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Cbl is an adaptor protein and an E3 ligase that plays both
positive and negative roles in several signaling pathways that
affect various cellular functions. Tyrosine 737 is unique to Cbl
and is phosphorylated by Syk and Src family kinases. Phosphor-
ylated Cbl Tyr”®” creates a binding site for the p85 regulatory
subunit of PI3K, which also plays an important role in the regu-
lation of bone resorption by osteoclasts. To investigate the role
of Cbl-PI3K interaction in bone homeostasis, we examined the
knock-in mice (Cb1**/¥¥) in which the PI3K binding site in Cbl is
ablated due to the mutation in the regulatory tyrosine. We
report that in Cb1¥*'¥F mice, despite increased numbers of oste-
oclasts, bone volume is increased due to defective osteoclast
function. Additionally, in ex vivo cultures, mature CbIYF/YF oste-
oclasts showed an increased ability to survive in the presence of
RANKL due to delayed onset of apoptosis. RANKL-mediated
signaling is perturbed in Cb1**/¥¥ osteoclasts, and most interest-
ingly, AKT phosphorylation is up-regulated, suggesting that the
lack of PI3K sequestration by Cbl results in increased survival
and decreased bone resorption. Cumulatively, these in vivo and
in vitro results show that, on one hand, binding of Cbl to PI3K
negatively regulates osteoclast differentiation, survival, and sig-
naling events (e.g. AKT phosphorylation), whereas on the other
hand it positively influences osteoclast function.

Bone is a dynamic tissue that maintains both physical integ-
rity and calcium homeostasis and is continuously remodeled
throughout the lifetime of mammals. Bone integrity is main-
tained by the coordinated regulation of two cell types, osteo-
blasts and osteoclasts. Osteoblasts are of mesenchymal origin
and are responsible for mineralizing the bone matrix. Oste-
oclasts are of hematopoietic origin and are highly specialized
multinucleated cells capable of resorbing bone during the nor-
mal and pathological conditions (1). Cbl and Cbl-b are mam-
malian members of a family of adaptor proteins with E3 ubiq-
uitin ligase activity that down-regulate signaling from tyrosine
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kinases by targeting the ubiquitylating machinery to the acti-
vated kinases and associated proteins (2, 3). Cbl proteins, being
multivalent adaptors, also promote assembling of signaling
complexes downstream of several receptors, including the
macrophage colony-stimulating factor receptor (c-Fms), re-
ceptor activator of NFkB (RANK),? and integrins (2).

Tyrosine phosphorylation of Cbl upon receptor activation is
one of the most common signaling phenomena shown to be
crucial not only for its E3 ubiquitin ligase activity but also for its
adaptor effects. All Cbl family members, including Cbl and
Cbl-b, share a tyrosine kinase binding domain and RING
domain that binds to ubiquitin-conjugating enzymes (E2s). The
tyrosine kinase binding domain and the RING are highly con-
served N-terminal halves of the Cbl family proteins. The C-ter-
minal halves of Cbl and Cbl-b are much less conserved, with
significant homology found primarily in short proline-rich
motifs that bind to Src homology 3 domains. Based on sequence
homologies and mutation of specific residues, specific roles for
several of the SH2 binding sites have been determined. Phos-
phorylation of Tyr”’* and 700 residues creates binding sites on
Cbl for Crk/CrkL (4) and Vav (5). Phosphorylated tyrosine 731
(Tyr”' in humans; Tyr”®” in mice), which binds to the p85
subunit of PI3K is unique to Cbl (6, 7), and no homologous site
exists on other Cbl family members.

Cbl and Cbl-b are expressed in osteoclasts (8) and are asso-
ciated with podosomes (9, 10), the highly dynamic F-actin-con-
taining attachment structures (11-13), and also involved in
microtubule organization (14). In osteoclasts, Cbl proteins are
known to participate in integrin-, RANK-, and macrophage col-
ony-stimulating factor (M-CSF)-mediated signaling pathways
(2). Upon engagement of the vitronectin receptor, the predom-
inant integrin expressed in osteoclasts, Cbl, is phosphorylated
in a Src kinase-dependent manner (10). Cbl phosphorylation is
significantly reduced in Src™’~ osteoclast-like cells (OCLs),
and reduction of Cbl expression with antisense oligonucleo-
tides markedly inhibited in vitro bone resorption by OCLs (15).
Overexpressing Cbl constructs with disabled binding sites for
Src (16) and PI3K (17) decreased the in vitro pit formation
capacity of osteoclasts. Cbl proteins also positively regulate

2The abbreviations used are: RANK, receptor activator of NF«B; M-CSF,
macrophage colony-stimulating factor; a-MEM, minimum essential medi-
um-a modification; OCL, osteoclast-like cell; OC, osteoclast.
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osteoclast function by promoting survival by mediating ubiqui-
tylation and degradation of the proapoptotic protein Bim (18).

PI3Ks are a class of enzymes that phosphorylate phospha-
tidylinositol and its derivatives. The importance of PI3K in
osteoclast function has been established, although the details of
its function(s) and the proteins with which it interacts are not
well characterized. In osteoclasts, engagement of the vitronec-
tin receptor induces an Src-dependent increase in PI3K activity
and its association with Triton-insoluble gelsolin-containing
complexes, presumably the podosomes (19, 20). Treatment
with PI3K inhibitors disrupts the actin ring and inhibits attach-
ment, spreading, and bone resorbing activity (20). In vivo defi-
ciency of the p85 « subunit of PI3K results in increased bone
volume due to decreased osteoclast function (21). The p85
subunit also regulates expression of multiple genes involved
in osteoclast maturation (21). PISK coordinately activates
MEK/ERK and AKT/NFkB pathways to maintain osteoclast
survival and also participates in cross-talk with Ras/Raf in pro-
moting M-CSF-induced osteoclast survival (22). Downstream
of RANK signaling, Cbl and Src form a complex with TRAF6
that couples RANK to the activation of PI3K and AKT (23, 24).

The single knockouts of Cbl and Cbl-b are viable (25-27), but
embryonic lethality of Cbl/Cbl-b double knock out mice before
embryonic day 10.5 (28) suggests that both Cbl and Cbl-b have
important overlapping functions. It has been suggested that Cbl
and Cbl-b play different roles in coupling RANK to down-
stream signaling events and in the down-regulation of RANK in
dendritic cells and HEK 293 cells (23). Structural differences
that could contribute to the unique functions of Cbl proteins
include a tyrosine present only in Cbl (Cbl Tyr”®”) that when
phosphorylated binds to the SH2 domains of the p85 subunit of
PI3K (3). There are also sequence differences in the UBA
domains at the C termini of these proteins, resulting in differing
abilities to bind polyubiquitin chains and ubiquitylated proteins
(29).

Because the chl gene is globally knocked out, the Cbl '~ mice
cannot be used to perform structure-function analyses to
examine the role of Cbl-specific domains in regulating protein-
protein interactions and thereby their influence on cellular
functions. Therefore, to understand the role of tyrosine phos-
phorylation of Cbl proteins in bone remodeling, we undertook
the characterization of the Cbl tyrosines that may be required
for Cbl binding to critical signaling proteins that influence oste-
oclast function. In this context, to delineate the importance of
Cbl-PI3K signaling in osteoclast function, we are employing
CbI"*"*F knock-in mice in which the Cbl-PI3K interaction is
abrogated due to the substitution of the Tyr”®” to Phe (30).

In this report, we show that in the skeletal system, abrogation
of Cbl-PI3K interaction results in increased bone mass due to a
cell-autonomous defect in osteoclast function. Furthermore,
we found that in osteoclasts, the lack of Cbl-PI3K interaction
promotes increased differentiation and survival, suggesting a
novel role for Cbl protein in RANK-mediated signaling.

