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Enhanced Osteoclastogenesis Causes Osteopenia in Twisted
Gastrulation-Deficient Mice Through Increased BMP Signaling
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ABSTRACT: The uncoupling of osteoblastic and osteoclastic activity is central to disorders such as osteo-
porosis, osteolytic malignancies, and periodontitis. Numerous studies have shown explicit functions for bone
morphogenetic proteins (BMPs) in skeletogenesis. Their signaling activity has been shown in various contexts
to be regulated by extracellular proteins, including Twisted gastrulation (TWSG1). However, experimental
paradigms determining the effects of BMP regulators on bone remodeling are limited. In this study, we
assessed the role of TWSG1 in postnatal bone homeostasis. Twsg1-deficient (Twsg12/2) mice developed
osteopenia that could not be explained by defective osteoblast function, because mineral apposition rate and
differentiation markers were not significantly different compared with wildtype (WT) mice. Instead, we
discovered a striking enhancement of osteoclastogenesis in Twsg12/2 mice, leading to increased bone re-
sorption with resultant osteopenia. Enhanced osteoclastogenesis in Twsg12/2 mice was caused by increased
cell fusion, differentiation, and function of osteoclasts. Furthermore, RANKL-mediated osteoclastogenesis
and phosphorylated Smad1/5/8 levels were enhanced when WT osteoclasts were treated with recombinant
BMP2, suggesting direct regulation of osteoclast differentiation by BMPs. Increase in detectable levels
of phosphorylated Smad 1/5/8 was noted in osteoclasts from Twsg12/2 mice compared with WT mice.
Furthermore, the enhanced osteoclastogenesis in Twsg12/2 mice was reversed in vitro in a dose-dependent
manner with exposure to Noggin, a BMP antagonist, strongly suggesting that the enhanced osteoclasto-
genesis in Twsg1 mutants is attributable to increased BMP signaling. Thus, we present a novel and previously
uncharacterized role for TWSG1 in inhibiting osteoclastogenesis through regulation of BMP activity.
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INTRODUCTION

THE DYNAMIC NATURE of bone remodeling maintains the
integrity of bone tissue throughout life.(1) Osteoblasts

and osteoclasts serve as integral components of bone re-
modeling. New bone matrix is synthesized, deposited, and
mineralized by mesenchymal-derived osteoblasts. Con-
versely, osteoclasts, derived from hematopoietic stem cells,
mediate the removal of old bone and facilitate the systemic
maintenance of mineral homeostasis. When osteoblastic
and osteoclastic activity become uncoupled, pathological
conditions arise that are associated with decreased skeletal
integrity,(1) such as osteoporosis, osteolytic malignancies,
and periodontitis. Individuals afflicted with such diseases
experience deterioration of bone tissue, resulting in

increased bone fragility, susceptibility to fractures, bone
pain, and periodontal bone loss. These clinical conse-
quences represent a global health concern; hence, there is
a great need for experimental systems that will study mo-
lecular signals that mediate skeletal remodeling.

Osteoblasts and osteoclasts are both subject to paracrine
and autocrine regulation mediated by numerous cytokines
and growth factors. Although bone morphogenetic pro-
teins (BMPs) are indispensable for osteoblast differentia-
tion and function, controversy exists regarding their role
in osteoclast activation.(2,3) As reviewed by Giannoudis
et al.,(4) the limited data available show both positive
and negative influences of BMPs on osteoclasts. Further-
more, it remains unclear whether BMP effects on osteo-
clast precursors are direct or are mediated indirectly by
osteoblasts through altered expression of RANKL and
osteoprotegerin (OPG). Evidence for the role of BMPs in
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osteoclast function was provided by Mishina et al.,(5) where
10-mo-old mice harboring an osteoblast-specific BMP re-
ceptor type IA gene ablation showed a decrease in osteo-
clastic bone resorption.(5) This has led to the speculation
that loss of BMP signaling in osteoblasts leads to impair-
ment of osteoclast-supporting activities, causing down-
regulation of osteoclast function as the mice age. The in-
teractions between BMPs and osteoclast were shown by
Abe et al.,(6) when they reported that Noggin, a BMP an-
tagonist, dose-dependently inhibited osteoclast formation
in co-culture experiments showing that Noggin’s effect was
indirect through stromal cells. Apart from the indirect
regulation of osteoclasts, several reports have indicated
that osteoclasts express BMP receptors and that BMPs
directly stimulate osteoclast differentiation in vitro.(7–9)

