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LEOPARD syndrome (multiple Lentigines, Electrocardiographic con-
duction abnormalities, Ocular hypertelorism, Pulmonary stenosis,
Abnormal genitalia, Retardation of growth, sensorineural Deafness;
LS), also called Noonan syndrome with multiple lentigines (NSML), is
a rare autosomal dominant disorder associating various develop-
mental defects, notably cardiopathies, dysmorphism, and short stat-
ure. It is mainly caused by mutations of the PTPN11 gene that
catalytically inactivate the tyrosine phosphatase SHP2 (Src-homology
2 domain-containing phosphatase 2). Besides its pleiotropic roles
during development, SHP2 plays key functions in energetic metabo-
lism regulation. However, the metabolic outcomes of LS mutations
have never been examined. Therefore, we performed an extensive
metabolic exploration of an original LS mouse model, expressing the
T468M mutation of SHP2, frequently borne by LS patients. Our
results reveal that, besides expected symptoms, LS animals display
a strong reduction of adiposity and resistance to diet-induced obe-
sity, associated with overall better metabolic profile. We provide
evidence that LS mutant expression impairs adipogenesis, triggers
energy expenditure, and enhances insulin signaling, three features
that can contribute to the lean phenotype of LS mice. Interestingly,
chronic treatment of LS mice with low doses of MEK inhibitor, but not
rapamycin, resulted in weight and adiposity gains. Importantly, pre-
liminary data in a French cohort of LS patients suggests that most of
them have lower-than-average body mass index, associated, for
tested patients, with reduced adiposity. Altogether, these findings
unravel previously unidentified characteristics for LS, which could
represent a metabolic benefit for patients, but may also participate
to the development or worsening of some traits of the disease. Be-
yond LS, they also highlight a protective role of SHP2 global LS-mim-
icking modulation toward the development of obesity and
associated disorders.
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EOPARD syndrome (multiple Lentigines, Electrocardiographic

conduction abnormalities, Ocular hypertelorism, Pulmonary
stenosis, Abnormal genitalia, Retardation of growth, sensori-
neural Deafness) (MIM 151100) (LS), also named Noonan syn-
drome with multiple lentigines (NSML), is a rare autosomal
dominant developmental disorder characterized by a phenotypic
triad associating heart defects, facial dysmorphism, and short
stature, as well as defining traits, including lentigines and deafness.
With related diseases sharing all or some of these symptoms
(Noonan, Costello, cardio-facio-cutaneous syndromes, neurofi-
bromatosis type I), it belongs to the family of Rasopathies, named
after the mutated genes encoding actors of the Ras/mitogen-acti-
vated protein kinases (MAPK) signaling cascade (1).

More than 80% of patients with LS heterozygously carry a mis-
sense mutation in the PTPN1I gene, encoding the ubiquitous
tyrosine phosphatase SHP2 (Src-homology 2 domain-containing
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phosphatase 2) (2). SHP2 plays pivotal roles in development, as
revealed by embryonic lethality and gastrulation defects of its
total inactivation in various organisms (worm, fly, and mice), and
by the impact of its targeted deletion on the development or
function of many organs (brain, heart, and lung) (3). Genetic and
functional evidences have pinpointed that these effects are
linked to SHP2’s roles in transducing signaling fluxes in response
to many growth factors/hormones. Indeed, by dephosphorylating
specific tyrosine residues, it regulates key intracellular signaling
pathways [Ras/MAPK, phosphoinositide-3 kinases (PI3K)/Akt,
target of rapamycin (TOR) kinase, Src family kinase (SFK), Rho
GTPases, S6 kinase (S6K), and JAK/STAT pathway] to adapt cell
fate to variations of the environment (proliferation, migration, and
metabolism) (4-9).

Central to the understanding of LS pathophysiology has been
to determine the outcomes of LS-causing SHP2 mutations.
Biochemical studies have revealed that LS-associated mutations
result in the reduction of SHP2’s catalytic activity (10-12). On
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a functional point of view, although it has been reported that LS
mutants display a dominant negative activity on Ras/MAPK ac-
tivation (12, 13), other studies have demonstrated that LS-
associated mutations can up-regulate this same pathway, through
mechanisms that remain elusive to date (14-16). Whether LS
mutants-triggered MAPK dysregulation participates in the de-
velopment of the disease is unknown, and MAPK-independent
events have been recently implicated in LS pathogenesis. First,
phosphatase-independent regulation of p53-dependent apopto-
sis has been proposed to drive some aspects of LS (17). Second,
we and other have recently shown that dysregulation of the PI3K
pathway is causally linked to the pathophysiology of LS: Indeed,
LS mutants can induce PI3K hyperactivation, thereby promoting
a hypertrophic phenotype in cardiomyocytes in vitro (18). Fur-
thermore, with using the first mouse model of LS, carrying the
Y279C mutation (Ppnl1¥?”*“* mice), Marin et al. nicely demon-
strated that the PI3K/mTOR pathway was hyperactivated, and that
rapamycin-mediated mTOR inhibition could alleviate the hyper-
trophic cardiomyopathy (HCM) developed by these mice (13).
These data were confirmed in transgenic mice overexpressing in the
cardiomyocyte another LS mutant of SHP2 (Q510E mutation),
which could recover from their HCM upon rapamycin treatment
(19). However, whether PI3K/mTOR hyperactivation is respon-
sible for other traits of the disease, and whether other signaling
dysfunctions are involved in LS ontology, remain to be established.

In addition to its pleiotropic roles in development, SHP2 also
plays key functions in homeostasis maintenance, notably by reg-
ulating energetic metabolism. Indeed, although an initial study
using hemizygous Ptpnl 1~ mice did not reveal any obvious met-
abolic phenotype, transgenic mice expressing a dominant negative
mutant of SHP2 have been shown to exhibit impaired glucose ho-
meostasis (20, 21). Moreover, different studies using tissue-specific
knockouts have highlighted SHP2 involvement in metabolism
regulation. Indeed, SHP2 plays a key role in leptin sensitivity in
neurons and in central energy balance control (22-24). Moreover,
in muscle and in liver, SHP2 appears to differently modulate insulin
sensitivity, although it also promotes insulin biosynthesis in the
pancreas, uncovering a complex role of SHP2 in tuning glucose
homeostasis (25-28). Finally, recent studies have revealed a po-
tential, albeit controversial, role for SHP2 in regulating adipo-
genesis in vitro and in vivo (29-31).

