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B

one morphogenetic proteins (BMPs) are members of the
TGF-β superfamily that were originally identiﬁed by their
potent ectopic bone formation activity (1). BMPs regulate cell
growth, differentiation, and function (2), and play an important
role in regulating normal physiologic functions, although their
precise role in bone remodeling remains unclear.
BMP signaling is mediated by activation of type I and type II
serine-threonine kinase receptors. BMP ligands bind with high
afﬁnity to type I receptors followed by heterodimerization with type
II receptors, allowing the type II receptor to phosphorylate a short
stretch of amino acids in the type I receptor and activate a kinase
activity. Activated BMP type I receptor phosphorylates immediate
downstream targets, Smad1, Smad5, and Smad8 proteins, which
interact with Smad4 and translocate to the nucleus to regulate
target gene expression. BMPR1A (or ALK3) is a type I receptor
that is known to have high afﬁnity for BMP2 (3) and BMP4 (4),
which are expressed in bone; however, the role of BMPR1A in the
regulation of BMP2/4 function in the skeleton is unclear.
BMPs have potent osteogenic activity in vitro (5) and constitutive activation of BMPs, or exogenous application of BMPs,
can induce ectopic bone formation in vivo (6, 7). Bmpr1a deletion in mice causes early embryonic lethality, before bone
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development, making the study of BMPR1A signaling in adult
tissues difﬁcult (8). Recently, conditional ablation of Bmpr1a has
been used to study Bmpr1a disruption in osteoblasts (9). Mice
with postnatal inactivation of Bmpr1a have an unexpected increase in bone mass (10), which is associated with decreased
expression of the Wnt antagonists sclerostin (Sost) and dickkopf1 (Dkk1) (11). Furthermore, conditional Bmpr1a disruption in
osteoclasts also causes increased bone mass (12).
Recent studies have shown that mutations of ACVR1 (ALK2),
a related BMP type I receptor, are associated with ﬁbrodsyplasia
ossiﬁcans progressive (FOP) (13, 14). FOP is a disease characterized by heterotopic ossiﬁcation, suggesting that ACVR1 signaling may also be important in bone regulation. Conditional
disruption of ACVR1 in osteoblasts also leads to an increase in
bone mass due to decreases in Sost and Dkk1 expression (15).
BMPs induce osteogenesis, and BMP2 and BMP7 are approved therapies for treatment of nonunion fractures and spinal
fusions (7, 16). However, BMP signaling in bone is complex (17,
18), and recent studies in cynomologous monkeys demonstrated
that application of rhBMP2 in a core-defect model induces bone
resorption before the stimulation of bone formation (19). Furthermore, the demonstration that disruption of signaling through
BMPR1A in adult osteoblasts or osteoclasts (10, 12) increases
bone mass provides evidence that alteration of the physiologic
levels of BMPs and/or altering BMPR1A signaling may have
positive effects on bone mass in vivo.
In this study, we developed a soluble mBMPR1A–mFc fusion
protein, which binds with high afﬁnity to BMP2 and BMP4 and
prevents BMP signaling. mBMPR1A–mFc was administered by
parenteral injection to gonadally intact immature and mature mice
to study its effects on bone remodeling. It also was studied for its
ability to inﬂuence bone loss induced by estrogen deﬁciency.
Results
Construction, Puriﬁcation, and in Vitro Evaluation of mBMPR1A–mFc
Fusion Protein. The extracellular domain of murine BMPR1A was

cloned into pAID4 to produce the mBMPR1A–mFc construct
(Fig. 1A). The construct was transfected into CHO cells and the
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Diseases such as osteoporosis are associated with reduced bone
mass. Therapies to prevent bone loss exist, but there are few that
stimulate bone formation and restore bone mass. Bone morphogenetic proteins (BMPs) are members of the TGFβ superfamily,
which act as pleiotropic regulators of skeletal organogenesis and
bone homeostasis. Ablation of the BMPR1A receptor in osteoblasts
increases bone mass, suggesting that inhibition of BMPR1A signaling may have therapeutic beneﬁt. The aim of this study was to
determine the skeletal effects of systemic administration of a soluble BMPR1A fusion protein (mBMPR1A–mFc) in vivo. mBMPR1A–
mFc was shown to bind BMP2/4 speciﬁcally and with high afﬁnity
and prevent downstream signaling. mBMPR1A–mFc treatment of
immature and mature mice increased bone mineral density, cortical thickness, trabecular bone volume, thickness and number, and
decreased trabecular separation. The increase in bone mass was
due to an early increase in osteoblast number and bone formation
rate, mediated by a suppression of Dickkopf-1 expression. This
was followed by a decrease in osteoclast number and eroded surface, which was associated with a decrease in receptor activator of
NF-κB ligand (RANKL) production, an increase in osteoprotegerin
expression, and a decrease in serum tartrate-resistant acid phosphatase (TRAP5b) concentration. mBMPR1A treatment also increased bone mass and strength in mice with bone loss due to
estrogen deﬁciency. In conclusion, mBMPR1A–mFc stimulates osteoblastic bone formation and decreases bone resorption, which
leads to an increase in bone mass, and offers a promising unique
alternative for the treatment of bone-related disorders.

