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Mutationsin PTPN11 implicate the SHP-2 phosphatase in leukemogenesis
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The PTPN1l1 gene encodes SHP-2 (Src
homology 2 domain—containing protein
tyrosine Phosphatase), a nonreceptor ty-
rosine protein tyrosine phosphatase
(PTPase) that relays signals from acti-
vated growth factor receptors to p21Ras
(Ras) and other signaling molecules. Mu-
tations in PTPN1l cause Noonan syn-
drome (NS), a developmental disorder
characterized by cardiac and skeletal de-
fects. NS is also associated with a spec-
trum of hematologic disorders, including
juvenile myelomonocytic leukemia (JMML).
To test the hypothesis that PTPN11 muta-
tions might contribute to myeloid leuke-

mogenesis, we screened the entire cod-
ing region for mutations in 51 JMML
specimens and in selected exons from 60
patients with other myeloid malignan-
cies. Missense mutations in PTPN11 were
detected in 16 of 49 JMML specimens
from patients without NS, but they were
less common in other myeloid malignan-
cies. RAS, NF1, and PTPN11 mutations
are largely mutually exclusive in JMML,
which suggests that mutant SHP-2 pro-
teins deregulate myeloid growth through
Ras. However, although Ba/F3 cells engi-
neered to express leukemia-associated
SHP-2 proteins cells showed enhanced

growth factor—-independent survival, bio-
chemical analysis failed to demonstrate
hyperactivation of the Ras effectors extra-
cellular-regulated kinase (ERK) or Akt.
We conclude that SHP-2 is an important
cellular PTPase that is mutated in my-
eloid malignancies. Further investigation
is required to clarify how these mutant
proteins interact with Ras and other effec-
tors to deregulate myeloid growth. (Blood.
2004;103:2325-2331)
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Introduction

Juvenile myelomonocytic leukemia (JMML) is a relentless
myeloproliferative disorder of young children characterized by
overproduction of myeloid cells that infiltrate hematopoietic
and nonhematopoietic tissues.’? A hallmark of JMML is a
hypersensitive pattern of granulocyte-macrophage colony-
forming unit (CFU-GM) progenitor growth in cultures stimu-
lated with granulocyte-macrophage colony-stimulating factor
(GM-CSF).® Studies of human samples and mouse models
strongly implicate hyperactive Ras in the pathogenesis of
JMML. Approximately 25% of JIMML bone marrow specimens
show oncogenic RAS mutations.* In addition, the incidence of
JMML is increased by more than 200-fold in children with
neurofibromatosis type 1 (NF1).57 The NF1 gene encodes
neurofibromin, a guanosine triphosphatase (GTPase)—activating
protein (GAP) that negatively regulates Ras output by acceler-
ating GTP hydrolysis.®® Genetic and biochemical analysis of
JMML samples have shown that NF1 functions as a tumor
suppressor by negatively regulating Ras.1%12 Taken together,

oncogenic RAS mutations or inactivation of NF1 are found in
approximately 50% of JIMML samples and appear to be mutu-
ally exclusive®1213 (Figure 1).

Missense mutationsin PTPN11 were shown to cause Noonan
syndrome (NS), a developmental disorder characterized by
cardiac defects, facial dysmorphism, and skeletal malforma-
tions.1415 SHP-2 (Src Homology 2 domain—containing protein
tyrosine Phosphatase-2), the nonreceptor tyrosine protein ty-
rosine phosphatase (PTPase) encoded by PTPN11, contains 2
src homology 2 (SH2) domains and a catalytic PTPase domain.
The SHP-2 PTPase is activated by binding to phosphotyrosyl
peptides through its N-SH2 domain.’61” The SHP-2 crystal
structure predicts that these interactions induce a conforma-
tional shift that relieves inhibition of the PTPase by the N-SH2
domain.’® Most of the mutations reported in NS kindreds are
found in exons 3 and 8, which encode segments of the N-SH2
and PTPase domains, respectively. Molecular modeling implies
that almost all of these exon 3 mutations activate phosphatase
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Figure 1. Interaction between Ras and neurofibromin in healthy and JMML
cells. GM-CSF binding to its surface receptor leads to dimerization and recruits
Janus kinase 2 (JAK2), which creates docking sites for adapter molecules by
phosphorylating tyrosine residues on the 8 chain. The guanine nucleotide dissocia-
tion factor SOS induces guanosine diphosphate (GDP) dissociation from Ras at the
plasma membrane. Ras is then free to bind to GTP, which interacts with effectors
such as Raf-1 to activate kinase signaling cascades. Neurofibromin negatively
regulates growth by accelerating hydrolysis of Ras-GTP to inactive Ras-GDP.
Oncogenic point RAS mutations and loss of NF1 contribute to aberrant proliferation
and survival in JMML by elevating Ras-GTP levels. IMML cells are hypersensitive to
GM-CSF in vitro, and studies in stains of mutant mice suggest that GM-CSF plays a
central role in the aberrant growth of Nf1-deficient cells in vivo.

activity by altering N-SH2 amino acids that interact with the
PTPase domain.1415

SHP-2 participatesin signal transduction downstream of growth
factor receptors to regul ate multiple responses, including prolifera-
tion, differentiation, and migration.’%2° The protein is expressed at
high levels in hematopoietic cells and undergoes rapid tyrosine
phosphorylation on activation of the c-KIT, interleukin 3 (IL-3),
GM-CSF, and erythropoietin receptors.192122 SHP-2 most often
plays a positive role in transducing signals, which is mediated, at
least in part, through the Ras/Raf/ERK (extracellular-regulated
kinase) cascade in hematopoietic and nonhematopoietic cells. 192023
Loss of Ptpnll function has profound effects on the developing
hematopoietic system.2+27 Ptpn11-deficient yolk sacs contain mark-
edly reduced numbers of hematopoietic colony-forming cells, and
mutant embryonic stem cells do not contribute to hematopoiesisin
chimeras.?® These and other data implicate SHP-2 as a crucia
effector of hematopoietic cell fates that modulates signaling from
activated growth factor receptors.