EXPERIMENTAL PROCEDURES

Materials—Minimum essential medium-a modification (a-
MEM) and fetal bovine serum (FBS) were purchased from
Sigma. Collagen gel was obtained from Nitta Gelatin Co.
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(Osaka, Japan). Bacterial collagenase and dispase were pur-
chased from Calbiochem. Antibodies against phospho-Cbl
Tyr”?’, phospho-p38, p38, phospho-AKT Thr®%, AKT, phos-
pho-JNK, JNK, phospho-ERK, phospho-IKKa/B, phospho-
GSKa/B, GSK3p, phospho-AKT substrates, phospho-PLCy2,
PLC+v2, GAPDH, and Bim were purchased from Cell Signaling
Technology (Danvers, MA). Anti-ERK1/2 and anti-p85 anti-
bodies were obtained from Upstate Biotechnology, Inc. (Lake
Placid, NY). Anti-ubiquitin, anti-Cbl, and IKKa antibodies
were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). Anti-Cbl antibody was purchased from BD Bio-
sciences. Rhodamine, DAPI, Dead End Fluorometric TUNEL,
and Caspase Glo3/7 kits were obtained from Promega (Madi-
son, WI). RANK ligand (RANKL) and MCSF were purchased
from R&D Systems (Minneapolis, MN). 1,25-Dihydroxyvita-
min D3 and prostaglandin E2 and the leukocyte acid phospha-
tase kit for tartrate-resistant acid phosphatase (TRAP) staining
of osteoclasts were obtained from Sigma. Nuclear extract kit,
TransAM NFATCcl, and TransAM NFkB family transcription
assay kits were purchased from Active Motif (Carlsbad, CA).

Mice—The generation of Cbl~/~, CbI¥**F mice has been
described previously (27, 31). Mice were maintained on a mixed
C57BL/6]X129Sv] background, and experiments were per-
formed in compliance with the Institutional Animal Care and
Use Committee at Temple University.

Histology and Histomorphometry—X-rays of long bones
were taken (Eastman Kodak Co. MIN-R 2000) at 19 mV and
exposed for 10 s using Faxitron. For histological and histomor-
phometric analysis, 6- or 12-week old littermates were sacri-
ficed by CO, inhalation. To measure dynamic bone formation
parameters, mice were injected with calcein (30 mg/kg body
weight) 10 and 3 days before sacrifice. Tibiae and femora were
dissected and fixed in 3.7% formaldehyde in phosphate-buft-
ered saline, preserved in 70% ethanol, and embedded in meth-
lymethacrylate resin as described previously (32). Sections (5
nm) were deplasticized and stained with the von Kossa proce-
dure as described elsewhere (33) or were left unstained for the
measurements of the fluorochrome labels. Some sections were
processed for TRAP staining as per the manufacturer’s instruc-
tions (Sigma). For histomorphophometric analysis, to assess
changes in bone structure and remodeling, tibial sections were
measured in the proximal metaphysis beginning 340 wm below
the chondro-osseous junction of the secondary spongiosa using
image analysis software (BIOQUANT Image Analysis Corp.,
Nashville, TN) as described by Parfitt et al. (34). The number of
TRAP™ cells was determined in secondary spongiosa, in con-
tact with the trabecular bone.

Determination of Serum Collagen Telopeptide—Serum was
prepared from blood collected by cardiac puncture. Concentra-
tions of C-telopeptide, a degradation product of type-I collagen,
in serum of 12-week-old mice were determined using the Rat
Laps ELISA (Osteometer BioTech A/S, Herlev, Denmark).

Generation of Osteoclast-like Cells in Culture—For genera-
tion of OCLs, bone marrow was isolated from tibia and femur of
4—6-week-old WT and CbI**** mice. Following overnight
incubation, the non-adherent cells were plated at 2.5 X 10°/
cm? in a-MEM, 10% FBS, penicillin/streptomycin containing
20 ng/ml M-CSF. Subsequently, cells were treated with M-CSF
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(20 ng/ml) and RANKL (50 ng/ml) for an additional 5- 6 days.
For some experiments, OCLs were also generated by the
co-culture method as described previously (35). Briefly,
mouse primary osteoblastic cells were obtained from 1-day-
old mouse calvaria by enzymatic digestion, and bone marrow
cells were obtained from long bones of 4 —6-week-old WT
or CbI¥*¥F mice. Bone marrow cells (10° cells/cm?) were
co-cultured with calvarial cells (2 X 10* cells/cm?) on tissue
culture plates or collagen gel-coated plates in the presence of
10 nm 1,25-dihydroxyvitamin D3 and 1 um prostaglandin E2
(Sigma).

Survival Assay—Following differentiation with MCSF and
RANKL on day 5, one set of 96-well plates was fixed with 10%
formaldehyde in PBS. Other sets were either kept in a-MEM or
treated with RANKL (50 ng/ml) for 48 h. Cells were fixed and
TRAP-stained using a commercial kit (Sigma). The total num-
ber of TRAP" multinucleated cells was counted and expressed
as percentage of the number of cells at the start of the experi-
ment on day 5. In other experiments, cells were cultured on
coverslips and were fixed with 10% formaldehyde in PBS or
were treated with RANKL (50 ng/ml) for 6 or 12 h. A TUNEL
assay was performed using the DeadEnd Fluorometric TUNEL
kit (Promega) according to the manufacturer’s protocol.
TUNEL-positive cells were counted using a NIKON Eclipse
E800 microscope (Melville, NY) at X20 magnification.

Real-time PCR Analysis—The expression levels of osteoclast
differentiation and fusion markers were analyzed by quantita-
tive real-time PCR. RNA isolation was performed using TRIzol
reagent (Invitrogen) according to the manufacturer’s protocol.
RNA was quantified using a spectrophotometer at 260/280 nm,
1 ng was used for each reaction performed using Super Script I
reverse transcriptase (Invitrogen) following the man-
ufacturer’s protocol. Oligo(dT) and dNTPs were purchased
from Promega. Quantitative real-time PCR was performed
using 0.1 ul of cDNA and SYBR Green PCR master mix
(Applied Biosystems, Foster City, CA) on an Applied Biosys-
tems7500 real-time PCR system. Gene expression levels were
normalized to GAPDH and were calculated using the AACt
method. Primers were designed using mRNA sequence
obtained from Mouse Genomics Informatics (MGI) and the
Primer3 program. The following primers were used: Atp6v0d2,
CAATGAAGCGTCACCTCTGA (sense) and TCAGCTATT-
GAACGCTGGTG (antisense); CalcR, AGCCACAGCCTAT-
CAGCACT (sense) and GACCCACAAGAGCCAGGTAA
(antisense); CTSK, CAGCTTCCCCAAGATGTGAT (sense)
and AAAAATGCCCTGTTGTGTCC (antisense); c-Fos, CCA-
GTCAAGAGCATCAGCAA (sense); antisense, AAGTAGTG-
CAGCCCGGAGTA; DCSTAMP, ACTAGAGGAGAAGTCC-
TGGGAGTC-3’ (sense) and CACCCACATGTAGAGATAG-
GTCAG (antisense); Fra-1, AGAGCTGCAGAAGCAGAAGG
(sense) and CAAGTACGGGTCCTGGAGAA (antisense);
Fra-2, CAAGTACGGGTCCTGGAGAA (sense) and GTT-
TCTCTCCCTCCGGATTC (antisense); GAPDH, TGTCTT-
CACCACCATGGAGAAG (sense) and GTGGATGCAGG-
GATGATGTTCTG (antisense); MMP9, TGAATCA-
GCTGGCTTTTGTG (sense) and GTGGATAGCTCGGT-
GGTGTT (antisense); NFATcl, GCCCACTGGATCAAAA-
CACT (sense) and TAGGGCAGCCAGAAAAGCTA (anti-
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sense); OCSTAMP, TGGGCCTCCATATGACCTCGAG-
TAG (sense) and TCAAAGGCTTGTAAATTGGAGGAGT
(antisense); PU.1, GGCAGCAAGAAAAAGATTCG (sense)
and TTTCTTCACCTCGCCTGTCT (antisense); RANK,
AAACCTTGGACCAACTGCAC (sense) and TCATTGACC-
CAATTCCACAA (antisense); TRAP, TCCTGGCTCAAAAA-
GCAGTT (sense) and ACATAGCCCACACCGTTCTC
(antisense).

