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Divergent Regulation by p44/p42 MAP Kinase and
p38 MAP Kinase of Bone Morphogenetic Protein-
4-Stimulated Osteocalcin Synthesis in Osteoblasts
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Abstract In the present study, we investigated whether the mitogen-activated protein (MAP) kinase superfamily is
involved in the bone morphogenetic protein (BMP)-4-stimulated synthesis of osteocalcin in osteoblast-like MC3T3-E1
cells. BMP-4 dose-dependently stimulated osteocalcin synthesis. BMP-4 markedly induced the phosphorylation of p44/
p42 MAP kinase and p38 MAP kinase, while having little effect on SAPK (stress-activated protein kinase)/JNK (c-Jun N
terminal kinase) phosphorylation. SB203580 and PD169316, speci®c inhibitors of p38 MAP kinase, signi®cantly
reduced the osteocalcin synthesis stimulated by BMP-4. In contrast, PD98059 and U0126, inhibitors of upstream kinase
of p44/p42 MAP kinase, markedly enhanced the BMP-4-stimulated osteocalcin synthesis. The BMP-4-induced
phosphorylation of p44/p42 MAP kinase was suppressed by PD98059, which did not, however, affect the BMP-4-
induced phosphorylation of p38 MAP kinase. Taken together, our results strongly suggest that p38 MAP kinase takes part
in BMP-4-stimulated osteocalcin synthesis as a positive regulator in osteoblasts, whereas p44/p42 MAP kinase acts as a
negative regulator in the synthesis. J. Cell. Biochem. 84: 583±589, 2002. ß 2001 Wiley-Liss, Inc.
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Bone morphogenetic proteins (BMPs) are
multifunctional cytokines, which belong to the
transforming growth factor-b (TGF-b) super-
family [Reddi, 1994; Kawabata et al., 1998].
BMPs were originally identi®ed by their ability
to form ectopic bone [Reddi, 1994]. It is well
known that BMPs play an important role in
the early development of vertebrates [Harland,
1994]. As for bone cells, BMP-2 and -4 are syn-
thesized and secreted by osteoblasts [Centrella
et al., 1994]. In osteoblasts [Yamaguchi et al.,
1991; Centrella et al., 1994; Yamaguchi et al.,
1996], it has been reported that BMPs stimulate
alkaline phosphatase activity and the expres-
sion of osteocalcin, markers of a mature osteo-
blast phenotype [Stein and Lian, 1993]. It is well
recognized that Smad proteins such as Smad1

and Smad5 act as intracellular mediators of
BMPs similar to TGF-b [Heldin et al., 1997;
Kawabata et al., 1998; Massague, 1998]. In
addition, other signaling pathways such as the
mitogen-activated protein (MAP) kinase super-
family have also been shown to be mediators of
BMP signaling [Yamaguchi et al., 1999]. The
MAP kinase superfamily plays crucial roles in
the intracellular signaling of a variety of
agonists [Widmann et al., 1999]. The three
MAP kinases, p38 MAP kinase, p44/p42 MAP
kinase, and SAPK (stress-activated protein
kinase)/JNK (c-Jun N-terminal kinase) are
known to be central elements used by mamma-
lian cells to transduce the diverse messages
[Widmann et al., 1999]. As for BMP-signaling
in osteoblasts, p44/p42 MAP kinase reportedly
takes part in BMP-2-stimulated gene expres-
sion of collagen type I in ROS 17/2.8 osteo-
sarcoma cells [Palcy and Goltzman, 1999].
Recently, it has been shown that p44/p42 MAP
kinase is involved in BMP-2-induced osteoblas-
tic differentiation such as alkaline phosphatase
activity of mesenchymal progenitor C3H10T1/2
cells [Lou et al., 2000]. However, the roles of the
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MAP kinase superfamily in BMP intracellular
signaling in osteoblasts have not yet been pre-
cisely clari®ed.