These critical impacts of SHP2 loss of function in multiple
aspects of metabolism regulation infer that its dysregulation in
LS can give rise to metabolic perturbations, which could have
significant consequences for the patients. However, the meta-
bolic status associated with LS has not been explored to date. In
the present study, we took advantage of an original knock-in
mouse model, carrying the common LS-associated, T468M, mu-
tation of SHP2, to perform an extensive metabolic exploration.
We clearly showed that these mice have reduced adiposity and
increased energy expenditure, associated with improved overall
metabolic profile, resulting in resistance to diet-induced obesity
(DIO) and associated-adverse effects when challenged with high
fat diet (HFD). Moreover, chronic treatment of LS mice with low
doses of MEK inhibitor, but not with rapamycin, resulted in
weight gain and increase in adiposity, whereas both treatments
decreased glucose tolerance. Interestingly, preliminary data pro-
vide first evidence, to our knowledge, that patients with LS may
display a similar phenotypic trait.

Results

Ptpn117#8"+ Mouse Model Recapitulates LS Features. To explore
the global outcomes of LS-causing SHP2 mutations, we gener-
ated a knock-in mouse model carrying the T468M mutation, one
of the two most frequent SHP2 mutations borne by LS patients
(Fig. 14 and Fig. S1). We first performed a general phenotyping
of the Pipnl17#M/* mouse model to assess whether this strain
recapitulated the features of LS. Pipnll™*™™* mice exhibited
a slight growth and weight retardation compared with their WT
littermates (Fig. S24), as already observed in another LS mouse
model (13). Computed tomography analysis revealed reduced
skull length, increased interorbital distance, and significanﬂ}/
increased skull width-to-length ratio, indicating that Pepn 175"+
mice showed signs of craniofacial abnormalities (Fig. S2B and
Table S1). Strikingly, Ptpnl1"**¥™* mice also display spleno-
megaly (Fig. S2C), a feature that was not found in a small cohort
of Ptpn11¥*7°“/* animals (13). Moreover, these animals had sig-
nificantly reduced blood pressure, coming with decreased pulse
height and heart rate (Fig. S2 D-F). Regarding cardiac function,
30-wk-old Ppnll™*M™* mice exhibited a significant increase in
heart/body ratio compared with WT mice (Fig. S2G). Sub-
sequent assessment of left ventricular function using M-mode
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(3-4 animals per group), and then a phosphatase assay
-Ab was conducted by using phospho-Src peptide as a sub-
strate. A control without antibody was also performed
(-Ab) (**P < 0.01, unpaired two-tailed Student t test).
(Lower) Quality and specificity of immunoprecipitations
were verified by Western blot. (C-E) WT (n = 8) and LS
(n = 6) animals were fed a normal diet. At indicated
ages, they were weighted (C) or placed in an EchoMRI
apparatus to determine fat mass (D) (*P < 0.05; **P <
0.01, ***P < 0.001, two-way ANOVA plus Bonferroni
post hoc test). At 30 wk of age, animals were eutha-
nized, and then their fat pads were weighted (BAT,
brown adipose tissue; Epi, epididymal; PR, perirenal; SC,
s.c.) (**P < 0.01, ***P < 0.001, unpaired two-tailed
Student t test) (E).
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echocardiography revealed an increase in left ventricular in-
ternal diameter in Ptpnll "+ animals and thinning of their
intraventricular septum and left ventricular posterior wall, two
features evoking dilated cardiomyopathy gDCM) (Table S2).
At the functional level, hearts from Pepnli?*5™* animals display
cardiac dysfunction, as shown by reduced stroke volume and pro-
portional decrease in fractional shortening (FS) and ejection frac-
tion (EF). Younger, 15-wk-old, LS mice, displayed enlargement of
the left ventricle, revealing early stage of hypertrophy, suggesting
that Ppnl17*M* mice develop a HCM that evolves to DCM, as
reported in another LS mouse model (13). Moreover, analysis of
insulin-evoked signaling in heart extracts showed increased
Akt phosphorylation and decreased Erk1/2 phosphorylation
(Fig. S2H), as previouslﬂy observed in Pipnl1¥?7°C* mice (13).
Thus, this Ppnll™ ¥ mouse model recapitulates the main
features of LS, in particular growth retardation, craniofacial ab-
normalities, and cardiomyopathy. Thereafter, Pipnl17*%M'+ mice
will be referred to as LS animals.

Because LS-causing SHP2 mutations have been shown to in-
activate SHP2’s phosphatase activity in vitro (10, 11, 18), we next
assessed the impact of the T468M mutation in vivo. To this aim,
SHP2 was immunoprecipitated from heart and liver extracts, and
phosphatase assays were performed by using standard phos-
photyrosine substrate. As shown in Fig. 1B, phosphatase activity
was reduced by one-half in tissues from LS mice compared with
WT animals. Thus, this result shows that the heterozygous ex-
pression of the T468M mutant of SHP2 translates into a 50%
decrease in SHP2 activity in vivo, similarly to what was observed
for another LS mutation (13).

LS Mice Display Reduced Body Weight and Adiposity. To explore the
metabolic status associated with LS condition, we monitored the
weight of WT and LS males. As shown in Fig. 1C, LS mice
gained less weight than their WT littermates (16% less at 26 wk
of age), despite similar food intake between genotypes [WT (n =
7): 497 + 0.32 g/d; LS (n = 12): 5.43 + 0.33 g/d, not significant,
unpaired two-tailed Student ¢ test). To further document this
phenotype, we analyzed body composition at various ages. Lean
mass was not different between genotypes, although the size of
some organs was significantly reduced (Fig. S3 A-C), and lean
mass proportion was significantly increased (Fig. S3 D-F), sug-
gesting that reduced weight in LS was not primarily due to lean
mass diminution. In contrast, fat mass was significantly de-
creased in LS mice, those animals displaying in average two-
thirds less fat mass than their WT littermates (Fig. 1D and Fig.
S3G). Coherently, epididymal, s.c., and perirenal white adipose
tissues, and brown adipose tissue (BAT), were significantly
smaller in LS animals (Fig. 1E and Fig. S3H). In line with re-
duced fat mass, plasma levels of insulin and leptin were signifi-
cantly decreased in LS mice, leptinemia being more than fourfold
reduced (Table 1). Thus, from this set of data, we conclude that
systemic expression of a LS mutation of SHP2 results in leaner
mice with a strong reduction of adiposity.

