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A B S T R A C T

Effective bone resorption by osteoclasts is critical for balanced bone remodeling. We have previously reported
that mice harboring a substitution mutation of tyrosine 737 to phenylalanine in the adapter protein Cbl
(CblY737F, YF) have increased bone volume partly due to decreased osteoclast-mediated bone resorption. The
CblY737F mutation abrogates interaction between Cbl and the p85 subunit of PI3K. Here, we studied the me-
chanism for defective resorptive function of YF mutant osteoclasts. The YF osteoclasts had intact actin cytos-
keletons and sealing zones. Expression and localization of proteins needed for acidification of the resorptive
lacunae were also comparable between the WT and YF osteoclasts. In contrast, secretion of Cathepsin K, a major
protease needed to degrade collagen, was diminished in the conditioned media derived from YF osteoclasts. The
targeting of Cathepsin K into LAMP2-positive vesicles was also compromised due to decreased number of
LAMP2-positive vesicles in YF osteoclasts. Further, we found that in contrast to WT, conditioned media derived
from YF osteoclasts promoted increased numbers of alkaline phosphatase positive colonies, and increased ex-
pression of osteogenic markers in WT calvarial cultures. Cumulatively, our results suggest that the Cbl-PI3K
interaction regulates Cathepsin K secretion required for proper bone resorption, and secretion of factors which
promote osteogenesis.

1. Introduction

Osteoclasts are large, multinucleated cells with a unique capacity to
degrade the organic and inorganic bone matrices. This function is ab-
solutely necessary for bone modeling bone remodeling and to maintain
calcium and phosphate ion homeostasis [1]. The resorptive function of
osteoclasts also plays a role in the formation of hematopoietic stem cell
niches in the bone marrow [2,3]. Because osteoclasts are a fundamental
factor in the pathogenesis of virtually all diseases associated with bone
loss, the insights gained into the mechanisms by which they form and
degrade bone are clinically significant.

Phosphatidylinositol-3 Kinase (PI3K) is a prominent lipid kinase
that phosphorylates the 3′-hydroxyl group on the inositol ring of
phosphatidylinositol. PI3K is stimulated by Macrophage colony stimu-
lating factor (M-CSF) and αvβ3 integrins, both of which are critical for
osteoclast resorptive function. Based on the sequence similarity, com-
position of subunits and substrate specificity, PI3Ks are divided into
three classes: Class I, II, and III. While class II and III PI3Ks are con-
stitutively activated, Class I PI3Ks are activated in response to extra-
cellular stimuli. Class I PI3K is a heterodimer of p110 catalytic and p85
regulatory subunits. The p110 catalytic subunit binds to the p85 reg-
ulatory subunit with high affinity and this interaction prevents

inadvertent activation of PI3K [4,5]. Upon engagement of the SH2
domain of the p85 subunit through binding to phosphorylated tyrosines
of receptors or signaling proteins, the inhibitory effect of p85 on p110 is
released, resulting in increased lipid kinase activity [6].

The E3 ubiquitin ligase Cbl is an adaptor protein that regulates PI3K
signaling via interaction with the p85 regulatory subunit [7]. In mac-
rophages, Src family kinase-mediated phosphorylation of Cbl is re-
quired for Cbl-PI3K association, and for the transfer of this complex to
the actin rich cytoskeleton [8]. In the skeletal system, Cbl plays an
important role in bone remodeling by regulating bone resorption of
osteoclasts [9–11]. While establishing a role for Cbl in bone resorption
[9,12,13], we identified a unique function of Cbl through the require-
ment of a tyrosine at 737 in the C-terminal half, for its interaction with
the SH2 domain of the p85 regulatory subunit of PI3K [14]. Substitu-
tion mutation of the tyrosine 737 into phenylalanine (CblY737F) resulted
in abrogation of Cbl-p85 association, [15] but did not impact the E3
ligase activity of Cbl and the protein level of p85 [16]. We have shown
that Src-mediated phosphorylation of Cbl is required for Cbl-p85 in-
teraction, and adenoviral overexpression of CblY737F in WT osteoclasts
decreased pit forming activity [10,11,15].

