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Opposing TNF-a/IL-1b- and BMP-2-activated MAPK
signaling pathways converge on Runx2 to regulate
BMP-2-induced osteoblastic differentiation

R-L Huang1,2, Y Yuan1,2, J Tu1,2, G-M Zou*,3 and Q Li*,1

In patients who were treated with exogenous BMP-2 to repair bone fractures or defects, the levels of the inflammatory cytokines
such as TNF-a and IL-1b in sera are significantly elevated, which may affect the outcome of bone regeneration. Mitogen-activated
protein kinase (MAPK) cascades such as extracellular signal-regulated kinase 1/2 (ERK1/2), p38, and c-Jun NH2-terminal kinase
1/2 (JNK1/2) have a crucial role in osteogenic differentiation and are activated by both BMP-2 and TNF-a/IL-1b. However, previous
studies suggested that the effects of BMP-2 and TNF-a/IL-1b in osteoblastic differentiation are opposite. Here, we investigated
the exact role of MAPKs in a BMP-2 and TNF-a/IL-1b co-existed condition. Treatment with TNF-a/IL-1b inhibited BMP-2-induced
alkaline phosphatase activity, calcium deposition, osteogenic transcriptional factor Runx2, and the expression of osteogenic
markers in C2C12 and MC3T3-E1 cells. This inhibitory effect was independent of the canonical BMP/Smad pathway, suggesting
the presence of an alternate regulatory pathway for BMP-2-induced Runx2 activity and subsequent osteoblastic differentiation.
We then confirmed that BMP-2, TNF-a, and IL-1b alone can activate p38, ERK1/2, and JNK1/2, respectively. However, only
inhibition of p38 and ERK1/2 signaling were required to modulate BMP-2-induced Runx2 expression. Finally, we determined that
TNF-a/IL-1b decreased BMP-2-induced Runx2 expression through the activation of p38 and ERK1/2 signaling. Furthermore,
strong activation of p38 and ERK1/2 signaling by transfection with CA-MKK3 or CA-MEK1 inhibited BMP-2-induced Runx2
expression and osteoblastic differentiation in C2C12 and MC3T3-E1 cells. Based on these results, we conclude that TNF-a/IL-1
b- and BMP-2-activated p38 and ERK1/2 signaling have opposing roles that converge on Runx2 to regulate osteoblastic
differentiation. The elucidation of these mechanisms may hasten the development of new strategies and improve the
osteoinductive efficacy of BMP-2 in the clinic to enhance osteoblastic differentiation and bone formation.
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Bone morphogenetic protein-2 (BMP-2) is an important
differentiation factor that is capable of inducing bone
regeneration by promoting endochondral ossification via
chemotaxis, migration, proliferation, and differentiation of
mesenchymal stem cells (MSCs), making its potential as an
agent to stimulate new bone growth in bone fracture
and defect treatment.1 Currently, commercially available
recombinant human BMP-2 (rhBMP-2) is impregnated in an
absorbable collagen sponge (ACS), which is used to retain
rhBMP-2 at wound sites and to permit a slow release into the
extracellularmilieu. The clinical use of rhBMP-2was approved
by the USA and European Union Food and Drug Administra-
tions for the use in spinal fusions, open tibial factures, and oral
maxillofacial reconstructions.2,3 Early studies of BMP-2/ACS
demonstrated its safety profile and relatively significant
results in augmenting bone mass at the site of implantation.4

However, extended clinical use of BMP-2/ACS has revealed
increasing concerns regarding inflammation-related
adverse events such as soft-tissue swelling,5,6 seroma,7,8

bone resorption,9 and the low osteoinductive efficacy of
BMP-2.4,10–12 These complications have resulted in unsatis-
factory long-term outcomes in clinical applications.4,13,14

The possible causes of the transient and low osteoinductive
efficacy of BMP-2 in vivo still remain ambiguous. In the clinic,
trauma,15 contamination,16 degradation of the ACS, and
exogenous BMP-217,18 can trigger an exaggerated inflamma-
tory environment, which are characterized by the recruitment of
inflammatory cells and stem cells to the implantation site and
the secretion of various inflammatory cytokines in sera, such
as TNF-a, IL-1b, IL-8, and IL-6.8 Recently, the use of anti-
inflammatory drugs such as bone morphogenetic protein-
binding peptide,19 triptolide-micelles,20 and corticosteroids21,22
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was proved to reduce the inflammatory response and
subsequently enhance the osteoinductive capacity of BMP-2.
These results indicate that the low osteoinductive efficacy of
BMP-2 may be a result of the exaggerated inflammatory
environment. We previously investigated the relationship
between inflammation and the low osteoinductive efficacy of
BMP-2 and demonstrated that an exaggerated inflammatory
environment inhibited BMP-2-induced osteoblastic differen-
tiation of MSCs in vitro and decreased BMP-2/ACS-induced
bone mass in a rodent model.23 However, elucidating the
mechanism responsible for these phenomena is complicated
and requires a more detailed investigation.
BMP-2 modulates osteoblastic differentiation through the

canonical BMP/Smad pathway and non-canonical BMP
pathways.1,24,25 Generally, the activation of target cells by
BMP-2 is initiated by type II BMP receptors. The activated
BMP receptors subsequently propagate the BMP signals by
phosphorylating BMP-specific Smad1/5/8. Finally, Smad1/5/8
binds Smad4, and the complex is transported to the nucleus to
activate or repress the transcription of osteogenic genes.1

