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Abstract Regucalcin plays a pivotal role in regulating

intracellular calcium homeostasis and consequently has a

profound effect on multiple intracellular signal transduc-

tion pathways. The regucalcin transgenic rat displays

pronounced bone loss, and bone marrow from these ani-

mals exhibits significantly elevated osteoclast formation.

Consistent with these effects exogenous regucalcin pro-

motes osteoclastogenesis in mouse bone marrow cultures,

but interestingly regucalcin suppresses the differentiation

and mineralization of MC3T3 osteoblast precursors.

However, the molecular mechanisms involved are pres-

ently unclear. As the nuclear factor-kappa B (NF-jB)

signal transduction pathway is critical to osteoclasto-

genesis but inhibitory of osteoblastogenesis, we hypothe-

sized that regucalcin may promote osteoclastogenesis and

suppress osteoblastogenesis upregulating NF-jB signal

transduction. In this study, we examined the effect of

regucalcin on receptor activator of NF-jB (RANK) ligand

(RANKL) -induced osteoclast formation using the

RAW264.7 monocytic cell line and osteoblast formation

using the pre-osteoblastic cell line MC3T3. As expected,

culture with exogenous regucalcin was found to enhance

RANKL-induced osteoclastogenesis. Consistent with this

effect regucalcin increased basal and RANKL-induced

NF-jB activation as assessed by NF-jB luciferase assay.

The capacity of regucalcin to augment RANKL-induced

NF-jB activity was inhibited by menaquinone-7, a potent

NF-jB antagonist, while the Erk inhibitor PD98059 and

staurosporine had no effect, demonstrating a specific effect

on NF-jB signaling. By contrast, regucalcin inhibited

mineralization of MC3T3 cells and enhanced tumor

necrosis factor-a (TNFa)-induced NF-jB activation. As

with NF-jB induction in osteoclasts, NF-jB activation

was abolished by addition of the NF-jB antagonist men-

aquinone-7, but not by PD98059 and staurosporine.

Transforming growth factor-b (TGFb) and bone morpho-

genic protein-2 (BMP2) are potent early commitment and

late osteoblast differentiation factors, respectively, and

both mediate their actions through the Smad-signal

transduction pathway, a system that is extremely sensitive

to and inhibited by TNFa-induced NF-jB. We conse-

quently examined the effect of regucalcin on TGFb and

BMP2-induced Smad activation in the presence and

absence of TNFa. While regucalcin had no effect on basal

Smad activation by TGFb and BMP2, it enhanced the

suppressive effect of TNFa on both TGFb- and BMP2-

induced Smad activations. Taken together, present data

suggest that regucalcin may induce bone loss in vivo by

promoting osteoclasts and simultaneously suppressing

osteoblasts through amplification of basal and/or cytokine-

induced NF-jB activation. Regucalcin may have a role as

a modulator in NF-jB activation.
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Introduction

The calcium ion (Ca2?) plays an important role in the

regulation of many cell functions. Ca2? can regulate

muscle contraction, neurotransmission, hormone secretion,

cell mitosis, and gene expression. Furthermore, Ca2?

plays well-documented roles as a second messenger for

mediating hormonal action [1]. Calcium signals mediate

intracellular responses, through a family of calcium-

binding proteins and protein kinase C. The effect of Ca2?

is amplified through calmodulin and protein kinase C

[1–3].

Regucalcin was discovered in 1978 as a calcium-binding

protein that does not contain the EF-hand motif of the

calcium-binding domain [4–7]. The name regucalcin was

proposed for this calcium-binding protein, due to its

capacity to regulate Ca2?-dependent enzyme activation in

liver cells [5]. There is growing evidence that regucalcin

plays a multifunctional role as a regulatory protein in Ca2?

dependent and independent signaling processes in many

cell types and that consequently the protein has a profound

effect on multiple intracellular signal transduction path-

ways [reviewed in References 8–11].

Regucalcin and its gene (RGN) have been identified in

over 15 species comprising the regucalcin family [7].

Comparison of the nucleotide sequences of regucalcin from

vertebrate species shows high levels of evolutionary con-

servation in their coding region. The regucalcin gene is

localized on the X chromosome, and the organization of

the regucalcin gene consists of seven exons and six introns

[7]. The expression of the regucalcin gene is regulated

through calcium signaling itself through activation of var-

ious transcription factors including AP-1, NF1-A1, RGPR-

p117, b-catenin, and other factors [7].

