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Bone homeostasis is maintained by the synergistic actions of bone-resorbing osteoclasts and bone-forming osteoblasts. Here, we
show that the transcriptional coactivator/repressor interferon-related developmental regulator 1 (Ifrd1) is expressed in oste-
oclast lineages and represents a component of the machinery that regulates bone homeostasis. Ifrd1 expression was transcrip-
tionally regulated in preosteoclasts by receptor activator of nuclear factor �B (NF-�B) ligand (RANKL) through activator pro-
tein 1. Global deletion of murine Ifrd1 increased bone formation and decreased bone resorption, leading to a higher bone mass.
Deletion of Ifrd1 in osteoclast precursors prevented RANKL-induced bone loss, although no bone loss was observed under nor-
mal physiological conditions. RANKL-dependent osteoclastogenesis was impaired in vitro in Ifrd1-deleted bone marrow macro-
phages (BMMs). Ifrd1 deficiency increased the acetylation of p65 at residues K122 and K123 via the inhibition of histone deacety-
lase-dependent deacetylation in BMMs. This repressed the NF-�B-dependent transcription of nuclear factor of activated T cells,
cytoplasmic 1 (NFATc1), an essential regulator of osteoclastogenesis. These findings suggest that an Ifrd1/NF-�B/NFATc1 axis
plays a pivotal role in bone remodeling in vivo and represents a therapeutic target for bone diseases.

Interferon-related developmental regulator 1 (Ifrd1) is a tran-
scriptional coactivator/repressor that controls gene expression

by interacting with transcription factors or histone deacetylase
(HDAC) complexes. Ifrd1 expression in vivo is upregulated by
acute tissue injuries, including cerebral ischemia/reperfusion and
muscle trauma (1). It is also upregulated by various growth factors
and cytokines in vitro (2). Ifrd1 is implicated in the pathophysiol-
ogy of cystic fibrosis through regulation of the function of neutro-
phil effector cells (3). In addition, Ifrd1 is a candidate gene for
autosomal-dominant sensory/motor neuropathy with ataxia (4).
In summary, Ifrd1 has been implicated in the regulation of cell
growth and differentiation, in addition to the pathogenesis of var-
ious diseases, by modulating gene expression patterns.

Bone-forming osteoblasts and bone-resorbing osteoclasts reg-
ulate the integrity of the skeleton in a sophisticated fashion (5, 6).
The osteoblast lineage is derived from primitive multipotent mes-
enchymal stem cells with the potential to differentiate into bone
marrow stromal cells, chondrocytes, muscles, and adipocytes (7).
Osteoclasts are multinucleated cells derived from hematopoietic
stem cells and share the same lineage as macrophages and den-
dritic cells (8). The modulation of bone remodeling and bone
homeostasis is tightly regulated by three essential mechanisms.
These are the cell-autonomous regulation of osteoblastogenesis,
the cell-autonomous regulation of osteoclastogenesis, and the os-
teoblast-dependent regulation of osteoclastogenesis (9). Recently,
we demonstrated that Ifrd1 expression in osteoblasts represses
osteoblastogenesis and activates osteoclastogenesis by modulating
the nuclear factor �B (NF-�B)/Smad/Osterix and �-catenin/os-
teoprotegerin (OPG) pathways, respectively (10). These results
indicate that Ifrd1 expression in osteoblasts regulates bone ho-
meostasis by modulating the cell-autonomous regulation of os-
teoblastogenesis (bone formation) and the osteoblast-dependent
regulation of osteoclastogenesis (bone resorption).

To further establish the pivotal role of Ifrd1 in bone homeo-

stasis, we generated osteoclast-specific Ifrd1-deficient mice. Here,
we showed that Ifrd1 is upregulated in preosteoclasts by the recep-
tor activator of the NF-�B ligand (RANKL), an osteoclastogenic
cytokine, through the activator protein 1 (AP-1) pathway. More-
over, we demonstrated a crucial role for Ifrd1 in the cell-autono-
mous regulation of osteoclastogenesis and bone resorption in vitro
and in vivo. Subsequent analyses identified NF-�B and the nuclear
factor of activated T cells, cytoplasmic 1 (NFATc1), as essential
factors in Ifrd1-mediated regulation of osteoclastogenesis.

MATERIALS AND METHODS
Mouse generation. Ifrd1fl/fl mice (10) were crossed with either Nestin-Cre
(11), cathepsin K (Ctsk)-Cre (12), or CD11b-Cre mice (13). These mutant
mice were backcrossed more than five generations with C57BL/6J mice.
Mice were bred under standard animal housing conditions at 23 � 1°C
with humidity of 55% and a light/dark cycle of 12 h, with free access to
food and water. Genotyping was performed by PCR using tail genomic
DNA. The study protocol meets the guidelines of the Japanese Pharma-
cological Society and was approved by the Committee for the Ethical Use
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of Experimental Animals at Kanazawa University, Kanazawa, Japan. The
numbers of animals used per experiment are stated in the figure legends.

Bone histomorphometric analyses and �CT analyses. Bone histo-
morphometric analyses were performed on vertebrae as previously de-
scribed (14). Briefly, the vertebrae were fixed with 10% formalin, followed
by dehydration in different concentrations of ethanol and subsequent
embedding in methyl methacrylate resin according to standard protocols.
The ratio of bone volume to tissue volume (BV/TV), one of the trabecular
bone structural parameters, was measured by von Kossa staining, which
detects calcium deposits in tissue. Bone formation rate (BFR), which is the
calculated rate at which cancellous bone surface and bone volume are
being replaced annually, was analyzed by the calcein double-labeling
method. Calcein was injected into mice twice with an interval of 3 days,
and the mice were sacrificed 2 days after the last injection. Osteoblast and
osteoclast parameters were analyzed by staining with toluidine blue or
tartrate-resistant acid phosphatase (TRAP), respectively. Analyses were
performed using the OsteoMeasure analysis system (OsteoMetrics, Inc.,
Atlanta, GA) according to standard protocols (15). Two-dimensional im-
ages of the distal femurs were obtained by �CT scanning using a Scan
Xmate-L090 (Comscan Tecno, Yokohama, Japan) with a high resolution
of 12 �m/pixel, voltage of 75 kV, and current of 100 �A, as described
previously (16, 17).

