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Suppressive Effect of Regucalcin on Cell Differentiation
and Mineralization in Osteoblastic MC3T3-E1 Cells
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Abstract The role of regucalcin in the regulation of osteoblastic cell function was investigated. Osteoblastic
MC3T3-E1cellswith subconfluentmonolayerswere cultured in amediumcontaining regucalcin (10�10–10�8M)without
fetal bovine serum (FBS). The proliferation of osteoblastic cells was not significantly altered in the presence of regucalcin.
The results of reverse transcription-polymerase chain reaction (RT-PCR) analysis with specific primers showed that the
expression of Runx2 (Cbfa1) and insulin-like growth factor-I (IGF-I) mRNAs in osteoblastic cells was significantly
suppressed in the presence of regucalcin (10�10 or 10�9 M). Transforming growth factor-b1 mRNA levels were
significantly enhanced in the 24 h-culture with regucalcin (10�10 or 10�9 M). a1(I) collagen and glyceroaldehyde-3-
phosphate dehydrogenase (G3PDH) mRNA levels were not significantly changed by culture with regucalcin (10�10 or
10�9 M). Alkaline phosphatase activity was significantly decreased in the lysate of cells cultured for 24 or 48 h with
regucalcin (10�10–10�8 M). Moreover, the expression of regucalcin in osteoblastic cells was demonstrated by RT-PCR
andWestern blot analysis.When regucalcin (10�7M)was added into the enzyme reactionmixture containing the lysate of
osteoblastic cells cultured in the absence of regucalcin, alkaline phosphatase activity was significantly decreased. Also,
Ca2þ/calmodulin-dependent nitric oxide (NO) synthase activity in the cell lysate was significantly decreased by addition
of regucalcin (10�10–10�8M) into the reactionmixture. The presence of anti-regucalcinmonoclonal antibody (5 or 10ng/
ml) in the enzyme reactionmixture caused a significant increase inNOsynthase activity in the cell lysate in thepresenceor
absence of Ca2þ/calmodulin, suggesting a role of endogenous regucalcin. When osteoblastic cells with subconfluency
were cultured in the presence of regucalcin (10�10 or 10�9 M) for 3, 9, or 18 days, the results with Alizarin red staining
showed that the mineralization was markedly suppressed by culture with regucalcin for 3, 9, or 18 days. This study
demonstrates that regucalcin regulates the functionof osteoblastic cells, and that the protein suppresses cell differentiation
and mineralization. J. Cell. Biochem. 96: 543–554, 2005. � 2005 Wiley-Liss, Inc.
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Regucalcin, which was found 1978, has been
demonstrated to play amultifunctional role as a
regulatory protein on intracellular signaling
mechanism in many cell types [Yamaguchi and
Yamamoto, 1978; Yamaguchi, 2000a,b, 2005;
reviews] in recent years. The gene of regucalcin
is highly conserved in vertebrate species
[Shimokawa and Yamaguchi, 1993; Misawa
and Yamaguchi, 2000]. The rat and human

regucalcin genes are localized on chromosomeX
[Shimokawa et al., 1995; Thiselton et al., 2002].
Regucalcin messenger ribonucleic acid (mRNA)
and its protein are greatly present in liver and
kidney cortex, and regucalcin is also found in
other tissues [Shimokawa and Yamaguchi,
1992; Yamaguchi and Isogai, 1993]. The ex-
pression of regucalcin mRNA is mediated
through Ca2þ-signaling mechanism [Murata
and Yamaguchi, 1998; Yamaguchi and Naka-
jima, 1999].AP1andNFI-A1havebeen found to
be transcriptional factors for the enhancement
of regucalcin gene promoter activity [Murata
and Yamaguchi, 1998, 1999; Misawa and
Yamaguchi, 2002].

Regucalcin plays a role in maintaining in-
tracellular Ca2þ homeostasis, the inhibitory
regulation of various Ca2þ-dependent protein
kinases and tryrosine kinases, protein phos-
phatases, nitric oxide (NO) synthase, and the
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control of the enhancement of nuclear deoxyr-
ibonucleic acid (DNA) and RNA synthesis in
proliferative cell [Tsurusaki and Yamaguchi,
2002a,b; Izumi et al., 2003; Yamaguchi, 2005].
Recent study has demonstrated that regucalcin
has a suppressive effect on cell proliferation
and apoptosis, which is mediated through
many signaling factors, in the cloned rat
hepatoma H4-II-E cells overexpressing regu-
calcin [Tsurusaki and Yamaguchi, 2003; Izumi
and Yamaguchi, 2004a,b]. Regucalcin has been
proposed to play a role in the maintaining cell
homeostasis and function in many cell types
[Yamaguchi, 2005; reviews].

