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Osteoporosis is a serious disease among post-
menopausal women and elderly people in devel-
oped countries, which can lead to bone fractures. 
In the elderly population, spine and hip fractures 
are chronic diseases characterized by an abnor-
mal balance in the activities of osteoclasts and 
osteoblasts (Khosla, 2009).

Osteoclasts are multinucleated cells that are 
derived from the myeloid lineage (Karsenty and 
Wagner, 2002). Bone-forming osteoblasts ex-
press macrophage-CSF (M-CSF) and receptor 
activator of NF-B ligand (RANKL). When 
these cytokines stimulate their receptors, c-fms 
and RANK, respectively, transcription factors 
such as c-Fos (Grigoriadis et al., 1994), Jdp2 
(Kawaida et al., 2003; Maruyama et al., 2012a), 
microphthalmia-associated transcription factor  
(MITF; Motyckova et al., 2001), NFATc1 
(Takayanagi et al., 2002), and NF-B (Franzoso  
et al., 1997) in osteoclast precursors are activated 
and osteoclast differentiation is induced by in-
duction of osteoclastic genes such as tartrate-
resistant acid phosphatase (TRAP), cathepsin K 

(CTSK), and DC-specific transmembrane pro-
tein (DC-STAMP). Among osteoclastic genes, 
DC-STAMP is a crucial factor for osteoclast 
fusion because cells from DC-STAMP–deficient 
mice cannot develop multinucleated osteoclasts,  
and consequently, resorption pit formation is 
inhibited (Yagi et al., 2005). It was recently re-
ported that an anti–DC-STAMP monoclonal 
antibody strongly blocked osteoclast forma-
tion in vitro (Chiu et al., 2012). Expression of 
DC-STAMP is positively regulated by MITF 
(Courtial et al., 2012). Furthermore, T cell acute 
lymphocytic leukemia 1 (Tal1) represses DC-
STAMP expression by counteracting the activa-
tion function of MITF (Courtial et al., 2012). 
Collectively, these findings suggest that osteo-
clast fusion is orchestrated by complex interplay 
between several transcription factors.
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Osteoclasts are multinucleated cells formed by fusion of mononuclear precursors in response 
to receptor activator of nuclear factor B (NF-B) ligand (RANKL). We found that RANKL 
induced expression of the DExD/H helicase family corepressor strawberry notch homologue 2 
(Sbno2). Previous in vitro studies showed that Sbno2 is induced by IL-10 and is involved  
in NF-B repression. However, the role of Sbno2 in vivo and its pleiotropic functions are 
unknown. Sbno2 gene targeting resulted in normal NF-B activation by TLR ligands. How-
ever, Sbno2-deficient mice exhibited increased bone mass due to impaired osteoclast fusion. 
Expression of dendritic cell–specific transmembrane protein (DC-STAMP), a critical player 
in osteoclast fusion, was significantly attenuated, and cell fusion of Sbno2-deficient osteo-
clasts was rescued by DC-STAMP. Sbno2 directly bound to T cell acute lymphocytic leukemia 
1 (Tal1) and attenuated its inhibition of DC-STAMP expression, leading to activation of the 
DC-STAMP promoter by microphthalmia-associated transcription factor (MITF). Thus, Sbno2 
plays a pivotal role in bone homeostasis in vivo by fine-tuning osteoclast fusion.
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available under a Creative Commons License (Attribution–Noncommercial–Share  
Alike 3.0 Unported license, as described at http://creativecommons.org/licenses/ 
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Figure 1. Sbno2 is dispensable for TLR signaling. (A and B) The indicated organs (A) or hematopoietic cells (B) were harvested from wild-type mice 
and Sbno2 expression was analyzed by qPCR. (C) Structure of the Sbno2 gene, targeting vector, and predicted mutated allele. Open triangles indicate loxP 
sites. Closed boxes and numbers represent exons and exon numbers, respectively. P indicates the probe for Southern blotting. (D) Southern blotting analy-
sis of the offspring from heterozygote intercrosses. DNA was digested with XhoI and hybridized with the probe indicated in C. (E) RNA was extracted from 
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Other than RANKL, various cytokines and pathogen-
associated molecules are known to activate NF-B. NF-B 
controls the expression of proinflammatory cytokines in re-
sponse to pathogenic infection downstream of TLR (Akira 
et al., 2006). In contrast, IL-10 receptor signaling activates 
STAT3 and enhances the antiinflammatory response (Takeda 
et al., 1999). Recently, it was reported that IL-10 induces 
expression of the DExD/H helicase family corepressor straw-
berry notch homologue 2 (Sbno2) in a STAT3-dependent 
manner. Importantly, according to a luciferase reporter assay, 
Sbno2 represses NF-B but not IRF7 (El Kasmi et al., 2007). 
Thus, these findings indicate that Sbno2 is a negative regula-
tor of the proinflammatory cascade.

Despite its importance in NF-B activation, the in vivo role 
of Sbno2 and its pleiotropic functions are largely uncharacter-
ized. Here, we report the in vivo function of Sbno2 in fine-
tuning osteoclast fusion by regulating DC-STAMP expression.

RESULTS
Sbno2 is dispensable for NF-B activation
Sbno2 was found to be expressed in the spleen and bone mar-
row, and to a lesser extent in the kidney, liver, brain, skin, heart, 
and muscle (Fig. 1 A). Such findings indicate that Sbno2 is 
predominantly expressed in the hematopoietic system. Thus, 
we next examined the expression of Sbno2 in various hema-
topoietic cell types. Sbno2 expression levels in myeloid cells 
were significantly higher compared with those in T cells, B cells, 
and osteoblasts (Fig. 1 B). Among the myeloid cells, Sbno2 
expression was highest in osteoclasts (Fig. 1 B). Therefore, we 
focused on the role of Sbno2 in myeloid lineages. To evalu-
ate Sbno2 function, Sbno2/ mice were generated (Fig. 1, 
C–E) and the Sbno2 genotypes of offspring derived from 
heterozygous intercrosses are analyzed. We genotyped these 
offspring and observed a distribution of 28.2% +/+, 52.4% 
+/, and 19.4% /. Because no resorption of fetuses was 
observed (unpublished data), this distribution is enigmatic in 
view of the Mendelian ratio. To elucidate the cause of this 
abnormality, we analyzed the sex of offspring. The same num-
bers of male and female mice were observed among offspring 
derived from heterozygous intercrosses. Furthermore, female 
offspring were born in the expected Mendelian ratio. In con-
trast, the genotype distribution of male offspring was 30.8% 
+/+, 53.8% +/, and 15.4% / (unpublished data). This 
ratio implies the existence of distorted male transmission.

