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PTH, via the PTH/PTH-related protein receptor type 1 that
couples to both protein kinase A (PKA) and protein kinase C
(PKC) pathways, and the canonical Wnt-�-catenin signaling
pathway play important roles in bone formation. In the
present study we have examined the interaction between the
PTH and Wnt signaling pathways in mouse osteoblastic
MC3T3-E1 cells. PTH dose- and time-dependently increased
the concentrations of �-catenin. The PKA activator, forskolin,
and the PKC activator, phorbol 12-myristate-13-acetate, as
well as the PTH analog, [Nle8,18,Tyr34]human PTH-(3–
34)amide, all increased �-catenin levels. Both H-89, a specific
PKA inhibitor, and PKC inhibitors, staurosporine and cal-
phostin C, antagonized PTH stimulation of �-catenin levels.
TGF-� as well as transfection of the TGF-�-signaling molecule,

Smad3, enhanced �-catenin levels, and this was antagonized
by transfection of a dominant-negative Smad3. The transcrip-
tional activity of transfected dominant-active �-catenin was
enhanced by PTH, an effect that was antagonized by cotrans-
fection of a dominant-negative Smad3. PTH as well as LiCl2,
which mimics the effects of the Wnt-�-catenin pathway, res-
cued the dexamethasone- and etoposide-induced apoptosis of
osteoblastic cells. In conclusion, the data demonstrate that
PTH stimulates osteoblast �-catenin levels via Smad3, and
that both PKA and PKC pathways are involved. The canonical
Wnt-�-catenin pathway is likely to be involved in the anti-
apoptotic actions of PTH by acting through Smad3 in
osteoblasts. (Endocrinology 147: 2583–2590, 2006)

IT IS WELL ESTABLISHED that daily injections of low-
dose PTH increase bone mass in animals and humans (1).

The anabolic action of PTH is exerted partly through local
growth factors and transcriptional regulators as well as an
antiapoptotic action in osteoblasts (2). However, the precise
mechanisms by which PTH exerts its anabolic action on bone
are incompletely understood. Wnts are a family of secreted
glycoproteins that act in a paracrine fashion and mediate
cellular interactions during development (3). Wnt proteins
initiate a canonical (�-catenin regulated) signaling cascade
by binding to seven-transmembrane spanning receptors of
the Frizzled family together with coreceptors, members of
the low-density lipoprotein receptor-related protein (LRP)
family, LRP5 and LRP6, which results in the stabilization of
cytosolic �-catenin. Interaction of �-catenin with the high-
mobility group box transcription factors of the lymphoid
enhancer-binding factor (Lef)/T cell factor (Tcf) family al-

lows translocation of the complex into the nucleus to sub-
sequently regulate the transcription of Wnt target genes
(4). Inactivating mutations in the Wnt receptor, LRP5,
decrease bone mass during growth and cause the autoso-
mal recessive disorder osteoporosis-pseudoglioma syn-
drome (5). Conversely, activating mutations in LRP5 are
linked to autosomal-dominant, high bone mass traits (6).
Recent studies of a variety of mouse models have provided
evidence that Wnt signaling is important for the determi-
nation of skeletal cell fate and for inducing osteoblast, but
suppressing chondrocyte, differentiation in osteochondro-
progenitors (7, 8). In addition, Wnt signaling may be in-
volved in the coupling of mechanical force to anabolic
activity in the skeleton (9). These findings indicate that
Wnt-�-catenin signaling pathways are important in bone
formation. However, whether PTH regulates the Wnt-�-
catenin signal is not clear.

We recently reported that Smad3, a crucial TGF-�-signal-
ing molecule, promotes markers of osteoblast differentiation,
for example, the production of type I collagen, alkaline phos-
phatase activity, and mineralization in mouse osteoblastic
MC3T3-E1 cells (10, 11). Moreover, mice with targeted dis-
ruption of Smad3 exhibit osteopenia caused by decreased
bone formation (12). These findings suggest that the Smad3
molecule is a promoter of bone formation.

