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Abstract

Cbl and Cbl-b are E3 ubiquitin ligases and adaptor proteins, which perform regulatory roles in
bone remodeling. Cbl-/- mice have delayed bone development due to decreased osteoclast
migration. Cbl-b—/- mice are osteopenic due to increased bone resorbing activity of osteoclasts.
Unique to Cbl, but not present in Cbl-b, is tyrosine 737 in the YEAM motif, which upon
phosphorylation provides a binding site for the regulatory p85 subunit of PI3K. Substitution of
tyrosine 737 with phenylalanine (Y737F, CblIYF/YF mice) prevents Y737 phosphorylation and
abrogates the Cbl-PI3K interaction. We have previously reported that Cbl'YF/YF mice had
increased bone volume due to defective bone resorption and increased bone formation. Here we
show that the lumbar vertebra from CblYF/YF mice did not have significant bone loss following
ovariectomy. Our data also suggests that abrogation of Cbl-PI3K interaction in mice results in the
loss of coupling between bone resorption and formation, since ovariectomized CblYF/YF mice did
not show significant changes in serum levels of c-terminal telopeptide (CTX), whereas the serum
levels of pro-collagen type-1 amino-terminal pro-peptide (P1NP) were decreased. In contrast,
following ovariectomy, Cbl-/- and Cbl-b—/- mice showed significant bone loss in tibiae and L2
vertebrae, concomitant with increased serum CTX and P1NP levels. These data indicate that while

© 2014 Elsevier Inc. All rights reserved.

1To whom correspondence should be addressed: Archana Sanjay, asanjay@uchc.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Adapala et al.

Page 2

lack of Cbl or Cbl-b distinctly affects bone remodeling, only the loss of Cbl-PI3K interaction
protects mice from significant bone loss following ovariectomy.
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Introduction

Bone is continuously remodeled during life due to resorption by osteoclasts and formation
by osteoblasts. Perturbation of either process results in bone disease, including osteoporosis.
Most commonly observed in post-menopausal women, osteoporosis is associated with rates
of bone resorption by osteoclasts are greater than the ability of osteoblasts to form new bone
[1]. However the molecular mechanisms involved in this process are not well understood.
Acute estrogen withdrawal observed in mice following removal of the ovaries (ovariectomy,
OVX) represents a model for studying the mechanism(s) of bone loss during a dynamic state
of bone remodeling.

Cbl family proteins, Cbl and Cbl-b are E3-ubiquitin ligases with adaptor function that are
expressed in several cell types [2]. Independent of their E3-ubiquitin ligase activity, which
targets phosphorylated proteins to degradation or to vesicular trafficking, Cbl proteins also
facilitate several signaling events through protein-protein binding domains [3, 4]. The
absence of both Cbl and Cbl-b in mice results in embryonic lethality prior to E10.5,
suggesting overlapping functions of these two family members [5]. Cbl and Cbl-b are
expressed in both osteoblasts and osteoclasts. The absence of either protein in mice does not
have profound effect on osteoblast differentiation or function [6, 7]. However, the loss of
Cbl in mice results in delayed bone development due to decreased migration of osteoclasts
[6]. Defective osteoclast migration of Cbl-/- osteoclasts has also been observed using in
vitro migration [6, 8]. In spite of defective migration, adult Cbl-/- mice do not show an
overt skeletal phenotype because of a compensatory over-expression of Cbl-b [6]. In
contrast to the adult Cbl-/— mice, deletion of Cbl-b in mice results in significant bone loss
due to osteoclastic hyperactivity both in vivo and in vitro [7, 9]. Overexpression of Cbl-b in
Cbl-b-/- osteoclasts prevents the increase in pit formation but overexpression of Cbl did not
rescue the hyperactivity of Cbl-b—/- osteoclasts [7], indicating that both proteins perform
unique roles in osteoclasts.

