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Figure 5 Structure of titin and mutation distribution in the A-band domain. Human TTN was mapped to 2q31.2. TTN is 294 kb and is composed of 363
exons that code for a maximum of 38 138 amino-acid residues and a 4.20-MDa protein32 called titin. Titin is expressed in the cardiac and skeletal muscles
and spans half the sarcomere, with its N-terminal at the Z-disc and the C-terminal at the M-line.33 Titin is composed of four major domains: Z-disc, I-band,
A-band and M-line. I-band regions of titin are thought to make elastic connections between the thick filament (that is, myosin filament) and the Z-disc
within the sarcomere, whereas the A-band domain of titin seems to be bound to the thick filament, where it may regulate filament length and assembly.34
The gray and white ellipses indicate an Ig-like domain and fibronectin type 3 domain, respectively. Our mutation (p.W30088L) and the neighboring two
mutations (that is, p.C30071R and p.P30091L) were all located in the 6th Fn3 domain in the 10th domain of large super-repeats. A full color version of

this figure is available at the Journal of Human Genetics journal online.

In contrast, one of the distinctive features of TMD is that early
respiratory failure has not been observed in patients with TMD.
Histological findings of TMD usually do not include CBs but show
nonspecific dystrophic change. The underlying pathogenic processes
explaining why mutations on these neighboring domains share some
similarities but also some differences are unknown.

Three of four HMERF mutations in the A-band domain are located
in the fibronectin type 3 and Ig-like (Fn3/Ig) domain, and one of four
HMERF mutations is located in the kinase domain (Table 2, also see
Figure 5). The missense mutation ¢.97348C>T in the kinase domain
was the first reported HMERF mutation. It has been shown that the
kinase domain has an important role in controlling muscle gene
expression and protein turnover via the neighbor of BRCA1 gene-1-
muscle-specific RING finger protein-serum response transcription
factor pathway.!> Moreover, the Fn3/Ig domain is composed of two
types of super-repeats: six consecutive copies of 7-domain super-
repeat at the N-terminus and 11 consecutive copies of 11-domain
super-repeat at the C-terminus.?’>? These super-repeats are highly
conserved among species and muscles. Our identified mutation
(c90263G>T) and the neighboring two mutations (that is,
¢.90272C>T and ¢.90315T>C shown in Table 2) were all located
on the 6th Fn3 domain in the 10th copy of 11-domain super-repeat
(that is, A150 domain®) (Figure 5). Although some Fn3 domains are
proposed to be the putative binding site for myosin,?! the role with
the majority of Fn3 domains, how it supports the structure of each
repeat architecture, and the identity of its binding partner have not
been fully elucidated. Our findings suggested that the Fn3 domain, in
which mutations clustered, has critical roles in the pathogenesis of
HMERE, although detailed mechanisms of pathogenesis remain
unknown.

In conclusion, we have identified a novel disease-causing mutation
in TTN in a family with MEM that was clinically compatible with
HMERE. Because of its large size, global mutation screening of TTN
has been difficult. Mutations in TTN may be detected by massively
parallel sequencing in more patients with MEMs, especially in
patients with early respiratory failure. Further studies are needed to

understand the genotype-phenotype correlations in patients with
mutations in TTN and the molecular function of titin.
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A male infant, born at 32 weeks gestation by cesarean because of
hydrops fetalis, presented with multiple anomalies, such as
sparse and curly scalp hair, absent eyebrows, frontal bossing,
an atrial septal defect, pulmonary artery stenosis, and whole
myocardial thickening, He was clinically diagnosed with cardio-
facio-cutaneous (CPFC) syndrome, and was confirmed to have 2
germline V-raf murine sarcoma viral oncogene homologue Bl
(BRAF) ¢.721 A>C mutation. At I month of age, he presented
with a transient myelodysplastic/myeloproliferative neoplasm
(MDS/MPN), which improved within a month without the
administration of antineoplastic agents. This is the first report
of CFC syndrome with MDS/MPN. The coexistence of MDS/
MPN may be related to this BRAF ¢.721 A>C mutation. © 2013

Wiley Periodicals, Inc.

Key words: cardio-facio-cutaneous syndrome; myelodysplastic/
myeloproliferative neoplasm; BRAF; RAS/MAPK syndromes;
juvenile myelomonocytic leukemia

INTRODUCTION

Cardio-facio-cutaneous (CFC) syndrome is genetic disorder char-
acterized by clinical features such as congenital heart defects, a
characteristic facial appearance, ectodermal abnormalities and
growth failure [Reynolds et al., 1986]. V-raf murine sarcoma viral
oncogene homolog B1 (BRAF) is one of rat sarcoma viral oncogene
homolog/mitogen activated protein kinase (RAS/MAPK) signaling
pathway genes, and has been identified as a causative gene of CFC
syndrome [reviewed in Aoki et al, 2008 and Denayer and
Legius, 2007]. We report on a male infant with CFC syndrome,
who was confirmed to have a germline BRAF mutation, and then
presented with a myelodysplastic/myeloproliferative neoplasm
(MDS/MPN) at 1 month of age.

© 2013 Wiley Periodicals, Inc.
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CLINICAL REPORT

A male was born through cesarean at 32 weeks gestation as the first
product of healthy nonconsanguineous Japanese parents. His birth
weight, length and head circumference were 2,370 g (—0.8 SD),
40.0 cm (+2.3 SD), 34.2 cm (+3.2 SD), respectively. Due to
hydrops fetalis and neonatal asphyxia, he required immediate
resuscitation. Mechanical ventilation was needed until age
3 months. He presented with multiple anomalies, such as sparse
and curly scalp hair, absent eyebrows, frontal bossing with temporal
narrowing, ocular hypertelorism, low set ears, a short and webbed
neck, and cryptorchidism (Fig. 1). His complete blood counts at age
1 day revealed the following: WBC 12,770/l (neutrophils 80%,
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lymphocytes 12%, monocytes 6%, myelocytes 2%), RBC
343 x 10*/pl, erythroblasts 2,430/l hemoglobin 14.2g/dl, and
platelets 3.2 x 10*/pl. A chromosome analysis of his peripheral
blood lymphocytes showed a 46, XY karyotype. He had an atrial
septal defect (ASD), pulmonary artery stenosis (PS), whole myo-
cardial thickening, a pulmonary arteriovenous fistula, an intra-
hepatic portal systemic shunt, hepatosplenomegaly, right
cryptorchidism, a right double renal pelvis, and ureter and agenesis
of the corpus callosum. These clinical features were all compatible
with CFC syndrome.

At age 1 month, a peripheral blood examination indicated
monocytosis of 17% (2,370/ul), with WBC 13,930/ul, RBC
295 x 10%ul, and platelets 11.2 x 10*/ul, with giant platelets.
Bone marrow aspiration revealed a nucleated cell count of
9.4 x 10*pl, megakaryocyte count 56.2/pl, and did not contain
pathologic blasts. The karyotype of the bone marrow cells was 46,
XY. The granulocyte-macrophage colony-forming unit (CFU-GM)
assay using a semi-solid methylcellulose method showed sponta-
neous CFU-GM formation of bone marrow (5/5 x 10* mononu-
clear cells) and peripheral blood (35/5 x 10* mononuclear cell),
without growth factors. Based on these laboratory findings, this
patient was diagnosed with MDS/MPN. However, the peripheral
blood monocytosis improved without the administration of anti-
neoplastic agents after 1 month with 13% monocytes (1,140/pl),

WBC of 8,780/u], RBC 314 x 10%/pl, and platelets 26.3 x 10%/ul.
At age 3 years, his complete blood counts revealed 11% monocytes
(903/ul), WBC 8,210/pl, RBC 428 x 10%/pl, and platelets
31.1 x 10%ul (Table I). He smiled normally. He demonstrated
generalized hypotonia without normal head control and was unable
to produce meaningful speech.