In the present study we have examined the effects of PTH
on �-catenin and the role that Smad3 plays on the effects of
PTH in mouse osteoblastic MC3T3-E1 cells.
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Materials and Methods
Materials

MC3T3-E1 cells were provided by Dr. H. Kodama (Ohu Dental Col-
lege, Koriyama, Japan). Human (h) PTH-(1–34), [Nle8,18Tyr34]hPTH-(3–
34)amide [PTH-(3–34)], phorbol 12-myristate 13-acetate (PMA), forsko-
lin, N6,O2�-dibutyryl cAMP (db-cAMP), staurosporine, H89,
cycloheximide, antiphosphorylated �-catenin and anti-�-actin antibod-
ies were obtained from Sigma-Aldrich Corp. (St. Louis, MO), and the Sp
diastereoisomer of adenosine cyclic 3�,5�-phosphorothioate (Sp-cAMPS)
was obtained from Biolog Life Science Institute (Bremen, Germany).
Calphostin C and SB431542 were purchased from Calbiochem-Nova-
biochem Corp. (San Diego, CA) and Tocris Cookson Ltd. (Bristol, UK),
respectively. Anti-�-catenin and anti-phosphorylated Smad3 antibodies
were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Anti-Smad3 and anti-TCF antibodies were purchased from Zymed Lab-
oratories (San Francisco, CA) and Exalpha Biologicals, Inc. (Watertown,
MA), respectively. All other chemicals used were of analytical grade.

Cell culture

Mouse osteoblastic MC3T3-E1 cells were cultured in �-MEM (con-
taining 50 �g/ml ascorbic acid) with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin (Invitrogen Life Technologies, Inc., Gaith-
ersburg, MD). The medium was changed twice a week.

Constructs and transient or stable transfection

The vectors expressing Myc-tagged Smad3 and a mutant form of
Myc-tagged Smad3 (Smad3�C), in which the MAD homology 2 (MH2)
domain corresponding to amino acid residues 278–425 had been re-
moved, were described previously (13, 14). Myc-Smad3, Myc-Smad3�C,
and empty vector (pCDNA3.1�; each 3 �g) were transfected into
MC3T3-E1 cells with Lipofectamine (Invitrogen Life Technologies, Inc.,
Grand Island, NY). Six hours later, the cells were fed fresh �-MEM
containing 10% FBS. Forty-eight hours later, the transiently transfected
cells were used for experiments. For experiments with stably transfected
cells, after incubation in �-MEM containing 10% FBS for 48 h, the cells
were passaged, and clones were selected in �-MEM supplemented with
G418 (0.3 mg/ml; Invitrogen Life Technologies, Inc.) and 10% FBS. To
rule out the possibility of clonal variation, at least three independent
clones for each stable transfection were characterized. Empty vector-
transfected cells were used as the control.

Protein extraction and Western blot analysis

Cells were lysed with radioimmunoprecipitation buffer containing
0.5 mm phenylmethylsulfonylfluoride, Complete protease inhibitor mix-
ture (Roche Applied Science, Tokyo, Japan), 1% Triton X-100, and 1 mm
sodium orthovanadate. Cell lysates were centrifuged at 12,000 � g for
20 min at 4 C, and the supernatants were stored at �80 C. Protein
quantitation was performed with bicinchoninic acid protein assay re-
agent (Pierce Chemical Co., Rockford, IL). Twenty-microgram protein
aliquots were denatured in sodium dodecyl sulfate sample buffer and
separated on 10% polyacrylamide-sodium dodecyl sulfate gels. Proteins
were transferred in 25 mm Tris, 192 mm glycine, and 20% methanol to
polyvinylidene difluoride. Blots were blocked with 20 mm Tris-HCl (pH
7.5) and 137 mm NaCl plus 0.1% Tween 20 containing 3% dried milk
powder. The antigen-antibody complexes were visualized using the
appropriate secondary antibodies (Sigma-Aldrich Corp.) and the en-
hanced chemiluminescence detection system, as recommended by the
manufacturer (Amersham Biosciences, Arlington Heights, IL). The re-
sults depicted in each figure are representative of at least three separate
cell preparations. Each experiment was repeated three times.

RNA extraction and semiquantitative RT-PCR

Total RNA was prepared from cells using the acid guanidinium-
thiocyanate-phenol-chloroform extraction method. RT of 5 �g cultured
cell total RNA was carried out for 50 min at 42 C and then for 15 min
at 70 C using the SuperScript First Strand Synthesis system for RT-PCR
(Invitrogen Life Technologies, Inc.), which contained RT buffer, oli-
go(deoxythymidine)12–18, 5� first-strand solution, 10 mm deoxy-NTP,

