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BRESEK/BRESHECK syndrome is a multiple congenital malfor-
mation characterized by brain anomalies, intellectual disability,
ectodermal dysplasia, skeletal deformities, ear or eve anomalies,
and renal anomalies or small kidneys, with or without Hirsch-
sprung disease and cleft palate or cryptorchidism. Thissyndrome
has only been reported in three male patients. Here, we report on
the fourth male patient presenting with brain anomaly, intellec-
tual disability, growth retardation, ectodermal dysplasia, verte-
bral (skeletal) anomaly, Hirschsprung disease, low-set and large
ears, cryptorchidism, and small kidneys. These manifestations
fulfill the clinical diagnostic criteria of BRESHECK syndrome.
Since all patients with BRESEK/BRESHECK syndrome are male,
and X-linked syndrome of ichthyosis follicularis with atrichia
and photophobia is sometimes associated with several features of
BRESEK/BRESHECK syndrome such as intellectual disability,
vertebral and renal anomalies, and Hirschsprung disease, we
analyzed the causal gene of ichthyosis follicularis with atrichia
and photophobia syndrome, MBTPS2, in the present patient
and identified an p.Arg429His mutation. This mutation has
been reported to cause the most severe type of ichthyosis
follicularis with atrichia and photophobia syndrome, including
neonatal and infantile death. These results demonstrate that the
p.Arg429His mutation in MB7PS2 causes BRESEK/BRESHECK
syndrome. © 2011 Wiley Periodicals, Inc.
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INTRODUCTION

BRESEK/BRESHECK syndrome (OMIM# 300404), a multiple
congenital malformation disorder characterized by brain anoma-
lies, intellectual disability, ectodermal dysplasia, skeletal deform-
ities, Hirschsprung disease, ear or eye anomalies, cleft palate or
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cryptorchidism, and kidney dysplasia/hypoplasia [Reish et al,,
1997]. The acronym BRESEK refers to the common findings,
whereas BRESHECK refers to all manifestations. Because the first
two patients were maternally related half brothers, an X-linked
disorder was proposed. Although each symptom of these patients is
often observed in other congenital diseases, the combination of all
symptoms is rare, and only one additional patient with BRESEK has
been reported to date [Tumialdn and Mapstone, 2006]. Here, we
present the fourth male patient with multiple anomalies. The
patient presented with a variety of clinical features that were consistent
with those of the previously reported BRESHECK syndrome.
The syndrome of ichthyosis follicularis with atrichia and
photophobia (IFAP, OMIM# 308205), an X-linked recessive
oculocutaneous disorder, is characterized by a peculiar triad of
ichthyosis follicularis, total or subtotal atrichia, and varying degrees
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of photophobia [MacLeod, 1909]. Martino et al. [1992] reported a
male patient with IFAP syndrome presented with short stature,
intellectual disability, seizures, hypohidrosis, enamel dysplasia,
congenital aganglionic megacolon, inguinal hernia, vertebral and
renal anomalies, and the classic symptom triad of IFAP syndrome.
This report broadened the clinical features of IFAP syndrome. It
should be noted that the clinical symptoms of this patient are quite
similar to those of BRESHECK syndrome, with the exception of
cleft palate, cryptorchidism, and photophobia (Patient 5; Table I).
The gene mutated in patients with IFAP syndrome, MBTPS2
(GenBank reference sequence NM_015884), was identified from
a variety of clinical features of IFAP syndrome, including the triad
and neonatal death [Oeffner et al,, 2009]. Thus, the mode of
inheritance and several clinical features are common to both
BRESEK/BRESHECK and IFAP syndromes. These findings
prompted us to perform mutation analysis of MBTPSZ in the
present patient, resulting in the identification of a missense
mutation.

