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Noonan syndrome (NS), a genetic disease caused in half of cases by
activating mutations of the tyrosine phosphatase SHP2 (PTPN11),
is characterized by congenital cardiopathies, facial dysmorphic fea-
tures, and short stature. How mutated SHP2 induces growth retar-
dation remains poorly understood. We report here that early
postnatal growth delay is associated with low levels of insulin-like
growth factor 1 (IGF-1) in a mouse model of NS expressing the D61G
mutant of SHP2. Conversely, inhibition of SHP2 expression in growth
hormone (GH)-responsive cell lines results in increased IGF-1 release
upon GH stimulation. SHP2-deficient cells display decreased ERK1/2
phosphorylation and rat sarcoma (RAS) activation in response to GH,
whereas expression of NS-associated SHP2 mutants results in ERK1/
2 hyperactivation in vitro and in vivo. RAS/ERK1/2 inhibition in SHP2-
deficient cells correlates with impaired dephosphorylation of the
adaptor Grb2-associated binder-1 (GAB1) on its RAS GTPase-activat-
ing protein (RASGAP) binding sites and is rescued by interfering with
RASGARP recruitment or function. We demonstrate that inhibition of
ERK1/2 activation results in an increase of IGF-1 levels in vitro and
in vivo, which is associated with significant growth improvement in
NS mice. In conclusion, NS-causing SHP2 mutants inhibit GH-induced
IGF-1 release through RAS/ERK1/2 hyperactivation, a mechanism
that could contribute to growth retardation. This finding suggests
that, in addition to its previously shown beneficial effect on NS-
linked cardiac and craniofacial defects, RAS/ERK1/2 modulation
could also alleviate the short stature phenotype in NS caused by
PTPN11 mutations.

growth hormone insensitivity | signaling

N oonan syndrome [NS; Mendelian inheritance in man (MIM)
no. 163950] is one of the most common autosomal dominant
developmental disorders and characterized by heart defects, facial
dysmorphism, and short stature (1). These distinctive traits are
shared, with variable severity, with related diseases—notably
Costello syndrome, cardiofaciocutaneous syndrome, LEOPARD
syndrome, and neurofibromatosis type I. Collectively, this group of
disorders is now termed RASopathies, in view of the identification
of causative mutations in several genes encoding components of
the RAS/MAPK pathway (2, 3).

In the case of NS, half of the patients carry a mutation in the
PTPNI11 gene, encoding the tyrosine phosphatase SHP2 (4, 5).
SHP2 is a ubiquitous protein recruited downstream of many ty-
rosine kinase-dependent receptors that, once activated, dephos-
phorylates phosphorylated tyrosines (6). The best-defined
function of SHP2 is its positive role in the activation of the RAS/
MAPK ERKI1/2 pathway [for review, see Dance et al. (7)]. In
addition, SHP2 reportedly regulates other key signaling pathways,
including the phosphoinositide 3-kinase (PI3K) pathway, the Src
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family kinase (SFK), the target of rapamycin (TOR) kinase, or
the Janus kinase 2/signal transducer and activator of transcription
5 (JAK2/STATS) module. SHP2 thus plays a fundamental role in
organism development and homeostasis, as exemplified by the
severe phenotypes of total or tissue specific knockouts of the
Ptpnll gene (8-13).

Given the pleiotropic roles of SHP2, elucidating how its
mutations can alter its function(s) is a key question to better un-
derstand NS pathogenesis. Biochemical studies have revealed
that NS-causing PTPN11 mutations result in hyperactivation of
SHP2 catalytic activity by disrupting the inhibitory interaction
between its catalytic and SH2 domains (14). Moreover, functional
studies have shown that expression of NS-causing mutants can
induce ERK1/2 hyperactivation in vitro and in vivo (14-16). More
interestingly, recent studies using mouse models for different NS-
causing Ptpnll mutations have demonstrated that pharmacolog-
ical or genetic inhibition of ERK can alleviate NS-associated
cardiac and craniofacial defects (17-20).

In contrast to the above-cited clinical features, the origin of
growth retardation in NS is poorly understood, although short
stature, reported in more than 70% of affected patients, is one of
the main clinical symptoms of NS (1). One proposal is that
growth defects could be due to partial growth hormone (GH)
insensitivity at the postreceptor level (21, 22). Indeed, most NS
patients, notably PTPN1I-mutated cases, display normal-to-ele-
vated GH serum levels associated with low serum levels of in-
sulin-like growth factor 1 (IGF-1), the biological mediator of GH
acting on different target tissues, including the growth plate.
However, whether IGF-1-regulating signaling pathways down-
stream of the GH receptor (GH-R) are impaired in NS has not
been established.