Regucalcin plays a pivotal role as a regulatory protein

for calcium signaling in the regulation of intracellular Ca2?

homeostasis in many cell types through activation of

membrane Ca2? pumps [8–11]. Regucalcin has a sup-

pressive effect on calcium signaling from the cytoplasm to

the nucleus in proliferating cells due to hormonal stimu-

lation. Regucalcin has also been demonstrated to localize

in the nucleus, where it can inhibit Ca2?-dependent protein

kinase and protein phosphatase activities, Ca2?-activated

deoxyribonucleic acid (DNA) fragmentation, and DNA and

ribonucleic acid (RNA) synthesis in the nucleus [9–11].

Moreover, overexpression of regucalcin suppresses cell

death and apoptosis in response to various stimuli sug-

gesting a role of endogenous regucalcin in the maintenance

of cell homeostasis [9–11].

A regucalcin transgenic rat has been generated to

determine the role of regucalcin in metabolic disorders

[12]. Osteoporosis and hyperlipidemia have been docu-

mented in regucalcin transgenic rats, indicating a physio-

logic role of regucalcin in bone and lipid metabolism in

vivo [12–14]. Regucalcin transgenic rats display loss of

bone mass in young modeling animals (5 weeks old), a

property that persists in aging (50 weeks old) animals [13].

Ex vivo bone marrow cultures from regucalcin transgenic

rats show enhanced osteoclastogenesis [14–16] consistent

with data demonstrating that exogenous regucalcin stimu-

lates osteoclastogenesis in mouse bone marrow culture

in vitro [17].

By contrast, exogenous regucalcin has a suppressive

effect on the differentiation and mineralization of osteo-

blasts and downregulates Runx2 and alkaline phosphatase

expression in pre-osteoblastic MC3T3-E1 cells in vitro

[18]. Regucalcin is expressed in the bone marrow [13] and

osteoblastic MC3T3-E1 cells [19, 20]. The expression of

regucalcin mRNA in osteoblastic MC3T3-E1 cells is

stimulated by parathyroid hormone, insulin-growth factor-I

and 17b-estradiol and suppressed by 1,25-dihydroxyvita-

min D3 and TNFa [19]. Regucalcin overexpression-

induced bone loss thus appears to result from the

enhancement of osteoclastic bone resorption and the sup-

pression of osteoblastic bone formation.

RANKL plays a pivotal role in osteoclastogenesis by

bone marrow monocytes, and numerous studies have

demonstrated that NF-jB signal transduction, which is

activated by RANKL, is a critical pathway for osteoclast

development, function, and survival [21–26]. In contrast to

the potent NF-jB-inducer, TNFa is well established to

suppress osteoblast formation through multiple poorly

understood actions [27–29].

Osteoblasts are derived from pluripotent bone marrow

stromal cells, the progeny of mesenchymal stem cells that

commit to the osteoblast lineage under the influence of

environmental factors including osteogenic cytokines and

growth factors. These include TGFb, a potent early

osteoblast commitment factor [30] and a potent recruiter of

bone marrow stromal cells to sites of bone resorption [31].

BMPs further promote the differentiation of committed

stromal cells into mature osteoblasts. Osteoblast differen-

tiation is controlled by key stage-dependent transcription

factors, including runt-related transcription factor 2

(Runx2) [32] and osterix [33].

BMPs stimulate bone formation as potent inducers of

osteoblast differentiation and angiogenesis [34], while

TGFb is thought to play important roles in early osteoblast

lineage commitment [30]. In the coupling of osteoclasts

and osteoblasts, TGFb release during bone resorption

induces migration of bone marrow stromal cells to bone

resorptive sites through a SMAD-dependent signaling
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pathway [31]. It has been recently demonstrated that one

mechanism by which TNFa suppresses osteoblast differ-

entiation is through NF-jB-mediated antagonism of TGFb-

and BMP2-induced SMAD signaling in differentiating

osteoblasts [35]. These findings are consistent with the

demonstration that NF-jB signaling upregulates SMAD7,

an inhibitor of SMAD activation in osteoblastic cells [36]

and that TNFa promotes systemic bone loss by promoting

proteasomal degradation of bone morphogenetic signaling

proteins through upregulation of SMAD ubiquitination

regulatory factor 1 (Smurf1) [37].

