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Table 1 Clinical findings and HRAS mutations in our CS patients

Patients NS71 NS123 NS125 NS132  NS137 NS139 NS156 NS157 NS167 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 + + + + - + i - -
Tight Achilles tendon - + + + + - + - - - - +
Abnormal foot position + + + + NA + NA - - + - +
Skin characteristics
Curly, sparse hair + + + + + + + + Curly +
Soft, loose skin - + + + + + + - + +
Deep palmer/ + + + + + + + + +
planter creases
Cardiac defect
Hypertrophic cardiomyopathy + - + + + NA + - + - -
Others PS - - - - B PAC Anomalous septum VSD, Atrial - ASD, PSVT,
in the right atrium  arrhythmia  tachycardia PVC, CAR
Neoplasia
Papillomata - - + - - - NA + + - + -
Other tumors Bladder Heart
cancer neoplasia
Others
GH deficiency GSDI Chiari 1, Pyrolic Congenial stridor, Hypoplastic Hypertention Hydronephrosis, GER,
syringomyelia stenosis GH deficiency nails laryngomalacia
HRAS mutation
Nucleotide substitution c.34G>A ¢.35G>C ¢.34G>A c34G>A ¢.34G>A c34G>A c.34G>A c.34G>A c.34G>A  ¢.34G>A c.34G>A c.34G>A
Amino acid substitution p.G12S p.G12A p.G12S p.G12S p.G12S p.G12S p.G12S p.G12S p.G12S p.G12S p.G12S p.G12S

014

30U3353US PUB § Ul SIEIW SYNH

fe 12 UoyiN |



SO1I3USY) UBWNY JO |euinop

Table 1 Continued

Fatients 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 - + - + + - - + + 13721
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 + — + + + + + + + 14/20
cardiomyopathy
Other PAC PVC - - PAC PAC

Neoplasia
Papillomata + - + - - - - - - 6/20
Other tumors

Others

Prabastatin Laryngomalasia, GH deficiency, Arold  Empty sella, GH deficiency, Hyperinsulinemia Laryngomalasia Laryngomalasia
administration hydrocephalius Chiari, scoliosis hypothyroidism, hypogonadism, sejzure
syringomyelia

HRAS mutation
Nucleotide substitution c.34G>T c.35G>A c.34G>A c.34G>A c.34G>A ¢.35G>C ¢.34G>A c.35G=»C c.34G>A
Amino acid substitution p.G12C p.G12D p.G12S p.G12S p.G128 p.G12A p.G12S p.G12A p.G12S

Abbreviations: -, absent; +, present; ASD, atrial septal defect; F, female; GER, gastroesophageal relfux; GH, growth hormone; GSDIII, glycogen storage disease lil; M, male; NA, not available; PAC, premature atrial contraction; PS, pulmonic stenosis; PSVT,
paroxysmal supraventricular tachycardia; PYC, 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-GAL4 vectors and GAL4-luciferase trans-reporter vector were transiently
co-fransfected 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 triplicate samples.
MEK1 and MEKK were used as positive controls. WT, wild type. *P<0.05; **P<0.01 compared with WT.

associated P-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 pl6, in cells expressing HRAS mutant proteins
(Figure 2b). As expected, phosphorylated p53 (Ser15) 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

Journal of Human Genetics

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***> 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 celiular 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.>>23
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.G12A, 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.GI12C or p.G12D 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.!327:28
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.?® Our
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.A146V 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.”!
A randomized control trial for neurofibromatosis type I 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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Abstract

A connection between LEOPARD syndrome (a rare autosomal dominant disorder) and autism specirum disorders { ASDs) may
exist. Of four related individuals (father and three sons) with LEOPARD syndrome, all patients exhibited clinical symptoms con-
sistent with ASDs, Findings included aggressive behavior and impairment of social interaction, communication, and range of inter-
ests, The coexistence of LEOPARD syndrome and ASDs in the related individuals may be an incidental familial event or indicative
that ASDs is associated with LEOPARD syndrome. There have been no other independent reports of the association of LEOPARD
syndrome and ASDs. Molecular and biochemical mechanisms that may suggest a connection between LEOPARD syndrome and

ASDs are discussed.

© 2010 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

LEOPARD syndrome (OMIM#151100) is a rare
autosomal dominant disorder characterized by
Lentigines, Electrocardiogram abnormalities, QGcular
hypertelorism, Pulmonic valvular stenosis, Abnormali-
ties of genitalia, Retardation of growth, and Deafness.
This syndrome is caused by germline missense mutations
in the PTPNII gene that encodes Src homology 2
domain-containing tyrosine phosphatase 2 (Shp2): non-
receptor protein-tyrosine phosphatase comprising two
N-terminal SH2 domains, a catalytic domain, and a C
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terminus with tyrosylphosphorylation sites and a pro-
line-rich stretch. The mutations induce catalytically
impaired Shp2 by a “dominant negative effect” [1-2].

