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Costello syndrome (OMIM 218040), a rare, multiple congenital
anomaly syndrome, was first described by Costello in 1971
[Costello, 1971]. Costello syndrome is characterized by intellectual
disability, a high birth weight, neonatal feeding problems, short
stature, congenital heart defects, curly hair, distinctive facial fea-
tures, nasal papillomata, and loose integuments of the back of the
hands [Hennekam, 2003]. Cardio-facio-cutaneous (CFC) syn-
drome (OMIM 115150) was first described in 1986 [Reynolds
et al., 1986]. Affected individuals present with heart defects, short
stature, frequent intellectual disability, and ectodermal abnormal-
ities such as sparse, fragile hair, hyperkeratotic skin lesions, and a
generalized ichthyosis-like condition. These syndromes overlap
phenotypically with Noonan syndrome (OMIM 163950). We dis-
covered that HRAS mutations of are causative of Costello syndrome
[Aoki et al., 2005], and we and other group subsequently identified
mutations in KRAS, BRAF, and MAP2K1/2 (MEK1/2) in patients
with CFC syndrome [Niihori et al., 2006; Rodriguez-Viciana et al.,
2006]. Missense mutations in PTPN11, SOS1, KRAS, RAFI, and
NRAS have been identified in individuals affected by Noonan
syndrome or Noonan syndrome with multiple lentigines, previ-
ously known as LEOPARD syndrome (OMIM 151100, 611554)
[Tartaglia et al., 2001; Schubbert et al., 2006; Pandit et al., 2007;
Razzaque et al.,, 2007; Roberts et al.,, 2007; Tartaglia et al., 2007;
Cirstea et al., 2010]. Mutations in SHOC2 have been identified in
patients with Noonan-like disorder with loose anagen hair (OMIM
613563) [Cordeddu et al., 2009]. Because the clinical manifesta-
tions of these diseases are similar, a novel disease entity was
proposed that consists of a syndrome characterized by a dysregu-
lation of the RAS/MAPK signaling pathway [Aoki et al., 2008;
Tidyman and Rauen, 2009].

Evaluation of the clinical manifestations of Costello and CFC
syndromes revealed the similarities and differences between indi-
viduals with the diseases. Individuals with either syndrome have
distinctive facial features; full cheeks and a large nose and mouth are
characteristic of individuals with Costello syndrome, and a high
cranial vault, bitemporal narrowing and a hypoplastic supraorbital
ridge are characteristic of individuals with CFC syndrome.
Wrinkled palms and soles have been thought to be characteristic
features of individuals with Costello syndrome. A recent evaluation
showed that 30% of individuals with CFC syndrome also have
wrinkled palms and soles [Narumi et al., 2007]. Heart defects have
been frequently reported in individuals with Costello and CFC
syndromes; 61% of patients with Costello syndrome have hyper-
trophic cardiomyopathy, while 44 and 56% of Costello syndrome
patients have congenital heart defects and arrhythmia, respectively.
In contrast, hypertrophic cardiomyopathy, congenital heart
defects, and arrhythmia have been observed in 36, 45, and 9%,
respectively, of patients with CFC syndrome [Lin et al., 2011].

Approximately 10-15% of individuals with Costello syndrome
develop malignant tumors, including transitional carcinomas
in the bladder, rhabdomyosarcomas, and neuroblastomas

[Aoki et al., 2008; Kratz et al., 2011]. Although association of
malignant tumors has been rarely reported in individuals with
CFC syndrome, we observed patients with BRAF mutations who
developed acute lymphoblastic leukemia (ALL) and non-Hodgkin
lymphoma [Niihori et al., 2006; Makita et al., 2007; Ohtake et al.,
2011].

The number of patients known to have these diseases is growing
due to the identification of the causative genes. At least 150
genotyped patients with Costello syndrome have been reported
[Lin et al., 2011]. In addition, more than 100 individuals with CFC
syndrome have been reported in the literature [Rauen, 2007]. Till
date, however, an epidemiological study has not been conducted. In
order to identify the precise number of patients with these diseases,
the natural history of the diseases, the prognosis and the rate of
tumor development, we performed a nationwide investigation of
both Costello syndrome and CFC syndrome.

The protocol we followed was established by the Research Com-
mittee on the Epidemiology of Intractable Diseases funded by the
Ministry of Health, Labour and Welfare of Japan [Kawamura et al.,
2006). The prevalence of intractable diseases, including moyamoya
disease, pancreatitis and sudden deafness, were all reported using
this protocol [Teranishi et al., 2007; Kuriyama et al., 2008; Satoh
etal., 2011]. The protocol consists of a two-stage postal survey. The
first-stage survey aimed to estimate the number of individuals with
Costello syndrome or CFC syndrome, and the second-stage survey
aimed to identify the clinico-epidemiological features of the two
syndromes.

The pediatric departments of all hospitals were identified based
on a listing of hospitals as of 2008 supplied by the R & D Co.LTD
(Nagoya, Japan). These hospitals were classified into seven cate-
gories according to the type of institution (i.e., university hospital
or general hospital) and the number of hospital beds. Hospitals
were then randomly selected from each of these categories for
sampling. The sampling rate was approximately 5, 10, 20, 40, 80,
and 100% of general hospitals with less than 100 beds, 100-199
beds, 200-299 beds, 300—399 beds, 400—499 beds, and 500 or more
beds, respectively, and 100% of university hospitals [Kuriyama
et al.,, 2008]. To increase the efficiency of the study, we sent a survey
form to 205 pediatricians and 44 clinical geneticists working in the
departments of gynecology, genetics, or ophthalmology in univer-
sity hospitals (See Supplemental eTable I in supporting information
online). We also selected 29 physicians who previously sent patient
samples to our facility for molecular analysis. These hospitals were
separately classified into a “selected hospitals™ category, and all
hospitals in this category were surveyed. Another 205 institutions
that treat the disabled were included in order to identify adult
patients.