By using a mouse model of NS expressing the D61G mutant of
SHP2 (Ptpn1IP%'*) and different cellular approaches, we ex-
plored whether and how NS-causing SHP2 mutations alter GH
response. We observed that growth retardation in young NS mice
is associated with low IGF-1 levels and that NS mutants induce
ERK1/2 hyperactivation upon GH stimulation in vitro and in vivo.
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Moreover, we provide evidence that SHP2 negatively regulates
GH-induced IGF-1 release through a RAS/ERK-dependent
mechanism. Consistently, pharmacological MAPK/ERK kinase
(MEK) inhibition at least partially rescued IGF-1 deficiency in NS
mice, resulting in a significant improvement of growth.

Results

Postnatal Growth Retardation in NS Mice Is Associated with Reduced
IGF-1 Serum Levels. Male PtpnlIP%'%/* mice display decreased
body length and weight by 3 wk of age, which continues for at
least 16 wk after birth (16). To further document this phenotype,
we measured the anal-nasal lengths of male and female
Ptpn1 1P+ (NS) mice and compared them with their Pipnl1*'*
(WT) littermates from birth to 6 wk of age. As shown in Fig. 1 A
and B, whereas growth parameters in NS and WT mice were
similar at birth and at 1 and 2 wk of age, a significant reduction of
body length and weight was then observed by 3 wk of age for NS
mice, which remained stable until 6 wk of age, in agreement with
a previous report (16). These results show that male and female
NS mice display early postnatal growth retardation.

Because postnatal growth is primarily controlled by the GH/
IGF-1 axis, we monitored IGF-1 serum levels in growing NS and
WT mice. As shown in Fig. 1C, IGF-1 levels transiently raised
during the first weeks of age of WT animals, with a peak at 4 wk
of age. Interestingly, though IGF-1 levels were similar in 1- and
2-wk-old WT and NS animals, they became significantly lower in
NS mice during the third, fourth, and fifth week. IGF-1 levels
then normalized in 6-wk-old mice, confirming previous results
(16) (Fig. 1C). Therefore, this finding suggests that the transient
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Fig. 1.

Growth retardation in NS mice correlates with lower IGF-1 level.
(A and B) NS and WT mice were measured (A) and weighted (B) at indicated

ages. (C) Blood IGF-1 levels of NS and WT mice were determined by ELISA at
the indicated ages. Individual values and mean + SEM are shown. Statistical
significance was assessed by the ANOVA plus Bonferroni posttest. (D) Sera
from 3-wk-old NS and WT mice were analyzed for IGF-1, IGF-BP3, insulin, and
cortisol levels by ELISA. No. of animals (WT/NS): week 1: 18/10; week 2: 13/10;
week 3: 23/14; week 4: 21/15; week 5: 15/13; week 6: 17/10.
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raise in IGF-1 levels is impaired in NS mice, and that their
growth retardation is associated with IGF-1 deficiency during the
early postweaning growth period.

Moreover, serum levels of IGF binding protein-3 (IGF-BP3),
but not those of insulin or cortisol, were reduced significantly in
3-wk-old NS mice compared with their WT littermates (Fig. 1D).
Because IGF-1 and IGF-BP3 are major GH target genes, these
data suggest that GH response is altered in NS animals.

SHP2 Negatively Regulates GH-Induced IGF-1 Production. We next
investigated the role of SHP2 in GH-induced IGF-1 production.
We took advantage of the GH-responsive 3T3F442A cell line, in
which we inducibly interfered with SHP2 function using a doxycy-
cline-dependent ShRNA (3T3F442A ASHP2™; Fig. S1 and Fig.
2A4, Upper). Interestingly, GH-induced IGF-1 secretion was sig-
nificantly increased in SHP2-deficient cells (+dox) compared with
control cells (—dox; Fig. 24, Lower). To exclude a possible side
effect of doxycycline, we compared doxycycline-treated 3T3F442A
ASHP2™ cells (+shRNA) and 3T3F442A GFP™ (—shRNA; Fig.
S1C). In response to doxycycline, only the 3T3F442A ASHP2™
cells repressed SHP2 expression (Fig S1D and Fig. 2B, Upper).
Notably, we again observed increased IGF-1 production in SHP2-
deficient cells (Fig. 2B, Lower). Taken together, these results
suggest that SHP2 negatively regulates GH-induced IGF-1 pro-
duction in 3T3F442A cells.

