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ABSTRACT

Bone undergoes remodeling consisting of osteoclastic bone resorption followed by osteoblastic bone formation throughout life.
Although the effects of bone morphogenetic protein (BMP) signals on osteoblasts have been studied extensively, the function of BMP
signals in osteoclasts has not been fully elucidated. To delineate the function of BMP signals in osteoclasts during bone remodeling, we
deleted BMP receptor type IA (Bmpria) in an osteoclast-specific manner using a knock-in Cre mouse line to the cathepsin K locus (Ctsk®™;
Bmpr1a™1°% designated as Bmpr1a“°“2%). Cre was specifically expressed in multinucleated osteoclasts in vivo. Cre-dependent
deletion of the Bmpria gene occurred at 4 days after cultivation of bone marrow macrophages obtained from Bmpr1a“°“4°¢ with
RANKL. These results suggested that Bmpria was deleted after formation of osteoclasts in Bmpria®°®““°¢ mice. Expression of bone-
resorption markers increased, thus suggesting that BMPRIA signaling negatively regulates osteoclast differentiation. Trabeculae in tibia
and femurs were thickened in 3.5-, 8-, and 12-week-old Bmpr1a“°““°¢ mice. Bone histomorphometry revealed increased bone volume
associated with increased osteoblastic bone-formation rates (BFR) in the remodeling bone of the secondary spongiosa in Bmpr1a°“4°¢
tibias at 8 weeks of age. For comparison, we also induced an osteoblast-specific deletion of Bmpria using Col1al-Cre. The resulting
mice showed increased bone volume with marked decreases in BFR in tibias at 8 weeks of age. These results indicate that deletion
of Bmpria in differentiated osteoclasts increases osteoblastic bone formation, thus suggesting that BMPR1A signaling in osteoclasts
regulates coupling to osteoblasts by reducing bone-formation activity during bone remodeling. © 2011 American Society for Bone and
Mineral Research.
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Introduction and homeostasis throughout life." At the initiation phase of

bone remodeling, hematopoietic precursors are recruited to the

one is formed by replacing cartilage during endochondoral

bone formation. Osteoblasts carried by blood vessels form
woven bone on the remnants of the calcified cartilage matrix,
modeling the trabeculae of the primary spongiosa. The primary
spongiosa then undergoes remodeling consisting of bone
resorption followed by bone formation, creating secondary
spongiosa. This bone remodeling continues during bone growth

surface of trabecular bone. The precursors respond to RANKL
produced by osteoblasts and stromal cells and differentiate into
osteoclasts,”” which dominate bone resorption. Subsequently,
the transition from bone resorption to bone formation is
considered to be mediated by osteoclast-derived coupling
factors. Coupling factors may include factors released from bone
matrix after resorption by osteoclasts and factors produced by
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osteoclasts. Transforming growth factor 3 (TGF-B) released from
bone matrix has been shown to stimulate bone formation.®*
Osteoclasts have been shown to regulate osteoblast differentia-
tion by producing ephrinB2.) Although several molecules are
considered to be coupling factors,® the in vivo phenomenon of
regulating osteoblast differentiation by osteoclasts remains to be
documented.

Bone morphogenetic proteins (BMPs) were identified initially
as secreted substances capable of inducing ectopic formation of
cartilage and bone when implanted subcutaneously or in muscle
pouches.” Subsequent molecular cloning studies have revealed
that BMPs comprise a large subfamily of the TGF-8 superfamily.®
BMPs bind to BMP receptor types 1 and 2, and their
signals are mediated by phosphorylation of receptor-regulated
Smads (R-Smads), such as Smads 1, 5, and 8.°) Phosphorylated
R-Smads form heteromers with Smad 4, which is a common-
partner Smad (Co-Smad), and the heteromers translocate into
the nucleus.

Extensive studies have characterized BMPs as inducing factors
of osteoblastic bone formation. Osteoblast-specific downregula-
tion of BMP signals in mice has clarified the role of BMPs in
osteoblast differentiation. In 4-week-old to 6-month-old mice,
osteoblast-specific expression of dominant-negative BMP recep-
tor type 1B"? and mature osteoblast-specific gene ablation of
BMP receptor type 1A (BMPR1A) mediated by the osteocalcin
promoter-Cre transgene’” causes inhibition of osteoblast
differentiation and a decrease in bone volume, indicating that
BMP signals are important for maintenance of bone mass by
osteoblasts.

With regard to the effects of BMPs on osteoclasts, BMP-4
overexpression in bone" and deletion of the gene encoding
a BMP antagonist, twisted gastrulation,”"® increase osteoclast
number and thereby decrease bone volume. Overexpression of
noggin in bone, another BMP antagonist, decreases osteoclast
number and thereby increases bone volume.® These findings
suggest that BMPs in bone enhance osteoclast formation and
decrease bone volume. BMPs enhance osteoclast formation both
directly and indirectly through osteoblasts. In vitro studies show
that BMPs directly enhance osteoclast formation, and osteoclasts
express BMP receptors."*'® Tamoxifen-dependent osteoblast-
specific ablation of the Bmpria gene mediated by the type 1
collagen gene (Collal) promoter-CreER decreases osteoclast
number and bone-resorption activity in mice.?>?" Loss of
BMPR1A signaling in osteoblasts reduced RANKL expression
and increased osteoprotegerin (OPG) expression in osteoblasts,
leading to impaired osteoclast formation.