Cbl and Cbl-b share similar structural features and domain organization. However, one
major difference between Cbl and Cbl-b is the mechanism by which they interact with
phosphatidylinositol-3 kinase (P13K), a lipid kinase that is important for osteoclast
differentiation, survival and function [10]. Cbl-b associates constitutively with the p85
subunit of PI3K and targets it for vesicular trafficking without altering its levels [11]. Cbl
interacts with the SH2 domain of p85 subunit of PI3K upon phosphorylation of Y737 in the
YEAM motif, resulting in activation of PI3K [12, 13]. Tyrosine 737 is unique to Cbl and is
not present in Cbl-b. A substitution of tyrosine to phenylalanine (Y737F) prevents
phosphorylation of Cbl at this site and abrogates Cbl-PI3K interaction [14]. We previously
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established that mice bearing Y737F mutation (Cbl'YF/YF mice) had increased bone volume
due to decreased bone resorption and increased bone formation, suggesting that both
osteoclast and osteoblast functions are affected in the absence of the Cbl-PI3K interaction
[9, 15-17].

To further understand the roles of Cbl and Cbl-b in skeletal biology during dynamic
conditions of bone remodeling, we performed ovariectomy, a well-established model that
enhances bone turnover [18, 19]. In this report, we demonstrate that following ovariectomy
both Cbhl-/-and Cbl-b—/- mice suffer significant bone loss. In contrast, ovariectomized
CbIYF/YF mice, in which Cbl-PI3K interaction is lost, are protected from significant bone
loss due to uncoupling of osteoclast and osteoblast functions. These results indicate that Cbl-
mediated regulation of PI13K is required for both basal and the enhanced bone remodeling
following ovariectomy and that the absence of Cbl-PI3K interaction prevents CblYF/YF
mice from having significant OV X-induced bone loss.

Materials and Methods

Mice

Cbl-/-, Cbl-b—/-, CbIYF/YF mice were generated as described previously [5, 20, 21]. All
mice used in this study were on a mixed background of C57bl/6J x129/SvJ. All experiments
were performed in compliance with Institutional Animal Care and Use Committee, Temple
University, Philadelphia, PA and the University of Connecticut Health Center, Farmington,
CT.

Ovariectomy

Eight-week old virgin female mice were used in OV X studies. Following anesthesia, a 2 cm
incision was made on mid-dorsal surface, thereafter fallopian tubules were ligated and
ovaries were excised. In SHAM mice, similar procedure was performed except ovaries were
exposed but were not removed. The surgical incision was closed and mice were maintained
in a pathogen-free facility. Six weeks following surgery, serum was collected for analysis.
Tibiae and vertebral columns were isolated and fixed in 10% formaldehyde in PBS for
further analysis. Following OV X mice did not show significant differences in body weight
or tibial length. However, loss of estrogen resulted in uterine atrophy with a 10-fold
decrease in uterine weight indicating successful removal of the ovaries (Supplementary
Figure 1).

3D micro-computed tomography of bone samples

MicroCT analysis was performed as previously described [9, 17, 22]. An ex vivo microCT
scanner (SkyScan 1172, Aartslaar, Belgium) was used. Scanning was performed with a
source setting of 60keV/167 pA and a 0.5mm Al filter to minimize the beam hardening from
the polychromatic nature of the sealed X-ray source. Scans were made with a rotation step
of 0.40 degrees through 180 degrees and a pixel size of 6 um. Tibiae were scanned from
their proximal end to mid-diaphysis (1335 slices; each slice = 6 um). After scanning,
Feldkamp cone-beam reconstruction algorithm was used to reconstruct the 3D cross-sections
along with addressing the ring artifact reduction and beam hardening correction. 3D
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microstructural image data and structural indices were then calculated using the Skyscan CT
Analyzer (CTAnN) software. Using this software, cortical and trabecular bone was separated
with a region of interest tool. Trabecular morphometric traits were computed from binarized
images using direct 3D techniques that do not rely on prior assumptions from the underlying
structures. The volume of interest for trabecular microarchitectural variables was bounded to
the endocortical margin, starting 1.9 mm from the proximal tibial condyles, just distal to the
growth plate, in the direction of the metaphysis, and then extending from this position for
100 slices (0.6 mm). An upper threshold of 255 and a lower threshold of 80 was used to
delineate each pixel as “bone” or non-bone”, and trabecular bone volume per total volume
percent (BV/TV%), mean trabecular thickness (Tb.Th), mean trabecular number (Th.N),
mean trabecular separation (Th.Sp) were computed. Morphological traits of the mid-
diaphyseal cortical shell were performed at a site starting 5.5 mm from the proximal tibial
condyles, and then extending from this position for 100 slices (0.6 mm). Then, cortical
parameters were measured. For vertebral column, second lumbar (L2) vertebra was used and
the cancellous bone from cranial to caudal end plate of trabecular region of the entire
vertebral body was analyzed.

