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Osteoclast-specific cathepsin K deletion
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Cathepsin K (CTSK) is secreted by osteoclasts to degrade collagen and other matrix proteins during bone
resorption. Global deletion of Ctsk in mice decreases bone resorption, leading to osteopetrosis, but also
increases the bone formation rate (BFR). To understand how Ctsk deletion increases the BFR, we generated
osteoclast- and osteoblast-targeted Ctsk knockout mice using floxed Ctsk alleles. Targeted ablation of Ctsk
in hematopoietic cells, or specifically in osteoclasts and cells of the monocyte-osteoclast lineage, resulted in
increased bone volume and BFR as well as osteoclast and osteoblast numbers. In contrast, targeted deletion of
Cisk in osteoblasts had no effect on bone resorption or BFR, demonstrating that the increased BFR is osteo-
clast dependent. Deletion of Ctsk in osteoclasts increased their sphingosine kinase 1 (Sphk1) expression. Con-
ditioned media from Ctsk-deficient osteoclasts, which contained elevated levels of sphingosine-1-phosphate
(S1P), increased alkaline phosphatase and mineralized nodules in osteoblast cultures. An S1P, 3 receptor
antagonist inhibited these responses. Osteoblasts derived from mice with Ctsk-deficient osteoclasts had an
increased RANKL/OPG ratio, providing a positive feedback loop that increased the number of osteoclasts.
Our data provide genetic evidence that deletion of CTSK in osteoclasts enhances bone formation in vivo by

increasing the generation of osteoclast-derived S1P.

Introduction

One of the major issues with the use of currently available anti-
resorptive drugs for the treatment of osteoporosis is that while
they are very efficient at reducing osteoclast numbers and activ-
ity, leading to markedly reduced bone resorption, they also pro-
foundly reduce bone formation. The reduction in activation
frequency of bone remodeling units along bone surfaces and
the coupling between bone resorption and formation result in
a decrease in bone formation following treatment (1). Further-
more, it has been argued that such profound inhibition of bone
turnover could be contributing to rare, but significant, clinical
complications such as osteonecrosis of the jaw (ON]) and atypical
subtrochanteric femoral fractures (2-5). The profound decrease
in bone remodeling associated with these drugs has also been sug-
gested to decrease the responsiveness of the skeleton to parathy-
roid hormone (PTH), the only anabolic drug currently available
in the clinic (6). In this context, it became important to identify
novel therapeutic pathways through which bone resorption could
be inhibited efficiently while maintaining bone turnover and
bone formation at clinically acceptable levels.

Information about what these novel therapeutic approaches
could actually accomplish came from the identification of several
genes whose mutation or deletion caused osteopetrosis, a pheno-
type in which defects in osteoclasts lead to reduced bone resorp-
tion and high bone density. Careful analysis of the changes in
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bone remodeling activity in these human and/or murine mutants
showed that, as with currently available antiresorptive drugs, bone
formation was always decreased in mutations leading to deficient
osteoclast differentiation and numbers, such as those affecting
RANK or RANKL (7, 8). In contrast, bone formation was maintained
or even increased in mutations leading to strictly functional defects
in osteoclasts, such as mutations of the chloride channel CLC-7,
VATPase subunits, or carbonic anhydrase (9). One such mutation
affects cathepsin K, a cysteine protease secreted by osteoclasts that
is essential for the degradation of matrix collagen and the activa-
tion of tartrate-resistant acid phosphatase (TRAP) (10, 11).

In humans, mutation of cathepsin K leads to pycnodysostosis,
a rare autosomal recessive skeletal dysplasia in which osteoclast
function is defective. It is characterized by short stature, osteopet-
rosis, acroosteolysis (resorption of distal phalanges), spondyloly-
sis, delayed cranial suture closure, and bone fragility (12-14). Sev-
eral mouse models of germline cathepsin K deficiency have also
been generated by deleting Ctsk, the gene encoding cathepsin K
(15-19). These animal models showed reduced bone resorption,
together with normal or increased bone formation, contributing
to the osteopetrotic phenotype. These studies therefore confirmed
that it is possible to decrease bone resorption without the inevita-
ble reduction in bone formation. Mechanistically, however, Ctsk
was globally deleted in all these studies, making it impossible to
determine whether the increased bone formation resulted from
cell-autonomous effects in cells other than osteoclasts, includ-
ing cells of the osteoblast lineage, or was secondary to changes in
osteoclast-produced osteoanabolic coupling factors.

To address this important mechanistic question, we gener-
ated mice in which the Ctsk allele was specifically deleted in cells
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Figure 1
Generation of Ctsk™ mouse line. (A) To gener-
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ate the targeting construct pG3NEOBLoxP-2,
the expression cassette for the neomycin resis-
tance gene (NEO) flanked by loxP sites (large
arrowheads) was inserted in reverse orientation
between the EcoRI (ERI) and the BamHI (BHI)
sites in intron 5 of the Ctsk gene. Successful
targeting of the Ctsk locus resulted in insertion
of the 3 loxP sites and the NEO gene into the
Ctsk gene. Cre recombinase activity resulted in
sequential removal of the sequences between
the loxP sites including exon 5 and the NEO
cassette, leaving only one loxP site in the locus.
(B) The results of the Southern hybridization of
tail DNA from control, Ctskf+, and Ctsk mice
indicating a band of 11 kb for the wild-type allele,
and 9.5 kb for the mutant allele after a digestion
with BHI restriction enzyme and hybridization
with probe pMCK-5'. (C) Northern analysis of
humerus total RNA demonstrating normal Ctsk
mRNA expression in Ctskf mice. (D) pQCT anal-
ysis shows normal femoral BMD in Ctsk™ mice.
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of the hematopoietic lineage, in the osteoclast lineage, or in the
osteoblast lineage using the Cre-loxP system, and analyzed their
skeletal phenotypes. We determined the effects of these cell-spe-
cific deletions on bone resorption and bone formation, and char-
acterized the molecular mechanism underlying these changes. Tar-
geted deletion of Ctsk in hematopoietic cells, or more specifically,
in the osteoclast lineage, resulted in mild osteopetrosis with an
increase in the number of poorly functional osteoclasts, as well as
an increase in osteoblasts and bone formation. In vitro assays of
primary osteoblasts derived from long bones of these conditional
knockout mice showed an increase in osteoprogenitors, alkaline
phosphatase (ALP), and mineralized bone nodules. In contrast,
ablation of Ctsk in cells of the osteoblast lineage had no effect on
either bone formation or bone resorption, suggesting that the
increased bone formation seen in the mice with germline dele-
tion of Ctsk results from increased coupling between osteoclasts
and osteoblasts. A search for molecules that could mediate this
increase in the coupling mechanism showed a significant increase
in sphingosine kinase 1 (Sphk1) in Ctsk-deleted osteoclasts. Sphk1
catalyzes the phosphorylation of sphingosine to sphingosine-1-
phosphate (S1P), which promotes osteoblast differentiation and
bone-forming activity (20). Consistent with the increased Sphk1,
conditioned medium derived from Ctsk-deleted osteoclasts con-
tained more S1P and ALP in vitro. Furthermore, the RANKL/OPG
ratio was increased in osteoblasts derived from long bones of these
mice, suggesting a positive feedback loop to increase the number
of osteoclasts in the absence of cathepsin K. These results demon-
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strate that the increased bone formation rate (BFR) observed after
deletion of Ctsk is osteoclast mediated, and establish the fact that
osteoclasts can indeed promote bone formation in an in vivo set-
ting. Furthermore, these findings provide additional evidence that
S1P is an important osteoclast-derived anabolic factor, a clastok-
ine, that couples bone resorption to bone formation.

