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Noonan syndrome (NS) is an autosomal dominant congenital
disorder characterized by multiple birth defects including heart
defects and myeloproliferative disease (MPD). Approximately
50% of NS patients have germline gain-of-function mutations in
PTPN11, which encodes the protein-tyrosine phosphatase,
Shp2. We provide evidence that conditional ablation of Stat3 in
hematopoietic cells and cardiac valvular tissues leads to myeloid
progenitor hyperplasia and pulmonary stenosis due to the leaf-
let thickening, respectively. Consistently, STAT3 activation is
significantly compromised in peripheral blood cells from NS
patients bearing Shp2-activating mutations. Biochemical and
functional analyses demonstrate that activated Shp2 is able to
down-regulate Tyr(P)-Stat3 and that constitutively active Stat3
rescues activating mutant Shp2-induced granulocyte-macroph-
age colony-stimulating factor hypersensitivity in bone marrow
cells. Collectively, our work demonstrates that Stat3 is an essen-
tial signaling component potentially contributing to the patho-
genesis of NS and juvenile myelomonocytic leukemia caused by
PTPN11 gain-of-function mutations.

Noonan syndrome (NS)* is an autosomal dominant disorder
characterized by unusual facial characteristics, short stature,
heart defects, skeletal malformations, bleeding problems (1),
and patients are also susceptible to myeloproliferative disorder,
which occasionally progress to juvenile myelomonocytic leuke-
mia (JMML) (2, 3). Gene sequencing studies demonstrated that
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about 50% of individuals with NS have germline mutations in
the PTPN11 (1, 4, 5), which encodes the protein-tyrosine phos-
phatase, Shp2. Shp2 plays an important role in receptor-ty-
rosine kinase-mediated signaling pathways, especially in signal-
ing through RAS-mitogen-activated protein kinase (MAPK)
pathway (6), and is believed to be important to cell prolifera-
tion, differentiation, and migration (7). The contribution of
Shp2 to NS was further confirmed using mutant mice bearing
a common PTPNII mutation, in which amino acid 61 was
changed from aspartate to glycine (Shp2D61G). Shp2D61G
mice largely recapitulate the NS phenotypes (8). In addition,
~35% of children with JMML bear somatic activating PTPN11
mutations (9—11). These PTPN11 mutations found in NS and
JMML patients are gain-of-function mutations that cause per-
sistent activation of Shp2 phosphatase activity and up-regulate
RAS-MAPK-mediated signaling (12, 13). In the past few years,
several other genes coding for signaling transducers in the RAS/
MAPK signaling pathways have also been found in a smaller
fraction of NS patients, which include SOS1, KRAS, RAF1, and
BRAF (1, 14-18). Interestingly, although common clinical fea-
tures were found in NS patients with different genetic muta-
tions, substantial phenotypic variations were observed. For
instance, pulmonic stenosis is more commonly observed
among individuals with mutations in the PTPNI1 allele,
whereas hypertrophic cardiomyopathy is more closely associ-
ated with RAF1 mutations (18, 19). These clinical observations
suggested that multiple genetic factors contribute to the vari-
ous phenotypes of NS and/or JMML.

Signal transducer and activator of transcription 3 (Stat3)
belongs to a family of transcription factors that regulates a
broad range of biological processes. In general, STAT activa-
tion is through the phosphorylation of a single tyrosine residue
(Tyr”®) that results in Src homology 2 domain-mediated
dimerization, nucleus localization, DNA binding, and ulti-
mately transcription activation or repression (20). Stat3 can be
activated by receptor-tyrosine kinases, such as epidermal
growth factor receptor (EGFR), cytokine receptor-associated
Janus kinases or Src kinases. It plays a convergent role in inte-
grating multiple signaling pathways. Ablation of Stat3 in mice
gave rise to defects in embryonic pattern formation and early
lethality (21). Stat3 has been generally viewed as a cellular sur-
vival factor or an oncogenic factor (21). However, the observa-
tions that activation of Stat3 is required for apoptotic action of
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interferon-B in primary murine pro-B cells (22), and that dele-
tion of Stat3 in mammary gland epithelial cells led to the delay
of involution due to the reduction of apoptosis (23) suggest that
Stat3 plays a more complicated role in the regulation of cell
survival and proliferation.

Previously, we generated mutant mice in which Stat3 was
ablated specifically in the hematopoietic cell lineage using
btie2-cre mice (Stat3”!/btie2-cre) (24, 25). Interestingly, our
initial characterization revealed that the Stat3"!/btie2-cre mice
demonstrated an increase in autonomous myeloid cell prolifer-
ation (24), similar to that observed in the Shp2D61G mutant
mice (8), indicating that loss of Stat3 function contributes to
phenotypic anomalies observed in NS. To follow up this initial
observation and to further delineate the potential function of
Stat3 in the pathogenesis of NS, we conducted a series of anal-
yses on conditional Stat3 mutant mice, as well as examined the
biochemical regulation of Stat3 by Shp2 phosphatase. Collec-
tively, our data demonstrate that Stat3 is a direct target for Shp2
and is potentially an essential signaling component in PTPN11
mutation-associated NS and JMML.

