.
https://doi.org/10.1016/j.je.2016.12.003

23. Ishigaki K, Kochi Y, Suzuki A, et al. Polygenic
burdens on cell-specific pathways underlie the risk
of rheumatoid arthritis. Nat Genet. 2017;49(7):
1120–1125. https://doi.org/10.1038/ng.3885

24. Sakaue S, Yamaguchi E, Inoue Y, et al. Genetic
determinants of risk in autoimmune pulmonary
alveolar proteinosis. Nat Commun. 2021;12(1):8–
13. https://doi.org/10.1038/s41467-021-21011-y

25. Das S, Forer L, Schönherr S, et al. Next-gen-
eration genotype imputation service and methods.
Nat Genet. 2016;48(10):1284–1287. https://doi.
org/10.1038/ng.3656

https://doi.org/10.1016/j.jacc.2008.12.055
https://doi.org/10.1016/j.jacc.2008.12.055
https://doi.org/10.1016/j.jcin.2013.06.015
https://doi.org/10.1016/j.jcin.2013.06.015
https://doi.org/10.1161/CIRCULATIONAHA.118.034456
https://doi.org/10.1161/CIRCULATIONAHA.118.034456
https://doi.org/10.1161/CIRCULATIONAHA.108.799403
https://doi.org/10.1161/CIRCULATIONAHA.108.799403
https://doi.org/10.1161/CIRCULATIONAHA.109.903955
https://doi.org/10.1161/CIRCULATIONAHA.109.903955
https://doi.org/10.1001/jama.2011.1529
https://doi.org/10.1001/jama.2011.1529
https://doi.org/10.1182/blood-2006-04-013052
https://doi.org/10.1182/blood-2006-04-013052
https://doi.org/10.1093/cvr/cvy084
https://doi.org/10.1161/CIRCRESAHA.117.312086
https://doi.org/10.1161/CIRCRESAHA.117.312086
https://doi.org/10.1038/ng.3913
https://doi.org/10.1038/ng.3913
https://doi.org/10.1038/ng.3874
https://doi.org/10.1038/ng.3874
https://doi.org/10.1038/ng.3914
https://doi.org/10.1038/s41588-020-0640-3
https://doi.org/10.1038/s41588-020-0640-3
https://doi.org/10.1161/CIRCULATIONAHA.117.026788
https://doi.org/10.1161/CIRCULATIONAHA.117.026788
https://doi.org/10.1161/CIRCINTERVENTIONS.119.007822
https://doi.org/10.1161/CIRCINTERVENTIONS.119.007822
https://doi.org/10.1016/j.jjcc.2011.07.004
https://doi.org/10.1016/j.jjcc.2011.07.004
https://doi.org/10.1016/j.ahj.2015.09.017
https://doi.org/10.1161/CIRCULATIONAHA.106.685313
https://doi.org/10.1161/CIRCULATIONAHA.106.685313
https://doi.org/10.1016/j.jacc.2005.12.001
https://doi.org/10.1016/S0002-8703(07)80008-1
https://doi.org/10.1016/S0002-8703(07)80008-1
https://doi.org/10.1016/j.je.2016.12.005
https://doi.org/10.1016/j.je.2016.12.005
https://doi.org/10.1016/j.je.2016.12.003
https://doi.org/10.1038/ng.3885
https://doi.org/10.1038/s41467-021-21011-y
https://doi.org/10.1038/ng.3656
https://doi.org/10.1038/ng.3656


J A C C : A D V A N C E S , V O L . 2 , N O . 1 , 2 0 2 3 Shoji et al
J A N U A R Y 2 0 2 3 : 1 0 0 1 7 2 Identifying Genomic Regions Associated With Stent Thrombosis

13
26. Altshuler DL, Durbin RM, Abecasis GR, et al.
A map of human genome variation from population-
scale sequencing. Nature. 2010;467(7319):1061–
1073. https://doi.org/10.1038/nature09534

27. Kanai M, Akiyama M, Takahashi A, et al. Ge-
netic analysis of quantitative traits in the Japanese
population links cell types to complex human
diseases. Nat Genet. 2018;50(3):390–400.
https://doi.org/10.1038/s41588-018-0047-6