Flow Cytometry—Bone marrow (BM) was isolated from tib-
iae and femora of 4 — 6-week-old mice. Cells (10”/sample) were
fixed either immediately following BM isolation (DO) or after
removal of adherent cells after 48 h in culture in the presence of
20 ng/ml M-CSF. Following lysis of RBCs using ammonium
chloride lysis buffer, cells were collected by centrifugation and
resuspended in 900 ul of PBS and fixed by the addition of 100 ul
of 37% formaldehyde followed by incubation at 37 °C for 10 min
and on ice for 1 min. Cells (10°/staining sample) were resus-
pended in 3 ml of incubation buffer (0.5% BSA in PBS) and
rinsed twice. Cells were blocked for 10 min at room tempera-
ture in incubation buffer and then incubated with 0.2 ug of
phycoerythrin-conjugated anti-F4/80 antibody and FITC-con-
jugated anti-CD11b antibody or the appropriate isotype con-
trols (BD Biosciences). Following incubation for 1 h at room
temperature, cells were washed twice in incubation buffer and
analyzed using flow cytometry. Following gating for back-
ground staining using isotype controls, the percentage of cells
having the phenotype characteristic for osteoclast precursors
(i.e. staining positive for both F4/80 and CD11b) was compared
in the samples examined.

Immunofluorescence Microscopy—Cells were plated on ster-
ile FBS-coated glass coverslips. OCLs were fixed in PBS con-
taining 3.7% formaldehyde for 10 min and then permeabilized
with ice-cold acetone for 5 min. Coverslips for actin labeling
were incubated in a 1:40 dilution in PBS of rhodamine phalloi-
din stock solution (Invitrogen) for 20 min. Cells were examined
using a confocal imaging system (Leica TCS FP5 X, Wetzlar,
Germany).

In Vitro Pit Formation Assay—In vitro bone resorbing activ-
ity was assayed as described previously. Briefly, OCLs were gen-
erated in co-culture as described above in collagen gel. After
6—7 days of co-culture, collagen was removed by gentle diges-
tion with 0.1% collagenase, and then cells were seeded onto
sterile dentine slices (ImmunoDioagnostic Systems Ltd.,
Boldon, UK) in 96-well plates. Forty-eight hours later, dentine
slices were immersed in 1 M ammonium hydroxide for 5 min,
sonicated for 10 s, and then stained for 4 min with 1% tolu-
idine blue in 1% sodium borate (Sigma) and briefly washed in
water. Pit area was quantified with the measure tool in Adobe
Photoshop CS3 Extended Edition and was normalized to the
number of osteoclasts actually present in each sample, deter-
mined by counting OCLs present in a separate aliquot of OCL
suspension.

Western Blot Analysis—Typically, 30—40 ug of total cell
lysate protein was electrophoresed on 8 or 10% SDS-polyacryl-
amide gels. Proteins were then transferred to nitrocellulose
membranes (Schleicher & Schuell). Transferred proteins were
visualized by staining the membrane with 0.2% Ponceau S in 3%
trichloroacetic acid (Sigma). To block nonspecific binding, the
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membranes were incubated for 2 h at room temperature in
LICOR buffer (LICOR, Lincoln, NE). Antigens were visualized
by immunoblotting with an appropriate primary antibody
(1:1000 dilution) followed by an appropriate LICOR secondary
antibody. To quantify changes, densitometry of the phosphor-
ylated and total protein bands was performed using the LICOR
analysis program. The values for the phosphorylated band were
normalized to the density of the respective total protein band in
the reprobed blot.

Measurement of Transcription Activity—OCLs were gener-
ated from bone marrow of WT and CbI¥*"*F mice using M-CSF
and RANKL as described previously. Cells were either un-
treated or treated with RANKL (50 ng/ml) for 6 h. Nuclear
extract (10 ug) was used to measure the transcriptional activity
of NFkB or NFATc1 using TransAM transcription factor assay
kits (Active Motif) following the manufacturer’s instructions.

Measurement of Caspase Activity—OCLs were generated in
triplicates in 96-well plates using M-CSF and RANKL as
described above. On day 5 of differentiation, cells were either
kept in a-MEM alone or treated with RANKL (50 ng/ml) for 3 h
at 37 °C. Caspase activity was measured using the Caspase-Glo
3/7 kit (Promega, Madison, WI) as per the manufacturer’s
instructions.

Statistical Analysis—Each experiment was repeated at least
three times. The results obtained from a typical experiment
were expressed as the means = S.D. Significant differences
were determined using Student’s ¢ test. p < 0.05 was considered
significant.

RESULTS

Loss of Cbl-PI3K Interaction in Mice Results in Increased
Bone Mass—Gross radiological analysis of long bones of
12-week-old CbI¥*"*F mice showed increased bone density in
the femur and tibia as compared with the age-matched control
WT and Cbl~’~ mice (Fig. 14). Histological analysis of the tib-
iae from 6-week-old WT and CbI¥*/¥* mice showed that can-
cellous bone increased in Cbl"*"*F relative to the age-matched
control WT littermates (Fig. 1B). These results indicate that in
contrast to adult Cbl™/~ mice, which do not have any overt
skeletal phenotype (8), abrogation of the interaction between
Cbl and the p85 subunit of PI3K results in increased bone mass.
This result was confirmed with histomorphometry of von
Kossa-stained bone sections. Bone volume was significantly
elevated in Cbl¥*"*F mice compared with control WT mice (Fig.
1C). Also, whereas trabecular thickness and numbers were
increased in CbIY**F samples, trabecular separation was
decreased (Fig. 1, D-F). No differences were observed in corti-
cal thickness (data not shown).

Loss of Cbl-PI3K Interaction in Mice Results in Defective Oste-
oclast Function—W e next examined the effect of this mutation
on osteoclast function. Serum levels of the C-terminal collagen
telopeptide (CTX), a marker for osteoclast in vivo activity, were
3-fold less in the CbI"™*F mice than that in the control WT
mice (Fig. 1G), suggesting that the Cbl-PI3K interaction
decreases the osteoclast function. To confirm this defect of
CbI"*"¥F osteoclast function, we then examined bone resorp-
tion using an in vitro pit formation assay. CbI**** and WT
OCLs were generated by co-culture with osteoblasts on colla-
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gen gel as described previously (17). After 5 days in culture, a
portion of the crude OCL preparation was placed on dentine
slices for an additional 48 h. The resorbed area was quantified
and normalized to the number of OCLs. The CbI¥*** OCLs
resorbed 2-fold less dentin surface area/cell than the WT OCLs
(Fig. 1H), confirming the cell-autonomous nature of the
observed defect in osteoclast function. Thus, increased bone
mass in the adult CbI¥*¥F mice and decreased bone resorption
in vivo and in vitro are, at least in part, due to impaired oste-
oclast function. Taken together, these results suggest that bone
resorption under basal conditions is affected in CbI¥*"** mice.

CbI™™*F Mice Have Increased Osteoclast Numbers and
Enhanced Differentiation—Bone volume is maintained by the
regulated action of bone-forming osteoblasts and bone-resorb-
ing osteoclasts. CbI¥*"*F mice exhibited an increase in osteo-
blast numbers (Ob/Bpm WT 17.20 * 0.31; CbI¥*/*F 20.59 +
0.27; p < 0.05 versus WT); however, the lack of Cbl-PI3K
interaction did not affect osteoblast differentiation and
expression of differentiation markers, osterix and Runx2,
(data not shown). To determine if the mutation affected
numbers of osteoclasts, tibiae of 6-week-old CbI¥*/*F mice
were decalcified and stained for an osteoclast marker
enzyme TRAP (Fig. 11). The bones of CbI**"*F mice exhib-
ited a 2-fold increase in osteoclast numbers, suggesting that
the lack of Cbl-PI3K interaction negatively regulates oste-
oclastogenesis (Fig. 1)).

To further investigate if the lack of Cbl-PI3K interaction
increased osteoclast numbers and whether this effect was
intrinsic to the hematopoietic lineage or not, we next examined
the development of OCLs using two standard culture methods:
(@) co-culture of primary calvarial osteoblasts with BM mono-
cyte precursors and (b) stromal cell-free BM monocyte precur-
sors cultured with M-CSF and RANKL. In the co-culture sys-
tem, irrespective of the genotype of osteoblasts, a 2-fold
increase in osteoclast numbers was seen in Cbl¥*¥¥ co-cultures
when compared with WT cultures (Fig. 2A). Similar results
were obtained when spleen was used as a source of the hema-
topoietic precursor cells (data not shown). To analyze how the
absence of Cbl-PI3K interaction affects osteoclast formation,
bone marrow from WT and CbI"*"** mice were induced to
differentiate in the presence of M-CSF and RANKL. When the
stromal cell-free BM precursors from CbI¥*/*¥ mice were cul-
tured in the presence of M-CSF and RANKL, there was a 47%
increase in the numbers of osteoclasts in the CbI¥*/*F cultures
when compared with the control cultures (Fig. 2, B and C).
Notably, the numbers of cells with more than 20 —50 nuclei/cell
were increased 2—2.5-fold in the CbI**"*F cultures (Fig. 2D),
and these cells largely contributed to the observed increase in
total numbers of OCLs. Also, as compared with the WT cells,
the average size of CbI**/*F osteoclasts was 3-fold higher (Fig. 2,
E and F). These observations in two different culture systems
confirmed our finding that the number of osteoclasts in
CbI¥**F mice was higher than in WT mice and suggested that
the observed increase in the numbers of OCLs in CbI¥*"*¥ cul-
tures is due to a cell-autonomous effect intrinsic to the bone
marrow precursors and is not related to the osteoblasts.