Results

Generation of a cathepsin K conditional knockout mouse. We generated
mice carrying the floxed Ctsk allele by inserting loxP sites flanking
exon 5 that encodes for one of the active site cysteine residues of
cathepsin K (Ctskf)(Figure 1A). The point mutations in this area
are sufficient to cause pycnodysostosis disease in humans. South-
ern analysis showed a wild-type band of 11 kb and a mutant band
of 9.5 kb (Figure 1B). Normal Ctsk mRNA expression was observed
in Ctsk/f mice using Northern analysis (Figure 1C). To ensure that
insertion of the loxP sites did not affect bone mass, we examined
the long bones of the Ctsk/! mice by peripheral quantitative CT
(pQCT). The analysis showed that cancellous, cortical, and total
bone mineral density (BMD) in Ctsk”# mice was similar to that in
Ctsk*/* mice (Figure 1D).

Hematopoietic cell- and osteoclast-specific deletion of Ctsk. To examine
the role of cell-specific targeted deletion of Ctsk in bone remodeling,
we first determined the effects of Ctsk deletion in hematopoietic
cells, including osteoclasts, using the MxI-Cre mice (21), or more
specifically, in the monocyte-osteoclast lineage using the CD11b-Cre
mice (22-24). Ctskf mice were crossed with those expressing Cre
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recombinase under the control of a type I interferon-inducible Mx1
promoter to generate Ctsk (control) and Mux1;Ctsk///' (conditional
knockout) mice and those expressing Cre recombinase under the
control of CD11b promoter to generate CD11b;Ctsk** (control) and
CD11b;Ctskf/f (conditional knockout) mice.

Induction of MxI-Cre expression by intraperitoneal injection of
polyinosinic-polycytidylic acid (polyl:C) at 2 weeks of age led to the
complete deletion of the Ctsk exon S in spleen DNA (Figure 2A),
reduced Ctsk mRNA levels in femur and osteoclasts by 92% and 94%,
respectively (Figure 2B), and markedly diminished cathepsin K pro-
tein levels at 9 weeks of age (Figure 2C). It was previously suggested
that the Cre recombinase in MxI-Cre transgenic mice is expressed
not only in osteoclasts, but also in osteoblasts (25). However, quan-
titative real-time PCR (qQRT-PCR) analysis of the MxI;Ctsk//' mice
indicated that the Ctsk gene, which is expressed at much lower levels
(0.5%) than in osteoclasts, was not deleted in osteoblasts (Figure 2B).
CD11b-driven Cre recombinase expression resulted in deletion of
exon S in spleen genomic DNA (Figure 2D). Western blotting anal-
ysis showed a reduction of more than 90% in cathepsin K protein
levels in CD11b;Ctsk/f osteoclasts (Figure 2F). However, qRT-PCR
showed that the efficiency of CD11b-Cre-mediated ablation of Ctsk
expression was only 60% and 61% in femur and osteoclasts, respec-
tively (Figure 2E). As expected, CD11b-Cre deletion also did not
affect expression of Ctsk in osteoblasts (data not shown).

Targeted deletion of Ctsk in hematopoietic cells and osteoclasts increases can-
cellous bone mass and expression of osteoblast-specific marker genes. We ana-
lyzed the skeletal phenotype of 9-week-old Ctsk”' and Mx1;Ctsk//f
mice. No difference in body weight and bone length was observed
between Ctsk/f and MxI;Ctsk’f mice in the C57BL/6 background,
indicating that targeted Ctsk deletion did not affect skeletal develop-
ment (data not shown). X-ray and micro-CT (uCT) analysis of Cre
and Cre* mice revealed that targeted deletion of Ctsk in hematopoi-
etic cells increased bone mass in femurs (Figure 3A). uCT showed an
increase in cancellous bone volume, trabecular number, and connec-
tivity density, with a concomitant decrease in trabecular separation
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versus controls.
-~ Ctsk

(Figure 3B). Histomorphometric analysis of distal femurs confirmed
a significant increase in cancellous bone volume in both males and
females (Figure 4 and Supplemental Table 1; supplemental material
available online with this article; doi:10.1172/JC164840DS1). Anal-
ysis of trabecular architecture in Mx1;Ctsk/ mice indicated an
increase in trabecular number in males and females, and thickness
in females, with a concomitant decrease in trabecular separation
in both sexes. While the mineralizing surface was not affected, the
mineral apposition rate (MAR) was higher in Mx1;Ctsk”/ mice, lead-
ing to an increase in the BFR. Moreover, osteoblast and osteoclast
numbers per tissue area were both markedly increased. As shown in
Figure 5A, qRT-PCR indicated that ablation of Ctsk in hematopoi-
etic cells increased the expression of several osteoblast marker genes
in femurs, including Runx2, Osterix, ALP, and osteopontin. These
data suggest that the high bone mass observed in MxI;Ctsk/ mice
is likely the consequence of increased bone formation and decreased
bone resorption in vivo.

Like Mx1;Ctskf' mice, CD11b;CtskVf mice exhibited a significant
(P < 0.05) increase in bone mass in the femur at 9 weeks of age, as
determined by an increase in cancellous bone volume (Figure 3A)
and trabecular thickness using uCT (data not shown). However,
CD11b;Ctskf mice had a milder skeletal phenotype than MxI;Ctsk//f
mice. Histomorphometric analysis indicated that CD11b-Cre-
induced cathepsin K deficiency increased osteoclast numbers,
but also resulted in increases in several indices of bone formation
(MAR, BFR, and osteoblast numbers), demonstrating that the
increased BFR is osteoclast mediated (Figure 4 and Supplemental
Table 2). Femoral cancellous bone volume was increased, but to a
lesser extent (29%) compared with that in Mx1;Ctsk#f mice (78%).
Transcriptional profiling of osteoblast target genes in distal femur
metaphysis also showed increased expression of osteoblast marker
genes, in particular, Osterix and osteocalcin (Figure SB).

Deletion of Ctsk in the osteoclast lineage also affects cortical cross-sec-
tional volume and cortical bone volume. In contrast to Mx1;Ctsk/fl
mice, which showed only a similar trend (Supplemental Table 3
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Figure 3

Deleting Ctsk in hematopoietic cells
and osteoclasts increases cancellous
bone mass. (A) uCT and x-ray images of
femurs from controls (Ctrl) and conditional
knockouts (cKO) at 9 weeks of age. (B)
uCT analysis of distal femur. Results are
mean + SEM. *P < 0.05 versus controls.
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and Supplemental Figure 1), deletion of Ctsk in osteoclasts using
the CD11b promoter led to an increase in femoral cross-sectional
bone volume and cortical bone volume (Supplemental Table 4 and
Supplemental Figure 1), implying an increase in periosteal bone
formation after deletion of Ctsk in osteoclasts.

Lack of cathepsin K in hematopoietic cells and osteoclasts impairs bone
resorption. To determine whether the increased number of osteo-
clasts in Mx1;Ctsk/ and CD11b;Ctsk/f mice was cell autonomous
or secondary to changes occurring in other cells, we analyzed osteo-
clast differentiation in vitro. Mx1-Cre-induced deletion of Ctsk in
hematopoietic cells and osteoclasts increased osteoclast differen-
tiation from BM macrophages (BMMs) (Figure 6, A and B). We
plated osteoclasts on dentin slices and compared their resorbing
ability to examine whether defective osteoclast function contrib-
uted to the increased bone volume in Mx1;Ctsk/! and CD11b;Ctsk"f
mice. We found that resorption pit depth was reduced, such that
the pits formed by Mx1;Ctsk/! osteoclasts were shallow (Figure
6C). Immunofluorescence labeling of phalloidin confirmed that
Mx1;Ctskf osteoclasts formed a flat, actin-rich sealing zone (Sup-
plemental Figure 2). It has been shown that deletion of Ctsk and
treatment with cathepsin K inhibitors interrupts intracellular
vesicle trafficking, leading to an accumulation of type I
collagen-containing vesicles and reduced bone resorption effi-
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ciency (17, 26). Immunofluorescence staining of synaptotagmin 7,
a marker of “secretory” lysosomes (27), showed an accumulation
of labeled vesicles in Ctsk-deleted osteoclasts (Figure 7A). Similarly,
vesicles labeled for the lysosome-associated membrane protein 2
(LAMP2), a late endosomal-lysosomal marker, also accumulated
in Ctsk-deleted osteoclasts (Figure 7B). This is consistent with the
reports indicating that deletion or inhibition of cathepsin K alters
normal intracellular vesicle trafficking (17, 26), possibly further
altering osteoclast function. Thus, the absence of cathepsin K in
osteoclasts increased their numbers, but decreased their bone-re-
sorbing activity, leading to an increase in bone mass.

