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Abstract

During development of the skeleton, osteoclast (OC) recruitment and migration are required for the vascular invasion of the cartilaginous
anlage and the ossification of long bones. c-Chl lies downstream of the vitronectin receptor and forms a complex with ¢-Src and Pyk2 in
a signaling pathway that is required for normal osteoclast motility. To determine whether the decreased motility we observed in vitro in
¢-Cbl~/~ OCstranslated into decreased cell migration in vivo, we analyzed the long bones of ¢c-Cbl '~ mice during development. Initiation
of vascularization and replacement of cartilage by bone were delayed in ¢-Chl™'~ mice, due to decreased osteoclast invasion of the
hypertrophic cartilage through the bone collar. Furthermore, c-Cbl~/~ mice show a delay in the formation of secondary centers of
ossification, a thicker hypertrophic zone of the growth plate, and a prolonged presence of cartilaginous remnants in the spongiosa,
confirming a decrease in resorption of the calcified cartilage. Thus, the decrease in motility of ¢-Chl~/~ osteoclasts observed in vitro results
in a decreased ability of osteoclasts to invade and resorb bone and mineralized cartilage in vivo. These results confirm that c-Chl plays an

important role in osteoclast motility and resorbing activity.
© 2003 Elsevier Inc. All rights reserved.

Introduction

The product of the c-Chl proto-oncogene and other mem-
bers of the Chl family have evoked much interest in recent
years, not only because some altered forms of c-Chl pro-
mote tumorigenesis but also because of findings that relate
to their structure and function. All Chl proteins share a
unique domain that recognizes phosphorylated tyrosine res-
iduesthat are present on activated tyrosine kinases (Galisteo
et al., 1995; Lupher et al., 1996) and a RING domain that
mediates the recruitment of ubiquitin-conjugating enzymes
to, and the multiubiquitination of activated receptor (RTKS)
and nonreceptor (NRTKS) tyrosine kinases (Joazeiro et al.,
1999; Naramura et al., 1998; Ota et a., 2000; Ota and
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Samelson, 1997; Yokouchi et al., 1999, 2001). Thus, Chl
proteins function by specifically targeting activated RTKs
and NRTKs and mediating their downregulation, thereby
providing a means by which signaling processes can be
negatively regulated (Joazeiro et al., 1999; Levkowitz et al.,
1999; Sanjay et a., 2001a; Yokouchi et al., 1999). How-
ever, Chl is also involved in positive signaling events
through its capacity as a multidomain adaptor protein that is
required for functions associated with cell spreading in
response to integrin engagement, and with bone resorption
(Meng and Lowell, 1998; Ojaniemi et al., 1997; Scaife and
Langdon, 2000; Tanaka et al., 1996; Zell et a., 1998).
The ability of cells to migrate is an essential physiolog-
ical process, whose molecular mechanisms are so far only
partially understood. In highly motile cells, such as macro-
phages, trophoblasts, and osteoclasts, cell motility is
achieved through the rapid, highly coordinated assembly
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Fig. 1. Metatarsals from E17.5 c-Cbl ™/~ and ¢-Cbl ~/~ mouse embryos. In ¢-Cbl*/~ E17.5 metatarsals, OCs have already crossed the metatarsal bone collar and begun
resorbing the hypertrophic cartilage, whereas in c-Cbl '~ E17.5 metatarsals, OCs are found almost exclusively on the perichondral surface of metatarsals. Histomor-
phometric analysis of E17.5 ¢-Chl*'~ and ¢-Chl~/~ metatarsals showed that the number of osteoclasts within the bone collar was significantly reduced in c-Cbl '~
metatarsals at this age (P < 0.05), compared with their heterozygous littermates, whereas the number of osteoclasts outside the bone collar was increased (P < 0.05).
The total number of osteoclasts was unchanged.
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Fig. 2. (A, B) Histomorphometrical analysis and alcian blue staining of E19.5 ¢-Cbl*/~ and ¢-Cbl~/~ metatarsals. Both in ¢-Cbl ™/~ and ¢-Chl ™/~ mouse
embryos, almost all osteoclasts are found in the forming early marrow cavity (A; left, outer OCs; right, inner OCs); however, the volume of the cartilage
remnants detected by alcian blue staining is significantly higher in c-Cbl =/~ mice than in the heterozygous animals (P < 0.01) (B, C). Von Kossa staining
of E17.5 ¢-Cbl™'~ and ¢-Cbl ™/~ mouse metatarsals. The mineralization of the hypertrophic cartilage is comparable in ¢-Cbl ™/~ and ¢-Cbl '~ mice.
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and disassembly of dynamic attachment structures called
podosomes (Marchisio et a., 1984, 1987; Zambonin-Zal-
lone et al., 1982), which occurs within minutes (Stickel and
Wang, 1987).

