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Abstract

The genetic background of intracranial artery stenosis (ICAS), a major cause of ischemic stroke, remains elusive. We per-
formed the world’s first genome-wide association study (GWAS) of ICAS using DNA samples from Japanese subjects, to
identify the genetic factors associated with ICAS and their correlation with clinical features. We also conducted a phenome-
wide association study (PheWAS) of the top variant identified via GWAS to determine its association with systemic disease.
The GWAS involved 408 patients with ICAS and 349 healthy controls and utilized an Asian Screening Array of venous blood
samples. The PheWAS was performed using genotypic and phenotypic data of the Biobank Japan Project, which contained
information on 46 diseases and 60 quantitative trait data from > 150,000 Japanese individuals. The GWAS revealed that the
East Asian-specific functional variant of RNF213, rs112735431 (c.14429G > A, p.Arg4810Lys), was associated with ICAS
(odds ratio, 12.3;95% CI 5.5 t0 27.5; P=7.8 X 10_10). Stratified analysis within ICAS cases demonstrated that clinical fea-
tures of those with and without the risk allele were different. PheWAS indicated that high blood pressure and angina were
significantly associated with RNF213 rs112735431. The first GWAS of ICAS, which stratifies subpopulations within the
ICAS cases with distinct clinical features, revealed that RNF213 rs112735431 was the most significant variant associated
with ICAS. Thus, RNF213 rs112735431 shows potential as an important clinical biomarker that characterizes pleiotropic
risk in various vascular diseases, such as blood pressure and angina, thereby facilitating personalized medicine for systemic
vascular diseases in East Asian populations.
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Hypertension - Angina

Introduction cerebral infarction, especially severe stenosis, pose a high

stroke risk [6]. Therefore, pathophysiological mechanisms

Intracranial artery stenosis (ICAS) is a common cause of
ischemic stroke worldwide [1, 2]. ICAS is caused by ath-
erosclerotic changes in the background of lifestyle-related
diseases such as hypertension, diabetes mellitus, and dys-
lipidemia [3-5]. Aggressive medical treatments, such as
antiplatelet therapy, which are commonly used to prevent
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underlying ICAS need elucidation. ICAS is more common in
Hispanic, Black, and East Asian populations, including Japa-
nese, than in European populations [7, 8]. This implies the
involvement of genetic factors in the prevalence of ICAS [9].

Genome-wide association studies (GWAS), which were
performed in an attempt to identify genetic factors that could
be linked to stroke, have revealed numerous stroke-related
genetic factors [10, 11]. Ischemic stroke is divisible into
several subtypes, and previous GWAS which investigated
ischemic stroke conformed to the TOAST classification
(classical Trial of ORG10172 in Acute Stroke Treatment
classification). These subtypes include large-artery stroke
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(LAS) caused by atherosclerosis of the external and major
intracranial arteries [12]. Cerebral infarction caused by
ICAS was included in LAS, and, to the best of our knowl-
edge, no GWAS specific to ICAS has been reported to date
[10, 11].

Herein, we conducted the first GWAS of ICAS using
DNA samples from Japanese subjects to identify genetic
factors associated with ICAS. We also analyzed the associa-
tions between genetic factors related to ICAS and its clini-
cal features. Furthermore, we performed a phenome-wide
association study (PheWAS) of the top variant of ICAS
revealed by GWAS to investigate the association between
ICAS-associated variants and other systemic diseases.