We generated regucalcin transgenic (TG)
rats to determine a regulatory role of endogen-
ous regucalcin in vivo using a TG rat model
[Yamaguchi et al., 2002a]. Bone loss and
hyperlipidemia have been shown to induce in
regucalcin TG rats [Yamaguchi et al., 2002b,
2004a], supporting the views that regucalcin
has an important role onpathophysiologic state.

The mechanism by which bone loss is in-
duced in regucalcin TG rats has not been fully
clarified. Regucalcin is expressed in rat bone
marrow cells, and bone loss in regucalcin TG
rats is partly involved in osteoclastic bone
resorption [Uchiyama and Yamaguchi, 2004;
Yamaguchi et al., 2004b]. Regucalcin has been
demonstrated to stimulate osteocalst-like cell
formation in mouse marrow culture in vitro,
and the protein stimulates bone resorption in
rat femoral tissues in vitro [Yamaguchi and
Uchiyama, 2005]. The effect of regucalcin on
bone formation has not been yet determined,
however.

The present study was undertaken to deter-
mine whether regucalcin could regulate the
function of osteoblastic cells, which participate
in bone formation and mineralization in vitro.
We found that regucalcin plays a regulatory
role in the regulation of the function of osteo-
blastic MC3T3-E1 cells in vitro, and the
protein suppresses cell differentiation and
mineralization.

MATERIALS AND METHODS

Chemicals

a-minimum essential medium (a-MEM) and
penicillin-streptomycin (5,000 U/ml penicillin;
penicillin; 5,000 mg/ml streptomycin) were ob-
tained from Gibco Laboratories (Grand Island,
NY). Fetal bovine serum (FBS), p-nitrophenyl-

phosphate, arginine, b-nicotinamide adenine
dinucleotide phosphate reduced from b-NADPH,
citrulline, calmodulin (52,000 U/mg protein
from bovine brain), and Alizarin red S was
purchased fromSigma (St. Louis,MO). Calcium
chloride and other chemicals were of regent
grade and were obtained from Wako Pure
Chemical Industries (Osaka, Japan). Reagents
usedwere passed through ion-exchange resin to
remove metal ions.

Isolation of Regucalcin

Male Wistar rats, weighing 100–120 g,
were obtained commercially from Japan SLC
(Hamamatsu, Japan). Regucalcin is markedly
expressed in rat liver cytosol [Shimokawa
and Yamaguchi, 1992; Yamaguchi and Isogai,
1993]. Regucalcin was isolated from rat liver
cytosol. The livers were perfused with Tris-HCl
buffer (pH 7.4), containing 100 mM Tris,
120 mM NaCl, 4 mM KCl, cooled to 48C. The
livers were removed, cut into small pieces,
suspended 1:4 (w/v) in Tris-HCl buffer (pH 7.4);
the homogenate was spun at 5,500g in a
refrigerated centrifuge for 10 min, and the
supernatant was spun at 105,000g for 60 min.
The resulting supernatant was heated at
608C for 10 min and recentrifuged at 38,000g
for 20 min. Regucalcin in the supernatant
was purified to electrophoretic homogeneity
by gel filtration on Sephadex G-75 and G-50
followed by ion-exchange chromatography on
diethylaminoethyl (DEAE)-cellulose, as report-
ed previously [Yamaguchi and Yamamoto,
1978].

Anti-Regucalcin Antibody

Anti-regucalcin antibody was a monoclonal
antibody raised against regucalcin prepared
using standard methods [Omura and Yamagu-
chi, 1999]. Mice (BALB/C, Japan SLC) were
subcutaneously injected with rat liver regu-
calcin emulsified with Freund’s complete ad-
juvant, and 19 days later antigen (0.25 mg/
animal) was intraperitoneally injected with
Freund’s incomplete adjuvant. Animals were
killed with bleeding at 3 days after the last
injection. Spleen cells were prepared from
immunized mouse and fused into myeloma
cells. Anti-regucalcin monoclonal antibody-
producing cells (hybridoma cells) were obtained
by screening. The IgG fromhybridoma cells was
isolated through a protein A-agarose column
(Sigma).
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Cell Culture

Osteoblastic MC3T3-E1 cells were cultured
at 378C in a CO2 incubator in plastic dishes
containing a-MEM supplemented with 10%
FBS. They were subcultured every 3 days using
0.2% trypsin plus 0.02% EDTA in Ca2þ/Mg2þ-
free phosphate-buffered saline (PBS). For
experiments, about 1.0� 105 cells per dish were
cultured for 3 days to obtain subconfluent
monolayers in 35-min plastic containing 2 ml
a-MEM with 10% FBS. After the cells were
rinsed with PBS, the medium was exchanged
for medium without FBS containing either
vehicle or regucalcin (10�10–10�8 M) and the
cells were cultured further for 1–21 days. Cell
viability was estimated by staining with trypan
blue.