and Histomorphometric analysis

To label the skeleton, mice were injected with calcein (i.p., 10 mg/kg body weight) 9 and 2
days before euthanasia. Longitudinal sections (5 pM) of tibia were used to measure the
fluorochrome label and both dynamic and static histomorphometry was performed as
previously described [9, 17, 22]. For histomorphometric analysis, to assess changes in bone
structure and remodeling, tibial sections were measured in the proximal metaphysis below
the chondro-osseous junction of the secondary spongiosa using image analysis software
(BIOQUANT Osteo I, Bioquant Image Analysis Corp., Nashville, TN) as described by
Parfitt et al [23]. Dynamic parameters of bone formation were obtained using unstained
sections from the trabecular surface in a defined region of interest (100 uM) below the
growth plate and 50 uM from the cortical bone using a 20X objective and a Nikon 800
epifluorescent microscope. Bone formation rate (BFR) was assessed by measuring single-
labeled surface for single perimeter (sL.Pm), double-labeled surface (dL.Pm), and the
interlabel distance in the dL.Pms. The same sections were then evaluated under bright-
fieldafter Masson’s trichrome staining to determine static parameters of bone formation:
bone surface (BS), and osteoblast numbers (Ob.N). The following parameters were then
calculated: mineral apposition rate (MAR, mM/day), BFR (BFR/BS), and (Ob.S/BS). For
the determination of osteoclast parameters including number of osteoclasts over bone
perimeter (N. OC/B.Pm) and osteoclast surface/bone surface (Oc/BS), adjacent sections
were subjected to TRAP and hematoxylin staining (Sigma Aldrich, St. Louis, MO).

Serum analysis of bone turnover marker and inflammatory cytokines

Six weeks following OVX, mice were kept for 6 hours without food prior to collection of
blood by retro-orbital bleeding. Serum was separated and stored at —80° C until further use.
Levels of CTX, PINP, IL-1p, IL-6, TNF-a and osteopontin in serum was determined using
commercial Kits.
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FACS analysis

Bone marrow was isolated from tibiae and femora, six weeks following ovariectomy.
Following lysis of red blood cells using RBC lysis buffer (Sigma, St. Louis, MO, USA),
single cell suspensions were prepared by passing the cells through 100um Nytex mesh. Cells
were stained with CD11b conjugated to FITC and F4/80 conjugated to PE (Invitrogen,
Camarillo, CA) or appropriate isotype controls (BD Pharmingen, San Jose, CA) using
staining medium (1X Hank’s balanced salt solution containing 10mM HEPES and 2% new
born calf serum). Dead cells were identified and excluded by using propidium iodide
staining. FACS analysis was performed using BD FACS Calibur (Franklin Lakes, NJ).

Statistical analysis

To determine the statistical significance between different groups of mice and the effects of
ovariectomy, data was analyzed by two-way ANOVA with Bonferroni Post-hoc test using
Prism 5 software. A p-value of less than 0.05 was considered statistically significant.

Results

Loss of Chl-PI3K interaction protects mice from significant bone loss following
ovariectomy

Our previous studies showed that in contrast to adult Cbl-/- mice, adult mice expressing
Chl protein with a point mutation due to substitution of tyrosine 737 to phenylalanine had
increased bone volume due to defective osteoclast function and increased osteoblast function
[15-17, 23]. We hypothesized, that if, the ability of Cbl to interact with PI3K were one of
the determining factors regulating bone remodeling, then the loss of Cbl-PI3K interaction in
CbIYF/YF mice would prevent significant bone loss following ovariectomy. To test this
hypothesis, eight week old virgin female CbIWT/WT and CblYF/YF mice were subjected to
SHAM or OV X procedure and assessed for the effects of acute estrogen withdrawal on bone
volume in the second lumbar vertebra (L2) and tibia at six weeks following surgery.