Materials and Methods
Study Population

We recruited ICAS patients and healthy volunteers from
the Japanese population at the University of Tokyo or from
related institutions (Kanto Neurosurgical Hospital, Teraoka
Memorial Hospital, and Osaka University Graduate School
of Medicine) between November 2011 and March 2019.
ICAS diagnosis was based mainly on magnetic resonance
angiography (MRA) (1.5 Tesla or 3 Tesla) or digital sub-
traction angiography (DSA). MRA and DSA images were
reviewed by two or more physicians, including at least one
neurosurgeon and one radiologist. The criteria for ICAS
were as follows: (i) stenosis or occlusion in major intracra-
nial arteries on MRA or DSA; (ii) age > 40 years; (iii) one or
more risk factors for atherosclerosis, such as hypertension,
diabetes mellitus, dyslipidemia, coronary artery disease,
arteriosclerosis obliterans, or a history of smoking; and (iv)
no signs of cardiac embolism, dissection, vasculitis, or moy-
amoya disease (MMD) or quasi MMD. Patients with ICAS
included those with both symptomatic and asymptomatic
ICAS. Symptomatic ICAS cases were defined as those pre-
senting with cerebral infarction or transient ischemic attack
in the area of the stenotic artery, while asymptomatic ICAS
cases included those exhibiting unrelated symptoms, such as
headache and dizziness or a medical checkup. The follow-
ing information was extracted from medical records: age;
sex; family history of stroke; hypertension; diabetes mel-
litus; dyslipidemia; coronary artery disease; arteriosclerosis
obliterans; and smoking history. Hypertension was defined
as a systolic blood pressure > 140 mmHg and a diastolic
blood pressure > 90 mmHg at the first visit or receipt of
antihypertensive agents. Diabetes mellitus was defined as
an HbAlc level >6.5% or being on anti-diabetic medica-
tions. Dyslipidemia was defined as high-density lipoprotein
cholesterol level <40 mg/dL, low-density lipoprotein choles-
terol level > 140 mg/dL, triglyceride level > 150 mg/dL, or

receiving lipid-lowering treatment. We collected information
on the degree and sites of stenosis via MRA or DSA images.
The degree of stenosis in each patient shown on MRA or
DSA images was calculated using WASID Trail criteria [13].
Controls were recruited from the University of Tokyo or
related institutions. No control participants had a history
of cerebrovascular disease or suspected stroke symptoms,
such as hemiplegia and dysarthria. Most control patients
underwent MRA to confirm the absence of cerebrovascular
lesions.

Genotyping and SNP Imputation

Peripheral blood samples were obtained from all the enrolled
patients. Genomic DNA was extracted from the peripheral
blood leukocytes at SRL Inc. (Tachikawa, Tokyo, Japan)
using a DNA extraction kit (Talent Srl, Trieste, Italy). The
samples were genotyped using an Infinium Asian Screening
Array Chip (Illumina, CA, USA). The genotyping array was
built using an East Asian reference panel, including whole-
genome sequences, which enabled effective genotyping of
East Asian populations. Individuals with a low genotyping
call rate were excluded as part of a quality control proce-
dure (see Methods; Supplementary Appendix). Genotype
data were imputed against reference haplotypes of the 1000
Genomes Project Phase 3 version 5 genotype (n=2,504) and
Japanese whole-genome sequencing data (n=1037) [14, 15].

Genome-Wide Association Study

The associations between single nucleotide polymorphisms
(SNPs) and the risk for ICAS were evaluated using a logistic
regression model, assuming that the effects of the imputed
allele dosages were addictive. The top five principal com-
ponents were included as covariates. We set a genome-wide
significance threshold of P <5.0 x 1073 (Supplementary
Methods).

Association Between Stroke Risk Loci and ICAS

To assess whether stroke risk loci were associated with ICAS
risk, we focused on the 32 stroke risk variants described
in the MEGASTROKE study [11] and examined the asso-
ciation statistics of these variants in our ICAS GWAS. The
Kolmogorov—Smirnov test was performed to evaluate the
inflation of P-values in stroke risk variants.

Analysis of the Clinical Feature of ICAS
For ICAS, we compared the clinical features of the two
groups with or without the top variant revealed by GWAS

of ICAS in the univariate and multivariate analyses using
logistic regression analysis. Statistical significance was set
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at P <0.05. Multivariate analysis was performed using fac-
tors with a P-value <0.05 in univariate analysis. Analyses
were performed using JIMP® 14 (SAS Institute Inc., Cary,
NC, USA).

