Fig 1. Representative images showing SWI stages according to the number of conspicuous DMVs draining into the subependymal veins: stage 1, mild (<5; A); stage 2, moderate (5-10;

B); and stage 3, severe (>10, namely “brush like"; O).

Asymptomatic TIA Infarct Hemorrhage P
N 4 13 9 7
Age, yr 19+£95 27 +183 33+ 145 37+210 31
Suzuki stage 3+00 3.3+05 31+03 3+00 37
CBF
MCA 523+ 268 397 =83 334106 47.8 =201 2
Basal ganglia 541+ 198 447 =80 459 +139 377 50 32
Thalamus 527 +13.8 437 = 7.1 420128 38943 3
CVR
MCA 3829 =56 249 = 21.0* -2.16 = 14.5* 13.1+20.0 .02
Basal ganglia 593+ 0.0 13.04 = 20.4% 14.07 + 85* 2217 =142 .03
Thalamus 7047 = 0.0 32.89 = 17.1* 218 £7.6%* 26.4 = 10.4% .006

*P < 0.05, **P < 0.01.

1 than stages 2 and 3 in the cortical MCA area (P < .05; Fig 3A)
compared with in the basal ganglia (Fig 3C) and thalamus (Fig
3E). In contrast, CVR was significantly lower in SWI stage 3 in
the cortical MCA area (P < .05; Fig 3B), and a similar trend
was seen in the basal ganglia (Fig 3D) and thalamus (Fig 3F).
Images from cases from the study are shown in Fig 4.

Discussion

This is the first report showing characteristics of the DMV in
MMD by using SWI techniques. Susceptibility-weighted MR
imaging is a high spatial resolution 3D gradient-echo MR im-
aging technique with phase postprocessing that accentuates
the paramagnetic properties of blood products such as deoxy-
hemoglobin, intracellular methemoglobin, and hemosid-
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erin.'® This technique can show prominent hypointense sig-
nals in the draining veins within areas of impaired perfusion.
Uncoupling between oxygen supply and demand in hypoper-
fused tissue may cause a relative increase of deoxyhemoglobin
levels and a decrease of oxyhemoglobin in the tissue capillaries
and the draining veins. Therefore, SWI has been applied to
various pathologies of the brain that affect magnetic inhomo-
geneity, such as stroke,®!* trauma,® cerebral cavernous mal-
formation,'>!? arteriovenous malformation,'* dural arterio-
venous fistula,"> pathophysiology affecting iron storage
conditions,***® brain tumor,'® and cerebral amyloid angiop-
athy.? It is noteworthy that this method has the potential to
demonstrate increased oxygen extraction in focal cerebral
ischemia.?
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In MMD, increased conspicuity of DMVs was found in
patients with TIA and infarct, implying that impaired perfu-
sion occurred in the deep white matter. This result supports
the specification that conspicuous DMVs indicate increased
oxygen extraction or venous stasis, and this indicates a part of
misery perfusion in this area.>*' Susceptibility-weighted MR
imaging shows prominent hypointense signals in the draining
veins within areas of impaired perfusion. Therefore, this
would account for the increased visibility of veins in these
regions, making it valuable to anticipate the extent of impaired
perfusion in MMD without contrast-enhanced CT or MR im-
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aging, SPECT, or PET. Alternatively, DSC-weighted bolus
tracking MR imaging and ASL are the latest additions to the
growing number of techniques available for quantitative he-
modynamic analysis.” ASL is becoming more clinically rele-
vant for evaluating CBF because this method has other advan-
tages, including lack of radiation, lack of intravenous contrast
agent, and the ability to repeat the study. In terms of MMD,
however, the delayed arterial times through collateral path-
ways can cause a significant underestimation of CBF as well as
errors due to labeling agent that remains in the feeding vessels
rather than being extracted into the brain parenchyma.*



Fig 4. A, 37-year-old man showing infarction in the right occipital lobe. B, Intra-arterial angiography showing Suzuki stage 3 MMD. Brush signs can be seen in the deep white matter on
SWI (Q) with low CBF {D) and CVR () on SPECT.

Moreover, patients with MMD are in a chronic state of cere-
bral vasodilation and have a reduced or absent CVR. There-
fore, CVR is also a valuable hemodynamic indicator in MMD,
though there have been no MR imaging techniques reported
for the assessment of CVR so far. Here, we first show SWI
could correlate with hemodynamics in SPECT, especially
CVR.

Another interesting finding in this study is that SWI stage
and CBF and CVR were not so impaired in patients presenting
with hemorrhage compared with those presenting with TIA or
infarct. Intracranial hemorrhage is a common in feature in
adult patients with MMDs with a mortality rate of approxi-
mately 20%, and it is the largest risk factor contributing to the
poor prognosis with this entity.”>*> Hemodynamic stress to
the Moyamoya vessels has been suggested as a cause for the
hemorrhagic presentation, and some reports showed Moya-
moya vessels and aneurysms associated with MMD resolved
after bypass surgery.”*?* The prophylactic effect of bypass sur-
gery against cerebral hemorrhage remains uncertain, and this
issue will be clarified by a prospective, randomized trial in
Japan (Japan Adult Moyamoya Trial). Here, we showed severe
hemodynamic compromise was not obvious in the hemor-
rhagic group. Although there is less consensus regarding the
hemodynamic findings in hemorrhagic MMD, some support-
ive reports have so far shown that CBF in MMD is not signif-
icantlylower in any presentations and that there is a significant
difference in CBV and OEF between the patients with isch-
emia and hemorrhage, with a higher CBV and increased OEF
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(lower CVR) in the ischemic group.”®*” Moreover, the distur-
bances in cerebral hemodynamics are usually less prominent
in adults with MMD than in pediatric patients.”®*® Together,
this suggests that hemodynamic impairment does not always
contribute to the hemorrhagic presentation, which is com-
mon in adults.

The SWI technique also can detect MBs, reported to be a
predictor for hemorrhage in MMD.>® MBs were detected in
18.8% (3 in hemorrhage groups and 3 in TIA groups) in our
series. The incidence of MBs is reported as 14.8%—42%, de-
pending on MR imaging quality such as 1.5T versus 3T or T2*
versus SW1 technique.’* > The significance of MBs in patients
with an ischemic presentation is still controversial. Kikuta et
al’® reported MBs occurred with equal probability regardless
of the MMD onset type (44% in hemorrhage versus 43% in
ischemia). In contrast, Ishikawa et al’® reported that patients
with hemorrhage had more MBs than those with ischemia
(33.3% in hemorrhage versus 11.1% in ischemia). Initially, the
characteristic clinical feature of MMD suggests that a patient
could have both ischemic and hemorrhagic stroke, and 13% of
patients with MMD with hemorrhage have experienced isch-
emic attacks before admission.** Further study is necessary to
determine whether MBs are specific for a hemorrhagic
presentation.