MATERIALS AND METHODS

Mutant Mice and Histological Analysis—Stat3"!/btie2-cre
and Stat33”'/nestin-cre mice were generated as previously
described (24, 26). Embryos were harvested by cesarean section.
Embryos and isolated hearts were fixed in 10% neutral buffered
formalin, paraffin embedded and sectioned (6 um), and stained
with hematoxylin and eosin. To analyze phospho-Stat3 expres-
sion in the developing heart valve, we used a rabbit monoclonal
antibody against phosphor-Stat3 (Tyr”®®) (Cell Signaling,
D3A?7) and a Vector staining system (Vector, PK-2200) accord-
ing to the manufacturer’s instructions.

NS and Healthy Control Blood Specimen Collection—Periph-
eral blood samples were collected in sodium heparin tubes. The
Institutional Review Board at the Indiana University School
of Medicine approved all protocols. Informed consent was
obtained from donors or from the guardian of children less than
18 years of age in accordance with the Declaration of Helsinki.

Flow Cytometric Analyses—Single cell suspensions from BM
or spleen were prepared as previously described (24). Aliquots
of cells (1-2 X 10°) were stained with fluorescence-conjugated
antibodies specifically against Mac-1 (CD11b), Gr-1, or F480
(Pharmingen). For human peripheral blood tyrosine-phos-
phorylated STAT3 staining, 300 ul of human whole blood
were incubated with IL-6 for 30 min, followed by treatment
with fix/lysis and permeabilization buffer III (Pharmingen)
according to manufacturer’s instructions. Cells were then
stained with phycoerythrin-conjugated antibody against
Tyr(P)”°>-STAT3 (Pharmingen). Flow cytometry was per-
formed using a FACScalibur (BD Biosciences), and data were
analyzed using CELLQUEST software.

Retroviral Transduction—The retroviral vectors pMIEG3,
pMIEG3-WT Shp2, pMIEG3-N308D, pMIEG3-E76K, and
pMIEG3-hCD4 have been reported previously (27, 28). pMIEG3-
Stat3CA-hCD4 was constructed by insertion of Stat3CA into
the EcoRI site of pMIEG3-hCD4. Ecotropic retroviral superna-
tants were prepared using Eco-Phoenix packaging cells. Bone
marrow low density mononuclear cells were isolated and trans-
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duced with pMIEG3, pMIEG3-WT Shp2, pMIEG3-N308D,
pMIEG3-E76K, pMIEG3-hCD4, and pMIEG3-Stat3CA-
hCD4, as previously described (27). Following transduction,
cells were sorted for EGFP alone or EGFP and human CD4
antigen co-expression using fluorescence-activated cell sorting
(FACS) to enrich for transduced cells (supplemental Fig. 6).
The expression of Stat3 and Shp2 were further confirmed by
Western blot analysis (supplemental Fig. 6).

BM Proliferation, Apoptosis, and Colony-forming Assay—BM
single cell suspensions were prepared from Stat3”* and Stat3"/
btie2-cre as previously described (24). For the BM cell prolifer-
ation assay, 7.5 X 10* cells of each genotype were plated per well
in 96-well plates, subjected to growth factor and serum depri-
vation for 5 h, cultured with various cytokines for 16 h, pulsed
with 1.0 uCi (0.037 MBq) of [?H]thymidine for 24 h, and har-
vested using an automated 96-well cell harvester (Brandel,
Gaithersburg, MD) for counting thymidine incorporation
(counts/min). To assay cell survival, cells were deprived of
serum and growth factor for 5 h followed by treatment with
granulocyte-macrophage colony stimulating factor (GM-CSF)
at 0.1 and 1 ng/ml for 24 h and analyzed for apoptosis staining
with Annexin-V (BD Biosciences). Colony assays were per-
formed using MethoCult M3434 (Stem Cell Technology, Van-
couver) in the absence or presence of increasing concentrations
of GM-CSF (Peprotech, Rocky Hill, NJ), as previously described
(27).

Western Blot and Electrophoretic Mobility Shift Assay
(EMSA)—W estern blots were performed using standard proto-
cols. Phospho-Stat3 (Tyr(P)”°®) and phospho-p44/42 (Thr*°?/
Tyr*®") antibodies were from Cell Signaling Technologies
(Beverly, MA). Anti-Stat3 (C-20) was from Santa Cruz Biotech-
nology (Santa Cruz, CA) and anti-glyceraldehyde-3-phosphate
dehydrogenase was from Biodesign International (Saco, ME).
Stat3 EMSA was performed according the protocol previously
described (29).