Fig. 1. Cloning and functional characterization of mBMPR1A–mFc. (A) Schematic representation of the mBMPR1A–mFc construct identifying the tissue
plasminogen activator (TPA) signal sequence (SS), the murine BMPR1A extracellular domain (ECD) (residues Q24-R152), and the murine IgG2A–Fc
domain (mIgG2A–Fc). (B) Kinetic analysis of BMP2 and BMP4 ligands binding
to mBMPR1A–mFc performed on Biacore T100 at 20 °C. Antimurine Fcspecﬁc antibody was immobilized onto CM5 Biacore sensor chip using
standard amino-coupling chemistry. mBMPR1A–mFc was captured on an
antimurine Fc IgG ﬂow cell at a density of ∼100 relative units (RU). A concentration series of BMP2 and BMP4 (0.078–50 nM) was injected in duplicates over captured receptor and control ﬂow cell at a ﬂow rate of 50 μL/mL.
Raw data (black lines) are overlaid with a global ﬁt to a 1:1 model with mass
transport term (red lines) obtained using BIAevaluation software. (C) Table
summarizing kinetic parameters of BMP2 and BMP4 binding to mBMPR1A–
mFc, where ka = association rate constant, kd = dissociation rate constant,
and KD = equilibrium dissociation constant. The equilibrium binding constant KD was determined by the ratio of binding rate constants kd/ka. (D)
Cell-based analysis of the ability of mBMPR1A–mFc to inhibit BMP2 and
BMP4-induced signaling. Experimental sample values are expressed relative
to control values and expressed as a ratio of relative luciferase units (RLU).
The IC50 for each curve was calculated using SigmaPlot and represents the
mean of three independent assays (mean ± SEM).
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mBMPR1A–mFc fusion protein puriﬁed by sequential column
chromatography. SDS/PAGE analysis identiﬁed a single protein
band with a molecular mass of ∼50 kDa under reducing and ∼100
kDa under nonreducing conditions (Fig. S1A). SDS/PAGE and
size exclusion chromatography showed that mBMPR1A–mFc was
∼95% pure with no evidence of signiﬁcant aggregation (Fig. S1B).
Surface plasmon resonance (SPR) was used to screen multiple
TGFβ family ligands for binding to mBMPR1A–mFc. Of 29 different TGFβ superfamily ligands examined, BMP2 and BMP4
bound to mBMPR1A–mFc with high afﬁnity (BMP2 = 0.362 nM
and BMP4 = 0.567 nM) (Fig. 1 B and C). BMP6/7 and GDF5/6
also bound to mBMPR1A–mFc, but with up to 50-fold lower afﬁnity. TGFβ1, TGFβ2, and TGFβ3 did not bind to mBMPR1A–
mFc (Table S1).
To determine whether mBMPR1A–mFc prevented BMP2/
BMP4 induction of SMAD signaling, a luciferase reporter assay
was performed following transfection into T98G cells. Stimulation
with BMP2 (12.8 ng/mL) or BMP4 (4 ng/mL) caused a ﬁve- to
sixfold increase in luciferase activity, which was decreased in the
presence of 10 and 100 ng/mL of mBMPR1A–mFc and completely
blocked in the presence of 1 μg/mL mBMPR1A–mFc (Fig. 1D).
Blocking BMP2/4 Signaling Increases Bone Mass in Healthy Mice. To

evaluate the skeletal response to inhibition of BMP2/BMP4 signaling with mBMPR1A–mFc, 12-wk-old female mice were treated
12208 | www.pnas.org/cgi/doi/10.1073/pnas.1204929109