Several limitations in this study should be addressed. First,
this study was performed as a preoperative study and did not
interpret SWI data for decision making for revascularization
surgery. Second, we could not characterize the signal intensity
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change of the DMV on SWI after revascularization surgery.
Therefore, the utility of SWI to predict whether a patient with
MMD would benefit from bypass surgery is still not clear. In
our institute, the main indication for revascularization surgery
was symptomatic MMD and asymptomatic MMD with im-
paired hemodynamics (lower CBF and CVR) when evaluated
by SPECT. Direct and indirect combined bypass surgery
(STA-MCA anastomosis with encephalomyosynangiosis) was
mainly performed for the patients with MMD, and indirect
bypass surgery (encephalo-duro-arterio-synangiosis) was se-
lected in case the STA was not developed. In this study, direct
and indirect combined bypass was performed in 17 patients,
indirect bypass was performed in 3 patients, and 13 patients
were treated conservatively. More data should be accumulated
by using SWI to address these limitations. Third, this study
was not a quantitative analysis and SWI could not replace
other modalities for the assessment of the cerebral hemody-
namics. Nevertheless, SWI could be a simple and powerful
technique to assess CVR in MMD without acetazolamide
challenges.

Conclusions

In this study, we found that SW1 stage strongly correlates with
ischemic MMD and also correlates with hemodynamics in
SPECT, especially CVR. Increased conspicuity of DMVs
known as “brush sign” with SWI could predict the severity of
MMD.
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Cerebral Microbleeds in Patients with Moyamoya-like
Vessels Secondary to Atherosclerosis
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Abstract

Objective Hemorrhagic risk is unknown in patients with moyamoya-like vessels associated with atheroscle-
rotic intracranial cerebral artery occlusion. This study was undertaken to investigate the association between
moyamoya-like vessels and cerebral microbleeds (CMBs) in patients with atherosclerotic steno-occlusive dis-
ease. ,

Methods The study population comprised 34 patients with steno-occlusive lesions in the intracranial cere-
bral artery caused by atherosclerosis. We evaluated the presence of moyamoya-like vessels at the base of the
brain by cerebral angiography, and the presence of CMBs by T2*-weighted MRI. Patients were divided into
2 groups: those with and those without moyamoya-like vessels; clinical histories and the incidence of CMBs
were compared between the groups.

Results Sixteen patients had moyamoya-like vessels. Twelve of 16 patients with moyamoya-like vessels had
a history of ischemic stroke or transient ischemic attack, whereas only 1 patient had a history of symptomatic
cerebral hemorrhage. The incidence of CMBs did not differ between the 2 groups (31% vs. 28%, p=0.82).
The location of CMBs varied and was not associated with the site of moyamoya-like vessels.

Conclusion CMBs were not associated with moyamoya-like vessels in patients with atherosclerotic cerebral
artery occlusion. These patients may not have a high risk of cerebral hemorrhage.

Key words: atherosclerosis, cerebral microbleeds, moyamoya phenomenon, magnetic resonance imaging, in-

tracranial hemorrhage
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Introduction

Moyamoya disease is characterized by chronic, progres-
sive, bilateral stenosis of the terminal portion of the internal
carotid arteries or its proximal branches, with no known
cause, and it leads to the formation of an abnormal vascular
network composed of collateral pathways (moyamoya ves-
sels) at the base of the brain (1, 2). In adult patients,
moyamoya disease frequently manifests with sudden-onset
intracranial hemorrhage (3, 4). Hemorrhage is assumed to be
the result of the collapse of fragile moyamoya vessels by
hemodynamic loading and rupture of the peripheral aneu-
rysms that are often formed on moyamoya vessels (5). Sev-
eral studies showed that the incidence of cerebral mi-
crobleeds (CMBs) in adult patients with moyamoya disease,

as detected by gradient-recalled echo (GRE) T2*-weighted
magnetic resonance imaging (MRI), is higher than that in
healthy individuals, indicating that multiple CMBs are a pre-
dictor of subsequent hemorrhage in these patients (6-8).

Moyamoya-like vessels, which also mean abnormal vascu-
lar networks at the base of the brain, are associated with
cerebrovascular steno-occlusive disease caused by athero-
sclerosis and this condition is distinguished from moyamoya
disease (9-11). The risk of intracranial hemorrhage in pa-
tients with moyamoya-like vessels secondary to atheroscle-
rosis is unknown, although these patients frequently receive
antithrombotic agents. The aim of this study was to investi-
gate the association between basal moyamoya-like vessels
and CMBs in patients with intracranial cerebral artery occlu-
sion by atherosclerosis.
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Table 1. Clinical History of the Patients (n=34)
Age (years), mean + SD 614+11.1
Sex (M/E, N) 22/12
Hypertension, N 29
Diabetes, N 13
Dyslipidemia, N 27
Current smoking, N 9
Stroke or TIA, N 27
Occlusive vascular lesion

Middle cerebral artery 29
Anterior cerebral artery 8
Carotid siphon 6

TIA; transient ischemic attack

Materials and Methods

Patients

In all, 62 patients with intracranial steno-occlusive arter-
ies, and with less than 50% stenosis in the extracranial ca-
rotid arteries, underwent cerebral digital subtraction angiog-
raphy for clinical assessment of the cerebral artery, between
March 2000 and June 2010 at our department. All patients
had 1 or more intracranial arterial stenosis=75% or occlu-
sion. T2*-weighted GRE MRI data were available for 51 of
the 62 patients. Given our focus on moyamoya phenomenon
caused by atherosclerosis, we excluded patients with cere-
brovascular occlusion of unknown origin, including patients
with moyamoya disease or suspected moyamoya disease (n=
12), patients with cerebral angiitis (n=1), and patients with
other autoimmune disease (n=2). Patients who had under-
gone extracranial-to-intracranial arterial bypass surgery (n=
2) were also excluded. The remaining 34 patients (22 men
and 12 women, 38-74 years old) were included in the study.
The cause of the intracranial stenosis or occlusion was clini-
cally presumed to be atherosclerotic in all patients, based on
the clinical manifestation, the presence of atherosclerotic
cerebrovascular changes in other areas, and 1 or more athe-
rosclerotic risk factors. Most of the patients had steno-
occlusive lesions in the stem of the middle cerebral artery
(Table 1); some patients had more than 1 steno-occlusive le-
sion. The study group included 27 symptomatic and 7 as-
ymptomatic patients. The symptomatic patients had a history
of transient ischemic attack (n=8), minor ischemic stroke
(n=18), or intracranial hemorrhage (n=1). In the asympto-
matic patients, including those who had non-focal symptoms
such as dizziness or headache, the stenotic lesions were de-
tected incidentally by MR angiography. We evaluated their
angiographic and MRI data, and their clinical histories. All
study protocols were approved by the Ethics Committee for
Clinical Research in our institute.

Imaging

All patients underwent digital subtraction angiography for
clinical purposes. Angiographic information included the site
of steno-occlusive lesion and the presence of moyamoya-like
vessels on the side of the occluded artery (Fig. 1). The pres-
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ence of moyamoya-like vessels at the base of the brain was
assessed by 2 investigators in the arterial phase images.

All MR examinations were performed on a 1.5 T imager
(Signa, GE Healthcare, Milwaukee, WI) with a commer-
cially available head coil. The subject was supine, with the
neck and head in the neutral position. Axial T2*-weighted
GRE sequences were obtained (repetition time / echo time,
600 / 20 ms; flip angle, 20°; matrix, 256x256; field of view,
220 mm; slice thickness, 5 mm). At the same time, axial T
1-weighted sequences and axial T2-weighted sequences were
acquired to distinguish CMBs from the signal voids of cere-
bral arteries and from other mass lesions with hemorrhage,
such as cavernous angiomas. Fluid-attenuated inversion re-
covery sequences were acquired to evaluate subcortical and
deep white matter lesions.