In the more common Noonan syndrome, approxi-
mately 50% of paticnts have PTPN/! mutations scal-
tered over the entire Shp2, including the catalytic
domain. The mutations resulting in the Noonan pheno-
type arc the “gain-of-function” mutations, and they exhi-
bit substantially increased catalytic ability. Although
LEOPARD syndrome and Noonan syndrome are
caused by PTPNI] mutations resulting in opposite
effects, they share many common clinical features,
including physical dysmorphic findings and intellectual
disability [1].

The term “autism spectrum disorders (ASDs)” was
first used by Lorna Wing [3] and then widely used as a
category comprised of autistic disorder, Asperger's
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disorder, and other related conditions [4). These condi-
tions are very common neurobehavioral disorders that
are characterized by impairments in three behavioral
domains, including social interaction, language/commu-
nication/imaginative play, and a range of interests and
activities [3-5].

At least ten genes have been reported 1o be associaied
with ASDs [6]. Except for Rett syndrome, the other per-
vasive developmental disorder (PDD) subtypes includ-
ing autistic disorder, Asperger's disorder, disintegrative
disorder, and PDD Not Otherwise Specificd (PDDNOS)
are not tightly linked to any particular gene mutations.
Several common genetic syndromes are known to be
associated with ASDs. Autism is frequent in patients
with tuberous sclerosis (TSC) {7], with ncurofibromato-
sis type 1 (8,9} and with Fragile X syndrome {10]. Studics
of psychological profiles of adults with Noonan syn-
drome did not suggest a specific behavioral phenotype,
but difficulties with social competence and emotional
perceptions were noted [11]. A case of Noonan syn-
drome who was also diagnosed with autism was
reported [12]. The present study of neuropsychiatric
evaluation in & familial case of LEQPARD syndrome
indicates all patients satisfied the criteria of ASDs. An
association of LEQOPARD syndrome and ASDs has
not been reported previously. The familial case pre-
sented in this report may suggest such an association.

2. Patients and methods

After obtaining written informed consent, fifteen cod-
ing exons in PTPNII were sequenced in cach patient
following the methods described somewhere else [13].

Diagnostic and Statistical Manual of Mental Disor-
ders, Fourth Edition (DSM-IV-TR) [5] and The high-
functioning Autism Spectrum Screcning Questionnaire
(ASSQ) [14] were used in neuropsychiatric evaluation
of the subjects.

Patient 1 is a 20-year-old male who was born as the
second child to a non-consanguineous Japanese couple.
His carly devclopmental milestones were reportedly
unremarkable. He was clinically diagnosed with LEQP-
ARD syndrome at age 7 years based on findings that
included lentigines, multiple café-au-lait spots, electro-
cardiogram (ECG) abnormalitics, ventricular septal
defect, ocular hypertelorism, short stature, and unilateral
renal hypoplasia. PTPNII mutation analysis revealed a
heterozygous mutation of 1403C>T (T468 M). The
patient was diagnosed as having Asperger’s disorder
based on ASSQ and DSM-IV-TR, at age 12 years. His
intelligence quotient (IQ) by the Wechsler Intelligence
Scale for Children-third edition (WISC-11I) was 85 (ver-
bal: 77, parformance 98). His ASSQ score by mother's
rating was 41. He met the DSM-IV-TR diagnostic crite-
ria of Asperger's disorder with all subcategories in the
category of Qualitative impairment in social interaction

(Category 1), three subcategories (1,2, and 4) in the cat-
egory of Restricted repetitive and stereotyped patterns of
behavior, interests and activities (Category 2), and the
rest of the four categories (Table 1),

Patient 2 is a 135-year-old younger brother of Patient
I. His carly infantile developmental milestones were
unremarkable. He was diagnosed with growth retarda-
tion at age 2% years. At age 12 years his clinical findings
of a few café-au-lait spots, ocular hypertelorism, and
undescended testes led us to obtain PTPN/I mutation
analysis, which showed the same heterozygous mutation
of 1403C > T. At age 9 years, a diagnosis of Asperger's
disorder was made based on ASSQ and DSM-IV-TR.
His full-scale 1Q by WISC-I11 at age 9 years was 99 (ver-
bal 104, performance 92). His ASSQ score by parental
rating was 32 at age 15 years. He also met the Asperger's
disorder diagnostic criteriz with all subcategories of
Category 1, three of Category 2 (1, 2, and 4), and the
rest of the categories (Table 1)

