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RGS10-null mutation impairs osteoclast
differentiation resulting from the loss
of [Ca2+]i oscillation regulation
Shuying Yang1,2 and Yi-Ping Li1,2,3

1Department of Cytokine Biology, The Forsyth Institute, Boston, Massachusetts 02115, USA; 2Department
of Developmental Biology, Harvard School of Dental Medicine, Boston, Massachusetts 02115, USA

Increased osteoclastic resorption leads to many bone diseases, including osteoporosis and rheumatoid arthritis.
While rapid progress has been made in characterizing osteoclast differentiation signaling pathways, how
receptor activator of nuclear factor �B (NF-�B) ligand (RANKL) evokes essential [Ca2+]i oscillation signaling
remains unknown. Here, we characterized RANKL-induced signaling proteins and found regulator of G-protein
signaling 10 (RGS10) is predominantly expressed in osteoclasts. We generated RGS10-deficient (RGS10−/−)
mice that exhibited severe osteopetrosis and impaired osteoclast differentiation. Our data demonstrated that
ectopic expression of RGS10 dramatically increased the sensitivity of osteoclast differentiation to RANKL
signaling; the deficiency of RGS10 resulted in the absence of [Ca2+]i oscillations and loss of NFATc1; ectopic
NFATc1 expression rescues impaired osteoclast differentiation from deletion of RGS10; phosphatidylinositol
3,4,5-trisphosphate (PIP3) is essential to PLC� activation; and RGS10 competitively interacts with
Ca2+/calmodulin and PIP3 in a [Ca2+]i-dependent manner to mediate PLC� activation and [Ca2+]i oscillations.
Our results revealed a mechanism through which RGS10 specifically regulates the RANKL-evoked
RGS10/calmodulin–[Ca2+]i oscillation–calcineurin–NFATc1 signaling pathway in osteoclast differentiation
using an in vivo model. RGS10 provides a potential therapeutic target for the treatment of bone diseases.
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Osteoclasts are the sole bone-resorbing cells. These cells
are essential for skeletal development and bone remod-
eling throughout life. Deficiency of osteoclasts leads to
osteopetrosis, a disease manifested by increased nonre-
modeled bone mass. On the other hand, increased num-
ber and activity of osteoclasts under certain pathologic
conditions causes accelerated bone resorption and may
lead to osteoporosis and osteolytic diseases. To better
understand the mechanisms underlying osteoclast-based
diseases and to design relevant therapies, it is necessary
to unveil the molecular basis of osteoclast differentia-
tion and function as well as the regulatory mechanisms
of osteoclast signaling.

The past several years have witnessed important in-
sights into osteoclast formation and function (Boyle et
al. 2003; Zhao et al. 2007). The binding of receptor acti-
vator of nuclear factor �B (NF-�B) ligand (RANKL) to its
receptor, RANK, results in the recruitment of tumor ne-

crosis factor (TNF) receptor-associated factor 6 (TRAF6),
which activates the NF-�B, c-Fos, Jun N-terminal kinase
(JNK), and p38 pathways (Boyle et al. 2003). Recently,
Takayanagi et al. (2002) reported that RANKL-evoked
[Ca2+]i oscillations play a switch-on role in osteoclast
differentiation through the nuclear factor of activated
T-cells, cytoplasmic, calcineurin-dependent 1 (NFATc1)
activation pathway that triggers osteoclast-specific gene
expression. Their observation suggests that sustained
[Ca2+]i oscillations, rather than transient activation of a
Ca2+ spike, is necessary for the sustained NFATc1 acti-
vation during osteoclastogenesis (Takayanagi et al.
2002). However, it remained unclear how RANKL acti-
vates calcium signals and [Ca2+]i oscillations leading to
the induction and nuclear localization of NFATc1. Most
recently, Koga et al. (2004) and Mao et al. (2006) reported
that RANKL-mediated costimulatory signals initiated
by immunoreceptor tyrosine-based activation motifs
(ITAMs) of DNAX-activating protein 12 (DAP12) and Fc
receptor � polypeptide (FcR�) regulate osteoclast differ-
entiation through the phospholipase C� (PLC�) phos-
phorylation-[Ca2+]i oscillation–NFATc1 pathway. Their
working model may explain how RANKL evokes tran-
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sient activation of a Ca2+ spike, but still could not ex-
plain how RANKL signaling regulates sustained [Ca2+]i
oscillations to ensure the NFATc1-mediated transcrip-
tional program in RANKL-stimulated bone marrow-de-
rived monocytes (BMMs).

The regulator of G-protein signaling (RGS) proteins are
a family of 21 proteins, RGS1–14 and RGS16–22, all con-
taining the RGS domain. RGS proteins have been re-
ported to be involved in cell proliferation and differen-
tiation (Schwable et al. 2005; Appleton et al. 2006). The
regulation of RGS proteins in [Ca2+]i oscillations has
been studied previously in the immune (Kehrl 1998),
neural (Sinnarajah et al. 2001), and cardiovascular sys-
tems (Ishii et al. 2002). Ca2+/calmodulin directly binds to
RGS4 in a Ca2+-dependent manner and Ca2+/calmodulin
competes with phosphatidylinositol 3,4,5-trisphosphate
(PIP3) for binding to RGS4 (Popov et al. 2000). Calmodu-
lin and PIP3 both bind to the C-terminal portion of helix
4 of the RGS domain of RGS4 (Ishii et al. 2005). This
binding site is well conserved in different RGS proteins,
suggesting that reciprocal regulation by PIP3 and Ca2+/
calmodulin may be important for the physiological con-
trol of multiple RGS subtypes (Abramow-Newerly et al.
2006). In addition, a number of RGS proteins—including
RGS2, RGS3, and RGS4—have been shown to block
PLC� activation (Hepler et al. 1997; Heximer et al. 1997;
Saugstad et al. 1998; Cunningham et al. 2001). RGS10 is
currently known to be densely expressed in rat brain,
where it plays a role in determining signaling pathways
and synaptic activity (Gold et al. 1997).

In this study, we demonstrated that RGS10 is promi-
nently expressed in osteoclasts; RGS10−/− mice exhibit
severe osteopetrosis; and disruption of RGS10 impairs
osteoclast differentiation due to the absence of [Ca2+]i
oscillations and loss of NFATc1 expression. Ectopic ex-
pression of RGS10 markedly enhanced RANKL-induced
osteoclast differentiation. RGS10 competitively binds
Ca2+/calmodulin and PIP3 in a [Ca2+]i-dependent manner
and PIP3 is essential to PLC� activation. Our results sug-
gest that RGS10 is a key regulator of [Ca2+]i oscillations
during osteoclast differentiation.

Results

RGS10 is predominantly expressed in osteoclasts

We hypothesized that signal protein(s) induced by
RANKL and expressed in osteoclasts regulate [Ca2+]i os-
cillations in the RANKL-[Ca2+]i oscillation–NFATc1
pathway. To identify the signal protein(s) specifically ex-
pressed in osteoclasts, we performed a genome-wide
screening of mRNAs in human osteoclastoma, compared
with that of human stromal cells, using an RNA expres-
sion profile array (Affymetrix GeneChip). We found that
RGS10 was highly expressed in human osteoclastoma
(Fig. 1A). The results were confirmed by Northern blot in
different human tissues and cell lines (Fig. 1B,C). RGS10
was most highly expressed in human osteoclastoma.
There was also expression observed in the brain, liver,
kidneys, and Hep-2, but to a far lesser extent. The ex-

pression of RGS10 was undetectable in the other tissues
and cell lines (Fig. 1B,C), indicating that RGS10 was pre-
dominantly and selectively expressed in osteoclasts. To
characterize RANKL-induced RGS10 expression in
mouse osteoclasts, we analyzed a time course of RGS10
mRNA expression in RANKL-induced mouse BMMs by
Northern blot. We found that RGS10 was also highly