28. Feng Q, Abraham J, Feng T, Song Y, Elston RC,
Zhu X. A method to correct for population struc-
ture using a segregation model. BMC Proc.
2009;3(S7):1–5. https://doi.org/10.1186/1753-
6561-3-s7-s104

29. Kang SJ, Larkin EK, Song Y, et al. Assessing the
impact of global versus local ancestry in associa-
tion studies. BMC Proc. 2009;3(S7):1–6. https://
doi.org/10.1186/1753-6561-3-s7-s107

30. Price AL, Zaitlen NA, Reich D, Patterson N. New
approaches to population stratification in genome-
wide association studies. Nat Rev Genet. 2010;11(7):
459–463. https://doi.org/10.1038/nrg2813

31. Kou I, Takahashi Y, Johnson TA, et al. Genetic
variants in GPR126 are associated with adolescent
idiopathic scoliosis. Nat Genet. 2013;45(6):676–
679. https://doi.org/10.1038/ng.2639

32. Uffelmann E, Huang QQ, Munung NS, et al.
Genome-wide association studies. Nat Rev
Methods Prim. 2021;1(1):59. https://doi.org/10.
1038/s43586-021-00056-9

33. Lee S, Emond MJ, Bamshad MJ, et al. Optimal
unified approach for rare-variant association
testing with application to small-sample case-
control whole-exome sequencing studies. Am J
Hum Genet. 2012;91(2):224–237. https://doi.org/
10.1016/j.ajhg.2012.06.007

34. Marees AT, de Kluiver H, Stringer S, et al.
A tutorial on conducting genome-wide association
studies: quality control and statistical analysis. Int
J Methods Psychiatr Res. 2018;27(2):e1608.
https://doi.org/10.1002/mpr.1608

35. Tada H, Melander O, Louie JZ, et al. Risk pre-
diction by genetic risk scores for coronary heart
disease is independent of self-reported family
history. Eur Heart J. 2016;37(6):561–567. https://
doi.org/10.1093/eurheartj/ehv462

36. Kiraç D, Erdem A, Avcilar T, et al. Effects of
genetic factors to stent thrombosis due to clopi-
dogrel resistance after coronary stent placement.
Cell Mol Biol. 2016;62(1):51–55. https://doi.org/
10.14715/cmb/2016.62.1.10

37. Geisler T, Schaeffeler E, Gawaz M, Schwab M.
Genetic variation of platelet function and phar-
macology: an update of current knowledge.
Thromb Haemost. 2013;110(5):876–887. https://
doi.org/10.1160/TH13-02-0145

38. Mega JL, Close SL, Wiviott SD, et al. Cyto-
chrome P450 genetic polymorphisms and the
response to prasugrel relationship to pharmaco-
kinetic, pharmacodynamic, and clinical outcomes.
Circulation. 2009;119(19):2553–2560. https://doi.
org/10.1161/CIRCULATIONAHA.109.851949

39. Claassens DMF, Vos GJA, Bergmeijer TO, et al.
A genotype-guided strategy for oral P2Y 12 in-
hibitors in primary PCI. N Engl J Med.
2019;381(17):1621–1631. https://doi.org/10.1056/
nejmoa1907096

40. Zhang S, Zhang F, Chen Q, Wan C, Xiong J,
Xu J. CRISPR/Cas9-mediated knockout of NSD1
suppresses the hepatocellular carcinoma devel-
opment via the NSD1/H3/Wnt10b signaling
pathway. J Exp Clin Cancer Res. 2019;38(1):1–14.
https://doi.org/10.1186/s13046-019-1462-y

41. Brennan K, Shin JH, Tay JK, et al. NSD1 inac-
tivation defines an immune cold, DNA hypo-
methylated subtype in squamous cell carcinoma.
Sci Rep. 2017;7(1):1–12. https://doi.org/10.1038/
s41598-017-17298-x

42. Koppara T, Cheng Q, Yahagi K, et al. Throm-
bogenicity and early vascular healing response in
metallic biodegradable polymer-based and fully
bioabsorbable drug-eluting stents. Circ Cardiovasc
Interv. 2015;8(6):1–9. https://doi.org/10.1161/
CIRCINTERVENTIONS.115.002427