The survey was mailed out to the targeted departments of health
institutes in October 2009 along with cover letters. A simple
questionnaire was used to ask about the number of patients with
Costello syndrome known to have an HRAS mutation, CFC syn-
drome patients with mutations in KRAS, BRAF, or MAP2K1/2
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(MEK1/2) and clinically suspected patients. Photographs of
patients, obtained with their specific consent, were printed on
the brochure describing the disease overview. In December 2009,
asecond request was sent to departments that had not responded by
the earlier deadline (the end of November 2009). Following the
first-stage survey, we sent acknowledgement letters to departments
that had responded.

55308

Blood samples from 42 individuals clinically suspected to have
Costello or CFC syndrome were sent to our facility. After DNA was
extracted by a standard protocol, we performed genetic screening
for all four exons of HRAS and 14 exons of BRAF, MAP2K1,
MAP2K2, and KRAS in which mutations have been previously
identified (BRAF exons 6 and 11-16, MAP2K] exons 2 and 3,
MAP2K2 exons 2 and 3 and KRAS exons 1, 2, and 5) (Fig. 1). In
samples negative for the first screening, we further analyzed all of
the known causative genes for Noonan syndrome and related
disorders (including the remaining exons in BRAF, KRAS,
MAP2K1, and MAP2K2, all 17 exons in RAFI, all 23 exons in
SOSI, all 4 exons in NRAS, and exon 1 of SHOC2). The clinical
manifestations of the patients were evaluated by clinical dysmor-
phologists (K.K., H.O., HK,, N.O., S.M.).

1085

The second questionnaires were forwarded to the departments
that reported patients with Costello or CFC syndrome on the first
questionnaires. Detailed clinical information was collected, includ-
ing the age, gender, growth and development pattern, cardiac
defects, central nervous system defects, craniofacial characteristics,
musculoskeletal characteristics, skin characteristics, tumors, iden-
tified mutations, and the facility where the genetic analysis had been
performed. Duplicate results were excluded using the information
regarding the patient’s age, gender, and the type of mutations, if
available. The Ethics Committee of Tohoku University School of
Medicine approved this study. We obtained informed consent from
all subjects involved in the genetic testing and specific consent for
the photographs from three patients shown in Figure 1.

We first estimated the number of patients in departments who
responded the first survey, using the number of mutation-positive
patients from the first-stage postal survey and the number of newly
identified patients by mutational analysis in the current study. PRy
denotes the number of mutation-positive patients reported in the
first-stage survey. The estimate was made based on the assumption
that mutation-positive patients equally existed in the clinically
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suspected patients who did not receive the genetic testing. The
number of mutation-positive patients estimated by the mutation
analysis was calculated using the number of the clinically suspected
patients reported in the first-stage survey (PSy), the ratio of the
number of newly identified mutation-positive patients (PDy), and
the total number of patients examined (PAy). Therefore, the total
estimated number of patients in hospitals in stratum k 3 iNy;,
which responded to the first survey, was calculated as folldws:

. PDx
}; iNig= PRictPSic5
To calculate the total number of patients in all hospitals listed, we
estimated that the mean number of patients among the depart-
ments that responded to the survey was equal to that of those
departments that did not respond.
The number of patients in stratum k was therefore estimated as

_ 1 o
Ok = SRTRRT; 2 N

= N5, N &N
PR §
ne NSy
RN
k7
where SRTy, RRTy, NSy, ny, Ny, and Ny; denote the sampling rate,
the response rate, the number of sampled departments, the total
number of departments, the number of responding departments,
and the number of departments with i patients in stratum Kk,
respectively.
The total number of patients, G, was computed as follows:

b=> &
k

The 95% CI of &y was calculated as previously described
[Kuriyama et al., 2008]. Five deceased patients with Costello
syndrome reported in the first survey (Table I} were excluded in
the estimation of prevalence. The prevalence rate per 100,000
people was determined based on the population of Japan in
2009 (127,510,000) with data from the Statistics Bureau, Ministry
of Internal Affairs and Communications.

The results of the first postal survey and the molecular analysis
performed in this study are shown in Table 1. Of 1,127 departments,
856 responded to the first-stage survey questionnaire (76%). Fifty-
four patients, including five deceased patients, with Costello syn-
drome with mutations in HRAS and 54 patients with CFC syn-
drome who had mutations in KRAS, BRAF, or MAP2K1/2 were
reported. Blood samples for 42 of the 114 individuals clinically
suspected to have Costello syndrome or CFC syndrome were sent to
our laboratory. Molecular screening identified nine patients with
Costello syndrome and eight with CFC syndrome (described below,
Fig.1and TableI). Results from the second-stage survey followed by

=
P
T

iHe First Postal
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exclusion of duplicates showed that in total, 63 patients with
Costello syndrome and 62 patients with CFC syndrome were
identified. Taking into consideration the sampling rates in each
stratum of the general hospitals and the number of undiagnosed
patients in the clinically suspected patients, we estimated the total
numbers of patients in Japan with Costello syndrome and CFC
syndrome to be 99 (95% confidence interval, 77 to 120) and 157
(95% confidence interval, 86 to 229), respectively. Therefore, the
prevalence of Costello syndrome and CFC syndrome was estimated
to be 11in 1,290,000 (95% confidence interval, 1in 1,061,000 to 1 in
1,660,000), and 1 in 810,000 (95% confidence interval, 1 in 556,000
to 1 in 1,490,000) individuals, respectively.

o
fre

Screening of 42 clinically diagnosed patients identified nine patients
with Costello syndrome and eight patients with CFC syndrome
(Fig. 1). Eight of the nine patients with HRAS mutations had a
p-G12S mutation, and the remaining one had a p.K117R mutation.
Six of the eight patients with CFC syndrome had BRAF mutations
(p.G464R, p.V471F, p.K601T, and p.D638E in a single patient, and
p.V487G in two patients), and two patients had KRAS mutations
(p.D153V and p.F156L). One patient had BRAF p.G464R, which
has previously been reported in a patient with CFC syndrome [Nava
et al., 2007], and a novel KRAS variation, c.547_552delACCAAG
(p.T183_K184del). Parental samples were not available for this
patient, and it is unknown if this variation was pathogenic or not. A
subsequent, comprehensive mutation analysis showed that RAFI
mutations, including p.L251P, p.S257L, and p.P261S, were
identified in five patients. Four of the five patients had severe
perinatal problems, including polyhydramnios, fetal distress, pleu-
ral effusion, and hypertrophic cardiomyopathy. An SOSI p.D309Y
mutation was identified in a single patient diagnosed with Noonan
syndrome. The patient also had another novel variation (p.Y166H)
in K-RAS4A. Her asymptomatic father had the same variation,
suggesting that this variation is a benign polymorphism. The five
patients with RAF mutations and one patient with the SOSI
mutation were diagnosed as having Noonan syndrome. In the
remaining 19 patients who had no mutations, six patients were
excluded based on the review of dysmorphologists because of non-
matching facial features and clinical manifestations. The remaining
13 patients will be further analyzed.

