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Abstract

Background: The p.R4810K and other rare variants of ring finger protein 213 gene (RNF213) were illustrated as
susceptibility variants for moyamoya (MMD) and non-moyamoya intracranial artery stenosis/occlusion disease
(ICASO) recently. However, the effect sizes of p.R4810K were in great discrepancy even in studies of the same
ethnic population and firm conclusions of other rare variants have been elusive given the small sample sizes and
lack of replication. Thus, we performed this study to quantitatively evaluate whether or to what extent the rare
variants of RNF213 contribute to MMD and ICASO in different populations.

Methods: A systematic search of PubMed, EMBASE, ISI web of science, CNKI, and WANFANG DATA was conducted
up to 5 September 2017. Pooled odds ratios (ORs) with 95% confidence intervals (Cls) were calculated using
random- or fixed-effect models based on the between-study heterogeneity. The subgroup analyses were performed
by the ethnicity and family history. Sensitivity and publication bias analysis were performed to test the robustness
of associations. All the statistical analyses were conduct using STATA 12.0.

Results: Twenty studies including 2353 MMD cases and 5488 controls and 11 studies including 1778 ICASO cases and
3140 controls were included in this study. Pooled ORs indicated that RNF213 p.R4810K significantly increased MMD and
ICASO risk in East Asians with great effect sizes of discrepancy (dominant model: odds ratios 184.04, 109.77, and 31.53
and 10.07, 28,52, and 5.59 for MMD and ICASO, respectively, in Japan, Korea, and China). It significantly increased
familial MMD risk in Japan, Korea, and China with 5 ~ 36 times larger effect sizes than that for sporadic ones in each
country (dominant model ORs 180244, 51242, 1109.02 and 134.35, 99.82, and 30.52, respectively, for familial and
sporadic cases). The effect sizes of RNF213 p.R4810K to sporadic MMD were 3 ~ 4 times larger in Japan and Korea than
those in China. RNF213 p.R4810K also increased the ICASO risk in Japan and Korea with 2 ~ 4 times larger effect sizes
than that in China (dominant model ORs 10.71, 28,52, and 5.59, respectively). Another two rare variants- p.E4950D and
p.A5021V significantly increased MMD risk in Chinese population (dominant model ORs 9.06 and 5.01, respectively).
Various other rare variants in RNF213 were identified in Japanese, Chinese, European, and Hispanic American
populations without association evidence available yet.
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Conclusions: This meta-analysis shows the critical roles of RNF213 p.R4810K in MMD especially familial MMD and ICASO
in Japan, Korea, and China. Except for RNF213 p.R4810K, MMD seems to have more complex determiners in China.
Distinct genetic background exists and other environmental or genetic factor(s) may contribute to MMD. Studies focused
on delineating the ethnicity-specific factors and pathological role of RNF213 variants in MMD and ICASO are needed.
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Background

Moyamoya disease (MMD) is an idiopathic steno-
occlusive disease of intracranial arteries characterized by
progressive bilateral and occasionally unilateral stenosis
and occlusion of the distal internal carotid artery, with
frequent involvement of the middle cerebral artery and
anterior cerebral artery, and by the abnormal develop-
ment of a hazy network of basal collateral vessels [1, 2].
MMD occurs worldwide, but its prevalence is highest in
East Asian countries, including Japan, Korea, and China
[3-6]. There are two incidence peaks for MMD, one in
children around 10 years of age and another in adults in
their 30-40 years [7]. Affected individuals are at risk for
intracranial hemorrhagic or ischemic stroke, seizures,
cognitive impairment, and developmental delays [1].
Although much progress has been made in our
understanding of MMD, the etiology is still not well
understood, and no medication can inhibit or reverse its
progression. At present, direct or indirect neurosurgical
revascularization is the mainstay MMD treatment [8].
Pathological clues for early diagnosis and novel
therapeutic approaches are needed.