with increasing concentrations of mBMPR1A–mFc. Treatment
with mBMPR1A–mFc was associated with a greater increase in
BMD (vs. baseline) than the vehicle-treated group (P < 0.01).
After 6 wk of treatment, the increase of BMD in the 10 mg/kg
group was 13.2% higher than the baseline level and was signiﬁcantly different to the increase of the BMD in the vehicle-treated
group (6.2%, P < 0.001, Fig. 2A).
Microcomputed tomography (μCT) analysis of the metaphyseal
region of the proximal tibia showed greater trabecular bone volume in animals treated with mBMPR1A–mFc for 6 wk compared
with vehicle-treated mice (Fig. 2B). The effect was dose dependent, with trabecular bone volume greater in mice treated with
1 mg/kg (131%), 3 mg/kg (208%,), and 10 mg/kg (346%, P < 0.001
for each) compared with controls (Fig. 2C). This increase in trabecular bone volume was due to higher trabecular number, (24.7
and 34.9% (P < 0.01), 57.9% (P < 0.001) (Fig. 2D), and trabecular
thickness (17.2, 27.7, and 41.9%) with treatment with
mBMPR1A–mFc at 1, 3, and 10 mg/kg, respectively, P < 0.05)
(Fig. 2E). Cortical bone analysis showed an 8.3% and a 10.8%
greater cortical thickness with mBMPR1A–mFc in the 3 mg/kg
and the 10 mg/kg groups, respectively (Fig. 2F, P < 0.05).
Blocking BMP2/4 Signaling Increases Bone Mass as Early as 7 d Following
Treatment. μCT analysis was used to determine whether short-term

treatment with mBMPR1A–mFc increased bone mass (Fig. 3A).
Quantitative analysis revealed higher trabecular BMD as early as
3 d of treatment (1.5%, P < 0.05) (Fig. 3B). Trabecular bone
volume in the metaphyseal region of the proximal tibia was 38.1%
higher than controls after 7 d of treatment with mBMPR1A–mFc
(10 mg/kg), and 32.6 and 50.8% greater than controls (P < 0.01 for
both) after 14 and 28 d of treatment, respectively (Fig. 3C). The
increase in trabecular bone volume was associated with greater
trabecular number and trabecular thickness and lower trabecular
separation (Fig. 3 D–F). Similarly, trabecular bone mass in lumbar
vertebra was signiﬁcantly higher than controls after 7 d of treatment (Fig S2 A–F).
Blocking BMP2/4 Signaling with mBMPR1A–mFc Promotes an Early
Increase in Osteoblast Number and Inhibits Dkk1 Expression in
Osteoblasts. Histomorphometric analysis of trabecular bone in

the proximal tibia following mBMPR1a–mFc treatment showed
greater osteoblast number at day 3 (111%, P < 0.05), day 7 (70%,
P < 0.05), day 14 (111%), and day 28 (47%) compared with vehicle-treated mice (Fig. 4 A, i and B). This difference decreased
with time even though dosing continued. In separate studies using
12-wk-old mice, long-term mBMPR1A–mFc treatment (2, 4, or
6 wk) did not increase osteoblast number (Fig. 4D). In these
studies mBMPR1A–mFc treatment was associated with a signiﬁcant increase in mineralizing surface (weeks 2 and 4, P < 0.05)
and bone formation rate after 4 wk (P < 0.05) compared with
vehicle-treated animals (Table S2).
To understand the molecular mechanisms responsible for the
early increase in osteoblast number, we examined the effect of
mBMPR1A–mFc on BMP2 signaling and Dkk1 expression in
osteoblasts. BMP2 treatment of SaOS2 cells increased Smads 1, 5,
and 8 phosphorylation, and mBMPR1A–mFc treatment reduced
the BMP2 effect (Fig. 5A). mBMPR1A–mFc decreased the expression of Dkk1 mRNA in osteoblasts (Fig. 5B). BMP2 treatment
was associated with a concentration-dependent increase in Dkk1
protein production, which was prevented by mBMPR1A–mFc (Fig.
5C). Consistent with these data, Dkk1 levels in the serum of
mBMPR1A–mFc-treated mice were decreased at day 14 compared
with vehicle-treated mice (34.6 ± 2.3 vs. 23.8 ± 1.7, P < 0.05).
Blocking BMP2/4 Signaling with mBMPR1A–mFc Leads to a Late Decrease in Osteoclast Number and Inhibits Receptor Activator of NF-κB
Ligand (RANKL) Expression in Osteoblasts. Histomorphometric anal-

ysis of trabecular bone in the proximal tibia showed a signiﬁcant
Baud’huin et al.