In addition to BMP/Smad signaling, MAPK cascades repre-
sent as an alternative, non-canonical pathway for BMP-2
signal transduction.25–27 MAPKs are a set of well-described
ERK1/2, p38, and JNK1/2.28,29 MAPKs control many cellular
events, including cell proliferation, migration, terminal differ-
entiation, and cell death.30,31 In the non-canonical MAPK
pathways, BMP-2 activates the p38, ERK1/2, and JNK1/2
signaling pathways to promote the expression and activation
of an osteogenic-specific transcription factor runt-related
transcription factor 2 (Runx2).32 Runx2 has an essential role
in osteoblastic differentiation of stem cells and directly
stimulates transcription of its important downstream target
genes, including those encoding osteocalcin (OCN), type I
collagen (COL1A1), and osteopontin (OPN), by binding to
specific enhancer regions containing the core sequence.27,33

TNF-a and IL-1b are two major cytokines that lead to a
negative role in bone metabolism in many inflammatory
diseases or pathological processes such as rheumatoid
arthritis (RA), bone fractures, and ankylosing spondylitis
(AS). Similar to BMP-2, TNF-a and IL-1b also simulate MAPK
activation in inflammatory environments.30,31 However, in
contrast to the positive role of BMP-2 in bone metabolism,
TNF-a and IL-1b have been proved to promote bone loss by
activating osteoclastogenesis and decrease bone mineral
density by inhibiting osteoblastic differentiation and bone
formation.16,34–36 Clinical and experimental observations
have revealed that TNF-a and IL-1b are also significantly
elevated in sera after the implantation of BMP-2/ACS,8,37–40

implicating these cytokines as the suspected cause of the low
osteoinductive efficacy of BMP-2.23

These data suggest that BMP-2 and TNF-a/IL-1bmight have
opposite effects on osteoblastic differentiation. These conflict-
ing results of in vitro studies emphasize the need to address the
exact role of MAPKs and the mechanism by which they affect
osteoblastic differentiation. To clarify the role of BMP-2- and
TNF-a/IL-1b-activated MAPKs in osteoblastic differentiation,
MC3T3-E1 and C2C12 cells were cultured in BMP-2- and/or
TNF-a/IL-1b-supplemented media. We found that under such
conditions, BMP-2 and TNF-a/IL-1b induced the activation of
the p38 and ERK1/2 signaling pathways and played opposing

roles in the regulation of Runx2 expression and osteoblastic
differentiation. These opposing roles of BMP-2- and TNF-a/IL-
1b-activated p38 and ERK1/2 signaling converged onRunx2 to
regulate osteoblastic differentiation.

Results

TNF-a/IL-1b alone suppresses BMP-2-induced osteoblastic
differentiation. We previously demonstrated that an
inflammatory environment inhibits BMP-2-induced bone
mass in vivo and osteoblastic differentiation of BMSCs
in vitro through inflammatory cytokines, including TNF-a and
IL-1b.23 However, the mechanism responsible for this
phenomenon is complicated and unclear. Therefore, we
examined the effect of TNF-a/IL-1b on BMP-2-induced
osteoblastic differentiation. We cultured the multipotent
C2C12 cells or preosteoblastic MC3T3-E1 cells in BMP-2-
and/or TNF-a/IL-1b-supplemented medium for several days
to study the effects of these inflammatory cytokines on
BMP-2-induced osteoblastic differentiation. After 7 days of
co-culture, alkaline phosphatase (ALP) staining (Figure 1a)
demonstrated that presence of TNF-a or IL-1b inhibited BMP-
2-induced ALP expression in C2C12 cells. Furthermore,
quantitation of ALP activity revealed a dose-dependent
inhibitory effect of TNF-a/IL-1b on BMP-2-induced ALP
expression (Figure 1b). Consistent with the effects observed
for the early marker ALP, Alizarin red staining and
quantification were also decreased in the TNF-a/IL-1b-
treated MC3T3-E1 cells (Figures 1c–d). We also quantified
ALP activity in MC3T3-E1 cells after BMP-2 and/or TNF-a/IL-
1b treatment and found that the level of ALP activity in
MC3T3-E1 cells was reduced and was similar to that
observed in C2C12 cells (Figure 1e). These results demon-
strate that TNF-a/IL-1b alone inhibits BMP-2-induced osteo-
blastic differentiation and mineralization.
To further verify these findings, we quantified the transcrip-

tion levels of the osteogenic genes such as COL1A1
(Figure 1f), OCN (Figure 1g), and OPN (Figure 1h) in
C2C12 cells by real-time PCR. BMP-2 increased the
transcriptional levels of these genes, but TNF-a/IL-1b alone
attenuated this effect. Taken together, these data indicate that
TNF-a/IL-1b alone has a crucial role in the inflammation-
mediated suppression of BMP-2-induced osteogenesis.