Apparent macro-morphological abnormalities were not 
observed (Fig. 1 F), although Sbno2/ mice exhibited slightly 
decreased body weight at 10 wk of age (Fig. 1 G). We also 
evaluated the bone marrow population of lymphoid and 
myeloid cells in Sbno2/ mice (Fig. 1 H), revealing that 
lineage development appeared to be normal in these mice. 
As previously reported, Sbno2 expression in M-CSF–derived 
macrophages (MDMs) was induced by LPS or IL-10, and 
was synergistically induced by both stimuli (Fig. 1 I). Thus, 
we next examined the ability of IL-10 to inhibit LPS- 
induced TNF production in wild-type and Sbno2/ MDMs. 
However, in contrast to our expectations, the suppressive ef-
fect of IL-10 on TNF production appeared to be comparable 
between wild-type and Sbno2/ MDMs (Fig. 1 J). Fur-
thermore, Sbno2 deficiency did not alter NF-B activation 
(Fig. 1 K) or proinflammatory cytokine production in response 
to various TLR ligands in MDMs (Fig. 1, L–N) and GM-
CSF–induced conventional DCs (not depicted). We also in-
travenously infected Sbno2/ and wild-type mice with 
Staphylococcus aureus to investigate whether Sbno2 had an ef-
fect on sepsis. As expected, Sbno2 deficiency had no effect 
on survival or proinflammatory cytokine production in re-
sponse to in vivo S. aureus acute infection (Fig. 1, O and P). 
Thus, these findings clearly indicate that Sbno2 is dispensable 
for NF-B activation and cytokine production both in vivo 
and in vitro.

Sbno2/ mice are osteopetrotic
At 4 wk of age, we observed no bone histomorphometric 
abnormality in Sbno2/ mice (Fig. 2, A–C). While flushing 
bone marrow cells from 10-wk-old mouse femurs to gener-
ate MDMs, we noticed that the femurs from Sbno2/ mice 
appeared to be stronger than those from wild-type mice. Such 
findings prompted us to precisely explore the role of Sbno2 in 
skeletal systems. Microcomputed tomographic (µ-CT) analy-
sis of femurs showed that Sbno2/ mice had osteopetrosis ac-
companied by a marked increase in trabecular bone volume 
and number compared with wild-type mice (Fig. 2, D and E). 
Histological sections of proximal tibias from Sbno2/ mice 
also exhibited increased trabecular bone volume and number 
(Fig. 2, F and G). Histomorphometric analysis revealed a signif-
icant reduction in the osteoclast surface/bone surface and eroded 
surface/bone surface ratio, but the osteoclast number/bone 
surface ratio was normal in Sbno2/ mice (Fig. 2, H and I). 

wild-type and Sbno2/ MDMs, and Sbno2 mRNA levels were measured by PCR. (F) Representative photographs of wild-type and Sbno2/ mice.  
(G) Body weights of 11-wk-old wild-type and Sbno2/ mice (*, P < 0.05; n = 4). (H) Bone marrow cells were prepared from wild-type and Sbno2/ mice, 
stained with the indicated antibodies, and analyzed by FACS. (I) MDMs from wild-type and Sbno2/ mice were cultured with LPS alone, IL-10 alone, or LPS 
plus IL-10 for 2 h. Sbno2 expression was analyzed by qPCR. (J) MDMs from wild-type and Sbno2/ mice were precultured with increasing concentrations 
of IL-10 for 18 h, and then incubated with LPS for 12 h. TNF concentrations were measured by ELISA. (K) The DNA-binding activity of NF-B in response 
to LPS was measured using a TransAM Transcription Factor Assay kit. (L–N) Wild-type and Sbno2/ MDMs were stimulated with various TLR ligands  
(20 ng/ml Pam3CSK, 300 µg/ml Poly(I:C), 100 ng/ml LPS, 50 nM R848, or 100 nM CpG DNA) for 12 h. Supernatant TNF (L), IL-6 (M), and IL-12 (N) levels 
were measured by ELISA. (O) S. aureus was intravenously injected into wild-type and Sbno2/ mice. Survival was monitored for 120 h after infection  
(n = 6). (P) Serum cytokine levels were determined at 24 h after S. aureus infection. Results are representative of three (A, B, and I–N) or two (O and P) inde-
pendent experiments. Error bars, SE. n = 3, unless indicated.
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Figure 2. Osteopetrotic phenotype of 10-wk-old Sbno2/ mice. (A) Representative µ-CT images of distal femurs from 4-wk-old Sbno2/ mice (top: 
longitudinal view; bottom: axial view of the metaphyseal region). (B) Bone morphometric analysis of femurs from A using µ-CT. (C) Osteoclast and bone for-
mation parameters in the metaphyseal portion in the metaphyseal portion of tibias. Oc.S/BS, osteoclast surface per bone surface; BFR, bone formation rate. 
(D) Representative µ-CT images of distal femurs from 10-wk-old wild-type and Sbno2/ mice (top: longitudinal view; middle: axial view of the metaphyseal 
region; bottom: three-dimensional view of the metaphyseal region). (E) Bone morphometric analysis of distal femurs using µ-CT. (F) Representative proximal 
portion of tibias. Bar, 0.5 mm. (G) Bone morphometric analysis of proximal tibias. (H) Osteoclast parameters in the metaphyseal portion of tibias from wild-type 
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We also confirmed that the nuclei/osteoclast ratio was decreased 
in Sbno2/ mice (Fig. 2 J). In contrast, ruffled border forma-
tion was normally observed in Sbno2/ osteoclasts (Fig. 2 K). 
These findings indicate that osteoclast fusion, but not differen-
tiation, might be diminished in Sbno2/ mice. Consistently, 
serum bone resorption marker levels of TRAP 5b (TRACP5b) 
and serum type 1 collagen cross-linked C-terminal telopeptide 
(CTX) were lower in Sbno2/ mice than those in wild-type 
mice (Fig. 2 L). Furthermore, serum levels of RANKL and 
alkaline phosphatase (ALP) were slightly, but not significantly, 
impaired (Fig. 2, M and O). Notably, Sbno2/ mice exhib-
ited a slight and significant decrease in osteoblast surface/
bone surface ratio, bone formation rate, and mineral apposi-
tion rate (Fig. 2 N). It has been well known that myotubes 