Based on the existence of familial cases and the
observation of a strong ethnicity effect of MMD, a
genetic contribution is strongly suspected [9, 10]. In
2011, two research groups identified ring finger protein
213 gene (RNF213) on 17q25.3 as a novel susceptibility
gene for MMD in Japan and East Asian population,
respectively [11, 12]. The RNF213 rare variant
p-R4810K ([rs112735431, corresponding to c¢.14429G>A
on the basis of the NCBI Reference sequence
NM_001256071.2, theminor allele frequency (MAF) in
the 1000 Genome is 0.0012] significantly increases
MMD risk in Japan, Korea, and China (odds ratios
(ORs) were 338.94, 135.63, and 14.70 in a dominant
model, respectively) [12]. Further replication studies
confirmed that RNF213 p.R4810K was a founder muta-
tion in East Asian and absent from European, Hispanic,
and African-descent MMD cases [13-20]. Recently,
several studies further revealed that RNF213 p.R4810K
was associated with intracranial artery stenosis/occlusion
that did not meet the diagnostic criteria for MMD
(ICASO) in Japan, Korea, and China [21-25]. They
hypothesized that some cases of ICASO ascribed to
unknown etiology or atherosclerosis might be an early

onset MMD which was misdiagnosed by the traditional
imaging diagnostic methods [21-23, 25]. Since the
therapeutic strategies are different for these diseases,
genetic testing or sequencing of RNF213 is proposed for
MMD and ICASO diagnosis [21-23, 25]. However, the
carrier rates of RNF213 p.R4810K in MMD and ICASO
were greatly discrepant in different studies. It varied
from 66.7 to 90.1% in Japanese and Korean MMD
patients, and to a lesser degree in Chinese ones with a
range from 9.4 to 31.4%, the effect sizes were signifi-
cantly different even in studies of the same ethnic popu-
lation [12, 13, 18, 19, 26, 27]. For ICASO, there were
more than 20% of patients who carried RNF213
p-R4810K in Japan and Korea, while the rates were much
lower in China [21-25]. The lack of consistency of these
studies is probably due to population stratification or
small sample sizes in individual studies with inadequate
statistical power. In addition, many non-p.R4810K rare
variants (MAF < 0.005 in 1000 Genome database) in
RNF213 have been identified in both Asian and
Caucasian MMD cases recently [11-17, 19, 28]. How-
ever, RNF213 is a large gene (encodes 5207 amino acids)
and harbors a number of missense variants in the
general population as well as the patients [29]. The false
assignment of pathogenicity may lead to incorrect thera-
peutic or prognostic assessments of patients [30]. Thus,
scientifically quantitative evaluation of the contributions
of RNF213 rare variants to MMD and ICASO is urgently
needed for the future applications and studies.

Previously, Sun et al. performed meta-analysis to
investigate the associations between RNF213 variants
(mainly p.R4810K) and MMD susceptibility with eight
studies included [31]. They concluded that RNF213
p-R4810K is closely associated with MMD risk. Recently,
some other studies were subsequently performed.
Considering the discrepant results and only MMD was
involved in the previous meta-analysis, we performed
this study to quantitatively evaluate whether or to what
extent the rare variants of RNF213 contribute to MMD
and ICASO in different populations.

Methods

This meta-analysis was conducted according to the
Human Genome Epidemiology Network guidelines and
followed the published recommendations to improve the
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quality of meta-analyses of genetic association studies
[32]. We assessed the quality of reporting of genotyping
on the basis of the Strengthening the Reporting of
Genetic Association Studies statement [33].

Literature search strategy

Electronic databases PubMed, EMBASE, Web of
Science,  WANFANG DATA, and China National
Knowledge Infrastructure (CNKI) were used to retrieve
potentially relevant articles on human genetic studies of
MMD and ICASO that had been published up to 5
September 2017. Search terms used were RNF213*[tw]
or RNF 213*[tw] or ring finger protein 213*[tw]. Articles
in all languages were searched and translated as neces-
sary. After relevant articles were retrieved, references
were also checked for other potentially relevant articles
not found in the initial search.

Selection criteria and data extraction

We included related studies evaluating associations of
RNF213 rare variants with proven MMD or ICASO
(using computed tomography angiography or magnetic
resonance angiography or digital subtraction angiog-
raphy) in all ethnicities. The detailed inclusion criteria
were (1) well-designed case control studies to investigate
the relationship between at least one genetic variant of
RNF213 and MMD or ICASO, or case-only studies
which investigated the carrier rate of RNF213 variants in
MMD or ICASO and the carrier rates of the target
variants were available in the general population; (2)
clear diagnostic criteria of MMD and ICASO; (3) ori-
ginal papers contained independent and sufficient geno-
type data to calculate ORs and 95% confidence intervals
(CIs); (4) all variants included in the meta-analysis
should be evaluated in at least two published studies.
Where duplicate or overlapped datasets existed, only the
largest study was included. The studies without essential
information or with overlapped data, review articles,
case reports, and animal models were excluded. For the
variants identified just in one study or the sample num-
ber that was limited to perform association analysis, a
qualitative systematic review was performed.

