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Abstract 1-Alpha, 25-dihydroxy vitamin D3 (1a,25

(OH)2D3), an active form of vitamin D3, plays a critical

role in calcium and bone metabolism. Although

1a,25(OH)2D3 has been used for osteoporosis therapy, the

direct role of 1a,25(OH)2D3 on human osteoclastogenesis

has not been well characterized. Here we show that

1a,25(OH)2D3 treatment significantly inhibited human

osteoclast formation at the early stage of differentiation in

a concentration-dependent manner. 1a,25(OH)2D3 inhib-

ited the expression of nuclear factor of activated T cells c1

(NFATc1, also referred as NFAT2), an essential tran-

scription factor for osteoclast differentiation, and upregu-

lated the expression of interferon-b (IFN-b), a strong

inhibitor of osteoclastogenesis in osteoclast progenitors.

Inhibitory effects of 1a,25(OH)2D3 on osteoclastogenesis

and NFATc1 expression were restored by treatment with an

antibody against IFN-b, suggesting that upregulation of

IFN-b by 1a,25(OH)2D3 treatment results in inhibition of

NFATc1 expression, in turn interfering with osteoclast

formation. Thus, our study may provide a molecular basis

for the treatment of human bone diseases by 1a,25(OH)2D3

through regulation of the IFN-b and NFATc1 axis.

Keywords Vitamin D � Osteoclastogenesis � NFATc1 �
IFN-b � 1a,25(OH)2D3

Introduction

1-Alpha, 25-dihydroxy vitamin D3 (1a,25(OH)2D3) regu-

lates calcium metabolism through the nuclear vitamin D

receptor (VDR). 1a,25(OH)2D3 upregulates intestinal cal-

cium absorption and downregulates parathyroid hormone

(PTH) mRNA expression in parathyroid cells [1–3],
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thereby preventing bone mineral density (BMD) reduction

and maintaining bone architecture in circumstances of high

bone turnover [4, 5]. Therefore, 1a,25(OH)2D3 and its

analogues have been used for treatment of postmenopausal,

secondary hyperparathyroidism or glucocorticoid-induced

osteoporosis [6–8].

Osteoclasts are bone-resorbing multinuclear cells

derived from hematopoietic stem cells [9]. Recent studies

have shown that the interaction between receptor activator

of nuclear factor kappa-B (RANK) and RANK-ligand

(RANKL) is essential for osteoclast differentiation and

activation [10–12]. RANK signaling stimulates tumor

necrosis factor (TNF) receptor-associated factor 6

(TRAF6) and c-Fos, a component of the AP-1 transcription

factor complex, which in turn activates various down-

stream molecules such as tartrate-resistant acid phospha-

tase (TRAP) [13, 14]. c-Fos is an essential transcription

factor for osteoclast differentiation, and mice deficient in c-

Fos exhibit a complete lack of osteoclast formation and

severe osteopetrosis [15]. Nuclear factor of activated T

cells (NFAT) 2, also called NFATc1, is a downstream

transcription factor of c-Fos in the RANKL/RANK axis

and is also essential for osteoclastogenesis [16, 17].

Although c-Fos positively regulates osteoclast differentia-

tion by inducing NFATc1 and Fos-related antigen (Fra)-1,

both of which are essential transcription factors for osteo-

clast differentiation [14, 16, 18], it also induces interferon-

beta (IFN-b), a strong inhibitor of osteoclast differentia-

tion, and it negatively regulates osteoclastogenesis through

one of the IFN-a/b receptor components, IFNAR1, in a

negative feedback manner [19].

Patients with osteoporosis exhibit excessive bone

resorption as a consequence of accelerated osteoclast dif-

ferentiation. Extensive bone resorption brings immature

bone formation, which results in decreased BMD and

attenuated bone strength. Administration of active vitamin

D3 analogues to osteoporosis patients reduces bone

resorption and bone fracture frequency [6, 20]. Ovariecto-

mized rodents have been utilized as models of postmeno-

pausal osteoporosis, and treatment with active vitamin D3

analogues has been demonstrated to reduce osteoclast for-

mation and bone resorption, thereby increasing BMD and

bone strength in vivo [4, 5]. Interestingly, 1a,25(OH)2D3

has been used to induce osteoclast formation in a coculture

system of bone marrow (BM) and osteoblastic cells. It has

been shown that 1a,25(OH)2D3 acts on osteoblasts to

upregulate the expression of RANKL, an essential trans-

membrane ligand for osteoclastogenesis, while downregu-

lating the expression of osteoprotegerin (OPG), a decoy

receptor of RANKL that prevents osteoclastogenesis [10].

