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Introduction
Various endogenous and exogenous factors, including hypoxia, 
starvation, oxidative stress, and protein synthesis overload, lead to 
an accumulation of unfolded proteins in the ER lumen, a condition 
referred to as ER stress. To comply with the burden in the ER and to 
normalize its functions, cells are equipped with machinery called the 
unfolded protein response (UPR). In mammalian cells, there are 3 
major ER stress sensors that regulate the homeostasis of ER functions 
and ER stress–induced cell death (1–6): activating transcription factor 
6 (ATF6), pancreatic ER kinase (PERK), and serine/threonine-protein  
kinase/endoribonuclease inositol-requiring protein-1α (IRE1α). 
IRE1α is a transmembrane protein that is localized in the ER and har-
bors both a kinase domain and an endonuclease domain in its cyto-
plasmic tail. Upon stimulation by ER stress, IRE1α processes X-box–
binding protein (Xbp1) transcripts, resulting in a splice variant of Xbp1 
mRNA (Xbp1s) (7). Xbp1s mRNA encodes the transcription factor 
XBP1s, which induces an array of genes involved in the recovery of 
ER functions (8, 9). The IRE1α/XBP1 pathway is the most evolution-
arily conserved branch of the UPR (4); however, past studies revealed 
that this pathway also possesses functions that are not directly relat-
ed to the UPR, including the regulation of innate immunity, energy 
metabolism, and cell differentiation (8, 10–15). These observations 
suggest that the IRE1α/XBP1 pathway is a critical component that 
integrates the UPR with the regulation of various cell-fate decisions.

Osteoclasts are derived from the monocyte/macrophage cell 
lineage and are essential for bone resorption and remodeling 
(16–18). Osteoclastic activity is intricately regulated by various 
hormones and cytokines to balance bone resorption with the for-
mation of mineralized bone by osteoblasts. The coupling of bone 
resorption and bone formation is critical for the maintenance and 
homeostasis of the skeletal system, and its deterioration often 
results in overt osteolytic activity, leading to pathological condi-
tions such as osteoporosis, bone metastasis, and arthritic bone 
destruction (19–21). Therefore, understanding how the differenti-
ation and activity of osteoclasts are regulated is clinically relevant 
and critical. At a molecular level, the differentiation of osteoclasts 
is triggered by the binding of RANK, which is expressed on osteo-
clast precursor cells, with RANKL, a membrane-bound protein 
that is expressed on osteoblasts and osteocytes. Upon ligand bind-
ing, RANK activates various signaling pathways and induces intra-
cellular Ca2+ oscillation, ultimately leading to the activation of 
the transcription factors essential for osteoclastogenesis, includ-
ing c-Fos and the nuclear factor of activated T cells cytoplasmic 1  
(NFATc1) (22, 23). Mature multinucleated osteoclasts are short 
lived, with an active life span of approximately 3 days in mice (24), 
indicating that overt osteolytic activity is strictly restricted in vivo. 
Because the ER stress sensors are one of the key molecules in 
deciding cell survival and apoptosis, we asked whether the UPR, 
specifically the IRE1α/XBP1 pathway, is involved in osteoclast dif-
ferentiation or in the regulation of apoptosis.

In the present study, we unexpectedly found that the IRE1α/
XBP1 pathway is transiently activated during osteoclastogen-
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The IRE1α/XBP1 pathway promotes osteoclast differentiation. 
The transient increase in the expression of Xbp1s suggests that 
the IRE1α/XBP1 pathway potentially participates in the regula-
tion of osteoclast differentiation. To test this hypothesis, we used 
siRNA-mediated gene silencing to suppress the IRE1α/XBP1 path-
way in WT BMMs and subjected these cells to an in vitro osteo-
clast formation assay. The depletion of Ern1 (encodes IRE1α) by 
siRNA in the WT BMMs significantly suppressed the formation 
of tartrate-resistant acid phosphatase–positive (TRAP-positive) 
osteoclasts compared with control siRNA–treated BMMs (Fig-
ure 2A). Furthermore, Xbp1 gene silencing showed results nearly 
identical to those of Ern1, indicating that suppression of osteoclast 
formation by siRNA against Ern1 is XBP1 dependent. Suppression 
of the transcripts for Ern1 and Xbp1 in siRNA-transfected BMMs 
was confirmed by quantitative PCR (Supplemental Figure 2). This 
observation was also reproduced using a different set of siRNAs 
against Ern1 and Xbp1 (data not shown), and using the osteo-
clast progenitor-like cell line RAW264.7 (Supplemental Figure 3). 
Reduced bone resorption activity in Xbp1 siRNA–treated BMMs 
was confirmed by pit assay (Figure 2B). In addition, we found that 
the pharmacological inhibition of the IRE1α endonuclease using 
STF-083010 (26) significantly suppressed osteoclast formation 
(Figure 2C). To evaluate the participation of the IRE1α/XBP1 path-
way in a more relevant setting, we next generated Ern1flox/flox/Mx1-
Cre (henceforth referred to as Ern1Mx1) mice in which Cre recom-
binase was expressed under the control of the IFN-inducible Mx1 
promoter (27, 28) to deplete IRE1α from BM cells. Ten-day-old 
control and Ern1Mx1 mice were injected i.p. with polyinosinic-poly-
cytidylic acid (pIpC) 3 times at 2-day intervals and were analyzed 
when they reached 9 weeks of age. The BMMs collected from the 
Ern1Mx1 mice were incapable of processing Xbp1 transcripts, even 
in the presence of thapsigargin, a potent inducer of ER stress (Fig-
ure 2D), indicating that IRE1α activity was completely lost in these 
cells, whereas the processing of Xbp1 transcripts remained intact 
in BMMs collected from Ern1Mx1 mice not treated with pIpC. In 
support of the results of the gene-silencing experiments, BMMs 
lacking IRE1α formed significantly fewer TRAP-positive osteo-

