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SUMMARY Skeletal remodeling is a finely orchestrated process coupling bone formation
to bone resorption. The dynamics of coupling is regulated by the microenvironment at the
bone remodeling site, which in turn is influenced by the intercellular communication between
cells like osteoclasts and osteoblasts. Understanding the dynamics of coupling is important
in devising new therapeutic approaches to the treatment of skeletal diseases characterized
by disturbances in the bone remodeling process. In this study, we report the localization
of bone morphogenetic proteins (BMPs) in osteoclasts generated from primary cocultures
of bone marrow cells from mouse femur and tibia with mouse calvarial osteoblasts, using
immunocytochemistry and in situ hybridization. Positive staining was seen in osteoclasts for
BMP-2, -4, -6, and -7. Real-time PCR was used to quantitatively confirm the expression of
transcripts for BMP-2, BMP-4, and BMP-6 mRNA in murine osteoclasts. Finally, the presence of
BMP-2, -4, -6, and-7 proteins was confirmed in osteoclast lysates by Western blotting. Over-
all, our data suggest a possible direct role for osteoclasts in promoting bone formation via
expression and synthesis of BMPs, which then would play an important role in promoting
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the recruitment, proliferation, and differentiation of osteoblasts at bone resorption sites.
(J Histochem Cytochem 56:569-577, 2008)

SKELETAL REMODELING depends upon the coupling of
bone formation with bone resorption in a dynamically
regulated process involving intercellular communica-
tion between osteoblasts and osteoclasts. Osteoblasts
are bone-forming cells that originate from mesenchy-
mal stem cells, whereas osteoclasts are multinucleate,
bone-resorbing cells that originate from hematopoietic
precursors of the monocyte-macrophage lineage. The
remodeling process (Parfitt 1982,2004) consists of (a)
activation: preosteoclasts are stimulated to differentiate
into osteoclasts under the influence of cytokines and
other growth factors from cells of osteoblastic lineage;
(b) osteoclastic resorption: osteoclasts resorb miner-
alized matrix at the site of a multicellular remodeling
unit; (c) reversal: end of resorption; and (d) bone for-
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mation: preosteoblast migration to the resorption site
(Schwartz et al. 2000) and differentiation into mature
osteoblasts, followed by osteoid formation and min-
eralization. The equilibrium between bone formation
and bone resorption at sites of bone remodeling is
controlled by paracrine and autocrine growth fac-
tors including bone morphogenetic proteins (BMPs)
(Wozney and Rosen 1998), transforming growth factor-
B (TGF- B) (Mundy and Bonewald 1990), insulin-like
growth factor (IGF-1) (Baylink et al. 1993), basic fi-
broblast growth factor (bFGF) (Iwaniec et al. 2003),
platelet-derived growth factor (PDGF) (Mitlak et al.
1996), receptor activator of NF-x B ligand (RANK-L)
(Takahashi et al. 1999) and osteoprotegrin (OPG)
(Hadjidakis and Androulakis 2006). Understanding the
paracrine cross talk between osteoclasts and osteoblasts
is critical in devising novel therapeutic approaches for
diseases of unbalanced bone resorption (e.g., osteopo-
rosis), or bone formation (e.g., Paget’s disease).

