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Abstract

Objective

Precise genetic analyses were conducted with ring finger protein 213 (RNF213) in relation to
a particular clinical phenotype in Chinese patients with moyamoya disease (MMD) to de-
termine whether heterozygosity is responsible for the early-onset and severe form of this
disease.

Methods

A case—control study for RNF213 p.R4810K involving 1,385 Chinese patients with MMD and
2,903 normal control participants was performed. Correlation analyses between genotype and
phenotype or different clinical features were also statistically explored.

Results

An obvious trend was observed: the carrying rate of RNF213 p.R4810K gradually decreased
when moving from coastal cities in northeast, north, and east China to southern cities or inland
areas. Higher frequencies of p.R4810K were observed in patients with MMD compared with
control participants (odds ratio, 48.1; 95% confidence interval, 29.1-79.6; p = 1.6 X 107, In
addition, the onset age of all patients with the GA and AA genotypes were lower than with the
GG genotype, and the median onset age was 40.0, 36.0, and 11.5 years with GG, GA, and AA,
respectively, thereby confirming that those with GA or AA could acquire MMD during early life
stages. Patients with MMD with the GA genotype were more susceptible to posterior cerebral
artery (PCA) involvement compared to those with the GG genotype (38.4% vs 23.3%, p = 8.3 x
1077).

Conclusions
Strong evidence suggests that the carrying rate of RNF213 p.R4810K is closely related MMD
risk in China and has given rise to an earlier onset age and more severe PCA involvement.
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Glossary

CI = confidence interval; DSA = digital subtraction angiography; MMD = moyamoya disease; MRA = magnetic resonance
angiography; OR = odds ratio; PCA = posterior cerebral artery; SNP = single nucleotide polymorphism.

Moyamoya disease (MMD) is a nonatherosclerotic cere-
brovascular structural abnormality that extends to all age
groups and occurs worldwide, and a high prevalence has
been observed in East Asian descendants. The etiology
and pathogenesis of MMD remain unknown. The locus
p-R4810K of finger protein 213 (RNF213) was first identi-
fied as a pathogenic gene in Japanese familial MMD by
studies conducted by Liu et al,," and case-control correlation
analyses in an East Asian population showed that p.R4810K
was also a pathogenic gene of MMD in China, Japan, and
Korea.' Furthermore, some genetic studies have shown that
the variant exists in 95% of Japanese familial cases, 80% of
Japanese and Korean sporadic cases, and 20% of Chinese
sporadic cases.”” In addition, results regarding the clinical
relevance of p.R4810K indicated that the AA genotype
corresponded to a significantly earlier onset age and a more
D,>*'*' and Miyatake et al.’ reported
that the GA genotype predicts a relatively late onset age and
mild clinical course in Japanese patients. It is well-known
that MMD is identified as a typical unbalanced disease,">™"*
and prevalence of clinical characteristics, long-term out-
comes, and other specific demographic features of Chinese
MMD also differ from those of other ethnicities.'> However,
potential effects related to RNF213 p.R4810K on various
clinical phenotypes of MMD in China have yet to be sys-
tematically studied. This study aimed to clarify whether
RNF213 p.R4810K was potentially associated with clinical
phenotypes based on a large-sample clinical phenotype
analysis of Chinese MMD.

severe form of MM

Methods

Sample size and statistical power

The minor allele frequency of RNF213 p.R4810K was 0.003,
with an odds ratio (OR) of 33.65 in Chinese cases'®; type I
error and statistical power was 0.05 and 0.8, respectively. The
calculation indicated that 57 cases and 114 control partic-
ipants can assure the statistical power of 0.8. The statistical
power was 1.0 according to the sample size of 1,385 cases and
2,903 control participants included in the present study.