To study the impact of the Cbl-PI3K interaction in the skeletal
system, a global knock-in mouse model in which the tyrosine 737 was
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substituted to phenylalanine (CblY737F/Y737F mice; hence forth YF mice)
was used [17]. Our skeletal characterization of YF mice demonstrated
that both bone resorption and formation are perturbed. Increased bone
volume resulted due to defective osteoclast-mediated resorption both
during homeostasis and upon acute estrogen deprivation [16,18]. In
this study, we investigated the molecular mechanism that leads to de-
creased osteoclast function in YF mice.

2. Materials and methods

2.1. Mice

Generation of CblY737F/Y737F (YF) mice with a point mutation on the
p85 regulatory subunit-binding site of Cbl were previously described
[17]. Mice were genotyped for WT and YF alleles as previously reported
[16]. All mice used in the study were in a mixed C57BL/6JX129SvJ
background. For all experiments, 6–8week old mice were used. All
animal procedures were conducted according to protocols approved by
the University of Connecticut Health Center Animal Care Committee.
Experiments were repeated at least three times, and each time a dif-
ferent cohort of WT and YF mice were used to generate primary os-
teoclast cultures.

2.2. Culture of bone marrow-derived macrophages and osteoclast formation

To obtain BMMs, marrow was removed by flushing with a 26-gauge
needle and erythrocytes were lysed in 150mM NH4Cl, 10 mM KHCO3,

and 0.1mM EDTA (pH 7.4). Cells were centrifuged and the pellet was
suspended in Minimum essential mediumα-modification (αMEM) in the
presence of 10% fetal bovine serum (FBS) (both from Sigma-Aldrich, St.
Louis, MO). Cells were seeded at a density of 300,000 cells/cm2 and
cultured for 3 to 4 days on petri dishes in the presence of recombinant
human M-CSF at 30 ng/ml. M-CSF cDNA and expression vectors were
obtained from Dr. D. Fremont (St. Louis, MO) and M-CSF purified as
previously reported [19]. For osteoclast formation, cells were collected
following treatment with 0.25% trypsin/EDTA for 5min and seeded at
a density of 47,000 cells/cm2 in αMEM with 10% FBS, M-CSF at 30 ng/
ml, and recombinant murine RANKL at 10 ng/ml. RANKL cDNA and
expression vectors were obtained from Dr. M. Glogauer (Toronto, Ca-
nada), and GST-tagged RANKL was expressed and purified as described
[20]. Cultures were carried out until formation of multinucleated
TRAP-positive cells. TRAP enzyme histochemistry was conducted using
a commercial kit (Sigma-Aldrich, St. Louis, MO), in accordance with
manufacturer's instructions. TRAP-positive cells containing>3 nuclei
were considered osteoclasts. To produce conditioned media, BMMs

were either cultured in αMEM with M-CSF (20 ng/ml) for 5 days on
petri dishes. To generate osteoclast-conditioned medium, BMMs were
cultured on Hydroxyapatite(HA)-coated plates in the presence of M-CSF
(20 ng/ml) and RANKL (50 ng/ml) for 6 days. Conditioned media was
harvested and centrifuged at 100,000 g for 1 h at 4 °C. The supernatant
was filtered through 20-μm filters and either immediately used or
stored at −80 °C. CD1 calvarial osteoprogenitors were derived from 2
to 5 day old CD-1 pups as described previously [16]. After seven days,
cultures were stained for toluidine blue and alkaline phosphatase(ALP)
staining as per manufacturer's instructions or harvested to isolate
mRNA.