Data were extracted by two of the authors (XL and
JD), and differences were resolved by consensus (JY).
For each included study, the following information was
extracted: first author, year of publication, study popula-
tion (country), mean age, familial history of MMD, num-
bers of patients and controls, frequency of genotypes,
and Hardy—Weinberg equilibrium (HWE) status. Where
genotype frequencies for each variant were unavailable,
we estimated the number of cases per genotype category
by using published information on risk allele frequencies
and ORs for MMD or ICASO. The HWE of controls
was obtained either directly from the article or indirectly
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by calculating from genotype distributions using a web-
based program (http://www.oege.org/software/hwe-mr-
calc.shtml). Quality assessment of primary studies was
performed using Newcastle-Ottawa quality assessment
scale (NOS) [34]. Each study with NOS scores >6 was
regarded as a high-quality study.

Statistical analysis
Statistical analyses were conducted using STATA12.0
software (Stata Corporation, College Station, TX, USA).
Frequency of the genotypes and alleles between MMD/
ICASO group and control group were compared using
Chi-square or Fisher exact test. For each genetic variant
with more than one publication, meta-analysis was
performed to determine a pooled OR and 95% CI
according to dominant, recessive and allelic models by
using a fixed- or random-effect model. The significance
of the pooled OR was determined using Z test, and
p < 0.05 was considered statistically significant.
Heterogeneity among studies was assessed using
Cochran Q test and quantified by using Higgins I statis-
tic. CIs for I* were also calculated. For Q test, p < 0.05
was considered as having significant heterogeneity. For
variant association showing significant inter-study het-
erogeneity (Q test, p values <0.05, and I* > 50%), the
random-effect model was used as the pooling method;
otherwise, the fixed-effect model was used. To evaluate
ethnic-specific effects, subgroup analysis was performed
according to the nationality of the study population.
Publication bias was assessed by using the Egger regres-
sion asymmetry test and visualization of funnel plots if
more than seven studies were included, and the signifi-
cance was set at the p < 0.05 level. Sensitivity analysis
was performed by sequentially excluding individual
study to calculate the pooled OR of the remaining stud-
ies and assess the stability of the results.

Results
Main characteristics of all the available studies
Five hundred sixty-four articles were identified through
the database check, and no article was identified through
the related references check. After screening for duplica-
tion and eligibility, data from 24 studies met the inclu-
sion criteria and was included. A detailed workflow
chart showing the study selection is presented in Fig. 1.
In total, twenty articles investigated the association
between seven RNF213 rare variants (p.R2092C,
p.D4013N, p.R4062Q, p.A4399T, p.R4810K, p.E4950D,
and p.A5021V) and MMD [11-19, 21-24, 27, 35-40];
eleven articles investigated the association between
RNF213 p.R4810K and ICASO [21-25, 36, 38, 40-43].
These studies encompassed mainly Japanese, Korean,
and Chinese populations. Detailed characteristics of all
eligible studies are shown in Table 1.


http://www.oege.org/software/hwe-mr-calc.shtml
http://www.oege.org/software/hwe-mr-calc.shtml

Liao et al. Environmental Health and Preventive Medicine (2017) 22:75

Page 4 of 15

20 articles investigated the
association between RNF213
rare variants and MMD

—
c 564 records identified through databases:
o PubMed(n =113);EMBASE(n =172);Web of Science(n =175);
® CNKI(n =58); WANFANG DATA(n =46)
£
c
[
E l
—
Records after duplicates removed
(n=306)
—
'én l 273 records excluded by
S R 4 d screened title and/or abstract,due
g ecor E ;f)rgene | to review,animal studies,case
& (n=306) report and/or unrelated outcomes
or other diseases
—
A4
Full-text anAicAle_sA 9 full-text articles excluded, due
assessed for eligibility > to overlapped(n=4)
- (n=33) Genotype data unavailable(n=4),
E l SNPs reported in one study(n=1)
20
2
Articles included in
qualitative synthesis
(n=24)
— ]
Articles included in quantitative synthesis
E (meta-analysis)
2 (n=24)
[}
8
l A4

11 articles investigated the
association between RNF213
p.R4810K and ICASO

Fig. 1 PRISMA flow diagram of study selection process
.