Study population

A total of 1,400 Chinese patients who had been newly or
previously diagnosed with MMD were recruited in this study,
from 27 provinces and cities throughout the country. The
patients were consecutively enrolled at the Department of
Neurosurgery, Fifth Medical Centre, Chinese PLA General
Hospital (former 307th Hospital of the PLA), Beijing, and the
Department of Neurology, the First Affiliated Hospital of
Anhui Medical University, China, from January 2000 to July
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2018. MMD diagnosis was determined using digital subtraction
angiography (DSA) or magnetic resonance angiography
(MRA) or MRI, which were combined with common clinical
interviews of relevant and available relatives of patients. Di-
agnostic criteria for definite MMD diagnosis were based on the
criteria of the Research Committee on the Pathology and
Treatment of Spontaneous Occlusion of the Circle of Willis,
Health Labor Sciences Research Grant for Research on
Measures for Intractable Diseases, Japan.'” Patients with other
basic diseases, such as arteriosclerosis, autoimmune disease,
meningitis, or Down syndrome, were excluded from the study.
A total of 2,903 unrelated control participants were recruited
(1,238 men and 1,665 women, with a mean age of 62.18 +
14.24 years). Control participants had no typical MMD
symptoms, and were not screened by conventional DSA, MRA,
CT angiography, or other tests. The low prevalence of MMD in
the Chinese population was assumed not to affect the results of
the association study.

To characterize the clinical features of patients with MMD,
the clinical records of all previously reviewed cases were
collected and examined scrupulously, including hospital
charts, clinic notes, and radiologic studies. We ascertained
the medical history, onset age, onset symptoms, native lo-
cation, nationality, diagnosis method, and posterior cerebral
artery (PCA) involvement combined with angiographic
stage. Angiographic stage was evaluated according to the
Suzuki classification.

DNA extraction and single nucleotide
polymorphism (SNP) genotyping

After informed consent was obtained, 10 mL peripheral vein
blood was extracted from available patients with MMD and
normal control participants, placed in EDTA Nay anticoag-
ulant tubes, and stored in a freezer at —80°C until analysis.
Genomic DNA was extracted from blood samples with
a Blood Genetic DNA Mini Kit (CWBIO, Beijing, China).
The concentration of the 4303 DNA was tested by NanoDrop
2000 (Thermo Fisher Scientific, Waltham, MA) and then
diluted to working concentrations of 5 ng/uL for genotyping
and validation.

Genotyping of p.R4810K in all participants was conducted
using TagMan Probe (TagMan SNP Genotyping Assays;
Applied Biosystems, Foster City, CA) and a QuantStudio 6
Flex Real-Time PCR System (Applied Biosystems). The
total system contained S pL: 2.0 pL purified genomic DNA,
2.5 uL TaqPath ProAmp Master Mixes (Applied Bio-
systems), 0.1 uL 40 x SNP genotyping assay, and 0.4 pL
deoxyribonuclease-free water. The appropriate PCR thermal
cycling conditions were as follows: maintained for S minutes
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for initial denature/enzyme activation, 40 cycles of 5 seconds
at 95°C for denaturation, and 1 minute at 60°C for annealing
and extension. After each PCR amplification, an endpoint
plate read was conducted using the QuantStudio 6 Flex Real-
Time PCR System. The genotype of each sample was con-
firmed based on the fluorescence signals.

Statistical analysis

PS: Power and Sample Size software was used to calculate the
required size. Statistical analyses were performed using SPSS
20.0 (SPSS Inc., Chicago, IL). Patients lacking information for
each clinical feature were excluded from the final statistical
analyses. In order to compare and analyze differences in onset
age in relation to various phenotype variables, we categorized
patients into 2 groups: childhood onset (0-17 years old) and
adult onset (>18 years old). Difference analyses between the
RINF213 genotype and each categorical phenotype variable,
such as clinical symptoms or age at onset, unilateral/bilateral
distribution of vasculopathy, and Suzuki classification, were
performed by XZ tests (X2 with Fisher exact test was used when
warranted). Non-normal distributions or those with p > 0.05
based on the test of homogeneity of variances with continu-
ous variables were compared using the Mann-Whitney U test
and Kruskal-Wallis test. In all analyses, p values were calcu-
lated using 2-tailed statistical tests.

Standard protocol approvals, registrations,
and patient consents

The ethical issues involved in this study were examined and
approved by the Ethics Committee of China Medical Uni-
versity, the Fifth Medical Centre, Chinese PLA General
Hospital, and the First Affiliated Hospital of Anhui Medical
University, and all participants and immediate family mem-
bers signed written informed consent forms.

Data availability

With the permission of the corresponding authors and their
institutions, combined with the relevant documents, all data
used for analysis will be shared after ethics approval if
requested by other investigators for reasonable purposes of
replicating procedures and results.