-CYTOGENETIC AND GENOMIC ANALYSIS

The BRAFsequencing analysis showed a heterozygous A>C change
at nucleotide 721, resulting in a p.T241P amino acid change in exon
6, which was a previously known mutation in CFC syndrome
[Schulz et al., 2008]. No mutations were noted in the Kirsten rat
sarcoma viral oncogene homologue (KRAS) or protein-tyrosine
phosphatase, nonreceptor-typell (PTPNI1I).

DISCUSSION

A male infant, born via cesarean section because of hydrops fetalis,
presented with multiple anomalies suggestive of CFC syndrome. A
pulmonary arteriovenous fistula, an intrahepatic portal systemic
shunt, hepatosplenomegaly, cryptorchidism, a double renal pelvis,
and ureter have been reported as rare complications in CFC syndrome
[Narumi et al., 2007]. At 1 month of age, he presented with MDS/
MPN, which improved within a month. He showed a germline
mutation of BRAF ¢.721 A>C, resulting in a p.T241P amino acid
change in exon 6, within a cysteine-rich domain. This mutation was
previously described in CFC syndrome [Schulz et al., 2008).

The clinical findings of CFC syndrome are similar to those of
other RAS/MAPK or neuro-cardio-facial-cutaneous syndromes,
such as Noonan and Costello syndrome [reviewed in Aoki et al,,
2008; Denayer and Legius, 2007]. The RAS/MAPK signaling path-
way genes, not only BRAF, but also KRAS, MAPK kinase/ERK
kinase 1 (MEK1), and MAPK kinase/ERK kinase2 (MEK2) have
been reported as causative genes for CFC syndrome [Niihori et al,,
2006; Rodriguez-Viciana et al., 2006]. CFC syndrome had been
considered to have a low risk of malignancy among the various
RAS/MAPK syndromes, but a few patients with CFC syndrome due
to BRAFmutation have presented with malignancies, such as acute
lymphoblastic leukemia [van Den Berg and Hennekam, 1999;
Makita et al., 2007], and precursor T-lymphoblastic lymphoma
[Ohtake et al., 2011].

MDS/MPNs include clonal myeloid neoplasms that at the time of
initial presentation have clinical, laboratory or morphologic findings
supporting a diagnosis of MDS, and other findings more consistent
with MPN. They are usually characterized by hypercellularity of the
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bone marrow due to proliferation in one or more of the myeloid
lineages [Swerdlow et al., 2008]. Juvenile myelomonocytic leukemia
(JMML) is one type of MDS/MPN. Peripheral blood and bone
marrow from JMML patients demonstrate spontaneous proliferation
according to a CFU-GM assay [Estrov et al, 1986]. Transient
monocytosis is not rare in preterm infants [Rajadurai et al., 1992].
Monocytosis in preterm infants is not usually considered a sign of
MPD/MPN. In this case, the monocytes proliferation independent of
growth factors was noticed according to a CFU-GM assay. The
spontaneous proliferation was in favor of MPN. In RAS/MAPK
syndromes, occasionally young infants with Noonan syndrome de-
velop a JMML-like disorder which spontaneously resolves without
treatment in some, and behaves more aggressively in others [Bader-
Meunier et al., 1997; reviewed in Choong et al., 1999]. These children
carried germline mutations in PTPNI11 [Tartaglia et al., 2003] or in
KRAS [Kratz et al., 2005]. BRAF mutations had not previously been
detected in patients with JMML [de Vries et al,, 2007]. This is the first
report of a germline BRAFmutation and MDS/MPN in a patient with
CFC syndrome. The MDS/MPN improved without the administra-
tion of antineoplastic agents. This clinical course is similar to the
JMML-like disorder observed in Noonan syndrome. This suggests a
common mechanism for the development and progression of MDS/
MPN in patients with RAS/MAPK syndromes. The MDS/MPN in
RAS/MAPK syndrome patients has parallels with the transient leu-
kemia of newborns with Down syndrome. However, the transient
leukemia associated with Down syndrome has a high concentration of
blastsin the peripheral blood and a GATA binding protein 1 (GATAI)
mutation as somatic molecular marker [Xu et al., 2003].

The germline BRAF mutation site of this patient, c.721 A>Cin
exon 6, had been reported in two previous patients. One had CFC
syndrome [Schulz et al., 2008], and the other had Noonan syn-
drome with multiple lentigines, previously referred toas LEOPARD
syndrome [Sarkozy et al., 2009]. These two patients did not present
with malignancies. Garnett and Marais [2004] reviewed the BRAF
mutations in various adult cancers, and showed that up to 90% of
mutations occurred in exon 12. The BRAF mutation site of this
patient, exon 6, may be related to the spontaneous improvement of
his MDS/MPN. A long-term follow-up and additional bone mar-
row assays might be needed if the patient demonstrates suspicious
symptoms with or without peripheral blood monocytosis, because
of the risk that MDS/MPN may recur. Further accumulated data
about CFC syndrome with a BRAF mutation may help to elucidate
the basic mechanisms of malignancy, and may suggest a therapeutic
strategy.
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Sequential analysis of amino acid substitutions with
hepatitis B virus in association with nucleoside/nucleotide
analog treatment detected by deep sequencing

Masashi Ninomiya," Yasuteru Kondo," Tetsuya Niihori,? Takeshi Nagashima,?
Takayuki Kogure," Eiji Kakazu," Osamu Kimura,' Yoko Aoki,? Yoichi Matsubara® and
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Taking nucleoside/nucleotide analogs is a major antiviral
therapy for chronic hepatitis B infection. The problem with
this treatment is the selection for drug-resistant mutants.
Currently, identification of genotypic drug resistance is
conducted by molecular cloning sequenced by the Sanger
method. However, this methodology is complicated and time-
consuming. These limitations can be overcome by deep
sequencing technology. Therefore, we performed sequential
analysis of the frequency of drug resistance in one individual,
who was treated with lamivudine on-and-off therapy for 2
years, by deep sequencing. The lamivudine-resistant muta-
tions at rtL180M and rtM204V and the entecavir-resistant
mutation at rtT184L were detected in the first subject. The
lamivudine- and entecavir-resistant strain was still detected in
the last subject. However, in the deep sequencing analysis,
rt180 of the first subject showed a mixture in 76.9% of the
methionine and in 23.1% of the leucine, and rt204 also showed

a mixture in 69.0% of the valine and 29.8% of the isoleucine.
During the treatment, the ratio of resistant mutations
increased. At rt184, the resistant variants were detectable in
58.7% of the sequence, with the replacement of leucine by the
wild-type threonine in the first subject. Gradually, entecavir-
resistant variants increased in 82.3% of the leucine in the
last subject. In conclusion, we demonstrated the amino acid
substitutions of the serial nucleoside/nucleotide analog
resistants. We revealed that drug-resistant mutants appear
unchanged at first glance, but actually there are low-abundant
mutations that may develop drug resistance against
nucleoside/nucleotide analogs through the selection of domi-
nant mutations.