SHP2 Promotes GH-Evoked ERK1/2, but Not JAK2/STAT5 or PI3K/AKT
Activation. To understand how SHP2 participates in GH-induced
IGF-1 production, we then monitored the activation of the main
signaling pathways mobilized downstream of the GH-R—
namely, the JAK2/STATS, PI3K/AKT, and RAS/ERK1/2 path-
ways in untreated and doxycycline-treated 3T3F442A ASHP2™
cells. SHP2 down-regulation did not affect the expression of the
main components of these pathways used as readouts (Fig S1D).
Neither GH-induced STATS nor AKT phosphorylation was mod-
ified significantly in the absence of SHP2 (Fig. 34). In contrast,
phosphorylation of ERK1/2 was inhibited by >50% in SHP2-de-
ficient cells (Fig. 3 A and B), suggesting that SHP2 plays a positive
role in GH-induced ERK1/2 activation.

To ensure that these effects were not limited to 3T3F442A
cells, we carried out similar experiments in HEK293 cells stably
expressing GH-R (HEKGHR) and expressing the shRNA tar-
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Fig. 2. SHP2 negatively regulates GH-induced IGF-1 expression. (A) Con-
fluent, insulin-primed, 3T3F442A ASHP2™ cells were treated with doxycy-
cline (+dox) or left untreated (—dox), serum deprived, and stimulated with
GH for 24 h. (Upper) Aliquots of cells were processed for Western blot
analysis as indicated. (Lower) IGF-1 concentrations in the media were mea-
sured by ELISA. (B) Same experiment as in A using doxycycline-treated
3T3F442A ASHP2™ cells (+shRNA) and 3T3F442A GFP" (—shRNA).
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geting SHP2 expression (HEKGHR-sh) or GFP (HEKGHR-
GFP) as a control. SHP2 expression was strongly reduced in
HEKGHR-sh cells (Fig. 3C and Fig. S2). Again, GH-induced
STATS5 and AKT phosphorylation were insensitive to SHP2
down-regulation, whereas GH-stimulated ERK1/2 phosphoryla-
tion was strongly repressed (Fig. 3 C and D).

To confirm this result by another approach, we used a cata-
Iytically inactive mutant of SHP2 (C459G), which displays
a dominant negative activity on SHP2 function (23). As shown in
Fig. 3E, expression of the C459G mutant of SHP2 did not alter
the phosphorylation of STATS or AKT, but strongly repressed
ERK1/2 phosphorylation (Fig. 3 E and F). These data further
confirm that SHP2 positively regulates GH-evoked ERK acti-
vation, possibly through its catalytic activity.

SHP2 Participates in GH-Induced RAS/ERK1/2 Activation by Dephos-
phorylating RAS GTPase-Activating Protein Binding Sites on Grb2-
Associated Binder-1. We next evaluated how SHP2 promotes
ERK1/2 activation in response to GH. First, we compared GH-
evoked RAS activation in untreated and doxycycline-treated
3T3F442A ASHP2™ cells using a pull-down assay for activated
RAS [GST-Ras binding domain (RBD)]. As shown in Fig. 4 A
and B, GH-induced RAS activation was reduced by ~50% in
SHP2-deficient cells, indicating that SHP2 acts upstream of RAS
in GH-R signaling.

It has been proposed that SHP2 can promote RAS activation by
dephosphorylating specific residues involved in the recruitment of
the RAS inhibitor RAS GTPase-activating protein (RASGAP),
notably on the docking protein Grb2-associated binder-1 (GAB1)
(24). We thus assayed the ability of GABI to interact with a GST
fusion protein containing the SH2 domains of RASGAP in con-
trol and SHP2-deficient cells. GAB1 was barely detected in
RASGAP pull-downs performed from GH-stimulated control cell