fuse to form myofibers, but Sbno2-deficient mice exhibited 
no morphological abnormality in femoral muscles (Fig. 2 P), 
indicating that cellular fusion of myotubes was normal. Next, 
to evaluate the importance of the osteoclastic Sbno2 deficiency 
to increased bone mass, we irradiated wild-type mice and recon-
stituted them with bone marrow from wild-type or Sbno2/ 
mice. Chimeric wild-type mice lacking Sbno2 in their hema-
topoietic system showed significantly increased bone volume 
per tissue volume and decreased osteoclast parameters with 
an unchanged bone formation rate (Fig. 3, A and B). Next, 
we irradiated Sbno2/ mice and reconstituted them with 
bone marrow from wild-type or Sbno2/ mice. As ex-
pected, chimeric knockout mice having wild-type bone mar-
row showed decreased bone volume per tissue volume and 

and Sbno2/ mice. Oc.S/BS, osteoclast surface per bone surface; Oc.N/BS, osteoclast number per bone surface. (I) Bone erosion parameters in the metaphyseal 
portion of tibias from wild-type and Sbno2/ mice. ES/BS, eroded surface per bone surface. (J) Numbers of nuclei per osteoclast in the trabecular area of 
tibias (top: TRAP staining of the metaphyseal portion of tibias) (K) Ruffled border formation of osteoclast in 10-wk old Sbno2/ mice. Arrowheads, osteo-
clasts. Bar, 5 µm. (L) Serum concentrations of TRACP5b and CTX in 10-wk-old wild-type and Sbno2/ mice. (M) Serum concentrations of RANKL and OPG in 
10-wk-old wild-type and Sbno2/ mice. (N) Osteoblast and bone formation parameters in the metaphyseal portion of tibias from 10-wk-old wild-type and 
Sbno2/ mice. Ob.S/BS, osteoblast surface per bone surface; BFR, bone formation rate; MAR, mineral apposition rate. (O) Serum concentrations of ALP in  
10-wk-old wild-type and Sbno2/ mice. (P) Muscle tissues from 10-wk-old wild-type and Sbno2/ mice were dissected from wild-type and Sbno2/ mice, 
and stained by H&E (top: longitudinal view; bottom: axial view of the femoral muscle). Bar, 50 µm. BV/TV, bone volume per tissue volume; Tb.Th, trabecular 
bone thickness; Tb.N, trabecular bone number; Tb.Sp, trabecular bone spacing. Error bars, SE. *, P < 0.05, n = 4–5/group.

 

Figure 3. Increased bone mass in Sbno2/ mouse is solely due to osteoclasts. (A) 4-wk-old wild-type or Sbno2/ mice were radiated and recon-
stituted with bone marrow from wild-type or Sbno2/ mice. After 7 wk, bone morphometric analysis of proximal tibias was performed. (B) Osteoclast 
and osteoblast parameters from proximal tibias in A. BV/TV, bone volume per tissue volume; Tb.Th, trabecular bone thickness; Tb.N, trabecular bone num-
ber; Tb.Sp, trabecular bone spacing. Oc.S/BS, osteoclast surface per bone surface; Ob.N/BS, osteoblast number per bone surface; Ob.S/BS, osteoblast sur-
face per bone surface; BFR, bone formation rate. Error bars, SE. *, P < 0.05, n = 3–4/group. Results are representative of two independent experiments.
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formation, compared with wild-type osteoblasts (Fig. 4, A–D). 
We also studied the population of mesenchymal stem cells 
(MSCs) from femurs and found that the Sbno2 deficiency had 
no effect on the expression levels of MSC markers (Fig. 4 E). 
In contrast, Sbno2/ MSC-derived osteoblasts exhibited a 
slight impairment of differentiation (Fig. 4, F–I). Next, because 
Sbno2 is a Notch-related gene, we examined the expression 
levels of Notch family genes and found that the Jagged1 expres-
sion level was lower in Sbno2-deficient calvarial osteoblasts 
than in wild-type osteoblasts (Fig. 4 J). It was recently reported 
that Jagged1 enhances osteoblastogenesis (Nobta et al., 2005; 

increased osteoclast parameters with an unchanged bone for-
mation rate (Fig. 3, A and B). Thus, these findings clearly indicate 
that the increased bone mass in mice with Sbno2 deficiency 
is solely a result of osteoclasts, and Sbno2/ mice suffer from 
low-turnover osteopetrosis.

Impaired osteoblastogenesis in Sbno2/ mice
Next, to check whether osteoblastogenesis of Sbno2/ cells 
is abnormal, we cultured calvarial osteoblasts and found that 
Sbno2/ osteoblasts exhibited a 20% decrease in the ex-
pression levels of Runx2 and ALP, as well as in bone nodule 

Figure 4. Impaired differentiation in Sbno2/ osteoblasts. (A) Calvariae from wild-type and Sbno2/ mice were treated with an osteoblast-inducer 
reagent for 20 d. Representative images of calcified nodules and ALP activities are indicated. (B and C) Calvariae from wild-type and Sbno2/ mice were 
treated with an osteoblast-inducer reagent for the indicated number of days. ALP (B) and calcium (C) concentrations were measured. (D) qPCR analysis of 
Runx2, ALP, RANKL, and OPG in calvarial cells from A. (E) Immunophenotypic characterization of MSCs from wild-type or Sbno2/ compact bone. (F) MSCs 
from wild-type and Sbno2/ mice were treated with an osteoblast-inducer reagent for 20 d. Representative images of calcified nodules and ALP activi-
ties are indicated. (G and H) MSCs from wild-type and Sbno2/ mice were treated with an osteoblast-inducer reagent for the indicated number of days. 
ALP (G) and calcium (H) concentrations were measured. (I) qPCR analysis of Runx2, ALP, RANKL, and OPG in MSC-derived cells from F. (J) qPCR analysis of 
Jagged-1 in calvarial osteoblasts from wild-type and Sbno2/ mice. (K) Calvariae from Sbno2/ mice stimulated with plate-bound Jagged1-Fc or con-
trol IgG. After incubation with an osteoblast-inducer reagent for 15 d, calcified nodules were stained. (L) Calcium concentrations in K were measured. 
Results in all panels are representative of two independent experiments. Error bars, SE. *, P < 0.05, n = 3.
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Impaired fusion in Sbno2/ osteoclasts
To evaluate the role of Sbno2 in osteoclastogenesis, we ana-
lyzed in vitro osteoclastogenesis using wild-type and Sbno2/ 
MDMs (Fig. 5, A–C). We treated MDMs with increasing 
concentrations of RANKL, and TRAP-positive multinucleated 
cells were identified as mature osteoclasts after 4 d. RANKL-
induced osteoclastogenesis (Fig. 5, A–C) and actin ring for-
mation (Fig. 5 G) were impaired in Sbno2/ cells, compared 
with those in wild-type cells. Although the number of bone 