Figure 1. RGS10 is prominently expressed in osteoclasts and
osteoclast precursors induced by RANKL/M-CSF. (A) Genome-
wide screening of osteoclast-specific genes by GeneChip.
mRNAs of osteoclast marker genes matrix metalloprotease
(MMP9), cathepsin K, TRAP, and NFATc1 were strongly ex-
pressed in osteoclasts, confirming the validity of our screening
protocol. RGS10 was prominently expressed in human osteo-
clasts. (B) Northern blot analysis of RGS10 mRNA. Total RNA
was extracted from human tissues and cell lines. (Lane 1) U-937.
(Lane 2) HOS-TE85. (Lane 3) Hep-2. (Lane 4) HSB-2. (Lane 5)
Skeletal muscle. (Lane 6) Liver. (Lane 7) Kidney. (Lane 8) Brain.
(Lane 9) Human stromal cells. (Lane 10) Human osteoclastoma.
(C) Normalized mRNA level of B. (D) Time-course Northern
blot analysis of mouse RGS10 mRNA expression in preosteo-
clasts and osteoclasts derived from BMMs induced with
RANKL/M-CSF at 0, 0.5, 1, 3, 12, 24, 36, 48, 72, and 96 h.
RGS10 mRNA was undetectable in BMMs and BMMs treated
with only M-CSF. After RANKL/M-CSF induction, the domi-
nant expression of RGS10 starts at 0.5 h and continues to in-
crease until 3 h, and then the expression of RGS10 remains at
the same level. (E) Normalized mRNA level of D. (F) Time-
course Western blot analysis of RGS10 expression in preosteo-
clasts and osteoclasts derived from BMMs induced with
RANKL/M-CSF at 0, 0.5, 3, 12, 24, 48, and 72 h confirmed that
expression of RGS10 starts at 0.5 h and remains level after 3 h.
Expression of NFATc1 starts at 12 h. (G) RGS10 is strongly
expressed in RANKL-induced MNCs detected by anti-RGS10
immunostaining (middle panel) as compared with BMMs with-
out RANKL induction (left panel). (Right panel) These MNCs
were confirmed to be TRAP+ osteoclasts by TRAP staining.
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expressed in preosteoclasts and osteoclasts derived from
BMMs (Fig. 1D,E) and the dominant expression of RGS10
started at 0.5 h after RANKL induction and continued to
increase until osteoclast formation. The time course of
RGS10 expression was confirmed by Western blot (Fig.
1F). NFATc1 was expressed in RANKL-induced BMMs
beginning at 12 h after RANKL induction and continued
to increase through 72 h (Fig. 1F). At 96 h after RANKL
induction, essentially all of the tartrate-resistant acid
phosphatase-positive (TRAP+) multinucleated cells
(MNCs) became strongly positive for RGS10 protein (Fig.
1G). Thus, there is a close correlation between RGS10
expression and osteoclast differentiation. In addition, we
compared expression of RGS10 in osteoblast and osteo-
clast during development using Northern blot (Supple-
mentary Fig. 1A,B) and in situ immunostaining (Supple-
mentary Fig. 1C). RGS10 mRNA expression was de-
tected both in osteoclasts and in mononuclear, TRAP+

preosteoclasts. However, RGS10 mRNA was not de-
tected in osteoblasts or preosteoblasts (Supplementary
Fig. 1A). RGS10 mRNA was also not detected in BMMs
treated with macrophage colony-stimulating factor
(M-CSF) alone in the absence of RANKL (Supplementary
Fig. 1B). RGS10 protein was expressed in the vertebrae of
embryonic day 14 (E14) and E19 mice and in the brain of
E19 mice (Supplementary Fig. 1C), as shown in previous
studies (Gold et al. 1997).

RGS10−/− mice have normal embryonic development
but show severe growth retardation

RGS proteins were reported to be involved in cell prolif-
eration and differentiation (Schwable et al. 2005; Apple-
ton et al. 2006). To gain insights into the biological func-
tion of RGS10 in osteoclast proliferation, differentiation,
and function in vivo, mice with null mutations of
RGS10 were generated by homologous recombination. A
targeting vector for deletion of RGS10 was constructed
as shown in Figure 2A and described in Materials and
Methods. We used two heterozygous mutant embryonic
stem (ES) cells to generate chimeric mice and back-
crossed chimeric to C57BL/6 mice. Heterozygous
RGS10+/− mice, which are healthy and fertile, were then
intercrossed to generate homozygous RGS10−/− mice.
Mice were born with the expected Mendelian ratios from
intercrosses of heterozygous mutants. The null muta-
tion of RGS10 was genotyped by Southern blot (Fig. 2B)
and confirmed to be the absence of RGS10 expression as
determined by Northern blot (Fig. 2C) and immunostain-
ing analysis (Fig. 2D). Heterozygous RGS10+/− animals
were indistinguishable from wild-type mice, but
RGS10−/− animals had an identical, severe phenotype.
About 25% of E18 embryos from heterozygous matings
were RGS10−/− embryos. Apparent abnormalities were
not observed by gross macroscopic or histological exami-
nation of the embryos, indicating that mouse embryonic
development is not affected by deficiency of RGS10 (data
not shown). RGS10−/− mice were smaller and had short
limbs (Fig. 2E). Growth retardation became apparent dur-

ing the first or second postnatal week (Fig. 2F). RGS10−/−

mice survived up to 3 wk, which is consistent with the
malignant osteopetrosis phenotype, as described previ-
ously (Li et al. 1999).

Severe osteopetrosis in RGS10−/− mice

To determine whether disruption of RGS10 leads to ac-
tual changes in bone physiology, we studied tibia radio-
graphs of 10-d-old RGS10+/+ and RGS10−/− littermates.
X-ray analysis showed a significant increase in the den-
sity of trabecular and cortical bone area in RGS10−/−

Figure 2. Generation of RGS10-null mice. (A) Targeting vector
for RGS10 was constructed by inserting a 1.5-kb PCR fragment
as the short arm and a 5-kb KpnI fragment as the long arm,
which are flanked by the neomycin-resistance cassette. Tar-
geted allele cells were produced by replacing 10 kb of RGS10
(including exon 4, which encodes amino acids 85–133, covering
most of the RGS domain) with the PGK-neo cassette to delete
the RGS10 domain for null mutation. (B) Genotype analysis of
mice by Southern blot. The presence of a single 13.4-kb frag-
ment indicates a homozygous RGS10−/− genotype. (C) Northern
blot analysis of RNA isolated from long bone of 3-d-old wild-
type and homozygous mutant littermates. The mRNA was de-
tectable in long bone of wild-type and heterozygous mice, but
undetectable in the homozygous mutant mice, using RGS10
cDNA as a probe. (D) Anti-RGS10 immunostaining of 10-d-old
wild-type and RGS10−/− tibiae. RGS10 was expressed in wild-
type osteoclasts (arrows), but not in RGS10−/− cells. (E) Appear-
ance of RGS10−/− mice at day 20. (F) Growth curve of RGS10−/−

mice compared with littermates.
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mice compared with RGS10+/+ littermates (Fig. 3A). The
result was confirmed by Micro-CT analysis (Fig. 3B).
Bone volume in the tibiae of RGS10−/− mice was 2.4-fold
more than that in the RGS10+/+ mice (Fig. 3C), suggest-
ing an increase in bone mass and the occurrence of se-
vere osteopetrosis in RGS10 mutant mice. Histological
H&E staining analysis confirmed that the long bones
were ostepetrotic in appearance, with an abundance of
bone and cartilage trabeculae, obliterating >80% of the
marrow space in RGS10−/− mice compared with that in
wild-type mice (Fig. 3D). We also observed that the
growth plates of RGS10−/− mice at 10 d had an extended
zone of calcified cartilage and the zone of the hypertro-
phic chondrocytes was increased (Fig. 3D). Von Kossa
staining of 10-d-old RGS10−/− mouse tibiae showed an
increase in mineralization and mature bone formation
compared with wild-type mouse tibiae (Fig. 3F). Consis-
tent with an increase in bone and cartilage trabeculae in
RGS10−/− mice, bone and mineralization area over the

total marrow space increased in tibiae from these ani-
mals (Fig. 3E,G). The quantitative histomorphometric
analysis is described in the Supplemental Material
(Supplementary Table 1). Histomorphometric analysis
showed normal ratios of number of osteoblasts per bone
perimeter, indicating that the loss of RGS10 had no ap-
parent influence on osteoblast development and func-
tion (Supplementary Table 1).