Shp2 Inhibitor 1IB-08—The small molecule Shp2 inhibitor
II1B-08 was identified from a small focused library of benzofuran
salicylic acid derivatives. The design and synthesis of the
library, and the identification and characterization of IIB-08 as
a Shp2 inhibitor will be described elsewhere. IIB-08 exhibits an
IC,, of 5.5 um for Shp2 with little activity against a panel of
mammalian PTPs, including Lyp, CD45, Cdc14, MKP3, and
VHR.

In Vitro Phosphatase Assay—Raw 264.7 (mouse monocyte
macrophage cell line) cells were treated with IL-6 (20 ng/ml) for
30 min before being subjected to lysis in a solution containing
10 mm Hepes, pH 7.4, 150 mMm NaCl, 10% glycerol, 1% Triton
X-100, 10 mMm sodium fluoride, 1 mm Na;VO,. After centrifu-
gation, cell extract was incubated with anti-Stat3 C-20 antibody
(Santa Cruz Biotechnology) for Stat3 protein isolation. Stat3
immunoprecipitates were washed three times with 50 mm 3,3-
dimethylglutarate buffer, pH 7.0. Two ug of recombinant con-
stitutively active Shp2 protein (catalytic domain) was added to
each sample and the reactions were incubated at 37 °C for the
indicated time in 50 mM 3,3-dimethylglutarate buffer, pH 7.0.
Reactions were quenched by adding SDS-loading buffer and
boiling at 95°C for 10 min. Samples were separated by
SDS-PAGE and Stat3 dephosphorylation was determined
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FIGURE 1. Ablation of Stat3 in bone marrow cells gives rise to skewed myeloid cell differentiation and hypersensitivity to GM-CSF. A, morphological,
histological, and flow cytometric analyses of spleens from Stat3”/btie2-cre and Stat3"" littermate control mice. Panel a, splenomagaly was found in Stat3"%/
btie2-cre mice; panel b, comparison of spleen weight to body weight ratio of Stat3”fand Stat3”f/btie2-cre mice, p < 0.01 (Student's t test, 2 tails); panels c and
d, disrupted spleen architecture in Stat3”f/btie2-cre mice (d) when compared with Stat3” controls (c); panel e, both F480"Mac1* and GR-1"Mac1™ popula-
tions were significantly increased in Stat3”/btie2-cre spleens compared with the Stat3”f control spleens. B, bone marrow F480*Mac1™* and GR-1"Mac1*
populations were increased in the Stat3"/btie2-cre mice compared with Stat3”f control mice. C, methylcellulose-based colony forming assays demonstrated
increased bone marrow progenitor-derived colonies in response to increasing doses of GM-CSF from the Stat3”/btie2-cre mice compared with the Stat3”" mice.
D, increased proliferative activity of Stat3”//btie2-cre bone marrow cells in response to various cytokines. The final concentration of all cytokines, except IL-3 (100u/ml),
was 30 ng/ml. E, decreased apoptosis in Stat3”%/btie2-cre bone marrow cells when cultured in a low serum in the presence of 0.1 or 1 ng/ml of GM-CSF. Error bars
represent S.D.
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FIGURE 2. Shp2 gain-of-function mutants negatively regulate Stat3 acti-
vation in murine bone marrow cells and peripheral blood nucleated cells
from individuals with NS. A, panel a, Western blot analyses examining GM-
CSF-stimulated (20 ng/ml) Stat3 activation in the mouse bone marrow-de-
rived macrophage progenitors transduced with MIEG3 (empty vector), WT
Shp2, or Shp2E76K. Panel b, density quantification of protein band in A, panel
a; B, panel a, representative flow cytometric analysis showing reduced Stat3
tyrosine phosphorylation in peripheral blood cells from individuals with NS in
both the quiescent state and after IL-6 stimulation. Panel b, statistical analysis
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by Western blotting analysis using anti-Tyr(P)7°>-Stat3
antibodies.

RESULTS

Ablation of Stat3 Contributes to Prominent Hypercellularity
with a Mature Myeloid Predominance and Hypersensitivity to
GM-CSF—To further confirm and evaluate the role of Stat3 in
myeloid cell function, we re-examined the hematopoietic com-
partment of Stat3"!/btie2-cre mice. Stat3"!/btie2-cre newborns
were normal in size at birth, but became visibly smaller com-
pared with littermates by 2 weeks of age, rapidly became sick,
and died between 4 and 6 weeks of age. By gross anatomical
analysis, we found that Stat3”/btie2-cre mice had dramatically
enlarged spleens (Fig. 14, a and b). Histology of these enlarged
spleens revealed disruption of the white and red pulp architec-
ture (Fig. 14, ¢ and d). Flow cytometric analysis of 3-week-old
spleens demonstrated a significant expansion of both neutro-
phil (Mac-1"Gr-17 cells, a 5.59-fold increase) and macrophage
(Mac-1"F480™" cells, a 13.95-fold increase) in the Stat37f/btie2-
cre spleens when compared with controls (Fig. 14, e). Similarly,
the frequency of Mac-1"F480" and Mac-1"Gr-1" cells in
Stat3”f/btie2-cre bone marrow was also significantly increased
(Fig. 1B).

