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LEOPARD syndrome (LS), generally caused by heterozygous
mutations in the PTPNII gene, is a rare autosomal-dominant
multiple congenital anomaly condition, characterized by skin,
facial, and cardiac abnormalities. Prognosis appears to be related
to the type of structural, myocardial, and arrhythmogenic
cardiac disease, especially hypertrophic cardiomyopathy
(HCM). We report on a woman with LS and a novel Gln510His
mutation in PTPN11, who had progressive HCM with congestive
heart failure and nonsustained ventricular tachycardia, success-
fully treated with implantable cardioverter defibrillator (ICD).
Comparing our patient to the literature suggests that specific
mutations at codon 510 in PTPN11 (GIn510Glu, GIn510His, but
not GIn510Pro) might be a predictor of fatal cardiac events in LS.
Molecular risk stratification and careful evaluations for an
indication of ICD implantation are liker to be beneficial in
managing patients with LS and HCM. © 2011 Wiley-Liss, Inc.

Key words: LEOPARD syndrome; PTPNI1; codon 510; hyper-
trophic cardiomyopathy; nonsustained ventricular tachycardia;
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INTRODUCTION

LEOPARD syndrome (LS) (OMIM#151100) is a rare autosomal-
dominant multiple congenital anomaly condition, characterized by
multiple lentigines, electrocardiographic (ECG) abnormalities,
ocular hypertelorism, pulmonary stenosis, genital abnormalities,
growth retardation, and sensorineural deafness [Sarkozy et al.,
2008]. LS is caused by heterozygous missense mutations in the
protein tyrosine phosphates, non-receptor type 11 gene (PTPN11)
in roughly 85% of the cases [ Digilio etal., 2002; Sarkozy et al., 2008].
The protein encoded by PTPN11 functions as a cytoplasmic signal-
ing transducer downstream of multiple receptors for growth
factors, cytokines, and hormones, with a particular role through
the RAS/mitogen activated protein kinase (MAPK) pathway
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[Sarkozy et al., 2008]. Disorders caused by mutations in various
RAS/MAPK pathway components have recently been coined as
“RASopathies”, including Noonan syndrome, neurofibromatosis
1, cardio-facio-cutaneous syndrome, Costello syndrome, and LS
[Rauen et al,, 2010; Marin et al., 2011].

The prognosis of LS depends on the type of cardiovascular
abnormality, especially hypertrophic cardiomyopathy (HCM)
[Limongelli et al., 2008; Lehmann et al., 2009], however there
have been few guidelines to manage complications. We report
on a woman with LS and a novel GIn510His mutation in
PTPN11, who had progressive HCM with congestive heart failure
and nonsustained ventricular tachycardia, successfully treated with
implantable cardioverter defibrillator (ICD) as for primary
prevention of sudden death.
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CLINICAL REPORT

The proposita is a 38-year-old Japanese woman who underwent
intracardiac repair of an atrial septal defect and pulmonary stenosis
at age 2 years, when cardiac hypertrophy was detected. In child-
hood, she was easily exhausted after exercise and had growth
retardation. At age 8 years, she was diagnosed with HCM with
heart failure, though detailed laboratory data was not available. Oral
administration of disopyramide and atenolol was initiated. In her
30s, she had generalized edema. Her plasma brain natriuretic
peptide level was elevated at around 2,000 pg/ml (normal values,
<18 pg/ml).

At age 37 years, she showed dyspnea, and was referred to our
hospital. Her height was 143 cm (—3.0 SD) and weight was 40.8 kg
(—=1.6SD). Her craniofacial features included hypertelorism,
prominent eyes, a flat nose with anteverted nostrils, low-set pos-
teriorly rotated ears, a long philtrum, thick lips, a high palate, and
multiple caries (Fig. 1A). Her skeletal features included a short neck
and short fingers with mild flexion contractures at the distal
interphalangeal joints. She had numerous lentigines (congenital
freckles) on the face (Fig. 1A) and café-au-lait spots on the back
(Fig. 1B). She had no apparent hearing impairment. Her blood
pressure was 130/66 mmHg, heart rate was 80 beats per minute, and
SpO2 was 97% under administration of 1 L/min oxygen. Grade 2
systolic murmurs were heard at the 4th left intercostal space. The
plasma brain natriuretic peptide level was 3,450 pg/ml. A chest
radiograph showed cardiomegaly with a cardiothoracic ratio as
62% and pulmonary congestion. An ECG showed complete right
bundle branch block and left axis deviation. Echocardiograph
showed thickening of the interventricular septum as 23 mm
(normal values, 7-12) and of the posterior wall of the left ventricle
as 30 mm (normal values, 7—12), and tricuspid valve regurgitation
with a pressure gradient as 35 mmHg. Pressure gradient of the left
ventricular outlet was 21 mmHg at rest (stress echo was not
performed to look for a provocable pressure gradient). Left ven-
tricular end-diastolic volume was 20 ml (normal values, 56—136)
and ejection fraction was 75% (normal values, >55). These findings
were consistent with non-obstructive HCM with left ventricular
hypertrophy and without low ejection fraction. The patient was
treated with candesartan (angiotensin II receptor blocker), tora-
semide (diuretics), carvedilol (beta blocker), and amiodarone
(antiarrhythmic agent), and her symptoms were improved with
a decreased brain natriuretic peptide level to 1,720 pg/ml.

A delayed enhanced cardiac magnetic resonance imaging
revealed severe concentric left ventricular hypertrophy with nar-
rowing of the internal cavity and scattered hyper-enhancement
regions that were suggested to be fibrosed myocardium [Moon
et al.,, 2003]. A 24-hour Holter ECG showed 1,406 multifocal
premature ventricular contractions and eight series of multifocal
nonsustained ventricular tachycardia. An electrophysiological
study, through a cardiac catheterization, demonstrated that
polymorphic ventricular tachycardia was induced by programmed
extrastimuli from the right ventricular apex with 400-250-
240-230ms, resulting in consciousness loss. According to the
American College of Cardiology/the American Heart Associa-
tion/the Heart Rhythm Society guidelines for device-based therapy
[Epstein et al., 2008], she has two major risk factors (left ventricular

wall thickness greater than or equal to 30 mm, nonsustained
ventricular tachycardia on Holter ECG) for sudden death in
HCM, and was considered to have a class Ila indication for ICD
implantation. We placed ICD (Atlas™ + DR, St Jude Medical),
which subsequently terminated several ventricular tachycardia
episodes with anti-tachycardia pacing.

MUTATION ANALYSIS

Genomic DNA was isolated from the peripheral blood leukocytes of
the patient. Each exon with flanking intronic sequences in PTPN11
was amplified by polymerase chain reaction (PCR) with primers
based on GenBank sequences. The primer sequences are available
on request. PCR amplification was performed under standard
condition using Taq DNA polymerase. After amplification, the
PCR products were gel-purified and sequenced on an ABI PRISM
310 automated DNA sequencer (Applied Biosystems, California).
A heterozygous missense mutation (c. 1,530 G > C; p. GIn510His)
was identified in exon 13 (data not shown).
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DISCUSSION