Impaired Adipocyte Differentiation in LS Mice. We next sought the
origin of reduced adiposity in LS mice. To this aim, we de-
termined whether LS mice-derived adipose tissue consisted of
smaller and/or fewer adipocytes, by measuring the size of fat cells
isolated from epididymal fat pads. As shown in Fig. 24, the size
distribution of adipocytes derived from LS mice revealed a de-
pletion of the small adipocyte subpopulation for the benefit of
bigger cells. Consequently, the mean diameter was significantly
increased for LS adipocytes (Fig. 24, Inset). Of note, adipocyte
enlargement in LS mice could also participate to the reduction of
adiponectin level (Table 1). Taking into account the total epi-
didymal fat pads weights, we could estimate that adipocyte num-
ber was reduced by one-half in LS animals compared with their
controls. Increased proportion of bigger adipocytes was also ob-
served in s.c. adipose tissue (Fig. S44). Thus, we conclude that LS
animals have less adipocytes, in particular in their epididymal
adipose tissue.
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Considering the lower amount of adipocytes and the increased
proportion of large adipocytes in LS mice derived-adipose tis-
sues, we explored the possibility of impaired adipogenesis in LS
mice. Indeed, a positive role for SHP2 in adipogenesis has al-
ready been identified in vitro and in vivo (29, 30). We isolated
the stroma vascular fraction (SVF) from epididymal and s.c.
adipose tissues of WT and LS mice and challenged the ability of
SVF-derived preadipocytes to differentiate into adipocytes in
vitro. The amount of refringent, lipid droplet-accumulating cells
(i.e., differentiated preadipocytes) seemed reduced for LS-mice
derived SVFs compared with those from WT littermates (Fig.
2B). Moreover, whereas expression of differentiated preadipocyte
markers (aP2, HSL, Adiponectin) considerably rose during the
differentiation process in WT cells, it was significantly delayed in
LS-derived cells isolated from epididymal adipose tissue (Fig. 2C).
Expression of those genes was mostly blocked even in SVF-
derived precursors from s.c. adipose tissue (Fig. 2D). In addition,
the expression of PPARy2, a major inductor of adipocyte dif-
ferentiation, was also dampened down in comparison with WT
cells (Fig. 2 C and D). Thus, these data indicate that expression
of a LS-associated SHP2 mutant impairs adipocyte differentia-
tion. Furthermore, we observed that expression of the anti-
adipogenic factor Pref-1 was increased in SVF from epididymal
adipose tissue (Fig. S4B) and that the proadipogenic factor
IGF-I was significantly reduced in plasma from young LS mice
(Fig. S4C). Altogether, these results suggest that LS condition is
associated with defective adipogenesis, which could explain the
reduced adiposity of LS mice.

LS Mutation Impacts Adipose Tissue Activity. Because adipose tissue
amount is also the resultant of its metabolic activity, we sought
changes in adipose tissue metabolism. Thus, we explored the
expression level of key adipocyte metabolism-regulating genes in
LS and WT mice. As shown in Fig. 34, expression of lipogenesis-
regulating genes (aP2, SREBPI, FAS) was similar between WT
and LS mice. In contrast, there was a significant overexpression
of two key lipases (HSL, ATGL) in the adipose tissue of LS mice,
suggesting that lipolysis could be enhanced in LS adipose tissue.
Supporting this view, basal glycerol release, taken as readout of
lipolytic activity, was strongly increased in LS adipocytes isolated
from epididymal fat pads (Fig. 3B). This higher rate of glycerol
release was also observed in LS adipocytes at all tested doses of
isoproterenol, which was probably due to increased basal lipol-
ysis. Therefore, this finding suggests that adipose tissues in LS
mice have an enhanced lipolytic activity, which could contribute
to their defect in adipose tissue maintenance.

LS Condition Is Associated with a Lean, but Not Lipodystrophic,
Phenotype. Given the significant reduction of fat pads in LS mice,
we next assessed its consequences on whole body metabolism. In-
deed, reduced adiposity can define lipodystrophy or leanness,
depending on whether it associates with lipotoxicity and insulin
resistance.

First, we evaluated whether global lipid metabolism was af-
fected by the reduced amount of fat tissue. Interestingly, plasma
cholesterol, triglycerides, and free fatty acids concentration were
not different between genotypes (Table 1). Moreover, lipid de-
posits in liver and muscle were not increased in LS mice, and
were even significantly reduced, as revealed by decreased tri-
glycerides content, which came along with significantly lower
plasma alanine transaminase (ALT) concentration (Table 1).
Thus, this set of data suggests that LS mice can efficiently
manage lipids despite their reduced adiposity.

Then, to explore carbohydrate metabolism, WT and LS ani-
mals were assayed for oral glucose tolerance test (OGTT). As
shown in Fig. 44, at 11 wk of age, LS mice already displayed
a better glucose tolerance than their WT littermates, a difference
that was even more prominent in older, 28-wk-old animals. Im-
proved glucose tolerance in LS mice correlated with a significant
reduction of their insulinemia measured before and 15 min after
glucose bolus (Fig. 4B) and with better insulin tolerance (Fig. 4C)
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Table 1. Metabolic parameters of 30-wk-old, fasted WT and LS mice fed a ND or a HFD
ND HFD
Metabolic parameters WT (n = 8) LS (n = 6) WT (n = 15) LS (n = 13)
Plasma
Glycemia, g/L 1.32 £ 0.09 1.15 + 0.07 1.70 + 0.09 1.46 + 0.07*
Insulinemia, pg/mL 2117 + 423 527 + 118** 6424 + 1611 791 + 183*
ALT, U/L 26.38 + 2.08 17.17 + 1.66** 96.40 + 15.57 39.46 + 13.86*
AST, U/L 59.38 + 6.05 44.33 + 2.59 103.60 + 9.80 61.54 + 6.39**
Fructosamine, pmol/L n.d. n.d. 2111+ 124 155.4 + 10.7*
Cholesterol, mmol/L 2.58 + 0.19 2.48 + 0.25 4.16 + 0.19 3.37 + 0.21**
Triglycerides, mmol/L 1.52 + 0.16 1.35+0.22 1.30 + 0.15 1.32 +0.14
FFA, mmol/L 0.37 + 0.02 0.46 + 0.06 0.42 + 0.08 0.52 + 0.08
Leptin, ng/mL 30.55 + 5.29 7.21 + 3.03** 88.00 + 9.74 36.85 + 7.78**
Adiponectin, pg/mL 6.68 + 0.33 5.20 + 0.21** 5.68 + 0.23 5.10 + 0.31
Tissues
Liver triglycerides, mg/g liver 63.27 + 2.92 36.65 + 3.74*** Fig. 6 Fig. 6
Muscle triglycerides, g/g prot 0.12 + 0.02 0.06 + 0.02* Fig. 6 Fig. 6