Osteocalcin, an osteoblastic-speci®c pheno-
type marker, is a g-carboxylated, calcium-bind-
ing protein synthesized and secreted only by
mature osteoblasts [Ducy and Karsenty, 1996].
The level of initially expressed osteocalcin is
low and then upregulated with time in cultured
osteoblasts [Franchesi and Iyer, 1992]. It has
previously been shown that osteocalcin-de®-
cient mice develop a phenotype marked by in-
creased bone formation [Ducy and Karsenty,
1996]. Thus, it is generally recognized that
osteocalcin normally functions to limit without
impairing bone resorption and mineralization.
As for osteocalcin production, the expression of
osteocalcin gene is reportedly stimulated in the
constitutively active form of MEK (MAP kinase/
extracellular signal-regulated kinase kinase)-
transfected MC3T3-E1 cells [Xiao et al., 2000].
It is recognized that osteocalcin synthesis in
osteoblasts is regulated by various extracellular
stimuli. However, the exact mechanism behind
osteocalcin production by agonists in osteo-
blasts has not yet been clari®ed.

In the present study, we investigated the
possible involvement of the MAP kinase super-
family in BMP-4-stimulated osteocalcin synth-
esis in osteoblast-like MC3T3-E1 cells. We show
that p38 MAP kinase is involved as a positive
regulator in BMP-4-stimulated osteocalcin syn-
thesis and that p44/p42 MAP kinase negatively
regulates the synthesis by BMP-4 in these
cells.

MATERIALS AND METHODS

Materials

BMP-4 was purchased from R&D Systems
(Tokyo, Japan). The osteocalcin radioimmuas-
say (RIA) kit was obtained from Biomedical
Technologies, Inc. (Stoughton, MA). PD98059,
SB203580, and PD169316 were obtained from
Calbiochem±Novabiochem (La Jolla, CA).
U0126 was obtained from Promega (Madison,
WI). Phospho-speci®c p38 MAP kinase antibo-
dies (rabbit polyclonal IgG, af®nity puri®ed),
p38 MAP kinase antibodies (rabbit polyclonal
IgG, af®nity puri®ed), phospho-speci®c p44/p42
MAP kinase antibodies (rabbit polyclonal IgG,
af®nity puri®ed), p44/p42 MAP kinase anti-
bodies (rabbit polyclonal IgG, af®nity puri®ed),
phospho-speci®c SAPK/JNK antibodies (rabbit

polyclonal IgG, af®nity puri®ed), and SAPK/
JNK antibodies (rabbit polyclonal IgG, af®nity
puri®ed) were purchased from New England
BioLabs, Inc. (Beverly, MA). The ECL Western
blotting detection system was obtained from
Amersham Japan (Tokyo, Japan). Other mate-
rials and chemicals were obtained from com-
mercial sources. SB203580, PD169316, PD980-
59, and U0126 were dissolved in dimethyl
sulfoxide. The maximum concentration of
dimethyl sulfoxide was 0.1%, which did not
affect the assay for osteocalcin or Western blot
analysis.

Cell Culture

Cloned osteoblast-like MC3T3-E1 cells de-
rived from newborn mouse calvaria [Sudo et al.,
1983] were maintained as previously described
[Kozawa et al., 1997]. In brief, the cells (5� 104)
were seeded into 35-mm-diameter dishes in 2 ml
of a-minimum essential medium (a-MEM) con-
taining 10% fetal calf serum (FCS). After 5 days,
the medium was exchanged for 2 ml of a-MEM
containing 0.3% FCS. The cells were used
for experiments after 48 h. When indicated,
the cells were pretreated with SB203580,
PD169316, PD98059, or U0126 for 60 min.

Assay for Osteocalcin

The cultured cells were stimulated by BMP-4
in 1 ml of a-MEM containing 0.3% FCS, and
then incubated for the indicated periods. The
conditioned medium was collected, and osteo-
calcin in the conditioned medium was then
measured by an osteocalcin RIA kit.

Analysis by Western Blotting

The cultured cells were stimulated by BMP-4
in serum-free a-MEM for the indicated periods.
The cells were washed twice with phosphate-
buffered saline and then lysed, homogenized
and sonicated in a lysis buffer containing
62.5 mM Tris/Cl, pH 6.8, 2% SDS, 50 mM
dithiothreitol, and 10% glycerol. The cytosolic
fraction was collected as the supernatant after
centrifugation at 125,000g for 10 min at 48C.
SDS±PAGE was performed by the method of
Laemmli [1970] in 10% polyacrylamide gel.
Western blotting analysis was performed as
previously described [Miwa et al., 1999] using
phospho-speci®c p38 MAP kinase antibodies,
p38 MAP kinase antibodies, phospho-speci®c
p44/p42 MAP kinase antibodies, p44/p42 MAP
kinase antibodies, phospho-speci®c SAPK/JNK
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antibodies or SAPK/JNK antibodies, with pero-
xidase-labeled antibodies raised in goat against
rabbit IgG being used as second antibodies.
Peroxidase activity on the nitrocellulose sheet
was visualized on X-ray ®lm by means of an ECL
Western blotting detection system. The densito-
metric analysis was performed using Molecu-
lar Analyst/Macintosh (Bio-Rad Laboratories,
Hercules, CA).

