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Abstract Noonan syndrome (NS) is characterized by
short stature, characteristic facial features, and heart
defects. Recently, missense mutations of PTPNII, the
gene encoding protein tyrosine phosphatase (PTP) SHP-
2, were identified in patients with NS. Further, somatic
mutations in PTPNII were detected in childhood leu-
kemia. Recent studies showed that the phosphatase
activities of five mutations identified in NS and juvenile
myelomonocytic leukemia (JMML) were increased.
However, the functional properties of the other muta-
tions remain unidentified. In this study, in order to
clarify the differences between the mutations identified

in NS and leukemia, we examined the phosphatase
activity of 14 mutants of SHP-2. We identified nine
mutations, including a novel F711 mutation, in 16 of 41
NS patients and two mutations, including a novel
G503V mutation, in three of 29 patients with leukemia.
Immune complex phosphatase assays of individual mu-
tants transfected in COS7 cells showed that ten mutants
identified in NS and four mutants in leukemia showed
1.4-fold to 12.7-fold increased activation compared with
wild-type SHP-2. These results suggest that the patho-
genesis of NS and leukemia is associated with enhanced
phosphatase activity of mutant SHP-2. A comparison of

T. Niihori - Y. Aoki (X)) - Y. Suzuki - S. Kure
Y. Matsubara

Department of Medical Genetics,

Tohoku University School of Medicine,

1-1 Seiryo-machi, Sendai 980-8574, Japan
E-mail: aokiy@mail.tains.tohoku.ac.jp

Tel.: +81-22-7178139

Fax: +81-22-7178142

H. Ohashi
Division of Medical Genetics, Saitama Children’s
Medical Center, Saitama, Japan

K. Kurosawa
Division of Medical Genetics,
Kanagawa Children’s Medical Center, Yokohama, Japan

T. Kondoh
Department of Pediatrics,
Nagasaki University of Medicine, Nagasaki, Japan

S. Ishikiriyama
Division of Clinical Genetics and Cytogenetics,
Shizuoka Children’s Hospital, Shizuoka, Japan

H. Kawame
Division of Medical Genetics,
Nagano Children’s Hospital, Nagano, Japan

H. Kamasaki
Department of Pediatrics,
Sapporo Medical University, Sapporo, Japan

T. Yamanaka
Okazaki Women’s Junior College, Okazaki, Japan

F. Takada

Department of Medical Genetics,

Kitasato University Graduate School of Medical Sciences,
Sagamihara, Japan

K. Nishio
Department of Pediatrics, Seirei Hamamatsu General Hospital,
Hamamatsu, Japan

M. Sakurai
Department of Cardiovascular Surgery,
Tohoku University School of Medicine, Sendai, Japan

H. Tamai
Department of Pediatrics,
Osaka Medical College, Osaka, Japan

T. Nagashima

Department of Pediatrics, Jikei University Hospital,
Tokyo, Japan

K. Fujii

Department of Pediatrics,

Tohoku University School of Medicine,

Sendai, Japan

M. Imaizumi
Department of Hematology and Oncology,
Miyagi Children’s Hospital, Sendai, Japan



the phosphatase activity in each mutant and a review of
previously reported cases showed that high phosphatase
activity observed in mutations at codons 61, 71, 72, and
76 was significantly associated with leukemogenesis.

Keywords Tyrosine phosphatase - SHP-2 - SHP2 -
PTPNI1I - Noonan syndrome - Leukemia

Introduction

Noonan syndrome (NS; MIM#163950) is an autosomal
dominant developmental disorder characterized by fa-
cial dysmorphism including hypertelorism, low-set ears
and ptosis, short stature, skeletal abnormalities, and
heart defects (Mendez and Opitz 1985; Allanson 1987).
Frequently observed features in NS patients are pul-
monary stenosis, hypertrophic cardiomyopathy, chest
deformities, webbed and short neck, mental retarda-
tion, and genitourinary defects including cryptorchi-
dism in males, and bleeding diathesis due to factor XI
deficiency (Mendez and Opitz 1985). The incidence of
this syndrome is estimated to be 1:1,000 to 1:2,500 live
births (Allanson 1987). Tartaglia et al. (2001) have
identified missense mutations in PTPNII, a gene
encoding tyrosine phosphatase SHP-2, in 45% of clin-
ically diagnosed NS patients. Patients with NS have
been known to be associated with juvenile myelomon-
ocytic leukemia (JMML), a myeloproliferative disorder
characterized by excessive production of myelomono-
cytic cells (Tartaglia et al. 2003). Interestingly, somatic
mutations in PTPN11I were identified in 34% of JMML
cells and in a small percentage of patients with
myelodysplastic syndrome (MDS), acute myeloid leu-
kemia (AML), and acute lymphoid leukemia (ALL)
from non-NS-leukemic patients (Tartaglia et al. 2003;
Loh et al. 2004; Tartaglia et al. 2004).