Osteoclast differentiation supported by colony-stimulating
factor-1 (CSF-1) and RANKL is enhanced in the presence
of BMPs. Kaneko et al.(9) further showed that BMP2 can
directly stimulate pit formation even in the absence of
exogenous RANKL. Itoh et al.(7) showed that osteoclast
progenitors expressed endogenous BMP2; however, they
noted that RANKL was essential for BMP2 stimulation
of osteoclastogenesis. Recently, Okamoto et al.(10) showed
decreased osteoclast number and reduced osteoclastic
bone resorption in mice overexpressing Noggin, a well-
documented extracellular BMP antagonist, specifically in
osteoblasts using a 2.3-kb Col1A1 promoter. The authors
also showed that the impaired osteoclast formation caused
by Noggin overexpression was rescued by BMP2 admin-
istration in vitro. This suggested that Noggin inhibits os-
teoclast activity through attenuating BMP signaling. The
authors furthermore showed increased Smad 1/5/8 phos-
phorylation in osteoclast precursor cells after BMP2 treat-
ment. Feeley et al.,(11) in a recent study, showed that
Noggin decreased PC-3 prostate cancer cell–induced bone
resorption in a bone tumor model, suggesting a regulatory
function for BMPs on osteoclasts.

BMPs exert their biological activities by signaling
through type I and II serine/threonine kinase transmem-
brane receptors.(7,12,13) This signaling is subject to precise
regulation at the intracellular and extracellular levels.(14,15)

Intracellular regulation occurs through inhibition of Smad-
mediated signaling cascades by inhibitory Smads and Smad
ubiquitination inhibitory factors.(16–18) Extracellular mod-
ulation occurs through several secreted proteins such as
Noggin, Chordin, and Twisted gastrulation (TWSG1) that
physically interact and limit accessibility of BMPs to their
cell surface receptors.(14,19) Twsg1, originally identified
in Drosophila, encodes a 23.5-kDa glycoprotein that is
expressed by numerous cell types, including osteoblasts,
and as shown for the first time in this report, by osteoclasts
(Figs. 6A–6C).(20–22) In addition to its BMP antagonism,
TWSG1 also exhibits BMP agonist activity depending on
the stage of development or concentration of interacting
proteins in various species.(23–28)

We generated Twsg1-deficient mice in two different pure
backgrounds: C57BL/6 and 129Sv/Ev. Twsg12/2 mice in
C57BL/6 background have severe craniofacial defects
and show high perinatal mortality, limiting the study of
the postnatal bone formation.(29) These mice exhibit

pronounced forebrain defects (holoprosencephaly) and a
spectrum of craniofacial defects that stem from abnormal
morphogenesis and increased apoptosis in the first bran-
chial arch as early as E9.5.(30) On the other hand, Twsg12/2

mice in the pure 129Sv/Ev background, which were used in
this study, are viable and fertile with a very low frequency
of craniofacial defects.

The goal of this study was to assess the role of TWSG1
in postnatal bone homeostasis and its importance in the
regulation of cellular activity sustaining bone remodeling.
Because survival of Twsg12/2 mice depends largely on
genetic background, we chose mice in the 129/SvEv back-
ground, based on our previous observation that the ma-
jority of mutant mice in this background survive to adult-
hood.(29)

MATERIALS AND METHODS

Mice

Twsg12/2 mice were generated and genotyping per-
formed as previously described.(29) Briefly, Twsg1-hetero-
zygous (Twsg1+/2) 129Sv/Ev mice were bred to obtain WT
and Twsg12/2 mice. Animals were killed by CO2 inhala-
tion. Use and care of the mice in this study was approved by
the University of Minnesota Institutional Animal Care and
Use Committee.

Radiographic and mCT analyses

We performed X-ray analysis of femurs from Twsg12/2

and WT mice using a Specimen Radiography System
Model MX-20 (Faxitron X-ray). mCT analysis was per-
formed at MicroCT Facility and Micromechanics Labora-
tory, University of Connecticut Health Center, Farm-
ington, CT, USA.

Primary osteoblast cultures

Primary osteoblasts were isolated as previously de-
scribed.(31) Calvaria from 7- to 10-day-old WT or Twsg12/2

mice were dissected and subjected to sequential digestions
with 2 mg/ml of collagenase A (Roche Molecular Bio-
medicals) in MEM solution containing 0.25% trypsin
(Gibco) for 20, 40, and 90 min. The third digestion was
plated at 1.5 3 104 cells/cm2. Cells were maintained at 378C
in a humidified atmosphere of 5% CO2, in MEM media
containing 10% FBS, 1% penicillin/streptomycin, and 1%
nonessential amino acids. On confluency, cells were dif-
ferentiated with ascorbic acid (50 mg/ml)–containing media
(Sigma-Aldrich).

