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ORIGINAL ARTICLE

A genome-wide association study identifies RNF213
as the first Moyamoya disease gene

Fumiaki Kamada', Yoko Aoki!, Ayumi Narisawal’, Yu Abe!, Shoko Komatsuzakil, Atsuo Kikuchi?,
Junko Kanno!, Tetsuya Niihori!, Masao Ono*, Naoto Ishii®, Yuji Owada®, Miki Fujimura2, Yoichi Mashimo?,
Yoichi Suzuki’, Akira Hata’, Shigeru Tsuchiya?, Teiji Tominaga?, Yoichi Matsubara! and Shigeo Kure!?

Moyamoya disease (MMD) shows progressive cerebral angiopathy characterized by bilateral internal carotid artery stenosis and
abnormal collateral vessels. Although ~15% of MMD cases are familial, the MMD gene(s) remain unknown. A genome-wide
association study of 785 720 single-nucleotide polymorphisms (SNPs) was performed, comparing 72 Japanese MMD patients
with 45 Japanese controls and resulting in a strong association of chromosome 17q25-ter with MMD risk. This result was
further confirmed by a locus-specific association study using 335 SNPs in the 17g25-ter region. A single haplotype consisting
of seven SNPs at the RNF213 locus was tightly associated with MMD (P=5.3x10-19). RNF213 encodes a really interesting
new gene finger protein with an AAA ATPase domain and is abundantly expressed in spleen and leukocytes. An RNA in situ
hybridization analysis of mouse tissues indicated that mature lymphocytes express higher levels of Rnf213 mRNA than their
immature counterparts. Mutational analysis of RNF213 revealed a founder mutation, p.R4859K, in 95% of MMD families,
73% of non-familial MMD cases and 1.4% of controls; this mutation greatly increases the risk of MMD (P=1.2x 1043, adds
ratio=190.8, 95% confidence interval=71.7-507.9). Three additional missense mutations were identified in the p.R4859K-
negative patients. These results indicate that RNF213 is the first identified susceptibility gene for MMD.

Journal of Human Genetics (2011) 56, 34-40; doi:10.1038/jhg.2010.132; published online 4 November 2010

INTRODUCTION

‘Moyamoya’ is a Japanese expression for something hazy, such as a
puff of cigarette smoke drifting in the air. In individuals with
Moyamoya disease (MMD), there is a progressive stenosis of the
internal carotid arteries; a fine network of collateral vessels, which
resembles a puff of smoke on a cerebral angiogram, develops at the
base of the brain (Figure 1a).!2 This steno-occlusive change can cause

- transient ischemic attacks and/or cerebral infarction, and rupture of

the collateral vessels can cause intracranial hemorrhage. Children
under 10 years of age account for nearly 50% of all MMD cases.?

The etiology of MMD remains unclear, although epidemiological
studies suggest that bacterial or viral infection may be implicated in
the development of the disease.* Growing attention has been paid to
the upregulation of arteriogenesis and angiogenesis associated with
MMD because chronic ischemia in other disease conditions is not
always associated with a massive development of collateral vessels.>®
Several angiogenic growth factors are thought to have functions in the
development of MMD.’

Several lines of evidence support the importance of genetic factors
in susceptibility to MMD.? First, 10--15% of individuals with MMD

have a family history of the disease.® Second, the concordance rate
of MMD in monozygotic twins is as high as 80%.!¢ Third, the
prevalence of MMD is 10 times higher in East Asia, especially in
Japan (6 per 100000 population), than in Western countries.® Familial
MMD may be inherited in an autosomal dominant fashion with
low penetrance or in a polygenic manner!! Linkage studies of
MMD families have revealed five candidate loci for an MMD gene:
chromosomes 3p24-26,'2 6925,' 8q13-24,19 12p12-13'9 and 17q25.1
However, no susceptibility gene for MMD has been identified
to date.

We collected 20 familial cases of MMD to investigate linkage in the
five putative MMD loci. However, a definitive result was not obtained
for any of the loci. We then hypothesized that there might be a
founder mutation among Japanese patients with MMD because the
prevalence of MMD is unusually high in Japan.!®> Genome-wide and
locus-specific association studies were performed and successfully
identified a single gene, RNF213, linked to MMD. We report here a
strong association between MMD onset and a founder mutation in
RNF213, as well as the expression profiles of RNF2I3, in various
tissues,
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