Determination of Radioactivity

The radioactivity of radioimmunoassay
samples was determined using a Wallac 1480
WIZARD300 automatic gamma counter (Turk,
Finland).

Statistical Analysis

The data were analyzed by ANOVA followed
by the Bonferroni method for multiple compar-
isons between pairs, and a P< 0.05 was con-
sidered signi®cant. All data are presented as
the mean�SEM of triplicate determinations.
Each experiment was repeated three times with
similar results.

RESULTS

Effect of BMP-4 on Synthesis of
Osteocalcin in MC3T3-E1 Cells

BMP-4 (70 ng/ml) time-dependently stimu-
lated the synthesis of osteocalcin in osteoblast-
like MC3T3-E1 cells (Fig. 1A). The synthesis of
osteocalcin stimulated by BMP-4 was signi®-
cantly observed 36 h after the stimulation. The

stimulatory effect of BMP-4 on osteocalcin
synthesis was dose dependent in the range
between 10 and 100 ng/ml (Fig. 1B).

Effects of BMP-4 on Phosphorylation of
p38 MAP Kinase, p44/42 MAP Kinase

and SAPK/JNK in MC3T3-E1 Cells

We ®rst examined the effects of BMP-4 on the
phosphorylation of p38 MAP kinase, p44/p42
MAP kinase, and SAPK/JNK in MC3T3-E1
cells. BMP-4 signi®cantly induced the phos-
phorylation of p38 MAP kinase and p44/p42
MAP kinase in a time-dependent manner
(Fig. 2). On the contrary, it seems that BMP-4
had little effect on the phosphorylation of
SAPK/JNK (Fig. 2).

Effects of SB203580, PD169316, PD98059, or
U0126 on BMP-4-Induced Osteocalcin Synthesis

in MC3T3-E1 Cells

To clarify whether p38 MAP kinase is
involved in the BMP-4-stimulated synthesis of
osteocalcin in MC3T3-E1 cells, we examined
the effect on the synthesis of SB203580, a
speci®c inhibitor of p38 MAP kinase [Cuenda
et al., 1995]. SB203580, which alone did not
affect the basal level of osteocalcin, signi®cantly
suppressed the osteocalcin synthesis stimu-
lated by BMP-4 (Fig. 3A), and this inhibitory
effect of SB203580 on the osteocalcin synthesis
by BMP-4 was dose-dependent in the range

Fig. 1. Effect of BMP-4 on synthesis of osteocalcin in MC3T3-
E1 cells. A: The cultured cells were stimulated by 70 ng/ml
BMP-4 for the indicated periods. B: The cultured cells were
stimulated by various doses of BMP-4 for 72 h. Each value
represents the mean� SEM of triplicate determinations. Similar
results were obtained with two additional and different cell
preparations. *P<0.05 vs. control value.

Fig. 2. Effects of BMP-4 on phosphorylation of p38 MAP
kinase, p44/42 MAP kinase, and SAPK/JNK in MC3T3-E1 cells.
The cultured cells were stimulated by 70 ng/ml BMP-4 for the
indicated periods. Extracts of cells were subjected to SDS±
PAGE against each antibodies. Similar results were obtained
with two additional and different cell preparations.
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between 1 and 30 mM. The maximum effect of
SB203580 was observed at 30 mM, a dose that
caused about a 70% reduction in the BMP-4-
effect. In addition, the effect of PD169316,
another inhibitor of p38 MAP kinase [Kummer
et al., 1997], on osteocalcin synthesis was
examined. PD169316, which had little effect on
the basal level of osteocalcin, reduced the BMP-
4-stimulated osteocalcin synthesis as well as
SB203580 (Fig. 3B).