Thus, 1a,25(OH)2D3 has been considered to be an osteo-

clast-inducing factor, although it inhibits osteoclast

formation and increases BMD in osteoporosis patients.

Recently, it was shown that 1a,25(OH)2D3 inhibited

osteoclast formation by inhibiting c-Fos protein expression

in mouse osteoclasts [21]. However, the mechanisms of its

inhibition of osteoclast formation remain largely unknown.

In this study, we show that human osteoclastogenesis

induced by macrophage colony-stimulating factor (M-CSF)

and RANKL from bone marrow-derived osteoclast pro-

genitor cells was strongly inhibited by 1a,25(OH)2D3

treatment at an early stage of differentiation in a concen-

tration-dependent manner. 1a,25(OH)2D3 treatment inhib-

ited expression of NFATc1 and upregulated IFN-b
expression in osteoclast progenitor cells. The inhibitory

effect of 1a,25(OH)2D3 on human osteoclastogenesis was

restored by addition of an antibody against IFN-b, which

also restored the expression of NFATc1 downregulated by

1a,25(OH)2D3 in osteoclast progenitor cells. Thus, our data

suggest a molecular basis for the treatment of activated

osteoclast-induced bone diseases such as osteoporosis by

1a,25(OH)2D3 through the upregulation of IFN-b, which

downregulates NFATc1 expression in osteoclast progenitor

cells.

Materials and methods

Isolation of human bone marrow CFU-GM cells

The study was approved by an Institutional Ethical Review

Board (Keio Hospital #16-17-1), and informed consent was

obtained from all study subjects. Human bone marrow-

derived colony-forming unit granulocyte macrophage

(CFU-GM) cells were generated as follows. Human bone

marrow was obtained from patients undergoing routine hip

replacement surgery. Cells were diluted 1:1 with Dul-

becco’s phosphate-buffered saline (Invitrogen, Carlsbad,

CA, USA) and filtered through a 70-lm nylon mesh cell

strainer (BD Bioscience, Franklin Lakes, NJ, USA). The

cell suspension was carefully layered on histopaque-1077

(Sigma-Aldrich, St. Louis, MO, USA) and centrifuged at

440g for 30 min at room temperature. The cell layer at the

interface was transferred into a fresh tube as bone marrow

mononuclear cells. Bone marrow mononuclear cells were

cultured in methylcellulose semisolid medium (MethoCult

H-4534; Stem cell Technologies, Vancouver, BC, Canada)

containing 1% methylcellulose, 30% fetal bovine serum

(FBS), 1% bovine serum albumin, 10–4 M 2-mercap-

toethanol, 2 mM L-glutamine, 50 ng/ml recombinant

human (rh) stem cell factor, 10 ng/ml rh GM-CSF, and

10 ng/ml rh IL-3 in 35-mm Petri dishes. Cultures were

maintained in a humidified atmosphere at 5% CO2 at 37�C

for 2 weeks to obtain CFU-GM cells.
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Osteoclast differentiation of human CFU-GM cells

Human CFU-GM cells were seeded in 96-well plates

(2.0 9 104 cells/well) and cultured for 6 days in alpha-

minimum essential medium (a-MEM) supplemented with

10% FBS, 30 ng/ml M-CSF (Wako, Osaka, Japan) and

30 ng/ml RANKL (Wako) in the absence or presence of

10–10 M, 10–9 M, 10–8 M 1a,25(OH)2D3 (Wako). To

examine the role for IFN-b in osteoclastogenesis of human

CFU-GM cells, 500 unit/ml sheep polyclonal antibody

against human IFN-b (PBL Biomedical Laboratories, New

Brunswick, NJ, USA) was added in the culture medium.

The culture medium was changed to fresh medium every

other day. Osteoclastogenesis was evaluated by TRAP

staining as described below or pit formation assay as

described elsewhere [22, 23].