0.1 m dithiothreitol, SuperScript II (RT enzyme), and ribonuclease H
(ribonuclease inhibitor). PCR using primers to unique sequences in each
cDNA was carried out in a volume of 10 �l reaction mixture for PCR
(supplied by TaKaRa, Otsu, Japan), supplemented with 2.5 U TaKaRa
Taq, 1.5 mm of each deoxy-NTP (TaKaRa), and PCR buffer [10�; 100 mm
Tris-HCl (pH 8.3), 500 mm KCl, and 15 mm MgCl2]; 25 ng of each primer
and 1 �l template (from a 50-�l RT reaction) were used. Thermal cycling
conditions and primer sequences were as follows: 1) initial denaturation
at 96 C for 2 min; 2) cycling for cDNA, specific number of cycles: 96 C
for 1 min, cDNA-specific annealing temperature for 2 min, and 72 C for
2 min; and 3) final extension at 72 C for 5 min. Primer sequences,
annealing temperature, and cycle numbers were as follows: �-catenin,
5�-GTGCAATTCCTGAGCTGACA-3� and 5�-CTTAAAGATGGCCAG-
CAAGC-3� (58 C; 27 cycles); and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), 5�-ATCCCATCACCATCTTCCAGGAG-3� and 5�-
CCTGCTTCACCACCTTCTTGATG-3� (47 C; 26 cycles). For
semiquantitative RT-PCR, the number of cycles was chosen so that
amplification remained well within the linear range, as assessed by
densitometry (National Institutes of Health Image J, version 1.08i, public
domain program). An equal volume from each PCR was analyzed by 6%
nondenaturing PAGE, and ethidium bromide-stained PCR products
were evaluated. Marker gene expression was normalized to GAPDH
expression in each sample.

Transient transfection and luciferase assay

MC3T3-E1 cells were seeded at a density of 2 � 105/six-well plate.
Twenty-four hours later, the cells were transfected with 3 �g of the
Tcf-4-responsive luciferase reporter plasmid (pGL3-OT) (15), the acti-
vated �-catenin DNA (3 �g) (16), and the pCH110 �-galactosidase-
expressing plasmid (1 �g) using Lipofectamine (Invitrogen Life Tech-
nologies). Fifteen hours later, the medium was changed to �-MEM
containing 4% FBS, and the cells were incubated for an additional 9 h.
Thereafter, the cells were cultured for 24 h in the absence or presence of
PTH-(1–34) in �-MEM containing 0.2% FBS. The cells were lysed, and
luciferase activity was measured and normalized to the relative �-
galactosidase activity as previously described (17).

Determination of osteoblast apoptosis

Trypan blue staining [Invitrogen Life Technologies, Inc.; 0.1% (wt/
vol) final concentration] was used for quantification of cell viability (14).
In brief, a drop of the cell suspension was mixed with a drop of the
trypan blue solution at a ratio of 1:1. Total numbers of viable and
nonviable cells were counted under light microscopy. In apoptotic cells,
DNA is cleaved into histone-associated fragments. A more specific
method to detect apoptosis, transferase-mediated deoxyuridine triphos-
phate nick end labeling (TUNEL) staining was also used. In brief, cells
were cultured on round coverglasses (Fisher Scientific, Pittsburgh, PA)
in six-well plates, and the coverglasses with cells attached were rinsed
twice with ice-cold PBS, followed by fixation with 4% neutral formal-
dehyde. Then the fixed cell layers on the glasses were stained. The
TUNEL reaction was performed using an Apoptosis In Situ Detection kit
(Wako Biochemicals, Osaka, Japan) following the standard protocol, as
previously described (14). In each experiment, apoptotic cells were
counted in randomly selected fields using a hemocytometer and were
expressed as percentages compared with total cells. Each experiment
was performed at least three times.

Statistics

Data were expressed as the mean � sem. Statistical analysis was
performed using ANOVA.

Results
Effects of PTH on levels of �-catenin and Lef-1 in mouse
osteoblastic cells

First, we examined the effects of PTH on the level of
�-catenin protein in MC3T3-E1 cells by Western blot anal-
ysis. PTH-(1–34) treatment increased �-catenin levels in a
time-dependent fashion from 15 min to 48 h (Fig. 1A) and in
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a concentration-dependent manner from 10�10 to 10�7 m (Fig.
1B), with a 2.2-fold increase with the 10�10-m dose. However,
PTH-(1–34) did not affect Lef-1 protein levels (Fig. 1, A and
B) or those of TCF1/4 (data not shown). The level of �-catenin
did not change in cells not treated with PTH-(1–34) through-
out the 0- to 48-h time course (Fig. 1A and data not shown).
PTH induced the levels of �-catenin mRNA assessed by semi-
quantitative RT-PCR (Fig. 1C). Glycogen synthase kinase-3�
destabilizes �-catenin by phosphorylating it at select serine and
threonine residues (18). PTH reduced the phosphorylation of
�-catenin (serine 45; Fig. 1D). These findings indicated that PTH
induces �-catenin through suppression of degradation of the
protein as well as by induction of RNA synthesis.