Data represent mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, unpaired two-tailed Student t test. ALT, alanine transaminase; AST,
aspartate transaminase; FFA, free fatty acids; n.d., not determined.

compared with WT animals. Consistent with this profile, insulin-
induced glucose uptake was significantly increased in isolated adi-
pocytes from LS mice-derived epididymal adipose tissue (Fig. 4D).
Importantly, the doses of insulin necessary to induce glucose trans-
port and to reach a plateau were lower in LS adipocytes, suggesting
an increased insulin sensitivity of LS cells. Supporting these findings,
following insulin injection, Akt and Erk1/2 phosphorylations were
augmented in insulin-sensitive tissues from LS animals compared
with WT mice, notably in adipose tissue (Fig. 4F). To determine
whether this effect was a direct consequence of SHP2 mutants
expression, two LS-causing SHP2 mutants (T468M, Y279C), or
WT SHP2 as a control, were expressed in lieu of endogenous
SHP2 into murine embryonic fibroblasts (MEF), and those cells
were stimulated with insulin. Interestingly, insulin-induced Akt
and Erk1/2 phosphorylations were both significantly increased
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in LS mutant-expressing cells, showing that expression of LS
mutants into cells was sufficient to enhance insulin signaling (Fig.
4 F and G). Altogether, this result demonstrates that reduced
adiposity in LS is associated with improved glucose tolerance,
which can conceivably arise from enhanced insulin sensitivity,
suggesting that LS mice display a lean, but not lipodystrophic,
phenotype.

Chronic Treatment of LS Mice with MEK Inhibitor, but Not Rapamycin,
Results in Weight and Adiposity Gain. LS mutants have been re-
ported to affect the activation of the PI3K/Akt/mTOR and
MAPK pathways in different biological systems (12-16, 18).
Consistently, in our study, we observed that expression of the
T468M mutant of SHP2 resulted in insulin-evoked PI3K/Akt and
MAPK pathway hyperactivation in several metabolic tissues.

Fig. 2. Impaired adipocyte differentiation poten-
tial of LS-derived SVF cells. (A) Adipocytes from
epididymal adipose tissue of 30-wk-old WT (n = 8)
and LS (n = 6) mice were isolated and their size was
determined by using a Multisizer Coulter apparatus.
(A Inset) Mean adipocyte diameter was calculated.
Individual value and mean are represented (*P <
0.05; **P < 0.01, unpaired two-tailed Student t test).
(B-D) Six- to 8-wk-old WT and LS mice were eutha-
nized (10 mice per group, n = 3), then their adipose
tissues were withdrawn, SVF cells were purified,
seeded into culture, and incubated in adipocyte
wr [ TARY2 differentiation medium. Representative photographs
Ois ™~ were taken at indicated times for epididymal adi-

2000 myy PPARY2

Ous *
m

2000

“"bo Dz D7

3000 pose tissue-derived SVF cells (B). At indicated times,

=0.057
m SVF cells derived from epididymal (C) or s.c. (D) adi-
pose tissues were collected, then their RNAs were
1000 purified and expression of the indicated genes was
determined by real-time PCR (*P < 0.05, Mann-
Whitney nonparametric test).
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Fig. 3. Increased lipolysis in adipocytes from LS mice. Adipocytes were iso-
lated from epididymal adipose tissue of 30-wk-old WT (n = 8) and LS (n = 6)
mice. (A) Adipocyte RNAs were extracted, and then expression of indicated
genes was determined by real-time PCR (*P < 0.05; ***P < 0.001, unpaired
two-tailed Student t test). (B) Adipocyte aliquots from epididymal adipose
tissue were treated with the indicated doses of isoproterenol (Iso), and re-
leased glycerol was quantified (*P < 0.05; **P < 0.01, two-way ANOVA plus
Bonferroni post hoc test).

Therefore, we assessed the impact of chronic inhibition of those
pathways on the metabolic phenotype of LS mice. To this aim,
we treated 25-wk-old LS and WT animals for 1 mo with the
mTOR inhibitor rapamycin, which has been proven to efficiently
revert PI3K/Akt/mTOR hyperactivation-driven HCM in another
LS mouse model (13), or with the MEK inhibitor PD0325901
(Fig. S54). At the end of the treatment, PD0325901-injected
mice, but not vehicle- or rapamycin-treated animals, had signif-
icantly gained weight (Fig. 54). Interestingly, weight gain cor-
related with significant increase in adiposity for LS mice receiving
MEK inhibitor, and concurrent decrease of lean mass proportion
(Fig. 5 B and C). Moreover, we performed an OGTT before and
after 2 wk of treatment. As shown in Fig. 5D, glucose tolerance,
which inversely correlates with the area under glucose curve
(AUC), was strongly reduced upon rapamycin and, to a lesser ex-
tent, after PD0325901 treatment, which may arise from direct,
signaling-dependent, or indirect, adiposity-related effects on in-

sulin sensitivity, respectively. After 2 wk of treatment, food intake
was not significantly different among the three groups (Fig. 5E),
whereas PD0325901-treated mice had already gained significant
weight [Ctrl (n = 5): 102.9 + 1.27% vs. PD (n = 5): 110.1 + 1.75%,
*P < 0.05, unpaired two-tailed Student’s ¢ test]. Of note, with the
exception of food intake, similar results were obtained with WT
animals (Fig. S5 B-F). Altogether, these results suggest that
MAPK hyperactivation in LS mice may participate, at least in part,
to the setting of their lean phenotype.

LS Mice Are Resistant to HFD-Induced Obesity and Associated Pathologies.
To get further insights into the metabolic consequences of LS-
associated SHP2 mutation, we then challenged LS and WT mice to
HFD. Interestingly, LS mice gained much less weight than their
control littermates and remained lean, whereas WT animals develop
an obese phenotype (Fig. 64). This lower weight gain correlated
with a significant reduction of fat mass at all tested ages (Fig. 68 and
Fig. S64). Global lean mass was equivalent between genotypes, and
lean mass proportion was coherently increased in LS mice (Fig. S6 B
and C). Moreover, s.c., perirenal, and brown adipose tissue deposits
were significantly smaller in HFD-fed LS animals, although the
epididymal fat pads were not different between genotypes, which
may result, at least in part, from a saturating effect in WT animals
(Fig. 6C and Fig. S6D). The amount of small adipocytes was lower in
adipose tissue from LS mice, evoking a defect in recruiting new
adipocytes for differentiation, which could participate to their re-
duced fat gain (Fig. SO6F). Noticeably, the proportion of bigger
adipocytes was markedly increased in LS mice, suggesting that LS
adipose tissue can, to a certain extent, compensate the reduced
cell number through increased hypertrophy, which could also ex-
plain that the weight of epididymal fat pads caught up with those of
WT animals. Nevertheless, lipolytic activity was still significantly
enhanced in adipocytes derived from HFD-fed LS mice (Fig. S6F).
Regarding adipose tissue secretions, leptin plasma level was much
lower in LS animals, consistent with lower fat mass (Table 1).
Moreover, whereas adiponectin level decreased under HFD in
WT animals, it remained almost constant in LS animals. Alto-
gether, these data reveal that LS mice are somehow resistant to
HFD-induced obesity.