Patient 3 is the 22-year-old eldest brother of Patients
| and 2. His developmental milestones were normal,
although his ritualistic behavior and difficulties in relat-
ing to peers were noted in his childhood. He had a sur-
gical repair of bilateral undescended testes and inguinal
hernia. He was diagnosed with Wolff-Parkinson-White
syndrome at age nine years. He has ocular hypertclorism
and short stature. The same PTPNI! heterozygous
mutation found in the two younger siblings was identi-
fied in this patient. He attends college, and was diag-
nosed as having PDDNQOS, because he also had
impaired development of reciprocal social interaction
associated with communication skills, repetitive routine,
and ritualistic behavior. His ASSQ score was 7 at age
22 years (Table 1).

Patient 4 is 4 55-year-old male who is the father of the
siblings. He has prominent lentigines, bilateral mild
hearing loss, cardiac anomalies, ECG abnormalities,
short stature, and apparent ocular hypertelorism. His
early developmental milestones are not well known.
He has been noted to have obsession with a specific
topic, repetitive routine and rituals, and clumsy move-
ments. At age 50 years, his social skills and aggressive
behavior were noted to be deteriorating, and conse-
quently he was suspected of having Asperger’s disorder
based on DSM-IV-TR. He met the diagnostic criteria of
Asperger’s disorder with Category 1 (1 and 3), Category
2 (1 and 2), and the rest of the four categories. His
ASSQ score was 20 at age 55 years by his wife’s evalua-
tion. He has the same heterozygous PTPNI! mutation
(Table 1).

3. Discussion
The presented familial case of LEOPARD syndrome

included individuals (patients 1, 2, and 4} diagnosed
with or suspected of having Asperger’s disorder, and



578 Y. Waranabe et al. | Brain & Development 33 (2011) 576-579

Table |
Summary of clinical findings and PTPNI! mutation.

Pi. 1 Male Pt. 2 Male P1. 3 Male Pt 4Male
Age 20y 15y 22y 55y
Physical findings
Skin: café-au-lait spots multiple a few a few a few
Lentigines +t +4+ - +h
Cardiac defecis VSD No No No
EK.G abnormalities + No WPW No
Qcular hypertelorism + + + +
Pulmonary stenosis No Ne No No
Abnormal genitalia No Und. Testes” Und. Testes” No
Renal anomalics R-hypoplasia No No No
Retardation of growth Yes + + No
Deafness No Mo No Yes
Miscellaneous:
Rocker bottom feet Yes Yes Yes No
Macrocephaly Yes Yes Yes No
PTPN!I mutation T468 M T468 M T468 M T468 M
Neuropsychological
Diagnosis AD” AD™ PDDNOS™™ AD”
ASSQ score'? (age) 41 (12y) 25y 7(22y) 20 (50 y}
WISC-HI™ (age) 85(12y) 99 (9 y) n/a nfi
-Verbal/performance 77498 104/92 nfa nfa

° Und. Testes, undescended testes.
” AD, Asperger's disorder.

oan

PDDNOS, Pervasive developmental disorder not otherwise specified.

9 ASSQ score, Autism Spectrum Screening Questionnaire Score. The cutoff score of 3 predicts 91% of the true positive rate of Autistic spectrum

disorders.
4 WISC-111, Wechsler Intelligence Scale for Children-third edition.

patient 3 was diagnosed as having PDDNOS, which
may lead to the diagnosis of ASD. ASDs were first
introduced by Lorna Wing, who suggested that Asper-
ger’s disorder is a type of ASD and described in detail
its various manifestations in speech, nonverbal commu-
nication, social interaction, motor coordination, motor
clumsiness, and idiosyncratic interests [3]. Patient 3 did
not have enough clinical symptoms to meet the diagnos-
tic criteria for Asperger's disorder; however, he had
some symptoms suggestive of ASD in his childhood that
led to a diagnosis of PDDNOS.

The ASSQ is a 27-item checklist for completion by
lay informants when assessing characteristic symptoms
of Asperger’s disorder and high-functioning autism in
children and adolescents with normal intelligence or
mild mental retardation. The ASSQ allows for rating
on a 3-point scale (0, 1, or 2; 0 indicating normality, 1
some abnormality, and 2 definite abnormality). The
range of possible scores is 0-54. The mean ASSQ parent
scores in the Asperger’s disorder validation sample were
25.1 (SD, 7.3) [14]. The cutoff score of 13 is 91% of the
true positive rate of ASDs. The ASSQ score was estab-
lished as a screening tool primarily for children between
6 and 17 years of age by parents andfor teachers, The
delayed cvaluation of patient 3 may account for the dif-
ference in diagnosis between this patient and his siblings.

