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Human bone marrow-derived mesenchymal stromal cells
(hMSCs) have the capacity to differentiate into several cell types
including osteoblasts and are therefore an important cell source
for bone tissue regeneration. A crucial issue is to identify mech-
anisms that trigger hMSC osteoblast differentiation to promote
osteogenic potential. Casitas B lineage lymphoma (Cbl) is an E3
ubiquitin ligase that ubiquitinates and targets severalmolecules
for degradation. We hypothesized that attenuation of Cbl-me-
diateddegradationof receptor tyrosine kinases (RTKs)maypro-
mote osteogenic differentiation in hMSCs. We show here that
specific inhibition of Cbl interaction with RTKs using a Cbl
mutant (G306E) promotes expression of osteoblast markers
(Runx2, alkaline phosphatase, type 1 collagen, osteocalcin) and
increases osteogenic differentiation in clonal bone marrow-de-
rived hMSCs and primary hMSCs. Analysis of molecular mech-
anisms revealed that theCblmutant increased PDGF receptor�
and FGF receptor 2 but not EGF receptor expression in hMSCs,
resulting in increased ERK1/2 and PI3K signaling. Pharmaco-
logical inhibition of FGFR or PDGFR abrogated in vitro osteo-
genesis induced by the Cbl mutant. The data reveal that specific
inhibition of Cbl interaction with RTKs promotes the osteo-
genic differentiation program in hMSCs in part by decreased
Cbl-mediated PDGFR� and FGFR2 ubiquitination, providing a
novelmechanistic approach targetingCbl to promote the osteo-
genic capacity of hMSCs.

Human bone marrow-derived mesenchymal stromal cells
(MSCs)3 are adherent cells that can differentiate into multiple
lineages including chondroblasts, osteoblasts, and adipocytes

in a specific environment (1–3). Adult human MSCs (hMSCs)
are an important cell source for tissue repair and therapy in
regenerative medicine (4, 5). One important limitation to using
hMSCs is their limited potential to differentiate into functional
bone-forming cells. An important challenge is therefore to
develop strategies that can promote the ex vivo osteogenic
potential of hMSCs for bone tissue regeneration (6, 7). This
requires a better understanding of the signaling molecules that
trigger MSC osteogenic differentiation.
The osteogenic differentiation of MSCs is characterized by

the expression of timely expressed genes such as Runx2, alka-
line phosphatase (ALP), and type I collagen (Col1A1) followed
by extracellular matrix mineralization (8, 9). The osteogenic
potential of hMSCs can be promoted by proteins such as bone
morphogenetic proteins that increase Runx2 expression and
downstream osteoblast marker genes (10). Very recent studies
indicate that activation of receptor tyrosine kinases (RTKs)
such as platelet-derived growth factor (PDGFR) (11) or fibro-
blast growth factor receptor 2 (FGFR2) (12) promotes the
osteogenic differentiation of human or murine MSCs. This
effect results in part from activation of signaling pathways such
as extracellular signal-regulated protein kinase (ERK1/2) and
phosphatidylinositol kinase (PI3K), leading to activation of
osteoblast marker gene expression inMSCs and osteogenic dif-
ferentiation (11, 12). This suggests that finding approaches to
activate these receptors may potentially promote the osteo-
genic capacity of hMSCs.
Ubiquitin ligases are important proteins that act as regula-

tors of signal transduction pathways. These proteins ubiquiti-
nate and target several signaling molecules for degradation
(13–16). The E3 ubiquitin ligase Cbl (Casitas B-lineage lym-
phoma) is a 120-kDa cytoplasmic polypeptide that is responsi-
ble for the down-regulation of RTKs and nonreceptor tyrosine
kinases that undergo proteasome-mediated degradation after
being ubiquitinated by Cbl (17, 18). A number of studies indi-
cate that Cbl plays a potential role as a negative regulator of
RTKs, including epidermal growth factor (EGFR), PDGFR, and
FGFR (19–23). This negative regulatory function is mediated
by two Cbl domains, the phosphotyrosine kinase-binding
(PTB) domain and the RING finger domain (24). The PTB
domain allows interaction of the Cbl protein with activated
RTK, and the RING finger domain allows recruitment of ubiq-
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uitin-conjugated enzymes (E2), resulting in ubiquitination of
RTKs and their proteasome degradation (25). Alteration of Cbl
activity using the Cbl G306Emutant which inactivates the PTB
domain (26, 27) results in loss of function, indicating that the
negative regulation of RTK signaling pathways by Cbl requires
direct interaction of RTK with intact PTB domain (28).
Although the role of Cbl as a negative regulator of RTKs is