Targeted deletion of Ctsk in the osteoblast lineage has no effect on bone
formation. Although the level of expression of Ctsk is much lower
in osteoblasts than in cells of the osteoclast lineage, this enzyme
could still play an intrinsic role in osteoblasts, possibly affecting
bone formation. To examine whether the increased BFR in global
or targeted Ctsk-deficient mice could be due to the absence of
cathepsin K in osteoblasts, we generated mice with Ctsk condi-
tionally deleted in cells of the osteoblast lineage by crossing Csk/”*
mice with Osx-Cre mice, thereby targeting expression of Cre to the
osteoblast lineage at early stages of differentiation. Since Osx-Cre
mice are mildly osteopenic (28), we compared Osx;Ctsk”* (con-
trols) with Osx; Ctsk/f mice (conditional knockouts). We found no
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Deleting Ctsk in hematopoietic cells and osteoclasts increases cancellous bone mass, bone formation, and numbers of osteoblasts and osteo-
clasts. Histomorphometric analysis of cancellous bone in femurs from 9-week-old mice. Results are mean + SEM. *P < 0.05 versus controls.

Original magnification, x2.

changes in bone density at 5, 9, or 13 weeks of age by x-ray; data
from 13-week-old mice are presented. wCT analysis showed no dif-
ference in cancellous and cortical bone volume at 13 weeks of age
(Figure 8, A and B, Supplemental Table 5, and Supplemental Fig-
ure 1). Furthermore, histomorphometric analysis demonstrated
no alterations of the skeletal phenotype in osteoblast-targeted
Ctsk-deficient mice (Figure 8C and Supplemental Table 6). In con-
trast to MxI-Cre- or CD11b-Cre-driven deletion of Ctsk, deletion
of Ctsk in the osteoblast lineage had no effect on bone volume,
BFR, osteoblast numbers, or osteoclast numbers. In vitro assays
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of primary osteoblasts derived from the long bones showed that
ALP and mineralized bone nodules were similar in cells derived
from Osx;Ctsk/f! mice and their control littermates (Figure 8D).
These data demonstrate that the bone volume and BFR changes
observed in Mx1;Ctsk/ or CD11b;Ctsk///' mice were not due to the
deletion of Ctsk in osteoblasts. Therefore, the observed increases
in BFR in Mx1-Cre and CD11b-Cre-deleted cathepsin K mice are
secondary to the deletion of Ctsk in cells of the osteoclast lineage.

Lack of Ctsk in hematopoietic cells increases osteoblast precursors. Since
Cre-induced deletion of Ctsk using the CD11b promoter was less
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Figure 5

Osteoblast marker genes are

upregulated in distal femur
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gRT-PCR analysis of mRNA
expression in distal femur
metaphysis from 9-week-
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mice. (B) gRT-PCR analysis
of mRNA expression in dis-
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efficient than the deletion obtained with the Mx1-Cre promoter,
generating a qualitatively similar but milder skeletal phenotype,
we used MxI;Ctsk”! mice to further characterize the mechanism
by which Ctsk deficiency in osteoclasts led to an increase in BFR.
To determine whether the increased bone formation observed
in Mx1;CtskVf mice was due to an increased commitment of
osteoblast progenitors, we examined their proliferation and dif-
ferentiation in long bone-derived primary osteoblasts in vitro.
Osteoblasts derived from long bones of Mx1;Ctsk”ff mice had more
ALP activity and formed more mineralized bone nodules than did
control cells (Figure 9A). In addition, ablation of Ctsk increased
CFU-ALP and CFU osteoblasts (CFU-OBs), but not CFU fibrob-
lasts (CFU-Fs) (Supplemental Figure 3). Consistent with the
CFU-F assay, BrdU labeling showed no change in osteoblast prolif-
eration between Mx1;Ctsk/f osteoblasts and controls (Supplemen-
tal Figure 3). These observations suggest that the lack of cathep-
sin K in hematopoietic cells increased the number of committed
osteoblast progenitors in bone, contributing to increased bone
formation in vivo and in vitro. Consistent with these in vitro find-
ings, FACS analysis confirmed a 17% increase in ALP-positive cells
derived from MxI1;Ctsk?/ long bone osteoblasts compared with
controls (Figure 9B). To analyze the differentiation of Mx1;Ctsk/f
osteoblasts, we isolated total RNA from osteoblasts derived from
long bone of Mx1;Ctskf mice and their control littermates, and
the expression of osteoblast marker genes was analyzed by qRT-
PCR (Figure 9C). Expression of several markers of osteoblast differ-
entiation (ALP, type I collagen, Runx2, and DmpI) was significantly
upregulated in MxI;Ctsk/ cells. Osteopontin mRNA expression
(P = 0.064) was slightly increased in Mx1;Ctsk//f osteoblasts, but
did not reach significance. In addition, RANKL mRNA was mark-
edly increased, whereas OPG mRNA levels decreased, leading to a
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significant increase in the ratio of RANKL and OPG mRNA levels.
Consistent with the increase in RANKL/OPG ratio, we observed
greater numbers of TRAP-positive osteoclasts formed in coculture
of Mx1;Ctskf osteoblasts with Ctsk# BMMs (Figure 9D). Taken
together, these in vitro results show that ablation of Ctsk in the
osteoclast lineage: (a) increases the number and differentiation of
cells of the osteoblast lineage, and (b) increases the RANKL/OPG
ratio in these cells, leading to an increase in the number of osteo-
clasts, as shown in vivo and in vitro.

Deletion of Ctsk increases Sphk1 expression in osteoclasts, and S1P in
osteoclast-conditioned medium increases ALP in osteoblasts. Since Osx;
Ctsk mice do not have a skeletal phenotype, we hypothesized
that reducing Ctsk expression in osteoclasts resulted in more ana-
bolic coupling from osteoclasts to osteoblasts, and thus increased
remodeling-based bone formation. To test this hypothesis, we
first determined whether conditioned medium from Mx1;Ctsk///!
and CD11b;Ctsk/f! osteoclasts increased ALP in osteoblasts. CD1
calvarial osteoblasts were cultured in conditioned medium from
either knockout or control osteoclasts. As shown in Figure 10, cal-
varial osteoblasts treated with conditioned medium derived from
Mx1;Ctsk/f and CD11b;Ctsk//f osteoclast cultures showed increased
ALP staining, indicating that the conditioned medium contained
more osteoanabolic factors.

To identify coupling factors that might be increased in the
Ctsk-null osteoclasts, we measured in vitro gene expression of the
known osteoclast-derived coupling factors Efnb2, Wnt10b, Bmp6,
and SPHKs (which generates S1P) (20, 29-31) in osteoclasts gen-
erated from the MxI;Ctskf/! and CD11b;Ctsk// mice. Ablation of
Ctsk in hematopoietic cells and osteoclasts increased Sphkl mRNA
expression, but not Sphk2, Efnb2, Wnt10b, or Bmp6 expression
(Figure 11A). Immunostaining confirmed the increased SPHK1
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Figure 6

Targeted deletion of Ctsk in hematopoietic cells
and osteoclasts increases osteoclast differentiation
and decreases bone resorption. (A) Control (Ctrl)
and conditional knockout (cKO) osteoclasts were
generated on glass coverslips in the presence of
M-CSF and RANKL. Original magnification, x10.
(B) TRAP-positive osteoclast numbers per area
(/mm?2) were quantified by OsteoMeasure soft-
ware (OsteoMetrics). Results are mean + SEM.
*P < 0.05 versus controls. (C) Osteoclasts gen-
erated by coculture with osteoblasts on collagen
gel in the presence of vitamin D3 and PGE> were
replated onto dentin slices and cultured for 48
hours. Images of resorption pits on dentin slices
resorbed by control and conditional knockout
osteoclasts were analyzed by Fuiji software.