esis and that the abrogation of this pathway markedly suppresses 
osteoclast formation in vitro. In accordance, the conditional inac-
tivation of IRE1α in BM cells resulted in reduced osteoclast num-
bers and, consequently, higher bone volume in vivo. Notably, we 
found that XBP1 functions as a transcription factor for the Nfatc1 
gene, the master regulator of osteoclastogenesis. In addition, we 
show that the activation of IRE1α is triggered indirectly by Ca2+ 
oscillation mediated by inositol 1,4,5-trisphosphate receptors 2 
and 3 (ITPR2 and ITPR3), the Ca2+ channel proteins located in the 
ER (25), during osteoclastogenesis. These results reveal that the 
UPR-mediated by the IRE1α/XBP1 pathway serves as a positive 
regulator of osteoclast differentiation by promoting Nfatc1 tran-
scription and suggest that the IRE1α/XBP1 pathway is a potential 
target for treating pathological bone resorption.

Results
The UPR is induced during osteoclastogenesis. To assess the poten-
tial involvement of the IRE1α/XBP1 pathway in osteoclastogen-
esis or in the maintenance of mature osteoclasts, we first asked 
whether the UPR is induced during osteoclast differentiation. We 
performed an in vitro osteoclast formation assay using WT BM 
macrophages (BMMs), recombinant soluble RANKL (sRANKL), 
and murine CSF1. Interestingly, we found that the expression 
level of the Xbp1s transcript, which reflects the activity of IRE1α, 
transiently increases in BMMs undergoing differentiation (Figure 
1A). The ratio of Xbp1s/Xbp1u (unspliced Xbp1 transcript) peaked 
2 days after sRANKL treatment and subsequently decreased to 
almost basal levels. No changes in the Xbp1s/Xbp1u transcript ratio 
were observed in BMMs treated with CSF1 alone. UPR induction 
in the sRANKL-treated BMMs was also confirmed by the nuclear 
accumulation of the transcription factor XBP1s (Figure 1B) and by 
the increased expression of Atf4, Atf6, Hspa5 (encodes heat shock 
70 kDa protein 5 or BiP), and Eif2ak3 (encodes PERK) transcripts 
(Supplemental Figure 1; supplemental material available online 
with this article; doi:10.1172/JCI76765DS1). These observations 
show that ER stress is transiently induced during osteoclast differ-
entiation under physiological conditions.

Figure 1. The IRE1α/XBP1 pathway is activated in BMMs after RANKL stimulation. (A) Time-course analysis of the Xbp1s/Xbp1u transcript ratio in BMMs 
treated with CSF1 alone (Ctrl) or with CSF1 and sRANKL (50 ng/ml) (RANKL). n = 4 replicates. Values represent mean ± SD. **P < 0.005. The Xbp1s/Xbp1u 
ratio on day 1 is set to 1. Statistical analysis was performed using Student’s t test. (B) BMMs treated with sRANKL for 0 or 2 days were immunostained for 
XBP1 and counterstained with DAPI. Scale bar: 20 μm.
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trols (Supplemental Figure 2A). In accordance, no significant dif-
ferences were found in bone formation indices in the Ern1Mx1 mice 
compared with the WT mice (Supplemental Figure 2, B and C). 
These observations indicate that the increase in bone volume in 
Ern1Mx1 mice was primarily derived from defective osteoclastogen-
esis, but not from increased bone formation.

The decreased osteoclast number in the Ern1Mx1 mice may also 
be derived from the defects in the development of osteoclast precur-
sors in the absence of IRE1α in BM cells; therefore, we also evaluated 
the population of monocytes/macrophages (Gr-1+CD11b+) and osteo-
clast precursors (CD117+CD11bdullCD115+) (29) in the BM. Although, 
there was an increase in the absolute number of osteoclast precursors 
in Ern1Mx1 mice (~49%), no apparent difference was observed in the 
overall population ratio of these cells between the Ern1Mx1 and WT 
mice (Figure 4, A and B). Furthermore, the lack of IRE1α did not affect 
cell survival or growth, as assessed by evaluations of the MTT-based 
assay and caspase-3/7 activities (which reflect the amount of cells 
undergoing apoptosis) (Figure 4, C and D). Therefore, we concluded 
that the decreased osteoclast number and increased bone mass in 

clasts and showed significantly lower bone resorption activity 
compared with the WT BMMs (Figure 2, E and F). These observa-
tions show that the IRE1α/XBP1 pathway is critically involved in 
the regulation of osteoclast differentiation and that the abrogation 
of this pathway markedly suppresses osteoclast formation in vitro.