CMBs were defined as homogeneous, round, hypointense
lesions (<10 mm in diameter) in the brain parenchyma on
GRE MRI (12). Macrobleeds were distinguished from mi-
crobleeds, i.e., lesions with a diameter of =10 mm on GRE
MRI were distinguished as macrobleeds. Hypointense le-
sions within the subarachnoid space, and areas of symmetri-
cal hypointensity in the globus pallidus on GRE, were con-
sidered to represent adjacent pial blood vessels or calcifica-
tions, and were excluded. The presence and location of
CMBs were assessed independently by 2 trained observers
blinded to all clinical information about the subjects. When
results differed between the evaluators, the decision was
made after consulting a third evaluator.

Subcortical and deep white-matter lesions were evaluated
using a rating scale (0-3) devised by Fazekas et al, and were
defined as positive when the white-matter lesions were
scored as 2 or 3 (13).

Statistical analyses

All analyses were performed with JMP 8.0.2 (SAS Insti-
tute Inc., Cary, NC). Based on the presence or absence of
basal moyamoya-like vessels, the patients were classified
into 2 groups. The presence of CMBs, presence of white-
matter lesions, and clinical histories were compared between
the groups. The patients were also divided into 2 groups ac-
cording to the presence or absence of CMBs, and clinical
variables were compared between the groups. We used
Mann-Whitney’s U test for continuous data and the %’ test
for categorical data. Fisher’s exact test (2-tailed) was used in
place of the ¥’ test for categorical data when the number of
cells was less than 5. Probability values<0.05 were consid-
ered significant.

Results

Of the 34 patients, 16 patients had moyamoya-like ves-
sels. Twelve of 16 (75%) patients with moyamoya-like ves-
sels and 14 of 18 (78%) patients without moyamoya-like
vessels had a history of ischemic stroke or transient
ischemic attack. Only 1 patient with moyamoya-like vessels
had a history of symptomatic cerebral hemorrhage (Table 2).
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Yigure 1. Representative angiographic images in patients with and without moyamoya-like ves-
sels. A; anteroposterior image of a patient with right middle cerebral artery occlusion. No apparent
moyamoya-like vessels at the base of the brain are visualized. B; anteroposterior image of a patient
with moyamoya-like vessels. The arrows indicate moyamoya-like vessels at the base of the brain.

Table 2. Stroke Subtypes of Patients with and without Moyamoya-like

Vessels

Moyamoya-like vessels (+) Moyamoya-like vessels (-)
n=16 n=18

Atherothrombotic 6 10

Lacunar 1 1

Transient ischemic attack 5 3

Cerebral hemorrhage 1 0

Asymptomatic 3 4

Table 3. Clinical Histories of Patients with and without Moy-

amoya-like Vessels

Moyamoya-like

Moyamoya-like p

vessels (+) vessels (-)

n=16 n=18
N 16 18
Age (years), mean +SD 64.2+7.9 58.8 +13.0 0.39
Male, % 50.0 77.8 0.09
Cerebral microbleeds, % 31.3 27.8 0.82
Hypertension, % 87.5 83.3 1.00
Diabetes, % 31.3 44.4 0.41
Dyslipidemia, % 87.5 722 0.41
Current smoking, % 12.5 389 0.13
Ischemic heart disease, %  31.3 5.6 0.08
Stroke or TIA, % 81.3 77.8 1.00
Antithrombotic drugs, % 75.0 83.3 0.68

TIA; transient ischemic attack

Ten patients had CMBs, 1 had asymptomatic cerebral
macrobleeds, and 1 had symptomatic bleeding. The inci-
dence of asymptomatic CMBs did not differ between pa-
tients with and without moyamoya-like vessels (31% vs.
28%, p=0.82). The patients with moyamoya-like vessels in-
cluded a higher proportion of women (p=0.09) and patients
with ischemic heart disease (p=0.08) (Table 3). Meanwhile,
the presence of white-matter lesions appeared to be related
to the presence of CMBs. Other clinical factors were not as-

sociated with the presence of CMBs (Table 4).

Table 5 shows the location and number of CMBs or mac-
robleeds and angiographic findings in each patient. In the
group with moyamoya-like vessels, two patients had CMBs
located close to the moyamoya-like vessels (Patient 2 and
Patient 4) and the others had CMBs away from the
moyamoya-like vessels.
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Table 4. Variables Relevant to Cerebral Microbleeds

CMB(+) CMB(-) p

N 10 24

Age 61.7+13.5 61.3+10.3 0.64
Male, % 70.0 62.5 1.00
Hypertension, % 80.0 87.5 0.62
Diabetes, % 50.0 33.3 0.36
Dyslipidemia, % 90.0 75.0 0.64
Current smoking, % 20.0 29.2 0.69
Ischemic heart disease, % 20.0 16.7 1.00
Stroke or TIA, % 80.0 79.2 1.00
Antithrombotic drugs, % 70.0 83.3 0.39
Deep white matter lesion, %  60.0 29.2 0.13
Moyamoya-like vessels, % 50.0 45.8 0.82

CMB, cerebral microbleed; TIA, transient ischemic attack

Table 5. Number and Location of Cerebral Microbleeds/Macrobleeds and An-

giographic Findings
No. Ageandsex _Cerebral microbleeds and macrobleeds Angiographic
Location Total number _ findings
Moyamoya-like vessels (+)
1 65 M Bil thalamus 2 RM10O,LA2S R
basal MM
2 70 F R putamen 1 RMIO,RA25,R
basal MM
3 72M R temporal subcortex 1 R M1 O, R basal MM
4 73 M L frontal cortex 1 Bil carotid siphon O,
Bil expansive MM
5 69 M R temporal subcortex 1 LM1 O, L carotid
siphon S, L basal
MM
6 50 M R frontal subcortex (30 mm, 1 R M1 O, R basal MM
symptomatic)
Moyamoya-like vessels (-)
7 62M L thalamus, L para lateral 2 LM10O
ventricle
8 55 M Pons, Bil thalamus, putamen, 14 LMI1S LA1O
and corona radiata
9 74 F R parieto-occipital subcortex, 2 RM1S
R thalamus
10 58M L thalamus, L putamen LMI1S,LALS
11 39F Bil thalamus 2 LM1S
12 72M L caudate nucleus (15 mm, 1 LM1O
asymptomatic)

M; male, F; female, R; right, L; left, Bil; bilateral, O; occlusion, S; stenosis, MM;

moyamoya-like vessels

Discussion

CMBs have a prevalence of 5.7% and are observed more
frequently with advancing age (14). The Rotterdam Scan
Study determined that the prevalence of CMBs was 17.8%
in the general population aged 60-69 years and 38.3% in
those over 80 years old (15). The prevalence of CMBs is
also much higher in patients with ischemic stroke than in
the healthy population (34% vs. 5%) (16). CMBs are par-
ticularly associated with hypertensive small vessel diseases.
Among the stroke subtypes, the incidence of CMBs is sig-
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nificantly greater in patients with intracerebral hemorrhage
and patients with lacunar infarction than in patients with
cardioembolic infarction, patients with atherothrombotic in-
farction, or healthy individuals (17). The prevalence of
CMBs was 29.4% in our subjects. The subjects of the pre-
sent study had a mean age of 61.4 years, and most had a
history of ischemic stroke or transient ischemic attack. The
prevalence of CMBs was not high compared to the reported
prevalence in elderly patients with ischemic stroke.