[ Ctsk™
I \ix1:Ctsk™

*

3 CD11b,Ctsk*
Il CD11b;Ctsk™

*

ditioned medium (Figure 12, B and C). These
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in Mx1;Ctsk/f and CD11b;Ctskf osteoclasts plated on dentin
slices (Figure 11B). We also determined SPHKI1 protein levels by
Western blotting (Figure 11C). Consistent with the mRNA anal-
ysis, Ctsk-deficient osteoclasts had higher SPHK1 protein levels.
Sphk1 catalyzes the phosphorylation of sphingosine to S1P, which
has been reported to target osteoblasts and increase bone forma-
tion (20). We therefore examined the levels of S1P in Mx1;Ctsk/f
osteoclast-conditioned medium using mass spectrometry. The
conditioned medium from Mx1;Ctsk//f osteoclasts contained sig-
nificantly more S1P than Ctsk//? osteoclast-conditioned medium
(Figure 12A). Interestingly, immunofluorescence staining of
Sphk1 was not increased in Src/- osteoclasts (Supplemental Fig-
ure 4), indicating that it was not the result of osteoclast functional
impairment, but rather was a specific effect of Ctsk deletion.
Antagonizing S1P reduces Mx1;CtskVf! osteoclast—conditioned medi-
um-induced ALP activity and mineralization. Mouse osteoblasts
express three S1P receptors: S1Py, S1P,, and S1P; (20). To further
verify whether biologically active S1P is responsible for the cou-
pling-mediated increase in bone formation, VPC23019, an S1Py;
antagonist, was added to the cultures of CD1 calvarial osteoblasts
in the presence of conditioned medium from either MxI;Ctsk/
or Ctskfl osteoclast cultures. VPC23019 at 2 uM did not have any
measurable effect on ALP activity (data not shown), but 10 uM
VPC23019 markedly inhibited the increase in ALP activity and
mineralization that are induced by Mx1;Ctsk?f osteoclast-con-
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data confirm that S1P is a major contributor to
the Ctsk-deficient osteoclast-mediated enhance-
ment of bone formation in vitro.

Discussion
Our results establish several important find-
ings regarding bone remodeling. First, our
genetic studies show that bone formation is
regulated, in part, by cells of the osteoclast lin-
eage, experimentally providing evidence for a
coupling mechanism in an in vivo setting. Sec-
ond, in vitro studies have established S1P as a
key osteoclast-derived coupling messenger, a
“clastokine” synthesized and secreted by osteo-
clasts that affects osteoblast differentiation
and acts locally to promote the osteoblasts’
bone-forming activity. Third, our studies indicate that the pres-
ence and/or activity of cathepsin K within cells of the osteoclast
lineage represses the expression of Sphk1, and thereby the syn-
thesis of S1P, decreasing the ability of osteoclasts to stimulate
bone formation. As a result, deleting or decreasing cathepsin K
expression in osteoclasts favors S1P synthesis and bone forma-
tion. Accordingly, blocking S1P; 5 in osteoblast cultures decreases
osteoclast-conditioned medium-induced ALP activity and miner-
alization. Fourth, these studies suggest that cells of the osteoblast
lineage attempt to compensate for the functional defect of indi-
vidual osteoclasts by increasing their numbers through activation
of the RANKL pathway, possibly also in response to increased S1P
levels (20). Taken together, these results support the hypothesis
that therapeutic manipulation of osteoclast activity via inhibition
of cathepsin K can decrease bone resorption, while maintaining or
increasing bone formation at remodeling sites. Finally, our finding
of an increase in total cross-sectional volume and cortical bone
volume, without any change in marrow volume after deletion of
Ctsk in cells of the osteoclast lineage, suggest that it may also indi-
rectly affect periosteal modeling-based bone formation, an obser-
vation also made after pharmacological inhibition of cathepsin K
in nonhuman primates (32, 33).

The adult skeleton undergoes constant remodeling throughout
life. The remodeling process begins with resorption by multinucle-
ated osteoclasts, followed by osteoblast-mediated bone formation.
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To maintain skeletal homeostasis, bone resorption is coupled to
bone formation, and imbalances in this process lead to a variety of
human diseases including osteoporosis and osteopetrosis. Oste-
oporosis is the result of an excess of bone resorption over bone
formation during the remodeling process. The most common
approach for the treatment of this debilitating disease has been
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Figure 7

Deletion of Ctsk in hematopoietic cells and osteoclasts
increases accumulation of intracellular lysosomes. Osteo-
clasts generated by coculture with osteoblasts on collagen
gel in the presence of vitamin Dz and PGE: were replated
onto dentin slices and cultured for 48 hours. (A) Fluores-
cence micrographs of osteoclasts showing synaptotagmin 7
(green) and actin (red). (B) The localization of LAMP2
(green) and actin (red) was analyzed in control and condi-
tional knockout osteoclasts. Scale bar: 10 um.

to inhibit bone resorption through antiresorptive drugs.
As a consequence of the coupling process, inhibition of
bone resorption generally leads to a parallel decrease in
bone formation. This, in turn, leads to low bone turn-
over and may contribute to unwanted consequences
such as ONJ or atypical femoral fractures. In contrast,
PTH, which is the only approved anabolic drug for the
treatment of osteoporosis, increases bone formation, but
secondarily leads to increased bone resorption. The sec-
ondary increase in resorption induced by PTH is due to
increased RANKL production by osteoblasts, the direct
targets of PTH (34). These observations, made both in
animal studies and human clinical trials, have led to the
conclusion that bone mass could be gained only during
limited periods of time (the so-called “anabolic win-
dows”) until bone formation decreases after antiresorp-
tive treatment, or until bone resorption increases after
PTH treatment.

Global loss of cathepsin K leads to an osteopetrotic
phenotype due to defective bone resorption that is char-
acterized in mice by an increase in the number of poorly
functional osteoclasts and increased bone formation
(18, 19). The present study was aimed at understanding
the molecular mechanisms by which such a potentially
beneficial dissociation of bone resorption and bone for-
mation was induced by the deletion of Ctsk. We initially
demonstrated that the phenotype of the germline dele-
tion of Ctsk was reproduced by deleting Ctsk in osteo-
clasts using Mx1-Cre. However, Mx1-Cre targets multiple
hematopoietic cell types, including megakaryocytes,
lymphocytes, mast cells, and cells of the monocyte-mac-
rophage lineage, and we could not rule out possible
cathepsin K-dependent contributions to regulation of
bone homeostasis by other types of cathepsin K-express-
ing hematopoietic cells in this mouse model. To confirm
that the altered bone homeostasis was a consequence
of deleting Ctsk in osteoclasts, we used a more specific
conditional knockout of CDI11b-Cre for targeting Cre
recombinase exclusively to the monocyte-macrophage
lineage. The skeletal phenotype of CD11b;Ctsk/ff mice
was identical, albeit milder, and was probably due to the
lower efficiency of Ctsk deletion in CD11b;Ctsk osteo-
clasts than that in Mx1;Ctsk” mice. The smaller increase
in bone volume in CD11b;Ctsk// mice than that seen in MxI;Ctsk/
mice (29% vs. 78%), notwithstanding the similar increases in MAR
and BFR, is likely due to the greater residual bone-resorbing activ-
ity of the CD11b;Ctsk/f osteoclasts. Thus, targeted deletion of Ctsk
in cells of the osteoclast lineage resulted in a skeletal phenotype
comparable to the global Ctsk knockouts.
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Figure 8