Not only do osteoclasts resorb bone, but they are also
considered to regulate osteoblast differentiation in the bone-
remodeling process in vivo. To investigate the direct effects of
BMPs on osteoclasts in vivo, we used floxed Bmpria mice®? and
a Cre knock-in mouse line to the cathepsin K locus (Ctsk<®+)@®
to generate Ctsk“®*;Bmpr1a™"* conditional knockout mice
in which Bmpria is deleted in differentiated osteoclasts
(Bmpr1a“°94%9). The Bmpria gene was deleted after formation
of osteoclasts in Bmpr1a“°“°¢ mice. Bone histomorphometric
analysis revealed increased bone volume associated with
markedly increased osteoblastic bone-formation rate (BFR) in
the secondary spongiosa of Bmpria“®““° mice. These results

suggest that the loss of BMP signals within osteoclasts increases
osteoblastic bone-formation activity.

Materials and Methods

Generation of conditional knockout mice

In order to generate Bmpr1a conditional knockout mice, Ctsk-Cre
knock-in mice (Ctsk“**)®) and Bmpria™¥* mice®? were
prepared. The Collal-Cre transgene construct was created by
replacing the Bmp4 cDNA sequence of the Collal-Bmp4
transgene constructs bearing the 2.3-kb Collal promoter
sequence!'? with the Cre sequence. Col7a-Cre transgenic mice
were generated by microinjection of the ColTal-Cre transgene
into fertilized ova. Bmpr1a™¥™* mice were mated with Ctsk“"®*
or Collal-Cre mice to generate Ctsk“®*;Bmpria™’+ or Collal-
Cre;Bmpr1a™* mice, respectively. Ctsk“®*;Bmpr1a™* mice
were mated with Ctsk““* to generate Ctsk“®“"¢:Bmpria™*
mice. Then Ctsk“®“:Bmpria™* and Bmpria™/* mice were
intercrossed and Col1a1-Cre;Bmpria™* and Bmpr1a™7"° mice
were intercrossed to generate Ctsk“®*+;Bmpr1a™1* mice and
Col1a1-Cre;Bmpr1a™°* mice, respectively. Ctsk“®*;Bmpria™*
mice and Bmpria™"* mice were used as controls. For
genotyping, genomic DNA was isolated from tail tips and was
subjected to PCR analysis according to the methods described
previously for the Cre transgene®?* and Bmpria allele.*?

All our animal experiments were approved by the Institutional
Review Board of Osaka University Graduate School of Medicine.

Micro—computed tomographic (wCT) analysis

Tibias were dissected and scanned using a microfocus X-ray CT
system (SMX-100CT-SV, Shimadzu, Kyoto, Japan). The proximal
metaphyseal region and the diaphyseal region were scanned at
the following resolutions: 18.7 um for 2-week-old tibias, 22.9 um
for 3.5-week-old tibias, 25.5um for 8-week-old tibias, and
25.7 pm for 12-week-old tibias. Data were reconstructed to
produce images of the tibia using 3D visualization and
measurement software (Vay Tek, Inc., Fairfield, IA, USA).

Osteoclast culture

Induction of osteoclasts from bone marrow—derived cells was
performed as described previously'®® with some modification.
Bone marrow flushed from femurs and tibias was isolated and
dissociated from mice aged 8 weeks. The resulting cells were
seeded on 10-cm dishes, and nonadhering cells were collected
the next day. Collected cells then were cultured for 3 days in the
presence of 30 ng/mL of macrophage colony-stimulating factor
(M-CSF; Pepro-Tech, Rocky Hill, NJ, USA). Adherent cell
populations containing macrophages were subjected to extrac-
tion of genomic DNA (day 0) or were further cultured for 1, 4, and
8 days with 30 ng/mL of M-CSF and 4 nM RANKL (Oriental Yeast,
Tokyo, Japan) followed by genomic DNA extraction. Genomic
DNAs were extracted using a DNeasy Blood amd Tissue Kit
(Qiagen, Valencia, CA, USA). Genomic DNAs were subjected
to PCR amplification with a primer pair specific for the Bmpria
gene. As an internal control, a 590-bp region of the endogenous
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mouse Rapsyn gene®® also was amplified from the genomic
DNAs.

Induction of osteoclasts from spleen-derived cells was
performed as described previously®” with some modification.
Spleen cells were isolated and dissociated from mice aged
6 weeks. The resulting cells were cultured in the presence of
30ng/mL of M-CSF and 1 to 4nM RANKL for the indicated
number of days and were subjected to tartrate-resistant acid
phosphatase (TRACP) staining.

In order to test resorption activity, osteoclasts were formed in
the presence of 30 ng/mL of M-CSF and 4 nM RANKL on 16-well
hydroxyapatite-coated slides (Osteologic, Becton Dickinson,
Franklin Lakes, NJ, USA) for 18 days, and the resorption area
was calculated by computer-assisted image analysis. Survival of
osteoclasts was measured as reported previously.®® After
osteoclasts were formed using 30ng/mL of M-CSF and 4nM
RANKL, cells were incubated in the absence of M-CSF and RANKL
for the indicated times and were stained with TRACP. Numbers of
morphologically intact TRACP™ multinucleated cells were
counted. The mean number of osteoclasts at formation was
set at 1.