SHP-2, a widely expressed cytoplasmic tyrosine
phosphatase, has been implicated in signal transduction
pathways elicited by growth factors, cytokines, hor-
mones, and extracellular matrix (Servidei et al. 1998;
Feng 1999; Neel et al. 2003). One of the well-known
pathways is the activation of the RAS/MAPK (mito-
gen-activated protein kinase) cascade induced by
epidermal, fibroblast, and hepatocyte growth factors
(Feng 1999; Neel et al. 2003). SHP-2 contains 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 sites. A crystallo-
graphic analysis indicates that intramolecular confor-
mational change controls its catalytic activity (Hof
et al. 1998). In the inactive state, the N-SH2 domain
directly binds the PTP domain and blocks its catalytic
activity. Once the N-SH2 domain binds phosphotyro-
sine peptide, conformational change results in the
active state. Previously identified mutations in NS and
leukemic patients were primarily restricted in or around
the interacting face of the N-SH2 and PTP domains
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(Kosaki et al. 2002; Musante et al. 2003; Sarkozy et al.
2003; Zenker et al. 2004), suggesting that they are gain-
of-function mutations with enhanced phosphatase
activity. Mutations identified in leukemia and NS oc-
curred at the same amino acid residues, but the type of
substitutions rarely overlapped.

Recent studies have shown that the phosphatase
activities of five mutations were elevated and that the
phosphatase activities of two mutations (D61Y and
E76K) identified in JMML cells were higher than that of
the N308D mutation identified in NS (Tartaglia et al.
2003; Fragale et al. 2004). In this study, we performed
phosphatase assays for 14 mutants identified in NS and
leukemia to examine the presence of any functional
differences between the mutations. Finally, we examined
the functional consequences of the mutations in cultured
cells.

Materials and methods
Patients

Forty-one patients with NS were recruited. The diag-
nosis of NS was evaluated by clinical geneticists based
on the cardinal criteria delineated by Allanson (1987);
characteristic faces including hypertelorism, down-
slanting palpebral fissures and ptosis, webbed or short
neck, chest deformity, cubitus vulgas, short stature,
congenital heart defects, developmental delay, and
cryptorchidism. Thirty-eight patients were sporadic
cases, and three were familial cases. Bone marrow cells,
peripheral blood, or cell lines were obtained from 29
leukemia cases without NS (seven ALL, 18 AML, one
CML, two MDS, and one JMML). Eighteen AML pa-
tients were classified according to French-American-
British classification (FAB); two with M0, one with M1,
five with M2, three with M4, three with M5, one with
M7, and three with unknown classification. This study
was approved by the Ethics Committee of the Tohoku
University School of Medicine.

Mutation analysis

After obtaining written informed consent, genomic
DNA was isolated from the patients’ peripheral leuko-
cytes, Epstein-Barr virus-transformed lymphoblastoid
cells, or leukemia cells. Fifteen coding exons of PTPNI1
from 41 NS patients and exons 3 and 13 from leukemia
patients were sequenced. Each PTPNII exon with
flanking intronic sequences was amplified with primers
based on GeneBank sequences (GeneBank accession no.
NT 009775). The M13 reverse or forward sequence was
added to the 5" end of the polymerase chain reaction
(PCR) primers for use as a sequencing primer. The PCR
was performed in 30 pl of a solution containing 10 mM
Tris-HCl (pH 8.3), 50 mM KCI, 1.5mM MgCl,,
0.2 mM dNTP, 10% (v/v) DMSO, 0.4 pmol of each
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primer, 100 ng genomic DNA, and 2.5 U of Taq DNA
polymerase. The reaction condition consisted of 35 cy-
cles of denaturation at 94°C for 15 s, annealing at 57°C
for 15 s, and extension at 72°C for 30 s. The products
were gel-purified and sequenced on an ABI PRISM
310 automated DNA sequencer (Applied Biosystems,
Fostercity, CA, USA).