This patient fulfills the clinical diagnostic criteria of LS proposed by
Voron et al. [1976] with a novel heterozygous mutation Gln510His
in PTPN11, the major causative gene for LS. PTPN11 mutations in
patients with LS are clustered in exons coding the protein tyrosine
phosphatase domain, with two recurrent mutations in exons 7
(Tyr279Cys) and 12 (Thr468Met) in about 65% of PTPNII-
positive cases, and other rare mutations [Digilio et al., 2002;
Sarkozy et al., 2008]. Heterozygous missense mutations at codon
510 in exon 13 have been reported in 12 patients from eight families
including this patient (Table I) [Keren et al., 2004; Kalidas et al.,
2005; Takahashi et al., 2005; Digilio et al., 2006; Faienza et al., 2009;
Lehmann et al., 2009]. A GIn510Glu mutation was found in five
sporadic patients, who all manifested HCM with or without con-
genital heart defects. HCM was detected prenatally in two patients
[Digilio et al., 2006], on the first day of life in one [Faienza et al.,
2009], at age 1 month in one [Takahashi et al., 2005], and at age 23
years in one [Lehmann et al., 2009]. Pharmacotherapy including
diuretics and propranolol was effective in two patients with pro-
gressive HCM with left ventricular outflow tract obstruction and
congestive heart failure [ Takahashi et al., 2005; Digilio et al., 2006;
Limongelli et al., 2008]. Septal myectomy was required in one
[Digilio et al., 2006; Limongelli et al., 2008] and sudden death
occurred in one [Faienza et al., 2009]. On the other hand, a
GIn510Pro mutation was found in six patients from two families,
none of whom was described to manifest HCM, though three had
congenital heart defects and two were elders at publication [Keren
etal., 2004; Kalidas et al., 2005]. Limongelli et al. [2008] reviewed 24
LS patients with (n = 16) and without (n = 8) PTPN11 mutations.
They proposed mutations in exon 13 and codon 510 as molecular
predictors of adverse cardiac events (life-threatening arrhythmic
events, cardiac arrest, and heart failure), as wellas LVH at ECG, New
York Heart Association class >2, maximal wall thickness z-score
> +10, LVOT gradient >50 mmHg, and NSVT as clinical pre-
dictors of these events. However, six patients from two families with
a GIn510Pro mutation did not show HCM (Table 1) [Keren et al.,
2004; Kalidas et al., 2005]. Thus, presence of specific missense
mutations at codon 510 (GIn510Glu and GIn510His, not
GIn510Pro) would be a molecular risk factor of adverse cardiac
events. The boys described by Takahashi et al. [2005] and Faienza
et al. [2009] were diagnosed with Noonan syndrome because of no
pigmented spots at the time of publication. They might develop
lentigines and be diagnosed with LS, like the family described by
Kalidas et al. [2005] (the 4-year-old boy showed no lentigines, while
his mother and grandmother with the same mutation showed
multiple lentigines).

Management of each “RASopathy” might depend on the cardiac
phenotype. Whereas pulmonary valve stenosis with dysplastic
leaflets and atrial/ventricular septal defects are the most prevalent
cardiac defects in patients with Noonan syndrome caused by gain-
of-function mutations in PTPNI1I, HCM is the most frequent
cardiac complication and represents the only life-threatening prob-
lem in patients with LS caused by dominant-negative mutations in
PTPNI11 [Sarkozy et al., 2008; Marin et al., 2011]. Indeed, the
present patient could return to work under an appropriate cardiac
management including intensive pharmacotherapy for controlling

heart failure and ICD for preventing fatal arrhythmias. HCM in LS
patients, which in general is asymptomatic and involves the left
ventricle, is complicated by left ventricular outflow tract obstruc-
tion in up to 40% of the cases and frequently manifests during the
second infancy before multiple lentigines occur [Sarkozy et al.,
2008]. Therefore, those with LS, as well as those clinically diagnosed
with Noonan syndrome and having HCM, are recommended to
have molecular testing of PTPN1! for genotype-based risk strat-
ification of fatal cardiac events. LS patients with symptomatic HCM
should receive intensive pharmacotherapy including beta blockers,
calcium channel blockers, digoxin, diuretics, antiarrhythmic drugs,
and angiotensin-converting enzyme inhibitors, depending on their
symptoms and cardiac features; and for drug-refractory patients
with obstructive HCM, surgical relief of left ventricular outflow
obstruction is considered [Maron et al., 2003; Biagas and Hsu,
2006]. LS patients with symptomatic or asymptomatic HCM are
recommended to have regular cardiac ultrasonography to measure
left ventricular wall thickness and Holter ECG to detect nonsus-
tained ventricular tachycardia for an indication of ICD implanta-
tion. Furthermore, etiology-based therapy might be realized, as
recently published study by Marin et al. [2011], proposing effec-
tiveness of TOR inhibitors such as rapamycin for the treatment of
HCM in LS patients based on an evidence that dominant-negative
PTPNI11 mutations in LS would enhance mTOR activity as critical
for causing LS-associated HCM in a mouse model.

In conclusion, we have reported successful intervention through
ICD implantation on a woman with LS and progressive HCM
accompanied by congestive heart failure and nonsustained ven-
tricular tachycardia, who was found to have a novel GIn510His
mutation in PTPN11. Review of patients with mutations at codon
510 in PTPNII suggested that specific mutations (Gln510Glu,
GIn510His, not GIn510Pro) would be a predictor of fatal cardiac
events in LS. Molecular risk stratification and careful evaluations
for an indication of ICD implantation are likely to be beneficial in
managing patients with LS and HCM. Continued molecular char-
acterization with cardiac phenotypes of these patients is crucial in
further delineation of the risks as well as future etiology-based
therapy.
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HRAS mutants identified in Costello syndrome patients
can induce cellular senescence: possible implications
for the pathogenesis of Costello syndrome

Tetsuya Niihori', Yoko Aoki!, Nobuhiko Okamoto?, Kenji Kurosawa?®, Hirofumi Ohashi%, Seiji MizunoS,
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Costello syndrome (CS) is a congenital disease that is characterized by a distinctive facial appearance, failure to thrive, mental
retardation and cardiomyopathy. In 2005, we discovered that heterozygous germline mutations in HRAS caused CS. Several
studies have shown that CS-associated HRAS mutations are clustered in codons 12 and 13, and mutations in other codons

have also been identified. However, a comprehensive comparison of the substitutions identified in patients with CS has not

been conducted. In the current study, we identified four mutations (p.G12S, p.G12A, p.G12C and p.G12D) in 21 patients

and analyzed the associated clinical manifestations of CS in these individuals. To examine functional differences among the
identified mutations, we characterized a total of nine HRAS mutants, including seven distinct substitutions in codons 12 and

13, p.K117R and p.A146T. The p.A146T mutant demonstrated the weakest Raf-binding activity, and the p.K117R and

p.A146T mutants had weaker effects on downstream c-Jun N-terminal kinase signaling than did codon 12 or 13 mutants. We
demonstrated that these mutant HRAS proteins induced senescence when overexpressed in human fibroblasts. Oncogene-induced
senescence is a cellular reaction that controls cell proliferation in response to oncogenic mutation and it has been considered one
of the tumor suppression mechanisms in vivo. Our findings suggest that the HRAS mutations identified in CS are sufficient to
cause oncogene-induced senescence and that cellular senescence might therefore contribute to the pathogenesis of CS.

Journal of Human Genetics (2011) 56, 707-715; doi;10.1038/jhg.2011.85; published online 18 August 2011

Keywords: Costello syndrome; HRAS; phenotype-genotype; RAS/MAPK; senescence

INTRODUCTION

Costello syndrome (CS, OMIM 218040) is a genetic disorder that is
characterized by a distinctive facial appearance, loose skin, failure to
thrive, mental retardation, cardiomyopathy and a predisposition to
tumor formation.! Patients with CS have an estimated 13% chance of
developing tumors, usually rhabdomyosarcoma, neuroblastoma or

bladder cancer? Previously, we identified heterozygous germline
HRAS mutations in patients with CS.° It has been suggested that
the CS diagnosis should be applied only to patients with a muta-
tion in HRAS because of the high risk of malignancies associated
with HRAS mutations and the relative homogeneity of the CS
phenotype.*
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A total of 14 HRAS missense mutations and one duplication
mutation have been reported in 185 patients with CS>*2* or con-
genital myopathy with excess of muscle spindles®® Most of these
mutations have previously been reported as somatic and oncogenic
mutations in various tumors. More than 90% of the mutations found
in CS patients are clustered in codons 12 and 13 (p.G12A/S/V/C/D/E
and p.G13C/D). Other mutations, including p.Q22K, p.E37dup,
p.T581, p.E63K, p.K117R, p.A146V and p.A146T, have also been
identified, albeit rarely. Although the clinical manifestations of CS
appear to be homogeneous, several genotype-phenotype correlations
have been reported. Previous studies have also suggested that CS
patients with the p.G12A mutation may have an increased risk of
malignancy, compared with patients with p.G12S.7 Patients with the
p.G12C mutation had a more severe CS phenotype; these individuals
developed severe hypertrophic cardiomyopathy and died in the neo-
natal period. Patients with p.K117R or p.A146V had a milder and more
unusual CS phenotype, compared with patients with mutations in
codon 12 or 13. Though detailed analyses of some mutants have been
performed,'>?>28 a comprehensive comparison of the substitutions
identified in patients with CS has not been conducted.