Deletion of Ctsk in cells of osteoblast lineage has no effect on bone formation and bone resorption. (A) uCT and x-ray images of femurs from
Osx;Ctsk*'*+ and Osx; Ctsk mice at 13 weeks of age. (B) uCT analysis of distal femur metaphysis. (C) Histomorphometric analysis of cancellous
bone in femurs from 13-week-old Osx; Ctskf mice and controls. Original magnification, x2. (D) ALP and mineralized nodule in osteoblasts derived
from long bones of Osx; Ctsk** and Osx; Ctskf mice. Results are mean + SEM.
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Figure 9

Genetic deletion of Ctsk in hematopoietic cells increases
committed osteoprogenitors. (A) ALP and mineralized nod-
ule in osteoblasts derived from long bones of Mx1;Ctsk
mice and their control littermates. (B) FACS analysis of the
percentage of ALP-positive cells from long bone—derived
osteoblasts of Mx17;Ctsk mice (yellow; n = 4) and Ctsk""
(blue; n = 4) mice. Cells were stained with either PE-labeled
anti-ALP or PE-labeled isotype control (red). (C) gRT-PCR
analysis of MRNA expression in culture osteoblasts derived
from long bones of Ctsk™f mice (n = 3) and Mx71;Ctsk""
mice (n = 3). Data are expressed as percentage of mRNA
level of controls. (D) TRAP-positive osteoclast number per
area (/mm2) from coculture of either Ctsk™" or Mx1;Ctsk™"
osteoblasts with Ctsk BMMs. Results are mean + SEM.
*P < 0.05 versus controls.

bers of CFU-ALP and CFU-OBs without any changes
in total CFU-Fs.

Within bone remodeling sites, the transition from
bone resorption to bone formation occurs as a result of
coupling activity mediated by several factors. In recent
years, several coupling factors have been identified
that can be classified in 2 categories: (a) matrix-derived
growth factors (MDGFs) that are released from bone
matrix during the bone resorption process, and (b)
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It has been reported that cathepsin K is expressed in mesen-
chymal stem cells, osteoblasts, osteocytes, and bone marrow
stromal cells (BMSCs) in humans, albeit at much lower levels
than in osteoclasts (35-37). The role of cathepsin K in human
osteoblasts is unclear. Our data demonstrate that it does not
appear to affect bone remodeling and homeostasis, since mice
with osteoblast-targeted disruption of cathepsin K using Osx-Cre
did not exhibit any skeletal phenotype, indicating that decreasing
the already low levels of Ctsk expression in cells of the osteoblast
lineage does not contribute to the increased bone formation
observed in the globally Ctsk-deleted mice. Thus, it appears that
inhibition of cathepsin K leads to increased cancellous bone
formation through indirect osteoclast-mediated effects and not
through mesenchymal or osteoblast lineage cell-autonomous
effects in mice. The fact that osteoblasts isolated from the osteo-
clast-targeted conditional knockout mice form more bone nod-
ules in vitro and the number of osteoblasts in bone increases,
suggests that in vivo changes occurring in cells of the osteoblast
lineage cells after deletion of Ctsk in osteoclasts result from an
increase in the number of committed osteoblast precursors. This
conclusion is supported by our observation of increased numbers
of ALP-positive cells by FACS analysis, as well as increased num-
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" RANKL/

ot osteoclast-derived cytokines (clastokines) that are solu-

ble factors secreted by osteoclasts into the local micro-
environment, or membrane-bound proteins that medi-
ate bidirectional signaling between osteoblasts and
osteoclasts (11, 20, 29-31, 38). Ctsk deletion appears
to favor coupling through alteration in both catego-
ries of coupling factors (Figure 13, A and B). Fuller
and colleagues have shown in vitro that the decreased
degradation of collagen and other bone matrix pro-
teins when cathepsin K is inhibited increases the lev-
els of intact IGF-1 released during bone resorption by
osteoclasts, potentially enhancing local bone forma-
tion (11). Similarly, inhibition of cathepsin K may locally increase
the levels of activated TGF-f3, which is released from bone matrix
during osteoclastic bone resorption and has recently been shown
to induce migration of osteoblast precursors to bone remodeling
sites, thus favoring bone formation (38). Although all these stud-
ies were performed in vitro and no information is available in vivo,
our studies cannot exclude the possibility that MDGFs contribute
to the phenotype we observed here in vivo in osteoclast-targeted
Ctsk deletions. Notwithstanding this possibility, the finding that
conditioned medium derived from MxI;Ctsk"! or CD11;Ctsk/f!
osteoclasts cultured in the absence of bone matrix increased ALP
in osteoblasts demonstrates that osteoclast-secreted anabolic sig-
nals that are independent of resorptive activity are increased after
deletion of Ctsk.

We have identified S1P, a known clastokine (20, 29-31), as a
factor derived from osteoclasts and as being responsible for the
observed phenotype. S1P is produced by sphingosine kinase in
osteoclasts and interacts with the S1P receptors expressed on
osteoblasts, enhancing migration and survival of osteoblasts as
well as RANKL expression (20). Others have shown by microarray
analysis that increased expression of Sphkl by osteoclasts cor-
relates with enhanced osteoblast differentiation in vitro (29). We
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Figure 10

Conditional knockout osteoclast-conditioned medium increases ALP
staining. CD1 calvarial osteoblasts were treated with either control or
conditional knockout osteoclast-conditioned medium for 7 days and
stained with ALP. Original magnification, x2.

found that Sphk1 expression was upregulated in Mx1;Ctsk/ff and
CD11b-Ctsk/f osteoclasts, and the S1P content of Mx1;Ctsk/f osteo-
clast-conditioned medium was increased. In addition, an S1P;3
antagonist blunted the anabolic effects of osteoclast-conditioned
medium in vitro. The upregulated Sphkl1 in individual Ctsk-defi-
cient osteoclasts and the consequent increase in S1P production,
together with the increased osteoblast differentiation induced by
the Mx1;Ctskf! osteoclast-conditioned medium and the increased
bone formation in mice in vivo, confirm that osteoclasts can affect
BFR via secreted molecules acting on cells of the osteoblast lineage.
Thus, S1P appears to be an important coupling factor, and our data
indicate that cathepsin K acts to decrease its production.

Others have shown that extracellular S1P stimulates osteoclas-
togenesis in coculture of BMMs and osteoblasts by increasing
RANKL production, but has no effect on osteoclast differentia-
tion in BMM cultures treated with RANKL (20). Consistent with
this mechanism, we observed a significant increase in RANKL
expression in osteoblasts derived from long bones in Mx1;Ctsk//f!
mice. Since cells of the osteoblast lineage, including osteocytes,
are the major source of RANKL in mice (39, 40), this implies that
changes occurring in cathepsin K-deficient osteoclasts led to this
osteoblast-mediated response, forming a positive feedback loop
to promote bone resorption by increasing osteoclastogenesis. It is
therefore likely that osteoclast-derived S1P is responsible not only
for the increased BER observed in vivo and ALP activity observed in
vitro, but also for the stimulation of RANKL production by cells of
the osteoblast lineage that leads to the increased osteoclastogene-
sis observed in both osteoclast-targeted and global Ctsk deletions.

Our observation that in vitro osteoclastogenesis is increased
in BMMs derived from conditional knockout mice in response
to M-CSF and RANKL raises an interesting additional question,
and suggests that the increased osteoblast-derived RANKL/OPG
ratio may not be the only explanation for the greater number of
osteoclasts observed in vivo. As the cells in this assay are exposed to
equal levels of M-CSF and RANKL, the increased number of osteo-
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clasts generated in vitro reflects either an increase in sensitivity to
RANKL, or an increased number of committed osteoclast precur-
sors in the BMMs isolated from the conditional knockout mice,
or both. Further studies will be required to address this question.