Construction of the plasmids

The human SHP-2 cDNA was PCR amplified by using
the following primers: the 5" primer included sequences
encoding an EcoRI site followed by the FLAG M5
epitope (MDYKDDDDK) (Aoki et al. 2000). In addi-
tion, the 3’ primer had an EcoRI site. The amplified
fragment was digested with EcoRI and subcloned into
an EcoRI site of pBluescript KSIT+ (Stratagene). Mu-
tant constructs were generated using a Quickchange site-
directed mutagenesis kit (Stratagene). All mutant and
normal constructs were verified by sequencing. The full-
length SHP-2 ¢cDNA and mutants were digested with
EcoRI and subcloned into an EcoRI site of the
pCAGGS expression vector, a mammalian expression
vector that has a cytomegalovirus enhancer, and a
chicken f-actin promoter (Niwa et al. 1991).

Immune complex tyrosine phosphatase assay

The COS7 cells were purchased from the American
Tissue Culture Collection (ATCC). The COS7 cells were
maintained in DMEM containing 10% FCS, 100 U/ml
penicillin, and 100 pg/ml streptomycin. Cells were see-
ded at 6x10° cells/6-cm dish, and 24 h later, 2.0 pug of
pCAGGS vectors encoding one of the wild-type (WT) or
mutant SHP-2 cDNAs were transfected using 8 pl of
Lipofect AMINE reagent and 12 pul of PLUS reagent
(Invitrogen, Carlsbad, CA, USA). The E76A mutant
identified somatically in leukemia cells (Tartaglia et al.
2003) was used as the positive control in each assay
because this mutant was proved to have an increased
phosphatase activity in a Xenopus experiment (O’Reilly
et al. 2000). Cells were serum starved for 24 h, scraped,
and collected by centrifugation after two washes with
phosphate buffered saline (PBS). Lysates were prepared
in 1 ml ice-cold RIPA buffer (50 mM Tris—HCI pH 7.5,
150 mM NaCl, 1 mM EDTA, 1:100 protease inhibitor,
and 1% Triton X) and incubated on ice for 15 min. The
lysates were centrifuged at 14,000 g for 15 min at 4°C,
and 1 mg of protein was used for immunoprecipitation.
The FLAG-tagged WT SHP-2, and mutants were
immunoprecipitated with anti-FLAG MS5 antibody
(Sigma, St Louis, Mosby, USA) for 2 h at 4°C. Immune
complexes were collected by adding 50 pl of 50% pro-
tein G-Sepharose beads slurry (Amersham Biosciences
Corp., Piscataway, NJ, USA) for 1 h at 4°C, washed
twice with RIPA buffer, and then washed twice with
phosphatase assay buffer (20 mM Hepes pH 7.5,
250 mM NaCl, 1 mM EDTA, 1 mM DTT).

Immune complex phosphatase assay was performed
at 30°C for 30 min in 25 pl phosphatase assay buffer
supplemented with 500 uM  Src  phosphopeptide
(pTSTEPQpYQPGENL). The reaction was linear at the
range of 0-1,000 uM Src. After brief centrifugation,
supernatants were collected, added to 100 pl Malachite
Green solution (Upstate Biotechnology), and incubated
for 15 min at room temperature. The absorbance at
620 nm was measured, and the increase in the phos-
phatase activity was calculated by subtracting the
background blank values (negative Src). Values for
phosphate release were then obtained by comparing with
the standard curve (linear at 0-2,000 pmol of phos-
phate). In order to measure the level of immunoprecip-
itated proteins, 50 pl 2x SDS sample buffer was added to
the beads and boiled for 3 min. Twenty pl was used for
SDS-PAGE followed by immunoblotting with anti-
FLAG M5 antibody.