Peripheral blood progenitor cells from JMML patients and
murine hematopoietic progenitors ectopically expressing gain-
of-function Shp2 mutants demonstrate increased sensitivity to
GM-CSF (8, 27, 30-32). To test this in hematopoietic progen-
itors lacking Stat3, we performed methylcellulose colony assays
with increasing concentrations of GM-CSF (0-10 ng/ml). Sim-
ilar to JMML patients or gain-of-function Shp2-transduced
murine hematopoietic cells (27, 31), Stat3”!/btie2-cre bone
marrow low density mononuclear cells had significantly
increased sensitivity to GM-CSF at concentrations as low as 0.1
ng/ml for colony-forming units granulocyte-macrophage for-
mation (Fig. 1C). Because Stat3”/btie2-cre mutants showed a
dramatic increase in myeloid progenitor cell population, we
further tested the responses of Stat3”!/btie2-cre and control
bone marrow cells to a panel of cytokines (SCF, IL-3, G-CSF,
and GM-CSF) in vitro. [PH]Thymidine incorporation assays
demonstrated that Stat3”%/btie2-cre mutant cells had A signif-
icantly higher labeling index in response to growth factor stim-
ulation, especially to GM-CSF and IL-3 (Fig. 1D). In the pres-
ence of low concentrations of GM-CSF (0.1 and 1 ng/ml),
Stat3f/btie2-cre mutant cells also demonstrated a reduction in
apoptosis when compared with control cells (Fig. 1E). These
data strongly suggest that the hematopoietic phenotypic is sim-
ilar between NS and Stat3”//btie2-cre mutants.

Mutant Shp2 Negatively Regulates Stat3 Activation in
Response to GM-CSF—Previous studies have shown that abla-
tion of Shp2 enhances Stat3 activation (33—35). To test whether
Shp2 negatively regulates Stat3 activation in hematopoietic

of six NS patients with confirmed PTPNT1 mutations and six sex- and age-
matched normal controls (p < 0.04, statistics performed using unpaired Stu-
dent’s t test). Panel ¢, Western blot analyses examining basal and IL-6- (50
ng/ml) stimulated STAT3 phosphorylation and total STAT3 protein level in
nucleated peripheral blood cells from control and individuals with NS.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase. Error bars represent
S.D. Asterisks indicate the difference is statistically significant.
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FIGURE 3. Stat3 activation in valvulogenesis, and Shp2 gain-of-function mutants inhibit the activation of Stat3 in response to EGF. A, immunohistochemistry
staining of activated Stat3 (pY Stat3) in developing and mature PV of wild type mice. Nuclear brown signals are positive staining. Activated Stat3 is apparent in E14.5
embryonic heart and is restricted to the developing leaflets (4, panels a to c), and remains into adult stage (panel d). Activated Stat3 is present in the PV of control
embryo hearts at E17.5 (panel e), absent in PV from Stat3”"/nestin-cre embryo heart at the same stage (panel f). B, panel a, after serum deprivation overnight, Western
blot analysis was used to examine basal and EGF-stimulated (50 ng/ml) Stat3 tyrosine phosphorylation in NIH3T3 cells expressing Shp2 mutants (N308D and E76K) or
controls (MIEG3 or WT Shp2). Panel b, density quantification of the protein band in B, panel a. C, EMSA to examine Stat3 DNA binding activity using the m67-SIE probe
and nuclear extracts from NIH3T3 cells transduced with MIEG3 (M), WT Shp2 (WT), Shp2N308D (N308D), or Shp2E76K (E76K). Error bars represent S.D.
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FIGURE 4. Conditional deletion of Stat3 with nestin-cre induces pulmonary stenosis due to the thicken-
ing of leaflets. A, 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside(X-gal) staining of nestin-cre/Rosa26R
mouse embryos and newborns indicates the cre activity in the developing mouse embryos. A, panels a and b,
central nervous system is positive for cre activity in the mouse embryos at E10.5. Panels c and d, cre activity was
found in the pulmonary valves (PV) and the aortic valves (AV) at E14.5 (A, panel ¢) and PO (B, panel d). B, ablation
of Stat3 with nestin-cre leads to pulmonary stenosis caused by the thickening and enlargement of leaflets.
B, panel a, newborn of Stat3”* (f/f) and Stat3""/Nestin-cre (c;f/f) mice. B, panel b, hematoxylin and eosin staining
of the transverse section of heart from control (f/f) and STAT3"/Nestin-cre (c;f/f) newborn mice (P0). Note that
Stat3 ablation leads to right ventricle dilation in Stat3”/Nestin-cre mice. B, panels d-g, hematoxylin and eosin
staining of sections of the pulmonary valve and aorta valve regions in control (B, panels d and f) and Stat3"/
Nestin-cre mutant (B, panels e and g) newborn mice. LV, left ventricle; RV, right ventricle. B, panel h, quantifica-
tion of pulmonary valve thickness in Stat3”"/Nestin-cre and control hearts (P0) (n = 6, p < 0.03, Student’s paired
t test; 2 tails).
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progenitors, we retrovirally trans-
duced low density mononuclear
cells with empty vector (MIEG3),
WT Shp2, or Shp2E76K, one of the
most common activating PTPN11
mutations observed in JMML (9, 10,
13, 36), sorted for transduced
enhanced green fluorescent protein
(EGFP)-expressing cells, and cul-
tured into macrophage progenitors
as previously described (27). Cells
were serum-deprived, stimulated
with GM-CSF, and analyzed for
activation of Stat3 (Tyr(P)”°®) and
expression of total Stat3. At baseline
and upon GM-CSF stimulation,
Shp2E76K-expressing macrophage
progenitors expressed significantly
lower total Stat3 as well as activated
Stat3 when compared with MIEG3-
or WT Shp2-transduced cells (Fig.
2A). This inhibition of Stat3 expres-
sion and function in Shp2E76K-
transduced cells suggests that Shp2
plays a critical negative regulatory
role in Stat3-mediated signaling in
hematopoietic cells.

