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(Background: BMPs affect osteoclastogenesis in vitro, but the effects of BMP signaling on osteoclastogenesis iz vivo are not

Results: Conditional deletion of BMPRII in osteoclasts results in reduced osteoclastogenesis, resulting in increased bone.
Conclusion: BMP signaling is required for proper bone remodeling in vivo.
Significance: Identifying factors affecting osteoclast differentiation increase understanding of bone remodeling regulation
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To investigate the role of bone morphogenetic protein (BMP)
signaling in osteoclastogenesis in vivo, we eliminated BMPRII in
osteoclasts by creating a BMPRIF"";lysM-Cre mouse strain.
Conditional knock-out (cKO) mice are osteopetrotic when com-
pared with WT controls due to a decrease in osteoclast activity.
Bone marrow macrophages (BMMs) isolated from cKO mice are
severely inhibited in their capacity to differentiate into mature
osteoclasts in the presence of M-CSF and receptor activator of
NF-kB (RANK) ligand. We also show that BMP noncanonical
(MAPK) and canonical (SMAD) pathways are utilized at differ-
ent stages of osteoclast differentiation. BMP2 induces p38 phos-
phorylation in pre-fusion osteoclasts and increases SMAD
phosphorylation around osteoclast precursor fusion. Phosphor-
ylation of MAPKs was decreased in differentiated BMMs from
cKO animals. Treating BMMs with the SMAD inhibitor dorso-
morphin confirms the requirement for the canonical pathway
around the time of fusion. These results demonstrate the require-
ment for BMP signaling in osteoclasts for proper bone homeostasis
and also explore the complex signaling mechanisms employed by
BMP signaling during osteoclast differentiation.

Bone remodeling, the replacement of old, damaged bone
with new bone, is essential for maintaining structural integrity
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of the skeleton and mineral homeostasis. The process is regu-
lated by communication between osteocytes, capable of sensing
damage to bone, osteoclasts, cells that respond by resorbing
damaged bone, and osteoblasts, cells responsible for secreting
fresh osteoid, which later mineralizes to form mature bone
(reviewed in Ref. 1). Proper regulation of the remodeling proc-
ess is critical to bone health, whereas decoupling of bone for-
mation and bone resorption leads to bone diseases such as
osteoporosis.

Osteoclasts are multinucleated giant cells derived from the
monocyte/macrophage branch of the hematopoietic lineage.
Macrophage colony-stimulating factor (M-CSF) and receptor
activator of NF-«B ligand (RANKL)® are essential for initiating
osteoclast differentiation. RANKL is expressed by both osteo-
blasts and osteocytes, although recent evidence supports osteo-
cytes as the primary source of osteoclast-initiating RANKL dur-
ing bone remodeling in vivo (2, 3).

In addition to M-CSF and RANKL, additional factors influ-
ence osteoclast differentiation. For example, T-cell cytokines
can either inhibit (IFN-+, IL-4, IL-10) or promote (TNF-q, IL-6,
IL-17) osteoclast differentiation (reviewed in Ref. 4). Bone mor-
phogenetic proteins (BMPs) are members of the TGF-3 family
of signaling molecules. BMPs bind to the heterotetrameric
receptor complex consisting of two type I and two type I recep-
tors, inducing phosphorylation of SMADs 1, 5, and 8, enabling
them to form a trimeric complex with SMAD4 and be retained
in the nucleus to regulate gene expression. In addition to sig-
naling through the SMAD pathway, it is well known that TGF-3
family receptors also mediate signaling through noncanonical
pathways such as the MAP kinase pathway. TGF- B utilizes both

® The abbreviations used are: RANKL, receptor activator of NF-«B ligand; BMP,
bone morphogenetic protein; BMM, bone marrow macrophage; cKO, con-
ditional knock-out; nCT, microcomputed tomography; TRAP, tartrate-re-
sistant acid phosphatase; CTX, carboxyl-terminal telopeptide of collagen I;
Ad-Cre, Cre-expressing adenovirus; Het, heterozygotes; BS, bone surface;
Tb, trabecular; P, phosphorylated; DMSO, dimethyl sulfoxide.
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AKT, through TAK1, and SMAD pathways to regulate cell sur-
vival in mature osteoclasts (5). BMPs also transduce their sig-
nals using the MAPK pathway in mature osteoclasts to promote
resorption and cell survival (6), and BMPs have also been shown
to activate MAPKSs through TAK1 in chondrocytes (7, 8). Sev-
eral laboratories, including ours, have shown that osteoclasts
express BMP receptors and respond directly to BMPs through
activation of SMAD signaling (6, 9—11). Expanding on previous
studies, we showed that in the presence of BMP2, bone marrow
macrophages (BMMs) require less RANKL to differentiate into
osteoclasts and that the addition of BMP2 leads to the forma-
tion of larger osteoclasts than in the presence of RANKL alone.
We also showed that deleting the BMP inhibitor Twisted gas-
trulation (TWSG1) in mice results in osteopenia due to an
increase in osteoclast differentiation, suggesting a stimulatory
function for BMP signaling in osteoclasts in vivo (9). Con-
versely, RANKL-mediated osteoclast differentiation is severely
inhibited in the presence of the BMP inhibitor noggin, and
shRNA knockdown of BMPRII in WT osteoclasts results in
fewer and smaller osteoclasts in vitro. Together, these results
demonstrate that increased BMP signaling promotes osteoclas-
togenesis, whereas loss of BMP signaling reduces it.