Cell Counting

After trypsinization of the cells in each
culture dish using a Ca2þ/Mg2þ-free PBS con-
taining 0.2% trypsin and 0.02% EDTA for
2 min at 378C, cells were collected and wash-
centrifuged in a Phosphate-buffer saline (PBS)
solution at 100g for 5 min. The cells were
resuspended on 0.5 ml PBS solution, and an
aliquot was stained with eosin. The cells were
counted under a microscope using a Hemacyt-
ometer plate. For each dish, we took the average
of two counts.

Determination of Specific mRNA by RT-PCR

Total RNAs were prepared as described
previously [Chomczyshi and Sacchi, 1987].
Osteoblastic MC3T3-E1 cells with subcon-
fluencywere cultured for 24 or 48 h in amedium
containing either vehicle or regucalcin (10�10 or
10�9 M). After culture, cells were washed three
times with ice-cold PBS, and then cells were
homogenized in buffer solution containing
4 M guanidinium thiocyanate, 24 mM sodium
citrate (pH 7.0), 0.5% sarcosyl, and isoamyl
alcohol, and the phases were separated by
centrifugation at 10,000g for 20 min at 48C.
RNA located in the aqueous phase was pre-
cipitated with isoprepanol at �208C. RNA
precipitates were pelted by centrifugation,
and the pellets were redissolved in diethyl-
pyrocarbonate-treated water.
RT-PCR was preformed with a TitamTM One

Tube RT-PCR kit (Roche Molecular Biochemi-
cals) as recommended by the supplier. Primers
for amplification of mouse regucalcin cDNA

were: 50-AGATGAACAAATCCCAGAT-30 (sense
strand, positions 618–636 of cDNA sequence in
reference) [Misawa andYamaguchi, 2000b] and
50-ATATTCCTATGCAGGGTGA-30 (antisense
strand, positions 906–924 of cDNA sequence
[Misawa and Yamaguchi, 2000]). These oligo-
nucleotid sequences are localized in exon 5 and
7, respectively, of the regucalcin gene. The pair
of oligonucleotide primers was designed to
amplify a 307 bp sequence from the mRNA of
mouse regucalcin. Primers for amplification of
mouse Runx2 (Cbfal; type 1) cDNA were: 50-
ATGCGTATTCCTGTAGATCCGAG-30 (sense
strand, positions 1016–1038 of cDNA sequence)
and 50-CATCATTCCCGGCCATGACGGTAAC-
30 (antisense strand, positions 1451–1475)
[Seth et al., 2000]. The pair of oligonucleotide
primers was designed to amplify a 459 bp
sequence from the mRNA of mouse Runx2.
Primers for amplification of mouse a1(I) col-
lagen cDNA were: 50-TTCTCCTGGTAAAGA-
TGGTGC-30 (sense strand, positions 2232-2252
of cDNA sequence) and 50-GGACCAGCAT-
CACCTTTAACA-30 (antisence strand, positions
2466–2486) [Luppen et al., 2003]. The pair of
oligonucleotide primers was designed to amplify
a 254 bp sequence from the mRNA of a1(I)
collagen. Primers for amplification of mouse
IGF-I cDNA were: 50-GCAAGCTTCAGCCAC-
CTTAC-30 (sense strand, positions 955–974 of
cDNA sequence) and 50-GGGTCGTTTACA-
CAGCAGGT-30 (antisense strand, positions
1466–1485) [Bell et al., 1986]. The pair of
oligonucleotide primers was designed to
amplify a 511 bp sequence from the mRNA of
IGF-I. Primers for amplification of mouse TGF-
b1 cDNA were: 50-CTCTCCACCTGCAAGAC-
CAT-30 (sense strand, positions 633–652 of
cDNA sequence) and 50-CTGCCGTACAACTC-
CAGTGA-30 (antisense strand, positions 1312–
1331) [Deryck et al., 1986]. The pair of oligonu-
cleotide primers was designed to amplify a 679
bp sequence from the mRNA of mouse TGF-b1.
Glyceroaldehyde-3-phosphate dehydrogenase
(G3PDH) cDNAwas used as an internal control
to evaluate total RNA input. Primers for ampli-
fication of G3PDH cDNA were: 50-GATTTGGC-
CGTATCGGACGC-30 (sense strand) and 50-
CTCCTTGGAGGCCATGTAGG-30 (antisense
strand). The pair of oligonucleotide primers
was designed to amplify a 977 bp sequence from
the mRNA of rat G3PDH. RT-PCR was per-
formed using reaction mixture (20 ml) containing
1 or 4 mg of total RNA, supplied RT-PCR buffer,
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TitamTM enzyme mix (AMV and ExpandTM