TNF-a/IL-1b alone inhibits BMP-2-induced Runx2
expression via a BMP/Smad-independent pathway.
BMP-2 is a potent osteoblastic differentiation factor that signals
though Smads. To determine whether TNF-a/IL-1b exerts an
inhibitory effect on BMP-2-induced osteoblastic differentiation
through crosstalk with the canonical BMP/Smad signaling,
C2C12 cells were treated with BMP-2 in the presence or
absence of TNF-a/IL-1b. We then analyzed the time- and dose-
dependent changes in Smad1/5/8 and Runx2. First, we treated
C2C12 cells with BMP-2 in the presence or absence of TNF-a/IL-
1b for 0, 4, 8, 12, 24, and 48h. When cells were stimulated with
BMP-2 alone, Smad1/5/8 phosphorylation and Runx2 expres-
sion were significantly increased. The maximum Smad1/5/8
signal occurred at 2h posttreatment, and the maximum Runx2
expression occurred at 48h posttreatment (Figure 2a, left panel).
Consequently, the presence of TNF-a/IL-1b effectively blocked
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BMP-2-induced Runx2 expression until 48h later but did not
change the phosphorylation of Smad1/5/8 (Figure 2a, middle
and right panels). Based on the results of the time-course study,
we next treated the cells with BMP-2 in the presence or absence
of TNF-a/IL-1b at different concentrations for 2h to measure the
phosphorylation level of Smad1/5/8 and for 48h to measure the
expression level of Runx2 by immunoblotting. Treatment with
TNF-a/IL-1b alone for 2h did not affect the BMP-2-induced
phosphorylation of smad1/5/8, but the expression of Runx2 was
decreased in a dose-dependent manner after treatment with
TNF-a/IL-1b alone for 48h (Figure 2b).
We next examined whether the BMP-2-induced activation

of the BMP/Smad signaling and the transcriptional activity of
Runx2 are affected by TNF-a/IL-1b treatment. We performed
luciferase reporter assays with the pSBE-Luc vector to
monitor the activation of BMP/Smad signaling and with the
p6XOSE2-Luc vector to monitor the transcriptional activity of

Runx2. BMP-2 treatment alone enhanced Smad1/5/8- and
Runx2-induced luciferase activity simultaneously. Notably,
the presence of TNF-a or IL-1b significantly suppressed the
transcriptional activity of Runx2 but did not affect the
phosphorylation of Smad1/5/8 (Figures 2c and d). These
data indicate that TNF-a/IL-1b alone inhibits BMP-2-induced
Runx2 expression and activation but does not affect the BMP/
Smad signaling.
In the canonical BMP/Smad signaling, the phosphorylated

Smad proteins are translocated to the nucleus, where they
bind specific motifs in promoter regions, recruit Runx2, and
regulate the transcription of target genes. To further confirm
whether the inhibitory effect of TNF-a/IL-1b on BMP-2-
induced osteoblastic differentiation was mediated by BMP/
Smad signaling, we examined the nuclear translocation of
Smad1 by immunofluorescence staining. As shown in
Figure 2e, BMP-2 induced strong nuclear accumulation of

Figure 1 TNF-a/IL-1b alone suppresses BMP-2-induced osteoblastic differentiation. (a) C2C12 cells were treated with BMP-2 (200 ng/ml) in the presence or absence of
TNF-a (50 ng/mL) or IL-1b (20 ng/ml). The ALP staining assay of ALPase activity on day 7. (b) C2C12 cells were treated with BMP-2 in the presence or absence of TNF-a/IL-
1b in a dose-dependent experiment. Quantification assay of ALPase activity on day 3, normalized with the untreated cells. (c–e) MC3T3-E1 cells were treated with BMP-2
(200 ng/ml) in the presence or absence of TNF-a (50 ng/ml) or IL-1b (20 ng/ml). An Alizarin red staining assay of calcium deposition on day 21 (c), quantitative analysis of the
Alizarin red staining on day 21 (d), and quantification assay of ALPase activity on day 3 (e), compared with the untreated wells. (f–h) C2C12 cells were treated with BMP-2 in
the presence or absence of TNF-a or IL-1b for 48 h. Real-time PCR and relative quantification of COL1A1 (f), OCN (g), and OPN (h), normalized versus GAPDH. Each bar
represents the mean±S.D. of three independent experiments. *Po0.05 and **Po0.01 compared with the untreated cells
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Smad1. However, pretreatment with TNF-a/IL-1b did not
affect the nuclear translocation of Smad1. Collectively, these
data indicate that the inhibitory effect of TNF-a/IL-1b on BMP-
2-induced Runx2 expression and activation is independent of
the BMP/Smad signaling.

TNF-a, IL-1b, and BMP-2 could activate p38, ERK1/2, and
JNK1/2 signaling, respectively. MAPK signaling exerts a
wide range of functions and controls of proliferation, migration,
terminal differentiation, and cell death.30,31 There is evidence
suggesting that inflammatory cytokines, including TNF-a and
IL-1b, activate the MAPK signaling pathway in various cell
types. In this study, we observed that the addition of TNF-a/IL-
1b to the culture medium induced a rapid and strong activation
of MAPK signaling, including p38, ERK1/2, and JNK1/2, in
C2C12 cells (Figures 3a and b). The addition of BMP-2
similarly led to the phosphorylation of p38, ERK1/2, and JNK1/
2 in C2C12 cells (Figure 3c).

p38 and ERK1/2 signaling are required in BMP-2-
induced Runx2 expression. To determine whether BMP-
2-activated MAPK signaling induces Runx2 expression,