ERK (extracellular signal-regulated kinase)
phosphorylation

Human embryonic kidney (HEK) 293 cells (ATCC)
were maintained in DMEM containing 10% FCS,
100 U/ml penicillin, and 100 pg/ml of streptomycin.
Cells were seeded at 6x10° cells/6-cm dish, and 24 h
later, 3.6 ug of pCAGGS vectors encoding one of the
WT or mutant SHP-2 ¢cDNAs and 0.9 pug of pcDNA3
containing HA-tagged extracellular signal-regulated
kinase (ERK)2 cDNA were cotransfected using 8 pl of
Lipofect AMINE reagent and 12 pl of PLUS reagent.
Two major mutants in NS, D6IN and E76D, were
used for this study. Three hours later, the medium was
changed to DMEM containing 10% FCS. At 48 h
after transfection, cells were unstimulated or stimu-
lated with 20 ng/ml of epidermal growth factor (EGF)
for 5, 30, 60, 90, and 120 min.

Immunoprecipitation of HA-ERK?2 was performed,
as described previously (Takeda et al. 1999). The 293
cells were washed twice with PBS, and immediately
frozen in liquid nitrogen. The cells were lysed on ice in
0.3 ml of ice-cold RIPA buffer [20 mM Tris—HCI
(pH 7.5), 140 mM NaCl, 2.6 mM CaCl,, 1 mM MgCl,,
1% (v/v) NP-40 containing 1 mM phenylmethylsulfonyl
fluoride (PMSF) and 3 pl phosphatase inhibitor (Sig-
ma)]. The lysates were centrifuged at 14,000 g for 15 min
at 4°C. For immunoprecipitation, the resultant super-
natants were incubated with anti-HA antibody (clo-
nel2CAS5, gifted by Dr. Matozaki) for 2 h at 4°C and
then incubated with 30 pl of protein G-Sepharose beads
(Amersham) for 1 h on a shaker. The beads were washed
twice with 800 ul wash buffer [20 mM Tris—HCI
(pH 7.5), 140 mM NacCl, 0.1% (v/v) Triton X-100] and
boiled for 5 min in 2x SDS sample buffer. Immunopre-
cipitants were subjected to SDS-polyacrylamide gel
electrophoresis (10% gel), transferred to nitrocellulose
membrane, and probed with the indicated antisera. All
the membranes were visualized using enhanced chemi-



luminescence (ECL) Western blotting Detection System
Kit (Amersham Pharmacia Biotech, Chalfont, UK).

Reporter assay

One day before the transfection, the 293 cells were plated
in 6-well plates with a density of 5x10° cells per well.
Cells were transiently transfected using Lipofect AMINE
plus reagent with 1 pg pSREluc, 0.1 pg of pRLTKIluc,
and 1 pg of SHP-2 wild or mutant expression constructs.
Four mutants in the N-SH2 domain from NS patients
were introduced in 293 cells. Eighteen hours after
transfection, the cells were serum-starved in DMEM for
24 h. For EGF stimulation, cells were unstimulated or
stimulated with 20 ng/ml of EGF for 5 h. Cells were
harvested in passive lysis buffer, and luciferase activity
was assayed using a dual luciferase assay kit (Promega,
Madison, WI, USA). Renilla luciferase expressed from
pRLTKIluc was used to normalize the transfection effi-
ciency. The experiments were performed in triplicate.
Data are shown as mean + SEM. Statistical analysis
was performed with the Statview 4.0 package (AVACUS
Corporation, Berkeley, CA, USA).

Results
Mutation analysis in patients with NS

Sequencing analysis in 41 affected individuals with NS
revealed nine different missense mutations in 16 patients
(15 sporadic cases and one index case of familial origin)
(Table 1). Ten patients had mutations in the N-SH2
domain (Y63C in three patients; D61N, Q79R, and T731
in two patients each; and F711 in one patient). The novel
F711 mutation identified in patient 6 was inherited from
his father, who exhibited only ptosis. The F711 mutation
was not detected in 83 controls (data not shown), sug-
gesting the mutation was not likely to be a polymor-
phism. Although the D61N, Y63C, and Q79R mutations
were detected in more than two patients, their clinical
findings, including facial anomalies and heart defects,
varied significantly. Patient 8, who had the T731 muta-
tion, exhibited JMML at 2 months of age. Her leuko-
cytosis persisted for 20 years after remission. Four
mutations in the PTP domains were detected in six pa-
tients. Interestingly, patient 15 with the S502T mutation
had an episode of transient abnormal myelopoiesis at
3 months of age and was associated with neuroblastoma
at 6 months, suggesting the extending characteristics of
the mutation (Kondoh et al. 2003). The analysis of her
parents’ DNA indicated the de novo mutation.