Osathanon et al., 2013). To determine if Jagged1 stimulation 
could rescue the impaired osteoblast differentiation resulting 
from Sbno2 deficiency, we cultured Sbno2-deficient calvarial 
osteoblasts on recombinant Jagged1-Fc protein-coated dishes. 
Notably, Jagged1 stimulated Sbno2/ osteoblasts to exhibit 
increased differentiation and bone nodule formation (Fig. 4, 
K and L). These findings indicate that not only is osteoclast 
formation impaired, but osteoblastogenesis is partially decreased 
in Sbno2/ cells.

Figure 5. Impaired multinucleation of Sbno2/  
osteoclasts. (A) MDMs from wild-type and Sbno2/ mice 
were cultured in the presence of the indicated RANKL con-
centrations. Representative TRAP staining is shown. Bar,  
200 µm. (B) MDMs from wild-type and Sbno2/ mice were 
cultured in the presence of the indicated RANKL concentra-
tions. After 4 d, TRAP+ MNCs (more than three nuclei) were 
counted. (C) MDMs from wild-type and Sbno2/ mice were 
cultured in the presence of 50 ng/ml RANKL, and sequential 
TRAP staining was performed to count the numbers of osteo-
clasts. (D) Apoptosis of wild-type and Sbno2/ MDMs.  
Caspases were stained using a Poly Caspase Assay kit  
(ImmunoChemistry Technologies), and the numbers of  
caspase-positive cells were counted under a fluorescence 
microscope. (E) Analysis of wild-type and Sbno2/ MDMs 
using the F4/80 and CD11b markers. (F) Resorption pits (ana-
lyzed by scanning electron microscope, arrowheads) from 
wild-type and Sbno2/ osteoclasts. MDMs were plated on 
dentine slice and cultured with 50 ng/ml RANKL for 5 d. Pit 
numbers and multinucleated cell numbers were counted 
(middle). Resorption area (right) was determined using Image J. 
Bar, 100 µm. (G) F-actin was stained with phalloidin. Bars: 
(left) 100 µm; (right) 5 µm. (H) MDMs from wild-type and 
Sbno2/ mice were cultured in the presence of 25, 50, or  
75 ng/ml RANKL. After 4 d, the number of nuclei in TRAP+ 
cells was analyzed. (I) Bone marrow cells (OC) and calvariae 
(OB) were cocultured in the presence of 1,25(OH)2D3 for 
8 d. TRAP+ MNCs were counted. (J) MDMs from wild-type and 
Sbno2/ mice were cultured in the presence of 100 ng/ml 
IL-4. After 4 d, TRAP+ MNCs (more than three nuclei) were 
counted. Arrowheads indicate MNCs. (K) In vivo foreign body 
formation was induced by subcutaneous insertion of cover-
slips. After 4 d, coverslips were harvested and stained by 
hematoxylin and eosin. MNCs/ coverslips (n = 6) and num-
bers of nuclei/MNC (wild-type: n = 45, Sbno2/: n = 31) 
were quantified. Arrowheads indicate MNCs. Results are 
representative of four (A–C) or three (D–J) independent experi-
ments. Error bars, SE. *, P < 0.05, n = 4, unless indicated.
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decreased numbers of nuclei and were smaller in size (Fig. 5 H). 
This defect was not due to a failure of osteoclast precursor 
characters (Fig. 5, D and E) or Sbno2/ osteoblasts to support 
osteoclast differentiation but appeared to result from the loss 
of Sbno2 in MDMs (Fig. 5 I). Additionally, giant cell multi-
nucleation induced in vitro by IL-4 and foreign body giant cell 
multinucleation induced in vivo by subcutaneous insertion of 

resorption pits generated by Sbno2/ osteoclasts was signifi-
cantly reduced (Fig. 5 F), to an extent that was correlated with 
the reduction in TRAP+ multinuclear cell (MNC) numbers 
(Fig. 5 F), the area of resorption pits generated by the Sbno2/ 
osteoclasts was similar to that generated by wild-type osteoclasts 
(Fig. 5 F). Thus, these data suggest that Sbno2/ osteoclasts 
are functionally normal. Notably, Sbno2/ osteoclasts had 

Figure 6. Osteoclast differentiation markers are normal 
in Sbno2/ osteoclasts. (A) MDMs from wild-type and 
Sbno2/ mice were cultured in the presence of 50 ng/ml 
RANKL. Cells were harvested in the indicated times, and 
TRAP, CTSK, calcitonin receptor, Jdp2, c-Fos, NFATc1, c-Src, 
CSK, CD44, Atp6v0d2, OC-STAMP, and 3-integrin levels 
were measured by qPCR. (B) qPCR analysis of Prdm1, Irf8, 
and Bcl6 levels in wild-type and Sbno2/ MDMs stimulated 
with 50 ng/ml RANKL for 84 h. (C) MDMs from wild-type and 
Sbno2/ mice were cultured in the presence of 50 ng/ml 
RANKL. Cells were harvested in the indicated times, and  
ephrin B2 and Sema4D levels were measured by qPCR. Results 
are representative of three (A and B) or two (C) independent 
experiments. Error bars, SE, n = 3.
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coverslips were impaired in Sbno2/ mice (Fig. 5, J and K). 
We also examined the expression levels of various osteoclas-
togenic genes using qPCR. At every time point, the expres-
sion levels of TRAP, CTSK, calcitonin receptor, Jdp2, c-Fos, 
NFATc1, c-Src, c-Src tyrosine kinase (CSK), CD44, Atp6v0d2, 
OC-STAMP, and 3-integrin were almost comparable between 
Sbno2-deficient osteoclasts and wild-type controls (Fig. 6 A). 
Furthermore, expression levels of Blimp1, which is the nega-
tive regulator of osteoclastogenesis, and its target genes (Ifr8 
and Bcl6) were normal (Fig. 6 B). Additionally, we examined 
the expression levels of osteoclast–osteoblast coupling factors, 
such as ephrin B2 and Sema4D, and found them to be com-
parable between Sbno2-deficient osteoclasts and wild-type 
controls (Fig. 6 C). These findings strongly support the idea 
that osteoclast fusion, but not differentiation, is diminished in 
Sbno2/ mice.