After formation of multinucleated osteoclasts, cells were
replated to increase osteoclast purity, followed by extraction of
total RNAs.

Coculture experiments were performed using previously
described methods.**3% Briefly, primary osteoblasts (10* cells/
cm?) prepared from neonatal calvaria were cocultured with
spleen cells (5 x 10° cells/cm?) from mice at 6 weeks of age
in a-MEM containing 10% fetal calf serum (FCS) and 107 8M
1a,25-dihydroxyvitamin D3 [1,25(0OH),Ds] in 48-well plates.

Osteoclast differentiation was evaluated by TRACP staining.
Multinucleated TRAcP cells with three or more nuclei were
counted under a microscope. For examination of actin ring
formation, cells were cultured on culture slides and fixed in 4%
paraformaldehyde for 20 minutes. After fixation, cells were
washed with 0.2% Triton X-100 PBS and incubated with 0.2 U/mL
of rhodamine pharoidin (Molecular Probes, Invitrogen, Carlsbad,
CA, USA) for 30 minutes and washed in PBS.

Histologic analysis

Mice were dissected and tissue samples were fixed in 4%
paraformaldehyde and dehydrated. Samples were decalcified,
processed, embedded in paraffin, and sectioned. Semithin serial
sections were stained with hematoxylin and eosin (H&E) and
were subjected to TRACP staining using a TRAP staining kit
(Primary Cell, Hokkaido, Japan). Immunohistochemistry was
performed as described previously®” using anti-Cre antibody
(PRB-106C, dilution 1:500; Covance, Princeton, NJ, USA), anti-
Osterix antibody (Ab22552, dilution 1:100; Abcam, Cambridge,
UK), and anti-BMPR1A antibody (PAB-10536, dilution 1:50,
Orbigen, San Diego, CA, USA). Immune complexes were detected
with DAB+ (diaminobenzidine; K3467, Dako, Denmark) as a
chromogen. For immunohistochemical analysis of sclerostin,
antisclerostin antibody (AF1589, dilution 1:20; R&D Systems,
Minneapolis, MN, USA) was used. Immune complexes were
detected with Alexa Fluor 546 anti-goat (Invitrogen, Carlsbad, CA,
USA).

Histomorphometric analysis

Dynamic histomorphometric indices were determined by double
fluorescence labeling in tibias. Eight-week-old mice were
administered tetracycline intraperitoneally (20 mg/kg of body
weight; Sigma-Aldrich, St Louis, MO, USA), followed 72 hours
later by administration of a calcein label (10mg/kg of body
weight; Wako, Osaka, Japan). Mice were euthanized 36 hours
after calcein administration. Hind limb bones were fixed with
ethanol, embedded in methyl methacrylate, and sectioned.
Sections were examined using a fluorescence microscope.
Histomorphometric analyses were performed by staff at the Ito
Bone Histomorphometry Institute (Niigata, Japan).

Four-week-old mice also were euthanized, and their vertebrae
were processed similarly in order to analyze osteoclast numbers
and erosive surface.

Staining for B-galactosidase activity

B-Galactosidase activity was analyzed by staining with X-gal
(5-bromo-4-chloro-3-indolyl-b-p-galactopyranoside; Sigma,
St Louis, MO, USA), as described previously.®?

Real-time RT-PCR analysis

Total RNA was extracted from cultured osteoclasts and primary
osteoblasts using an RNeasy Mini Kit (Qiagen, Santa Clarita, CA,
USA). RNA was digested with DNase in order to eliminate
contaminating genomic DNA before real-time quantitative RT-
PCR. RNA samples were further purified using RNeasy Mini Kits
(Qiagen). One microgram of total RNA was reverse transcribed
into first-strand cDNA using SuperScript lll (Invitrogen) and
random hexamers. PCR amplification was carried out in a
reaction volume of 20 wL containing 2 uL of cDNA, 10 uL of
SYBER PremixExTaq (Takara, Shiga, Japan) and 7900HT (Applied
BioSystems, Inc., Foster City, CA, USA). For quantification of
Bmpria expression, Tagman primers and probes for Bmpria
(MmO00477650; TagMan Gene Expression Assays, Applied
Biosystems, Carlsbad, CA, USA) and Gapdh (4352339E; Pre-
Developed TagMan Assay Regent Mouse Gapd) were used. RNA
expression levels were normalized against levels of Gapdh
expression. Mean relative expression levels in samples prepared
from Bmpria®’" mice were set at 1. Primer pairs are listed in
Supplemental Table S1.

Statistical analysis

Results are expressed as means + SD. Unpaired t test was used to
compare data, and a p value of less than 0.05 was considered to
indicate significance.