We next investigated the involvement of p44/
p42 MAP kinase in the osteocalcin synthesis by
BMP-4 in MC3T3-E1 cells. PD98059, a speci®c
inhibitor of upstream kinase that activates p44/
p42 MAP kinase (MEK 1) [Alessi et al., 1995],
which by itself did not affect the basal level
of osteocalcin, markedly enhanced the BMP-
4-induced osteocalcin synthesis (Fig. 3C). The
maximum effect of PD98059 on osteocalcin syn-
thesis was observed at 50mM, a dose that caused
about a 100% enhancement in the BMP-4-effect.
The BMP-4-induced synthesis of osteocalcin
was ampli®ed by U0126, another inhibitor of
upstream kinase that activates p44/p42 MAP
kinase (MEK 1) [Favata et al., 1998], as well as
PD98059 (control, 3.7� 0.3 ng/ml; 70 ng/ml
BMP-4 alone, 90.0� 4.7 ng/ml; 0.3 mM U0126
alone, 5.7� 0.5 ng/ml; 70 ng/ml BMP-4 plus 0.3
mM U0126, 132.4� 6.0* ng/ml, as measured
after 72 h stimulation, *P<0.05). In this study,
we found that the viability of cells treated with
50 mM PD98059 or 30 mM U0126 for 73 h was
more than 90%, as assessed by trypan blue
staining.

Effects of PD98059 on BMP-4-Induced
Phosphorylation of p44/p42 MAP Kinase and p38

MAP Kinase in MC3T3-E1 Cells

We found that PD98059 truly suppressed
the BMP-4-induced phosphorylation of p44/p42
MAP kinase (Fig. 4A). According to the densito-
metric analysis, PD98059 caused about a 65%
reduction in the BMP-4-effect (the mean density
values in Fig. 4A; lane 1: 0.1� 0.01; lane 2:
57.8� 2.7; lane 3: 0.4� 0.02; lane 4: 19.9� 1*;
*P<0.05). In addition, in order to investigate
whether the BMP-4-activated p44/p42 MAP
kinase affects p38 MAP kinase activation, we
examined the effect of PD98059 on the p38 MAP
kinase phosphorylation stimulated by BMP-4.
PD98059 had little effect on the BMP-4-induced
phosphorylation of p38 MAP kinase (the mean
density values in Fig. 4B; lane 1: 7.0� 0.1;
lane 2: 42.3� 2.8; lane 3: 7.3� 0.2; lane 4:
47.5� 3.2).

DISCUSSION

In the present study, we demonstrated that
BMP-4 induced the phosphorylation of p38
MAP kinase and p44/p42 MAP kinase, but not
the phosphorylation of SAPK/JNK in osteo-
blast-like MC3T3-E1 cells. It has been shown
that BMP-2 increases p44/p42 MAP kinase
activity in ROS 17/2.8 osteosarcoma cells [Palcy
and Goltzman, 1999]. In addition, BMP-2 repor-
tedly induces MAP kinase activity during
osteoblastic differentiation in mesenchymal
progenitor cells [Lou et al., 2000]. It is well

Fig. 3. Effects of SB203580, PD169316, and PD98059 on
BMP-4-induced osteocalcin synthesis in MC3T3-E1 cells. The
cultured cells were pretreated with various doses of SB203580
(A), PD169316 (B), and PD98059 (C) for 60 min, and then

stimulated by 70 ng/ml BMP-4 for 72 h. Each value represents
the mean� SEM of triplicate determinations. Similar results
were obtained with two additional and different cell prepara-
tions. *P<0.05 vs. BMP-4 alone.
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known that MAP kinase is activated by phos-
phorylation on tyrosine and threonine by dual-
speci®city MAP kinase kinase [Raingeaud et al.,
1995]. Based on these ®ndings, it is probable
that BMP-4 activates both p38 MAP kinase and
p44/p42 MAP kinase, but not SAPK/JNK in
osteoblast-like MC3T3-E1 cells.

It is well recognized that the MAP kinase
superfamily including a three-kinase molecule
plays crucial roles in the intracellular signaling
of a variety of agonists [Widmann et al., 1999].
Recently, it has been shown that p44/p42 MAP
kinase is involved in BMP-2-induced collagen
type I gene expression in ROS 17/2.8 osteosar-
coma cells [Palcy and Goltzman, 1999]. As for
osteocalcin production, BMP-2 reportedly indu-
ces the expression of mRNA and the synthesis
in rat osteoblast-like cells [Yamaguchi et al.,
1991]. In this study, we measured osteocalcin in
conditioned medium. Although the osteocalcin
was secreted from osteoblast-like MC3T3-E1
cells, it is most likely that the changes in long-
term secretion represent changes in synthesis
rather than a speci®c secretory process. In the