43. Sakamoto A, Jinnouchi H, Torii S, Virmani R,
Finn AV. Understanding the impact of stent and
scaffold material and strut design on coronary
artery thrombosis from the basic and clinical
points of view. Bioengineering. 2018;5(3):1–19.
https://doi.org/10.3390/bioengineering5030071

44. Prickett TD, Zerlanko BJ, Hill VK, et al. So-
matic mutation of GRIN2A in malignant melanoma
results in loss of tumor suppressor activity via
aberrant NMDAR complex formation. J Invest
Dermatol. 2014;134(9):2390–2398. https://doi.
org/10.1038/jid.2014.190

45. D’mello SAN, Joseph WR, Green TN, et al.
Selected GRIN2A mutations in melanoma cause
oncogenic effects that can be modulated by extra-
cellular glutamate. Cell Calcium. 2016;60(6):384–
395. https://doi.org/10.1016/j.ceca.2016.09.003

46. Park SJ, Kang SJ, Virmani R, Nakano M,
Ueda Y. In-stent neoatherosclerosis: a final com-
mon pathway of late stent failure. J Am Coll
Cardiol. 2012;59(23):2051–2057. https://doi.org/
10.1016/j.jacc.2011.10.909

47. Lee CW, Kang SJ, Park DW, et al. Intravascular
ultrasound findings in patients with very late stent
thrombosis after either drug-eluting or bare-metal
stent implantation. J Am Coll Cardiol. 2010;55(18):
1936–1942. https://doi.org/10.1016/j.jacc.2009.
10.077

48. Souteyrand G, Amabile N, Mangin L, et al.
Mechanisms of stent thrombosis analysed by
optical coherence tomography: insights from the
National PESTO French Registry. Eur Heart J.
2016;37(15):1208–1216a. https://doi.org/10.1093/
eurheartj/ehv711

49. Nakazawa G, Otsuka F, Nakano M, et al. The
pathology of neoatherosclerosis in human coro-
nary implants: bare-metal and drug-eluting
stents. J Am Coll Cardiol. 2011;57(11):1314–1322.
https://doi.org/10.1016/j.jacc.2011.01.011

50. Prati F, Romagnoli E, Burzotta F, et al. Clin-
ical impact of OCT findings during PCI the
CLI-OPCI II study. J Am Coll Cardiol Img.
2015;8(11):1297–1305. https://doi.org/10.1016/j.
jcmg.2015.08.013

51. Fujii K, Carlier SG, Mintz GS, et al. Stent
underexpansion and residual reference segment
stenosis are related to stent thrombosis after
sirolimus-eluting stent implantation: an intravas-
cular ultrasound study. J Am Coll Cardiol.
2005;45(7):995–998. https://doi.org/10.1016/j.
jacc.2004.12.066

52. Hassan AKM, Bergheanu SC, Stijnen T, et al.
Late stent malapposition risk is higher after drug-
eluting stent compared with bare-metal stent
implantation and associates with late stent
thrombosis. Eur Heart J. 2010;31(10):1172–1180.
https://doi.org/10.1093/eurheartj/ehn553

53. Waksman R, Kirtane AJ, Torguson R, et al.
Correlates and outcomes of late and very late
drug-eluting stent thrombosis: results from
DESERT (International Drug-Eluting Stent Event
Registry of Thrombosis). J Am Coll Cardiol Intv.
2014;7(10):1093–1102. https://doi.org/10.1016/j.
jcin.2014.04.017

54. Koo B, Kang J, Park KW, et al. Aspirin versus
clopidogrel for chronic maintenance monotherapy
after percutaneous coronary intervention (HOST-
EXAM): an investigator-initiated, prospective,
randomised, open-label, multicentre trial. Lancet.
2021;6736(21):1–10. https://doi.org/10.1016/
S0140-6736(21)01063-1

55. Laber S, Forcisi S, Bentley L, et al. Linking the
FTO obesity rs1421085 variant circuitry to cellular,
metabolic, and organismal phenotypes in vivo. Sci
Adv. 2021;7(30):1–23. https://doi.org/10.1126/
sciadv.abg0108