well documented, the potential impact of Cbl-mediated regu-
latory mechanisms in the physiological control of cell prolifer-
ation, differentiation, and survival remains to be determined. In
previous studies, we showed that Cbl plays a role in the control
of osteoblasts by regulating the degradation of FGFR2, Src pro-
teins, PI3K, and �5 integrin subunit, indicating that Cbl-medi-
ated attenuation of signaling pathways is an important physio-
logical mechanism controlling osteoblastogenesis (20, 29–31).
Here, we hypothesized that attenuation of Cbl interaction with
RTK in hMSCmay promoteMSC osteoblast differentiation via
increased RTK signaling, which could be used as a therapeutic
tool for promoting osteogenic differentiation. In this study, we
report that specific attenuation of Cbl-mediated degradation of
some RTKs using a Cbl-inactive mutant promotes osteogenic
differentiation in hMSCs without adversely affecting cell pro-
liferation or survival. We show that the osteogenic differentia-
tion program induced by the Cbl mutant is mediated in part by
enhanced FGFR2 andPDGFR� expression and signaling. These
results indicate that specific attenuation of Cbl interactionwith
RTK can be an efficient strategy for promoting osteogenic dif-
ferentiation of hMSCs.

EXPERIMENTAL PROCEDURES

Cells andTreatments—Cultured immortalized clonal human
bone marrow stroma-derived Stro-1-positive cells (F/Stro-1�
hMSCs) (32) were obtained as previously described (33). These
cells display osteogenic differentiation potential (33, 34). Pri-
mary hMSCs were purchased from PromoCell (Heidelberg,
Germany). HEK293T cells were purchased from American
Type Culture Collection. Cells were routinely cultured in Dul-
becco’s modified Eagle’s medium (DMEM; Invitrogen) supple-
mented with 10% heat-inactivated fetal calf serum (FCS), 1%
L-glutamine, and penicillin/streptomycin (10,000 units/ml and
10,000 �g/ml, respectively) at 37 °C in humidified atmosphere
containing 5% CO2 in air. Culture media were changed three
times a week. In some experiments, cells were treated with the
PDGFR inhibitor Imatinib� (Novartis, Basel, Switzerland) used at
0.5 �M, or the FGFR inhibitor PD173074 (Sigma) used at 5 nM.
Lentiviral Particles Production and Transduction—The pBK

plasmid containing the human G306E Cbl complete sequence
that abolishes the binding ability of Cbl PTB domain (19) was
amplified by PCR using forward primer 5�-CCCTCG-
AGCGGCCACCATGGATTACAAGGATGACGACGAT-
AAGTGAGCCGGCAACGTGAAGAAGAGCTCT-3� and
reverse primer 5�-CGGGGTACCCTAGGTAGCTACATGG-
GCAGGAGA-3�, then cloned into the lentiviral TRIP vector
previously described (35) between the Xho1-Kpn1 sites. Lenti-
viral production was performed using HEK293T cells plated at
8 � 104 cells/cm2 and grown overnight at 37 °C in DMEM sup-
plemented with 10% heat-inactivated FCS and penicillin/strep-
tomycin (10,000 units/ml and 10,000 �g/ml, respectively).

Virion particles containing the TRIP-G306E Cbl or the control
empty vector TRIP-EV were produced by transient calcium
phosphate cotransfection of HEK293T cells with 25 �g of
the vector plasmid, 25 �g of the encapsidation plasmid
(pCMVR8.91) and 5 �g of the vesicular stomatitis virus G pro-
tein envelope expression plasmid (pHCMV-G). F/Stro-1� or
primary hMSCs were transduced at 50% confluence with lenti-
viral particles in the presence of Polybrene (10 �g/ml or 5
�g/ml, respectively) for 48 h. Lentiviral transduction efficacy
was evaluated by GFP level under fluorescence microscopy
(36). Human shCbl particles were purchased from Clini-
Sciences (Montrouge, France).
Proliferation andApoptosis Assays—Cellswere seeded at 2.5 �

