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ORIGINAL ARTICLE

Mutation analysis of the SHOCZ2 gene in Noonan-like
syndrome and in hematologic malignancies

Shoko Komatsuzaki!, Yoko Aoki!, Tetsuya Niihori!, Nobuhiko Okamoto?, Raoul CM Hennekam?#,

Saskia Hopman®, Hirofumi Ohashi®, Seiji Mizuno’, Yoriko Watanabe®, Hotaka Kamasaki’, Ikuko Kondo!'°,
Nobuko Moriyama!!, Kenji Kurosawa'?, Hiroshi Kawame'?, Ryuhei Okuyama'4, Masue Imaizumi!,
Takeshi Rikiishi'®, Shigeru Tsuchiya'é, Shigeo Kure"!¢ and Yoichi Matsubara!

Noonan syndrome is an autosomal dominant disease characterized by dysmorphic features, webbed neck, cardiac anomalies,
short stature and cryptorchidism. It shows phenotypic overlap with Costello syndrome and cardio-facio-cutaneous (CFC)
syndrome. Noonan syndrome and related disorders are caused by germline mutations in genes encoding molecules in the
RAS/MAPK pathway. Recently, a gain-of-function mutation in SHOC2, p.S2G, has been identified as causative for a type of
Noonan-like syndrome characterized by the presence of loose anagen hair. In order to understand the contribution of SHOC2
mutations to the clinical manifestations of Noonan syndrome and related disorders, we analyzed SHOCZ2 in 92 patients with
Noonan syndrome and related disorders who did not exhibit PTPN11, KRAS, HRAS, BRAF, MAP2K1/2, SOS1 or RAF1
mutations. We found the previously identified p.S2G mutation in eight of our patients. We developed a rapid detection system
to identify the p.S2G mutation using melting curve analysis, which will be a useful tool to screen for the apparently common
mutation. All the patients with the p.S2G mutation showed short stature, sparse hair and atopic skin. Six of the mutation-
positive patients showed severe mental retardation and easily pluckable hair, and one showed leukocytosis. No SHOC2
mutations were identified in leukemia cells from 82 leukemia patients. These results suggest that clinical manifestations in
SHOC2 mutation-positive patients partially overlap with those in patients with typical Noonan or CFC syndrome and show that
easily pluckable/loose anagen hair is distinctive in SHOC2 mutation-positive patients.

Journal of Human Genetics (2010) 55, 801-809; doi:10.1038/jhg.2010.116; published online 30 September 2010

Keywords: cardio-facio-cutaneous syndrome; costello syndrome; hematologic malignancy; loose anagen hair; melting curve analysis;
noonan syndrome

INTRODUCTION characterized by mental retardation, ectodermal abnormalities (sparse

Noonan syndrome (MIM 163950) is an autosomal dominant disorder
characterized by short stature, webbed or short neck, characteristic
features (hypertelorism, low-set ears and ptosis), pulmonary valve
stenosis and hypertrophic cardiomyopathy.'? Noonan syndrome is a
heterogeneous disease and overlaps phenotypically with Costello
syndrome (MIM 218040) and cardio-facio-cutaneous (CFC) syn-
drome (MIM 115150). Costello syndrome is characterized by mental
retardation, distinctive facial features, neonatal feeding difficulties,
curly hair, loose skin, and hypertrophic cardiomyopathy and carries an
increased risk of malignancy.3> CFC syndrome, on the other hand, is

hair, hyperkeratotic skin and ichthyosis), distinctive facial features
(high forehead, bitemporal constriction, hypoplastic supraorbital
ridges, downslanting palpebral fissures and depressed nasal bridge)
and congenital heart defects (pulmonic stenosis, atrial septal defect
and hypertrophic cardiomyopathy).*

Recent studies have shown that all three of these disorders result
from dysregulation of the RAS/MAPK cascade. It has been suggested
that these syndromes be comprehensively termed the RAS/MAPK
syndromes® or the neuro-cardio-facial-cutaneous syndrome.% Germ-
line mutations in PTPN11l, KRAS, SOSI and RAFI have been
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identified in 60-80% of Noonan syndrome patients.”~'2 In patients
with Costello syndrome, germline mutations in HRAS have been
identified,!> and mutations in KRAS, BRAF or MAP2KI1/MAP2K2
have been identified in approximately 70% of patients with CFC
syndrome.'4!5 However, in approximately 40% of patients with these
disorders, specific mutations have not been identified.

SHOC2 is homologous to soc2, a gene that was discovered in
Caenorhabditis elegans. The soc2 gene encodes leucine-rich repeats!'®
and acts as a positive modulator of the RAS/MAPK pathway.!?
Recently, Cordeddu et al.'® reported a gain-of-function missense
mutation, c.4A>G (p.52G), in SHOC? in patients with Noonan-
like syndrome with loose anagen hair. However, clinical features of
patients with a mutation in SHOC2 remain unknown. In this study,
we analyzed 92 patients with Noonan syndrome and related disorders
to characterize mutations in the SHOC2 gene. We also performed
expression analysis of SHOC2 in adult and fetal human tissues and
performed sequence analysis of SHOC2 in 82 leukemia samples.