The mechanism by which the deletion of Ctsk regulates the
intracellular expression of Sphkl and production of S1P remains
to be determined. Secreted cathepsin K, or a factor released by
cathepsin K as it degrades the bone matrix, could act in a paracrine
fashion on osteoclasts to regulate Sphk1 expression. Alternatively,
evidence is accumulating that cathepsin K acts intracellularly in
addition to its extracellular function of degrading bone matrix
proteins. This protease acts within lysosomes to activate TRAP
(10), and it is conceivable that a lack of activated TRAP also affects
osteoclast biology after Ctsk deletion. Osteoclasts transport protons
and chloride ions into the resorbing compartment to dissolve the
bone mineral phase and secrete lysosomal acid hydrolases such as
cathepsin K to digest bone matrix proteins. Cathepsin K is sorted
intracellularly into secretory lysosomes, which translocate to and
fuse with the ruffled border membrane, releasing their content
into the resorption compartment (26). The molecules controlling
the trafficking and fusion of lysosomes with the ruffled border
membrane therefore play a critical role in bone resorption. Syn-
aptotagmin 7, a Ca?*-sensitive synaptotagmin isoform, regulates
exocytosis of lysosomes in osteoclasts, where it colocalizes with
LAMP2 and cathepsin K (27). We observed intracellular accumu-
lation of lysosomal vesicles that are positive for synaptotagmin 7
and LAMP2 after Ctsk deletion, similar to what has been reported
after pharmacological inhibition of cathepsin K (26). Although it
is not possible to determine whether this is the result of impaired
vesicular fusion with the plasma membrane, or of increased gen-
eration of lysosomes in an attempt to compensate for the defective
activity resulting from Ctsk deletion, these changes seem to be spe-
cific to Ctsk deletion. In addition, we did not observe an accumula-
tion of secretory lysosomes in Src-deleted osteoclasts (Supplemental
Figure 4), which favors the hypothesis of a specific intracellular role
of cathepsin K in affecting both vesicular traffic and S1P synthesis.

From a practical point of view, this study suggests that it
should be possible to inhibit bone resorption without impair-
ing bone formation in patients with osteoporosis by inhibiting
cathepsin K activity. Indeed, it has recently been reported that
inhibition of cathepsin K activity with orally administered small
molecules not only inhibits the production of markers of bone
resorption, but also maintains or enhances bone formation in
some animal models (32, 33, 41, 42), and maintains bone for-
mation markers close to control values in human studies (43,
44). Our mouse genetic studies would suggest that the effect
of inhibiting cathepsin K on bone formation is indirect and is
due to the effect of the compounds on osteoclasts rather than
on cells of the osteoblast lineage. It is, however, more difficult
to understand how such a mechanism of action could explain
the reported increase in periosteal bone formation in nonhuman
primates (32), since osteoclasts are rarely seen at the periosteum.
Our finding that total cortical cross-sectional volume and cor-
tical bone volume were increased after deletion of Ctsk in cells
of the osteoclast lineage also implies an increase in periosteal
bone formation. Thus, periosteal changes could be secondary
to osteoclast-mediated events, which are possibly transduced
by the cortical osteocytic network. Alternatively, deletion of Ctsk
in monocytes-macrophages residing in the periosteum could
be responsible for this increased activity. Further work will be
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Deletion of Ctsk in hematopoietic cells and osteoclasts increases Sphk7 mRNA expression and protein level in conditional knockout osteoclasts.
(A) gRT-PCR analysis of mRNA expression in control and conditional knockout osteoclasts. Data are expressed as percentage of mRNA level
of controls. Results are mean + SEM. *P < 0.05 versus controls. (B) Osteoclasts generated by coculture with osteoblasts on collagen gel in
the presence of vitamin D3 and PGE; were replated onto dentin slices and cultured for 48 hours. The localization of TO-PRO-3 (blue), Sphk1
(green), and actin (red) were analyzed by confocal microscopy. Original magnification, x63. (C) Lysates from osteoclasts were subjected to

immunoblotting with anti-Sphk1 antibodies.

required to determine whether this also occurs in humans and to
explain this phenomenon.

In conclusion, this study demonstrates that events occurring
within osteoclasts have a strong influence on the number of
osteoblast progenitors and bone formation in vivo. It also dem-
onstrates in an in vivo setting that the bone resorbing activity of
osteoclasts can be dissociated from their ability to stimulate bone
formation, such that the coupling process is dependent not only on
putative MDGFs, but also on osteoclast-derived molecules — “clas-
tokines”— among which S1P appears to be an important player.

Methods

Generation of Ctskf mice. Cloning and characterization of the mouse Ctsk
gene have been described previously (45). Plasmids for the neomycin
resistance gene (pPGKneobpA-lox B) and for the loxP sequence (pBSloxP)
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were gifts from Richard Behringer and Reinhard Fissler, respectively. To
construct the pG3NEOBLoxP-2 targeting vector, the floxed neomycin
resistance gene expression cassette was inserted into intron 5 of the Ctsk
gene in reverse orientation as a BamHI-EcoRI fragment (Figure 1A). A
third loxP site was inserted into intron 4. The allele was otherwise left
intact. ES cell targeting was performed using standard techniques as pre-
viously described (17).

The colonies were screened using Southern analysis. Genomic DNA was
digested with BamHI, size-fractioned in 0.8% agarose gel, and transferred
onto Hybond-N+ membrane (GE Healthcare Life Sciences). Membranes
were hybridized in a standard buffer at 67°C overnight with the pMCK-5'
probe that was labeled with [a-32P] dCTP using the random-primed method
(Roche Applied Science). The signal was detected using a Fuji BAS 5000
phosphorimager (Fujifilm). The hybridization produced a wild-type band
of 11 kb and a mutant band of 9.5 kb (Figure 1B).
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Figure 12

S1P is increased in the absence of cathepsin K, and blocking S1P activity attenuates ALP activity and mineralization induced by Ctsk-deficient
and control osteoclast—conditioned medium. (A) Mx1,;Ctsk osteoclast—conditioned medium contained elevated levels of S1P. (B) CD1 calvarial
osteoblasts were treated with either Mx17,;Ctskf or Ctskf osteoclast—conditioned medium for 7 days and stained with ALP, or for 20 days and
stained with alizarin red in the presence or absence of VPC23019 (VPC). Original magnification, x1. (C) ALP activity (n = 5 per group) and min-
eralization (n = 6 per group) were quantified. Results are mean + SEM. *P < 0.05 versus controls.

Northern analysis. For Northern hybridizations, 10-ug aliquots of total
humerus RNA were denatured with glyoxal, electrophoresed on 0.8%
agarose gels, and blotted onto Biodyne A nylon membranes. The mem-
branes were prehybridized, hybridized, washed, and rehybridized as rec-
ommended by the supplier. Northern hybridization for mouse cathepsin K
was performed with the pMCatK-1 cDNA probe (46) labeled by the ran-
dom-primed method (Roche Applied Science) using [t-32P] dCTP. The sig-
nals were detected using a Fuji BAS 5000 phosphorimager (Fujifilm), and
quantified using TINA 2.0 software (Raytest Isotopenmessgerite GmbH).

PpOQCT. Femoral BMD was measured using the Stratec XCT Research M
device with software version 5.40 (Norland Stratec Medizintechnik). For
cancellous bone, the scan lines were adjusted to 2.5-4.5 mm with 0.5-mm
intervals at distal metaphysis using the scout view given by the pQCT
device. The scan line was adjusted to 7 mm from the distal end of the
femur for cortical bone analysis. All measurements were made using a
voxel size of 0.070 x 0.070 x 0.5 mm?3. Threshold values of 710 mg/cm3
and 350 mg/cm? were used in the measurements of cortical bone and can-
cellous bone, respectively.