ASDs are known to be associated with particular
genetic disorders such as fragile X syndrome {10,15,

16}, tuberous sclerosis (TSC) [7), and neurofibromatosis
type 1 [8.9]. Fifty percent of children with TSC have
behavioral problems in the form of ASDs. Gene muta-
tions in either 7SC! or TSC2 influence neural precur-
sors, resulting in abnormal cell differentiation and
dysregulated control of cell size. These cells migrate to
the cortex to generate an abnormal collection of inap-
propriately positioned ncurons, causing widespread cor-
tical disorganization and structural abnormalities [7].
Mutations in PTPNIJ causing LEOPARD syndrome
induce catalytically impaired Shp2. In situ hybridization
detected Shp2 expression in the neural cctoderm and
nervous system in mousc cmbryos, suggesting an
involvement of Shp2 in neural development. Shp2 is a
critical signaling molecule in the coordinated regulation
of progenitor cell proliferation and neuronal/astroglial
cell differentiation. The studics with mutant mouse
strains with Shp2 selectively deleted in neural precursor
cells showed a dramatic phenotype of growth retarda-
tion, early postnatal lethality, and multiple defects in
proliferation and cell fate specification in ncural stem/
progenitor cells [17]. The product of the TSC2 gene tub-
erin is known to up-regulatec the B-RAF/MEK/MAPK
signal transduction pathway. B-RAF is required for
neuronal differentiation, suggesting another possible
link between B-RAF signaling and the clinical manifes-
tations of TSC including ASDs [18]. Disturbed neuronal
cell differentiation and development due to mutations in
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the TSC genes and the PTPN1] gene are likely to con-
tribute 10 the development of ASDs in patients with
these syndromes.

NF-I is well known to be associated with ASDs. The
prevalence of autism in patients with NF-I was reporied
to be 4% [9]. The well-known function of the NF-]
protein is to act as a RAS-GTPase-activating protein
known to be involved in the regulation of the RAS-
mitogen-activated protein kinasc (MAPK) pathway.
Mutations in the NF-I gene are thought to result in acti-
vation of the RAS/MAPK signal transduction pathway
[2}. Clinical overlap between LEOPARD syndrome and
NF-1 is also well known [19).

Approximately 50% of patients with Noonan syn-
drome are due to missense PTPN/I mutations [20].
PTPN1! encodes SHP2, a protein tyrosine phosphatase,
that is involved in the activation of the RAS/MAPK cas-
cade {2]. Noonan syndrome is caused by “gain of func-
tion” PTPNHI mutations (1,2}, and the SHP2 mutants
due to the PTPN!! mutations causing Noonan syn-
drome cause prolonged activation of the RAS/MAPK
pathway [2]. Schubbert et al. [21] reported that germline
KRAS mutations cause Noonan syndrome through the
hyperactive RAS/MAPK pathway.

Herault et al. {22] reported a positive association of
the HRAS gene and autism. The psychological profiles
of adults and children with Noonan syndrome have
been studied, and deficiencies in social and emotional
recognition and expression have been identified in
adults, while low verbal IQ, clumsiness, and impairment
of developmental coordination have been reported in
children [23].

To date, there have been no reports 1o suggest an
association of LEOPARD syndrome and ASDs. Our
observations in this familial case may suggest at least
some degree of association between LEOPARD syn-
drome and ASD phenotypes possibly through the
RAS/MAPK signal transduction pathway. Further
studies with more patients with LEOPARD syndrome
are needed 1o establish the association and to investigate
the genctic contributing factors causing ASDs, leading
to the prevention and earlier detection of ASDs and bet-
ter management of patients with these disorders.
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ORIGINAL ARTICLE

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

Fumiaki Kamada!, Yoko Aoki!, Ayumi Narisawal?, Yu Abe!, Shoko 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 17g25-ter region. A single haplotype consisting
of seven SNPs at the RNF213 locus was tightly associated with MMD (P=5.3x10~19), RNF213 encodes a really interesting
new gene finger profein 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%.!% 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 3p24-26,12 6q25,'% 8q13-24,'° 12p12-13'% and 17q25.14
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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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 (middle 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 ccclusion 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 17q25-ter region reach a significance of P<10-8.