Fig. 2. mBMPR1A–mFc increases bone mass in healthy 12-wk-old mice. (A) Whole-body BMD, measured by DXA, of mice treated with mBMPR1A–mFc or vehicle
(Veh) for 2, 4, or 6 wk. %, percentage of variation of the BMD between baseline and 6 wk of treatment. (B) Representative microCT images of the proximal tibia
metaphysis, taken ex vivo, from mice treated with mBMPR1A–mFc (10 mg/kg) or vehicle (Veh) at 6 wk. (C–E) MicroCT analysis of the trabecular bone volume [BV/
TV (%)] (C), trabecular number [Tb.N (/mm)] (D), and trabecular thickness [Tb.Th (mm)] (E) of the tibia of mice treated with increasing concentrations of
mBMPR1A–mFc or vehicle at 6 wk. (F) MicroCT analysis of the cortical thickness [Ct.Th (mm)] in the tibia of mice treated with increasing concentrations of
mBMPR1A–mFc or vehicle at 6 wk. Data represent mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001 compare with vehicle (n = 6 for each group).
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mBMPR1A–mFc Treatment Reverses Osteopenia in Ovariectomized
(OVX) Mice. We next examined whether mBMPR1A–mFc could

increase bone mass in ovariectomized mice with established bone
loss. Total body and lumbar spine bone mineral density (BMD)
were lower (6.9 and 24.6%, respectively), in ovariectomized mice
compared with SHAM-operated animals (P < 0.001, Fig. 7 A and
B). Treatment with mBMPR1A–mFc (10 mg/kg) was associated
with a time-dependent increase in total body BMD compared
with vehicle (VEH)-treated mice (P < 0.0001). Furthermore,
SHAM-operated and OVX–VEH-treated mice maintained
Baud’huin et al.

BMD similar to baseline levels during the study. Compared with
baseline levels, OVX mice treated with mBMPR1A–mFc had
a 5.8% increase in BMD at 2 wk and a 12.5% increase by 4 wk,
which was maintained over 8 wk of treatment (Fig. 7 A and B).
After 2 wk of treatment with mBMPR1A–mFc, BMD levels in
OVX mice were comparable to those of SHAM-operated animals (Fig. 7 A and B). μCT analysis of the metaphyseal region of
the proximal tibia conﬁrmed the expected trabecular bone loss
caused by ovariectomy (43% decrease compared with SHAM,
Fig. 7C) before treatment. After 4 wk of treatment with
mBMPR1A–mFc, trabecular bone volume was higher than OVX
mice treated with vehicle (221%, P < 0.001) and SHAM-operated controls (53.8%, P < 0.01) (Fig. 7C). Greater effects were
observed after 8 wk of treatment (+244% vs. VEH-treated OVX
mice, +83.3% vs. SHAM controls, and +102.5% vs. baseline
controls) (Fig. 7C). Cortical thickness at the tibial diaphysis was
also higher in mBMPR1A–mFc-treated OVX mice compared
with SHAM and baseline controls (+4.7% and +13.2%, respectively, Fig. 7D). These results show that mBMPR1A–mFc
treatment reverses the osteopenia induced by ovariectomy.
mBMPR1A–mFc Treatment Increases Bone Strength in the Femur. To
determine whether mBMPR1A–mFc also increased bone strength,
three-point bending of the left femoral diaphysis was performed.
Ovariectomy without treatment resulted in lower stiffness
(13.3%, P < 0.01; Fig. 7E), maximum load (7.5%; Fig. 7F), and
estimated Young’s modulus (10.7%; Fig. 7G) compared with
SHAM-operated control mice. mBMPR1A–mFc treatment of
OVX mice resulted in greater bone strength, with a higher
stiffness (13.7%, P < 0.01; Fig. 7E), maximum load (17.7%, P <
0.01; Fig. 7F), and estimated Young’s modulus (36.4%, P < 0.05;
Fig. 7G) compared with OVX–vehicle-treated mice.