Quantitative synthesis and heterogeneity analysis
RNF213 rare variants and MMD

Association between RNF213 p.R4810K and MMD
The most robust variant associated with MMD was
RNF213 p.R4810K. Nineteen articles representing 23
studies evaluated their associations, of which 8 were
conducted in Japanese; 7, in Korean; and 8, in Chinese
with a total of 2331 MMD cases and 5476 controls.

The pooled results suggested a significant association
between p.R4810K and MMD in all genetic models
(dominant model: OR 8591, 95% CI 56.36-130.95,
p < 0.0001) (Table 2). Country-based subgroup analysis
showed that p.R4810K robustly associated with MMD in
Japanese, Korean, and Chinese populations with
3.5 ~ 5.8 times effect sizes difference (dominant model
ORs 184.04, 109.77, and 31.53 in Japan, Korea, and
China, respectively) (Table 2, Fig. 2a).

Further stratified analysis by family history of MMD
(familial index cases or sporadic cases) in each ethnic
population revealed that RNF213 p.R4810K significantly

increased familial MMD risk in Japanese, Korean, and
Chinese population, with 5 ~ 36 times larger effect sizes
than that in sporadic cases (Table 2). For the sporadic
MMD, the effect sizes of RNF213 p.R4810K were in
great discrepancy in different countries. It was 3 ~ 4
times larger in Japanese and Korean than that in Chinese
(dominant model ORs 134.35, 99.82, and 30.52, respect-
ively) (Table 2, Fig. 2a, b).

Association between RNF213 non-p.R4810K variants
and MMD Except RNF213 p.R4810K, the associations
between the other six rare variants (p.R2092C,
p.D4013N, p.R4062Q, p.A4399T, p.E4950D, and
p-A5021V) and MMD were evaluated in at least two

published studies. The detailed information was
presented in Tables 1 and 2.
There were two rare variants—p.E4950D and

p-A5021V—significantly associated with MMD in Chin-
ese population in the pooled analysis (pooled ORs 9.06
and 5.01, 95% CIs 149-55.27 and 1.57-15.98,
respectively, in a dominant model) (Fig. 3a, b). No
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Fig. 2 Forest plots for the association of RNF213 p.R4810K with MMD under the dominant model. a Forest plots of RNF2713 p.R4810K and sporadic
MMD in different subgroup populations under the dominant model. b Forest plots of ANF213 p.R4810K and familial MMD in different subgroup

significant associations were observed between the other
four variants and the susceptibility of MMD in this
meta-analysis (Table 2).

Association between RNF213 p.R4810K and ICASO
The association between p.R4810K and ICASO was
investigated by 11 studies, including 1778 ICASO

ICASO (dominant model: OR 13.89, 95% CI 8.01-24.09,
p < 0.0001 (Table 2 and Fig. 4a).

Subgroup analysis showed that the strongest
association was observed in Korea (dominant model:
OR 28.52; 95% CI 11.04-73.67, p < 0.0001), followed
by that in Japan (dominant model: OR 10.71, 95% CI
3.97-28.91, p < 0.0001) and China (dominant model:

patients and 3140 controls. Result showed that OR 5.59, 95% CI 2.12-14.75, p = 0.001) (Table 2,
p.R4810K was significantly associated with the risk of  Fig. 4b).
p
a
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Study D OR(95%C) Weight studylD OR(S% ) Weight
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00317 36

Fig. 3 Forest plots for the association of ANF213 p.E4950D and p.A5021V with MMD under the dominant model. a Forest plots of ANF213 p.E4950D and
MMD in Chinese population under the dominant model. b Forest plots of RNF213 p.A5021V and MMD in Chinese population under the dominant model

00317 316
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Fig. 4 Forest plots for the association of RNF213 p.R4810K with ICASO under the dominant model. a Forest plots of RNF213 p.R4810K and ICASO
in the general population under the dominant model. b Forest plots of RNF213 p.R4810K and ICASO in the subgroup populations under the
dominant model

Publication bias

Owning to the association between RNF213 p.R4810K and
MMD that was investigated by 23 studies, we used Begg’s
funnel plot and the Egger regression asymmetry test to assess
the publication bias of these studies. In the dominant model,
the results of Begg’s funnel plot (continuity corrected p value,
0.561) and the Egger regression asymmetry test (¢ = — 1.27,
p = 0.218) did not find significant asymmetry (Fig. 5a). For
the association between RNF213 p.R4810K and ICASO, no
significant publication bias was observed (Fig. 5b).