Sbno2 regulates DC-STAMP expression
The expression level of Sbno2 was significantly increased after 
RANKL stimulation in MDMs (Fig. 7 A). This transcrip-
tional induction was dependent on c-Fos and its downstream 
target Jdp2 (based on c-Fos siRNA knockdown and analysis 
of Jdp2-deficient cells, Fig. 7, B and C) but not on NFATc1 
(based on NFATc1 inhibition by FK506 treatment, Fig. 7 D). 
To reveal the mechanisms underlying the decreased fusion 
resulting from Sbno2 deficiency, we evaluated the activation 
of RANKL signaling. First, to rule out the possibility that dif-
ferential RANK and c-fms expression was responsible for the 
abnormal phenotype in Sbno2/ mice, we examined their 
expression levels in MDMs (Fig. 7 E). RANK and c-fms mRNA 
levels were comparable between wild-type and Sbno2/ 
MDMs (Fig. 7 E). We also evaluated the activation of NFATc1 
and NF-B in response to RANKL, revealing that DNA bind-
ing of these transcription factors to their promoter was normal in 
Sbno2/ MDMs (Fig. 7 F). Next, we quantified RANKL-
induced calcium oscillations in wild-type and Sbno2/ MDMs 
(Fig. 7 G). However, no difference was identified between 
genotypes (Fig. 7 G). In contrast, the level of DC-STAMP, a 
molecule critical for osteoclast fusion, was drastically decreased  
in Sbno2/ osteoclasts (Fig. 7 H). As expected, DC-STAMP 
expression was also decreased in Jdp2/ osteoclasts (Fig. 7 B). 
To gain an insight into the mechanism underlying the regula-
tion of DC-STAMP by Sbno2, we first examined the MITF 
occupancy of the DC-STAMP promoter (Fig. 7 I). MITF is 
a critical transcription factor for DC-STAMP induction 
(Courtial et al., 2012) and, as predicted, MITF binding to the 
DC-STAMP promoter was impaired in Sbno2/ osteoclasts 
(Fig. 7 I). It was recently reported that the transcription factor 
Tal1 is present on the DC-STAMP promoter, inhibiting its 
access by MITF (Courtial et al., 2012). Tal1 occupancy of the 
DC-STAMP promoter was decreased after RANKL stimula-
tion in wild-type MDMs (Fig. 7 I). In contrast, such occu-
pancy was sustained in response to RANKL stimulation in 
Sbno2/ MDMs (Fig. 7 I). DC-STAMP expression is also 
known to be regulated by PU.1, NFATc1, c-Fos, and NF-B, 
but the recruitment of these transcription factors to the 

DC-STAMP promoter was almost comparable between Sbno2-
deficient osteoclasts and wild-type controls (Fig. 7 I). To exam-
ine whether increased DC-STAMP expression could rescue 
the fusion defect in Sbno2/ cells, Sbno2/ MDMs were 
transduced with a DC-STAMP retrovirus, and then stimulated 
by RANKL (Fig. 6, J–L). Notably, DC-STAMP–transduced 
Sbno2/ MDMs generated significantly more and larger osteo-
clasts than Sbno2/ MDMs, with the number and size of osteo-
clasts produced being comparable with the number and size of 
those produced by wild-type MDMs (Fig. 6, J–L). Collectively, 
these findings clearly indicate that the impaired DC-STAMP 
expression is the cause of the fusion defect in Sbno2/ osteo-
clasts. Next, because Tal1 binding on the DC-STAMP pro-
moter was sustained in response to RANKL stimulation in 
Sbno2/ MDMs, we predicted that Sbno2 may inhibit Tal1 
occupancy of the DC-STAMP promoter, and such a hypoth-
esis prompted us to examine binding of Sbno2 to Tal1. Intrigu-
ingly, an association between Sbno2 and Tal1 was identified 
by immunoprecipitation of extracts from mouse primary MDMs 
(Fig. 7 M). Additionally, it seems that conserved domains in 
Sbno2 (aa 1-100, P loop containing NTP hydrolase pore 1;  
aa 501-1,000, DExD/H box groups helicase C domains) are not 
required for the interaction to Tal1 (Fig. 7 N). Furthermore, 
knockdown of Tal1 in Sbno2/ MDMs significantly rescued 
the fusion deficiency in response to RANKL stimulation 
(Fig. 7, O–R). Based on these data, we further examined the 
effect of Sbno2 on the transcriptional activity of MITF. For 
this experiment, we used a luciferase reporter plasmid driven 
by the DC-STAMP promoter (Fig. 7 S). Only overexpres-
sion of MITF activated this promoter, whereas simultaneous 
expression with Tal1 reduced the promoter activity to control 
levels (Fig. 7 S). In contrast, simultaneous expression of Tal1 
and Sbno2 significantly cancelled the inhibitory effect of Tal1 
on the DC-STAMP promoter (Fig. 7 S). Together, these 
findings imply that Sbno2 inhibits the DC-STAMP repressive 
activity of Tal1 by directly binding to Tal1 and enhancing 
MITF access to the DC-STAMP promoter.