lysates (—dox), but was readily precipitated from SHP2-deficient
cell lysates (+dox; Fig. 4C). Moreover, GAB1 phosphorylation on
one of its RASGAP binding sites (Y307) was more prominent in
cells expressing the C459G mutant of SHP2 (Fig. 4D). These data
suggest that, upon GH stimulation, SHP2 dephosphorylates the
RASGAP binding sites on GABI, thereby favoring RAS activa-
tion. To assess this model, we took advantage of a mutant of
GABI defective for RASGAP binding (GAB1 Y307F/Y317F).
This mutant, when overexpressed, is recruited in lieu of endoge-
nous GABI, but is constitutively dephosphorylated on its RAS-
GAP binding sites, so that RASGAP cannot be recruited to the
vicinity of RAS (24). Interestingly, in HEKGHR-sh coexpressing
the GAB1 Y307F/Y317F mutant and a His-tagged ERK1, ERK1
phosphorylation was increased to a level similar to that of control
cells (Fig. 4 E and F). We then tested whether RASGAP in-
hibition could rescue ERK1/2 activation in SHP2-deficient cells.
As shown in Fig. 4 G and H, siRNA-mediated RASGAP de-
pletion in SHP2-deficient cells increased ERK1/2 phosphoryla-
tion to an extent similar to that observed in control cells.
Together, these data suggest that ERK1/2 inhibition in SHP2-
deficient cells was due to sustained RASGAP recruitment, and
that SHP2 participates in GH-induced RAS/ERK1/2 activation by
dephosphorylating GAB1 on its RASGAP binding sites.

NS Mutants Enhance GH-Induced ERK1/2 Activation in Vitro and in
Vivo. To assess the impact of NS mutations in GH signaling, we
then studied the effects of two mutants: the D61del variant,
a strong mutant which is closely related to the D61G allele borne
by the NS mouse, and the N308D mutant, a weak allele frequently
found in NS patients. Transient overexpression of either mutant
in HEKGHR caused enhanced phosphorylation of a coexpressed
His-tagged ERK1 compared with control cells (Fig. 5 A and B).
Likewise, overexpression of the N308D or the D61del mutant in
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15 30
Fig. 3. SHP2 promotes GH-evoked ERK1/2 activation, but does
not influence the JAK2/STATS5 or PI3K/Akt pathways. (A and B)
LN 3T3F442A ASHP2™ cells were treated with doxycycline (+dox)

or left untreated (—dox), serum-starved, and then stimulated
with GH during the indicated times, lysed and processed for
Western blot analysis. (C and D) HEKGHR-GFP or HEKGHR-
shRNA cells were processed as in A. (E and F) 3T3F442A cells
were infected with adenoviruses encoding GFP, His-tagged
SHP2-WT or SHP2-C459G, and then processed as in A. (B, D, and
F) Quantifications of P-ERK1/2 Western blots from experiments
15 described in A, C, and E.

PNAS | March 13,2012 | vol. 109 | no. 11 | 4259

MEDICAL SCIENCES


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119803109/-/DCSupplemental/pnas.201119803SI.pdf?targetid=nameddest=SF2

L T

z

1\

BN AS - PNAS D)

3T3F442A cells via adenoviral infection resulted in increased
GH-induced ERK1/2 phosphorylation (Fig. 5 C and D). Then, we
mimicked pathophysiological, heterozygous conditions (i.e., 50%
SHP2 WT/50% SHP2 NS), by expressing shRNA-resistant forms
of the D61del or N308D mutants in 3T3F442A cells while de-
creasing endogenous SHP2 expression (Fig S3). Interestingly,
GH-induced ERK1/2 phosphorylation was significantly enhanced
in doxycycline-treated cells compared with controls (Fig. 5 E and
F). Hence, expression of two different NS-associated mutants of
SHP2, even in a functional heterozygosity condition was sufficient
to sustain ERK1/2 activation under GH stimulation. Noticeably,
in the various experiments, there was no significant difference
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Fig. 4. SHP2 controls GH-induced RAS activation by inhibiting RASGAP re-
cruitment. (A and B) 3T3F442A ASHP2™ cells were processed as in Fig. 3A
and GH stimulated for 10 min. Activated RAS was isolated from cleared
lysates using a GST-RBD fusion protein. An anti-RAS Western blot was per-
formed on the GST-RBD pull-downs and on lysates. (C) Cells were treated as
in A, except that a GST-RASGAP fusion protein was used and an anti-GAB1
Western blot was performed. (D) 3T3F442A cells were infected with ade-
noviruses encoding SHP2-WT or SHP2-C459G, stimulated for the indicated
times, lysed, and processed for indicated Western blotting (P-GAB1: phospho
Y307). (E and F) HEKGHR (—shRNA) and HEKGHR-sh (+shRNA) cells were
transfected with ERK1-His and empty vector (EV) as a control or a Myc-
tagged GAB1 Y307F/Y317F mutant (GAB1-YYFF), serum starved, and stim-
ulated with GH for 10 min; indicated Western blots were performed on
purified ERK1-His (E Upper) and on lysate aliquots (E Lower). (G and H)
3T3F442A ASHP2'™ were treated with doxycycline (+dox) or left untreated
(—dox), transfected with control or anti-RASGAP siRNA, serum starved, then
GH stimulated for 10 min and processed for Western blot analysis. (B, F, and
H) Quantification of immunoblots described in A, E, and G.
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between the effects of both mutants, despite variable tendencies
depending on the type of experiment or cell lines.