Roles of protein kinase A (PKA) and protein kinase C (PKC)
in the induction of �-catenin levels by PTH

The PTH signals are transduced via the PTH/PTH-related
protein receptor type 1 through PKA and PKC pathways (1).
Therefore, we investigated whether PTH would up-regulate
the level of �-catenin through one or both of these pathways.
Dibutyryl cAMP and Sp-cAMPS, activators of the PKA path-
way, as well as forskolin increased the level of �-catenin in
MC3T3-E1 cells (Fig. 2A). Moreover, PMA, an activator of the
PKC pathway, increased the level of �-catenin in these cells.
PTH-(3–34) stimulated PTH-induced PKC signaling, but not
PTH-induced PKA signaling. Therefore, we examined the
effects of PTH-(3–34) on the level of �-catenin in MC3T3-E1
cells. The �-catenin level was enhanced by PTH-(3–34) 2.3-
fold in these cells (Fig. 2B), providing additional evidence
that PTH induction of PKC was involved. Next, we used
staurosporine and H89, inhibitors of the PKC and PKA path-
ways, respectively. H89 as well as staurosporine antagonized
the 2-fold increase in �-catenin induced by PTH (Fig. 3A),
confirming the involvement of both pathways. Similar re-
sults were obtained at 24 h (data not shown). Moreover,
calphostin C, a specific PKC inhibitor, antagonized the 2-fold
increase in �-catenin induced by PTH (Fig. 3B).

Effects of TGF-� and Smad3 on �-catenin levels in mouse
osteoblastic cells

We previously demonstrated that PTH promotes the ex-
pression of Smad3 in MC3T3-E1 cells, and that PTH-Smad3
axis exerts antiapoptotic effects in osteoblasts (14). Therefore,
we examined the effects of TGF-�, a ligand that induces the
activation of Smad3. TGF-� treatment increased �-catenin
levels in a dose-dependent (Fig. 4A) and a time-dependent
manner (from 6–48 h; Fig. 4B). TGF-� induced the levels of
total Smad3 and phosphorylated Smad3 from 1 h (data not
shown). The effects of PTH and TGF-� were not additive atFIG. 1. PTH increases �-catenin expression in a time- and dose-

dependent manner in osteoblasts. Confluent MC3T3-E1 cells were
cultured in serum-free �-MEM with (A) 10�8 M PTH-(1–34) for the
indicated times or (B) with PTH-(1–34) at the indicated concentra-
tions for 1 h. Protein extraction of the cells and Western blot analysis
were performed as described in Materials and Methods. C, Confluent
MC3T3-E1 cells were cultured with 10�8 M PTH-(1–34) for 1 and 24 h.
RNA extraction and semiquantitative RT-PCR analyses were per-
formed as described in Materials and Methods. D, Confluent
MC3T3-E1 cells were cultured without (�) or with 10�8 M PTH-(1–34)
for 1 h. Protein extraction of the cells and Western blot analysis were
performed as described in Materials and Methods.

FIG. 2. Effects of PKA and PKC activators as well as PTH-(3–34) on
the level of �-catenin in osteoblasts. Confluent MC3T3-E1 cells were
cultured in serum-free �-MEM for 12 h, then treated without (�) or
with (A) 10�6 M PMA, 10�5 M forskolin (fors), 10�4 M db-cAMP (db),
or 10�5 M Sp-cAMPS (Sp) or (B) 10�7 M PTH-(3–34) or 10�8 M PTH-
(1–34) for 1 h. Protein extraction of the cells and Western blot analysis
were performed as described in Materials and Methods.
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24 h (Fig. 4C), suggesting that PTH and TGF-� induced
�-catenin by a similar mechanism(s) at the later time points.
Next, we examined the effects of Smad3 on the levels of
�-catenin in these cells. We used stably Smad3-transfected
MC3T3-E1 cells, as previously described (10). Smad3-trans-

fected cells had 5-fold higher levels of �-catenin expression
(as assessed by Western blot) than empty vector-transfected
cells (Fig. 5A). Smad3 overexpression reduced the phosphor-
ylation of �-catenin (serine 45; to 32% of that in empty-vector
transfected cells), although Smad3 did not affect the level of
�-catenin mRNA (Fig. 5A). These findings indicated that
Smad3 induced �-catenin through suppressed degradation
of the protein, but not induction of mRNA synthesis. Similar
results were obtained in at least three other Smad3-trans-
fected MC3T3-E1 cell clones. We then used a dominant-
negative form of Smad3 to examine the role of Smad3 in
PTH-induced effects on �-catenin. The truncated Smad3 mu-
tant, Smad3�C, lacks the COOH-terminal MH2 region and
exerts a dominant-negative effect on endogenous Smad3 ac-
tivity (14). Smad3 inactivation with Smad3�C antagonized
PTH-induced �-catenin protein and mRNA levels at 1 h in
MC3T3-E1 cells (Fig. 5B). Smad3�C antagonism of PTH-
induced �-catenin levels was also observed at 24 h (Fig. 5C,
left panel). The combined findings indicate that PTH stimu-
lates �-catenin expression through Smad3 in osteoblastic