In this study, we demonstrate that the capacity of reg-

ucalcin to stimulate osteoclast formation and resorption,

and to suppress osteoblast differentiation and mineraliza-

tion, may be explained by regucalcin’s tendency to stim-

ulate basal and cytokine-induced NF-jB activation. Our

data provide a unified mechanism, centered on NF-jB

activation, to explain both resorptive and anti-anabolic

actions of regucalcin.

Materials and methods

Materials

a-Minimal essential medium (a-MEM) and antibiotics

(penicillin and streptomycin) were purchased from Invit-

rogen Corp. (Carlsbad, CA). Fetal bovine serum (FBS) was

from Hyclone. Regucalcin was isolated from rat liver [4].

RANKL, TGFb, TNFa, and BMP2 were from R&D Sys-

tems (Minneapolis, MN). Antibodies for Western blot were

purchased from Santa Cruz Biotech. (Santa Cruz, CA).

Menaquinone-7 (MK-7; vitamin K2) was obtained from

J-Oil Mills (Tokyo, Japan). Mouse anti-poly-histidine

antibody was obtained from RD Systems (Minneapolis,

MN). PD98059, staurosporine, 5,6-dichloro-1-b-D-ribo-

furanosylbenzimidazole (DRB), and all other reagents

were purchased from the Sigma Chemical Corporation,

(St. Louis, MO) unless otherwise specified.

Cell culture

The monocytic cell line RAW264.7 and the pre-osteo-

blastic cell line MC3T3-E1, clone 14 (MC3T3), were

purchased from the American Type Culture Collection

(Manassas, VA) and cultured as previously described

[38, 39].

Osteoclastogenesis assays and TRAP staining

RAW264.7 cells were cultured in 96-well plates in a-MEM

supplemented with 10% FBS and 100 IU/ml penicillin, and

100 lg/ml streptomycin at a density of 1 9 104 cells/well.

Cells were cultured for 6 days with RANKL (30 ng/ml)

pre-incubated for 10 min with crosslinking anti-poly-his-

tidine antibody (2.5 lg/ml) to induce osteoclast formation.

Regucalcin was added in the range 0.01 to 100 nM. After

6 days of culture, the cells were fixed and stained for tar-

trate resistant acid phosphatase (TRAP) activity using a

leukocyte acid phosphatase kit (Sigma). TRAP? cells with

three or more nuclei were defined as osteoclasts and were

quantitated under light microscopy and five wells per group

averaged.

Osteoblast differentiation assays and alizarin

red-S staining

MC3T3 cells were plated and cultured for 72 h in a-MEM

(1.0 ml/well) containing 10% FBS in 12-well dishes at a

density of (1.0 9 105 cells per well). Medium was aspirated

and changed to mineralization medium (a-MEM supple-

mented with 10% FBS, L-ascorbic acid (100 lg/ml), and

4 mM b-glycerophosphate) as previously described [38, 39].

Regucalcin or vehicle was added at a dose of 0.1, 1.0, or

10 nM and cells replenished with fresh medium every 3 days.

At 21 or 28 days, cells were rinsed with PBS and calcium

deposition was visualized by fixing the cells in 75% ethanol

for 30 min at 4�C followed by staining with alizarin red-S

(40 mM, pH 6.2) for 30 min at room temperature. Excess

stain was removed by copious washing with distilled water.

Plates were imaged using a flatbed scanner (Epson Perfection

V600 Photo) and quantitated using Image J [38, 39].

NF-jB and Smad reporter constructs

and luciferase assays

The NF-jB responsive reporter pNF-jB-Luc (BD Biosci-

ences) and the SMAD responsive reporter pGL3-SMAD

were used as previously described by us [33]. The SMAD

reporter is responsive to both TGFb- and BMP-induced

SMADS. Briefly, reporter plasmids were transfected into

RAW264.7 or MC3T3 cells (2 9 104 cells/well) using

Lipofectamine 2000 reagent (Invitrogen) in a-MEM with-

out FBS and antibiotics. Five hours later, the medium was

changed to a-MEM containing 10% FBS plus antibiotics

and cells treated with TNFa (MC3T3) or RANKL

(RAW264.7) to stimulate NF-jB activity, or with TGFb
(1 ng/ml) or BMP2 (0.5 lg/ml) to stimulate SMAD

activity and treated with or without TNFa. Parallel groups

received vehicle or regucalcin in the dose range 0.01 to

100 nM. Cells were extracted with passive lysis buffer

(Promega Corporation, Madison WI) 24 h later, and

luciferase activity measured using the Luciferase Assay

System of Promega, on a microplate luminometer (Turner

Designs, Sunnyvale, CA, USA).
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Statistical analysis

Statistical significance was determined using GraphPad

InStat version 3 for Windows XP (GraphPad Software Inc.