Despite abundant in vitro data showing a role for BMPs in
regulating osteoclast differentiation, the skeletal effects of elim-
inating BMP signaling specifically in osteoclasts in vivo as well
as the intracellular pathways through which BMPs transduce
their signals in osteoclasts are not known. Therefore, to evalu-
ate the effects of BMP signal deficiency in osteoclasts, we gen-
erated conditional knock-out mice where BMPRII is deleted in
myeloid lineage cells, which includes osteoclasts, by crossing
BMPRII-floxed mice containing loxP sites flanking exons 4 and
5 (BMPRIF™") with mice expressing Cre recombinase driven by
the lysozyme M promoter (lysM-Cre). lysM-Cre mice were
selected to give us the ability to examine loss of BMP signaling
throughout osteoclast differentiation, including early precur-
sors. We present data that mice lacking BMPRII in osteoclasts
display increased bone mass when compared with WT litter-
mates due to decreased osteoclast differentiation. Furthermore,
we also present data characterizing BMP signaling during oste-
oclast differentiation and provide evidence that BMP2 utilizes
both noncanonical MAPK signaling and canonical SMAD sig-
naling at different stages of osteoclast differentiation. The
results presented herein not only offer convincing evidence for
a role of BMP signaling affecting osteoclasts in vivo, but also
provide insight into the complex ways in which the signaling
machinery utilized by BMPs changes throughout osteoclast
differentiation.

EXPERIMENTAL PROCEDURES

Cell Culture—Primary BMMs from BMPRII*'*;lysM-Cre,
BMPRII"";lysM-Cre, or BMPRIF";lysM-Cre in the C57Bl/6
background were harvested and cultured as described previ-
ously (11). C57Bl/6 WT cells were used for Cre-expressing
adenovirus (Ad-Cre) and BMP2 treatment experiments. Oste-
oclasts were cultured in minimum essential media « supple-
mented with L-glutamine (Life Technologies), FBS, and penicil-
lin/streptomycin. BMMs were flushed with minimum essential
media « (Life Technologies) from the marrow cavity of the
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femur and tibia. Red blood cells were lysed with RBC lysis buffer
(150 mm NH,Cl, 10 mm KHCO,, 0.1 mm EDTA, pH 7.4). BMMs
were spun down, resuspended in minimum essential media «
supplemented with conditioned medium containing M-CSF,
and plated on 100-mm tissue culture plates overnight. The fol-
lowing day, the nonadherent population of cells was counted and
plated for experiments. Cells were maintained in medium contain-
ing M-CSF for two more days, at which time medium was changed
and RANKL (and, if applicable, additional treatment (i.e. BMP2))
was added to initiate osteoclast differentiation.

Mice—BMPRII"™ mice were originally created in the C57Bl/6
background as described in Ref. 12. We obtained the mice from
Dr. Michael O’Connor (University of Minnesota). Mice were
crossed with the lysM-Cre-expressing mouse (The Jackson Labo-
ratory). We generated Twsgl '~ mice as described previously
(13). Use and care of the mice in this study were approved by the
University of Minnesota Institutional Animal Care and Use
Committee.

wCT Analysis—Microcomputed tomography (uCT) was
performed at the University of Minnesota. Femora were sub-
jected to micro-CT scanning (model XT H 225, Nikon Metrol-
ogy, Inc.) at conditions of 90 kV, 90 A, 0.5° steps with 708 ms
of exposure time and pixel size at 12 um. Three-dimensional
reconstructions were made from the original images using the
software CT Pro 3D (Nikon metrology). VG Studio Max 2.1
(Volume Graphics GmbH) was used for visualization and
three-dimensional rendering and creation of bmp files. Then,
histomorphometry analyses were performed using SkyScan
CT-Analyzer Version 1.12 (Bruker micro-CT).

Immunoblotting—Cell protein lysates were harvested from
osteoclasts in modified radioimmune precipitation buffer (50
mM Tris, pH 7.4, 150 mm NaCl, 1% IGEPAL, 0.25% sodium
deoxycholate, 1 mm EDTA) supplemented with Halt protease
and phosphatase inhibitor cocktail (Thermo Scientific). Lysates
were cleared by centrifugation at 12,000 X g at 4 °C. Proteins
were resolved by SDS-PAGE, transferred to PVDF membrane
(Millipore), and incubated at 4 °C overnight with primary anti-
bodies. p38, P-p38, ERK1/2, P-ERK1/2, a-tubulin, P-SMAD1/
5/8, P-JNK, and JNK antibodies were obtained from Cell Sig-
naling Technology. SMAD1/5/8 antibody was obtained from
Santa Cruz Biotechnology. HRP-conjugated anti-rabbit and
anti-mouse were incubated with membranes, washed, and
incubated with Amersham ECL Prime Western blotting detec-
tion reagent (GE Healthcare).