Generation of Mx1;Ctsk/f', Osx;Ctsk/fl, and CD11b;Ctsk/Vf mice. Mice homo-
zygous for floxed Ctsk alleles (Ctsk/f') were crossed with those expressing
Cre recombinase under the control of a type I interferon-inducible Mx1
promoter to generate Mx1;Ctsk/"* mice. Mx1;Ctsk/V* mice were crossed with
CtskV mice to generate Ctsk/ and Mx1;Ctsk/V/! mice. Ctsk///! mice were then
crossed with Mx1;Ctsk/// mice to obtain approximately 50% conditional
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knockouts and controls. We compared the skeletal phenotype of Cre-neg-
ative and Cre-positive mice, as other investigators have done (21, 25, 47).
Activation of MxI-Cre was accomplished by i.p. injection of 3 doses of 10
ug/g body weight polyinosinic-polycytidylic acid (polyI:C) every other day
at 2 weeks of age. Similar to Mx1;Ctsk/ mice, Ctsk//f mice were crossed with
mice expressing Cre under the control of osterix promoter to generate Osx;
Ctsk//* mice. Since Osx-Cre mice are mildly osteopenic (28), we crossed Osx;
Ctsk/V* mice with Ctsk’/* mice to generate Osx;Ctsk”* and Osx;Ctsk/ mice.
CD11b-Creis on the Y chromosome. Thus, all males are Cre-positive and the
only Cre-negative mice are females. Male CD11b;Ctsk//* mice were crossed
with female Ctsk/V* mice to generate CD11b;Ctsk*/* and CD11b;Ctskf!
mice. The skeletal phenotype of male conditional knockouts and controls
was compared due to sex differences in bone volume.

PCR genotype analysis. Genomic DNA isolated from tail biopsies was used
to genotype mice. The Cre transgene was detected by PCR using the for-
ward primer (5'-CGCGGTCTGGCAGTAAAAACTATC-3'), and reverse
primer (5'-CCCACCGTCAGTACGTGAGATATC-3'). The floxed and wild-
type alleles were determined using 3 primers: P1 (5'-GGAAACTGAGG-
CACAGAGTTCAG-3"); P2 (5'-CTGTCTTTGTTGTGAAGCCCTGCT-3");
and P3 (5-GGGGTGTGCACCTATGTGTGTA-3'). The deleted floxed allele
was identified using primers P1 and P3 for Mx1;Ctsk?# and their controls,
and primers P1-3 for Osx;Ctsk', CD11b;Ctsk//f, and respective controls.

Histomorphometry. Nine-week-old Ctskf, Mx1;Ctsk/', CD11b;Ctsk",
and CD11b;Ctsk/fl mice were subcutaneously injected with 20 mg/kg cal-
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cein (Sigma-Aldrich) and demeclocycline (Sigma-Aldrich) on days 7 and 2
before necropsy, respectively. At the end of the experiment, the mice were
weighed and anesthetized with isoflurane. To analyze the effect of targeted
deletion of Ctsk in the osteoblast lineage, 13-week-old Osx-Cre;Ctsk”* and
Osx-Cre;Ctsk//fl mice were fluorochrome injected on days 9 and 2 before
necropsy. Mice were killed by cardiectomy. Femurs were removed and fixed
in 70% alcohol. They were dehydrated in ethanol, infiltrated, and embed-
ded without demineralization in methyl methacrylate. Longitudinal 5-um
thick sections were cut on a Reichert-Jung Supercut 2165 microtome (Leica)
and mounted unstained for static and dynamic measurements. A standard
sampling site with an area of approximately 2.5 mm? was established in the
secondary spongiosa of the metaphysis. Histomorphometric measurements
were carried out semiautomatically with the OsteoMeasure image analyzer
(Osteometrics Inc.). All parameters were expressed according to standard-
ized nomenclature (48). Bone volume per tissue volume (BV/TV, %), trabe-
cular thickness (Tb.Th, um), trabecular separation (Tb.Sp, um), trabecular
number (Tb.N, /mm), and mineralizing surface per bone surface (MS/BS, %)
were measured. MAR was defined as the mean distance between the flu-
orescent labels divided by the interlabeling period. BFR was calculated as
the product of MS/BS and MAR, and expressed per bone surface (BFR/BS,
wm3/um?/year), bone volume (BFR/BV, %/year), and tissue volume referent
(BFR/TV, %/year). Osteoblast number per tissue area (N.Ob/T.Ar, /mm?)
was determined by identifying large basophilic cuboidal cells in toluidine
blue-stained sections. Osteoclast number per tissue area (N.Oc/T.Ar, /mm?)
was determined by identifying multinucleated cells.

uCT. High-resolution images of the femur were acquired using a desk-
top uWCT3S (Scanco Medical), according to the recommended guidelines
(49). Trabecular bone microarchitecture in the distal femoral metaphysis
and cortical bone at the femoral midshaft were determined using a 7-um
isotropic voxel size, 50 kVp, and 144 uA. Cancellous bone was assessed in
the region starting 120 um proximal to the growth plate and extending
464 transverse slices. Scans were subjected to Gaussian filtration and seg-
mentation using a fixed threshold at 26% of maximal gray scale value. Bone
volume fraction (BV/TV, -); trabecular number (Tb.N, /mm); trabecular
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Figure 13

Schematic representation of bone remod-
eling and the coupling process in controls
and Ctsk-deficient mice. (A) Under normal
circumstance, osteoclasts secrete clastok-
ines, including osteoanabolic factors such
as S1P, for the regulation of bone formation.
Additionally, osteoclasts resorb bone, thus
releasing MDGFs to enhance bone formation.
(B) Absence of cathepsin K increases S1P
released by osteoclasts and may increase
intact MDGFs (11). Furthermore, S1P induces
an increase in the production of RANKL by
osteoblasts (20), leading to increased osteo-
clast differentiation. An overall increase in
the level of S1P stimulates bone formation.
OC-pre, osteoclast precursor.

thickness (Tb.Th, mm); trabecular separation (Tb.Sp, mm); connectivity
density (ConnD, /mm?3); and structural model index (SMI, -) were ana-
lyzed. For cortical bone, 86 transverse uCT slices were evaluated using a
threshold at 35% of maximal gray scale value. Total cross-sectional volume
(mm?3), cortical volume (mm?), marrow volume (mm?3), and cortical thick-
ness (mm) were assessed.

Preparation of osteoblasts from long bones. A mature osteoblast-enriched
bone cell population was obtained from tibiae and femurs and isolated
using a modified method (50). In brief, bones were cleaned of adhering
tissues, minced, and digested in serum-free a-MEM (Invitrogen; Life Tech-
nologies) containing 100 units/ml penicillin, 100 ug/ml streptomycin, and
collagenase type II (Worthington Biochemical) for 2 hours at 37°C. The
bone fragments were transferred to 75-cm? flasks containing a-MEM, 10%
FBS, 100 units/ml penicillin, and 100 ug/ml streptomycin. Medium was
replaced every 2 days until cells were confluent.

ALP and mineralization assay. Osteoblasts derived from long bones were
plated at 1 x 104 cells per well in 12-well plates. Three days after plating,
the culture medium was replaced with a differentiation medium contain-
ing 0-MEM supplemented with 10% FBS, 100 units/ml penicillin, 100 ug/
ml streptomycin, 5 mM B-glycerophosphate, 10 uM dexamethasone, and
50 ug/ml ascorbic acid. Medium was replaced every 3 days. On days 7 and
20, cells were fixed with 3.7% formaldehyde and stained for ALP activity or
mineralized matrix with Fast Blue Alkaline Phosphatase (Sigma-Aldrich)
and 2% alizarin red (Sigma-Aldrich) for 45 minutes and 20 minutes, respec-
tively. For conditioned medium experiments, CD1 calvarial osteoblasts
were plated at 2 x 10*and 1 x 10% cells per well in 12-well plates for ALP
and mineralization assays, respectively. VPC23019 (Avanti Polar Lipids)
at 2 and 10 uM was added to the medium. ALP activity was determined
according to the manufacturer’s protocol (LabAssay ALP; Wako Chemicals
USA). Mineralized bone nodules stained with alizarin red were destained
with 10% cetylpyridinium chloride in 10 mM sodium phosphate (pH 7),
and the mineralization was quantified (51).