Key words: amino acid substitutions, deep sequencing,
hepatitis B virus, nucleoside/nucleotide analog resistants

Approximately 350-400 million patients are chroni-
cally infected with hepatitis B virus (HBV) globally, and
the disease has caused epidemics in East Asia.'? In
Japan, approximately 1.5 million people are infected
with HBV.? Chronic hepatitis B (CHB) increases the risk
of liver cirrhosis and hepatocellular carcinoma.*
Hepatitis B virus is a DNA virus of 3.2 kb surrounded
by an envelope of the surface protein (hepatitis B surface
antigen [HBsAg]) and it has a circular genome of par-
tially double-stranded DNA.> Once the HBV invades
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into hepatic cells, genomic DNA is transferred to the cell
nucleus.® In the nucleus, the genomic DNA is converted
to a stable intrahepatic reservoir of cccDNA. The
cccDNA replicates through an RNA intermediate form
by reverse transcription.” The purpose of CHB therapy is
to achieve sustained suppression of HBV replication and
the remission of liver disease. However, cccDNA is resis-
tant to treatment and is not completely eradicated by
currently available medications.*® Taking nucleoside/
nucleotide analogs (NA) is a major antiviral therapy for
the treatment of CHB.* Therapies with NA available in
Japan include lamivudine (LAM), adefovir dipivoxil
(ADV) and entecavir (ETV). They inhibit viral poly-
merase activity by interfering with the priming of reverse
transcription and elongation of the viral minus or
plus strand DNA.'*"*2 Most patients have chemical and
virological responses, but these treatments are ham-
pered by the selection of drug-resistant mutants, leading
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to a loss of efficacy, viral relapse and exacerbations of
hepatitis after discontinuation.”

In the present study, the region of codon rt148 to rt
208 in the polymerase open reading frame was found
to include the reported relevant NA-resistant amino
acid substitutions. Resistance to LAM has been mapped
to the YMDD locus in the C domain of rtM204I/V and
is sometimes associated with compensatory mutations
in the B domain of rtL180M and/or rtV173L.**-*¢ The
mutations common to LMV confer cross-resistance and
reduced sensitivity to ETV but not to ADV. ETV resis-
tance has been mapped to the B domain with rt1169T,
rtL180M and/or rtT184S/A/I/L/F/G/C/M, C domain
with 11S202C/G/I and 1tM204V/I, and E domain of
rtM250I/L/V. The three amino acid substitutions of
rtL180 + rtM204 and either rtT184, rtS202 or rtM250
are required for ETV resistance to develop.'”® The
mutations in the B domain of rtA181S/T/V and D
domain of rtN236T were reported to be associated with
ADV resistance.?*?!

Currently, identification of HBV genotypic NA resis-
tance is mainly conducted by polymerase chain reaction
(PCR) amplification with Sanger direct sequencing.
However, with this method it is difficult to measure
the frequencies of each mutation, and it is impossible
to detect several mutations combined in the same
sequence. It is necessary to find the frequencies of
NA-resistant amino acid substitutions, because the
secondary compensatory mutations associated with
primary NA resistance may restore replication defects or
even give rise to multidrug-resistant variants.” As an
alternative to Sanger direct sequencing, molecular
cloning can analyze single viral DNA molecules.
However, this methodology is complicated and time-
consuming, because analysis of three-digit clones is
required to detect variants present in several percent of
quasispecies. These limitations can now be overcome by
deep sequencing technology.” Genetic diversity plays a
key role in the NA treatment of HBV infection. There-
fore, using this technology, minor HBV variants can be
detected, including those with combinations of nucle-
otide changes in the same period. Detecting low-
frequency NA resistants will be important for choosing
the NA treatment. In this study, we investigated the
transition frequency of amino acid substitutions in NA
resistants, in one case using deep sequencing during 2
years of ETV and ADV combination treatment.

A 42-year-old man, diagnosed with CHB infection in
June 2005, was treated with LAM on-and-off therapy for
2 years. In HIV-infected patients, on-and-off antiretrovi-
ral therapy increased the risk of drug resistance com-

© 2013 The Japan Society of Hepatology

343

Hepatology Research 2013

pared with continuous therapy.”® The HBV DNA levels
had gradually increased and ETV treatment was begun in
November 2007, but the HBV DNA levels did not
decrease, and the treatment was stopped in November
2009. The level of serum transaminase was not elevated
at that period. In April 2010, he was seen for the first
time in our hospital. The patient was asymptomatic but
showed an elevation of transaminase. The following
clinical data was indicated: aspartate aminotransferase,
66 IU/L; alanine aminotransferase (ALT), 178 IU/L;
positive for HBsAg, hepatitis B e-antigen (HBeAg) and
hepatitis B core antibody; HBV genotype C; HBV DNA
levels of 1.0 x 10°® copies/mL; and negative for anti-
hepatitis C virus and anti-HIV. The combination of ETV
(0.5 mg/day) and ADV (10 mg/day) therapy was started
at that time. After 3 months of therapy, the ALT elevation
(119 IU/L) still persisted. Then, the dose of EIV was
increased from 0.5 mg to 1.0 mg daily from August
2010. Three months after starting ETV at a dose of
1.0 mg, ALT was at 40 IU/L and HBV DNA had decreased
to 6.3 X 10° copies/mL. At the most recent follow up,
ALT has remained normal and HBV DNA is at nearly an
undetectable level (<1.3 x 10? copies/mL). Of note, the
serum level of HBeAg is still positive. The changes in viral
load and ALT levels are presented in Figure 1(a).

To investigate mutation involved in NA resistance,
six serial serum samples of HBV-P10140 (stored in
April 2010), HBV-P10193 (June 2010), HBV-P10234
(July 2010), HBV-P10264 (August 2010), HBV-P11021
(January 2011) and 12-009 (January 2012) were
enrolled in this study. We extracted HBV DNA by the
method described previously with slight modifica-
tion.** Nucleic acids were obtained from 100 pL serum
samples using SMITEST EX-R&D (Medical & Biological
Laboratories, Nagoya, Japan) and nested PCR was con-
ducted in the presence of PrimeSTAR HS DNA poly-
merase (TaKaRa Bio, Shiga, Japan) four with primers
targeting the polymerase gene of HBV genomes
(Table 1). The amplification product of the first-
round PCR was 457 bp (nt 596-1052), and that of
the second-round PCR was 390 bp (nt 610-999): the
nucleotide numbers are in accordance with a genotype
B HBV isolate of 3215 nt (accession no. AB010289).
The first-round PCR with primers B034 and B037 was
conducted for 30 cycles and the second-round PCR for
25 cycles with primers BO35 and B036 (Table 1). The
second-round PCR amplicons were sequenced directly
on both strands using a BigDye Terminator version 3.1
Cycle Sequencing Kit (Applied Biosystems, Foster City,
CA, USA) on a 3500xL Genetic Analyzer (Applied
Biosystems).
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Figure 1 Clinical stage and amino acid substitutions of hepatitis B virus (HBV) resistants. (a) Evolution of HBV DNA viral load,
alanine aminotransferase (ALT) levels and resistant HBV variants sequenced directly with Sanger methods in a patient treated
sequentially with entecavir (EIV) and adefovir dipivoxil (ADV). (b) Frequency of amino acid substitutions of nucleoside/
nucleotide analog (NA)-resistant HBV by MiSeq deep sequencing. M denotes methionine, L denotes leucine, T denotes threonine,
V denotes valine, S denotes serine, F denotes phenylalanine, G denotes glycine and I denotes isoleucine. -a-, HBV-DNA; ~e—, ALT.
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Table 1 Nucleotide sequence of oligonucleotide primers
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Primer Polarity Usage Nucleotide sequence
B034 Sense 1st PCR ACYTGTATTCCCATCCCATC
B037 Antisense 1st PCR AARGCAGGRTADCCACATTG
B035 Sense 2nd PCR CCCATCRTCYTGGGCTITCG
B036 Antisense 2nd PCR AATTCKYTGACATACTITCCAATC
P5_B035 Sense MiSeq sequence AATGATACGGCGACCACCGAGATCTACACTC
TTTCCCTACACGACGCTCITCCGATCTCCCA
TCRTCYTGGGCTTICG
P7_Index1_B036 Antisense MiSeq sequence of CAAGCAGAAGACGGCATACGAGATCGTGATG
HBV-P10140 TGACTGGAGITCAGACGTGTGCTCITCCGA
TCTAATTCKYTGACATACTITCCAATC
P7_Index2_B036 Antisense MiSeq sequence of CAAGCAGAAGACGGCATACGAGATACATCGG
HBV-P10193 TGACTGGAGITCAGACGTGTGCTCITCCGAT
CTAATTCKYTGACATACTTTCCAATC
P7_Index3_B036 Antisense MiSeq sequence of CAAGCAGAAGACGGCATACGAGATGCCTAAGT
HBV-P10234 GACTGGAGTITCAGACGTGTGCTCITCCGATCT
AATTCKYTGACATACTITCCAATC
P7_Index4_B036 Antisense MiSeq sequence of CAAGCAGAAGACGGCATACGAGATTGGTCAGTG
HBV-P10264 ACTGGAGTTCAGACGTGTGCTCITCCGATCTAA
TTCKYTGACATACTTTCCAATC
P7_Index5_B036 Antisense MiSeq sequence of CAAGCAGAAGACGGCATACGAGATCACTGTGTG
HBV-P11021 ACTGGAGTTCAGACGTGTGCTCTITCCGATCTAA
TTCKYTGACATACTTTCCAATC
P7_Index6_B036 Antisense MiSeq sequence of CAAGCAGAAGACGGCATACGAGATATTGGCGTGA