Results

Trabecular bone was thickened in Bmpr1a®°“°¢ mice

In order to delete Bmpria in an osteoclast-specific manner, we
bred a floxed Bmpria mouse line®? with a knock-in mouse line
for Cre to the Ctsk locus.*" Homozygous mice for the knock-in
allele (Ctsk“™) are also homozygous null mice for Ctsk
and show an osteopetrosis phenotypes owing to impaired
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osteoclastic bone resorption.?>*® The heterozygous mice for Bmpr1a™/1x  mice (Bmpr1a®°“4%9). Thus Bmprig?®/4%¢
Ctsk show no overt phenotypes in bones,?" but we bred Ctsk“"®’ mice were born with the expected Mendelian frequency.
eBmpr1a™* and Bmpria™“" mice in order to exclude Bmpr1a“®“4% mice exhibited dwarfism when compared with
possible effects of different expression levels of Ctsk between Bmpria™* mice (Fig. 1A) and Bmpria“®“* mice, but there were
Ctsk“* and Ctsk™* on phenotypes. We thus were able to no overt differences in appearance between Bmpriat’* mice
directly compare the impact of the loss of BMPR1A signaling and Bmpr1a“°“" mice. The weight of Bmpr1a“°“2°% mice was
in osteoclasts in the Ctsk“®" background. Numbers of lower than that of Bmpria™* mice (Fig. 1B). wCT analysis showed
pups derived from Ctsk“““®:Bmpr1a™’* and Bmpria™¥* that trabecular bone thickness of the tibias of Bmpria?°v4%
intercrosses were 74 Ctsk“®";Bmpria™* mice (Bmpria™™"), mice did not clearly differ from that of Bmpriat" mice at
133 Ctsk“®*:Bmpr1a™“* mice (Bmpr1a“°“*), and 69 Ctsk“""; 2 weeks of age (Fig. 1C). However, Bmpr1a“°““° mice showed
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Fig. 1. Generation of Bmpria conditional knockout mice and their bone phenotypes. Ctsk“"“"¢:Bmpria and Bmpria were intercrossed
to generate Ctsk“*;Bmpria*t’* mice (Bmpria*’*), Ctsk“®*;Bmpria™’* mice (Bmpria®°?*), and Ctsk“®*;Bmpria™™* mice (Bmpria®°74%),
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proximal metaphyseal regions of tibia. (D) Bmpria“°®““°¢ mice started to show thick trabecular bone in the proximal region at 3.5 weeks of age (arrow).
Scale bars=(A) 1cm, (C-G) 1T mm.
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thick trabecular bone in the proximal region when compared
with Bmpr1a“®“" mice at 3.5 weeks of age, as evidenced by wCT
images (Fig. 1D, arrow). Trabecular bone of the proximal tibia was
thicker in Bmpr1a®°“4%¢ mice compared with Bmpria™* mice
and Bmpr1a“®“* mice at 8 weeks of age (Fig. 1E). Bone marrow
spaces were narrower and cortical bone was more porotic in
Bmpr1a“°“4% mice compared with Bmpria™* mice at 8 weeks
of age (Fig. 1F). Trabecular bone in the proximal tibia also was
thick in Bmpr1a®°““°¢ mice compared with Bmpria™* mice at
12 weeks of age (Fig. 1G).

Bmpria gene was specifically deleted in differentiated
osteoclasts in Bmpr1a*°“2% mice

In order to analyze Cre expression patterns in Bmpria“°%4°¢

bone, we performed immunohistochemical analysis. Immunore-
activity for Cre was not detected in samples from negative-
control Bmpr1a™¥™* mice (Supplemental Fig. S1A, left panel)
but was specifically detected in multinucleated cells in
Bmpr1a“°““% mouse tibial bone at 2 days of age (Supplemental
Fig. S1A, right panel, and B, left panels, arrowheads). TRACP
staining in the adjacent section showed that Cre-expressing cells
were TRACP™ multinucleated cells (Supplemental Fig. S1B, upper
panels, arrowheads). Of 85 Cre-expressing cells in one section,
70 cells were recognized in the adjacent sections, and all 70 cells
were TRACP™. Immunohistochemical staining of other adjacent
sections with antiosterix antibodies showed that Cre-expressing
cells did not produce osterix (Supplemental Fig. S1B, lower
panels, arrowheads). Osteoblasts on the surface of bone matrix
expressed osterix (Supplemental Fig. S1B, lower right panel,
asterisks) and were not stained with antibody against Cre
recombinase (Supplemental Fig. S1B, lower left panel). Immuno-
reactivity for Cre also was specifically detected in multinucleated
cells in Bmpria®°/4° mouse tibial bone at 8 weeks of
age (Supplemental Fig. S1C, top panel). Adjacent sections
showed that Cre-expressing cells were TRACP and osterix
(Supplemental Fig. S1C, 1st, first and third panels, arrowheads).
These results indicate that Cre is specifically expressed in
multinucleated osteoclasts but not in osteoblasts.

Immunoreactivity for BMPRTA was detected in osteoclasts
(Supplemental Fig. S1D, left top, half-arrow), which were
identified by TRACP staining in serial sections (Supplemental
Fig. S1D, left bottom, half-arrow) and osteoblasts in Bmpria*’*
bone. On the other hand, immunoreactivity for BMPR1A
antibodies was lost only in osteoclasts (Supplemental Fig. S1D,
right top, arrow), which were identified by TRACP staining in
adjacent sections (Supplemental Fig. S1D, right bottom, arrow)
in Bmpr1a®®?2% pone. These results further confirmed that
Bmpr1a“°““°¢ mice lost BMPR1A specifically in multinucleated
osteoclasts.