La Jolla, CA). Multiple comparisons were performed by

one-way analysis of variance (ANOVA) with Tukey–

Kramer multiple comparisons post-test for parametric data.

P \ 0.05 was considered statistically significant.

Results

Regucalcin dose-dependently stimulates osteoclast

differentiation in vitro

Regucalcin is reported to stimulate osteoclastogenesis in

vivo [13, 15, 16]. To further examine the mechanisms of

regucalcin activity on osteoclastogenesis, we utilized the

RAW264.7 monocytic cell line, which was induced to

differentiate into osteoclasts by addition of the key osteo-

clastogenic cytokine RANKL. The effect of regucalcin on

the differentiation of RAW264.7 cells into osteoclasts, was

quantitated following staining of the cultures for TRAP, a

specific marker of the osteoclast phenotype, 7 days later.

Regucalcin significantly and dose-dependently stimulated

osteoclastogenesis in the range 1 to 100 nM (Fig. 1A).

Regucalcin at 10 and 100 nM concentration significantly

enhanced RANKL (10 ng/ml) -induced osteoclastogenesis

(Fig. 1B).

Regucalcin stimulates basal and RANKL-induced

NF-jB activation in osteoclast precursors

To determine whether regucalcin has an effect on basal and

RANKL-induced NF-jB activation in osteoclast precur-

sors, RAW264.7 cells were transfected with an NF-jB

luciferase reporter and treated with RANKL in the pres-

ence or absence of a dose range of 1 to 100 nM regucalcin.

Addition of regucalcin with 1 to 100 nM was found to

significantly stimulate basal NF-jB activity (Fig. 2).

RANKL-induced NF-jB activity was significantly

enhanced by regucalcin in a dose between 10 and 100 nM

(Fig. 2).

We next examined in RAW 264.7 cells whether regu-

calcin-induced NF-jB activity in the presence or absence

of RANKL, was altered by PD98059, an inhibitor of ERK,

staurosporine, an inhibitor of protein kinases, or DRB, an

inhibitor of transcriptional activity (Fig. 3). The enhanced

effect of regucalcin (10 nM) on RANKL (30 ng/ml)

-increased NF-jB activity was not affected by PD98059

(Fig. 3A) or staurosorine (Fig. 3B), but was blocked by

DRB (Fig. 3C).

Regucalcin suppresses osteoblast mineralization

and osteoblast differentiation in vitro

Regucalcin is reported to suppress osteoblast differentia-

tion and mineralization in vitro [18]. We consequently

verified the capacity of regucalcin to enhance osteoblast

mineralization and calcium deposition, visualized by aliz-

arin red-S staining, in vitro and found pronounced sup-

pression in the range of 1 and 10 nM in MC3T3 cells

cultured for 28 (Fig. 4A) or 21 days (Fig. 4B).

Pathological concentrations of TNFa are established to

promote bone loss in part through downregulation of

osteoblastic bone formation in vivo in a number of con-

ditions including postmenopausal osteoporosis and
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Fig. 1 Effect of regucalcin (RGN) on osteoclastogenesis in

RAW264.7 cells in the presence or absence of RANKL. RAW264.7

cells were cultured in the presence of either vehicle or RGN

(0.1–100 nM) without (A) or with RANKL (B; 10 ng/ml). After

7 days of culture, the cells were fixed and stained for TRAP and

TRAP? cells with more than three nuclei counted as osteoclasts. Data

sets represent the mean ± SD of five replicate wells and are

representative of two independent experiments. a P \ 0.05 versus

white bar; b P \ 0.001 versus white bar; c P \ 0.05 versus RANKL

only bar; d P \ 0.01 versus RANKL only bar. All statistics were

performed using one-way ANOVA with Tukey–Kramer multiple

comparisons test
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rheumatoid arthritis. TNFa potently inhibits bone forma-

tion in vivo under basal physiological conditions and acts

in large measure through NF-jB activation [33, 38, 39].

Consequently, the capacity of regucalcin to enhance the

suppressive action of TNFa on osteoblast differentiation in

vitro was examined (Fig. 4C). The mineralization of

MC3T3 cells was suppressed in the presence of TNFa
(1 and 2.5 ng/ml) (Fig. 4C) as previously reported by us.