To exclude the possibility that increased numbers of OCLs
were due to increased numbers of bone marrow precursors, we
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FIGURE 1. Abrogation of Cbl-PI3K interaction in mice results in increased bone volume due to decreased osteoclast activity. A, long bones from
12-week-old Cbl™/~, Cbl™™*, and CbI"™¥F mice were subjected to x-ray to determine bone density. B, photomicrographs of the undecalcified section of tibiae
from 6-week-old Cbl™* and CbI"**F mice visualized at 4X magnification. Sections were stained with von Kossa and counterstained with toludine blue.
C-F, histomorphometric analysis of cancellous region of the tibial metaphysis of 6-week-old WT and CbI"™¥F mice. C, the bone volume in the metaphysis of the
CbI"™¥F mice was markedly increased. Histograms represent the bone volume expressed as the percentage of tissue volume (BV/TV). D, trabecular thickness
(Tb.Th). E, trabecular number (Tb.N.). F, trabecular spacing (Tb.Sp). Data are presented as mean = S.E. (error bars) (n = 5).*, p < 0.05 compared with the WT mice.
G, measurement of serum collagen telopepetide demonstrated decreased OC activity in the Cbl"™¥F mice. H, pit formation activity of CbI"™*F OCLs was
decreased. OCLs were generated by the co-culture method as described under “Experimental Procedures.” After removing adherent cells, the resorbed area on
toluidine blue-stained dentine slices was quantified and normalized for the numbers of OCLs. Data are presented as mean = S.E. (n = 9).**,p < 0.001 compared
with the WT samples. /, histological analysis of 6-week-old WT and CbI"¥F bones. OCs were identified by a TRAP activity reaction product (red). Magnification
was X 20 (upper panels) and x40 (lower panels). J, histomorphometric analysis revealed increased numbers of OCs in Cbl"™*F mice compared with WT mice.
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counted numbers of precursors that were CD11b™ and F4/80"  each a marker of osteoclast fusion, were elevated in the Cb

and found that they were comparable in both WT and CbI¥*/**
samples (Fig. 2G). Similarly, the rate of proliferation of precur-
sors was also comparable between the WT and the CbI¥*/*F
samples (data not shown). Osteoclasts are multinucleated cells,
and the formation of large multinucleated cells is dependent on
the fusion of the mononuclear precursors of the myeloid origin,
a cellular event mediated by several cell surface fusion proteins
(36-38). As demonstrated in Fig. 2, E and F, significant num-
bers of large multinucleated osteoclasts were present in
CbIY*/¥F cultures. To determine the possibility that levels of
DC-STAMP (36, 37), OC-STAMP (38), and ATP6VOD2 (39),
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cells, real-time PCR was performed. The levels of the osteoclast
fusion markers were found to be comparable between WT and
CbI¥**F samples (Fig. 2, H-)).

CbI*™™  Osteoclast Precursors Are Hyperresponsive to
RANKL—M-CSF and RANKL are both necessary and sufficient
to induce in vitro osteoclastogenesis (1). The increase in num-
bers of osteoclasts in CbI¥™¥F mice in vivo and ex vivo suggests
that BM precursors may differentially respond to these cyto-
kines in the absence of the Cbl-PI3K interaction. To examine
the differential response of BM monocytes, precursor cells were
cultured in the presence of varying doses M-CSF and RANKL.
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FIGURE 2. Absence of Cbl-PI3K interaction results in increased osteoclast numbers due to cell-autonomous enhanced differentiation. A, co-culture of
calvarial osteoblasts with bone marrow cells was performed to determine the cell-autonomous differentiation of the CbI"™¥F precursors. After 7 days of culture,
cultures were TRAP-stained, and OCLs with three or more nuclei were counted. CbI¥™*F cultures had increased numbers of OCLs irrespective of the source of
osteoblasts. B-E, non-adherent bone marrow precursor cells were cultured on plastic or glass coverslips in the presence of M-CSF for 2 days and for an
additional 3 days in the presence of MCSF and RANKL. B, photomicrographs at the indicated magnifications of TRAP-stained OCLs at day 5. TRAP staining
showed increased numbers and larger cells in CbI"™F cultures. The black box (within the left panels at X4 magnification) indicates the region at X20
magnification. C, the numbers of TRAP™ multinucleated osteoclasts (MNC) in the CbI¥™"F cultures (black bars) were significantly greater than in WT cultures
(gray bars) at day 5. D, cells with more than 20-50 nuclei predominantly contributed to the increased numbers in CbI¥""F cultures. E, cells that were cultured
on glass coverslips were stained for F-actin using rhodamine phalloidin (red) and DAPI (blue). Cells with more than 20 nuclei predominantly contributed to the
increased numbers in ChI"™"F cultures. F, cell size was measured by using the analysis tool in Adobe Photoshop PS3 Extended Version. The size of OCLs in
CbIY*YF cultures was 3-fold larger in CbI"™"F cultures. G, detection of CD11b- and CD4/80-positive bone marrow precursor cells using flow cytometry. Bone
marrow cells were either untreated (day 0) or cultured in the presence of M-CSF for 2 days (day 2). The fraction of double-positive cells (percentage) is indicated.
H-J, the expression of osteoclast fusion markers (ATP6V0D2 (H), DC-STAMP (/), and OC-STAMP (J)) was determined by quantitative real-time PCR.*, p < 0.05 as
compared with WT control. Error bars, S.D.
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In some experiments, the concentration of M-CSF was
increased, whereas that of RANKL was kept constant. In other
cases, RANKL levels but not M-CSF levels were varied. TRAP-
positive multinucleated cells were counted after 5 days of cul-
ture. Numbers of osteoclasts in the WT and CbI**** cultures
were independent of M-CSF concentration (data not shown)
but increased following the increasing concentration of
RANKL at a constant concentration of M-CSF (20 ng/ml). This
increase was significantly more profound in CbI**¥* cultures
than in WT cultures, suggesting hyper-responsiveness of the
CbI"*"*F precursors to RANKL (Fig. 3A). Furthermore, the
mRNA and protein levels of RANK during the course of oste-
oclast differentiation were elevated in the CbI**"*" samples
when compared with WT (Fig. 3, B and C). These data suggest
that the lack of Cbl-PI3K interaction renders BM precursors
hypersensitive to RANKL, due to higher expression of RANK
during osteoclastogenesis in CbI¥*/*F cultures.

To further examine the role of Cbl-PI3K interaction during
osteoclastogenesis, real-time PCR analysis was used to deter-
mine the levels of known markers of osteoclast differentiation.
Expression levels of early differentiation markers, PU.1 (40)
Fra-1 (41), Fra-2 (42), and c-Fos (43), were comparable between
WT and CbI¥**F samples (supplemental Fig. 1). However,
expression levels of the differentiation markers that are in-
duced upon treatment of RANKL, such as NFATc1 and TRAP,
cathepsin K, MMP-9, and CalR (44), were significantly
increased in CbIY**F samples compared with WT (Fig. 3,
D—-H). Overall, these results indicate that the abrogation of Cbl-
PI3K interaction results in increased numbers and enhanced
differentiation of osteoclasts due to hyperresponsiveness of
CbI"*"¥F precursors to RANKL. These results also demonstrate
that the effect of mutating the PI3K binding site on Cbl protein
is significantly different from that of Cbl~/~, in which there is
no effect on osteoclast numbers or differentiation (data not
shown) (8).