Children with NS show a spectrum of hematologic abnor-
malities, including isolated monocytosis, myeloid disorders
with features of chronic myelomonocytic leukemia (CMML)
that remit spontaneously and, rarely, IMML.28-30 Bone marrow
cells from NS patients with IMML show characteristic
GM-CSF hypersensitivity in methylcellulose cultures.?® These
observations, data implicating hyperactive Ras in the pathogen-
esis of IMML, and the role of SHP-2 in relaying signals from
hematopoietic growth factor receptors to Ras identify PTPN11
as an excellent candidate gene that might be mutated in cases of
JMML without abnormalities in RAS or NF1. Indeed, a recent
study reported somatic PTPN11 mutations in approximately
35% of JIMML samples.3! We screened a well-characterized
panel of IMML specimens for PTPN11 mutations and confirm
that somatic mutations in PTPN11 are common in this disorder.
Genetic evidence implicates these mutations as conferring a
growth advantage by deregulating Ras. However, although
Ba/F3 cells engineered to express mutant SHP-2 proteins con-
sistently show persistent survival on growth factor withdrawal,
biochemical analysis did not reveal hyperphosphorylation of the
Ras effectors ERK and Akt. In addition, given the known
association of oncogenic RAS mutations in other disorders of
myelopoiesis, we screened a number of other patients with
myeloid disorders for mutations in PTPN11.
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Patients, materials, and methods

Leukemia samples

Archived bone marrow or peripheral blood specimens from patients with
hematol ogic malignancies were collected by our laboratory or accrued by
the Hematopoietic Tissue Cell Bank of the University of California-San
Francisco (UCSF) Comprehensive Cancer Center. Fifty-one patients with
JMML; 60 patients with other disorders of myelopoiesis, including acute
myelogenousleukemia (AML), chronic myelomonocytic leukemia(CMML),
chronic myelogenous |eukemia (CML), and myelodysplasia(MDS); and 20
healthy control subjects were screened for mutations in PTPN11. An
additional 95 DNA samples were analyzed from a national pediatric AML
trial conducted by the Children’s Cancer Group between 1996 and 2002.
Approval for these studies was obtained from the UCSF Committee on
Human Research.

Mutation detection

Denaturing high-performance liquid chromatography (DHPLC) facilitates
accurate, high-throughput screening of amplified genomic DNA for point
mutations with a sensitivity of approximately 95%.32 Polymerase chain
reaction (PCR) using previously published primersfor exons 1 to 6 and 8 to
15 were performed according to previously published methods.!> Exon 7
was amplified using forward primer 5 GAAGTAATGCTGATCCAGGC3',
reverse primer 5’ AAGAGCACACGACCCTGAGG3’, and Accuprime Taq
(Invitrogen, Carlsbad, CA). DNA (50-100 ng) was used for each 50 L
reaction. PCR products were visualized on agarose gels prior to DHPLC
analysis. Concentrations of primers (Integrated DNA Technologies, Cor-
alville, 1A), dNTPs (Roche, Indianapoalis, IN), Mg** (Applied Biosystems,
Foster City, CA), and Amplitag Gold (Applied Biosystems), aswell as PCR
conditions, were optimized. DHPLC was conducted on a Helix HPLC
(Varian, Palo Alto, CA) using a DNA Sep column (Transgenomics, Omaha,
NE) and analyzed according to previously published methods.?*> Abnor-
mal spectrographs were enzyme purified using 1 U akaline shrimp
phosphatase (Roche) and 1 U exonuclease | (USB, Cleveland, OH),
incubated for 1 hour at 37°C, and heat inactivated for 15 minutes at 95°C.
Purified products were subsequently sequenced by way of a Prism 3700
Sequencer (ABI, Foster City, CA). The procedures for analyzing RAS and
NF1 for mutations have been described.>10.12

SHP-2 expression constructs

Oligonucleotide primers containing attB sites for use with Gateway cloning
technology (Life Technologies, Rockville, MD) as well as murine Ptpnll
gene-specific sequences were used to amplify cDNA sequences from the
ATG start codon to nucleotide 1862. Kozak sequences were incorporated
into the primer sequence to allow efficient translation. Then, 30 cycles of
amplification using Elongase polymerase (Invitrogen) were used to gener-
ate a PCR product for use in the BP reaction to generate an entry clone.
Next, using the LR enzyme mix from Gateway technology, Ptpnll was
cloned into a mouse stem cell virus (MSCV)-based retroviral vector 33
contai ning a puromycin resistance cassette that we modified for use with the
Gateway system. The QuikChange Site-Directed Mutagenesis Kit (Strat-
agene, La Jolla, CA) was used to generate point mutations into the Ptpn1l
expression constructs, which were confirmed by sequencing.

Analysis of Ba/F3 cells

MSCV-puro plasmids engineered to express wild-type SHP-2, the D61Y, or
the E76K mutant proteins were cotransfected with plasmids encoding
retroviral gag-pol and env proteins into Phoenix cells (a generous gift of
Gary Nolan, Stanford University) using Lipofectamine2000 (Invitrogen).
Supernatants from transfected cells were used to transduce Ba/F3 cells.
Transduced cells were selected for growth in 2.5 wg/mL puromycin for 4
days, and expression of wild-type and mutant SHP-2 was confirmed by
Western blot. Ba/lF3 parenta cells, cells transduced with a control
MSCV-puro vector, and lines expressing wild-type or mutant SHP-2
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proteins were cultured in RPMI 1640 supplemented with 10% fetal bovine
serum (FBS) and 1 ng/mL recombinant murine I1L-3 (Peprotech, Rocky
Hill, NJ). After puromycin selection, transduced cells were washed twicein
RPM1/10% FBS and grown in IL-3—free media. A total of 1 X 10° cells
were seeded into 10-cm dishes, and viable cells were counted by trypan
blue exclusion for 2 to 3 weeks. To assess signal transduction, Ba/F3 cells
were deprived of IL-3 for 6 hours and then stimulated with 10 ng/mL IL-3
for 10 minutes. Cell lysis and immunoblotting for ERK and Akt were
performed as previously described.? A monoclonal antibody from Transduc-
tion Laboratories, Becton Dickinson Biosciences (catalog no. 610621; La
Jolla, CA) was used to assess SHP-2 expression.