104 cells/cm2, and cell proliferationwas evaluated by cell count-
ing or BrdU incorporation according to themanufacturer’s rec-
ommendations (GEHealthcare). For the apoptosis assay, 2 � 104
cells/cm2 were cultured in the presence of 0 or 10% FCS, and
DNA fragmentation was detected using TUNEL staining (37).
Cell viability was evaluated by the colorimetric MTT microas-
say as described (38).
Differentiation Assays—Alkaline phosphatase activity was

determined using a FAST kit according to the manufacturer’s
recommendations (Sigma). For the in vitro osteogenic assay,
cell culture mediumwas supplemented with 50 �g/ml ascorbic
acid and 3mM inorganic phosphate (NaH2PO4) to allowmatrix
synthesis and mineralization. At the indicated time point, cells
were fixed in 70% ethanol at 4 °C. Matrix mineralization was
evaluated by alizarin red staining and microphotographed
using an Olympus microscope (12).
Quantitative RT-PCR Analysis—Total RNAs were isolated

usingTRIzol reagent (Invitrogen) according to themanufactur-
er’s recommendation and stored at �80 °C in RNAsecure Rea-
gent-treated H2O. Three �g of total RNA from each sample
were denatured for 10 min at 70 °C and then reversed tran-
scribed at 37 °C for 90 min using 300 units Moloney murine
leukemia virus reverse transcriptase, 1.5 �g of oligo(dT) prim-
ers, 1 mM dNTP in 20 �l of total and finally inactivated at 85 °C
for 5 min. Relative mRNA levels were evaluated by quantitative
PCR (LightCycler; Roche Applied Science) using a SYBRGreen
PCR kit (ABGen, Courtabœuf, France) and specific primers
(12). Thermal conditions were: activation for 15 min at 95 °C
then 45 cycles of denaturation at 95 °C for 20 s, 60 °C annealing
for 15 s, and 72 °C extension for 15 s. Signalswere normalized to
GAPDH as internal control. The relative amount of RNA was
calculated by the 2-��Ct method.
Western Blot and Immunoprecipitation Analyses—Total cell

lysates were prepared as described (12). Proteins (30 �g) were
resolved on 4–12% SDS-PAGE and transferred onto PVDF
nitrocellulose membranes (Millipore). Filters were incubated
for 2 h in 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.1% (v/v)
Tween 20, 0.5% (w/v) bovine serum albumin (TBST/BSA), then
overnight at 4 °C on a shaker with the following primary anti-
bodies (1/500–1/1000 in TBST/BSA): anti-c-Cbl, anti-FGFR2,
anti-phosphotyrosine (Tyr(P)), anti-Cbl-b, anti-EGFR and
anti-PDGFR�, anti-ERK1/2 and anti-p-ERK1/2, anti-ubiquitin
(Santa Cruz Biotechnology, Santa Cruz, CA), anti-AKT, anti-p-
AKT, anti-PI3K p85, anti-p-PI3K p85, anti-p-FRS2� (Cell Sig-
naling, Danvers,MA), anti-�-actin (Sigma), anti-Grb2 (BDBio-
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sciences), or anti-phosphotyrosine Sprouty2 (Spy2; BD
Biosciences). Membranes were washed twice with TBST and
incubated for 2 h with the appropriate HRP-conjugated sec-
ondary antibody (1/10,000–1/20,000 inTBST/BSA). After final
washes, the signals were visualized with enhanced chemilumi-
nescenceWestern blotting detection reagent (ECL, Amersham
Biosciences) and autoradiographic film (X-Omat-AR, Eastman
Kodak). Densitometric analysis using ImageQuant software
was performed following digital scanning (Agfa). Representa-
tive images of immunoblots are shown. For immunoprecipita-
tion analysis, cell lysates were prepared as for Western blot
analysis, and aliquots of total protein (250 �g) were incubated
overnight under weak agitation at 4 °C with 2 �g of specific
antibody and 20 �l of Dynabeads protein G (Invitrogen). Com-
ponents of the bound immune complex (both antigen and anti-
body) were eluted from the Dynabeads and analyzed by SDS-
PAGE according to the manufacturer’s recommendations.
Statistical Analysis—The data are the mean � S.D. of an

average of six samples and are representative of at least three
distinct experiments. The data were analyzed by Student’s test,
and a minimal level of p � 0.05 was considered significant.