. g

| Features of the Patients

ey

We collected detailed clinical-epidemiological information on 43 of
63 Costello syndrome patients and 54 of 62 CFC syndrome patients
who were reported in the first postal survey and newly diagnosed by
the current study (Table II). Seventeen male and 25 female patients
with Costello syndrome and 28 male and 24 female patients with
CFC syndrome were reported. Twenty-six of the patients with
Costello syndrome [Aoki et al., 2005; Niihori et al., 2011] and 10
of the patients with CFC syndrome [Niihori et al., 2006; Narumi
etal., 2008] had been previously studied. Of the Costello syndrome
patients, 27 of the 43 patients had HRAS p.G12S, five had p.G12A
and two had p.G13D, p.G12C, p.G12V, p.G12D, and p.K117R were

identified in a single patient. In the patients with CFC syndrome, 38
(70%), eight (15%) and eight (15%) of the 54 patients had BRAF,
MAP2K1/2, and KRAS mutations, respectively.

Evaluation of clinical manifestations showed that postnatal
failure to thrive and intellectual disability were reported at a rate
of more than 95% in both disorders (Table II). Short stature was
reported in 72 and 82% of patients with Costello syndrome and
CFC syndrome, respectively. The frequency of hypertrophic car-
diomyopathy and arrhythmia was significantly higher in patients
with Costello syndrome compared to CFC syndrome. In contrast,
the frequency of pulmonic stenosis was significantly higher in
patients with CFC syndrome compared to Costello syndrome.
Abnormal brain structure as detected by CT and/or MRI was
reported in eight Costello syndrome patients. Of these eight
patients, two were reported as having Arnold—Chiari type I, two
had hydrocephalus, one had cortical atrophy, one had hydro-
cephalus and cortical atrophy, one had tonsillar descent, and
one had ventricular dilation and a thinning of the corpus callosum.
Abnormal brain structure was also observed in seven CFC patients;
two had thinning of the corpus callosum, one had cortical atrophy,
one had cortical atrophy, thinning of the corpus callosum and a
reduction in white matter volume, one had ventricular dilatation,
and one had ventricular dilatation and vermis hypoplasia. Regard-
ing the skin characteristics, the frequency of soft, loose skin and
deep palmer/plantar creases was significantly higher in patients
with Costello syndrome than in CFC syndrome. Four patients with
Costello syndrome developed malignant tumors, including bladder
carcinomas, ganglioneuroblastomas and rhabdomyosarcomas.
Two patients with CFC syndrome were previously reported as
developing ALL and non-Hodgkin lymphoma [Makita et al.,
2007; Ohtake et al., 2011]. Five patients with Costello syndrome
were deceased. Two patients died from ganglioneuroblastoma and
rhabdomyosarcoma. One patient died from tachycardia-induced
cardiomyopathy at age 18 months.

The age distribution of the 38 patients with Costello syndrome
and the 53 CFC syndrome patients whose ages were reported in the
second-stage survey is shown in Figure 2. There were major peaks at
5 years of age in both diseases. The oldest patient diagnosed with
Costello syndrome was 22 years of age, while the oldest patient with
CEC syndrome was 32 years. Six patients with Costello syndrome
and nine patients with CFC syndrome age 18—32 years were
identified (Table I1I). Analysis of their daily living activities showed
that 10 individuals could walk independently, one had an abnormal
gait, one had a cane-assisted gait, and one used a wheelchair. Two
patients with BRAF mutations were bedridden. All patients showed
intellectual disability, and eight (severe in three patients with
Costello syndrome and three patients with CFC syndrome, very
severe in two patients with CFC syndrome) were severely disabled.
Daily conversation was possible for three individuals. Simple
conversations and two-word sentences were possible for four
and three patients, respectively. Eleven patients lived at home.
Three individuals had graduated from a school or public school
for disabled children. Eight adults worked in vocational training
facilities. Thirteen patients were able to feed themselves, but two of
them sometimes needed assistance with feeding. Two patients with
CFC syndrome were bedridden and needed full assistance with
feeding and toileting.
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We compared the clinical manifestations between patients with
KRAS, BRAF, or MAP2K1/2 mutations (See Supplemental eTableII
in supporting information online). The frequencies of curly hair
and hyperkeratosis in patients with BRAF mutations were signifi-
cantly higher than in patients with a KRASmutation. The frequency
of hypertrophic cardiomyopathy in patients with KRAS mutations
was significantly higher than that in patients with MAP2K1/2
mutations.

This is the first nationwide epidemiological study of patients with
Costello and CFC syndrome. Before our identification of the genes
responsible for Costello and CFC syndromes in 2005 and 2006, only

a few Japanese patients with these syndromes had been reported.
The availability of molecular analysis facilitated diagnosis of both
syndromes, and the number of reports of such patients has steadily
increased. In this study, we estimated the prevalence of Costello
syndrome and CFC syndrome as 1 in 1,290,000 and 1 in 810,000
in the general population, respectively. The second-stage survey
clarified the clinical manifestations of both disorders, including the
daily activities of 15 adult patients.