Addition of regucalcin at the dose of 1 and 10 nM slightly

enhanced the suppressive effect of TNFa on mineralization

(Fig. 4C).

Regucalcin enhances TNFa-induced activation

of NF-jB in osteoblast precursors in vitro

A major mechanism by which TNFa mediates its sup-

pressive action on osteoblasts is through NF-jB activation

[33, 38, 39]. Given the capacity of regucalcin to increase

NF-jB activity in osteoclast precursors and to promote

osteoblast differentiation in vitro, we next examined whe-

ther regucalcin may mediate its suppressive effects on bone

formation in vivo through NF-jB activation in osteoblasts.

We examined this in vitro using MC3T3 cells transiently

transfected with an NF-jB luciferase reporter plasmid and

treated with or without TNFa (1 ng/ml) and with regucal-

cin in the range 0.01 to 10 nM. Regucalcin (10 nM) sig-

nificantly increased basal NF-jB activity and significantly

enhanced NF-jB activation by TNFa (Fig. 5).

To examine whether regucalcin enhances the effect of

TNFa on NF-jB activity in MC3T3 cells by Erk, protein

kinase, or transcriptional events in general, we used

PD98059, staurosporin, and DRB, respectively. The

enhanced effect with regucalcin (10 nM) on TNFa
(1 ng/ml)-increased NF-jB activity was not changed in the

presence of PD98059 (Fig. 6A) or staurosorine (Fig. 6B),

but was blocked by DRB (Fig. 6C).

Regucalcin enhances the inhibitory effect of TNFa
on TGFb-induced Smad activation

One mechanism by which TNFa likely inhibits osteoblast

differentiation and activity under basal and pathological

conditions is by antagonizing TGFb- and BMP-mediated

Smad signaling pathways [35, 38, 39]. We thus investi-

gated the capacity of regucalcin to modulate the suppres-

sive effect of TNFa on Smad-signal transduction. MC3T3

pre-osteoblasts were transiently transfected with a Smad

responsive luciferase reporter and treated with TGFb or

BMP2 as a Smad-inducing stimulus, in the presence or

absence of TNFa and/or a dose range of regucalcin from

0.01 to 10 nM. Regucalcin did not have a significant effect

on basal Smad activity and TGFb (Fig. 7A) and BMP2

(Fig. 7B)-induced Smad activation.

While TNFa potently inhibited both basal and TGFb
(Fig. 8A)- and BMP2 (Fig. 8B)-induced Smad activation,

regucalcin significantly and dose-dependently enhanced the

suppressive activity of TNFa.

Enhancing effect of regucalcin on RANKL- or TNFa-

induced activation of NF-jB is antagonized by MK-7

We next examined the effect of MK-7, a specific inhibitor

for NF-jB activation [38], on the enhancing effect of

regucalcin on RANKL- or TNFa-induced activation of NF-

jB in RAW264.7 cells (Fig. 9A) and MC3T3 cells

(Fig. 9B). The effect of RANKL (30 ng/ml) or TNFa
(1 ng/ml) in increasing NF-jB activity in the presence or

absence of regucalcin (10 nM) was significantly inhibited

by MK-7 (10 lM). The stimulatory effect of regucalcin

(10 nM) on basal NF-jB activity in RAW264.7 cells

(Fig. 9A) and MC3T3 cells (Fig. 9B) was also suppressed

by MK-7.

Discussion

Regucalcin is known to play a multifunctional role as a

regulatory protein in intracellular signaling systems in

various cell types [10, 11]. It has been recently found that

osteoporosis and hyperlipidemia are induced in regucalcin

transgenic rats in vivo [12–14] and that bone marrow cells

from regucalcin transgenic rats undergo elevated osteoclast

formation in the presence of macropharge colony-stimu-

lating factor (M-CSF) and RANKL ex vivo [15, 16].

Exogenous regucalcin stimulates osteoclastogenesis in
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Fig. 2 Effect of regucalcin (RGN) on NF-jB luciferase activity in

RAW264.7 cells. RAW264.7 cells were cultured for 24 h in the

presence of either vehicle, RGN (A; 1.0–100 nM), RANKL (30 ng/ml),

or RANKL (30 ng/ml) plus RGN (B; 0.01–100 nM). Data sets

represent as the mean ± SD of five replicate wells and are represen-

tative of two independent experiments. a P \ 0.05 versus white bar
control; b P \ 0.001 versus white bar control. All statistics were

performed using one-way ANOVA with Tukey–Kramer multiple

comparisons test
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culture of bone marrow cells obtained from wild-type rats

in vitro [17]. In addition, exogenous regucalcin has a sup-

pressive effect on mineralization and differentiation in

MC3T3-E1 cells in vitro [18]. Bone loss by overexpression

of regucalcin in vivo is thus a consequence of both elevated

osteoclastogenesis and suppressed osteoblastogenesis [13],

suggesting a common mechanism. In this study, we dem-

onstrate that the molecular mechanism by which regucalcin

promotes osteoclastogenesis and suppresses osteoblasto-

genesis is related to a stimulatory effect on NF-jB signaling.

