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Caldecrin/chymotrypsin C is a novel secretory-type serine
protease that was originally isolated as a serum calcium-de-
creasing factor from the pancreas. Previously, we reported that
caldecrin suppressed the bone-resorbing activity of rabbit
mature osteoclasts (Tomomura, A., Yamada, H., Fujimoto, K.,
Inaba, A., and Katoh, S. (2001) FEBS Lett. 508, 454–458). Here,
we investigated the effects of caldecrin onmouse osteoclast dif-
ferentiation induced by macrophage-colony stimulating factor
and the receptor activator of NF-�B ligand (RANKL) from the
monocyte/macrophage cell lineage of bone marrow cells. Wild-
type and protease-deficientmutant caldecrin dose-dependently
inhibited RANKL-stimulated tartrate-resistant acid phospha-
tase-positive osteoclast formation from bone marrow cells.
Caldecrin did not affect macrophage colony formation from
monocyte/macrophage lineage cells or osteoclast progenitor
generation in cultures of bonemarrow cells. Caldecrin inhibited
accumulation of the RANKL-stimulated nuclear factor of acti-
vated T-cells, cytoplasmic 1 (NFATc1) mRNA in bone marrow
cells, which is a key transcription factor for the differentiation of
osteoclasts. Caldecrin also suppressed RANKL-induced differ-
entiation of the RAW264.7monocyte/macrophage cell line into
osteoclasts. Caldecrin reduced the transcriptional activity of
NFATc1 in RAW264.7 cells, whereas those of NF-�B and c-Fos,
which are also transcription factors involved in osteoclast dif-
ferentiation, were unaffected. Caldecrin inhibited RANKL-
stimulated nuclear translocation of NFATc1 and the activity of
the calcium/calmodulin-dependent phosphatase, calcineurin.
Caldecrin inhibited phospholipase C�1-mediated Ca2� oscilla-
tion evoked by RANKL stimulation. RANKL-stimulated phos-
phorylation of spleen tyrosine kinase (Syk) was also attenuated
by caldecrin. Taken together, these results indicate that calde-
crin inhibits osteoclastogenesis, without its protease activity, by
preventing a phospholipase C�1-mediated Ca2�oscillation-cal-
cineurin-NFATc1 pathway.

Calcium ions have numerous cellular functions, and se-
rum calcium homeostasis is tightly regulated by the intes-
tines, kidneys, and bones, which are governed by the key
systemic hormones, parathyroid hormone, 1�,25-dihydroxy
vitamin D3, and calcitonin. Bone is a dynamic serum calcium-
regulating tissue. Bone formation by osteoblasts involves dep-
osition of minerals, including calcium, and bone resorption by
osteoclasts releases calcium from bone (1).
We have purified and cloned the serum calcium-decreas-

ing factor caldecrin from the pancreas (2–6). Caldecrin is a
secretory-type serine protease that has chymotryptic activity
and is also known as chymotrypsin C (EC 3.4.21.2) (8). We
originally reported that the administration of caldecrin de-
creases mouse serum calcium concentration in a dose-de-
pendent manner, and serum calcium decreasing activity is
correlated with a decrease in serum hydroxyproline, which is
included as a component of collagen and is a marker of bone
resorption (2). Interestingly, this does not depend on its pro-
tease activity. Furthermore, caldecrin inhibits not only parathy-
roid hormone-stimulated bone destruction inmouse long bone
organ culture but also bone resorption by rabbit mature oste-
oclasts in vitro (7). Taken together with our previous results,
these observations suggest that caldecrin may suppress oste-
oclast differentiation and/or its activity through as yet un-
known mechanisms.
Osteoclasts, multinucleated giant cells that have a unique

bone resorption activity, are differentiated from hematopoi-
etic cells of the monocyte/macrophage lineage (9–11). Oste-
oclast differentiation (osteoclastogenesis) from bone marrow
cells (BMCs)4 requires the cell-to-cell contact of osteoclast
progenitor cells with osteoblasts or bone marrow stromal
cells. The key molecule for osteoclastogenesis is a member of
the tumor necrosis factor family (receptor activator of NF-�B
ligand (RANKL) (12), also called TRANCE (13)/ODF (14)/OPGL
(15)) and is expressed in the osteoblast and bone marrow stro-
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mal cells. Osteoclast precursors express RANK, which is a
member of the tumor necrosis factor receptor family, bindwith
RANKL, and stimulate osteoclast formation in the presence
of M-CSF (11). Parathyroid hormone induces expression of
RANKL on the cell surface of osteoblasts, resulting in oste-
oclast formation (14, 16). Furthermore, RANKL activates
mature osteoclasts in vitro, and administration of RANKL to
mice induces an increase in blood calcium concentration (17).
Binding of RANKL to RANK induces receptor oligomerization
and recruitment of signaling adaptor molecules, such as the
tumor necrosis factor receptor-associated factor 6 (TRAF6)
(18). TRAF6 can activate downstream signaling pathways,
NF-�B and AP-1 and finally induces expression of the NFAT
familymember, NFATc1, which is themaster regulator of oste-
oclast differentiation (11, 19). The RANKL-RANK signal also
activates Ca2� signaling through the activation of phospho-
lipase C� (PLC�). Takayanagi et al. (19) reported that RANKL
evokes Ca2� oscillation and accelerates Ca2�-dependent
NFAT translocation. Nuclear-translocated NFATc1 forms a
complex with a transcription factor, such as NF-�B and/or
c-Fos, and activates the transcription of NFAT target genes,
including those encoding TRAP and calcitonin receptor. The
immunosuppressant drugs cyclosporin A (CsA) and FK506
inhibited RANKL-induced differentiation of cells into oste-
oclasts by the inhibition of calcineurin (19, 20). Calcineurin,
which is a calcium/calmodulin-dependent serine/threonine
phosphatase that is activated by cellular calcium concentration,
causes dephosphorylation of NFATc1 proteins and induces
their translocation into the nucleus (21, 22). Therefore, the acti-
vation of NFATc1 requires assembly of the RANKL-RANK-
TRAF6 axis and PLC�-Ca2�-calcineurin signaling.