Primary osteoclast cultures and CD11b-enrichment

Primary osteoclast cultures were prepared from bone
marrow and spleen of WT or Twsg12/2 mice as previously
described.(32) Spleens and bone marrow flushed from fe-
murs were isolated and mechanically dissociated. Resulting
cells were cultured for 3 days in the presence of 50 ng/ml
CSF-1 on non–tissue culture dishes. The adherent cell
population, containing the committed osteoclast precur-
sors, was cultured for the indicated amount of time with
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indicated amounts of CSF-1 (R&D Systems) and RANKL
(R&D Systems). Osteoclast resorption ability was assessed
on dentine discs (Immunodiagnostic Systems).

CD11b enrichment of osteoclast precursor cells was
performed after culturing the cells for 3 days in 50 ng/ml
CSF-1 according to manufacturer’s instructions (Miltenyi
Biotec). Briefly, 1 3 107 bone marrow cells were re-
suspended in 90 ml of magnetic cell sorting (MACS) buffer
(2 mM EDTA, 0.5% BSA in PBS) and incubated with 20 ml
of CD11b+ microbeads for 20 min on ice. Cells/beads mix-
ture were mixed every 5 min. After cells were brought up
to a volume of 2 ml using MACS buffer (2 ml/1 3 107 cells),
100 ml of cells was removed for fluorescence activated cell
sorter (FACS) analysis. Cells were pelleted and resus-
pended in 500 ml MACS buffer/1 3 108 cells. Supernatants
were saved after placement of the columns in a magnetic
field. After removal of a wash sample for FACS analysis,
the remaining fraction of magnetically labeled cells were
resuspended in 5 ml of MACS buffer and flushed from the
column. A small fraction of the eluate was saved for FACS
analysis. Cells were counted and equal number of cells were
plated for osteoclast differentiation and resorption assays.

Histology and dynamic histomorphometric analysis

Histological sections from 1-mo-old decalcified mouse
femurs and primary osteoclast cultures were stained for
TRACP activity using a commercially available kit (Sigma-
Aldrich). TWSG1 protein in osteoclast cultures was detec-
ted by immunofluorescence using rat anti-mouse Twsg1
antibody (R&D Systems) at 1:200 dilution according to
method described previously.(32) Dynamic histomorphom-
etry was assessed by double-label procedure (two injections
of 25 mg/kg tetracycline [Sigma-Aldrich] 5 days apart), and
undecalcified sections were analyzed by Osteomeasure
system (OsteoMetrics) and NIH ImageJ.(33,34)

Serum bone formation and resorption markers

Blood was collected from WT and Twsg12/2 mice and used
to determine serum levels of TRACP, osteocalcin (OCN),
and OPG by ELISA (SBA Sciences, TRACP; BTI Bio-
medical Technologies, OCN; Alpco, OPG).

Proliferation

Osteoclast proliferation was assessed by CellTiter 96
AQueous One Solution Cell Proliferation kit (Promega)
according to the manufacturer’s instructions.

Quantitative real-time PCR

Status of cellular differentiation was assessed by real-
time RT-PCR. Total RNA was isolated from cells using
TRIzol reagent (Invitrogen Life Technologies) and quan-
titated by UV spectroscopy. RT was performed using 1 mg
of RNA and the iScript cDNA Synthesis kit (Bio-Rad).
Quantitative real-time RT-PCR was performed using a Mx
3000P QPCR System (Stratagene) for osteoblast analysis
and MyiQ Single-Color Real-Time PCR Detection System
(Bio-Rad) for osteoclast analysis, using 1 ml of the cDNA
with 13 Brilliant SYBR Green master mix (osteoblast) or
23 iQ SYBR Green supermix (osteoclast) (Stratagene
and Bio-Rad, respectively). Osteoblast genes were nor-
malized to Gapdh mRNA, and osteoclast genes were
normalized to L4 mRNA. Primer sequences for all genes
analyzed are provided in Table 1. The sequences were
designed using Primer3(35) or obtained from previous
publications.(36)

in situ hybridization

Mouse Twsg1 probes were generated from a 214-bp
cDNA fragment (256–469 bp of the coding sequence;
GenBank NM023053) subcloned into pCR II TOPO vector
(Invitrogen). To generate the antisense probe, the plasmid
was linearized with BamHI and transcribed with T7, and
to generate the sense probe, the plasmid was linearized
with NotI and transcribed with SP6 polymerase using the
Maxiscript kit (Ambion) and labeled with digoxigenin
RNA labeling mixture (Roche). Hybridization was per-
formed as previously described,(37) and the Twsg1 mRNA
signal was detected with BM Purple (Roche) following the
manufacturer’s instructions. Photomicrographs were taken
with a Nikon Eclipse 50i microscope, and the images were
captured using SPOT imaging software (Diagnostics In-
struments).