ELISA—Serum was harvested from animals at 3 months of age
and subjected to ELISA as per the manufacturer’s protocol. Car-
boxyl-terminal telopeptide of collagen I (CTX) was detected using
the RatLaps enzyme-linked immunosorbent assay (Immunodiag-
nostic Systems). Osteocalcin was detected using a mouse osteocal-
cin kit (Biomedical Technologies Inc.)

Quantitative Real-time PCR—Quantitative real-time PCR
was performed using the MyiQ Single Color real-time PCR
detection system (Bio-Rad). RNA was harvested from cells
using TRIzol reagent (Ambion, Life Technologies) and quanti-
fied using UV spectroscopy. cDNA was prepared from 1 ug of
RNA using the iScript cDNA synthesis kit (Bio-Rad) as per the
manufacturer’s protocol. Experimental genes were normalized
to L4 or GAPDH as indicated in the figure legends. Primer
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sequences follow: tartrate-resistant acid phosphatase (TRAP)
(forward) 5'-CGT CTC TGC ACA GAT TGC A; (reverse)
5'-GAG TTG CCA CAC AGC ATC AC; NFATcl (forward)
5'-TCATCCTGT CCA ACA CCA AA; (reverse) 5'-TCA CCC
TGG TGT TCT TCC TGC; cathepsin K (forward) 5'-AGG GAA
GCA AGC ACT GGA TA; (reverse) 5'-GCT GGC TGG AAT
CACATCTT; DC-STAMP (forward) 5'-GGG CAC CAG TAT
TTT CCT GA; (reverse) 5'-TGG CAG GAT CCA GTA AAA
GG; ATV6v0d2 (forward) 5'-TCA GAT CTC TTC AAG GCT
GTG CTG; (reverse) 5'-GTG CCA AAT GAG TTCAGA GTG
ATG; L4 (forward) 5'-CCT TCT CTG GAA CAA CCT TCT
CG; (reverse) 5'-AAG ATG ATG AAC ACC GACCTT AGC.

Histological Analysis—Femurs were harvested from mice
and placed in Z-fix solution for 6 h. The bones were then decal-
cified in EDTA for 10 days, embedded in paraffin, and sec-
tioned. Bone sections were stained with TRAP as per the man-
ufacturer’s protocol (387A, Sigma-Aldrich). Image] was used to
quantify bone surface and osteoclast surface from TRAP-
stained slides.

Dynamic Histomorphometry—50 mg/kg of tetracycline (Sigma-
Aldrich) was delivered to mice by intraperitoneal injection 7
days and 2 days prior to harvest. Femora were dehydrated in
gradient alcohol, cleared with xylene, and embedded in methyl
methacrylate for dynamic histomorphometric analysis. Serial
frontal sections (5 wm in thickness) of each sample were made
using a hard tissue microtome (Polycut E, Leica Microsystems).
Photographs were taken by using a digital charged-coupled
device (CCD) camera (DP71, Olympus) attached to a fluores-
cent microscope (100X) with a long-pass filter (Model: 41012,
Chroma Technology Corp.). Lengths of fluorescent labeled/un-
labeled measurement and distances between doubling were
done by using the software Image Pro Plus 6.1 (Media Cyber-
netics). Secondary spongiosa (1-3 mm below the growth plate)
in the metaphysis of the distal femur was subjected to dynamic
histomorphometric analyses according to the recommenda-
tions of the American Society for Bone and Mineral Research
(ASBMR) Histomorphometry Nomenclature Committee (14).

TRAP Staining of Cells—BMMs were differentiated to the
indicated time, fixed with 4% paraformaldehyde for 10 min, and
washed with PBS. Cells were then incubated in TRAP stain
(0.05 m acetate buffer; 0.03 M sodium tartrate; 100 pwg/ml naph-
thol AS-MX phosphate; 0.01% Triton X-100; 0.3 mg/ml Fast
Red Violet LB stain) for ~10 min at 37 °C. Size and number of
osteoclasts were quantified using Image].

Adenovirus Infection of Osteoclasts—Bone marrow macro-
phages were isolated as described above. Prior to stimulation
with RANKL, the cells were incubated with 50 multiplicity of
infection of Cre recombinase or control adenovirus for 3 h at
37°C in the presence of M-CSF. After 5 days, RNA was
extracted for use in quantitative RT-PCR, protein was extracted
for Western blotting, or cells were stained for TRAP.