Results
Missense PTPN11 mutations in JMML specimens

On the basis of case reports of IMML in patients with NS, we first
investigated 51 IMML specimensfor PTPN11 mutations, including
2 from children with a clinical diagnosis of NS. These studies
uncovered missense mutations in 16 of 49 IMML samples from
patients without NS, which are summarized in Table 1. PTPN11
mutations were also identified in both patients with NS. Represen-
tative DHPLC and sequencing data are shown in Figure 2A-B.
Fifteen of 16 PTPN1l mutations detected in sporadic cases of
JMML occurred in exon 3, which encodes a segment of the N-SH2
domain (Table 1). The only exception was an exon 4 mutation that
we identified in a specimen from a 2-month-old infant. This
mutation has also been reported in NS.25 Although the nature of this
PTPN11 mutation and the early age of diagnosis are suggestive of
NS, detailed clinical information was not available in this case.
Both of the IMML specimens from children known to have NS
demonstrated different PTPN1L mutations from the patients with-
out NS, including one substitution in exon 13 (Table 1).

We noticed absence of thenormal PTPN11 alleleonthe DHPLC
tracing of a IMML specimen with a mutation at nucleotide 215.
This C>T mutation ablates a Bgl|l cleavage site in the normal
sequence and creates anew Maell| site. Digestion of PCR products
amplified from exon 3 confirmed that the normal allele was absent
in this case (Figure 2C). To address whether loss of the normal
alele exists in other cases of IMML with PTPN11 mutations, we
performed PCR amplification followed by allele-specific cleavage
of 15 additional cases. All of these leukemias retained the normal
PTPN11 alele (data not shown).

Distribution of PTPN11, RAS, and NF1 mutations in JMML

If SHP-2 functions in a growth control signaling pathway that
includes the GM-CSF receptor, Ras, and neurofibromin in myeloid

Table 1. PTPN11 mutations detected in JMML

Nucleotide Substitution Amino acid No. cases
178 G>C Gly60Arg 1
181 G>T Asp61Tyr 1
G>A Asp61Asn 1
205 G>A Glu69Lys 1
214 G>A Ala72Thr 2
215 C>T Ala72Vval 2
218 C>T Thr73lle 1 (JMML/NS)
226 G>A Glu76Lys 3
G>C Glu76GIn 1
227 A>G Glu76Gly 3
417 G>C Glu139Asp 1
1517 A>C Gly506Pro 1 (JMML/NS)
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Figure 2. PTPN11 mutations in JMML specimens. (A) DNA samples from 3
patients with JMML were amplified by using exon 3-specific primers, and the
products were analyzed on DHPLC. (B) PTPN11 mutations corresponding to the
abnormal DHPLC spectrographs shown in panel A. Abnormal nucleotides are
marked with arrows. (Top) Mutation at nucleotide 181 (G>T); (middle) mutation at
nucleotide 182 (A>T); (bottom) mutation at nucleotide 215 (C>T). (C) Absence of the
normal PTPN11 allele in a JMML sample; (lane 1) 1-kb ladder, (lane 2) uncut (u)
amplified DNA from healthy bone marrow, (lanes 3-5) DNA amplified from a healthy
specimen (WT, lane 3), a patient with a heterozygous mutation (A, lane 4), and the
patient with the homozygous mutation (B, lane 5). Note the presence of an abnormal
(uncut) band (white asterisk) in both patients, with absence of the normal digested
bands in patient B. (Lanes 6-8) The same 3 specimens were cut with Maelll, which
cleaves at a novel site within the mutant but not the normal allele (lane 6). (Lanes 7-8)
An abnormal band (white asterisk) is visible in both patients A and B, and loss of the
upper normal band is seen in patient B (lane 8).

cells, PTPN11 mutations might be restricted to leukemia samples
without RASor NF1 mutations. This hypothesisisbased on theidea
that mutating any component would deregulate the entire cascade
and that another mutation would confer little, in any, additional
selective advantage. Indeed, previous studies that included most of
the IMML specimens investigated in this report revealed RAS and
NF1 mutations in mutually exclusive subsets.>101213 Similarly,
BRAF mutations are largely restricted to melanomas without RAS
mutations.3* The 49 JMML specimens from patients without NS
were divided into 3 groups: (1) samples from patients with a
clinical diagnosis of NF1 or an NF1 mutation, (2) samples with
RAS (KRAS or NRAS mutations), or (3) all other IMML samples.
When these groups were compared, there was a statistically
significant difference in the frequency of PTPN11 mutations in
group 3 versusgroups 1 and 2 (Table 2). These data provide genetic
evidence that mutant SHP-2 proteins contribute to leukemogenesis
through a Ras-dependent mechanism. Two specimens that were
assigned to the NF1 group showed PTPN1l mutations. In one
patient with clinical evidence of NF1, extensive molecular analysis
did not disclose either loss of the normal NF1 allele or atruncating
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Table 2. Incidence of somatic PTPN11 mutations in subsets of
patients with JIMML (n = 49)

Patient group No. cases No. with mutations p*
JMML only 20 14 NA
RAS mutation 7 0 < .001
NF1 or NF1 mutation 22 2 < .001

*Refers to difference between JMML only and other groups (by chi-square test).
NA indicates not applicable.

mutation in the coding region in the leukemic clone. Because some
patients with NS show clinical features of NF1,%5% it is possible
that this child was misdiagnosed. The other sample was from a
3-year-old patient without clinical evidence of NF1 who was
included in a series of IMML cases studied for NF1 mutations.’
Molecular analysis of the bone marrow demonstrated a nonsense
mutation (G4614A) in exon 27a of NF1, but both NF1 alleles were
retained. It isformally possible that this mutant allele retains some
GAP activity, or that this represents an instance in which leukemic
outgrowth in an NF1 patient resulted from a somatic PTPN11
mutation rather than loss of the normal NF1 allele.