Phenome-Wide Association Study

PheWAS of the top variant identified by the GWAS of ICAS
was performed using clinical information from the BioBank
Japan Project data (46 diseases and 60 quantitative traits,
n>150,000) [16, 17]. We evaluated the association between
RNF213 rs112735431 and risk for 46 diseases, using a
logistic regression model, and normalized values of the 60
quantitative traits via a linear regression model [18, 19]. A
phenome-wide significance threshold of P <4.7x 10~* was
set by applying the Bonferroni correction to the number of
phenotypes (Supplementary Methods).

Results
Study Population

Overall, 408 ICAS patients and 349 healthy controls from
the Japanese population were included. The sample quality

Table 1 Clinical characteristics of the patients at baseline

ICAS group Control group
Number 388 327
Age (mean=+SD) (range) 63.8+11.7 (40-94) 46.2+21.4(16-91)
Female 167 (43.0%) 157 (48.0%)
Stenosis site
Middle cerebral artery 262 (67.5%) N.A
Internal carotid artery 96 (24.7%) N.A
Vertebral artery 20 (5.2%) N.A
Basilar artery 5(1.3%) N.A
Others 5(1.3%) N.A

control process resulted in 388 cases and 327 controls (Sup-
plementary Methods). Case and control characteristics are
listed (Table 1). The most common site of stenosis was the
middle cerebral artery, which accounted for 67.5% of all
cases of ICAS. Representative MRA images of ICAS are
shown in Fig. 1.

GWAS of ICAS

A signal corresponding to the genome-wide significance
level was observed on chromosome 17, with RNF213
rs112735431 (c.14429G > A, p.Argd4810Lys) showing the
strongest association (odds ratio (OR), 12.3; 95% CI, 5.5 to
27.5; P=7.8x107'°) (Fig. 2). The frequency of allele A in
ICAS cases (0.12) was higher than that in controls (0.01).
Although we performed a conditional analysis by adding the
imputed dosage of RNF213 rs112735431 to the covariate
in order to detect variants showing associations that were
independent of RNF213 rs112735431, no signal indicating
an association satisfying the genome-wide significance level
was detected (Supplemental Fig. 1). These results suggest
that rs112735431 accounts for a majority of ICAS-related
genetic risk in the RNF213 region. Details of associations
shown by RNF213 rs112735431 are shown (Supplemental
Table 1).

Association Between Stroke Risk Loci and ICAS

Of the 32 risk variants described in the MEGASTROKE
study [11], 25 were available for our ICAS GWAS. These
25 variants exhibited an inflation of test statistics (Supple-
mental Fig. 2; P=0.023, Kolmogorov—Smirnov test). In par-
ticular, three risk variants (rs2107595 at HDAC9/TWIST1
7p21, rs17612742 at EDNRA 4q31, and rs6825454 at FGA
4q31) were nominally associated with ICAS (P <0.05) with
the risk increasing allele shared with stroke (Supplemental
Table 2). Notably, in the MEGASTROKE study, rs2107595
and rs17612742 showed the strongest associations with LAS
compared with other stroke phenotypes.

Fig. 1 Representative magnetic resonance angiography images of intracranial artery stenosis. a A 68-year-old female with left middle cerebral
artery stenosis. b A 71-year-old male with vertebral artery stenosis. ¢ A 73-year-old male with basilar artery stenosis
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Fig.2 Genome-wide associa-
tion study of intracranial artery
stenosis. A Manhattan plot of
the results of a genome-wide
association study (GWAS)

of intracranial artery steno-

sis (ICAS) (a). A Manhattan
plot showing —log,,(P) of the
genome-wide single-marker
association test of ICAS in

the Japanese population. The
red horizontal line represents
the genome-wide significance
threshold of P=5.0x10.7%,
The locus that satisfied the
genome-wide significance
threshold is colored in yellow.
Q-Q plot of ICAS GWAS
P-values (b). The x-axis
indicates expected —log,(P)
under the null hypothesis,