KEY WORDS early stent thrombosis,
genome-wide association study, late stent
thrombosis, percutaneous coronary
intervention, polygenic risk score, single
nucleotide polymorphism

APPENDIX For a list of the JCD-KiCS study
site investigators and clinical coordinators as
well as supplemental tables, please see the
online version of this paper.

https://doi.org/10.1038/nature09534
https://doi.org/10.1038/s41588-018-0047-6
https://doi.org/10.1186/1753-6561-3-s7-s104
https://doi.org/10.1186/1753-6561-3-s7-s104
https://doi.org/10.1186/1753-6561-3-s7-s107
https://doi.org/10.1186/1753-6561-3-s7-s107
https://doi.org/10.1038/nrg2813
https://doi.org/10.1038/ng.2639
https://doi.org/10.1038/s43586-021-00056-9
https://doi.org/10.1038/s43586-021-00056-9
https://doi.org/10.1016/j.ajhg.2012.06.007
https://doi.org/10.1016/j.ajhg.2012.06.007
https://doi.org/10.1002/mpr.1608
https://doi.org/10.1093/eurheartj/ehv462
https://doi.org/10.1093/eurheartj/ehv462
https://doi.org/10.14715/cmb/2016.62.1.10
https://doi.org/10.14715/cmb/2016.62.1.10
https://doi.org/10.1160/TH13-02-0145
https://doi.org/10.1160/TH13-02-0145
https://doi.org/10.1161/CIRCULATIONAHA.109.851949
https://doi.org/10.1161/CIRCULATIONAHA.109.851949
https://doi.org/10.1056/nejmoa1907096
https://doi.org/10.1056/nejmoa1907096
https://doi.org/10.1186/s13046-019-1462-y
https://doi.org/10.1038/s41598-017-17298-x
https://doi.org/10.1038/s41598-017-17298-x
https://doi.org/10.1161/CIRCINTERVENTIONS.115.002427
https://doi.org/10.1161/CIRCINTERVENTIONS.115.002427
https://doi.org/10.3390/bioengineering5030071
https://doi.org/10.1038/jid.2014.190
https://doi.org/10.1038/jid.2014.190
https://doi.org/10.1016/j.ceca.2016.09.003
https://doi.org/10.1016/j.jacc.2011.10.909
https://doi.org/10.1016/j.jacc.2011.10.909
https://doi.org/10.1016/j.jacc.2009.10.077
https://doi.org/10.1016/j.jacc.2009.10.077
https://doi.org/10.1093/eurheartj/ehv711
https://doi.org/10.1093/eurheartj/ehv711
https://doi.org/10.1016/j.jacc.2011.01.011
https://doi.org/10.1016/j.jcmg.2015.08.013
https://doi.org/10.1016/j.jcmg.2015.08.013
https://doi.org/10.1016/j.jacc.2004.12.066
https://doi.org/10.1016/j.jacc.2004.12.066
https://doi.org/10.1093/eurheartj/ehn553
https://doi.org/10.1016/j.jcin.2014.04.017
https://doi.org/10.1016/j.jcin.2014.04.017
https://doi.org/10.1016/S0140-6736(21)01063-1
https://doi.org/10.1016/S0140-6736(21)01063-1
https://doi.org/10.1126/sciadv.abg0108
https://doi.org/10.1126/sciadv.abg0108

	Genetic Backgrounds Associated With Stent Thrombosis
	Methods
	Study population
	Adjudication of Stent Thrombosis
	Clinical variable definition
	Control arm
	Genotyping and quality control of samples
	SNP genotype imputation
	Statistical analysis
	GWAS and regional plotting
	Gene-wise analysis
	Polygenic risk score (PRS) calculation
	Evaluation of candidate SNPs and gene features


	Results
	Study population (patients with ST extracted from KiCS PCI)
	Study population (control patients extracted from BioBank Japan)
	Genome-wide association study

	Discussion
	Study Limitations

	Conclusions
	Acknowledgments
	Funding support and author disclosures
	References