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 leukocytes using an RNeasy mini kit (Qiagen, Hilden, Germany) and used
as templates for cDNA synthesis with an Oligo (dT),q primer and SuperScript
II 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/genehunter/). 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 1 140 419 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 RNF213 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.nebi.nlm.nih.gov/) for design of exon-specific PCR primers. RNF213
cDNA 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 ¢DNAs using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative
PCRs were performed in a final volume of 20 ul using the FastStart TagMan
Probe Master (Rox) (Roche, Madison, WI, USA), 5ul of cDNA, 10pum 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.

Upper
15.34
8.489
8.313
8.237
8.237
10.527
10.527
7.794
7.722
7.889
9.529

95% confidence interval

Lower
3.532
2.733
2.673
2.642
2.642
2.831
2.831
2517
2483
2.444
2.659

Odds ratio
7.36
4.819
4.715
4.666
4,666
5.459
5.458
4,429
4,378
4.297
5.03

P-value
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

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), 2ul of ¢DNA, a 2um 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.

XZ
33.55
31.35
30.39
29.86
29.86
28.5
28.5
28.11
27.43
26.99
26.99

Risk allele
frequency in controls
0.1111
0.3667
0.3889

0.3

0.3

0.5778
0.5778
0.3111
0.3977
04111
0.5667

* 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 6um, 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 NBI/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 Ruf213
expression in activated lymphocytes, 10-week-old Balb/c mice were intra-
peritoneally injected with 100 ug 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.

Risk allele
frequency in MMD
0.4792
0.7361

0.75

0.6667
0.6667
0.8819
0.8819
0.6667
0.7431
0.75

0.8681

G/A

AG
AIG
/T
G/A
TH
CIT
AG

Risk allele/
non-tisk allele
C

Gene
RNF213
RNF213
RNF213
RNF213
RNF213
RNF213
RNF213
RNF213
RNF213
RNFZ13
RNF213

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 y? 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< 10~ 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 17q25-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

Base position
76025668
75963 089
75941953
75850055
75857 806
75926103
75933731
75867 365
75932037
75969256
75969771

7
17
17
17

1
17

Chromosome
1
1
1
1
1
c tests between the cases and controls were performed using y? statistics for all markers. This table lists the 11 SNP markers with a significance of P<10-6,

SNP
1511870849
rs6565681
157216493
157217421
1512449863
rs4890009
SNP17-75933731
rs7219131
1s6565677
rs4889848
rs7224239

Abbreviations: MMD, moyamoya disease; SNP, single-nuclestide polymorphism.A genome-wide association study testing 1 140419 SNPs on the Human Omni-Quad 1chip (llumina, San Diego, CA, USA) was performed in 72 Japansse MMD cases. Single-

Table 1 A genome-wide association study of Japanese MMD patients and controls

1
2
3
4
5
6
7
8
9
1
1
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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-%) 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=5.3x10710) 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 ieukocyte cDNA
obtained from an unaffected individual and an individual with MMD who carries the p.R4859K mutation. Note that both wild-type and mutant alleies 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 matif. 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=5.3x10"19). 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 RNF213.

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  Nuclectide change® (amino-acid substitution) — Non-familial cases Control subjects P-value® ¥2 (df=1)¢ 0dds ratio (95% ClI)
RNF213 29 ¢.7809C>>A (p.D2603E) 2163 (2/126) 15/381 (15/762) 0.77 0.09 0.80 (0.2-3.6)
RNF213 41 c.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 ¢.13342G>A (p.A4448T) 4/63 (4/126) 2/53 (2/106) 0.53 0.39 1.7 (0.3-9.8)
RNF213 56 ¢.13846G>A (p.V4616 M) 1/63 (1/126) 0/388 (0/776) 0.01 6.17 ND
RNF213 59 ¢.14440G>A (p.v4814 M) 1/63 (1/126) 0/388 (0/776) 0.01 6.17 ND
RNF213 60 ¢.14576G>A (p.R4859 K) 46/63 (47/126) 6/429 (6/858) 1.2x10743 298.1 190.8 (71.7-507.9)
FLI35220 None

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

#Nucleotide numbers of RINF213 cDNA are counted from the A of the ATG initiatar methionine codon (NCBI Reference sequence, NP_0653965.4).

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

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

Genotype
wi/wt wi/p.R4859K D.R4859K/
Total (%) (%) p.R4859 K (%1

Members of 19 MMD families®

Affected 42 o] 39(92.9) 3.1

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(1.8)

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

Abbreviations: MMD, moyamoya disease.

2Entire distribution, 72=29.4, P=4,2x10-7,

SEntire distribution, 72=298.2, P=1.8x10"%5

Genotypic distribution (p.R4859K carrier vs non-carrier), z2=298.1, P=1.2x10-*3, odds
ratio=190.8 {95% Ci=71.7-507.9).