and the y-axis indicates the
observed —log(P). The
straight red line indicates

the distribution of markers
under the null hypothesis. The
regional association plot for the
lead variant, rs112735431 (c).
The association of rs112735431
with other single markers

in the region was plotted

using —log;o(P) (left y-axis).
The lead variant is represented
in purple, and linkage disequi-
librium (#2) of other markers to
the lead variant is shown by a
color gradient (based on 1000
Genomes Nov. 2014 ASN).
Blue peaks indicate recombina-
tion rates (right y-axis)

Analysis of the Clinical Feature in ICAS with RNF213

rs112735431

GWAS of ICAS showed that RNF213 rs112735431 was
the only ICAS-related variant that met GWAS criteria.
The RNF213 rs112735431 variant was detected in 22.9%
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(89/388; 88 heterozygotes and 1 homozygote) of ICAS
patients and stratified analysis within ICAS cases demon-
strated distinct clinical features between those with and
without this risk allele. In the univariate model, the patients
carrying the risk allele were significantly younger than those
who were not (P <0.001). Cases carrying the risk allele had
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a significantly higher family history of stroke (P <0.001)
than those who were not. The rate of symptomatic cases was
significantly lower in cases carrying the risk allele than in
those who were not (P =0.03). For stroke risk factors, cases
that were carrying the risk allele showed significantly lower
diabetes mellitus (P=0.01) and dyslipidemia (P =0.008)
rates, compared to those who were not. For anatomical fac-
tors, the cases carrying the risk allele were associated with
higher rates of severe stenosis (P =0.007), anterior circula-
tion (P =0.04), proximal stenosis (P =0.003), and posterior
cerebral artery involvement cases (P=0.01) compared to
those who were not (Table 2). In the multivariate model,
family history of stroke (P=0.007, odds ratio (OR) 2.26,
95% confidence interval (CI) 1.25-4.08), diabetes melli-
tus (P=0.02, OR 0.43, 95% CI 0.20-0.90), and posterior
cerebral artery involvement (P=0.001, OR 2.86, 95% CI
1.50-5.45) were associated with the risk allele (Table 2).

PheWAS

To explore the pleiotropic effect of RNF213 rs112735431 on
a variety of human complex traits, we performed a PheWAS
of RNF213 rs112735431, assuming that it exerts clinical
effects on the Japanese population. The Phe WAS indicated
that pulse pressure (P=9.9 x 1072), systolic blood pressure
(P=2.2x107"), mean blood pressure (P=1.2x 107%), sta-
ble angina (OR, 1.6;95% CI, 1.4 to 1.8; P=9.1x107'2), and
unstable angina (OR, 1.6;95% CI, 1.3 to 2.0; P=1.3X 10'5)

were significantly associated with RNF213 rs112735431
(Table 3; Fig. 3; Supplemental Table 3).

Discussion

We performed the first GWAS of ICAS, a major cause of
ischemic stroke. RNF213 rs112735431 was identified as the
most significant variant associated with ICAS. This vari-
ant has not been previously identified in a large consortium
stroke GWAS [11]. Additionally, we performed the first
PheWAS of RNF213 rs112735431, which indicated that it
was significantly associated with systemic vascular diseases,
such as high blood pressure and angina.