Fig. 4. Improved carbohydrate metabolism in LS
mice. (A and B) At indicated ages, 6-h starved WT (n =
8) and LS (n = 6) mice were fed with 3 g/kg glucose.
(A) Glycaemia was determined by colorimetry at in-
dicated times (*P < 0.05; **P < 0.01, two-way ANOVA
plus Bonferroni post hoc test). (B) Insulin levels were
determined by ELISA before (—15 min) and after (+15
min) glucose load (*P < 0.05; **P < 0.01; ***P < 0.001,
unpaired two-tailed Student t test). (C) Twenty-five—
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wk-old animals were injected i.p with insulin, then
glycaemia was determined by using a glucometer
(*P < 0.05; **P < 0.01, two-way ANOVA plus Bonfer-
roni post hoc test). (D) Isolated adipocytes from
30-wk-old WT (n = 6) and LS (n = 6) mice were in-
cubated with 'C 2-deoxyglucose (C'* 2-DG) and
stimulated or not with the indicated doses of insulin,
then '“C 2-DG uptake was determined (*P < 0.05;
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injected with 10 mU/g insulin or PBS (-) as a control,
euthanized after 5 or 10 min, then their tissues were
withdrawn and protein extracts were analyzed by
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dependent experiments were quantified with Image
Lab (Bio-Rad) (*P < 0.05; ***P < 0.001, paired two-
tailed Student t test) (G).
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We next analyzed the development of obesity-associated com-
plications in LS mice. OGTT experiments revealed that, through-
out the obesogenic diet, LS mice appeared less gluco-intolerant
than their control littermates (Fig. 6D), which was associated with
lower glycaemia and decreased amount of glycated proteins
(fructosamine) in plasma of LS mice (Table 1). In addition, while
fasted and glucose-induced insulinemia rose in WT mice
throughout the diet, they remained similar in LS mice, resulting
in a marked reduction of insulin levels in LS animals compared
with their control littermates (eightfold and fourfold, respectively,
at the end of the HFD period) (Fig. 6E and Table 1). Coherently,
homeostasis model assessment of insulin resistance (HOMA-IR)
calculation showed that after 18 wk of HFD, LS mice remained
much less resistant to insulin than their control littermates (1.25 +
0.35 vs. 10.31 + 2.6, *P < 0.05, unpaired two-tailed Student’s ¢ test
with Welch correction). Consistent with this observation, LS mice
also displayed improved insulin tolerance during insulin tolerance
test (ITT) (Fig. 6F). Moreover, we measured a significant re-
duction of ALT, aspartate transaminase, and cholesterol in plasma
from LS mice (Table 1) as well as of ectopic lipid deposits in liver
and muscle (Fig. 6 G-I). Hepatic triglycerides were almost re-
duced by half in LS mice (Fig. 6G), which could contribute to their
reduced liver weight (Fig. S6G). Altogether, these data document
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a protection toward obesity and its associated deleterious effects
in LS mice.

Lean Phenotype Is Associated with Enhanced Energy Expenditure at
the Whole Body Level. Given the lean and obesity-resistance phe-
notype of the LS mice, we next searched at which level the en-
ergetic equilibrium could be imbalanced in these animals. Food
intake was identical for WT and LS mice, both under normal diet
(ND) and HFD, excluding that this phenotype primary arose from
reduced calories supply (Fig. 74). Moreover, we determined that
feces from WT and LS animals contained equivalent amounts of
energy, suggesting that these animals do not display intestinal
absorption defects (Fig. 7B). In addition, we did not observe sig-
nificant changes in body temperature (Fig. S74). We thus hy-
pothesized that LS-associated SHP2 mutations might improve
energetic substrates management. Therefore, we determined energy
expenditure (EE) in WT and LS mice through an indirect calo-
rimetry approach. Interestingly, whereas the LS mice’s locomotor
activity was not enhanced (Fig. 7C) and the respiratory quotient
(RQ) was similar in both genotypes (Fig. 7D), EE was significantly
increased in LS mice compared with their control littermates, both
under ND and HFD (Fig. 7E). Equivalent RQ excluded major
change in the fuel-partitioning patterns, suggesting that increased
EE resulted from higher catabolism of both carbohydrates and lipids
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Fig. 6. LS mice are resistant to HFD-induced obesity and
seem protected from obesity-associated glucointolerance,
insulin resistance and ectopic lipid deposits. (A—-F) WT
(n = 14) and LS (n = 13) animals were fed a HFD, and
analyses were performed as in Fig. 1 C—E and 4 A-C.
(G and H) At 30 wk of age, liver (G) and gastrocnemius
muscle (H) from WT and LS animals were withdrawn
and triglycerides content was determined (*P < 0.05,
Mann-Whitney nonparametric test). (/) Representative
pictures of H&E liver sections.
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Fig. 7. Increased energy expenditure in LS animals.
(A) Twenty-week-old WT and LS mice maintained
under ND (7 WT, 12 LS) or HFD (7 WT, 6 LS) were
placed in individual cages, then food pellets were
regularly weighted to determine food intake (non-
significant, unpaired two-tailed Student t test). (B)
WT and LS mice maintained under ND (8 WT, 12 LS)
or HFD (9 WT, 7 LS) were placed in individual cages
for 3 d, then stool were collected, dried, and energy
content was determined by using a bomb calorim-

0 P . .
I3 A & 0P A0 q’l- ¢ P a0 ] ) eter (nonsignificant, unpaired two-tailed Student t
A0 \epc;?ovg?ik B0 a0 et b o c," 0,0t 0o o e 20
g W AU "f\o I 60 oo W A O e o Q% gt AT glocl” e test). (C-F) Sixteen- to 18-wk-old WT and LS animals
Epi Liver Muscle maintained under ND (6 WT, 6 LS) or HFD (7 WT,