High Fidelity), 0.2 mM dNTP, 5 mM dithio-
threitol, 5 U RNase inhibitor, and 0.3 mM
primers. Samples were incubated at 508C for
30 min, and then amplified for 30 cycles under
the following conditions: denaturation for 30 s
948C, annealing for 30 s at 568C, and extension
for 60 s at 688C. The amplified products were
separated by electrophoresis on a 1.5% agarose
gel and visualized by ethidium bromide stain-
ing. ImagedensitywasquantifiedwithaFluoro-
Imager SI (Amersham Phamacia Biotech).

Western Blot Analysis

Thehomogenate fromosteoblasticMC3T3-E1
cells culturedwith 10%FBSwas centrifuged for
10 min at 5,500g at 48C, and the supernatant
was used for Western blot analysis [Wessendolf
et al., 1993]. Aliquots of protein (10 mg) were
mixed with 5� Laemmli sample buffer, boiled
for 5 min, and SDS–PAGE was performed by
the method of Laemmli [1970] using 12%
polyacrylamide resolving gel. After SDS–
PAGE, the proteins were then transferred onto
a polyvinylidene difluoride membrane at
100mA for 4 h. Themembranes were incubated
with a polyclonal rabbit anti-regucalcin anti-
body [Yamaguchi and Isogai, 1993], which was
diluted 1:2,000 in 10 mM Tris-HCl, pH 8,
containing 150 mM NaCl, 0.1% (w/v) Tween 20
(washing buffer), and 5% (w/v) skimmilk for 1h.
The membranes incubated with antibody were
washed four times with washing buffer. Then
membranes were incubated for 1 h with horse-
radish peroxidase linked anti-rabbit IgG, which
was diluted 1:5,000 with washing buffer con-
taining 5% (w/v) skimmilk, and again theywere
washed. Detection of the protein bands was
performed using an enhanced chemilumi-
nescent kit following the manufacture’s in-
struction. The molecular size of the detecting
protein was determined by running the stan-
dard protein molecules of known sizes in
parallel.

Enzyme Assay

To assay alkaline phosphatase in the cells
after appropriate treatment periods, the cells
were washed three times with PBS, scraped
into 0.5 ml of ice-cold 0.25 M sucrose solution,
and disrupted for 30 swith an ultrasonic device.
The supernatant, centrifuged at 600g for 5 min,
was used to measure enzyme activity. The
enzyme assay described below was carried out

under optimal conditions in the reaction mix-
ture containing 20–40 mg of cell protein/ml of
reactionmixture. Alkaline phosphatase activity
was determined by the method of Walter
and Schutt [1965]. The enzyme activity was
expressedasnmol ofp-nitrophenol liberated per
min per mg of protein. Protein concentration in
the cell lysate was determined by the method of
Lowry et al. [1951].

NO synthase activity in the 5,500g super-
natant of osteoblastic MC3T3-EI cell homoge-
nate was estimated by the procedure of Lee and
Stull [1998] with a minor modification. The
enzyme activity was measured for 60 min at
378C in a reaction mixture (1.0 ml) containing
100mMHEPES,pH7.2, 4mMb-NADPH,2mM
L-arginine, and the cell protein (30–50 mg/ml)
in the presence or absence of calmodulin (2.5 mg/
ml). In separate experiments, the reaction
mixture contained either vehicle, calcium chlor-
ide (10 mM), regucalcin (10�10–10�8 M), anti-
regucalcin monoclonal antibody (5 or 10 ng/ml),
or other reagents. The enzyme reaction was
terminated by the addition of 1.0 ml of cold 10%
trichloroacetic acid and centrifuged to precipate
protein. Produced citrullin in the supernatant
was quantified by the method of Boyde and
Rahmatullah [1980]. Results were expressed as
nmol of citrullin produced per min per mg of
cell protein.

Alizarin Red Staining

Osteoblastic MC3T3-E1 cells (2.5� 105 cells)
were cultured for 72 h in an a-MEM containing
10% FBS. Cells with subconfluency were chan-
ged to a Dullbecco’s modified essential medium
(DMEM) containing ascorbic acid (100 mg/ml)
and 4 mM b-glycerophosphate in the presence
or absence of regucalcin (10�10 or 10�9 M) with
10% FBS. After medium change, cells were
cultured for 3, 9, or 18 days. The medium was
changed with every 3 days. At each time point,
cells were rinsedwithPBS, and fixed on icewith
70% ethanol for 15 min for alizarin red staining
of calcium [Kamiya et al., 2002]. The Alizarin
red solution (40 mM, pH 4.2) was filtered
through Whatman paper and applied to the
fixed wells for 30 min at room temperature.
Nonspecific staining was removed by several
washed in water.