2.3. Quantitative reverse transcription PCR

To analyze expression of differentiation markers by real time PCR,
cells were lysed with Trizol (Thermo Fisher Scientific, Waltham, MA),
and RNAs were extracted as per manufacturer's instructions. 1 μg of
RNA was treated with DNase (Thermo Fisher Scientific), and reverse
transcribed to cDNA using the Superscript III cDNA Synthesis Kit
(Thermo Fisher Scientific). Quantitative reverse transcription-PCR
(qRT-PCR) was performed with 10 ng of cDNA per reaction using SYBR
Green Master Mix (Thermo Fisher Scientific) and validated custom
designed primers. All primers used in the study are listed in Table 1. ABI
Step One Plus Real Time PCR System using the following thermal cycler
program: 95 °C for 10min, 40 cycles of 95 °C for 15 s, and 57 °C for
1min. Product specificity was confirmed by melt curve analysis, and
relative expression was determined using ΔΔCT analysis after normal-
ization to Gapdh expression.

2.4. Bone resorption

In vitro bone resorbing activity was assayed as described previously
[12,16]. Briefly, osteoclasts were generated in Collagen gel (Nitta Ge-
latin Co., Osaka, Japan). After 6 days of culture, mature osteoclasts
were released from Collagen gel by gentle digestion with 0.1% Col-
lagenase (Calbiochem, San Diego, CA), and cells were seeded onto
sterile bovine bone discs in 96-well plates. 48 h later, bone discs were
immersed in 1M Ammonium hydroxide (Sigma-Aldrich) for 5min,
sonicated for 10 s, and then stained for 4min with 1% toluidine blue in
1% sodium borate (both from Sigma-Aldrich) and briefly rinsed in
water. Pit area was quantified with the measuring tool in Adobe Pho-
toshop CS3 Extended Edition, and was normalized to the number of
osteoclasts actually present in each sample, determined by counting
osteoclasts that were plated on tissue culture plastic.

Table 1
Primers used for real-time PCR

Gene Forward primer Reverse primer

Atp6v0d2 CAATGAAGCGTCACCTCTGA TCAGCTATTGAACGCTGGTG
Ctsk CAGCTTCCCCAAGATGTGAT AAAAATGCCCTGTTGTGTCC
Car2 CAAGCACAACGGACCAGA ATGAGCAGAGGCTGTAGG
Clcn7 GACTGGCTGTGGGAA TCTCGCTTGAGTGATGTTGAC C
Acp5 GCAGCTCCCTAGAAGATGGATT ATTTGTAGGCCCAGCAGCAC
Mtif TTGATGGATCCGGCCTTGCAAATG TATGTTGGGAAGGTTGGCTGGACA
Tfeb GTCATTGACAACATTATGCGCC GCGTGTTAGGCATCTTGCATCT
Tfe3 CCAAGCTGGCTTCCCAGGCTCTCAC GTTAATGTTGAATCGCCTGCGTCG
Wnt10b AGGCTTCTCCTTCCGTTCAGTTGT ATTCCCACCCTTCCTGCTGAAGAA
Pdgfbb GGGATCCCATTCCTGAGGAAC CGGTCCAGGTGAGAAAGATTG
Sema4d TCTTTGCTGACGTGATCCAG CAGATCAGCCTGGCCTTTAG
Sphk1 TGAGGTGGTGAATGGGCTAATGGA AACAGCAGTGTGCAGTTGATGAGC
Sphk2 TGGGCTGTCCTTCAACCTCATACA AGTGACAATGCCTTCCCACTCACT
Bmp6 AGAAGGGCACTCTTTCAGGTTCCA TCACACCACCGAGAGTCAACACAA
Osx GATGGCGTCCTCTCTGCTTG GCCATAGTGAGCTTCTTCCTCAA
Alp1 GGAGATGGTATGGGCGTCTC CTGGCCCTTAAGGATTCGGG
Col1a1 CGATGGATTCCCGTTCGAGT ACATTAGGCGCAGGAAGGTC
Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
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2.5. Inorganic matrix resorption

Mature osteoclasts developed on collagen gel as described above.
Cells (105) were then seeded onto HA-coated wells (BD BioCoat™
Osteologic™, BD Bioscience, San Jose, CA). One day after, wells were

rinsed in water and treated with 5% sodium hypochlorite for 5min.
Analysis of resorbed area was performed using bright field microscopy.