RANK-RANKL Signaling Is Up-regulated in the Absence of
Cbl-PI3K Interaction—Because osteoclastogenesis is critically
dependent on the activation of RANK by RANKL (45), and Cbl
proteins are phosphorylated downstream of activated RANK
(24) and have been reported to modulate RANK expression and
signaling (23), the hyperresponsiveness to RANKL and the
increased rate of OCL differentiation in the presence of RANKL
suggest that RANKL-induced signaling might be altered in the
CbI"*¥F OCLs. Therefore, we next determined if enhanced
RANKL responsiveness of CbI¥™¥F osteoclasts may be due to
up-regulated signaling downstream of the RANK-RANKL
interaction.

The transcription factor NF«B is the critical component of
RANK-mediated signaling and function (46). NF«B is main-
tained in an inactive state in the cytosol in a complex with the
inhibitory IkB proteins (47). Activation of RANK induces the
phosphorylation of IkB-a on specific serine residues, which
promotes the ubiquitylation and degradation of IkB-« and the
consequent release and nuclear translocation of active NFkB.
We observed that RANKL-induced phosphorylation of IKK« in
CbI"*¥F OCLs was higher and more sustained than in WT
OClLs (Fig. 44). In agreement with these data, RANKL-induced
activity of NFkB was also elevated 2-fold in CbI**** OCLs

NOVEMBER 19, 2010+VOLUME 285-NUMBER 47

compared with WT samples (Fig. 4B). The master transcription
regulator NFATcl1, which contains a promoter region for NF«kB
binding, is among several genes that are specifically up-regu-
lated by NFkB (44). Treatment with RANKL up-regulated
NFATcl activity in the CbI***F OCLs to a higher extent than in
WT samples (Fig. 4C); thus, expression of NFATc1 did not
correlate with development of functional resorption by the
osteoclast.

PLCvy isoforms are known activators of the NFAT family
of transcription factors downstream of ITAM-containing
immune receptors (48). Because NFATc1 activity is up-regu-
lated, we next examined whether activation of PLCvy2, the
major isoform expressed in OCLs, was facilitated by CbI¥*/**
compared with WT Cbl. As indicated in Fig. 4D, in CbI¥*"**
OClLs, the basal level of PLC y2 phosphorylation is up-regu-
lated compared with WT OCLs to a level corresponding to that
achieved in WT OCLs.

Stimulation of RANK leads to the activation of MAPKs. It has
been demonstrated that members of all three MAPK families,
JNK, p38, and ERK, are activated by RANK in osteoclasts or
their precursors (46). We compared the RANKL-induced activ-
ities of these signaling effectors in WT and CbI¥*/** OCLs.
Western blot analysis showed that although the phosphoryla-
tion of all MAPKs was elevated in CblY*¥F OCLs, there were
differences in the onset and duration of the phosphorylation of
ERK, JNK, and p38. ERK phosphorylation was higher in
CbI¥*YF OCLs than in WT cells, both before and after stimu-
lation with RANKL (Fig. 4E), whereas phosphorylation of p38
and JNK was significantly increased in Cbl"*"¥F OCLs only after
RANKL treatment (Fig. 4, Fand G).

Loss of Cbl-PI3K Interaction Results in Increased AKT
Activation—It has been established that activation of RANK
induces direct or indirect association of TRAF-6, Src, Cbl, and
PI3K, with concurrent increases in Src kinase activity and tyro-
sine phosphorylation of Cbl (24). We have shown that phos-
phorylation of Cbl Tyr”*” is abrogated by treatment of cells with
PP2, a Src kinase inhibitor (17), and others have shown that Cbl
phosphorylation of Tyr”®” is required for its binding to the p85
subunit of PI3K (6, 7, 49). We first established the phosphory-
lation of Cbl at Tyr”®” in response to RANKL, by using anti-
phospho-Tyr”?” antibodies (Fig. 54). In WT OCLs, Cbl was
phosphorylated in response to RANKL in a time-dependent
manner. Not surprisingly, phosphorylation of Tyr”®” was not
seen in the CbI***F OCLs due to the tyrosine to phenylalanine
substitution, albeit the expression levels of mutant Cbl protein
were comparable with those of WT protein. We also confirmed
that the p85 subunit of PI3K did not co-immunoprecipitate
with Cbl in CbI¥*"¥F cells, whereas robust co-precipitation
occurred in WT cells, as expected (data not shown). We also
established that binding of Src, which binds to the proline-rich
region of Cbl (16), was not altered in the mutant protein (data
not shown).

Of the several mechanisms that are activated downstream of
RANK, only the activation of PI3K is known to involve Cbl
proteins (24). Activation of PI3K results in phosphorylation of
AKT downstream of RANK and in several other signaling path-
ways (50). It has been reported that in osteoclasts, the lack of
either Cbl or Cbl-b alone does not affect RANKL-mediated
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FIGURE 3. Enhanced differentiation of CblY*/¥F osteoclasts is due to hyperresponsiveness to RANKL. A, non-adherent bone marrow precursor cells were
either untreated or cultured in the presence of M-CSF (20 ng/ml) and RANKL (ng/ml) at the indicated doses. After 5 days, cells were TRAP-stained, and OCLs
with three or more nuclei were counted. B, bone marrow cells were either untreated (day 0) or cultured in the presence of MCSF (20 wg/ml) and RANKL (50
ng/ml) as described under “Experimental Procedures.” mRNA expression levels were measured by quantitative real-time PCR. C, total cell lysates were
prepared at the indicated time points during the process of differentiation. The blot was probed using anti-RANK antibody (top). The blot was stripped and
reprobed with GAPDH (bottom) to verify equal loading of protein. To correct for experimental variability, the amounts of total proteins in individual
bands were quantified by using Odyssey Infrared Imaging Systems software 2.1 (LICOR Biosciences), and the ratio of RANK protein to GAPDH, a housekeeping
protein, was calculated (gray bars, WT; black bars, Cbl"™*F). D-F, bone marrow cells were differentiated in OCLs with M-CSF and RANKL. The expression of
osteoclast differentiation markers on day 0 and 5 was determined by real-time PCR. D, NFATc1; E, TRAP; F, CTSK; G, MMP-9; H, CalcR. *, p < 0.05 as compared with
WT control. Error bars, S.D.
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assay was confirmed by competition of p65 activity with WT and mutant oligonucleotides. *, p < 0.05, as
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scription activity is expressed in relation to the untreated WT OCLs. Specificity of the assay was confirmed by
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phorylated protein to total protein was calculated (gray bars, WT; black bars, Cbl""/¥F). A representative exper-
iment of four repetitions is shown. Error bars, S.D.

AKT phosphorylation due to the existence of compensatory

enhanced survival of osteoclasts in Cb

compared with the WT cells (Fig.
4A). In order to further examine the
effect of Cbl-PI3K interaction on
AKT activation, phosphorylation of
AKT substrates in the WT and
CbI"*F cells under basal and
RANKL-stimulated conditions was
compared using Western blotting
with a phosphospecific antibody
recognizing AKT-specific phospho-
rylation sites. Phosphorylation of
AKT substrates in CbI**'¥¥ OCLs
was higher than in WT OCLs under
both basal and stimulated condi-
tions (supplemental Fig. 2). Of sev-
eral AKT substrates, phosphoryla-
tion of a protein with a molecular
weight equivalent to that of glyco-
gen synthase kinase (GSK3B) was
increased. GSK3p is a well charac-
terized substrate of AKT and exists
in unphosphorylated form in rest-
ing cells. In CbI¥**F osteoclasts,
similar to the enhanced activation
of IKKa upon RANKL treatment,
phosphorylation of GSK3 was also
augmented in RANK-treated OCLs
(Fig. 5C). These results suggest that
in the absence of Cbl-PI3K interac-
tion, AKT is capable of targeting its
substrates and that RANKL treat-
ment was sufficient to activate this
pathway. Taken together, these data
indicate that the absence of Cbl-
PI3K interaction in osteoclasts
increases AKT activity.