C2C12 cells were treated with specific inhibitors of the BMP/
Smad, p38, ERK1/2, and JNK1/2 signaling pathways. Because
of the positive role of BMP/Smad signaling in regulating Runx2
expression,25 we pretreated C2C12 cells with a specific Smad1
inhibitor DMH141,42 to neutralize BMP-2-induced Runx2
expression and activation. We then examined the changes in
Runx2 levels or p6XOSE2-luciferase activity, both of which
could be affected by MAPKs. Before stimulation, C2C12 cells
expressed a basal level of Runx2 protein, pSBE-Luciferase
activity, and p6XOSE2-Luciferase activity. After a 1-h pretreat-
ment with DMH1, the BMP-2-induced phosphorylation of
Smad1/5/8 (Figure 4a lane 4) and the upregulation of pSBE-
Luciferase activity (Figure 4e) were significantly suppressed to
basal levels. However, the protein and mRNA levels of Runx2
(Figures 4a, lane 4 and 4b) as well as p6XOSE2-Luciferase
activity (Figure 4f) were significantly lower in DMH1-pretreated
cells than in BMP-2-treated cells. Nevertheless, the levels of
Runx2 expression and p6XOSE2-Luciferase activity remained
above basal level, suggesting the involvement of other signals
in regulating Runx2 expression and activation.
We next blocked the different MAPK signaling pathways

with the p38-specific inhibitor SB203580, the ERK1/2-specific

Figure 2 TNF-a/IL-1b alone inhibits BMP-2-induced Runx2 expression via a BMP/Smad-independent pathway. (a) C2C12 cells were treated with BMP-2 in the presence
or absence of TNF-a or IL-1b for 0, 2, 4, 12, 24, and 48 h. Immunoblotting analysis of phosphorylated Smad1/5/8 and Runx2, normalized versusGAPDH. (b) C2C12 cells were
treated with BMP-2 in the presence or absence of TNF-a or IL-1b. Immunoblotting analysis of phosphorylated Smad1/5/8 after 2 h; immunoblotting analysis of Runx2 after
48 h, normalized versus GAPDH. (c and d) C2C12 cells were transiently transfected with pSBE-Luc (c) or p6XOSE2-Luc (d) along with pRL-TK-Luc for 24 h. Subsequently,
the cells were treated as previously described for 48 h, and luciferase activity assays of the cell lysates were performed, normalized against pRL-TK-Luciferase activity.
(e) MC3T3-E1 cells were treated with TNF-a or IL-1b for 1 h, then the cells were treated with BMP-2 for an additional hour, and immunofluorescence analysis of the Smad1
protein was performed. Original magnification, � 200. The results are representative of three independent experiments. Each bar represents the mean±S.D. **Po0.01
compared with the untreated cells or the indicated groups
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inhibitor PD98059, and the JNK1/2-specific inhibitor SP600125
in the culture medium. SB203580 or PD98059 displayed
synergistic effects with DMH1 to inhibit the BMP-2-induced
Runx2 protein and mRNA levels (Figures 4a lane 5, lane 6,
and 4b) to the basal levels. By contrast, SP600125
had no significant effect on Runx2 expression (Figures 4a
lane 7 and 4b). To investigate the potential role ofMAPKs in the
regulation of the transcriptional activity of Runx2, p6XOSE2-
Luciferase activity was measured in cells after inhibitor and

BMP-2 treatment. The p6XOSE2-Luciferase activity was
significantly decreased by the pretreatment of cells with
SB203580 or PD98059 compared with treatment with BMP-2
only, whereas the p6XOSE2-Luciferase activity was not
affected by SP600125 inhibition (Figure 4f). We also used
Smad1 siRNA to silence expression of Smad1 in C2C12 cells
and then block BMP-2-activated BMP/Smad signaling in this
study. The expression of Runx2 in mRNA and protein level
were similar to that after DMH1 pretreatment (Figures 4c and
d). These results suggest that p38 and ERK1/2 signaling are
required in BMP-2-induced Runx2 expression and activation.

TNF-a/IL-1b decreases BMP-2-induced Runx2 expression
through the activation of p38 and ERK1/2 signaling.
To examine the effect of the TNF-a/IL-1b-activated p38 and
ERK1/2 pathways on Runx2 expression and activation, C2C12
cells were treated with BMP-2 and TNF-a/IL-1b in the presence
or absence of p38 and ERK1/2 inhibitors. First, we pretreated
C2C12 cells with TNF-a for 1h and then stimulated with BMP-2
for 2 h. We observed that p38 and ERK1/2 signaling were
activated at 2h, whereas the expression of Runx2 protein and
p6XOSE2-Luciferase activity were significantly decreased 48h
later (Figures 5a lane 4 and 5b). These results indicate that the
activation of p38 and ERK1/2 signaling in these cells
suppresses Runx2 expression and activation. Thus, TNF-a-
activated p38 and ERK1/2 signaling opposes BMP-2-activated
p38 and ERK1/2 signaling in controlling Runx2 expression and
activation. To further investigate these opposing roles, we
blocked p38 and ERK1/2 signaling with SB203580 and
PD98059, respectively. Blocking of p38 and ERK1/2 signal-
ing restored Runx2 protein levels and p6XOSE2-Luciferase
activity but did not affect Smad1/5/8 phosphorylation
(Figures 5a lane 8, lane 12, and 5b).
Similar results were also observed in C2C12 cells stimu-

lated with BMP-2 and IL-1b (Figures 5c and d). These results
indicated that the BMP-2- and TNF-a/IL-1b-activated p38 and
ERK1/2 signaling pathways may have an opposing roles in
the regulation of Runx2 expression and activation.