NF-jB signal transduction is a critical pathway for

osteoclast development, function, and survival [21–25].

Additional support for a role of NF-jB in osteoclast

formation and activity come from studies showing that the

NF-jB subunit RelB plays a key role in osteoclast differ-

entiation [24], while the p65 NF-jB subunit prevents JNK-

mediated apoptosis during RANKL-induced commitment

to the osteoclast phenotype [23]. Moreover, the p65 NF-jB

subunit is reported to inhibit vitamin D-stimulated osteo-

calcin transcription in osteoblastic cells [27], and the potent

NF-jB-inducer TNF-a is well established to suppress

osteoblast formation through multiple poorly understood

actions [21, 22].

Exogenous regucalcin stimulated basal osteoclasto-

genesis and NF-jB activity and enhanced RANKL-stimu-

lated osteoclastogenesis and NF-jB activity in RAW267.4

cells. This finding suggests that exogenous regucalcin

stimulates osteoclastogenesis through NF-jB activation in

RAW264.7 cells.

The protein kinase C family enzyme has a role in the

regulation of osteoclast formation and function potentially

by participating in the ERK signaling pathway downstream

of M-CSF and RANKL [40]. The enhancing effect of

regucalcin on RANKL-induced increase in NF-jB activa-

tion was not inhibited by PD98059, an inhibitor of ERK, or

staurosporine, a general inhibitor of protein kinases, sug-

gesting that regucalcin stimulation is not related to the

activation of kinase.

Culture with exogenous regucalcin was found to sup-

press differentiation and mineralization in osteoblastic

MC3T3 cells, and it stimulated basal NF-jB activity and

enhanced TNFa-increased NF-jB activity in the cells. The

potent NF-jB-inducer TNFa is demonstrated to suppress

osteoblast formation [33]. This finding suggests that

exogenous regucalcin suppress osteoblastogenesis through

NF-jB activation in MC3T3 cells.

The enhancing effect of regucalcin on TNFa-induced

increase in NF-jB activity was not inhibited by PD98059

and staurosporine. This result suggests that the stimulatory

effect of regucalcin is not related to kinase activity.
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Fig. 3 Effect of kinase and transcriptional inhibitors on regucalcin-

induced NF-jB luciferase activity in RAW274.2 cells. RAW264.7

cells were transfected with NF-jB luciferase reported (1 ng/ml) and

treated with either vehicle, PD98059 (A; 0.1–10 lM), staurosporine

(B; 0.01–1 lM), DRB (C; 0.1–10 lM), RGN (10 nM), or RANKL

(30 ng/ml) plus RGN (10 nM). Luciferase activity was quantitated

24 h later. Data represent the mean ± SD of five replicate wells and

are representative of two independent experiments. A a P \ 0.01

versus white bar control; b P \ 0.001 versus white bar control;

c P \ 0.05 versus white bar control; d P \ 0.01 versus RANKL only

(gray bar). P = NS: RANKL versus RANKL ? PD98059;

RANKL ? RGN versus RANKL ? RGN ? PD98059. B a P \
0.001 versus white bar control; b P \ 0.01 versus RANKL only

(gray bar). C a P \ 0.001 versus control (white bar); b P \ 0.01

versus control (white bar); c P \ 0.001 versus RANKL only (gray
bar); d P \ 0.01 versus RANKL only (gray bar). All statistics were

performed using one-way ANOVA with Tukey–Kramer multiple

comparisons test
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BMPs are potent inducers of osteoblast differentiation

and angiogenesis and stimulate bone formation [30]. TGFb
plays important roles in early osteoblast lineage commit-

ment [31]. In the coupling of osteoclasts and osteoblasts,

TGFb release during bone resorption induces migration of

bone marrow stromal cells to bone resorptive sites. The

effects of BMPs and TGFb are mediated through a SMAD-

dependent signaling pathway [30, 31]. Exogenous regu-

calcin did not have an effect on basal Smad activity in

MC3T3 cells and it was not changed by TGFb- or BMP2-

increased Smad activity in the cells. This result suggests

that the suppressive effect of regucalcin on osteoblasto-

genesis is not related to direct suppression of Smad

activity.