Conditional inactivation of IRE1α results in increased bone mass. 
The Ern1Mx1 mice treated with pIpC showed no overt anomalies; 
however, μCT analysis of the femurs revealed that the Ern1Mx1 
mice exhibited significantly higher bone mass compared with 
their WT littermates, as highlighted by the increase in the bone 
volume/total volume and the trabecular number (Figure 3, A and 
B). Histomorphological analysis showed an increase in bone vol-
ume and a decrease in the number of osteoclasts as well as mark-
ers of bone resorption in the Ern1Mx1 mice compared with the WT 
animals (Figure 3, C and D). Although the expression levels of the 
Ern1 transcript in osteoblasts were reduced in Ern1Mx1 mice com-
pared with the WT animals, the reduction was moderate (~27%) 
and there were no significant changes in the expression levels of 
osteoblastic markers in Ern1Mx1 mice compared with the WT con-

Figure 2. Abrogation of the IRE1α/XBP1 pathway suppresses osteoclast formation. (A) WT BMMs were transfected with control, Ern1, or Xbp1 siRNA 
and incubated with recombinant sRANKL and CSF1 for 4 days. Cells were stained with TRAP, and the number of TRAP-positive multi-nucleated (MN) 
cells was recorded. Representative photomicrographs of TRAP-stained cells in each well are presented. Scale bar: 200 μm. n = 3 replicates. Values rep-
resent mean ± SD. **P < 0.005. (B) Pit formation assay using WT BMMs transfected with control or Xbp1 siRNA. Representative images of osteoclast-
formed pits (left panel) and the surface ratio of the pits (right panel) are shown. n = 3 replicates. Values represent mean ± SD. *P < 0.05. Scale bar: 5 mm.  
(C) Representative photomicrographs of TRAP-stained BMMs treated with vehicle (–) or STF-083010 (30 μM). Scale bar: 200 μm. (D) Reverse-transcrip-
tion–PCR analysis of Xbp1s and Xbp1u transcripts. BMMs were collected from pIpC-treated WT and Ern1Mx1 mice and nontreated Ern1Mx1 mice, and were 
incubated with thapsigargin (Tg) (1 μM). (E) BMMs collected from WT and Ern1Mx1 mice were incubated with sRANKL and CSF1 for 4 days. Cells were 
stained for TRAP, and the number of TRAP-positive multinucleated cells was recorded (right panel). Representative photomicrographs of TRAP-stained 
cells in each well are presented. Scale bar: 200 μm. n = 3 replicates. Values represent mean ± SD. *P < 0.05. (F) Pit formation assay using BMMs collected 
from WT and Ern1Mx1 mice. Representative images of osteoclast-formed pits (left panel) and the surface ratio of the pits (right panel) are shown. n = 3 
replicates. Values represent mean ± SD. **P < 0.005. Scale bar: 5 mm. Statistical analysis was performed using Student’s t test.
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BMMs lacking IRE1α are defective in inducing Nfatc1 after 
RANKL stimulation. Given that IRE1α-deficient BMMs are defec-
tive in forming osteoclasts, we next determined whether the 
absence of IRE1α affects the expression of osteoclastogenesis-
related transcription factors, including Nfatc1, Fos (encodes FBJ 
murine osteosarcoma viral oncogene homolog or c-Fos), Jund 
(encodes Jun D protooncogene), Rela (encodes V-Rel reticulo-
endotheliosis viral oncogene homolog or nuclear factor NF-κB 
P65 subunit), and Spi1 (encodes PU.1). Notably, gene-expression 
analysis revealed that the BMMs lacking IRE1α expressed signifi-
cantly less Nfatc1 after RANKL stimulation compared with the 
control cells; however, no significant differences were observed 
for the other transcription factors (Figure 6A). There were no 
differences in the expression levels in any of these genes before 
RANKL stimulation. The decrease in Nfatc1 transcript but not Fos 
was also observed following the inhibition of IRE1α endonucle-
ase activity using STF-083010 (Figure 6B) and after the deple-
tion of Xbp1 in WT BMMs using siRNA (Figure 6C). The decrease 
in the transcript levels of NFATc1 target genes Ctsk (encodes 
Cathepsin K) and Acp5 (encodes TRAP) in IRE1α-deficient 
BMMs was also confirmed (Figure 6D). These observations sug-
gest that the abrogation of the IRE1α/XBP1 pathway results in 
the suppression of Nfatc1 transcription independently of other 
osteoclastogenesis-related transcription factors and thereby 
inhibits osteoclast differentiation.

the Ern1Mx1 mice primarily resulted from defective osteoclastogenesis 
and bone resorption and that the absence of IRE1α does not have a 
significant impact on the growth or survival of osteoclast precursors.

Chimeric mice lacking IRE1α in BM cells show higher bone mass 
and decreased osteoclastic activity. Since Mx1 promoter activity is 
not restricted to BM cells but is also observed in a wide range of 
tissues (28), the increased bone volume in Ern1Mx1 mice could have 
derived from other factors that are not related to defective osteo-
clastogenesis. To address this issue, we performed BM transplan-
tation experiments. BM cells were collected from 8- to 10-week-
old Ern1Mx1 or WT mice treated with pIpC. The cells were injected 
into lethally irradiated 8-week-old WT mice. The mice were main-
tained for 12 weeks before analysis (the protocol is outlined in 
Figure 5A). Although there was a decrease in absolute bone vol-
ume due to irradiation (30), μCT analysis showed that the mice 
reconstituted with BM cells isolated from Ern1Mx1 mice had higher 
bone mass compared with those reconstituted with WT BM cells, 
as illustrated by the increase in the bone volume/total volume and 
trabecular number (Figure 5B). Most importantly, bone morpho-
metric analysis revealed a significant decrease in the osteoclast 
number and bone resorption activity in the mice reconstituted 
with BMMs lacking IRE1α compared with those reconstituted with 
WT cells (Figure 5C). These observations further strengthen the 
idea that higher bone mass in the Ern1Mx1 mice was due to defective 
osteoclastogenesis in BM cells lacking IRE1α.