Constitutive activation of p38 and ERK1/2 signaling
attenuates BMP-2-induced Runx2 activity and osteo-
blastic differentiation. To further elucidate the role of p38
and ERK1/2 signaling in BMP-2-induced Runx2 activity in an
inflammatory environment, we ectopically induced p38 and
ERK1/2 signaling activation before exposure to BMP-2 by
transfection with CA-MKK3 or CA-MEK1, respectively. Trans-
fection with CA-MKK3 or CA-MEK1 induced strong expression
and phosphorylation of p38 and ERK1/2 signaling, respec-
tively, in C2C12 cells without BMP-2 or TNF-a/IL-1b treatment
(Figure 6a lane 3 and lane 5). However, overexpression of p38
and ERK1/2 significantly decreased BMP-2-induced Runx2
expression (Figure 6a lane 4 and lane 6) and p6XOSE2-
Luciferase activity (Figure 6b), indicating that strong activation
of p38 and ERK1/2 signaling has a negative role in Runx2
expression and activation.
To further investigate whether the activation of p38 and

ERK1/2 signaling have any effect in BMP-2-induced
osteoblastic differentiation, we measured changes in the early
osteogenic marker ALP in C2C12 cells and the later osteogenic
marker OCN in MC3T3-E1 cells. Consistent with Runx2,

Figure 3 TNF-a, IL-1b, and BMP-2 could activate p38, ERK1/2, and JNK1/2
signaling, respectively. (a–c) C2C12 cells were treated with BMP-2 (a), TNF-a (b),
or IL-1 (c) alone for 0, 0.5, 1, 2, 4, 8, 12, and 24 h, and immunoblotting analysis was
performed of phosphorylated p38, ERK1/2, and JNK1/2, respectively, normalized
versus total p38, ERK1/2, and JNK1/2 protein, respectively. The immunoblotting
results are representative of three independent experiments
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transfection with CA-MKK3 or CA-MEK1 also significantly
decreased the expression of ALP (Figures 6c and d) and OCN
(Figures 6e and f). Therefore, these data suggest that strong
activation of p38 or ERK1/2 signaling has an inhibitory effect on
BMP-2-inducedRunx2expressionandosteoblastic differentiation.

Discussion

Increasing exaggerated inflammatory responses and
related complications continue to occur after BMP-2/ACS

implantation in the clinic and are strongly suspected for the
low osteoinductive efficacy of BMP-2. The differentiation
factor BMP-2 and the inflammatory cytokines such as TNF-a
and IL-1b are proved to have opposing roles in osteoblastic
differentiation. However, the exact role of TNF-a/IL-1b in
BMP-2-induced osteoblastic differentiation and the underlying
mechanism have remained unclear. Herein, we first demon-
strated that TNF-a/IL-1b inhibits BMP-2-induced Runx2
expression and activation and subsequent osteo-
blastic differentiation independent of BMP/Smad signaling.

Figure 4 p38 and ERK1/2 signaling are required for BMP-2-induced Runx2 expression. (a and b) C2C12 cells were pretreated with the Smad1 inhibitor DMH1 and/or
MAPK inhibitors (SB203580, PD98059, or SP600125) for 1 h, and the cells were treated with BMP-2. Immunoblotting analysis of p38, ERK1/2, JNK1/2, and Smad1/5/8
(a) after 2 h; immunoblotting (a) and real-time PCR (b) analysis of Runx2 after 48 h, normalized versus total p38, ERK1/2, JNK1/2, or GAPDH. (c and d) C2C12 cells were
transfected with plasmids containing Smad1 siRNA and/or pretreated with MAPK inhibitors (SB203580, PD98059, or SP600125) for 1 h, and the cells were treated with BMP-2.
Immunoblotting analysis of Smad1/5/8 (c) after 2 h; immunoblotting (c) and real-time PCR (d) analysis of Runx2 after 48 h, normalized versus GAPDH. (e and f) C2C12 cells
were transiently transfected with pSBE-Luc (e) or p6XOSE2-Luc (f) with pRL-TK-Luc for 24 h. Subsequently, the cells were treated as previously described for another 48 h,
luciferase activity assays of the cell lysates were performed, normalized against pRL-TK-Luciferase activity. The results are representative of three independent experiments.
Each bar represents the mean±S.D. *Po0.05 and **Po0.01 compared with the untreated cells or the indicated groups
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Figure 5 TNF-a/IL-1b decreases BMP-2-induced Runx2 expression via activation of p38 and ERK1/2 signaling. (a and c) C2C12 cells were pretreated with a MAPK
inhibitor (SB203580 or PD98059) for 1 h, followed by treatment with BMP-2 in the presence or absence of TNF-a/IL-1b. Immunoblotting analysis of p38, ERK1/2, and Smad1/
5/8 at 2 h later; immunoblotting analysis of Runx2 after 48 h, normalized versus total p38, ERK1/2, or GAPDH. (b and d) C2C12 cells were transiently transfected with
p6XOSE2-Luc along with pRL-TK-Luc for 24 h. Subsequently, the cells were treated as previously described for 48 h, luciferase activity assays in the cell lysates were
performed, normalized against pRL-TK-Luciferase activity. The results are representative of three independent experiments. Each bar represents the mean±S.D. **Po0.01
compared with the untreated cells or the indicated groups