MATERIALS AND METHODS
Patients

Written informed consent was obtained from the parents of the
patient. Experiments were conducted after approval of the institu-
tional review board of the Institute for Developmental Research,
Aichi Human Service Center. The patient (II-1; Fig. 3) wasborntoa
31-year-old mother (I-2) and a 31-year-old father (I-1), both
healthy Japanese individuals without consanguinity. His mother
miscarried her first child at 5 weeks. The pregnancy of the patient
reported here was complicated with mild oligohydramnios, and he
was delivered by caesarean because of a breech position at 38 weeks
of gestation. His birth weight was 1,996 g (—2.6 SD), and he
measured 44cm (—2.6 SD) in length with an occipitofrontal
circumference of 32.5c¢cm (—0.5 SD). Apgar scores at 1 and
5min were four and eight, respectively. The patient exhibited
generalized alopecia and lacked eyelashes, scalp hair, and eyebrows
(Fig. 1A). The skin on the entire body was erythematous with
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continuous desquamation (Fig. 1A). He had malformed large ears,
an inferiorly curved penis, and a bifid scrotum. The testicles were
not palpable. He experienced persistent constipation, and total
colonic Hirschsprung disease was confirmed through barium
enema (Fig. 2E) and rectal biopsy at 2 months. A bone survey
performed using three-dimensional (3D) computed tomography
(CT) showed abnormal imbalanced hemivertebrae in the two
lowest thoracic vertebral bodies (Fig. 2C). The patient’s right
kidney was smaller than normal. Brain magnetic resonance
imaging (MRI) at 3 years of age demonstrated decreased volumes
of the frontal and parietal lobes and thinning of the corpus
callosum with dilatation of the ventricles (Fig. 2A,B). There were
no abnormalities of the eyes or optic nerves. We concluded that the
patient had BRESHECK syndrome. The patient had seizures at
5 months of age with an apneic episode and cyanosis. Electro-
encephalographic (EEG) analysis showed abnormal patterns of
sharp waves in the posterior lobe. The seizures were almost
completely controlled with phenobarbital. The patient was
allergic to milk. At 7 months, tracheal endoscopy revealed sub-
glottic tracheal stenosis and abnormal segmentation of the left lung.
A chest CT performed at 3 years of age showed a congenital
cystic adenomatoid malformation (CCAM) in the right upper
lobe (Fig. 2D). Auditory brain stem responses showed bilateral
80 dB hearing loss at 8 months of age.

The patient exhibited delayed psychomotor development during
his infancy. He could drink from a bottle at the age of 3 months and
could sit up unsupported at 15 months. Abdominal skin biopsy at
15 months revealed reduced number of hair follicles (Fig. 1D). The
eccrine glands were normal (Fig. 1E), and most of his hair follicles
appeared to be hypoplastic (Fig. 1F). These findings were similar to
ichthyosiform erythroderma. Photophobia was noted when the
patient left the hospital and first went outside at 18 months of age.
At 2 years and 6 months of age, he had a series of epileptic episodes.
He experienced a maximum of 100 seizures per day, and EEG
analysis showed continual abnormal spikes in the posterior lobe.

" The seizures were controlled with clonazepam therapy. At 2 years

and 9 months of age, he could stand with support and displayed
social smiles when interacting with other people. However, the
patient developed psychomotor regression at the age of 3 years. He
exhibited a progressive loss of emotional response to others,
developed hypotonia, and could not stand or sit alone. At 4 years
of age, he became bedridden and showed almost no response to
people. He had highly desquamated skin, similar to that seen in
ichthyosis (Fig. 1B), and easily developed erythema on the skin of
the entire body. The patient had deformed and thickened nails
(Fig. 1C). He had persistent corneal erosions, but ophthalmoscopy
could not be performed at the age of 4 years because of corneal
opacification.
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Chromosomal and Molecular Genetic Studies

Genomic DNA isolated from the patient’s peripheral white cells by
phenol/chloroform extraction was used for MBTPS2 mutation
analysis. PCR-amplified DNA fragments were isolated using the
QIAEX II Gel Extraction Kit (Qiagen, Valencia, CA) and purified
using polyethylene glycol 6000 precipitation. PCR products
were sequenced with the Big Dye Terminator Cycle Sequencing
Kit V1.1 and analyzed with the ABI PRISM 310 Genetic Analyzer
(Life Technologies, Carlsbad, CA). We also performed G-banded
chromosome analysis at a resolution of 400-550 bands, genome-
wide subtelomere fluorescence in situ hybridization (FISH)
analysis, and array comparative genomic hybridization (array CGH)
using Whole Human Genome Oligo Microarray Kits 244K
(Agilent Technologies Inc., Palo Alto, CA) to identify genomic
abnormalities.