Tartrate-resistant acid phosphatase (TRAP) staining

Cultured cells were fixed with 10% formalin in PBS for

10 min at room temperature. After treatment with ethanol/

acetone (50:50 vol/vol) for 1 min, the well surface was air

dried and incubated for 30 min at room temperature with

TRAP-staining solution: 0.1 M sodium acetate (pH 5.0)

containing 0.01% naphthol AS-MX phosphate (Sigma-

Aldrich) as a substrate, and 0.03% red violet LB salt

(Sigma-Aldrich) as a stain for the reaction product in the

presence of 50 mM sodium tartrate. TRAP-positive

multinuclear cells containing more than three nuclei were

counted as osteoclasts.

RNA extraction, RT-PCR, and quantitative real-time

PCR analysis

Total RNA was isolated from osteoclast progenitors or

osteoclasts using an RNeasy Mini kit (Qiagen, Valencia,

CA, USA), and total RNA was reverse transcribed using

Reverscript IV (Wako). reverse transcription-polymerase

chain reaction (RT-PCR) analysis was performed using the

following primer sets: NFATc1, 50-TGT GCC GGA ATC

CTG AAA CT-30–50-GGC GGG AAG GTA GGT GAA

AC-30; c-Fos, 50-GGA CCT TAT CTG TGC GTGAAAC-

30–30-CAC ACT ATT GCC AGGAACACAG-50; IFN-b,

50-TCA TCT AGC ACTGGCTGG AA-30–30-TTTCAAAA

TCTTCTAGTGTCCTTTCA-50; b-actin, 50-TCC TGT

GGC ATC CAC GAAACTA-30–50-CTC GGC CAC ATT

GTGAACTTTG-30.
PCR reactions were performed using TITANIUM Taq

PCR Kit (Clontech, Mountain View, CA, USA). To

quantify transcripts, cDNA was subjected to real-time PCR

using Applied Biosystem 7500 Fastin Real-Time PCR

system (Applied Biosystems, Foster City, CA, USA) or a

Thermal Cycler Dice Real Time System (Takara Bio,

Otsu, Japan). Amplification of glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) was used for sample normaliza-

tion. The probes and primers used were predesigned

Fig. 1 1-Alpha, 25-dihydroxy vitamin D3 (1a,25(OH)2D3) inhibits

osteoclast formation in colony-forming unit granulocyte macrophage

(CFU-GM) cells. Human CFU-GM cells were cultured for 6 days

with M-CSF (30 ng/ml) and receptor activator of nuclear factor

kappa-B ligand (RANKL) (30 ng/ml) in the presence or absence of

the indicated concentrations of 1a,25(OH)2D3. Cells were subjected

to TRAP staining (a, b) and pit formation assay (c). Multinuclear

TRAP-positive cells containing more than three nuclei were scored as

osteoclasts (b). Vehicle, 0.1% EtOH. Data are mean number ± SD of

osteoclasts (*P \ 0.05, ***P \ 0.001)
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transcripts (so-called inventoried assays) validated by

Applied Biosystems bioinformatics design pipelines.

Applied Biosystems assay IDs were Hs00542678_m1

(NFATc1), Hs01077958_s1 (IFNB1), and Hs99999905_m1

(GAPDH). Each sample was analyzed in triplicate.

Flow cytometry

Monoclonal antibodies (mAbs) recognizing the following

markers were used for flow cytometric analyses and cell

sorting on human CFU-GM cells: CD45 (HI30; BD

Pharmingen, Franklin Lakes, NJ, USA), CD44 (DF1485;

DAKO, Glostrup, Denmark), and CD11b (ICRF44; BD

Pharmingen).

Osteoclast differentiation of mouse bone marrow cells

All mice were maintained under pathogen-free conditions

and cared for in accordance with the guidelines of Keio

University School of Medicine. Bone marrow cells were

isolated from 8- to 12-week-old IFN-a/b receptor 1 (IF-

NAR1)-deficient or wild-type mice and cultured in a-MEM

supplemented with 10% FBS for 5 h. Nonadherent cells

were harvested as osteoclast progenitor cells, seeded in 96-

well plates (2.0 9 104 cells/well), and cultured for 6 days

in a-MEM supplemented with 10% FBS, 30 ng/ml M-CSF,

and 30 ng/ml RANKL in the presence or absence of

1a,25(OH)2D3. The culture medium was changed to fresh

medium on day 3. Osteoclastogenesis was evaluated by

TRAP staining.