Activated Tyr(P)-Stat3 Level Is
Significantly Lower in NS Patients—
To further investigate whether
reduced STATS3 function is associ-
ated with the pathogenesis of NS in
humans, we collected peripheral
blood samples from five NS patients
with sequence confirmed PTPN1I1
gain-of-function mutations and six
age- and sex-matched individuals
lacking any congenital disease diag-
nosis and assayed baseline and IL-6-
stimulated Tyr(P)-STAT3 (Tyr’%)
levels using flow cytometric and
Western blot analysis. In the quies-
cent state, Tyr(P)-STAT3 is signifi-
cantly higher in cells obtained from
control individuals compared with
that from NS patients, which per-
sisted after 30 min of IL-6 treatment
(Fig. 2B). These findings demonstrate
a tight association between signifi-
cantly lower activated STAT3 levels
and the NS phenotype in patients
bearing PTPN11 mutations. Taken
together with previous work showing
Stat3 activation is enhanced in Shp2-
deficient cells (33—35), these findings
strongly suggest that Shp2 serves as
an upstream phosphatase to nega-
tively regulate Stat3 activation.
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Mutant Shp2 Inhibits EGF-stimulated Stat3 Activation and
DNA Binding—Given the apparent role of Stat3 in the hemato-
poietic phenotype of NS patients, we next investigated the
potential role of Stat3 in cardiac valve development because
NS patients commonly manifest congenital heart defects such
as pulmonic valve stenosis. Using immunohistological staining
to examine the cellular distribution of activated Stat3 in valvu-
lar tissues during normal development, we found that Tyr(P)-
Stat3 expression is highly restricted to the developing valvular
tissues in normal mouse embryos (Fig. 34), suggesting that dys-
regulated Stat3 expression or function may contribute to the
abnormal valve development. Signaling from the EGFR has
been shown to play a critical role in valvulogenesis and Shp2 has
been shown to play a positive role in EGFR-stimulated regula-
tion of cellular proliferation and apoptosis during valvular
remodeling (37-39). Given that EGFR signaling is a key regula-
tor for the Stat3 signaling pathway (40, 41), our observation of
activated Stat3 expression in the developing cardiac valves pro-
vides a potential clue for linking EGFR signaling with Shp2 and
Stat3 dysregulation in the pathogenesis of pulmonary stenosis
in NS patients. To test whether gain-of-function Shp2 mutants
negatively regulate Stat3 activation in response to EGF, we ret-
rovirally transduced MIEG3 (control vector), WT Shp2,
Shp2N308D (the most common PTPNI1I mutation found in
NS), or Shp2E76K (a somatic mutation found in JMML) into
NIH3T3 cells. Transduced EGFP-expressing cells were col-
lected using FACS. After overnight serum deprivation, trans-
duced NIH3T3 cells were treated with 50 ng/ml EGF and
characterized by Western blot and EMSA to determine the
level of Tyr(P)-Stat3 (Tyr’°®) and DNA binding activity,
respectively (Fig. 3, B and C). EGF stimulation induced ele-
vated levels of Tyr(P)-Stat3 in both MIEG3- and WT Shp2-
expressing NIH3T3 cells. However, cells transduced with
either Shp2N308D or Shp2E76K demonstrated reduced activa-
tion of Stat3 (Fig. 3B). More interestingly, the Shp2E76K
mutant, which had a much greater phosphatase activity when
compared with the Shp2N308D mutant (9), had a greater
impact in Stat3 inactivation. The protein level of Stat3 was
markedly reduced in Shp2E76K cells when compared with that
of Shp2N308D-transduced cells. This finding suggests that the
degree of Stat3 inactivation depends on the activity of the phos-
phatase present in various Shp2 gain-of-function mutants. This
Shp2-phosphatase activity-dependent inactivation of Stat3
strongly suggested a role for Stat3 in Shp2-mediated signaling
pathway. Given that Tyr(P)-Stat3 is known to be a positive reg-
ulator for Stat3 cellular accumulation (42), this dramatic reduc-
tion of the total Stat3 protein level in the Shp2E76K-transduced
cells is most likely due to a stronger inhibition of the Stat3
phosphorylation level. EMSA further revealed that expression
of either Shp2N308D or Shp2E76K remarkably reduced Stat3
DNA binding activity irrespective of EGF stimulation (Fig. 3C).
These findings further suggest that Stat3 is potentially relevant
to aberrant valvulogenesis in individuals with NS.