RESULTS

The G306E Cbl Mutant Moderately Modulates hMSC Prolif-
eration and Survival—We have used the G306E Cbl mutant
specifically to target the link between Cbl and RTK because
knocking down Cbl may have undesirable effects on several
proteins in addition to RTKs. We first determined the expres-
sion levels of Cbl in hMSCs transduced with the G306E Cbl
mutant. Quantitative PCR analysis showed that themutant Cbl
induced a 2-fold increase in Cbl mRNA levels in F/Stro-1�
MSCs (Fig. 1A). Western blot analysis confirmed that total Cbl
(c-Cbl and G306E Cbl) was increased about 2-fold in trans-
duced hMSCs, thus validating the assay (Fig. 1B). A similar
effect was obtained in primary hMSCs (supplemental Fig. 1A).
To determine the cellular effect of the mutant Cbl in hMSCs,
we first investigated the changes in cell proliferation in
F/Stro-1� MSCs transduced with G306E Cbl. Determination
of DNA replication using the BrdU assay showed that the
mutant Cbl induced only a slight (�15%) increase in DNA rep-
lication at early time points (Fig. 1C). Analysis of cell number
confirmed that the G306E Cbl mutant only slightly (�10%)
increased cell number at 6 days of culture (Fig. 1D). Similar
effects of the Cbl mutant were obtained in primary hMSCs
(supplemental Fig. 1B). We then determined the cellular effect
of themutant Cbl onmesenchymal cell survival. Analysis of cell
apoptosis showed that the G306E Cbl mutant had no effect on
F/Stro-1� MSC survival cultured in basal conditions (10%
FCS) and only slightly increased cell apoptosis in a serum-de-
prived (0% FCS) condition, as determined by both MTT test
(Fig. 1E) and TUNEL staining (Fig. 1F). A similar effect was
observed in primary hMSCs using theMTT test (supplemental
Fig. 1C). These results show that specific attenuation of Cbl
interaction with RTKs using the G306E Cbl mutant has only a
marginal effect on cell proliferation and survival in hMSCs.
The G306E Cbl Mutant Promotes hMSC Osteogenic

Differentiation—We then investigated the effects of the Cbl
mutant on osteogenic differentiation of F/Stro-1� and primary

hMSCs. Quantitative PCR analysis showed that the Cbl mutant
induced a 2-fold increase in mRNA expression for Runx2, a
specific osteoblast transcription factor. Consistently, the Cbl
mutant increased the expression ofalkaline phosphatase (ALP),
an early osteoblast marker, type 1 collagen (Col1A1), a func-
tional osteoblast marker, as well as osteocalcin (OC), a late
osteoblast marker (Fig. 2A). Similar effects of the G306E Cbl
mutant on osteoblast differentiation markers were obtained in
primary hMSCs (Fig. 2B), confirming that the mutant Cbl pro-
moted osteoblast differentiation in hMSCs. We also showed
that the G306E Cbl mutant decreased the expression of adi-
pocyte genes such as C/EBP� , aP2, and LPL in clonal hMSCs
(Fig. 2C) and primary hMSCs (Fig. 2D), indicating decreased
adipogenic differentiation. We also determined the effects of
the mutant Cbl on in vitromatrix mineralization. As shown in
Fig. 2, themutant Cbl increasedmatrixmineralization in clonal
hMSC (Fig. 2E) and primary hMSC cultures (Fig. 2F). In
marked contrast, we found that a shCbl that effectively
decreasedCbl level, as revealed by qPCRandWestern blot anal-
yses (supplemental Fig. 2, A and B) reduced the expression of
most osteoblast differentiation marker genes (supplemental
Fig. 2C). This effect of Cbl knocking down presumably results
from undesirable effects on several proteins besides RTKs.