TABLE 1. Real-Time PCR Primer Sequences

Gene Forward Reverse

Osteocalcin GAACAGACTCCGGCGCTA AGGGAGGATCAAGTCCCG

Alkaline Phosphatase GCTGATCATTCCCACGTTTT CTGGGCCTGGTAGTTGTTGT

RANKL AGCCGAGACTACGGCAAGTA GCGCTCGAAAGTACAGGAAC

Osteoprotegerin CTGCCTGGGAAGAAGATCAG TTGTGAAGCTGTGCAGGAAC

Twisted gastrulation TGAGCAAATGCCTCATTCAG GGTTGCACATACCGACACAG

Noggin AAGAAGCTGAGGAGGAAGTT GACTTGGATGGCTTACACAC

Chordin GGTCAGCTGCAAGAACATCA GGTTCCCCTCGATCACTGTA

NFATc1 TCATCCTGTCCAACACCAAA TCACCCTGGTGTTCTTCCTC

Cathepsin K AGGGAAGCAAGCACTGGATA GCTGGCTGGAATCACATCTT

TRACP CGTCTCTGCACAGATTGCA GAGTTGCCACACAGCATCAC

DCSTAMP GGGCACCAGTATTTTCCTGA TGGCAGGATCCAGTAAAAGG

GAPDH TGCACCACCAACTGCTTAG GATGCAGGGATGATGTTC

L4 CCTTCTCTGGAACAACCTTCTCG AAGATGATGAACACCGACCTTAGC

All sequences are 59-39.
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Western blotting

Western blot analysis was performed to determine
phosphorylated Smad 1/5/8 levels in primary osteoclasts
differentiated in the presence of 60 ng/ml RANKL for 3
days. Whole cell extracts were prepared by lysing cells in
modified RIPA buffer supplemented with phosphatase
(Roche) and protease (Sigma-Aldrich) inhibitors. To pre-
pare nuclear extracts, cells were collected in PBS and lysed
in ice for 5 min in Iso-Hi Buffer (10 mM Tris, pH 7.8, 140
mM NaCl, 1.5 mM MgCl2, 0.5% NP-40) supplemented with
protease and phosphatase inhibitor cocktails. Nuclei were
pelleted by centrifugation at 5000 rpm and resuspended
in SDS-PAGE loading buffer. Proteins were resolved by
SDS-PAGE, transferred to PVDF membrane (Millipore),
and immunoblotted with rabbit anti-phosphorylated Smad
1/5/8 (1:1000; catalog 9511; Cell Signaling) antibody, anti-
total Smad 1/5/8 antibody (1:1000; catalog SC-6031R; Santa
Cruz), or anti-actin antibody (1:5000, catalog SC-1616; Santa
Cruz) and appropriate horseradish peroxidase–conjugated
secondary antibodies (1:10,000; Santa Cruz). Immunoreac-
tive bands were visualized using ECL Plus substrate (GE
Health Systems).

Statistical analysis

All statistical analyses were performed using Prism 4
(Graphpad Software). Real-time RT-PCR analysis is
reported as the mean ± SD of triplicate independent RNA

samples. All experiments were repeated three times.
ANOVA and Student’s t-test were used to assess signifi-
cance between groups (NS = not significant; ap < 0.05;
bp < 0.005; cp < 0.001).