Results

Demographics and clinical presentation

The clinical and demographic characteristics of 1,400 patients
with MMD and 2,903 normal control participants are sum-
marized in table 1. The median age at symptom onset was
35.2 years (range 1-71 years). The female-to-male ratio was
1.2:1. Two age peaks at 5-9 and 45-49 years, with a higher
frequency observed in the adult peak, are presented in figure
1. In the present cohort, 97.1% of patients had bilateral dis-
ease, 2.9% had unilateral MMD, and 1.6% of patients had
a family history of MMD (table 1). TIA was the predominant
clinical manifestation, followed by cerebral infarction and
cerebral hemorrhage. The majority of patients presented with
Suzuki angiographic stage 4 or 5 (61.3%). In addition, the
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Table 1 Sample demographics of patients with moyamoya
disease (MMD) and normal control participants

No. of patients

Clinical features No. of patients (%)® without data

MMD 1,400
Male/female 635 (46.4)/733 (53.6) 32
Age at onset, y 1,367 33
Median (range) 35.2 (1-71)
Childhood onset (<18y) 266 (19.5)
Adult onset (218 y) 1,101 (80.5)
Diagnosis of MMD 1,400
Definite 1,359 (97.1)
Unilateral 41 (2.9)
With family history 22 (1.6)
Initial symptoms 1,365 35
Epilepsy 15(1.1)
Incidental 16 (1.2)
Ischemic 1,103 (80.8)
TIA 805 (59.0)
Cerebral infarction 298 (21.8)
CH 195 (14.3)
Others 36(2.6)
PCA involvement 343
Suzuki stage® 1,918 882
1 53(2.8)
2 203 (10.6)
3 334 (17.4)
4 721 (37.6)
5 455 (23.7)
6 152 (7.9)
Controls 2,903 0

Male/female 1,238 (42.7)/1,665 (57.3)

Age, y, mean + SD 62.18 £ 14.24

Angiography® NA

Abbreviations: CH = cerebral hemorrhage; NA = not applicable; PCA = pos-
terior cerebral artery.

2 Number of patients (%) shown for each feature, except for the distribution
of ages at onset for all patients.

© Suzuki stage indicates the number of hemispheres.

¢ Conventional digital subtraction angiography, magnetic resonance angi-
ography, magnetic resonance angiography and other tests.

median initial ages at definite MMD and unilateral MMD
onset were 38.0 and 40.5 years, respectively; this trend is
presented in figure 1B.
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Figure 1 Age distribution patterns in Chinese moyamoya disease
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(A) Dual peak distribution of moyamoya disease in all, male, and female groups. (B) The initial age distribution of moyamoya disease in all, bilateral, and
unilateral cases.

Higher carrying rate of RNF213 p.R4810K in p-R4810K in our study suggested that higher rates were dis-
Eastern and Northeast China tributed in coastal provinces in Eastern and Northeast China,
The birthplace distribution of the 1,352 patients with MMD  such as the Shandong, Jiangsu, and Liaoning provinces
carrying RNF213 p.R4810K is presented in figure 2. More  (37.2%, 37.0%, and 33.3%, respectively).

than half of the cases (56.0%) originated from the Central

Plains and surrounding regions in China, such as the Henan, ~RNF213 p.R4810K increased the risks of MMD
Shandong, and Hebei provinces (26.2%, 15.5%, and 14.3%, We next examined association between RNF213 p.R4810K
respectively). The mutation rate in cases carrying RNF213  and MMD. As shown in table 2, both the variant and minor

Figure 2 Distribution of 1,352 cases with moyamoya disease in China
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Values given inside and outside parentheses indicate the number of moyamoya patients and the carry rate (%) of RNF213 p.R4810K in each region,
respectively.
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Table 2 Genotype and allele distribution of p.R4810K of RNF213 in patients with moyamoya disease (MMD) and normal control participants