MATERIALS AND METHODS

DNA samples from patients with Noonan syndrome and related
disorders and from leukemia cells

We analyzed 92 patients with Noonan syndrome and related disorders who did
not display PTPN11, KRAS, HRAS, BRAF, MAP2K1/2 (MEK1/2), SOSI or
RAFI mutations. At the time at which samples were sent, the primary diagnoses
of these patients were as follows: 34 Noonan syndrome, 17 Costello syndrome,
21 CFC syndrome, 4 Noonan/CFC, 2 Costello/CFC and 14 others. Control
DNA was obtained from 132 healthy Japanese individuals. Control DNA from
105 healthy Caucasian individuals was purchased from Coriell Cell Repositories
(Camden, NJ, USA). Eighty-two leukemia DNA samples were collected from

leukemia patients (32 acute myeloid leukemia, 41 acute lymphoblastic leukemia,
1 juvenile chronic myelogenous leukemia, 1 Ki-lymphoma, 2 malignant
lymphoma, 1 myelodysplastic syndrome, 1 aplastic anemia, 2 transient abnor-
mal myelopoiesis and 1 unknown). Nine additional genomic DNA samples were
collected from patients who had developed leukemia and had achieved complete
remission (eight acute lymphoblastic leukemia and one aplastic anemia).

This study was approved by the Ethics Committee of Tohoku University
School of Medicine. We obtained informed consent from all subjects involved
in the study and specific consent for photographs from seven patients.

Analysis of SHOC2 mutations

Genomic DNA was extracted from patients’ peripheral leukocytes. Exons and
flanking intron sequences of SHOC2 were amplified by PCR with primers
based on GenBank sequences (Supplementary Table 1, GenBank accession no.
NC_000010.10). The M13 reverse or forward sequence was added to the 5" end
of the PCR primers for use as a sequencing primer. PCR was performed in 15 pl
of solution containing 67mm Tris-HCl (pH 8.8), 6.7mM MgCl,, 17 mm
NH4SOy, 6.7 pm EDTA, 10 mM B-mercaptoethanol, 1.5 mm dNTPs, 10% (v/v)
dimethylsulfoxide (except fragment 7), 1 um of each primer, 50 ng genomic
DNA and 1 unit of Tag DNA polymerase. The reaction consisted of 37 cycles of
denaturation at 94 °C for 205, annealing at the indicated temperature for 30s
and extension at 72°C for 30s. The PCR products of fragment la were gel
purified; PCR products of the other fragments were purified using MultiScreen
PCR plates (Millipore, Billerica, MA, USA). The purified PCR products were

sequenced on an ABI PRISM 3130 automated DNA sequencer (Applied
Biosystems, Foster City, CA, USA).

Development of a mutation detection system using the light cycler
Real-time PCR and melting curve analysis to detect the c.4A>G mutation was
developed using the LightCycler system (Roche Diagnostics, Mannheim,
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Figure 1 (a) PCR followed by melting analysis to detect the c.4A>G mutation. F2 represents the fluorescence emission of the LC Red 640 fluorophore,
whereas F1 shows the fluorescence emission of the fluorescein fluorophore. (b) Melting curves are automatically converted into melting peaks, which are
given as the first negative derivative of the fluorescence (F) versus temperature (T) (-dF/dT) (y axis) versus temperature (temp)(x axis). The homozygous wild-

type allele (parents of NS128) shows a single melting temperature, whereas the heterozygote (NS128) shows two different melting temperatures. (c, d)
Sequencing traces of parents of NS128. (e) Sequencing trace of NS128.
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Germany). Primer and probe sequences are shown in Supplementary Table 2.
The acceptor probe, which matches the mutant allele sequence, was labeled at
its 3" end with fluorescein isothiocyanate. The donor probe was labeled at its
5" end with LC Red640 and phosphorylated at its 3’ end to prevent probe
elongation by the Taq polymerase. Probes were designed by Nihon Gene
Research Laboratories (Sendai, Japan). Amplification was performed in a final
volume of 20pl in glass capillaries containing 10 ng of sample DNA, 2 pl of
10x LightCycler-FastStart DNA Master HybProbe (Roche Diagnostics), 12 nm
MgCl,, 0.3 pm of each forward and reverse primer and 0.2 uMm of each acceptor
and donor hybridization probe. PCR was performed under the following
conditions: initial denaturation at 95°C for 10min, 40 cycles of 95°C for
10s, 60°C for 15s and 72°C for 7s with a ramping time of 20°Cs™'. After
amplification, melting curve analysis was performed under the following
conditions: 95°C with 0-s hold, cooling to 40 °C for 30s and slowly heating
the sample to 85°C with a ramp rate of 0.4°Cs™".