Discussion
BMPR1A is expressed in most tissues throughout development
and after birth (20, 21). Gene disruption of Bmpr1a results in
embryonic lethality, making it difﬁcult to use this model to investigate the role of BMPR1A in bone development, growth, and
adult skeletal homeostasis (21). Conditional Bmpr1a ablation
PNAS | July 24, 2012 | vol. 109 | no. 30 | 12209
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decrease in osteoclast number (Oc.N) (Fig. 4A, ii). Oc.N was decreased at day 14 (41%, P < 0.01) and day 28 (63%, P < 0.01)
compared with vehicle-treated mice (Fig. 4C). In a separate experiment, treatment with BMPR1A–mFc over 6 wk did not decrease
osteoclast number (Fig. 4E). The decrease in osteoclast number was
associated with a reduction in serum tartrate-resistant acid phosphatase (TRAP5b) levels in mBMPR1A–mFc-treated mice compared with vehicle-treated animals (67% at week 2, P < 0.05 and
56% at week 4) (Fig. 4F). These data suggest that there is a rapid,
transient increase in bone formation associated with increased osteoblast number with a secondary effect of reduced osteoclast
numbers and decreased resorption leading to increased bone mass.
To examine the molecular mechanisms responsible for the
suppression of osteoclast number, we examined the effect of
mBMPR1A–mFc on BMP2-induced RANKL and osteoprotegerin (OPG) expression in osteoblasts. mBMPR1A–mFc treatment caused a decrease in the expression of RANKL mRNA
(41%, P < 0.001) (Fig. 6A) and a modest increase in OPG mRNA
(16%, P < 0.001) in osteoblasts (Fig. 6B). RANKL serum levels
were decreased after short-term treatment with mBMPR1A–mFc
(16% at day 3, 23% at day 7, and 47% at day 14, P < 0.05, respectively) compared with vehicle-treated mice (Fig. 6C). This
decrease of RANKL serum levels was sustained with mBMPR1A–
mFc for up to 6 wk (57%, P < 0.05) (Fig. 6E). In contrast, serum
OPG levels in mBMPR1A–mFc-treated mice were not increased
in short-term (3 d and 14 d) treatment (Fig. 6D) but were increased with long-term treatment (36% at week 4 and 27% at
week 6, P < 0.01 and P < 0.05, respectively) (Fig. 6F).
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Fig. 3. mBMPR1A–mFc increases bone mass as early as 7 d following treatment. (A) Representative, longitudinal (i) and transverse (ii) microCT images
of the proximal tibia metaphysis, taken ex vivo, from mice treated with
mBMPR1A–mFc (10 mg/kg) or vehicle (Veh) for 7 d. (B–F) MicroCT analysis of
trabecular bone mineral density [BMD (g/cm3)] (B), trabecular bone volume
[BV/TV (%)] (C), trabecular number [Tb.N (/mm)] (D), trabecular thickness [Tb.
Th (mm)] (E), and trabecular separation [Tb.Sp (mm)] (F) of the tibia of mice
treated with mBMPR1A–mFc (black bars) or vehicle (open bars) for 3 (n = 9), 7
(n = 8), 14 (n = 6), and 28 (n = 6) days. Data represent mean ± SEM, *P < 0.05,
**P < 0.01, ***P < 0.001 compare with vehicle by Student t test.

demonstrated that BMPR1A signaling plays a critical role in
determining bone mass and raised the possibility that targeting
this pathway may have therapeutic potential (9, 10, 12). In the
present study we describe the development of a unique soluble
BMPR1A fusion protein and investigated the ability of this
protein to increase bone mass and strength in experimental
models of osteoporosis.
Treatment with the mBMPR1A–mFc fusion protein resulted in
a signiﬁcant increase in bone mass in both young (7–10 wk) and
old (14–18 wk) mice. The increased bone mass was associated
with greater cortical thickness, trabecular width and number, and
lower trabecular separation. An increase in BMD was seen as
early as 3 d following start of treatment, with the increase in
trabecular bone volume and number becoming apparent after 7 d.
This is consistent with the recent demonstration that inducible
osteoblast-speciﬁc Bmpr1a ablation increases bone mass in mice
of 3 wk and 22 wk of age (10). Constitutive ablation of Bmpr1a in
osteocalcin+ cells also results in increased bone mass at 10 mo (9).
The increase in bone mass following mBMPR1A–mFc treatment was associated with an early increase in osteoblast number,
the magnitude of which was reduced with time. This result suggests an effect of mBMPR1A–mFc on the latter stages of osteoblast differentiation and/or on mature osteoblasts, as opposed
to effects on early stages of differentiation or on the mesenchymal stem cell pool when greater time may be required. Because osteoclast number was unchanged immediately after
treatment the early increase in osteoblast numbers is likely to
account for the rapid effect of mBMPR1A–mFc treatment on
mass. Following long-term treatment (6 wk) osteoblast number
returned to the level of vehicle-treated mice.
12210 | www.pnas.org/cgi/doi/10.1073/pnas.1204929109