RNF213 increases the susceptibility of East Asian
populations to moyamoya disease (MMD), an idiopathic
cerebrovascular malady and a rare cause of stroke, which
is characterized by progressive stenosis of intracranial
arteries around the terminal portion of the internal carotid
artery, with compensatory development of a fine collateral
network at the base of the brain (moyamoya vessels) [20,
21]. Several single-variant association studies have indi-
cated that RNF213 rs112735431 is associated with ICAS
[22, 23]. Moreover, RNF213 rs112735431 is a proven sus-
ceptibility gene for non-cardioembolic cerebral infarction
in the Japanese population [24]. Our study revealed that
RNF213 rs112735431 was the only ICAS-related variant
that met GWAS criteria. According to previous studies,
RNF213 rs112735431 is relatively common in East Asian

Table 2 Comparisons of the clinical characteristics of ICAS patients with and without the RNF213 rs112735431 risk allele

All patients  Cases with ~ Cases without Univariate Multivariate

the risk the risk allele

allele P Value 95% CI OR P Value 95% CI
Age <64 149 (38.4%) 48 (53.9%) 101 (33.8%) 2.30 0.0007* 1.42-3.71 1.74 0.06 0.99-3.04
Female 167 (43.0%) 46 (51.6%) 121 (40.4%) 1.57 0.06 0.98-2.53
Family history of stroke 90 (23.2%) 33 (37.5%) 57 (19.1%) 2.55 0.0004* 1.51-4.28 2.26 0.007* 1.25-4.08
Symptomatic cases 228 (58.8%) 43 (48.3%) 185 (61.9%) 0.58 0.03* 0.36-0.94 0.58 0.06 0.33-1.01
Hypertension 291 (75.1%) 60 (68.1%) 231 (77.2%) 0.63 0.08 0.37-1.07
Diabetes mellitus 99 (25.5%) 13 (14.7%) 86 (28.8%) 043 0.01* 0.23-0.81 0.43 0.02* 0.20-0.90
Dyslipidemia 176 (45.5%) 29 (32.9%) 147 (49.1%) 0.51 0.008* 0.31-0.84 0.59 0.06 0.33-1.03
Coronary artery disease 37 (9.5%) 12 (13.6%)  25(8.3%) 1.73 0.14 0.83-3.60
Arteriosclerosis obliterans 7 (1.8%) 3(3.4%) 4 (1.3%) 2.60 0.21 0.57-11.9
Smoking history 102 (26.3%) 18 (20.4%) 84 (28.1%) 0.66 0.15 0.37-1.17
Severe stenosis 218 (58.9%) 59 (71.9%) 159 (55.2%) 2.08 0.007* 1.22-3.55 1.66 0.09 0.92-2.99
Anterior circulation 357(92.7%) 86 (97.7%) 271 (91.2%)  4.13 0.04* 0.96-17.7 2.05 0.34 0.42-10.0
Proximal stenosis 184 (50.0%) 53 (64.6%) 131 (45.8%) 2.16 0.003* 1.30-3.60 1.66 0.05 0.92-3.00
Bilateral stenosis 164 (44.4%) 41 (49.4%) 123 (43.0%) 1.29 0.30 0.79-2.11
Multiple lesions 218 (59.1%) 55 (66.2%) 163 (56.9%) 148 0.13 0.89-2.47
Posterior cerebral artery involvement 70 (18.9%) 24 (28.9%) 46 (16.1%) 2.12 0.01%* 1.20-3.75 2.86 0.001* 1.50-5.45

*Statistical significance: P <0.05, Fisher’s exact test, Wilcoxon rank sum test; OR, odds ratio; 95% CI, 95% confidence interval
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Table 3 PheWAS of RNF213 rs112735431

P value

SE

Beta

QOdds ratio (95%CI)

Freq. All  Freq. Case Freq. Control

No. Case  No. Control

No. All

Category

Disease

9.1x10712

1.56 (1.38-1.78)

14,404 61,891 0.011 0.014 0.010
61,891

4188

76,295

Metabolic and cardiovascular 66,079

Metabolic and cardiovascular

Stable angina

1.3x107°

1.61 (1.30-2.00)

0.010

0.014

0.010

Unstable angina

Quantitative trait

99x107®

0.022

0.228

0.010

131,061
131,402
131,287

Blood pressure

Pulse pressure

22%x107Y

0.022

0.010 0.201

Blood pressure

Systolic blood pressure

1.2%x1078

0.022

0.128

0.010

Blood pressure

Mean arterial pressure

Freq. All: frequency of the effect allele (A allele) in all samples, Freq. Case: Frequency of the effect allele in the case group, Freq. control: frequency of the effect allele in the control group,