-
@
1=

=]
=1

Protein expression (% of WT) &)
i
o

193]
mtDNA/nuclear DNA (% of WT) T o

0
Lnmivy
Epi

Ly
sSC

1 Imivv
Liver

Llmiv v
Muscle

in LS animals. Thus, these results infer that decreased body weight
and adiposity in LS mice can be due to increased metabolic rate.
To get insights into the origin of increased EE, we then ana-
lyzed the expression pattern of a series of genes involved in mi-
tochondria biogenesis and function. Interestingly, both PGC-Ia
and P were overexpressed in epididymal and s.c. adipose tissues
from LS mice fed a ND (Fig. 7F), and PGC-1a overexpression was
found in all fat pads tested (Fig. S7B). Moreover, expression of
two PGC-1-target genes involved in mitochondriogenesis, TFAM
and NRF-1, was also increased in epididymal adipose tissue,
whereas the expression of UCPI gene was augmented in s.c. adi-
pose tissue from LS mice. Importantly, expression of several
markers of adipose tissue “beiging” (PPAR«, Cidea, Elolv3) was
enhanced in adipose tissues from LS mice. Of note, up-regulation
of PGC-1a, PGC-1f and NRF-1 was also found in liver from LS
mice compared with WT animals, whereas we did not observe any
change in muscle (Fig. 7F). In line with a possible increase in
mitochondria amount and/or function, Western blot analysis of
mitochondrial complexes revealed a slight up-regulation of several
of these proteins in tissues from LS mice, notably in adipose tis-
sues and liver (Fig. 7G). Moreover, quantification of mitochon-
drial DNA revealed a upward trend for mitochondria density in
epididymal and s.c. adipose tissues (Fig. 7H) and assessment of
cytochrome C (cytC) oxidase activity in tissue homogenates
showed a significant increase of cytC oxidase activity in s.c. ad-
ipose tissue (Fig. 7I). Altogether, this set of results suggests that
LS condition can be associated with improved mitochondria
biogenesis and/or activity, possibly through PGC-1 up-regulation,
which could explain, in part, increased energy expenditure.
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6 LS) were placed in individual chambers. After 24 h
of acclimatization, they were subjected to indirect

|

gzoo * — calorimetry analysis for 24 h. Activity (C), respiratory
= s quotient (D) and energy expenditure (E) were de-
; . termined (*P < 0.05; ***P < 0.001, two-way ANOVA
by with repeated measures). (F-) Adipose tissues, liver,
j:é_' - and muscle samples from 30-wk-old WT and LS mice
] (8 WT, 8 LS) were processed for real-time PCR analysis
2 to determine expression of the indicated genes (F), for
g 50 Western blot analysis to assess expression of re-
5 spiratory chain complexes | to V (G), for determination
% 0 of mitochondrial DNA content (H) and for cytochrome
O Q}Q %0 “"g\\f’d C activity from tissues homogenates (/) (*P < 0.05;

**P < 0.01, unpaired two-tailed Student t test).

LS Patients May Also Display a Lean Phenotype. Finally, we started
to evaluate whether leanness and reduced adiposity found in LS
mice were also a phenotypic trait of patients with LS. Clinical
data were available in 28 patients with LS, genetically confirmed
with a mutation in the PTPN11 (n = 27) or RAFI (n = 1) genes.
Most of LS patients (20 of 28 patients; 71%) had body mass
index (BMI) z score in the lower normal range with a median z
score of —0.6 (range —1.5-1.2) (Fig. 84). This distribution was
similar whatever the PTPN11 mutations, indicating no obvious
genotype/phenotype correlation, although the groups were too
small to draw definite conclusions (Fig. 8B). Moreover, for two
of these patients (BMI z score of —0.9 and —0.8, respectively),
dual-energy X-ray absorptiometry (DXA) analysis and biochemical
measurements were available. Interestingly, these case reports
revealed that both patients had reduced adiposity with a percent-
age of fat body mass z score of —2.4 and —1.8 (Table 2). Consistent
with this finding, both patients displayed very low levels of plasma
leptin, highlighting that their reduced adiposity may have func-
tional consequences. Thus, although preliminary, these results
strongly suggest that LS condition can be associated with a lean
phenotype in humans.

Discussion

In this study, we designed a mouse model carrying one mutated
allele of the Ptpnll gene encoding the T468M mutant of SHP2
to explore the metabolic consequences of LS-associated SHP2
mutations. Extensive phenotyping of this LS mouse strain revealed
that, in addition to the expected and previously observed symptoms
(13, 19), LS animals exhibit markedly reduced adiposity and overall
better metabolic profile, resulting in a lean and DIO resistance
phenotype. Importantly, preliminary data obtained in a French
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cohort of LS patients suggest that such metabolic modifications
could be found in humans; indeed, most of them display a lower-
than-average BMI, which correlates, for the few patients we could
test, with reduced adiposity. Altogether, our study demonstrates, for
the first time to our knowledge, that LS condition can be associated
with a metabolic benefit.

Beyond LS pathophysiology, our findings also highlight a key
role for SHP2 in the regulation of whole body energy homeostasis.
Interestingly, the positive metabolic outcomes of general expres-
sion of a LS mutant of SHP2 appear to be at odds with the few
models of systemic inhibition of SHP2 function described so far.
Indeed, half reduction of SHP2 expression in SHP2*'~ mice had
no impact on body weight and glucose metabolism, whereas over-
expression of a dominant negative mutant in transgenic mice gave
rise to glucose intolerance and insulin insensitivity (20, 21). No-
ticeably, none of these models has been reported to develop the
clinical traits of LS. These apparent discrepancies could probably be
explained by the respective amount of functional SHP2 that can
be recruited to signaling complexes and transduce information.
Moreover, this difference also suggests that LS mutations do not
simply result in a loss-of-function effect. Indeed, it might well be
that LS mutants can retain some docking, phosphatase-independent
activity or could have some substrate trapping effect (16, 17).