FIG. 4. TGF-� increases the levels of �-catenin in a time- and dose-
dependent manner in osteoblasts. Confluent MC3T3-E1 cells were
cultured in serum-free �-MEM with TGF-� (A) at the indicated con-
centrations for 24 h or (B) 5 ng/ml for the indicated times. Protein
extraction of the cells and Western blot analysis were performed as
described in Materials and Methods. C, Confluent MC3T3-E1 cells
were cultured without (�) or with 10�8 M PTH-(1–34) and/or 5 ng/ml
TGF-� for 24 h. Protein extraction of the cells and Western blot
analysis were performed as described in Materials and Methods.

FIG. 3. Effects of PKA and PKC inhibitors on the level of �-catenin
induced by PTH in osteoblasts. Confluent MC3T3-E1 cells were cul-
tured in serum-free �-MEM for 12 h, then treated (�) or not (�) with
10�8 M PTH-(1–34) for 1 h after having been pretreated (�) or not (�)
with (A) 10 nM staurosporine (Stauro) or 10�8 M H89 or (B) 500 nM
calphostin C for 30 min. Protein extraction of the cells and Western
blot analysis were performed as described in Materials and Methods.

FIG. 5. Smad3 mediates the increases in �-catenin in response to
PTH in osteoblasts. A, Left panel, Lysates of stably empty vector (V)-
or Myc-Smad3 (Smad3)-transfected MC3T3-E1 cells were separated
by SDS-PAGE, and Western blotting was carried out with antibodies
against �-catenin, phosphorylated �-catenin, and �-actin. Right
panel, Total RNA was extracted, and semiquantitative RT-PCR anal-
yses of �-catenin and GAPDH were performed as described in Ma-
terials and Methods. B, Transiently empty vector (�) or Smad3�C-
transfected MT3T3-E1 cells that had been treated (�) or not (�) with
10�8 M PTH-(1–34) for 1 h were analyzed by (left panel) Western blot
or (right panel) RT-PCR analyses as described for A. C, Lysates of
transiently empty vector (�) or Smad3�C-transfected MC3T3-E1
cells that had been untreated (�) or treated with (left panel) 10�8 M
PTH-(1–34) (�) or (right panel) 10�4 M db-cAMP (db) or 10�6 M PMA
for 24 h were separated by SDS-PAGE and Western blotting was
carried out with antibodies against �-catenin and �-actin.
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cells. Smad3 inactivation with Smad3�C also antagonized
PKC and PKA activator-induced �-catenin levels (Fig. 5C,
right panel). The effects of TGF-� on �-catenin as well as on
phosphorylated Smad3 were similar in Smad3-overexpress-
ing cells (data not shown). An activation of type II receptors
by endogenous or exogenous TGF-� led to activation of the
type I receptor. TGF-� type I receptor-like kinase [activin
receptor-like kinase 5 (ALK5)] phosphorylated and activated
TGF-� receptor-regulated Smad2/3. We used SB431542,
which specifically inhibits ALK5 and results in inhibition of
endogenous TGF-� action and subsequent phosphorylation
of Smad2/3. Moreover, we used cycloheximide as a protein
synthesis inhibitor. SB431542 did not affect the PTH-induced
�-catenin level at 1 h (Fig. 6A), indicating that PTH induced
�-catenin independently of endogenous TGF-� and phos-
phorylation of Smad3 at the early time points. In contrast,
SB431542 as well as cycloheximide antagonized PTH-
induced �-catenin levels at 24 h (Fig. 6B), indicating that
PTH induced �-catenin through protein synthesis, induc-
tion of endogenous TGF-�, and subsequent phosphoryla-
tion of Smad3 at the later time points.

Effects of PTH on transcriptional activity induced by �-
catenin in mouse osteoblastic cells

We next investigated whether PTH affects the transcrip-
tional activity stimulated by the Wnt-�-catenin pathway in
MC3T3-E1 cells. We used the pGL3-OT luciferase reporter
plasmid that has Tcf/Lef binding elements in the promoter
and is commonly used to examine �-catenin-induced tran-
scriptional activity (15). In the absence of activated �-catenin,
PTH did not induce transcriptional activity (data not shown).
Therefore, we examined the effects of PTH on transcriptional

activity in cells in which the activated �-catenin was coex-
pressed. PTH enhanced the luciferase activity of the trans-
fected promoter-reporter construct induced by activated
�-catenin in MC3T3-E1 cells (Fig. 7). Cotransfection with the
dominant-negative Smad3�C antagonized PTH-induced
transcriptional activity (Fig. 7). These findings indicate that
PTH enhances the transcriptional activity induced by �-cate-
nin through Smad3.