Fig. 1. Actin organization and sealing zone formation are
not altered, but bone-resorbing activity is decreased in YF
osteoclasts. BMMs were cultured in collagen gel with M-
CSF and RANKL for 6 days. Mature osteoclasts were re-
leased by treating cultures with 0.1% Collagenase, and
cells were plated on glass cover slips (A) or bovine bone
discs (B and C). Cells were stained with rhodamine phal-
loidin to visualize actin ring (A) and sealing zone (B)
formation (orange). Dotted lines indicate boundaries of
osteoclasts. (C) Bone discs were stained with toluidine
blue to visualize pit formation. (D) Stained area was
quantified and normalized for the numbers of osteoclasts.
Values are mean ± SD, n=9, *Significantly different
between WT and YF, p < 0.05. Scale bars represent
100 μM (A), 50 μM f (B), and 100 (C) . (For interpretation
of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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2.6. Fluorescence microscopy

Cells were plated on sterile FBS-coated glass coverslips (Corning Inc.
Corning, NY) and fixed in PBS containing 4% paraformaldehyde for
10min, then permeabilized with 0.3% Triton X-100 (all from Sigma-
Aldrich) for 5min. Coverslips for Actin labeling were incubated in a
1:40 dilution in PBS of rhodamine phalloidin stock solution (Thermo
Fisher Scientific) for 20min. To detect presences of enzymes, cells were
incubated overnight at 4 °C with primary antibodies diluted in PBS
supplemented with 3% bovine serum albumin (BSA, Sigma-Aldrich).
Cells were rinsed with PBS and then incubated with secondary anti-
bodies conjugated to fluorescein isothiocynate (FITC) or Phycoerythrin

(PE) (both from Thermo Fisher Scientific) for 1 h at room temperature.
The following antibodies were used: anti-vATPase (E subunit) (gift from
Dr. Bet Lee, Ohio State University), anti-LAMP2, anti-Cathepsin K, and
anti-Cathepsin D (Santa Cruz Biotechnology, Dallas, TX). To visualize
nuclei, cells were stained with DAPI (Thermo Fisher Scientific) before
mounting. Cells were examined on a Leica fluorescence microscope
(Model DMI6000B), and images were collected using the Leica
Application Suite X (LASX) CLAS X 1.5.1.1387 (Leica Microsystem,
Buffalo Grove, IL). For labeling lysosomes in live cells, cells were
stained with LysoTracker® fluorescent dye (Thermo Fisher Scientific) as
per manufacturer's instructions. LAMP2-positive vesicles were quanti-
fied by using counting tool from LASX after imaging and the number

Fig. 2. YF osteoclasts can resorb HA-coated surface. (A)
Mature osteoclasts were plated on HA-coated surface and
resorbed area was visualized. (B) Percentage of total re-
sorbed area is indicated. (C) Cells cultured on coverslips
were immunostained for v-ATPase (E subunit, green)
using an antibody that was a gift from Dr. Beth Lee, OSU.
Similar distribution of v-ATPase was observed for both
genotypes. (D) mRNA levels of Car2, Clc7, and Atp6v0d2
were analyzed by qRT-PCR and were normalized by
mRNA levels of Gapdh. Values are mean ± SD, n=5.
Scale bar represents 100 μM for (A) and (C). (For inter-
pretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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was normalized by number of nuclei stained with DAPI.

2.7. Cathepsin K and Cathepsin D secretion

Mature osteoclasts were seeded onto 24-well plates (50,000 cells/
well). Cells were cultured in the presence of 10% FBS containing
medium for 24 h. Conditioned media was collected, and cells were
harvested and lysed in mRIPA buffer for SDS-PAGE analysis to detect
the presence of proteins.

2.8. Western blotting analysis

Clarified total cell lysate was electrophoresed on 10 or 12% SDS-
PAGE as previously described [18]. Western blots were probed with
anti-Cathepsin K or anti-Cathepsin D antibodies; the blots were stripped
and reprobed with anti-β-Actin antibodies (Cell Signaling Technology,
Danvers, MA). The amount of protein in individual bands was quanti-
fied by using Odyssey Infrared Imaging Systems software 2.1 (LI-COR
Biosciences, Lincoln, NE) as previously reported [16,21].