Western blot analysis

Cell lysate was collected from the cells derived from IF-

NARI-deficient or wild-type mice cultured in the presence

of M-CSF and RANKL with or without 1a,25(OH)2D3 for

the indicated culture period. Western blot analysis was

performed as previously described [24] using polyclonal

antibodies to detect c-Fos (K-25; Santa Cruz Biotechnology,

Santa Cruz, CA, USA) and Actin (A2066; Sigma-Aldrich).

Statistics

P values were calculated by unpaired Student’s t test. P

values less than 0.05 were considered significant and are

indicated by asterisks.

Results

1a,25(OH)2D3 inhibits human osteoclastogenesis

We first asked whether 1a,25(OH)2D3 directly affects

human osteoclastogenesis from osteoclast progenitor cells.

Fig. 2 1a,25(OH)2D3 inhibits osteoclastogenesis in the RANKL-

RANK axis at an early stage of differentiation. Human CFU-GM cells

were cultured with the indicated concentrations of M-CSF and

RANKL in the presence or absence of 10–8 M 1a,25(OH)2D3 for

6 days and stained with TRAP (a). Multinuclear TRAP-positive cells

containing more than three nuclei were scored as osteoclasts. Data are

mean number ± SD osteoclasts (*P \ 0.05). Human CFU-GM cells

were cultured with M-CSF (30 ng/ml) and RANKL (30 ng/ml) for

6 days, and 10–8 M 1a,25(OH)2D3 was added to the culture medium

at days 0–2, 2–4, 4–6, or 0–6 (b). 1a,25(OH)2D3 effectively

suppressed the formation of osteoclasts at an early stage of

osteoclastogenesis. Vehicle, 0.1% EtOH. Data are mean num-

ber ± SD osteoclasts (*P \ 0.05, **P \ 0.01, ***P \ 0.001)
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Human osteoclast progenitor cells were prepared by culti-

vation of human bone marrow mononuclear cells in

methylcellulose semisolid culture medium. Human osteo-

clastogenesis induced by M-CSF and RANKL in CFU-GM

cells was significantly inhibited by 1a,25(OH)2D3 in a

concentration-dependent manner (Fig. 1a, b). 1a,25(OH)2D3

also inhibited the bone-resorbing activity, which is the

most important function of osteoclasts (Fig. 1c). The

inhibitory effect of 1a,25(OH)2D3 on human osteo-

clast differentiation was also observed for osteoclasto-

genesis from mononuclear cells isolated from bone marrow

(data not shown), indicating that 1a,25(OH)2D3 inhibits

osteoclast differentiation in human bone marrow-derived

cells.

Fig. 3 1a,25(OH)2D3 inhibits NFATc1 expression in human CFU-

GM cells. Human CFU-GM cells were cultured with M-CSF (30 ng/

ml) and RANKL (30 ng/ml) in the presence or absence of the

indicated concentrations of 1a,25(OH)2D3 for 1–2 days (a). Then,

total RNA was isolated and reverse transcription-polymerase chain

reaction (RT-PCR) analysis was undertaken to detect the expression

of NFATc1. 1a,25(OH)2D3 inhibited the expression of NFATc1 in a

concentration-dependent manner. b-actin expression is shown as an

internal control. Vehicle, 0.1% EtOH. Human CFU-GM cells were

cultured with M-CSF (30 ng/ml) and RANKL (30 ng/ml) in the

presence or absence of 10–8 M 1a,25(OH)2D3 for 2 days (b). Total

RNA was then isolated and real-time PCR analysis performed to

detect the expression of NFATc1 relative to GAPDH (**P \ 0.01)

Fig. 4 CD11b– cells in human CFU-GM cells have higher potential

to differentiate into osteoclasts. a Human CFU-GM cells were stained

with fluorescein isothiocyanate (FITC)-conjugated anti-CD45, CD44,

or CD11b antibody and examined by FACS Calibur. b, c CD45?