HBV-P12009

CTGGAGITCAGACGTGTGCTCITCCGATCTAATT
CKYTGACATACTTTCCAATC

Y denotes C or T, R denotes A or G, D denotes A, G or T and K denotes G or T. Italic bold letters indicate the index by multiplex
sequencing. Italic letters indicate the nucleotide sequence of B035 or B036.

PCR, polymerase chain reaction.

The LAM-resistant mutations at rtL180M and
rtM204V, and the ETV-resistant mutation at rtT184L in
HBV-P10140 were detected by direct sequencing. The
HBV-mutated LAM- and ETV-resistant strain was still
detected in HBV-P12009 and the amino acid substitu-
tions were the same in all subjects (Fig. 1a).

Next, we investigated the frequency of amino acid
bases with these same six PCR amplicons by MiSeq
(lumina, San Diego, CA, USA) deep sequencing. MiSeq
is the only deep sequencer that quickly integrates ampli-
fication, sequencing and data analysis in a single instru-
ment. Compared with HiSeq (Illumina) or Illumina
GA IIx, MiSeq can produce longer paired-end reads
(<2 x250) with fewer gigabases of data. However, it
has a large enough data volume to sequence PCR
amplicons.

A second PCR was performed to attach the required
sequencing adaptor for Illumina Miseq sequencing pro-
tocol as well as barcode to allow multiplexing of mul-
tiple sample libraries per sequencing lane. Six pairs of
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primers tailed with the adaptor and the specific index
were used to amplify six first PCR amplicons. Eight
cycles of PCR were performed using PrimeSTAR HS
DNA polymerase. All adaptor-barcode-primers are
shown in Table 1. The PCR amplicons were purified
using AMPure XP beads (Beckman Coulter, Danvers,
MA, USA) and the quality and quantity were checked by
size range analysis using a D1K ScreenTape on the 2200
Tapestation (Agilent Technologies, Santa Clara, CA,
USA). Each library was pooled in equal amounts, and
a PhiX control kit (Illumina) was added to 95% of
the pooled libraries. Sequencing was performed on
MiSeq (Illumina) using 251-bp paired-end reads. Fastq
files including demultiplexed sequence reads were
generated by Miseq reporter. 251-bp paired-end reads
were stripped of low quality 3’-regions using trim
galore (www.bioinformatics.babraham.ac.uk/projects/
trim_galore/). Sequence reads were aligned with the
HBV reference sequence of Yamagata-1 (accession
no. AB010289) using of Bowtie 2 (2.1.0).” The analysis
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Table 2 Number of reads and read depth of each sample

Deep sequencing analysis of HBV mutation 5

Sample HBV-P10140 HBV-P10193 HBV-P10234 HBV-P10264 HBV-P11021 HBV-P12009

No. of reads mapping on 187 336 186 386 166 257 158 781 169 709 137 139
HBV reference

Read depth 88 985 87 825 76 775 75 296 80 190 65 095

of the read depth and base count is displayed using
GATK (www.broadinstitute.org/gatk/).

A total of 1 005 608 validated reads corresponding to
six serial samples were analyzed by deep sequencing.
The mean number of reads mapping on the HBV ref-
erence was 167 601 and the mean depth of each case
was 79 028 (Table 2). The nine most variable amino
acid substitutions, rt169, rt173, rt180, rt181, rt184,
rt202, rt204, 11236 and 11250, known to be associated
with NA resistance, were examined. The problem was
how to differentiate true mutations from sequencing
error in the obtained reads. Nishijima et al. tried to
determine the PCR amplicon of the HBV genome
derived from the expression plasmid to take the PCR-
induced errors as well as sequencing errors into con-
sideration. They described that the mean error rate was
0.034%, with the distribution of the per-nucleotide
error rate ranging 0-0.13%.%° Therefore, mutations over
1.0% were considered to be valid. First, rt180 of HBV-
P10140 showed mixed variants in 76.9% of methion-
ine with LAM-resistant mutations and in 23.1% of wild
type with leucine, and rt204 also showed mixed vari-
ants in 69.0% of valine and 29.8% of isoleucine with
LAM-resistant mutations, and in only 1.2% of wild-
type methionine. During the NA treatment, the ratio of
resistance mutations was increased, and rt180 of HBV-
P12009 showed mixed variants in 96.8% of methion-
ine with LAM-resistant mutations and 1t204 also
showed mixed variants in 96.2% of valine with LAM-
resistant mutations. At rt184, related to ETV resistance,
the resistant variants were detectable in 58.7% of the
sequence, with replacement of leucine by wild-type
threonine in HBV-P10140. Gradually, ETV-resistant
variants increased and were detected in 82.3% of
leucine in HBV-P12009. In addition, at rt202, the
ration of serine with ETV mutants was increased from
1.3% to 3.4% during the treatment with NA (Fig. 1b).
Of note, at 11169, rt173, 11181, 11236 and 1250, there
were no NA-resistant mutations.