Conditional Ablation of Stat3 Gives Rise to Pulmonary
Stenosis—In an independent study to address the role of Stat3
in brain development and function, we generated Stat3”"/nes-
tin-cre mice (26). Surprisingly, shortly following birth, the neo-
natal pups appeared pale, quickly become cyanotic (Fig. 4B,
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FIGURE 5. Shp2 dephosphorylates Tyr(P)-Stat3 and Shp2-Stat3-medi-
ated signaling critically contributes to the pathogenesis of NS. A, Western
blot analysis of Stat3-deficient bone marrow-derived macrophage progeni-
tors treated with GM-CSF to assess Stat3 and ERK activation. B, panel a, puri-
fied constitutively active Shp2 protein (catalytic domain) was capable of
dephosphorylating Tyr(P)-Stat3. Stat3 protein was immunoprecipitated from
IL-6-treated Raw 264.7 cell extract, and then incubated with purified recom-
binant Shp2 protein (active form, 2 ug) for the indicated time with or without
preincubation of the small molecule Shp2 phosphatase inhibitor 11B-08 (100
uM). Panel b, Shp2 inhibitor [IB-08 inhibits ERK activation, whereas enhancing
the Tyr(P)-Stat3 level, in IL-6 induced Raw 264.7 cells. Raw 264.7 cells were
pretreated with the Shp2 inhibitor 11B-08 (10 um), or dimethyl sulfoxide
(DMSO) for 60 min, and then incubated with IL-6 (20 ng/ml) for 60 min before
being subjected to lysis and Western blot analysis.

panel a), and died within a few hours due to respiratory failure
(26). Because this phenotype suggested abnormal development
within the cardiovascular system, we analyzed nestin-directed
cre recombinase activity using nestin-cre/Rosa26R mice and
found that cre was not only expressed in the central nervous
system, but also in the developing pulmonary, aortic, and atri-
oventricular valves (Fig. 4A4). Specifically, Fig. 44, cand d, shows
that cre activity in the heart is associated with the developing
leaflets of pulmonary and aortic valves. Immunostaining con-
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developing pulmonary valves in
Stat3”f/nestin-cre mice compared
with control littermates (Fig. 34,
e and f). B

Gross examination and histologi- 7 R
cal analysis indicated that the lung
of Stat3f/nestin-cre mice inflated ; : 0.03%
normally without obvious defects in '
development or formation. How-
ever, cardiac morphological and

firmed that Stat3 was ablated in u
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b and c). These findings suggested
obstruction of blood flow from the
right ventricle with resultant ven- B
tricular hypertension and dilation.
Analysis by serial sectioning to fol-
low the morphology of the pulmo-
nary artery indicated that the pul-
monary valve leaflets (PV) in the
Stat3”f/nestin-cre mice were signif-
icantly enlarged and thickened (Fig.
4B, d—h) when compared with the
controls. Quantitative measure-
ment of the size of the PV leaflets
confirmed this observation (Fig. 4B, Stat3
h). Although the valve thickening
may not be the sole cause of death
for};he Stat3f/nestin-cre mice, this Shp2 «-= - - -
unique abnormal valvular defect
closely resembles the valvular defect -— ——
in NS patients and the NS-D61G GAPDH — -
mouse model (8).
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pulmonary valve tissues (data not shown), which implies that
the loss of Stat3 function or expression may not directly impact
the ERK-mediated pathway. Interestingly, a previous study had
demonstrated that deletion of Stat3 in bone marrow cells can
induce an enhanced and prolonged ERK activation in response
to G-CSF (43). As BM cells are a mixed cell population, further
analysis will be necessary to determine which cell type deficient
in Stat3 has enhanced the ERK activation (43). Furthermore,
mouse embryonic fibroblast cells derived from Shp2D61G
mutant mice demonstrated a normal ERK activation in re-
sponse to multiple growth factors, whereas an enhanced ERK
activation was observed in other cells types and tissues in
Shp2D61G mutant mice (8), suggesting a cell type or cytokine-
dependent event involved in the cross-talk between Stat3- and
ERK-mediated pathways.