It is now well established that osteoclast differen-
tiation is regulated by many systemic hormones and
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local cytokines, including tumor necrosis factor-a
(TNF-a), interleukin-1 (IL-1), interleukin-6 (IL-6),
and parathyroid hormone (PTH) via stimulation of
osteoblast-derived soluble and membrane-bound re-
ceptor activator of RANK-L (Yasuda et al. 1998), and
macrophage colony-stimulating factor (M-CSF). Re-
cently, recombinant BMPs have also been shown to
support osteoclastic differentiation in cultures (Kaneko
et al. 2000; Okamoto et al. 2006; Wutzl et al. 2006).
The coupling of bone resorption to bone formation has
been reported by many researchers, including Parfitt
(1982,2004), Martin (Martin and Rodan 2001; Martin
and Sims 2005), and Mundy (Mundy 1993; Mundy
and Elefteriou 2006). Howard et al. (1981) were the first
to propose the term “coupling factor” to link bone re-
sorption by osteoclasts to subsequent bone formation
by osteoblasts. According to the coupling concept, the
coupling factor is derived from one or many growth
factors such as IGF-I and -II and TGF-B that are
released by osteoclastic proteolytic digestion of bone
matrix during bone resorption, and are thus made avail-
able for stimulating osteoblast precursors to form osteo-
blasts and new bone (Centrella et al. 1991; Mohan and
Baylink 1991; Martin and Rodan 2001). Only recently,
a more direct anabolic role of osteoclasts in stimulating
bone formation has been indicated, in which osteoclasts
secrete anabolic growth factors that mediate osteoblast
chemotaxis, proliferation, differentiation, and mineral-
ization (Koh et al. 2005; Martin and Sims 2005;
Henriksen et al. 2006; Karsdal et al. 2007). Some of
the osteoclast-secreted factors that may enhance osteo-
blast activity include TGF-B (Robinson et al. 1996),
IGF-1 (Hayden et al. 1995), TRAP (tartrate-resistant
acid phosphatase) (Sheu et al. 2002,2003), and BMPs
(Anderson et al. 2000; Dhanyamraju et al. 2003;
Garimella et al. 2006; McCullough et al. 2007). BMPs
are members of the TGF- superfamily that have highly
conserved seven-cysteine repeats in their carboxy ter-
minus (Wozney 1992). BMPs have well-established roles
in pattern formation, organogenesis, and skeletal mor-
phogenesis during vertebrate development. At the cellu-
lar level, BMPs regulate cell proliferation, differentiation,
and apoptosis in embryonic and postnatal chondrocytes,
osteoblasts, and osteoclasts (Zhao 2003). BMP dimers
bind to one of the two types of serine and threonine
kinase membrane receptors, and ligand receptor bind-
ing initiates an intracellular signaling cascade mediated
by Smad proteins, ultimately leading to regulation of
target genes. BMPs are thought to be key regulators of
embryonic skeletogenesis (Hogan 1996), endochondral
ossification (Grimsrud et al. 1999), bone remodeling
(Wozney and Rosen 1998; Groeneveld and Burger
2000), fracture repair (Reddi 1995; Onishi et al. 1998),
and bone regeneration (Ripamonti and Duneas 1998).

In this study, we report the localization and expres-
sion of BMPs in osteoclasts generated from primary

cocultures of bone marrow cells with mouse calvarial
osteoblasts, using immunocytochemistry, in situ hybridi-
zation, quantitative real-time PCR, and Western blot-
ting. Our working hypothesis is that BMPs expressed by
osteoclasts recruit osteoblasts to a bone resorption site,
thus initiating the anabolic phase of bone remodeling.

Materials and Methods

Osteoclastogenesis in Cocultured Mouse Calvarial
Osteoblasts and Bone Marrow (BM)

Primary osteoblast cultures were prepared from 1- or
2-day-old CD1 mouse calvaria (Ecarot-Charrier et al.
1983) according to the guidelines of the Institutional
Animal Care and Use Committee, University of Kansas
Medical Center. Briefly, small pieces of calvaria were
incubated in 60-mm tissue culture dishes containing
BG]Jb media supplemented with 10% FBS for 2 days
at 37C with 5% CO,. During this period, the mature
osteoblasts migrate off the calvaria, as determined by
their ability to exhibit alkaline phosphatase enzyme
activity and produce mineralizing nodules (data not
shown). The mature osteoblasts were harvested by
trypsinization and cultured in tissue culture slide wells
(1 X 10’ osteoblasts/8.6-cm?* surface area) in phenol red—
free «-MEM mineralizing medium containing 10% FBS,
2.5 mM B-glycerophosphate, and 10™% M 1a,25-(OH),
vitamin D3 for 2 days prior to coculture with bone
marrow cells. Multiple-passaged osteoblasts up to the
fifth passage supported the formation of multinucleate,
TRAP-positive osteoclasts from bone marrow. Bone
marrow was obtained by aspiration from femurs and
tibiae of 8-week-old CD1 mice. Adherent nucleated
marrow cells (0.5 X 10°/8.6-cm® surface area) were
cocultured with confluent osteoblast cultures in phenol
red-free a-MEM medium containing 10% FBS and
supplemented with 107® M 1a,25-(OH), vitamin Ds
and 10~® M prostaglandin E, at 37C for 15 days in a
humidified atmosphere of 5% CO,. The medium was
changed every other day. After 15 days, the cocultures
were prepared for TRAP staining, BMP-immunocyto-
chemistry, and in situ hybridization.

Separation of Osteoclasts from
Osteoblast-BM Cocultures

Upon the confirmation of osteoclast generation by TRAP
staining, osteoclasts were separated from osteoblast-BM
cocultures by gently exposing them to 0.025% EDTA
for 10 min at 37C. During this time, osteoblasts get sepa-
rated and detach themselves, while osteoclasts still remain
adherent to the plastic surface of the tissue culture dish.