In order to confirm that Bmpria was deleted in differentiated
osteoclasts but not in osteoclast precursor cells, we examined
deletion of the Bmpr1a gene during the differentiation process of
osteoclasts in vitro. We harvested bone marrow cells from mice
and cultured them in the presence of M-CSF. The resulting
adhering cells containing macrophages were further cultured in
the presence of M-CSF and RANKL to induce osteoclasts,
followed by genomic DNA extraction. Multinucleated osteoclasts

were formed around 4 to 5 days after the addition of RANKL.
Genomic DNAs were subjected to PCR amplification using a
pair of primers, fx1 and fx4,*? designed for the upstream
and downstream regions of the two JoxP sites flanking
exon 2 (Supplemental Fig. S2A). Genomic DNA extracted from
Bmpria*’" bone marrow cells produced a 2.2-kb band but no
180-bp products before (day 0) or at 1, 4, and 8 days after
addition of RANKL (Supplemental Fig. S2B). Genomic DNA from
Bmpr1a“®“4°¢ bone marrow cells produced the 2.2-kb band and
no 180-bp band before addition of RANKL (day 0). The absence of
the 180-bp band indicates no recombination in these cells.
On the other hand, 1 day after addition of RANKL, a trace of the
180-bp band was detected (Fig. 3B). Four days after addition
of RANKL, the 2.2-kb band decreased in intensity, whereas the
180-bp band increased in intensity. Furthermore, 8 days after the
addition of RANKL, the 2.2-kb products almost completely
disappeared, and the intensity of the 180-bp band increased. The
180-bp band corresponds to the genomic fragment from which
the Bmpria exon 2 sequence is excised after recombination
at oxP sites. These results suggest that Bmpria“°“4% cells
lacked Bmpr1a in differentiated osteoclasts but not in osteoclast
precursors.

Osteoblastic bone formation was markedly increased in
remodeling trabecular bone from Bmpr1a“°“~°¢ mice

We prepared histologic sections of the proximal tibia and
performed TRACP staining. The number of osteoclasts indicated by
TRACP staining was higher in proximal tibias in Bmpr1g“°<4°¢
mice than in Bmprla”+ mice at 3 weeks of age (Fig. 2A).
Histomorphometric analysis showed increased osteoclast num-
ber and increased erosive surface in trabecular bone in the third
lumber vertebral bodies of 4-week-old mice (Fig. 2B). Narrow
bone marrow spaces were associated with reductions in
osteoclast numbers on the endosteum of Bmpr1a“°“°¢ mice
(Fig. 2C, arrows). Increased cavities within the cortical bone of
Bmpr1a“°““% mice contained osteoclasts (Fig. 2C, arrowheads).
Since cortical porosity with increased osteoclast number in the
cavities is recognized in mice treated with parathyroid hormone
(PTH),®*3% it is possible that PTH signals are upregulated in
Bmpr1a“°““% pone. We analyzed the expression of sclerostin,
whose expression is known to be reduced by PTH.®® There were
no substantial differences in sclerostin expression in osteocytes
between Bmpria“°“% mice and Bmpria™ " mice on immu-
nohistochemical analysis (Fig. 2D), thus suggesting that PTH
signals appeared normal in Bmpr1a“°“4%¢ mice.

Osteoclast numbers were lower in trabecular bone in proximal
tibias in Bmpr1a“°““°¢ mice compared with Bmpria™* mice at
8 weeks of age (Fig. 3A). We next performed histomorphometric
analysis of the remodeling trabecular bone at 8 weeks of age in
order to quantitatively examine bone turnover. Bone volume
increased markedly and was associated with significantly higher
osteoblast number and BFR along with decreased osteoclast
number and erosive surface in Bmpr1a“°“4% mice compared
with Bmpria®™’™ mice (Fig. 3B-D). Osteoid volume also was
higher. Histology of Bmpria“°“4°¢ trabeculae showed that
trabecular bone was markedly thick, particularly in area of
secondary spongiosa, compared with the areas of primary

BMPRTA IN OSTEOCLASTS INHIBITS OSTEOBLASTIC BONE FORMATION

2515 W

Journal of Bone and Mineral Research



3 Bmpria#

;. B g
A ] TITRA/P, 3 weBek 0I1d . 4-week old B Bmpriaoeno:
mpria** mpria
P & 6 40 *
— *
E —
£ =
Z —
~ (3]
® 3 @ 20
o @
i 1 8 w
9 =
0 0
C TRAP, 3-week old D anti-Sclerostin, 8-week old
Bmpria** Bmpri1gioeace

<

b

st

SN ok

5 o vje o &
VRG] i

S

Fig. 2. Histomorphometric analysis of bone from Bmpria™*

Bmpria™

mice and Bmpr1a®94°¢

mice. (A) Sagittal sections of proximal tibia at 3 weeks of age were
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(ES/BS). (C) Axial sections of middle of tibia at 3 weeks of age were subjected to TRACP staining. Scale bar, 50 um. (D) Histologic sections of tibia of
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Bmpria and Bmpria

spongiosa at 8 weeks of age (Fig. 3D, right panel). Immunohisto-
chemical analysis confirmed increased numbers of osteoblasts,
which were identified by immunostaining with the antiosterix
antibody at 8 weeks of age (Fig. 3F). In summary, at 8 weeks
of age when bone remodeling occurs, deletion of Bmpria in
differentiated osteoclasts increases osteoblastic bone formation
and decreases osteoclastic bone resorption, thereby substantial-
ly increasing bone volume in trabecular bone.