The activated RAS/mitogen-activated protein kinase (MAPK) path-
way generally stimulates cell proliferation, but it can also result in
antiproliferation under certain conditions. Overexpressing HRAS
p.G12V in human and murine fibroblasts caused oncogene-induced
senescence (OIS),%-3! which protects cells from proliferating in the
presence of oncogene-induced damage.*>33 OIS is a cellular reaction
that controls cell proliferation in response to oncogenic mutation and
is considered a tumor suppression mechanism in vivo.>#3> Studies of a
zebrafish model of CS, which expresses HRAS p.G12V, have shown
that progenitor cells in the adult heart and brain undergo cellular
senescence, suggesting that OIS in adult progenitor cells contributes
to the development of CS. We hypothesized that OIS would be a key
mechanism of the clinical manifestations in patients with CS,
including short stature, osteoporosis and tumor suppressive effects.
However, it has not been verified that HRAS mutants other than
p.G12V cause cellular senescence.

The three aims of this study were the following: (1) to examine the
detailed clinical manifestations of CS in patients with HRAS muta-
tions, (2) to characterize a large panel of HRAS mutants to look for
differences among various mutations located in codon 12/13 and to
compare the effects of mutants in codon 12/13 with those of p.K117R/
p-A146T, and (3) to clarify whether HRAS mutants other than p.G12V
can cause OIS. To address these issues, we analyzed the HRAS
mutations in CS patients and studied the Raf-binding activity, down-
stream signaling and ability to cause senescence of a large panel of
HRAS mutants.

MATERIALS AND METHODS

Patients

A total of 31 patients suspected of having CS were recruited to the study. The
diagnosis of CS was evaluated by clinical geneticists. All patients had sporadic
cases. The study was approved by the Ethics Committee of the Tohoku
University School of Medicine.

Mutation analysis

We sequenced the HRAS genes of all patients in the study to confirm the
diagnosis of CS. After obtaining written informed consent, genomic DNA was
isolated from the peripheral leukocytes of patients. Four coding exons of HRAS
from 31 CS patients were sequenced. Each HRAS exon with flanking intronic
sequences was amplified using primers based on sequences obtained from
GenBank (GenBank accession no. NT035113). The M13 reverse or forward
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sequence was added to the 5 end of the polymerase chain reaction primers for
use, as a sequencing. polymerase chain reaction was performed in a 30ul
reaction containing 10mwm Tris-HCl (pH 8.3), 50mm KCl, 1.5mm MgCly,
0.2my deoxyribonucleotide triphosphate, 10% (v/v) dimethyl sulfoxide,
0.4 pmol each primer, 100ng genomic DNA and 2.5 units of Tag DNA
polymerase. The reaction consisted of 35 cycles of denaturation at 94 °C for
155, annealing at 57 °C for 15s and extension at 72 °C for 30s. The products
were gel-purified and sequenced on an Applied Biosystems 3130 Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA).

Plasmids

To introduce exogenous wild-type or mutated HRAS into cultured cells, we
constructed plasmids encoding wild-type or mutant HRAS cDNAs., Human
HRAS ¢DNA in pUSEamp was purchased from Upstate Biotechnology (Lake
Placid, NY, USA). The plasmid was digested with EcoRI and subcloned into
pBluescript KSI+ (Stratagene, La Jolla, CA, USA). Substitutions generating
p.GI2V (c35G>T), p.GI2A (c¢35G>C), p.GI12S (c.34G>A), p.Gl12C
(¢.34G>C), p.G12D (c.35G>A), p.G13C (c.37G>C), p.GI3D (c.38G>A),
p.K117R (c.350A>G) or p.Al46T (c.436G>A) were introduced using the
QuikChange Site-Directed mutagenesis kit (Stratagene). All mutant and wild-
type constructs were verified by sequencing. The full-length wild-type
and mutant HRAS ¢DNAs were digested with EcoRI and subcloned into the
pBabe-puro retroviral vector (GenHunter, Nashville, TN, USA) and the
pCAGGS expression vector (gifted by Dr Jun-ichi Miyazaki of Osaka Uni-
versity). The pBabe-zeo-Ecotropic Receptor plasmid (Addgene plasmid 10687,
Addgene Inc.,, Cambridge, MA, USA) was obtained from Addgene.

Cell culture and senescence-associated p-galactosidase staining
NIH 3T3 cells, human fibroblast BJ cells and the Phoenix Ampho and Eco
packaging cell lines were purchased from the American Tissue Culture Collection
(Manassas, VA, USA). NIH 3T3 cells were maintained in Dulbecco’s modified
Eagle medium containing 10% calf serum, 100 U/ml penicillin and 100 pg/ml
streptomycin, BJ and Phoenix cells were maintained in Dulbecco’s modified Eagle
medium containing 10% fetal calf serum, 100 U/ml penicillin and 100 pg/ml
streptomycin. To characterize the phenotypes of cells overexpressing wild-type or
mutated HRAS, senescence associated B-galactosidase staining was performed
with the Senescence B-Galactosidase Staining Kit (Cell Signaling Technology,
Beverly, MA, USA) according to the manufacturer’s protocol.

Ras activation assay

We performed RAS activation assays to clarify the functional differences among
the HRAS mutants identified in patients with CS. The Ras activation assay
kit was purchased from Millipore (Billerica, MA, USA). NIH 3T3 cells were
plated in 6-well plates at 1.5x10% cells per well. Cells were transfected
using Lipofectamine Plus (Invitrogen, Carlsbad, CA, USA) with 1 pg wild-type
or mutant HRAS construct. The assay was performed according to the
manufacturer’s protocol.

Luciferase assay

We used luciferase assays to examine the effect of the identified mutations on
the RAS pathway. NIH 3T3 cells were plated in 12-well plates at 1 x10° cells per
well. After 24h, cells were transiently transfected with 700 ng pFR-luc, 10ng
pFA2-EIkl or 10ng pFA2-cJun, 7ng phRLnull-luc and 35ng wild-type or
mutant HRAS construct, using Lipofectamine Plus (Invitrogen). At 18h after
transfection, the cells were serum starved in Dulbecco’s modified Eagle medium
for 24 h. Cells were then harvested in passive lysis buffer, and luciferase activity
was assayed using the Promega Dual-Luciferase assay kit (Promega, Madison,
WI, USA). Renilla luciferase expressed by phRLnull-luc was used to normalize
the transfection efficiency. The experiments were performed in triplicate.
Statistical analysis was performed with Tukey’s multiple comparison test.

Western blotting

We performed western blotting against molecular markers of premature
senescence to confirm their expression in cells overexpressing HRAS. Cells
were harvested at the indicated times, washed in ice-cold phosphate-buffered
saline and lysed on ice in lysis buffer (10 mm Tris-HCl, pH 7.5 and 1% sodium



dodecyl sulfate). Lysates were boiled for 5 min and centrifuged at 13000g for
10min at 4°C, Protein concentrations were estimated using the Lowry or
Bradford method (BioRad, Hercules, CA, USA), and each lysate was adjusted to
equalize the protein concentrations. Equal volumes of lysates were mixed with
2xsodium dodecy! sulfate sample buffer and boiled for 5 min. Electrophoresis
was performed on 5-15% sodium dodecyl sulfate-polyacrylamide gels. After
separation, proteins were transferred to nitrocellulose membranes. The mem-
branes were blocked in 5% non-fat dry milk in Tris-buffered saline with 0.1%
Tween 20 for 1h at room temperature and incubated overnight at 4 °C with
one of the following primary antibodies: HRAS (sc-520, Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), phospho-p44/42MAPK, p44/42MAPK (#9102
and #9101, respectively, Cell Signaling Technology, Danvers, MA, USA), pl16
(sc-468, Santa Cruz Biotechnology), phospho-p53 (Ser15) (#9284, Cell Signal-
ing Technology) or B-actin (A5316, Sigma, St. Louis, MO, USA). Detection was
performed using the enhanced chemiluminescence method (Amersham, GE
Healthcare UK, Amersham, UK), with the appropriate peroxidase-conjugated
secondary antibody.