Osteoclasts are multinucleated giant cells whose physi-
ological role is to resorb the extracellular bone matrix
(Baron et a., 1993; Teitelbaum, 2000). Thisroleis essential
for bone morphogenesis, repair, and maintenance. As oste-
oclasts move across bone surfaces, they must rapidly attach
to and release from the extracellular matrix. The speed of
podosome assembly and disassembly allows osteoclasts to
generate high rates of motility. The molecular events at the
basis of these fast processes are now beginning to be elu-
cidated.

Attachment of the osteoclast to the substrate occurs
mainly via the «,B5 integrin receptor, which has been
shown to be the major integrin in osteoclasts (McHugh et
al., 2000; Zambonin Zallone et al., 1989). We have previ-
ously shown that the engagement of «, 35 triggers the for-
mation of a complex involving c-Cbl and the nonreceptor
tyrosine kinases Pyk2 and c-Src, and that c-Chl is a major
regulator of the activity of this molecular complex in a
signaling pathway that regulates cell adhesion and motility.
OCs that lack either c-Src or c-Chl display decreased mi-
gration in vitro (Sanjay et al., 2001b).

Osteoclast motility is required not only during the bone
resorption process that occurs in remodeling adult bone but
also for osteoclast (OC) recruitment and migration through
the perichondrium and the bone collar that is required for
the vascular invasion of the cartilaginous anlage and the
formation of the primary and secondary centers of ossifica-
tion during the process of endochondral bone morphogen-
esis. Migration is essentia in order for OC precursors to
reach the bone collar and for newly formed OCsto penetrate
the mineralized hypertrophic cartilage during long bone
development.

To determine whether the decreased motility we ob-
served in vitro reflected decreased cell migrationin vivo and
to better determine the role of osteoclast migration in de-
velopmental processes of the skeleton, we analyzed these
developmental events in c-Chl knockout mice. Analysis of
embryonic metatarsals showed that the initiation of vascu-
larization and replacement of cartilage by bone are delayed
in these mice as a consequence of the decreased ability of
osteoclasts to invade the hypertrophic cartilage through the
bone collar. Furthermore, in a Boyden chamber assay, os-
teoclasts isolated from c-Cbl ™/~ mice displayed a signifi-
cant decrease in invasion ability compared with wild-type
osteoclasts. Although a complete histomorphometric analy-
sis failed to demonstrate any significant change in adult
c-Chbl ™/~ mice, differences are evident in these mice from
day 9 through day 18 of postnatal life. Specificaly, thereis
a delay in the formation of the secondary center of ossifi-
cation in the tibia proxima epiphysis, a thickening of the
hypertrophic zone of the growth plate and persistant carti-
laginous remnants in the spongiosa, all processes that are

dependent on osteoclast invasion of the mineralized hyper-
trophic cartilage and congtitute pathognomonic signs of
decreased resorbing activity. Thus, c-Chl plays an important
part in osteoclast motility and bone resorption during skel-
etal development in vivo.