Figure 6 Constitutively activation of p38 and ERK1/2 signaling attenuates BMP-2-induced Runx2 expression and osteoblastic differentiation. (a) C2C12 cells were
transiently transfected with CA-MKK3 or CA-MEK1 for 24 h. The cells were then treated with BMP-2. Immunoblotting analysis of p38, ERK1/2, and Smad1/5/8 after 2 h;
immunoblotting analysis of Runx2 after 48 h, normalized versus total p38, ERK1/2, or GAPDH. (b) C2C12 cells were transiently transfected with CA-MKK3, CA-MEK1, or
p6XOSE2-Luc for 24 h. Subsequently, the cells were treated as previously described for 48 h, luciferase activity assay of the cell lysates were performed, normalized against
pRL-TK-Luciferase activity. (c and d) C2C12 cells were transiently transfected with CA-MKK3 or CA-MEK1 for 24 h, followed by treatment with BMP-2, quantified assays of
ALPase activity on day 3 (d), and ALP staining assays of ALPase on day 7 (c). (e and f) MC3T3-E1 cells were transfected and treated as previously described, real-time PCR
(e) and immunofluorescence (f) analysis ofOCN on day 2 were performed, normalized versus GAPDH. Original magnification, � 200. Each bar represents the mean±S.D. of
three independent experiments. *Po0.05 and **Po0.01 compared with the untreated cells
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Then, we found that TNF-a, IL-1b, and BMP-2 alone all could
activate p38, ERK1/2, and JNK1/2 signaling, respectively.
However, TNF-a/IL-1b and BMP-2 has opposing roles on
Runx2 expression and activation. Moreover, the presence of
TNF-a/IL-1b was found to diminish BMP-2-induced Runx2
activity through the activation of p38 and ERK1/2 signaling.
Finally, we confirmed that strong activation of p38 and ERK1/2
signaling by transfection with CA-MKK3 or CA-MEK1 sig-
nificantly attenuated BMP-2-induced Runx2 expression and
osteoblastic differentiation, even without stimulation of TNF-a/
IL-1b. Taken together, these data suggest that the TNF-a/IL-
1b- and BMP-2-activated p38 and ERK1/2 signaling have
opposing roles and converge on Runx2 to regulate BMP-2-
induced osteoblastic differentiation.
The study of the interplay between the inflammatory

environment and BMP-2 in osteoblastic differentiation is
challenging and complicated by at least two issues: (1) the
expression profile of inflammatory cytokines in vivo is
complicated, and these cytokines have multiple roles in
osteoblastic differentiation;8,16,34–40 and (2) BMP-2-induced
pathways engage in crosstalk with inflammatory cytokine-
induced pathways.23 Clinical and experimental observations
have demonstrated that inflammatory cytokines such as
TNF-a, IL-1b, IL-8, and IL-6 are significantly elevated in sera
after BMP-2/ACS implantation or in supernatant after LPS
stimulation.8,37–40 Among these elevated inflammatory cyto-
kines, TNF-a and IL-1b can be produced by osteoblasts,
surrounding stromal or inflammatory cells.43 The roles of TNF-
a and IL-1b in the osteogenic differentiation of progenitor cells
and bonemetabolism are complicated and biphasic.34,43–46 In
this study, the presence of TNF-a/IL-1b alone could decrease
ALP activity and the expression of osteogenic genes in BMP-
2-treated C2C12 cells and MC3T3-E1 cells. These results
suggest that TNF-a/IL-1b have negative roles in BMP-2-
induced osteoblastic differentiation. Although TNF-a has been
shown to inhibit BMP-2-induced osteoblastic differentiation in
different cell types,47–51 the effects of IL-1b on BMP-2-
induced osteoblastic differentiation were not investigated in
these previous studies, and the underlying mechanisms
responsible for this inhibition are unknown.
In the well-documented BMP/Smad signaling pathway,

BMP-2 activates Runx2 via the BMP/Smad signaling and
subsequently modulates the processes of osteoblastic
differentiation. Our data suggested that the presence of
TNF-a/IL-1b decreased BMP-2-induced Runx2 expression
and activation independent of BMP/Smad signaling. Our
finding is further supported by one report demonstrating that
TNF-a decrease the expression of Runx2 and the transcrip-
tion of osteogenic genes by interfering with the DNA binding of
Smad proteins instead of inhibiting phosphorylation of Smad1/
5/8 or nuclear translocation of the Smad1/Smad4 complex.51

However, several reports have demonstrated that BMP/Smad
signaling is required for TNF-a-inhibited osteoblastic differ-
entiation through suppressing Smad1/5/8 phosphorylation
and translocation.47–50 We suspected the discrepancy
between these studies, and our approaches are contributed
to the cell types and the differentiation stages of the starting
cells used. Therefore, these data suggest the existence of
another pathway besides BMP/Smad signaling to regulate
BMP-2-induced Runx2 expression and activation.