Allele frequency,

Genotype frequency, n (%) no (%)
p Value
No. of (G/A vs p Value p Value (A/A + Major, P OR
Group participants G/G G/A A/A G/G) (A/A vs G/G) G/A vs G/G) Minor, A G Value (95% Cl)
All patients with MMD in 1,385 1,066 (76.1) 313 (22.4) 6 9.7 x 107142 39x10™ 1.5x 10744 325(11.7) 2,445 (88.3) 1.6 x 107141 48.1 (29.1-79.6)
this study (0.5)
Normal control 2,903 2,887 (99.5) 16 (0.5) 0(0.0) 16 (0.3) 5,790 (99.7)
participants
Age at onset 1,354
Childhood onset 261 172 (65.9) 85 (32.6) 4(1.5) 35x107° 9.0x 1073 93x107° 93(17.8) 429 (82.2) 7.6x107° —
(<18y)
Adult onset (218 y) 1,093 867 (79.3) 224 (20.5) 2(0.2) 228 (10.4) 1,958 (89.6)
Initial symptoms 1,316 309 2,323
Epilepsy 15 12 (80.0) 2(13.3) 1(6.7) 0.7 7.4x1072 1.0 4(13.3) 26 (86.7) 0.8 —
Incidental 16 14 (87.5) 2(12.5) 0(0.0) 0.5 1.0 0.5 2(6.3) 30(93.7) 0.6 —
Hemorrhagic 194 154 (79.4) 40 (20.6) 0(0.0) 0.5 0.6 0.4 40 (10.3) 348 (89.7) 0.4 —
Ischemic 1,091 833 (76.4) 253 (23.2) 5(0.4) 0.3 1.0 0.3 263 (12.1) 1,919 (87.9) 0.3 —
TIA 797 602 (75.5) 191 (24.0) 4(0.5) 0.1 1.0 0.1 199 (12.5) 1,395 (87.5) 3.8x 1072 —
Cerebral infarction 294 231 (78.6) 62 (21.1) 1(0.3) 0.5 1.0 0.5 64 (10.9) 524 (89.1) 0.5 —
Family history 1,385
of MMD
Yes 22 12 (54.5) 10 (45.5) 0(0.0) 1.8%1072 1.0 1.9%x1072 10 (22.7) 34(77.3) 3.2x1072 —
No 1,363 1,054 (77.3) 303 (22.2) 6(0.5) 315(11.6) 2,411 (88.4)
Angiographic findings 1,385
Bilateral vasculopathy 1,345 1,032 (76.7) 307 (22.8) 6 (0.5) 0.3 1.0 0.3 319(11.9) 2,371 (88.1) 0.3 —
Unilateral vasculopathy 40 34(85.0) 6 (15.0) 0(0.0) 6(7.5) 74 (92.5)

Abbreviations: Cl = confidence interval; OR = odds ratio.
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alleles substantially increased the risk for MMD (dominant
model, G/A + A/A vs G/G: OR, 54.0; 95% confidence in-
terval [CI], 32.5-90.0; p = 1.5 x 10~***; allele model, A vs G:
OR, 48.1; 95% CI, 29.1-79.6; p = 1.6 x 10~**"). Although no
homozygous mutations were detected in the control samples,
the results further confirmed that homozygosity conferred
strong effects. Both the variant and minor alleles occurred
significantly more frequently in childhood-onset patients than
in the adult-onset group (34.1% vs 20.7%, p = 9.3 X 1075
17.8% vs 10.4%, p = 7.6 X 107°°). Regarding the initial mani-
festation, except for A allele increased the risk of TIA (p = 3.8
x 107%); amonyg incidental, hemorrhagic, and ischemic cases,
no associations have been found between the p.R4810K ge-
notype or allele and these symptoms. Moreover, compared
with patients with MMD with no family history, the frequency
of variant p.R4810K genotypes and the minor allele occurred
more frequently in patients with family history (dominant
model, p = 1.9 x 107%; allele model, p=32x 107%; table 2).
However, no observed tendencies were found to correlate
with bilateral and unilateral MMD (table 2).