2.9. Statistical analysis

Experiments conducted in this study were repeated at least three
times. Data were expressed, as the mean ± SD. Significant differences
were determined using Student's t-test. p < 0.05 vs. control was con-
sidered significant.

3. Results

3.1. Actin organization and sealing zone formation are intact but bone
resorption is decreased in YF osteoclasts

To resorb bone, mature osteoclasts attach to bone via integrin-
regulated rearrangement of the cytoskeleton, creating a sealing zone
that is necessary for activation and polarization of osteoclasts.
Osteoclasts were seeded on glass or bovine bone discs, and were stained
with rhodamine phalloidin to visualize actin cytoskeleton organization.
Both WT and YF osteoclasts formed the typical actin ring on glass cover
slips and sealing zone on bone discs, suggesting that the Cbl-PI3K in-
teraction is not required for organization of actin cytoskeleton or the
sealing zone formation (Fig. 1A and B). We also determined the in vitro
pit forming activity of osteoclasts plated on bovine bone discs. In
agreement with our previously published results [12,16] we found that
compared to WT osteoclast, YF osteoclast formed shallower pits, and
there was a 60% decrease in resorbed pit area (Fig. 1C and D) as we
have reported previously [16,21].

3.2. Expression of factors needed for acid formation is not altered in YF
osteoclasts

Following sealing zone formation, the ruffled border is generated by
the simultaneous fusion of numerous secretory lysosomes with the
plasma membrane [22]. The ruffled border functions as a site of se-
cretion and externalization of hydrochloric acid and proteases. The
acidic environment of osteoclasts dissolves hydroxyapatite (HA), and
the proteases hydrolyze the collagen-rich organic matrix [23]. To ex-
amine acid secretion, WT and YF osteoclasts were plated on HA-coated
surfaces (Fig. 2A). The resorbed area was about 20% decreased in YF
osteoclastss, but was not statistically different from WT (Fig. 2B). Pro-
teins implicated in acidification of resorption lacuna include carbonic
anhydrase, chloride channel, and vacuolar ATPase. Consistent with no
significant difference in resorption of HA-coated slides, which occurs
exclusively through release of protons and acidification of the re-
sorptive lacune, immunofluorescence analysis showed that the cellular
localization of vATPase [24] was also comparable between the two
genotypes (Fig. 2C). We found that expression of mRNA for Car2, Clc7,

and Atp6v0d2 was comparable between WT and YF osteoclasts
(Fig. 2D). Together these results suggest that the loss of the Cbl-PI3K
interaction in osteoclasts attenuates bone resorption, but does not
regulate components of the acid-generating machinery.

3.3. The number of LAMP2-positive vesicles is significantly decreased in YF
osteoclasts

Bone resorption by osteoclasts is highly dependent on lysosomes
that release proteases in the resorption lacuna. We observed lysosomes
in osteoclasts using LysoTracker fluorescent dye. We found that
LysoTracker staining was attenuated in YF osteoclasts compared to WT
(Fig. 3A). Osteoclasts were also stained for LAMP2, an integral lyso-
somal membrane protein [25]. We found that the number of LAMP2-
positive vesicles in each osteoclast was significantly decreased in YF
osteoclasts compared to WT (Fig. 3B and C). In order to understand the
reason for decreased LAMP2 positive lysosomes in YF osteoclasts, we
determined expression of the MITF/TFE family of transcription factors
that is required for lysosomal biogenesis [[26]]. We found that the
expression of Mtif, TfeB, and Tfe3 was comparable between WT and YF
osteoclasts (Supplementary Fig. 1). Together, these results suggest that
the loss of Cbl-p85 interaction in osteoclasts results in decreased
numbers of LAMP2-positive lysosomes, but this interaction is not in-
volved in regulating the transcription factors needed for lysosomal
biogenesis.