RANKL administration. The glutathione S-transferase (GST)–
RANKL vector provided by S. L. Teitelbaum (Washington University)
was expressed in Escherichia coli strain BL21 cultured with 50 �M isopro-
pyl-�-D-thiogalactopyranoside at 30°C for 24 h. The bacterial cells were
centrifuged, and subsequently the bacterial pellets were subjected to
freeze-thaw treatment 3 times, followed by incubation in B-PER (bacterial
protein extraction reagent; Thermo Fisher Scientific, Waltham, MA) con-
taining 0.1 mg/ml lysozyme and 5 U DNase for 30 min. GST-RANKL
proteins in the supernatant were purified by a column packed with gluta-
thione-Sepharose 4 fast flow (GE Health Care, Little Chalfont, United
Kingdom) with elution buffer (50 mM Tris-HCl, 20 mM glutathione, pH
8.0) at 4°C. The eluted proteins were then dialyzed for 24 h at 4°C against
repeated changes of dialysis buffer (10 mM Tris-HCl, pH 7.5).

Eight-week-old mice were intraperitoneally (i.p.) administered GST-
RANKL fusion protein at a rate of 2 mg/kg of body weight daily for 2 days.
Mice were sacrificed by decapitation 12 h after the final injection, followed
by the dissection of femurs, vertebrae, or calvariae, and subsequent bone
histomorphometric analyses or TRAP staining.

Real-time quantitative PCR. Total RNA was extracted from cells or
tissues, followed by the synthesis of cDNA using reverse transcriptase and
oligo(dT) primer. The cDNA samples were then used as templates for
real-time PCR analysis, which was performed on an MX3005P quantita-
tive PCR (qPCR) system (Agilent Technologies, Inc., Santa Clara, CA)
using specific primers for each gene (see Table S1 in the supplemental
material). Expression levels of the genes examined were normalized using
36b4 expression as an internal control for each sample (18).

Immunoblot analysis. Cultured cells were solubilized in lysis buffer
(10 mM Tris-HCl, 150 mM NaCl, 0.5 mM EDTA, 10 mM NaF, 1% Non-
idet P-40, pH 7.4) containing protease inhibitor cocktail (1 mM p-amidi-
nophenylmethanesulfonyl fluoride [APMSF], 1 �g/ml leupeptin, 1 �g/ml
pepstatin A, 1 �g/ml antipain). Samples were then subjected to SDS-
PAGE, followed by transfer to polyvinylidene difluoride (PVDF) mem-
branes and subsequent immunoblotting. The primary antibodies used
were anti-Ifrd1 and anti-HDAC1 antibodies (Abcam, Cambridge, United
Kingdom); anti-glyceraldehyde-3-phosphate dehydrogenase (anti-
GAPDH), anti-c-Fos, and anti-�-actin antibodies (Santa Cruz Biotech-
nology, Santa Cruz, CA); anti-NFATc1, anti-p65, and anti-acetyl-lysine
antibodies (Cell Signaling Technologies, Danvers, MA); and anti-FLAG
antibody (Wako, Osaka, Japan). Quantification was performed by densi-
tometry using ImageJ (National Institutes for Health, Bethesda, MD).

Procedures for transient transfection and the luciferase assay. Cells
of the murine preosteoclast cell line RAW 264.7 (ATCC, Manassas,
VA) were transiently transfected with vectors or short interfering RNA

(siRNA) using the lipofection method as previously described (19).
For the luciferase assay, cells were transfected with reporter vectors,
followed by the preparation of cell lysates and subsequent determina-
tion of luciferase activity using specific substrates in a luminometer
(ATTO Corp., Tokyo, Japan). Ifrd1-luc (�4442/�160) was previously
generated by a PCR-based cloning method in our laboratory (20), and
NF-�B-luc was obtained from Stratagene (Santa Clara, CA). NFATc1-
luc (�1026/�1) was obtained by PCR-based cloning with the forward
primer 5=-GAATTCTTTGGCAGCAGAGTTGCACC-3= and the re-
verse primer 5=-GAATTCGCAGGGCCGGGCTCTGCCT-3= with
mouse genomic DNA. Transfection efficiency was normalized by de-
termining the activity of Renilla-luc. Predesigned c-Fos, c-Jun, TRAF6,
and Ifrd1 siRNAs were purchased from Invitrogen (Carlsbad, CA).

ChIP assay. Chromatin immunoprecipitation (ChIP) experiments
were performed by following the protocol of the ChIP assay kit (Merck
Millipore, Billerica, MA). Cells were treated with formaldehyde for cross-
linking and subsequently subjected to sonication in lysis buffer. Immu-
noprecipitation was performed with the anti-c-Fos antibody or anti-p-
p65 antibody, followed by PCR with specific primers (see Table S2 in the
supplemental material).

Immunoprecipitation assay. Cells were solubilized in lysis buffer (10
mM Tris-HCl, 150 mM NaCl, 0.5 mM EDTA, 10 mM NaF, 1% Nonidet
P-40, pH 7.4) containing protease inhibitor cocktail. After centrifugation,
the supernatant was treated with antibodies indicated in Results for 1 h at
4°C and subsequent incubation with protein G-Sepharose for an addi-
tional 1 h at 4°C, followed by elution with SDS sample buffer (10 mM
Tris-HCl, 2% SDS, 10% glycerol, 5% 2-mercaptoethanol). Samples were
then separated by SDS-PAGE, followed by immunoblotting as previously
described (20).