One mechanism by which TNFa suppresses osteoblast

differentiation is through NF-jB-mediated antagonism of

TGFb- and BMP2-induced SMAD signaling in differenti-

ating osteoblasts [35]. This is consistent with the demon-

stration that NF-jB signaling upregulates SMAD7, an

inhibitor of SMAD activation in osteoblastic cells [36] and

that TNFa promotes systemic bone loss by promoting

proteasomal degradation of bone morphogenetic signaling

proteins through upregulation of SMAD Smurf1 [37].

The stimulatory effect of TGFb or BMP2 on Smad

activity was markedly suppressed in the presence of TNFa,

and the suppressive effect of TNFa was found to be

upregulated in the presence of regucalcin. This may

involve exogenous regucalcin enhancing TNFa-induced

NF-jB activation in MC3T3 cells. The suppressive effect

of exogenous regucalcin on differentiation and minerali-

zation in MC3T3 cells may be partly related to upregula-

tion of TNFa-induced inhibition of Smad signaling through

NF-jB activation.

At present, the mechanism by which exogenous regu-

calcin stimulates basal and RANKL- or TNFa-induced
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Fig. 4 Effect of regucalcin (RGN) on mineralization in pre-osteo-

blastic MC3T3-E cells. MC3T3 cells were cultured in mineralizing

medium containing ascorbic acid (100 ng/ml) and 4 mM b-glycero-

phosphate in the presence of either vehicle or RGN (0.1–10 nM) for

28 (A) or 21 (B) days. C MC3T3 cells were cultured in mineralizing

medium in the presence of either vehicle, TNFa (1 or 2.5 ng/ml of

medium), RGN (1 nM) plus TNFa (1 ng/ml), or RGN (10 nM) plus

TNFa (2.5 ng/ml) for 21 days. Cells were washed with PBS and

stained with alizarin red stain for calcium deposition
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Fig. 5 Effect of regucalcin (RGN) on TNFa (1 ng/ml)-stimulated

NF-jB activity in MC3T3 pre-osteoblastic cells. Cells were cultured

transfected with NF-jB reporter vector (1 ng/ml). Five hours later,

the cells were treated with either vehicle, RGN (0.01–10 nM), TNFa
(1 ng/ml), or TNFa (1 ng/ml) plus RGN (0.01–10 nM). Luciferase

activity was quantitated 24 h later. Data points represent the

mean ± SD of five replicate wells and are representative of two

independent experiments. a P \ 0.05 versus white bar control;

b P \ 0.001 versus white control bar only; c P \ 0.001 versus TNFa
gray bar. All statistics were performed using one-way ANOVA with

Tukey–Kramer multiple comparisons test
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increase in NF-jB activity is unknown. Vitamin K2

(menaquinone-7) action on osteoblast and osteoclast for-

mation and activity is accomplished by downregulating

basal and cytokine-induced NF-jB activation, by increas-

ing IjB mRNA, in a c-carboxylation-independent manner

[38]. We found that the stimulatory effect of exogenous

regucalcin on basal and RANKL- or TNFa-induced

increase in NF-jB activity was completely abolished by

culture with MK-7 in RAW264.7 and MC3T3 cells. In

addition, the enhancing effect of regucalcin on the cyto-

kine-induced NF-jB activation in RAW267.4 and MC3T3

cells was completely prevented after culture with DRB, an

inhibitor of transcriptional activity through RNA poly-

merase II inhibition, suggesting that exogenous regucalcin

modulates the gene expression that is involved in NF-jB

activation.

Exogenous regucalcin can bind to the plasma mem-

branes of liver cells [40]. It is possible that regucalcin binds
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Fig. 6 Effect of various inhibitors on the regucalcin (RGN)- or TNFa
plus RGN-stimulated NF-jB luciferase activity in osteoblastic cells.