TRAP Staining

The cocultures were stained for TRAP, using a Sigma
TRAP kit (no. 386-A; Sigma Chemicals, St. Louis, MO).
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In Situ Hybridization

Digoxygenin-labeled cRNA probes were prepared by
using an RNA labeling kit (Roche Molecular; India-
napolis, IN). Anti-sense mouse BMP-2 and BMP-4
probes were prepared by cleaving a partial mouse BMP-2
¢DNA (1-kb fragment) with Eco RI and by cleaving the
mouse BMP-4 ¢cDNA (1.8-kb fragment) with Hind III.
The anti-sense mouse BMP-6 probe was prepared by
cleaving the mouse BMP-6 cDNA with Eco RI and Sac I
(947 bp). In situ hybridization in osteoblast bone mar-
row cocultures was performed in RNase-free condi-
tions. Before hybridization, the culture slides containing
osteoblast bone marrow cocultures were fixed with
4% paraformaldehyde for 1 hr at 4C and later washed
with PBS. The culture slides were then incubated with
2% glycine, and digested with proteinase-K to facilitate
penetration of the probe. The cells were then acety-
lated by incubating the slides in 2.5% acetic anhydride/
triethanolamine solution for 10 min. In situ hybridiza-
tion was performed according to the procedure pre-
viously described (Feng et al. 2002; Ye et al. 2004).
Digoxigenin-labeled BMP mRNAs were detected in
an enzyme-linked immunoassay using anti-digoxigenin-
alkaline phosphatase conjugate and in the presence of a
chromogenic detection system: 4-nitroblue tetrazolium/5
bromo, 4-chloro-3 indolyl phosphate (Gibco-BRL; Carls-
bad, CA) (Ye et al. 2004).

Real-time RT-PCR Analyses

Real-time PCR was performed in a two-step discontin-
uous procedure: (a) a reverse-transcription step leading
to the synthesis of cDNA from total RNA (including
the synthesis of BMP-2, -4, -6, and -7 cDNA); and (b)
quantitative real-time PCR leading to the relative quan-
titation of BMP mRNA expression levels in osteoclasts
and osteoblasts.

Total RNA was extracted from adherent osteoclasts
that were separated from osteoblasts as described above,
using RNeasy Mini Kits (Qiagen; Santa Clara, CA). Total
RNA was also extracted from mouse calvarial primary
osteoblasts, and served as positive control. Reverse tran-
scription reactions were performed in a 20-pl reaction
volume containing 10X PCR buffer, MgCl,, dNTPs,
murine leukemia virus reverse transcriptase, oligo dT,
total RNA (1 pg) using the reaction conditions specified
for the reverse transcription kit (Promega; Madison,
WI). The cDNA was stored at —20C until further use.

Real-time quantitative PCR was performed in a 20-p.l
reaction volume using the standard protocols of Applied
Biosystems 7500 Sequence Detection System and soft-
ware (Applied Biosystems; Foster City, CA) using 1:10
diluted cDNA, Universal PCR Master Mix kit, SYBR
green, and 300-900 nM of each primer. Primer pairs
of BMP-2, BMP-4, BMP-6, and BMP-7 were obtained
using a search in Prime Bank (BMP-2 ID#, 6680794al;
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BMP-4 ID#, 6680796a2; BMP-6 ID#, 6680798a2;
BMP-7 ID#, 31982487a2) (Wang and Seed 2003)
and for GAPDH as endogenous control (forward: §'-
AAC GAC CCC TTC ATT GAC-3, reverse: 5-TCC
ACG ACA TAC TCA GCA C-3"). Primers were iden-
tified using the BLAST program (www.ncbi.nlm.nih.
gov). Relative quantitation of target mRNA expres-
sion, normalized to an endogenous control and relative
to a calibrator, was calculated using the mathematical
expression for fold change, i.e., 2724t (fold), as de-
scribed by Livak and Schmittgen (2001), where ACt =
Ct of the calibrator for the target gene — Ct of the
endogenous control gene (GAPDH), and AA Ct = ACt
of the samples for target gene — ACt of the calibrator
for the target gene.