Increased PI3K Activity in
CbI™* Osteoclasts Confers Protec-
tion from Cell Death—The PI3K-
AKT axis of signaling is essential for
survival of osteoclasts. Sustained
phosphorylation of AKT in CbI**/*F
OCLs may, in part, contribute to
1Y¥YF mice and cell cul-

mechanisms, although RANK and CD40 ligand-mediated acti-
vation of AKT was defective in Cbl-b™/~ dendritic cells and
Cbl™/~ B cells (23). Recently, it was demonstrated that in thy-
mocytes, abrogation of Cbl-PI3K interaction in mice resulted in
a significant decrease in AKT phosphorylation (51). Intrigu-
ingly, our results demonstrate that phosphorylation of AKT,
both basal and RANKL-induced, was enhanced in CbI**"*F
OCLs compared with WT cells, whereas the expression of AKT
was similar in both cell types (Fig. 5B). These data suggest that
in CbIY**F osteoclasts, despite a lack of Cbl-PI3K interaction,
PI3K/AKT signaling in response to RANKL was intact.
Anincrease in AKT activity should result in phosphorylation
of AKT-specific substrates. In CbI**** OCLs in unstimulated
OCLs, phosphorylation of IKKe, a substrate, is augmented as
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tures and thus contribute to increased numbers of osteoclasts
in mice and ex vivo cultures. Therefore, to examine the survival
of OCLs, cells were cultured for 5 days and then either treated
with RANKL for 48 h or left untreated. Cells were then fixed,
and TRAP-positive multinucleated cells were counted. As com-
pared with the WT samples, CbI¥*¥F OCLs demonstrated an
enhanced ability to survive even in the absence of stimulation
(Fig. 6, A and B). Additionally, RANKL increased the survival of
CbI¥*¥F OCLs to a significantly higher extent than that of WT
OCLs; ~20% of the initial CbI¥*/¥F population survived after
RANKL treatment compared with ~7% in WT cultures (Fig.
6B). In contrast, more TUNEL-positive OCLs were found in
WT cultures than in CbIY*¥F cultures (Fig. 6C). Because the
enhanced survival of OCLs is likely to reflect their prolonged
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FIGURE 5. AKT phosphorylation and activity is increased in CbIY*/YF OCLs.
A, OCLs were serum-starved for 30 min and treated with RANKL (50 pg/ml) for
the indicated times. The blot was probed with anti-phospho-Cbl Tyr”*”
(pY737Cbl) antibodies to detect the phosphorylation of Cbl Tyr’3” (top). The
blot was stripped and reprobed with anti-Cbl antibodies to detect total Cbl
levels in WT and CbI"™¥F OCLs. The amounts of total proteins in individual
bands were quantified as described above. B, OCLs were treated with RANKL
as described above. Blots were probed with anti-phospho-AKT Thr3°® (pAkt)
(top) and anti-AKT antibodies (bottom). Quantification of blots was performed
as above. C, phosphorylation of GSK is enhanced in CbI"*¥F OCLs. OCLs were
treated with RANKL as described above. Western blot was performed, and the
blots were probed with anti-phospho-GSK and anti-GSK antibodies. Quanti-
fication of blots was performed as above.

persistence in culture, which may be a result of a delay in the
onset of apoptosis, we next examined the progression of apo-
ptosis in these cultures. WT OCLs were found to be 64 and 95%
TUNEL-positive following treatment with RANKL for 6 or
12 h, respectively. In contrast, CbI**/*¥ OCLs were only 37 and
61% TUNEL-positive under these conditions (Fig. 6D). In
agreement with this result, a significant decrease in the caspase-
3/7 activity was also found in CbI**/** cultures under basal and
RANKL-treated conditions (Fig. 6E). However, the levels of
proapoptotic Bim were not altered under these experimental
conditions (supplemental Fig. 3). These results indicate that
progression toward apoptotic death was much slower in
CbI"*"¥F cultures than in WT. Together, these findings further
indicate that the lack of Cbl-PI3K interaction in CbI**/** oste-
oclasts increased PI3K activity, which is known to enhance the
survival of various cell types by protecting them from apoptosis.

To study if the lack of Cbl-PI3K interaction in CbI¥**¥ OCLs
indeed promotes survival via the AKT pathway, we next exam-
ined the effect of decreasing AKT activity using LY294002, a
specific PI3K inhibitor. We established that in both WT and
CbIY¥¥F cultures treated with 10 um LY294002, there was
decreased AKT phosphorylation. This decrease was more pro-
nounced in WT treated cultures compared with the CblY*/¥F
OCLs (Fig. 6F). We next examined the effect of different
doses of LY294002 on the onset of apoptosis by a TUNEL
assay. Treatment of WT OCLs with 1 um LY294002 signifi-
cantly increased the number of TUNEL-positive cells but had
little or no effect in CbI¥*/¥* cultures (Fig. 6G). A significant
increase in numbers of TUNEL-positive cells in CbI¥*/*¥ cul-
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tures was achieved only after treatment of cells with 10 um
LY294002, although the number of TUNEL-positive WT OCLs
was still higher than in CbI**"*F cultures under those condi-
tions (Fig. 6G). These results also support an enhanced survival
of CbIY™¥F OCLs due to increased PI3K-mediated AKT
activation.

Effect of Cbl Y737F on PI3K Is Not Mediated by the Disruption
of Cbl-dependent Ubiquitylation of p85—The Cbl family pro-
teins function as negative regulators of many signaling proteins
by acting as E3 ligases in the ubiquitylation system (3, 52). It is
possible that Cbl regulates PI3K activity as an E3 ubiquitin
ligase by mediating ubiquitylation of the p85 subunit. In this
case, the lack of interaction between these proteins in CbI**/*¥
OCLs would result in up-regulation of p85 protein levels.
Therefore, we next examined whether the increased PI3K activ-
ity was due to an increased level of PI3K in the Cbl**¥F OCLs.
WT and CbIY¥YF OCL cultures were treated with RANKL,
whereas proteasomal degradation was inhibited by increasing
doses of MG132, a proteasomal inhibitor. Western blot analysis
revealed that the total ubiquitylation of proteins was compara-
ble between the WT and CbI"*"*F cultures treated with differ-
ent doses of MG132 (Fig. 7A). Also, the total levels of the p85
subunit of PI3K or Cbl were unaltered in the presence of
increasing levels of MG132 in both YF and WT OCLs (Fig. 7B).
In addition to ubiquitylation, the expression level of proteins is
also modulated by lysomal degradation. Therefore, we also
compared lysosomal degradation of proteins in WT and
CbI¥¥YF OCLs. For these experiments, cells were treated with
an increasing concentration of chloroquine. In both WT and
CbIY¥/¥F cultures, expression levels of Cbl and the p85 subunit
of PI3K remained unchanged upon chloroquine treatment (Fig.
7C). Taken together, these data suggest that the effect of the
PI3K-binding site mutation in Cbl on the overall PI3K activity
was not caused by the disruption of Cbl-mediated PI3K
ubiquitylation.