Shp2 Dephosphorylates Tyr(P)-Stat3—To understand how
Shp2 regulates Stat3 phosphorylation, we performed an in vitro
phosphatase assay to investigate whether Shp2 is able to
directly dephosphorylate Tyr(P)-Stat3. Fig. 5B, a, shows that
purified Shp2 protein is capable of dephosphorylating Tyr(P)-
Stat3 and a specific Shp2 phosphatase inhibitor, IIB-08 (see
“Materials and Methods”), blocks the Shp2-mediated Tyr(P)-
Stat3 dephosphorylation. Moreover, IIB-08 enhances IL-6-in-
duced Stat3 phosphorylation in Raw 264.7 cells, whereas atten-
uating the ERK activity from the known positive role in ERK
signaling of Shp2 (Fig. 5B, b). Collectively, these results strongly
suggest that Tyr(P)-Stat3 is a substrate for Shp2 phosphatase.

Stat3 Overexpression Reduces the Sensitivity to GM-CSF
Stimulation in Shp2E76K-transduced Cells—JMML patients
and murine hematopoietic progenitors ectopically expressing
gain-of-function Shp2 mutants demonstrate increased sensi-
tivity to GM-CSF (8, 27, 30-32). To further determine whether
inhibition of Stat3 crucially contributes to this phenotype
induced by gain-of-function Shp2 mutations, we performed
co-transduction experiments using constitutively active
Stat3 (Stat3CA) (44) and Shp2E76K in murine BM cells.
Bone marrow low density mononuclear cells were isolated and
co-transduced with WT Shp2-pMIEG3-EGFP or Shp2E76K-
pMIEG3-EGFP in combination with pMIEG3-hCD4 or
Stat3CA-pMIEG3-hCD4. Following transduction, cells were
sorted for EGFP and human CD4 antigen expression using
FACS to enrich for transduced double positive cells (Fig. 6A4).
Western blot analysis was used to confirm the Shp2 and Stat3
overexpression in virus-transduced and FACS-enriched EGFP
and CD4 expressing cells (Fig. 6B). Using methylcellulose col-
ony assays with increasing concentrations of GM-CSF (0-1
ng/ml), we found that, in sharp contrast to Shp2E76K-express-
ing cells, Stat3CA/Shp2E76K co-expressing cells had a dra-
matic drop in their sensitivity to GM-CSF (Fig. 6C). This result
strongly indicates that dysregulation of Stat3 expression and/or

function plays a pivotal role in mutant Shp2-induced pathogen-
esis in both NS and JMML.

DISCUSSION

Numerous studies have demonstrated dysregulation of the
RAS-MAPK signaling cascade as a common pathogenetic fea-
ture of several overlapping, yet distinct, congenital syndromes
(1, 45, 46). However, the variable phenotypic aspects of each
syndrome, even within NS patients, imply that dysregulation of
ancillary signaling pathways, in addition to the RAS-MAPK
cascade, may also contribute to the observed anomalies, thus
culminating in the unique aspects of each disorder.

Pulmonic stenosis is commonly observed among individuals
with mutations in the PTPNI1I allele (18). Recently, studies
using several mutant mice lacking HB-EGF expression have
revealed that HB-EGF, in conjunction with ErbB receptors, has
a critical role in normal cardiac valve formation at both cushion
formation and tissue remodeling stages (37). In addition, Shp2
has been shown to play a positive role in EGFR-stimulated reg-
ulation of cellular proliferation and apoptosis during valvular
remodeling (38). Our current study revealed that tyrosine-
phosphorylated Stat3 is specifically expressed in developing
valve tissues, and conditional ablation of Stat3 leads to pulmo-
nary stenosis. Furthermore, Shp2 gain-of-function mutations,
N308D and E76K, can both down-regulate Stat3 activation by
EGF in 3T3 fibroblast cells, further suggesting that Stat3 plays a
critical role in Shp2 and EGFR-mediated signaling. Consistent
with our finding, a recent study also demonstrated another
functional connection between Shp2 and Stat3 in neural pro-
genitor differentiation. The gp130/Stat3 signaling pathway was
shown to be critical for multipotent precursors to adapt the glial
differentiation fate over neuronal fate (47, 48). Gauthier and
colleagues (49) demonstrated that genetic knockdown of
Shp2 in cultured cortical precursors or in the embryonic cortex
led to the inhibition of basal neurogenesis, whereas enhancing
precocious astrocyte formation. Conversely, expression of
Shp2D61G promoted neuronal differentiation, whereas reduc-
ing astrogenesis, again suggesting a tight correlation between
Stat3 and Shp?2 in different development processes.