Then, we investigated the existence of drug-resistant
HBV clones that could latently develop in patients. We

enrolled seven patients treated with continuous NA for
up to 2 years but in whom there was continual detection
of viral copies in serum in this trial. Direct Sanger
sequencing detected LAM-resistant mutations in five of
the seven subjects. They had the following mutations:
(i) rtL180M +rtM204V and (ii) rt180M and no muta-
tions were found at rtV173L. However, by deep sequenc-
ing, in four subjects there was part of a mixture with
rtL180L/M (35.4%/64.6%) and rtM204M/V (35.2%/
64.8%) in HBV-P10036, with rtL180L/M (10.6%)/
86.8%) and rtM204M/V/I (0.0%/75.5%/24.5%) in
HBV-P12043, with rtL180L/M (19.5%/80.5%) and
tM204M/V/I (4.4%/79.5%/16.1%) in HBV-P13064
and with rtL180L/M (23.4%/76.6%), rtM204M/V/I
(23.2%/41.6%/35.2%) and one secondary minority
variant of rtV173V/L (55.4%/44.6%) in HBV-P13061.
Next, an ADV-resistant mutation of 1tA181V was
detected in two subjects by Sanger sequencing, and was
present in 100.0% in HBV-P07061 and in 35.3% in
HBV-P08463 by deep sequencing. In addition, minority
variant ADV-resistant mutations were detected with
8.5% of 1tA181V and with 14.5% of 1tN236T in HBV-
P10036, and with 2.1% of rtA181V in HBV-P13064. Of
note, an ETV-resistant mutation appeared only in one
subject with rtT184L by Sanger sequencing, while some
low frequency ETV-resistant mutations were detected in
four subjects by deep sequencing (Table 3). Therefore,
the continual viremia of HBV treated with NA for long
term may lead to NA-resistant mutations.

In conclusion, we demonstrated the amino acid sub-
stitutions of serial NA-resistant HBV by Sanger sequenc-
ing and MiSeq deep sequencing. We revealed that
NA-resistant mutants appear unchanged at a glance but
suggest the existence of low-abundant mutant clones
that may develop drug resistance against NA through
the selection of dominant mutations. The viral loads
have decreased, but the effect of ETV is expected to be
reduced. Further analysis by deep sequencing technolo-
gies is necessary to understand the significance and clini-
cal relevance of viral mutations in the pathophysiology
of NA-resistant HBV infection.
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Table 3 HBV NA-resistant mutations detected by Sanger sequencing and deep sequencing

Sample Treatment HBV DNA NA-resistant mutations
(log copies/
mL) Sanger sequence  Deep sequence
HBV-P07061 LAM+ADV 5.0 A181V A181V (100.0%)
HBV-P10036  EIV 2.5 L180M, M204V  V173M (1.3%), L180M (64.6%), A181V (8.5%),
T184S (4.5%), $202C (2.3%), M204V (64.8%), N236T
(14.3%)
HBV-P08463 ETV 3.4 Al181V A181V (35.3%)
HBV-P12043  ETIV 4.7 L180M, M204V  V173M (4.4%), V173L (2.7%), L180M (86.8%), L180Q
(2.6%), T184L (27.9%), T184M (5.1%), S202G (16.6%),
M204V (75.5%), M204I (24.5%)
HBV-P12081 LAM+ADV 2.9 L180M, T184L,  I169A (25.4%), L180M (100.0%), T184L (100.0%),
M204V M204V (100.0%)
HBV-P13064 EIV 7.1 L180M, M204V V173M (12.9%), L180M (80.5%), A181V (2.1%), A181T
(3.6%), M204V (79.5%), M2041 (16.1%), M250L (2.8%)
HBV-P13061  EIV 23 L180M V173L (44.6%), L180M (76.6%), M204V (41.6%), M204I

(35.2%), M250L (1.3%)

Mutations in bold type at deep sequence section showed NA-resistant mutations that have already been reported.
ADV, adefovir dipivoxil; ETV, entecavir; HBV, hepatitis B virus; LAM, lamivudine; NA, nucleoside/nucleotide analog.
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Focal dermal hypoplasia (FDH), also known as Goltz
syndrome, is an X-linked dominant disorder of ecto-
mesenchymal development. In general, FDH presents
with characteristic linear streaks of hypoplastic dermis
and various abnormalities in some organs (1). Although
this disorder is normally lethal in male patients, ap-
proximately 10% of cases of FDH are male, and most
represent post-zygotic mosaicism (2—4).

The molecular basis of FDH involves mutations in the
PORCN (human porcupine locus MG61/PORC) gene
(5). PORCN is a member of the porcupine (porc) gene
family and is located on chromosome Xpl11. 23 (1, 6).
The gene is thought to encode an O-acyltransferase that
catalyses cysteine N-palmitoylation and serine O-acyla-
tion in the endoplasmic reticulum that allows membrane
targeting and secretion of several Wnt proteins that have
key roles in embryonic tissue development, notably for
fibroblast proliferation and osteogenesis (1, 7).

We describe here a case of FDH with a novel deletion
mutation at exon 14 (c.1179 1193 del) detected by
PCR-sequencing analysis of the entire coding sequen-
ces of the PORCN gene. Interestingly, in this case, the
characteristic symptom was prominent in the patient’s
left hemibody. To the best of our knowledge, this is the
second case report that reveals a mutation of the PORCN
gene in a patient with almost unilateral FDH.

CASE REPORT

A 2-year-old Japanese girl visited our outpatient clinic for
hypopigmented and atrophic linear skin lesions on the trunk
and extremities. She had been surgically treated one year
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before for syndactyly of the left middle and ring finger. On
her first visit to our hospital, physical examination disclosed
hypo-pigmented patches of dermal hypoplasia distributed
along Blaschko’s lines on the arms, legs and trunk (Fig. 1).
Interestingly, these symptoms in lesions were prominent on
her left hemibody. Her hair was sparse and brittle and she had
non-scarring alopecia. In addition, extensive dental caries was
noted. From the above information, we diagnosed this patient
as having almost unilateral FDH.

To confirm the diagnosis, we examined the PORCN gene
for mutations. After receiving informed consent, DNA was
extracted from the peripheral blood sample taken from affected
individual using standard methods. Primers were designed to
amplify individual exons and the flanking intron of the PORCN
gene, as described previously (1). PCR-sequencing analysis of
the entire coding sequences of PORCN revealed ¢.1179_1193
del mutation at exon 14 (Fig. 2). This variant was predicted to
result in altered residues 394—412 and to produce a truncated
protein (p.G394 fs X20). The sequence chromatograms showed
low signal intensities at the site of mutation, indicating post-
zygotic mutation. To verify the mosaic state, the PCR products
were cloned into the pCR4 TOPO TA Cloning Vector (Invi-
trogen, Karlsruhe, Germany), transfected. E. coli clones were
chosen and subjected to colony PCR, and PCR products from
individual clones were sequenced. By DNA sequence analysis
of selected clones we could assign the wild-type and the mutant
sequence to either of the 2 banding patterns and identified a
ratio of 5/26 (~19%; mutant vs. wild-type sequence).

DISCUSSION

FDH is characterized by linear and whorled lesions
of hypoplastic dermis and variable abnormalities of
organs including the bone, nails, hair, limbs and teeth
(1-3). Cutaneous features that predominate at birth are
red atrophic, linear lesions following Blaschko’s lines

Fig. 1. Skin manifestation in the patient.
(A) Hair loss on the left temporal scalp.
(B, C) Small whitish depigmented spots,
slightly depressed from the skin surface,
distributed linearly on the left side of the
armpit (B) buttocks and lower limbs (C).