9The 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=12x10"*%) (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

Journal of Human Genetics

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 mononuclear 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 Rnf213 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 Rnf213 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
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Figure 3 Expression of human RNF213 and murine Rnf213. (a) RT-PCR analysis of RNF213 mRNA in various human tissues. The expression levels of
RNF213 mRNA in various adult human tissues were evaluated by quantitative PCR using GAPDH mRNA as a control. The signal ratio of RNFZ13 mRNA to
GAPDH mRNA in each sample is shown on the vertical axis. (b~g) /n situ hybridization (ISH) analysis of Rnf213 mRNA in mouse spleen. Specific signals for
Rnf213 mRNA were detected by ISH analysis with the anti-sense probe (b) but not with the sense probe (c). Hematoxylin—eosin staining of the mouse
spleen {d). Signals for the Rnf213 mRNA were observed in small mononuclear cells, which were mainly localized in the white pulps {(dotted square, e} and
partially distributed in the red pulps (dotted squares, f and g). Panels e, f and g show the high-magnification images of the corresponding fields in panel b.

Scale bars, 1 mm (b~d) and 50 um (e-g).

questions:>!? (i) why is MMD more prevalent in East Asia than in
Western countries? The carrier frequency of p.R4859K in Japan is 1/72
(Table 2). In contrast, we found no p.R4859K carrier in 400 Caucasian
controls (data not shown). Furthermore, no mutation was identified
in five Caucasian patients with MMD after the full sequencing of
RNF213. These results suggest that the genetic background of MMD
in Asian populations is distinct from that in Western populations
and that the low incidence of MMD in Western countries may
be attributable to a lack of the founder RNF213 mutation. (ii) Is
unilateral involvement a subtype of MMD or a different disease?” We
collected DNA samples from six patients with unilateral involvement
and found a p.R4859K mutation in four of them (data not shown),
suggesting that bilateral and unilateral MMD share a genetic back-
ground. (iii) Is pre-symptomatic diagnosis of MMD possible? In the
present study, MMD never developed in the 15 mutation-negative
family members in the 19 MMD families with the p.R4859K mutation
(Table 3 and Supplementary Figure 1), suggesting the feasibility of
presymptomatic diagnosis or exclusion by genetic testing.

How the mutant RNF213 protein causes MMD remains to be
elucidated. The expression of RNF213 was more abundant in a subset
of leukocytes than in the brain, suggesting that blood cells have
a function in the etiology of MMD. This observation agrees with a
previous report that MMD patients have systemic angiopathy.?’

Recent studies have suggested that the postnatal vasculature
can form through vasculogenesis, a process by which endothelial
progenitor cell are recruited from the splenic pool and differentiate
into mature endothelial cells.?! Levels of endothelial progenitor cells
in the peripheral blood are increased in MMD patients.”? RNF213
may be expressed in splenic endothelial progenitor cells and mutant
RNF213 might dysregulate the function of the endothelial progenitor
cells. Further research is necessary to elucidate the role of RNF213 in
the etiology of MMD.
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SHORT COMMUNICATION

Androgenetic/biparental mosaicism in a girl with
Beckwith-Wiedemann syndrome-like and
upd(14)pat-like phenotypes

Kazuki Yamazawal®, Kazuhiko Nakabayashi?, Kentaro Matsuoka®, Keiko Masubara!, Kenichiro Hata?,
Reiko Horikawa* and Tsutomu Ogata!

This report describes androgenetic/biparental mosaicism in a 4-year-old Japanese girl with Beckwith-Wiedemann syndrome
(BWS)-like and paternal uniparental disomy 14 (upd(14)pat)-like phenotypes. We performed methylation analysis for 18
differentially methylated regions on various chromosomes, genome-wide microsatellite analysis for a total of 90 loci and
expression analysis of SNRPN in leukocytes. Consequently, she was found to have an androgenetic 46,XX cell lineage and a
normal 46,XX cell lineage, with the frequency of the androgenetic cells being roughly calculated as 91% in leukocytes, 70%
in tongue tissues and 79% in tonsil tissues. It is likely that, after a normal fertilization between an ovum and a sperm, the
paternally derived pronucleus alone, but not the maternally derived pronucleus, underwent a mitotic division, resulting both in
the generation of the androgenetic cell lineage by endoreplication of one blastomere containing a paternally derived pronucleus

and in the formation of the normal cell lineage by union of paternally and maternally derived pronuclei. it appears that the
extent of overall (epi)genetic aberrations exceeded the threshold level for the development of BWS-like and upd(14)pat-like
phenotypes, but not for the occurrence of other imprinting disorders or recessive Mendelian disorders.
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INTRODUCTION
A pure androgenetic human with paternal uniparental disomy for
all chromosomes is incompatible with life because of genomic
imprinting.'? However, a human with an androgenetic cell lineage
could be viable in the presence of a normal cell lineage. Indeed, an
androgenetic cell lineage has been identified in six liveborn individuals
with variable phenotypes.>” All the androgenetic cell lineages have
a 46,XX karyotype, and this is consistent with the lethality of an
androgenetic 46,YY cell lineage.