Recently, immunoreceptor tyrosine-based activation mo-
tifs (ITAM)-harboring adaptor molecules DAP12 (DNAX-
activating protein 12) and FcR� (Fc receptor �-chain) have
been shown to cooperate with the RANKL-induced signaling
pathways, leading to NFATc1 up-regulation and osteoclast-
specific gene expression (23). ITAM signaling is coupled to the
downstream pathway through Syk-tyrosine kinase (45). On the
other hand, ITIM-harboring receptors LILR B (leukocyte Ig-
like receptor B) and PIRB (paired Ig-like receptor B) are also
expressed in preosteoclasts and inhibit osteoclastogenesis (46).
RANKL-stimulated osteoclast differentiation is negatively con-
trolled by osteoprotegerin, a tumor necrosis factor receptor-
like soluble decoy receptor for RANKL (24, 14), and inter-
feron-�, a negative regulator of c-Fos (25). Interferon-� degrades
TRAF6 and inhibits osteoclast formation (25). Interleukin-4
inhibits NF-�B through the STAT (signal transducers and acti-
vators of transcription)-dependent pathway and osteoclast for-
mation (26–28). Interleukin-10 inhibits osteoclast formation
by inhibition of Ca2� mobilization (29, 30). Thus, osteoclast
formation and bone homeostasis are controlled bymany signal-
ing pathways, cooperating with the RANKL-RANK signal. The
molecular mechanisms remain unclear, especially the negative
regulation of osteoclast formation.
In this study we investigated the effects of caldecrin on

RANKL-induced osteoclast differentiation in vitro and char-
acterized the signaling pathway of caldecrin in osteoclast
differentiation. We provide the first evidence that caldecrin

inhibits RANKL-stimulated osteoclastogenesis by suppression
of NFATc1 activity through PLC�1-mediated Ca2� oscillation.

EXPERIMENTAL PROCEDURES

Preparation of Caldecrin—Recombinantwild-type (WT) and
protease-deficient (S187A, Sm) mutant caldecrin were pre-
pared as described previously (4). Briefly, cultured insect Sf9
cellswere infectedwith baculovirus harboringWTor Smcalde-
crin cDNA. On day 3 of culture, the secreted recombinant pro-
teins were purified from culture media. The recombinant
caldecrin was freshly activated by treatment with trypsin (50:1)
for 30min at room temperature followed by treatment with 0.1
mM �-amidinophenyl methanesulfonyl fluoride hydrochloride
(Sigma) to terminate activation. The protease activity of calde-
crin using N-succinyl-Ala-Ala-Pro-Phe p-nitroanilide (Sigma)
as a substratewasmeasured at 405 nmwith a plate reader (Dyn-
atech MR 5000).
Preparation of Mouse BMCs and in Vitro Osteoclast For-

mation—4–6-Week-old male ddY mice (Saitama Experimen-
tal Animals) were sacrificed, and the femur and tibia were dis-
sected out. After cutting both ends of the bone, BMCs were
collected from the bone cavities by injection of �-minimal
essentialmedium (�-MEM; Sigma) containing 10% fetal bovine
serum (FBS; Sigma). The cell suspension was then passed
through a 40-�m nylon cell strainer (BD Biosciences) and cen-
trifuged at 450� g for 5min. The obtained cell pellet was resus-
pended and seeded on culture dishes or plates. All procedures
were approved by the Animal Care and Use Committee of the
Meikai University School of Dentistry (Saitama, Japan). BMCs
(1–2 � 105 cells/ml) were cultured with �-MEM containing
10% FBS and M-CSF (10 ng/ml; R&D Systems) on 96-well
plates (0.1 ml/well) for 3 days. The cells were cultured for a
further 3–4 days in culture media containing M-CSF (10 ng/
ml) and RANKL (10 ng/ml; R&D Systems) in the presence or
absence of caldecrin (3 �g/ml). In some experiments with var-
ious inhibitors, the PLC inhibitor U73122 (10 �M; Cayman
Chemicals), calcineurin inhibitor FK506 (2 �M; Alexis), CsA (1
�M;Merck), calcium chelator BAPTA-AM (20�M;Merck), Syk
inhibitor ER-27319 (15�M; Sigma), and protein kinase C (PKC)
inhibitor calphostin (100 nM;Merck) were used. In some exper-
iments BMCs were cultured with M-CSF plus PKC activator
12-O-tetradecanoylphorbol-13-acetate (TPA, 20 nM; Merck)
with or without RANKL.
For coculture with the stromal cell line ST2, BMCs (2 � 104

cells) were seeded on precultured ST2 cells (2 � 104 cells/96-
well plate) and cultured for 7 days with 1�,25-dihydroxy vita-
min D3 (10�8 M; Wako Pure Chemicals) and dexamethasone
(10�8 M; Sigma) in the presence or absence of WT caldecrin (3
�g/ml) or inhibitors including FK506 and CsA.

For osteoclast formation experiments using RAW264.7 cells,
the cells (104 cells/ml) with �-MEM containing 10% FBS were
cultured on 96-well plates (0.1 ml/well) in the presence or
absence of RANKL (10 ng/ml) with or without caldecrin or
inhibitors. After 3–4 days in culture, TRAP activity of the me-
dium and TRAP staining were performed.
Measurement of TRAP Activity and TRAP Staining—TRAP

activities of osteoclasts were measured with culture media (30
�l) incubated for 15–30 min at 37 °C with 30 �l of 600 mM
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sodium acetate buffer, pH 5.5, containing l-ascorbic acid (17.6
mg/ml), sodium tartrate dehydrate (9.2 mg/ml), 4-nitrophe-
nylphosphate-sodium (3.6mg/ml), Triton X-100 (0.3%), EDTA
(6mM), andNaCl (600mM). The reactionwas terminated by the
addition of 30 �l of NaOH (300 mM) and measured at 405 nm.