Retroviral gene transfer

We generated cells that stably overexpressed wild-type or mutant HRAS by
retroviral gene transfer. Phoenix cells (5x10°) were plated in a 10cm dish,
incubated for 24h and then transfected with 18 pg of retroviral plasmid using
Fugene6 (Roche Applied Science, Mannheim, Germany). After 48 h, the virus-
containing medium was filtered through a 0.45-um filter and supplemented
with 4 pg/ml polybrene (Sigma) to collect the virus (first supernatant). Viruses
were collected after an additional 24h as before (second supernatant). BJ
fibroblasts were plated at 6x10° cells per 10cm dish and incubated overnight.
For infections, the culture medium was replaced with the first viral supernatant
and incubated at 37 °C for 8h, after which the second viral supernatant was
added. Infected cell populations were selected 40h later, using 2 pg/ml
puromycin or 200 pg/ml zeocin. The ecotropic retrovirus receptor was intro-
duced into the BJ human fibroblasts by infecting cell populations with an
amphotropic vector (pBabe-zeo-ecotropic receptor produced in Phoenix
Ampho cells), allowing subsequent infection with ecotropic viruses.

RESULTS

Mutation analysis in patients with CS

Genomic sequencing analysis of 32 individuals with confirmed or
suspected CS revealed four different missense mutations in 21
patients: a heterozygous 34G> A mutation (p.G12S) in 16 patients,
a heterozygous 35G>C mutation (p.G12A) in three patients,
a heterozygous 34G>T change (p.G12C) in one patient, and a
35G> A change (p.G12D) in one patient.

The clinical data for 21 CS mutation-positive patients are shown in
Table 1. Curly and/or sparse hair (21/21), failure to thrive (21/21),
coarse facial appearance (20/20), deep palmar/planter creases (20/21),
soft, loose skin (18/21) and relative macrocephaly (17/21) were
observed at high frequency in patients with CS, as previously
reported.!” Laryngomalacia (soft larynx), which has been reported
in several patients with CS,%*% was observed in three patients. One
patient had hypertension, which was also observed in a mouse model
of CS* One patient had glycogen storage disease type III, as
previously reported by Kaji et al,* accompanied by a p.G12S
mutation. Bladder cancer was observed in one patient.

One patient (NS 223) with HRAS p.G12C had severe clinical
manifestations of CS and was treated with pravastatin*' She was
born at 23 weeks of gestation with extremely low birth weight (766 g,
>90th percentile), even though her mother had received tocolytic
therapy. Her Apgar scores were 3 and 7 at 1 and 5 min, respectively.
She required mechanical ventilation. Extubation was attempted per-
iodically beginning at day 70, but it was unsuccessful until she turned
2 years old, because of her laryngomalacia and increased mucus
secretion. Hypertrophic cardiomyopathy was first observed on day
38. The patient was given propranolol and cibenzoline to control the
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gradual progression of hypertrophic cardiomyopathy. Cardiac arrest
after extubation occurred on day 192 and the patient was successfully
resuscitated. Papillomas developed at approximately 11 months of age.
Erosion and itching of skin were not well controlled by topical steroids
or antihistamines. Pravastatin (0.2~ 0.4 mg/kg/day) was administered
in anticipation of its suppressive effect on RAS, beginning when she
was 16 months old. Thereafter, the papillomas disappeared once and
appeared again, but were less numerous than when they first appeared.
The effects of pravastatin on hypertrophic cardiomyopathy were not
obvious. The patient was discharged from the hospital at 2 years
of age.

Analysis of mutant HRAS activation states and effects on the
downstream pathway

We performed RAS activation assays to elucidate functional differ-
ences among the mutants identified in patients with CS. We trans-
fected NIH 3713 cells with wild-type HRAS or one of the nine HRAS
mutants identified in patients with CS. We found an increase in
guanosine triphosphate (GTP)-bound HRAS in all cells transfected
with HRAS p.G12V, p.GI24A, p.G12S, p.G12C, p.G12D, p.Gl3C,
p.G13D, p.K117R and p.A146T. We did not detect any differences
among the increases of GTP-bound HRAS in the cells transfected with
HRAS p.G12V, p.G12A, p.G12S, p.G12C, p.G12D, p.G13C, p.G13D
and p.K117R. The increase in the level of GTP-bound HRAS-p.A146T
was milder than that of other mutants.

Next, we examined the effect of the identified mutations on the RAS
pathway by studying the activation of ELK1 and c-Jun in transfected
NIH 3T3 cells. ELKI and c-Jun are the main nuclear targets of
extracellular signal-regulated kinase and c-Jun N-terminal kinase,
respectively. We transfected the pFR-luc trans-reporter vector, the
pFA2-ELK1 or pFA2-cJun vector and the phRLnull-luc vector into
NIH 373 cells and determined the relative luciferase activity (RLA) in
each cell line. The basal RLA in cells transfected with active MEK1 or
MEKK constructs showed a three-fold increase, compared with cells
transfected with wild-type HRAS ¢DNA (Figure la). A significant
increase in RLA was observed upon transfection with ELK1 and HRAS
p.G12V, p.GI12A, p.G12S, p.G12C, p.G12D, p.G13C, p.G13D, p.K117R
and p.A146T (Figure 1b). The RLA of c-Jun was significantly increased
in cells transfected with HRAS p.G12V, p.G124A, p.G12S, p.G12C,
p.G12D, p.G13C and p.G13D (Figure 1c). In these assays with ELK1
and c-Jun, we observed no significant difference among RLAs in the
cells transfected with HRAS p.G12V, p.G12A, p.Gl2S, p.Gl12C,
p.GI2D, p.G13C and p.G13D. These results suggest that HRAS-
p-K117R and p.A146T had a weaker effect on the c-Jun N-terminal
kinase pathway than the other mutants.

Cellular senescence in human fibroblasts transfected with HRAS
mutants

The HRAS p.G12V mutant causes a senescence phenotype when
transduced into human diploid fibroblasts. To examine the ability of
the various mutants identified in patients with CS to cause senescence,
we introduced wild-type or mutated HRAS ¢DNAs into human
fibroblast BJ cells, using retroviral gene transfer. Figure 2a shows
these cells six days after infection. Wild-type HRAS-induced cells
exhibited a narrow and elongated morphology and they were not flat
like senescent cells. They proliferated at levels similar to cells trans-
fected with empty vector. In contrast, the p.G12V, p.G124, p.G12S,
p.G12C, p.G12D, p.G13C, p.G13D, p.KI117R and p.Al46T mutants
produced cells with a senescence phenotype, exhibiting flat, enlarged
and multivacuolated morphology and prominent nucleoli. Senescence
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Table 1 Clinical findings and HRAS mutations in our CS patients

Patients NS71 NS123 NS125 N§132  NSI137 N5139 NS156 NS157 NSI167 NS181 NS198 NS217
Gender F F F F M F M F M M M M
Age 9 months 11 years 17years 3 years 10 years 7 months 2 years 3 months 17 years 3 months 3 years 1 year 2 months 4 years 6 months
Paternal age at birth (years) 39 29 42 37 30 35 34 34 37 33 31 40
Maternal age at birth (years) 28 26 27 31 28 35 36 36 34 33 31 37
Growth and development