M ethods

Generation and identification of c-Cbl deficient mice,
sample preparation, and histological analysis

¢c-Chl ™/~ mice were generated and identified as previ-
ously reported (Naramura et a., 1998). For histological and
histomorphometrical analysis, c-Cbl '~ mice and wild-type
and heterozygous littermates were sacrificed by cervica
dislocation or halothane inhalation at days E17.5, E19.5, P9,
P10, and P18 and at 12 weeks of age (the latter previously
injected with calcein 30 mg/kg, 10 and 3 days before sac-
rifice), tissues were fixed in 4% formalin, then either frozen
or embedded in methylmethacrylate as described (Sims et
al., 2000). From frozen samples, 6-micron sections were
either stained for TRAP using an acid phosphatase detection
kit (Sigma Chemica Co., St. Louis, MO, USA) and coun-
terstained with toluidine blue, or stained with the Von Kossa
method for calcified tissues and counterstained with methyl
green. From methylmethacrylate-embedded samples, 5-mi-
cron sections were stained with toluidine blue and 10-
micron sections were coverdipped unstained for dynamic
measurements. Histomorphometric analysis was performed
with an Osteomeasure system (Osteometrics Inc., Atlanta,
GA, USA), using standard procedures (Parfitt et al., 1987)
to assess changes in bone structure and remodeling. Tibia
sections were measured in the proximal metaphysis begin-
ning 340 um below the chondro-osseous junction, in a
region that corresponds to the secondary spongiosa. In em-
bryonic metatarsals, the numbers of large TRAP+ cells
were determined both outside the bone collar and within, in
contact with and resorbing the hypertrophic cartilage. All
histomorphometric analyses were performed in ablind fash-
ion.

Preparation of osteoclasts and osteoclast-like cells

Authentic osteoclasts were obtained from the long bones
of 2- to 4-day-old neonatal mice. Bones were dissected free
of adherent tissues, placed in a-MEM containing 5% FBS,
and minced into small pieces. After vigorous pipetting to
release osteoclasts, the bone particles were allowed to sed-
iment for 30 s and the remaining cell suspension containing
osteoclasts was seeded onto serum-coated coverdips. To
obtain large numbers of cells for biochemical analyses,
osteoclast-like cells (OCLs) were generated in the murine
coculture system (Tanakaet a., 1996) by culturing neonatal
primary calvarial osteoblasts with spleen and marrow cells
in the presence of 1,25 dihydroxyvitamin D5 [1,25(0OH),D4]
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and PGE,. Primary calvarial osteoblasts were isolated from
neonatal mouse calvaria after sequential digestion with
0.1% collagenase and 0.2% dispase (Cabiochem), and then
cultured in a-MEM containing 10% FBS. Cells obtained
from spleens and bone marrow cells from c-Cbl™'~ or
c-Cbl '~ mice (2 X 10°® cells) were cocultured with osteo-
blastic cells in a-MEM containing 10% FBS, 1078 M
1,25(0H),D5, and 10~ ° M PGE, (Sigma-Aldrich Co., St.
Louis, MO). After 4-5 daysin culture, OCL s were purified
by removing the osteoblast layer by repeated pipetting of
media over the surface of the cell layer. Suspensions of
serum-starved OCL s (1% FCS overnight) were obtained by
treating the purified OCLs with 10 mM EDTA for 5 min at
37°C. Céllswere then flushed off the culture dishes, washed
once in serum-free a-MEM, and resuspended in serum-free
medium.

Osteoclast isolation and invasion assay

For invasion experiments with c-Chl-positive and c-Cbl-
negative osteoclasts, authentic osteoclasts were generated
from the marrow of ¢-Chl™"? and ¢-Chl~’~ mice and cocul-
tured with primary osteoblasts in the presence of
1,25(OH),D; (Akatsu et al., 1992). They were detached by
sequentia treatment with 0.1% bacterial collagenase (wt/
vol) plus 0.1% dispase (wt/vol), and 0.5% trypsin (wt/vol),
washed, resuspended in a-MEM, and seeded onto type |
collagen-coated membranes of culture inserts (Sato et al.,
1998). These culture inserts were then placed in 12-well
plates containing «-MEM supplemented with 0.1% albu-
max. After an overnight culture, the cells were stained for
TRAP. Invasion was determined by counting osteoclasts or
osteoclast extensions that had reached the lower surface of
the membrane after removal of the cells from the upper
surface of the membranes (Sato et al., 1998).