We then aimed at evaluating whether GH-evoked ERK1/2
phosphorylation was also increased in NS mice. For this, NS
animals and their WT littermates were injected for 10 min with
GH or vehicle, and phosphorylation of ERK1/2, STATS5, and
AKT were measured in the liver, a major GH target organ for
IGF-1 production. Upon GH treatment, ERK1/2 phosphoryla-
tion was strongly increased in the liver of NS animals compared
with their WT littermates, whereas STATS5 and AKT were
phosphorylated to the same extent in animals from both geno-
types (Fig. 5 G and H). From these results, we concluded that
NS-driving SHP2 mutants up-regulate GH-induced ERK1/2 ac-
tivation in vitro and in vivo.

MEK Inhibition at Least Partially Restores IGF-1 Levels and Growth in
NS Mice. We next sought a possible connection between the
positive function of SHP2 in GH-induced ERK1/2 activation and
its negative role in IGF-1 production by asking whether inhibition
of ERKI1/2 activation affected GH-induced IGF-1 release.
Treatment with 50-500 nM UO0126, a selective inhibitor of MEK,
induced partial ERK1/2 inhibition, similar to that seen in SHP2-
deficient cells (Fig. 64). Interestingly, U0126 at these doses also

c
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Fig. 5. NS-associated SHP2 mutants enhance GH-induced ERK1/2 activation.
(A and B) HEKGHR cells were cotransfected with ERK1-His and His-tagged
SHP2 WT, D61del, or N308D variants, or the empty vector (-), and then
processed as in Fig. 4E. (C and D) 3T3F442A cells were infected with ade-
noviruses encoding GFP, SHP2-N308D, or SHP2-D61del, serum starved, then
GH stimulated for 10 min and processed for indicated Western blot analysis.
(E and F) Untreated (—dox) or 0.005 pg/mL doxycycline-treated (+dox)
3T3F442A ASHP2/N308D and 3T3F442A ASHP2/D61del cells were GH stimu-
lated for 10 min, lysed, and processed for indicated Western blot analysis. (G
and H) Fasted WT and NS mice were injected i.p. with 8 pg/g GH (+) or PBS (-)
for 10 min, and then euthanized. Equal amounts of protein from liver
extracts were processed for Western blot analysis. (B, D, F, and H) Quanti-
fication of immunoblots described in A, C, E, and G. Only significant dif-
ferences vs. control are indicated.
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enhanced GH-induced IGF-1 production to an extent similar to
that caused by SHP2 deficiency (Fig. 6B). Thus, partial ERK1/2
inhibition could stimulate IGF-1 release upon GH treatment,
suggesting that SHP2 may negatively regulate GH-induced IGF-1
production through activation of the RAS/ERK1/2 pathway.
Therefore, we hypothesized that decreased IGF-1 levels in NS
mice might result from ERK1/2 hyperactivation. To test this
possibility, we treated cohorts of young NS and WT mice with
U0126, by injecting U0126 or vehicle as a control, to nursing
females during the first 3 wk of life of their litters. At the end of
the treatment period, IGF-1 levels of the young mice were
quantified. Importantly, U0126 treatment significantly increased
IGF-1 blood levels in NS mice, suggesting that ERK1/2 in-
hibition could enhance IGF-1 production in NS mice (Fig. 6C).
Moreover, U0126-treated NS mice displayed a significant in-
crease in body length compared with untreated NS mice (Fig.
6D), whereas body weight was not altered (Fig. 6E). However,
U0126-treated NS animals did not catch up in IGF-1 levels or in
size to WT animals. Together, these results suggest that ERK1/2
inhibition can, at least partially, rescue growth retardation in NS
mice, most likely by restoring appropriate IGF-1 production.