Previously, several lines of evidence suggested that Shp2 is a
negative regulator for Stat protein activation. For instance,
Shp2-deficient embryonic stem cells demonstrated an elevated
Tyr(P)-Stat3 level in response to leukemia inhibitory factor
(35). Another work showed that the disruption of the Shp2
binding tyrosyl residues on gp130 (Tyr”>®) resulted in pro-
longed Stat3 activation (33). More interestingly, Wang and col-
leagues (50) have reported that Shp2 is able to interact with and
dephosphorylate Stat5A. However, this remains controversial
as Stat5 activation has been shown to be elevated in Shp2E76K-
transduced bone marrow macrophage cells in response to IL-3

FIGURE 6. Stat3 overexpression reduces the sensitivity to GM-CSF stimulation in Shp2E76K-transduced cells. A, bone marrow low density mononuclear
cells were isolated and co-transduced with WT Shp2 or Shp2E76K pMIEG3-EGFP in combination with pMIEG3-hCD4 or pMIEG3-Stat3CA-hCD4. Following
transduction, cells were sorted for EGFP or human CD4 antigen expression using FACS to enrich for transduced double positive cells. B, Western blotting
showing Shp2 and Stat3 overexpression in virus-transduced and FACS-enriched EGFP and CD4 expressing cells. C, methylcellulose-based colony forming assay
demonstrating that Stat3CA expression corrects the gain-of-function Shp2-induced hematopoietic progenitor hypersensitivity to GM-CSF. Shown are repre-
sentative data from two independent experiments that demonstrate similar results. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. Error bars represent

S.D.

AUGUST 14, 2009+VOLUME 284 -NUMBER 33

JOURNAL OF BIOLOGICAL CHEMISTRY 22361



Negative Regulation of Stat3 by Activating PTPN11 Mutants

A

Normal
Development

NS/JMML

FIGURE 7. Schematic diagram of dual-signaling pathways regulated by Shp2. In normal physiological
conditions, Stat3 activity is under the positive and negative regulation of Janus kinases and Shp2, respectively
(A). Shp2 gain-of-function mutations lead to the hyperactivation of the RAS/ERK signaling pathway and the
excessive inactivation of Stat3, which synergistically promotes the pathogenesis of Noonan syndrome and/or ~ to

JMML (B).

(31). In our current study, we demonstrate that two gain-of-
function Shp2 mutants (Shp2N308D and Shp2E76K) were able
to inactivate Stat3. Among them, Shp2N308D is one of the
most common NS germline mutations, whereas Shp2E76K is
only found in JMML patients as a somatic mutation. Previously,
Gelb and colleagues (9) demonstrated that Shp2E76K pos-
sessed a significantly higher phosphatase activity when com-
pared with Shp2N308D. Interestingly, we found that Shp2E76K
is more potent in inactivating Stat3 when compared with
Shp2N308D. This Shp2-phosphatase activity-dependent inac-

22362 JOURNAL OF BIOLOGICAL CHEMISTRY

tivation of Stat3 suggests that Shp2
is an upstream phosphatase for
Stat3. Consistent with this, bio-
chemical analyses demonstrated
that Shp2 is able to dephosphorylate
Stat3, and this activity can be inhib-
ited by a Shp2-specific small molec-
ular inhibitor.

Our study did not exclude the
importance of the RAS-MAPK-me-
diated pathway in contributing to
NS and JMML. In fact, we believe
that the negative Shp2-Stat3 and
positive Shp2-RAS pathways are
functionally synergistic. For exam-
ple, IL-3 is known to support mast
cell differentiation in normal
hematopoietic progenitors. We
have observed that Shp2D61Y and
Shp2E76K hematopoietic progeni-
tors give rise to significantly skewed
monocytic differentiation in response
to IL-3 (supplemental Fig, S1). Inter-
estingly, the Stat3-deficient hemato-
poietic progenitors demonstrate only
modest monocytic differentiation
when cultured under the same condi-
tions. This observation of these simi-
lar, yet distinctive, phenotypes sug-
gests that the inactivation of Stat3
synergizes with the dysregulation of
the RAS-MAPK cascade in giving rise
to the clinical features of NS and/or
JMML (Fig. 7).

One of the major goals in our
study is to demonstrate whether
down-regulation of Stat3 activity
functionally contributes to NS and/or
JMML pathogenesis. To determine
this, we performed rescue experi-
ments by transducing constitutively
active Stat3 to Shp2E76K-transduced
bone marrow cells and assaying for
GM-CSF hypersensitivity. Our re-
sults clearly show that Stat3CA is able
significantly reduce GM-CSF

sensitivity in Shp2E76K-transduced

bone marrow cells, which provides
strong evidence that interrupting the balance between Shp2 and
Stat3 activation may be one of the major factors contributing to the
pathogenesis of mutant Shp2-mediated NS and/or JMML patho-
genesis. Taken together, our findings have important implications
not only for understanding the molecular basis of Shp2-mediated
NS and JMML pathogenesis, but also for developing eventual ther-
apeutic strategies.

5Z.Yang and R. J. Chan, submitted for publication.
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