TRAP histochemical staining of the cells was performed
using a leukocyte acid phosphatase kit (Sigma). Cultured cells
were fixed with 100% methanol for 1 min at room temperature
and air-dried. After TRAP-staining, TRAP-positive mono- and
multinucleated (more than 3 nuclei) cells were counted under
phase-contrast microscopy.
In Vitro Colony Formation—In vitro colony formation was

measured according to themethod described by Sato et al. (31).
BMCs (1 � 104 cells/ml), which were suspended in �-MEM
containing 30% FBS, 1.2%methylcellulose (Stem Cell Technol-
ogies), 1% BSA, and M-CSF with or without WT caldecrin (3
�g/ml) were cultured on 35-mm culture dishes for 1 week. At
the end of culture, the macrophage colonies were counted by
phase-contrast microscopy.
Frequency Analysis for Osteoclast Progenitor Cells—Frequency

analysis for the osteoclast progenitor cells was performed
according to a method described elsewhere (31, 32). BMCs (1,
15, 50, and 300 cells/well in 96-well culture plates) were cul-
tured with �-MEM, 10% FBS containing M-CSF with or with-
outWTcaldecrin (3�g/ml) on two 96-well culture plates. After
culture for 3 days, the cells were washed and cultured for a
further 3 days with medium containing M-CSF and RANKL
and then stained for TRAP activity. The plates with appropriate
numbers of osteoclast-positive wells (6–20 wells in 96) from
each experimental group were selected for frequency analysis.
The wells containing TRAP-positive multinucleated cells were
counted. Frequency analysis was performed using the formula
1/frequency � N/ln(96/96 � P), where N is cell density in the
well, and P is number of TRAP-positive wells.
Measurement of Cell Viability of BMCs—BMCs were cul-

tured in medium containingM-CSF in the absence or presence
of caldecrin (0.3, 1, 3 �g/ml) for 3 days. The cells were incu-
bated with 3-(4,5-dimethyl-2-thiazol)-2,5-diphenyl-2H-tetra-
zolium bromide (0.2 mg/ml) for 4 h. The formazan produced
was resolved with DMSO and measured at 600 nm.
Real-time Reverse Transcription-PCR—BMCs were cultured

with M-CSF and RANKL with or without caldecrin as de-
scribed above. Total RNA was prepared from BMCs using an
RNeasy mini kit (Qiagen) on the indicated days. RNAs were
treated with RNase-free DNase-1 at 37 °C for 90 min and repu-
rified using the same kit. Total RNA (5.0 �g) was used to pro-
duce cDNA with random hexamers and SuperScript-II reverse
transcriptase (Invitrogen). Aliquots (1/50 volume) of cDNA
were used for real-time PCR amplification with TaqMan probe
primer sets for NFATc1 and rRNA and Platinum Quantitative
PCR SuperMix-UDG. NFATc1 and rRNA mRNAs were mea-
sured using a GeneAmp 5700 sequence detection system
(Applied Biosystems).
Preparation of Cell Fraction—The cultured RAW264.7 cells

at 70–80% confluencewere incubated inmedium (�-MEM, 5%
FBS) containing RANKL with or without WT caldecrin for the
indicated times, washed, and scraped in cold PBS. Cytosolic
fractions and nuclear extracts were prepared as follows. The

cells were harvested and collected by centrifugation at 450 � g
for 5min, and cell pelletswere treatedwith hypotonic buffer (10
mM Tris-HCl, pH 7.4, 1 mM EDTA, and 1 mM EGTA) contain-
ing protease inhibitor mixture (Sigma) and phosphatase inhib-
itors (10 mM NaF and 2.5 mM Na2VO4) for 30 min on ice, then
disrupted by passing through a 27-Gauge needle. After centri-
fugation at 10,000 � g for 20 min, the supernatant was used as
the cytosolic fraction. The cell pellets were resuspended in
extraction buffer (20 mm HEPES, pH 7.6, 1.5 mM MgCl2, 0.2
mM EDTA, 0.42 M NaCl, 10% glycerol) containing protease
inhibitor mixture, incubated for 30 min on ice, and centrifuged
at 20,000� g for 10min. The obtained supernatant was used as
the nuclear extract.
Transcriptional Activity of NFATc1, NF-�B, and c-Fos—Ac-

tivated transcription factors, NFATc1, NF-�B, and c-Fos were
measured using aTransAMtranscription factor enzyme-linked
immunosorbent assay kit (Active Motif) according to the man-
ufacturer’s instructions. The nuclear extracts (10 �g) were
incubated on NFATc1, NF-�B, and c-Fos consensus oligonu-
cleotide-coated enzyme-linked immunosorbent assay plates
for 30 min at room temperature. Activated transcription fac-
tors bound to consensus oligo DNA were detected with a spe-
cific antibody and measured at 450 nm.
Immunoblotting and Immunoprecipitation—Whole-cell

lysates were prepared by extraction with radioimmune precip-
itation assay buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 1 mM

EDTA, 1% Triton X-100, 10 mM �-glycerophosphate, 10 mM

NaF, 5 mM NaVO4, and protease inhibitor mixture; Roche
Applied Science). The clarified lysates were separated by SDS-
PAGE, transferred onto nitrocellulose membranes, and then
immunoblotted with antibody against PLC�1 (Cell Signaling),
phospho-PLC�1 (Tyr-783; Cell Signaling), NFATc1 (Santa
Cruz Biotechnology), phospho-NFATc1 (Ser259; Santa Cruz
Biotechnology), Syk (N-19; Santa Cruz Biotechnology), phos-
photyrosine (4G10; Millipore), calcineurin (Sigma), histone H1
(Millipore), or �-actin (Sigma). The blots were incubated with
horseradish peroxidase-conjugated secondary antibodies (Pierce)
for 1 h, and chemiluminescence was detected with an ECL sys-
tem (GEHealthcare). To assay phosphorylation of Syk, the clar-
ified lysates were incubated with anti-Syk antibody for 3 h fol-
lowed by a 1-h incubation with protein G-Sepharose beads (GE
Healthcare). Immunoprecipitates were resolved by SDS-PAGE
and immunoblotted with anti-phosphotyrosine 4G10.
Nuclear Translocation of NFATc1—For Western blotting to