Phosphatase activities of mutants identified in NS

Structural analysis suggested that mutant proteins have
an altered phosphatase activity. We transfected ten
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SHP-2 mutants, including nine mutants identified in NS
patients in this study, and the E76A mutant as the po-
sitive control. Remarkable activation (six-fold to 12-fold
compared with the activity of WT) was observed in the
immune complexes derived from cells expressing the
constructs carrying the D61IN, F711, or T731 mutation
located in the N-SH2 domain (Fig.1). The activities of
the D61N and F711 mutants were higher than that of the
E76A mutant. Mild activation (two-fold to 3.9-fold) was
observed in the immune complexes derived from cells
transfected with constructs harboring the Y63C or
Q79R mutation in the N-SH2 domain and constructs
with the 1282V, N308D, S502T, or M504V mutation in
the PTP domain. Interestingly, all nine mutations had
activated phosphatase activity.

PTPNI1] mutation detection and phosphatase assay
in childhood leukemia

In order to screen PTPNII mutation in leukemia cells,
we sequenced exons 3 and 13 in the PTPNII gene from
genomic DNA extracted from 29 leukemic children.
Two mutations were detected in three cases (Fig.2). The
A72V mutation was identified in bone marrow from one
case with AML (MO according to FAB classification)
and in bone marrow from one patient with MDS
(refractory anemia with excess blasts) (Monosomy 7).
The novel G503V (1508G > T) mutation was detected in
a bone-marrow-derived cell line from a JMML patient.
The phosphatase activity in an immune complex pre-
cipitated from cells overexpressing the A72V mutant
showed a 5.2-fold increase and that from cells over
expressing the G503V mutant showed a 1.4-fold increase
compared with the WT cDNA (Fig.2b).

In order to compare the phosphatase activity of
mutations found in NS and leukemia at the same resi-
due, we examined the phosphatase activity of two mu-
tants occurring at D61 and E76. The activity of D61N
(NS) was equivalent to that of D61Y (leukemia)
(Fig.2c). In contrast, the activity of E76A (leukemia)
was 4.1-fold that of E76D (NS) (Fig.2d).

Effects of mutants on MAPK pathway

Since SHP-2 has been known essentially as a positive
regulator of the RAS/MAPK pathway (Feng 1999), we
examined whether mutants activated ERK, a kind of
MAPK, in the presence of EGF. In the absence and
presence of EGF, the ERK activation was examined
using an anti-phospho-ERK antibody that detected
phosphorylated ERK. In cells expressing WT SHP-2
and ERK plasmids, the phosphorylation of ERK2 was
maximum at 5 min after EGF treatment, and sustained
activation persisted for 120 min (Fig.2a). In cells
expressing the D61N or the E76D mutant, the maximum
activation of ERK?2 at 5 min was almost the same as in
WT-transfected cells, but the activation decreased more
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Fig. 1 Immune complex phosphatase assay of wild-type (WT)
cDNA and mutants identified in Noonan syndrome (NS). The
E76A mutant was used as a positive control in each assay. Results
are expressed as mean = SD obtained from three independent
experiments. Asterisks indicate statistically significant differences
(p < 0.01) in activity compared with that of WT. Fold activation
was expressed as 1 for WT cDNA at each assay (upper panel).
Immunoblot analysis of SHP-2 showed the comparative efficiency
of immunoprecipitation (lower panel). HC heavy chain

rapidly. These results suggest that these two mutants do
not promote the activation of the MAPK pathway in
EGF-treated 293 cells.

In order to examine the downstream signaling path-
way of ERK, we examined the activation of the serum-
responsive element (SRE) within c-fos or other imme-
diate early genes in EGF-treated 293 cells. As a key
target of MAPK, ELKI transcription factors phos-
phorylated by ERK bind to the SRE to initiate tran-
scription (Bennett et al. 1996; Hakak and Martin 1999).
Cells expressing the SRE-luciferase reporter gene and a
catalytically inactive SHP-2 (C459S) showed a decreased
induction of the luciferase gene in the presence of EGF
(Fig.2b). Cotransfection of plasmids harboring mutants
detected in NS had neither enhanced SRE activity in the
unstimulated state nor enhanced fold induction in the
presence of EGF. These results suggest that the SHP-2
mutants did not promote the MAPK pathway in the
EGF-treated 293 cells whereas they showed enhanced
phosphatase activity in vitro.