RESULTS

BMPRII Is Required for Efficient Osteoclast Differentiation—
Previously, our laboratory showed that BMP2 enhances
RANKL-mediated osteoclast differentiation and that noggin,
an inhibitor of BMP signaling, blocks osteoclast differentiation
(11). In that study, we also observed impaired osteoclastogen-
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esis upon shRNA-mediated knockdown of BMPRII. To further
validate the requirement of BMP signaling for osteoclast forma-
tion, we compared osteoclast differentiation of BMMs from
WT and BMPRIP*" mice (12) following infection with Ad-Cre.
As shown in Fig. 1, A-C, cultures from BMPRIF*" mice
infected with Ad-Cre showed a significant decrease in both size
and number of multinucleated osteoclasts when compared
with Ad-Cre-infected WT cultures, indicating severely inhib-
ited osteoclast differentiation in vitro. Real-time RT-PCR con-
firmed that BMPRII and cathepsin K (Ctsk, a marker for oste-
oclast differentiation) mRNA expression is decreased in the
Ad-Cre-treated BMPRIF™" osteoclasts (Fig. 1, D and E). BMPRII
protein expression is also reduced in Ad-Cre-infected oste-
oclasts (Fig. 1F). These data support our previous work indicat-
ing that BMP signaling through BMPRII is essential for efficient
osteoclast differentiation in vitro (11).

BMPRIP";lysM-Cre Mice Have Increased Bone Mass due to
Reduced Bone Resorption—The in vivo skeletal phenotype was
evaluated using wCT analysis. For the remainder of the study,
BMPRIT""*;lysM-Cre will be referred to as wild-type (WT),
BMPRIT";lysM-Cre will be referred to as heterozygotes (Het),
and BMPRIF"";lysM-Cre will be referred to as conditional
knock-out (cKO). pCT analysis of 1-month-old animals
showed no difference in bone volume fraction between WT,
Het, and cKO animals (data not shown). At 3 months of age,
however, cKO mice showed significantly increased bone vol-
ume (BV/TV), bone surface (BS), trabecular thickness (Tb.Th),
and trabecular number (Tb.N.) when compared with WT ani-
mals (Fig. 2, A-E). This corresponded to significantly reduced
trabecular separation (Tb.Sp) in cKO mice versus WT mice
(Fig. 2F). Het mice showed an intermediate phenotype that was
significant when compared with WT mice for certain parame-
ters (BS and Th.N).

To determine the cause of increased bone volume, we exam-
ined the status of bone formation and resorption. Osteoclast
activity was decreased in cKO mice when compared with WT
animals, as measured by CTX ELISA at 3 months of age (Fig.
3A). When compared with WT serum, CTX levels were
reduced ~40% (p = 0.0005) in cKO serum and ~20% (p < 0.05)
in Het serum. This decrease in osteoclast activity agrees with
the increased bone mass we observe in cKO mice. We assessed
the presence of osteoclasts in histological sections stained with
TRARP (Fig. 3C). There was no difference in osteoclast surface
per bone surface between WT and cKO mice (Fig. 3D). Next we
investigated whether bone formation rate was altered in ¢cKO
mice by performing dynamic histomorphometric analyses fol-
lowing double tetracycline labeling (Fig. 3E). Mineralized sur-
face/bone surface (MS/BS), mineralized apposition rate, and
bone formation rate were calculated and showed no significant
differences between the three genotypes (Fig. 3, F-H). As a
measure of osteoblast activity, we measured serum osteocalcin
levels by ELISA and found no significant difference between
WT, Het, and cKO animals (Fig. 3B). Based on these results, we
conclude that defective osteoclast activity rather than altered
bone formation is responsible for the increased bone mass we
observe in the cKO mice.

In Vitro Osteoclast Differentiation Is Inhibited in cKO BMMs—
Based on our findings in vivo, we hypothesized that osteoclasts
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FIGURE 1. Cre expression by adenovirusin BMPRII"/ BMMs inhibits osteoclast differentiation. A-C, BMMs from either WT or BMPRII"" mice were infected
with adenovirus expressing Cre recombinase prior to RANKL treatment. Cells were then differentiated in the presence of RANKL and M-CSF, TRAP-stained,
imaged, and quantified. Oc, osteoclast. N.Oc, number of osteoclasts. MNOC, multinucleated osteoclast. D and E, real-time RT-PCR was used to measure BMPRII
and cathepsin K gene expression following infection of WT or BVIPRII"" osteoclasts. F, BMPRII protein levels were analyzed by Western blot. Error bars represent

S.D.* = p <0.05;and ** = p < 0.005.