CD44?CD11b– or CD45?CD44?CD11b? cells were sorted, cultured

with M-CSF (30 ng/ml) and RANKL (30 ng/ml) in the presence or

absence of 10–8 M 1a,25(OH)2D3 for 6 days, and the number of

multinuclear TRAP-positive cells containing more than three nuclei

was scored. d CD45?CD44?CD11b– or CD45?CD44?CD11b? cells

were sorted and cultured with M-CSF (30 ng/ml) and RANKL

(30 ng/ml) in the presence or absence of 10–8 M 1a,25(OH)2D3 for

2 days. Total RNA was then isolated and real-time PCR analysis was

undertaken to detect the expression of NFATc1 relative to GAPDH
(*P \ 0.05, **P \ 0.01)
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Human osteoclastogenesis is inhibited

by 1a,25(OH)2D3 downstream of RANKL

at an early stage of differentiation

Next, we investigated whether increased concentrations of

M-CSF, RANKL, or both could rescue the osteoclasto-

genesis inhibited by 1a,25(OH)2D3. High concentrations of

RANKL or M-CSF plus RANKL partially but significantly

rescued the osteoclast differentiation inhibited by 1a,25

(OH)2D3 (Fig. 2a).

To understand the inhibitory mechanism of 1a,25

(OH)2D3 on osteoclastogenesis, we subdivided the culture

period into three parts (days 0–2, days 2–4, and days 4–6)

to assess which stage was critical for inhibition of osteo-

clastogenesis by 1a,25(OH)2D3. Osteoclastogenesis was

strongly inhibited when 1a,25(OH)2D3 was added to the

culture medium at the earlier stage of differentiation

(Fig. 2b), which suggests that 1a,25(OH)2D3 affects

molecules that act at an early rather than a later period of

osteoclast differentiation in the presence of M-CSF and

RANKL.

NFATc1 expression is reduced

in 1a,25(OH)2D3-treated cells during human

osteoclastogenesis induced by M-CSF and RANKL

Because osteoclast differentiation was inhibited by

1a,25(OH)2D3, we analyzed the expression of NFATc1, an

essential molecule for osteoclast differentiation [16, 17],

in cells treated with various concentrations of

1a,25(OH)2D3 (Fig. 3a, b). NFATc1 expression induced by

M-CSF and RANKL in osteoclast progenitor cells was

significantly downregulated by 1a,25(OH)2D3, which

suggests that the inhibitory effects of 1a,25(OH)2D3 on

osteoclastogenesis are the result of downregulation of

NFATc1 expression.

As CFU-GM cells may contain several types of cells,

the phenotype of CFU-GM cells was analyzed to determine

the target cells of 1a,25(OH)2D3 (Fig. 4). Although CFU-

GM cells showed single peaks in CD45 and CD44, cells

were subdivided into two populations by the expression of

CD11b, CD45?CD44?CD11b–, or CD45?CD44?CD11b?

cells (Fig. 4a). Each cell population was sorted and cul-

tured in the presence of M-CSF and RANKL with or

without 1a,25(OH)2D3. Compared with CD11? cells,

CD11b– cells showed significantly higher ability to dif-

ferentiate into osteoclasts in the presence of M-CSF and

RANKL (Fig. 4b, c). The osteoclastogenesis induced by

M-CSF and RANKL was severely inhibited by

1a,25(OH)2D3 in both CD11b– and CD11b ? cells

(Fig. 4b, c). The expression of NFATc1 was analyzed by

quantitative real-time PCR; the expression of NFATc1

was significantly downregulated by 1a,25(OH)2D3 treat-

ment in both populations, but CD45?CD44?CD11b– cells

were more sensitive to 1a,25(OH)2D3 compared with

CD45?CD44?CD11b? cells in inhibiting NFATc1

expression (Fig. 4d).

1a,25(OH)2D3 upregulates IFN-b expression

in osteoclast progenitor cells

Next, we tried to elucidate the mechanism underlying

inhibition of osteoclastogenesis by 1a,25(OH)2D3. We

found that the expression of IFN-b, a strong inhibitor of

osteoclastogenesis [19], was significantly upregulated by

treatment with 1a,25(OH)2D3 in osteoclast progenitor cells

(Fig. 5a, b). To analyze the role of IFN-b in the inhibition

of osteoclastogenesis by 1a,25(OH)2D3, an antibody

against IFN-b (500 unit/ml) was added to cultures

with 1a,25(OH)2D3. Osteoclastogenesis inhibited by 1a,25

(OH)2D3 was significantly restored by treatment with the

antibody against IFN-b (Fig. 5c). Furthermore, the inhibi-

tion of NFATc1 expression by 1a,25(OH)2D3 also recov-

ered after adding an antibody against IFN-b (Fig. 5d),

indicating that 1a,25(OH)2D3 negatively regulates osteo-

clastogenesis through the upregulation of IFN-b, which in

turn inhibits NFATc1 expression in osteoclast progenitor

cells.