DISCUSSION

Cbl phosphorylation on tyrosine 737 by Src family kinases
and the subsequent binding of the p85 subunit to phosphory-
lated tyrosine 737 and activation of PI3K has been well docu-
mented (6, 49, 53). In this report, we demonstrate that the role
of Cbl in osteoclast biology is predominantly dependent on its
ability to bind and modulate PI3K activity. In keeping with this
established role of Cbl, the skeletal analysis of mice in which
Cbl-PI3K interaction is abolished showed increased bone vol-
ume due to a cell-autonomous defect in osteoclasts (Fig. 1).
This result provides evidence that tyrosine phosphorylation of
Cbl Tyr”*” and subsequent recruitment of PI3K is required for
normal bone resorption and thus plays a positive role in oste-
oclast function. Intriguingly, our results also demonstrate that
recruitment of PI3K by Cbl has a negative role in regulating
osteoclast survival because a lack of that interaction resulted in
increased numbers of osteoclasts in mice (Fig. 1, I and /) and
increased numbers and survival of osteoclasts in cell cultures
(Figs. 2 and 6). In this case, we propose that the inability of Cbl
to recruit and bind PI3K prevents its sequestration, thus
increasing the pool of PI3K capable of interacting with other
signaling proteins that regulate osteoclast differentiation and
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FIGURE 6. CbIYF/¥F OCLs demonstrate enhanced survival as a result of increased PI3K activity. OCLs were
either untreated or were treated with RANKL (50 wg/ml) for 48 h. After treatment, cells were fixed and TRAP-
stained. A, photomicrographs of the TRAP-stained OC culture with the indicated treatment. Magnification was
X10. B, histogram represents the data expressed as a percentage of the initial number of TRAP + MNCs
surviving after 48 h. (gray bars, WT; black bars, CbI"*¥F).*, p < 0.05 as compared with WT control. C, to visualize
apoptotic OCLs on day 5 of differentiation, OCLs were fixed and stained with DAPI and TUNEL. The arrows
indicate bright green TUNEL-positive cells showing apoptotic nuclei. D, to determine onset of apoptosis after 5
days of culture, cells were either left untreated or treated with RANKL (50 wg/ml) for indicated times. TUNEL-
positive cells were counted, and data are expressed as percentage of TUNEL-positive OCLs (gray bars, WT; black
bars, CblY*¥F). *, p < 0.05 as compared with WT control. £, to determine the caspase-3 activity, OCLs were either
left untreated or treated with RANKL (50 ng/ml) for 3 h. Caspase activity was measured as described under
“Experimental Procedures” (gray bars, WT; black bars, Cbl"™*F). F and G, to determine the role of AKT in the
prolonged survival of Cbl™™¥F OCLs, cells were treated with RANKL (50 wg/ml) or were treated with increasing
concentrations of PI3K inhibitor LY294002 (1-10 um) for 12 h. F, blots were probed with anti-phospho-AKT
Thr3%8 (top) and anti-AKT antibodies (bottom). G, cells were fixed, and the TUNEL assay was performed as
described above, and data are expressed as percentage of TUNEL-positive OCLs. *, p value between 0 and 1 or
10 mmin WT; #, p value between 0 and 10 mmin CbI"™¥F OCLs; ", p value showing significance between WT and
CbIY™YF OCLs in the presence of RANKL. Data are representative of three independent experiments. RLU,
relative luminescence units; Error bars, S.D.

survival. Thus, in osteoclasts, Cbl affects PI3K-dependent
events not so much by recruiting PI3K to the sites where PI3K
exerts its effect on cellular activity but by modifying the spatio-
temporal distribution of PI3K in such a way that PI3K is, to a
significant degree, excluded from sites where it may positively
affect cell function, such as bone resorption.

NOVEMBER 19, 2010+VOLUME 285+-NUMBER 47

Interestingly, the CbI¥*¥F OCLs,
which lack normal osteoclast func-
tional resorption, differentiate in
other ways with significant multi-
nucleation, expression of mature
osteoclast markers, spreading, and
expression of NFATc1 (Figs. 2—4).
The phenotype clearly demon-
strates that expression of NFATc1
alone does not appear to be suffi-
cient to generate a functional
osteoclast.

Specifically, we show that abol-
ishing Cbl-PI3K interaction per-
turbs RANKL-mediated signaling in
mature osteoclasts. RANK signaling
was previously shown to induce Src-
mediated tyrosine phosphorylation
of Cbl (24). Here we demonstrate
that stimulation of WT OCLs with
RANKL results in the phosphoryla-
tion of Tyr’?” and correlates with
AKT phosphorylation, suggesting
that RANKL-induced phosphoryla-
tion of AKT could, in part, be medi-
ated by the Cbl-PI3K interaction
(Fig. 5, A and B). According to this
notion, the loss of Cbl-PI3K interac-
tion is expected to decrease AKT
phosphorylation.

In contrast, we demonstrate that
in osteoclasts, the lack of Cbl Tyr”*”
enhances AKT phosphorylation as
well as other signaling events. Nota-
bly, AKT phosphorylation is signifi-
cantly up-regulated in CbI"**F
OCLs under basal conditions (Fig.
5B). Indeed, AKT phosphorylation
was previously linked to Cbl-PI3K
interaction in thymocytes using a
Cbl RING mutant (54). Recently, it
was shown that the lack of Tyr”®” in
Cbl, which prevents Cbl-PI3K inter-
action, renders activation of AKT in
response to T-cell receptor stimula-
tion weak and transient, in contrast
to a normally robust and sustained
AKT activation (51). Therefore, it
appears that in osteoclasts, the role
of Cblin the PI3K-mediated binding
is distinct from that in thymocytes.
Our data suggest that a major role of

Cblin osteoclasts is to modulate the availability of PI3K. In WT
osteoclasts, binding of Cbl and PI3K would sequester PI3K.
However, due to lack of interaction in Cb
possible that more PI3K becomes available for interactions with
proteins other than Cbl, and this results in more robust activa-
tion compared with the WT OCLs. Interestingly, this increase

IYE/YF osteoclasts, it is
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FIGURE 7. PI3K levels are not altered in CbIY*/YF OCLs. A, OCLs were treated
with proteasome inhibitor MG132 at the indicated concentrations for 6 h.
After treatment, total cell lysate was prepared and processed for Western
blotting. Blot was probed with anti-ubiquitin antibody (top), and the mem-
brane was stripped and reprobed with anti-GAPDH antibodies to determine
equal protein loading. B, blots were also probed with anti-p85 and anti-Cbl
antibodies as indicated. The blot was stripped and reprobed with anti-GAPDH
antibodies to demonstrate protein loading. C, OCLs were also treated with chlo-
roquine for 1 h at the indicated concentrations to prevent lysosome-mediated
protein degradation. Blots were probed with anti-p85 or anti Cbl antibodies. The
blot was stripped and reprobed with anti-GAPDH to verify equal protein loading.
A representative experiment of three repetitions is shown.

in the amount of available PI3K in CbIY**F is unrelated to
changes in its Cbl-mediated down-regulation because inhibi-
tion of either ubiquitylation or lysosomal degradation exerts no
effect on the level of PI3K in osteoclasts (Fig. 7, Band C). These
findings further indicate that facilitation of the PI3K-mediated
signaling, which occurs via activation of AKT, in CbI¥*/*F oste-
oclasts results from an increase in the level of non-Cbl-seques-
tered PI3K due to the loss of a regulatory mechanism, modulat-
ing availability of PI3K for other signaling proteins.

As mentioned above, this study also highlights a negative role
for the Cbl-PI3K interaction in osteoclastogenesis and survival.
Unexpectedly and in contrast to the findings made in Cbl™/~
mice, which have normal osteoclast numbers (8), CbI¥¥/¥F
mouse osteoclast numbers were elevated by 2-fold (Fig. 1, I and
J), and the ex vivo differentiation of precursors into mature
osteoclasts was enhanced (Fig. 2, A-E). These effects were
observed along with hyperresponsiveness of CbI**** OCLs to
RANKL, which was associated with increased RANK mRNA
and protein levels (Fig. 3). M-CSF treatment of CbI**"*F pre-
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cursors did not alter the proliferation of precursors, indicating
that Cbl-PI3K interaction may not be involved in M-CSF-me-
diated effects on OC precursors (data not shown). In contrast,
treatment of CbI**/*F OCLs with RANKL facilitated NF«xB and
NFATc1 activation (Fig. 4, A-C). Transcriptional activation of
NFATc1 occurs subsequent to NFkB-mediated activation, and
this leads to a positive feedback loop, resulting in increased
transcription of osteoclast differentiation markers (44). Corre-
spondingly, expression levels of TRAP, NFATc1, and CalcR,
each a marker of osteoclast differentiation and maturation,
were also increased in CbI¥¥¥F OCLs (Fig. 3, D-H). RANKL-
mediated signaling was also up-regulated, but a dramatic dis-
parity in the effects of Y737F mutation on phosphorylation of
individual signaling proteins was seen. There was a constitutive
increase in phosphorylation of ERK proteins (Fig. 4E), whereas
activation of p38 and JNK was induced to higher levels only upon
stimulation with RANKL (Fig. 4, F and G). Our results suggest that
Cbl-PI3K interaction is likely to modulate a subset of RANK-cou-
pled signaling mechanisms to a greater degree. This differential
effect of the Y737F mutation on various downstream elements of
RANKL-induced signaling may lead to perturbed physiological
outcomes because the optimal stimulation of osteoclasts is likely to
require proper balance of activation between individual RANK-
mediated signaling pathways. Detailed characterization of how
Cbl-PI3K interaction regulates the coupling of RANK to NF«B
and MAPKs and other RANK-activated signaling mechanisms
will be the focus of future research.