PTPN11 mutations in other hematopoietic malignancies

The prevalence of PTPN11 mutations in IMML suggested that
somatic mutations might also exist in other myeloid malignancies.
To address this question, we analyzed specimens from children and
adults with CMML, CML, AML, MDS, and therapy-related
MDS/AML. PTPN1l mutations were detected in 7 of these
samples (11%), including 1 of 4 from patientswith CMML, 0 of 11
with CML, 3 of 28 withAML, 2 of 7withMDS, andin 1 of 10 with
therapy-related MDS/AML (t--MDS/AML). Each mutation was in
exon 3 (Table 3), and many of the same mutations were also found
in patients with IMML. On the basis of the results of these studies,
we performed a focused analysis of exons 3, 4, 5, 8, and 13 in a
cohort of 95 pediatric AML specimens and detected 2 mutationsin
exon 3. The absence of PTPN11 mutations in CML is consistent
with genetic and biochemica data, implicating Ras as a down-
stream target of Ber-Abl in myeloid leukemogenesis.®”-% Five of
the 9 samples with PTPN11 mutations also had chromosome 7
abnormalities (monosomy 7). This finding is of interest, because
monosomy 7 has previously been reported in myeloid malignancies
with RASor NF1 mutations, including IMML .3%-43

Overall, 25 of the 27 PTPN11 mutations identified in IMML
and other myeloid malignancies change amino acids within the
N-SH2 domain (exon 3) with codons 61, 72, and 76 affected in 4, 6,
and 9 cases, respectively (Tables 1,3). By contrast, although exon 3
is adso commonly involved in NS, the overall spectrum is much
broader with mutations also seen in exons 2, 4, 7, 8, and 13.1415
Moreover, only 2 of the leukemia-associated amino acid substitu-
tions identified within exon 3 have been reported in NS.1415 The
JMML specimens analyzed by Tartaglia et al®! displayed a similar

Table 3. PTPN11 mutations detected in myeloid malignancies

Nucleotide Substitution Amino acid Diagnosis

179 G>C Gly60Ala AML

181 G>T Asp61Tyr AML

182 A>T Asp61Val MDS

188 A>G Tyr63Cys CMML

211 T>C Phe71Lys t-MDS

215 Cc>T Ala72Val AML(1) MDS (1)
226 G>A Glu76Lys AML

227 A>G Glu76Gly AML
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pattern of PTPN11 mutations. On the basis of the SHP-2 crystal
structure, each PTPN1l mutation is predicted to disrupt the
inhibitory interaction of the N-SH2 domain with the PTPase
domain (Figure 3A-B).

Functional and biochemical studies in Ba/F3 cells

Ba/F3 cells have been used to investigate SHP-2 activation in
hematopoietic cells*“ and to interrogate the functional conse-
quences of leukemia-associated mutant proteins.*”-51 We, therefore,
expressed the mutant D61Y and E76K SHP-2 proteinsidentified in
samples from patients with IMML in this pro-B cell line, which is
dependent on IL-3 for survival and proliferation. Ba/F3 cells were
infected with retroviral vectors engineered to coexpress wild-type
or mutant SHP-2 with a puromycin resistance gene, then cultured
with IL-3 and puromycin. This infection/selection procedure was
performed on 3 independent occasions to ensure that the biologic
effects of expressing mutant SHP-2 proteins were reproducible.
After 4 days, the transduced Ba/F3 cells were transferred to
medium without I1L-3 to assess the effects of expressing wild-type
or mutant SHP-2 on survival and proliferation. At this time, cells
were also collected to measure SHP-2 expression and to interrogate
Ras effector cascades. Wild-type and mutant SHP-2 proteins were
expressed at similar levels that were higher than in parental Ba/F3
cells (Figure 4A, bottom panel). We investigated ERK and Akt
phosphorylation in cells that were deprived of serum and IL-3 for 6
hours, then stimulated with IL-3. Surprisingly, we did not observe
increased levels of phosphorylated ERK or Akt in resting or
IL-3-stimulated Ba/F3 cells that expressed either mutant SHP-2
protein (Figure 4A). Signal transduction experiments were per-
formed under a variety of experimental conditions that included
varying the concentration of IL-3 and the time course with similar
results (data not shown). We also assessed the effects of wild-type
and mutant SHP-2 proteins on the survival and growth of trans-
duced Ba/F3 cells after IL-3 withdrawal. The cells were cultured in
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Figure 3. Sites of exon 3 mutations and predicted effects on SHP-2 structure.
(A) Schematic of the PTPN11 gene with functional domains. The amino acid
sequence of the N-SH2 domain is highlighted below. The interaction sites between
the N-SH2 and PTP domains are indicated in red. The sites of the exon 3 mutations
reported here are indicated by the arrowheads. (B) The catalytic cysteine, Cys459, is
shown (green dots), as are 2 of the residues mutated in leukemia samples, D61 and
E76 (red dots). These residues make critical contacts with the catalytic domain, and
the residues’ mutation is predicted to disrupt the inhibition of the catalytic domain by
the amino-terminal SH2 domain. The N-terminal SH2 domain is shown in blue, the
C-terminal SH2 domain in yellow, and the catalytic domain in pink. The figure was
generated using Swiss-PdbViewer.
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Figure 4. Effects of expressing wild-type and mutant SHP-2 proteins on ERK
and Akt activation and survival in Ba/F3 cells. (A) Duplicate aliquots of Ba/F3 cells
transduced with retroviruses encoding various SHP-2 constructs (wild-type [WT],
D61Y, or E76) were collected after 4 days of growth and selection in medium
containing IL-3 and puromycin. Parental Ba/F3 cells are labeled P. The cells were
starved for 5 hours and lysed without stimulation () or after exposure to 10 ng/mL
IL-3 for 10 minutes (+). The bottom panel shows SHP-2 expression, which was
equivalent in cells transduced with the WT, D61Y, or E76K vectors and elevated
above the levels in parental Ba/F3 cells or in cells infected with the empty vector (not
shown). Ba/F3 cells expressing all of the SHP-2 constructs showed low levels of
phosphorylated ERK (p-ERK) and Akt (p-Akt) after starvation, with robust and
equivalent activation in response to IL-3. Parental and transduced Ba/F3 expressed
total levels of ERK2 and Akt. (B) Ba/F3 cell counts after IL-3 withdrawal. Ba/F3 cells
infected with the MSCV-puro vector (H), and cells expressing either WT SHP-2 (#),
the D61Y SHP-2 mutant protein (A), or the E76K SHP-2 mutant protein (O) were
plated in triplicate at 1 x 108 cells/plate in the absence of IL-3. Cells were counted
starting on day 8.