Null mutation of RGS10 impairs osteoclast
differentiation, but does not affect
macrophage differentiation

Severe osteopetrosis could be due to either the failure of
osteoclast formation during development, such as in
mice lacking c-Fos, PU.1, NF-�B, p50, and p52 (Wang et
al. 1992; Iotsova et al. 1997; Tondravi et al. 1997), or a
deficiency in osteoclast function and activation, such as
in mice lacking c-Src (Soriano et al. 1991) and Atp6i (Li et
al. 1999). We examined whether differentiation morphol-
ogy properties of RGS10−/− osteoclasts were changed in
RGS10−/− mice. Histochemical stains of 10-d-old
RGS10−/− mouse tibiae for the osteoclast enzyme, TRAP,
showed few MNCs with very weak TRAP activity (Fig.
4A), indicating that the osteopetrosis in RGS10−/− mice
is caused by impaired osteoclast differentiation and the
essential role of RGS10 in osteoclast differentiation.
Consistent with the decrease in osteoclasts in RGS10−/−

mice, the percentage of TRAP+ area (the area includes
the MNCs with very weak TRAP activity in RGS10−/−

mice) versus the total bone marrow space in RGS10−/−

tibiae decreased 10-fold below that in RGS10+/+ tibiae
(Fig. 4B; Supplementary Fig. 2). Despite the severe osteo-
petrosis in RGS10−/− mice, these mice have no obvious
defect in tooth eruption (data not shown). The tooth phe-
notype in RGS10−/− mice is similar to that in mice lack-
ing ITAM-harboring adaptors FcR� and DAP12, which
exhibit severe osteopetrosis owing to impaired osteo-
clast differentiation, but have normal tooth eruption
(Koga et al. 2004).

In an osteoblast-free culture system, no TRAP+ MNCs
were formed in RANKL-induced RGS10−/− BMMs (Fig.
4C,D). However, 80% of BMMs from wild-type mice
were differentiated to TRAP+ MNCs (Fig. 4C,D), indicat-
ing that osteoclast differentiation is abrogated by the de-
ficiency of RGS10. To identify whether coculture with
wild-type osteoblasts is able to rescue the defective os-
teoclastogenesis, we performed wild-type osteoblast co-
culture with RGS10−/− BMMs, as compared with wild-
type BMMs, and found that there were a few TRAP+

mononuclear cells in RANKL-induced RGS10−/− BMMs.
However, hardly any RGS10−/− BMMs differentiated into
mature osteoclasts (Fig. 4E,F). These results indicate that
the coculture was unable to rescue the defective osteo-
clastogenesis, and suggest that RGS10 is indispensable
for RANKL-induced osteoclastogenesis both in vivo and
in vitro.

To determine the effect of RGS10 on osteoclast gene
expression, we examined the expression of osteoclast
marker genes, cathepsin K and Atp6i, in RANKL-in-

Figure 3. Increased bone mass in RGS10−/− mice. (A) Radio-
graphic analysis of 10-d-old RGS10+/+ and RGS10−/− mice.
Tibiae from RGS10−/− mice show increased density of both cor-
tical and trabecular bones. (B) Micro-CT images of tibiae from
RGS10+/+ and RGS10−/− mice. Note that increased trabecular
and cortical bone mass was observed. (C) Quantitative analysis
of the ratio of bone area to total marrow space at different po-
sitions of tibiae isolated from wild-type and RGS10−/− mice.
Increased cortical and trabecular bone mass was indicated. (*)
P < 0.01, significant difference from wild type (student’s t-test).
(D,F) Histomorphologic analysis of sections of tibiae from 10-
d-old RGS10+/+ and RGS10−/− mice. Histologic sections of tibiae
were stained with H&E (D) or Von Kossa staining (F) to visualize
bone mass. The growth plates of RGS10−/− mice at 10 d had an
extended zone of calcified cartilage compared with RGS10+/+

controls, and the zone of the hypertrophic chondrocytes was
increased (arrows in D). (E,G) Quantitative analysis of bone of
wild-type and RGS10−/− mice expressed as the percentage of
bone area (E) or mineralization area (G) versus total marrow
space. N = 3; (*) P < 0.01, significant difference from wild type
(student’s t-test).
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duced BMMs from RGS10+/+ or RGS10−/− mice (Supple-
mentary Fig. 3). We first confirmed that the expression of
RGS10 was detected in RANKL-induced RGS10+/+

BMMs and absent in RANKL-induced RGS10−/− BMMs.
Cathepsin K and Atp6i were strongly expressed in
RGS10+/+ mice, but were absent in RGS10−/− mice.

Osteoclast cells are myeloid-derived cells, closely re-
lated to macrophage cells. To determine whether dele-
tion of RGS10 prevents macrophage differentiation as
well, we assayed expression of CD11 (Mac-1) and non-
specific esterase (NES), two monocyte/macrophage pre-
cursor cell marker genes (Takahashi et al. 1994). The
results showed that RGS10−/− mice have the same nor-
mal monocyte/macrophage cells as the RGS10+/+ mice
(Fig. 4G), indicating that deletion of RGS10 does not af-
fect macrophage differentiation and that RGS10 plays its

role in osteoclast differentiation starting from the preos-
teoclast stage.

Essential role of RGS10 in the RANKL-[Ca2+]i
oscillation–NFATc1 signaling pathway

RANKL-induced [Ca2+]i oscillations are essential for os-
teoclastogenesis (Takayanagi et al. 2002). We therefore
examined calcium signaling in RANKL-induced BMMs
derived from RGS10−/− mice. Interestingly, as shown in
Figure 5A, [Ca2+]i oscillations induced by RANKL were
not observed in RGS10−/− cells, which suggests that
RGS10 may be an essential regulator of [Ca2+]i oscilla-
tions during osteoclast differentiation.

RANKL-induced [Ca2+]i oscillations are essential for
autoamplification of NFATc1 during osteoclastogenesis
(Takayanagi et al. 2002). To determine whether impaired
[Ca2+]i oscillations caused by RGS10 deficiency affect
NFATc1 expression, we examined NFATc1 expression in
RANKL-induced RGS10−/− and RGS10+/+ BMMs. As
shown in Figure 5, B and C, the expression of NFATc1
was very weak in RANKL-induced RGS10−/− BMMs
compared with that in RANKL-induced RGS10+/+

BMMs. The normalized protein level of NFATc1 in
RGS10−/− cells was 18-fold lower than that in RGS10+/+

cells (Fig. 5C). This result was confirmed by immuno-
staining (Fig. 5D), in which RGS10 is undetectable, in-
dicating that RGS10 plays an essential role in autoam-
plification of NFATc1 during osteoclastogenesis.

Null mutation of RGS10 does not affect other
RANKL-induced pathways and apoptosis

To examine whether impaired osteoclast differentiation
in RGS10−/− mice results from deficiencies in other
signaling pathways evoked by RANKL and M-CSF,
we characterized the activation of these pathways. We
found that RANKL activation of NF-�B, assessed by
I�B� degradation (Fig. 5E), M-CSF-driven Erk-1/2 phos-
phorylation (Fig. 5F), and transcriptional induction
of c-Fos (Fig. 5G), all of which are required for effi-
cient osteoclastogenesis (Boyle et al. 2003; Faccio et al.
2003, 2005), were normal in all RGS10-deficient BMMs
tested. This suggests that RGS10 disruption did not af-
fect these signaling pathways, and RGS10 is specifically
involved in the [Ca2+]i oscillation-NFATc1 signaling
pathway.

These results provided convincing evidence for the
role of RGS10 in RANKL-mediated osteoclast differen-
tiation. However, the question remained whether the
impaired osteoclast differentiation is due to preosteo-
clast apoptosis resulting from RGS10 knockout. Accord-
ingly, using Hoechst 33258 staining, we detected char-
acteristic apoptotic changes in the nuclei. The results
showed that deficiency of RGS10 does not affect cell
survival of preosteoclasts (Supplementary Fig. 4), which
excludes the possibility that RGS10 is involved in apo-
ptosis to impair osteoclast differentiation.