Sensitivity analysis
Sensitivity analysis was performed by sequentially ex-
cluding individual study for each meta-analysis to assess

the stability of the results. For the association between
RNF213 p.R4810K and MMD or ICASO, corresponding
pooled ORs showed no significant change when sequen-
tially excluded one study from each meta-analysis, which
indicated that these results are stable and reliable
(Additional file 1: Figure S1).

Systematic review of other RNF213 rare variants and

MMD

Except variants mentioned above, various other rare
variants of RNF213 were identified in Japanese, Chinese,
European, and Hispanic American populations (Fig. 6
and Additional file 2: Table S1) [11-14, 16, 17, 28].These
variants were not found in control subjects and were

a

p.R4810K/MMD
Begg's funnel plot with pseudo 95% confidence limits
8

log[OR]

T T T T T
. 1 1.5 2
s.e. of: log[OR]

Fig. 5 Funnel plots for the association of RNF213 p.R4810K with MMD and ICASO under the dominant model. a Funnel plot of RNF273 p.R4810K
and MMD under the dominant model. b Funnel plot of ANF213 p.R4810K and ICASO under the dominant model

p.R4810K/ICASO
Begg's funnel plot with pseudo 95% confidence limits
6
4 o
o
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T1727M V3933M R4062Q Q4938R R5153H
E1707K D3899N  A4050V V48841 MS51361
I 13693L| H4014T D4863N T50371
Al622V - P2107L E306IK  R3sgow | D4013N  R4810K  A5021V
G5|17R R1‘228G ‘ ’ K20’55R N297IY G3a70R P4007R  G4640R |  S5012R
| I
Treacle I1st AAA+ 2nd AAA+ RING-finger Domain
RNF213 129-337 2370-2632 2717-3004 3997-4035
Protein
AA I I I
number | | 1000 | | }2000 | 30?0 | |40?0 | ’500? 5207
AS529del S1474F  T1705K L2356F Q3020L M3891V ~ V4567M E4917K
PSOOL LlI)l 1 Q3082R R3922Q  P4608S  R4927Q
Japanese Variants I T3316l N3962D D4636N | E4950 F4951ins7
C3997Y K4732T V51631
I Filipino Variants I D4013N E4750K
I . R4019C V4765M
Germany Variants I
W4024R R4810K
I Hispanic Variants I R4062Q R4810G
R4062Q
I European American Variants K4155del
D4237E
Fig. 6 Other rare variants of RNF213 identified in MMD individuals. The figure was adapted from Cecchi et al. [14] and Koizumi et al. [29]. Variants identified
in different populations are marked in different colors respectively. AA, amino acid; AAA+, ATPase associated with diverse cellular activities domain. The
bold-styled variant mean the most robust one associated with MMD

detected in only one patient, suggesting that they had
potential causative effects in MMD development.

Discussion

MMD is a rare idiopathic intracranial vascular disorder
with strong genetic components. Genetic study of famil-
ial MMD clearly indicated autosomal dominant inherit-
ance pattern [44]. RNF213 was the first identified
susceptibility gene for MMD recently. We performed
this study to quantitatively evaluate whether or to what
extent the rare variants of RNF213 contribute to MMD
and ICASO in different populations. The main results
showed that RNF213 p.R4810K significantly increased
familial MMD risk in Japanese, Korean, and Chinese
population (dominant model ORs 1802.44, 512.42, and
1109.02), with 5 ~ 36 times larger effect sizes than that
for sporadic cases (dominant model ORs 134.35, 99.82,
and 30.52) (Table 2). The pooled results were similar to
the original report by Liu et al. [12] and illustrated that
genetic screening of RNF213 p.R4810K in Japanese,
Korean, and Chinese population especially in the people
with familial history of MMD would be an effective
approach to identify asymptomatic patients [44]. For the