RESULTS

Deficiency in Twsg1 results in severe osteopenia

Radiographic analysis showed that Twsg12/2 mice were
osteopenic at 1 (Fig. 1A), 3 (data not shown), and 6 mo
(data not shown). mCT analysis (Fig. 1B), which shows the
integrity of trabecular and cortical morphology, showed
49% reduction in bone volume fraction (BV/TV) of
Twsg12/2 mice compared with WT mice at 3 mo (Fig. 1C).
Reduced cancellous bone was apparent, because femurs
from Twsg12/2 mice showed decreased trabecular thickness
(Fig. 1D) and trabecular number (Fig. 1E), increased tra-
becular spacing (Fig. 1F), and reduced connectivity density
(Fig. 1G). Similarly, cortical bone was also severely reduced,
because femurs from Twsg12/2 mice showed decreased
cortical area (Fig. 1H) and cortical thickness (Fig. 1I). Al-
though mCT analysis was performed only on 3-mo-old fe-
males, X-ray analysis clearly showed reduced bone mass at
1 and 6 mo (data not shown). Furthermore, X-ray analysis
clearly showed that both male and female Twsg12/2 mice
exhibited a similar reduction in bone mass compared with
WT mice (data not shown). As shown in Figs. 1J and 1K,

FIG. 1. Bone phenotype of Twsg12/2 mice.
(A) Representative faxitron image from 1-
mo-old WT and Twsg12/2 mouse femurs. (B)
Representative mCT images from 3-mo-old
WT and Twsg12/2 female mouse femurs.
Trabecular bone is shown in top panels and
cortical bone is shown in bottom panels (scale
bar = 1 mm). Static histomorphometric pa-
rameters reflecting trabecular and cortical
bone integrity from WT (j; n = 3) and
Twsg12/2 (u; n = 3) bones, including (C)
bone volume fraction, (D) trabecular thick-
ness, (E) trabecular number, (F) trabecular
spacing, (G) connective density, (H) cortical
mask, and (I) cortical thickness. (J and K)
Average body weight measurements of WT,
heterozygote, and Twsg12/2 females and
males, respectively. ap < 0.05; bp < 0.005; cp <
0.001.
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both female and male Twsg12/2 mice showed significantly
reduced body weights compared with WT and heterozygous
mice at 1-, 3-, and 6-mo time points.

Osteopenia in Twsg12/2 mice is not caused by
a defect in osteoblast function

To determine whether osteopenia in Twsg12/2 mice was
caused by reduced osteoblast function, in vivo and in vitro
indices of bone formation were determined. The mineral
apposition rates of 1-, 3-, and 6-mo-old Twsg12/2 mice
were not significantly different from age-matched WT mice
(Figs. 2A and 2B). Correspondingly, levels of serum OCN,
a marker of osteoblast function, were indistinguishable

between the two genotypes (Fig. 2C). In vitro studies using
WT and Twsg12/2 primary calvarial osteoblasts showed no
differences in mRNA expression of the osteoblast markers
alkaline phosphatase (Alp) and Ocn (Fig. 2D). Therefore,
consistent with a previous report, we found no impairment
in osteoblast function in Twsg12/2 mice.(38)

Osteopenia in Twsg12/2 mice results from
enhanced osteoclast maturation and function

Because osteoblast function did not explain the osteo-
penic phenotype, we next examined whether deficiency of
Twsg1 alters bone resorption. As shown in Figs. 3A and 3B,
bone sections from Twsg12/2 mice showed an increase in

FIG. 2. In vivo and in vitro characterization
of osteoblast function from WT and Twsg12/2

mice. WT and Twsg12/2 mice were injected
5 days apart with 25 mg/kg tetracycline (n =
7–11). (A) Representative fluorescent images
from 3-mo-old WT and Twsg12/2 femurs. (B)
Mineral apposition rate (MAR) of 1-, 3-, and
6-mo-old WT and Twsg12/2 mice. (C) Serum
OCN measured by ELISA. (D) Expression
profile of Alp and Ocn mRNA from 8-day
osteoblast cultures. WT (j); Twsg12/2 (u).
NS, not significant.

FIG. 3. In vivo and in vitro characterization
of osteoclast function from WT and Twsg12/2

mice. (A) TRACP-stained bone sections
from WT and Twsg12/2 femurs (scale bar =
200 mm). (B) Histomorphometric analysis
of TRACP-stained bone sections from WT
and Twsg12/2 femurs. (C) Serum TRACP 5b
measured by ELISA. (D) Serum CTX mea-
sured by ELISA. (E) TRACP-stained oste-
oclasts after differentiation after 7 days in
culture of CD11b-enriched bone marrow
cultures (scale bar = 200 mm). (F) Histo-
morphometric analysis of TRACP-stained
osteoclasts. (G) Expression profile of NFAT-
C1, cathepsin K, and Acp5 (encoding
TRACP) mRNA from 3-day osteoclast cul-
tures. (H) Representative photomicrograph
of toluidine blue–stained resorption pits
on dentine discs (scale bar = 200 mm).
(I) Quantitation of resorption pit area.
WT (j); Twsg12/2 (u). ap < 0.05; bp < 0.005;
cp < 0.001.
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number and size of TRACP+ multinucleated osteoclasts
relative to WT mice. Similarly, levels of serum TRACP 5b
(a marker of osteoclast number; Fig. 3C) and carboxy-
terminal collagen cross-links (CTX: a marker of collagen
degradation indicative of bone resorption; Fig. 3D) were
higher in Twsg12/2 mice relative to WT mice.