Fig. 4. mBMPR1A–mFc induces an early increase in osteoblast numbers
followed by a decrease in osteoclast numbers. (A) Histological sections of the
tibiae of mice treated with vehicle or mBMPR1A–mFc at day 7 (i) and day 28
(ii). Solid arrows identify osteoblasts and arrowheads identify TRAP+ osteoclasts lining trabecular bone surfaces. (B and C) Histograms showing osteoblast number [Ob.N/BS (/mm)] (B) and osteoclast number [Oc.N/BS (/mm)] (C)
in mice treated with vehicle (open bars) or mBMPR1A–mFc (black bars) for 3
(n = 9), 7 (n = 8), 14 (n = 6), and 28 (n = 6). (D–F) Histograms showing osteoblast number [Ob.N/BS (/mm)] (D) and osteoclast number [Oc.N/BS (/mm)]
(E) in mice treated with vehicle or mBMPR1A–mFc for 2, 4, and 6 wk (n = 6).
(F) Histogram showing serum TRAP5b concentration in mice treated with
vehicle or mBMPR1A–mFc for 2, 4, and 6 wk. Data represent mean ± SEM
*P < 0.05 and **P < 0.01 compared with vehicle by Student t test.

We also demonstrated that mBMPR1A–mFc, by blocking
BMP2 signaling in osteoblasts, inhibited the expression of the
soluble Wnt antagonist, Dkk1 (22, 23). Wnt signaling plays a
critical role in regulating osteoblast differentiation and bone
formation, and Dkk1 has been shown to be a negative regulator of
Wnt signaling and osteoblast differentiation (24, 25). Indeed,
BMP2 and BMP4 have been shown to induce Dkk1 expression
during limb development in mice and chickens (26, 27). Although
the demonstration that mBMPR1A–mFc decreases Dkk1 could
account for the increase in osteoblast numbers and bone formation, the target population remains unclear. The speed of change
would argue for an effect on more committed cells and whether
Dkk1 may act on this population remains to be determined. These
ﬁndings are supported by a recent study demonstrating that
BMPR1A signaling regulates Dkk1 expression in osteoblasts (11).
Although the relative contribution of Dkk1 inhibition to the early
increase in osteoblasts is unclear, these data suggest that blocking
BMP2/4 with mBMPR1A–mFc results in activation of downstream Wnt signaling in bone leading to an increase in bone mass.
In the present study, osteoclast numbers were not immediately
affected by mBMPR1A–mFc treatment (3 d and 7 d). However, as
treatment continued, the osteoclast number and serum TRAP5b
concentrations were often decreased. This ﬁnding may be mediated indirectly via effects on osteoblasts or by direct effects on
osteoclasts. In support of the former, we demonstrated that
mBMPR1A–mFc blocked BMP2/4-induced signaling and up-regulated RANKL mRNA expression in osteoblasts in vitro, although
it had little effect on OPG mRNA expression. Furthermore,
Baud’huin et al.

Fig. 5. mBMPR1A–mFc inhibits BMP2 signaling and decreases Dkk1 production
in osteoblasts. (A) Western blot analysis of cell lysates, from SaOS2 treated with
BMP2 and/or mBMPR1A–mFc illustrating the level of Phospho-SMADs (P-Smads)
1, 5, and 8. Total Smad1 (T-Smad1) conﬁrm equal loading. (B) Quantitative RTPCR analysis of the effect of BMPR1A–mFc on BMP2 induced Dkk1 mRNA expression in SaOS2 cells. (C) ELISA analysis of the effect of mBMPR1A–mFc on
BMP2 induced Dkk1 protein production in the supernatant of SaOS2 cells. Data
represent mean ± SEM for three experiments. Unless otherwise stated, **P <
0.01 and ***P < 0.001 compared with control (no mBMPR1A–mFc).