Correlations between RNF213 p.R4810K and
clinical phenotype

The age at onset of all patients with GA and AA was signifi-
cantly lower than in those with GG (p < 0.05, figure 3A). The
median age at onset was 11.5, 36.0, and 40.0 in AA, GA, and
GG, respectively, and the cumulative incidence of MMD was
higher with AA and GA than with GG in almost all age dis-
tributions (figure 3B). Either GA or AA was observed at
higher frequencies than GG in patients with childhood onset
(27.5% vs 16.6%, p = 3.4 x 107°; 66.7% vs 16.6%, p = 9.0 x
1073, respectively; figure 4). In addition, AA was more com-
mon in patients with childhood onset than GA (66.7% vs
27.5%, p = 5.6 x 107% figure 4), and this further confirmed
that patients carrying the A allele could acquire MMD during
early life stages. Patients with MMD with a family history were
more frequent with GA than in the GG group (p = 1.8 x
107%). Furthermore, a significant difference suggested that the
AA genotype was more common than GA in those with

epilepsy (16.7% vs 0.7%, p = 5.8 x 1077), and it was observed
that the AA genotype was slightly more common than GG
(16.7% vs 1.2%, p = 0.07); except for epilepsy, other clinical
presentations, including incidental, ischemic, and hemor-
rhagic, have not been found to be significantly different
among AA, GA, or GG genotypes. In addition, some patients
with MMD with GA were more susceptible to PCA in-
volvement compared to those in the group with GG (38.4% vs
23.3%, p =83 x107).

Discussion

We confirmed that clear risk of MMD was attributed to
RNF213 p.R4810K based on the largest sample of Chinese
patients studied to date. More importantly, this is the first
study to report the distributions of birthplaces and carrying
rates in Chinese patients with MMD and significant differ-
ences in genotype—phenotype correlations between people of
China and other countries. Both GA and AA could predict an
early age at onset and PCA involvement. This is based on the
speculation that the effect of founder mutation of RNF213
p-R4810K and both heterozygous and homozygous changes
in Chinese MMD onset are uncommon, as the feature differed
from that of Japanese patients.

The trend observed in the geographical distribution map of all
patients with MMD from 27 Chinese provinces showed
a gradual decrease from areas with high carrying rates, such as
coastal cities in northeast, north, and east China, to areas with
low rates, such as southern cities or inland areas. This corre-
sponds with the assumption that the cities with the highest
carrying rates are near Japan or Korea, which may be related to
human migration routes,'® and further demonstrates effects
exhibited by ancestral mutations in the RNF213 p.R4810K
gene of MMD. Therefore, the racial significance and genetic
background of this disease warrant further clarification of the
focus of this study through nationwide or global research to
increase the reliability of these findings.

Figure 3 Correlation between p.R4810K genotype and age at onset of moyamoya disease

(A) A box plot of the age at onset among 3 patient
groups with mutant homozygote (AA), heterozy-
gote (GA), or wild-type (GG) genotypes of the
p.R4810K variant. (B) Cumulative incidence curve
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Figure 4 Correlations between p.R4810K genotype and clinical characteristics
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Clinical features

The clinical characteristics of moyamoya disease for the 3 patient groups with homozygote (AA), heterozygote (GA), or wild-type (GG) genotypes of the
p.R4810K variant (1,385 patients). The numbers of patients in each group are indicated above the respective bars. Bil = bilateral vasculopathy; CH = cerebral
hemorrhage; Cl = cerebral infarction; Epi = epilepsy; FH = family history; PCA = posterior cerebral artery.

A case-control study was also performed and revealed that the
carrying rate of RNF213 p.R4810K of MMD was 22.7%, lower
than that in the Japanese (90%) and the Korean (79%)
populations, but these results were similar to that of the
Chinese population (23%) indicated in the reports by Liu
et al." Furthermore, we identified the allele frequency of
p-R4810K to be 0.5% in Chinese people, which was much
lower than that of the Japanese (1.36%) and the Korean
(1.36%) populations and in accordance with the findings of
Liu et al' on distribution of p.R4810K in Eastern and
Southeastern Asian populations.'® The genetic background of
this disease clearly differs among various countries despite
each belonging to an Asian population. The lower incidence
of MMD in the Chinese population may be due to a lower
frequency of the founder mutation. The results of our study
also verified the results of the previous study by Liu et al." and
our recent meta-analysis.'®