CMBs are also detected in patients with adult moyamoya
disease. The reported prevalence of CMBs was 15-44% and
it varied according to MRI resolution (6, 7). However, the
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mean age of those subjects was in the early 40s, indicating
that those subjects were much younger than most patients
with hypertensive small vessel diseases. According to the
histopathological findings, fragile moyamoya vessels were
indicated to be the cause of CMBs (18). Moreover, multiple
CMBs in adult moyamoya disease were reported to be a risk
factor for subsequent intracranial hemorrhage (8). CMBs can
be considered a marker for the risk of intracranial hemor-
rhage in moyamoya disease.

We showed here that CMBs were not associated with the
site of basal moyamoya-like vessels caused by atheroscle-
rotic steno-occlusive cerebral arteries, and that the preva-
lence of CMBs did not differ in patients with moyamoya-
like vessels and patients without moyamoya-like vessels.
CMBs in our patients were presumed to represent the mi-
croangiopathy ordinarily caused by atherosclerosis, and its
pathology may not be the same as that of CMBs in adult
moyamoya disease.

In our subjects, the history of symptomatic cerebral hem-
orrthage was scarce, but the prevalence of ischemic events
was high. In the previous reports of patients with
moyamoya-like vasculopathy from atherosclerotic occlusive
disease, most patients presented with cerebral ischemia and
cerebral hemorrhage was rare (10, 11, 19-21). Moyamoya-
like vessels may be less likely to be associated with the risk
of cerebral hemorrhage in atherosclerotic occlusive disease
than in adult moyamoya disease. Medical therapies are not
effective for moyamoya disease. The frequencies of ischemic
and hemorrhagic stroke are both high in adults whose
moyamoya disease is treated conservatively (22-24). How-
ever, patients with atherosclerotic intracranial occlusive ar-
tery should receive antithrombotic treatment on the basis of
individual hemorrhagic risks despite the presence of
moyamoya-like vessels.

The reason for the differing hemorrhagic risk between
adult moyamoya disease and moyamoya phenomenon secon-
dary to atherosclerosis is not clear. Differing features of
these 2 diseases are the site of the occlusive major cerebral
arteries and the age at onset. Collateral vessels, including
extensive moyamoya vessels, develop alongside progressive
occlusive changes in the terminal portion of the internal ca-
rotid arteries in adult moyamoya disease. Moyamoya phe-
nomenon secondary to atherosclerosis, however, is often as-
sociated with occlusion in the intracranial branch vessels,
such as the stems of the middle cerebral artery and the ante-
rior cerebral artery without including the internal carotid ar-
teries (25). The extent of the collateral vessels is restricted
in these cases. The degree of proliferation of basal
moyamoya vessels may therefore be associated with hemor-
rhagic risk. In addition, the anterior choroidal and posterior
communicating arteries are hemodynamically overloaded
with occlusion at the terminal portion of the internal carotid
artery. Dilatation of the anterior choroidal and posterior
communicating arteries is also reported to be a predictor of
hemorrhage in adult moyamoya disease (26). Furthermore,
moyamoya vessels develop for decades, beginning in child-
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hood, in adult moyamoya disease. The vulnerability of the
moyamoya vessels may increase with the passage of
time (5).

The present study has several limitations. First, in this
small cohort, multivariate analysis was not definitive. CMBs
were not associated with known risk factors such as aging
and hypertension in the present study, perhaps because of
the small number of patients and the fact that most of them
had these risk factors. Second, because the present study
was cross-sectional, the risk for subsequent cerebral hemor-
rhage was not clear in patients with moyamoya-like vessels.
Prospective data on clinical outcomes for patients with
moyamoya-like vessels secondary to atherosclerosis are
needed.

Conclusion

The prevalence and site of CMBs did not differ between
patients with and without moyamoya-like vessels. Patients
with moyamoya-like vessels secondary to atherosclerosis
had a high frequency of ischemic cerebrovascular diseases,
and slight symptomatic cerebral hemorrhage. Patients with
moyamoya-like vessels secondary to atherosclerosis may not
have a high risk of cerebral hemorrhage.
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Distribution of Moyamoya Disease Susceptibility
Polymorphism p.R4810K in RNF213 in East and
Southeast Asian Populations
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Abstract

Moyamoya disease is an idiopathic vascular disorder of the intracranial arteries. Ring finger 213
(BENF213) was previously identified as the strongest susceptibility gene for moyameya disease in East
Asian people by a genome-wide linkage analysis and exome analysis. The coding variant p.R4810K in
RNF213 was strongly associated with meyamoya disease in the Japanese (odds ratio: 338.94, p = 1.05 X
10~2%%) and Korean (odds ratio: 135.63, p = 7.59 X 10~?’) pepulations, and much less strongly associ-
ated in the Chinese population (odds ratio: 14.70, p = 2.63 x 10-5). The present study investigated the
distribution of variant p.R4810K in RNF213 in 2,508 participants from East and Southeast Asian coun-
tries using a TagMan probe. p.R4810K was detected at an allele frequency of about 1.00% in 4 of 11 in-
vestigated locations in China. In contrast, p.R4810K was detected homogeneously at relatively high fre-
quencies of 1.00~1.72% in all investigated locations in Korea and Japan, including Okinawa. p.R4810K
was not detected in Southeast Asian populations. The population susceptible to moyamoya disease was
estimated to be 16.16 million people in East Asian countries, including 11.41 million Chinese, 1.36 mil-
lion Korean, and 3.39 million Japanese people. The number of patients with moyamoya disease, which
was estimated at approximately one per 300 carriers of p.R4810K, was considered to be 53,800 in East

Asian populations.

Key words: moyamoya disease,

Introduction

Moyamoya disease (Mendelian Inheritance in Man
[MIM] number 607151) is a rare idiopathic progres-
sive disorder characterized by occlusive lesions in
the supraclinoid internal carotid artery and its main
branches in the circle of Willis. The reduction in
blood flow in the regions affected by the occlusive
lesions is compensated by the development of a fine
vascular network that resembles “puffs of smoke”
(““moyamoya” in Japanese).'>'¥ Moyamoya disease
occurs with the highest prevalences in East Asian
countries such as Japan, Korea, and China, especial-
ly compared with other countries worldwide.?7:19
We previously identified a susceptibility locus for
familial moyamoya disease on 17q25.3.1 Significant
associations with genes in this region had been
reported,*® but rigorous identification had not been
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determined. The ring finger 213 (RNF213) gene was
finally identified as a susceptibility gene for
moyamoya disease by the conventional rigorous
positional cloning approach, exome analysis, and
functional analysis using zebrafish.® Overall, 74.5%
of East Asian patients with moyamoya disease carry
the rare founder variant p.R4810K of RNF213.
However, a gradient of prevalence was observed in
patients with moyamoya disease: 90% in Japanese,
79% in Korean, and 23% in Chinese patient popula-
tions. On the other hand, no gradient of prevalence
was observed in these three general populations. In
total, 2.4% of the East Asian general population
carries p.R4810K. The minor allele frequencies of
p-R4810K were 1.4%, 1.3%, and 1.0% for the
Japanese, Korean, and Chinese in general popula-
tions, respectively.®) These similar allele frequencies
of p.R4810K in these three East Asian general popu-
lations do not explain the lower frequency of
Chinese patients with moyamoya disease compared
with Japanese and Korean patients with moyamoya
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disease. Moyamoya disease occurs in approximately
one of 300 carriers in Japan.® This discrepancy in
the allele frequency between cases and controls in
Chinese people might be attributable to selection
bias in the general populations in the previous
study.?