Figure 3. Conditional inactivation of IRE1α results in increased bone volume and decreased osteoclast number in vivo. (A) Reconstituted 3D images of the dis-
tal femur. Scale bars: 0.5 mm. (B) μCT-based structural analysis of the femur (n = 6 mice/group). BV/TV, bone volume/tissue volume; Tb.Th, trabecular thickness; 
Tb.N, trabecular number; Tb.Sp, trabecular space. Values represent mean ± SD. **P < 0.005. (C) Histomorphometric analysis of the tibial metaphysis (n = 7 mice/
group). ES/BS, erosion surface/bone surface; Oc.S/BS, osteoclast surface/bone surface; N.Oc/BS, osteoclast number/bone surface. Values represent mean ± SD. 
*P < 0.05. (D) Sections of the tibial metaphysis stained for TRAP. Scale bar: 200 μm. Statistical analysis was performed using Student’s t test.
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expression of NFATc1 after RANKL stimulation. To confirm this 
hypothesis, we next asked whether forced expression of NFATc1 
in IRE1α-deficient BMMs can rescue the expression of Nfatc1-
dependent genes. WT and IRE1α-deficient BMMs were transfect-
ed with NFATc1 expression vector or GFP expression vector and 
incubated in the presence of sRANKL and CSF1 for 3 to 4 days. As 
shown in Figure 7D, we found a significant increase in the levels 
of Ctsk and Acp5 transcripts in IRE1α-deficient BMMs transfected 
with NFATc1 expression vector compared with those transfected 
with GFP. These data indicate that defective osteoclastogenesis 
in IRE1α-deficient BMMs is primarily derived from insufficient 
induction of Nfatc1 after RANKL stimulation.

The activation of IRE1α during osteoclastogenesis is dependent 
on Ca2+ influx mediated by ITPR2 and ITPR3. The transient acti-
vation of the IRE1α/XBP1 pathway during osteoclastogenesis 
(Figure 1) suggests that ER stress is induced after RANKL stimula-
tion in BMMs. Because the RANKL-induced ER stress in BMMs 
appeared unlikely to be derived from protein synthesis overload, 
we hypothesized that other mechanisms were involved in elicit-
ing the UPR. RANKL-RANK signaling triggers Ca2+ influx from 
the intracellular storage sites in the ER primarily through ITPR2 
and ITPR3 and activates the Ca2+-dependent phosphatase cal-
cineurin (23, 25, 31), which is essential for the activation of the 
transcription factor NFATc1. The fluctuation of Ca2+ levels in the 
ER lumen results in ER stress (32, 33), which raises the possibility 
that Ca2+ outflow from the ER lumen triggered by RANKL-RANK 
signaling indirectly activates IRE1α. To test this idea, we asked 
whether the stimulation of ITPRs using ATP, an agonist for phos-
pholipase C–coupled P2Y receptor (34, 35), induces ER stress in 
BMMs and activates IRE1α. As anticipated, ATP treatment evoked 
Ca2+ outflow from the ER and concomitantly induced the process-
ing of Xbp1 transcripts (Figure 8, A and B). Furthermore, we found 
that the sRANKL-induced processing of the Xbp1 transcripts was 
significantly reduced in Itpr2–/– Itpr3–/– BMMs compared with the 
WT BMMs (Figure 8C). The pharmacological inhibition of ITPRs 
by 2-aminoethoxydiphenyl borinate, a potent inhibitor of ITPRs, 

XBP1s binds to the promoter of the Nfatc1 gene and promotes 
Nfatc1 transcription. Based on a potential link between the IRE1α/
XBP1 pathway and Nfatc1, we next sought to investigate how 
XBP1s affected the regulation of Nfatc1. The promoter region of 
the Nfatc1 gene bears 2 binding sites for NFATc1 (5′-TTTCC-3′) 
through which the transcription of Nfatc1 is amplified in a posi-
tive-feedback manner. Interestingly, nucleotide sequence analy-
sis revealed 2 UPR element–like sequences (5′-GGAAG-3′) (8) 
located adjacent to (less than 10 bp apart) and flanking the tan-
dem NFATc1-binding motifs (Figure 7A). This finding prompted 
us to investigate whether XBP1s acts as a transcription factor for 
Nfatc1. To test this possibility, we performed ChIP assays using 
nuclear extracts from sRANKL-treated and nontreated WT BMMs 
and a set of primers designed to amplify the promoter region of 
Nfatc1(–764 to –551 bp) (Figure 7A). The PCR amplification of the 
ChIP revealed that both XBP1 and NFATc1, the latter of which was 
used as a positive control for the assay, were capable of binding 
to the Nfatc1 promoter (Figure 7B). As expected, positive amplifi-
cation was obtained only in the sRANKL-treated but not in non-
treated cells. A set of primers outside of the NFATc1-binding sites 
(–942 to –811 bp) obtained no positive signal. Identical results were 
observed in RAW264.7 cells (data not shown).