triplicate at 1 X 106 cells per plate and were counted every other
day beginning on day 8. Under these conditions, expression of the
E76K mutant consistently enhanced the survival of Ba/F3 cells
(Figure 4B). We aso observed subtle, but reproducible, effects of
the D61Y SHP-2 protein (Figure 4B). Importantly, Ba/F3 cells
transduced with mutant SHP-2 proteins did not expand during the
2- to 3-week culture period, but sustained higher numbers of viable
cells. However, BalF3 cells that expressed either mutant SHP-2
protein frequently demonstrated growth factor—independent prolif-
eration after prolonged time in culture. This was never observed in
cellsthat had been transduced with either empty vector or with the
wild-type SHP-2 virus.

Discussion

We find that missense mutationsin PTPN11 are common in IMML
and exist in other myeloid malignancies. On the basis of a number
of considerations, these amino acid substitutions are almost certain
to represent pathologic mutations. First, we did not detect any of
these leukemiarassociated mutations in 22 healthy bone marrow
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specimens, and they were not identified in more than 100 control
subjects screened by Tartaglia et al.**1> Second, as would be
expected if PTPN11 mutations result in again of function, we have
not identified deletions, insertions, or substitutions leading to
premature termination of protein tranglation. Third, the data shown
in Table 2 argue strongly that these aterations are not random but
are functionally equivalent to oncogenic mutations in RAS or
inactivation of NF1. Fourth, on the basis of the crystal structure of
SHP-2, each of these mutations is predicted to disrupt the
inhibitory interaction of the N-SH2 domain with the PTPase
domain (Figure 3A-B). Indeed, in an elegant series of experiments
in the Xenopus animal cap assay, O’ Reilly et al®? generated alanine
substitutions corresponding to D61 and E76. These investigators
showed that mutant SHP-2 proteins exhibited elevated PTPase
activity and conferred a gain-of-function elongation phenotype
which is known to involve activation of Ras’ERK signaling
downstream of the fibroblast growth factor (FGF) receptor.5?
Similarly, our data in the Ba/F3 cell line demonstrate that these
mutations have phenotypic consequences in hematopoietic cells.
Finally, Tartaglia et a3 independently found a similar incidence
and spectrum of somatic PTPN11 mutations in a different series of
JMML samples.

Although many of the somatic PTPN11 mutations identified in
leukemiaspecimens alter the same codons asin NS, the spectrumis
distinct with respect to the pattern of amino acid substitutions and
specificity for exon 3. Furthermore, the 2 mutations that we
detected in IMML specimens from children with NS are uncom-
mon, with only one being previously reported. The distribution of
PTPN11 mutations found in IMML suggests that these alleles
might be deleterious in embryonic life. Consistent with this idea,
the D61Y and E76K mutant proteins show higher phosphatase
activitiesthan the most common substitution found in children with
NS (N308D).3!

Expressing the D61Y and E76K mutations enhanced the
survival of transduced Ba/F3 cells that were deprived of IL-3.
Interestingly, the E76K mutation, which shows higher PTPase
activity,! is more potent in this assay. Although mutant SHP-2
proteins did not acutely induce IL-3-independent proliferation,
there was a lower rate of attrition than in control cells expressing
either empty vector or wild-type SHP-2. Thisis reminiscent of the
effects of the E2A-HLF fusion protein in Ba/F3 cells.*” Despite
genetic evidence that the PTPN11 mutations found in JIMML
deregulate growth through a Ras-dependent mechanism, we did not
detect aberrant activation of ERK or Akt in transduced Ba/F3 cells.
Substitutions at the D61 and E76 positions of SHP-2 perturb Ras
signaling in other systems.352 The discrepancies between these
studies and our data in Ba/F3 cells might be due to differences in
the expression levels of mutant proteins and/or the cellular context.
It is interesting that Tartaglia et al® reported relatively modest
levels of ERK activation in COS-7 cells with basal and serum-
stimulated kinase levels that were equivalent to wild-type but
prolonged activation in cells expressing mutant SHP-2 proteins.
Furthermore, although those researchers observed increased prolif-
eration in COS-7 cells, our data in hematopoietic cells support the
idea that the predominant effect of mutant SHP-2 proteins is to
reduce the requirement for growth factors in cell survival. This
model is consistent with data from cultured Nfl-deficient
myeloid cells, which also survive in the absence of exogenous
growth factors.53

The absence of hyperphosphorylation of ERK and Akt in
transduced Ba/F3 cellsis not inconsistent with the idea that mutant
SHP-2 proteins deregulate Ras signaling in primary myeloid cells.
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However, these data raise the possibility that leukemia-associated
mutant aleles undermine myeloid growth control through a
Ras-independent mechanism. Indeed, although data from Drosoph-
ila, Xenopus, and mammalian cells place SHP-2 upstream of Rasin
avariety of cell types, other observations support a more complex
role that includes functions either parallel to or downstream of
Ras.19525455 |mportantly, SHP-2 phosphatase activity is essential
for al of its known biologic functions.t” Src kinases, which are
activated by dephosphorylation, are attractive potential direct or
indirect targets of SHP-2 that regulate the growth of many cell
types. Biochemical analysis in myeloid lineage cells may uncover
how mutant SHP-2 proteins perturb growth control through effects
on Ras and other signaling molecules.