The natural history of Costello and CFC syndromes in adulthood
has not been fully clarified. A previous report describing 17 adult
patients with Costello syndrome ranging in age from 16 to 40 years
showed that all eight individuals who had a bone density measure-
ment taken had abnormal results, suggesting osteoporosis or
osteopenia; three of the patients had bone pain, vertebral fractures,
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and height loss [White et al., 2005]. A recent study showed the
detailed quality of life issues in individuals with Costello syndrome
[Hopkins et al., 2010]. Our survey identified the daily activities of
six adults with Costello syndrome and nine with CFC syndrome.
Although intellectual disability was severe in most patients,
11 adults lived in their houses and did not need constant medical
care. Ten of the 15 patients walked independently, and seven could
communicate with other people. Thirteen adult patients, not
including the two bedridden patients with CFC syndrome, could
feed themselves with some assistance. Especially all six patients
with Costello syndrome could feed themselves. One had recurrent
bladder papillomata and another patient had multiple gallbladder
polyps and a renal angioma. None of the examined patients had
developed malignant tumors. This survey was unable to identify
patients older than 32 years. The tentative prevalence at ages
younger than 32 years was estimated to be 1 in 431,000 for Costello
syndrome and 1 in 270,000 for CFC syndrome. A follow-up

program is important in order to delineate the natural history of
older patients.

Our study method has previously been used to estimate the
prevalence of intractable diseases, including moyamoya disease,
myasthenia gravis, and idiopathic cardiomyopathy [Miura et al.,
2002; Kawamura et al., 2006; Kuriyama et al., 2008; Murai et al,,
2011] (See Supplemental eTable IIl in supporting information
online). One of the advantages of this survey is that researchers
are able to conduct the postal survey without governmental
involvement. Another merit of this method is its usefulness for
estimating the prevalence of very rare diseases, because we can
effectively collect information all over the country, including small
hospitals. The response rate from the departments is key to min-
imizing the standard errors of the estimation. The response rate for
our first-stage survey was 76%, which was the highest among the
previous eight prevalence studies using this protocol (See Supple-
mental eTable III in Supporting Information online). However,
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there are limitations to our survey method. Most survey slips were
sent to pediatric departments in general hospitals, which might
have precluded identification of adult patients. Another limitation
is the possible diagnostic bias of these disorders. In this study, there
were major peaks at 5 years of age in both diseases, suggesting that
the diagnosis of both disorders is usually made in a certain age
range, and patients are less likely to receive the correct diagnosisata
later age. In addition, individuals with Costello syndrome who are
mildly or only borderline affected may not be diagnosed by
pediatricians at the sampled hospitals [Axelrad et al., 2007]. These
effects could lead to a substantial underestimation of the
prevalence.

Costello and CFC syndrome fall into the category of rare diseases.
To compare the epidemiological features of Costello and CFC
syndromes to other genetic disorders, we summarized the results
of epidemiologic studies of other genetic disorders (See Supple-
mental eTable IVin supporting information online). The preva-
lence and incidence of Sotos syndrome has been reported to be 1 in
20,000 and 1 in 5,000 newborns, respectively [Kurotaki et al., 2003].
A recent nationwide epidemiological study showed that the prev-
alence of Alexander disease to be 1 in 2,700,000 [Yoshida et al.,
2011]. An earlier report estimated the prevalence of Kabuki syn-
drome at 1 in 32,000 [Niikawa et al., 1988]. Using the similar
method with Kabuki syndrome [Niikawa et al., 1988], the incidence
of Costello syndrome was estimated to be 1 in 60,000~100,000
(Kurosawa, personal communication). Given that the annual
number of live births in Japan is approximately 1,000,000, 10 to
16 patients with Costello syndrome could be born annually. This
estimated incidence was higher than the estimated prevalence in
patients younger than 32 years of age in our study.

Two mutations in the RAS/MAPK pathway have been identified
in a single patient with Noonan syndrome and related disorders
[Brasiletal.,2010; Ekvall etal., 2011]. In our study, variations in two
molecules that participate in the RAS/MAPK signaling pathway
were identified in two patients. One patient had a SOSI p.D309Y
mutation, which has previously been identified in Noonan syn-
drome patients [Narumi et al., 2008], and a K-RAS4A p.Y166H
mutation (a novel variation, inherited from the father). Another
patient with CFC syndrome had a BRAFp.G464R mutation (known
mutation) and a K-RAS4B p.T183_ K184del mutation (novel
variant). Further study is required to clarify the variations in the
RAS pathway that could modify the effect of the disease-causing
mutations and the patient phenotypes.

Approximately 13% of patients with Costello syndrome have
developed malignant tumors, including rhabdomyosarcomas, gan-
glioneuroblastomas, and bladder carcinomas [Aoki et al., 2008].
The frequency of malignant tumors in Costello syndrome in the
current study was 9% (4 of 43 patients), lower than that reported
recently [Lin et al, 2011]. An association between malignant
tumors and CFC syndrome was considered rare. However, we
identified three patients with CFC syndrome who developed hem-
atologic malignancies [Niihori et al., 2006; Makita et al., 2007;
Ohtake et al., 2011], suggesting the importance of molecular
diagnoses and careful observation in patients with Costello and
CFC syndrome. A tumor screening protocol for patients with
Costello syndrome has been proposed [Gripp et al., 2002} and
may be useful for patients with CFC syndrome as well. Long-term

follow-up is required to determine the incidence and type of tumors
in patients with both disorders.

