Chapter 3
Molecular Epidemiology in East Asian
Countries and in the World

Wanyang Liu

Abstract Although the etiology of moyamoya disease (MMD) remains unknown,
recent genetic studies have identified RNF213 p.R4810K in the 17q25-ter region as
the most important founder susceptibility gene for MMD among East Asian popula-
tions, mainly including Japanese, Korean, and Chinese. Following the discovery
studies, RNF213 p.R4810K was replicated as an important founder susceptibility
gene for MMD among many additional cohorts of East Asian populations. Moreover,
many rare variants other than the founder one in RNF213 also contributed to MMD
across different populations in the world. Possibly because of the presence of the
major founder effects of RNF213 p.R4810K in East Asian patients, but not in
Caucasian patients, the incidence and prevalence of MMD is relatively higher in
East Asian countries than those in other countries. This chapter will discuss the
molecular epidemiology of MMD in Asian and other populations in the world.

Keywords Moyamoya disease ¢ Intracranial major artery stenosis/occlusion e
RNF213 » Molecular epidemiology ¢ East Asian

Although moyamoya disease (MMD) etiology remains unknown, strong Asian
ethnicity-related effect, a high disease concordance rate among monozygotic twins,
and approximately 10—15% familial history of the patients with MMD strongly sug-
gest the genetic components play an important role in the development of MMD. So
far, five genetic loci have been identified to be linked to MMD in Japanese patients,
including 3p24.2—p26, 6925, 8q23, 12p12, and 17q25 [1-5]. Although the previ-
ously genetic results were conflicting and unrepeatable, a dozen of candidate genes
or alleles have been reported to increase the susceptibility of MMD among the dif-
ferent ethnicities in the world [6—12]. Until recently, p.R4810K in RNF213 located
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in 17q25.3-ter was identified as the first major founder susceptibility gene for MMD
in East Asians, such as Japanese, Korean, and Chinese (Table 3.1) [13, 14]. Shortly
after the discovery studies, p.R4810K, and other rare variants in RNF213, was col-
lectively confirmed to be an important susceptibility gene among the different popu-
lations in the world by many research groups (Table 3.1) [15-32]. This chapter will
mainly focus on the research findings of the genetic studies of RNF213 of MMD
among different populations in East Asia and in the world.

3.1 Discovery Stage: Identification of RNF213, the Most
Important Founder Susceptibility Gene for MMD

In 2011, RNF213 located in the previous linkage region of 17q25.3 was identified
as the first important susceptibility gene for MMD by two Japanese research groups
using the different approaches (Table 3.1) [13, 14]. Liu et al. performed a combined
study of genome-wide linkage analysis and whole exome sequencing (WES) in
eight Japanese familial MMD with at least three-generation affected members.
Genome-wide linkage analysis revealed MMD linkage to 17q25.3 with a LOD
score of 8.46 at D17S784. Fine mapping in the linkage region further narrowed the
region to a 1.5-Mb disease locus bounded by D17S1806 and rs2280147, harboring
21 candidate genes. WES revealed p.R4810K in RNF213 in the 1.5-Mb linkage
region common to the eight index cases from eight families. Sequencing RNF213 in
42 Japanese pedigrees with familial history for MMD confirmed p.R4810K to be
segregated with disease perfectly. The SNPs genotyping around RNF213 p.R4810K
revealed a common haplotype transmitted in 42 families, which strongly suggested
that RNF213 p.R4810K was a founder susceptibility gene for MMD. A case-control
association study across different ethnicities revealed that RNF213 p.R4810K
was significantly associated with sporadic MMD in East Asian populations
(P=6.61x10"12°, OR=111.84, 95% CI=64.01-195.39), including Japanese
(P=1.05x10"1%, OR=338.94, 95% Cl=147.82-777.44), Korean (P=7.58x1077,
OR=135.63, 95% CI=43.03-427.52), and Chinese (P=2.63x107°, OR=14.70, 95%
CI=3.05-70.81). Five novel variants, p.D4863N, p.E4950D, p.A5021V, p.D5160E,
and p.E5176G, were identified in non-p.R4810K East Asian patients. The p.R4810K
and its founder haplotype were not identified among Caucasian cases; however, four
rare variants p.N3962D, p.D4013N, p.R4062Q, and p.P4608S were identified
(Table 3.1) [13]. This East Asian specific founder susceptibility gene of RNF213
p-R4810K may be responsible for the high prevalence of MMD among East Asians
and its low prevalence among Caucasians. The identification of MMD susceptibility
gene in this study indicates that the combined WES with linkage analysis is useful
to identify novel susceptibility loci to human diseases or traits.