Real-time quantitative PCR

MTC Multiple Tissue cDNA panels Human 1, 2, Human Fetal, Human
Immune and Human Cell Line (Clontech, Palo Alto, CA, USA) were used to
evaluate the relative expression of SHOC2 in various tissues. Separation of
mononuclear and polymorphonuclear (PMN) leukocytes from whole blood
was performed using Polymorphoprep (Nycomed, Oslo, Norway); total
RNA was prepared with the RNeasy Mini Kit (Qiagen, Hilden, Germany).
One hundred ng of total RNA was used to synthesize complementary DNA
(cDNA) using the High Capacity cDNA Reverse Transcription kit (ABI).
Primers for real-time PCR were designed using software provided by Roche
(https://www.roche-applied-science.com) (Supplementary Table 3). Universal
ProbeLibrary #42 and #60 (Roche) were used for SHOC2 and GAPDH,
respectively. PCR was performed in 20 ul of solution containing 10 pl FastStart
Universal Probe Master (Rox) (Roche), 18 pmol of each primer, 5 ul cDNA and
0.25 pum universal HybProbe. The reaction conditions were 50 °C for 2 min and
95 °C for 10 min, followed by 40 cycles of 95°C for 15s and 60 °C for 11 min.

Table 1 Clinical manifestations in SHOC2 mutation-positive patients

SHOC2 analysis in patients with Noonan-like syndrome
S Komatsuzaki et al

The real-time PCR program was run by the 7500 Real-Time PCR system (ABI).
Diluted control cDNA (1:1, 1:10, 1:100, 1:1000 and 1:10000) from Multiple
Tissue cDNA panels (Clontech) was amplified with each reaction in order to
generate a standard curve and calculate relative gene expression of SHOC2.

RESULTS

Mutation analysis in patients and development of a rapid mutation
detection system

Sequence analysis of all coding regions of SHOC2 in 92 patients
revealed a c.4A>G mutation (p.S2G) in exonl of SHOC2 in eight
unrelated patients. Parental samples were available in three families;
the mutation was not identified in parents, suggesting that the
mutation occurred de novo.

Our results and the previous report identified a c.4A>G mutation
in patients with Noonan-like syndrome. To further characterize the
occurrence of this mutation, we developed a rapid mutation detection
system using a Lightcycler. Two probes were generated for melting
curve analysis, and melting curve analysis was performed after PCR.
The PCR products from a patient heterozygous for the c4A>G
mutation differed from those obtained from the patient’s parents as
well as from those obtained from control subjects (Figures la and b).
The PCR products were verified by sequencing (Figures 1c—e).

Clinical manifestations of patients with the SHOC2 mutation

The clinical manifestations of eight patients with the SHOC2 mutation
are shown in Table 1; photographs of five of these patients are shown
in Figure 2. The ages of the patients ranged from 4 to 25 years. The
primary diagnoses for these patients were Costello, Noonan or CFC
syndrome. Three had perinatal abnormalities, including tachypnea,
hydramnios, pulmonary hemorrhage and intracranial hemorrhage.

Patient ID NS34 NS93 NS97 NS121 NS128 NS180 NS220 NS232
SHOC2 mutation p.S2G p.S2G p.S2G p.S2G p.S2G p.S2G p.S2G p.S2G
Genotype of father/mother WTWT ND ND ND WTWT ND ND WTWT
Gender M F F M F M F M
Age (years) 138 21 10 5.7 8 9 4 25
Country Japan The Netherlands Japan Japan Japan Japan Japan Japan
Primary diagnosis NS/CFC CFC CFC CFC CFC NS cs cs
Perinatal abnormality + ND — - - + + -

Polyhydramnios - ND - - - + - -

Birth weight 3118g 3360g 3068g 2865g 2308g 3258g 3160g 3090g

Others Tachypnea Pulmonary Intracranial

hemorrhage hemorrhage

Growth and development

Failure to thrive + + + - + + + +

Mental retardation + WISC Il at - + (DQ44) + (DQ48) +(DQ66) +WISCIllat9 +(DQ53) + (1Q65)

9 years 3 months years 4 months
viQ 81, PiQ 87, viQ 61, PlQ
FiQ 82 <40 FIQ 45
Hyperactivity - - + - - - - — (irritability
in infancy)

Delayed independent walking (age) + (3.6 years) - + (1.8 years)  + (2.8 years) + (4 years) + (5 years) + (4 years) + (3.6 years)
Craniofacial characteristics

Relative macrocephaly + + + + + + + +

Hypertelorism - - - - - + - +

803

Journal of Human Genetics