present study, we investigated the involvement
of p44/p42 MAP kinase and/or p38 MAP kinase
in the BMP-4-induced osteocalcin synthesis
in MC3T3-E1 cells. First, PD98059, a speci®c
inhibitor of MEK 1 [Alessi et al., 1995],
upregulated the BMP-4-induced synthesis of
osteocalcin. We con®rmed that PD98059 truly
suppressed the BMP-4-induced phosphoryla-
tion of p44/p42 MAP kinase. Thus, it seems that
BMP-4-induced p44/p42 MAP kinase activation
inhibits osteocalcin synthesis by BMP-4 itself.
In addition, we showed that U0126, another
inhibitor of MEK 1 [Favata et al., 1998], en-
hanced the osteocalcin synthesis stimulated by
BMP-4. Therefore, taking our results into
account, it is most likely that the BMP-4-
stimulated synthesis of osteocalcin is negatively
regulated via p44/p42 MAP kinase activated by
BMP-4 itself in osteoblast-like MC3T3-E1 cells.

We next showed that the BMP-4-induced
osteocalcin synthesis was signi®cantly sup-
pressed in a dose-dependent manner by SB20-
3580, an inhibitor of p38 MAP kinase [Cuenda
et al., 1995]. Therefore, our ®ndings suggest
that p38 MAP kinase is involved in BMP-4-
induced osteocalcin synthesis in addition to p44/
p42 MAP kinase in MC3T3-E1 cells. In addition,
PD169316, another inhibitor of p38 MAP kinase
[Kummer et al., 1997], reduced the osteocalcin
synthesis stimulated by BMP-4. Thus, these
results suggest that p38 MAP kinase is neces-
sary for BMP-4-stimulated osteocalcin synth-
esis in osteoblast-like MC3T3-E1 cells. We next
investigated whether p44/p42 MAP kinase
affects the BMP-4-induced activation of p38
MAP kinase in these cells. We showed that
PD98059 had little effect on the p38 MAP kinase
phosphorylation by BMP-4. It seems unlikely
that MEK 1 inhibitor enhances the BMP-4-
induced synthesis of osteocalcin via amplifying
the activation of p38 MAP kinase in osteoblast-
like MC3T3-E1 cells. Taking these results into
account, it is probable that the effect of p44/p42
MAP kinase is not exerted at a point upstream
from p38 MAP kinase in BMP-4-stimulated
osteocalcin synthesis. Further investigations
would be necessary to clarify the exact mechan-
ism of p44/p42 MAP kinase and p38 MAP kinase
in the regulation of osteocalcin synthesis in
osteoblasts.

It is well known that BMP-2 and -4 are
synthesized and secreted by osteoblasts
[Centrella et al., 1994]. In osteoblast-like
MC3T3-E1 cells, it has been reported that

Fig. 4. Effects of PD98059 on BMP-4-induced phosphoryla-
tion of p44/p42 MAP kinase or p38 MAP kinase in MC3T3-E1
cells. The cultured cells were pretreated with 50 mM PD98059
for 60 min, and then stimulated by 70 ng/ml BMP-4 for 120 min.
A: Extracts of cells were subjected to SDS±PAGE against
phospho-speci®c p44/p42 MAP kinase antibodies or p44/p42
MAP kinase antibodies. B: Extracts of cells were subjected to
SDS±PAGE against phospho-speci®c p38 MAP kinase anti-
bodies or p38 MAP kinase antibodies.
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BMP-2 and -4 similarly stimulate alkaline
phosphatase activity [Nakase et al., 1997]. It
has also been shown that BMP-4 induces bone
nodule formation more potently than BMP-2 in
rat osteoblasts [Hughes et al., 1995]. On the
contrary, BMP-2, but not BMP-4, reportedly
stimulates chemotactic migration in human
osteoblasts and human osteosarcoma cells [Llnd
et al., 1996]. These ®ndings led us to speculate
on the qualitative differences between BMP-2
and -4 functional osteoblast biology. Further
investigation is necessary to clarify the details.

In conclusion, our results strongly suggest
that p38 MAP kinase takes part in BMP-4-
stimulated osteocalcin synthesis as a positive
regulator, and that p44/p42 MAP kinase acts as
a negative regulator in osteoblasts.
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