RESULTS

G-banded chromosome analysis and genome-wide subtelomere
FISH analyses did not show chromosomal rearrangements in the
patient. Array CGH analysis did not show copy number changes in
the patient’s genome with the exception of known copy-number
variations (CNVs). Since some patients with IFAP syndrome have
been reported to present with several clinical features of BRESEK/
BRESHECK syndrome, including severe intellectual disability,
vertebral and renal anomalies, and Hirschsprung disease, we con-
ducted a comprehensive sequencing analysis of all exons and
intron—exon boundaries of MBTPS2. This analysis identified a

missense mutation (¢.1286G>A, [p.Arg429His]) in exon 10, which
was previously reported for IFAP syndrome (Fig. 3). The mutation
was also found in one allele of the mother (I-2), indicating that the
mutation was of maternal origin and that the mother was a
heterozygous carrier (Fig. 3).

DISCUSSION

In this report, we describe the fourth male patient with BRESHECK
syndrome in whom we identified a missense mutation
(c.1286G>A, [p.Arg429His]) in MBTPS2, which is the causal
gene for IFAP syndrome. MBTPS2 encodes a membrane-embedded
zinc metalloprotease, termed site-2 protease (S2P). S2P cleaves and
activates cytosolic fragments of sterol regulatory element binding
proteins (SREBP1 and SREBP2) and a family of bZIP membrane-
bound transcription factors of endoplasmic reticulum (ER) stress
sensors (ATF6, OASIS), after a first luminal proteolytic cut by site-1
protease (S1P) within Golgi membranes [Sakai et al., 1996; Ye et al.,
2000; Kondo etal., 2005; Asada etal., 2011]. The SREBPs control the
expression of many genes involved in the biosynthesis and uptake of
cholesterol, whereas ATF6 and OASIS induce many genes that clean
up accumulated unfolded proteins in the ER. Dysregulated SREBP
activation, impaired lipid metabolism, and accumulation of
unfolded proteins in the ER caused by MBTPS2 mutations could
lead to disturbed differentiation of epidermal structures, resulting
in the symptom triad of IFAP syndrome [Cursiefen et al., 1999;
Traboulsi et al., 2004; Elias et al., 2008]. Oeffner et al. [2009] first
identified five missense mutations in MBTPS2in patients with IFAP
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syndrome. Transfection studies using wild type and mutant
MBTPSZ expression constructs demonstrated that the five MBTPS2
mutations did not affect S2P protein amount and localization in the
ER. However, enzyme activities, as measured by sterol responsive-
ness, were decreased in S2P-deficient M19 cells when the mutant
MBTPS2was transiently expressed. Interfamilial phenotypic differ-
ences between male IFAP patients and the properties of mutants in
functional assays predict a genotype~phenotype correlation, rang-
ing from mild forms of the triad with relatively high enzyme activity
(~80%) to severe manifestations of intellectual disability, various
developmental defects, and early death with low enzyme activity
(~15%). The identified p.Arg429His mutation in the patient
reported here is one of the five missense mutations with the lowest
enzyme activity. It was previously reported that all four patients
harboring the p.Arg429His mutation died within 14 months of
birth. The five mutations were not located in the HEIGH motif
(amino acids [aa] 171~175) or in the LD44,G sequence, both of
which are regions important for coordinating the zinc atom at
the enzymatic active site for protease activity in the Golgi mem-
brane [Zelenski et al., 1999]. However, among the five mutations,
the p.Arg429His mutation is located closest to the intramembra-
nous domain, and it strongly reduced the enzymatic activity and
caused a severe phenotype. This finding suggests that mutations in
the HEIGH motif or in the LD 44,G sequence are fatal because they
lead to a null function of the S2P. Although the detailed skin
findings of the four patients with the p.Arg429His mutation have
not been reported, it should be noted that one of the four patients
(3-11I:4) with the p.Arg429His mutation had brain anomaly, seiz-
ures, psychomotor retardation, vertebrae anomaly, Hirschsprung
disease, absence of a kidney, atrial septum defect, and inguinal