Fig. 5 Interferon-beta (IFN-b) induced by 1a,25(OH)2D3 inhibits

human osteoclastogenesis. Human CFU-GM cells were cultured with

M-CSF (30 ng/ml) and RANKL (30 ng/ml) in the presence or absence

of the indicated concentrations of 1a,25(OH)2D3 for 1–2 days. Then,

total RNA was isolated and RT-PCR analysis was undertaken to detect

the expression of IFN-b (a). b-actin expression is shown as an internal

control. IFN-b expression was upregulated by 1a,25(OH)2D3 treat-

ment in human osteoclast progenitor cells. V, vehicle (0.1% EtOH).

Human CFU-GM cells were cultured with M-CSF (30 ng/ml) and

RANKL (30 ng/ml) in the presence or absence of 10–8 M

1a,25(OH)2D3 for 2 days. Total RNA was then isolated and real-time

PCR analysis performed to detect the expression of IFN-b relative to

GAPDH (b) (*P \ 0.05). Human CFU-GM cells were cultured with

M-CSF (30 ng/ml) and RANKL (30 ng/ml) in the presence or absence

of 10–8 M 1a,25(OH)2D3 with (black column) or without (white
column) antibody against IFN-b for 6 days and stained with TRAP.

Multinuclear TRAP-positive cells containing more than three nuclei

were scored as osteoclasts (c). Left, representative data; right, data are

mean number ± SD osteoclasts (**P \ 0.01). Osteoclastogenesis

inhibited by 10–8 M 1a,25(OH)2D3 was significantly rescued by the

antibody against IFN-b. Vehicle, 0.1% EtOH. Human CFU-GM cells

were cultured with M-CSF (30 ng/ml) and RANKL (30 ng/ml) in the

presence or absence of 10–8 M 1a,25(OH)2D3 with or without

the antibody against IFN-b for 2 days, and RT-PCR analysis was

undertaken to detect the expression of NFATc1 (d). b-actin expression

is shown as an internal control. NFATc1 expression induced by M-CSF

and RANKL was inhibited by 1a,25(OH)2D3 treatment and was

rescued by treatment with the antibody against IFN-b in human

osteoclast progenitor cells

c
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IFNARI-deficient cells are more resistant

to 1a,25(OH)2D3 than wild-type cells

in osteoclastogenesis

Finally, we tried to confirm the inhibitory effect

of 1a,25(OH)2D3 on osteoclastogenesis through an

IFN-b-dependent mechanism. To this end, we utilized an

animal model deficient in IFNARI, one of the IFN-a/b
receptor components, to inhibit the IFN-b-induced signals

(Fig. 6). The inhibition of osteoclast differentiation by

1a,25(OH)2D3 was severe in wild-type cells compared with

IFNARI-deficient cells (Fig. 6a). The c-Fos protein was

downregulated in wild-type but not IFNARI-deficient cells

by 1a,25(OH)2D3 treatment (Fig. 6b), suggesting that

downregulation of c-Fos by 1a,25(OH)2D3 also, at least

in part, results from the induction of IFN-b by

1a,25(OH)2D3.

Taken together, our results demonstrate a novel mech-

anism of the direct inhibition of osteoclast differentiation

by 1a,25(OH)2D3.
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Discussion

The clinical effects of 1a,25(OH)2D3 analogues have been

considered to occur via correction of vitamin D deficiency

in osteoporotic patients. However, a recent study reported

that administration of 1a,25(OH)2D3 analogues to osteo-

porosis patients under vitamin D supplementation also

increased BMD [25], suggesting that 1a,25(OH)2D3 ana-

logues have antiosteoporotic effects in addition to correc-

tion of vitamin D deficiency. Here we provide a possible

mechanism underlying the antiosteoporotic effect of

1a,25(OH)2D3 in which 1a,25(OH)2D3 inhibits osteo-

clastogenesis by upregulating IFN-b expression, which in

turn inhibits the expression of NFATc1, an essential tran-

scription factor for osteoclast differentiation.