In conclusion, we conducted a nationwide epidemiological
survey of patients with Costello and CFC syndrome and estimated
the total number of patients with each disease from the results of the
postal survey as well as those of molecular analysis. The prevalences
of Costello syndrome and CFC syndrome were estimated as 1 in
1,290,000 and 1 in 810,000, respectively. Evaluation of 15 adult
patients showed that they had severe intellectual disability but that
most of them live at home without constant medical care, suggest-
ing that the number of adult patients may be underestimated.
Further epidemiological studies to identify adult patients and
follow-up of the patients reported in this study will help us to
better understand the natural history of both disorders.
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Culture, Sports, Science and Technology of Japan, the Japan Society
for the Promotion of Science, and the Ministry of Health, Labour
and Welfare of Japan to Y.M. and Y.A.
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Somatic CBL mutations have been reported in a variety of myeloid neoplasms but are rare in acute lym-
phoblastic leukemia (ALL). We analyzed 77 samples from hematologic malignancies, identifying a somatic
mutation in CBL (p.C381R) in one patient with T-ALL that was associated with a uniparental disomy at the
CBL locus and a germline heterozygous mutation in one patient with JMML. Two NOTCHT mutations and
homozygous deletions in LEF1 and CDKN2A were identified in T-ALL cells. The activation of the RAS path-
way was enhanced, and activation of the NOTCH1 pathway was inhibited in NIH 3T3 cells that expressed
p.C381R. This study appears to be the first to identify a CBL mutation in T-ALL.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Casitas B-cell lymphoma (CBL) is the cellular homologue of the
v-Cbl transforming gene of the Cas NS-1 murine leukemia virus [1].
CBL primarily functions as an E3 ubiquitin ligase and is responsible
for the intracellular transport and degradation of a large number
of receptor tyrosine kinases. CBL also retains important adaptor
functions; approximately 150 proteins associate with or are reg-
ulated by CBL {2]. The majority of CBL somatic mutations have
been reported in myelodysplastic syndrome/myeloproliferative
disorder (MDS/MPD), including chronic myelomonocytic leukemia
(CMML; approximately 15%), juvenile myelomonocytic leukemia
(JMML; approximately 17%) and atypical chronic myeloid leukemia
(approximately 5%) [3-9]. CBL mutations are primarily associated
with an 11g-acquired uniparental disomy (aUPD) that involves the
CBL locus and converts CBL mutations into a homozygous state
[3]. However, CBL mutations have been rarely reported in acute
lymphoblastic leukemia (ALL).

* Corresponding author at: Department of Medical Genetics, Tohoku University
School of Medicine, 1-1 Seiryo-machi, Sendai 980-8574, Japan. Tel.: +81227178139;
fax: +8122 717 8142.
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0145-2126/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
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Germline mutations in CBL have been identified in three JMML
patients who displayed a variable combination of dysmorphic fea-
tures reminiscent of the facial gestalt of Noonan syndrome |10},
as well as in 17 children with JMML [11] and two patients with
sporadic Noonan syndrome [12]. Noonan syndrome and related
disorders are autosomal dominant congenital anomaly syndromes,
and patients with these disorders have distinctive faces, heart
defects, mental retardation and tumor predisposition [13]. CBL
mutations have been shown to activate the downstream RAS path-
way, and patients with germline CBL mutations have been grouped
with those with Noonan syndrome and related disorders, ie.,
RAS/mitogen-activated protein kinase (MAPK) pathway syndromes
or RASopathies [13,14].

In this study, we analyzed somatic and germline CBL mutations
in leukemia cells from 77 patients with hematopoietic malignan-
cies and identified a somatic CBL mutation in a T-ALL sample. The
functional properties of the mutant CBL protein were further ana-
lyzed.

2. Materials and methods
2.1. Patients with hematopoietic malignancies

A total of 77 children with hematopoietic malignancies (40 ALL. includ-
ing 29 B cell ALL, 6 T-ALL, 1 mixed lineage ALL and 4 unknown; 28
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acute myeloid leukemia (AML); 3 malignant lymphoma; 2 transient abnormal
myelopoiesis (TAM) associated with Down syndrome; 2 MDS; 1 JMML; and 1
CML) were studied (Supplementary Table 1). The AML subtypes, according to the
French-American-British (FAB) classification, were as follows: MO (n=6),M1(n=3),
M2 (n=8), M4 (n=3), M5 (n=4), M7 (n=3) and unknown subtype (n=1). Bone mar-
row (BM) and/or peripheral blood (PB) cells were obtained from these patients at
the time of diagnosis, and pleural effusions were obtained from the malignant lym-
phoma patients. Using a standard protocol, genomic DNA was prepared from the BM,
PB and pleural effusion samples that contained tumor cells. The Ethics Committee
of the Tohoku University School of Medicine approved this study.

2.2. Mutation analysis

Sequencing was conducted for exons 8 and 9 of CBL, exons 4-12 of FBW7 and
exons 26, 27 and 34 of NOTCH1, which correspond to the heterodimerization [HD]
and proline-, glutamic acid-, serine- and threonine-rich [PEST] domains of NOTCH1.
If a CBL mutation was detected in a sample, then the remainder of the coding exons of
CBL were also sequenced (Supplementary Table 2). The PCR products were purified
using a MultiScreen PCR plate (Millipore, Billerica, MA, USA) and sequenced on an
Applied Biosystems 3500xL genetic analyzer (Applied Biosystems, Foster City, CA,
USA).

2.3. SNP array karyotyping analysis

DNA from the T-ALL sample and the paired DNA from remission leukocytes
were analyzed on a high-density Affymetrix single-nucleotide polymorphism array
(SNP-A; 250 K) to identify loss of heterozygosity (LOH), microamplification and
microdeletion, as described previously [15].

2.4. Construction of expression vectors

The expression construct pCMV6-CBL, which included the CBL cDNA, was pur-
chased from OriGene (Rockville, MD, USA). One of two single-base substitutions,
either ¢.11417>C, resulting in p.C381R, or ¢.1259G>A, resulting in p.R420Q, was
introduced using a QuikChange Site-Directed Mutagenesis kit (Stratagene, La Jolla,
CA, USA). All of the mutant constructs were verified by sequencing. An HES-Luc
expression construct in the pGV-B vector | 16] and a mouse intracellular NOTCH1
(ICN1) region expression construct in the pEF-BOSneo vector {17] were obtained
from Riken BRC DNA Bank (Tsukuba, baraki, Japan).