Postnatal failure to thrive + + + + + + + + + + + +

Mental retardation + + + + + + + + + + + +
Craniofacial characteristics

Relative macrocephaly + + + + + + + + + +

Coarse facial appearance + + + + + + + + +
Muscloskeltal characteristics

Short neck + + + + + + + - + - +

Hyperextensive fingers + + + - + + + + - — —

Tight Achilles tendon - + + + + - + - - — _

Abnormal foot position s + + + NA + NA - - + - +
Skin characteristics

Curly, sparse hair + + + + + + + + + Curly +

Soft, loose skin + + + + + + + - + + +

Deep palmer/ + + + + + + + + + + +

planter creases
Cardiac defect

Hypertrophic cardiomyopathy + - + - + + NA + - + - -

Others PS - - - - - PAC Anomalous septum V8D, Atrial - ASD, PSVT,

in the right atrium  arrhythmia  tachycardia PVC, CAR

Neoplasia

Papillomata - - + - - - NA + + - + -

Other tumors Bladder Heart

cancer neoplasia
Others
GH deficiency GSDIl Chiari |, Pyrolic Congenial stridor, Hypoplastic Hypertention Hydronephrosis, GER,
syringomyelia stenosis GH deficiency nails laryngomalacia

HRAS mutation

Nucleotide substitution ¢34G>A ¢.35G>C ¢.34G>A ¢.34G>A c.34G>A  ¢.34G>A c.34G>A ¢.34G>A c.34G>A  ¢.34G>A ¢.34G>A c.34G>A

Amino acid substitution p.G12S p.G12A p.G12S p.G128 p.Gl2S p.G12S p.G12S p.G12S p.G12S p.G12S p.G12S p.G12S
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Table 1 Continued

Patients NS223 NS231 NS239 NS248 NS254 NS263 NS299 NS318 NS324 Total

Gender F F M M F M F F F

Age 6 months 5 months 18 years 5 years 2 months 1 month 3 years 1 month 1 year 6 months

Paternal age 34 27 27 NA 37 35 34y 33 33

at birth (years)

Maternal age at 36 27 26 30 34 36 35y 32 33

birth (years)

Growth and development
Postnatal failure to thrive + + + + + + + + + 21/21
Mental retardation + + + + NA + + + + 20/20

Craniofacial characteristics
Relative macrocephaly - + + - + + - - + 17/21
Coarse facial appearance + + + + + + + + + 21/21

Muscloskeltal characteristics

Short neck - + NA NA + + + - - 14/19
Hyperextensive fingers - + - + + - - + + 13/21
Tight Achilles tendon + NA - + - - - + + 10/20
Abnormal foot position - - NA NA NA - - + + 9/16
Skin characteristics
Curly, sparse hair + Curly Curly + + + Curly + Curly 21/21
Soft, loose skin - + + + + + - + 18/21
Deep palmer/planter + - + + + + + + + 20/21
creases
Cardiac defect
Hypertrophic + - + + + + + + + 14720
cardiomyopathy
Other PAC PVC - - - - - PAC PAC
Neoplasia
Papillomata + - + - - - - - - 6/20
Other tumors
Others
Prabastatin Laryngomalasia, GH deficiency, Arnold  Empty sella, GH deficiency, Hyperinsulinemia Laryngomalasia Laryngomalasia
administration hydrocephallus Chiari, scoliosis hypothyroidism, hypogonadism, seizure

syringomyelia

HRAS mutation
Nucleotide substitution c.346>T c.35G>A ¢.34G>A c.34G>A c.34G>A c.35G>C c.34G>A c.35G>C c.34G>A

Amino acid substitution p.G12C p.G12D p.G12S p.G12S p.G12S p.G12A p.G12S p.G12A p.G12S

Abbreviations: ~, absent; +, present; ASD, atrial septal defect; F, female; GER, gastroesophageal relfux; GH, growth hormone; GSDIH, glycogen storage disease H1i; M, male; NA, not available; PAC, premature atrial contraction; PS, pulmonic stenosis; PSVT,
paroxysmal supraventricular tachycardia; PVC, premature ventricular contraction; VSD, ventricular septal defect.
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Figure 1 Functional characterization of HRAS mutants. (a) Ras-guanosine triphosphate (GTP) in NIH 3T3 cells transfected with wild-type or mutant HRAS
constructs. HRAS protein levels were similar in NIH3T3 cells expressing each protein and were subsequently used as a loading control. (b, ¢) Stimulation of
ELK (b) and c-Jun (c) transcription by HRAS mutants. The ELK-and c-Jun-GALA vectors and GAL4-luciferase trans-reporter vector were transiently
co-transfected with various HRAS constructs into unstimulated NiH 3T3 cells. Relative luciferase activity (RLA) was normalized to the activity of a
co-transfected control vector (phRLnull-luc) expressing Renilla reniformis luciferase. The results are expressed as the means and s.d. from tnphcate samples.
MEK1 and MEKK were used as positive controls. WT, wild type. *P<0.05; **P<O 01 compared with WT.

associated B-galactosidase staining confirmed that these cells showed
cellular senescence.

Two downstream signaling pathways, p53 and Rb-p16, are activated
during cellular senescence. To examine oncogene induced cellular
senescence at the molecular level, we assessed senescence markers,
including phosphorylated extracellular signal-regulated kinase, phos-
phorylated p53 and pl16, in cells expressing HRAS mutant proteins
(Figure 2b). As expected, phosphorylated p53 (Serl5) and p16 levels,
as well as phospho-extracellular signal-regulated kinase levels, were
significantly increased in the cells transfected with HRAS mutants
relative to cells transfected with mock vector or wild-type HRAS.
These results demonstrate that not only p.G12V, but also the other
eight CS-related HRAS mutants, can cause OIS.

DISCUSSION

In this study, we identified four HRAS mutations in 21 patients with
CS and evaluated their detailed clinical manifestations of the disease in
these patients. Biochemical analyses, including a GTP binding assay
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and luciferase assays to detect ELK and c-Jun trans-activation, showed
that there were no significant differences among the analyzed muta-
tions in codon 12/13. The p.A146T mutant demonstrated the weakest
Raf binding activity, and the p.K117R and p.A146T mutants had
weaker effects on downstream c-Jun N-terminal kinase signaling than
mutants in codon 12 or 13. Our results indicated that all HRAS
mutants detected in CS patients were able to cause OIS.

Our study is the first to demonstrate that HRAS mutants other than
p-G12V can induce senescence when they are overexpressed in human
fibroblasts. The symptoms of CS seem to be caused by either
hyperproliferation or hypoproliferation, coupled with growth factor
resistance, which may be ascribable to DNA damage response or OIS.
Postnatal cerebellar tonsillar herniation, Chiari 1 malformation,*
deep palmar and plantar creases and papillomata may all be caused
by hyperproliferation. In contrast, the poor weight gain, short stature
and endocrine dysfunction observed in CS patients**4> might be
caused by hypoproliferation. Adult brain and heart progenitor cells in
a zebrafish CS model with a homozygous HRAS p.G12V mutation
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Figure 2 Effect of Costello syndrome (CS)-associated HRAS mutants on primary fibroblasts. (a) BJ cells transduced with retroviruses expressing wild-type or
mutant HRAS. Images in the lowest tier show senescence-associated B-galactosidase staining. (b) Immunoblots of cellular lysates from BJ cells transduced
with empty vector (pBabe) or with wild-type or mutant HRAS retroviruses.
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exhibited cellular senescence, suggesting that the age-related worsening
of the Costello phenotype®® might occur, because the replicative
capability of adult progenitor cells is exhausted. Osteoporosis has
frequently been found in adult patients with CS,*” suggesting that
cellular senescence affects osteogenesis. However, further studies will
be needed to determine whether OIS indeed contributes to the
pathogenesis in patients with CS.