1a,25(OH)2D3 downregulates PTH transcription in

parathyroid cells [2, 3] and upregulates intestinal calcium

absorption, thereby preventing BMD reduction [1]. In spite

of its usage for osteoporosis therapy in humans, it was

reported that 1a,25(OH)2D3 is an osteoclast-inducing factor

in human cells [26]. 1a,25(OH)2D3 has also been used as

an osteoclastogenesis-stimulating agent in cocultures of

murine osteoclast precursor cells with calvarial osteoblasts.

1a,25(OH)2D3 upregulates RANKL and downregulates the

expression of OPG in osteoblasts [10], and this reciprocal

regulation of RANKL and OPG is critical for osteo-

clastogenesis. Thus, 1a,25(OH)2D3 has been considered to

be an osteoclast-inducing factor through osteoblast-medi-

ated activity. The regulation of the balance between direct

inhibition of osteoclast progenitor cells by 1a,25(OH)2D3

and indirect stimulation of osteoclastogenesis through

osteoblasts is still unclear, but our results suggest that

administration of 1a,25(OH)2D3 or its analogues to osteo-

porosis patients could directly inhibit osteoclastogenesis in

circumstances with high bone turnover rates. Because we

could not find any putative vitamin D response elements in

50-flanking region of the IFN-b gene, the regulation of IFN-

b expression by 1a,25(OH)2D3 is likely indirect. Further

study is needed to elucidate the molecular mechanisms of

the regulation of IFN-b expression by 1a,25(OH)2D3.

Several differences have been reported between mouse

and human osteoclastogenesis; granulocyte macrophage

colony-stimulating factor (GM-CSF) accelerates osteoclast

differentiation and osteolytic bone metastasis of human

breast cancer [27], but completely inhibits osteoclasto-

genesis in mouse bone marrow cells through the down-

regulation of c-Fos [28]. Therefore, analysis in human cells

would be required in developing antihuman osteoclast

therapies.

c-Fos, a member of the AP-1 transcription factor family,

is one of the key osteoclastogenesis molecules induced by

M-CSF and RANKL, and c-Fos-deficient mice exhibit

osteopetrosis because of a complete lack of osteoclast

differentiation. NFATc1 is a downstream target of c-Fos

and is also an essential transcription factor for osteoclast

differentiation [14, 16, 17], and thus c-Fos and NFATc1

cooperatively regulate osteoclast differentiation. Although

several differences in osteoclastogenesis may occur

between humans and mice, both c-Fos and NFATc1 might

be essential for osteoclastogenesis in both human and

mouse systems.

The physiological serum concentration of 1a,25(OH)2D3

has been reported to be approximately 0.1 nM; however, the

administration of 1a,25(OH)2D3 or its analogues such as

Fig. 6 IFN-a/b receptor 1-dependent inhibition of osteoclastogenesis

by 1a,25(OH)2D3. a Osteoclast progenitor cells isolated from wild-

type (white column) or IFNAR-deficient (black column) mice were

cultured with M-CSF (30 ng/ml) and RANKL (30 ng/ml) in the

presence or absence of the indicated concentrations of 1a,25(OH)2D3

for 5 days and stained with TRAP. Multinuclear TRAP-positive cells

containing more than three nuclei were scored as osteoclasts. Data are

mean number ± SD of osteoclasts (**P \ 0.01, ***P \ 0.001). V,

vehicle, 0.1% EtOH. b Osteoclast progenitor cells isolated from wild-

type (WT) or IFNAR-deficient (IFNARI KO) mice were cultured with

M-CSF (30 ng/ml) and RANKL (30 ng/ml) in the presence or

absence of 10–8 M 1a,25(OH)2D3 for the indicated period, and

Western blot analysis was performed to detect c-Fos and actin protein

650 J Bone Miner Metab (2009) 27:643–652

123



1a(OH)D3 was reported to increase the local concentration

of 1a,25(OH)2D3 in bone [29, 30]. Thus our study may

provide, at least in part, the mechanisms of the effects of

1a,25(OH)2D3 and its analogues in treatment for preventing

BMD reduction, and therefore inhibitory effects of NFATc1

expression and IFN-b induction levels in osteoclast pro-

genitor cells may be a good index for development of

1a,25(OH)2D3 analogues to provide therapies for osteo-

clast-activating diseases such as osteoporosis.
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