MAPK pathways can be activated by several extracellular
stimuli. In our system, we confirmed that TNF-a, IL-1b, and
BMP-2 alone all can activate the p38, ERK1/2, and JNK1/2
signaling in C2C12 cells. In previous studies, MAPK pathways
can be activated by inflammatory cytokines, particularly TNF-a
or IL-1b, to inhibit osteoblastic differentiation.52–55 Conver-
sely, MAPKs are also required for the induction of an
osteoblastic phenotype by BMP-2, leading to mineral deposi-
tion in vitro.33,56,57 These paradoxical phenomena seem to
support the idea that BMP-2- and TNF-a/IL-1b-activated
MAPKs have opposing roles in modulating osteoblastic
differentiation and have raised a new question: what is the
exact role of MAPKs in osteoblast biology in an environment in
which inflammatory cytokines and exogenous BMP-2
treatment co-exist simultaneously?
To address this issue, we should first clarify the role of each

MAPK cascade on osteoblastic differentiation following
BMP-2 treatment. Although the roles of p38, ERK1/2, and
JNK1/2 on BMP-2-induced osteoblastic differentiation in
various cell types have been well studied, details
remain controversial. For example, BMP-2 activates p38
and ERK1/2 but not JNK1/2 to induce osteoblastic
differentiation in C2C12 cells.58 However, JNK is required
for the BMP-2-induced osteoblastic differentiation of
MC3T3-E1-clone 24 cells.33 In this study, BMP-2-induced
Runx2 expression and activation were significantly sup-
pressed by the inhibition of BMP/Smad signaling synergisti-
cally with p38 or ERK1/2 signaling but not with JNK1/2
signaling. Taken together, our data suggest that p38 and
ERK1/2 signaling are required for BMP-2-induced Runx2
expression and activation.
In the clinic, elevated inflammatory cytokines and high

concentrations of exogenous BMP-2 unavoidably co-exist in
the surrounding of the BMP-2/ACS implant.8 Therefore, we
treated C2C12 cells with BMP-2 and TNF-a/IL-1b simulta-
neously to mimic the clinical model and investigate the exact
role of p38 and ERK1/2 signaling in vivo. Our observations
suggested that TNF-a/IL-1b inhibited BMP-2-induced Runx2
expression and activation, and p38 and ERK1/2 signaling, not
JNK1/2 signaling, were required for this inhibitory effect.
These observations are contrary to at least one previous
report that TNF-a inhibits BMP-2-induced osteoblastic differ-
entiation by activating SAPK/JNK signaling in C2C12 cells.50

This discrepancy suggests that when C2C12 cells are treated
with BMP-2 alone, BMP-2-acvativated p38 and ERK1/2
signaling act as non-canonical pathways and have a weak
inductive role in the upregulation of Runx2 expression and
activation. However, the addition of TNF-a/IL-1b causes
strong p38 and ERK1/2 signaling activation, which has a role
in downregulation of Runx2 expression and activation. To
further prove this hypothesis, we transfected C2C12 and
MCT3C3-E1 cells with CA-MKK3 and CA-MEK1 to strongly
induce the ectopic activation of p38 and ERK1/2 signaling
before BMP-2 treatment. Under these conditions, indepen-
dently of the presence of TNF-a/IL-1b, constitutively activated
p38 and ERK1/2 signaling significantly attenuated BMP-2-
induced Runx2 activation and osteoblastic differentiation.
These data suggest that strong activation of p38 and ERK1/2
signaling by inflammatory cytokines, not only TNF-a or IL-1b,
decreases BMP-2-induced Runx2 activation and inhibits the
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osteoblastic differentiation of osteoprogenitor cells in an
inflammatory environment.
This study, concerning the opposing roles of TNF-a/IL-1b

and BMP-2 in regulation of osteoblastic differentiation in
clinical condition, has got several significant conclusions.
First, inflammatory cytokines TNF-a and IL-1b inhibited BMP-
2-induced osteoblastic differentiation. This result provides an
alternate interpretation for the low osteoinductive efficacy of
BMP-2 under clinical conditions. Second, BMP-2, TNF-a, and
IL-1b alone can activate the p38 and ERK1/2 signaling but
have an opposing roles in regulating Runx2 expression and
activation (Figures 7a and b). Finally, when exogenous
BMP-2 and inflammatory cytokines such as TNF-a and
IL-1b are all present, p38 and ERK1/2 signaling are strongly
activated, resulting in a significant decrease in BMP-2-
induced Runx2 activation and osteoblastic differentiation
(Figure 7c). Our study highlights the negative effects of an
inflammatory environment on BMP-2-induced osteogenic
differentiation and may facilitate the development of new
strategies to improve the osteoinductive efficacy of BMP-2
and to enhance bone formation in a clinical setting.

Materials and Methods
Cell culture. The murine multipotent mesenchymal progenitor cell line C2C12
and the preosteoblastic cell line MC3T3-E1 were purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA). C2C12 cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM), and MC3T3-E1 cells were
maintained in ascorbic acid-free a-MEM. Both media were supplemented with 10%
fetal bovine serum, 100 U/ml penicillin, 100 mg/ml streptomycin, and 0.25 mg/ml
amphotericin B (cell culture reagents were obtained from Invitrogen, Carlsbad, CA,
USA). For osteogenic differentiation, the medium was replaced with
serum-free DMEM or a-MEM containing 200 ng/ml rhBMP2 in the presence or
absence of TNF-a (50 ng/ml)/IL-1b (20 ng/ml) (cytokines were obtained from
PeproTech, Rocky Hill, NJ, USA). For inhibitor treatment, cells were pretreated
with 25 mM Smad1 inhibitor DMH1 (Sigma, St. Louis, MO, USA), 25 mM p38
inhibitor SB203580, 50 mM ERK1/2 inhibitor PD98059, or 25 mM JNK1/2 inhibitor
SP600125 (MAPK inhibitors were obtained from Selleck, Shanghai, China) for the
indicated times before BMP-2 stimulation.