2.5. Reporter assay for ELK and c-jun

NIH 3T3 cells were purchased from the American Type Culture Collection (ATCC,
Rockville, MD, USA). The NIH 3T3 cells were maintained in DMEM containing 10%
newborn calf serum (NCS), 100U/m! penicillin and 100 pg/ml streptomycin. The
NIH 3T3 cells were plated in 24-well plates at a density of 5x 10* cells per well
one day prior to the transfection. The cells were transiently transfected using Lipo-
fectamine and PLUS Reagents with 350 ng pFR-luc, 25 ng pFA2-ELK1 or pFA2 c-Jun,
3.5 ng phRLnull-luc and 200 ng wild-type (WT) or mutant expression constructs of
CBL for ELK or c-Jun transactivation, The luciferase activity was assayed using a Dual-
Luciferase Reporter Assay System (Promega, Madison, W1, USA). Renilla luciferase,
expressed by phRLnull-luc, was used to normalize the transfection efficiency. All of
the experiments were performed in triplicate.

2.6. HESI reporter assay

The NIH 373 cells were plated in 24-well plates at a density of 5x 10* cells
per well one day prior to the transfection. The cells were transiently transfected
using Lipofectamine and PLUS Reagents with 100ng HES-Luc, 5ng phRLnull-luc,
120 ng ICN region expression construct and 60 ng, 120 ng or 240 ng WT or mutant
expression constructs of CBL. The luciferase assays were performed as described
above.

3. Results
3.1. Mutation analysis

We sequenced exons 8 and 9 in CBL in 77 children with
hematopoietic malignancies. CBL mutations were detected in 2
patients. A T-to-C substitution at nucleotide 1141 (c.1141T>C)
in CBL, which resulted in a p.C381R homozygous mutation, was
detected in Patient PL1, who was diagnosed with T-ALL (Fig. 1A).
DNA isolated from the buccal mucosa and peripheral blood dur-
ing complete remission revealed no mutation of CBL, suggesting
that the p.C381R mutation occurred somatically. Additionally,
¢.1222T>C, which resulted in a p.W408R homozygous mutation,
was identified in JMML cells from Patient PL52 (Fig. 1B). An analysis

of a DNA sample from the buccal mucosa revealed a heterozygous
mutation in ¢.1222T>C, suggesting a heterozygous germline muta-
tion. No mutations were identified in any of the coding exons in
PTPN11, HRAS, KRAS or SOS1, exons 6, 11-16 in BRAF, exons 7, 14 or
17 in RAF1 or exon 1 in SHOC2 [13,18] in Patient PL52.

3.2. Clinical course of PL1 and PL52

Patient PL1 was the first son of unrelated healthy parents. He
developed a swelling of the cervical lymph glands at 10 years of
age, and he was admitted to our hospital following a laboratory
finding of leukocytosis and thrombocytopenia. The laboratory find-
ings were hemoglobin 12.3 g/dl, white blood cells 403.4 x 10°/l and
platelets 83 x 109/1. Bone marrow aspiration revealed a hypercellu-
lar marrow with 93.4% lymphoblasts with a T-cell phenotype: the
cells were positive for CD2, CD3, CD5, CD7, CD4, CD8, cytoplasmic
CD3 and TdT and negative for CD10, CD13, CD19, CD20 and CD33
according to immunophenotyping using flow cytometry. Chromo-
somal testing demonstrated 46, XY. T-ALL was diagnosed, and the
cerebrospinal fluid was negative for leukemia. Induction therapy,
which consisted of vincristine, prednisolone, tetrahydropyranyl
adriamycin, cyclophosphamide and Escherichia coli asparaginase,
was performed. Although this patient underwent leukapheresis
before induction therapy, he developed tumor lysis syndrome that
required dialysis therapy. Complete remission was achieved at Day
15, and he has remained in complete remission.

Patient PL52 was a three-month-old girl. She developed a
fever and was hospitalized for leukocytosis and thrombocytope-
nia. The laboratory data were hemoglobin 8.8 g/dl, white blood
cells 32.5 x 109/1 (2.0% myelocytes, 4.0% stab neutrophils, 16%
segment neutrophils, 11% monocytes and 67% lymphocytes) and
platelets 23 x 10%/1. Bone marrow aspiration revealed hyper-
cellular marrow. Spontaneous growth and hypersensitivity to
granulocyte/macrophage colony-stimulating factor (GM-CSF) were
observed in the colony assay. This patient was diagnosed with
JMML. Her brain CT was normal at 3 months of age. She was devel-
opmentally normal with no obvious dysmorphic features. At 1 year
and 3 months of age, her stature was 79.1cm (+0.9 SD), body
weight was 10.6 kg (+1.3 SD) and no heart murmur was observed.
The laboratory data were hemoglobin 8.8 g/dl, white blood cells
17 x 10%/1 (2.0% myelocytes, 4.0% stab neutrophils, 16% segment
neutrophils, 10.3% monocytes and 67% lymphocytes) and platelets
23 x 109/1. She has been observed in outpatient care and will obtain
hematopoietic stem cell transplantation if her blood features dete-
riorate.

3.3. The analysis of the NOTCH1 and FBXW?7 genes and of the
copy number in the T-ALL sample

Activating mutations of the NOTCH1 gene that involve the extra-
cellular HD domain and/or the C-terminal PEST domain have been
identified in more than half of all T-ALL cases |19]. FBXW?7 is a ubig-
uitin ligase of NOTCH1, and mutations in FBXW7 are observed in
almost 10% of T-ALL cases [20-22]. Exons 26, 27 and 34 in NOTCH1
and exons 4-12 in FBXW7 were analyzed in a sample from Patient:
PL1 to confirm that the leukemia cells had the properties of T-
ALL. NOTCH1 sequencing revealed two mutations in the HD and
PEST domains. One mutation, a missense mutation (¢.4724T>C)that
results in a p.L1575P in the HD domain, has previously been iden-
tified in a sample from T-ALL patients [19]. Another mutation, a
novel ¢.7416-7417insGA that causes a frame shift in the amino acid
in Position 2478 (p L2473fs(2478*)), has been predicted to result
in a partial deletion of the PEST domain. No mutations in FBXW7
were identified. These results and the analysis of T cell markers
confirmed that the sample from Patient PL1 had properties of T cell
leukemia.
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Fig. 1. CBL mutations identified in patients. (A) Sequencing charts of leukemic cells and peripheral blood at complete remission from Patient PL1. (B) Sequencing charts of

JMML cells and buccal mucosa from Patient PL52.