Figure 4. Defective osteoclastogenesis in RGS10−/− BMMs and
preosteoclasts. (A) Histologic sections of 10-d-old tibiae were
stained for TRAP activity. The results showed few osteoclasts
and weak TRAP activity in RGS10−/− mice (arrows). (B) Quan-
titative analysis of TRAP+-stained area in wild-type and very
weak TRAP+-stained area in RGS10−/− mice tibia sections ex-
pressed as the percentage of TRAP+-stained area versus total
marrow space. N = 3; (*) P < 0.01, significant difference from
wild type (student’s t-test). (C–F) BMMs from wild-type and
RGS10−/− mice were incubated with RANKL/M-CSF (C,D) or
with coculture system (E,F) as described in Materials and Meth-
ods. TRAP+ MNCs could be detected at 96 h in the wild-type
cell culture by TRAP staining analysis, while scarcely any
were detected in RGS10−/− cells. (G) Immunostaining of CD11
(Mac-1) and nonspecific esterase (NES), two monocyte/macro-
phage precursor cell marker genes, in RGS10+/+ and RGS10−/−

tibiae. RGS10−/− mice have the same normal monocyte/macro-
phage as RGS10+/+ mice (arrows).
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Reintroduction of RGS10 rescued osteoclast
differentiation and ectopic expression of RGS10
increased sensitivity to RANKL signaling

To ensure that the observed RGS10−/− mouse phenotype
is solely a result of RGS10 deficiency, we determined

whether impaired osteoclastogenesis in RGS10−/− mice
could be rescued by reintroduction of RGS10. BMMs
from RGS10−/− and RGS10+/+ mice were infected with an
RGS10-expressing lentivirus (denoted as plenti-RGS10)
or control virus expressing LacZ (plenti-LacZ). Expres-
sion of RGS10 protein was confirmed by immunostain-
ing (Fig. 6A) and Western blot (Fig. 6B) in plenti-RGS10-
transfected BMMs. As expected, re-expression of RGS10
fully restored the ability of RGS10−/− BMMs to differen-
tiate into mature osteoclasts in the presence of RANKL
(Fig. 6C,D), indicating that the RGS10−/− phenotype only
resulted from the null mutation of RGS10.

To identify whether RGS10 is sufficient to initiate os-
teoclast differentiation without RANKL stimulation, we
analyzed plenti-RGS10-infected BMMs from wild-type
mice and found that as many as 8% of the cells sponta-
neously differentiated into TRAP+ mononuclear cells
and low multinuclear cells with a maximum of four nu-
clei in the absence of RANKL (Fig. 6E,F). However, func-
tional assay showed that, in the absence of RANKL,
these osteoclasts did not exhibit the typical functions of
bone resorption and acidification (Supplementary Fig. 5).
When the RGS10+/+ cells were treated with 5 or 10 ng/
mL of RANKL in the presence of 10 ng/mL of M-CSF for
96 h and stained for TRAP+ cells, the percentage of
TRAP+-stained area to total area in the plenti-RGS10-
infected groups were increased 3.6-fold and 3.2-fold, re-
spectively, over that in the plenti-LacZ-infected groups
(Fig. 6E,F). The percentage of area expressing cathepsin
K, Atp6i, and NFATc1 to the total area was 4.3-fold, 3.7-
fold, and 3.8-fold higher, respectively, than that in
plenti-LacZ-infected cells (Supplementary Fig. 6A,B).
These results demonstrated that although ectopic ex-
pression of RGS10 could not fully initiate osteoclast dif-
ferentiation without RANKL stimulation, it could in-
crease the sensitivity of osteoclast differentiation to
RANKL signaling in osteoclast precursor cells.

Ectopic NFATc1 expression could partially rescue
impaired osteoclast differentiation from deletion
of RGS10

In order to further clarify the role of NFATc1 in the
RGS10-related signaling pathway, we examined the ef-
fect of ectopic NFATc1 expression in RGS10−/− BMMs.
We constructed a retrovirus vector, pBMN-NFATc1,
which is engineered to express both NFATc1 and green
fluorescence protein (GFP). Then, BMMs were infected
with the NFATc1-expressing virus or with a control vi-
rus (pBMN-GFP) as described (Takayanagi et al. 2002). In
both RGS10+/+ and RGS10−/− BMMs expressing pBMN-
NFATc1, expression of NFATc1 protein from the endog-
enous NFATc1 gene was detected (Fig. 6G,H). Notably,
the expression of NFATc1 in BMMs could partially res-
cue impaired osteoclast differentiation from deletion of
RGS10 even without RANKL stimulation, as shown in
Figure 6, I and J. As many as 21% of the RGS10 mutant
cells positive for NFATc1 overexpression in GFP+ cells
underwent differentiation into TRAP+ cells. Seventy-
five percent of the RGS10+/+ cells are positive without

Figure 5. Impaired [Ca2+]i oscillations and NFATc1 expression
in RGS10−/− BMMs induced by RANKL. (A) [Ca2+]i changes were
traced in RGS10−/− or RGS10+/+ BMMs treated with RANKL/
M-CSF for 72 h [Ca2+]i. Changes were estimated as the ratio of
fluorescence intensity of fluo-4 to fura red, plotted at 5-sec in-
tervals. Each color indicates a different cell in the same field.
[Ca2+]i oscillations are impaired in RGS10−/− cells. (B–D)
BMMs from RGS10−/− or RGS10+/+ mice were stimulated with
RANKL/M-CSF for 96 h. (B) Western blot analysis showed weak
signals of NFATc1 protein detected in RGS10−/− cells as com-
pared with RGS10+/+ cells. (C) The bands in B were quantified.
NFATc1 signals in RGS10−/− cells are 18-fold lower than those
in RGS10+/+ cells. Data are presented as mean ± SD. N = 3 (stu-
dent’s t-test). (*) P < 0.001, RGS10−/− versus RGS10+/+. (D) Im-
munostaining revealed that the expression of NFATc1 was im-
paired in RGS10−/− cells. (E–G) RANKL- and M-CSF-induced
NF-�B, Erk, and c-Fos signaling are unaltered in RGS10−/− os-
teoclastic cells. (E) NF-�B activation in response to RANKL was
assessed by Western blot analysis of I�B-� degradation in BMMs
derived from RGS10+/+ or RGS10−/− mice. �-actin levels were
used as loading control (n = 3). (F) M-CSF signaling in BMMs
derived from RGS10+/+ or RGS10−/− mice was determined by
Western blot analysis of the phosphorylated p42/p44 form of
Erk at the indicated times. �-actin levels were used as loading
control (n = 3). (G) Expression of c-Fos was determined by RT–
PCR in day 2 osteoclasts stimulated with M-CSF for the indi-
cated time. GAPDH levels were used as loading control (n = 3).
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RANKL induction. In the presence of RANKL, ∼60% of
the RGS10 mutant cells from GFP+ cells positive for
NFATc1 overexpression underwent differentiation into
TRAP+ cells. However, in wild-type cells, ∼89% are posi-
tive for TRAP (Fig. 6I,J). These results indicate that
NFATc1 overexpression activated a parallel pathway to
induce osteoclast differentiation without RGS10. How-
ever, osteoclast differentiation is not completely rescued
by NFATc1 overexpression in RGS10 mutant cells, in-
dicating that RGS10 has a function that cannot be fully
replaced by NFATc1.

RGS10 acts downstream from ITAM and upstream
of calcineurin in the RANKL-[Ca2+]i oscillation–
calcineurin–NFATc1 pathway

Involvement of NFATc1 directly implicates Ca2+ signal-
ing in osteoclastogenesis, since NFAT activation and
subsequent nuclear translocation is directed by the Ca2+/
calmodulin-dependent serine/threonine phosphatase
calcineurin (Hogan et al. 2003). In RANKL-induced

BMMs from RGS10−/− mice, we were unable to observe
[Ca2+]i oscillations and NFATc1 expression, indicating
that RGS10 may be a key regulator of [Ca2+]i oscillations
and NFATc1 expression during osteoclast differentia-
tion. To further clarify the position of RGS10 in this
pathway, we analyzed whether knockout of RGS10 ef-