detect NFATc1 nuclear translocation, RAW264.7 cells were
incubated in the presence or absence of RANKL (10 ng/ml)
with or without WT caldecrin (5 �g/ml) for 30–40 min. The
cell fractionswere subjected to SDS-PAGE and immunoblotted
with anti-NFATc1 antibody. For immunohistochemical detec-
tion of NFATc1, RAW264.7 cells grown on 2-mm glass cover-
slips in 24-well plates were treated for 30–40minwith RANKL
in the presence or absence of caldecrin. The coverslips were
then removed, washed in PBS, fixed in 4% paraformaldehyde,
PBS, pH 7.2, for 1 h on ice, and washed in PBS, and cells were
permeabilized with 0.2% Triton X-100 for 15 min. After block-
ing nonspecific binding with 5% goat serum for 30 min, cells
were incubated with anti-NFATc1 antibody diluted 1:100 in
PBS overnight. The cells were washed in PBS then incubated
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for 1 h with Alexa Fluor 488-conjugated anti-mouse secondary
antibody (Invitrogen). After immunostaining, nuclei were
stained using ethidium homodimer-1 (1:2000; Invitrogen). The
fluorescence images were then visualized and photographed by
laser scanning confocal microscopy (LSM 510; Carl Zeiss).
Calcineurin Activity—Cellular calcineurin phosphatase ac-

tivity wasmeasured in cell extracts using a Calcineurin Cellular
Activity assay kit (Calbiochem) according to the manufactur-
er’s instructions. Briefly, cultured RAW264.7 cells at semi-con-
fluence were further cultured for 30 min with �-MEM, 10%
FBS and RANKL alone or in medium containing caldecrin.
Cell extracts from cultured cells were prepared with lysis
buffer containing EDTA and EGTA (50 �M each) and centri-
fuged. The fraction of total phosphatase activity due to cal-
cineurin was determined by detection of free phosphate
released from cAMP-dependent protein kinase regulatory sub-
unit type II phosphopeptide, the best-known substrate for
PP-2B, by treatment with okadaic acid in the absence or pres-
ence of EGTA buffer. Colorimetric measurements (assay with
Malachite Green) were performed at 620 nm.
Intracellular Ca2� Measurement—Intracellular Ca2� was

measured using a Fluo-4NW calcium assay kit (Invitrogen)
according to the manufacturer’s instructions as described else-
where (19). Briefly, BMCs, which were cultured for 1 day with
RANKL (10 ng/ml) and M-CSF (10 ng/ml), or RAW264.7 cells
cultured with growth media only were loaded with 4 �M Fluo-
4NW and 2.3 �M Fura Red AM “cell-permeant” (Invitrogen) in
loading solution for 30min. After washing, cells were incubated
with�-MEMcontaining 10% FBS and stimulatedwith RANKL.
Cells were excited at 488 nm, and the fluorescence images with
emission at 505–530 nm for fluo-4 and 600–680 nm for Fura
Red were monitored by laser scanning confocal microscopy at
1-s intervals. For inhibition assay, each ofWT caldecrin or var-
ious inhibitors was subsequently added 10min after Ca2� oscil-
lation by RANKL treatment. For ratiometric measurement of
Ca2� in a single cell, the fluorescence intensity of fluo-4 to Fura
Red was calculated and expressed as the percent maximum
ratio increase, which was obtained by the addition of 10 �M

ionomycin (Sigma) at 30 min to terminate the experiment.
Statistics—Data were analyzed by analysis of variance and

represent the means � S.D. from at least three independent
experiments. p � 0.05 was considered statistically significant.

RESULTS

Caldecrin InhibitsOsteoclast Formation butNotMacrophage
and Osteoclast Progenitor Formation from Mouse BMCs—To
determine whether the serum calcium-decreasing factor calde-
crin inhibits osteoclastogenesis, we first evaluated the effects of
caldecrin treatment onmouse osteoclast formation fromBMCs
in vitro. As shown in Fig. 1A, TRAP-positive multinucleated
cells were observed in culture with M-CSF and RANKL,
whereas TRAP-positive cells were not observed in M-CSF
alone. Treatment with WT caldecrin in the presence of
RANKL andM-CSF inhibited RANKL stimulated-osteoclast
formation completely. Protease-deficient mutant (Sm) calde-
crin also inhibited RANKL-stimulated osteoclast differentia-
tion, suggesting that the inhibition of osteoclast formation by
caldecrin is independent of its protease activity.

Osteoclasts were differentiated from the monocyte-macro-
phage lineage. Therefore, we examinedwhether caldecrin stim-
ulatesmacrophage formation fromBMCs. BMCswere cultured
in the presence of M-CSF with or without WT caldecrin for 1
week, and macrophage colonies were estimated by colony for-
mation assay. The macrophage-type colonies formed from
BMCs in the absence or presence of WT caldecrin were not
different (52.8 � 1.3 versus 52.5 � 3.7; Fig. 1B, left panel), sug-
gesting that caldecrin does not stimulate macrophage forma-
tion. Next, we examined whether caldecrin inhibits osteoclast
progenitor formation by frequency analysis. BMCs were cul-

FIGURE 1. Caldecrin inhibits RANKL-stimulated OC formation from BMCs
and RAW264.7 cells without protease activity. A, BMCs were cultured for 3
days with M-CSF (M, 10 ng/ml) and further cultured for 3– 4 days with M-CSF
alone or M-CSF plus RANKL (R, 10 ng/ml) (M/R) with or without WT or Sm
caldecrin (C, 3 �g/ml). The cells were stained for TRAP activity. The scale bar
shows 200 �m. B, macrophage colony formation assay (left) and frequency
analysis (right) were performed as described under “Experimental Proce-
dures.” C, BMCs were cultured as shown in A except various concentrations of
WT or Sm caldecrin were added, and TRAP activities of the culture media were
compared (mean � S.D. of three experiments; **, p � 0.01 versus RANKL-
treated group). D, BMCs were cultured as shown in A and stained for TRAP
activity. TRAP-positive mononucleated osteoclasts (MonoNOC) and multinu-
cleated osteoclasts (MultiNOC) were counted (mean � S.D. of three experi-
ments; **, p � 0.01 versus the RANKL-treated mononucleated or multinucle-
ated osteoclast control group, respectively). E, RAW264.7 cells were cultured
for 3– 4 days with RANKL (10 ng/ml) or RANKL plus various concentrations of
WT or Sm caldecrin, and TRAP activities were measured. F, RAW264.7 cells
were cultured as shown in E and stained for TRAP activity. TRAP-positive
mononucleated and multinucleated osteoclasts were counted and com-
pared with respective controls (mean � S.D. of three experiments; **, p � 0.01
versus the RANKL-treated mononucleated or multinucleated osteoclast con-
trol group, respectively).
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tured with M-CSF alone or in the presence of WT caldecrin to
make the osteoclast progenitor. After washing, the progenitor
cells were further cultured with M-CSF and RANKL to differ-
entiate into osteoclasts. The frequency of osteoclast progenitor
formation in the presence of M-CSF alone, which was esti-
mated by RANKL-stimulated osteoclast formation, was not dif-
ferent from that in the presence of M-CSF and WT caldecrin
(0.82 � 0.13% versus 0.85 � 0.05%; Fig. 1B, right panel). Thus,
caldecrin does not affect osteoclast progenitor formation. Fur-
thermore, BMC survival rates estimated by 3-(4,5-dimethyl-2-
thiazol)-2,5-diphenyl-2H-tetrazolium bromide assay in WT or
Sm caldecrin treatment were not different from the control
culture (data not shown). These results suggest that caldecrin
does not affect the microenvironment suitable for hematopoi-
etic cell development, osteoclast progenitor formation, and
macrophage differentiation.
The TRAP activities induced by RANKL treatment were