Bmpria deletion in osteoblasts reduces osteoblastic
bone formation

In order to determine whether osteoclasts lacking BMPR1A
signaling enhance osteoblastic bone formation during bone
remodeling, we needed to ensure that the osteoblast phenotype
found in the Bmpr1a“°““° mice was not caused by deletion
of Bmpria in osteoblasts in the mice. For this purpose, we first
generated Collal-Cre transgenic mice bearing the osteoblast-
specific 2.3-kb Collal promoter sequence.®” By mating with
CAG promoter-flox-CAT-flox-LacZ transgenic tester mice,®® our
Colla1-Cre transgenic mice were shown to direct Cre-mediated
recombination specifically to bone at 17.5 days after coitum
(Fig. 4A, left panels). Histologic analysis confirmed the specific
recombination in osteoblasts (Fig. 4A, right panel).

By crossing Collal-Cre transgenic mice with floxed Bmpria
mice, we generated Collal-Cre;Bmpr1a™™* conditional knock-
out mice (Bmpr1a®°®4). Bmpr1a®®”°® mice developed
dwarfism after birth. wCT analysis showed that trabecular bone
was thick in Bmpr1a“°®4%° mouse tibias compared with control
Bmpri1a™*™* mice at 5 weeks of age (Fig. 4B). Histologic analysis
revealed that bone volume had already increased at 2 days after

mice at 8 weeks of age were immunostained using antisclerostin antibodies (orange). Scale bar= 100 pwm.

birth (Fig. 4C). Immunoreactivity against anti-Cre antibody was
not detected in osteoclasts, which were identified by TRACP
staining (Fig. 4D, E), and was detected in osteoblasts, indicated
by osterix expression (Fig. 4D, F), in Bmpria“®”“% mice.
Histology of Bmpr1a“°”“°® trabeculae showed that trabecular
bone was markedly thick in both primary and secondary
spongiosa areas (Fig. 4G). Immunohistochemical staining using
antiosterix antibodies confirmed increased numbers of osteo-
blasts in Bmpr1a“°”“°® bone (Fig. 4H). TRACP staining revealed
markedly decreased numbers of osteoclasts in Bmprig“°>4%°
bone (Fig. 4H).

Bone histomorphometric analysis confirmed markedly in-
creased bone volume associated with significantly increased
osteoblast number and decreased osteoclast number and an
erosive surface in Bmpr1a“°*4° mice compared with Bmpria-
flox/flox mice at 8 weeks of age (Fig. 4/). BFR was markedly
decreased (almost zero under the conditions used in this
study with a labeling interval of 3 days) in Bmprig?94c®
mice compared with Bmpr1a™”"°* mice. Thus Bmpria
mice showed osteopetrotic changes with low bone turnover.
These changes are consistent with but more marked than in
a previous report showing that osteoclast number decreases
in tamoxifen-dependent Collal-CreER;Bmpr1a™/™* pone 2%
There were no significant differences in these bone parameters
between respective control mice (Bmpria*’* mice and
Bmpria™x mice; comparison between Figs. 3B and 4.
Bmpr1a“°%4%® osteoblasts expressed osterix (Fig. 4H, right top),
thus suggesting that osteoblasts without intrinsic BMPR1A
signaling differentiate to some extent but have markedly
reduced bone-forming activities. The opposite changes in BFR
between Bmpr1a“°®% mice and Bmpria®°““°¢ mice strongly
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Fig. 3. (A) Sagittal sections of proximal tibia at 8 weeks of age were subjected to TRACP staining. Scale bar=1mm. (B) Bone histomorphometry of
proximal tibia at 8 weeks of age (n=>5 for Bmpria™" and n =6 for Bmpria“°?4%). *p < 0.05; **p < 0.01 between Bmpria™" mice and Bmpr1a“°<4°¢
mice. Trabecular bone volume per tissue volume (BV/TV), osteoid volume per bone volume (OV/BV), osteoblast surface area per bone surface area (Ob.S/
BS), number of osteoblasts per bone surface area (N. Ob/BS), osteoclast number per bone surface area (N.Oc/B), eroded surface area per bone surface area
(ES/BS), and bone formation rate per bone surface area (BFR/BS). (C) Fluorescence micrograph of labeled mineralization fronts in the proximal tibia at
8 weeks of age. Arrows indicate distance between two consecutive labels. Scale bar =20 um. (D) Villanueva bone staining of proximal tibia at 8 weeks of
age. Note that trabecular bone was markedly thickened in the secondary spongiosa area (2nd) when compared with the primary spongiosa area (Pr) in
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support the conclusion that osteoclasts lacking BMPRTA
signaling enhance osteoblastic bone formation during bone
remodeling.