Figure 6. Rescue of RGS10−/− osteoclast differentiation by re-
introduction of RGS10 and NFATc1 and increase in sensitivity
of osteoclast differentiation to RANKL signaling by RGS10
overexpression. (A) The BMMs from RGS10+/+ and RGS10−/−

mice were infected with plenti-LacZ and plenti-RGS10. Immu-
nostaining results showed that 90% of the cells expressed
RGS10 in plenti-RGS10-infected RGS10+/+ and RGS10−/− cells.
(B) Western blot results confirmed the expression of RGS10 in
plenti-RGS10-infected RGS10+/+ and RGS10−/− BMMs. (C) The
BMMs from RGS10+/+ and RGS10−/− mice were infected with
plenti-LacZ as a positive control and negative control, respec-
tively. plenti-RGS10-infected BMMs and two controls were in-
duced with RANKL/M-CSF as described in Materials and Meth-
ods. The cells were stained for TRAP activity. Note that some
TRAP+ cells are multinucleated in plenti-RGS10-transfected
RGS10−/− cells and have bone resorption activity on dentine
slices (immunostaining of anti-collagen I protein; bone resorp-
tion areas become brown or dark brown), indicating that over-
expression of RGS10 could rescue osteoclastogenesis. (D) Quan-
titative analysis of TRAP or collagen I-positive area in C ex-
pressed as the percentage of the positive stained area versus
total area. Data are presented as mean ± SD. N = 3. For TRAP
staining, P < 0.001 (*), Mu-plenti-LacZ versus Mu-plenti-
RGS10; P > 0.05 (**), WT-plenti-LacZ versus Mu-plenti-RGS10.
For immunostaining of collagen I protein, P < 0.001 (#), Mu-
plenti-LacZ versus Mu-plenti-RGS10; P > 0.05 (##), WT-plenti-
LacZ versus Mu-plenti-RGS10 (ANOVA). (E) The BMMs from
wild-type mice were infected with plenti-LacZ or plenti-RGS10
and then treated with 0, 5, and 10 ng/mL RANKL in the pres-
ence of 10 ng/mL M-CSF for 96 h. (Bottom left panel) Without
RANKL induction, 8% of precursor cells differentiated into
mononuclear TRAP+ cells in plenti-RGS10-infected cells. In the
presence of 5 or 10 ng/mL RANKL and 10 ng/mL M-CSF
(middle and right panels), there are 3.6-fold and 3.2-fold more
mononuclear and mature multinuclear TRAP+ cells, respec-
tively, in the plenti-RGS10 group (bottom panels) compared
with the plenti-LacZ group (top panels). (F) Quantitative analy-
sis of TRAP+ cells in E. N = 3 (student’s t-test). plenti-LacZ ver-
sus plenti-RGS10 at 0 ng/mL ([*] P < 0.05), 5 ng/mL ([**]
P < 0.001), and 10 ng/mL ([#] P < 0.001). (G) Western blot of
NFATc1 protein in RGS10+/+ and RGS10−/− BMMs expressing
pBMN-NFATc1 or control pBMN-GFP. Overexpression of
NFATc1 rescues its expression in RGS10−/− BMMs. (H) NFATc1
and GFP expression in BMMs transfected with pBMN-NFATc1
or pBMN-GFP. Ninety-eight percent of transfected cells become
GFP+ cells. pBMN-NFATc1 transfection induces expression of
NFATc1 without RANKL induction. (I) TRAP stain of wild-
type and RGS10 mutant (MU) BMMs with (panels 2,4) or with-
out (panels 1,3) RANKL induction and with (panels 3,4) or with-
out (panels 1,2) transfection with pBMN-NFATc1. (Bottom,
panels 3,4) Overexpression of NFATc1 rescues osteoclast for-
mation with or without RANKL induction. (J) Quantitative
analysis of TRAP+ cells in I. Data are presented as mean ± SD.
N = 3. (*) P < 0.001, WT−R+,N− versus Mu− R+,N−; (**)
P < 0.05, WT−R−,N+ versus Mu− R−,N+; (#) P < 0.05,
WT−R+,N+ versus Mu− R+,N+. (R) RANKL; (N) overexpression
of NFATc1; (+) presence; (−) absence.
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fected activation of ITAM molecules DAP12 and FcR�
by RANKL, as demonstrated previously (Koga et al.
2004). Our analysis revealed that phosphorylation of
DAP12 and FcR� was the same in RGS10+/+ and
RGS10−/− BMMs (Fig. 7A), indicating that RGS10 func-
tions downstream from ITAM.

FK506 is a specific inhibitor of calcineurin (Liu et al.
1991; Sun et al. 2006) that also inhibits RANKL-induced
osteoclast differentiation from BMMs in a dose-depen-
dent manner (Takayanagi et al. 2002). To test whether
RGS10 acts upstream of calcineurin in the RANKL-
[Ca2+]i oscillation–calcineurin–NFATc1 pathway, we
analyzed whether FK506 could block the rescue of de-
fective osteoclastogenesis by the reintroduction of
RGS10 expression. We found that FK506 inhibited the
rescue effect of RGS10 reintroduction in RANKL-in-
duced RGS10−/− BMMs (Fig. 7B,C). Notably, FK506 also
inhibited the formation of TRAP+ cells from RGS10+/+

BMMs, as described in Figure 6, E and F, driven by
RGS10 ectopic expression without RANKL induction

(Fig. 7B,C), indicating that FK506 completely blocked
RGS10 signaling. Our data showed that RGS10 acts up-
stream of calcineurin in the RANKL-[Ca2+]i oscillation–
calcineurin–NFATc1 pathway. Our results also con-
firmed that RANKL evokes [Ca2+]i oscillations that lead
to calcineurin-mediated activation of NFATc1, and
therefore triggers a sustained NFATc1-dependent tran-
scriptional program during osteoclast differentiation
(Takayanagi et al. 2002).

Calmodulin binds with RGS10 in a Ca2+-dependent
manner and competes with RGS10 binding to PIP3

to regulate [Ca2+]i oscillations and PLC� activation

To gain insight into the molecular mechanisms linking
RGS10 and [Ca2+]i oscillations, we examined the inter-
action between RGS10 and calmodulin using coimmu-

Figure 7. Calmodulin and PIP3 competitively bind with
RGS10 in a Ca2+-dependent manner and RGS10 acts down-
stream from ITAM and upstream of calcineurin in the RANKL-
PLC�-[Ca2+]i oscillation–calcineurin–NFATc1 pathway. (A)
Western blot analysis of activation of ITAM molecules DAP12
and FcR� by RANKL. Phosphorylation of DAP12 and FcR� was
the same in RGS10+/+ and RGS10−/− BMMs. (B) The effect of
FK506 on osteoclastogenesis induced by ectopic RGS10 expres-
sion in RGS10+/+ and RGS10−/− BMMs. FK506 (1 µg/mL) inhib-
ited osteoclast differentiation from RANKL-induced RGS10+/+

BMMs infected by plenti-LacZ (panel 2) as compared with the
culture without FK506 (panel 1). (Panel 3) As a control, FK506
inhibited the formation of TRAP+ mononuclear cells in
RGS10+/+ BMMs driven by RGS10 ectopic expression with
RANKL induction. (Panel 4) FK506 inhibited the formation of
TRAP+ mononuclear cells as shown in the bottom left panel of
Figure 6E in RGS10+/+ BMMs driven by RGS10 ectopic expres-
sion without RANKL induction. (Panel 5) FK506 inhibited the
rescue effect of RGS10 reintroduction as shown in the right
panel of Figure 6C in RANKL-induced RGS10−/− BMMs infected
with plenti-RGS10. (C) Quantitative analysis of TRAP+ cells in
A. (D) Coimmunoprecipitation of RGS10 and calmodulin.
(Lanes 1,2) No interaction was observed without RANKL induc-
tion. (Lane 3) Calmodulin bound to RGS10 in the presence of 1
mM CaCl2. (Lane 4) This interaction was blocked by 0.5 mM
EGTA. (Lane 5) With an additional 2 mM CaCl2, the interaction
between calmodulin and RGS10 was rescued. (E) Western blot
analysis of activation of PLC� with RANKL induction or with
RANKL and PI3 kinase inhibitor LY294002. (Lanes 4,5) Phos-
phorylation of PLC� does not occur in BMMs treated with
LY294002. (F) PIP3 bead-binding assay. RGS10 was not detected
with control beads without PIP3 (negative control, lane 1) or
with M-CSF induction alone (lane 2). (Lane 3) RGS10 was de-
tected with RANKL induction (positive control). (Lane 4)
RGS10 was detected after PIP3 pull-down. (Lane 5) The addition
of 2 mM EGTA, which removes free Ca2+, had no effect on
PIP3/RGS10 binding. (Lane 6) When 1mM CaCl2 was added to
the assay, allowing it to form a complex with calmodulin, PIP3/
RGS10 binding was blocked. (Lane 7) The addition of 10 µM
calmodulin also blocked PIP3/RGS10 binding. (G) The working
model for RGS10-mediated modification of intracellular [Ca2+]i
oscillations in osteoclast differentiation.
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noprecipitation of lysate from BMMs (Fig. 7D). When
BMMs were induced with M-CSF alone, no preosteo-
clasts or osteoclasts were formed, and thus RGS10 and
calmodulin were not detected. As we expected, calmodu-
lin bound to RGS10 with RANKL/M-CSF induction. To
test whether calmodulin binds RGS10 in a Ca2+-depen-
dent manner, we added 0.5 mM EGTA (a chemical com-
pound with high affinity for Ca2+) to remove free Ca2+.
Interestingly, in the absence of the Ca2+ environment,
calmodulin lost the ability to bind to RGS10. To further
confirm that Ca2+ is essential for the interaction be-
tween RGS10 and calmodulin, we examined their bind-
ing in the presence of additional 2 mM Ca2+. Notably,
there was a strong interaction between RGS10 and
calmodulin, indicating Ca2+ is essential for the interac-
tion between RGS10 and calmodulin. Since calmodulin
is a Ca2+-binding protein, in the presence of Ca2+, RGS10
should bind calmodulin as a complex of Ca2+/calmodu-
lin/RGS10, and the Ca2+/calmodulin complex competes
with PIP3 for binding to RGS10 and regulates [Ca2+]i os-
cillations. Our results indicate that RGS10 may regulate
[Ca2+]i oscillations through interacting with calmodulin.