It has been suggested that clinical symptoms vary among patients
with mutations in codon 12 or 13. In previous studies, a total of 19 CS
patients have been reported to die from severe cardiomyopathy,
cardiac arrhysmia, rhabdomyosarcoma, respiratory failure, multi-
organ failure or sepsis. The number of fatal cases was 5/138
patients with p.G12S, 4/6 with p.G12C, 3/17 with p.G12A, 3/4 with
p.G12D, 2/2 with p.G12V, 1/1 with p.G12E and 1/1 with p.E63K. >
The mortality of patients with p.G12C or p.G12D was significantly
higher than that of the patients with the more common p.G12S
(P=0.026 by Fisher’s exact test). Previous studies have shown that
the p.G12V substitution has the highest transformative potential
(p.G12V>p.G124A, p.G12S, p.G12C, p.G12D>p.G13D) and is the
most frequently found mutation in human tumors.*¥** However, our
Ras activity assays and luciferase assays did not show any differences
among HRAS codon 12/13 mutants. This may be due to the extremely
high expression level of HRAS protein in our transient transfection
study, which could make it difficult to detect subtle differences
between mutants. Further studies will be necessary to clarify whether
the high mortality in patients with p.G12C or p.GI2D is due to
functional differences in these mutants or due to bias because of our
small sample size of patients.

Mutations at codons 117 and 146 are rare in CS and somatic
cancers. Meanwhile, mutations at codons G12, G13 and Q61 have
been shown to impair intrinsic and GTPase activating protein-
mediated GTP hydrolysis, leading to elevated levels of cellular RAS-
GTP. It has been reported that the nucleotide exchange rate of both
p.K117R and p.A146V HRAS is increased, relative to wild type.!>2728
However, the transformational potential of p.A146V HRAS is partially
activated,?” whereas that of p.K117R-HRAS is not; its transformational
activity is instead similar to that of GTPase impaired mutants.”® Qur
results and those of other reports suggest that p.K117R and p.A146T
have milder effects on downstream effectors than do mutations in
codon 12/13.

The clinical manifestations of CS in patients with p.K117R or
p.-Al46V mutations suggest that these alleles have distinct effects,
compared with mutations in codon 12/13. Of two CS patients with a
p.K117R mutation, one patient had an atypical phenotype such as
microretrognatism and slightly less-pronounced plantar and palmar
creases.” The other patient had mild craniofacial manifestations of
CS.!? One patient with the p.A146V mutation showed a mildly coarse
face and did not have deep palmar creases.® These atypical phenotypes
might be attributed to the mild effects of p.K117R or p.Al46V
compared with codon 12/13 mutants.

Inhibitors of the RAS/MAPK pathway could provide benefits for
patients with RAS/MAPK syndromes. Statins are 3-hydroxy-3-methyl-
glutaryl-CoA reductase inhibitors that result in decreased isoprenyla-
tion of RAS® and are now widely used for the treatment of
hyperlipidemia. Statins have been used to modify the clinical mani-
festation of neurofibromatosis type I, which is caused by a genetic
defect in a negative regulator of the RAS/MAPK pathway. Studies
using mouse models of NF1 (Nfl mice) have shown that treatment
with a statin reverses the cognitive deficits of these mice.5!
A randomized control trial for neurofibromatosis type 1 treatment
with simvastatin had a negative outcome.*® Furthermore, statins have
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displayed antitumor activity in experimental tumor models, though
clinical antitumor effects of statins have not been established.>® Well-
designed clinical studies will be needed to determine the effects of
statins or other RAS inhibitors on manifestations of CS.

In conclusion, we identified HRAS mutations in 21 patients and
examined the clinical manifestations of mutation-positive patients.
Functional analysis revealed that CS-causing mutant HRAS proteins
caused OIS in human fibroblasts. These findings may help enable
more accurate prognoses for patients with HRAS mutations and
contribute to our understanding of the mechanism underlying CS
pathogenesis.
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A genome-wide association study identifies RNF213
as the first Moyamoya disease gene

Fumiaki Kamada!, Yoko Aoki!, Ayumi Narisawa!?, Yu Abe!, Shoko Komatsuzaki', Atsuo Kikuchi?,
Junko Kanno!, Tetsuya Niihori!, Masao Ono?, Naoto Ishii®, Yuji Owada® Miki Fujimura?, 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 17q25-ter region. A single haplotype consisting
of seven SNPs at the RNF213 locus was tightly associated with MMD (P=5.3>10-10). 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=1.2x10-43, odds
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)."? 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%.'0 Third, the
prevalence of MMD is 10 times higher in East Asia, especially in
Japan (6 per 100 000 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,'% 6q25,1% 8q13-24,'0 12p12-131% and 17g25.1*
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 RNF213, in various
tissues.
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Microbiology and Immunology, Tohoku University School of Medicine, Sendai, Japan; 8Department of Organ Anatomy, Yamaguchi University Graduate School of Medicine, Ube,
Japan and “Department of Public Health, Graduate School of Medicine, Chiba University, Chiba, Japan
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Figure 1 (a) Abnormal brain vessels in MMD. The dotted circle indicates the X-ray field of cerebral angiography (left panel), Normal structures of the right
internal carotid artery (ICA), anterior cerebral artery (ACA) and middle cerebral artery (MCA) are illustrated (middie panel). The arrowheads indicate abnormal
collateral vessels appearing like a puff of smoke in the angiogram of an individual with MMD (right panel). Note that ACA and MCA are barely visible,
because of the occlusion of the terminal portion of the ICA. (b) Manhattan plot of the 785720 SNPs used in the genome-wide association analysis of MMD
patients. Note that the SNPs in the 17g25-ter region reach a significance of P<1078,

MATERIALS AND METHODS

Affected individuals

Genomic DNA was extracted from blood and/or saliva samples obtained from
members of the families with MMD (Supplementary Figure 1), MMD patients
with no family history and control subjects. All of the subjects were Japanese.
MMD was diagnosed on the basis of guidelines established by the Research
Committee on Spontaneous Occlusion of the Circle of Willis of the Ministry of
Health and Welfare of Japan. This study was approved by the Ethics Committee
of Tohoku University School of Medicine. Total RNA samples were purified
from Jeukocytes using an RNeasy mini kit (Qiagen, Hilden, Germany) and used
as templates for cDNA synthesis with an Oligo (dT),q primer and SuperScript
11 reverse transcriptase according to the manufacturer’s instructions (Invitro-
gen, Carlsbad, CA, USA).

Linkage analysis

For the linkage analysis, DNA samples were genotyped for 36 microsatellite
markers within five previously reported MMD loci using the ABI 373A DNA
Sequencer (Applied Biosystems, Foster City, CA, USA). Pedigrees and haplo-
types were constructed with the Cyrillic version 2.1 software (Oxfordshire, UK).
Multipoint analyses were conducted using the GENEHUNTER 2 software
(http://www.broadinstitute.org/ftp/distribution/software/genchunter/). Statistical
analysis was performed with SPSS version 14.0] (SPSS, Tokyo, Japan).

Genome-wide and locus-specific association studies

A genome-wide association study was performed using a group of 72 MMD
patients, which consisted of 64 patients without a family history of MMD and 8
probands of MMD families. The Illumina Human Omni-Quad 1 chip
(Ilumina, San Diego, CA, USA) was used for genotyping, and single-nucleotide
polymorphisms (SNPs) with a genotyping completion rate of 100% were used
for further statistical analysis (785 720 out of 1140 419 SNPs). Genotyping data

from 45 healthy Japanese controls were obtained from the database at the
International HapMap Project web site. The 785720 SNPs were statistically
analyzed using the PLINK software (http://pngu.mgh.harvard.edu/~purcell/
plink/index.shtml). For a locus-specific association study, we used 63 DNA
samples consisting of 58 non-familial MMD patients and 5 probands of MMD
families. A total of 384 SNPs within chromosome 17q25-ter were genotyped
(Supplementary Table 1), using the GoldenGate Assay and a custom SNP chip
(Ilumina). Genotyping data for 45 healthy Japanese were used as a control.
Case—~control single-marker analysis, haplotype frequency estimation and
significance testing of differences in haplotype frequency were performed using
the Haploview version 3.32 program (http://www.broad.mit.edu/mpg/haploview/).