It was worth noting that the childhood carrying rate was
clearly higher than that of adult patients, and AA groups also
displayed the youngest median age at onset. Therefore, we
speculated that the homozygous p.R4810K variant of
RNF213 may also predict early onset of MMD in Chinese
patients, which is similar to the results of studies in some
various countries,”®'° but the largest divergence was found
when both GA and AA patients showed significantly
younger ages in China than that of GG patients, which
suggested that the mutation affected more patients with
MMD. Further, Miyatake et al.’ reported that GA predicted
a relatively late onset age and clinical course in Japanese
patients. Most Chinese patients with MMD with AA
(66.7%) had TIA at initial presentation; this was unlike
Japanese patients, who displayed infarction as the most

Neurology | Volume 94, Number 7 | February 18,2020

common presentation in the AA group.5 No significant
difference was found in the severity of initial symptoms
between patients carrying the RNF213 p.R4810K mutation
and noncarriers. We originally analyzed the relationship
between RNF213 p.R4810K and initial symptoms and
found that the A allele increased the risk of TIA; however,
a significant result was not obtained. Nevertheless, a low
percentage of incidental cases were found in this study,
perhaps due to different factors. Regardless, these patients
should remain the focus of further study, and angiography or
MRA, combined with routine DSA, are necessary to identify
additional patients.

Moreover, patients with a family history of MMD were
more likely to carry the p.R4810K variant in the current
study, and this result supported the results of some pre-
1220 Interestingly, the ages of patients with
family history were largely concentrated in the 5-9 age
range, and these results coincided with that of Zhang
et al.,”* who found that Chinese familial MMD can occur in
patients and their third-degree relatives, of which first-
degree relatives are the most affected. Doctors should pay
more attention to the family histories of patients with
MMD during the process of diagnosis and expand the scope
of screening in high-risk groups, especially younger
patients. Nevertheless, posterior circulation is a significant
collateral arterial route in the earlier stages of MMD?* and
is treated as an important predictor for outcomes of
patients with MMD.*>** Several studies have demon-
strated that the prevalence of PCA involvement in MMD
was 18.1%-36.2% in pediatric patients and 21.2%-43.4% in
adult patients at initial diagnosis.”**® Our study showed
similar results. In addition, Kim and Kim"' found that PCA

vious studies.
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territorial involvement was more frequently observed in
RNF213-positive patients than in RNF213-negative
patients. Our results further showed that GA patients were
more susceptible to PCA involvement than were wild-type
patients. This result differed from that of Miyatake et al.%;
however, we considered that this may be attributed to
differences in genotype distribution between Chinese and
Japanese patients or the limited number of AA patients in
China, so we concluded that the p.R4810K mutation may
cause more severe and wider vasculopathy in the brain.
Meanwhile, other poor prognostic factors, such as cerebral
infarction, were more commonly identified in Japanese and
Korean patients with AA,>'° but we detected epilepsy more
frequently in Chinese patients. Therefore, future research
should further expand the sample size to verify the re-
liability of these results, especially in patients with the AA

genotype.

This study had certain limitations that should be noted.
First, we only analyzed relationships between RNF213
p-R4810K and clinical features. However, MMD is a com-
plex disease with genetic heterogeneity and a classic pattern
of inheritance, and single gene-focused study cannot sufh-
ciently elucidate its genetic susceptibility; meanwhile, the
function of single genes or the clinical features of MMD
may be dependent on the synergy of other genetic varia-
tions. Second, this is a study based on a single-center hos-
pital, so selection bias is unavoidable. Third, we have
chosen the Suzuki staging system to classify the severity of
MMD,*”?® but it has been reported that this system was
based mainly on intensified serial angiographic changes or
decreases in moyamoya vessels, and clear disadvantages
remain in the accuracy of classification based on angio-
graphic ﬁndings.29‘30 Therefore, the staging system defined
by Mugikura et al.>* should be used for precise staging in
the future.

To our knowledge, this study concerning the relationship
between the RNF213 p.R4810K genotype and clinical phe-
notype was based on the largest case sample globally and the
largest range in China to date. From the perspective of our
research results, either homozygous or heterozygous RNF213
p-R4810K can predict the early age at onset of MMD and
PCA involvement in Chinese patients with MMD. Continu-
ous and timely follow-up observation may be helpful for
clinicians and families to implement effective measures for
slowing disease progression and further prevent the occur-
rence of adverse outcomes to the greatest extent prior to the
diagnosis of new definite clinical cases.
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