Discussion

In this study, we identified nine mutations, including a
novel F711 mutation, in 16 of 41 Japanese patients with
NS and two mutations, including a novel G503V
mutation, in three of 29 patients with childhood leuke-
mia. Immune complex phosphatase assays showed that
the phosphatase activity in ten SHP-2 mutants detected
in NS and four SHP-2 mutants detected in leukemia was
elevated to various degrees. Mutations in the PTPNI]
gene were detected in 39% of the patients clinically
diagnosed with NS. This result is comparable to that of
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previous studies (Tartaglia et al. 2002; Musante et al.
2003). Previous genotype—phenotype correlation studies
have shown that pulmonary stenosis was associated with
PTPNI1I mutations whereas cardiomyopathy was more
common in patients without PTPNI] mutation (Tarta-
glia et al. 2002; Zenker et al. 2004). In our study, how-
ever, no significant difference was observed (data not
shown). Although other abnormalities than exonic
mutations in PTPNI] have not been excluded, further
studies to identify the gene(s) associated with NS will
pose a formidable challenge in establishing the clinical
entity of NS.

The role of PTPNI11 mutations in the pathogenesis of
hematologic malignancy remains to be elucidated. In the
previous and the present studies, 87% of the mutations
found in leukemia cells were identified in the N-SH2
domain, and these were primarily restricted to residues
D61, A72, and E76 (Tartaglia et al. 2003; Loh et al.
2004; Tartaglia et al. 2004). To examine whether the
degrees of phosphatase activity in mutations at specific
residues are associated with leukemia, we compared the
phosphatase activity at each affected residue examined
in this study, as well as the published phenotype (Ta-
ble 2a). Variation of each assay was normalized as rel-
ative phosphatase activity; activity of WT cDNA was
taken as one-fold, and that of E76A was taken as ten-
fold. Mutations at codons 61, 71, 72, and 76, in which
highest activity at each codon was ten or more, were
frequently identified in patients with leukemia, including
those with JMML, MDS, AML, and ALL (Table 2a).
In NS patients, activities of the most common mutations
at N308 and Y63 were two-fold to three-fold. The
phosphatase activity of the T731 mutation, which is
frequently detected in NS patients associated with
JMML, showed an intermediate value of 6.0. Mutations
at residues in which activities were below six were rarely
detected in leukemia cells. These results suggest that
mutations at codons 61, 71, 72, and 76, in which highest
activity at each codon was ten or more, were associated
with leukemia (Table 2b; >=97.0, p < 0.001).

Tartaglia et al. (2003) recently showed that the
phosphatase activities of two mutants (D61Y and E76K)
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Fig. 2 Phosphatase activity of
mutants detected in childhood
leukemia. a Localization of
SHP-2 mutations analyzed in
this study. Italic, mutations
identified in this study.
Parenthesis, number of patients
identified. b Immune complex
phosphatase assay using SHP-2
mutants identified in leukemia.
Results are expressed as mean
+ SD obtained from the three
independent experiments.
Asterisks indicate statistically
significant differences in activity
compared with that of wild type
(WT) (*p < 0.01, ** p < 0.05).
¢, d Comparison of phosphatase
activity in mutants derived from
either NS or leukemia at amino
acid positions 61 and 76.
Results are expressed as mean
+ SD obtained from the three
independent experiments
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identified in JMML patients were higher than that of the
N308D mutation identified in NS. They put forth a
hypothesis explaining the manner in which the two dif-
ferent phenotypes were determined: somatic mutations
identified in leukemia have stronger molecular defects
and could cause embryonic lethality if they occur in the
germline. In contrast, the defects in mutations found in
NS patients were milder and insufficient for the devel-
opment of leukemia. In our experiments, the relative
phosphatase activities of D61IN (12.1) and F711I (11.8)
associated with NS were higher than those of E76A (10)
and G503V (2.7) found in leukemia. A comparison of
the different substitutions at the same residues showed

DB&1Y

70kDa »

HC > —

that the phosphatase activity of D61N (NS) was equiv-
alent to that of D61Y (leukemia). Although Src might
not be the physiological substrate of SHP-2 at the
developmental stage and leukemogenesis, our results
suggest that high phosphatase activity in mutants may
not necessarily be associated with embryonic lethality.
Further biological studies will be required to explore the
mechanisms involved in the development of NS or leu-
kemia.