Beta: effect size of the effect allele, SE: standard error of the effect size

populations but very rare in non-East Asian populations
[24]. A study based on the Genome Aggregation Database
reported a variant carrier frequency (per 1000) of 7.75 in
East Asian and 0.85 in South Asian populations, compared
with 0.07 in the Latino/Admixed American population and
none in African/African-American, Ashkenazi Jewish, Finn-
ish European, or non-Finnish European populations [25].
Thus, RNF213 rs112735431 may be the singular factor that
explains the higher prevalence of ICAS in the East Asian
population. This variant was not previously identified in
the MEGASTROKE study [11]. The Asian screening array
used for genotyping in this study included rs112735431 as
a target SNP, while the arrays used for genotyping in previ-
ous GWAS conducted mainly in European populations did
not. Therefore, genotyping of rs112735431 in this study was
completed without imputation. We believe this contributed
directly to the illustration of the association between ICAS
and rs112735431.

As for variants other than rs112735431, we assessed
whether previously reported stroke risk loci described in the
MEGASTROKE study [11] were associated with ICAS risk.
Three stroke risk variants (rs2107595 at HDACY9/TWIST]
Tp21, rs17612742 at EDNRA 4q31, and rs6825454 at FGA
4q31) were nominally associated with ICAS, although they
did not meet the GWAS criteria. Notably, in the MEGAS-
TROKE study, rs2107595 and rs17612742 showed the
strongest associations with LAS compared with other
stroke phenotypes. These results suggest that ICAS shares
genetic etiology with stroke, especially LAS. Furthermore,
rs2107595 at 7p21(HDACY9/TWISTI) showed the strongest
association with ICAS among the stroke variants, where
HDAC9 reportedly regulates arterial inflammation and ath-
erosclerotic plaque vulnerability [26]. Thus, in addition to
RNF213, HDACY may also be another important genetic
factor in ICAS.

Differences between the clinical features of ICAS patients
with or without the risk allele, RNF213 rs112735431, were
suggestive. Patients carrying the risk allele had significantly
lower rates of diabetes mellitus. This indicates that the risk
factors for developing stenosis may differ between those
cases with and without the risk allele. This was also sub-
stantiated by a previous report [27]. Individuals carrying the
risk allele, RNF213 rs112735431, are more likely to develop
ICAS, even in the absence of diabetes mellitus. It is possi-
ble that vascular endothelial function is less associated with
glucose metabolism in cases with RNF213 rs112735431.
However, further functional analysis of RNF213 may be
essential to confirm this hypothesis.

Anatomically, the proportion of posterior cerebral artery
involvement in cases who were carrying the risk allele was
significantly higher than that in cases who were not. Clini-
cal differences between ICAS cases with or without the risk
allele, RNF213 rs112735431, indicated that the mechanism
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Fig.3 PheWAS of RNF213 rs112735431. A Manhattan plot of
results of the PheWAS of rs112735431 in the Japanese population.
The dotted red horizontal line represents the phenome-wide signifi-
cance threshold of P=4.7x107* via the application of Bonferroni