Based on these observations, we generated a luciferase 
reporter vector (Nfatc1-800) harboring the promoter region of 
the Nfatc1 gene (–800 to +1 bp) and performed luciferase reporter 
assays using the XPB1s and NFATc1 expression vectors. A sig-
nificant increase in luciferase activity was observed when either 
the XPB1s or the NFATc1 expression vector was cotransfected 
with the reporter plasmid, and the concomitant expression of 
both XPB1s and NFATc1 showed an additive effect on luciferase 
activity (Figure 7C). The removal of either of the putative XBP1s-
binding sites (Nfatc1-800Δ-697-693 and Nfatc1-800Δ-667-663) 
rendered the reporter construct unresponsive to XBP1s; however, 
the transcriptional activity induced by NFATc1 remained intact 
(Figure 7C). These observations suggest that defective osteo-
clastogenesis in BMMs lacking IRE1α is derived from insufficient 

Figure 4. Lack of IRE1α activity does 
not affect cell survival of BMMs or 
population of osteoclast precursors. 
(A and B) Flow cytometric analysis of 
the monocyte/macrophage (A) and 
osteoclast precursor (B) populations. 
Representative flow cytometry plots for 
each experiment are shown (left panels). 
Frequency in total BM cells (A) or in 
CD117+-gated BM cells (B) and absolute 
number of these cells (in bilateral femurs 
and tibiae) are presented (right panels). 
n = 4 for WT and n = 8 for Ern1Mx1 mice. 
Values represent mean ± SD. *P < 0.05. 
(C) Cell survival rate of WT and Ern1Mx1 
BMMs incubated with sRANKL for 1 to 4 
days was evaluated using an MTT-based 
assay. n = 3 replicates. (D) Caspase-3/7 
activity in the WT and Ern1Mx1 BMMs 
treated with sRANKL was evaluated.  
n = 3 replicates. Values represent mean 
± SD. Statistical analysis was performed 
using Student’s t test.
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showed similar results (Figure 8D). Taken together, these results 
show that the activation of the IRE1α/XBP1 pathway during osteo-
clastogenesis is, at least in part, indirectly induced by Ca2+ outflow 
from the ER lumen through ITPR2 and ITPR3.

Discussion
Our data show that ER stress is induced during osteoclast differen-
tiation and that the abrogation of the UPR mediated by the IRE1α/
XBP1 pathway markedly suppresses the formation of multinucle-
ated osteoclasts. In accordance, we found that the conditional 
inactivation of IRE1α in vivo results in a substantial increase in 
bone volume due to defective osteoclastic bone resorption. Most 
importantly, we found that the promoter region of the Nfatc1 gene 
bears potential binding sites for XBP1s and that XBP1s induces 
transcription of Nfatc1 by directly binding to these sites. The 
present study reveals what we believe to be a novel intracellular 
pathway that links UPR and Nfatc1 transcription and an unconven-
tional role for the IRE1α/XBP1 pathway as a crucial regulator of 
osteoclast differentiation (Figure 9).

One of the important findings of the present study may be the 
potential involvement of Ca2+ influx mediated by ITPRs in induc-
ing the UPR during osteoclastogenesis. Although we cannot fully 
exclude other factors such as protein synthesis overload and the 
generation of reactive oxygen species as a cause for ER stress, our 
observations indicate that the activation of the IRE1α/XBP1 path-
way during osteoclastogenesis is, at least in part, dependent on Ca2+ 
oscillation mediated by ITPR2 and ITPR3. In support of this find-
ing, BMMs lacking ITPR2 and ITPR3 exhibited diminished Ca2+ 
oscillation during osteoclastogenesis and were defective in form-

ing osteoclasts in vitro (31). Our data suggest that Ca2+ oscil-
lation elicited by RANKL-RANK signaling indirectly induces 
ER stress and activates the IRE1α/XBP1 pathway, which in 
turn promotes Nfatc1 transcription. The present study pro-
poses a model that Ca2+ oscillation mediates the activation 
of 2 different (IRE1α- and calcineurin-dependent) pathways 
in inducing Nfatc1 transcription during the early stage of 
osteoclast differentiation. In contrast, ITPR2 and ITPR3 are 
dispensable for osteoclast formation in vivo (31) and a lower 
level of Xbp1 transcripts is still processed in the absence of 
ITPR2 and ITPR3 (Figure 8C); therefore, it is likely that other 
Ca2+ channels or different mechanisms that are not related to 
Ca2+ influx are also involved in the induction of ER stress after 
RANKL stimulation. In addition, the observation that ER 
stress is only transiently induced after RANKL stimulation 
(Figure 1A) indicates that the induction of XBP1s is required 
temporarily to trigger the autoamplification of NFATc1 dur-
ing osteoclastogenesis and that the UPR has a limited contri-
bution in maintaining the functions of mature osteoclasts.

The involvement of the UPR in osteoblasts and chondrocytes 
has been widely explored (11, 15, 36–38). Because both osteoblasts 
and chondrocytes produce a large amount of extracellular matrix 
proteins and have a highly developed ER, it is conceivable that 
these cells are constitutively under ER stress and that the UPR has 
indispensable roles in maintaining their functions. Intriguingly, 
past studies revealed that the UPR in osteoblasts not only functions 
to alleviate ER stress, but also positively regulates osteoblast differ-
entiation through enhancing osteoblast-related genes (11, 36, 37). 
We previously showed that the UPR is elicited in BMP2-induced 
osteoblast differentiation, presumably due to protein synthesis 
overload, and that XBP1s promotes Sp7 transcription (encodes the 
transcription factor Osterix), one of the master regulators of osteo-
blast differentiation (11). The reason for the lack of any significant 
changes in osteoblastic indices in the Ern1Mx1 mice is not clear; how-
ever, it is most likely due to an insufficient abrogation of IRE1α in 
osteoblasts (Supplemental Figure 4). These observations, in addi-
tion to the results of BM transplantation experiments (Figure 5), are 
consistent with the notion that the increased bone volume in the 
Ern1Mx1 mice was derived from decreased osteoclastic bone resorp-
tion, but not from increased bone formation.