We got first molecular insights into how LS-associated SHP2
T468M mutant can drive a lean phenotype. Indeed, we deter-
mined that expression of LS-associated SHP2 mutants in vivo and
in vitro resulted in hyperactivation of both PI3K/Akt and MAPK
in several metabolic tissues in response to insulin. In contrast
to LS-associated PI3K/Akt hyperactivation, which has been ob-
served in several models (13, 19), LS mutant-induced MAPK
hyperactivation is more controversial. Indeed, in heart from
Pipnl1¥?”°°* mice, MAPK ERK1/2 phosphorylation was strongly
reduced in response to several agonists, including insulin (13),
a feature that was also found in the Ppnl17*%M™* mice. However,
expression of LS mutants promoted MAPK hyperactivation in
other biological models and in vitro, notably under basal and low
stimulation conditions (14-16). One can thus imagine that
LS mutants differently affect ERK1/2-regulating mechanisms
depending on the cell type and on the signal nature and strength.
Importantly, we provide some evidences that LS-associated
leanness can be due, at least in part, to MAPK up-regulation,
because chronic MEK inhibition partially reverted the lean
phenotype of LS mice. In contrast, chronic treatment with
rapamycin did not affect body weight and adiposity of LS mice,
but strongly impaired their glucose tolerance. Interestingly,
PI3K/Akt/mTOR hyperactivation has also been reported in other
LS mouse models, notably in cardiac tissue following insulin in-
jection, and has been involved in LS-associated cardiac defects (13,
19). Altogether, our results suggest that combined dysregulation
of the Ras/MAPK and PI3K/Akt/mTOR pathways may participate
to the lean phenotype of the LS mice. Moreover, dysregulation
of additional signaling cues could certainly participate in the
implementation of the metabolic phenotype in LS mice.
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Going into details about the metabolic consequences of LS
mutation, the most prominent feature of LS mice is their strong
reduction in adiposity and their DIO resistance phenotype,
which can be the resultant of several dysfunctions. First, we have
shown that LS-causing mutation reduces the differentiation of
SVF-derived cells into adipocytes, suggesting a defect in adipo-
genesis. Supporting this view, aP2-Cre-mediated Ptpnl1 invalidation
in adipose tissue strongly impairs adipose tissue development, and
SHP2 knockdown in a preadipocyte cell line or in pluripotent
embryonic stem cells strongly inhibited adipocyte differentiation
(29, 30). Defective adipogenesis could result from dysregulation
of specific signaling pathways in adipocyte precursors, notably
p38, as proposed by He et al. (30) or MAPK ERK1/2 (32), but
also from inappropriate production of adipogenesis-regulating
factors. Of note, more general determination processes might be
impaired in LS mice, because SHP2 has been shown to control
stem cell development (33, 34). Besides an adipogenesis defect,
reduced fat mass can arise from enhanced lipolysis activity. How-
ever, the precise mechanisms that stimulate lipolysis in LS adipo-
cytes remain to be established. Interestingly, one may hypothesize
that the observed enhanced insulin-evoked MAPK activation in
LS adipose tissue can sustain lipolysis, because MAPK can down-
regulate perilipin and activate HSL (35, 36). Second, beyond an
intrinsic effect on adipose tissue maintenance, reduced adiposity
and DIO resistance of LS mice is also certainly due, at least in part,
to their increased energy expenditure. Interestingly, hepatic in-
activation of SHP2 (LSHKO mice) also resulted in resistance to
HFD-induced obesity and increased energy expenditure (28),
suggesting that reduced SHP2 activity in the liver of LS mice
participates in their DIO resistance. However, because LSHKO
mice have normal body weight under ND, increased energy ex-
penditure in other organs, notably adipose tissue, may contribute
to LS mice leanness (25). Supporting this view, we found that the
key enhancers of mitochondriogenesis and energy metabolism
PGC-1 were overexpressed in both liver and adipose tissue of LS
mice, and that mitochondrial density and cytochrome C oxidase
activity were increased in some fat pads. In addition, we could
determine that some markers of adipose tissue beiging were up-
regulated in adipose tissues from LS mice, notably in s.c. fat pads,
suggesting that this adipose tissue has enhanced oxidative activity,
which could contribute to enhanced energy expenditure. In-
terestingly, several studies have shown that SHP2 could regulate
mitochondria activity, although the signaling pathways that link
SHP2, and its LS-associated mutants, to the regulation of mito-
chondria function and energy homeostasis remain to be docu-
mented (37-42).

Our study also highlights that T468M SHP2 mutant expression
gives rise to overall better metabolic status. Indeed, LS mice
display normal plasma lipid profile, under ND and HFD con-
ditions, with only a slight reduction of cholesterol level when fed
a HFD. Moreover, ectopic lipid deposits in liver and muscle were

Table 2. Case report: Clinical data from 2 LS patients (age- and
sex-adapted normal range)

Clinical data Patient 1 Patient 2
Mutation ¢.1403C > T (T468M) €.836A > G (Y2790)
Age 7 10

Sex Female Female
Weight, kg 18 22.8
Weight, SD —1.00 —3.00
Height, m 1.14 1.24
Height, SD -1.00 -2.10
BMI, kg/m? 13.9 14.9
BMI, SD -0.9 -0.8

% fat mass, SD 2.4 -1.8
Leptin, mg/L 2.8 (3.7-11.1) 2.9 (3.7-11.1)

Standard deviation (SD) and normal range for leptin concentration, in-
dicated with parentheses, are age and sex adapted.
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significantly reduced in LS mice, even when fed a HFD, sug-
gesting an improved lipid metabolism for LS mice despite re-
duced adiposity. Interestingly, LSHKO mice fed a HFD were
also found with decreased hepatic lipid storage and serum tri-
glycerides, suggesting that SHP2 partial inactivation in the liver
of LS mice participates to this phenotype (28). Importantly, LS
mice were also found with improved carbohydrates metabolism.
Although reduced adiposity in LS mice may contribute to their
better insulin sensitivity, our in vitro results show that expression
of LS mutants is sufficient to enhance insulin signaling. More-
over, LSHKO mice also display improved glucose tolerance and
insulin sensitivity, under HFD and in normal chow conditions
(25, 28), suggesting that improvement of glucose metabolism in
LS mice could be due to an effect of LS mutant at the hepatic
level. It is also important to note that insulin levels in LS mice
remained low, albeit glucose-inducible, even in aged or HFD-fed
mice. Although this feature could be linked to their enhanced
insulin sensitivity, expression of LS-associated SHP2 mutant in
the pancreas may also inhibit insulin secretion, because it has
been shown that SHP2 deletion in the pancreas strongly reduces
glucose-induced insulin secretion (27).

Importantly, the lean phenotype of the LS mice appears to be at
variance with several models of tissue-specific SHP2 knockouts.
Indeed, SHP2 invalidation in muscle results in insulin insensitivity
and glucose intolerance, with triglycerides accumulation in the
muscle (26), whereas the opposite phenotype is observed in LS
mice. Moreover, in contrast to LS mice that display reduced adi-
posity and DIO resistance, mice lacking SHP2 at the neuronal level
have been shown to develop obesity and/or diabetes. Interestingly,
these opposite features appear to be related to leptin signaling,
because neuronal SHP2 knockout is associated with hyper-
leptinemia and leptin resistance (22-24), whereas LS mice display
no sign of leptin resistance and low leptin level. Regarding this
latter low leptinemia, it may contribute to the reduced blood pres-
sure observed in the LS mice, because it has been demonstrated
by He et al. that reduced adiposity and leptin level were causally
linked to hypotension in an adipose tissue-specific SHP2 KO mouse
model (30).