Oligonucleotide pulldown assay. A double-stranded biotinylated oli-
gonucleotide containing NF-�B consensus sequence (5=-AAACAGGGG
GCTTTCCCTCCTC-3= and 5=-GAGGAGGGAAAGCCCCCTGTTT-3=)
was incubated with streptavidin-agarose (Sigma-Aldrich, St. Louis, MO)
for 1 h at 4°C. Streptavidin-oligonucleotide beads were washed three
times with binding buffer (10 mM Tris-HCl, 30 mM NaCl, 1 mM EDTA,
1 mM dithiothreitol [DTT], 5% glycerol, 1 mg/ml bovine serum albumin
[BSA], pH 7.4), followed by incubation with protein extracts for 1 h at
4°C. Streptavidin-oligonucleotide beads were then washed three times
with binding buffer and subjected to elution with SDS sample buffer (10
mM Tris-HCl, 2% SDS, 10% glycerol, 5% 2-mercaptoethanol), followed
by SDS-PAGE for immunoblotting.

Generation of retroviral vectors and infection. The pMX-p65 and
pMX-p50 vectors were generated by subcloning from pcDNA3-p65
(20012) and pcDNA3-p50 (20018) vectors obtained from Addgene
(Cambridge, MA) (10). The pMX-NFATc1 vector was generated by sub-
cloning into pMX vector from pcDNA3-NFATc1 obtained from Thermo
Fisher Scientific. The pMX-Ifrd1 vector was constructed by PCR cloning
with the forward primer 5=-GGTACCGATGCCGAAGAACAAGAAG-3=
and the reverse primer 5=-TCTAGACTACAAGAATTCTCCAACATC-3=
using mouse cDNA. These vectors were transfected into PLAT-E cells
using the calcium carbonate method. The virus supernatant was col-
lected 48 h after transfection, and the cells were then infected with this
viral supernatant for 72 h in the presence of 4 �g/ml Polybrene. The
cells were then selected using 1 �g/ml puromycin for 3 days before
experimentation.

Culture of osteoclasts and TRAP staining, the actin ring assay, and
the pit formation assay. Bone marrow macrophages (BMMs) were cul-
tured in the presence of 20 ng/ml macrophage colony-stimulating factor
(M-CSF) and 20 ng/ml RANKL for 4 days consecutively. TRAP staining,
the actin ring assay, and the pit formation assay were performed as previ-
ously described (21). Briefly, cells were cultured on bone slices and sub-
sequent fixation with 4% paraformaldehyde for 10 min, followed by per-
meabilization with 0.5% Triton X-100 –phosphate-buffered saline (PBS)
for 10 min. For the actin ring assay, the bone slices were then incubated in
Alexa Fluor 546-phalloidin-PBS solution (Thermo Fisher Scientific). For
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the pit assay, the bone slices were scrubbed with a brush to remove at-
tached cells. The bone slices were then treated with 20 �g/ml lectin-PBS
solution (Sigma-Aldrich) for 1 h and subsequent incubation with 0.5
mg/ml DAB (Dojindo, Kumamoto, Japan) in PBS, including 0.01% H2O2

for 10 min in the dark.
Data analysis. All results are expressed as the means � standard errors

of the means, and statistical significance was determined using the two-
tailed, unpaired Student’s t test or one-way analysis of variance with the
Bonferroni/Dunnett post hoc test.

RESULTS
Ifrd1 expression is upregulated by RANKL through AP-1 in
preosteoclasts. We first tested whether Ifrd1 expression was al-
tered in preosteoclastic RAW 264.7 cells by osteoclastogenic stim-
ulation. Ifrd1 expression was significantly increased by RANKL,
tumor necrosis factor alpha (TNF-�), and lipopolysaccharide
(LPS) in preosteoclastic RAW 264.7 cells (Fig. 1A). We also veri-
fied that Ifrd1 protein was induced in preosteoclasts by RANKL
(Fig. 1B). To identify putative transcription factors responsible for
the induction of Ifrd1 expression by RANKL in preosteoclasts,
Ifrd1 promoter activity next was monitored in RAW 264.7 cells
that were transfected with various transcription factor expression
vectors. The introduction of the AP-1 complex (composed of
c-Fos/c-Jun) dominantly upregulated mouse Ifrd1 promoter
(�4442 to �160) activity in preosteoclasts (Fig. 1C). Moreover,
the introduction of c-Fos/c-Jun significantly increased the endog-
enous Ifrd1 mRNA expression in preosteoclasts (Fig. 1D). In ad-
dition, RANKL-induced endogenous Ifrd1 mRNA expression was
completely blocked by siRNA-mediated knockdown of c-Fos, c-
Jun, or TNF receptor-associated factor 6 (TRAF6) (Fig. 1E). Com-
putational analysis of the 5=-flanking region of the Ifrd1 gene iden-
tified at least three putative AP-1-responsive elements (ARE) in
the 5=-flanking region of the highly conserved mouse Ifrd1 and
human IFRD1 genes (Fig. 1F), suggesting AP-1-dependent tran-
scription of both mouse and human Ifrd1 genes. A ChIP assay was
conducted to further verify the binding of AP-1 to putative bind-
ing sites (Fig. 1F, sites 1 to 3) in the Ifrd1 promoter. Recruitment of
c-Fos to the Ifrd1 promoter region encompassing site 3 was signif-
icantly enhanced in RANKL-treated preosteoclasts (Fig. 1G and
H). These results demonstrate that Ifrd1 expression is transcrip-
tionally regulated by a RANKL-TRAF6-AP-1 pathway in preoste-
oclasts (Fig. 1I).