hernia, in addition to the symptom triad of IFAP syndrome
[Oeffner et al., 2009]. These symptoms overlap with the majority
of symptoms observed in BRESHECK syndrome (BRESHK; six of
eight symptoms observed in BRESHECK) (TableI), and the present
patient has BRESHECK syndrome. Collectively, these observations
suggest that the most severe form of the syndrome caused by the
p-Arg429His mutation in MBTPS2 shows features quite similar or
identical to those of BRESEK/BRESHECK syndrome.

There are two major differences in the definitions of IFAP
syndrome and BRESEK/BRESHECK syndrome. Ichthyosis follicu-
laris, one of the triad symptoms of IFAP syndrome, is a clinical
condition of the skin. However, several studies on IFAP syndrome
have reported various skin eruptions such as psoriasis-like and
ichthyosis-like eruptions [Martino et al., 1992; Sato-Matsumura
et al,, 2000]. In contrast, patients with BRESEK/BRESHECK syn-
drome showed severe lamellar desquamation with diffuse scaling
[Reish et al., 1997], similar to that observed in the present patient.
This could be because of the difference in features of the skin,
namely, ichthyosiform erythroderma-like appearance versus ich-
thyosis follicularis, in patients with the most severe forms of
MBTPS2 mutation and patients with IFAP syndrome who were
described earlier, respectively.

The second difference is that photophobia was not described
in the reported three male patients with BRESEK/BRESHECK
syndrome [Reish et al., 1997; Tumialdn and Mapstone, 2006]. In
the present patient, photophobia became evident after he was
diagnosed with BRESHECK syndrome. Photophobia is a symptom
of epithelial disturbances of the cornea, such as ulceration and
vascularization, which result in corneal scarring [Traboulsi et al.,
2004]. In the most severe cases of MBTPS2 mutation, such as
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patients with severe intellectual disability who are bedridden and
die early, it is likely that the patients were treated in the hospital
without being exposed to sunlight. Therefore, it would be difficult
to observe photophobia as a main symptom in those cases. More-
over, two previously described patients with BRESEK/BRESHECK
syndrome had initial maldevelopment of one eye or small optic
nerves. In these patients, photophobia may not have been obvious
because of malformations of the eyes and optic nerves [Reish et al.,
1997]. In our study, the patient showed clinical features of BRE-
SHECK syndrome and photophobia with MBTPS2 mutation,
indicating that the clinical features of the present patient are
extremely broad compared to the features of IFAP syndrome caused
by MBTPS2 mutation that have been previously reported
[MacLeod, 1909].