In agreement with previously published results [15-17], microCT analysis of L2 vertebra
from CblYF/YF SHAM mice showed higher bone volume compared to CbIWT/WT SHAM
mice (Figure 1 A, B). In the L2 vertebra of CoIWT/WT OVX mice, bone volume (BV/ITV
%), trabecular thickness and trabecular number decreased by 29%, 35% and 10%
respectively whereas trabecular separation increased by 26% when compared to the
CbIWT/WT SHAM mice. In contrast, no significant changes were observed in the L2
vertebra of CblIYF/YF mice following OVX (Figure 1A-E). Similar to results in the L2
vertebra, the tibial trabecular region also demonstrated statistically significant bone loss
following OVX in ChIWT/WT mice but not in CblYF/YF mice (Figure 2A-E). As
previously reported [17], the mid-shaft cortical region of tibia showed higher bone area and
cortical thickness in CblI'YF/YF mice compared to Cbl WT/WT. However, no significant
changes in the cortical bone microarchitecture were observed as a result of OVX
(Supplementary Table 1).
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Acute estrogen withdrawal results in uncoupled bone resorption and bone formation in
mice lacking Cbl-PI3K interaction

To evaluate the mechanism, which confers protection from significant bone loss following
ovariectomy in CblYF/YF mice, serum levels of c-terminal collagen cross-links (CTX), a
marker of osteoclast activity [24] and levels of pro-collagen type-1 amino-terminal pro-
peptide (PANP), a marker of osteoblast activity [24] were analyzed. Compared to
CbIWT/WT SHAM mice, CTX levels increased by 48% in CbIWT/WT OVX mice,
however, serum CTX levels were not altered in CblYF/YF mice following ovariectomy
when compared to CblYF/YF SHAM mice (Figure 3A). In agreement with previously
published studies [15, 17] compared to CbIWT/WT SHAM mice, CblYF/YF SHAM mice
demonstrated increased osteoblast activity (Figure 3B). Interestingly, as a result of estrogen
withdrawal, serum P1NP levels decreased by 37% in CblYF/YF mice (Figure 3B).

Histomorphometric analysis of the tibial trabecular region showed increased bone formation
(bone formation rate/bone surface) associated with increase in both osteoblasts and
osteoclasts numbers in CoIWT/WT mice due to OVX (Table 1). In contrast, in CblYF/YF
OV X mice, while the number of osteoclasts did not change, the number of osteoblasts and
the bone formation rate were significantly decreased compared to CblYF/YF SHAM mice
(Table 1 and Supplementary Figure 2).

Cumulatively, these data suggest that the loss of Cbl-PI3K interaction confers protection
from significant bone loss due to uncoupling of osteoclasts and osteoblasts following OVX.

Bone remodeling is accelerated in mice following ovariectomy in the absence of Cbl or

Cbl-b

To determine whether protection from bone loss following OV X is unique to the loss of Cbl-
PI3K interaction, bone remodeling following ovariectomy was also evaluated in mice
lacking Cbl or Cbl-b. It has been previously reported that adult male Cbl-/- mice have
similar bone volume to that of CbIWT/WT mice [6]. Here we observed that when compared
to the ChIWT/WT mice, 14wk old female Cbl-/- mice (SHAM) showed higher bone
volume although this difference was not statistically significant. In response to OVX, the L2
vertebra of Cbl-/- mice showed a decrease of 12%, 18% and 16% in the BV/TV%,
trabecular thickness and trabecular number respectively and an increase of 20% in the
trabecular separation relative to SHAM mice. This degree of bone loss was lower than the
bone loss observed in the L2 vertebra of CoIWT/WT mice (Figure 4A-E).