CBL mutations are associated with an 11g-acquired uniparental
disomy (aUPD)involving the CBL locus, which converts these muta-
tions into a homozygous state [3]. An SNP array analyzed the
difference in DNA between PB samples at disease onset (leukemia
cells) and leukocytes in remission. The analysis revealed a UPD
11q13.1qter that contained the CBL locus only in the T-ALL sam-
ple (Table 1). In addition, homozygous deletions of 4q25, which
encodes the LEF1 gene, and of 9p21.3, including the region that
encodes CDKNZ2A, were detected. A UPD at 9pter-p13.3 was also
observed. The deletion of 14q11.2, which encodes TCRA, and the
one-copy deletion in 7q34 (including TCRB) that were observed in
the DNA from the T-ALL cells may be due to a TCR rearrangement,
The effects of the gain of the immunoglobulin light chain at 2p11.2
and the gain at 17q12, which contains CCL3L3, CCL4L2 and TBC1D3,
are unknown.

Table 1
Genetic abnormalities of T-ALL at diagnosis.

3.4. ELK and c-Jun transactivation in cells expressing mutant CBL
proteins

The CBL p.C381R mutation that was identified in one T-ALL
patient has also been identified in a JMML patient and a single
patient with MDS [5.23]. However, a functional analysis of p.C381R
has not been performed.

A WT allele and the two CBL mutants, p.C381R and p.R420Q,
were introduced in NIH 3T3 cells, and ELK transactivation was
examined to elucidate the activation of the ERK pathway. The allele
p.R420Q was used as a positive control because this mutant acti-
vates ERK [12]. ELK is a transcription factor that is phosphorylated
by activated ERK and that binds the serum response element in
the promoters of the immediate early genes, including c-FOS [24].
ELK transactivation was remarkably enhanced in cells expressing

Chromosomal Copy number state Copy number state Loss/gain Size (kb) *Start.Linear_Position “End.Linear.Position Genes included in

sites (leukemia) (germline) the region

11q13.1gter 2 UPD 69575.00 64877380 134452384 CBL and others

14q11.2 1 2 Loss 369.94 21660717 22030660 TCRA, TCRD, TCR

17q12 3 2 Gain 192,98 31460821 31653797 CCL3L3, CCL412,
TBC1D3

2p11.2 4 3 Gain 460.63 88914227 89374858 ICK@

2pl11.2 3 2 Gain 109.16 89753412 89862571 IGK@

4q25 0 2 Loss 104.82 109199454 109304271 LEF1

7q34 0 2 Loss 491.97 141711730 142203700 TCRB

9p11.2 3 2 Gain 127.88 44667843 44795721

9p21.3 0 2 Loss 117.67 21864256 21981923 CDKN2A

9pterp13.3 2 UPD 33701.54 1 33701540 CDKN2A and others

Abbreviations: CBL, Cas-Br-M (murine) ecotropic retroviral transforming sequence; TCRA, T cell receptor alpha; TCRD, T cell receptor delta; CCL3L3, chemokine ligand 3-like
3; CCL4L2, chemnokine ligand 4-like 2; TBC1D3, TBC1 domain family, member 3; IGK@, immunoglobulin kappa locus; LEF1, lymphoid enhancer binding factor 1; TCRB, T cell

receptor beta; CDKN2A, cyclin-dependent kinase inhibitor 2A,
2 Denoted by NCBI 36 reference human genome {(hg18).
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Fig. 2. ELK, c-Jun, and HES1 transactivation in cells expressing mutant CBL proteins. The results are expressed as the mean and standard deviation of mean values from
triplicate samples. **P<0.01 and *P<0.05 determined with Student’s t-test. (A) ELK transactivation in cells with WT CBL and mutant CBL. (B) ¢c-Jun transactivation in cells
with WT CBL and mutant CBL. (C) ELK transactivation in NIH 3T3 cells transiently expressing WT CBL and C381R CBL in DMEM that contained the indicated concentra-
tions of newborn calf serum (NCS).(D) For EGF stimulation, the ELK transactivation level in cells expressing p.C381R stimulated with EGF was significantly enhanced compared
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p.C381R and p.R420Q in DMEM containing 10% NCS compared with
WT CBL-transfected cells (Fig. 2A). The transactivation of the tran-
scription factor c-jun was examined in NIH 3T3 cells. Studies have
shown that c-Jun activity is upregulated by the phosphorylation
of c-Jun NH2-terminal kinases (JNK) [25]. In this case, c-Jun trans-
activation was significantly enhanced in cells expressing p.C381R
and p.R420Q in DMEM containing 10% NCS (Fig. 2B). These results
demonstrate that CBL mutants activate the ERK and JNK pathways,
possibly via the upstream activation of RAS in the presence of
serum.

ELK transactivation was examined in different NCS concen-
trations to evaluate the effect of serum concentration. ELK
transactivation in cells expressing p.C381R and p.R420Q was
enhanced in an NCS concentration-dependent manner (Fig. 2C).
Significant ELK activation was observed in cells expressing p.C381R
and p.R420Q in DMEM with 0.5% NCS. The effects of EGF and PDGF
on ELK transactivation were examined in cells expressing WT CBL
or p.C381R CBL. The ELK transactivation levels in cells express-
‘ing p.C381R that were stimulated with 100 ng/m! EGF (Fig. 2D) or
100 ng/ml PDGF (Fig. 2E) were significantly enhanced compared
with those of unstimulated cells. However, EGF and PDGF stimu-
lation did not significantly alter the ELK transactivation levels in
cells expressing WT CBL. These results suggest that the p.C381R
mutation constitutively activates the RAS pathway.

CBL mutations affect endogenous WT CBL in a dominant-
negative manner [7]. NIH 3T3 cells were co-transfected with WT
CBL and C381R to evaluate the effect of p.C381R on WT CBL. The
hypertransactivation response that was induced by the CBL mutant
was abolished by the co-transfection of WT CBL (Fig. 2F), suggesting
the pathogenic importance of the WT CBL allele loss.