At the same time, Kamada et al. performed a genome-wide association study
(GWAYS) to identify MMD susceptibility gene in a Japanese cohort comparing 72
MMD patients and 45 controls. A genome-wide significant association locus was
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found at 17q25-ter with Japanese MMD risk (P<107%). A locus-specific association
study in the 17q25-ter further confirmed the genome-wide association locus and
identified a haplotype at the RNF213 locus significantly associated with MMD risk
(P=5.3x1019). Sequencing of RNF213 revealed a founder variant p.R4810K, in
95% of MMD families, 73% of non-familial MMD cases, and 1.4% of controls
among Japanese population. The p.R4810K dramatically increased the risk of
MMD with an odds ratio of 190.8 (P=1.2x10"%, 95% CI=71.7-507.9). Three addi-
tional missense variants, p. M3891V, p.V4567M, and p.V4765M, were detected in
three non-p.R4810K sporadic patients (Table 3.1) [14]. These two discovery studies
successfully identified the same susceptibility genes of RNF213 p.R4810K for
MMD in various East Asian ethnicities using the different approaches, which sug-
gest MMD with different ethnicities may share common major susceptibility genes
and disease etiology. Further genetic studies are needed to validate this hypothesis
in the different ethnicities with a large number of sample sizes.

3.2 Replication Stage: Replication of RNF213
as a Susceptibility Gene for MMD Across Different
Ethnicities

3.2.1 Japanese MMD

Shortly after the discovery studies, RNF213 has been subsequently confirmed to be
a major susceptibility gene in many additional studies across different ethnicities,
including Japanese, Korean, Chinese, Europeans, and American (Table 3.1) [13—
32]. Miyatake et al. sequenced the entire coding regions of the RNF213 gene in 204
patients with MMD and evaluate the risk of corresponding variants detected in the
parents of the patients and 283 controls. The p.R4810K variant was confirmed to be
strongly associated with MMD in this additional Japanese cohort (P<0.001,
OR=259, 95% CI=100-674). The p.R4810K was identified in 95.1% of familial
MMD cases, 79.2% of sporadic cases, and 1.8% of normal controls. Moreover, the
correlations of genotype-phenotype associated with gene dosage were also observed.
Compared with heterozygotes or wild types, homozygotes of p.R4810K had a sig-
nificantly earlier age at onset, significantly higher frequencies of infarctions at ini-
tial presentation, and involvement of posterior cerebral arteries (PCAs) than those
in heterozygotes and wild types. Eighteen other rare variants were also identified in
the patients without p. R4810K and were not associated with any clinical pheno-
types of MMD (Table 3.1) [15]. Followed by their first study on the gene dosage
effects of the RNF213 variant, RNF213 p.R4810K also showed the gene doses
effects in Japanese sibling cases with MMD. In this study, RNF213 p.R4810K
showed a significant association with MMD, as well as different clinical course and
disease severity. The patients with the homozygote of p.R4810K in the sibling pair
showed an early-onset age and rapid disease progress, compared with those with the
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heterozygote of the variant (Table 3.1) [16]. These two studies suggest an obvious
correlation of genotype-phenotype of RNF213 p.R4810K with MMD.