We have previously reported that the absence of Cbl-b in mice result in osteopenia due
hyperactivity of osteoclasts [7, 9]. In agreement with our published report, in this study we
found that SHAM operated Cbl-b—/- mice showed lower bone volume when compared to
counterpart CbIWT/WT mice. Upon acute estrogen withdrawal, BV/TV% decreased by 40%
in Cbl-b—/- mice (Figure 4A-E). Significant bone loss was also observed in the tibial
trabecular region of CbIWT/WT, Cbl-/- and Cbl-b-/- mice following OV X (Figure 5A-E).
But the mid-cortical region did not show significant alterations due to OVX in CoIWT/WT,
Cbl-/- mice (Supplementary Table. 1). Analysis of serum CTX levels showed that OVX
resulted in significant increase in the osteoclast activity with the serum CTX levels increased
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in ChIWT/WT mice (increase of 48%), Cbl-/- (17%) and Cbl-b—/- (18%) compared to
SHAM operated mice (Figure 6A). Serum levels of bone formation also changed and we
found that following OV X, P1NP levels increased by 70%, 101% and 59%, in CbIWT/WT,
Cbl-/- and Cbl-b—/- mice respectively (Figure 6B). When compared to Cbl-/- SHAM
mice histomorphometric analysis of tibiae from Cbl-/- OV X mice showed no significant
differences in the mineral apposition rate, bone formation rate, and in numbers of osteoblasts
or osteoclasts (Table 1 and Supplementary Figure 2). In case of Cbl-b—/- mice following
ovariectomy, static or dynamic parameters of bone formation and numbers of osteoclasts
and osteoblasts, could not be determined by histomorphometric analysis due to the presence
of very few trabeculae in the tibiae (data not shown). However following ovariectomy,
compared to SHAM Chbl-b—/- there was a significant decrease in bone area and cortical
thickness in the OV X Cbl-b-/- mice (Supplementary Table. 1).

Pro-inflammatory cytokines are thought to be involved in the increased bone remodeling
that occurs after estrogen withdrawal [25, 26]. Although the role of Cbl-PI3K interaction in
inflammatory responses is not reported, Cbl and Cbl-b have been shown to play important
roles in T cell functions [27-31]. Therefore, we examined the serum levels of IL-1f, IL-6,
TNFa or osteopontin following ovariectomy in Cbl-/- and Chl-b—/- mice. Our results show
that following ovariectomy serum levels of IL1b and TNF-a increased in CbIWT/WT, Cbl-/
- and Cbl-b-/- mice, serum levels of IL-6 were increased in Cbl-/— mice while levels of
OPN were not altered significantly in any of the genotypes compared to the respective
SHAM-operated mice (Supplementary Table 2). We next examined the numbers of CD11b
and F4/80 positive cells, which belong to the myeloid/macrophage lineage and are major
producers of IL-1p and TNF-a [32]. Flow cytometry showed that following OV X the
numbers of CD11b and F4/80 cells were increased in all genotypes tested (Supplementary
Figure 3).

Discussion

This study demonstrates that the loss of CbI-PI3K interaction due to a Cbl Y737F mutation
in mice prevents significant bone loss following ovariectomy due to: (1) lack of an increase
in bone remodeling due to defective osteoclast function and (2) decreased osteoblast
function. Thus the resultant uncoupling between bone resorption and bone formation
protects CblYF/YF mice from significant bone loss due to ovariectomy.