© 2013 The Authors. doi: 10.2340/00015555-1399
Journal Compilation © 2013 Acta Dermato-Venereologica. ISSN 0001-5555
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Fig. 2. Molecular basis of focal dermal hypoplasia (FDH). (a) Sequencing
of exon 14 of the PORCN gene in the patient’s DNA reveals ¢.1179_1193
del mutation. (b) Sequencing of control DNA shows the wild-type and
mutant sequences.

and telangiectasias. It is presumed to be lethal in men
who are fully hemizygous for a mutation in PORCN
(4). FDH generally involves both sides of the body.
Only 6 cases of unilateral FDH have been published
(8-10). Recently, Maalouf et al. (8) reviewed all cases
of unilateral FDH and found no side predeliction. One
case was male (17%) and the other 5 were females
(83%). Moreover, they described that gene sequence
analysis on the PORCN gene detected a novel hetero-
geneous mutation in exon 10, ¢.854-855insACCTGAC
[p.T285{sX316]. In addition, a substantial majority of
cases of FDH have previously been reported to result
from post-zygotic mutations (11). In the present case,
sequencing analysis of the entire coding sequences of
PORCN gene revealed a novel deletion mutation at
exon 14 (c.1179_1193 del). As a ratio of 5/26 mutant vs.
wild-type alleles was found, a post-zygotic mutation is
the likely cause of the syndrome in our case. A germline
mutation would have resulted in a 1:1 distribution of
both alleles in functional X-chromosome-mosaicism as
described previously by Bornholdt et al. (11). Although
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we did not perform the X-chromosome inactivation
analysis using DNA extracted from the affected and
non-affected skin, the present case suggests that the
deletion mutation at exon 14 might be connected with
the unilateral involvement of FDH. To confirm our
hypothesis, further case reports and molecular studies
of patients with unilateral FDH are necessary.
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Abstract Noonan syndrome (NS) is an autosomal-dom-
inant disease characterized by distinctive facial features,
webbed neck, cardiac anomalies, short stature and crypt-
orchidism. NS exhibits phenotypic overlap with Costello
syndrome and cardio-facio-cutaneous (CFC) syndrome.
Germline mutations of genes encoding proteins in the
RAS/mitogen-activated protein kinase (MAPK) pathway
cause NS and related disorders. Germline mutations in
PTPNI11, KRAS, SOS1, RAF1, and NRAS have been iden-
tified in 60-80 % of NS patients. Germline mutations in
HRAS have been identified in patients with Costello syn-
drome and mutations in KRAS, BRAF, and MAP2KI1/2
(MEK1/2) have been identified in patients with CFC syn-
drome. Recently, mutations in SHOC2 and CBL have been
identified in patients with Noonan-like syndrome. It has
been suggested that these syndromes be comprehensively
termed RAS/MAPK syndromes, or RASopathies. Mole-
cular analysis is beneficial for the confirmation of clinical
diagnoses and follow-up with patients using a tumor-
screening protocol, as patients with NS and related disor-
ders have an increased risk of developing tumors. In this
review, we summarize the genetic mutations, clinical
manifestations, associations with malignant tumors, and
possible therapeutic approaches for these disorders.
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Introduction

Noonan syndrome (NS, MIM 163950) was first described by
Jacqueline Noonan, a pediatric cardiologist, in 1962. NS is
an autosomal dominant disorder characterized by short
stature, facial dysmorphism and congenital heart defects.
The distinctive facial features that manifest in NS include a
webbed or short neck, hypertelorism, downslanting palpe-
bral fissures, ptosis and low-set, posteriorly rotated ears
[1, 2]. Congenital heart defects, including pulmonary valve
stenosis, occur in 50-80 % of individuals. Hypertrophic
cardiomyopathy is observed in 20 % of affected individuals.
Other clinical manifestations include cryptorchidism,
bleeding tendency, mild intellectual disability, deafness, and
hydrops fetalis. The incidence of this syndrome is estimated
to be between 1 in 1,000 and 1 in 2,500 live births [3]. NS is
known to be associated with juvenile myelomonocytic leu-
kemia (JMML.), a myeloproliferative disorder characterized
by excessive production of myelomonocytic cells [1].

The phenotypic features of NS are similar to those of
Costello and cardio-facio-cutaneous (CFC) syndromes.
Costello syndrome (MIM 218040) was originally described
by Costello in 1971 [4] and explored further by the same
author in 1977 [5]. Patients with Costello syndrome have
distinctive facial characteristics, including full lips, a large
mouth, and a full nasal tip, and exhibit mental retardation,
high birth weight, neonatal feeding problems, curly hair,
nasal papillomata, and soft skin with deep palmar and
plantar creases [6]. Cardiac defects include hypertrophic
cardiomyopathy, congenital heart defects and arrhythmia.
Children and young adults with Costello syndrome have an
increased risk of malignancy, which can be as high as
approximately 17 % [7].

CFC syndrome (MIM 115150) was first described in
1986 [8], and the question of whether CFC and NS are
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distinct disorders or different phenotypes of the same
condition is controversial. CFC syndrome is characterized
by distinctive facial features, mental retardation, heart
defects (pulmonic stenosis, atrial septal defect, and
hypertrophic cardiomyopathy) and ectodermal abnormali-
ties, such as sparse, friable hair, hyperkeratotic skin lesions
and a generalized ichthyosis-like condition [9]. Typical
facial characteristics include a high forehead with bitem-
poral constriction, hypoplastic supraorbital ridges, down-
slanting palpebral fissures, a depressed nasal bridge and
posteriorly angulated ears with prominent helices.

NS with multiple lentigines was formerly referred to as
LEOPARD syndrome. LEOPARD is an acronym for the
cardinal features of the syndrome, which include multiple
Lentigines, Electrocardiographic conduction abnormalities,
Ocular hypertelorism, Pulmonary stenosis, Abnormal
genitalia, Retardation of growth and sensorineural Deaf-
ness [10].

RAS GTPases are essential mediators in signaling
pathways that convey extracellular stimuli from cell sur-
face receptors to the cell. The Ras subfamily consists of
classical Harvey-RAS (HRAS), Kirsten-RAS (KRAS) and
neuroblastoma RAS (NRAS). Other distinct members
include R-RAS, TC21 (R-RAS2), M-RAS (R-RAS3),
RaplA, RaplB, Rap2A, Rap2B, RalA and RalB [11]. The
RAS/mitogen-activated protein kinase (MAPK) pathway is
an essential signaling pathway that controls cell prolifera-
tion, differentiation and survival. Recent studies have
revealed that dysregulation of the RAS/MAPK pathway
causes clinically overlapping genetic disorders, including
NS, Costello syndrome, CFC syndrome, NS with multiple
lentigines, neurofibromatosis type I, and Legius syndrome
[6, 12]. This review outlines the molecular aspects, clinical
manifestations, association with malignant tumors, and
possible treatments of NS, Costello syndrome and CFC
syndrome.

Genes and mutations that underlie genetic syndromes
involving dysregulation of the RAS/MAPK signaling
pathway (Table 1)

Background

In 1994, linkage analysis of a large family with NS
definitively established the first NS locus, which was
defined as chromosomal bands 12q22-qter [13, 14]. In
2001, Tartaglia et al. [15] identified missense mutations in
PTPNI1, which encodes the tyrosine phosphatase SHP-2,
in individuals with NS. Gain-of-function mutations in
PTPNI1 have been identified in approximately 50 %
of individuals with clinically diagnosed NS [16-18]
(Fig. 1). In contrast, loss-of-function or dominant negative
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Table 1 Summary of RAS/MAPK syndromes

Disorder MIM Inheritance Gene(s) mutated

NS 163950 AD PTPN11, KRAS,
SOS1, RAFI,
NRAS

Noonan-like disorder 607721 AD SHOC2
with loose anagen hair

NS-like disorder 613563 AD CBL

Costello syndrome 218040 AD HRAS

Cardio-facio-cutaneous 115150 AD BRAF, MEK1,
(CFC) syndrome MEK2, KRAS

Neurofibromatosis type I 162200 AD NF1

NF-1 like syndrome 611431 AD SPRED1
(Legius syndrome)