3.4. Secretion of Cathepsin K is decreased in YF osteoclasts

Lysosomal proteases required for bone resorption include Tartrate
acid resistant phosphatase (TRAP) and Cathepsin K [1]. Most proteases,
including Cathepsin D, K, and TRAP are synthesized in the rough en-
doplasmic reticulum (rER) as a pro-form, and later cleaved into a ma-
ture form in the lysosomes [27,28]. The mRNA levels of Acp5 and Ctsk
were significantly increased in YF osteoclasts (Fig. 4A). After synthesis
in the endoplasmic reticulum, these enzymes are transported from trans
Golgi network (TGN) to the secretory lysosomes (SL), which have all
the features of lysosomes, but undergo regulated secretion in response
to specific stimuli [29]. While a substantial amount of TRAP is secreted
directly from TGN, the majority of Cathepsin K is found in SL [30]. We
examined the protein expression and secretion of Cathepsin K. For these
experiments, equal numbers of mature osteoclasts were plated
(Fig. 4B). We found that compared to WT, there was about a 2-fold
increase in Cathepsin K protein level in total cell lysates, but the
amount of Cathepsin K secreted by YF osteoclasts in the conditioned
media was significantly diminished (~75% decrease) (Fig. 4C, left, and
4D). In contrast, protein expression and secretion of Cathepsin D, an
aspartic protease mostly present in lysosomes [31], was comparable
between WT and YF osteoclasts (Fig. 4C, right). Next we examined the
cellular distribution of Cathepsin K. Mature osteoclasts grown on bone
slices were stained with rhodamine phalloidin to visualize actin cy-
toskeleton. As reported by others we also found that in WT osteoclasts,
Cathepsin K exclusively localized within actin ring. In contrast, in a
majority of YF osteoclasts, Cathepsin K distribution was not within the
actin ring (Supplementary Fig. 2A and B). Further, compared to WT,
colocalization of Cathepsin K within LAMP2-positive vesicles was also
decreased in YF osteoclasts (Supplementary Fig. 2C).

3.5. Conditioned media derived from YF osteoclasts enhances osteogenesis

Independent of their resorptive activity, osteoclasts also regulate
bone formation [24,32]. YF mice also have increased numbers of dys-
functional osteoclasts and an increased bone formation rate [16,33].
Therefore, we investigated whether YF osteoclasts can also induce os-
teogenesis in vitro. To test this, bone marrow-derived sorted CD11b+

cells were cultured in the presence of M-CSF to generate BMMs, or were
seeded onto HA-coated surfaces with M-CSF and RANKL to obtain

J. Yu, et al. Bone 127 (2019) 376–385

380



osteoclasts. Conditioned media from BMMs and mature osteoclast cul-
tures was harvested. WT calvarial osteoblasts were grown in the pre-
sence of conditioned media derived from BMMs or osteoclasts of WT or
YF mice, and then stained for the formation of CFUs and ALP-stained
colonies. We found that cells treated with the YF osteoclast conditioned
media had more CFUs and ALP-positive colonies, and expressed in-
creased osteogenic markers than those treated with WT osteoclast
conditioned media or either WT or YF BMM conditioned media (Fig. 5
and data not shown for BMM conditioned medium). In osteoclasts

derived from Ctsk−/− mice, mRNA expression of sphingosine kinase
(SphK1) is upregulated [34]. SphK1 catalyzes the formation of sphin-
gosine-1-phosphate (S1P), and S1P secreted by osteoclasts promotes
osteogenesis [34,35]. To determine osteogenic factors generated by
osteoclasts, cells were cultured on HA-coated plates and harvested for
qRT-PCR analysis. We found that RNA expression for Wnt10B, BMP6,
PDGF-BB, and Sphk1 and 2 were comparable between WT and YF cells
(Table 2).