Discussion

In this study, we sought a molecular mechanism that could explain
how NS-causing SHP2 mutants induce growth retardation, a major
feature of NS. First, we demonstrated that short stature in young
NS mice was acquired shortly after birth, in accordance with clinical
data that reveal normal growth parameters at birth in human (25).
Second, we found that growth delay was associated with low IGF-1
levels during the early postweaning growth phase. These findings
suggest that IGF-1 production is impaired in growing NS animals
and could contribute to growth retardation in NS, in agreement
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Fig. 6. MEK inhibition partially restores IGF-1 level in vitro and in vivo and
increases growth of NS mice. (A) 3T3F442A cells were serum starved over-
night, then treated with the indicated doses of U0126, stimulated with GH
for 10 min, lysed, and processed for indicated Western blot analysis. (B)
Confluent, insulin-primed 3T3F442A cells were treated with the indicated
doses of U0126, stimulated with GH for 24 h, and then IGF-1 concentrations
were measured by ELISA. (C-E) At 5 d after delivery, nursing females were
injected i.p. daily for 20 d with U0126 or vehicle, and then blood IGF-1 levels
in the pups were determined by ELISA (C), as was their body length (D) and
weight (E). Four litters were used, with equivalent animal numbers and body
weights at birth (no. of animals: WT/PBS: 5; WT/U0126: 5; NS/PBS: 9; NS/
U0126: 8).
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with clinical data showing that NS patients, notably those carrying
a PTPN11 mutation, display low IGF-1 levels (21, 22).

Of note, IGF-1 levels are only reduced by 40% in NS mice,
whereas studies of several models of Igf-1 gene disruption in liver,
the main source of IGF-1 in blood, have shown that even a 75%
reduction of IGF-1 levels does not cause growth retardation. This
suggests that autocrine/paracrine IGF-1 production (and GH
response) may be altered, notably at the bone level, and con-
tribute to impaired growth in NS. Moreover, dysregulation of
IGF-1 cofactors [e.g., acid labile subunit (ALS) or IGF-BP3] in
NS, resulting in a more decreased IGF-1 bioactivity, could also
participate in this apparent discrepancy, because double knockout
mice with total Als and liver-specific Igf- inactivation are 20%
shorter than control animals (26). Interestingly, we observed that
IGF-BP3 levels were reduced in NS animals, and it has been
shown that NS patients display low levels of ALS (22). Finally, our
data do not exclude that other processes, independent of the GH/
IGF-1 axis, could be impaired in NS mice and result in growth
retardation. Indeed, skeletal and growth abnormalities have been
reported in inducible and neuronal-specific SHP2 knockout
models (27, 28). Further studies will be necessary to elucidate the
part of those different mechanisms in NS-associated short stature.

Our finding of decreased IGF-1 levels in PtpnlI-mutated mice
suggests an involvement of SHP2 in GH signaling. Indeed, SHP2
down-regulation in 3T3F442A cells caused sustained GH-induced
IGF-1 release. Although we failed to monitor GH-induced IGF-1
release in vivo, our combined results suggest that SHP2 may
negatively regulate the production of IGF-1 under GH control.
This regulation might be restricted to the growing period, because
NS mice show a normalization of IGF-1 levels after 6 wk, and
because liver-specific deletion of SHP2 did not result in an in-
crease of hepatic Igf-1 mRNA levels in older mice (8).

Next, we investigated how SHP2 regulates GH-induced IGF-1
production, by monitoring the activation of signaling pathways
involved in IGF-1 synthesis. It has been reported that SHP2 can
negatively regulate the JAK2/STATS pathway or the PI3K/AKT
pathway (29, 30). However, we did not observe any effect of SHP2
modulation on GH-evoked STATS and AKT phosphorylation,
although we cannot exclude that our experimental design does not
allow monitoring modulation of STAT5 or AKT phosphorylation
upon SHP2 inhibition. Moreover, other phosphatases, notably
PTP1B, might be more critically involved in the hepatic regulation
of the JAK2/STATS module under GH stimulation (31). In con-
trast, we found that SHP2 participates in GH-induced RAS/
ERK1/2 activation, and that NS-driving SHP2 mutants hyper-
activate this signaling pathway in response to GH in vitro and
in vivo, suggesting that dysregulation of GH-induced ERK1/2
activation could contribute to growth retardation in this syndrome.