The F711 mutation in a typical NS patient was
inherited from the father, who exhibited only ptosis. The
F711 mutation was not detected in 83 controls, and a
further functional analysis showed an eclevated
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Fig. 3 a Effect of the D61N and E76D mutants on extracellular
signal-regulated kinase (ERK)2 activation. Lysates were subjected
to immunoprecipitation with anti-HA antibody (12CAS), and the
immunoprecipitates were subjected to immunoblot analysis with
anti-phospho-ERK antibody (upper panel). The aliquots of
immunoprecipitates were used to confirm that equal amounts of
HA-ERK2 were present in each lane (lower panel). Cell lysates
from epidermal growth factor (EGF)-treated 293 cells were used as
a positive control for phospho-ERK(1/2) immunoblotting (293).
HC heavy chain. C459S catalytically inactive mutant. b EGF-
stimulated transcription of the SRE reporter plasmid in cells
expressing wild-type (WT), dominant negative SHP-2, and SHP-2
mutants in the N-SH2 domain. Each value represents luciferase
activity in relative light units, which was normalized for Renilla
luciferase activity. White bars, in the absence of EGF; filled bars, in
the presence of EGF. Results are expressed as the mean £ SEM of
the three independent experiments

phosphatase activity. These observations support the
notion that the F711 mutation plays a pathogenic role.
One possible explanation for the discrepancy between the
clinical and in vitro data is the phenotypic change with
age. Allanson et al. (1958) documented the marked
change in phenotype with age and reported that mani-
festations in adults tend to be subtle. Although heart
defects and other medical problems had not been
observed in the father, it is possible that his facial
abnormalities during childhood had been more promi-
nent. Although SHP-2 was essentially expressed in adult
organs (Ahmad et al. 1993), in this case, the SHP-2
mutant could have affected specific signaling pathways at
the developmental stage. Another possible explanation
for his subtle phenotype was due to the poor penetrance
of the mutation. Since the genotype—phenotype correla-
tion was not observed in a previous report (Zenker et al.
2004), it is possible that genetic factors other than
PTPNI1I are associated with the phenotype of NS.

A recent paper showed that three PTPNII mutations
were identified in 89 primary neuroblastomas (Bentires-
Alj et al. 2004). Two mutations (E69K and T507K) were
identified as somatic mutations. Y62C was identified in
both tumor and normal adrenal tissues, suggesting that

the patient might be NS. In our study, the patient with
S502T developed leukocytosis at 3 months of age and
neuroblastoma at 6 months of age (Kondoh et al. 2003).
Previous reports showed that the insulin-like growth
factor or the hepatocyte growth factor stimulated the
proliferation or invasion of neuroblastoma cells (Zum-
keller and Schwab 1999; Hecht et al. 2004). It is known
that SHP-2 regulates these growth-factor signal path-
ways (Neel et al. 2003). Although the exact mechanisms
remain unknown, it is possible that the activated
mutations were associated with the pathogenesis of
neuroblastoma. It is important to note that the neuro-
blastoma in the NS patient with the S502T mutation
spontaneously disappeared (Kondoh et al. 2003). A
similar phenomenon was observed in NS patients asso-
ciated with JMML, most of which spontaneously re-
solved (Choong et al. 1999).