FIGURE 1. The G3036E Cbl mutant marginally modulates hMSC prolifera-
tion and survival. A and B, quantitative PCR analysis (A) and Western blot
analysis (B) showing increased Cbl mRNA and protein levels, respectively, in
clonal hMSCs transduced with the G306E Cbl mutant compared with the
empty vector (EV). C and D, effect of the G3036E Cbl mutant on hMSC cell
replication as shown by BrdU assay (C) and cell number (D). E and F, change in
cell survival induced by the G3036E Cbl mutant in clonal hMSCs as shown by
MTT assay (E) and TUNEL staining in serum-deprived conditions (F). *, signifi-
cant difference with EV-transduced cells (p � 0.05). Error bars, S.D.
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Thus, in contrast to general Cbl knocking down, specific atten-
uation of Cbl interaction with RTKs using the G306E Cbl
mutant increases osteoblast marker expression and osteogenic
potential and decreases adipogenic differentiation of hMSCs.
The G306E Cbl Mutant Affects FGFR2 and PDGFR�

Signaling—The ubiquitin ligase Cbl acts by recruiting proteins
such as RTKs for ubiquitination and proteasome degradation.
We therefore sought to determine the effect of the G306E Cbl
mutant that abolishes the binding ability of Cbl PTB domain
(19) on RTK levels. Western blot analysis showed that trans-
duction of F/Stro-1� MSCs with G306E Cbl resulted in
increased PDGFR� and FGFR2 protein levels, whereas EGFR
level was unchanged (Fig. 3A). Similar effects were observed in
primary hMSCs (supplemental Fig. 3A). Further immunopre-
cipitation analyses showed that the mutant Cbl decreased the
amount of Cbl associated with PDGFR� and FGFR2 but not
EGFR (Fig. 3B). The recruitment of Cbl to RTKs leads to ubiq-
uitination and degradation. To investigate the resulting effect
of the mutant Cbl on RTKs, we performed immunoprecipita-
tion analyses in hMSCs. As shown in Fig. 3C, the mutant Cbl
decreased ubiquitin levels associated with PDGFR� and
FGFR2, resulting in increased PDGFR� and FGFR2 protein lev-
els. Overall, these results show that the G306E Cbl mutant
decreases ubiquitination of at least two receptors (PDGFR� and
FGFR2), resulting in increased expression of these receptors in
hMSCs.
Having shown that the expression of the mutant Cbl results

in increased PDGFR� and FGFR2 protein levels in hMSCs, we
sought to determine whether this effect is associated with

increased RTK signaling. As shown in Fig. 4A, the increased
PDGFR� induced by the mutant Cbl was associated with an
increased phosphorylated PDGFR� level. Similarly, the Cbl
mutant increased both FGFR2 and phosphorylated FGFR2 lev-
els (Fig. 4A), indicating that the up-regulation of PDGFR� and
FGFR2 translated into activation of these receptors in hMSCs.
We next determined whether receptor activation induced by
the mutant Cbl triggered signaling pathways known to be acti-
vated by PDGFR and FGFR2 in osteogenic cells. As shown in
Fig. 4B, activation of PDGFR� and FGFR2 induced by the Cbl
mutant increased ERK1/2 and PI3K phosphorylation whereas
Akt phosphorylation was unchanged. Again, all effects of the
mutant Cbl on cell signaling were confirmed in primary
hMSCs, although the effects were lower than in clonal hMSCs
(supplemental Fig. 3B). These results show that specific atten-
uation of Cbl interaction with RTKs in hMSCs increased the
expression and signaling of at least PDGFR� andFGFR2, result-
ing in activation of two signaling pathways, namely ERK1/2 and
PI3K.

FIGURE 2. The G3036E Cbl mutant promotes hMSC osteogenic differenti-
ation. A–D, quantitative PCR analysis showing that the G306E Cbl mutant
increased the expression of osteoblast markers and decreased adipocyte
gene expression in clonal hMSCs (A and C) and primary hMSCs (B and D)
compared with empty vector (EV) transduced cells. E and F, G306E Cbl
mutant-increased matrix mineralization as shown by alizarin red staining at
14 days of culture in clonal hMSCs (E) and primary hMSCs (F). *, significant
difference with EV-transduced cells (p � 0.05). Error bars, S.D.