derived from BMMs of cKO mice would differentiate less effi-
ciently than their WT counterparts in culture. As expected,
we found significantly smaller TRAP-positive multinucleated
osteoclasts in cKO mice when compared with WT mice when
BMM-derived osteoclast precursors were allowed to differen-
tiate in the presence of RANKL and M-CSF (Fig. 4, A—C). Sim-
ilar to the in vivo phenotype, Het mice showed an intermediate
phenotype that was significant when compared with WT mice.
To our surprise, we observed an increase in the number of
multinucleated osteoclasts in cKO mice. However, the total
nuclei number in a given field remained unchanged (Fig. 4D),
whereas the average number of nuclei per osteoclast was lower
(Fig. 4E), indicating that differentiating BMMs from the cKO
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and Het mice resulted in more multinucleated osteoclasts con-
taining fewer nuclei. This result is suggestive of an inhibition in
fusion of mononucleated preosteoclasts into multinucleated
osteoclasts. To investigate whether resorption is altered in cKO
osteoclasts, BMMs from WT, Het, and cKO were differentiated on
calcium phosphate-coated plates. The percentage of resorbed area
was 50% less (p < 0.0001) in cultures containing cKO osteoclasts
when compared with those containing WT osteoclasts (Fig. 4F).
In addition, the expression of genes associated with oste-
oclast differentiation was altered between WT, Het, and cKO
animals (Fig. 5). Multiple markers of osteoclast differentiation,
AcpS, Ctsk, ATP6v0d2, and OC-STAMP, display reduced
mRNA expression by quantitative RT-PCR in Het and cKO
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FIGURE 2. cKO mice have increased bone volume fraction corresponding with an increase in trabecular parameters. A, .CT images of femurs from WT,
Het, and cKO mice. B-F, volumetric data quantifying bone volume fraction (BV/TV), bone surface (BS), trabecular thickness (Tb.Th), trabecular number (Tb.N), and
trabecular separation (7b.5). Values represent mean plus S.D. Sample sizes of mice are: WT, n = 9; Het, n = 7; cKO, n = 10. Significance was calculated for WT
versus Het and WT versus cKO. Error bars represent S.D. * = p < 0.05; and ** = p < 0.005.

when compared with WT controls. In addition, the expression
of NFATcl, a transcription factor required for osteoclast differ-
entiation, is reduced in Het and cKO osteoclasts. Therefore,
elimination of BMPRII in osteoclasts leads to a decrease in
expression of genes critical for osteoclast differentiation and
fusion.

The BMP Noncanonical (MAPK) Pathway, but Not the BMP
Canonical (SMAD) Pathway, Is Affected in BMPRIF"";lysM-
Cre Osteoclasts—As BMP signals can be transduced through
multiple pathways, we next investigated the status of the canon-
ical SMAD and noncanonical MAPK intracellular signaling
pathways in BMPRII-deficient osteoclasts throughout differen-
tiation. Levels of phosphorylated and nonphosphorylated
forms of p38, ERK1/2, JNK, and SMAD proteins were analyzed
by Western blot. Levels of phosphorylated p38 (P-p38) and
phosphorylated ERK1/2 (P-ERK1/2) were decreased most
notably on days 3 and 4 in cKO osteoclasts; levels of phospho-
rylated JNK levels were reduced on days 2—4. In differentiated
WT osteoclasts, P-SMAD1/5/8 increases steadily throughout
differentiation as we have shown previously (Fig. 6, P-SMAD1/
5/8, lower band) (11). In contrast, P-SMAD1/5/8 is not consis-
tently reduced in cKO osteoclasts. These results show that pri-
marily the noncanonical pathway is affected in cKO osteoclasts
and that signaling through the noncanonical MAPK arm of the
BMP pathway is essential for osteoclast differentiation.
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BMP2 Signals through Noncanonical and Canonical Path-
ways during Early and Late Stages of Osteoclast Differentiation,
Respectively—In our culture system, mononuclear osteoclast
fusion begins on day 3 following RANKL treatment; mature
osteoclasts form by day 5. In a previous study, we observed an
increase in P-SMAD1/5/8 levels around day 3 of WT osteoclast
differentiation, leading us to propose that the canonical BMP
pathway might be critical during fusion (11). Similarly, we have
found that induction of P-SMAD in osteoclastic cells by exog-
enous BMP is most efficient in day 3 osteoclasts (Ref. 9 and data
not shown). To elucidate the temporal relationship between
noncanonical and canonical BMP signaling during osteoclast
differentiation, we next examined these pathways using WT
BMMs that were differentiated with M-CSF and RANKL in the
presence and absence of BMP2. Protein lysates were harvested
each day for 5 days. In agreement with previous data (11),
P-SMAD1/5/8 levels are first detectable starting at day 3 in
cultures treated with only M-CSF and RANKL (Fig. 7A). In the
presence of BMP2, P-SMAD1/5/8 levels are observed a day ear-
lier (day 2) and are present at higher levels when compared with
cultures without BMP2. With regard to noncanonical BMP
pathways, phosphorylated p38 and ERK1/2 were observed
throughout differentiation starting on day 1. Treatment with
BMP2 increased phosphorylated p38 levels on days 1 and 2 of
differentiation and returned to base-line levels on day 35 that
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FIGURE 3. In vivo osteoclast activity is decreased in cKO mice. A and B, serum was obtained from mice at 3 months and subjected to ELISA assays. ELISA data
shown are representative experiments that have been repeated three times. * = p < 0.005; *** = p = 0.0005. OCN, osteoclast number. C, TRAP staining of
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surface; MAR, mineral apposition rate; and BFR/BS, bone formation rate/bone surface. No significance between the genotypes. WT and Het, n = 5; cKO, n = 8.

Error bars represent S.D.

were comparable with cultures treated with RANKL alone. In
contrast to the cKO osteoclast extracts, in which P-ERK1/2
levels were reduced when compared with WT osteoclast
extracts, treatment with BMP2 does not affect P-ERK1/2 levels
over the course of differentiation when compared with
RANKL-only cultures.