Statistical Analysis

Data are expressed as the mean�SEM.
Statistical differences were analyzed using
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Student’s t-test. P-values less than 0.05 were
considered to indicate statistically significant
differences. Also, we used an ANOVA multiple
comparison test to compare the treatment
groups.

RESULTS

Effect of Exogenous Regucalcin in
Osteoblastic Cells

The effect of regucalcin addition on prolifera-
tion of osteoblastic MC3T3-E1 cells reaching
subconfluentmonolayers was examined. Osteo-
blastic cells were cultured for 72 h in a medium
containing 10% FBS in the presence or absence
of regucalcin (10�10–10�8 M). The number of
osteoblastic cellswasnot significantly altered in
the presence of regucalcin (Fig. 1). Osteoblastic
cells were cultured for 72 h in a medium con-
taining 10%FBSwithout regucalcin addition to
obtain subconfluent monolayers, and it was
changed to a medium containing either vehicle
or regucalcin (10�10–10�8 M) without FBS.
After medium change, cells were cultured for
24 or 72 h. The presence of regucalcin did not
cause a significant alteration in the number of
cells (Fig. 2).
Osteoblastic cells with sobconfluency were

cultured for 24 or 48 h in a medium containing
either vehicle or regucalcin (10�10–10�8 M) in

the absence of FBS. The change in the expres-
sion of Runx 2, a1(I) collagen, IGF-I, or TGF-b1
mRNAs in osteoblastic cells was examined by
RT-PCRusing specific primers. The housekeep-
ing gene G3PDH was used as an internal
control. The signal of bands for Runx2 mRNA
expression was significantly reduced in the
cells cultured for 24 or 48 h in the presence
of regucalcin (10�10 or 10�9 M) (Fig. 3). The
levels of a1(I) collagen or G3PDH mRNAs
were not significantly changed in the presence
of regucalcin.

The change in IGF-I or TGF-b1 mRNA levels
in osteoblastic cells is shown in Figure 4.
The levels of IGF-I mRNA were significantly
decreased in osteoblastic cells cultured for 24 h
in the presence of regucalcuin (10�10 or 10�9M).
This decrease was also observed by 48h-culture
with 10�9 M regucalcin. The levels of TGF-b1
mRNAwere significantly increased in oseoblas-
tic cells cultured for 24 h with regucalcin (10�10

or 10�9M).This increasewasnot seenwith48h-
culture of regucalcin (10�10 or 10�9 M).

Fig. 1. Effect of regucalcin on the proliferation of osteoblastic
MC3T3-E1 cells. Cells (1� 105) were cultured for 72 h in a
medium containing either vehicle or regucalcin (10�10–10�8M)
in the presence of 10% fetal bovine serum (FBS), and the number
of cells was measured. Each value is the mean� SEM of six
experiments. Data were not significant as compared with the
control (none).

Fig. 2. Effect of regucalcin on the proliferation of osteoblastic
MC3T3-E1cellswith subconfluncy.Cells (1� 105)were cultured
for 72 h in amedium containing 10% FBS to obtain subconfluent
monolayers, and it was changed to a medium containing either
vehicle or regucalcin (10�10–10�8 M) in the absence of 10%
FBS. After medium change, cells were cultured for 24 or 72 h.
At each timepoint, the numberof cellswasmeasured. Each value
is the mean� SEM of six experiments. Data were not significant
as compared with the control (none) value.
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The change in alkaline phosphatase activity
in osteoblastic MC3T3-E1 cells cultured in
the presence of regucalcin was examined.
Cells with subconfluency were cultured for 24
or 48 h in amedium containing either vehicle or
regucalcin (10�10–10�8 M) in the absence of
FBS.Alkaline phosphatase activity in the lysate
of cells cultured for 24 or 48 h was significantly
decreased by culture with regucalcin (10�10–
10�8 M) (Fig. 5).

Expression of Regucalcin and Its Regulatory
Effect in Osteoblastic Cells

Osteoblastic MC3T3-E1 cells were cultured
for 72 h to obtain subconfluent monolayers in a
medium containing 10%FBS. The expression of
regucalcin mRNA in osteoblastic cells was
examined by RT-PCR using regucalcin-specific
primers. The band of RT-PCR products for
regucalcin mRNA was observed (Fig. 6). The
result of Western blot analysis using cell lysate
protein showed that regucalcin was present in
osteoblastic cells (Fig. 6).ReguaclcinmRNAand

its protein levelswere significantly increased by
culture with 10% FBS compared with those of
1% FBS.