Additional two studies reported by the same research group replicated the previ-
ous association of the RNF213 p.R4810K with Japanese MMD risk (Table 3.1) [17,
18]. The first study evaluated the frequencies of p.R4810K variant in 48 patients
with MMD, as well as in 41 patients with intracranial major artery stenosis/occlu-
sion (ICASO) without signs of MMD (non-MMD ICASO). The 85.4% patients
with MMD and 21.9% patients with non-MMD ICASO had the risk allele of p.
R4810K. The p.R4810K showed significant associations with MMD (P<0.0001,
OR=292.8, 95% CI=15.4-5153) and with non-MMD ICASO (P=0.01, OR=14.9,
95% CI=0.82-268.4), but no association with either cerebral aneurysm or cervical
disease. This study, for the first time, suggests the p.R4810K variant in RNF213
common to both MMD and non-MMD ICASO (Table 3.1) [17]. To confirm the real-
ity of the association of p.R4810K variant with non-MMD ICASO, Miyawaki et al.
investigated the frequencies of p.R4810K variant in 323 patients with various phe-
notypes of intracranial major artery stenosis/occlusion and 110 control subjects in a
different larger Japanese cohort from the previous one. Sixteen of 22 patients with
definite MMD, 4/8 patients with unilateral MMD, 20/84 patients with non-MMD
ICASO, 1/34 patients with extracranial carotid atherosclerosis, 0/44 patients with
cerebral aneurysm, 0/21 patients with intracerebral hemorrhage, and 1.8% controls
had the risk allele of p.R4810K. RNF213 p.R4810K showed significant associations
with definite MMD (P<0.0001, OR=144.0, 95% C1=26.7-775.9), unilateral MMD
(P=0.0001, OR=54.0, 95% CI=7.5-386.8), and non-MMD ICASO (P<0.0001,
OR=16.8, 95% CI=3.81-74.5), but no associations with extracranial carotid athero-
sclerosis, cerebral aneurysm, or intracerebral hemorrhage (Table 3.1) [18]. The
authors replicated the previous findings and proposed the existence of a new entity
of ICASO caused by the p.R4810K variant in RNF213 at least for Japanese
ethnicity.

3.2.2 Korean MMD

Following on from the discovery studies [13, 14], several studies have replicated the
association of RNF213 p.R4810K with MMD risk in Korean population (Table 3.1)
[19-23]. Chung et al. evaluated the association between clinical, genetic, and radio-
logic factors and basal collaterals in 146 Korean patients with MMD. The RNF213
p-R4810K was observed in 50 (65.8%) adult-onset MMD patients and not associ-
ated with the degree of basal collaterals (P=0.289) (Table 3.1) [19]. Actually, this
study did not evaluate the association between the p.R4810K and MMD risk, due to
a lack of allele frequency information in the controls. However, the significant asso-
ciation should exist in this Korean cohort based on the frequency data from other
studies (Table 3.1) [12, 13, 20, 21].

Another study investigated the RNF213 p.R4810K genotype and genotype-
phenotype correlations in 165 Korean MMD patients and 294 controls by direct
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sequencing of the major RNF213 SNPs. The p.R4810K was detected in 75.8% of
MMD patients and in 2.72% of controls, respectively. The p.R4810K significantly
associated with the risk of Korean MMD, with an OR of 52.11 (P<0.001) compared
with controls. Moreover, p.R4810K risk genotypes occurred more frequently in
familial MMD patients than in sporadic patients. The homozygous p.R4810K
showed a significant association with early age at onset, cerebral infarction at initial
diagnosis, and cognitive impairment in long-term outcome (Table 3.1) [22]. The
findings indicate that the p.R4810K risk allele is strongly associated with Korean
patients with MMD and homozygous p.R4810K may be a good biomarker for
early-onset MMD or unstable MMD with cerebral infarction, which requires early
diagnosis and revascularization treatment.

Due to the high prevalence of both intracranial atherosclerotic stenosis (ICAS)
and MMD in Asians, Bang, et al. hypothesized that the RNF273 p.R4810K is also a
susceptibility gene for the Korean patients with ICAS. The participants included
234 patients with ICAS and 288 with MMD. The RNF213 p.R4810K was observed
in 21.4% patients with ICAS and in 69.1% patients with MMD. ICAS patients with
RNF213 p.R4810K were younger and more likely to have a family MMD history
than the patients without the variant were. Multivariate analysis revealed that only
the age of ICAS onset was independently associated with the RNF213 p.R4810K
(OR=0.97, 95% CI1=0.944-0.99) (Table 3.1) [23]. This study further demonstrated
that RNF213 is a susceptibility gene not only for MMD but also for ICAS in East
Asians. Further studies on the association of RNF213 variants in ICAS patients
outside East Asian populations are needed.