Coimmunoprecipitation and Western blotting

Lysates were centrifuged for 30 min at 4°C at 16,000 g.
Supernatants were used for immunoprecipitation assays.
Typicaly, 5 ug of antibody was added to 500 g of protein
lysate and incubated at 4°C for 1 h. Protein-G agarose slurry
(40 wl) was added and the incubation continued for another
1 h. The immune complexes on the beads were washed three
timesin mRIPA buffer and once in PBS. Beads were boiled
in 2xX SDS-PAGE buffer and samples were electrophoresed
on 8% SDS-PAGE gels. Proteins were then transferred to
nitrocellulose membranes (BA85; pore size, 0.45 um;
Schleicher & Schuell). To verify the quality of transfer,
proteins were visualized on the filters by staining with 0.2%
Ponceau S in 3% trichloroacetic acid. To block nonspecific
binding, the filters were incubated for 2 h at room temper-
ature in 5% milk, TBST buffer (50 mM Tris-HCI, pH 7.5,
150 mM NaCl, 0.1% Tween 20). Antigens were visualized
by immunaoblotting with the appropriate primary antibody
(2:1000 dilution), and then a horseradish peroxidase-conju-

gated anti-mouse 1gG or anti-rabbit 1gG antibody. All blots
were developed by using enhanced chemiluminescence re-
agents from Amersham Pharmacia Biotech. Densitometry
of the bands was performed by using the Scion Image 1.62
program, and the values were normalized to the density of
the actin band in the reprobed blot.

Satistical analysis

Statistical analysis was performed by using ANOVA,
with P values lessthan 0.05 (*) accepted as significant; error
bars represent standard deviations.

Results

It iswell established that, in wild type mouse embryos at
day E17.5, osteoclasts have already crossed the metatarsal
bone collar and begun resorbing the hypertrophic cartilage
to form the early marrow cavity, as we observed in
c-Cbl*/~ embryos (Fig. 1). However, in c-Cbl '~ littermate
embryos at thistimein devel opment, osteoclasts were found
amost exclusively on the perichondral surface of metatar-
sals, demonstrating that this process is delayed in these
mice. This observation was confirmed quantitatively
by histomorphometry. Metatarsals from c¢-Chl*™’~ and
c-Cbl '~ E17.5 mouse embryos were analyzed to determine
the numbers of osteoclasts localized outside the bone collar
or within, in contact with, and resorbing the hypertrophic
cartilage (Fig. 1). While the total number of osteoclasts in
the c-Cbl ~/~ metatarsals was not different from the number
inthe c-Chl ™/~ specimens, the number of osteoclasts within
the bone collar was significantly reduced in c-Cbl ™/~ meta-
tarsals at this age, compared with their heterozygous litter-
mates, whereas the number of osteoclasts remaining outside
the bone collar was increased. The number of mononuclear
osteoclast precursors, only found outside the bone collar in
both groups, was unchanged (data not shown). By day 19.5,
almost all osteoclasts were found in the forming early mar-
row cavity in both c-Cbl ™~ and ¢-Cbl ™/~ mouse embryos,
athough the alcian blue-stained cartilage remnants were
more conspicuous in ¢-Chl ~/~ than in ¢c-Cbl ™/~ metatarsals
(Fig. 2A and B). This observation was confirmed quantita-
tively by histomorphometrical analysis, which showed that
the volume of the cartilage remnants in the early marrow
cavity was significantly higher in c-Cbl™/~ mice than in
heterozygotes, again indicating that the ossification of the
primary center is delayed (Fig. 2B). This delay was not due
to alack of mineralization of the hypertrophic cartilage in
the embryonic metatarsals, a mandatory step for osteoclast
recruitment and matrix resorption, which was similar in the
c-Cbl™~ and c-Cbl™/~ mice, as shown by Von Kossa
staining of day E17.5 metatarsals (Fig. 2C).