The effect of regucalcin addition on alkaline
phosphatase activity in lysate of osteoblastic
cells was examined. The enzyme reaction
mixture contained either vehicle or regucalcin
(10�9–10�7 M). Alkaline phosphstase activity
in the cell lysate was significantly decreased by
the addition of regucalcin (10�7 M) (Fig. 7).

The effect of regucalcin addition on NO
synthase activity in the lysate of osteoblastic
cells is shown in Figure 8. NO synthase activity
was significantly decreased by the addition of
regucalcin (10�8 M) into the reaction mixture
without Ca2þ/calmodulin. NO synthase activity
was significantly increased by the addition of
Ca2þ/calmodulin. This increase was signifi-
cantly inhibited by the addition of regucalcin
(10�10–10�8 M).

The effect of anti-regucalcin monoclonal anti-
body addition on NO synthase activity in the
lysate of osteoblastic cells is shown in Figure 9.

Fig. 3. Effect of regucalcin on the expression of Runx2 or a1(I)
collagen mRNAs in osteoblastic MC3T3-E1 cells. Cells (1� 105)
were cultured for 72 h in amediumcontaining 10%FBS to obtain
subconfluent monolayers, and it was changed to a medium
containing either vehicle or regucalcin (10�10–10�9 M) in the
absence of 10% FBS. After medium change, cells were cultured
for 24 or 48 h. Total RNAs [4 mg for Runx2 mRNA and 2 mg for

a1(I) collagen mRNA] extracted from the cells were analyzed by
RT-PCR using specific primers. The figure shows one of five
experiments with separate samples. The densitometric data for
Runx2,a1(I) collagen, orG3PDHmRNA levelswere indicated as
% of control (mean� SEM for five experiments). *P< 0.01,
compared with the control level.
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NO synthase activity in the cell lysate was
significantly increased in the presence of anti-
regucalcinmonoclonal antibody (5 or 10ng/ml of
reaction mixture) without Ca2þ/calmodulin.
The effect of the antibody (10 ng/ml) in increas-
ing NO synthase activity was also observed in
the presence of Ca2þ/calmodulin.

Mineralization in Osteoblastic Cells
Cultured With Regucalcin

Osteoblastic cells with subconfluency were
cultured for 3, 9, or 18 days in a medium
containing either vehicle or regucalcin (10�10

or 10�9 M), and the effect of regucalcin on the
mineralization was examined (Fig. 10). The
results with Alizarin red staining for calcium
showed that mineralization was significantly
suppressed in the presence of regucalcin (10�10

or 10�9 M). The suppression of mineralization
was observed at 3, 9, or 18 days of culture with
regucalcin (10�10 or 10�9 M). The effect was re-
markable with 9 or 18 day-culture of regucalcin

Fig. 4. Effect of regucalcin on the expression of IGF-I or TGF-b1
mRNAs in osteoblastic MC3T3-E1 cells. Cells (1�105) were
cultured for 72 h in a medium containing 10% FBS to obtain
subconfluent monolayers, and it was changed to a medium
containing either vehicle or regucalcin (10�10 or 10�9 M) in the
absence of 10% FBS. After medium change, cells were cultured
for 24 or 48 h. Total RNAs (1 mg for IGF-I and TGF-bI mRNA; 2 mg

forG3PDHmRNA)extracted from thecellswereanalyzedbyRT-
PCR using specific primers. The figure shows one of five
experiments with separates samples. The densitometric data for
IGF-I or TGF-b1 mRNA levels were indicated as % of control
(without regucalcin) (mean� SEM for five experiments).
*P<0.01, compared with the control level.

Fig. 5. Effect of regucalcin on alkaline phosphatase activity in
osteoblastic MC3T3-E1 cells. Cells (1�105) were cultured for
72 h in a medium containing 10% FBS to obtain subconfluent
monolayers, and it was changed to a medium containing either
vehicle or regucalcin (10�10–10�8 M) in the absence of 10%
FBS. After medium change, cells were cultured for 24 or 48 h. At
each timepoint, the enzymeactivitywasmeasured. Each value is
the mean� SEM of five experiments with separate samples.
*P< 0.01, compared with the control (none) value.
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(10�10 or 10�9 M). Meanwhile, regucalcin did
not have a suppressive effect on the number of
osteoblastic cells with culture for 18 days (data
not shown).