Germ line deletion of Ifrd1 increases bone formation and de-
creases bone resorption, leading to higher bone mass. To evalu-
ate the physiological importance of Ifrd1 in bone homeostasis in
vivo, Ifrd1-floxed mice were crossed with Nestin-Cre transgenic
mice to generate global Ifrd1-knockout mice (here referred to as
Ifrd1�/� mice) (Fig. 2A) as a result of Nestin-Cre activity in the
male germ line (11). Ifrd1�/� mice were indistinguishable from
wild-type (WT) mice in terms of physical appearance, body
weight, and nasoanal length (data not shown). However, Ifrd1�/�

mice displayed a significantly higher BV/TV ratio in the femurs
and vertebrae than WT mice (Fig. 2B to E). Bone histomorpho-
metric analyses revealed that bone formation indices, such as BFR
and osteoblast surface/bone surface (Ob.S/BS) values, were signif-
icantly increased in Ifrd1�/� mice compared to levels in WT mice
(Fig. 2F and G). Conversely, osteoclast surface/bone surface
(Oc.S/BS), an index of osteoclastic function, was significantly
lower in Ifrd1�/� mice than in WT mice (Fig. 2H). These results
indicated that Ifrd1 regulates both bone formation and bone re-
sorption.

Conditional deletion of Ifrd1 in mature osteoclasts or oste-
oclast precursors does not affect the bone phenotype under nor-
mal physiological conditions. To reveal the functional impor-
tance of Ifrd1 in osteoclasts, mature osteoclast-specific Ifrd1
knockout mice were generated by crossing Ifrd1-floxed mice with
Ctsk-Cre knock-in mice, in which Cre recombinase is expressed in
mature osteoclasts under the control of the Ctsk promoter (Fig.
3A). No changes in bone mass or osteoblastic and osteoclastic
parameters were apparent in mature osteoclast-specific Ifrd1-
knockout mice, termed Ctsk-Cre; Ifrd1fl/fl mice (Fig. 3C to G),
irrespective of a marked reduction of Ifrd1 mRNA expression in
osteoclasts (Fig. 3B). To further ascertain the effect of Ifrd1 dele-
tion in osteoclast lineages, we used CD11b-Cre transgenic mice
expressing Cre recombinase in the myeloid-osteoclast lineage un-
der the control of the CD11b promoter to target Ifrd1 deletion
from osteoclast progenitor cells (Fig. 3A), with a marked decrease
in Ifrd1 expression in CD11b-positive cells in the bone marrow of
CD11b-Cre; Ifrd1fl/fl mice (Fig. 3H). Similar to Ctsk-Cre; Ifrd1fl/fl

mice, the bone phenotype of WT mice and CD11b-Cre; Ifrd1fl/fl

mice was similar (Fig. 3I), indicating that Ifrd1 deletion in both
early and mature osteoclasts does not affect bone mass under nor-
mal physiological conditions. Rankl expression was normal in the
bones of Ctsk-Cre; Ifrd1fl/fl and CD11b-Cre; Ifrd1fl/fl mice (Fig. 3J
and K).

We have previously demonstrated that osteoblast-specific Ifrd1
knockout mice exhibited a higher bone mass caused by a concom-
itant increase in bone formation and decrease in bone resorption
(10). Taken together with our previous findings, the present re-
sults suggest that under physiological conditions, Ifrd1 regulates
bone homeostasis through osteoblasts rather than osteoclasts.

Conditional deletion of Ifrd1 in osteoclast precursors pro-
tects against RANKL-induced bone loss. Osteoclast lineage-spe-
cific knockout of Ifrd1 did not cause any abnormalities in bone
homeostasis under physiological conditions (Fig. 3). However,
osteoclastogenesis was markedly impaired in coculture experi-
ments using BMMs derived from Ifrd1�/� mice in our previous
study (10). This suggested that Ifrd1 in cells of the osteoclast lin-
eage regulate osteoclastogenesis and bone homeostasis under
pathological conditions. To test this hypothesis, we investigated
whether Ifrd1 expression in osteoclasts is important for the patho-
genesis of osteoporosis by injecting mice with RANKL. CD11b�

osteoclast precursors differentiate into mature Ctsk-producing
osteoclasts (13), indicating that the effect of Ifrd1 deficiency on
bone homeostasis under pathological conditions can be investi-
gated at all stages of osteoclast differentiation using the CD11b-
Cre driver instead of the Ctsk-Cre driver. RANKL was injected into
WT and CD11b-Cre; Ifrd1fl/fl mice daily for 2 days, and then the
bone phenotype was analyzed. RANKL injection induced marked
bone loss (indicated by a decreased BV/TV ratio) in the femurs
and vertebrae of WT mice as a consequence of osteoclast activa-
tion (indicated by increased Oc.S/BS and serum TRAP levels).
However, in CD11b-Cre; Ifrd1fl/fl mice, RANKL-induced oste-
oclast activation and bone loss were significantly impaired (Fig.
4A to F). Similarly, bone loss was not observed in Ifrd1�/� mice
after RANKL treatment, despite the higher bone volumes under
normal physiological conditions (see Fig. S1 in the supplemental
material). Furthermore, RANKL treatment increased the number
of TRAP-positive osteoclasts in the calvariae of WT mice but not
CD11b-Cre; Ifrd1fl/fl mice (Fig. 4G). Therefore, Ifrd1 may modu-
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FIG 1 Ifrd1 is upregulated by RANKL in preosteoclasts. Upregulation of Ifrd1 expression in RAW 264.7 cells by RANKL stimulation. (A) RAW 264.7 cells were
stimulated with osteoclastogenic stimulants, 50 ng/ml RANKL, 10 ng/ml TNF-�, and 100 ng/ml LPS for 4 h, followed by the determination of Ifrd1 mRNA
expression. (B) RAW 264.7 cells were stimulated with RANKL at 50 ng/ml for the indicated times and subjected to determination of Ifrd1 protein expression.
Activation of Ifrd1 promoter activity by c-Fos/c-Jun in RAW 264.7 cells. (C) RAW 264.7 cells were transiently cotransfected with Ifrd1-luc and expression
vectors bearing c-Fos and/or c-Jun, followed by determination of luciferase activity. Upregulation of Ifrd1 mRNA expression by c-Fos/c-Jun in RAW 264.7 cells.
(D) RAW 264.7 cells were transiently transfected with c-Fos/c-Jun expression vectors, followed by determination of endogenous Ifrd1 mRNA expression.
Inhibition of RANKL-induced Ifrd1 mRNA expression by knockdown of c-Fos, c-Jun, or TRAF6 in RAW 264.7 cells is shown. (E) RAW 264.7 cells were
transfected with si-c-Fos, si-c-Jun, or si-TRAF6 and then subjected to 50 ng/ml RANKL treatment, followed by determination of endogenous Ifrd1 mRNA
expression. (F) Schematic representation of the alignment of mouse and human Ifrd1 promoter regions with putative AP-1 binding sites. Highly conserved
regions between mouse and human were identified using VISTA tools (http://genome.lbl.gov/vista/index.shtml). Enhancement of c-Fos recruitment on Ifrd1
promoter by RANKL in RAW 264.7 cells is shown. (G and H) RAW 264.7 cells were treated with 50 ng/ml RANKL and ChIP assay was performed using anti-c-Fos
antibody and specific primers to recognize sites 1 (a-b), 2 (c-d), and 3 (e-f), shown in panel F. (I) Schematic model of this part of the study. Asterisks indicate
values significantly different (*, P 	 0.05; **, P 	 0.01) from each control value obtained in cells treated with PBS (A and E) or transfected with empty vector
(E.V.) (C and D). #, P 	 0.05, significantly different from the value obtained for RANKL-treated cells transfected with si-Control.
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late RANKL-stimulated osteoclastogenesis and bone resorption in
vivo under pathological conditions.

Ifrd1 deficiency abolishes RANKL-induced osteoclastogen-
esis. We next evaluated whether Ifrd1 expression in osteoclasts
regulates osteoclastogenesis in vitro. BMM differentiation into os-
teoclasts was induced by RANKL, and the differentiation was
monitored by TRAP staining, actin ring formation assays (phal-
loidin labeling of F-actin), and pit assays (detection of resorption
pits). Osteoclast differentiation and maturation were dramatically
impaired in BMMs derived from Ifrd1�/� mice compared with
WT mice, as determined by the number of TRAP-positive multi-
nucleated cells, actin ring formation, and pit formation (Fig. 5A
to D). Moreover, the expression of the osteoclast differentiation

and fusion markers Ctsk and transmembrane 7 superfamily mem-
ber 4 (DC-STAMP) was markedly decreased in osteoclasts derived
from Ifrd1�/� mice (Fig. 5E). Finally, expression of NFATc1 and
c-Fos protein was markedly decreased in osteoclasts derived from
Ifrd1�/� mice, although p65 expression was not altered in whole-
cell lysates (Fig. 5F and G). Conversely, retroviral introduction of
Ifrd1 markedly upregulated the expression of NFATc1 in BMMs
derived from WT mice (Fig. 5H).

Ifrd1 enhances osteoclastogenesis by modulating the acety-
lation of p65 and enhancing NF-�B/NFATc1 signaling in oste-
oclasts. To elucidate the regulatory mechanisms of osteoclast dif-
ferentiation by Ifrd1, we examined the physical interactions
between Ifrd1 and NFATc1, c-Fos, and p65 in BMMs in the pres-

FIG 2 Germ line deletion of Ifrd1 increases bone formation and decreases bone resorption, leading to high bone mass. (A) Strategy and confirmation for the
generation of germ line Ifrd1-knockout mice. Higher bone volume in long bones and vertebrae of Ifrd1 knockout mice was found. (B and C) �CT analysis (B)
and BV/TV ratios (C) of femurs of WT and Ifrd1 knockout mice at 12 weeks old. (D to H) von Kossa staining (D), BV/TV ratios (E), BFR (F), Ob.S/BS values (G),
and Oc.S/BS values (H) of vertebrae of WT and Ifrd1 knockout mice at 12 weeks old (WT, n 
 6 to 8; Ifrd1�/�, n 
 5 to 8). Asterisks indicate values significantly
different from the value obtained for WT mice: *, P 	 0.05; **, P 	 0.01.
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FIG 3 Osteoclast lineage-specific deletion of Ifrd1 does not show any abnormalities in bone phenotype under physiological conditions. (A) Schematic diagram
of generating conditional Ifrd1 knockout. (B) RNA was isolated from osteoclasts of Ctsk-Cre; Ifrd1fl/fl mice and subjected to determination of Ifrd1 mRNA
expression by qPCR. No apparent bone phenotype in Ctsk-Cre; Ifrd1fl/fl mice was seen. (C to G) von Kossa staining (C), BV/TV ratios (D), Oc.S/BS values (E),
Ob.S/BS values (F), and BFR (G) of the vertebrae of WT and Ctsk-Cre; Ifrd1fl/fl mice (WT, n 
 6; Ctsk-Cre; Ifrd1fl/fl, n 
 5) at 12 weeks old. (H) RNA was isolated
from CD11b-positive cells in bone marrow of CD11b-Cre; Ifrd1fl/fl mice and subjected to determination of Ifrd1 mRNA expression by qPCR. No apparent bone
phenotype in CD11b-Cre; Ifrd1fl/fl mice was seen. (I) BV/TV ratios of the vertebrae of WT and CD11b-Cre; Ifrd1fl/fl mice (WT and CD11b-Cre; Ifrd1fl/fl; n 
 5) at
12 weeks old. (J and K) RNA was isolated from femur of Ctsk-Cre; Ifrd1fl/fl mice and CD11b-Cre; Ifrd1fl/fl mice, followed by determination of Rankl expression by
qPCR.
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ence or absence of RANKL. As shown in Fig. 6A, Ifrd1 formed a
complex with p65 in the presence of RANKL but did not form a
complex with NFATc1 or c-Fos in BMMs in the presence or ab-
sence of RANKL (Fig. 6A). Ifrd1 and the heavy chain of IgG have