Immunocytochemistry

The cocultures adherent on the slide wells were fixed
in 4% paraformaldehyde and preincubated in 0.3%
Triton-X in PBS at room temperature for 15 min. After
Triton-X pretreatment, the cells were washed several
times in deionized Millipore-filtered H,O and briefly
incubated with 3% H,0O, for 10 min at room tem-
perature to block endogenous peroxidase activity. The
adherent cells on the slides were gently washed with
deionized water and PBS before blocking with 1.5%
blocking serum for 1 hr followed by overnight incuba-
tion in primary antibody solution at 4C. Primary anti-
bodies (polyclonal goat anti-human BMP-2, -4, -6, and
-7) were obtained from Santa Cruz (Santa Cruz, CA),
diluted in PBS (BMP-2, -4, and -6 = 1:50; BMP-7 =
1:100), and BMP 2-7 expression was detected using
peroxidase-conjugated secondary antibody and a per-
oxidase substrate (3,5-diaminobenzidine). A non-immune
goat serum in place of the primary antibody (at the
same concentration as the primary antibodies used for
the respective BMPs) was used as a negative control.

Western Blotting

Murine osteoclast cell lysate was obtained from osteo-
clasts generated in bone marrow coculture with osteo-
blasts. Lysates from isolated osteoclasts, containing
50-100 pg protein, were loaded in each lane and sepa-
rated by SDS/PAGE on 10-20% gradient gels. The gels
were transferred onto a polyvinylidene difluoride mem-
brane and immunoblotted using a 1:200 dilution of
anti-BMP antibody (Santa Cruz). Recombinant BMP-
2, -4, -6, and -7 were used as standards to confirm
the specificity of bands corresponding to BMPs. The
immunostained bands were visualized using an en-
hanced chemiluminescence detection system (Amersham
Biosciences; Piscataway, NJ).

Statistical Analyses

Quantitative data are presented as mean +/—SEM. Sta-
tistical differences in BMP mRNA expression between
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osteoblast control and osteoclast were determined by
paired z-test. p<<0.05 was considered to be significant.

Results

TRAP Staining

Osteoclasts generated from marrow cocultures with
osteoblasts (as described in Materials and Methods),
were recognized by their multinuclearity and positive
TRAP staining (Figure 1).

In Situ Hybridization

To detect the presence of BMP-2, -4, and -6 transcripts
in the osteoclasts, a non-radioactive in situ hybridiza-
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Figures 1-3

tion was utilized. Hybridization with an anti-sense probe
to BMP-2 and BMP-4 showed a positive signal, indi-
cating the presence of BMP-2 and -4 mRNA, whereas
the BMP-6 anti-sense probe showed a more intense
expression of BMP-6 mRNA in cultured osteoclasts
(Figures 2A-2C).

Immunocytochemistry

Osteoclasts generated from marrow cocultures with
osteoblasts showed positive immunostaining for BMP-
2, -4, -6, and -7. Moderate to intense immunostaining
for BMP-2, -4, -6, and -7 was detected within the cyto-
plasm of culture-generated osteoclasts (Figures 3A-3D).
No immune reaction was detected in the presence of

BMP-6

3E negative control|

Figure 1 Photomicrograph showing the red staining associated with the presence of tartrate-resistant acid phosphatase (TRAP) in the
cytoplasm of a multinucleated, culture-generated mouse osteoclast. Bar = 20 pm.

Figure 2 In situ hybridization showing the presence of bone morphogenetic protein (BMP) transcripts in cultured mouse osteoclasts. The
bluish-gray stain indicates the presence of BMP-2 (A); BMP-4 (B); and BMP-6 (C). (D) Negative control (as indicated by red-staining cytoplasm
and no bluish-gray/purple staining) using a non-complementary sense RNA probe. Bar = 4 pm.

Figure 3 Immunocytochemistry of BMP proteins within cultured mouse osteoclasts. Brown peroxidase staining in the cytoplasm of multi-
nucleated osteoclasts indicates the presence of BMP-2 (A), BMP-4 (B), BMP-6 (C), and BMP-7 (D). (E) Negative control (as indicated by no brown
peroxidase staining. The blue-violet color is due to hematoxylin, the counterstain used in all preparations) using non-immune serum in place

of primary antibody. Bar = 4 um.
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a non-immune serum-negative control (Figure 3E). The
more conspicuous blue-violet color in the negative con-
trol is due to lack of peroxidase staining, whereas the
brown peroxidase staining is indicative of a positive
immune reaction, as shown in Figure 3.

Real-time RT PCR

Real-time RT PCR analysis revealed that osteoclasts
are able to synthesize mRNAs for BMP-2, -4, -6, and
-7 (Figure 4). Expression of BMP-6 mRNA was the
greatest of all the BMPs tested, at 18 times higher than
expression in the osteoblast positive control (Figure 4).