Our data raise the possibility that PTPN11 mutations cooperate
with other genetic lesions to induce IMML. Thisideais consistent
with the clinical observation that hematologic abnormalities,
including some IMML-like myeloid disorders, may remit spontane-
ously in children with NS. Along theselines, it isinteresting that we
detected loss of the normal PTPN11 alele in one IMML and a
second sample showed both heterozygous inactivation of NF1 and
a PTPN11 mutation. Our studies to date also suggest that PTPN11
mutations are relatively common in myeloid malignancies with
monosomy 7. Expressing leukemia-associated PTPN11 alleles
in primary murine hematopoietic cells will help to elucidate the
cellular and phenotypic consequences of these mutations and
the requirement for cooperating events to induce myeloid
diseasein vivo.

The high prevalence of PTPN11 mutationsin IMML isintrigu-
ing and may indicate a specific role for SHP-2 in regulating
GM-CSF signaling, perhaps in the context of fetal and neonatal
hematopoiesis. Phosphorylation of Tyr-577 on the § common chain
of the activated GM-CSF receptor provides a docking site for Shc,
which recruits Grb2, Gab2, SHP-2, and the p85 subunit of
phosphatidylinositol-3 kinase (PI3K), and induces downstream
activation of Akt.212245 | nterestingly, SHP-2 also interacts directly
with B common at Tyr612 and at Tyr695. Although the functional
importance of these sites is uncertain, Tyr612 can induce Gab-2
phosphorylation independent of Tyr577.4 The genera idea that
mutant SHP-2 molecules might deregulate Ras by aberrantly
amplifying signals from activated growth factor receptors is
consistent with data from Xenopus.>2 In this system, mutant SHP-2
proteins showed elevated PTPase activities and promoted elonga-
tion in the absence of FGF. Interestingly, ectopic expression of the
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D61A and E76A mutants was insufficient to induce mesoderm
induction but reduced the requirement for FGF to complete this
process.52 By analogy, the PTPN11 mutations found in JMML
might contribute to leukemogenesis by hyperactivating Ras signal-
ing at physiologic levels of GM-CSF. This idea is consistent with
the hypersensitive pattern of CFU-GM colony growth observed
when JIMML bone marrows or Nf1 mutant hematopoietic cells are
cultured in methylcellulose and with the profound attenuation of
the murine JIMML-like myeloproliferative disease with Gmesf
ablation.31%6.57 E|ucidating how mutant SHP-2 proteins interact
biochemically with the GM-CSF receptor, with adapter molecules,
and with other phosphotyrosyl substrates in primary myeloid cells
will extend our knowledge of normal and leukemic signal transduc-
tion. The D61A and E76A mutants created by O’ Reilly et a2 retain
the capacity to bind phosphotyrosyl substrates, and it will be
important to confirm that this is also true of leukemia-associated
mutant SHP-2 molecules.

In 1994, Sawyers and Denny3’ pointed out that Ras signaling is
perturbed in myeloid malignancies by distinct genetic mechanisms
such as oncogenic RAS point mutations, the BCR-ABL transloca-
tion, and NF1 inactivation. Since then, the FLT3 and c-KIT
receptors have joined the list of mutant proteins that appear to
contribute to myeloid leukemogenesis, at least in part, through
hyperactive Ras. SHP-2 represents the first tyrosine phosphatase
that functions as an oncogene in human cancer and genetic data
support the hypothesis that these mutations might deregulate
myeloid growth through a Ras-dependent mechanism. However,
the biochemical data presented here do not exclude the possibility
that other pathways affected by mutant SHP-2 may contribute to
myeloid neoplasia. Fully characterizing how SHP-2 relays signals
from activated growth factor receptors to Ras and other molecules
and how aberrant signals contribute to tumorigenesis may uncover
novel therapeutic targets.

Acknowledgments

We thank Dr Gary Gilliland for providing Ba/F3 cells and for
helpful comments. We thank Dr Robert Hawley for the MSCV
vector and Dr Gary Nolan for Phoenix packaging cells. We aso
acknowledge all of the families and physicians who generously
provided blood or bone marrow for analysis.

1. Emanuel PD, Shannon KM, Castleberry RP. Ju- 7. Stiller CA, Chessells JM, Fitchett M. Neurofibro-
matosis and childhood leukemia/lymphoma: a
population-based UKCCSG study. Br J Cancer.

venile myelomonocytic leukemia: molecular un-
derstanding and prospects for therapy. Mol Med

Today. 1996;2:468-475. 1994,70:969-972.

inactivation of the NF1 gene in bone marrow cells
from children with neurofibromatosis type 1 and
malignant myeloid disorders. N Engl J Med.
1997;336:1713-1720.

2. Arico M, Biondi A, Pui C-H. Juvenile myelomono- 8. Boguski M, McCormick F. Proteins regulating Ras 13. Side L, Emanuel P, Taylor B, et al. Mutations of

cytic leukemia. Blood. 1997;90:479-488.

3. Emanuel PD, Bates LJ, Castleberry RP, Gualtieri
RJ, Zuckerman KS. Selective hypersensitivity to
granulocyte-macrophage colony stimulating fac-
tor by juvenile chronic myeloid leukemia hemato-
poietic progenitors. Blood. 1991;77:925-929.