3.2.3 Chinese MMD

After the identification of the founder variant p.R4810K and other rare patient-
specific variants in RNF213 as the important susceptibility genes for Chinese MMD
(Table 3.1) [13], several genetic studies have also perfectly replicated the associa-
tion of RNF213 variants with MMD in Chinese population (Table 3.1) [24-29]. Wu
et al. performed the first replication study on molecular analysis of RNF213 in 170
MMD patients and 507 controls from Chinese Han population. The p.R4810K was
detected in 13% of cases with MMD and 0.4% of 507 normal controls, respectively.
The association of p.R4810K was perfectly replicated to greatly increase the risk for
Chinese Han MMD (P=6.1x107"%, OR=36.7, 95% CI=8.6-156.6). The allele fre-
quency of R4810K was significantly higher in ischemic versus hemorrhagic MMD
(P=0.001, OR=5.4, 95% CI=1.8-16.1). Genomic sequencing covering later part of
RNF213 also identified eight other non-p.R4810K variants: p.P4007R, p.Q4367L,
p-A4399T, p.T4586P, p.L4631V, p.E4950D, p.A5021V, and p.M5136I. Among
them, p.A4399T variant was found in 16.5% of cases and 8.9% of controls and
was significantly associated with MMD (P=0.004, OR=2.0, 95% CI=1.2-3.3),
especially with hemorrhage (P=0.014, OR=2.8, 95% CI=1.2-6.5) (Table 3.1) [24].
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This study validated the association of p.R4810K and expanded the spectrum of
RNF213 mutations in Chinese Han MMD.

Wang et al. evaluated the contributions and interactions of the polymorphisms of
RNF213 and other previously associated genes in 96 Chinese Han cases and 96
controls. Again, p.R4810K in RNF213 showed a significant association with
Chinese Han MMD (8.33%) compared with controls (1.04%) (P=0.018, OR=8.74).
The significant association of the polymorphism rs148731719 in RNF213 was also
identified, but no association between MMD and other three loci in the genes of
PDGFRB, MMP-3, and TIMP-2. There was no any significant interaction among
these five loci by multifactor dimensionality reduction analysis. This study indi-
cated that RNF213 p.R4810K and rs148731719 may exert a significant influence on
MMD occurrence than other genes in Chinese Han population (Table 3.1) [25].
Further studies in a larger sample size across different ethnicities are necessary to
validate these contributions and interactions.

RNF213 p.R4810K has been associated with non-MMD ICASO patients in
Japanese population (Table 3.1) [17, 18], but a lack of data in other populations. To
validate the previous findings, Shang et al. explored the association between
RNF213 p.R4810K and ischemic stroke in a Chinese Han population with 285
patients and 300 controls. The patients with ischemic stroke were divided into
ICASO subgroup (139) and non-ICASO subgroup (146). One of 285 patients with
ischemic stroke, one of 139 patients with ICASO, none in non-ICASO subgroup,
and one of 300 controls had the p.R4810K risk variant. Compared with controls,
p.R4810K variant had no associations with ischemic stroke (P=1, OR=1.053,
95%C1=0.066-16.912) and ICASO (P=0.533, OR=2.167, 95%CI=0.135-34.894),
respectively. This study failed to replicate the associations previously reported in
Japanese patients with ICASO, indicating that RNF213 p.R4810K variant may be
not associated with ICASO in Chinese Han population (Table 3.1) [26]. Further
studies are needed to validate the association between p.R4810K and ICASO phe-
notype in different ethnicities. Huang et al. investigated the association between
rs138130613, p.R4810K, and rs148731719 variants of RNF213 and the genetic sus-
ceptibility of adult MMD in a Guangxi Zhuang population. The participants con-
sisted of 52 consecutive adult patients with MMD, 64 non-MMD ICASO, and 80
gender- and age-matched healthy controls. Compared with the control group,
RNF213 p.R4810K was found to be significantly associated with both MMD group
and non-MMD ICASO group (P=0.006, OR=12.29, 95% CI=1.47-103.10;
P=0.045, OR=8.17, 95% CI=0.96-69.74, respectively), but no associations for
rs138130613 and rs148731719 in RNF213. These findings suggest that RNF213 p.
R4810K might be a genetic marker for MMD and might be related to the formation
of ICASO in Guangxi Zhuang population (Table 3.1) [27]. Interestingly, the fre-
quency difference in RNF213 p.R4810K between Han [26] and Guangxi Zhuang
populations with non-MMD ICASO indicates that the genetic background may be
different even in different ethnic groups among Chinese population. Further genetic
studies are needed to clarify the genetic etiology among different Chinese
nationalities.