Western Blot Analyses

Western blots (Figure 5) confirmed the presence of
BMPs at expected mature monomeric 18- to 21-kDa
molecular mass (as seen in BMP-2, BMP-6, and BMP-7
expression in osteoclasts). Our finding of higher molec-
ular forms of BMPs in osteoclasts might reflect the
presence of proteolytically uncleaved precursor forms
of BMPs or bands generated from posttranslational

w
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modifications such as glycosylation (partial or com-
plete), as seen in other studies reporting BMP pro-
tein expression (Shoda et al. 1993; Kochanowska
et al. 2002; Wordinger et al. 2002; Lories et al. 2003;
Schwalbe et al. 2003). Another reason might be insuf-
ficient reduction by dithiotheritol of BMP multimers,
at a concentration of 1 mM, which is routinely used
in denaturing SDS gels. Two immunoreactive bands,
one at 18 kDa (the monomeric form) and the other at
36 kDa (the dimeric form) were detected for BMP-2.
A single immunoreactive band at 36 kDa was detected
for BMP-4, probably representing a dimeric confor-
mation of the mature peptide (Suzuki et al. 1993). For
BMP-6, multiple bands were detected at 21 kDa (also
detected in recombinant BMP-6), 23 kDa, 36 kDa,
~45 kDa, 69 kDa, and 90 kDa in cultured osteoclasts,
as previously reported in other cells (Boden et al.
1997; Rickard et al. 1998; Akiyoshi et al. 2004).
For BMP-7, multiple bands were detected at 18 kDa
(monomer), 23 kDa (glycosylated form), 40 kDa (pro-
domain), 70 kDa, and an additional high-molecular-
mass band (>125 kDa), as seen in other studies
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Figure 4 Real-time quantitative PCR
analyses showing the expression of
BMP-2, -4, -7 (left panel) and -6 tran-
scripts (right panel) in osteoclasts (OC)
versus in osteoblasts (OB). Results are
reported as fold change or relative
quantitation of target mRNA expres-
sion (2722Ct method), normalized to
an endogenous control (GAPDH) and
relative to a calibrator (osteoblast RNA
sample). Error bars represent the stan-
dard error of the mean associated with
the AACt value. *Statistically significant
(p<0.05) difference in the expression
of BMP -2, -4, -6, and -7 transcripts
between osteoclast and osteoblast.
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BMP-2, -4, -6, and -7 within lysates 31.
of cultured mouse osteoclasts (OC).
BMP-2, BMP-4, BMP-6, and BMP-7 were
detected within a 50-100-pg protein
sample of osteoclast lysate. Recombi-

nant BMP-2, -4, -6, and -7 were used

as standards to assess the specificity of
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(Jones et al. 1994; Vukicevic et al. 1994; Chubinskaya
et al. 2000).

Discussion

Recently, evidence has begun to emerge for a direct
anabolic role of osteoclasts (via non-matrix—derived
bone-inducing factors) in stimulating bone formation
(Henriksen et al. 2006; Karsdal et al. 2007). The mech-
anism of osteoclast-mediated osteoblastic bone for-
mation is not well understood. Bone anabolic factors
that have so far been reported in osteoclasts include
TGF-B (Robinson et al. 1996), IGF-1 (Hayden et al.
1995), IL-6 (Sims et al. 2004), and BMPs (Anderson
et al. 2000; Dhanyamraju et al. 2003; Garimella et al.
2006; McCullough et al. 2007). Of these, only BMPs
are known to be capable of inducing new bone for-
mation (Wozney and Rosen 1998). Previously, there
have been reports of immunohistochemical localization
of BMP-2, -4, and -6 in the osteoclasts of metaphyseal
bone (Anderson et al. 2000) and BMP-3 and -6 in
osteoclasts during osteophyte formation (Zoricic et al.
2003). BMP receptors IA and II have been reported
to be present in mature osteoclasts (Kaneko et al.
2000). However, no comprehensive study of BMP ex-
pression and localization in murine osteoclasts has been
done to date. Our present studies confirm expression
and localization of BMPs in osteoclasts using in situ
hybridization, real-time PCR, immunocytochemistry,

@ @ Differentiatio,n

and Fusion

BMPs

Monocytic osteoclast
precursors

e

and Western blotting; and thus add support to the hy-
pothesis that osteoclast BMPs are involved in initia-
tion of the anabolic phase of bone remodeling, which
involves active recruitment of osteoblasts to a bone
resorption site (Figure 6).