underlying vascular stenosis might differ in each group.
ICAS patients with or without RNF213 rs112735431 may
therefore require different treatment and risk management
strategies. In this study, the ICAS group carrying the risk
allele of RNF213 rs112735431 was younger and had a fam-
ily history of stroke and proximal stenosis, suggesting that
this group carried some factors in common with MMD.
MMD manifests as an idiopathic abnormal progressive
stenosis of intracranial arteries, which often develops in
younger patients with a family history of stroke and proxi-
mal stenosis. The strict diagnostic criteria for MMD [28,
29] that enable a definitive diagnosis of MMD are as fol-
lows: (i) a progressive stenotic lesion at the terminal of the
internal carotid artery and compensatory development of a
fine collateral network at the base of the brain and (ii) the
absence of underlying diseases that cause arterial stenosis.
However, in actual clinical settings, it may be difficult to
clearly diagnose MMD, especially in the elderly, in whom
some arteriosclerotic changes may occur spontaneously in
the intracranial arteries. Therefore, it is difficult to determine
whether intracranial artery stenotic lesions in the elderly are
actually due to MMD or arteriosclerosis. The present study
suggests that even though ICAS is clinically arteriosclerotic,
there are several diseases that are not only arteriosclerotic
but also have a gene variant common to MMD and share a
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correction on the number of phenotypes. The dotted blue horizontal
line represents a P-value of 5.0 10.72. Phenotypes meeting the phe-
nome-wide significance thresholds were annotated

common spectrum with MMD [30]. Thus, diagnostic imag-
ing and genetic testing assume greater importance in ICAS
and MMD.

Predictors of the impact of the missense variants on
protein function (in silico analysis) indicate that RNF213
rs112735431 (c.14429G > A, p.Arg4810Lys) is benign in
PolyPhen-2 (https://genetics.bwh.harvard.edu/pph2/) (ver-
sion 2.2.2) and tolerated in SIFT (https://sift.jcvi.org/) (ver-
sion 1.1.3). The combined annotation-dependent depletion
(CADD) score was 12.8 (https://cadd.gs.washington.edu/)
(version 1.4). Advances in molecular functional analysis of
RNF213 have allowed various pathways related to RNF213
expression to be identified [31-35]. RNF213 encodes a large
591 kDa protein with an E3 module and an AAA + ATPase
and RING finger domains [20, 21]. RNF213 rs112735431,
which lies in the E3 module, may lead to E3 ligase dys-
function and thereby contribute to the development of
MMD [36]. NFAT1 and filamin A have been reported to
be substrates for RNF213 E3 ubiquitin ligase [31]. RNF213
induces the degradation of NFAT1 and filamin A, attenuates
non-canonical Wnt/calcium signaling, and regulates vascular
stability and pruning. Loss of RNF213 function suppresses
vascular regression and causes overgrowth of blood vessels
[31]. Anin vitro study indicated that angiogenesis is reduced
in vascular endothelial cells derived from iPSCs of MMD
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patients carrying RNF213 rs112735431 [37]. In vitro assays
using RNF213 knocked-out brain endothelial cells displayed
clear morphological changes and increased blood—brain bar-
rier permeability [38]. These findings suggest that RNF213
dysfunction may cause abnormalities in vascular endothelial
function. Recent reports have indicated that RNF213 may be
associated with immune function. RNF213 reportedly plays
an antibacterial role by ubiquitinating lipopolysaccharides
on the cell surface of bacteria and inducing autophagy [39].
RNF213 plays a critical role in antigen uptake, processing,
and presentation [40]. In an in vivo study, knockdown of
RNF213 in zebrafish caused irregular wall formation in the
trunk arteries and abnormal development of craniocervi-
cal vessels [20]. However, both knock-out and knock-in of
RNF213 in mice did not result in intracranial artery steno-
sis [41, 42]. By contrast, induced cerebral hypoperfusion in
RNF213 vascular endothelial cell-specific RNF213 mutant
transgenic mice caused impaired angiogenesis [43]. Thus,
multiple secondary factors, such as ischemia, inflammation,
and infection, in addition to RNF213 rs112735431, may con-
tribute to the onset of stenosis [41]. In summary, the detailed
mechanism via which RNF213 rs112735431 causes intracra-
nial artery stenosis remains unclear. Therefore, elucidation
of the molecular biological functions of RNF213 is felt to be
indispensable for establishing appropriate therapeutic tech-
niques against ICAS with RNF213 rs112735431.