38 W. Liu

Zhang et al. performed a genetic study to identify disease-causing mutations in
MMD association genes, including RNF213, ACTA2, BRCC3, and GUCYIA3 in
255 Chinese MMD patients and 300 controls. Twenty-seven rare missense variants
of RNF213 were identified. Among them, p.R4810K was identified in 31.4% (80 of
255) of patients with MMD. Significantly higher frequencies of the p.R4810K in
MMD patients were observed compared with controls (¥?=104.166, P<0.000).
Twenty-five rare variants were identified in 10.6% (27 of 255) of non-p.R4810K
patients. The frequencies of rare and founder variants identified in this study (42%)
were relatively higher than those of the previous studies (10-20%). In contrast, no
disease-causing variants were identified in ACTA2, BRCC3, or GUCYIA3.
Compared with patients without the rare RNF213 variants, the patients with p.
R4810K were younger at diagnosis (25 vs 29 years old, P=0.049) and had more
familial cases (24% vs 4.4%, P=0.000), ischemic cases (81.3% vs 67.5%, P=0.037),
and involvement of the PCA (52% vs 32.5%, P=0.007) (Table 3.1) [28]. Although
the total proportion of RNF213 variants was relatively lower than that in Japanese
and Korean, RNF213 is the major susceptibility gene in Chinese MMD patients.
Compared to patients without the rare RNF213 variants, the patients with p.R4810K
showed relatively severe clinical features of MMD. One study sequenced all coding
exons of RNF213 in 36 Taiwanese MMD patients. Four different RNF213 variants,
p-R4810K, p.A1622V, p.V3933M, and p.R4131C, were identified in 11 patients
(30.6%) (Table 3.1) [29]. This study replicated the previous association data and
was the first genetic epidemiological study for MMD in Taiwan.

3.2.4 Caucasian MMD

Although several RNF213 rare variants have been identified in Caucasian MMD
[13], the mutation spectrum of MMD in Caucasian population still remains largely
unknown. Liu et al. performed a GWAS in 38 cases and 41 controls to identify
whether there is a major founder susceptibility gene for Caucasian MMD. This
study failed to identify any major founder variant in Caucasian MMD as it is in East
Asian MMD. However, several suggestive association regions were identified for
Caucasian MMD (Table 3.1) [30].