Preparation of osteoclasts. Osteoclasts were generated on dentin slices, tissue
culture dishes, or coverslips. BM cells were cultured in o-MEM containing
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10% FBS, 100 units/ml penicillin, and 100 ug/ml streptomycin for 24 hours
to generate BMMs. For the in vitro resorption assay, BMMs were cultured
with primary calvarial osteoblasts obtained from CD1 mice in a-MEM con-
taining 10 nM 1,25-dihydroxyvitamin D3 and 1 uM prostaglandin E; on a
collagen gel (52). Collagen was digested with 0.1% collagenase, and osteo-
clasts were replated onto dentin slices for an additional 48 hours to deter-
mine bone-resorbing activity. To produce osteoclast-conditioned medium
and for immunofluorescence and TRAP staining, BMMs were cultured on
tissue culture plastic or coverslips in a-MEM for 2 days with M-CSF (20 ng/
ml), and for an additional 6 days in the same medium with M-CSF (20 ng/
ml) and RANKL (3.3 ng/ml) to avoid contamination with osteoblasts.

Confocal microscopy. Osteoclasts plated on dentin slices were fixed with
3.7% formaldehyde in PBS for 10 minutes. Cells were permeabilized in
0.05% saponin for 30 minutes followed by acetone for 1 minute. Cover-
slips for actin labeling were extracted in ice-cold acetone for 3-5 min-
utes, incubated in a 1:40 dilution of rhodamine phalloidin stock solu-
tion (Invitrogen; Life Technologies) for 1 hour, washed with PBS, and
mounted in FluorSave (Calbiochem; EMD Millipore). All coverslips were
blocked in 5% normal goat serum (Roche Applied Science) for 30 minutes
and incubated in appropriate primary antibodies (SPHK1, LAMP2, and
synaptotagmin 7), washed, incubated with fluorescent secondary anti-
body (Alexa Fluor 488, green; 568, red; and 647, blue), washed again, and
mounted in FluorSave (Calbiochem; EMD Millipore). Nuclei were labeled
with TO-PRO-3 (1:1000) in the secondary antibody solution. Fixed cells
were visualized using a 510 Meta laser scanning confocal microscope (Carl
Zeiss), and images were recorded.

Bone resorption assay. Following culture with osteoclasts, dentin slices
were washed with PBS and sonicated in 1N NaOH for 1 minute to remove
cells. Resorption pit images were captured using a 510 Meta laser scanning
confocal microscope (Carl Zeiss) and analyzed with Fuji software.

qRT-PCR. Total RNA was extracted from femurs, cultured osteoblasts
derived from long bones, and cultured osteoclasts using a monophasic
solution of guanidine isothiocyanate and phenol according to the manu-
facturer’s instructions (TRIzol Reagent; Invitrogen; Life Technologies) fol-
lowed by RNA clean-up using RNeasy Mini Kit (QIAGEN). The RNA yields
were determined spectrophotometrically at 260 nm. First-strand cDNA
was synthesized using 1 ug of total RNA and SuperScript II (Invitrogen;
Life Technologies) for reverse transcription PCR. The qRT-PCR was per-
formed at 57°C for 40 cycles using an iCycler (Bio-Rad Laboratories). The
samples were normalized to GAPDH expression. Primer sequences are pre-
sented in Supplemental Table 7.

FACS analysis. Osteoblasts derived from long bones were incubated with
PE-conjugated anti-alkaline phosphatase antibody (R&D Systems) for 30
minutes at 4°C. Cells were washed twice with washing buffer. Stained cells
were suspended in PBS and flow cytometry was performed using LRS-
Fortessa (BD Biosciences).

CFU assays. Osteoblasts derived from long bones of Mx1;Ctsk”f mice and
their control littermates were cultured in a-MEM supplemented with 10%
FBS, 100 unit/ml penicillin, 100 ug/ml streptomycin, 5 mM p-glycerophos-
phate, 10 uM dexamethasone, and 50 ug/ml ascorbic acid. CFU-ALP was
determined by counting ALP-positive colonies on day 7. For the determi-
nation of CFU-OBs, cells were maintained in differentiation medium for
20 days, and mineralized nodules were stained using alizarin red. The total
number of colonies or CFU-Fs was determined by toluidine blue staining
on days 7 and 20 in the same tissue culture plate.

S1P lipid extraction and analysis. Five million nonadherent BM cells were
plated onto 6-well plates in the presence of M-CSF and RANKL to generate
osteoclasts. On day 5, cells were rinsed with PBS 3 times and grown in
a-MEM without serum for 9 hours. Conditioned medium was collected,
centrifuged, and kept at -80°C until processed for mass spectrometry.
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S1P was extracted by a modified two-step lipid extraction technique pre-
viously described (53, 54). The medium (1 ml) was transferred into a sili-
conized glass tube and 100 pmol C17-S1P was added as internal standard.
After alkalization with 100 ul of a 3N NaOH solution, lipids were extracted
by addition of 1 ml chloroform and 1 ml methanol/HCI (99.8:0.2 v/v). The
mixture was centrifuged (300 g for S minutes) to separate the alkaline aque-
ous phase containing S1P. The organic phase was re-extracted with 0.5 ml
methanol, 0.5 ml 1N NaCl, and 50 ul 3N NaOH. The collected aqueous
phases were acidified with 100 ul concentrated HCl and extracted twice
with 1.5 ml chloroform each. The combined organic phases were evapo-
rated using a Speed-Vac SC201 ARC vacuum system (Thermo Fisher Scien-
tific), and the dried lipids were redissolved in 200 ul methanol by rigorous
vortexing and sonification on ice.

Sample analysis was performed using rapid-resolution liquid chro-
matography tandem mass spectrometry (LC-MS/MS). Chromatograph-
ic separations were obtained using a Waters X-Bridge C18 separation
column (4.6 mm x 150 mm, 3.5 um particle size, 138 A pore size) with
a Waters X-Bridge C18 guard column (4.6 x 20 mm; Waters). We chose
a binary solvent system with gradient elution consisting of eluent A
(water/formic acid; 100:0.1 v/v); and eluent B (acetonitril/tetrahydro-
furan/formic acid; 50:50:0.1 v/v); and a flow rate of 0.5 ml/min over
15 minutes. Mass spectrometric measurements were conduct using the
following ion source conditions and gas settings for positive LC-MS/
MS: sheath gas temperature = 300°C; sheath gas flow = 9 1/min; nebu-
lizer pressure = 30 psig; drying gas temperature = 300°C; drying gas
flow = 8 1/min; capillary voltage = 5400 V; fragmentor voltage = 200 V;
nozzle voltage = 2000 V; and collision energy = 15 V. The precursor
ions of S1P (m/z 380.2560) and C17 S1P (m/z 366.2404) were cleaved
into the fragment ions of m/z 264.2700 and m,/z 250.2529, respectively.
Quantification was performed using MassHunter Software (Agilent
Technologies). A calibration curve of analyte concentration was per-
formed from 1-150 pmol and constructed by linear fitting using the
least squares linear regression calculation. The resulting slope of the
calibration curve was then used to calculate the concentration of the
respective analyte in the unknowns.

Statistics. Data are expressed as mean + SEM in figures or mean = SD in
tables. An unpaired ¢-test was used to compare 2 group means. Multiple
comparisons were analyzed by 1-way ANOVA followed by Fisher’s pro-
tected least significant difference test. Measurements of P less than 0.05
were considered statistically significant.

Study approval. All mouse experiments were performed in accordance
with a protocol approved by the Institutional Animal Care and Use Com-
mittee at Harvard Medical School, and followed the U.S. Public Health

Service Policy on Humane Care and Use of Laboratory Animals.
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