The formation of the secondary center of ossification in
the epiphysis of long bones, a process that is also dependent
on invasion of cartilage by osteoclasts, was aso delayed in
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Fig. 3. Deletion of c-Chl causes a delay in the formation of the secondary center of ossification. At day P9 (top), tibia epiphyses of c-Cbl™/* mice are being invaded
by osteoclasts (arrows), along with endothelial cells, while only hypertrophic chondrocytes are found in the tibia epiphyses of their c-Cbl '~ littermates (TRAP staining
and toluidine blue counterstaining). This delay is still present at day P10. At day 18 after birth, the tibia epiphysis is extensively ossified and vascularized, and a true
mature marrow cavity is formed in c-Cbl*/? mice, whereas in their c-Cbl ~/~ littermates, this process is till at a very early stage. At this time, the hypertrophic zone
(red bars) of the growth plate is thicker in c-Cbl '~ mice than in their c-Chl™? littermates (bottom right panel), also suggesting a slowing of resorption of the calcified
cartilage.
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Fig. 5. Growth is transiently delayed in c-Cbl~/~ mice. At 18 days of age, c-Cbl '~ mice are smaller than their wild type littermates (A), and their tibias
are shorter (B). A decrease in the thickness of the proliferative zone of the growth plate at 10 days of age was aso observed (C).

c-Cbhl-deficient mice, as shown in Fig. 3. At day 9 after
birth, in wild type and heterozygous mice, the hypertrophic
cartilage in the tibia epiphysis was being invaded by oste-
oclasts and endothelial cells. In contrast, there was no sign
of this process of invasion at this time (Fig. 3), nor 1 day
later (data not shown) in the c-Cbl /™ littermates. At day 18
after birth, the tibia epiphysisin wild type and heterozygous
mice was extensively ossified and vascularized, and a true
mature marrow cavity was present, whereas in their
c-Chl ™/~ littermates, this process was still at a very early
stage. At this age, the hypertrophic zone of the growth plate
was also thicker in c-Cbl ™/~ mice, again suggesting a slow-
ing of osteoclast resorption of the calcified cartilage (Fig. 3).
However, in contrast with the differences observed in em-
bryos and young mice, and consistent with published re-
ports (Murphy et a., 1998), a complete histomorphometric
analysis of bones from adult mice failed to demonstrate
significant differences in any parameters-between the
¢-Chbl ™/~ mice and their c-Cbl™? littermates (Fig. 4).

We also found that c-Chl~/~ mice displayed a transient
delay in growth that wasfirst detectable at day P10 (data not
shown) and was still seen at day P18 (Fig. 5). Again, adult
¢-Chl-null mice were indistinguishable from their wild type
littermates. This delay in growth occurred simultaneously
with atransient lag in the growth of long bones and thinning

of the proliferating zone of the growth plate (Fig. 5). No
changes were observed in the tibial metaphyseal spongiosa
(Fig. 4, and data not shown).

Consistent with the retarded invasion of osteoclasts
across the periosteum and the bone collar into the mineral-
ized cartilage, freshly isolated c-Chl-deficient osteoclasts
displayed a decrease of about 50% compared with the con-
trols (P < 0.01) in their ability to migrate through collagen
type I-coated chemotaxis membranes (Fig. 6). Since this
system monitors the ability of osteoclasts to invade a col-
lagenous tissue, it is clearly more relevant to our in vivo
model than the migration on glass coverdlips reported ear-
lier (Sanjay et al., 2001b). While the assay system does not
fully reproduce the mineralized matrix encountered by os-
teoclasts and their precursors in vivo, the defect that we
observed in this assay is consistent with the phenotype we
observed in vivo in the process of osteoclast migration
through the periosteum and bone collar (Fig. 1), which at
that stage is mainly hypomineralized Col-1 matrix.