Our data also suggest that there is a preferential
expression of BMP-6 mRNA by osteoclasts versus the
expression of BMP-2, -4, and -7 (Figure 4). This in-
creased expression of BMP-6 by osteoclasts might play
a dual role in not only stimulating osteoblastic precur-
sors to undergo osteoblastic differentiation (Friedman
et al. 2006) but also enhancing osteoclastogenesis from
bone marrow cells (Wutzl et al. 2006). Previous studies
have reported that BMP-6 is the most effective inducer
of osteogenic differentiation from hematopoietic mesen-
chymal stem cells (Ahmed et al. 2001; Friedman et al.
2006). Sammons et al. (2004) showed that BMP-6 in-
creased osteogenic differentiation and mineralization,
induced by PTH and vitamin D3 in mesenchymal stem
cell cultures. Solloway et al. (1998) reported that BMP-6
knockout mice are viable and show a pronounced delay
in the ossification of the sternum but not other bones.
Simic et al. (2005) reported that BMP-6"'" mice have
decreased bone volume/trabecular volume as compared
with wild-type mice. Those authors also demonstrated
that systemic administration of human recombinant
BMP-6 in osteoporotic rats and mice induced new
bone formation, restored bone microarchitecture,
and enhanced overall quality of the skeleton (Simic

BMPs

_—

Multinucleate osteoclast

Activated osteoclast

Aps

Activated osteoblast

Figure 6 Schematic diagram of proposed osteoblast-osteoclast cross talk as mediated via BMPs.
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et al. 2006). Thus, the relatively higher BMP-6 expres-
sion by osteoclasts might be important in regulating
bone homeostasis.

Our working hypothesis that osteoclastic BMPs
might contribute to the anabolic path of bone remod-
eling fits very well with previous reports on osteoclastic
stimulation of osteoblasts. Marrow monocytes, which
are the precursors of osteoclasts, are capable of stimu-
lating osteoblastic differentiation by marrow stromal
osteoprogenitor cells in coculture (Aubin 1999). An-
other example suggesting paracrine stimulation of
osteoblasts by osteoclasts is that of juvenile Paget’s
disease, in which increased osteoclastic activity due to
OPG deficiency is followed by an increase in osteo-
blastic activity, with the rapid formation of woven
bone, and osteosclerosis (Whyte et al. 2002). In an-
other study, Dai et al. (2004) investigated the regu-
lation of osteoblastic bone formation by osteoclasts,
using Csf1r~’~ mice. They reported that an osteoclast
deficiency in these mice resulted in disorganized matrix,
reduced mineralization, and abnormal osteoblast func-
tion, leading to impaired lamellar bone formation in
developing bone.

Sims et al. (2004) reported that genetically engi-
neered mice with inactivated gp-130-SHP2/ras/MAPK
pathway displayed increased osteoclast number and
activity, with a concomitant increase in osteoblastic
bone formation. Furthermore, those authors suggest
that the increase in bone formation coupled to bone
resorption is mediated by IL-6 derived from resorbing
osteoclasts (Sims et al. 2004). Nakamura et al. (2003)
reported that the increased bone formation seen in
OPG ™/~ mice is probably due to stimulation by in-
creased osteoclast numbers. Those mice also displayed
high serum alkaline phosphatase activity and osteo-
calcin concentration, both of which were reduced to
wild-type levels upon risedronate injection. Udagawa
et al. (2002) suggested that osteoblast stimulation is
osteoclast derived rather than emanating from the
bone matrix, based on their in vitro studies demon-
strating differentiation of mesenchymal cells into ALP-
expressing cells in the presence of conditioned medium
from osteoclast cultures. Recently, Henriksen et al.
(2006) reported that conditioned medium derived from
human osteoclast cultures grown on plastic or bone
dose-dependently induced bone formation by osteo-
blasts. Further identification and characterization of
osteoclast-derived anabolic factors will be very impor-
tant in understanding the mechanism of coupling in
the bone remodeling cycle, and thus will be valuable in
devising new therapeutic modalities for treating bone
remodeling disorders.

In summary, our findings confirm that BMPs are
expressed and translated in osteoclasts. We suggest
that BMPs from osteoclasts might possibly be involved
in the initiation of the anabolic phase of bone remod-
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eling. Future research studies will focus on explor-
ing the exact role of different osteoclastic BMPs, par-
ticularly BMP-6, in stimulating the differentiation of
preosteoblasts and steering them to form a calcificable
bone matrix.
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