FIGURE 3. Effects of the G3036E Cbl mutant on FGFR2, PDGFR�, and EGFR
signaling. A, Western blot analysis showing that the G306E Cbl mutant
increased PDGFR� and FGFR2, but not EGFR levels in clonal hMSCs. B, immu-
noprecipitation (IP) analysis showing decreased PDGFR� and FGFR2 associ-
ated with Cbl in clonal hMSCs expressing the G306E Cbl mutant. IgG served as
internal control. WB, Western blotting. C, immunoprecipitation analysis
showing decreased PDGFR� and FGFR2 associated with ubiquitin (Ub) in
clonal hMSCs transduced with the G306E Cbl mutant. The same protein
lysates showing increased PDGFR� and FGFR2 in G306E Cbl transduced cells
were used as internal controls.
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Lack of Effect of the G306E Cbl Mutant on RTK-associated
Ancillary Proteins—The degradation of activated tyrosine
kinase receptors is regulated by several mechanisms involving
multiple proteins. We therefore investigated whether the
mutant Cbl altered RTK interactions with regulatory proteins.
We found that transduction of hMSCs with the G306E Cbl
mutant increased protein level of Cbl-b, another Cbl ubiquitin
ligase that is involved in protein degradation (Fig. 4C), suggest-
ing that attenuation of Cbl function by the mutant may be, in
part, compensated by increased Cbl-b level. We also deter-
minedwhether themutant Cbl caused changes in ancillary pro-
teins that are recruited by activated RTKs and modulate RTK
activity (39). Because Cbl can form a complex with PDGFR or
EGFR indirectly by means of Grb2 (40), we investigated
whether Grb2-mediated binding of Cbl to PDGFR was altered
by the mutant Cbl. We found that the Grb2 level associated
with PDGFR� or EGFR was not significantly changed by the
mutant Cbl in hMSCs (Fig. 4D), indicating normal Cbl-Grb2
binding of this complex. Spy2 is another signaling attenuator
controlling RTK signaling (41). Upon stimulation by RTKs,
phosphorylation of Spy2 on a conserved tyrosine residue 55
leads to binding to Cbl, resulting in reduced Cbl interaction
with RTKs and reduced RTK ubiquitination and degradation
(42). We found that the level of p-Spy2 associated with Cbl was
not affected in hMSCs transduced with the mutant Cbl (Fig.

4E). Finally, we investigated whether the mutant Cbl affected
the docking protein FGFR substrate 2 (FRS2), which is required
for Spy2 phosphorylation upon FGFR activation (40), resulting
in interaction with Cbl and receptor ubiquitination (43). As
shown in Fig. 4F, p-FRS2� associated with FGFR2 was
unchanged by the mutant Cbl in hMSCs. Overall, these results
indicate that the G306E mutant does not appear to alter Spy2-
FRS2�-FGFR2 interactions in hMSCs.
FGFR2 and PDGFR Signaling Mediates hMSC Osteogenic

Differentiation Induced by the G306E Cbl Mutant—The above
results indicate that specific attenuation of Cbl interactionwith
RTKs in hMSCs triggers up-regulation of PDGFR� and FGFR2,
leading to increased ERK1/2 and PI3K signaling. To determine
whether these signaling pathways are functionally involved in
the cellular phenotype induced by the Cbl mutant in hMSCs,
we inhibited PDGFR and FGFR in hMSCs expressing the Cbl
mutant. As shown in Fig. 5A, the pharmacological inhibitors

FIGURE 4. Effect of the G3036E Cbl mutant on RTK signaling and ancillary
proteins. A, immunoprecipitation (IP) analysis showing that the G306E Cbl
mutant increased PDGFR� and FGFR2 phosphorylation in clonal hMSCs.
B, Western blot analysis showing that the G306E Cbl mutant increased ERK1/2
and PI3K, but not Akt phosphorylation in clonal hMSCs. C–F, Western blot
(WB) analysis showing increased Cbl-b (C) but unchanged Grb2 (D), phospho-
Spy2 (E) and phospho-FRS2� (F) in clonal hMSCs expressing the G306E Cbl
mutant. IgG served as internal control.