We next assessed whether the SHP2-mediated IGF-1 inhibition
was dependent on ERK1/2 activation. We demonstrated that
partial ERK1/2 inhibition induced an increase in GH-stimulated
IGF-1 production in vitro and in vivo. Moreover, we observed that
UO0126 treatment increased linear growth of NS mice. These data
suggest that normalization of NS mutant-induced ERK1/2
hyperactivation can improve their IGF-1 deficiency, which could
contribute, at least in part, to the alleviation of the NS-linked
growth phenotype. Of note, given the partial effect of U0126
treatment on IGF-1 levels, further studies will be necessary to
determine if IGF-1 deficiency in NS is only partially due to ERK1/
2 hyperactivation or if the pharmacokinetics of the U0126, which
displays a short half-life in vivo (~2 h), should be improved.

Finally, our results provide direct evidence that growth re-
tardation in PTPNII-mutated NS may be due to partial GH in-
sensitivity (21, 22), which may have important therapeutic fallouts.
So far, only recombinant human GH (rhGH) treatment has been
proposed to increase stature in NS, but its efficiency is still debated
(32, 33). Our data suggesting that NS-associated PTPNI] muta-
tions cause partial GH insensitivity could explain the moderate
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efficacy of rhGH treatment, and emphasizes the need for alter-
native therapies. First, in view of the beneficial effects of rhIGF-1
treatment in patients with complete GH insensitivity, there may be
a rationale for rhIGF-1 therapy in PTPNII-mutated NS patients
(34). Second, our results suggest that ERK1/2 inhibition could
improve growth velocity in NS, possibly by restoring IGF-1 levels.
Interestingly, several reports have demonstrated that treatment
with MEK inhibitors can rescue g\rlowth defect in three different NS
models (Pipnl1®7"%*, Raf1™*"V/* | and Sos1®¥OK/ES46K) and in
several models of RASopathies, and can also alleviate other clin-
ical traits, notably cardiac and craniofacial defects (17-20, 35, 36).
This, combined with our own study, provides further insights into
the fact that RAS/ERKI1/2 inhibition could be a potent strategy to
treat RASopathies, including NS. Additional studies will be re-
quired to precisely assess the potency and safety of such treatments.

Materials and Methods

siRNA and Plasmid Transient Transfection. For siRNA transfections, 40% con-
fluent 3T3F442A cells were incubated overnight with a transfection mix
containing 1 mL of Opti-MEM, 5 pL of RNAIMAX (Invitrogen), and 20 nM of the
indicated siRNA. For plasmid transfections, subconfluent HEKGHR cells were
incubated overnight with a mixture containing 6 pL of FuGene6 reagent
(Roche) and 2 g of total DNA, according to the manufacturer’s instructions.

In Vivo Experiments. For GH-evoked signaling in vivo, animals were injected i.p.
with GH (8 pg/g body weight) or PBS for 10 min, then euthanized. Livers were
excised and samples were homogenized using a Precellys 24 automated
biological sample lyser. For U0126 treatment, U0126 (5 mg/kg per day) or
vehicle [PBS, 40% (vol/vol) DMSO] was injected i.p. into nursing females daily
for 20 d. All procedures were performed following the guidelines of the Midi-
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IGF-1 Measurements. Confluent 3T3F442A cells were grown for 7 d in DMEM
supplemented with 10% (vol/vol) FBS and 50 nM insulin, and treated with
0.05 pg/mL doxycycline for the last 5 d or left untreated. Cells were then
serum starved overnight, treated with U0126 or left untreated, and
stimulated with 400 ng/mL GH when indicated for 24 h. Conditioned
media were collected and processed for IGF-1 ELISAs. To measure IGF-1
levels in blood, blood samples collected from the retro-orbital sinus of
isoflurane-anesthetized animals were allowed to clot overnight at 4 °C;
they were then centrifuged, and plasma was harvested and processed for
IGF-1 ELISAs.

Statistics. In vitro data are representative from at least three independent
experiments. Western blots were quantified using ImagelJ software. Results
are expressed as mean + SEM and are compared using paired Student t test,
unless otherwise indicated. P < 0.05 was considered significant [non-
significant (n. s.), P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001].
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