4. Miyauchi J, Asada M, Sasaki M, Tsunematsu Y,
Kojima S, Mizutani S. Mutations of the N-ras
gene in juvenile chronic myelogenous leukemia.
Blood. 1994;83:2248-2254.

and its relatives. Nature. 1993;366:643-653.

9. Donovan S, See W, Bonifas J, Stockoe D, Shan-
non KM. Hyperactivation of protein kinase B and
ERK have discrete effects on survival, prolifera- 14. Tartaglia M, Mehler EL, Goldberg R, et al. Muta-
tion, and cytokine expression in Nfi-deficient my-
eloid cells. Cancer Cell. 2002;2:507-514.

10. Shannon KM, O’'Connell P, Martin GA, et al. Loss
of the normal NF1 allele from the bone marrow of 15. Tartaglia M, Kalidas K, Shaw A, et al. PTPN11
children with type 1 neurofibromatosis and malig-
nant myeloid disorders. N Engl J Med. 1994;330:

the NF1 gene in children with juvenile myelo-
monocytic leukemia without evidence of neurofi-
bromatosis, type 1. Blood. 1998;92:267-272.

tions in PTPN11, encoding the protein tyrosine
phosphatase SHP-2, cause Noonan syndrome.
Nat Genet. 2001;29:465-468.

mutations in Noonan syndrome: molecular spec-
trum, genotype-phenotype correlation, and phe-

597-601. notypic heterogeneity. Am J Hum Genet. 2002;
5. Kalra R, Paderanga D, Olson K, Shannon KM. 11. Bollag G, Clapp DW, Shih S, et al. Loss of NF1 70:1555-1563.
Genetic analysis is consistent with the hypothesis results in activation of the Ras signaling pathway 16. Barford D, Neel BG. Revealing mechanisms for

that NF1 limits myeloid cell growth through p21'as,
Blood. 1994;84:3435-3439.

6. Bader JL, Miller RW. Neurofibromatosis and 144-148.

and leads to aberrant growth in murine and hu-
man hematopoietic cells. Nat Genet. 1996;12:

SH2 domain mediated regulation of the protein
tyrosine phosphatase SHP-2. Structure. 1998;6:
249-254.

childhood leukemia. J Pediatr. 1978;92:925-929. 12. Side L, Taylor B, Cayouette M, et al. Homozygous 17. Neel BG, Gu H, Pao L. The ‘Shp’ing news: SH2

20z aunr g0 uo 3sanb Aq Jpd'5z£200709008UZ/YEYIBIL/STEL/Q/E0L HPd-B]0IE/POOIG 18U SUOedlqndysE//:dRy WOl papeojumoq



BLOOD, 15 MARCH 2004 - VOLUME 103, NUMBER 6

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

domain-containing tyrosine phosphatases in cell
signaling. Trends Biochem Sci. 2003;28:284-293.

Hof P, Pluskey S, Dhe-Paganon S, Eck MJ,
Shoelson SE. Crystal structure of the tyrosine
phosphatase SHP-2. Cell. 1998;92:441-450.

Van Vactor D, O'Reilly AM, Neel BG. Genetic
analysis of protein tyrosine phosphatases. Curr
Opin Genet Dev. 1998;8:112-126.

Feng GS. Shp-2 tyrosine phosphatase: signaling
one cell or many. Exp Cell Res. 1999;253:47-54.

Itoh T, Liu R, Yokota T, Arai KI, Watanabe S. Defi-
nition of the role of tyrosine residues of the com-
mon beta subunit regulating multiple signaling
pathways of granulocyte-macrophage colony-
stimulating factor receptor. Mol Cell Biol. 1998;18:
742-752.

Itoh T, Liu R, Arai K, Watanabe S. Differential in-
fluence of tyrosine residues of the common re-
ceptor beta subunit on multiple signals induced
by human GM-CSF. J Allergy Clin Immunol. 1999;
103:5462-S470.

Chen B, Bronson RT, Klaman LD, et al. Mice mu-
tant for Egfr and Shp2 have defective cardiac
semilunar valvulogenesis. Nat Genet. 2000;24:
296-299.

Qu CK, Shi ZQ, Shen R, Tsai FY, Orkin SH, Feng
GS. Adeletion mutation in the SH2-N domain of
Shp-2 severely suppresses hematopoietic cell
development. Mol Cell Biol. 1997;17:5499-5507.

Qu CK, Yu WM, Azzarelli B, Cooper S, Brox-
meyer HE, Feng GS. Biased suppression of he-
matopoiesis and multiple developmental defects
in chimeric mice containing Shp-2 mutant cells.
Mol Cell Biol. 1998;18:6075-6082.

Qu CK, Nguyen S, Chen J, Feng GS. Require-
ment of Shp-2 tyrosine phosphatase in lymphoid
and hematopoietic cell development. Blood.
2001;97:911-914.

Qu CK. Role of the SHP-2 tyrosine phosphatase
in cytokine-induced signaling and cellular re-
sponse. Biochim Biophys Acta. 2002;1592:297-
301.

Bader-Meunier B, Tchernia G, Miélot F, et al. Oc-
currence of myeloproliferative disorder in patients
with the Noonan syndrome. J Pediatr. 1997;130:
885-889.

Choong K, Freedman MH, Chitayat D, Kelly EN,
Taylor G, Zipursky A. Juvenile myelomonocytic
leukemia and Noonan syndrome. J Pediatr He-
matol Oncol. 1999;21:523-527.

Side LE, Shannon KM. Myeloid disorders in in-
fants with Noonan syndrome and a resident’s
“rule” recalled. J Pediatr. 1997;130:857-859.

Tartaglia M, Niemeyer CM, Fragale A, et al. So-

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

PTPN11 MUTATIONS IMPLICATE SHP-2 IN LEUKEMOGENESIS

matic mutations in PTPN11 in juvenile my-
elomonocytic leukemia, myelodysplastic syn-
dromes and acute myeloid leukemia. Nat Genet.
2003;34:148-150.