Fig. 3. The number of LAMP2-positive vesicles is decreased in YF osteoclasts. Mature osteoclasts seeded on glass cover slips were fixed and stained with LysoTracker®
fluorescent dye (green) (A) or anti-LAMP2 antibodies (red) (B) with DAPI to visualize nucleus (blue). (C) Numbers of LAMP2-positive lysosomes. To count LAMP2-
positive lysosomes 9 osteoclasts were observed (left) and the lysosome number was normalized to number of nuclei within osteoclast (right). Experiment was
performed three times, each time using a different cohort of WT and YF mice. A representative experiment is shown. Values are mean ± SD, *Significance different
between WT and YF, p < 0.05. Scale bars represent 100 μM and 200 μM for (A) and (B) respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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4. Discussion

In osteoclasts, levels of Cathepsin K far exceed that of other pro-
teases [36–38]. It is unique among the mammalian proteases in its
ability to cleave both telopeptides and helical region of collagen type I
[39]. In humans, mutations in CTSK cause pycnodysostosis [37,40]. In
Ctsk−/− mice, osteoclasts differentiate normally, but degrade the col-
lagenous matrix poorly [39,41]. However, the signaling pathways that
regulate Cathepsin K secretion are not completely understood.

In this report, we have demonstrated that abrogation of the Cbl-
PI3K interaction in osteoclasts results in decreased lysosome numbers
and mis-localization of Cathepsin K, contributing to decreased
Cathepsin K secretion, thereby resulting in decreased pit formation.
Towards this, our previous work shows increased bone volume and
decreased serum level of carboxyterminal collagen crosslinks (CTX)

during homeostasis and upon ovariectomy in YF mice [16,18].
In osteoclasts, a family of v-ATPases function to acidify lysosomes

by coupling ATP hydrolysis to proton transport. To maintain electron
neutrality, a parallel transport of chloride ions into the lacuna takes
place simultaneously. We found that the localization of v-ATPase was
also unperturbed in the absence of Cbl-PI3K interaction. While
Cathepsin K and v-ATPase are of lysosomal origin, our results suggest
that PI3K signaling is preferentially involved in trafficking and secre-
tion of Cathepsin K. These findings suggest that vesicle cargo may be a
determining factor in how secretory vesicles are transported to the
plasma membrane for exocytosis.

YF osteoclasts are defective in secreting Cathepsin K, but secretion
of Cathepsin D is normal. These data suggest that in YF osteoclasts, the
cargo present in the secretory lysosomes is not secreted properly, while
other secretory mechanisms are not perturbed. The Protein kinase C-δ

Fig. 4. Cathepsin K secretion is perturbed in YF osteo-
clasts. (A) mRNA expression of Acp5 and Ctsk was ex-
amined by qRT-PCR and normalized by mRNA level of
Gapdh. Values are mean ± SD, n=3, *Significant dif-
ference between WT and YF, p < 0.05. (B) Equal num-
bers of purified mature osteoclasts (OC) seeded on tissue
culture plastic were stained for TRAP. Scale bar 200 μM
(C) Equal numbers of mature osteoclasts seeded in 24-
well plates were cultured in medium containing 10% FBS
overnight. Total cell lysate (TCL) (50 μg) and conditioned
media (CM) (25 μl) were electrophoresed on 10 or 12%
SDS-PAGE gels. Western blots were probed with anti-
Cathepsin K (CatK) (left) and anti-Cathepsin D (CatD)
(right) antibodies. Only the mature CatK form is shown.
Blots were stripped and reprobed with anti-β-Actin anti-
bodies to verify equal loading of TCL. (D) Signal intensity
of CatK protein bands in technical duplicates was quan-
tified using LI-COR (Odyssey) system. Experiment was
performed three times, each time using a different cohort
of WT and YF mice. A representative experiment is
shown.
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deficiency in osteoclasts does not affect v-ATPase localization, but at-
tenuates Cathepsin K secretion [42]. Differential secretion and targeting
of vesicles is supported by other studies. Disruption of the Mannose-6-
phosphate pathway in osteoclasts augmented Cathepsin K secretion
without affecting Cathepsin D targeting and secretion [30]. Our results
and other findings suggest the existence of distinct/different pools of
secretory lysosomes in osteoclasts, each relying on specific signaling
cues essential for their exocytosis. This flexibility will allow cells to

secrete cargo based on need.
AKT, a serine/threonine kinase, is the major effector of PI3K in

several cell types, including bone cells. We reported that in YF mice,
AKT is constitutively phosphorylated, and there is increased phos-
phorylation of AKT substrates in osteoclasts [12,16]. AKT substrates
that are postulated to regulate vesicle include the Rab GTPase-acti-
vating proteins AS160/TBC1D4 [43] and TBC1D1 [44]; AKT binding
protein ClipR-59 [45]; and CENTB1/ACAP1 and CENTG1 in the