DISCUSSION
In contrast to the normal host defense and NF-B activation, 
Sbno2/ mice exhibited a severe osteopetrotic phenotype. 
Histomorphometric analysis indicated a reduction in the osteo-
clast surface/bone surface ratio in Sbno2/ mice. In vitro 
RANKL-induced osteoclast multinucleation was also impaired, 
but activation of osteoclastogenic transcription factors such as 
NFATc1, NF-B, and c-Fos was normal in Sbno2/ cells. 
Furthermore, our data demonstrated that expression of DC-
STAMP, a molecule critical for osteoclast fusion, was reduced 
in Sbno2/ cells, and that impaired cell fusion of Sbno2/ 
osteoclasts was rescued by DC-STAMP. Unfortunately, the 
meaning of the discrepancy between the TLR-induced NF-
B activation levels in Sbno2-deficient cells and the implica-
tions of previous in vitro Sbno2 overexpression reporter assays 
is enigmatic. However, the possibility that Sbno2 plays some 
role in IL-10 responses in some cell types cannot be ruled out. 
Further cell type–specific studies are needed to identify the 
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Figure 7. Sbno2 plays a key role in fine tuning DC-STAMP expression. (A) MDMs from wild-type mice were treated with 100 ng/ml RANKL for the 
indicated times. Sbno2 mRNA levels were measured by qPCR. (B) qPCR analysis of Jdp2, TRAP, DC-STAMP, and Sbno2 in wild-type and Jdp2/ MDMs 
stimulated with 50 ng/ml RANKL. (C) MDMs were transfected with control siRNA (cont) or c-Fos–specific siRNA (siFos) and stimulated with 50 ng/ml RANKL. 
c-Fos and Sbno2 levels were measured by qPCR. (D) MDMs were treated with 3 µg/ml FK506 (FK506) or DMSO (cont) and stimulated with 50 ng/ml 
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importance of Sbno2 within the signaling pathways of the 
innate immune system.

It has been reported that bone remodeling in DC-STAMP–
deficient mice is regulated in an uncoupled manner, and de-
creased bone resorption and increased bone formation are 
observed (Iwasaki et al., 2008). However, despite decreased 
DC-STAMP expression, the bone metabolism in Sbno2/ 
mice appeared to be regulated in a coupled manner because 
of the decreased osteoblastogenesis. Thus, the osteopetrosis 
in Sbno2/ mice was caused by decreased bone turnover. Fur-
thermore, our findings indicate that the expression level of 
Jagged1 is decreased in Sbno2-deficient osteoblasts, and Jagged1 
stimulation could prevent the differentiation impairment of 
Sbno2-deficient osteoblasts. Unfortunately, we cannot explain 
the precise mechanisms underlying the impaired expression 
of Jagged1 in Sbno2-deficient osteoblasts. Further studies are 
needed to explore the role of Sbno2 in osteoblasts, but our 
discoveries provide a motivation for studies aimed at elucidat-
ing the importance of Sbno2 in mesenchymal lineages. Ad-
ditionally, despite DC-STAMP–deficient mice exhibiting no 
reproductive defects (Yagi et al., 2005), a partial distortion of 
male transmission frequency was suspected among offspring 
derived from Sbno2 heterozygous intercrosses. Furthermore, 
it has been reported that cellular fusion process is important 
in some tissues such as uterus and fertilization of egg. Thus, 
our observations clearly indicate the importance of Sbno2 
in osteoclast fusion and also suggest the need to identify the 
importance of Sbno2 in other fusion tissues.

In this study, we found that Sbno2 inhibited the DC-
STAMP–repressive activity of Tal1 by directly binding to Tal1 
and enhancing MITF access to the DC-STAMP promoter. 
During osteoclastogenesis, the protein level of Tal1 was sig-
nificantly elevated. In contrast, Tal1 occupancy of the DC-
STAMP promoter was decreased after RANKL stimulation 
(Courtial et al., 2012). Because the expression level of Sbno2 
was increased during osteoclastogenesis, it is plausible that the 
Sbno2 level regulates Tal1 binding to the DC-STAMP pro-
moter. Further investigation is needed aimed at providing 
a precise mechanistic understanding of Sbno2’s function in 

osteoclastogenesis, but our data clearly indicate that Sbno2 
plays a key role in fine-tuning osteoclast fusion, and they pro-
vide a basis for Sbno2-targeted therapeutic approaches to treat 
osteoporosis without affecting the innate immune system.

MATERIALS AND METHODS
Generation of Sbno2/ mice. A gene-targeting vector containing three 
LoxP sites flanking exons 19–25, a neomycin resistance cassette, and the gene 
encoding herpes simplex virus thymidine kinase, driven by the promoter of 
the gene encoding phosphoglycerate kinase, was constructed (Fig. 1 C). The 
targeting vector was electroporated into embryonic stem cells and clones re-
sistant to G418 and ganciclovir were screened for homologous recombina-
tion by PCR. Chimeric progeny were crossed with the CAG-Cre deleter 
strain to generate null animals. Sbno2/ mice on the 129Sv x C57BL/6 
background and their littermate were used. Southern blot analysis was also 
performed and mRNA levels of Sbno2 in macrophages were confirmed by 
PCR (Fig. 1, D and E). All animal experiments were performed with the 
approval of the Animal Research Committee of the Research Institute for 
Microbial Diseases (Osaka University).

Generation of bone marrow chimeric mice. 1 × 107 10-wk-old bone 
marrow cells from Sbno2/ and control wild-type mice were intravenously 
injected into lethally irradiated 4-wk-old recipient mice. Mice were ana-
lyzed at 7 wk after bone marrow transplantation.