sporadic cases, significant effect sizes difference was
observed in different countries. The effect sizes of
RNF213 p.R4810K were 3 ~ 4 times greater in Japanese
and Korean population than that in Chinese. This illus-
trated that distinct genetic background may exist and
other environmental or genetic factor(s) may contribute
to sporadic MMD. In this study, we found another two
rare variants—p.E4950D and p.A5021V—in RNF213
significantly increased MMD risk in Chinese population
in the pooled analysis (pooled ORs 9.06 and 5.01, 95%
CIs 1.49-55.27 and 1.57-15.98, respectively, in the dom-
inant model). In addition, more than 40 other rare
missense variants of RNF213 were identified in Chinese
MMD cases but absent in controls (such as p.D4013N,
p.R4062Q, p.D4863N, p.D5160E, and p.E5176G) [12, 13,
19]. Of them, p.D4013N and p.R4062Q have been inde-
pendently reported by different studies, highly indicating
the causative effects [12—14, 19]. Recently, Kobayashi et
al. found that RNF213 p.D4013N-transfected human um-
bilical vein endothelial cells displayed significant lowered
migration activity which was similar with the experiment
result of p.R4810K transfection and strongly indicated the
disease-causing effect [28]. However, due to the low allele
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frequency and the limited sample size, it was difficult to
get association evidences for them. Furthermore, except
for the rare variants mentioned above, more than half of
Chinese MMD has not been identified the possible
disease-causing variants of RNF213 [19]. MMD appears to
have more complex determiners in China. In addition,
even in Japan and Korea, the majority of carriers with
RNF213 p.R4810K remain unaffected with MMD [26].
Unknown factors are considered to overlay the
genetic predisposition to develop MMD [45]. Both
genetic and environmental triggers should be explored
in the future studies.

Except for the variants mentioned above in the Asian
population, various RNF213 rare variants were identified
in MMD cases worldwide [12, 14]. Even RNF213
p-R4810K was not identified in European, Hispanic, or
Black descent MMD patients, other rare variants in
RNF213 were identified in these populations, such as
p-A529del, p.R3922Q), p.N3962Q, p.C3997Y, p.D4013N,
and p.R4019C (Fig. 6) [12, 14, 20, 28]. Due to the low
allele frequency and the limited sample size, no associa-
tions were observed between these variants and MMD.
However, there is evidence suggesting that many of these
variants are disease causing. First, the variants are either
not present or present at extremely low frequencies
(MAF < 0.001) in the Exome Variant Server database.
Second, most of these variants located in the C terminus
of RNF213 protein, which is where the RNF213
p-R4810K founder variant located [29]. Even with limited
information about these variants, causative effect was
highly suspected. The genetic heterogeneity may partly
explain why manifestations of MMD vary by geographic
regions and ethnic groups.

In this study, we also found that RNF213 p.R4810K
was significantly associated with ICASO in Japan and
Korea (pooled OR 10.71 and 28.52, 95% CI 3.97-28.91
and 11.04-73.67, respectively) and to a less degree in
Chinese population (pooled OR 5.59; 95% CI 2.12—14.75).
About the association results, there are two possible
explanations: (1) MMD has been misclassified as ICASO
due to the atypical manifestation with the absence of one
or two diagnostic criteria and lead to the spurious associ-
ation between RNF213 p.R4810K and ICASO or (2)
RNF213 p.R4810K is indeed associated with ICASO.
Currently, MMD was diagnosis based on the findings of
magnetic resonance angiography or digital subtraction
angiography: (1) steno-occlusive lesions around the
terminal portions of the internal carotid arteries (including
proximal portions of the anterior and middle cerebral
arteries), (2) moyamoya vessels at the base of the brain
appearing as abnormal vascular networks, (3) findings 1
and 2 are present bilaterally [1]. Bang et al. analyzed 352
consecutive ischemic patients within the middle cerebral
artery distribution and found that the occurrence of
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RNF213 p.R4810K increased with the number of observed
angiographic criteria. They demonstrated that the current
criteria is limited in distinguishing MMD and ICASO, and
a substantial proportion of patients with adult-onset
MMD may be misclassified as having ICASO [23].
However, they found that more than one fifth of ICASO
patients confirmed by high-resolution magnetic resonance
imaging and conventional angiography had RNF213
p-R4810K variant in a subsequent research, which demon-
strated that the RNF213 p.R4810K is also a high-risk
variant for ICASO [24]. We prefer to agree that there exist
a new entity of ICASO caused by the RNF213 p.R4810K
variant, which can be differentiated from ICASO caused
by atherosclerosis by using genetic analysis [21, 22]. How-
ever, similar with MMD, geographic and ethic discrepan-
cies are also highly indicated for ICASO. In China,
RNF213 p.R4810K variant contributed less extent of
ICASO risk compared to that in Korea and Japan (pooled
ORs were 5.59, 28.52, and 10.71 in China, Korea, and
Japan, respectively). Similar with MMD, ethnicity-specific
genetic and environmental factors may contribute to this
discrepancy. Further well-designed genetic epidemiology
studies focusing on ethnicity-specific risk factors such as
choosing the relative genetically homogenous population
and comprehensively collecting the detailed environmen-
tal factors of ICASO are needed.