Recently, a missense mutation (¢.1523A>G, [p.Asn508Ser]) in
MBTPS2was identified from 26 cases of three independent families
with keratosis follicularis spinulosa decalvans (KFSD; OMIM#
308800), which is characterized by the development of hyperker-
atotic follicular papules on the scalp followed by progressive
alopecia of the scalp, eyelashes, and eyebrows in addition to child-
hood photophobia and corneal dystrophy [Aten et al, 2010].
A significant association was found between KFSD and the
p.Asn508Ser mutation. The specific localization of alopecia to
the scalp, eyelashes, and eyebrows and the limited childhood
photophobia of KFSD indicate that KFSD has a relatively mild
phenotype. The authors postulate that IFAP syndrome and KFSD
are within the spectrum of one genetic disorder with a partially
overlapping phenotype and propose that a new name should be
chosen for KFSD/IFAP syndrome with an MBTPS2 mutation. In
contrast, the BRESHECK syndrome observed in the present patient
has a severe phenotype caused by the p.Arg429His mutation. The
present patient and the two patients (3-11:3 and 3-111:4) with the
p.Arg429His mutation displayed broader clinical features, includ-
ing eight features (BRESHECK) and six features (RESHCK and
BRESHK) of BRESEK/BRESHECK syndrome, respectively
(patients 4, 6, and 7; Table I) [Oeffner et al., 2009]. There is a
debate regarding whether the two patients harboring six features
were correctly diagnosed with BRESEK/BRESHECK syndrome
since the patients did not have “BRESEK” but rather a combination
of six other clinical features. To better understand and clearly
distinguish the clinical features of the present patient from those
of the reported patients with MBTPS2 mutations, we propose the
nomenclature of “BRESHECK/IFAP syndrome” for the present
patient because he has clinical features of BRESHECK syndrome.
We also suggest that the BRESHECK/IFAP syndrome be used for a
broader definition that would include patients harboring most
features of BRESHECK syndrome, including the previously
reported two patients (3-11I:3 and 3-111:4) with p.Arg429His muta-
tion in MBTPS2 [Oefiner et al., 2009]. Data from further genetic
and clinical studies on more patients are required to determine
which genes or MBTPS2 mutations are associated with BRESEK/
BRESHECK or BRESHECK/IFAP syndrome, respectively.
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CORRESPONDENCE

Mutation (variation) databases
and registries: a rationale for
coordination of efforts

Arleen D. Auerbach, John Burn, Jean-Jacques Cassiman, Mireille Claustres,
Richard G. H. Cotton, Garry Cutting, Johan T. den Dunnen, Mona El-Ruby,
Aida Falcon Vargas, Marc S. Greenblatt, Finlay Macrae, Yoichi Matsubara,
David L. Rimoin, Mauno Vihinen and Christine Van Broeckhoven

The importance of gene- or locus-specific
databases (LSDBs) has recently been extolled
in this journal (The case for locus-specific
databases. Nature Reviews Genetics 12,
378-379 (2011))". Here we argue that coor-
dination of international efforts for develop-
ing comprehensive mutation databases and
patient phenotype registries is essential for
optimal genetic health care.

Well-funded international efforts for set-
ting up mutation databases or registries are
crucial for several reasons. Many variants
that are found during clinical testing world-
wide are not submitted to databases, where
they could form an important resource for
patient care. Many laboratories and clini-
cians do not have the capacity or incentive
to submit data to databases. This is espe-
cially the case in developing countries owing
mainly to technical insufficiency, lack of
public awareness, lack of international com-
munications, the absence of the concept of
DNA biobanking, national authority restric-
tions and lack of translation from original
languages to English.

was initiated to facilitate the collection of
all variants in all genes from all countries
and to include annotation of these variants
for pathogenicity and relevance to clinical
medicine?. It was established at a meeting
in 2006 that was attended by representa-
tives of the World Health Organization
(WHO), the United Nations Educational,
Scientific and Cultural Organization
(UNESCO), the Organisation for Economic
Co-operation and Development (OECD), the
European Commission, March of Dimes,
the US National Center for Biotechnology
Information, the European Bioinformatics
Institute (EBI) and 30 countries®. The third
HVP meeting at UNESCO Headquarters in
2010 allowed the election of an International
Scientific Advisory Committee and affirma-
tion of a Roadmap®. Most recently, China
has committed $300 million to the project’,

and UNESCO has awarded the HVP the
status of ‘NGO in operational relations with
UNESCO’ Many working groups are estab-
lishing standards for collecting, presenting
and sharing variation information.