To corroborate these findings, we utilized BMMs harvested
from TWSG1-null mice, which we have previously been shown to
have increased BMP signaling (9). SMAD 1/5/8 phosphory-
lation is increased in TWSG1-null mice as expected (Fig. 7B). Sim-
ilar to treatment with BMP2, TWSG1-null BMMs undergoing dif-
ferentiation display increased p38 phosphorylation at early time
points, whereas levels of p38 phosphorylation return to levels of
WT phosphorylation in post-fusion osteoclasts. As with BMP2
treatment, levels of phosphorylated ERK are unaffected.

DECEMBER 27,2013 +VOLUME 288+-NUMBER 52

We next evaluated the capacity of BMP2 to activate MAPKs
following a period of serum starvation. To address this question,
osteoclasts were differentiated to day 3, serum-starved for 4 h, and
then stimulated with serum-free medium containing recombinant
BMP2. Phosphorylation of p38 and ERK1/2 is rapidly stimulated
and detected at high levels 15 min following BMP2 treatment (Fig.
7C), after which time levels of p38 phosphorylation are reduced
below even unstimulated condition, whereas P-ERK1/2 levels
return to pre-stimulation levels. Levels of phosphorylated JNK are
reduced upon stimulation with BMP2. We observe no change in
the phosphorylation of SMAD 1/5/8.

Taken together, these data indicate that BMP2 rapidly acti-
vates p38 and ERK phosphorylation following stimulation. In
addition, BMPs impact both MAPKs and SMADs in a temporal
specific manner during osteoclast differentiation.

JOURNAL OF BIOLOGICAL CHEMISTRY 37235



Conditional Deletion of BMPRII in Osteoclasts

Ay

WT Sh S 2

B OC Size C

mm3

WT Het cKO WT Het cKO

F 10

8
°
5%
S5
=G4

2

WT Het cKO

oKog o

+ 100 H*

¢

Total Nuclei E  Avg. nuclei/osteoclast

WT Het cKO

WT Het cKO

FIGURE 4. cKO BMMs are impaired in their ability to differentiate into mature osteoclasts. BMMs harvested from WT, Het, or cKO animals were differen-
tiated in culture in the presence of M-CSF and RANKL, TRAP stained, imaged, and counted. Only osteoclasts with =3 nuclei were counted. A, representative
images from each of the genotypes. Band C, quantification of osteoclast size (OC Size) and number (N.Oc). D and E, fixed cells were stained with DAPI to visualize
nuclei. Total nuclei on each image and average (Avg.) nuclei per osteoclast were quantified. F, quantification of in vitro resorptive activity. Values represent
mean * S.D.* = p < 0.05; ** = p < 0.005; and **** = p < 0.0001. Error bars represent S.D.

Dorsomorphin, a Small-molecule SMAD Pathway Inhibitor,
Inhibits Fusion of Mononuclear Osteoclasts—Because we
observe P-SMAD1/5/8 activation in the absence of TWSG1
and in response to BMP2 during osteoclast differentiation, we
next evaluated whether the SMAD-mediated pathway is
required for osteoclast differentiation. W'T BMMs were differ-
entiated in the presence of increasing concentrations of dorso-
morphin, a chemical inhibitor of type I BMP receptors that
preferentially blocks phosphorylation of SMAD1/5/8. Fig. 84
demonstrates that dorsomorphin effectively inhibits SMAD
phosphorylation in a dose-dependent fashion. WT BMMs were
differentiated in the presence of RANKL for 3 days, pretreated
with the indicated concentration of dorsomorphin or DMSO
control, and stimulated with BMP2. In a separate experiment,
BMMs were differentiated in the presence of dorsomorphin
over either the entirety of differentiation, days 1-2 (pre-fusion),
or days 3-5 (post-fusion). Dorsomorphin treatment over the
course of differentiation effectively inhibited osteoclast differ-
entiation at even lower concentrations (150 nm) (Fig. 8B).
Treatment with dorsomorphin for only days 1-2 was not suffi-
cient to inhibit osteoclast differentiation, whereas treatment
over days 3-5 effectively inhibited osteoclast differentiation.
Although the formation of multinucleated osteoclasts was
reduced by dorsomorphin treatment, we observed an increased
number of mononucleated TRAP™" osteoclasts. This observa-
tion suggests that dorsomorphin blocks osteoclastogenesis at
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the stage of mononuclear cell fusion. These data support our
immunoblot results showing that BMP2 only utilizes the
SMAD pathway around the time of osteoclast precursor fusion
(Fig. 7A).

To gain further insight into the mechanism by which dorso-
morphin affected osteoclastogenesis, we performed quantita-
tive RT-PCR on RNA from osteoclasts differentiated with or
without dorsomorphin. Gene expression was measured for
AcpS, NFATcl, DC-STAMP, V-ATPase, and Ctsk. Of these,
only mRNA expression of DC-STAMP, a protein critical for
mononuclear osteoclast fusion, was down-regulated. These
data support the observation that cell fusion is blocked and
suggest regulation of DC-STAMP at least at the transcriptional
level to be one possible mechanism.