MC3T3 cells were transfected with NF-jB luciferase reporter and

cultured in the presence of either vehicle, PD98059 (A; 0.1–10 lM),

staurosporine (B; 0.01–1 lM), or DRB (C; 0.1–10 lM) and luciferase

activity quantified 24 h later. Data represented as the mean ± SD of

five replicate wells and are representative of two independent exper-

iments. A a P \ 0.001 versus white bar control; b P \ 0.001 versus

TNFa only (gray bar); No difference with PD98059. B a P \ 0.001

versus control (white bar); b P \ 0.01 versus TNFa only (gray bar); No

difference with staurosoprine. C a P \ 0.001 versus white bar control;

b P \ 0.01 versus TNFa only (gray bar); d P \ 0.001 versus white bar
control; no difference with DRB. All statistics were performed using

one-way ANOVA with Tukey–Kramer multiple comparisons test
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Fig. 7 Effect of regucalcin (RGN) on TGFb- or BMP2-stimulated

Smad promoter activity in osteoblastic cells. Osteoblastic cells were

transfected with Smad reporter vector and cultured with either RGN

(1 or 10 nM), TGFb (A; 1 ng/ml), or BMP2 (B; 0.5 lg/ml) with or

without RGN (0.01–10 nM). Data represented as the mean ± SD of

five replicate wells and are representative of two independent

experiments. A a P \ 0.001 versus white bar control; P = NS versus

TNFa gray bar. B a P \ 0.001 versus white bar control; P = NS

versus TNFa gray bar. All statistics were performed using one-way

ANOVA with Tukey–Kramer multiple comparisons test
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the plasma membranes of RAW264.7 and MC3T3 cells.

The receptor protein RANK (receptor activator of NF-jB)

is expressed on the surface of osteoclast progenitors

[41, 42]. The interaction of RANKL with its receptor

RANK leads to the recruitment of the signaling adaptor

molecules TRAFs (TNF receptor-associated factors) to the

receptor complex and the activation of NF-jB and c-Jun

N-terminal kinase (JNK) [42, 43]. It is speculated that

exogenous regucalcin binds the surface of pre-osteoclast

and osteoblastic cells and activates TRAFs and that regu-

calcin modulates the effect of RANKL and TNFa on

TRAFs. It is possible, moreover, that regucalcin upregulates

TNF-a receptor and/or RANK expressions. In addition, it is

well known that endogenous regucalcin plays a role in the

regulation of intracellular Ca2? homeostasis in various cell

types [5, 8, 10]. We cannot exclude the possibility that

exogenous regucalcin acts on calcium and other signaling

systems in osteoblastic cells and RAW267.4 cells.

In conclusion, this study demonstrates that exogenous

regucalcin stimulates osteoclastogenesis and suppresses

osteoblastogenesis through NF-jB activation in vitro. This

finding provides one mechanism by which overexpression

of regucalcin induces bone loss in vivo. Regucalcin may

play a role as a cytokine in the regulation of bone

homeostasis.
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Fig. 8 Effect of regucalcin (RGN) on the suppressive effect of TNFa
on TGFb- or BMP2-increased Smad reporter activity in osteoblastic

cells. Osteoblastic cells were transfected with Smad reporter vector

and treated with either vehicle, RGN (0.01–10 nM), TGFb (A; 1 ng/

ml), or BMP2 (B; 0.5 lg/ml). Luciferase activity was quantitated

24 h later. Data represented as the mean ± SD of five replicate wells

and are representative of two independent experiments. A a P \
0.001 versus white bar control; b P \ 0.001 versus TGFb only gray
bar; c P \ 0.01 versus TGFb ? TNFa. B a P \ 0.00 versus white
bar control; b P \ 0.001 versus TNFa gray bar; c P \ 0.01 versus

BMP2 ? TNFa. All statistics were performed using one-way

ANOVA with Tukey–Kramer multiple comparisons test
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Fig. 9 Effect of menaquinone-7 (MK-7), a potent antagonist for NF-

jB activation on regucalcin (RGN)-enhanced NF-jB luciferase

activity. A RAW267.4 cells or MC3T3 osteoblastic cells (B) were

transfected with NF-jB luciferase reporter and cultured in the

presence of either vehicle, RANKL (A; 30 ng/ml), TNFa (B; 1 ng/ml)

with or without RGN (10 nM) or MK-7 (10 lM) and assayed for

luciferase activity 24 h later. Data represented as the mean ± SD of

five replicate wells and are representative of two independent

experiments. A a P \ 0.001 versus control (white bar); b P \ 0.01

versus RANKL plus RGN (gray bar). B a P \ 0.001 versus control

(white bar); b P \ 0.01 versus TNFa plus RGN (gray bar). All

statistics were performed using one-way ANOVA with Tukey–

Kramer multiple comparisons test
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