Cells, pathogens, and reagents. B cells and T cells were isolated from sple-
nocytes by positive selection with anti-B220 and anti–Thy-1.2 magnetic beads 
(Miltenyi Biotec), respectively. Splenic DCs were isolated by positive selection 
with anti-CD11c magnetic beads (Miltenyi Biotec). Splenic CD11b+ macro-
phages were sorted by a FACSAria (BD). Antibodies for FACS analysis were 
purchased from BD, and cells were stained with the indicated antibodies. 
Data were acquired with a FACSCalibur (BD) and analyzed by Tree Star. 
S. aureus 834, designated here as S. aureus, was provided by A. Nakane (Hirosaki 
University School of Medicine, Aomori, Japan). S. aureus was cultured on tryp-
tic soy broth agar plates at 37°C for 24 h before use. Recombinant mouse 
Jagged-1:Fc chimeric protein was purchased from Enzo Life Sciences. Lipopoly-
saccharide from Salmonella minnesota strain Re-595 was purchased from Sigma-
Aldrich. Poly(I:C) was purchased from GE Healthcare. MALP-2 was prepared 
as previously described (Takeuchi et al., 2000). R-848 was provided by the 
Pharmaceuticals and Biotechnology Laboratory of the Japan Energy Corpo-
ration (Toda, Saitama, Japan). The CpG oligonucleotide (Kawagoe et al., 2008) 
and a synthetic N-palmitoyl-S-dipalmitoylglyceryl (Pam3) Cys-Ser-(Lys)4 
(CSK4; Takeuchi et al., 2002) were generated as described previously. The 
TRACP5b ELISA kit (Immunodiagnostic Systems), cross-linked C-telopeptide 
of Type I collagen (CTX) ELISA kit (USCN Life Science), RANKL ELISA 

RANKL. NFATc1 and Sbno2 levels were measured by qPCR. (E) RANK and c-fms mRNA levels in unstimulated MDMs from wild-type and Sbno2/ mice 
were measured by qPCR. (F) MDMs from wild-type mice were treated with 150 ng/ml RANKL for the indicated times. Nuclear extracts were harvested and 
DNA-binding activity of NFATc1 and NF-B p65 were measured using a TransAM Transcription Factor Assay kit. (G) MDMs from wild-type and Sbno2/ 
mice were treated with 100 ng/ml RANKL for 24 h and Ca2+ imaging was performed. Three representative traces of change in the fura-2 fluorescence 
ratio in cells are shown. (H) qPCR analysis of DC-STAMP level in wild-type and Sbno2/ MDMs stimulated with 50 ng/ml RANKL for the indicated num-
ber of hours. (I) Chromatin immunoprecipitation analyses with indicated antibodies of lysates from wild-type and Sbno2/ MDMs stimulated with or 
without 100 ng/ml RANKL for 84 h. DNA fragments of the DC-STAMP promoter region were detected by PCR. (J–L) Effect of exogenous DC-STAMP 
expression on the osteoclastogenesis of Sbno2/ MDMs stimulated with 50 ng/ml RANKL for 4 d. Nuclei numbers (J) in TRAP+ cells were analyzed (n = 4).  
DC-STAMP expression levels were measured by qPCR (K) and representative TRAP staining is shown (L). (M) Immunoprecipitation of wild-type MDM 
lysates. After anti-Tal1 and control IgG immunoprecipitation, immunoprecipitates were analyzed by Western blotting with anti-Sbno2 and anti-Tal1 anti-
bodies. Sbno2/ MDMs were also used as Input. (N) Association between Sbno2 and Tal1 was analyzed by coimmunoprecipitation. HEK293T cells were 
transfected with the following constructs: Sbno2 1–500 Flag (aa residues 1–500), Sbno2 501–1000 Flag (aa residues 501–1,000), Sbno2 1001–1349 (aa resi-
dues 1,001–1,349), and Tal1 Myc. (O–R) Effect of Tal1 knockdown on the osteoclastogenesis of Sbno2/ MDMs stimulated with 50 ng/ml RANKL for 4 d. 
Nuclei numbers (O) in TRAP+ cells were analyzed (n = 4). DC-STAMP expression levels were measured by qPCR (P) and Western blotting (Q). Representative 
TRAP staining is shown (R). (S) Luciferase assays examining the effects of Sbno2 on the transcriptional activity of DC-STAMP. Results are representative of 
three (A–E and H–S) or two (F and G) independent experiments. Error bars, SE. *, P < 0.05, n = 3 unless indicated.
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ReverTra Ace (Toyobo Co., Ltd.). Quantitative real-time PCR (qPCR) 
was performed with an ABI PRISM 7500 using TaqMan Assay-on-demand 
primers (Applied Biosystems).

Intracellular calcium imaging. MDMs were plated on poly-l-lysine–coated 
glass-bottom dishes and loaded with 5 µM Fura-2/AM for 30 min in loading 
solution (115 mM NaCl, 5.4 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 20 mM 
Hepes, and 10 mM glucose, pH 7.42). Fura-2 fluorescence images were ana-
lyzed as described previously (Kuroda et al., 2008).

Viral gene transfer/knockdown. DC-STAMP was cloned into the ret-
roviral vector pMX-IRES. The construct was transfected into the packaging 
cell line PlatE, and viral supernatants were collected. Retroviral gene trans-
duction of bone marrow cells was performed as previously described (Satoh 
et al., 2010). After transduction, cells were cultured for 3 d with M-CSF and 
then stimulated with RANKL for an additional 4 d to induce osteoclasts. 
Tal1 shRNA lentiviral particles (Santa Cruz Biotechnology, Inc.) and con-
trol shRNA lentiviral particles (Santa Cruz Biotechnology, Inc.) were pur-
chased. For lentiviral gene transfer, MDMs were plated and virus was added 
to the well with polybrene. After 20 h, cells were stimulated with RANKL 
for an additional 4 d to induce osteoclasts.

Immunoblotting, immunoprecipitation, and chromatin immuno-
precipitation assay. For immunoprecipitation, precleared cell lysates were 
incubated with protein A–Sepharose (GE Healthcare) containing 3 µg anti-
Tal1 antibodies (H-60; Santa Cruz Biotechnology, Inc.) or rabbit polyclonal 
IgG (Y-11; Santa Cruz Biotechnology, Inc.) for 1 h at 4°C. The immunoprecipi-
tants were washed, eluted, and then analyzed by Western blotting as described 
previously (Kawagoe et al., 2009). Proteins were detected using anti-Tal1 
and anti-Sbno2 (K-15; Santa Cruz Biotechnology, Inc.) antibodies. Chro-
matin immunoprecipitation was performed as previously described (Satoh 
et al., 2010). After cells were fixed, chromatin was precipitated using anti-
MITF (Abcam), anti-Tal1 (Abcam), anti-PU.1 (Santa Cruz Biotechnology, 
Inc.), anti–c-Fos (K25; Santa Cruz Biotechnology, Inc.), anti-NFATc1 (7A6; 
Santa Cruz Biotechnology, Inc.), and anti–NF-B (C-20; Santa Cruz Bio-
technology, Inc.) antibodies. Precipitated DNA was analyzed by PCR using 
primers that detect sequences containing the dc-stamp promoter, specifically: 
for MITF and Tal-1, 5-GAGCTATGGGCTCATCCAGAAATC-3 and 
5-AACTGGAAAAAGGAGCCACAGGTT-3; for c-Fos and NFATc1, 
5-GGGGGTCCTCATTTCTACAACTCAT-3 and 5-GCCACATCAC-
CCTGAATCAATCTT-3; for PU.1, 5-GAGCTATGGGCTCATCCA-
GAAATC-3 and 5-AACTGGAAAAAGGAGCCACAGGTT-3; and for 
NF-B, 5-AATGCTATCCCCAAAGTCCCCTAT-3 and 5-CTCGCG-
AAGATCATACGCTCTAGT-3 (Yagi et al., 2007; Courtial et al., 2012).