Osteoclast formation was normal or slightly increased
from Bmpr1a®°“% spleen cells in vitro

In order to analyze the cell-autonomous effects of Bmpria
deletion in differentiated osteoclasts, we induced osteoclasts in
vitro from Bmpr1a®©74% spleen cells in the presence of M-CSF
and various concentrations of RANKL. There were no significant
differences in osteoclast formation between Bmpr1a“°“°¢ and
Bmpria™* spleen cells in the presence of 4 or 3nM RANKL
(Fig. 5A). The mean number of osteoclasts formed from
Bmpr1a“°74% spleen cells was slightly but significantly higher
than that from Bmpria™’" spleen cells in the presence of 2 or
1 nM RANKL. Increased osteoclast formation from Bmpr1g“°%4%¢
spleen cells at low concentrations of RANKL suggests
that deletion of Bmpria sensitizes osteoclast formation
induced by RANKL. We did not find marked differences in

mice. Scale bar=1mm. (E) Immunohistochemistry of proximal tibia at 8 weeks of age using antiosterix antibody. Scale bar =20 pm.

actin ring formation (Fig. 5B) and hydroxyapatite resorption
(Fig. 5C) between osteoclasts derived from Bmprig”®¥4%¢
and Bmpria*’" spleen cells owing to M-CSF and 4 nM RANKL.
We did not observe marked differences in cell survival
(Fig. 5D).

We then replated these osteoclasts formed in the presence of
M-CSF and 4nM RANKL to increase their purity (Fig. 6A) for
expression analysis of the osteoclast marker genes (Fig. 6B). We
extracted total RNA and subjected cells to real-time RT-PCR
expression analysis. Expression levels of Bmpria were lower in
osteoclasts induced from Bmpria“°“4% spleen cells than in
those from BmprTa”+ spleen cells (Fig. 6B). Expression of Tracp,
Ctsk, and Mmp9 was higher in osteoclasts induced from
Bmpr1a“°74% spleen cells. Expression of Nfatcl was higher
in osteoclasts induced from Bmpr1a“°“2% spleen cells. It is
possible that Bmpria deletion increases Nfatcl expression,
causing decreased expression of bone-resorption markers in
osteoclasts. We then cocultured osteoblasts prepared from
neonatal Bmpria™”* mouse calvaria with Bmpria™™* spleen cells
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Fig. 4. Generation of Bmpr1a“°%°° mice. Collal-Cre;Bmpr1a™* and Bmpria™"* were intercrossed to generate Bmpria™"° mice, Bmpria™+

mice, Collal-Cre;Bmpr1a™’* mice, and Collal-Cre;Bmpria™¥"* mice (Bmpr1a“°?“°®). Bmpr1a™™"* mice were used as controls. (A) Preparation of
Collal-Cre transgenic mice. ColTal-Cre transgenic mice were mated with CAG-CAT™®*¢?-acZ tester mice, and the whole bodies of progeny at 17.5 days
after coitum were examined for LacZ expression by X-gal staining (left). Histologic sections confirmed specific recombination in osteoblasts (right).
Scale bars = (left) 2.5 mm; (right) 50 pm. (B) .CT analysis of tibia at 5 weeks of age.(Above) reconstructed axial view. (Below) Reconstructed sagittal view.
Scale bar=1mm. (C) Histology of femur stained with hematoxylin and eosin at 2 days of age. Scale bar =100 pm. (D) Immunohistochemical staining
of tibia from Bmpr1a®°”“% mice at 2 days of age using anti-Cre antibodies. Scale bar=100 wm. () (Left) Magnification of red boxed region in
panel E. (Right) Serial sections were subjected to TRACP staining. Scale bar =100 um. (F) (Left) Magnification of green boxed region in panel E. (Right)
Serial sections were immunostained with antiosterix antibody. Scale bar =100 um. (G) Villanueva bone staining of proximal tibia at 8 weeks of age.
Scale bar =1 mm. (H) Histologic sections of proximal tibias at 2 days of age were immunostained with antiosterix antibody and subjected to TRACP
staining. Scale bar = 50 wm. (/) Bone histomorphometric analysis of proximal tibias at 8 weeks of age (n = 3 each). *p < 0.05; **p < 0.01 between Bmpria*’*
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hrs
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mice and Bmpria mice were cultured in the

presence of M-CSF and various concentrations of RANKL for 5 days and were subjected to TRACP staining. (Left) Numbers of TRACP™" cells with three or

more nuclei (1 =5 each). *p < 0.05; **p < 0.01 between Bmpria™*

mice and Bmpria

A0LA0C mjice. (Right) Images of culture. Scale bar = 200 pum. (B) Normal

actin ring formation in osteoclasts induced from Bmpr1a“°“4% spleen cells by M-CSF and RANKL. Scale bar =200 pum. (C) Resorption activities of

Bmp”aAOc/AOc

between Bmpria AOC/AOc

** mice and Bmpria

osteoclasts on hydroxyapatite-coated slides (Osteologic, Becton Dickinson). (Left) Ratio of resorbed area versus total area (n =3). p=0.35
mice. (Right) Images of slides. Scale bar = 200 pum. (D) Survival of Bmpria

A0A0¢ gsteoclasts. After formation

of osteoclasts owing to M-CSF and RANKL, cells were incubated in the absence of M-CSF and RANKL. (Left) TRACP™" cells with three or more nuclei

were counted (n=>5 for Bmpria™*

Scale bar =200 p.m.

or Bmpr1a“®“4% spleen cells. The number of osteoclasts

was slightly but significantly higher in cocultures containing
Bmpr1a“°74% spleen cells than in cocultures containing
Bmpria™ ™ spleen cells (Fig. 6C). These in vitro results collectively
suggest that BMPR1A signals in differentiated osteoclasts
suppress osteoclast differentiation.