similar molecular weights; therefore, it was not possible to per-
form reciprocal immunoprecipitation or confirm the amount of
immunoprecipitated Ifrd1 in Fig. 6A. Therefore, we performed an
oligonucleotide pulldown assay using the consensus NF-�B bind-

FIG 4 Ifrd1 deficiency in osteoclast precursors protects against RANKL-induced bone loss. Protection against RANKL-induced bone loss and bone resorption
in CD11b-Cre; Ifrd1fl/fl mice. WT mice and CD11b-Cre; Ifrd1fl/fl mice were intraperitoneally administered GST-RANKL at 2 mg/kg daily for 2 days, and
subsequently mice were sacrificed 12 h after the final injection, followed by determination of bone phenotypes. (A to F) �CT analysis (A) and BV/TV ratios (B) of
femurs, von Kossa staining (C), BV/TV ratios (D), Oc.S/BS values of the vertebrae (E), and serum TRAP levels (F) of PBS- or RANKL-injected mice (WT-PBS, n 
 6;
WT-RANKL, n 
 9; CD11b-Cre; Ifrd1fl/fl-PBS, n 
 6; CD11b-Cre; Ifrd1fl/fl-RANKL, n 
 8). Protection against RANKL-induced osteoclast activation in calvariae of
CD11b-Cre; Ifrd1fl/fl mice was seen. (G) TRAP staining of the calvariae of PBS- or RANKL-injected mice. Asterisks indicate values significantly different from the value
obtained for PBS-injected mice: *, P 	 0.05; **, P 	 0.01. #, P 	 0.05, significantly different from the value obtained for RANKL-injected WT mice.
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ing sequence. Ifrd1 was recruited to a consensus NF-�B binding
sequence in the nucleus but not in the cytoplasm of RANKL-
treated BMMs. This indicated that the physical interaction be-
tween Ifrd1 and p65 occurred selectively in the nucleus of BMMs
(Fig. 6B).

Furthermore, the NF-�B-luc activity was significantly de-
creased by Ifrd1 knockdown and increased by Ifrd1 overexpres-
sion in the presence of RANKL (Fig. 6C to E). NFATc1, an estab-
lished regulator of osteoclastogenesis (22), is a direct target of
NF-�B (23). ChIP assays revealed that p65 recruitment by the

FIG 5 Ifrd1 deficiency in osteoclast precursors represses osteoclastogenesis. (A to E) Inhibition of cell differentiation and maturation by Ifrd1 deficiency in osteoclasts.
BMMs from WT mice or Ifrd1�/� mice were stimulated with M-CSF (20 ng/ml) and RANKL (20 ng/ml) for 4 days, followed by TRAP staining (A and B), pit formation
assay (A and C), actin ring assay (A and D), and the determination of mRNA expression of osteoclast marker genes (E). MNCs, multinucleated cells. (F and G)
Downregulation of NFATc1 protein expression by Ifrd1 deficiency in osteoclasts. (F) BMMs from WT mice or Ifrd1�/� mice were stimulated with M-CSF and RANKL
for the indicated days, followed by determination of protein expression of transcription factors involved in osteoclastogenesis. (G) Quantification of immunoblotting
data of NFATc1 shown in panel F. (H) Upregulation of NFATc1 protein expression by Ifrd1 introduction in osteoclasts is shown. WT mouse-derived BMMs were
retrovirally infected with Ifrd1 expression vector and subsequent stimulation with M-CSF and RANKL for the indicated days, followed by determination of NFATc1
protein expression by immunoblotting. **, P 	 0.01, significantly different from the value obtained from WT cells.
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NFATc1 promoter was also decreased in Ifrd1-deficient oste-
oclasts in the presence of RANKL (Fig. 6F and G). In addition,
p65/p50-induced NFATc1 promoter activity was significantly re-
pressed by Ifrd1 knockdown (Fig. 6H). Conversely, Ifrd1 pro-
moter activity was not influenced by NFATc1 (Fig. 6I). These
results suggested that Ifrd1 activates the NF-�B-dependent tran-
scription of the NFATc1 gene in osteoclasts, consistent with the
decreased NFATc1 expression in Ifrd1�/� BMMs (Fig. 5F).