The primary aim of the present study was to esti-
mate the population susceptible to moyamoya dis-
ease by conducting large scale screening for
p.R4810K in general populations in East and
Southeast Asia. The secondary aim was to estimate
association of the p.R4810K variant of RNF213 in
patients with moyamoya disease.

Materials and Methods

A total of 2,508 unrelated participants from East
Asian and Southeast Asian countries were recruit-
ed, comprising 587 Chinese, 294 Korean, 1474
Japanese, 103 Vietnamese, and 50 Filipino people
{Table 1). The Japanese participants were recruited
from mainland Japan, including Hokkaido, Honshu,
Shikoku, and Kyushu, and Okinawa. The Korean
participants were recruited from five locations. The
Chinese participants were recruited from 11 loca-

tions. Blood samples were obtained from two
sources. One source was the Kyoto University Hu-
man Specimen Bank, which collected blood samples
from the 1990s and 2000s as previously described.>®
These blood samples included Chinese, Korean,
Japanese, and Philippine samples. The other source
involved samples collected in an international col-
laboration that included Vietnam and Seoul, South
Korea.

Ethical approval for this study was given by the
Institutional Review Board and Ethics Committee of
Kyoto University School of Medicine, Kyoto Univer-
sity, Japan (approval number: G140; approval date:
Oct. 18, 2004), by the Institutional Review Board of
Seoul National University Hospital, Seoul, South
Korea {approval number: H0507-509-153; approval
date: Aug. 24, 2005). The study participants were
recruited in these institutes. Subjects who participat-
ed in this study after 2000 were recruited by School
of Medicine, Kyoto University. All subjects gave
written informed consent. Subjects who donated
blood samples before 2000 were recruited by To-
hoku University School of Medicine (Sendai, Miya-
gi), or Akita University School of Medicine (Akita,
Akita), or Kyoto University School of Medicine, and

Table 1 Demographic features of the participants in the East and Southeast Asian populations

. . N ST1e Sex ® 3 * %
Area Country Location Size of population (million) (male:female) Age (yrs) Angiography

East Asia China Dehui 1.00 0:50 NA 0
Huludao 2.82 0:50 NA 0

Beijing 19.61 0:50 38.4%+10.6 0

Jinan 6.81 0:50 NA 0

Xian 8.47 0:94 NA 0

Baoji 3.72 0:48 NA 0

Shanghai 23.02 0:50 NA 0

Changsha 7.04 0:50 NA 0

Heping 4.60 0:46 NA 0

Nanning 6.66 0:50 NA 0

Tainan 1.88 0:49 36.4+11.5 (]

Total 85.63 0:587 37.4+=11.1 0

Korea Seoul 10.46 80:25 42.2+13.3 46

Chonan 0.58 0:29 34.6+8.8 0

Haman 0.06 0:46 43.6+6.8 0

Pusan 3.60 0:49 39.4+7.8 0

Jeju-do 0.53 0:65 NA 0

Total 15.23 80:214 40.9£10.9 46

Japan Mainland 123.62 608:766 57.7+14.1 384

Okinawa 1.38 0:100 47.5+7.2 0

Total 125.00 608:866 57.0+14.0 384

Southeast Asia Vietnam Hanoi 6.50 0:103 22.8+10.2 0
Philippines Manila 1.66 0:50 NA 0

*Values are means * standard deviation. **Conventional digital subtraction angiography, magnetic resonance an-
giography, computed tomography angiography, and others.

NA: not applicable.
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gave verbal informed consent. The use of blood sam-
ples donated before 2000 for genetic analysis was
also approved by the Institutional Review Board and
Ethics Committee of Kyoto University School of
Medicine (approval number: G140; approval date:
Oct. 18, 2004).

Peripheral blood (10 ml) was collected from all
participants. Genomic deoxyribonucleic acid (DNA)
was extracted from the blood samples using a
QIAamp DNA Blood Mini Kit (Qiagen, German-
town, Maryland, USA) according to the manufac-
turer’s protocol. The quality and concentration of
the extracted DNA were assessed using an Infinite®
M200 PRO (TECAN, Kawasaki, Kanagawa). The
DNA was stored in a freezer at —20°C until analysis.

Genotyping of p.R4810K in all participants was
conducted using a TagqMan® probe (Custom
TagMan® SNP Genotyping Assays; Applied
Biosystems, Foster City, CA, USA) and a 7300/7500
Real-Time PCR System (Applied Biosystems) ac-
cording to the manufacturer’s protocols. Briefly, the
polymerase chain reaction (PCR) amplifications
were performed with 1-20 ng of purified genomic
DNA, 0.1 ul of 40X SNP Genotyping Assay, 6.25 ul
of 2X TaqMan® Universal PCR Master Mix, No
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AmpErase® UNG, and 5.15 ul of deoxyribonuclease-
free water. The final reaction volume was 12.5
ul/well in 96-well plates. The standard protocol for
the cycling conditions was maintenance for 10
minutes at 95°C for AmpliTaq Gold® (Applied
Biosystems) enzyme activation, followed by 40 cy-
cles of 15 seconds at 92°C for denaturation, and 1
minute at 60°C for annealing/extension. After each
PCR amplification, an endpoint plate read was per-
formed using the Real-Time PCR System (Applied
Biosystems). The associated sequence detection sys-
tem software uses the fluorescence measurements
taken during the plate read to plot fluorescence (nor-
malized reporter signal: Rn) values based on the sig-
nals from each well. The plotted fluorescence sig-
nals indicate which alleles are present in each
sample.

Results

The demographic features of all participants in this
study are shown in Table 1. The sampled cities co-
vered 234.02 million people. A total of 2,508 par-
ticipants from three East Asian countries and iwo
Southeast Asian countries were recruited from 1987

Table 2 Geographic distribution of p.R4810K in RNF213 in East and Southeast Asian populations

Genotype of p.R4810K

Estimated

Sample Minor allele Total population with
Area Country Location sizg frequency population p-R4810K in a
GG GA AA (%) (million) country
(million)

East Asia China Dehui 50 0 0 50 0.00
Huludao 50 0 0 50 0.00
Beijing 49 1 0 50 1.00
Jinan 50 0 0 50 0.00
Xian 92 2 0 94 1.06

Baoji 48 0 0 48 0.00 1340.00 11.41
Shanghai 49 1 0 50 1.00
Changsha 50 0 0 50 0.00
Heping 46 0 0 46 0.00
Nanning 49 1 0 50 1.00
Tainan 49 0 0 49 0.00
Total 582 5 0 587 0.43
Korea Seoul 102 3 0 105 1.43
Chonan 28 1 0 29 1.72
Haman 45 1 0 46 1.09

Pusan 48 1 0 49 1.02 50.00 1.36
Jeju-do 63 2 0 65 1.54
Total 286 8 0 294 1.36
Japan Mainland 1339 32 3 1374 1.38

Okinawa 98 2 0 100 1.00 125.00 3.39
Total 1437 34 3 1474 1.36

Southeast Asia Vietnam Hanoi 103 0 0 103 0.00 90.50 0.00

Philippines Manila 50 0 0 50 0.00 94.00 0.00
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Fig. 1 Locations of the sampling sites in East and
Southeast Asian countries.

to 2009. Briefly, the recruited subjects comprised
587 participants from 11 Chinese locations, 294
from five Korean locations, 1474 from five Japanese
locations, 103 from one Vietnamese location, and 50
from one Philippines location. Most of the par-
ticipants were females, with the exception of 608
Japanese males and 80 Korean males. Information
on age was only available for the participants from
certain locations. Angiography was only conducted
for 384 Japanese and 46 Korean participants.