NS with multiple 151100 AD PTPN11, RAF1,
lentigines (LEOPARD BRAF
syndrome)

Hereditary gingival 135300 AD SOS1
fibromatosis

Capillary malformation- 608354 AD RASA1
arteriovenous
malformation

MIM Mendelian inheritance in man, AD autosomal dominant,
LEOPARD multiple Lentigines, Electrocardiographic conduction
abnormalities, Ocular hypertelorism, Pulmonary stenosis, Abnormal
genitalia, Retardation of growth and sensorineural Deafness

mutations in PTPNI1 have been reported in patients with
NS with multiple lentigines [10]. In 2005, we performed
candidate gene analysis of proteins in the RAS/MAPK
cascade and discovered germline mutations in HRAS in
patients with Costello syndrome [19]. Subsequently,
mutations in KRAS, BRAF, and MAP2KI1/2 have been
identified in patients with CFC syndrome [20, 21], and
mutations in KRAS, SOSI, RAFI, and NRAS have been
identified in patients with NS [22-27] (Fig. 1). Recently,
mutations in SHOC2 [28] and CBL [29-31] have been
identified in NS-like syndromes. These findings indicate
that RAS and molecules downstream of RAS play essential
roles in human development. It has been suggested that
these syndromes be comprehensively termed ‘RAS/MAPK
syndromes’ or ‘RASopathies’ [6, 12].

Genes and mutations
PTPNI11

SHP-2, the product of PTPNII, is a widely expressed
cytoplasmic tyrosine phosphatase that has been implicated
in signal transduction pathways elicited by growth factors,
cytokines, hormones and the extracellular matrix [32].
SHP-2 comprises a tandem array of two SH2 domains at
its N-terminus, a catalytic domain in the middle, and a
C-terminal domain that contains tyrosine phosphorylation

@ Springer
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Fig. 1 RAS/MAPK cascade and disorders involving germline muta-
tions of related genes

sites. Most mutations identified in NS were clustered in
exons 3, 4, 7, 8, 12 and 13. Y63C, Q79R, N308D, and
N308S were the most common mutations [6, 33]. T731 has
been frequently identified in NS patients with JMML.
Specific mutations (Y279C, A461T, G464A, T468M,
D498W and Q510P) have been identified in NS with
multiple lentigines.

Mutations that have been previously identified in NS are
located in the interacting face of the N-SH2 domain and
phosphatase domain, suggesting that they are gain-of-
function mutations that enhance phosphatase activity. SHP-
2 mutants associated with leukemia were more catalytically
active than mutants identified in NS patients, suggesting
that a high level of SHP-2 activation is associated with
neoplastic diseases, whereas a lower level of SHP-2 acti-
vation causes NS [17, 34-36]. Mutations identified in NS
with multiple lentigines have been shown to be catalyti-
cally inactive or dominant negative [36-38].

SOS1

SOS1 is a ubiquitously expressed guanine nucleotide
exchange factor (GEF) that is responsible for the activation
of RAS proteins by catalyzing GDP/GTP exchange.
Mutations in SOSI have been identified in 8-14 % of
patients with NS [25, 27], and the biochemical character-
ization of SOS1 mutants has indicated enhanced protein
function and increased downstream signaling. Compared
with other NS patients, the incidence of short stature and
intellectual disability is lower in patients who tested posi-
tive for an SOSI mutation [39].

RAFI

RAFI is a member of the RAS serine—threonine kinase
family. Mutations in RAFI have been identified in 3-17 %
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of patients with NS and a small number of patients with NS
with multiple lentigines [23, 24]. Mutations identified in
NS were clustered in conserved region (CR) 2, which
contains an inhibitory phosphorylation site (serine at
position 259; S259). RAF1 mutations located in the CR2
domain caused a decrease in the phosphorylation of S259,
leading to partial ERK activation [39]. Notably, 70 % of
patients with RAFI mutations exhibit hypertrophic car-
diomyopathy [23, 24, 39, 40].

HRAS

Individuals with HRAS mutations are diagnosed as having
Costello syndrome, and heterozygous HRAS mutations
have been identified in more than 90 % of patients with this
syndrome [6, 19]. Germline mutations are clustered in
codons 12 and 13, and the G12S mutation is the most
frequent (80 %). HRAS germline mutations occur de novo.
Somatic mosaicism for the G12S mutation has been
reported in three individuals with clinical findings sug-
gestive for Costello syndrome [41].

KRAS

Individuals with KRAS mutations exhibit variable pheno-
types and are diagnosed with NS or CFC syndrome [20, 26,
42]. Mutations in codons 12, 13, and 61, which are frequent
in somatic cancers, have rarely been identified as germline
mutations, which is in contrast with HRAS germline
mutations. V141 is a frequent mutation in NS, and D153V
mutation has been identified in patients with NS or CFC
syndrome [6]. The effects of KRAS germline mutations on
the downstream pathway are less pronounced than the
effects of somatic mutations [20, 26]

BRAF and MAP2K1/2 (MEKI/2)

Mutations in BRAF and MAP2K1/2 have been identified in
patients with CFC syndrome [20, 21]. BRAF mutations
have also been identified in patients with a phenotype of
NS with multiple lentigines. Somatic mutations in BRAF
have been identified in 7 % of all cancers, including human
malignant melanoma and colorectal cancer [43]. V600E
mutation in the activation segment in the kinase domain
(CR3) has been frequently identified in somatic cancers
(>90 %). Germline mutations were clustered in the cys-
teine-rich domain (CR1 domain) and kinase domain. The
distribution of the mutations identified in CFC syndrome
partially overlapped with that of the mutations identified in
cancers. Q257R and ES01G are frequent mutations in CFC
syndrome [6]. Germline mutations in MAP2KI/2 are
clustered in exons 2 and 3. ERK phosphorylation was
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enhanced in cells transfected with mutant MEK1 or MEK2
[21]. Affected individuals harboring BRAF and MAP2KI1/2
mutations have the disorder as a result of a de novo
mutation. One family transmitting an autosomal dominant
germline mutation in MAP2K?2 has been reported [44].

SHOC2

SHOC?2 is homologous to soc2, a gene discovered in
Caenorhabditis elegans. The soc2 gene encodes leucine-
rich repeats [45] and acts as a positive modulator of the
RAS/MAPK pathway [46]. In 2009, a gain-of-function
missense mutation in SHOC2, c4A > G (p.S2G), was
identified in patients with Noonan-like syndrome with
loose anagen hair [28]. The clinical features associated
with the S2G mutation are distinct from those associated
with NS and include a high frequency of loose anagen hair,
more severe intellectual disabilities, skin abnormalities,
and a hypernasal voice [28, 47]. Wild-type SHOC2 is
localized in the nucleus and cytoplasm, while the mutant
protein (S2G) promoted aberrant N-myristoylation, local-
ized to the plasma membrane and resulted in ERK acti-
vation [28].

NRAS

A germline mutation in NRAS has been reported in a
patient with autoimmune lymphoproliferative syndrome.
Germline mutations in NRAS have been reported in four of
917 NS patients (0.4 %) who were negative for previously
known mutations [22]. The amino acid changes identified
in NS patients were 124N, P34L,, T50I and G60E [22, 48,
49]. Cells carrying T50I and G60E mutations and onco-
genic G12V displayed enhanced MEK and ERK phos-
phorylation when serum was added to the growth
medium [22].