Absence of Cbl-PI3K interaction prevented significant bone loss in both L2 vertebra and the
tibial trabecular region. While the L2 vertebrae were completely protected from bone loss
following ovariectomy, in the tibial trabecular region, some bone loss was observed by
micro CT analysis, which was not statistically significant (Figure 1 and 2). Under basal
condition, tibiae from CblYF/YF mice have increased cortical bone volume [17], and no
significant changes were observed in the bone formation parameters of cortical bone in
SHAM and OV X CbIYF/YF mice (Supplementary Table 1). Thus, the differences in the
degree of bone loss observed in L2 vertebrae, tibial trabecular and cortical regions is
probably due to differences in the rate of bone remodeling in different anatomical sites as a
result of the absence of Cbl-PI3K interaction. Similar differences in bone volume in
different bones are also reported for other mouse models [33, 34].
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Our results also demonstrate that although both CblYF/YF mice and Cbl-/- mice lack Cbl-
PI3K interaction, only CblYF/YF mice are protected from estrogen-withdrawal induced
bone loss. This observation suggests the following possibilities: (1) the increase in Cbl-b
that occurs in Cbl-/- mice may be sufficient to preserve the effects of OV X on bone that are
seen in WT mice. However, because the increase in Cbl-b is not seen in YF mice [15] these
animals do not lose bone mass after OVX. (2) While Cbl-/- osteoclasts have decreased
migration, the osteoclast resorptive activity in adult Cbl-/- mice is comparable to
CbIWT/WT mice [7, 9], and the osteoclast activity increases upon estrogen withdrawal
(Figure 6A). In contrast, the osteoclast activity in Cbl'YF/YF mice is reduced [9, 15] and not
altered as a result of OV X (Figure 3A). (3) Finally, while histomorphometric and
biochemical markers of bone formation are significantly decreased in OVX CblYF/YF mice,
they are not altered to a similar degree in Cbl-/- mice (Table 1, Figure 3B). Together these
observations suggest that the uncoupling between bone resorption and formation is more
pronounced in the absence of Cbl-PI3K interaction than in the absence of Chl protein.

Cbl and Cbl-b have been demonstrated to perform distinct roles in bone remodeling [35].
Cbl plays an important role in osteoclast migration [6, 8], while Cbl-b plays an important
role to negatively regulate bone resorption by osteoclasts [7]. The opposite effects on the
skeletal phenotype in the absence of Cbhl and Cbl-b proteins is likely related to their
interactions with distinct proteins in osteoclasts and/or osteoblasts. In this study we found
that upon estrogen withdrawal the extent of bone loss and the markers levels of bone
resorption and formation markers in the absence of Cbl and Cbl-b proteins were comparable
(Figure 4-6A\) suggesting that these two closely related proteins may be able to compensate
for the absence of each other during the dynamic condition of bone remodeling.

While the function of T and B cells are not reported to alter in Cbl'YF/YF mice, absence of
Cbl or Cbl-b in mice is known to modulate T cell immune responses [27, 28, 30, 31]. It has
been hypothesized that T cells play a pivotal role in the mechanism of estrogen induced
bone loss [25, 26]. Our results show that the degree of bone loss and the increase in
osteoclast function were mitigated in the absence of Cbl. However, these observations are
not directly related to ovariectomy-induced inflammatory response, since the levels of
IL-1B, TNFa, IL-6 in OVX Cbl-/- mice were significantly higher compared to OVX
CbIWT/WT mice (Supplementary Table 2). Following ovariectomy the number of myeloid/
macrophage cells increased more in CbIWT/WT and Cbl-b—/- mice than in Cbl-/- mice.
Taken together, these results indicate that myeloid cells in CblI™~ OVX mice are more
responsive to the effects of ovariectomy, although there was a relatively smaller increase in
their number. No substantial change in the numbers or function of osteoblasts is seen in
OVX Cbl-/- mice when compared to SHAM Cbl-/-mice; although the direct effect of the
loss of estrogen on osteoblast survival and function in Cbl-/- mice remains to be
investigated. Recent work has suggested that in addition to having a major role in osteoclast
migration, Cbl also negatively regulates osteoblast differentiation through ubiquitylation and
degradation of FGFR2 and PDGFRa [36]. Cbl also regulates osteoblast survival via
regulating the surface expression of a5 integrin [37] and by regulating PI3K/AKT signaling
[38].
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We have previously demonstrated that Cbl-b negatively regulates osteoclast function [7].
Others have reported that Cbl-b regulates IGF (Insulin-like growth factor) signaling and
contributes to osteoblast proliferation [39]. In this report we found that in contrast to Cbl-/-
mice, ovariectomy-induced bone loss in Cbl-b—/— mice was more pronounced than it was in
CbIWT/WT mice (Figure 4B, 5B). An effect that was probably due to increased osteoclast
function (Figure 6A, B). Thus both in Cbl-/- or Cbl-b—/- mice, increased osteoclast activity
was associated with increased osteoblast function, but the net result was estrogen
withdrawal-induced bone loss.