+/+

Discussion

In this report, we demonstrated that signaling through a type 1A
BMP receptor, BMPR1A, in differentiated osteoclasts exhibits
dual functions: (1) negatively regulating expression of bone-
resorption markers, including Mmp9 in differentiated osteoclasts

and n=4 for Bmpria®®“2%). Mean number of osteoclasts formed was set at 1. (Right) Images of culture.

induced by M-CSF and RANKL in vitro and (2) negatively
regulating osteoblastic bone formation in vivo. Trabecular
bone in the femur and tibia was consistently thickened in
Bmpr1a“°“4% mice at 3.5, 8, and 12 weeks of age, and
osteoblastic bone formation was higher in secondary spongiosa
of Bmpr1a“°“4% mice at 8 weeks of age. We confirmed that
expression of Cre is confined to differentiated osteoclasts but is
not seen in immature osteoclasts or osteoblasts. Together with a
previous study,?? this study demonstrates that Bmpria deletion
in osteoblasts markedly decreases osteoblastic bone formation.
We thus may hypothesize that osteoclasts inhibit osteoblastic
bone-formation activity in a BMPRTA signaling-dependent
manner.
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Fig. 6. Maker gene expression in Bmpria osteoclasts and osteo-
clast formation in coculture with osteoblasts. (A) Osteoclasts induced
from spleen cells by M-CSF and RANKL were replated. TRACP staining.
Purity of osteoclasts increased after replating compared with before
replating (A). Scale bar =200 pum. (B) Marker gene expression analysis of
replated osteoclasts by real-time RT-PCR (n = 3 each). (C) TRACP staining
of osteoclasts in cocultures of primary osteoblasts prepared from
Bmpria*’* mouse calvaria and cells prepared from Bmpria*’* or
Bmpr1a“®“4%¢ spleen. (Left) Numbers of TRACP* cells with three or
more nuclei (n =4 each). (Right) Images of culture. Scale bar =200 um.

*p < 0.05; *p < 0.01 between Bmpria™" mice and Bmpr1a“°““°° mice.

Previous in vitro studies suggested that the direct effect of
BMPs on osteoclast lineage cells is to enhance osteoclast
formation.""*'? In this study, Cre was expressed in multinucle-
ated osteoclasts in Bmpr1a“®““% mice, and recombination
generally started 4 days after addition of RANKL in vitro. These

observations indicate that the Bmpria gene was deleted at later
stages in the differentiation process of osteoclast-lineage cells,
which may explain discrepancies in the effects of BMP signals on
osteoclast formation between this study and previous studies.
Our results revealed that deletion of BMPR1A signaling in
differentiated osteoclasts increases expression of bone resorp-
tion markers, but not affects resorption acitivity on hydroxyapa-
tite and survival of osteoclasts, which suggests that BMPR1A
signaling slightly negatively regulates differentiation of osteo-
clasts. Taken ttogether with previous findings, our results
suggest that BMPR1A signaling regulates osteoclasts differen-
tially depending on the stage of the differentiation process for
monocyte, macrophage, and osteoclast lineage cells. In
trabecular bone of Bmpria“°“4% mice, osteoclast number
increased at 3 to 4 weeks of age and decreased at 8 weeks of age.
It is unclear why osteoclast number decreased at 8 weeks of age.
We found that Cre is specifically expressed in multinucleated
osteoclasts in the Bmpria“®“4% mice. However, it is still
formally possible that Bmpria was deleted from cells other than
osteoclasts, and formation of osteoclasts may have been affected
by indirect effects of Bmpria loss in other types of cells.

The effects of BMPs on bone formation and metabolism have
been studied extensively previously. However, examination of
the in vivo effects of BMPs on each type of cell in bone revealed
unexpected functions for BMPs. Deletion of BMPR1A signals in
osteoblasts negatively influence osteoclast formation via
regulation of canonical Wnt signaling, resulting in increased
bone volume, as shown in both previous reports®®?'>% and in
this study. Our results also showed, for the first time, that
deletion of BMPR1A signals in differentiated osteoclasts
enhances osteoblastic bone formation, resulting in increased
bone volume in mature trabecular bone area where bone
remodeling occurs. Bmpria“®““% mice are an example of an
in vivo phenomenon regulating osteoblast differentiation by
osteoclasts during bone remodeling. These findings suggest a
new paradigm: BMPRTA signaling in osteoclasts mediates
coupling of bone resorption and formation.

It remains necessary to define how BMP signals in osteoclasts
regulate the bone-forming activities of osteoblasts. Several
molecules, including TGF- and ephrinB2, are considered to be
coupling factors that regulate osteoblast differentiation.®®
These molecules are released from bone matrix after osteoclastic
resorption, activated by osteoclasts, or produced by osteoclasts.
Further studies are needed to determine whether these
molecules mediate BMPR1A-induced coupling from osteoclasts
to osteoblasts. Taken together with the previous findings that
BMP signals in osteoblasts regulate osteoclastic bone resorp-
tion,?? this study suggests that BMPs are not only stimulators of
osteoblast differentiation but also are regulators of reciprocal
interactions between osteoblasts and osteoclasts to fine-tuning
bone mass during bone remodeling. Our results indicate that
BMPs regulate bone formation and maintenance in a more
complex manner than previously thought.
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