Role of Wnt-�-catenin signaling in the suppression of
apoptosis induced by PTH in osteoblastic cells

We and others previously reported that PTH exerts anti-
apoptotic actions in osteoblasts (14, 19, 20). Lithium inhibits
glycogen synthase kinase-3� activity and leads to a signifi-
cant increase in endogenous �-catenin signaling activity (21,
22). Therefore, we next used LiCl2 to examine the role of
Wnt-�-catenin signaling in osteoblasts with respect to apo-
ptosis. Trypan blue staining was used as a general method
to distinguish viable from nonviable cells, whereas the
TUNEL method was used to specifically detect apoptosis.
Dexamethasone and etoposide increased the number of dead
cells in MC3T3-E1 cells (Fig. 8A). Treatment with PTH-(1–34)
as well as LiCl2 antagonized dexamethasone- and etoposide-
induced cell death in both types of experiment (Fig. 8). The
combined treatment with either PTH-(1–34) or LiCl2 rescued
cell death to the same extent as that achieved with each alone
(Fig. 8). These results suggest that both PTH and Wnt-�-
catenin act in part through a common pathway to rescue
osteoblasts from apoptosis. Cotransfection with Smad3�C
antagonized the PTH-induced antiapoptotic effects (Fig. 9).
This is compatible with data obtained in UMR106 osteoblas-
tic cells that we had previously reported (14). Smad3 inac-
tivation with Smad3�C did not affect the inhibition of dexa-
methasone-induced apoptosis by LiCl2 (Fig. 9). Moreover,
activated �-catenin transfection significantly rescued dexa-
methasone-induced apoptosis.

FIG. 6. Effects of ALK5 and protein synthesis inhibitors on the levels
of �-catenin induced by PTH in osteoblasts. Confluent MC3T3-E1
cells were cultured in serum-free �-MEM for 12 h, then treated (�)
or not (�) with 10�8 M PTH-(1–34) for 1 h (A) or 24 h (B) after having
been pretreated (�) or not (�) with 1 �M SB431542 (SB) or 10 �M
cycloheximide (CHX) for 30 min and 6 h, respectively. Protein ex-
traction of the cells and Western blot analysis were performed as
described in Materials and Methods.

FIG. 7. PTH enhances the transcriptional activity induced by �-cate-
nin. MC3T3-E1 cells were transfected with the �-catenin-responsive
luciferase reporter plasmid (pGL3-OT), the activated �-catenin cDNA
vector, and the �-galactosidase-expressing pCH110 plasmid without
(�) or with (�) the Smad3�C vector. Twenty-four hours later, cells
were treated without (�) or with (�) 10�8 M PTH-(1–34) for 24 h. Then
the cells were harvested, and relative luciferase activity was mea-
sured. Values are the mean � SEM. *, P � 0.01 compared with the
Smad3�C (�), PTH (�) group; **, P � 0.01 compared with the
Smad3�C (�), PTH (�) group.
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Discussion

The bone anabolic action of PTH in vivo involves in part
the up-regulation of osteoblast growth factors, such as IGF-I
and TGF-�, which act via signaling pathways that lead to
altered gene transcription (23–25). Also, PTH increases
Runx2 expression, the key osteoblast-specific transcriptional
regulator (26), and a physical interaction between Runx2 and
AP-1 is required for PTH-stimulated transcriptional activity
of the collagenase-3 promoter in osteoblasts (27). Overall,
there is abundant evidence that transcriptional regulation is
critical for the bone anabolic action of PTH.

The present study demonstrated that PTH increases the
level of �-catenin in mouse osteoblastic cells. Moreover, we
showed that PTH enhances the transcriptional activity in-
duced by activated �-catenin in osteoblastic cells. Our find-
ings and those of others (28, 29) suggest that PTH induces the
canonical Wnt-�-catenin pathway in osteoblasts. Mice with

targeted disruption of LRP5 develop a low bone mass phe-
notype, which is secondary to decreased osteoblast prolif-
eration and function (30). Moreover, activated �-catenin in-
duces osteoblast differentiation of mouse pluripotent
C3H10T1/2 cells (22), and the effects of bone morphogenetic
protein-2 on extracellular matrix mineralization by osteo-
blasts are mediated by a Wnt autocrine/paracrine loop in
mesenchymal C3H10T1/2, C2C12, ST2 cells, and MC3T3-E1
cells (31). Increases in �-catenin levels lead to the nuclear
translocation of Lef/Tcf transcription factors, resulting in
transcriptional activation of Wnt target genes (3). Therefore,
the work of others and the present study provide the link
between PTH induction of the Wnt-�-catenin pathway and
bone formation in osteoblasts.