The geographic distributions of p.R4810K in the
different ethnicities are shown in Table 2 and Fig. 1.
p.R4810K was detected in East Asian populations,
but not in Southeast Asian populations. p.R4810K
was detected at allele frequencies of 0.43%, 1.36%,
and 1.36% in the Chinese, Korean, and Japanese
populations, respectively. p.R4810K was detected at
an allele frequency of about 1.00% in 4 of 11 investi-
gated locations in China, suggesting that the distri-
bution of p.R4810K was heterogeneous and limited
to certain specific locations in China. In contrast,
p.R4810K was homogeneously located throughout
Korea and Japan at relatively high allele frequencies
of 1.00-1.72%. p.R4810K was not detected in 49
Taiwanese, 103 Vietnamese, and 50 Filipino par-
ticipants.

Discussion

The present study confirmed the presence of similar
allele frequencies of the variant p.R4810K of RNF213
in the Japanese and Korean general populations.
However, expansion of the examined population
revealed that the allele frequency of p.R4810K in the
Chinese population was 0.43%, only one-third of the

frequency in the Japanese or Korean populations.
Therefore, our previous observation was considered
1o be attributable to selection bias.? The lower preva-
lence of p.R4810K in the Chinese general population
might be proportional to the lower carrier rate (i.e.,
23%) in Chinese patients. In accordance with this
observation, a single dominant polymorphism may
be associated with Japanese or Korean patients,
whereas various polymorphisms in RNF213 may be
associated with Chinese patients. In fact, we ob-
served five additional mutations in Chinese patients
but no additional mutations in Korean or Japanese
patients.?)

In the present study, magnetic resonance an-
giography was only conducted for limited numbers
of participants. This limitation did not affect our
results because of the very low prevalences of
moyamoya disease in the general populations. The
estimated total numbers of carriers were 11.41 mil-
lion for the Chinese, 1.36 million for the Korean, and
3.39 million for the Japanese populations. Assuming
that moyamoya disease occurs in one of 300 carriers
with p.R4810K,29 the estimated numbers of patients
with moyamoya disease attributable to p.R4810K are
38,000 in the Chinese, 4,500 in the Korean, and
11,300 in the Japanese populations. Although these
numbers are very approximate and minimum esti-
mates, because only the p.R4810K variant is consi-
dered, the large number of potential sufferers sug-
gests that more attention should be paid to
moyamoya disease in East Asian countries.

Differences in the clinical profiles of moyamoya
disease have been recognized in China, Korea, and
Japan.® However, the differences between the clini-
cal profiles of Korean and Japanese patients are un-
likely to be explained by genetic differences. Specif-
ic factor(s) other than the genetic factor are needed
to explain the variations in the clinical phenotypes
and low penetrance among carriers.®® Therefore,
unknown modifier factor(s) may also be contributo-
ry to the differences in the clinical phenotypes. Fur-
ther research is needed to identify such factor(s),
which may also be crucial for the development of
moyamoya disease among carriers of variant
p.R4810K in RNF213.
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'Abstract

: Background Moyamoya dlsease isan |dlopath|c vascular dlsorder of ntracramal artenes lts susceptrbxllty Iocus has been
mapped to 17q25 3in Japanese famrlles, but the susc otibility gene i o -

E Methodalogy/Prmcrpal Fmdmgs. Genome W|de Ilnkage analysns in ght t, ee~generat|on famlhes wrth moyamoya dlsease
revealed linkage to 17q25.3 (P<10“‘) Fine mapping demonstrated a 1.5-Mb disease locus bounded by D1751806 and
152280147. We conducted exome analysis of the eight index cases in these families, with results filtered through Ng criteria.
There was a variant of p.N321S in PCMTD1 and p. R4810K in RNF213 in'the 1.5-Mb locus of the eight index cases. The p.N3215 -
“variant in PCMTD1 could not be confirmed by the Sanger method. Sequencmg RNF213 in 42 index cases conf‘ rmed -
- p.R4810K and revealed it to be the only unregistered variant. Genotyping 39 SNPs around RNF213 revealed a founder
;haplotype transmitted in 42 families. . Sequencing the 260-kb region covering the founder haplotype in one index case did -
- not show any coding variants except p.R4810K. A case-control study demonstrated strong association of p.R4810K with
moyamoya disease in East Asian populations (251 cases and 707 controls) with an odds ratio of 111.8 (P=10"""9).
Sequencing ‘of RNF213 in East Asran cases revealed additional novel variants: p. D4863N, p. E4950D p.A5021V, p.D5160F, and
. p.E5176G. Among Caucasian cases, variants p. N3962D, p.D401 3N, p.R4062Q and p. P46085 were identified. RNF213 encodes
a 591-kDa cytosolic protein that possesses two functional domains: a Walker motrf and a RING finger domam These exhibit
ATPase and ubiquitin ligase activities. Although the mutant alleles (p.R4810K or pD4013N in the RING domain) did not -
affect transcription levels or ubiquitination activity, knockdown of~ NF213 zeb 'af|sh caused |rregular waH formatlon in
trunk arteries and abnormal sproutmg vessels ‘ L , '

- ﬁConcIusrons/S/gmf cance. We provxde evrdence suggestmg, for the first time, the mvolvement of RNF213 m genetlc
. susceptrbrlxty to moyamoya dlsease -
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Introduction main branches in the circle of Willis. To compensate for the blood
flow around the occlusive region, a fine vascular network develops

Moyamoya disease is an idiopathic disorder characterized by that resembles “puffs of smoke” (Figure 1A) [1]. The unique
occlusive lesions in the supraclinoid internal carotid artery and its appearance of moyamoya vessels described by Suzuki and Takaku
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Figure 1. Clinical features of moyamoya disease. (A) An anterior-posterior and lateral views of left internal carotid angiography in a 9-year-old
child with moyamoya disease (right) and an 8-year-old control child (left). An occlusion with moyamoya vessels can be seen around the terminal
portion of the internal carotid artery and proximal portions of the anterior cerebral artery and middle cerebral artery in the affected child. (B) Intimal
hyperplasia in the middle cerebral artery from an autopsy of a 69-year-old case. Intimal hyperplasia (red arrowhead), atrophic media (red arrow) and
winding internal elastic lamina (black arrow) can be seen with Elastica Masson staining, x200.

doi:10.1371/journal.pone.0022542.g001

in 1969 [2] spurred international recognition of moyamoya disease
MIM 607151] (Online Mendelian Inheritance in Man in
Appendix S1). Moyamoya disease occurs worldwide [3], but its
prevalence is highest in East Asian countries, including Japan (1 in
10,000), Korea and China [4], [5]. It is known to cause stroke in
neonates and children, and therefore pathological clues for early
diagnosis and novel therapeutic approaches are needed [6].