DISCUSSION

In this study, we show that BMP signaling is required for
normal in vivo osteoclastogenesis. BMMs harvested from
BMPRII"" mice and infected with Cre-expressing adenovirus
differentiated less efficiently into mature osteoclasts than did
WT cells infected with Cre-expressing adenovirus. Defective
osteoclastogenesis in BMIPRIF"";lysM-Cre mice interferes with
proper bone remodeling, leading to increased bone volume
fraction and bone surface when compared with WT mice.
These results correspond to an increase in trabecular number
and thickness and a decrease in trabecular separation at 3
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FIGURE 6. p38, JNK, and ERK1/2 phosphorylation is reduced in cKO oste-
oclasts. Cell protein lysates were harvested at the indicated day from BMMs
differentiated in RANKL and subjected to Western blot for total and phospho-
rylated forms of p38, JNK, ERK1/2, and SMAD1/5/8.

months of age. uCT analysis of 1-month-old animals failed to
reveal any difference between WT and cKO mice, suggesting
that the defect we observe is due to impaired remodeling rather
than improper bone development during embryogenesis (data
not shown). We also observe a decrease in osteoclast activity in
vivo as indicated by CTX ELISA. In support of the in vivo data,
BMMs harvested from Het and ¢cKO mice and cultured in the
presence of M-CSF and RANKL have impaired differentiation
when compared with those from WT mice. However, we
observe no change in osteoclast surface per bone surface, mea-
sured by TRAP-stained histological sections, between WT and
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cKO animals. Furthermore, BMMs harvested from Het and
cKO animals and differentiated on osteo-assay plates displayed
less resorptive activity than differentiated WT osteoclasts.
These data strongly support the hypothesis that BMPRII is
essential for proper osteoclast differentiation and show that
loss of BMPRII in vivo leads to osteopetrosis caused by reduced
bone resorption.

The findings herein are consistent with current understand-
ing of how BMPs regulate osteoclasts. Initial studies showed
that BMP2 positively affected osteoclast differentiation as
Kanatani et al. (15) showed an increase in osteoclast formation
and function. Later studies confirmed the stimulatory effect of
BMP2 on osteoclasts, including data that the osteoclast marker
Ctsk was up-regulated in response to BMP2 treatment (10, 16).
These studies also confirmed that BMPRIa, BMPRII, SMADI,
and SMADS5 are expressed in osteoclasts. Another group
recently deleted Bmprla either in osteoblasts, using collal-
Cre, or in osteoclasts, using cathepsin K-Cre (17). In contrast to
our findings, they found that deleting Bmprla in osteoclasts led
to an increase in bone formation due in part to an increase in
osteoblast activity in these mice. Although they observed a
decrease in osteoclast number in tibia bone sections in
Bmprla®°“2°C mice, spleen-derived osteoclasts differenti-
ated normally in culture. They ascribe this to BMPR1A regulat-
ing osteoblast-osteoclast coupling. We observed no change in
osteoblast activity in our mouse model, demonstrated by
unchanged osteocalcin serum levels and bone formation rate
between WT and cKO mice.

Our laboratory has previously studied modulation of oste-
oclast differentiation in the context of altered BMP signaling.
Loss of the BMP inhibitor, TWSG1, or treatment with BMP2
increases osteoclast differentiation and results in osteopenia in
Twsgl_/ ~ mice (9, 11, 18). Osteoclast differentiation was
enhanced in part by an increase in DC-STAMP RNA expression
in Twsgl '~ osteoclasts, which agrees with the data presented
above (Fig. 8C) showing that DC-STAMP expression is
repressed in the presence of dorsomorphin. We also showed
previously that BMP2 can enhance differentiation of oste-
oclasts cultured in the presence of suboptimal RANKL (11) and
that treatment of cultures with the BMP2 antagonist, noggin,
effectively blocked osteoclast differentiation. Interestingly,
noggin treatment up until day 3 was effective at blocking oste-
oclast differentiation, whereas it had little inhibitory effect if
noggin treatment was begun on day 3 or later. These results are
in contrast to our findings in this study that show that BMP
receptor inhibition with dorsomorphin blocks osteoclast differ-
entiation only at days 3—5. The exact reason for this discrep-
ancy is not known; however, one could speculate that noggin
treatment may be preferentially blocking noncanonical BMP
signaling at early time points.