In response to ovariectomy two major differences in CblYF/YF mice were observed when
compared to CbIWT/WT, Cbl-/- or Cbl-b—/- mice. First, in contrast to Cbl-/- and Cbl-b-/
- mice, which showed increased CTX levels, CblYF/YF mice did not show any change in
this parameter. Second, in contrast to all genotypes, which had increased serum P1NP levels,
estrogen withdrawal in CbIYF/YF mice resulted in a significant decrease in serum P1NP
levels. It is possible that the decreased osteoclast function in CblYF/YF mice after OV X was
due to a lack of Cbl-PI3K interaction, which in turn abrogated the signal(s) needed for
increased osteoblast proliferation, differentiation and function. Recent work from several
groups has suggested that both functional and non-functional osteoclasts can regulate
osteoblast differentiation and function [40-42]. Thus the loss of coupling of osteoclast and
osteoblasts functions provides an explanation for the absence of significant bone loss in
CblYF/YF mice following ovariectomy.

Interestingly, the absence of Cbl, Cbl-b or Cbl-PI3K interaction resulted in much lower,
albeit not statistically significant cortical bone loss in tibia suggesting that the bone
remodeling events in Cbl mutant mice are more relevant to the trabecular regions than the
cortical regions. Hence, understanding the contribution of osteocytes, which are more
abundant in cortical than in trabecular bone, is important and is a subject of future studies.

In conclusion, we provide evidence that the Cbl-PI3K interaction is required for significant
bone loss due to acute estrogen withdrawal following ovariectomy in mice. Selective
modulation of Cbl-PI3K interaction might provide a valuable tool to understand the
molecular mechanisms of bone remodeling, which result in bone loss due to osteoporaosis in
postmenopausal women.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Trabecular bone parameters in the second lumbar vertebra of mice lacking Cbl-PI3K
interaction following ovariectomy
A. Three dimensional (3D) UCT images of second lumbar vertebra (L2) showing bone

volume in CbIWT/WT and CblYF/YF mice. L2 Vertebra of SHAM operated mice (n=6) are
shown in the top panel and ovariectomized (OVX) mice (n=6) in the bottom panel. B.
BV/TV% (percentage of Bone volume/Trabecular volume) is in CbIWT/WT (white bars)
and CblYF/YF (black bars) mice. C. Th. Th (Trabecular thickness in mm) D. Th.N
(Trabecular Number) E. Th. Sp (Trabecular Separation). Data are presented as mean + SD
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from indicated number of mice and compared with SHAM. p<0.05 was considered
statistically significant as compared to respective controls using two way ANOVA with
Bonferroni post-test. a, CoIWT/WT SHAM vs OVX; b, CbIWT/WT SHAM vs CblYF/YF
SHAM. ns, not significant.
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Figure 2. Trabecular bone parameters in the tibia of mice lacking Cbl-PI3K interaction
following ovariectomy
A. Three dimensional (3D) uCT images of tibial trabecular region showing bone volume in

CbIWT/WT and CblYF/YF mice. Tibiae of SHAM operated mice (n=6) are shown in the
top panel and ovariectomized (OVX) mice (n=6) in the bottom panel. B. BV/TV%
(Percentage of Bone volume/Trabecular volume) in ChIWT/WT (white bars) and CblYF/YF
(black bars) mice. C. Th. Th (Trabecular thickness in mm) D. Th. N (Trabecular Number) E.
Th. Sp (Trabecular Separation). Data are presented as mean + SD from indicated number of
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mice and compared with SHAM. p<0.05 was considered statistically significant as
compared to respective controls using two way ANOVA with Bonferroni post-test a,
CbIWT/WT SHAM vs OVX; b, CoIWT/WT SHAM vs CblYF/YF SHAM. ns, not
significant.
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Figure 3. Effect of ovariectomy on the osteoclast and osteoblast functions in mice lacking Cbl-
PI3K interaction