PI3 kinase is the enzyme that phosphorylates the po-
sition 3 of the inositol ring of PIP2 generating PIP3, and
PIP3 has been shown to be a crucial player in PLC� ac-
tivation (Maffucci and Falasca 2007). To confirm that
PIP3 is involved in PLC� activation in the PLC� phos-
phorylation-[Ca2+]i oscillation–NFATc1 pathway, we
analyzed whether LY294002, an inhibitor of PI3 kinase
(Singleton et al. 2005), could block PLC� phosphoryla-
tion. We found that LY294002 inhibited phosphorylation
of PLC� (Fig. 7E), indicating that without PI3 kinase to
generate PIP3, PLC� cannot be activated. Our result con-
firms that PIP3 activates PLC� in osteoclasts.

To determine whether RGS10 binds PIP3 and the Ca2+/
calmodulin complex competes with PIP3 for binding to
RGS10, as shown previously for RGS4 (Ishii et al. 2005),
we performed a PIP3 bead-binding assay (Fig. 7F). RGS10
was not detected with control beads without PIP3 or
with M-CSF induction alone. RGS10 was detected after
PIP3 pull-down, showing that PIP3 binds to RGS10. The
addition of EGTA, which removes free Ca2+, had no af-
fect on PIP3/RGS10 binding. When calcium was added to
the assay, allowing it to form a complex with calmodu-
lin, PIP3/RGS10 binding was blocked. The addition of
calmodulin also blocked PIP3/RGS10 binding, indicating
that the Ca2+/calmodulin complex competes with PIP3

for binding to RGS10. Our results showed that RGS10
provides biochemical control over RANKL-evoked
[Ca2+]i oscillations through dual interaction with PIP3

and calmodulin in a Ca2+-dependent manner, as de-
scribed in the RGS10 working model in the Discussion
(Fig. 7G).

Discussion

Our results, for the first time, establish the close depen-
dency of osteoclast differentiation on the expression of
RGS10, demonstrate that RGS10 is an essential compo-
nent that acts upstream of the [Ca2+]i oscillation–calci-

neurin–NFATc1 signaling pathway, and reveal the
mechanism underlying how RGS10 may mediate the
modification of intracellular [Ca2+]i oscillations evoked
by RANKL for terminal differentiation of osteoclasts.
We demonstrated that RGS10 is prominently expressed
in human osteoclasts and mouse preosteoclasts and os-
teoclasts, and that disruption of RGS10 impairs osteo-
clast differentiation. RGS10 knockout mice exhibit a se-
vere osteopetrotic phenotype due to impairment of os-
teoclast formation. Consistent with this finding, bone
marrow-derived osteoclast precursor cells do not differ-
entiate into osteoclasts in vitro. RGS10 deficiency re-
sults in impaired activation of [Ca2+]i oscillations and
subsequent NFATc1 induction, which are essential for
osteoclast differentiation. In addition, ectopic expression
of RGS10 partially induced formation of TRAP-positive
cells, even in the absence of RANKL, and markedly en-
hanced RANKL-induced osteoclast differentiation.
Thus, we propose that RGS10 is a critical regulator of
RANKL-induced osteoclast differentiation through link-
ing RANKL to the [Ca2+]i oscillation–NFATc1 pathway.

Ectopic expression of RGS10 in BMMs only resulted in
as many as 8% of the cells spontaneously differentiating
into TRAP+ cells in the absence of RANKL, but dramati-
cally increased the sensitivity of osteoclast differentia-
tion to RANKL signaling. Our results also showed that
the expression of RGS10 starts to increase at 0.5 h after
RANKL induction. However, [Ca2+]i oscillations ap-
peared between 24 and 72 h after RANKL induction, in-
dicating that there may be other component(s) that are
required for full function of RGS10 in osteoclast differ-
entiation. Our results provide the evidence that RGS10
does not affect phosphorylation of DAP12 and FCR� (Fig.
7A,B), indicating that RGS10 is downstream from ITAM.
Therefore, a possible situation is that the transient acti-
vation of a Ca2+ spike initiated by RANKL-ITAM-medi-
ated PLC� (Koga et al. 2004) is necessary before the
[Ca2+]i oscillations regulated by RGS10.

Our results indicate that NFATc1 expression in
RANKL-induced RGS10−/− BMMs was very weak when
compared with that in RANKL-induced RGS10+/+

BMMs. The normalized protein level of NFATc1 in
RGS10−/− cells was 18-fold lower than that in RGS10+/+

cells. It was suggested that autoamplification of NFATc1
is regulated by calcineurin that was activated by
RANKL-induced [Ca2+]i oscillations during osteoclasto-
genesis (Takayanagi et al. 2002). Our results show that
the calcineurin-specific inhibitor FK506 inhibited the
rescue effect of RGS10 reintroduction in RANKL-in-
duced RGS10−/− BMMs, and the formation of TRAP+

cells from RGS10+/+ BMMs in the absence of RANKL
indicates that calcineurin acts downstream from RGS10
signaling. The very low expression of NFATc1 in
RANKL-induced RGS10−/− BMMs that we observed fits
well with our conclusion that RGS10 is an essential
regulator in the RANKL-evoked [Ca2+]i oscillation–cal-
cineurin–NFATc1 pathway. Interestingly, NFATc1 over-
expression rescued the RGS10 defect, indicating that
NFATc1 is downstream from RGS10. However, the res-
cue experiment showed that osteoclast formation is
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∼30% lower in RGS10−/− BMMs with or without RANKL
compared with that in wild type, indicating that the role
of RGS10 in [Ca2+]i oscillations following calcineurin ac-
tivation cannot be fully rescued by NFATc1 overexpres-
sion, suggesting a parallel pathway regulating osteoclast
differentiation through NFATc1 expression. An impor-
tant extension of our study would be to genetically con-
firm that RGS10 acts upstream of NFATc1. This could
be done by studying mice lacking one allele of RGS10
and one allele of calcineurin or NFATc1 to test whether
they develop an osteopetrosis phenotype.

Our data demonstrated that in the presence of Ca2+,
RGS10 should bind calmodulin as a complex of Ca2+/
calmodulin/RGS10 (Fig. 7D), and the Ca2+/calmodulin
complex competes with PIP3 for binding to RGS10 and
regulates [Ca2+]i oscillations in a [Ca2+]i-dependent man-
ner (Fig. 7F). PI3 kinase is the enzyme that phosphory-
lates the position 3 of the inositol ring of PIP2 generating
PIP3, and PIP3 has been shown to be a crucial player in
PLC� activation (Maffucci and Falasca 2007). We found
that LY294002, an inhibitor of PI3 kinase, blocked phos-
phorylation of PLC� in osteoclasts, indicating that with-
out PI3 kinase to generate PIP3, PLC� cannot be acti-
vated, showing that PIP3 is essential to PLC� activation
(Fig. 7E).