CBL

Casitas B-cell lymphoma (CBL) is the cellular homolog
of the v-Cbl transforming gene of the Cas NS-1 murine
leukemia virus. CBL functions primarily as an E3
ubiquitin ligase and is responsible for the intracellular
transport and degradation of a large number of proteins.
The majority of CBL somatic mutations have been
reported in myelodysplastic syndromes/myeloproliferative
disorders, including chronic myelomonocytic, juvenile
myelomonocytic and atypical chronic myeloid leukemias.
Germline mutations in CBL have been identified in
JMML patients who displayed a variable combination of
dysmorphic features reminiscent of the facial gestalt of
NS [29-31].
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Association of tumors and hematologic malignancies
in patients with germline mutations in genes
within the RAS/MAPK pathway (Table 2)

Somatic mutations in genes in the RAS pathway, including
PTPNII, HRAS, KRAS, NRAS, BRAF and CBL, have been
identified in a variety of solid tumors and hematologic
malignancies. NS and related disorders are known to cause
a predisposition to cancer. The precise frequency of
tumor predisposition in mutation-positive patients remains
unknown.

It has been reported that the PTPNII mutations in
patients with NS are frequently associated with hemato-
logic malignancies, including acute lymphoblastic leuke-
mia and JMML. The frequency of association with tumors
remains unknown. In a summary of the literature, Kratz
et al. [50] reported that 45 of 1,151 patients (3.9 %) with
NS (mutation status unknown) developed cancer; of these,
eight patients presented with neuroblastoma, and eight
presented with acute lymphoblastic leukemia. The other
cancers identified included six gliomas, six rhabdomyo-
sarcoma, three acute myeloid leukemias, three testicular
cancers, two non-Hodgkin lymphomas and two colon
cancers. PTPNI1 mutations in patients with NS have been
shown to be associated with myeloproliferative disorder,
and with a benign course in 40 % of such patients, and an
aggressive course in 15 % [50]. It remains unknown why
gain-of-function mutations in PTPNII enhance the proli-
feration of specific lineages in hematologic malignancies.

Approximately, 10-15 % of patients with Costello
syndrome develop malignant tumors, including rhabdo-
myosarcoma, neuroblastoma (in infants) and transitional
cell carcinoma of the bladder (in adolescents and young
adults) [6]. A tumor screening protocol for patients with
Costello syndrome has been proposed [7]. Notably, HRAS
mutations were originally identified in bladder carcinoma
cell lines. It remains unknown why patients with HRAS
germline mutations develop bladder carcinomas.

Little attention had been given to the development of
tumors in patients with CFC syndrome until molecular
analysis became available. Two CFC patients with BRAF
mutations were reported to have developed acute lym-
phoblastic leukemia [20, 51], and one CFC patient with a
BRAF mutation was reported to have developed non-
Hodgkin lymphoma [52]. Somatic BRAF mutations in
hematologic malignancies do not occur frequently, but they
are substantially reported. Recently, BRAF mutations have
been identified in Langerhans cell histiocytosis [53]. It is
possible that the role of BRAF in hematologic malignan-
cies may indicate that BRAF plays roles in other malig-
nancies beyond solid tumors. As for MAP2KI/2, one
patient with a MAP2K] mutation developed hepatoblas-
toma [54].
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Table 2 Disorders involving germline and somatic mutations in
genes of the RAS/MAPK cascade

Gene Germline mutations Somatic
mutations
Disorders Associated tumors Tumors and
related disorders
PTPN11 NS, NS with  JMML, JMML, AML,
multiple myeloproliferative ALL, MDS,
lentigines disorders [50] CML, solid
(LEOPARD tumors
syndrome)
SOS1 NS Rhabdomyosarcoma  Rare
(1 pt), Sertoli cell (astrocytoma,
tumor (1 pt), lung cancer)
granular cell tumors
(1 po) [551
RAF1 NS, NS with - Rare (AML, lung
multiple cancer, ovarian
lentigines cancer, colon
(LEOPARD cancer)
syndrome)
SHOC2 Noonan-like - -
disorder with
loose anagen
hair
NRAS NS - Hematologic
malignancies
CBL NS-like JMML [30, 31] JMML, CML,
disorder AML, MDS,
lung cancer
HRAS Costello Rhabdomyosarcoma, Bladder
syndrome neuroblastoma, carcinoma
bladder carcinoma,
papillomata
KRAS CFC JMML (1 pt) [26] Pancreatic tumor,
syndrome, colon cancer,
NS lung cancer,
RAS-associated
ALPS-like
disease [63]
BRAF CFC syndrome ALL (2 pts) [20, 51], Malignant
NS non-Hodgkin melanoma,
Iymphoma (1 pt) colon cancer,
[521 thyroid cancer,
Langerhans cell
histiocytosis
[53]
MEK1  CFCsyndrome Hepatoblastoma (1 -
pt) [54]
MEK2  CFC syndrome - -

JMML juvenile myelomonocytic leukemia, ALL acute lymphoblastic
leukemia, AML acute myelogenous leukemia, CML chronic myeloge-
nous leukemia, MDS myelodysplastic syndromes, ALPS autoimmune
lymphoproliferative syndrome

Germline mutations in CBL have been identified in
JMML patients who displayed a variable combination of
dysmorphic features reminiscent of the facial gestalt of NS.
Facial appearances, psychomotor development, head
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circumference and skin abnormalities should be carefully
observed in children with hematologic malignancies. A
patient with a KRAS mutation who developed JMML has
been reported [26]. It has been reported that three patients
with SOS! germline mutations developed rhabdomyosar-
coma (one patient), Sertoli cell tumors (one patient), and
granular cell tumors (one patient) [55]. As far as we know,
tumor association has not been reported in individuals with
germline mutations in SHOC2, NRAS, and RAFI.

The natural history and predisposition for hematologic
malignancies and solid tumors in adults with RAS/MAPK
syndromes have not been clarified. We conducted a
nationwide epidemiologic study on patients with Costello
and CFC syndromes in 2009 [56]. The results showed that
the total number of patients with Costello and CFC syn-
drome in Japan was estimated to be 99 (95 % confidence
interval, 77-120) and 157 (95 % confidence interval,
86-229), respectively. An evaluation of 15 adult patients
(18-32 years of age) revealed that one had recurrent
bladder papillomata and another had multiple gallbladder
polyps and a renal angioma. None of the examined patients
developed malignant tumors. Twelve of 15 adult patients
had moderate to severe mental retardation, but eleven live
at home, and 10 can walk independently, suggesting that a
portion of adult patients may be unrecognized and the
number of adult patients is likely underestimated. There-
fore, the prognosis, including the frequency of malignant
tumors, remains to be elucidated in adults with germline
mutations in RAS and RAF.

Conclusions

The identification of the causative genes underlying NS
and related disorders has facilitated the molecular diag-
nosis of these disorders, allowed the evaluation of the
genotype—phenotype relationship and helped develop pos-
sible therapeutic approaches. In approximately 10-30 % of
patients with RAS/MAPK syndromes, no mutations were
identified. The introduction of exome sequencing will lead
to the identification of novel genes involved in these
disorders.

The regulation and inhibition of the RAS/MAPK path-
way have been well studied in cancer research. Inhibitors
of the RAS/MAPK cascade may provide opportunities to
therapeutically treat disorders involving dysregulation of
the RAS/MAPK pathway [57]. Indeed, MEK inhibitors
ameliorated the phenotype of mice models for NS {muta-
tions in SOSI and RAFI) [58, 59] and Costello syndrome
(mutation in HRAS) [60]. An inhibitor of mTOR has been
shown to reverse heart defects in a mouse model for NS
with multiple lentigines [61]. HMG-CoA reductase inhib-
itors have been used in clinical trials to treat cognitive