The in vivo osteoclast phenotype of Twsg12/2 mice
correlated with in vitro experiments using CD11b-enriched
bone marrow osteoclast precursors. CD11b enrichment
experiments were performed to select for osteoclast pre-
cursors of monocyte/macrophage lineage without contam-
ination with stromal cells. As shown in Figs. 3E and 3F,
relative to WT osteoclast cultures, multinucleated TRACP+

osteoclasts from Twsg12/2 mice were increased in number
and size when allowed to differentiate in the presence of
60 ng/ml RANKL and 10 ng/ml CSF-1. Additionally,
Twsg12/2 osteoclasts exhibited increased mRNA expres-
sion of differentiation genes, nuclear factor of activated
T-cells-C1 (Nfat-c1; 3.6-fold), Cathepsin K (2.4-fold), and
acid phosphatase 5 (Acp5, which encodes TRACP; 4.5-fold;
Fig. 3G). Consistent with increased serum CTX levels,
Twsg12/2-derived osteoclasts cultured on dentine discs
showed increased resorption pit area relative to WT osteo-
clasts (Figs. 3H and 3I). Similar results were obtained when
in vitro experiments were repeated using osteoclast pre-
cursors from spleen (data not shown). Our data showed for
the first time that the osteopenic phenotype observed in
Twsg1-deficient mice occurs as a direct result of increased
formation, differentiation, and function of multinucleated
osteoclasts.

Enhanced osteoclast phenotype in Twsg12/2 mice is
mediated by increased cell–cell fusion

We next examined whether the enhanced osteoclasto-
genesis in Twsg12/2 mice was caused by increased prolif-
eration and/or fusion of osteoclast precursors. As shown in
Fig. 4A, osteoclast precursors from Twsg12/2 mice did not
show increased proliferation compared with WT mice.
Although the total number of nuclei was not significantly
different (Fig. 4B), osteoclasts from Twsg12/2 mice con-
tained significantly more nuclei per multinucleated cell
(1.6-fold, p < 0.005) than osteoclasts from WT animals (Fig.
4C), suggesting that the increased osteoclastogenesis in
Twsg12/2 mice results from enhanced fusion of osteoclast
precursors rather than enhanced proliferation. Increased
fusion in Twsg12/2 mice was further evidenced by a con-
comitant 13-fold (p < 0.005) increase in expression of
dendritic cell–specific transmembrane protein (DC-
STAMP) mRNA, encoding a key protein necessary for cell
fusion (Fig. 4D).(39)

Expression of RANKL and OPG by osteoblasts
is unaffected in Twsg12/2 mice

Osteoclast maturation is regulated by osteoblasts through
secretion of the RANKL and its decoy receptor OPG.(1,40)

Our results showed that serum OPG levels (WT = 2.084 ±
0.101 pM; Twsg12/2 = 2.181 ± 0.186 pM) and fold expression
of RANKL (WT = 0.202 ± 0.086; Twsg12/2 = 0.189 ± 0.104)
and OPG (WT = 0.807 ± 0.225; Twsg12/2 = 0.760 ± 0.310) in

primary osteoblast cultures were not significantly different
in Twsg12/2 mice relative to WT mice. These results showed
that the osteopenia observed in Twsg12/2 mice cannot be
explained by an increased ability of osteoblasts to stimulate
osteoclastogenesis.

BMP signaling regulates enhanced
osteoclastogenesis

Because TWSG1 specifically regulates BMP signaling,
we studied whether the observed increase in osteoclasto-
genesis in Twsg12/2 mice was caused by altered BMP ac-
tivity. Osteoclast precursors derived from WT or Twsg12/2

mice were treated with 60 ng/ml RANKL for 3 days. Nu-
clear protein extracts were used for detection of phos-
phorylated Smad1/5/8 by Western blot analysis. We de-
tected an increase in phosphorylated Smad1/5/8 levels
in Twsg12/2 osteoclasts compared with WT osteoclasts
(Fig. 5A). Furthermore, we observed a dose-dependent
attenuation of osteoclast size and number (Figs. 5B–5D) in
cultures containing Noggin, a specific BMP-2 and -4 an-
tagonist,(41) showing that the phenotype in Twsg12/2 os-
teoclasts is caused by enhanced BMP signals received
by the Twsg12/2 osteoclast precursors and that TWSG1
acts as a BMP antagonist during normal osteoclast matu-
ration. To further understand the functional significance of
TWSG1, we studied its expression in osteoclasts relative to
Noggin and Chordin. Real-time RT-PCR analysis showed
that Twsg1 mRNA was expressed in osteoclasts at signifi-
cantly higher levels than Noggin or Chordin (Fig. 6A).
Immunofluorescence localization confirmed the expression