Based on our data, we proposed an RGS10 working
model (Fig. 7G): RANKL mediates DAP12 and FcR�, the
membrane adaptor molecules that contain an ITAM mo-
tif and that activate PLC�. PLC� hydrolyzes PIP2 to gen-
erate inositol 3-phosphate (IP3). IP3 then triggers a tran-
sient initial release of Ca2+ from intracellular stores.
Intracellular Ca2+ release allows an increase in intracel-
lular Ca2+ to reach peak concentration and leads to for-
mation of the Ca2+/calmodulin complex. The Ca2+/
calmodulin complex competes for the PIP3-binding site
on RGS10 and frees the bound PIP3. Once the Ca2+ con-
centration reaches its peak formation, intracellular Ca2+

begins to reload into the endoplasmic reticulum (ER) in
the absence of further PLC� activation, and the combi-
nation of Ca2+ reloading in the ER and binding to
calmodulin causes the Ca2+ concentration to decrease.
The Ca2+/calmodulin complex dissociates from RGS10
at the low Ca2+ concentration. Free PIP3 activates PLC�
and then binds RGS10 again without Ca2+/calmodulin
complex competition. PLC� activation triggers a release
of Ca2+ from intracellular stores by generating IP3 to
cause a second peak. This process continues to cycle,
causing [Ca2+]i oscillations. In this way, RGS10 mediates
PLC� activation and [Ca2+]i oscillations through its
[Ca2+]i-dependent dual interaction with Ca2+/calmodu-
lin and PIP3. The RGS10-mediated intracellular [Ca2+]i
oscillations activate calcineurin and NFATc1 expression
for osteoclast terminal differentiation (Fig. 7G). Luo et al.
(2001) proposed a model of [Ca2+]i oscillation regulation
in pancreatic acinar cells based on the regulation of
PLC� activation by trimeric G protein Gq� signaling.
However, trimeric G protein–PLC� signaling has not
been reported to be important in the osteoclast lineage.
Our novel finding defined a new mechanism of [Ca2+]i
oscillation regulation based on the regulation of PLC�

activation through RGS10 dual interaction with PIP3

and Ca2+/calmodulin complex. Our RGS10 working
model (Fig. 7G) may not only represent the mechanism
underlying RGS10-mediated modification of intracellu-
lar [Ca2+]i oscillations in osteoclast differentiation, but
also the general mechanism of [Ca2+]i oscillations medi-
ated by RGS proteins in differentiation of other cell
types.

The osteopetrosis phenotype of the RGS10 knockout
mice is very severe, and therefore our study is potentially
of great importance and clinical relevance. General ef-
fects of some molecules that are essential to osteoclast
differentiation and activity, such as NF-�B, c-Fos, and
NFATc1 on bone mass, may not always be beneficial due
to effects on the other cell types such as T cells and
osteoblasts. Our result shows that RGS10-null mutation
did not affect other RANKL-induced signaling pathways.
Since RGS10 is predominantly expressed in osteoclasts
and selectively involved in RANKL-induced [Ca2+]i os-
cillations, the essential role of RGS10 induction by
RANKL in osteoclast differentiation described in this
study may offer a very specific and powerful therapeutic
target for treatment of bone diseases caused by excessive
bone resorption.

Materials and methods

Cells and cell cultures

Human osteoclastoma tumors were obtained courtesy of Dr.
Andrew Rosenberg (Department of Pathology, Massachusetts
General Hospital, Boston, MA). The human osteoclast cells and
stromal cells from the tumors were obtained as described pre-
viously (Li et al. 1995, 1996). Osteoblastic (HOS-TE85), myelo-
monocytic (U-937), and T lymphocyte (HSB-2) cell lines were
purchased from American Type Culture Collection. The epithe-
lial cell line Hep-2 was kindly provided by Dr. Margaret Duncan
(Forsyth Institute, Boston, MA). Whole RNA from human tis-
sues was purchased from Clontech.

GeneChip analysis

Total RNA was extracted from human osteoclastoma and stro-
mal cells using Trizol reagent (Life Technologies, Inc.), as de-
scribed by the manufacturer. GeneChip analysis was performed
by the Microarray Core Facility at Harvard Medical School. The
data were analyzed using an Affymetrix GeneChip scanner and
accompanying gene expression software.

Northern blot analysis

Preparation of osteoclasts from human osteoclastoma, cell cul-
ture of different cell lines, and BMMs induced by RANKL at
indicated times (Fig. 1B,D; Supplementary Fig. 1A,B) were per-
formed as described in the Supplemental Material. Total RNA
was isolated, as described previously (Li et al. 1995). Hybridiza-
tion was performed as described previously (Yang et al. 2003).
Human full-length RGS10 cDNAs (0.9 kb) were used as probes.
Probes were radiolabeled with [�32P]dCTP using a random
primer labeling kit (Stratagene).

RT–PCR and sequencing analysis

PCR primers were designed to hybridize with a sequence of the
mouse RGS10 (mRGS10) gene (accession no. NM_026418) and
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c-Fos gene (accession no. NM_022197). The primer sequences
for the full-length RGS10 gene are R10A-F1 (5�-ATGTTCAAC
CGCGCCGTGA-3�) and R10A-R1 (5�-CATCCCATTGAAGGG
TTTTG-3�). The primer sequences for the c-Fos gene are c-Fos-S
(5�-CTGGTGCAGCCCACTCTGGTC-3�) and c-Fos-AS (5-GG
AAGAAGACTCACCAGAAGC-3�). Total RNA from the nor-
mal mouse BMMs induced by RANKL or M-CSF for the indi-
cated time (Fig. 5G) was isolated using Trizol reagent. One step
RT–PCR was performed using the Access RT–PCR system
(Promega). The identities of the amplified PCR products (659-
base-pair [bp] fragment of RGS10 gene) were confirmed by direct
sequencing.

Generation of RGS10−/− mice

Mouse RGS10 genomic DNA fragments were obtained from a
129/Sv genomic library (Stratagene) by screening with a radio-
labeled DNA fragment corresponding to a 0.9-kb full-length
RGS10 cDNA (GenBank accession no. NM_026418). A target-
ing vector that contained a 1.5-kb short arm and 5-kb long arm
of homology flanking a PGK-neo cassette was constructed and
electroporated into J1 ES cells (Li et al. 1992) and then selected
in G418 (300 µg/mL). PCR and Southern blot analysis identified
19 clones with a single targeted allele in 151 G418/FIAU-resis-
tant ES cell clones. Targeted cells were injected into fertilized
blastocysts from C57BL/6J female mice. Chimeric male mice
were crossed with C57BL/6J females for germline transmission.
Following heterozygous matings, homozygotes were identified
and distinguished from heterozygous and wild-type mice by
Southern blot of SspI-digested genomic DNA hybridized to a
flanking probe. To confirm the absence of RGS10 expression,
we extracted total RNA from long bones of 3-d-old mice and
used this RNA for Northern blot analysis. All mice were main-
tained in microisolator cages at the animal facility of the For-
syth Institute under specific pathogen-free conditions.

Histological and radiographic procedures

See the Supplemental Material.

Quantitative immunohistochemistry

Using both NIH ImageJ and Adobe Photoshop, random ×100
objective fields were analyzed by selecting a standardized color
range for H&E, Von Kossa, TRAP, and immunohistochemical
staining. After boundary delineation, the area under the pixila-
tion histogram was calculated, comparing total stained areas to
total tissue or cell areas.

Histomorphometric analysis

See the Supplemental Material.

In vitro osteoclastogenesis

Mouse BMMs, preosteoclasts, and osteoclasts were generated as
described (Wang et al. 2003). Isolated BMMs from RGS10+/+ and
RGS10−/− mice were cultured in �-MEM containing 10% FBS
plus 10 ng/mL recombinant M-CSF. To generate preosteoclasts,
BMMs were cultured in �-MEM containing 10% FBS in the
presence of 10 ng/mL recombinant M-CSF and 10 ng/mL recom-
binant RANKL for 48–72 h To generate mature osteoclasts,
5 × 104 BMMs were plated in one well of a 24-well plate in
�-MEM containing 10% FBS in the presence of 10 ng/mL re-
combinant M-CSF and 10 ng/mL recombinant RANKL. Mature
osteoclasts began to form at 72 h of culture. For suppressive

effects of a calcineurin inhibitior, 1 µg/mL FK506 was added to
the medium for generating mature osteoclasts. To generate ma-
ture osteoclasts from the coculture system, BMMs and osteo-
blasts derived from normal calvaria cells were cultured in the
presence of 10−8 M 1,25(OH)2 vitamin D3, and 10−6 M dexa-
methasone for 96–120 h, as described previously (Baumeister et
al. 1998). The identity of osteoclasts was confirmed by TRAP
staining. All data are expressed as mean ± SD (n = 6). TRAP+

MNCs were characterized by examining the bone-resorbing ac-
tivity on dentine slices, as described previously (Horwood et al.
1999).