RNF213 rs112735431 is reportedly associated with sys-
temic vascular diseases, such as coronary artery stenosis
[44], pulmonary artery stenosis [45], pulmonary arterial
hypertension [46, 47], and renal artery stenosis [30]. It is
also strongly suggested that RNF213 rs112735431 is associ-
ated with vascular stenosis. The above findings suggest that
systemic vascular diseases, including ICAS with RNF213
rs112735431, could be considered distinct entities. Because
the molecular function of RNF213 is currently unknown,
we attempted to describe the relationship between RNF213
rs112735431 and systemic disease as well as other traits,
via a PheWAS that analyzed phenotypes affected by this
genotype.

PheWAS showed that RNF213 rs112735431 was asso-
ciated with pulse pressure, systolic blood pressure, and
mean blood pressure, as well as with stable and unstable
angina. Our analysis revealed that the association between
rs112735431 and systemic vascular disease exceeded
PheWAS criteria, confirming that RNF213 rs112735431
was a systemic vascular disease-related gene variant. A
GWAS of blood pressure and coronary artery disease that
was performed using the Biobank Japan genome cohort
(which was used for PheWAS) illustrated that genomic loci,
including rs112735431, were associated with diseases [19,
49]. However, rs112735431 was not directly identified as a
disease-associated SNP. We surmised that this might be due
to differences in the reference panel used for imputation.

The inclusion of reference data derived from 1037 Japanese
people in the reference panel used in this study facilitated
the imputation of rs112735431 with sufficient reliability.
Therefore, we were able to use a more Japanese population-
specific reference panel, which had higher imputation qual-
ity and more accurate disease recognition than previously
reported ones. This process may have allowed fine map-
ping of the related loci to be completed and the association
between rs112735431 and these traits/diseases to be directly
elucidated. Thus, utilization of ancestry-specific genotyp-
ing SNP arrays and imputation reference panels may help
identify ancestry-specific disease-related SNPs in GWAS
studies, even for other diseases.

This study may help advocate a model for precision med-
icine in the field of stroke management. ICAS-associated
RNF213 rs112735431 was significantly associated with
hypertension, which is a well-known stroke risk factor.
Hypertension and ICAS have a common genetic predispo-
sition. Individuals carrying RNF213 rs112735431 are more
likely to have hypertension and, as a result, more likely to
develop ICAS. Since hypertension is a risk factor for cer-
ebrovascular events, controlling blood pressure may be more
important for individuals carrying RNF213 rs112735431.
Thus, ischemic stroke may be prevented in persons carrying
RNF213 rs112735431 via timely therapeutic intervention
using antihypertensive drugs and regular cerebrovascular
MRI exams.

This study included several limitations. The population
studied was relatively small for a GWAS. We did not con-
duct an independent cohort validation study of the results of
GWAS of ICAS or the results of analysis of risk factors and
clinical features of ICAS with RNF213 rs112735431. There-
fore, this study needs to be replicated in a larger population.
Another limitation was that not all control patients were
subjected to MRA to confirm the absence of cerebrovas-
cular lesions, resulting in some individuals with asympto-
matic ICAS in the control group going undetected. Another
limitation was that an evaluation of the association between
RNF213 rs112735431 and external carotid artery lesions,
aortic plaque lesions, and renal artery disease was not per-
formed. Evaluation of systemic arterial stenosis may provide
important insights and will be a future task of ours.

To the best of our knowledge, this is the first GWAS of
ICAS, and it identified RNF213 rs112735431 as the only
variant linked to ICAS. Stratified analysis of ICAS cases
illustrated distinct clinical features between those with and
without this risk allele, suggesting that the mechanism of
stenosis may vary based on the presence or absence of the
risk allele. The PheWAS of RNF213 rs112735431 revealed
that this variant affected not only ICAS but also a wide range
of phenotypes of systemic vascular diseases, such as blood
pressure and angina. This variant may be useful in personal-
ized medicine, with particular reference to the management
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of vascular diseases, such as ICAS and angina, via regular
monitoring of blood pressure in East Asian populations.
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