ALP and Alizarin red staining. Before staining, cells were treated for the
indicated times and washed with PBS and fixed with 4% paraformaldehyde for
30 min. For ALP staining, cells were stained with naphthol AS-BI alkaline solution
for 45 min to visualize ALP activity. For Alizarin red, cells were stained with 40 mM
Alizarin red S (Sigma) solution (pH 4.1) for 10 min to visualize matrix calcium
deposition.

Qualification of ALP activity. Cells were exposed to BMP-2 and/or
TNF-a/IL-1b at the indicated concentrations for 3 days. The cells were then lysed,
and cellular ALPase activity was measured with an ALP detection kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). The amount of ALP in the
cells was normalized against the total protein content.

RNA extraction, RT-PCR, and quantitative real-time PCR
analysis. Total RNAs was isolated from the BMP2-treated cells cultured in
the presence and absence of TNF-a/IL-1b. Briefly, cells were washed with PBS
and lysed with TRIzol reagent (Invitrogen), according to the manufacturer’s
protocol. Then 2 mg of total RNA was used for reverse transcription, and the
product was then used for real-time PCR. The quantification levels of osteogenic
genes were quantified with an ABI 7500 Real-Time PCR System
(Life Technologies, Foster, CA, USA). PCR primer pairs were designed based
on the sequences of different exons of the corresponding genes (Table 1). All PCR
amplifications were performed with an initial denaturation at 95 1C for 30 s,
followed by 40 cycles at 95 1C for 5 s and 60 1C for 34 s, and melting curve
analysis at 95 1C for 15 s and 60 1C for 60 s continuous.

Western blotting analysis. Proteins were extracted with RIPA lysis buffer
containing 1 mM PMSF (Beyotime, Lianyungang, China). The protein samples
were subjected to SDS-PAGE/immunoblotting analysis using anti-phospho-
Smad1/5/8 antibody, anti-Runx2 antibody, anti-phospho- and anti-total ERK1/2
antibodies, anti-phospho- and anti-total p38 antibodies, anti-phospho- and anti-
total JNK1/2 antibodies, and anti-GAPDH antibody (all from Cell Signaling,
Danvers, MA, USA). The relative integrated density of each protein band was
determined using an Odyssey infrared imaging system (LI-COR, Lincoln, NE,
USA).

Immunofluorescence staining. After various treatments, the cells were
fixed in 4% paraformaldehyde and then blocked with 5% goat serum. The cells
were immunostained with anti-Smad1 antibody (Epitomics, Burlingame, CA, USA)
or anti-OCN antibody (Cell Signaling) followed by a goat anti-rabbit Alexa Fluor-
555- or Alexa Fluor-488-conjugated secondary antibody (Invitrogen). The cells
were covered with an Anti-Fade Reagent (Cell Signaling).

Transient transfection and dual-luciferase assay. Transient
transfections were performed using FuGENE HD (Promega, Madison, WI,
USA). The total amounts of transfected plasmids in each group were equalized by
the addition of an empty vector. For each transfection, C2C12 or MC3T3-E1 cells
were separately co-transfected with Smad1 siRNA (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), CA-MKK3 (Cell Biolabs, San Diego, CA, USA), or
CA-MEK1 (Cell Biolabs) and a luciferase reporter plasmid containing pSBE-Luc
(Promega) or p6XOSE2-Luc (Sangon, Shanghai, China). A dual-luciferase assay
was performed by using the Dual Luciferase Reporter Assay kit (Promega). The
pSBE-Luciferase reporter plasmid was used to monitor BMP signaling, and the
p6XOSE2-Luciferase reporter plasmid, which contained six tandem repeats of a
Runx2 binding element in the promoter of the mouse OC gene,59 was used to
monitor the transcriptional activity of Runx2.

Figure 7 Opposing TNF-a/IL-1b- and BMP-2-activated MAPK signaling pathways converge on Runx2 to regulate BMP-2-induced osteoblastic differentiation. (a) BMP-2
activates the canonical BMP/Smad signaling pathway and non-canonical MAPK pathways to regulate osteoblastic differentiation of osteoprogenitor cells. In the activated
MAPK pathways, only p38 and ERK1/2 signaling are required to regulate the expression and activation of Runx2. (b) TNF-a and IL-1b also activate p38, ERK1/2, and JNK1/2
signaling, but they act to oppose the effects of BMP-2 on Runx2 expression and osteoblastic differentiation. (c) Without the positive influence of BMP/Smad signaling, both
ERK1/2 and JNK1/2 signaling are activated, but BMP-2-induced Runx2 activity is inhibited, resulting in the suppression of osteoblastic differentiation
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Statistical analysis. All data are presented as the mean±S.D. of three
independent experiments. Statistical evaluations were performed with the
Student’s t-test. P-valueso0.05 were considered statistically significant.
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