Calvarial osteogenic differentiation

Mouse calvariae were dissected aseptically from The Forsyth
Institute mice postnatal day 1, and the connective tissue was
removed. The calvariae were digested in Hanks’ balanced salt
solution containing 0.02% type I collagenase (Sigma), 0.05%
trypsin, and 0.53 mM EDTA (Invitrogen) for 10 min at 37°C
with shaking. The digestion procedure was repeated five times,
and the cells from the third to fifth digestions were pooled and
resuspended in DMEM containing 10% (vol/vol) FBS and 1%
penicillin/streptomycin. Twenty-four hours later, after the cells
became confluent, differentiation medium �-MEM (Invitrogen)
containing 10% FCS, 50 mg/mL ascorbic acid, and 5 mM �-glyc-
erophosphate was used to maintain the cells for the duration of
the experiment. Cells were harvested for analysis at different
stages of differentiation.

Immunostaining

The cells were induced as indicated above. For the bone slides,
the sections were deparaffinized. After fixing and blocking of
nonspecific antibody-binding sites, cells and sections were
washed and subsequently incubated in anti-RGS10 (goat, 1 µg/
mL, Santa Cruz Biotechnology), anti-Apt6i-specific polyclonal
antibody (rabbit), anti-cathepsin K polyclonal antibody (rabbit,
from our laboratory), and anti-NFAT2 (mouse, 1 µg/mL, Santa
Cruz Biotechnology) in PBS containing 1.5% normal rabbit,
donkey, or goat serum for 60 min, followed by HRP-conjugated
anti-goat, rabbit, or mouse IgG (1 µg/mL, Santa Cruz Biotech-
nology) with 1.5% normal rabbit, donkey, or goat serum for
60 min. HRP-coated antibodies were visualized using the
VectaStain Elite ABC kit and DAB enzyme substrates (Vector
Laboratories).

[Ca2+]i oscillation measurement

[Ca2+]i oscillation measurements were performed as described
previously (Takayanagi et al. 2002). The cells were incubated
with M-CSF or RANKL/M-CSF for 24, 48, or 72 h and then with
5 µM fluo-4 AM, 5 µM fura red AM, and 0.05% pluronic F127
for 30 min. The cells were post-incubated in DMEM medium
with 10 ng/mL M-CSF for 20 min and were mounted on a con-
focal microscope (Leica). To estimate intracellular Ca2+ concen-
tration in single cells, the ratio of the fluorescence intensity of
fluo-4 to fura red was calculated. The increase in the ratio from
the basal level was then divided by the maximum ratio increase
obtained by adding 10 µM ionomycin and was expressed as the
percent maximum ratio increase.

Western blot analysis

The cells were incubated with RANKL (10 ng/mL) and M-CSF
(10 ng/mL) for the indicated time (Figs. 1F, 5E,F, 7E). Western
blotting was performed as described (Yang et al. 2003) and vi-
sualized and quan-
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tified using a Fluor-S Multi-Imager and Multi-Analyst software
(Bio-Rad).

Ca2+/calmodulin-binding assay

BMMs were stimulated with RANKL/M-CSF for 96 h and then
washed with PBS and lysed in buffer containing 50 mM Tris-
HCl (pH 8.0), 0.15 M NaCl, 1% Nonidet P-40, and phosphatase
and protease inhibitor cocktail (Sigma) (Yang et al. 2003). Prior
to incubation, 0.5 mM EGTA or 1 mM or 2 mM portions of
CaCl2 was added to those lysates, incubated for 1 h at 4°C
(Erickson-Viitanen and DeGrado 1987; Edlich et al. 2005), and
then incubated for 2 h at 4°C with anti-RGS10 antibody (Santa
Cruz Biotechnology, Inc.) and protein A/G-Sepharose beads
(Amersham Biosciences). Calcium was added to the lysis buffer
to mimic the cytoplasmic environment at high levels of Ca2+

and EGTA was added to the lysis buffer to mimic the cytoplas-
mic environment at levels of low or no Ca2+. The precipitates
were separated by 4%–15% SDS-PAGE, followed by immuno-
blotting with anti-calmodulin antibody (Santa Cruz Biotechnol-
ogy).

Phosphorylation of FcR�/DAP12 and PLC�

BMMs were stimulated by 10 ng/mL soluble RANKL/M-CSF or
10 ng/mL RANKLwith 20 uM LY294002 after 6 h of serum
starvation. After various time periods, cell extracts were har-
vested from the cells using TNE buffer containing 10 mM Tris-
HCl (pH 7.8), 150 mM NaCl, 1 mM EDTA, 1% NP-40, 2 mM
Na3VO4, 10 mM NaF, and 1% protease inhibitor cocktail. Cell
extracts were incubated with 1 µg of anti-DAP12 or anti-FcR�

antibodies for 1 h at 4°C. Immune complexes were recovered
with Protein A Sepharose, subjected to SDS-PAGE, and blotted
with anti-phosphotyrosine antibody (4G10, Upstate Biotechnol-
ogy) or the indicated antibodies. Activation of PLC� was de-
tected using anti-PLC�1 and anti-phospho-PLC�1 antibodies
(Santa Cruz Biotechnology).

PIP3-binding assay

BMMs were treated with M-CSF for 24 h or RANKL/M-CSF for
96 h and suspended in 0.5 mL of binding assay buffer (100 mM
KCl, 2 mM MgCl2, 0.5% Lubrol, and 20 mM Tris-Hcl at pH 7.5)
in the presence of 1% protease inhibitor cocktail (Sigma). After
brief sonication, cell lysates were centrifuged for 5 min at
1500g. The supernatant was collected and incubated with one of
three reagents (2 mM EGTA, 1 mM CaCl2, or 10 uM calmodu-
lin) and PIP3 beads (50 µL of slurry; Echelon Research Labora-
tories) for 12 h at 4°C. Then the mixture was centrifuged for 5
min at 1500g. The collected beads were washed with 1 mL of
binding assay buffer three times, and the bound proteins were
subjected to Western blot analysis (Lee et al. 2003; Tseng et al.
2004).

Apoptosis assay

Apoptosis was measured by Hoechst 33258 staining of con-
densed chromatin (Kameda et al. 1996) (see the Supplemental
Material).

Lentiviral gene transfer

A 0.6-kb full-length mouse RGS10 gene was yielded by PCR and
cloned into the pDONR221 vector (Invitrogen) according to the
manufacturer’s instructions (Invitrogen). The LR recombina-
tion reaction was completed between the pDONR-RGS10 vec-

tor and plenti6/V5-Dest vector to generate plenti-RGS10, which
is engineered to express RGS10. Plenti6/V5-LacZ (plenti-LacZ)
was a control. Lentivirus packaging was performed according to
the manufacturer’s instructions by cotransfection of these vec-
tors and packaging mixtures (Invitrogen) into 293T cells. The
viral supernatant was harvested after 48–72 h, and titers were
determined. BMMs from RGS10−/− and RGS10+/+ mice were in-
fected with the RGS10-expressing virus or control virus express-
ing LacZ. Protein expression of RGS10 was confirmed by im-
munostaining and Western blot in part of the plenti-RGS10-
transfected BMMs. The rest of the cells were further cultured
with M-CSF in the presence or absence of RANKL for the os-
teoclast formation assay. After 72–96 h, osteoclastogenesis was
evaluated by TRAP staining and bone resorption assay.

Retroviral gene transfer

Retroviral vectors pBMN-GFP and pBMN-NFATc1 were con-
structed by inserting a full-length 2.1-kb NFATc1 cDNA (ac-
cession no. NM_016791) into the XhoI + NotI site of pBMN-I-
GFP (Addgene), and packaging was performed as the protocol
from Dr. Garry Nolan Laboratory, Stanford University, Stan-
ford, CA. Briefly, Phoenix cells at 1.5–2 million cells per 6-cm
plate were plated in producer cell growth medium. After 24 h,
the Phoenix cells were transfected with retroviral vectors
pBMN-GFP and pBMN-NFATc1 separately by the CaCl2 pre-
cipitation method. Retroviral supernatant was harvested and
used for titer assay and to infect BMMs. The GFP and NFATc1
protein expression were confirmed by observation of GFP+ cells
and performing immunostaining and Western blot. Two days
after inoculation, BMMs were cultured with RANKL and
M-CSF. After 4 d, osteoclastogenesis was evaluated by TRAP
staining. The rescuing effect was normalized by measuring in-
fection efficiency assessed by GFP expression as described
(Takayanagi et al. 2002).

Statistical analysis

Where indicated, experimental data are reported as mean ± SD
of triplicate independent samples. Data were analyzed by stu-
dent’s t-test and one-way analysis of variance (ANOVA), fol-
lowed by Tukey-Kramer multiple comparisons test to deter-
mine statistically significant differences between groups. P val-
ues <0.05 were considered significant.
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