Ifrd1 modifies the acetylation status of p65 by HDACs (24).
The physical interaction between HDAC1 and p65 was dramati-

cally decreased in Ifrd1�/� BMMs (Fig. 7A). The transcriptional
activity of NF-�B was enhanced by the acetylation of p65 at resi-
dues K218, K221, and K310 and repressed by the acetylation of
p65 at residues K122 and K123 (25, 26). WT or Ifrd1�/� BMMs
were retrovirally infected with three mutant p65 constructs: a
Mut1 construct, in which K218, K221, and K310 were replaced
with arginine (FLAG–p65-K218R,K221R,K310R); a Mut2 con-
struct, in which K122 and K123 were replaced with arginine
(FLAG–p65-K122R,K123R); and a Mut3 construct, in which all
major lysine residues were replaced with arginine (FLAG–p65-

FIG 6 Ifrd1 interacts with p65 and regulates NF-�B-dependent transcription. Interaction between Ifrd1 and p65 in the nucleus of BMMs by RANKL stimulation
is shown. (A) WT mouse-derived BMMs were stimulated with RANKL at 20 ng/ml and subjected to immunoprecipitation with anti-Ifrd1 antibody, followed by
immunoblotting with the antibodies indicated. WB, Western blotting. (B) WT mouse-derived BMMs were stimulated with RANKL at 20 ng/ml and prepared as
nucleus and cytoplasm fractions, followed by oligonucleotide pulldown assay with NF-�B consensus sequence and immunoblotting with the antibodies
indicated. Regulation of NF-�B-luc activity by Ifrd1 in RAW 264.7 cells is shown. (C) RAW 264.7 cells were transfected with si-Ifrd1, and determination of Ifrd1
mRNA expression by qPCR was performed. (D and E) RAW 264.7 cells were cotransfected with NF-�B-luc and si-Ifrd1 (D) or Ifrd1 (E) expression vector and
subjected to 50 ng/ml RANKL treatment, followed by determination of luciferase activity. (F and G) Inhibition of p65 recruitment on NFATc1 promoter in
Ifrd1-deficient BMMs. BMMs from WT mice or Ifrd1�/� mice were stimulated with RANKL at 20 ng/ml, and ChIP assay was performed using anti-p-p65
antibody and specific primers to recognize NF-�B binding sites listed in Table S2 in the supplemental material. Inhibition of p65/p50-dependent NFATc1
promoter activity by Ifrd1 knockdown is shown. (H and I) RAW 264.7 cells were transiently cotransfected with p65/p50 expression vectors NFATc1-luc and
si-Ifrd1 (H) or NFATc1 expression vector and Ifrd1-luc (I), followed by determination of luciferase activities. **, P 	 0.01, significantly different from the value
obtained in cells transfected with si-Control (C, D, and H), E.V. (E), or WT (G) cells.
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K122R,K123R,K218R,K221R,K310R). After the mutants were in-
troduced, we performed immunoprecipitations with a FLAG an-
tibody, followed by immunoblotting with an anti-acetyl-lysine
antibody. Compared with WT cells, acetylated p65 was markedly

increased in Ifrd1�/� BMMs infected with the WT construct [p65
(WT)] and the Mut1 construct [p65 (Mut1)]. Acetylation was
comparable for WT and Ifrd1�/� BMMs infected with the Mut2
construct [p65 (Mut2)] and was not detected in BMMs infected

FIG 7 Ifrd1 deficiency represses osteoclastogenesis by modulating the NF-�B/NFATc1 pathway by reducing HDAC-dependent deacetylation of p65 in osteoclasts at
residues K122 and K123. Repression of interaction between HDAC1 and p65 in Ifrd1-deficient BMMs is shown. (A) BMMs from WT mice or Ifrd1�/� mice were
stimulated with RANKL at 20 ng/ml and subjected to immunoprecipitation with anti-HDAC1 antibody, followed by immunoblotting with the antibodies indicated.
Regulation of acetylation status of p65 at residues K122 and K123 by Ifrd1 in BMMs is shown. (B) BMMs from WT mice or Ifrd1�/� mice were infected with
FLAG-tagged p65 constructs and subjected to 20 ng/ml RANKL treatment, followed by immunoprecipitation with anti-FLAG antibody and immunoblotting with the
antibodies indicated. (C) WT mouse-derived BMMs were retrovirally infected with FLAG-tagged p65 (WT) vector and Ifrd1 expression vector and subjected to 20 ng/ml
RANKL treatment, followed by immunoprecipitation with FLAG antibody and immunoblotting with anti-acetyl lysine antibody. Rescue of osteoclastogenesis by
NFATc1 and P65/p50 in Ifrd1-deficient BMMs. (D) BMMs from WT mice and Ifrd1�/� mice were retrovirally infected with Ifrd1, NFATc1, and the p65/p50 expression
vectors and subjected to stimulation with M-CSF and RANKL for 4 days, followed by TRAP staining. (E) Schematic model of this part of the study.
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with the Mut3 construct [p65 (Mut3)] irrespective of the geno-
type (Fig. 7B). This indicated that Ifrd1 deficiency inhibits the
deacetylation of p65 by HDAC1 at residues K122 and K123, sub-
sequently repressing the NF-�B activity. Conversely, acetylated
p65 was markedly repressed by Ifrd1 overexpression in WT
mouse-derived BMMs infected with the WT construct [p65
(WT)] (Fig. 7C).

Finally, and importantly, impaired osteoclastogenesis was al-
most completely rescued by the retroviral transduction of p65/
p50, NFATc1, and Ifrd1 into BMMs derived from Ifrd1�/� mice
(Fig. 7D). These results suggest that Ifrd1 activates osteoclast
differentiation by modulating the acetylation of p65 by
HDAC1, thus enhancing NF-�B-dependent NFATc1 gene tran-
scription (Fig. 7E).