There are limitations in the present study. First, bone morpho-
metric and μCT analyses were performed exclusively using male 
mice, and we cannot fully exclude the possibility that lack of IRE1α 
in BM cells may affect female mice differently than male mice. 
Second, all animal experiments were done under unchallenged 
conditions, and therefore, further studies are mandatory to clarify 
whether the IRE1α/XBP1 pathway is involved in the development 
of disorders with increased osteoclastic bone resorption. Finally, 

Figure 5. Chimeric mice lacking IRE1α in BM cells exhibit higher 
bone volume and decreased osteoclast number. (A) Schema 
showing the protocol for BM transplantation experiment. (B) μCT-
based structural analysis of the femur (n = 7 mice/group). Values 
represent mean ± SD. *P < 0.05; **P < 0.005. (C) Histomorphomet-
ric analysis of the tibial metaphysis (n = 7 mice/group). Values rep-
resent mean ± SD. **P < 0.005. Statistical analysis was performed 
using Student’s t test.
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the reason for the increase in the absolute number of osteoclast 
precursors in Ern1Mx1 mice remains elusive (Figure 4B). Since the 
frequency of osteoclast precursors in CD117+ BM cells was com-
parable between WT and Ern1Mx1 mice, this result indicates that 
there was an increase in the absolute number of CD117+ BM cells 
in Ern1Mx1 mice. This may have been derived from a homeostatic 
mechanism to offset the effects of defective differentiation of 
osteoclasts or other types of cells in Ern1Mx1 mice. Nevertheless, 
it is also clear from this observation that the decreased osteoclast 
number in Ern1Mx1 mice was not due to a decrease in the number of 
osteoclast precursors in BM cells lacking IRE1α.

In conclusion, the present study revealed an unexpected role 
of the IRE1α/XBP1 pathway induced by physiological ER stress as 
a critical regulator to promote osteoclast differentiation by enhanc-
ing Nfatc1 transcription. The IRE1α/XBP1 pathway is often acti-
vated in cancers and has recently emerged as a potential molecular 
target for anticancer therapy (1, 5, 39–43), especially for multiple 
myeloma, which is characterized by malignant plasma cells produc-
ing a high amount of immunoglobulin (26, 42, 44, 45). These pre-
vious studies showed that the pharmacological inhibition of IRE1α 
endonuclease significantly suppressed myeloma tumor growth in 
a model of human malignant myeloma xenografts, corroborating 
the idea that the IRE1α/XBP1 pathway may serve as a promising 
molecular target. In addition, a recent study showed that the target-
ing of the IRE1α/XBP1 pathway is a potential treatment strategy for 
triple-negative breast cancer, an aggressive subtype of breast cancer 
that frequently metastasizes to bones (41, 46). Cancer dissemina-
tion and malignant myeloma often result in the development of 
osteolytic lesions in which osteoclasts are frequently overactivated; 

therefore, the inhibition of the IRE1α/XBP1 pathway may be ben-
eficial in suppressing both tumor growth and pathological bone 
resorption in cancer patients with bone metastases.

Methods
Mice. The generation of the Ern1flox/flox mice, Itpr2–/– Itpr3–/– mice, and 
Mx1-Cre transgenic mice was previously described (27, 28, 47). The 
Ern1flox/flox mice exhibited no apparent pathological phenotype and 
were used as the WT control animals. WT and Ern1Mx1 mice were of 
mixed genetic background (129Sv, C57BL/6). For the temporal dele-
tion of the floxed Ern1 allele in the Ern1Mx1 mice, 10-day-old mutant 
and control mice were injected i.p. with 250 μg of pIpC 3 times at 2-day 
intervals and were analyzed when they reached 9 weeks of age.

Reagents and cell lines. Anti-XBP1 (M-186) and anti-NFATc1 (7A6) 
antibodies were obtained from Santa Cruz Biotechnology Inc. All of 
the siRNAs were obtained from Sigma-Aldrich. STF083010 was pur-
chased from Calbiochem, and sRANKL was purchased from Pepro-
Tech. The RAW264.7, 293T, and 293gp cells were obtained from the 
Riken Bioresource Center.

μCT and histomorphometric analysis. All analyses were conducted 
using 9-week-old male mice. Femurs were excised and fixed with 75% 
ethanol. Two-dimensional images of the distal femurs were obtained by 
μCT scanning (R_mCT2, Rigaku), and 3D images were reconstructed 
using the 3D software TRI/3D-BON (Ratoc System Engineering). The 
bone mineral density of the femurs was measured by Phantom for Bone 
Mineral Quantity (Kyoto Kagaku). For histomorphometric analysis, 
the mice were injected s.c. with calcein (8 mg/kg body weight) 5 and 2 
days before euthanasia. The tibiae were excised, fixed with 75% etha-
nol, embedded in glycol methacrylate resin, and sectioned into 5-μm 

Figure 6. Disruption of the IRE1α/XBP1 pathway suppresses Nfatc1 expression. (A) Relative transcript expression levels of Nfatc1, Fos, Rela, Jund, and 
Spi1 in WT and Ern1Mx1 BMMs treated with sRANKL for 0 or 2 days. n = 3 replicates. Values represent mean ± SD. **P < 0.005. (B and C) WT BMMs were 
treated the vehicle (–) or STF-083010 (STF) (B) or with control or Xbp1 siRNA (C) and incubated in the presence of recombinant sRANKL for 2 days. The 
expression levels of Nfatc1 and Fos transcripts were quantitatively analyzed. n = 3 replicates. Values represent mean ± SD. *P < 0.05; **P < 0.005. (D) 
Relative transcript expression levels of NFATc1 target genes Ctsk and Acp5 in WT and Ern1Mx1 BMMs treated with sRANKL for 3 days. n = 3 replicates. 
Values represent mean ± SD. **P < 0.005. Statistical analysis was performed using Student’s t test.
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ChIP assay. BMMs and RAW264.7 cells were cultured in the pres-
ence of sRANKL for 2 days. After incubation, cells were fixed in 1% 
PFA/PBS for 10 minutes at room temperature. Chromatin shearing 
and immunoprecipitation were performed using the ChIP-IT Express 
Chromatin Immunoprecipitation Kit (Active Motif) according to the 
manufacturer’s instructions. The immunoprecipitated DNA fragments 
were used as templates for PCR amplification. The nucleotide sequenc-
es of the oligos used in the assay are presented in Supplemental Table 2.