Investigating the signaling pathways altered in our mouse
model, we show that the impaired osteoclastogenesis we
observe in cKO mice corresponds to defective MAPK signaling
as p38 JNK, and ERK1/2 phosphorylation were all reduced.
Throughout differentiation of cKO BMMs, SMADs remained
capable of being activated. One possible explanation for this
is that a truncated form of BMPRII may be expressed in
BMPRIF";]ysM-Cre mice as the floxed region removes exons 4
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FIGURE 7. p38 and SMADs mediate the BMP2 response at different stages of differentiation. A, WT osteoclasts were differentiated in the presence of
RANKL (1 ng/ml) alone or RANKL + BMP2 (30 ng/ml), and cell protein lysates were harvested daily. Day 0 osteoclasts have only been treated with M-CSF, not
RANKL nor BMP2. Protein lysates were harvested over the course of differentiation and subjected to Western blot. B, BMMs from WT and TWSG1-null mice were
differentiated, and protein lysates were harvested at the indicated days following initiation of differentiation. C, BMMs were differentiated to day 3 in the
presence of RANKL (60 ng/ml), serum-starved for 4 h, and then stimulated with BMP2 (30 ng/ml). Lysates were collected at the indicated times following
stimulation and subjected to Western blot for total and phosphorylated p38, JNK, ERK1/2, and SMAD1/5/8.

and 5 and introduces a premature stop codon (12). Previously, a
truncated product, similar to that which could be expressed in
our system, was shown to function as a dominant negative
affecting p38 but not SMAD activation when transfected into
C2C12 cells (19). We have not, however, tested whether a trun-
cated protein product is expressed in our system. Alternatively,
the persistence of SMAD1/5/8 activation could be explained by
findings showing that in the absence of BMPRII, ActRIla is able
to compensate and facilitate BMP signaling (20). Furthermore,
TGEFp1 has also been shown to activate SMAD1/5/8 in certain
contexts (21). Therefore, compensation by other TGFf super-
family signaling components is a plausible explanation for the
continued activation of SMAD1/5/8 that we observe. Similar
observations have been made in other systems; for example, a
recent study has shown that shRNA knockdown of BMPRII
interferes with ERK activation but not SMAD activation in
mature osteoclasts (6). We further explored the signaling pro-
file of differentiating WT osteoclasts in the presence and
absence of BMP signaling. We found that BMPs transduce their
signals through both noncanonical and canonical pathways
dependent on the stage of differentiation; at early stages (pre-
fusion), BMPs signal through MAPKs to mediate their effects,
whereas around the time of cell fusion, there is a switch to
signaling through the canonical SMAD pathway.

Experiments using the SMAD inhibitor dorsomorphin sup-
port our model, showing that SMAD signaling is important by
day 3 of osteoclast differentiation but dispensable prior to day 3.
Quantitative RT-PCR data show that expression of DC-
STAMP, which is involved in cell fusion, is repressed in the
presence of dorsomorphin. Therefore, one mechanism by
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which SMADs affect osteoclast fusion could be through regu-
lation of DC-STAMP transcription.

Testing the requirement of p38 for mediating BMP signals
during early osteoclast differentiation is complicated as p38 has
an essential role during osteoclast differentiation through mul-
tiple pathways, including RANKL signaling (22, 23). As it is
unclear how BMP signaling is transduced exclusively through
either canonical or noncanonical pathwayj, it is currently not
possible to disrupt MAPK signaling mediated specifically
through BMPs. Further research is required to determine the
signaling bridge between BMPRII and MAPKSs in osteoclasts.
One likely candidate is TGF-B-activated kinase 1 (TAK1),
which is known to mediate BMP activation of p38 in chondro-
cytes (7, 8, 24). However, designing experiments knocking
down TAK1 to study BMP-mediated signals is again compli-
cated in osteoclasts as RANKL is also known to activate MAPKs
through a complex containing TAK1 (25). Despite these chal-
lenges in elucidating the importance of BMP-induced MAPK
signaling for osteoclast differentiation in vitro, the BMPRII
cKO mice show a change in MAPK signaling but not SMAD
signaling, suggesting that eliminating the noncanonical path-
way alone in response to BMP signaling is sufficient to cause
bone defects due to impaired osteoclastogenesis.

In summary, the current study confirms that BMP signaling
is critical for osteoclast differentiation in vivo. Beyond that, we
find the BMP-related intracellular signaling events throughout
osteoclast differentiation to be rather complex. BMPs modulate
osteoclast differentiation at multiple steps, but how those sig-
nals are transduced and the targets of those signals entirely
depend on the stage of differentiation. Perhaps the most interest-
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FIGURE 8. Dorsomorphin treatment inhibits differentiation on days 3-5
of osteoclast differentiation. A, efficacy of dorsomorphin was measured by
its ability to block BMP2-induced SMAD phosphorylation by Western blot.
Fusion-staged osteoclasts were preincubated with DMSO or dorsomorphin
for 30 min and then stimulated with BMP2 for 30 min. B, osteoclasts were
differentiated in the presence of RANKL (60 ng/ml) and dorsomorphin or
DMSO vehicle control for days 1-5, days 1-2, or days 3-5. Cells were TRAP-
stained and imaged. C, cDNA from day 5 osteoclasts was subjected to quan-
titative real-time PCR for various osteoclast marker genes. Expression of each
gene is graphed as -fold change relative to its expression in DMSO-treated
control cells. Dorso, dorsomorphin. Numbers represent mean = S.D.* = p <
0.05. Error bars represent S.D.

ing question is: how does the switch from noncanonical to canon-
ical signaling occur? Ongoing work in the laboratory continues to
investigate the mechanisms by which BMP signaling impacts the
signaling milieu throughout osteoclast differentiation.
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