mBMPR1A–mFc treatment decreased serum soluble RANKL
and increased serum OPG concentrations. Similarly, overexpression of Noggin, an antagonist of BMP2 and BMP4 in osteoblasts,
has been shown to reduce osteoclast number and osteoclastogenesis and increase bone mass (28). This observation is consistent

Fig. 7. mBMPR1A–mFc prevents ovariectomy-induced bone loss and improves bone strength. (A and B) Whole body (A) and lumbar vertebral (B)
BMD measured in vivo by DXA biweekly of ovariectomized (OVX) mice
treated with vehicle (Veh) or mBMPR1A–mFc (mBMPR1A) or SHAM-operated
mice treated with vehicle. (C and D) Micro-CT analysis of Tb.BV/TV (C) and
cortical thickness (D) in the proximal tibia metaphysis of OVX mice treated
with vehicle or mBMPR1A–mFc or SHAM mice treated with vehicle. (E–G)
Three-point bending analysis of stiffness (E), maximum load (F), and estimated Young’s modulus (G) of the left femur of OVX mice treated with
vehicle (gray bars) or mBMPR1A–mFc (black bars) or SHAM mice treated with
vehicle (open bars). Data represent mean ± SEM *P < 0.05 and ***P < 0.001
compared with OVX + vehicle (n = 8 for each group).

with the recent data of Noggin and Gremlin1 inactivation, which
leads to osteopenia (29, 30).
Importantly, we not only found that mBMPR1A–mFc increased
bone mass in normal healthy mice but we also demonstrated a
positive effect in a model of estrogen-deﬁciency–induced bone
loss. mBMPR1A–mFc treatment completely reversed the bone
loss induced by OVX and restored both trabecular bone volume,
number, and thickness and cortical thickness. Furthermore,
mBMPR1A–mFc treatment restored bone biomechanical properties, demonstrating that bone architecture was also preserved.
In conclusion, short-term administration of mBMPR1A–mFc
results in increases in bone mass, structure, and strength. Furthermore, we show that blocking the BMP2/4 signaling with a
mBMPR1A–mFc can reverse the bone loss that occurs with estrogen deﬁciency. This robust response suggests that inhibition
of signaling through BMPR1A with mBMPR1A–mFc represents
a promising unique therapeutic approach for the treatment of
bone-related disorders.

Fig. 6. mBMPR1A–mFc inhibits RANKL production in osteoblasts. (A)
Quantitative RT-PCR analysis of the effect of mBMPR1A–mFc on BMP2 induced RANKL mRNA expression in SaOS2 cells. Data represent mean ± SEM
for three experiments. (B) Quantitative RT-PCR analysis of the effect of
mBMPR1A–mFc on OPG mRNA expression in SaOS2 cells. (C and D) Serum
concentration of RANKL (C) and OPG (D) in mice treated with vehicle (open
bars) or mBMPR1A–mFc (black bars) for 3 (n = 9), 7 (n = 8), 14 (n = 6), and 28
(n = 6). (E and F) Serum concentration of RANKL (E) and OPG (F) in mice
treated with vehicle or mBMPR1A–mFc for 2, 4, and 6 wk (n = 6). *P < 0.05,
**P < 0.01, and ***P < 0.001 compare with control. (C–F) Data were compared with their corresponding control by Student t test.
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Materials and Methods
Expression, Puriﬁcation, and Characterization of mBMPR1A–mIgG2a (mBMPR1A–
mFc). The mouse BMPR1A extracellular domain (ECD) (Q24-R152) was obtained
by PCR ampliﬁcation, cloned into pAID4.UCOE (ubiquitin chromatin opening
element) and transfected into CHO DU.K.X B11 cells. Conditioned medium
containing mBMPR1A–mFc was puriﬁed using two-step column chromatography, dialyzed into PBS, and purity analyzed by SDS/PAGE. Aggregation was
determined by size exclusion chromatography. Receptor-ligand binding afﬁnities of mBMPR1A–mFc with TGFβ family ligands were determined by SPR.
The effect of mBMPR1A–mFc on BMP signaling was determined using a cellbased luciferase gene reporter assay controlled by SMAD1/5/8 response element (see SI Materials and Methods for details).