Here, we report on a girl with androgenetic/biparental mosaicism,
and discuss the underlying factors for the phenotypic development.

CASE REPORT

This patient was conceived naturally to non-consanguineous and
healthy parents. At 24 weeks gestation, the mother was referred to
us because of threatened premature delivery. Ultrasound studies
showed Beckwith-Wiedemann syndrome (BWS)-like features,® such
as macroglossia, organomegaly and umbilical hernia, together with

polyhydramnios and placentomegaly. The mother repeatedly received
amnioreduction and tocolysis.

She was delivered by an emergency cesarean section because of
preterm rupture of membranes at 34 weeks of gestation. Her birth
weight was 3730g (+4.8s.d. for gestational age), and her length
45.6cm (+0.7s.d.). The placenta weighed 1040g (+7.3s.d.).° She
was admitted to a neonatal intensive care unit due to asphyxia.
Physical examination confirmed a BWS-like phenotype. Notably,
chest roentgenograms delineated mild bell-shaped thorax character-
istic of paternal uniparental disomy 14 (upd(14)pat),'® although coat
hanger appearance of the ribs indicative of upd(14)pat was absent
(Supplementary Figure 1). She was placed on mechanical ventilation
for 2 months, and received tracheostomy, glossectomy and tonsillect-
omy in her infancy, due to upper airway obstruction. She also had
several clinical features occasionally reported in BWS® (Supplementary
Table 1). Her karyotype was 46,XX in all the 50 lymphocytes analyzed.
On the last examination at 4 years of age, she showed postnatal growth
failure and severe developmental retardation.
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MOLECULAR STUDIES

This study was approved by the Institutional Review Board Commit-
tee at the National Center for Child health and Development, and
performed after obtaining informed consent.

Methylation analysis

We first performed bisulfite sequencing for the H19-DMR (differen-
tially methylated region) and KvDMRI as a screening of BWS! 12 and
that for the IG-DMR and the MEG3-DMR as a screening of
upd(14)pat,’® using leukocyte genomic DNA. Paternally derived
clones were predominantly identified for the four DMRs examined
(Figure 1a). We next performed combined bisulfite restriction analysis
for multiple DMRs, as reported previously.'® All the autosomal
DMRs exhibited markedly skewed methylation patterns consistent
with predominance of paternally inherited clones, whereas the XIST-
DMR on the X chromosome showed a normal methylation pattern
(Figure la).

Genome-wide microsatellite analysis

Microsatellite analysis was performed for 90 loci with high hetero-
zygosities in the Japanese population.!* Major peaks consistent with
paternal uniparental isodisomy and minor peaks of maternal origin
were identified for at least one locus on each chromosome, with the
minor peaks of maternal origin being more obvious in tongue and

tonsil tissues than in leukocytes (Figure 1b and Supplementary
Table 2). There were no loci with three or four peaks indicative of
chimerism. The frequency of the androgenetic cells was calculated
as 91% in leukocytes, 70% in tongue cells and 79% in tonsil cells,
although the estimation apparently was a rough one (for details, see
Supplementary Methods).

Expression analysis
We examined SNRPN expression, because SNRPN showed strong
expression in leukocytes (for details, see Supplementary Data).
SNRPN expression was almost doubled in the leukocytes of this
patient (Figure lc).