The role of PKA and PKC signaling pathways in bone
formation is controversial. Some researchers reported that
PTH exerts antiapoptotic actions in osteoblasts through PKA
signaling (19). Others have reported that intermittent treat-
ment with PTH stimulates bone anabolism through both
PKA and PKC pathways in osteoblasts (20). However, it has
been reported that PKC activity inhibits osteoblast differen-
tiation (32). In our study, both PKA and PKC activators as
well as PTH-(3–34) increased the level of �-catenin, and both
PKA and PKC inhibitors antagonized the increase in �-cate-
nin stimulated by PTH in MC3T3-E1 cells. Recently, a study
using the UMR106 osteoblastic cell line suggested an effect
of PTH on the canonical Wnt signaling pathway via the
cAMP-PKA pathway (33). However, involvement of the PKC
pathway was not demonstrated. Our findings indicate that
PTH increases the level of �-catenin in osteoblasts through
both PKA and PKC signaling pathways.

TGF-� increases the level of �-catenin in human mesen-
chymal progenitor cells (34). Moreover, Smad3 interacts and
synergizes with Lef1 to activate gene expression signaled by
TGF-� (35). However, whether TGF-� or its signaling mol-
ecule, Smad3, would affect Wnt-�-catenin signaling in os-

FIG. 8. PTH and LiCl2 reverse dexamethasone- and etoposide-medi-
ated cell death in osteoblasts. MC3T3-E1 cells were treated with 10�7

M dexamethasone (Dex) or 5 � 10�5 M etoposide (Etop) for 6 h without
(�) or with pretreatment with 10�8 M PTH-(1–34) and/or 25 mM LiCl2
for 1 h in serum-free �-MEM. A, The relative number of nonviable
cells was determined by trypan blue staining; B, the relative number
of apoptotic cells was determined by TUNEL assay, as described in
Materials and Methods. Values are the mean � SEM of the ratio of A,
trypan blue positive/negative cell numbers or B, TUNEL positive/
negative cell numbers compared with Dex- or Etop-untreated cells
(�). *, P � 0.01, compared with the corresponding PTH and/ or LiCl2-
untreated group.

FIG. 9. Activated �-catenin reverses dexamethasone (Dex)-mediated
cell apoptosis independently of Smad3 in osteoblasts. MC3T3-E1 cells
with or without transient activated �-catenin or Smad3�C transfec-
tion were treated without (�) or with 10�7 M Dex for 6 h without or
with pretreatment with 10�8 M PTH-(1–34) and/or 25 mM LiCl2 for 1 h
in serum-free �-MEM. The relative number of apoptotic cells was
determined by TUNEL assay as described in Materials and Methods.
Values are the mean � SEM ratio of TUNEL positive/negative cell
numbers compared with Dex-untreated cells. *, P � 0.01 compared
with Dex-only-treated cells.
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teoblasts was not known. Our recent study revealed that PTH
promotes the expression of Smad3 within 1 h in osteoblastic
cells (14). Moreover, our present study demonstrated that
Smad3 induces the expression of �-catenin, and inactivation
of Smad3 antagonizes PTH-induced �-catenin expression in
MC3T3-E1 cells. Taken together, these findings indicate that
PTH increases the expression of �-catenin through Smad3 in
osteoblasts.

Smad3 is a critical component of the TGF-� signaling path-
way. Previous studies indicated that PTH stimulates TGF-�
expression in osteoblasts (36), and we previously reported
that PTH induces the expression of TGF-� after 6 h in
MC3T3-E1 cells (14). In contrast, PTH stimulates Smad3 ex-
pression as early as 1 h, an effect that is independent of de
novo protein synthesis (14). Moreover, the present study re-
vealed that PTH elevates the level of �-catenin within 1 h,
with additional elevation continuing after 6 h. In addition,
the induction of �-catenin by TGF-� starts after 6 h in
MC3T3-E1 cells. These findings indicated that at least the
early induction of �-catenin levels by PTH is not through
TGF-�. The Wnt-�-catenin pathway might play a regulatory
role downstream of the PTH-Smad3 axis in osteoblasts. Al-
ternatively, PTH might induce Smad3 by enhancing the ac-
tion of endogenous TGF-� in the bone microenvironment.
SB431542 is useful in inhibiting the action of endogenous
TGF-� in osteoblastic cells (37). The present data suggest that
PTH causes an early induction of �-catenin levels indepen-
dently of endogenous TGF-� action and subsequent phos-
phorylation of Smad3. Moreover, we have found in prelim-
inary work that transfection of a Smad3 dominant-negative
mutant in which the COOH-terminal SSXS motif (that is
phosphorylated and activates Smad3 in response to activa-
tion of ALK5/TGF-� type I receptors) had been mutated to
AAXA antagonized the later phase induction of �-catenin by
PTH, but not the early phase (data not shown). In contrast,
PTH induces a later enhancement of �-catenin, presumably
through the induction of endogenous TGF-�. Although
TGF-� induced �-catenin levels from 6 h and an early in-
duction of �-catenin by PTH started within 1 h, it remains
unknown why TGF-� requires more time than PTH to in-
crease �-catenin. The PTH-Smad3 axis might induce �-cate-
nin through a Smad-dependent pathway other than the clas-
sical TGF-�-Smad signaling pathway. However, the detailed
mechanism by which Smad3 induces �-catenin is not known.
Additional study is necessary to clarify these issues.