Mutation detection

Mutational analyses of RNF2I3 and FLJ35220 were performed by PCR
amplification of each coding exon and putative promoter regions, followed
by direct sequencing. Genomic sequence data for the two genes were obtained
from the National Center for Biotechnology Information web site (http:/
www.nebinlm.nih.gov/) for design of exon-specific PCR primers. RNF213
¢DNA fragments were amplified from leukocyte mRNA for sequencing
analysis. Sequencing of the PCR products was performed with the ABI BigDye
Terminator Cycle Sequencing Reaction Kit using the ABI 310 Genetic Analyzer.
Identified base changes were screened in control subjects. Statistical difference
of the carrier frequency of each base change was estimated by Fisher’s exact test
(the MMD group vs the control group).

Quantitative PCR

MTC Multiple Tissue cDNA Panels (Clontech Laboratory, Madison, W1, USA)
were the source of cDNAs from human cell lines, adult and fetal tissues.
Mononuclear cells and polymorphonuclear cells were isolated from the fresh
peripheral blood of healthy human adults using Polymorphprep (Cosmo Bio,
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Carlsbad, CA, USA). T and B cells were isolated from the fresh peripheral blood
of healthy human adults using the autoMACS separator (Militeny Biotec,
Bergisch Gladbach, Germany). Total RNA was isolated from these cells with
the RNeasy Mini Kit (Qiagen) following the manufacturer’s instructions. We
reverse transcribed 100ng samples of total RNA into ¢cDNAs using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative
PCRs were performed in a final volume of 20 pl using the FastStart TagMan
Probe Master (Rox) (Roche, Madison, W1, USA), 5ul of ¢cDNA, 10um of
RNF- or GAPDH-specific primers and 10 pm of probes (Universal ProbeLibrary
Probe #80 for RNF213 and Roche Probe #60 for GAPDH). All reactions were
performed in triplicate using the ABI 7500 Real-Time PCR system (Applied
Biosystems). Cycling conditions were 2 min at 50°C and 10 min at 95°C, followed
by 40 cycles of 155 at 95°C and 60's at 60°C. Real-time PCR data were analyzed
by the SDS version 1.2.1 software (Applied Biosystems). We evaluated the relative
level of RNF213 mRNA by determining the Cr value, the PCR cycle at which the
reporter fluorescence exceeded the signal baseline. GAPDH mRNA was used as
an internal reference for normalization of the quantitative expression values.

Multiplex PCR

MTC Multiple Tissue cDNA Panels (Clontech) were the source of human cell
lines and ¢cDNAs from human adult and fetal tissues. Multiplex PCRs were
performed in a final volume of 20l using the Multiplex PCR Master Mix
(Qiagen), 2l of ¢cDNA, a 2pm concentration of RNF213 and a 10um
concentration of GAPDH-specific primers. The samples were separated on a
2% agarose gel stained with ethidium bromide. Cycling conditions were 15 min
at 94°C, followed by 30 cycles of 30s at 94 °C, 30s at 57°C and 30s at 72°C.
For normalization of the expression levels, we used GAPDH as an internal
reference for each sample.

In situ hybridization (ISH) analysis

Paraffin-embedded blocks and sections of mouse tissues for ISH were obtained
from Genostaff (Tokyo, Japan). The mouse tissues were dissected, fixed with
Tissue Fixative (Genostaff), embedded in paraffin by proprietary procedures
(Genostaff) and sectioned at 6 um. To generate anti-sense and sense RNA
probes, a 521-bp DNA fragment corresponding to nucleotide positions
470-990 of mouse Rnf213 (BC038025) was subcloned into the pGEM-T Easy
vector (Promega, Madison, WI, USA). Hybridization was performed with
digoxigenin-labeled RNA probes at concentrations of 300ngml™! in Probe
Diluent-1 {Genostaff) at 60°C for 16h. Coloring reactions were performed
with NBT/BCIP solution (Sigma-Aldrich, St Louis, MO, USA). The sections
were counterstained with Kernechtrot stain solution (Mutoh, Tokyo, Japan),
dehydrated and mounted with Malinol (Mutoh). For observation of Rnf213
expression in activated lymphocytes, 10-week-old Balb/c mice were intra-
peritoneally injected with 100 pg of keyhole limpet hemocyanin and incomplete
adjuvant and sacrificed in 2 weeks. The spleen of the mice was removed for
Hematoxylin—eosin staining and ISH analyses.

RESULTS

Using 20 Japanese MMD families, we reevaluated the linkage mapped
previously to five putative MMD loci. No locus with significant
linkage, Lod score >3.0 or NPL score > 4.0 was confirmed (Supple-
mentary Figure 2). We conducted a genome-wide association study
of 72 Japanese MMD cases. Single-marker allelic tests comparing
the 72 MMD cases and 45 controls were performed for 785720
SNPs using * statistics. These tests identified a single locus with a
strong association with MMD (P<107%) on chromosome 17q25-ter
(Figure 1b), which is in line with the latest mapping data of a
MMD locus.'® The SNP markers with P<107¢ are listed in Table 1.
To confirm this observation, we performed a locus-specific associa-
tion study. A total of 384 SNP markers (Supplementary Table 1) were
selected within the chromosome 17g25-ter region and genotyped in a
set of 63 MMD cases and 45 controls. The SNP markers demonstrat-
ing a high association with MMD (P< 10~) were clustered in a 151-kb
region from base position 75 851 399-76 003 020 (SNP No.116-136 in
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Table 1 A genome-wide association study of Japanese MMD patients and controls

95% confidence interval

Risk allele
frequency in controls

Risk allele
frequency in MMD

Risk allele/
non-risk allele

Lower Upper

P-value Odds ratio

X2

Gene

Chromosome Base position

SNP

17
17
17
17

3.532 15.34

7.36

6.95E-09
2.16E-08
3.53E-08
4.64E-08
4.64E-08
9.38E-08
9.38E-08
1.15E-07
1.63E-07
2.05E-07
2.05E-07

33.55
31.35

30.39

0.1111
0.3667
0.3889

0.3

RNF213 TIC

76025668
75963089
75941953

1511870849
156565681

04792
0.7361
0.75

8.489

2.733
2.673
2.642

2.642

4.819

RNF213

8.313

4.715

G/A

AG

RNF213

157216493
157217421

8.237

4.666
4.666

5.459

29.86
29.86
28.5

0.6667
0.6667
0.8819
0.8819
0.6667
0.7431
0.75

RNF213

75850055
75857 806
75926103

8.237
10.527
10.527

0.3

RNF213

17

1s12449863
rs4890009
SNP17-75933731

2.831

0.5778
0.5778
0.3111
0.3977
0.4111
0.5667

G/A

RNF213

17

2.831

5.458

28.5

G/A
T/C

17 75933731 RNF213
17
17 TIC

17
17

7

7.794
7.722
7.889

2.517

4,429

28.11

RNF213
RNF213

75867 365

rs7219131

2.483

4.378

27.43
26.99
26.99

75932037

rs6565677
rs4889848
157224239

2.444
2.659

4.297
5.03

RNF213 T
NG

75969256
75969771

9.529

0.8681

RNF213

11

6

Abbreviations: MMD, moyamoya disease; SNP, single-nucleotide polymorphism.A genome-wide association study testing 1 140419 SNPs on the Human Omni-Quad 1chip (Illumina, San Diego, CA, USA) was performed in 72 Japanese MMD cases. Single-
marker allelic tests between the cases and controls were performed using x? statistics for all markers. This table lists the 11 SNP markers with a significance of P« 1079,
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Figure 2 (a) Association analysis of 63 non-familial MMD cases and 45 control subjects. Statistical significance was evaluated by the y2-test. SNP markers
with a strong association with MMD (P<10-5) clustered in a 161-kb region (base position 75851 399-76 012 838) indicated by two dotted lines (upper
panel), which included the entire region of RNF213 (lower panel). Haplotype analysis revealed a strong association (P=5.3x10-10) between MMD and a
single haplotype located within RNF213. (b) Sequencing chromatograms of the identified MMD mutations. The left panel shows the sequences of an
unaffected individual and a carrier of a p.R4859K heterozygous mutation. The right panel indicates the sequencing chromatograms of the leukocyte cDNA
obtained from an unaffected individual and an individual with MMD who carries the p.R4859K mutation. Note that both wild-type and mutant alleles were
expressed in leukocytes. (c) The structure of the RNF213 protein. The RNF213 protein contains three characteristic structures, the AAA-superfamily ATPase
motif, the RING motif and the HMG-CoA reductase degradation motif. The positions of four mutations identified in MMD patients are underlined, including

one prevalent mutation (red) and three private mutations (black).