More recently, two research groups independently investigated disease variants
in multiethnic populations of MMD patients based in the United States by target
exons sequencing and WES. These two genetic studies consistently replicated pre-
vious results and identified many novel rare variants in RNF213 and other genes
(Table 3.1) [31, 32]. Cecchi et al. investigated the contribution of RNF213 variants
to MMD among an ethnicities diverse population in the United States using targeted
exon sequencing of RNF213 or WES. The East Asian founder variant RNF213
p-R4810K was found in 56% (9/16) of MMD patients of Asian descent, but not in
94 patients of the European, Hispanic, or African descent. Among nine patients of
Asian descent carrying RNF213 p.R4810K, seven were East Asian origin as previ-
ously reported; other were in novel groups not previously reported, including
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Bangladeshi, Indian, and Filipino origin. Four rare RNF213 variants were identified
by Sanger sequencing: p.C3997Y, p.D4013N, p.R4019C, and p.I4076V. Seven
additional rare variants were also identified in 29% (7/24) via WES: p.A529del, p.
R3922Q, p.K4115del, p.D4237E, p.K4732T, p.E4950_F4951ins7, and p.
V5163I. This study further confirms that rare genetic variants in RNF213 predis-
pose patients of diverse ethnicities to MMD and that the p.R4810K founder variant
predisposes patients of Asian descent in the United States to MMD (Table 3.1) [31].
To further search the mutations for MMD, Shoemaker et al. conducted WES of 125
unrelated ethnically diverse MMD patients and 125 matched controls. According to
ethnicity of the studied subjects, they established three subpopulations: Asian,
Caucasian, and non-p.R4810K case. This study replicated the previously identified
RNF213 p.R4810K founder variant in Asian cases (P=6.01x1075) that was enriched
among East Asians compared to Southeast Asian and Pacific Islander cases
(P=9.52x107*) and was completely absent in all Caucasian cases and controls.
Among Caucasian and non-p.R4810K cases, two most enriched variants were iden-
tified: ZXDC (p.P562L), a gene involved in MHC class II activation, and OBSCN, a
gene involved in myofibrillogenesis. This study provides additional evidence on the
East Asian origins of the RNF213 p.R4810K variant and revealed novel, alternative
candidate variants and genes that may be important in the etiology of MMD with
multiethnicities (Table 3.1) [32].

3.3 Significance and Future Perspectives of RNF213
on MMD

To date, many loci and genes were identified to be associated with the risk of MMD;
however, the results were completely unrepeatable in different studies. In contrast,
RNF213 was confirmed to be the most important founder susceptibility gene for
MMD with various ethnicities by many research groups in the world. The carrier
frequencies of p.R4810K in East Asia were about 1-3% for controls and 20-80%
for cases [13-29], but none in Caucasian cases and controls (Table 3.1) [30-32].
The previous data strongly suggest that the genetic background of MMD in East
Asian is distinct from that in Westerners and the high incidence of MMD in East
Asian countries may be attributable to the major founder effect of RNF213.

The homozygotes of RNF213 p.R4810K had a significantly earlier-onset age,
higher frequency of cerebral infarctions at diagnosis, and involvement of PCAs
compared with heterozygotes or wild types, which strongly suggest that the homo-
zygous RNF213 p.R4810K could be a good biomarker for predicting the severe
type, progression, and prognosis of MMD, for which early clinical intervention is
recommended (Table 3.1) [15, 16, 22, 24, 28]. In addition, RNF213 p.R4810K was
significantly associated with not only MMD but also non-MMD ICASO in East
Asian (Table 3.1) [17, 18, 23, 27], suggesting RNF213 may be also important in the
occurrence of ICASO phenotypes.
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However, several questions remain and need to be elucidated. First, the large gap
between the prevalence of carriers of the p.R4810K (1-3%) and the prevalence of
MMD (1 in 10,000) strongly suggests that p.R4810K is a susceptibility factor to
MMD, with an involvement of other unknown factors in the moyamoya phenotype.
Further studies will need to figure out the mysterious other factors involved in MMD
etiology in addition to RNF213. Secondly, the frequency of RNF213 variants is rela-
tively lower in Chinese MMD patients, compared to that in Japanese and Korean
patients. The p.R4810K and other rare variants in RNF213 could only explain about
20% cases in Chinese population. The major novel susceptibility genes for Chinese,
as well as Caucasian MMD, remain to be discovered by next-generation sequencing
tools in a large number of study populations.

References

1. Ikeda H, Sasaki T, Yoshimoto T, Fukui M, Arinami T. Mapping of a familial Moyamoya dis-
ease gene to chromosome 3p24.2-p26. Am J Hum Genet. 1999;64:533-7.

2. Inoue TK, Ikezaki K, Sasazuki T, Matsushima T, Fukui M. Linkage analysis of Moyamoya
disease on chromosome 6. J Child Neurol. 2000;15:179-82.

3. Sakurai K, Horiuchi Y, Ikeda H, Tkezaki K, Yoshimoto T, Fukui M, et al. A novel susceptibility
locus for Moyamoya disease on chromosome 8q23. J] Hum Genet. 2004;49:278-81.