FIGURE 5. hMSC osteogenic differentiation induced by the G3036E Cbl
mutant involves FGFR and PDGFR signaling. A, Western blot (WB) analysis
showing that the PDGFR inhibitor Imatinib� (IM, 0.5 �M) and the FGFR inhib-
itor PD173074 (5 nM) reduced PDGFR� and FGFR2 phosphorylation in clonal
hMSCs. B, cell proliferation assay showing that the two inhibitors abrogated
the increased cell number induced by the Cbl mutant in clonal hMSCs at 6
days of culture. C and D, both PDGFR (C) and FGFR (D) inhibitors blunted in
vitro matrix mineralization induced by the G306E Cbl mutant in clonal hMSCs
as shown by alizarin red staining at 14 days of culture. EV, empty vector.
E, proposed signaling mechanism underlying the osteogenic differentiation
induced by the G3036E Cbl mutant in hMSCs. Specific attenuation of Cbl
interaction with RTKs induced by the G306E Cbl mutant decreases PDGFR�
and FGFR2 ubiquitination (dotted line), causing increased PDGFR� and FGFR2
levels and signaling and resulting in increased osteoblast marker expression
and osteogenic differentiation.
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abolished PDGFR� and FGFR2 phosphorylation, thus validat-
ing the methodological approach. We found that both
PDGFR and FGFR inhibitors abrogated the slight increase in
osteoblast proliferation induced by the Cbl mutant (Fig. 5B).
Additionally, long term pharmacological inhibition of
PDGFR (Fig. 5C) or FGFR (Fig. 5D) reduced the basal in vitro
osteogenesis induced by MSCs, which is consistent with the
role of PDGFR and FGFR2 signal transduction in MSC
osteogenesis (11, 12). Furthermore, pharmacological block-
ade of PDGFR and FGFR2 phosphorylation blunted in vitro
osteogenesis induced by the G3060E Cbl mutant in clonal
hMSCs (Fig. 5, C and D). These results indicate that PDGFR
and FGFR mediate, at least in part, the osteogenic differen-
tiation program induced by the Cbl G306E mutant in
hMSCs. Overall, the results indicate that reduction of
PDGFR� and FGFR2 ubiquitination induced by the G306E
Cbl mutant leads to enhanced ERK1/2 and PI3K signaling
and increased osteoblast differentiation and osteogenesis in
hMSCs (Fig. 5E).

DISCUSSION

Efficient cell-based therapy for bone tissue engineering
and therapeutic applications requires to use approaches that
promote differentiation of hMSCs without adverse effects on
cell proliferation or survival. Here, we demonstrate that tar-
geting the ubiquitin ligase Cbl-RTK interaction attenuates
RTK ubiquitination and increases RTK signaling and
thereby promotes the osteogenic differentiation program in
hMSCs. We first found that targeting Cbl function using the
Cbl mutant G306E that abrogates binding to RTK via the
PTB domain promoted osteoblast marker gene expression
and in vitro osteogenesis in bone marrow-derived hMSCs.
Interestingly, this effect was not associated with marked
effects on cell proliferation or survival. These results provide
the first evidence that attenuation of a specific interaction of
a single E3 ubiquitin ligase, namely Cbl, with RTK is suffi-
cient to promote the osteogenic program in hMSCs without
adversely affecting cell proliferation or survival. Our finding
that the Cbl-RTK interaction plays a role in hMSC osteoblast
differentiation indicates that this ubiquitin ligase is involved
in the control of early stages of osteoblast differentiation, in
addition to its implication in later stages of osteoblastogen-
esis (20, 29–31). Recent studies showed that proteasome
inhibitors increase osteoblast differentiation (44, 45), al-
though specific targets have not been established. A more
recent study indicates that targeting the proteasome results
in increased Runx2 expression and enhanced MSC osteo-
blast differentiation (46). The present data indicate that tar-
geting specifically the ubiquitin ligase Cbl for decreasing
RTK ubiquitination results in increased Runx2 expression
and osteogenic differentiation in hMSCs.We also found that
attenuation of Cbl interaction with RTKs reduced adipo-
genic differentiation in hMSCs. Previous data indicated that
deletion of Cbl in mice results in reduction in adipose tissue
which can be explained by increased whole body energy
expenditure and increased insulin action (47). The present
results suggest that inhibition of Cbl interaction with RTKs

can also reduce adiposity through activation of hMSC differ-
entiation toward osteoblasts rather than toward adipocytes.
We next identified the mechanisms responsible for the pos-