Registries for inherited diseases have
been developed in some countries, especially
where therapies are available (for example,
see REF. 6). Recently, there has been a call for
global registries of rare diseases (more than
80% of which are genetic)™®, Most recently,
the US National Institutes of Health and the
European Commission have developed
the International Rare Diseases Research
Consortium (IRDiRC)’,

These two initiatives, the HVP and
IRDIRC, have been developing essentially
independently and in parallel. The HVP was
driven by clinicians and laboratories wishing
to have access to complete disease-associated
variation information to support diagnostic
advice and to facilitate the publication of novel
mutations of interest. Recently, the focus has
moved to collecting all mutations in all genes
from all countries"” as a means of assisting the
interpretation of functional effects of genetic
variations. The IRDIiRC has been driven by
patient groups who are anxious to achieve
therapy for their families’ diseases and to
recruit cohorts for clinical trials in registries.

Practically, the promised funds from
China in support of the HVP will allow
5,000 databases to be properly set up. If the
decision is to set up these databases as both
mutation and patient registries, this will
assist both initiatives and avoid duplication.

Each group has their own networks,
methodology, experts, data content and
specifications. It would seem wasteful if two
parallel systems were developed when many
data are in common and when global reach
is needed by both. In the case of the HVP,
key components that are in place are a feder-
ated model, forums for sharing experiences,
development of best informatics practices
that are relevant to the task, and leadership.

LINK TO ORIGINAL ARTICLE
LINK TO RESPONSE

Clearly in the case of the IRDIRC, the key
components are model registries, Orphanet
experience and Genetic Alliance experience.

Future generations will pay the price for
a failure to establish a joint international
approach to the recording of and provision
of access to human molecular variation, as
such access is the most important step in
approaching the diagnosis, and thus preven-
tion, of inherited disorders.
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Progressive Hypertrophic Cardiomyopathy
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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
(FCM). We report on a woman with LS and a novel Gin310His
mutation in PTPN11, who bad 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
mufations at codon 510 in PTPN11 (GIn510GIn, GIn510His, but
not Gin510Pro) might be a predictor of fatal cardiac eventsin 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. © 2011 Wiley-Liss, Inc.

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

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 et al., 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

© 2011 Wiley-Liss, Inc.
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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 IIa indication for ICD
implantation. We placed ICD (Atlas™ 4 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 Tag 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. PTPNI 1 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
510in 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; Kalidasetal., 2005]. Limongelli et al. [2008] reviewed 24
LS patients with (n = 16) and without (n = 8) PTPN1I 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), aswell as 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 I) [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 etal. [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
PTPNII [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 PTPN11 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
PTPNI1I 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 Gln510His
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 Mizuno®,
Hiroshi Kawame®, Johji Inazawa’, Toshihiro Ohura®, Hiroshi Arai®, Shin Nabatame!?, Kiyoshi Kikuchi'?,
Yoshikazu Kuroki'?, Masaru Miura!®, Toju Tanaka'4, Akira Ohtake!®, Isaku Omori'%, Kenji Thara!’,
Hiroyo Mabe!®, Kyoko Watanabe!®, Shinichi Niijima2’, Erika Okano?!, Hironao Numabe?? and

Yoichi Matsubara!

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 demonsiraied 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
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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

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

tumor formation.! Patients with CS have an estimated 13% chance of
developing tumors, usually rhabdomyosarcoma, neuroblastoma or