Serum levels of c-terminal telopeptide (CTX) reflective of in vivo osteoclast activity and
pro-collagen type 1 amino-terminal pro-peptide (P1NP) were determined. Serum was
collected from SHAM operated mice (n=6) and ovariectomized (OVX) mice (n=6) six
weeks following surgery, and the levels CTX and PANP were determined using ELISA. A.
Serum levels of CTX in ChIWT/WT (white bars) and CblYF/YF (black bars) are presented.
B. Serum levels of PANP are shown. Data are presented as mean + SD from indicated
number of mice and compared with SHAM. p<0.05 was considered statistically significant
as compared to respective controls using two way ANOVA with Bonferroni post-test. a,
CbIWT/WT SHAM vs OVX; b, CoIWT/WT SHAM vs CblYF/YF SHAM; ¢, CblIYF/YF
SHAM vs OVX. ns, not significant.
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Figure 4. Trabecular bone parameters in the second lumbar vertebra of mice lacking Cbl or Cbl-
b following ovariectomy
A. Three dimensional (3D) uCT images of second lumbar vertebra (L2) showing decreased

bone volume due to ovariectomy (OVX). Vertebrae of SHAM operated mice (n=6) are
shown in the top panel and ovariectomized mice (n=6) in the bottom panel. B. BV/TV%
(percentage of Bone volume/Trabecular volume) in CbIWT/WT (white bars), Cbl-/- (black
bars) and Cbl-b—/- (grey bars). C. Th. Th (Trabecular thickness in mm). D. Th. N
(Trabecular Number). E. Th. Sp (Trabecular Separation). Data are presented as mean £ SD
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from indicated number of mice and compared with SHAM. p<0.05 was considered
statistically significant as compared to respective controls using two way ANOVA with
Bonferroni post-test. Panels B, C: a, CoIWT/WT SHAM vs OVX; b, Cbl-/- SHAM vs
OVX; ¢, CoIWT/WT SHAM vs Cbl-b—/- SHAM,; d, Cbl-b—/- SHAM vs OV X. Panels D, E:
¢, Cbl-b—/- SHAM vs OVX.
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Figure 5. Trabecular bone parameters in the tibia of mice lacking Cbl or Cbl-b following
ovariectomy
A. Three dimensional (3D) uUCT images of proximal tibial trabecular region showing bone

loss due to ovariectomy (OVX). Tibiae of SHAM operated mice (n=6) are shown in the top
panel and ovariectomized mice (n=6) in the bottom panel. B. BV/TV% (percentage of Bone
volume/Trabecular volume) in CbIWT/WT (white bars), Cbl-/- (black bars) and Cbl-b—/-
(grey bars). C. Th. Th (Trabecular thickness in mm). D. Th. N (Trabecular Number). E. Th.
Sp (Trabecular Separation). Data are presented as mean + SD from indicated number of
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mice and compared with SHAM. p<0.05 was considered statistically significant as
compared to respective controls using two way ANOVA with Bonferroni post-test. Panels
B, E: a, ChIWT/WT SHAM vs OVX; b, Cbl-/- SHAM vs OVX; ¢, CbIWT/WT SHAM vs
Cbl-b-/- SHAM; d, Cbl-b—/- SHAM vs OVX. Panels C, D: ¢, Cbl-b—/- SHAM vs OVX.
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Figlu[;e 6. Effect of ovariectomy on the osteoclast and osteoblast functions in mice lacking Cbl or
Cbl-

Serum levels of c-terminal telopeptide (CTX) reflective of in vivo osteoclast activity and
pro-collagen type 1 amino-terminal propeptide (P1NP) were determined. Serum was
collected from SHAM operated mice (n=6) and ovariectomized (OVX) mice (n=6) six
weeks following surgery, and the levels CTX and P1INP were determined using ELISA. A.
Serum levels of CTX in CbIWT/WT (white bars), Cbl-/- (black bars) and Cbl-b—/- (grey
bars) are presented. B. Serum levels of PANP are shown. Data are presented as mean + SD
from indicated number of mice and compared with SHAM. p<0.05 was considered
statistically significant as compared to respective controls using two way ANOVA with
Bonferroni post-test Panel A: a, CbIWT/WT SHAM vs OVX; b, Cbl-/- SHAM vs OVX; c,
CbIWT/WT SHAM vs Cbl-b—-/- SHAM; d, Cbl-b—/- SHAM vs OV X. Panel B: ¢, Cbl-b—/-
SHAM vs OVX.
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