3.5. HES transactivation in cells expressing mutant CBL

HEST1 is a target gene for NOTCH1. WT or mutant CBL constructs
were transiently transfected in NIH 3T3 cells with the HES-Luc
reporter and a constitutively active intracellular domain of NOTCH1
(ICN1) construct. ICN1 expression significantly increased the trans-
activation of HES (Fig. 2G, IC-NOTCH1 lane). The introduction of
CBL WT or mutants significantly reduced the HES transactivation
levels compared with cells expressing ICN1 (Fig. 2G). The HES1
transactivation levels in cells expressing p.C38 1R were significantly
decreased compared with CBL WT-expressing cells.

4. Discussion

In this study, a homozygous p.C381R mutation and a UPD of
the region that included CBL were identified in T-ALL cells, and a
heterozygous germline p.W408R mutation was identified in one
patient with JMML. An additional mutation analysis identified two
NOTCH1 mutations and homozygous deletions of LEF1 and CDKN2A
in T-ALL cells. A functional analysis revealed that cells expressing
the p.C381R mutant constitutively transactivated ELK and c-jun.
Co-transfection of WT and the p.C381R mutation in NIH 3T3 cells
revealed that WT inhibited the ELK-activating effects of p.C381R.
The HES1 transactivation levels in cells expressing p.C381R were
significantly decreased compared with CBL WT-expressing cells,
suggesting that this CBL mutation plays a role in NOTCH signaling
pathway.

CBL mutations are rare in ALL patients. Recently, mutations in
CBL have been identified in 2 infant ALL patients with MLL gene

rearrangements [26]. Nicholson et al. analyzed the linker-RING
domains of CBL in a cohort of 180 diagnostic and 46 relapsed
ALL patients and identified deletions/insertions of CBL, including
the splicing acceptor or donor site of exon 8 in three ALL sam-
ples [27]. CBL mutations in ALL may promote the proliferation
of leukemia cells by activating the RAS pathway ([27] and our
study). Alternatively, our HES-reporter assay in cells that expressed
the NOTCH1 constitutive active mutant showed that CBL p.C381R
downregulated the NOTCH1 signaling pathway, suggesting that
the CBL p.C381R mutation may contribute to leukemogenesis
through interaction with NOTCH1. The relationship between CBL
and NOTCH1 has not been elucidated, but one report has demon-
strated that CBL promotes the ubiquitin-dependent lysosomal
degradation of membrane-associated NOTCH1 [28]. In the case
of NOTCHS3, its interactions with pre-TCR lead to the recruitment
and persistence of the CBL to the lipid rafts in thymocytes from
mice expressing the constitutively active intracellular domain of
NOTCH3, which suggests that CBL may regulate the NOTCH3 and
pre-TCR relationship during T-cell leukemogenesis [29]. Further
analysis will elucidate the role of the CBL mutation in T-ALL leuke-
mogenesis.

Somatic and germline CBL mutations have been clustered in
either the linker domain or the RING finger domain (Fig. 3). The
loss of the ubiquitination of activated receptor tyrosine kinases is
thought to contribute to the transforming potential of leukemia-
associated mutant CBL proteins. The distributions of somatic and
germline mutations were almost similar. However, Y371, which
is a hot spot for CBL mutations in JMML, is rarely mutated in
other myeloid malignancies {5]. The germline p.W408R mutation
has been identified in a patient with JMML [5]. Individuals with
germline CBL mutations display a variable combination of dysmor-
phic features, including mild hypertelorism, a short upturned nose,
a deeply grooved philtrums and thick lips, which are reminiscent
of the facial gestalt of NS [10]. Patient PL52, who had a germline
p.W408R mutation, had normal development and no dysmorphic
featuresat 15 monthsof age. However, her young age may have pre-
cluded any firm conclusions. Long-term follow-up examinations
and an analysis of wider cohorts is necessary to further charac-
terize the phenotypic spectrum that is associated with germline
mutations in CBL.

The effect of mutant CBLs on ERK activation depends on the
level of endogenous WT CBL {7,30]. Therefore, we examined ELK
transactivation in NIH 3T3 cells, which have low endogenous CBL
protein expression [31]. Our study demonstrated that ELK transac-
tivation in cells expressing p.C381R decreased with increasing WT
CBL expression. These results suggest that the p.C381R mutation
functions in a dominant-negative manner or as a gain-of-function
mutation.

In this study, SNP array analyses of samples from leukemia
cells and leukocytes obtained from patients in remission revealed
a copy number imbalance that was specific for leukemia cells.
The homozygous deletion of the entire LEF1 gene was iden-
tified in the T-ALL sample with the CBL mutation. LEF1 is a
member of the lymphoid enhancer factor/T-cell factor family
of DNA-binding transcription factors that interact with nuclear
[-catenin in the WNT signaling pathway [32]. Monoallelic or bial-
lelic LEF1 microdeletions have been identified in 11% (5 of 47)
of primary samples from the diagnostic specimens of 47 chil-
dren with T-ALL, using high-resolution array comparative genomic
hybridization [33]. The homozygous deletion of CDKN2A and

with unstimulated cells. (E) For PDGF stimulation, the ELK transactivation level in celis expressing p.C381R stimulated with 100 ng/ml PDGF was enhanced compared with
unstimulated cells. (F) Co-transfection of WT CBL and C381R CBL. The hypertransactivation response induced by CBL p.C381R was abolished by the co-transfection of WT
CBL. {G) Mutant CBL constructs in pCMV6 were transiently transfected in NIH 3T3 cells with the HES-Luc reporter and the intracellular NOTCH1 (ICN1) construct where

appropriate.
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CDKNZ2B, which are frequently inactivated in various hematolog-
ical malignancies [34], was also identified in the T-ALL sample. A
comparison of the copy numbers of DNA samples from leukemia
cells and germline DNA will help to highlight the abnormalities in
leukemia.

In conclusion, we identified a CBL p.C381R mutation in leukemia
cells from one patient with T-ALL. A functional analysis demon-
strated that the mutation constitutively activated the RAS-MAPK
pathway and inhibited the constitutive activation of the NOTCH
signaling pathway. Further studies will be needed to determine the
relationship between CBL and leukemogenesis.
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