DISCUSSION

These results suggest that this patient had an androgenetic 46,XX cell
lineage and a normal 46,XX cell lineage. In this regard, both the
androgenetic and the biparental cell lineages appear to have derived
from a single sperm and a single ovum, because a single haploid
genome of paternal origin and that of maternal origin were identified
in this patient by genome-wide microsatellite analysis. Thus, it is likely
that after a normal fertilization between an ovum and a sperm,
the paternally derived pronucleus alone, but not the maternally
derived pronucleus, underwent a mitotic division, resulting both in
the generation of the androgenetic cell lineage by endoreplication of
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Figure 1 Representative molecular results. (a) Methylation analysis. Upper part: Bisulfite sequencing data for the H19-DMR and the KvDMR1 on 11p15.5,
and those for the IG-DMR and the MEG3-DMR on 14g32.2, Each line indicates a single clone, and each circle denotes a CpG dinucleotide; filled and open
circles represent methylated and unmethylated cytosines, respectively. Paternally expressed genes are shown in blue, maternally expressed gene in red, and
the DMRs in green. The H19-DMR, the IG-DMR, and the MEG3-DMR are usually methylated after paternal transmission and unmethylated after maternal
transmission, whereas the KvDMR1 is usually unmethylated after paternal transmission and methylated after maternal transmission.1011 Lower part:
Methylation indices (the ratios of methylated clones) obtained from the COBRA analyses for the 18 DMRs. The DMRs highlighted in blue and pink are
methylated after paternal and maternal transmissions, respectively. The black vertical bars indicate the reference data (maximum - minimum) in leukocyte
genomic DNA of 20 normal control subjects (the X/IST-DMR data are obtained from 16 control females). (b) Representative microsatellite analysis. Major
peaks of paternal origin and minor peaks of maternal origin (red arrows) have been identified in this patient. The minor peaks of maternal origin are more
obvious in tongue and tonsil tissues than in leukocytes (Leu.). (c) Relative expression level (mean £s.d.) of SNRPN. The data are normalized against TBP.
SRS: an SRS patient with an epimutation (hypomethylation) of the H19-DMR; BWS1: a BWS patient with an epimutation (hypermethylation) of the H19-
DMR; BWS2: a BWS patient with upd(11)pat; PWS1: a Prader-Willi syndrome (PWS) patient with upd(15)mat; PWS2: a PWS patient with an epimutation
(hypermethylation) of the SNRPN-DMR; AS1: an Angelman syndrome (AS) patient with upd(15)pat; and AS2: an AS patient with an epimutation
(hypomethylation) of the SNRPN-DMR. The data were obtained using an ABI Prism 7000 Sequence Detection System (Applied Biosystems).
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Figure 2 Schematic representation of the generation of the androgenetic/
biparental mosaicism. Polar bodies are not shown.

one blastomere containing a paternally derived pronucieus and in the
formation of the normal cell lineage by union of paternally and
maternally derived pronuclei (Figure 2). This model has been pro-
posed for androgenetic/biparental mosaicism generated after fertiliza-
tion between a single ovum and a single sperm.>'>!® The normal
methylation pattern of the XIST-DMR is explained by assuming that
the two X chromosomes in the androgenetic cell lineage undergo
random X-inactivation, as in the normal cell lineage. Furthermore, the
results of microsatellite analysis imply that the androgenetic cells were
more prevalent in leukocytes than in tongue and tonsil tissues.

A somatic androgenetic cell lineage has been identified in seven
liveborn patients including this patient (Supplementary Table 1).*~7
In this context, leukocytes are preferentially utilized for genetic
analyses in human patients, and detailed examinations such as
analyses of plural DMRs are necessary to detect an androgenetic cell
lineage. Thus, the hitherto identified patients would be limited to
those who had androgenetic cells as a predominant cell lineage in
leukocytes probably because of a stochastic event and received detailed
molecular studies. If so, an androgenetic cell lineage may not be
so rare, and could be revealed by detailed analyses as well as
examinations of additional tissues in patients with relatively complex
phenotypes, as observed in the present patient.

Phenotypic features in androgenetic/biparental mosaicism would be
determined by several factors. They include (1) the ratio of two cell
lineages in various tissues/organs, (2) the number of imprinted
domains relevant to specific features (for example, dysregulation
of the imprinted domains on 11p15.5 and 14q32.2 is involved in
placentomegaly™'7), (3) the degree of clinical effects of dysregulated
imprinted domains (an (epi)dominant effect has been assumed for the
11pl5.5 imprinted domains'®), (4) expression levels of imprinted
genes in androgenetic cells (although SNRPN expression of this
patient was consistent with androgenetic cells being predominant in
leukocytes, complicated expression patterns have been identified for
several imprinted genes in both androgenetic and parthenogenetic
fetal mice, probably because of perturbed cis- and trams-acting
regulatory mechanisms'®) and (5) unmasking of possible paternally
inherited recessive mutation(s) in androgenetic cells. Thus, in this
patient, it appears that the extent of overall (epi)genetic aberrations
exceeded the threshold level for the development of BWS-like and
upd(14)pat-like body and placental phenotypes, but remained below

the threshold level for the occurrence of other imprinting disorders or
recessive Mendelian disorders.
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