Apoptosis plays a critical role during embryonic limb de-
velopment, skeletal maturation, bone turnover, fracture heal-
ing, and bone degeneration. The balance of osteoblast pro-
liferation, differentiation, and apoptosis determines the size
of the osteoblast population at any given time (38). In the
present study, PTH as well as LiCl2, which mimics the effects
of Wnt-�-catenin signaling, exhibited antiapoptotic effects
on osteoblasts. In human osteoblastic cell lines, the proteo-
lytic cleavage of �-catenin is associated with the activation of
caspase-3 and induces osteoblast apoptosis, suggesting that
activation of �-catenin signaling promotes osteoblast sur-
vival (39). Furthermore, a report that was recently published
(while our manuscript was under review) showed that Wnt-
�-catenin signaling prevents apoptosis of both uncommitted
osteoblast progenitors and differentiated osteoblasts, includ-

ing MC3T3-E1 cells (40). Moreover, our previous study in-
dicated that PTH exerts antiapoptotic actions on osteoblasts
through Smad3, a crucial mediator of TGF-� signaling (14).
In that study, PTH increased the level of Smad3 through both
PKA and PKC pathways, which also supports the idea that
both signaling pathways are involved, as indicated in the
present study. Based on these lines of evidence and the
present data, �-catenin is likely to be important for the an-
tiapoptotic effects of PTH in osteoblasts. It is possible that the
cross-talk among the actions of PTH, Smad3, and Wnt is
coordinated to exert antiapoptotic effects in osteoblasts. In
the present study, Smad3 inactivation by a dominant-nega-
tive Smad3 antagonized the enhancement of expression and
transcriptional activity of �-catenin by PTH. Moreover, our
previous study showed that Smad3 inactivation antagonizes
the inhibition of dexamethasone- and etoposide-induced ap-
optosis brought about by PTH in osteoblasts, including
MC3T3-E1 cells. Overall, the findings provide evidence that
PTH increases the level of �-catenin through Smad3, result-
ing in the activation of canonical Wnt-�-catenin signaling.
Moreover, PTH induction of the Smad3-Wnt-�-catenin path-
way appears to lead to the inhibition of apoptosis; however,
additional studies of specific direct inhibition of �-catenin
action will be needed to confirm this.

A recent study revealed that PTH increased the level of
�-catenin within 1 h in rat osteoblastic UMR-106 cells (33).
We confirmed this finding in UMR-106 cells. Furthermore,
we observed that inactivation of Smad3 by Smad3�C antag-
onized the PTH-induced increases in �-catenin levels and
transcriptional activity in UMR-106 cells (preliminary data
not shown), similar to what we report in this study in
MC3T3-E1 osteoblastic cells.

Our data indicate that PTH augments �-catenin-induced
transcriptional activity, although �-catenin inhibition of the
apoptotic effect is not necessarily always PTH dependent.
The preventative effect of transfected �-catenin on apoptosis
in the absence of PTH is probably due to the overexpression
of �-catenin. This phenomenon is common for overexpres-
sion-type experiments. Indeed, this experimental paradigm
is often used to provide evidence of linkage of one event to
another, as in our study.

In conclusion, our data show that PTH increases the level
of �-catenin expression in mouse osteoblastic cells via both
PKA- and PKC-signaling pathways. Moreover, Smad3 is di-
rectly involved in this enhancement of �-catenin levels. PTH
or activation of the Wnt-�-catenin pathway reverses osteo-
blast apoptosis. PTH may well exert antiapoptotic actions by
stimulating the activity of Wnt-�-catenin signaling in osteo-
blasts; additional studies will help to clarify this issue.
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