4. Yamauchi T, Tada M, Houkin K, Tanaka T, Nakamura Y, Kuroda S, et al. Linkage of familial
Moyamoya disease (spontaneous occlusion of the circle of Willis) to chromosome 17q25.
Stroke. 2000;31:930-5.

5. Mineharu Y, Liu W, Inoue K, Matsuura N, Inoue S, Takenaka K, et al. Autosomal dominant
Moyamoya disease maps to chromosome 17q25.3. Neurology. 2008;70(24 Pt 2):2357-63.

6. Kang HS, Kim SK, Cho BK, Kim YY, Hwang YS, Wang KC. Single nucleotide polymor-
phisms of tissue inhibitor of metalloproteinase genes in familial Moyamoya disease.
Neurosurgery. 2006;58(6):1074-80.

7. Roder C, Peters V, Kasuya H, Nishizawa T, Takehara Y, Berg D, et al. Common genetic poly-
morphisms in Moyamoya and atherosclerotic disease in Europeans. Childs Nerv Syst.
2011;27(2):245-52.

8. Guo DC, Papke CL, Tran-Fadulu V, Regalado ES, Avidan N, Johnson RJ, et al. Mutations in
smooth muscle alpha-actin (ACTA2) cause coronary artery disease, stroke, and Moyamoya
disease, along with thoracic aortic disease. Am J Hum Genet. 2009;84(5):617-27.

9. Shimojima K, Yamamoto T. ACTA2 is not a major disease-causing gene for Moyamoya dis-
ease. ] Hum Genet. 2009;54(11):687-8.

10. Roder C, Peters V, Kasuya H, Nishizawa T, Wakita S, Berg D, et al. Analysis of ACTA2 in
European Moyamoya disease patients. Eur J Paediatr Neurol. 2011;15(2):117-22.

11. Hu FY, Zheng HB, Xu YM, Jiang Y, Zhou D. ACTA2 is not a major genetic risk gene for
Chinese patients with Moyamoya disease. Int J Stroke. 2013;8(7):E43.

12. Liu W, Hashikata H, Inoue K, Matsuura N, Mineharu Y, Kobayashi H, et al. A rare Asian
founder polymorphism of Raptor may explain the high prevalence of Moyamoya disease
among East Asians and its low prevalence among Caucasians. Environ Health Prev Med.
2010;15:94-104.

13. Liu W, Morito D, Takashima S, Mineharu Y, Kobayashi H, Hitomi T, et al. Identification of
RNF213 as a susceptibility gene for Moyamoya disease and its possible role in vascular devel-
opment. PLoS One. 2011;6(7):e22542.



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Molecular Epidemiology in East Asian Countries and in the World 41

Kamada F, Aoki Y, Narisawa A, Abe Y, Komatsuzaki S, Kikuchi A, et al. A genome-wide asso-
ciation study identifies RNF213 as the first Moyamoya disease gene. J Hum Genet.
2011;56:34-40.

Miyatake S, Miyake N, Touho H, Nishimura-Tadaki A, Kondo Y, Okada I, et al. Homozygous
¢.14576G>A variant of RNF213 predicts early-onset and severe form of Moyamoya disease.
Neurology. 2012;78:803—10.

Miyatake S, Touho H, Miyake N, Ohba C, Doi H, Saitsu H, et al. Sibling cases of Moyamoya
disease having homozygous and heterozygous c.14576G>A variant in RNF213 showed vary-
ing clinical course and severity. ] Hum Genet. 2012;57:804-6.

Miyawaki S, Imai H, Takayanagi S, Mukasa A, Nakatomi H, Saito N. Identification of a
genetic variant common to Moyamoya disease and intracranial major artery stenosis/occlu-
sion. Stroke. 2012;43:3371-4.

Miyawaki S, Imai H, Shimizu M, Yagi S, Ono H, Mukasa A, et al. Genetic variant RNF213
¢.14576G>A in various phenotypes of intracranial major artery stenosis/occlusion. Stroke.
2013;44:2894-7.