The occlusive lesions are caused by excessive proliferation of
smooth muscle cells (SMCis), which specifically occurs in arteries in
the skull with compensatory bypass vessels (Figure 1B) [7]. These
occlusive lesions are similar to those of atherosclerosis in that both
types of lesion exhibit endothelial injury, SMC proliferation and
intimal hyperplasia. However, there are major differences between
the two types: in moyamoya vessels, infiltrating cellular compo-
nents such as macrophages and lipid deposits are not observed [8].
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A recent study revealed that accelerated vascular remodeling
might underlie the pathological consequences of moyamoya
disease [9]. Clinical investigations have revealed elevated levels
of certain growth factors or cytokines in the cerebrospinal fluid,
serum or blood vessels of patients with moyamoya disease [10]~
[15]. These factors are assumed to be associated with vascular
remodeling.

Epidemiological studies have revealed several risk factors
associated with moyamoya disease, including Asian ethnicity,
female gender and a family history of the disease [4]. Given that
15% of moyamoya patients have a family history of the disease,
genetic factors are suspected to underlie its pathogenesis.

Several studies have explored genetic factors and revealed four
loci associated with moyamoya disease: 3p24—p26 [16], 6q25 [17],
8q23 [18] and 1725 [19]. The locus on 1725, first mapped by
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Yamauchi et al. [19], was replicated in 2008 [20], [21]. In our
previous study, a strong association of a variant (ss161110142) was
demonstrated in East Asian patients, suggesting a possible East
Asian founder haplotype for moyamoya disease [21]. The major
aim of the present study was to identify the causative gene for
moyamoya disease. In the present study, we conducted exome
analysis and identified ring finger protein 213 (RNF213; DDBJ/
EMBL/GenBank accession number AB537889) [National Center
for Biotechnology Information (NCBI) in Appendix S1] as a
susceptibility gene. In this study, we cloned RNF213 and
determined its open reading frame (ORF). Compared with the
previously registered RNF213 sequence [NM_020914.4] (NCBI in
Appendix S1), our RNE213 clone possesses a 2,500-bp longer 3’
untranslated region (UTR) and lacks exon 4. Since we found that
AB537889 seems to be the major transcript of RNF213, the
descriptions of RNF213 in this paper are primarily based on the
newly determined ORF unless otherwise stated.

Methods

Ethical statement

Ethical approval for this study was given by the Institutional
Review Board and Ethics Committee of Kyoto University School
of Medicine, Kyoto University, Japan (approval number: G140;
approval date: 10/18/2004); by the Ethics Committee of the
medical faculty of the University of Ttibingen (Ethik-Kommission
der Medizinischen Fakultdt des Universititsklinikums Tiibingen;
permit number: 273/2009BO1; approval date: 1/1/2009); by
Seoul National University Hospital Institutional Review Board
(approval number: H0507-509-153; approval date 8/24/2005); by
the Medical Ethics Committee of Beijing Children’s Hospital
Institutional Review Board, Capital Medical University, China
(approval number: 2005-31; approval date: 3/15/2005); and by
the Ethics Committee of University Hospital and the Faculty of
Medicine of Palacky University in Olomouc (reference number:
62/10; approval date: 8/18/2008). Participants were recruited in
these institutes, All subjects gave written informed consent, or for
those considered too young to consent, informed consent was
given by their parent or guardian.

Subjects

Diagnostic criteria were based on the Japanese Research
Committee on moyamoya disease of the Ministry of Health,
Welfare and Labour, Japan (RCM]) criteria [22]. Information on
family histories, gender, age of onset, onset of symptoms and
unilateral or bilateral moyamoya disease was obtained either by
interview or by clinical chart review, as previously reported [21],
[23].

We recruited East Asian cases (Japanese, Korean and Chinese),
as described previously [21]. The participants comprised 41
Japanese families and one Korean family (Figure S1 and Table
S1), 209 unrelated cases (120 Japanese, 37 Korean and 52
Chinese). We recruited 757 unrelated controls: 384 Japanese, 223
Korean and 100 Chinese (Table S2) and an additional 50 Chinese
adult females [Mean age at participation (years * SD):
38.4%10.5].

We also recruited a Caucasian family of Czech ethnicity (Figure
S2A) and 7 unrelated Czech and 42 German cases with
moyamoya disease at the University of Tubingen (Germany),
and Palacky University and University Hospital (Olomouc, Czech
Republic). The mean age (years = SD) at diagnosis was
30.4+14.7, and the sex ratio of males:females was 16:33. The
284 Caucasian controls were recruited from Palacky University
and University Hospital (n=120), the University of Tubingen
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(n=164) and another 100 Caucasian control samples (the Coriell
Caucasian Panel) were bought from the Coriell Institute. The
mean age (years = SD) was 43.9%17.9 and the sex ratio of
males:females was 176:208. No magnetic resonance imaging
screening of the controls was conducted.

Linkage, haplotype and segregation analyses

We conducted a parametric genome-wide linkage analysis using
GENEHUNTER [24] (GENEHUNTER Ver2.1_r6: Appendix
S1) in the eight largest three-generation families (peds. 2, 10, 14,
15, 17-20) (Figure 2) with an ABI Prism Linkage Mapping Set
(Version 2; Applied Biosystems) with 382 markers, 10 cM apart,
for 22 autosomes, and fine-mapping markers designed according
to information from the uniSTS reference physical map (http://
www.ncbi.nlm.nih.gov/genome/sts/). Unaffected members were
treated as “phenotype unknown” because of the incomplete and
age-dependent penetrance of moyamoya disease [20]. We
considered obligate carriers and subjects with unilateral occlusion
or stenosis around the circle of Willis as affected, as previously
reported [20]. The disease allele frequency was set at 0.00002 and
a phenocopy frequency of 0.000001 was assumed, as previously
reported [20]. Population allele frequencies were assigned equal
portions for individual alleles. We performed multipoint analyses
for autosomes and obtained logarithm of the odds (LOD) scores.
Haplotypes were constructed with GENEHUNTER and segrega-
tion was investigated using the constructed haplotypes.

To calculate the statistical significance level of the linkage to
17¢q25.3 in the eight families, we applied a bootstrap method using
simulation, as previously reported [25]. We simulated recombi-
nation events for 22 chromosomes in these eight families,
calculated multipoint LOD scores by GENEHUNTER and
obtained the maximum total LOD scores in each trial. The
simulation was run 10,000 times.