inhibited in a dose-dependentmanner byWTand Smcaldecrin
(Fig. 1C). Osteoclast progenitor cells differentiate to TRAP-
positive mononucleated osteoclasts at the early stage, and
TRAP-positive multinucleated osteoclasts appear at the late
stage of osteoclastogenesis. To determine which stage of oste-
oclastogenesis is inhibited by caldecrin, we compared the
populations of mononucleated cells with those of multinucle-
ated cells. RANKL-stimulated TRAP-positive multinucleated
cell formation was about 40% that of TRAP-positive mono-
nucleated cells (Fig. 1D). Treatment with WT or Sm caldecrin
inhibited mononucleated cell differentiation to about 20% that
stimulated by RANKL. However, there were no significant dif-
ferences in the ratio of multinucleated/mononucleated cell for-
mation between the control and WT or Sm caldecrin treat-
ment, suggesting that caldecrin inhibits mononucleated cell
formation at the early stage but not multinucleated cell forma-
tion at the late stage in osteoclastogenesis, and its inhibitory
effect does not depend on protease activity.
The mouse macrophage-like cell line RAW 264.7 has been

shown to readily differentiate into osteoclasts upon exposure to
RANKL. This system has advantages because of the absence of
osteoblast/stromal cells andM-CSF. As shown in Fig. 1E, calde-
crin with or without protease activity dose-dependently sup-
pressed RANKL-stimulated TRAP activities of RAW264.7
cells. Caldecrin also suppressed the TRAP-positive mono-
nucleated cell formation from RAW264.7 cells (Fig. 1F). Com-
paring the results of BMC-derived osteoclast formation, inhi-
bition of caldecrin on the osteoclast formation fromRAW264.7
cells was slightly lower, suggesting that monocyte/macro-
phage-like RAW264.7 cells may proceed at the osteoclast dif-
ferentiation step compared with M-CSF-treated BMCs.
Caldecrin Inhibits NFATc1 mRNA Accumulation and Its

Transcriptional Activity—Induction and activation of NFATc1
is important for the RANKL-stimulated osteoclastogenesis
(19). Therefore, we first investigated NFATc1 mRNA accu-
mulation, which is related to the autoamplification of
NFATc1. RANKL induced NFATc1 mRNA expression in a
time-dependent manner (Fig. 2A). However, WT caldecrin
completely inhibited theRANKL-stimulatedNFATc1 accumu-
lation (autoamplification) in osteoclasts derived from BMCs.

Next, we determined the effect of caldecrin on the transcrip-
tional activities of NFATc1. As shown in Fig. 2B, the transcrip-
tional activity of NFATc1 was induced in RAW264.7 cells after
a 30-min exposure to RANKL. However, WT caldecrin inhib-
ited the RANKL-induced transcriptional activity of NFATc1.
The transcriptional activities of NF-�B and c-Fos were also
induced by RANKL treatment but not suppressed by caldecrin.
Caldecrin Inhibits NFATc1 Translocation to the Nucleus—

NFATc1, which is phosphorylated in the cell cytoplasm, is
translocated from the cytoplasm to the nucleus by cal-
cineurin-mediated dephosphorylation. Therefore, we investi-
gated whether RANKL-stimulated translocation of NFATc1 is
suppressed by caldecrin treatment. RAW264.7 cells were incu-
bated in the absence or presence of RANKL or RANKL plus
WT caldecrin for 40 min, and the cytosolic and nuclear frac-
tions were prepared. Western blotting analysis showed that
NFATc1 in the nuclear fraction was increased in RANKL-stim-
ulated cells (Fig. 2C). However, caldecrin reduced NFATc1
accumulation in the nucleus. NFATc1 phosphorylation states
were examined in whole-cell lysates. The inactive form of
NFATc1 (phospho-NFATc1)was decreased inRANKL-treated
cells compared with untreated controls (Fig. 2C, lower panels).
Caldecrin treatment prevented the disappearance of phospho-
NFATc1 in RANKL-treated cells. In addition, immunofluores-
cence studies revealed more obvious nuclear translocation of
NFATc1 in RANKL-treated cells. Caldecrin treatment sup-
pressed theRANKL-stimulated translocation ofNFATc1 to the
nucleus in RAW264.7 cells (Fig. 2D). These results indicated
that RANKL induces the translocation of NFATc1 into the
nucleus and that caldecrin inhibits the translocation of
NFATc1 into the nucleus.
Caldecrin Inhibits Calcineurin Activity—To determine how