FIG. 4. Regulation of enhanced osteoclastogenesis by increased
cell–cell fusion. (A) Cell proliferation assay. Day 5 osteoclast
cultures were DAPI stained, and histomorphometry was per-
formed to assess the total number of nuclei (B) and the total
number of nuclei per multinucleated cell (C) within 0.25 of a 2-cm2

dish. (D) Expression profile of DC-STAMP mRNA from day 3
osteoclast cultures. WT (j); Twsg12/2 (u). NS, not significant.
bp < 0.005.
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of TWSG1 in osteoclasts (Fig. 6B). It seems that the pro-
tein was localized primarily to the cell membrane, which
would be consistent with its regulatory function toward
BMPs. Furthermore, expression of BMP2 and its receptors
were detected by real-time RT-PCR in WT osteoclasts as
previously shown by others(9,42) (data not shown). To
confirm the absence of Twsg1 mRNA in osteoclasts from
Twsg12/2 mice, a nonradioactive in situ hybridization was
used (Fig. 6C). Hybridization with antisense probe to
Twsg1 showed a positive signal in 1-day-old WT calvaria.
Conversely, Twsg1 mRNA was not detected in calvarial
sections from 1-day-old Twsg12/2 mice. TRACP staining
of serial sections from the same animals were used to lo-
calize the osteoclasts. No signal was obtained in sections
hybridized with Twsg1 sense probe, which was used as a
negative control (data not shown).

To determine whether BMPs could directly activate
differentiation of WT osteoclast precursors into multinu-
clear TRACP+ cells, we examined differentiation of WT

osteoclast precursors in the presence of 30 ng/ml of BMP2
and suboptimal levels of RANKL (30 ng/ml). We found
significantly increased numbers of and larger-sized
TRACP+ multinucleated osteoclasts relative to WT oste-
oclast precursors exposed only to RANKL (30 ng/ml; Figs.
7A and 7B). Osteoclast precursors that were treated with
BMP2 alone did not undergo differentiation, because no
TRACP+ mononuclear or multinuclear cells were ob-
served (data not shown). We next examined whether
BMP2 increases levels of phosphorylated Smad1/5/8 in WT
osteoclasts. WT spleen and bone marrow–derived osteo-
clasts were cultured in the presence of 60 ng/ml RANKL
for 3 days, after which primary osteoclasts or MC3T3-E1
pre-osteoblasts, which were used as positive control, were
treated with recombinant human BMP2 (R&D Systems) at
100 ng/ml for 30 min. As shown in Fig. 7C, phosphorylated
Smad1/5/8 levels were increased in cultures treated with
BMP2 compared with RANKL-treated cultures alone.
These results show that BMP2 can increase phosphorylated

FIG. 5. BMP signaling is associated with
enhanced osteoclastogenesis in Twsg12/2

mice. (A) Representative Western blots of
nuclear proteins from WT and Twsg12/2 os-
teoclast cultures differentiated with RANKL
(60 ng/ml) for 3 days and immunoblotted
against phospho- and total- SMADs1/5/8. (B)
TRACP staining (scale bar = 200 mm) and
histomorphometry (C and D) from 7 day
Twsg12/2 osteoclast cultures treated with or
without Noggin (0.1, 0.5, and 1.0 mg/ml). ap <
0.05; cp < 0.001.

FIG. 6. Expression of Twsg1 in WT and
Twsg12/2 osteoclasts. (A) Real-time RT-
PCR analysis of day 5 osteoclasts for ex-
pression of TWSG1, Noggin, and Chordin. (B)
Twsg1 immunofluorescence staining (green)
of day 5 osteoclast cultures counterstained
with DAPI (yellow). Secondary-antibody
only negative control is represented in the
right panel (scale bar = 50 mm). (C) In situ
hybridization showing absence of Twsg1
mRNA in calvarial sections of 1-day-old
Twsg12/2 mice. TRACP staining of respec-
tive serial sections identifies the osteoclasts.
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Smad levels in primary osteoclasts and BMP signaling can
enhance RANKL-mediated osteoclastogenesis and pro-
vide evidence for a positive direct regulatory role of BMPs
in osteoclast formation.