Exome analysis

We conducted exome analysis on one index case from each of
the eight families (peds. 2, 10, 14, 15, 17-20) (Figure 2), who were
diagnosed with moyamoya disease based on RCM]J criteria. We
targeted all protein-coding regions as defined by RefSeq37
(RefSeq in Appendix S1). Approximately 210,121 coding exons
in the 20,794 target genes from 10pg of genomic DNA from each
case were captured using an Agilent SureSelect Human All Exon
kit, following the manufacturer’s protocols. Briefly, DNA was
sheared by acoustic fragmentation (Covaris) and purified using a
QIAquick PCR Purification kit (Qiagen). The quality of the
fragmentation and purification was assessed with an Agilent 2100
Bioanalyzer. The fragment ends were repaired and adaptors were
ligated to them (NEBNext DNA sample prep; New England
Biolabs). The resulting DNA library was purified using a
QIAquick PCR Purification kit, amplified by PCR and captured
by hybridization to the biotinylated RNA library “baits” (Agilent).
The whole-exome DNA library was sequenced on an Ilumina
Genome Analyzer IIx in 76-bp paired-end reads using two
channels. Sequence reads were mapped to the reference human
genome (Ghr37/hgl9) (NCBI and UCSC Genome Browser in
Appendix S1) using ELANDv2 software (Illumina). Variant
detection was performed with CASAVA software (version 1.7;
Tlumina). Sequence calls were filtered to include only those with
>8 coverage, >30 consensus quality and >20 mapping quality.
Candidate variants were filtered by SAMtools (Appendix S1). For
comparison, we used an exome database of five Japanese controls,
who do not have histories of stroke, for which the analysis was
conducted by the same protocol and experimental procedures.
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Figure 2. The eight three-generation families and haplotype construction with fine markers. For familial index cases in the eight
pedigrees, the haplotypes are indicated by the boxes constructed in GENEHUNTER [24]. The smallest disease haplotype spanning from D1751806 to
152280147 was estimated by the region common to both 1411 in the pedigree 2 and 132 in pedigree 20.

doi:10.1371/journal.pone.0022542.g002

Direct sequencing of RNF213 and PCMTDT1 by the Sanger
method

Genomic DNA was extracted from blood samples with a
QIAamp DNA Blood Mini kit (Qiagen). The whole RNF213 gene
was sequenced, including the 5’ promoter region at least 2 kb
upstream of the first exon, 50-300 bp of each intron upstream and
downstream of each exon, all the exons and throughout the 3’
UTR. Target sequences, including the skipped exon 4 were based
on the open reading frame of NM_020914.4. Sequencing exon 8
of PCTDMI was conducted to confirm the exome result.
Sequencing primers were commercially synthesized (PROLIGO
Primers & Probes) (Table S3) (Appendix S1). The PCR products
were separated on an ABI Prism 3130 Avant DNA sequencer
(Applied Biosystems, Tokyo, Japan).

Deep sequencing of introns and intergenic regions of
RNF213

To search for a hidden causative variant, we sequenced the
entire 260-kb genomic region from the 5" end of SLC26411 (bp
78194200) to the 5’ end of NMPTXI (bp 78450404) (NCBI in
Appendix S1) in the index case of pedigree 11, who was
homozygous at 17q25.3 because of parental consanguineous
marriage, using two bacterial artificial chromosome (BAC) clones
(bp 78194200-78238718 and bp 78345170-78450404) (Table S4)
or by direct sequencing. The entire RNF213 gene including
promoters, 5'UTR, introns, exons and 3"UTR was sequenced in a
control sample in the same way as for the index case of pedigree
11. Since we failed to sequence intron 15 of RNF213, we used
Southern blotting to detect a possible expansion. Details of the
BAC cloning and Southern blotting are described in the Text S1.
The primer sequences are listed in Table S3.

Genotyping of five rare variants (ss179362671,
ss179362673 (p.R4810K), ss179362674, 55179362675
ss161110142) and 34 other single nucleotide
polymorphisms (SNPs)

Typing of the five rare variants and 34 SNPs was conducted using
Tagman probes (TagMan SNP Genotyping Assays; Applied
Biosystems) using a 7300/7500 Real-Time PCR System (Applied
Biosystems) (dbSNP 131 and Hapmap database in Appendix S1).
The transmitted haplotypes in 42 families were constructed using
GENEHUNTER. Details of the 39 SNPs are described in the Text
S1. The allele frequencies were determined in Japanese controls.

Copy number variations (CNVs)

We vperformed genotyping with Affymetrix 500K  arrays
(GeneChip® Mapping 250/500 K; Affymetrix, Inc.) according to
the manufacturer’s protocol. Genomic DNA samples donated by
the index cases of pedigrees 5, 11 and 18 and the control spouse of
2 of pedigree 18 were analyzed. The genome-wide call rates were
>95% for all the genomic DNAs. CNVs were identified from the
intensities using the Affymetrix GeneChip® Chromosome Copy
Number Analysis Tool software V.4.01. CNVs were observed
using CNAG viewer (Version 2.0; Takara).

Association study with p.R4810K (ss179362673)
Association studies were conducted between 161 Japanese cases
(41 index cases from Japanese families and unrelated 120 cases)
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and 384 Japanese controls, between 38 Korean cases (the index
case from a Korean family and 37 cases) and 223 Korean controls
and between 52 Chinese cases and 100 Chinese controls (Tables
S1 and S2). Cases were exclusively diagnosed as moyamoya by
RCM]J criteria.

The association was investigated using SNP & Variation Suite
V7 (Golden Helix, Inc. in Appendix SI). Allelic, additive,
dominant and recessive models were tested. Population-attribut-
able risk (PAR) was defined as PAR = 100%(K~y)/K, where K is
the population prevalence and y is the phenocopy proportion that
was estimated from the number of cases with the risk allele [21].

Screening of RNF213 polymorphisms in controls

Five RNF213 variants, p.D4863N, p.E4950D, p.A5021V,
p-D5160E and p.E5176G were screened in 757 East Asian
controls: 384 Japanese, 223 Korean, and 150 Chinese. Four
variants, p.N3962D, p.D4013N, p.R4062Q and p.P4608S, were
screened in 384 Caucasian controls: 120 Czech, 164 German, and
100 Caucasian. The screening methods are described in the Text
S1 and in Table S5.

Immortalized cell lines, cell culture and transient

transfection

Lymphoblastoid cell lines (LCLs) were isolated and immortal-
ized with Epstein-Barr virus for five unrelated controls (three
individuals, the spouse of individual 2 in pedigree 18 and the
spouse of individual 12 in pedigree 17) and six cases (individuals 2
and 22 in pedigree 18, individual 11 in pedigree 11 and individuals
12, 121 and 122 in pedigree 17). Hela cells and human
embryonic kidney (HEK) 293 cells were cultured in Dulbecco’s
modified Eagle’s medium (Invitrogen) supplemented with 10%
fetal bovine serum. Human umbilical vein endothelial cells
(HUVEQGs) and coronary artery smooth muscle cells (CASMCGs)
were grown in EBM-2 and SmBM-2 (Lonza), respectively.
Expression plasmids were transfected into cells using Lipofecta-~
mine LTX (Invitrogen) in accordance with the manufacturer’s
instructions.

Cloning of RNF213 and construction of an expression
vector

We cloned RNF213 and constructed wild-type and various
mutants of the RNF213 expression vector as described in the Text
S1. Nucleotide sequence data reported are available in the DDBJ/
EMBL/GenBank databases under the accession number AB537889
(NCBI in Appendix S1).

Detection of splicing products of RNF213 cDNA or
F1LJ35220 cDNA and real-time quantitative PCR

A Human Total RNA Master Panel II (Clontech Inc) and total
RNA from the Artery (BioChain) were reverse-transcribed into
cDNA using the High Capacity cDNA Reverse Transcription kit
{Applied Biosystems). We tested whether RNF213 cDNA skipped
exon 4 of RNF213 by molecular sizing and direct sequencing of
c¢DNA isolated from the RNA of the above human tissues,
HUVEQGs, and LCLs isolated from the five controls and six cases.
The PCR primers were designed to cover exons 3-5 as described
in the Text S1. We also tested whether or not FL735220 cDNA
skipped exon 11 of FL735220 due to G>A substitution in the
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