caldecrin inhibits osteoclast differentiation, we examined the
upstream pathway(s) of NFATc1 in osteoclastogenesis using
various inhibitors. The calcineurin inhibitors FK506 (2�M) and
CsA (1 �M), the PLC� inhibitor U73122 (10 �M), and the intra-
cellular calcium chelator BAPTA-AM (20 �M) inhibited
RANKL-stimulated osteoclast formation (supplemental Fig.
S1). In contrast, calphostin C (100 nM), an inhibitor of PKC, did
not suppress RANKL-stimulated osteoclast formation in BMC.
TPA alone did not induce osteoclast formation (supplemen-
tal Fig. S1). Therefore, in our in vitro system, the Ca2�-cal-
cineurin axis but not PKC downstream of PLCmay be involved
in the activation of NFATc1. These results prompted us to
examine the role of caldecrin in Ca2�-calcineurin signaling in
osteoclasts. As we expected lower activity of calcineurin with
caldecrin treatment, we determined the calcineurin activity of
RAW264.7 cells treated with RANKL in the presence or
absence of caldecrin. The calcineurin activity of RANKL-
treated cells was increased (Fig. 3A). Caldecrin significantly
reduced the RANKL-stimulated calcineurin activity. It was
reported that RANKL treatment did not change the expression
level of calcineurin subunits in RAW264.7 cells (41). Also,
RANKLwith orwithout caldecrin treatment did not change the
protein level of calcineurin (Fig. 3B).
Caldecrin Inhibits PLC�-mediated Ca2� Oscillation Evoked

by RANKL in BMC and RAW264.7 Cells—RANKL stimulates
osteoclastogenesis by induction of long-lastingCa2� oscillation
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24–48 h post-stimulation in BMC (19). We analyzed Ca2�

oscillation using 1-day-cultured BMCs in the presence of
M-CSF andRANKL.As shown in Fig. 4A, RANKL evokedCa2�

oscillation (left panel), whereas no oscillation was evoked by
caldecrin treatment (right panel). Furthermore, we analyzed
the effects of caldecrin on RANKL-evoked Ca2� oscillation in
RAW264.7 cells. As shown in Fig. 4B, RANKL treatment imme-
diately produced Ca2� oscillation in stock-cultured RAW264.7
cells (left panel). Caldecrin also completely abolished RANKL-

evoked Ca2� oscillation (right panel).
The intracellular calcium chelator
BAPTA-AM and PLC inhibitor
U73122 abolished osteoclast forma-
tion (supplemental Fig. S1) and
inhibited the RANKL-stimulated
Ca2� oscillation (middle panels),
indicating that RANKL stimulated
Ca2� oscillation is driven by PLC
activation and Ca2� oscillation is
required for osteoclastogenesis (Fig.
4B, lower panel).
It has been reported that RANKL-

stimulated Ca2� oscillation is evoked
by PLC�1 activation (23). Next, we
analyzed activation of PLC�1 by
Western blotting with anti-phos-
pho PLC�1 antibody. As shown in
Fig. 4C, phosphorylation of PLC�1
induced by RANKL was reduced
in caldecrin-treated cells. Taken
together, these results suggest that
caldecrin inhibits the RANKL-in-
duced PLC�1 activation followed by
suppression of Ca2� oscillation.
Caldecrin Suppresses RANKL-in-

duced Syk Activation in RAW264.7
Cells—During osteoclastogenesis,
ITAM-harboring adaptor protein
and activation of PLC�1 are involved
in RANKL-stimulated Ca2� oscilla-
tion (23). Syk is critical for oste-
oclastogenesis, which is activated
by ITAM (49). Syk phosphorylates
and activates the downstream tar-
get PLC�1 (23). Therefore, we
examined BMC osteoclastogen-
esis with the selective Syk inhibi-
tor ER-27319, which resulted in
impairment of RANKL-induced
osteoclastogenesis (supplemen-
tal Fig. S1). We examined whether
caldecrin suppressed RANKL-in-
duced Syk activation in RAW264.7
cells. As shown in Fig. 5A, RANKL-
evoked Ca2� oscillation was inhib-
ited by the addition of ER-27319,
suggesting that RANKL-stimulated
Syk activation is upstream of PLC�1.

On Western blotting analysis, phosphorylation of Syk was
increased after 6 min of RANKL stimulation. Caldecrin also
suppressed the RANKL-stimulated phosphorylation of Syk,
suggesting that WT caldecrin suppressed RANKL-stimulated
Syk activation, which was followed by activation of PLC�1.
Coculture with Stromal/Osteoblast Partially Restores the

Suppression of Osteoclast Formation by Caldecrin—ITAM-
harboring adaptor DAP12 or Syk-deficient mouse impaired
RANKL-stimulated osteoclastogenesis (23, 45). In contrast,

FIGURE 2. Caldecrin inhibits RANKL-stimulated NFATc1 activity. A, BMCs were cultured as shown in Fig. 1A. At 8,
24, and 48 h after treatment with RANKL with or without WT caldecrin (3 �g/ml), total RNAs were isolated, and
NFATc1 mRNA was evaluated by TaqMan real-time PCR (mean � S.D. of three experiments; *, p � 0.05 versus
RANKL-treated group with the same incubation time). B, RAW264.7 cells were incubated with RANKL alone (R) or in
combination with WT caldecrin (9 �g/ml, shaded) for 30 min (R�C). Nuclear extracts were prepared, and the tran-
scriptional activities of NFATc1, NF-��, and c-Fos were measured (mean � S.D. of three experiments: *, p � 0.05
versus RANKL-treated group). C, RAW264.7 cells were stimulated for 40 min with RANKL or RANKL plus WT caldecrin
(5 �g/ml). Cytosolic and nuclear fractions were prepared from untreated (�), RANKL-stimulated (R), or RANKL plus
WT caldecrin-treated (R�C) cells and analyzed by Western blotting with anti-NFATc1 antibody. The purity of the
subcellular fractions and equal sample loading were controlled by analyzing �-actin and histone H1. Phosphoryla-
tion of NFATc1 in the whole-cell lysates from the same cells were evaluated by Western blotting with anti-phospho-
NFATc1. D, RAW264.7 cells were incubated and stimulated for 40 min with RANKL or RANKL plus WT caldecrin (5
�g/ml). Cells were fixed and stained for anti-NFATc1 (green) and nucleus (red). The scale bar shows 10 �m.
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bone marrow cells from these deficient mice cocultured with
osteoblasts showed partial restoration of osteoclast formation,
suggesting that the interaction between osteoclast precursors
and osteoblasts may light up the existence of other signals for
osteoclastogenesis. Moreover, osteoclast precursors from ino-
sitol 1,4,5-triphosphate receptor 2/3 double knock-out mice
impaired Ca2� oscillation and osteoclast formation but was
partially restored in coculture with osteoblasts, suggesting that
there is a Ca2� oscillation-independent mechanism for NFATc1
activation in the coculture system (51). To investigate whether
the suppression of caldecrin is restored by the interaction with
osteoblasts, BMCs were cocultured with stromal ST2 cells.
Compared with RANKL- and M-CSF-treated osteoclast cul-
ture, TRAP-positive multinucleated osteoclasts in the cocul-
ture system were partially restored in the presence of FK506
(supplemental Fig. S2). The inhibition of osteoclastogenesis by
caldecrin was also partially restored, suggesting that osteo-
blast-induced osteoclastogenesis has Ca2� oscillation/cal-
cineurin-dependent (FK-sensitive) and -insensitive (FK-in-
sensitive) pathways, and caldecrin is likely involved in the
Ca2� oscillation/calcineurin-dependent pathway.