DISCUSSION

Bone loss is induced in regucalcin TG rats
in vivo [Yamaguchi et al., 2002b, 2004b].
Osteoclastic bone resorption has been shown
to induce in regucalcin TG rats [Uchiyama and
Yamaguchi, 2004], and regucalcin has been
demonstrated to stimulate directly osteoclast-
like cell formation in mouse marrow cultures
[Yamaguchi and Uchiyama, 2005]. This study,
moreover, was undertaken to determine the
effect of regucalcin on the function of osteoblas-
tic cells. We found that culture with regucalcin
has a suppressive effect on cell differentiation
and mineralization in osteoblastic MC3T3-E1
cells in vitro. This findingmay support the view
that regucalcin has a suppressive effect on
osteoblastic bone formation.

Culture with regucalcin in short term did
not have a significant effect on the number of
osteoblastic cells reaching subconfluent mono-
layers, and the additional culture of cells with
subconfluency was not significantly changed in
the presence of regucalcin. This observation
indicates that regucalcin does not have an effect
on cell proliferation and apoptosis in osteoblas-
tic cells with culture of short term.

The targeted disruption of Runx2 (Cbfa1) has
been shown to result in a complete lack of bone

Fig. 6. Expression of regucalcin mRNA and its protein MC3T3-
E1 cells. Cells (1�105) were cultured for 72 h in a medium
containing FBS (1 or 10%) to obtain subconfluent monolayers.
A: Total RNAs (2 mg) extracted from the cells were analyzed by
RT-PCR using specific primers. B: Isolated regucalcin (0.1 mg) or
proteins (10 mg) extracted from the cells were analyzed by
Western blot analysis. The figure shows one of four experiments
with separate samples.

Fig. 7. Effect of regucalcin addition on alkaline phosphatase
activity in osteoblastic MC3T3-E1 cells. Cells (1� 105) were
cultured for 72 h in a medium containing 10% FBS to obtain
subconfluent monolayers. Cell lysate was used for the enzyme
assay. The enzyme reaction mixture contained either vehicle or
regucalcin (10�9–10�7 M). Each value is the mean� SEM of five
experiments with separate samples. *P< 0.01, compared with
the control (none) value.

Fig. 8. Effect of regucalcin addition on NO synthase activity in
osteoblastic MC3T3-E1 cells. Cells (1�105) were cultured for
72 h in a medium containing 10% FBS to obtain subconfluent
monolayers. Cell lysate was used for the enzyme assay. The
enzyme reaction mixture contained either vehicle or regucalcin
(10�10–10�8 M) in the presence or absence of calcium chloride
(10 mM) plus calmodulin (2.5 mg/ml). Each value is the mean�
SEM of five experiments with separate samples. *P< 0.01,
compared with the control (none) value.
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formation owing to maturational arrest of
osteoblasts [Komori et al., 1997].The expression
of Runx2 mRNA was found to suppress signi-
ficantly in osteoblastic cells with subconfluency

cultured with short term in the presence of
regucalcin. The levels of a1(I) collagen and
G3PDH mRNAs in osteoblastic cells were not
significantly changed in the presence of reg-
ucalcin. Regucalcin-induced suppression of
Runx2 mRNA expression in osteoblastic cells
may lead to adeterioration of cell differentiation
and mineralization with culture in short term.

IGF-I plays a role in the stimulation of bone
formation in osteoblastic lineage cells [Lian
et al., 1999]. The expression of IGF-ImRNAwas
found to suppress in osteoblastic cells cultured
with short term in the presence of regucalcin.
This suppression may partly have an effect on
the deterioration of osteoblastic bone formation.
Menawhile, TGF-b1mRNA expression in osteo-
blastic cells was significantly stimulated in the
presence of regucalcin. This stimulation was
seen with one day-culture. Bone morphogenic
protein (BMP) is a potent regulator of osteoblast
differentiation, and TGF-b1 can inhibit BMP-2-
induced differentiation of osteoblastic cells
[de Jong et al., 2002; Lee et al., 2003]. Reg-
ucalcin-enhanced TGF-b1 mRNA expression
may be partly involved in the suppression of
osteoblastic cell differentiation.

Fig. 9. Effect of anti-regucalcin monoclonal antibody on NO
synthase activity in osteoblastic MC3T3-E1 cells. Cells (1�105)
were cultured for 72 h in amediumcontaining10%FBS to obtain
subconfluent monolayers. Cell lysate was used for the enzyme
assay. The enzyme reaction mixture contained either vehicle
or anti-regucalcin monoclonal antibody (5 or 10 ng/ml) in
the presence or absence of calcium chloride (10 mM) plus
calmodulin (2.5 mg/ml). Each value is the mean� SEM of five
experiments with separate samples. *P<0.01, compared with
the control value without the antibody addition.