Luciferase reporter assay. The mouse DC-STAMP reporter plasmid has 
been described previously (Yagi et al., 2007). RAW264.7 cells were trans-
fected with the DC-STAMP reporter plasmid and pCMV-RHL, as well as 
Tal-1, Sbno2, and MITF expression vectors using Lipofectamine 2000 
(Invitrogen). After 36 h, luciferase activities of total cell lysates were mea-
sured using a Dual-Luciferase Reporter Assay System (Promega) as described 
previously (Iwasaki et al., 2011).

Statistical analysis. Student’s t test was used to evaluate statistical signifi-
cance, with significance set at P < 0.05. For survival curves, two groups were 
compared using a log-rank test.
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kit (MTR00; R&D Systems), and OPG ELISA kit (MOP00; R&D Systems) 
were purchased. ELISA kits for IL-6, TNF, and IL-12 were purchased from 
R&D Systems. The ALP quantification kit was purchased from LabAssay 
(Wako). Nuclear extracts were prepared as described previously (Kawagoe 
et al., 2009), and the DNA-binding activities of NF-B p65 and NFATc1 were 
analyzed by a TransAM Transcription Factor Assay kit (Active Motive).

Analysis of bone phenotype. To measure bone formation, double calcein  
labeling was performed. We intraperitoneally injected calcein (16 mg/kg body 
weight; Wako) into mice and repeated the dose 72 h later. We killed the mice 
24 h after the second injection, and femurs were fixed with 70% ethanol before 
being subjected to morphometric analysis. Three-dimensional µ-CT analysis of 
femurs was conducted using a Scan-Xmate RB080SS110 system (Comscan 
Techno Co., Ltd) and bone structural indices were measured using TRI/3D-
Bon software (Ratoc System Engineering Co., Ltd). Bone micro-architectural 
parameters were analyzed in the trabecular regions from 0.1 to 1.5 mm away 
from the chondro-osseous junction. For histomorphometric analysis, tibias were 
fixed with 70% ethanol, stained with Villanueva Bone Stain (Wako), and then 
embedded in MMA. Serial longitudinal sections (6-mm thickness) were pre-
pared using a microtome RM2255 (Leica) and then analyzed by a Histometry 
RT Camera (System Supply Co., Ltd). Bone morphometric parameters were 
defined as previously described (Parfitt et al., 1987).

In vivo infection. S. aureus was cultured in tryptic soy broth for 15 h at 
37°C. Mice were infected intravenously with 0.2 ml of a PBS solution con-
taining 3 × 107 S. aureus cells. Mice were monitored for 5 d, and serum cyto-
kine levels were measured as previously described (Maruyama et al., 2007).

Osteoclast/osteoblast culture and functional evaluation. MDMs were 
generated as described previously (Maruyama et al., 2006) and induced to 
differentiate into osteoclasts in the presence of 25 ng/ml M-CSF and various in-
cubation times and concentrations of RANKL (R&D Systems). TRAP staining 
was performed as described previously (Maruyama et al., 2012b). For the pit 
assay, MDMs were cultured on dentine slices (Wako). After 5 d, plates were im-
mersed for 3 h in 1 M NH4OH, and resorption pits were observed by scan-
ning electron microscopy (MiniScope TM-1000; Hitachi). Calvariae from 
2-d-old mice were digested in -MEM containing 0.1% collagenase and 0.2% 
dispase at 37°C for 20 min. MSCs from femur compact bone were harvested,  
as previously described (Zhu et al., 2010). Calvarial cells or MSCs were then ex-
panded in -MEM containing 10% FCS. For induction of osteoblastogenesis, 
primary calvarial cells were plated and medium supplemented with an osteo-
blast-inducer reagent was added (Takara Bio Inc.). In some experiments, culture 
plate–bound Jagged-1:Fc chimeric protein (Enzo Life Sciences) or control IgG 
was fabricated using a previously described indirect affinity immobilization 
method (Beckstead et al., 2006, 2009) and calvarial cells were plated on it. The 
osteoblast-inducer reagent–containing medium was changed every 3 d. After 7 
or 20 d, calcified nodules and ALP were stained using a Calcified Nodule Stain-
ing kit (AK-21; Primary Cell) and a TRAP/ALP staining kit (Wako), respec-
tively. Calcified nodules were dissolved in 0.5 M HCl solution and calcium 
concentration was measured using a kit (Metalloassay LS-MPR; AKJ Global 
Technology). For osteoclast/osteoblast co-culture, bone marrow cells (3 × 105) 
and primary calvarial osteoblasts (5 × 105) were isolated and cultured in 
24-well plates containing -MEM supplemented with 10% FCS for 8 d in 
the presence of 10 nM 1,25(OH)2D3. After the culture, the cells were fixed 
and stained for TRAP to evaluate the numbers of osteoclasts.

Giant cell formation. For in vitro giant cell formation, MDMs were cul-
tured in the presence of 50 ng/ml M-CSF. After 3 d, 100 ng/ml IL-4 (Pepro-
Tech) was added and cultured for additional 4 d. Giant cell formation in vivo 
was induced as previously described (Gonzalo et al., 2010). In brief, 12-mm-
diameter coverslips were implanted subcutaneously in the backs of mice. 
After 4 d, coverslips were harvested and stained by hematoxylin and eosin.

Quantitative real-time PCR analysis. RNA was extracted from cells 
using TRIzol (Invitrogen), and reverse transcription was performed using 
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