DISCUSSION

Bone homeostasis is coordinately maintained by three known
mechanisms: (i) the cell-autonomous regulation of osteoblasto-
genesis and bone formation; (ii) the cell-autonomous regulation
of osteoclastogenesis and bone resorption; and (iii) the osteoblast-
dependent regulation of osteoclastogenesis and bone resorption
by the RANKL-OPG axis (7–9). Recently, we have revealed that
Ifrd1 expression in osteoblasts modulates osteoblastogenesis via
the NF-�B/Smad/Osterix pathway and osteoclastogenesis via the
�-catenin/OPG pathway (10). In this study, we further demon-
strated that Ifrd1 expression in osteoclast lineage cells modulates
osteoclastogenesis via NF-�B/NFATc1 signaling in a cell-autono-
mous fashion under pathological conditions. These findings dem-
onstrated that Ifrd1 regulates all three mechanisms of bone ho-
meostasis maintenance through its coordinated expression in
osteoblast- and osteoclast-lineage cells.

Osteoblast-specific Ifrd1 knockout mice have a higher bone
mass because of a combination of increased bone formation and
decreased bone resorption (10). This phenotype resembles that of
the complete Ifrd1 knockout mouse, indicating that under physi-
ological conditions, Ifrd1 mainly regulates bone homeostasis via
its expression in osteoblasts rather than osteoclasts. Bone loss is
increased in postmenopausal osteoporosis due to accelerated
bone turnover, with bone resorption exceeding bone formation.
This leads to the increased fragility of bone integrity and therefore
an increased risk of bone fractures (27). The anti-RANKL anti-
body increases bone mineral density and decreases bone resorp-
tion in postmenopausal women and in ovariectomized monkeys
(28, 29), suggesting that an elevated RANKL ratio plays a role in
bone loss in postmenopausal osteoporosis. RANKL induces the
nuclear localization and phosphorylation of p65 in BMMs (6, 30).
In this study, we observed that Ifrd1 associated with p65 in the
nucleus of BMMs only when cells were treated with RANKL, along
with a marked upregulation of Ifrd1 expression by RANKL. These
findings suggest that Ifrd1 controls bone resorption and bone ho-
meostasis during postmenopausal osteoporosis through its ex-
pression in the osteoclast lineage. CD11b-Cre is on the Y chro-
mosome (13); therefore, it was not possible to generate an
osteoporosis model in CD11b-Cre; Ifrd1fl/fl mice by ovariectomy.
However, we demonstrated that Ifrd1 deficiency in the osteoclast
lineage prevented RANKL-induced bone loss and osteoclast acti-
vation in CD11b-Cre; Ifrd1fl/fl mice, revealing a crucial role of os-
teoclastic Ifrd1 in bone homeostasis under pathological condi-
tions.

NF-�B is a transcription factor that plays a central role in in-

flammation, autoimmune responses, cell proliferation, differenti-
ation, and apoptosis (31–33). NF-�B is a positive regulator of
osteoclastogenesis and a negative regulator of osteoblastogenesis
(34, 35). In addition, previous studies have demonstrated that
Ifrd1 decreases and increases the activity of NF-�B-dependent
transcription in myoblasts and neutrophils, respectively (3, 24).
This suggests that depending on the cellular lineages, Ifrd1 may
both negatively and positively regulate NF-�B signaling. In this
study, we found that Ifrd1 regulates osteoclastogenesis in a cell-
autonomous manner by modulating the acetylation of p65 by
HDAC1, as shown in Fig. 7E. Although acetylation of the K218,
K221, and K310 residues of p65 increases the transcriptional ac-
tivity of NF-�B, acetylation of the K122 and K123 residues reduces
the transcriptional activity of NF-�B by facilitating the nuclear
export of p65 (25, 26). In addition, acetylation at residues K314
and K315 of p65 has been shown to be important for NF-�B-
dependent transcription (36). In this study, we found that the
acetylation of residues K314 and K315 of p65 was, at least in oste-
oclasts, of less importance for NF-�B-dependent transcription. In
contrast, we found that Ifrd1 deficiency increased the acetylation
of residues K122 and K123 of p65 but not of K218, K221, and K310
in osteoclasts. Accordingly, Ifrd1 may decrease the acetylation of
residues K122 and K123 of p65 in an HDAC-dependent manner
by modulating their interaction. This may lead to an increase in
NF-�B-dependent transcription as a result of the nuclear accumu-
lation of p65 and the subsequent activation of osteoclastogenesis
by the augmentation of NFATc1 expression in osteoclasts (Fig.
7E). We have previously demonstrated that the acetylation of p65
at residues K122 and K123 was augmented by impaired interac-
tion between p65 and HDAC1 in Ifrd1-deficient osteoblasts, lead-
ing to the nuclear export of p65 and the repression of NF-�B
activity. This consequently resulted in the repression of Smad7, a
target gene of NF-�B signaling, in osteoblasts (10). The same
mechanism of NF-�B-dependent transcription by the Ifrd1 gene
may operate in both osteoclast and osteoblast lineages to control
bone homeostasis. Moreover, we have shown that Ifrd1 deficiency
attenuates the interaction between �-catenin and HDAC1, subse-
quently increasing the acetylation of �-catenin at K49 and leading
to accumulation in the nucleus and activation of �-catenin-de-
pendent transcription of Opg in osteoblasts (10). �-Catenin con-
trols osteoclastogenesis (37, 38); thus, it would be worth investi-
gating whether Ifrd1 controls osteoclastogenesis by regulating
�-catenin-dependent transcription, as observed in osteoblasts.

In conclusion, Ifrd1 modulates all three essential pathways of
bone homeostasis: the cell-autonomous regulation of osteoblas-
togenesis, the osteoblast-dependent regulation of osteoclastogen-
esis, and the cell-autonomous regulation of osteoclastogenesis.
Although the transcriptional programs regulating the three path-
ways are well defined, the mechanisms that regulate and coordi-
nate them remain poorly understood. Ifrd1 may represent a novel
target for the discovery and development of therapies and treat-
ments for a variety of bone disorders, including osteoporosis,
rheumatoid arthritis, and/or bone metastases of tumors.
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