Supplementary Table 1); this entire region was within the RNF213
locus (Figure 2a). A single haplotype determined by seven SNPs
(SNP Nos.130-136 in Supplementary Table 1) that resided in the 3’
region of RNF213 was strongly associated with MMD onset
(P=5.3x10719). Analysis of the linkage disequilibrium block indicated
that this haplotype was not in complete linkage disequilibrium with
any other haplotype in this region (Supplementary Figure 3). These
results strongly suggest that a founder mutation may exist in the 3’
part of RNE213.

Mutational analysis of the entire coding and promoter regions of
RNF213 and FLJ35220, a gene 3" adjacent to RNF213, revealed that 19
of the 20 MMD families shared the same single base substitution,
¢.14576G> A, in exon 60 of RNF213 (Figure 2b and Table 2). This
nucleotide change causes an amino-acid substitution from
arginine®®? to lysine*®™ (p.R4859K). The p.R4859K mutation was
identified in 46 of 63 non-familial MMD cases (73%), including 45
heterozygotes and a single homozygote (Table 3). Both the wild-type
and the p.R4859K mutant alleles were co-expressed in leukocytes
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Table 2 Nucleotide changes with amino-acid substitutions identified in the sequencing analysis of RNF213 and FLJ35220

Genotype (allele)

Gene Exon  Nucleotide change® (amino-acid substitution)  Non-familial cases Control subjects P-value® 1? (df=1)¢ Odds ratio (95% Cl)
RNF213 29 ¢.7809C> A (p.D2603E) 2/63 (2/126) 15/381 (15/762) 0.77 0.09 0.80 (0.2-3.6)
RNF213 41 ¢.11818A>G (p.M3940V) 1/63 (1/126) 0/388 (0/776) 0.01 6.17 ND
RNF213 41 c.11891A>G (p.E3964G) 4/63 (4/126) 3/55 (4/110) 0.84 0.04 1.2 (0.3-5.5)
RNF213 52 c.13342G>A (p.A4448T) 4/63 (4/126) 2/53 (2/106) 0.53 0.39 1.7 {0.3-9.8)
RNF213 56 c.13846G>A (p.v4616 M) 1/63 (1/126) 0/388 (0/776) 0.01 6.17 ND
RNF213 59 c.14440G>A (p.V4814 M) 1/63 (1/126) 0/388 (0/776) 0.01 6.17 ND
RNF213 60 ¢.14576G>A (p.R4859K) 46/63 (47/126) 6/429 (6/858) 1.2x10°42 298.1 190.8 (71.7-507.9)
FLI35220 None

Abbreviations: ND, not determined; SNP, single-nucleotide polymorphism.

2Nucleotide numbers of RNF213 cDNA are counted from the A of the ATG initiator methionine codon (NCBI Reference sequence, NP_065965.4).

bPvalues were calculated by Fisher's exact test.
“Genotypic distribution (carrier of the polymorphism vs non-carrier).

Table 3 Association of the p.R4859K (c.14576G > A) mutation with
MMD

Genotype
wt/wt wt/p.RA859K p.R4859K/
Total (%) (%) p.RA859 K (%)

Members of 19 MMD families®

Affected 42 0 39(92.9) 3(7.1)

Not affected 28 15 (53.6) 13 (46.4) 0
Individuals without a family history of MMDPC

Affected 63 17 (27.0) 45(71.4) 1(1.6)

Not affected 429 423 (98.6) 6(1.4) 0

Abbreviations: MMD, moyamoya disease.

3Entire distribution, 32=29.4, P=4.2x10~7,

SEntire distribution, s2=298.2, P=1.8x1065,

Genotypic distribution (p.R4859K carrier vs non-carrier), 72=298.1, P=1.2x10-43, odds
ratio=190.8 (95% Cl=71.7-507.9).

%The age of onset and initial symptoms of the four homozygotes were comparable to those of
the 84 heterozygous patients.

in three patients heterozygous for the p.R4859K mutation
(Figure 2b), excluding the possible instability of the mutant RNF213
mRNA. Additional missense mutations, p.M3940V, p.V4616M and
p.V4814M, were detected in three non-familial MMD cases without
the p.R4859K mutation (Figure 2¢). These mutations were not found
in 388 control subjects and were detected in only one patient,
suggesting that they were private mutations (Table 2). No copy
number variation or mutation was identified in the RNF213 locus
of 12 MMD patients using comparative genome hybridization micro-
array analysis (Supplementary Figure 4). In total, 6 of the 429 control
subjects (1.4%) were found to be heterozygous carriers of p.R4859K.
Therefore, we concluded that the p.R4859K mutation increases the
risk of MMD by a remarkably high amount (odds ratio=190.8 (95%
confidence interval=71,7-507.9), P=1.2x10"%) (Table 3). It was
recently reported that an SNP (ss161110142) in the promoter region
of RPTOR, which is located ~ 150kb downstream from RNF213, was
associated with MMD.!7 Genotyping of the SNP in RPTOR showed
that the RNF213 p.R4859K mutation was more strongly associated
with MMD than ss161110142 (Supplementary Figure 1).

RNF213 encodes a protein with 5256 amino acids harboring a
RING (really interesting new gene) finger motif, suggesting that it
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functions as an E3 ubiquitin ligase (Figure 2c¢). It also has an AAA
ATPase domain, which is characteristic of energy-dependent unfol-
dases.'® To our knowledge, RNF213 is the first RING finger protein
known to contain an AAA ATPase domain. The expression profile of
RNF213 has not been previously fully characterized. We performed a
quantitative reverse transcription PCR analysis in various human
tissues and cells. RNF213 mRNA was highly expressed in immune
tissues, such as spleen and leukocytes (Figure 3a and Supplementary
Figure 5). Expression of RNF213 was detected in fractions of both
polymorphonuclear cells and mononudear cells and was found
in both B and T cell fractions (Supplementary Figure 6). A low but
significant expression of RNF213 was also observed in human umbi-
lical vein endothelial cells and human pulmonary artery smooth
muscle cells. Cellular expression was not enhanced in tumor cell
lines, compared with leukocytes. In human fetal tissues, the highest
expression was observed in leukocytes and the thymus (Supplemen-
tary Figure 6E). The expression of RNF213 was surprisingly low in
both adult and fetal brains. Overall, RNF213 was ubiquitously
expressed, and the highest expression was observed in immune tissues.

We studied the cellular expression of Rnf213 in mice. The ISH
analysis of spleen showed that Ruf213 mRNA was present in small
mononuclear cells, which were mainly localized in the white pulps
(Figures 3b—g). The ISH signals were also detected in the primary
follicles in the lymph node and in thymocytes in the medulla of the
thymus (Supplementary Figure 7). To study Raf213 expression in
activated lymphocytes we immunized mice with keyhole limpet
hemocyanin, and examined Rnf213 mRNA in spleen by ISH analysis.
Primary immunization with keyhole limpet hemocyanin antigen
revealed that the expression of Rnf213 in the secondary follicle is as
high as in the primary follicle in the lymph node (Supplementary
Figure 8). In an E16.5 mouse embryo, expression was observed in the
medulla of the thymus and in the cells around the mucous palatine
glands (Supplementary Figure 9). These findings suggest that mature
lymphocytes in a static state express Rif213 mRNA at a higher level
than do their immature counterparts.

DISCUSSION

We identified a susceptibility locus for MMD by genome-wide and
locus-specific association studies. Further sequencing analysis revealed
a founder missense mutation in RNF213, p.R4859K, which was tightly
associated with MMD onset. Identification of a founder mutation
in individuals with MMD would resolve the following recurrent