Fig. 10. Effect of regucalcin on mineralization in osteoblastic MC3T3-E1 cells. Osteoblastic (2.5� 105

cells) were cultured for 72 h in a medium containing 10% FBS. Cells with subconfluency were changed to a
medium with 10% FBS in the presence or absence of regucalcin (10�10 or 10�9 M). After medium change,
cells were cultured for 3, 9, or 18 days. Cells were washed with PBS and stained Alizarin red staining.
The figure shows one of five experiments with separate culture. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Alkaline phosphatase activity was found to
decreasemarkedly in osteoblastic cells cultured
with short term in the presence of regucalcin
(10�10–l0�8 M). The enzyme participates in
bone mineralization process [Lian et al., 1999].
Regucalcin-induced decrease in alkaline phos-
phatase activity may influence on osteoblastic
mineralization. Meanwhile, the addition of
regucalcin (l0�7 M) in the enzyme reaction
mixture caused a significant decrease in alka-
line phosphatase activity, although the concen-
tration of l0�9 or 10�8M regucalcin did not have
a significant effect.Culturewith regucalcinmay
induce the suppressive effect on enzymeactivity
that is mediated through intracellular factors.

Regucalcin has been shown to express in rat
bone marrow cells [Yamaguchi et al., 2004b].
Moreover, the expression of regucalcin in
osteoblastic MC3T3-E1 cells was demonstrated
by RT-PCR and Western blot analysis. The role
of regucalcin in osteoblastic cells was also
studied. The lysate was obtained from osteo-
blastic cells with subconfluency in the absence
of regucalcin. Alkaline phosphatase activity in
the cell lysate was significantly decreased by
addition of regucalcin into the enzyme reaction
mixture, suggesting that regucalcin has a direct
inhibitory effect on the enzyme activity. Also,
NO synthase activity in the cell lysate was
significantly decreasedbyaddition of regucalcin
into the enzyme reaction mixture. Regucalcin
could inhibit activation ofNO synthase byCa2þ/
calmodulin in the lysate of osteoblastic cells.
NO synthase produces NO in many cell types,
and NO plays a role in the regulation of cell
function [Lowenstein et al., 1994]. Thus, reg-
ucalcin has a regulatory effect on the enzyme’s
activity in osteoblastic cells. Moreover, the
presence of anti-regucalcin monoclonal anti-
body in the enzyme reaction mixture caused a
significant increase in NO synthase activity
with andwithoutCa2þ/calmodulin. This finding
suggests that endogenous regucalcin has a
suppressive effect on NO synthase activity in
osteoblastic cells. Regucalcin, which expresses
in osteoblastic cells, may play a role in the re-
gulation of cell function.

Prolonged culture with regucalcin was found
to induce a remarkable suppression of miner-
alization in osteoblastic cells. This suppression
was observed with culture of regucalcin for
3 days. Short-term culture with regucalcin
caused a significant change in some osteoblastic
markers. Whether culture with regucalcin in

long term induces a change in osteoblastic
markers is unknown, at present. It is possible,
however, that prolonged culture with regu-
calcin has an effect on osteoblastic markers.
Presumably, regucalcin plays an important role
in the regulation of gene expression and miner-
alization in osteoblastic cells.

Regucalcin has been demonstrated to play
a role as a regulator protein of intracellular
signaling inmany cell types [Yamaguchi, 2005].
Regucalcin may regulate cell signaling in
osteoblastic cells. It is speculated that exogen-
ous regucalcin binds to the plasma membranes
of osteoblastic cells, and that the protein trans-
mittes a signal into the cells to regulate gene
expression and mineralization. Moreover, re-
gucalcin has a suppressive effect on Ca2þ/
calmodulin-dependent signaling pathway in
osteoblastic cells.

Overexpression of regucalcin has been shown
to induce bone loss using regucalcin TG rats in
vivo [Yamaguchi et al., 2002b, 2004b]; the femur
was reduced in mineral density, strength and
calcium content in regucalcin-overexpressing
rats. This bone loss may be partly related to
osteoclastic bone resorption [Uchiyama and
Yamaguchi, 2004]. Moreover, we found that
regucalcin has a suppressive effect on cell
differentiation and mineralization in osteoblas-
tic cells. Regucalcin-overexpressing rats may
induce a suppression of osteoblastic bone for-
mation. It is speculated that regucalcin plays a
role in the regulation of bone metabolism due to
stimulating osteoclastic bone resorption and
suppressing osteoblastic bone formation.

In conclusion, it has been demonstrated
that regucalcin has a suppressive effect on cell
differentiation and mineralization in osteoblas-
ticMC3T3-E1 cells in vitro, and that the protein
plays a role in the regulation of osteoblastic cell
function.
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