The evaluation of cell survival and apoptosis. Cell survival was evalu-
ated using Cell Count Reagent SF (Nacalai Tesque). The rate of apop-
totic cells was evaluated by the activity of caspase-3 and caspase-7 
using the Caspase-Glo 3/7 Assay (Promega).

In vitro osteoclastogenesis assay. BM cells harvested from the 
femurs of 9-week-old WT and mutant mice were grown in αMEM 
medium supplemented with 10% fetal calf serum, antibiotics, and 30 
ng/ml recombinant murine CSF1 (Wako) for 3 days on petri dishes. 
The adherent cells were used as the BMMs. The BMMs were plated 
in 48-well plates and further incubated in the presence of sRANKL 
for 4 days. After incubation, cells were fixed with 10% formaldehyde/
PBS for 5 minutes, dehydrated with 1:1 ethanol/acetone solution for 
1 minute, and air dried for 30 minutes. Cells were stained for TRAP 
by incubating the fixed cells in acetate buffer (0.1 M sodium acetate, 
pH 5.0) containing naphthol AS-MX phosphate (0.1 mg/ml), red Fast 
Red Violet LB Salt (Sigma-Aldrich) (0.5 mg/ml), and sodium tartrate 
(50 mM) for 20 minutes as previously described (49). The number 

slices. Sections were stained with toluidine blue and were subjected to 
histomorphometric analyses under a light microscope, using a semiau-
tomated image analyzer (CSS-840, System Supply). The parameters for 
the trabecular bone were measured in an area 1.62–2.34 mm2 in size that 
was 1.2 mm above the growth plate at the proximal metaphysis. Histo-
morphometric analyses were performed in a blinded manner.

Quantitative PCR. cDNA was generated using Sepasol RNA I Super 
G (Nacalai Tesque) according to the manufacturer’s instructions. PCR 
amplification and quantification were performed using SYBR Premix 
EX TaqII (Takara) and the 7300 Real-Time PCR System (Applied Bio-
systems). The relative mRNA expression levels were normalized to the 
Actb expression levels. The nucleotide sequences of the oligos used in the 
current study are presented in Supplemental Table 1. mRNA from osteo-
blasts was collected as previously described (48). Femurs were flushed 
with PBS several times to wash out nonadherent cells. The remaining 
cells, which mostly consisted of stromal cells and osteoblasts, were lysed 
by directly injecting Sepasol RNA I Super G into the PBS-flushed femurs.

Luciferase assay. Luciferase assays were performed using the Dual 
Luciferase Assay System (Promega), and the pRL-SV40 (Promega) 
plasmid was used as a transfection efficiency control. The 293T cells 
were transfected with the reporter constructs and the XBP1s and/or 
NFATc1 expression vectors using FuGene HD (Roche) and incubated 
for 48 hours. Luciferase activity was measured using GloMax-20/20 
(Promega). Transcriptional activity was expressed as the ratio of 
firefly/Renilla luciferase activity.

Figure 7. XBP1 binds to the promoter of the Nfatc1 gene and promotes its transcription. (A) A schematic of the promoter region of the Nfatc1 gene. The 
binding sites for NF-κB (gray circle), NFATc1 (black circles), and 2 putative XBP1s-binding sites (white rectangles) are shown. The left-right arrow indicates the 
expected PCR products for the ChIP assays in Figure 5B. (B) ChIP assays using control IgG, antibodies against XBP1 (αXBP1), or NFATc1 (αNFATc1). Cell extracts 
were collected from WT BMMs treated with (upper and middle panel) or without (lower panel) sRANKL. PCR of the cell extracts was performed using a set of 
primers either inside (–764 ~ 551) or outside (–942 ~ 811) of the promoter region containing the NFATc1-binding sites. Relative amount of the immunoprecipi-
tated DNA fragment assessed by quantitative PCR (right panel). The amount of immunoprecipitated DNA of control IgG is set to 1. **P < 0.005. (C) Luciferase 
reporter assays using the WT construct (left, Nfatc1-800) or deletion mutants (middle, Nfatc1-800Δ-697-693; right, Nfatc1-800Δ-667-663) and the XPB1s and 
NFATc1 expression vectors. Fold induction of luciferase activity of each construct is presented. Luciferase activity of the cells transfected with reporter vector 
alone is set to 1. n = 3 replicates. Values represent mean ± SD. **P < 0.005. (D) Relative transcript expression levels of Nfatc1, Ctsk, and Acp5 in WT and Ern1Mx1 
BMMs transfected with GFP or NFATc1 expression vector. BMMs transduced with the indicated vectors were incubated in the presence of CSF1 and sRANKL 
for 3 to 4 days to induce differentiation prior to analysis. n = 4 replicates. Values represent mean ± SD. **P < 0.005; ***P < 0.0005. Statistical analysis was 
performed using Student’s t test.
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Viral gene transfer. The pMXs-IG vector (50) harboring Nfatc1 
cDNA and the pLP-VSVG vector were introduced into 293gp pack-
aging cells using FuGENE HD. Viral supernatants were collected on 
day 4, concentrated using centrifuge, and added to BMMs collected 
from WT and Ern1Mx1 mice. BMMs were incubated in the presence of 
CSF1 for 4 days and subsequently incubated in the presence of both 
sRANKL and CSF1 for 3 to 4 days. At the end of incubation, cells were 
collected and subjected to analysis. The pMXs-IG vector was gener-
ously provided by Toshio Kitamura (The Institute of Medical Science, 
The University of Tokyo, Tokyo, Japan).