A previous report showed that SHP-2 positively reg-
ulated the EGF-mediated ERK activation, ELK-1
transactivation, and cell cycle progression in 293 cells
(Bennett et al. 1996). In our experiments, two mutations
associated with NS failed to promote the RAS/MAPK
pathway in the EGF-treated 293 cells. It is controversial
as to whether constitutive active mutants lead to en-
hanced RAS/MAPK pathway. In Xenopus, it was shown
that the D61A and E76A mutants induced an elongation
of the animal cap. However, this elongation was accom-
panied by minimal activation of MAPK (O’Reilly et al.
2000). Fragale et al. (2004) reported that mutations such
as A72V, 1282V, and N308D detected in the NS patients
caused prolonged binding of GABI, a binding partner of
SHP-2, and sustained ERK activation when GAB1 was
cointroduced in EGF-treated COS cells. In contrast,
ERK was not hyperactivated in Ba/F3 cells expressing
mutants associated with JMML (D61G and E76K) al-
though these cells showed enhanced growth-factor-inde-
pendent survival. A recent study analyzing knock-in mice
expressing the D61G mutation showed cell- and path-
way-specific EKR activation in the developing mice
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Table 2a Comparison of the phosphatase activities of mutants and
the phenotype in patients. Relative phosphatase activities and
number of patients at each residue were shown. Patients with NS
and leukemia reported previously were summarized on selected
residues where phosphatase activity was measured in this study.
References are as follows; 1, (Tartaglia et al. 2002); 2, (Musante
et al. 2003); 3, (Loh et al. 2004); 4, (Kosaki et al. 2002); 5, (Zenker

et al. 2004); 6, (Yoshida et al. 2004); 7, (Tartaglia et al. 2003); 8,
(Tartaglia et al. 2004); 9, (Maheshwari et al. 2002); 10, (Sarkozy
et al. 2003); 11, (Schollen et al. 2003). WT wild type, NS Noonan
syndrome, JMML juvenile myelomonocytic leukemia, MDS
myelodysplastic syndrome, AML acute myeloid leukemia, ALL
acute lymphoid leukemia

Domain Exon Codon WT Mutation Relative NS NS/JMML JMML MDS AML ALL References
phosphatase NS (germline) non-NS (somatic)
activity®
N-SH2 3 61 Asp Asn 12.1 4 1 1-3, our study
Gly 8 1,2,4-6
Tyr 10.5 6 1 1 3,7,8
Val 2 1 3,7, 8
N-SH2 3 63 Tyr Cys 2.5 23 1 1-6, 9, 10,
our study
N-SH2 3 71 Phe Leu 1 1 2,7
Ile 11.8 1 our study
Lys 2 3,7
N-SH2 3 72 Ala  Ser 4 2,4,5
Gly 4 1,5, 10
Thr 3 1 3,7, 8
Val 10.2 3 2 3 3 3,7, 8, our study
Asp 1 8
N-SH2 3 73 Thr Ile 6.0 9 7 1-7, our study
N-SH2 3 76 Glu Asp 24 3 1 1-3, 5
Lys 4 2 4 3,7, 8
Val 1 7
Gly 2 1 2 3,7,8
Ala 10 1 1 7
Gln 1 2 3,8
N-SH2 3 79 Gln Arg 2.1 14 1,2,5,6, 11,
our study
Pro 1 10
PTP 7 282 Ile Val 6.3 4 1, 2, our study
PTP 8 308 Asn  Asp 3.2 37 1,2, 5,6, 10,
our study
Ser 7 1, 4,5, 10
PTP 13 502 Ser Thr 5.6 4 6, 9, our study
Pro 1 8
PTP 13 503 Gly Arg 301 5,7, 10
Ala 1 7
Val 2.7 1 our study
PTP 13 504 Met Val 6.1 7 1, 5, 10,
our study
4 Variation of each assay was normalised; activity of WT ¢cDNA was taken as 1 and that of E76A was taken as 10
Table 2b Highest r-phosphatase activity at each codon and patients’ phenotype
Highest r-phosphatase Codon NS, NS/JMML JMML, MDS,
activity in mutations (germline mutation) AML, ALL
at the codon (somatic mutation)
>10, 10 61, 71, 72, 76 25 53
< 10 63,73, 79, 282, 117 4

308, 502, 503, 504

(Araki et al. 2004). These experiments and our data
suggest that the manner in which the constitutive active
mutants regulate their downstream signaling pathway(s)
depends on cell types and signaling pathways.

In conclusion, we showed that the phosphatase
activity of 14 mutations identified in NS and leukemia

was elevated to various degrees. High phosphatase
activity in mutations at codons 61, 71, 72, and 76 was
associated with leukemogenesis. A further analysis of
the downstream signals of the mutants would provide
the key to elucidate the role of PTPNII mutations in
patients with NS and leukemia.
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