Xiao W, Oefner PJ. Denaturing high-performance
liquid chromatography: a review. Hum Mutat.
2001;17:439-474.

Hawley RG, Lieu FH, Fong AZ, Hawley TS. Ver-
satile retroviral vectors for potential use in gene
therapy. Gene Ther. 1994;1:136-138.

Davies H, Bignell GR, Cox C, et al. Mutations of
the BRAF gene in human cancer. Nature. 2002;
417:949-954.

Kayes LM, Burke W, Riccardi VM, et al. Deletions
spanning the neurofibromatosis 1 gene: identifi-
cation and phenotype of five patients. Am J Hum
Genet. 1994;54:424-436.

Legius E, Schrander-Stumpel C, Schollen E,
Pulles-Heintzberger C, Gewillig M, Fryns JP.
PTPN11 mutations in LEOPARD syndrome.
J Med Genet. 2002;39:571-574.

Sawyers CL, Denny CT. Chronic myelomonocytic
leukemia: Tel-a-kinase what Ets all about. Cell.
1994;77:171-173.

Sawyers CL. Chronic myeloid leukemia. N Engl
J Med. 1999;340:1330-1340.

Neubauer A, Shannon KM, Liu E. Mutations of
the ras proto-oncogenes in childhood monosomy
7. Blood. 1991;77:594-598.

Neubauer A, Greenberg P, Negrin R, Ginzton N,
Liu ET. Mutations in the Ras proto-oncogenes in
patients with myelodysplastic syndromes. Leuke-
mia. 1994;8:638-641.

Shannon KM, Watterson J, Johnson P, et al.
Monosomy 7 myeloproliferative disease in chil-
dren with neurofibromatosis, type 1: epidemiol-
ogy and molecular analysis. Blood. 1992;79:
1311-1318.

Kaneko Y, Maseki N, Sakuri M, et al. Chromo-
some patterns in juvenile chronic myelogenous
leukemia, myelodysplastic syndrome, and acute
leukemia associated with neurofibromatosis. Leu-
kemia. 1989;3:36-41.

Stephenson J, Lizhen H, Mufti GJ. Possible co-
existence of RAS activation and monosomy 7 in
the leukaemic transformation of myelodysplastic
syndromes. Leuk Res. 1995;19:741-748.

Gu H, Griffin JD, Neel BG. Characterization of
two SHP-2-associated binding proteins and po-
tential substrates in hematopoietic cells. J Biol
Chem. 1997;272:16421-16430.

Gu H, Maeda H, Moon JJ, et al. New role for Shc
in activation of the phosphatidylinositol 3-kinase/
Akt pathway. Mol Cell Biol. 2000;20:7109-7120.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

2331

Wheadon H, Paling NR, Welham MJ. Molecular
interactions of SHP1 and SHP2 in IL-3-signalling.
Cell Signal. 2002;14:219-229.

Inaba T, Inukai T, Yoshihara T, et al. Reversal of
apoptosis by the leukaemia-associated E2A-HLF
chimaeric transcription factor. Nature. 1996;382:
541-544.

Liu Q, Schwaller J, Kutok J, et al. Signal trans-
duction and transforming properties of the TEL-
TRKC fusions associated with t(12;15)(p13;925)
in congenital fibrosarcoma and acute myelog-
enous leukemia. EMBO J. 2000;19:1827-1838.

Kelly LM, Yu JC, Boulton CL, et al. CT53518, a
novel selective FLT3 antagonist for the treatment
of acute myelogenous leukemia (AML). Cancer
Cell. 2002;1:421-432.

Cools J, Stover EH, Boulton CL, et al. PKC412
overcomes resistance to imatinib in a murine
model of FIP1L1-PDGFRalpha-induced myelo-
proliferative disease. Cancer Cell. 2003;3:459-
469.

Tse KF, Allebach J, Levis M, Smith BD, Bohmer
FD, Small D. Inhibition of the transforming activity
of FLT3 internal tandem duplication mutants from
AML patients by a tyrosine kinase inhibitor. Leu-
kemia. 2002;16:2027-2036.

O'Reilly AM, Pluskey S, Shoelson SE, Neel BG.
Activated mutants of SHP-2 preferentially induce
elongation of Xenopus animal caps. Mol Cell Biol.
2000;20:299-311.

Donovan S, See W, Bonifas J, Stokoe D, Shan-
non KM. Hyperactivation of protein kinase B and
ERK have discrete effects on survival, prolifera-
tion, and cytokine expression in Nfl-deficient my-
eloid cells. Cancer Cell. 2002;2:507-514.

Cleghon V, Feldmann P, Ghiglione C, et al. Op-
posing actions of CSW and RasGAP modulate
the strength of Torso RTK signaling in the Dro-
sophila terminal pathway. Mol Cell. 1998;2:719-
727.

Gu H, Pratt JC, Burakoff SJ, Neel BG. Cloning of
p97/Gab2, the major SHP2-binding protein in he-
matopoietic cells, reveals a novel pathway for
cytokine-induced gene activation. Mol Cell. 1998;
2:729-740.

Largaespada DA, Brannan Cl, Jenkins NA, Cope-
land NG. Nf1 deficiency causes Ras-mediated
granulocyte-macrophage colony stimulating fac-
tor hypersensitivity and chronic myeloid leuke-
mia. Nat Genet. 1996;12:137-143.

Birnbaum RA, O’'Marcaigh A, Wardak Z, et al. Nf1
and Gmcsf interact in myeloid leukemogenesis.
Mol Cell. 2000;5:189-195.

20z aunr g0 uo 3sanb Aq Jpd'5z£200709008UZ/YEYIBIL/STEL/Q/E0L HPd-B]0IE/POOIG 18U SUOedlqndysE//:dRy WOl papeojumoq