Multinucleation and increased activity of NFATc1 is typi-
cally associated with differentiation of osteoclasts. In CbI**/*F
OClLs, despite increased NFATcl activity (Fig. 4C), the bone
resorption capacity is diminished (Fig. 1, G and H). This phe-
notype clearly suggests that increased NFATc1 activity is not
sufficient to generate osteoclast functional resorption despite
enhancement of other markers of osteoclastogenesis. There are
multiple mouse models where, despite the presence of multinu-
cleated OCLs, the bone resorption capacity is compromised
both in vivo and in vitro (17, 55-57). Furthermore, the
decreased functionality of OCLs varies significantly in different
osteopetrotic mouse models; thus, Src™/~ mice have severe
osteopetrosis and failure of tooth eruption (58), whereas
gelsolin~/~ (55), Pyk2 ™'~ (56), B3~/ (57), and CbI"*"*F mice
have normal tooth eruption, and the osteopetrosis is relatively
milder. However, gelsolin '~ Pyk2 /", and 83/~ OCLs have
abnormal spreading and/or cytoskeletal rearrangement, which
is not apparent in the CbI**"¥F OCLs, which are multinucleated
and spread normally on plastic (Figs. 1 and 2) yet have defective
bone resorption (Fig. 1). Although NFATc1 activation is aug-
mented in CbI**/*F OCLs, they do not functionally resorb bone,
thus demonstrating that NFATc1 expression is not sufficient
for development of osteoclast function. Moreover, in CbI**/**
OCLs, although the NFATcl levels are up-regulated, the
expression levels of AP-1 transcription factors were compara-
ble with those in WT OCLs (supplemental Fig. 1). Recently, it
was reported that during osteoclast differentiation, Cbl and
Cbl-b induced ubiquitylation and subsequent degradation of
NFATc1 (59). However, as indicated in Fig. 74, E3 ligase activ-
ity of the Cbl Tyr”®” protein is not compromised, suggesting
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that other mechanism(s) may be responsible for increased acti-
vation of NFATc1 in CbI¥*¥F OCLs.

One likely mechanism for regulating NFATc1 activity is the
PI3K-AKT pathway. This pathway is reported to regulate T cell
differentiation and TCR responsiveness by modulating the
cytoplasmic-nuclear localization of NFATc1 and NF«B proteins
(60—62). Furthermore, in osteoclasts, it is documented that PI3K
signaling coordinately regulates AKT/NF«B and MEK/ERK path-
ways to maintain osteoclast survival because inhibiting PI3K activ-
ity blocked these pathways (22). We propose that in CbI**/**
OClLs, defective spatial and temporal recruitment of PI3K by Cbl
leads to enhanced AKT activity (Fig. 5), resulting in increased
phosphorylation of AKT substrates, including IKK (Fig. 44). In
turn, increased IKK phosphorylation results in enhanced activa-
tion of NFkB and NFATcl1 (Fig. 4). Thus, although the lack of
Cbl-PI3K interaction augmented AKT-mediated NF«B and
NFATCc1 activation, failure of recruitment of the Cbl-PI3K com-
plex to resorption sites inhibits bone resorption.

Our observation that the Cbl¥*** mice have increased bone
volume demonstrates that the ablation of Cbl-PI3K interaction
has a distinct effect on bone. Histomorphometric analysis and
decreased serum collagen telopeptide levels in the adult
CbI"**F mice indicated that the increased bone volume was,
for the most part, a consequence of decreased bone resorption
due to a cell-autonomous defect in osteoclast function (Fig. 1).
The decreased functionality of CbIY™¥F osteoclasts was evident
by an in vitro pit formation assay, where we observed a 2-fold
decrease in the pit-forming capacity of the CbI**"*F osteoclasts
as compared with WT (Fig. 1H). The decreased bone resorption
in the CbI¥*¥F mice is in contrast to the lack of overt skeletal
phenotype in adult Cbl ™/~ mice and the osteopenic phenotype
ofthe Cbl-b~/~ mice (8, 63). Overexpression of Cblin Cbl-b~/~
OCLs had no effect on the elevated bone resorbing activity of
Cbl-b~’~ OCLs and appeared to involve E3 ligase activity
because mutation in the RING domain abolished the ability of
the recombinant Cbl-b to reduce the bone resorbing activity of
Cbl-b~/~ OCLs (63). In CbI**** mice, expression of Cbl-b is
comparable with that in the wild type mice (data not shown).
Thus, the loss of Cbl-PI3K interaction resulted in decreased
osteoclast function notwithstanding the presence of normal
amounts Cbl-b. These observations demonstrate that the inter-
action of Cbl with the p85 subunit of PI3K positively regulates
osteoclast bone resorbing activity and support our previous in
vitro observation that Src-mediated phosphorylation of Cbl
Tyr”?” is essential for bone resorption (17).

In many cells, including osteoclasts, PI3K is an important
signaling molecule associated with the regulation of actin
cytoskeletal components. p85 a~/~ mice are osteopetrotic due
to defective osteoclast function (21). Inhibition of PI3K activity
interfered with the bone resorbing capability of osteoclasts (20,
64). In osteoclasts, PI3K is activated and translocated to the
actin-rich cytoskeletal fraction upon adhesion to matrix pro-
teins (20). In macrophages, Src family kinase-mediated phos-
phorylation of Cbl is required for Cbl-PI3K association and for
the transfer of this complex to the actin-rich cytoskeleton (53).
Cbl-PI3K interaction is also critical for spreading and motility
of transformed fibroblasts (49). Overexpression of Cbl Y737F
protein, which is unable to bind PI3K, reduces in vitro bone
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resorbing activity of osteoclasts by 80% (17). Lack of Cbl-PI3K
interaction resulted in decreased bone resorption as demon-
strated in this report. Whether or not this effect is due to the
inability of the Cbl-PI3K complex to form and translocate
remains unclear. As shown in Fig. 2E, CbI¥™*F osteoclasts are
able to form the peripheral actin ring, indicating that under
basal conditions, lack of Cbl-PI3K interaction may not be neces-
sary for the organization of podosomes and actin ring formation.
Similarly, actin organization in the osteoclasts was not perturbed
in the absence of either Cbl or Cbl-b (16, 63). It is possible that
Cbl-b and/or other proteins that are capable of interacting with
Cbl and actin cytoskeleton (e.g Src) might be able to compensate
for the lack of Cbl-PI3K interaction and preserve the actin organi-
zation in this situation. Recently, it has been reported that Cbl and
Cbl-b act redundantly in the stabilization of microtubules and
podosomes (14). In future studies, it will be important to charac-
terize the actin organization in the CbI"*"** OCLs replated to dif-
ferent extracellular matrix proteins or treated with various other
stimuli that induce cytoskeletal reorganization.

Taken together, our findings indicate that the loss of Cbl-
PI3Kinteraction results in increased bone volume that is largely
the consequence of decreased bone resorption. The CbI**"**
osteoclasts resorb bone less efficiently, although higher in num-
ber due to enhanced survival. Loss of Cbl-PI3K interaction
leads to higher PI3K activity, facilitating this osteoclast signal-
ing event. Overall, this study demonstrates that Cbl plays
unique roles in both positive and negative regulation of oste-
oclast functions, which are not compensated by Cbl-b. Several
signaling pathways depend on a step mediated by recruitment
of proteins to Cbl. This commonality is restricted to the mode
of interaction between Cbl and the recruited protein because
the impact of such an event is dependent on the nature of the
recruited molecule, the nature of the stimulus, and the cellular
context. It has been shown previously that the phosphoryla-
tion-dependent binding of Cbl to a signaling protein may lead
to its ubiquitylation and/or down-regulation (e.g. tyrosine
kinases, Vav, and several other proteins) but may also facilitate
signaling through formation of protein-protein complexes in
the relevant locations at the appropriate time. This report pro-
vides evidence of further complexity of this system; interaction
of Cbl with a signaling protein (PI3K, in this case) may have a
negative regulatory effect on signaling by sequestering this pro-
tein. Importantly, the role of this sequestration is likely to be not
just down-regulation of signaling but also providing the appro-
priate balance between activation of various pathways triggered
by RANKL in order to achieve the optimal level of biological
responses. Without such regulatory sequestration, various cel-
lular functions may be affected differentially, thus leading to
disjointed responses as seen in Cbl¥*¥F mice, in which oste-
oclasts demonstrate multiple signs of hyperactive signals and
are more resistant to apoptosis than their WT counterparts but
are less active in bone resorption both in vitro and in vivo.
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