Fig. 5. Conditioned media from YF osteoclasts induces
osteogenesis. WT calvarial-derived osteoblasts (105 cells/
well) in 6-well plates were grown in triplicates in condi-
tioned media derived from mature osteoclast cultures.
After 7 days, colonies were fixed and stained with tolui-
dine blue to stain CFU fibroblasts (A) or with ALP to stain
for CFU-OB (B). Groups of 20 or more cells were counted
as a colony. Significant difference between WT and YF,
*p < 0.05, *** p< 0.001. (C) Colonies were harvested
after 7 days and expression of osteogenic markers was
performed by qRT-PCR and normalized by mRNA level of
Gapdh. Values are mean ± SD, and plotted as relative
expression to WT. A representation of 2 experiments is
shown. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web ver-
sion of this article.)
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centaurin family of GTPases [46,47]. We have also reported that acti-
vation of small GTPase is perturbed in YF osteoclasts. Given these
findings, we speculate that in YF osteoclasts, decreased lysosome
numbers and perturbed AKT activation could impact targeting of Ca-
thepsin K to secretory vesicles, and eventually, bone resorption.

In addition to AKT, other Cbl-related pathways could also regulate
vesicular trafficking. A subset of autophagy related proteins were re-
ported to regulate lysosomal secretion in osteoclasts [48]. Interestingly,
of the autophagy proteins, microtubule associated protein 1 light chain
3 (LC3) directly binds Cbl via a LC3 interacting motif (WxxL) present in
the C-terminal end of Cbl [49]. While binding of mutated Cbl and other
signaling proteins such as Src and Grb2 was not affected [16], whether
disruption in LC3 binding to mutated Cbl protein, and its impact on
Cathepsin K secretion, remain to be tested.

Independent of their resorptive activity, osteoclasts also regulate
bone formation. This is especially the case in non-resorptive osteoclasts
[24,50]. Ctsk−/− mice have increased osteoclast numbers and bone
formation rates [37,41,51], and in vitro data indicate that osteoclast-
specific deletion of Ctsk stimulates bone formation [34]. Like Ctsk−/−

mice, global YF mice also exhibit increased numbers of dysfunctional
osteoclasts and an increased bone formation rate [12,16,33]. Ad-
ditionally, as demonstrated here, Cathepsin K secretion was perturbed
in YF osteoclasts. Therefore, we investigated whether YF osteoclasts can
influence osteoblast proliferation and differentiation. Our findings
show that conditioned media derived from YF osteoclasts enhances
osteogenesis. We found that SphK-1 and 2 expression levels were si-
milar between WT and YF samples. mRNA expression levels of other
known factors secreted by osteoclasts that modulate osteogenesis were
also comparable between WT and YF osteoclasts [24,32,52]. These data
suggest that the Ctsk−/− osteoclasts and dysfunctional YF osteoclasts
secrete different factors that promote osteogenesis. We propose that
Cbl-PI3K signaling regulates osteoclast-derived factors that promote
osteogenesis, however, experiments to identify the factor(s) are war-
ranted.

The in vivo significance of our findings highlights that the selective
disruption of Cathepsin K secretion has important implication on bone
health. YF mice have increased bone mass under homeostatic condi-
tions [16]. Additionally, YF mice are protected from experimental
postmenopausal osteoporosis [18]. Osteoclasts are also responsible for
cancer progression [53] and there is a strong correlation between Ca-
thepsin K expression and metastatic tumors [54,55].> 30 inhibitors of
PI3Ks and AKT have been developed for anticancer therapy, and some
of them have entered clinical trials [56–58]. Our results suggest that the
selective disruption of the Cbl-PI3K interaction can be a strategy to
prevent pathological bone loss in several clinical settings, including
cancer.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bone.2019.07.009.
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