Deletion of both c-Chl and the highly homologous fam-
ily member Cbl-b results in embryonic lethality by day 10
(Liu and Gu, 2002; Naramura et a., 2002), indicating that
the two proteins share critically important functions. Re-
dundancy of function could explain, at least in part, the
relatively mild phenotype of the c-Cbl~/~ mice and their
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Fig. 6. Migration of c-Cbl~'~ osteoclast-like cells through a collagen type |-coated membrane was reduced by about 50% relative to wild type (P < 0.01,

pool of two separate experiments performed in triplicate).

recovery by adulthood, especialy if the expression of Chbl-b
increases as a consequence of the absence of ¢c-Chl. Western
blot analysis performed on cell lysates from osteoclast-like
cellsisolated from c-Cbl */? and c-Cbl ~/~ adult mice in fact
showed that expression of Chl-b is increased more than
twofold in the latter (Fig. 7), suggesting that a compensation
process may indeed take place with age.

Discussion

Our previous studies have provided evidence that the
proto-oncoprotein ¢c-Chl plays an important role in oste-
oclast motility downstream of integrins Pyk2 and Src (San-
jay et a., 2001b; Tanaka et al., 1996), suggesting that bone

TCL IP Chl-b TCL
¢-Cbi 6-Chl -ChI*? -ChF* G-Ch* ¢-Chi*
. ” Blot Cblb

- A Emm ¢-Chl
W " Blot Actin : ' Blot Actin
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Fig. 7. Primary osteoclast-like cells (OCLs) were generated by coculturing
bone marrow from 4- to 7-week-old ¢-Cbl ~/~ and ¢-Chl */? mice. Total cell
lysates (TCL) were used for immunoprecipitation (i.p.) and Western blot
(WB) analysis. The homologous family member, Chl-b, was found to be
overexpressed in ¢-Cbl~/~ OCLs.

resorption would be compromised in c-Cbl~/~ mice. Others
have reported, however, that there is no obvious bone phe-
notype in c-Chl~/~ mice (Murphy et a., 1998). Indeed, the
more detailed analysis of the bone phenotype of adult
c-Cbl ™/~ mice performed in this study showed that the
deletion of c-Cbl does not affect the normal turnover and
remodeling of the adult bone. Given that there are several
membersin the Chl family, it is possible that another family
member such as Chl-b compensates the absence of c-Chl,
and we show here that the expression of Cbl-b is indeed
increased in c-Cbl ™/~ osteoclasts. However, despite the
absence of an alteration in bone remodeling parameters in
c-Cbl ™'~ mice, our previous in vitro studies (Sanjay et .,
2001b) clearly demonstrated a mild but significant decrease
in osteoclast motility in c-Cbl '~ cells, although the defect
was less pronounced than the decreased osteoclast motility
of c-Src™’~ osteoclasts (Sanjay et a., 2001b), which led to
a characteristic osteopetrotic phenotype (Soriano et al.,
1991).

In the present study, we further explored therole of c-Chl
in osteoclast motility and activity by examining stages of
skeletal development that are more critically dependent on
the ability of these cells and their precursors to migrate.
During the development of long bones, chondrocytes in the
anlage proliferate and differentiate to become hypertrophic,
inducing the calcification of the cartilaginous matrix. At this
stage, cells in the perichondrium differentiate into osteo-
blasts which secrete bone matrix which in turn mineralizes,
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forming the bone collar around the mineralized hypertro-
phic cartilage of the anlage. At this point, osteoclast pre-
cursors migrate from the blood compartment to the bone
surface where they mature to form osteoclasts. These oste-
oclasts then resorb bone and cartilage and penetrate the
anlage, alowing blood vessels to penetrate the bone collar
and invade the mineralized matrix, initiating the ossification
process.