DISCUSSION

Bone marrow cells develop into functionally active mature
osteoclasts in various stages of differentiation; in the early stage,
the osteoclast progenitors become mononucleated preoste-
oclasts expressing TRAP activity; in the late stage, the TRAP-
positivemononucleated preosteoclasts fuse together to become
TRAP-positive multinucleated osteoclasts; in the final stage,
the multinucleated osteoclasts are activated by stimulants to
absorb the bone matrix. We showed here that the serum cal-
cium-decreasing factor, caldecrin, inhibits the early stage of
preosteoclast formation stimulated by RANKL from BMCs.
The fusion rates of TRAP-positive mononucleated preoste-
oclasts to become multinucleated osteoclasts were unaffected
by treatment with caldecrin, indicating that caldecrin does not
affect the fusion process of osteoclast formation (Fig. 1D). Fur-

thermore, caldecrin treatment did not affect M-CSF-stimu-
lated macrophage precursor generation or macrophage colony
formation from BMCs or osteoclast progenitor generation in
BMCs (Fig. 1B). Therefore, we focused onRANKL signaling. To
clarify the inhibitory effects of caldecrin on the signaling path-
way of RANKL-stimulated osteoclast differentiation, we stud-
ied the use of the macrophage cell line RAW264.7, which is
sufficient to mimic the TRAP-positive multinucleated oste-
oclast-like phenotype by the sole addition of RANKL (Fig. 1, E
and F). That is, caldecrin antagonized RANKL signaling.

Many cellular events including osteoclast formation are reg-
ulated by the Ca2� oscillation frequency (33–37). NFAT is one
of the cellular responses regulated by the Ca2� oscillation fre-
quency (35, 36). Ca2� oscillation builds up dephosphorylation
of NFAT by the Ca2�/calmodulin-dependent serine/threonine
phosphatase calcineurin and increases NFAT nuclear translo-
cation (38, 39). Takayanagi et al. (19) reported that RANKL-
evoked Ca2� oscillation triggers osteoclast differentiation
through NAFTc1 activation, which induces osteoclast-specific
gene expression. They observed that RANKL-evoked Ca2�

oscillation begins 24 h after RANKL stimulation and is sus-
tained in BMCs.We observed RANKL-evoked Ca2� oscillation
and enhanced activation of NFATc1 expression in 24-h-cul-
tured BMCs (Figs. 2A and 4A). On the other hand, Ca2� oscil-
lation occurred rapidly after RANKL-stimulation in RAW264.7
cells (Fig. 4B). The component(s) necessary for the Ca2� oscil-
lation may be absent or reduced in number and expressed dur-
ing the first 24 h of differentiation in BMCs. Interestingly,
caldecrin immediately and completely inhibited the RANKL-
evoked Ca2� oscillation in BMCs and RAW264.7 cells (Fig. 4,A
and B). Therefore, the primary effect of caldecrin for the sup-
pression of osteoclastogenesis is blocking the Ca2� oscillation.
The Ca2� oscillation requires Ca2� release from internal stores
and extracellular Ca2� influx. Activation of PLC� stimulates
Ca2� release from the endoplasmic reticulum via inositol 1,4,5-
triphosphate receptor. It was reported that RANKL activated
PLC� (40, 23, 55), and knock-down of PLC�1 inhibited
RANKL-induced Ca2� oscillations (55), suggesting that PLC�1
may cause RANKL-stimulated Ca2� oscillation. Indeed, we
found that the PLC� inhibitor U73122 inhibited not only Ca2�

oscillation (Fig. 4B) but also osteoclast formation (supple-
mental Fig. S1). Interestingly, caldecrin suppressed RANKL-
induced PLC�1 activation (Fig. 4C).
There is another downstream pathway of PLC� in addition

to the Ca2�-calcineurin axis. PLC� hydrolyzes phosphatidyl-
inositol 4,5-bisphosphate to diacylglycerol, which activates
PKC. Early studies indicated that NFAT integrated Ca2� sig-
nals with those transduced bymitogen-activated protein kinase
and/or PKC (52, 53). Thus, NFAT activation requires both Ras/
PKC and Ca2�/calcineurin signaling (54). On the other hand,
TPA, an activator of PKC, was reported to inhibit osteoclasto-
genesis by suppressing RANKL-inducedNF-�B activation (50).
We examined the effects of PKC activity on osteoclastogenesis,
which is downstream of PLC (supplemental Fig. S1). TPA alone
did not stimulate osteoclast formation, and TPA or PKC inhib-
itor calphostin A also did not affect RANKL-induced osteoclast
formation, suggesting that PKC activity may not be involved in
our osteoclastogenesis system. Therefore, the negative regulation