itive effect of the Cbl mutant on hMSC osteogenic differentia-
tion. Our data indicate that the Cbl mutant attenuated RTK
ubiquitination and thereby increased expression and signaliza-
tion of specific RTKs. This effect resulted directly from
decreased Cbl interaction with some RTKs rather than altera-
tion of its interaction with ancillary proteins such as Spy2,
FRS2�, or Grb2. Interestingly, we did not find that EGFR pro-
tein expression was altered by the Cbl mutant, although EGFR
is known to be down-regulated by Cbl after activation of the
receptor (48, 49). Possible explanations for the absence of EGFR
up-regulation by the mutant Cbl include increased binding to
native Cbl or to Cbl-b which may have compensated for the
defective mutant Cbl (Fig. 4C). In contrast to EGFR, our data
revealed that FGFR2, one important signaling pathway
involved in osteoblastogenesis (50), was up-regulated by the
mutant Cbl in hMSCs and thereby triggered osteoblast differ-
entiation in hMSCs. This is consistent with our recent finding
that activation of FGFR2 promotes osteoblast differentiation in
murine MSCs (12). Besides FGFR2, we found that the mutant
Cbl up-regulated PDGFR� signaling, resulting in increased
hMSC osteoblast differentiation. This is another important
finding because divergent effects of PDGFR have been reported
in MSC osteogenic differentiation. Although PDGF was re-
ported to have positive or negative effects on bone marrow-
derived mesenchymal progenitor cell differentiation in vitro
(51, 52), PDGFR signaling was shown to promote bone for-
mation in vivo (53–55). Consistently, we found that inhibi-
tion of PDGFR and FGFR abrogated hMSC osteogenic dif-
ferentiation induced by the mutant Cbl, which strongly
supports a role for these receptors in hMSC osteogenic dif-
ferentiation. Besides PDGFR� and FGFR2, other RTKs, such
as VEGFR and insulin-like growth factor receptor, may pos-
sibly interact with Cbl in MSCs. However, VEGFR seems to
be indirectly regulated by Cbl (56, 57), and insulin-like
growth factor receptor down-regulation was found to
involve Cbl-b in osteoblasts (58). Whether these RTKs are
regulated by Cbl in MSC and may contribute to MSC osteo-
genic differentiation remains to be determined.
Our data allowed to identify the signaling molecules that

trigger MSC osteogenic differentiation induced by attenua-
tion of Cbl interaction with RTKs. We found that the G306E
mutant Cbl increased ERK1/2 and PI3K signaling, indicating
that its positive effect on MSC osteogenic differentiation is
dependent, at least in part, on FGFR2- and PDGFR�-in-
duced activation of ERK and PI3K signaling pathways. These
results are consistent with the recent finding that ERK1/2
and PI3K play important roles in MSC osteoblast differenti-
ation (12, 59, 60). Although we cannot rule out that other
signaling pathways may be induced by the mutant Cbl, our
data identified the main signaling mechanisms that are
induced by inhibition of Cbl interaction with RTKs in
hMSCs. It has been recently proposed that cross-talks
between PDGFR and FGFR may converge to induce ERK1/2
and PI3K signaling pathways (39). In support of this concept,
we recently showed that constitutive FGFR2 activation
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results in increased PDGFR� expression and ERK1/2 and
PI3K signaling in human osteoblasts (55, 61). It is thus pos-
sible that the positive effect on hMSC osteoblast differenti-
ation induced by the G306E Cbl mutant may result from
convergent signaling pathways induced by PDGFR-FGFR2
cross-talks, in addition to the effects on individual receptors.
In summary, the present data reveal that the G306E Cbl

mutant triggers hMSC differentiation in part by up-regulat-
ing PDGFR� and FGFR2 and downstream ERK and PI3K
signaling (Fig. 5E). This reveals that Cbl, via the control of
these RTKs, plays a positive regulatory role in the early
stages of hMSC osteoblast differentiation. We suggest that
Cbl-RTK interaction could be targeted for promoting osteo-
blast differentiation of hMSCs, which may be an effective
approach for increasing the osteogenic potential of hMSCs
for cellular transplantation in therapeutic approaches.
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