The induction and evaluation of Ca2+ influx. RAW264.7 cells were 
preincubated with HBSS without FCS for 30 minutes and treated with 
ATP (Sigma-Aldrich) for 5 to 60 minutes. Ca2+ influx was visualized 
using Quest Fluo-8, AM (AAT Bioquest) as per the manufacturer’s 
instructions. Total RNA was collected at the designated time points 
and analyzed for the processing of Xbp1 transcripts.

Immunostaining and image acquisition. BMM cultures were fixed with 
4% PFA/PBS and were immunostained using an anti-XBP1 antibody fol-

of osteoclasts, which were defined as TRAP-positive multinucleated 
cells with more than 3 nuclei, was counted under a microscope. Bone 
resorption activity of osteoclasts was evaluated using Osteo Assay Sur-
face Polystyrene 1 × 8 Stripwell Microplate (Corning) per the manu-
facturer’s instructions. Stripwells were scanned using a flatbed scan-
ner, and osteoclast-formed pits were analyzed using ImageJ software 
(http://imagej.nih.gov/ij/index.html).

Flow cytometry. BM cells collected from WT and Ern1Mx1 mice were 
filtered through a cell strainer (70 μm; BD Falcon) to remove debris and 
were preincubated with an anti-CD16/32 antibody (2.4G2, BD Biosci-
ences) to block nonspecific binding. For detection of the monocyte/
macrophage lineage cells, cells were stained with FITC-conjugated  
CD11b (M1/70, BioLegend) and allophycocyanin-conjugated Gr-1 
(RB6-8C5, BioLegend). For analysis of the osteoclast precursor cells 
(29), BM mononuclear cells were isolated by centrifugation from total 
BM cells on Histopaque 1083 (Sigma-Aldrich) following the manufac-
turer’s instructions. BM MNCs were stained with FITC-conjugated 
CD11b, phycoerythrin-conjugated CD115 (c-Fms, AFS98, BioLegend), 
and APC-conjugated CD117 (c-Kit, 2B8, BioLegend). Flow cytometric 
analysis was performed using a Gallios flow cytometer and Kaluza 
analysis software (Beckman Coulter). Dead cells were excluded from 
the analyses by propidium iodide staining.

BM transplantation. Donor BM cells were collected from 8-week-
old WT or Ern1Mx1 mice treated with pIpC at 10 days after birth. The 
cells were injected into lethally irradiated (10.5 Gy) recipient WT mice 
via the retroorbital vein under general anesthesia.

Constructs. The coding region of the Nfatc1 gene was obtained by 
reverse-transcriptase–PCR using mRNA from the BMMs. A Flag-tag 
sequence was added to the 5′-terminus of the Nfatc1 gene using a PCR-
based method, and the tagged sequence was cloned into the pCMV 
vector. The expression vector for the HA-tagged XBP1s was generated 
as previously described (11). The Nfatc1 promoter (Nfatc1-800, Figure 
3A) was cloned by PCR using C57BL/6 genomic DNA as a template and 
inserted into the pGL3 luciferase reporter vector (Promega). The dele-
tion mutants of the Nfatc1 promoter were generated by a PCR-based 
method using the KOD-Plus-Mutagenesis Kit (Toyobo) according to the 
manufacturer’s instructions.

Figure 8. ITPRs-dependent Ca2+ influx activates the 
IRE1α/XBP1 pathway during osteoclastogenesis. (A) 
RAW264.7 cells were incubated with vehicle (–) or ATP 
(100 μM) for 15 minutes. Ca2+ influx into the cytoplasm 
was visualized using Quest Fluo-8, AM. Scale bar: 20 μm. 
(B) Time-course analysis of Xbp1s transcript expression 
levels in RAW264.7 cells treated with vehicle (–) or ATP 
(100 μM). n = 5 replicates. Values represent mean ± SD. 
**P < 0.005. (C) Relative transcript expression levels of 
Xbp1s in the WT or Itpr2–/– Itpr3–/– BMMs treated with 
sRANKL for 0 to 3 days. n = 3 replicates. Values represent 
mean ± SD. **P < 0.005. (D) BMMs were incubated with 
sRANKL overnight and subsequently treated with vehicle 
(–) or 2-aminoethoxydiphenyl borinate (2-APB) (60 μM) for 
24 hours. The expression levels of Xbp1s transcript were 
quantitatively analyzed. n = 3 replicates. Values represent 
mean ± SD. **P < 0.005. Statistical analysis was per-
formed using Student’s t test.

Figure 9. Schematic model proposed by the present study. Ca2+ oscillation is 
induced by RANKL-RANK signaling and indirectly activates IRE1α, resulting 
in the splicing of Xbp1u mRNA. Xbp1s gives rise to XBP1s, which functions as 
a transcription factor for Nfatc1 and promotes osteoclast differentiation.
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