FIGURE 3. Caldecrin inhibits RANKL-stimulated calcineurin activity in
(RANKL) RAW 264.7 cells. A, RAW264.7 cells were cultured and stimulated
for 30 min by RANKL with (R�Cal) or without (RANKL) WT caldecrin (9 �g/ml).
Cell homogenates were prepared, and calcineurin activities were compared
(mean � S.D. of three experiments; *, p � 0.05 versus RANKL-treated group).
B, RAW264.7 cells were cultured as shown in A, and calcineurin contents in the
cells prepared from unstimulated (�), RANKL-stimulated (R), or RANKL plus
WT caldecrin (R�C) were compared by Western blotting with anti-calcineurin
antibody.
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of caldecrin in osteoclastogenesis is likely to be the blocking of
RANKL-stimulated PLC�/Ca2�-calcineurin-NFATc1 axis.
The series of signals after RANK stimulation of PLC� ac-

tivation is still unclear, although Syk has been implicated
in the regulation of PLC� and osteoclastogenesis. Syk-defi-
cient BMCs showed impairment of normal osteoclastogen-
esis induced by RANKL (49). The immunoreceptor system
was reported as the RANKL-RANK axis modifying signal

(42).ITAM-harboringadaptorpro-
teins, DAP12 and FcR�, accelerate
the RANKL stimulation in oste-
oclast differentiation (43, 45). Oste-
oclast-associated receptor and
triggering receptor expressed on
myeloid cell 2 (TREM2) recruit
Fc� and DAP12 adaptor protein,
respectively, resulting in the acti-
vation of PLC� and initiation of
Ca2� oscillation through Syk acti-
vation (45). DAP12�/�FcR��/�

cells showed impaired RANKL-in-
duced phosphorylation of PLC�1
and Ca2� oscillation (23). In addi-
tion, piceatannol, an inhibitor of Syk
that is recruited to ITAM in the
immune system (44), has an inhibi-
tory effect on osteoclastogenesis
(23). We demonstrated that the
selective Syk inhibitor ER-27319
abolished not only osteoclastogen-
esis but also RANKL-evoked Ca2�

oscillation (supplemental Fig. S1
and Fig. 5A). Interestingly, caldecrin
suppresses RANKL-induced Syk
activation (Fig. 5B). Thus, caldecrin
may be involved, at least in part, in
ITAM-Syk-PLC�1-mediated Ca2�
oscillation.
In osteoclast-osteoblast coculture,

the formation ofmultinucleated oste-
oclasts was partially restored from
DAP12�/� and toa lesser extent from
Syk�/�, suggesting that FcR�, adapt-
ing to osteoclast-associated recep-
tor and binding to the osteoclast-as-
sociated receptor ligand on the
osteoblast in coculture, is able to
compensate for the lack of oste-
oclastogenesis in DAP12�/� cells
and/or links to some Syk-indepen-
dent pathway(s). It is likely that
osteoblasts induce Ca2�oscillation-
independent osteoclast formation
(51). The suppressive effect of
caldecrin on osteoclast formation in
the coculture system is weak simi-
larly to those of FK506 and CsA,
suggesting that caldecrin may be

involved in a Ca2� oscillation-sensitive pathway. At present,
we do not know how caldecrin suppresses Syk kinase. Calde-
crinmay associate with ITAM-harboring adaptor-associated
receptor or ITIM-harboring receptor and modulate its
kinase activity.
Recently, Kim et al. (55) reported a novel redox pathway that

is upstream of PLC�1 based on observations in peroxiredoxin
(PrxII) knock-out mice. They demonstrated that RANKL-gen-

FIGURE 4. Caldecrin inhibits PLC�1 mediated Ca2� oscillation evoked by RANKL in BMCs and RAW 264.7
cells. A, BMCs were cultured for 1 day with M-CSF (10 ng/ml) plus RANKL (10 ng/ml). Intracellular [Ca2�]i in
single cells was measured as described under “Experimental Procedures.” After a 10- min observation of Ca2�

oscillation with the addition of RANKL, WT caldecrin (10 nM) was further added. Each color indicates an indi-
vidual cell in the same field. At the end of the experiment, ionomycin was added. B, [Ca2�]i in RAW264.7 cells
was monitored as shown in A. Effects of BAPTA-AM (100 nM) and U73122 (100 nM) were evaluated (middle
panels). The cells showed Ca2� oscillation without RANKL (�), RANKL-triggered Ca2� oscillation-acquired cells
(R), and caldecrin-responsive cells in which RANKL-triggered Ca2� oscillation was inhibited by WT caldecrin
(R�C) were scored in the same field (mean � S.D. of three experiments: *, p � 0.01 versus RANKL-treated
group). C, RAW264.7 cells were incubated for 30 min with or without RANKL (10 ng/ml, R) or RANKL plus WT
caldecrin (5 �g/ml, R�C). Cell lysates were subjected to Western blotting with anti-PLC�1 or anti-phospho-
PLC�1 antibody.
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erated reactive oxygen species induces long-lasting Ca2� oscil-
lation and osteoclastogenesis. Whether caldecrin regulates this
redox pathway and cross-talk to the Syk signal pathway is an
intriguing question.
The pro-form of caldecrin requires trypsin treatment for

activation of its protease activity (3). Serum Ca2� decreasing
activity and the inhibitory effects of caldecrin on the bone-
resorbing activity of mature osteoclasts require trypsin activa-
tion even though protease-deficient mutants are used (4, 7).
The inhibitory effects of caldecrin on osteoclastogenesis also
require pretreatment with trypsin (data not shown). The inhib-
itory effect of caldecrin in osteoclastogenesis may be caused by
the proteolytic cleavage of the propeptide, which needs to be
exposed to the intramolecular responsive region after activa-
tion by trypsin treatment. The precise mechanism of the inhib-
itory effect of caldecrin on Ca2� oscillation should be eluci-
dated in future studies.
Considering the selective effects of caldecrin on Ca2�-cal-

cineurin-NFATc1 inhibition and its nature as a secretory mol-
ecule that does not require protease activity in osteoclastogen-
esis, caldecrin may be a good therapeutic agent for suppressing
osteoporosis and arthritis caused by enhanced NFATc1 activa-
tion (47, 48). Indeed, we have found that ovariectomized-in-
duced bone loss was prevented by caldecrin treatment.5 In con-
clusion, caldecrin completely inhibits RANKL-triggered Ca2�

oscillation through the suppression of Syk-induced PLC� acti-
vation in RAW264.7 cells, resulting in the inhibition of cal-
cineurin activity, NFATc1 translocation into the nucleus, and
osteoclast differentiation.
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