Thus, this developmental process could be particularly
sensitive to defects in the ability of osteoclasts and their
precursors to migrate. Indeed, examination of c-Chl™/~
metatarsals at a time when osteoclasts invade the cartilage
(E17.5) (Engsig et al., 2000) demonstrates that, although the
total number of osteoclasts and their precursors was un-
changed, there was a significant decrease in the number of
osteoclasts that had penetrated the hypertrophic cartilage
and a corresponding accumulation of osteoclasts outside the
outer surface of the bone collar. This clearly demonstrates
that osteoclasts that lack c-Chl exhibit a decreased ability to
migrate in vivo, consistent with our findingsin vitro (Sanjay
et a., 2001b).

This conclusion was supported by several independent
observations. First, cartilaginous remnants persist longer in
the spongiosa of ¢c-Cbl~’~ mice than in controls. This is
considered a pathognomonic sign of decreased osteoclast
activity, most prominent in osteopetrosis (Sims and Baron,
2000). Second, the ossification of the epiphysis was mark-
edly delayed in the absence of c-Cbl. This process is also
known to require the penetration of osteoclasts into the
hypertrophic cartilage. Third, the hypertrophic zone of the
growth plate was increased in ¢c-Cbl ~/~ mice at some stages
of development. This is also observed in conditions where
the resorption of calcified cartilage is decreased (Soriano et
al., 1991).

We aso found that c-Cbl ™/~ mice display a transient
delay in growth, with a concomitant decrease in proliferat-
ing zone thickness and in total tibia length, that coincides
with the onset of the delay in the formation of the secondary
center of ossification and in the vascularization of the epiph-
ysis. Although this finding may suggest that the absence of
¢-Chl could have a direct, cell-autonomous effect on chon-
drocyte biology, it isintriguing that, in other animal models
with delayed ossification and vascularization of the epiph-
ysis, adelay in growth and adecrease in proliferation rate of
the chondrocytes is observed as well (Holmbeck et a.,
1999). It has been recently reported that the developing
cartilaginous epiphysis is not only avascular, but is aso a
hypoxic tissue, and that the transcription factor hypoxia-
induced factor-1a (HIF-1«) plays a crucial role in chondro-
cyte growth arrest and survival (Schipani et al., 2001). The
absence of HIF-1a caused apoptosis of chondrocytes in the
central part of the epiphysis, where hypoxia is more limit-
ing, and increased chondrocyte proliferation in peripheral
areas where oxygen and nutrients can diffuse from the
perichondrium. It is therefore tantalizing to speculate that
the delay in the ossification and vascularization we ob-

served, as a conseguence of a defect in the ability of oste-
oclasts to invade the hypertrophic cartilage, could be at the
basis of the observed transient reduced growth in early
postnatal life. Of course, more experiments will be neces-
sary to clearly demonstrate this last point. Nonetheless,
¢-Chl-null mice could be an useful animal model to further
clarify the roles of hypoxia and of vascularization in the
developing endochondral bones.

Taken together, our present results demonstrate that, in
the absence of c-Chl, osteoclast migration, and conse-
quently function, isatered in vivo, asit isin vitro. We have
shown in previous studies that c-Chl playsarolein the rapid
assembly and disassembly of adhesion structures that is
required for cell motility (Sanjay et a., 2001b). This func-
tion of c-Chl involves both downregulation of Src kinase
activity (Sanjay et a., 2001b) and ubiquitination of both
c-Src and c-Cbl itself in the molecular complex initialy
assembled following integrin engagement (Y okouchi et al.,
2001). In the long run, another member of the Chl family
(probably Cbl-b, since Chl-3, the third known mammalian
Chbl protein, is not expressed in hematopoietic cells nor in
bone marrow; Keane et a., 1999) is apparently capable of
compensating for the absence of this function sufficiently
for bone remodeling to proceed normally. Our study shows,
however, that this redundancy is not fully efficient, given
that cell migration is still partially impaired, albeit not
enough to alter bone resorption at the tissue level.
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