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**-23 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.GI12A/8/V/C/D/E
and p.G13C/D). Other mutations, including p.Q22K, p.E37dup,
p.T581, p.E63K, p.K117R, p.Al46V and p.Al46T, 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,'*>2% 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 (OI8),°-3! which protects cells from proliferating in the
presence of oncogene-induced damage.’>¥ OIS is a cellular reaction
that controls cell proliferation in response to oncogenic mutation and
is considered a tumor suppression mechanism in vivo,***® 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 30pl
reaction containing 10mum Tris-HCI (pH 8.3), 50mum KCl, 1.5mv MgCl,,
0.2y 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 Biosysterns, 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 ¢DNAs. Human
HRAS ¢DNA in pUSEamp was purchased from Upstate Biotechnology (Lake
Placid, NY, USA). The plasmid was digested with EcoRI and subcloned into
pBluescript KSII+ (Stratagene, La Jolla, CA, USA). Substitutions generating
p.G12V (¢35G>T), p.Gl2A (c35G>C), p.Gl12S (c34G>A), p.G12C
(¢.34G>C), p.G12D (c.35G>A), p.G13C (¢.37G>C), p.G13D (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 c¢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 Mivazaki 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 f-galactosidase staining
NIH 3T3 cells, human fibroblast B] cells and the Phoenix Ampho and Eco
packaging cell lines were purchased from the American Tissue Culture Collection
(Manassas, VA, USA). NTH 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, 100U/mi penicillin and 100 pg/ml
streptomycin. To characterize the phenotypes of cells overexpressing wild-type or
mutated HRAS, senescence associated P-galactosidase staining was performed
with the Senescence f-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 1x10° cells per
well. After 24 h, cells were transiently transfected with 700 ng pFR-luc, 10ng
pFA2-Elkl 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,
W1, 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
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dodecyl sulfate). Lysates were boiled for 5min and centrifuged at 13000 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 dodecyl sulfate samiple 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), pi6
(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 (5% 10%) were plated in a 10cm dish,
incubated for 24h and then transfected with 18 pig 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 10 cm 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 CS3? 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 3T3 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.GI2A, p.G12S, p.Gl12C, p.G12D, p.G13C,
p.GI3D, pK117R 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.G124, 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. ELK1 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 pEA2-cJun vector and the phRLnull-luc vector into
NIH 3T3 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.G12A, 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 lc). In these assays with ELK1
and c-Jun, we observed no significant difference among RLAs in the
cells transfected with HRAS p.G12V, p.GI2A, p.G12S, p.G12C,
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.G125,
p.G12C, p.G12D, p.G13C, p.G13D, p.K117R and p.A146T 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 NSi25 NSI132  NS137 NS139 NS156 NS157 NS167 NS181 N&198 N§217
Gender F F F F M F M F M M M M
Age 9 months 11 years 17years 3years 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 + + + + 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 VSD, Atrial - ASD, PSVT,
in the right atrium  arrhythmia  tachycardia PVC, CAR
Neoplasia
Papillomata - - + - NA + + +
Other tumors Bladder Heart
cancer neoplasia
Others
GH deficiency GSDIN Chiari |, Pyrolic Congenial stridor,  Hypoplastic  Hypertention Hydronephrosis, GER,
syringomyelia stenosis GH deficiency nails laryngomalacia
HRAS mutation
Nucleotide substitution c.34G>A ¢.35G>C  c¢.34G>A  ¢.34G>A c34G>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.G128 p.G12S  p.Gl2S p.G12S p.G12S p.G12S p.G12S p.G12S p.G12S p.G12S

01L

/e 13 UOUIIN |

20U3IS3UIS PUE G2 Ul SIUEINW SYYUH



— ¢l —

$O1}OUSY) UBIN 4O [BUINOL

Table 1 Continued

Patients N§223 NS231 NS239 N5248 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 & months
Paternal age 34 27 27 NA 37 35 34y 33 33
at birth (years)
Maternal age at 36 27 26 30 34 36 38y 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 + + + + + + + 2121
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 + - + + + + + + + 14/20
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.34G>T c.35G>A c.34G>A c.34G>A c.34G>A ¢.35G>C c.34G>A c.35G>C c.34G>A
Amino acid substitution p.G12C p.G12D p.G12S8 n.G128 n.G128 p.G12A p.Gl2s p.G12A p.G12S

Abbreviations: —, absent; +, present; ASD, atrial septal defect; F, female; GER, gastroesophageal relfux; GH, growth hormone; GSDiI, glycogen storage disease 11, 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-GAL4 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 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 (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 hernjation, 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 p-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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