Altogether, these data reveal that the metabolic phenotype of LS
mice is not simply the sum of the different tissue-specific models of
SHP2 invalidation. A molecular explanation for this difference
could be that heterozygous expression of the T468M mutant of
SHP?2 induces both PI3K and MAPK hyperactivation in metabolic
tissues, notably in response to insulin, whereas SHP2 invalidation
has different impact on these signaling pathways depending on the
targeted tissue. Thus, LS mice resemble LSHKO mice, in which a
strong PI3K up-regulation has been observed in the liver (25, 28),
but differ from models of tissues specific to SHP2 inactivation that
mainly results in MAPK inhibition (muscle, brain) (23, 26). How-
ever, because LS mutant can also inhibit the MAPK pathway, no-
tably in cardiac tissue (13), detailed analysis of activation levels of
those particular signaling pathways, in different tissues and in re-
sponse to various agonists, will be necessary to validate this concept.

The identification of a lean phenotype in the LS mouse model
also raises several questions in pathophysiology. First, does this
apparent metabolic benefit participate in some symptoms of the
disease? For instance, it is well established that an imbalance in
metabolic substrate utilization, and altered response to insulin
and key cardiac function regulating adipokines (e.g., leptin, adi-
ponectin), can participate in the development of HCM, the most
frequent LS-associated cardiopathy (43, 44). Therefore, it would
be worthwhile to complete and extend to additional cases the
metabolic exploration of LS patients, and to correlate their
metabolic status to the development of other symptoms of the
disease. Second, is this metabolic advantage a characteristic of
SHP2 mutation-driven LS or a common feature of Rasopathies?
That MAPK hyperactivation can be a cause of the lean pheno-
type of LS mice argues in favor of the latter. Noticeably, recent
surveys have reported that patients with Rasopathies, notably
with Noonan syndrome, rarely develop into being overweight
or obese (45, 46). Interestingly, Wu et al. (47) have shown that
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PD0325901-mediated MAPK inhibition in a mouse model of
Noonan syndrome caused significant increase in body weight
and adiposity, suggesting a protective role of MAPK hyper-
activation toward the development of obesity. Therefore, it
might be important to generalize metabolic exploration to other
Rasopathies. Last but not least, because heterozygous expres-
sion of an LS mutant of SHP2 enhances energetic metabolism
and has a protective effect toward obesity and diabetes, one may
wonder whether equivalent pharmacological modulation of
SHP2, that functionally mimics LS mutations, could be a potent
strategy to alleviate obesity and associated pathologies. Indeed,
it has been shown that SHP2 expression is up-regulated in
metabolic tissues from obese animals, suggesting that increased
SHP2 expression/activity contributes to the development of
obesity (28, 31, 48, 49). Further studies are definitely warranted
to address these burning questions.

Materials and Methods

Mouse Studies. All procedures were performed in accordance with in-
stitutional guidelines for animal research and were approved by the Animal
Care and Use Committee of Institut National de la Santé et de la Recherche
Médicale US006. For all in vivo studies, male mice Ptpn117#¥M* and their
Pton11*"* littermates have been compared. For reversion experiments, ani-
mals were injected i.p. with 1 mgkg™".d™' PD0325901, 2 mg-kg~"-d™" rapa-
mycin or vehicle as a control for 1 mo. EchoMRI analyses (Echo Medical
Systems) were performed by following manufacturer’s instructions to de-
termine body composition. For OGTT and ITT, after 6-h fasting, mice were fed
with glucose (3 g/kg) for OGTT or injected with insulin (0.5 units/kg) for ITT,
then blood was taken from the tail vein and glucose levels were monitored
over time by using a glucometer (Accu-check; Roche Diagnostics) or using
Glucose RTU kit (bioMérieux). Indirect calorimetry was performed at the in-
dicated age after 24 h of acclimatization in individual cages. O, consumption
(VO,) and CO, production (VCO,) were measured (Oxylet; Panlab-Bioseb) in
individual mice at 25-min intervals during a 24-h period. The respiratory
quotient (RQ = VCO./VO,) and energy expenditure (in kcal-d~"-kg™’,
0.75 = 1.44 x VO, x [3.815 + 1.232 x RQ]) were calculated. Ambulatory ac-
tivities of the mice were monitored by an infrared photocell beam in-
terruption method (Sedacom; Panlab-Bioseb).

Lentiviral Transduction and Insulin Stimulation of Mouse Embryonic Fibroblasts.
Previously described ¢cDNA encoding V5-SHP2-WT, T468M, and -Y279C (18)
were made shRNA-resistant by generating silent mutations through site-
directed mutagenesis, then subcloned into the previously described pLVTHM/
sh-SHP2 in lieu of the GFP cassette (50). Lentivectors were generated as de-
scribed in ref. 50 and used to transduce immortalized MEFs. Cells were seeded
in 60-mm dishes, serum deprived, then stimulated or not with 50 nM insulin
for 5 min, rinsed with ice cold PBS, lysed in Laemmli's sample buffer, and
processed for Western blot analysis.

Clinical Data Collection and Analysis. The data collection and exploration of
genes for LS patients was performed in the Department of Genetics, Assis-
tance Publique-Hopitaux de Paris-Robert Debré Hospital, Paris, and was
approved by Institutional Review Boards (Program Hospitalier de Recherche
Clinique National, AOMO02004). Written informed consent was obtained
from the legal guardians and/or patients. Auxological data (height and
weight) were available in 28 patients (11 females, 17 males, age range 0-20 y
old). BMI was calculated as the ratio of weight in kilograms divided by the
square of height in meters, and BMI measurements were converted to age-
and sex-specific z scores on the basis of French reference data (51). Fat body
mass was measured by dual-energy X-ray absorptiometry (DXA) analysis by
using a Lunar Prodigy device (GE Healthcare), expressed as a percentage of
total body mass and transformed to age-specific z scores (52).

Statistics. All data are expressed as mean + SEM. Except otherwise indicated,
statistical significance was determined by using paired or unpaired two-
tailed Student t test, with Welch correction in case of unequal variances,
two-way ANOVA with Bonferroni post hoc test, or two-way ANOVA with
repeated measures, as appropriate. P values <0.05 were considered signifi-
cant (*P < 0.05; **P < 0.01; ***P < 0.001).
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