Chung JW, Kim SJ, Bang OY, Kim KH, Ki CS, Jeon P, et al. Determinants of basal collaterals
in Moyamoya disease: clinical and genetic factors. Eur Neurol. 2016;75:178-85.

Liu W, Harada KH, Hitomi T, Kobayashi H, Koizumi A. Distribution of Moyamoya disease
susceptibility polymorphism p.R4810K in RNF213 in East and Southeast Asian populations.
Neurol Med Chir (Tokyo). 2012;52(5):299-303.

Jang MA, Shin S, Yoon JH, Ki CS. Frequency of the Moyamoya-related RNF213 p.Argd810Lys
variant in 1,516 Korean individuals. BMC Med Genet. 2015;16:109.

Kim EH, Yum MS, RaYS, Park JB, Ahn JS, Kim GH, et al. Importance of RNF213 polymor-
phism on clinical features and long-term outcome in Moyamoya disease. J Neurosurg.
2016;124:1221-7.

Bang OY, Chung JW, Cha J, Lee MJ, Yeon JY, Ki CS, et al. A polymorphism in RNF213 is a
susceptibility gene for intracranial atherosclerosis. PLoS One. 2016;11:e0156607.

Wu Z, Jiang H, Zhang L, Xu X, Zhang X, Kang Z, et al. Molecular analysis of RNF213 gene
for Moyamoya disease in the Chinese Han population. PLoS One. 2012;7:e48179.

Wang X, Zhang Z, Liu W, Xiong Y, Sun W, Huang X, et al. Impacts and interactions of
PDGFRB, MMP-3, TIMP-2, and RNF213 polymorphisms on the risk of Moyamoya disease in
Han Chinese human subjects. Gene. 2013;526:437-42.

Shang D, Shi C, Mao C, Qin J, Gao Y, Zhao L, et al. Association between ring finger protein
213 gene polymorphism and ischemic stroke in a Chinese Han population. J Apoplexy Nerv
Dis. 2015;32:594-7. In Chinese

Huang Y, Cheng D, Zhang J, Xiao Y, Luo M. Association between RNF213 gene polymor-
phisms and the genetic susceptibility of adult Moyamoya disease of Zhuang population in
Guangxi. J Apoplexy Nerv Dis. 2015;32:918-21. In Chinese

Zhang Q, LiuY, Zhang D, Wang R, Zhang Y, Wang S, et al. RNF213 as the major susceptibility
gene for Chinese patients with Moyamoya disease and its clinical relevance. J Neurosurg. 2016
Apr;29:1-8.

Lee MJ, Chen YF, Fan PC, Wang KC, Wang K, Wang J, et al. Mutation genotypes of RNF213
gene from Moyamoya patients in Taiwan. J Neurol Sci. 2015;353(1-2):161-5.

Liu W, Senevirathna ST, Hitomi T, Kobayashi H, Roder C, Herzig R, et al. Genome-wide
association study identifies no major founder variant in Caucasian Moyamoya disease. J Genet.
2013;92(3):605-9.

Cecchi AC, Guo D, Ren Z, Flynn K, Santos-Cortez RL, Leal SM, et al. RNF213 rare variants
in an ethnically diverse population with Moyamoya disease. Stroke. 2014;45:3200-7.
Shoemaker LD, Clark MJ, Patwardhan A, Chandratillake G, Garcia S, Chen R, et al. Disease
variant landscape of a large multiethnic population of Moyamoya patients by exome sequenc-
ing. G3 (Bethesda). 2015;6:41-9.



	Chapter 3: Molecular Epidemiology in East Asian Countries and in the World
	3.1 Discovery Stage: Identification of RNF213, the Most Important Founder Susceptibility Gene for MMD
	3.2 Replication Stage: Replication of RNF213 as a Susceptibility Gene for MMD Across Different Ethnicities
	3.2.1 Japanese MMD
	3.2.2 Korean MMD
	3.2.3 Chinese MMD
	3.2.4 Caucasian MMD

	3.3 Significance and Future Perspectives of RNF213 on MMD
	References