Treatment of Mice with mBMPR1A–mFc. For short-term treatment studies,
6-wk-old C57BL/6 male mice were purchased from Harlan. Mice were treated
with mBMPR1A–mFc (10 mg/kg) or vehicle (PBS) (n = 6), twice a week by i.p.
injection and killed after 3 (n = 9), 7 (n = 8), 14 (n = 6), and 28 (n = 6) days of
treatment. For long-term treatment studies, 12-wk-old C57BL/6 female mice
were purchased from Taconic. Mice were treated with mBMPR1A–mFc (0.3,
0.6, 1.0, 3.0, or 10 mg/kg) or vehicle (PBS) (n = 6 for each group), twice a
week by i.p. injection and killed after 2, 4, and 6 wk of treatment. For studies
in a model of osteopenia, 8-wk-old female mice were ovariectomized (OVX)
or SHAM-operated (SHAM), left untreated for 8 wk, and then treated with
mBMPR1A–mFc (10 mg/kg) or vehicle (PBS) (n = 8 for each group), twice a
week for 4 and 8 wk.
For dynamic bone histomorphometry, mice were injected with calcein (20
mg/kg) and demeclocycline (20 mg/kg) at 9 d and 2 d before sacriﬁce,
or calcein at 6 d and 2 d before sacriﬁce. At sacriﬁce, the femurs, tibiae,
and L4/5 vertebrae were collected for further analysis. All experiments were
performed with the approval of Acceleron Pharma’s Institutional Animal
Care and Use Committee or under UK Home Ofﬁce license, PPL40/3462.
Bone Densitometry and Analysis of Bone Structure. Whole-body bone mineral
density was analyzed in vivo by dual-energy X-ray absorptiometry (DXA)
(PIXImus). BMD and trabecular and cortical bone structural parameters in the
femora, tibiae, and vertebrae was determined ex vivo by μCT according to
published guidelines (31) (see SI Materials and Methods for details).
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Biomechanical Testing. Biomechanical properties of the femur were determined by three-point bending, as described previously (32–34) (see SI
Materials and Methods for details).

Serum Bone Biomarkers Measurements. Blood was collected by intracardiac
puncture at sacriﬁce. Serum OPG, RANKL, Dkk1, and TRAP5b were measured
using commercially available, species-speciﬁc Luminex antibody-immobilized
microbead kits (Millipore) or ELISA kits (R&D Systems and IDS).
Western Immunoblot Analysis. Human SaOS-2 cells (a human osteosarcomaderived osteoblast cell line) were treated for 20 min with BMP2 and/or
mBMPR1A–mFc (preincubated for 1 h at 37 °C) and then lysed. Samples were
fractionated, transferred to Immobilon-P membranes (Millipore) and incubated with antibodies to Phospho-SMADs 1/5/8 and Total-SMAD1. Labeled
proteins were revealed using ECL reagent (see SI Materials and Methods
for details).
Quantitative Real-Time PCR. RNA was isolated, using UltraSpec reagent
(Biotecx), from SaOS2 cells cultured for 48 h with or without BMP2 (25 ng/mL;
R&D Systems) in the presence or absence of mBMPR1A–mFc (100 ng/mL).
cDNA was synthesized using the SuperScript System (Invitrogen). PCR reactions, data quantiﬁcation, and analysis were performed according to the
manufacturer’s protocol (Applied Biosystems). Taqman primers and probes
are described in SI Materials and Methods.
Dkk1 Measurement in Vitro. Supernatant were isolated from SaOS2 cells
cultured for 72 h with or without BMP2 and in the presence or absence of
mBMPR1A–mFc. Dkk1 protein level was measured by ELISA (R&D Systems).
DNA content was quantiﬁed using Quant-iT PicoGreen dsDNA assay kit
(Invitrogen). Dkk1 level was normalized to DNA content.

Bone Histomorphometric Analysis. Static or dynamic bone histomorphometry
was performed on decalciﬁed or undecalciﬁed sections, respectively, from
the femora or tibiae, as previously published (35, 36) (see SI Materials and
Methods for details).

Statistical Analysis. Data were tested for normality using a Kolmogorov–
Smirnov test. The mean ± SEM was calculated for all groups and compared
by a two-tailed paired Student t test or by ANOVA, with the Dunnett’s
multiple comparisons test for post hoc analysis. Unless otherwise stated,
multiple comparisions were performed by ANOVA. P < 0.05 was used as the
criteria for statistical signiﬁcance.
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