To date, the mechanisms of how RNF213 p.R4810K
and other rare variants lead to intracranial vascular
lesions are still unknown [29]. An in vitro functional
study revealed that RNF213 p.R4810K affected neither
the transcription level nor the ubiquitin ligase activity of
the protein [12]. Knockdown of RNF213 in zebrafish
leads to abnormal sprouting and irregular diameter of
intracranial vessels, suggesting some role of RNF213 in
the vascular formation [12]. Hitomi et al. observed
reduced angiogenic activity and genomic instability in
endothelial cells derived from induced pluripotent stem
cells of p.R4810K-mutated patients [46, 47]. However,
ablation of Rnf213 in mice did not induce any apparent
abnormality of the vascular system [45, 48]. Unknown
factors are considered to overlay the genetic predispos-
ition in the RNF213 p.R4810K carrier to develop vascu-
lar lesions [49]. Recently, Kobayashi et al. found that
RNF213 p.R4810K showed a reduced angiogenesis of
transgenic mouse response to hypoxia in vivo [49].
Scholz et al. found that Rnf213 was a co-regulated gene
for the WNT signaling enhancer R-spondin3 (RSPO3)
and identified that endothelial RSPO3-driven non-canonical
WNT/Ca(2+)/NFAT signaling as a critical maintenance
pathway of the remodeling vasculature [50]. Banh et al.
found that protein-tyrosine phosphatase-1B (PTPIB)
controlled non-mitochondrial oxygen consumption by regu-
lating RNF213 to promote tumor survival during hypoxia
and concluded that PTP1B/RNF213/a-KGDD pathway was
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critical for survival of tumors in the hypoxic microenviron-
ment [51] The investigation of WNT signaling and PTP1B/
RNF213/a-KGDD pathway in cells expressing RNF213
R4810K and other rare variants under different environmen-
tal condition such as hypoxia and chronic inflammation is
expected to provide answers to the pending questions.

The limitations of this study should be considered. First,
due to the fact that we analyzed the association between rare
variants and diseases, the number of cases and controls
involved in the meta-analysis for moderate effect rare variants
may be less powered, studies with larger sample size and high
quality are needed to explore the associations in the future;
second, MMD and ICASO appears to have complex deter-
miners, with both genetic predisposition and environmental
triggers. Unknown modifier factor(s) may also be contribu-
tory to MMD and ICASO. Multivariate analysis to adjust for
the confounding factors such as behavior or clinical or
biochemical factors in our meta-analysis was not available.
Further comprehensive studies focusing on multiple
ethnicity-specific factors are needed; third, ICASO may repre-
sent a broad spectrum of diseases and there are various
phenotypes (ie, bilateral M1 occlusion or unilateral M2
stenosis and so on), which may belong to different clinical
entities. Due to no more clinical information available in the
original papers, subgroup analysis could not be performed
according to these factors, which may lead to bias. Further
studies with detailed clinical features are needed; fourth, this
analysis was constrained to studies which were published and
deposited in English and Chinese databases, the other data-
bases were not available, and selection bias could not be
excluded (Additional file 3).

Conclusions

This comprehensive systematic review and meta-analysis
reveals that the critical roles of RNF213 p.R4810K in
MMD especially familial MMD and ICASO in Japan,
Korea, and China. It significantly increases MMD and
ICASO risk in Japanese and Korean population and to a
less degree in Chinese population. Except for RNF213
p.R4810K, another two rare variants—p.E4950D and
p.A5021V—increased MMD risk in Chinese population.
MMD seems to have more complex determiners in
China. Distinct genetic background exists, and other
environmental or genetic factor(s) may contribute to
MMD. Studies focused on delineating the ethnicity-
specific factors and pathological role of RNF213 variants
in MMD and ICASO are needed.
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