DISCUSSION

In this study, we investigated the role of TWSG1 in bone
using a mouse model that is deficient for the Twsg1 gene.
We showed that loss of Twsg1 caused profound osteopenia
that could not be explained by decreased osteoblast func-
tion but rather was caused by enhanced osteoclastogenesis
and increased bone resorption. We also showed that the
enhanced osteoclastogenesis in Twsg12/2 mice was from

increased BMP signaling and BMP2 can cooperate with
RANKL to enhance WT osteoclast differentiation.

Osteopenia has previously been reported in other
Twsg1-deficient mouse models.(38,43) Along with osteope-
nia, Nosaka et al.(43) reported severe growth retardation
that was attributed primarily to impaired cartilage differ-
entiation and subsequent delayed endochondral bone for-
mation in their Twsg12/2 mice. The osteopenia in the
Twsg12/2 mouse model reported by Gazzero et al.(38) was
transient, with 40% reduced trabecular bone volume at
4 wk but not at 7 wk. The authors did not see a defect in
osteoblast or osteoclast function (the data to support the
latter were not shown) and reported that the transient
trabecular bone phenotype could be explained by a defect
in endochondral bone formation. Our results are the first
to show that enhanced osteoclastogenesis and increased
bone resorption through increased BMP activity is a
mechanism for osteopenia in mice deficient for Twsg1.
This finding does not exclude a possibility of an addi-
tional cartilage defect also contributing to the skeletal
phenotype.

Although the role of BMPs as potent inducers of oste-
oblast differentiation and ectopic bone formation has been
well studied, only recently has the involvement of BMPs in
osteoclast maturation and function been studied.(4) As re-
viewed in the Introduction, several reports have provided
evidence for the role of BMPs in osteoclast function by
either directly regulating osteoclasts or modifying osteo-
clast-supporting activities of osteoblasts. Our data showed
that osteoclast differentiation sustained by RANKL is di-
rectly enhanced in the presence of BMP2 or the absence
of TWSG1, which acts as a BMP inhibitor in osteoclasts.
We provide evidence that the levels of phosphorylated
Smad 1/5/8 are increased in osteoclast cultures from
Twsg12/2 mice compared with WT cultures, consistent
with an increase in BMP signaling. Likewise, the levels of
phosphorylated Smad1/5/8 are increased in primary WT
osteoclasts (both spleen and bone marrow derived) incu-
bated with BMP2, further supporting direct activation of
BMP signaling in osteoclasts.

It is intriguing that osteoblasts appeared unaffected in
vivo, whereas our previously published in vitro experi-
ments showed that TWSG1 could regulate osteoblast dif-
ferentiation and function.(22) It is conceivable that other
BMP antagonists such as Chordin and Noggin compensate
for the lack of TWSG1 in osteoblasts in vivo, where their
expression is abundant, but not in osteoclasts, where their
levels are much lower relative to TWSG1. Spatiotemporal
expression of BMP antagonists within the bone architec-
ture or the degree to which these secreted proteins can
diffuse to affect neighboring bone cells present alternative
explanations that will be areas of future studies.

Our study has significant clinical implications because
excessive osteoclast activity underlies loss of bone in os-
teoporosis, osteolytic bone tumors, and periodontitis.
Whereas our studies focused on the deficiency of Twsg1,
it remains to be determined whether administration of
TWSG1 could inhibit excessive osteoclast function intro-
ducing a potential therapeutic approach for osteolytic
diseases.

FIG. 7. BMP2 directly enhances RANKL-stimulated osteoclas-
togenesis and pSmad1/5/8 levels in primary osteoclasts. (A)
TRACP staining and (B) histomorphometry from 7-day WT os-
teoclast cultures differentiated with half-optimal levels of RANKL
(30 ng/ml) treated with or without 30 ng/ml of BMP2 [RANKL 30
ng/ml (j); RANKL 30 ng/ml + BMP2 30 ng/ml (u)]. Scale bar =
200 mm. (C) Representative Western blots of nuclear proteins
from primary spleen and bone marrow osteoclast cultures differ-
entiated with RANKL (60 ng/ml) for 3 days and immunoblotted
against phospho- and total-Smad 1/5/8. ap < 0.05; bp < 0.005.
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