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Abstract 

Different stimuli often activate the same intracellular signaling molecules but trigger distinct cell 
responses. We explored whether or not MAPK signaling induced by macrophage colo-
ny-stimulating factor (M-CSF), which is responsible for osteoclast proliferation, differs from that 
induced by receptor activator of NF-κB ligand (RANKL), which is essential for inducing osteoclast 
differentiation. The activation of MAPKs by M-CSF or RANKL differed in terms of the extent and 
duration of ERK, p38, and JNK phosphorylation as well as the isoform specificity of JNK phos-
phorylation. In particular, RANKL induced a second wave of MAPK activation coincident with the 
onset of osteoclast differentiation, whereas M-CSF triggered only a monophasic response. M-CSF 
was also able to trigger a full MAPK response on restimulation of cells earlier than was RANKL, 
representing that MAPK resensitization by M-CSF differs from that by RANKL. Furthermore, the 
adapter protein TRAF6 recruitment to the cytoplasmic tail of RANK in a submembrane com-
partment is specifically required for RANKL-induced activation of p38 MAPK, expression of os-
teoclastogenic transcription factors, and osteoclast differentiation, indicating that the switch from 
proliferation to differentiation in osteoclast precursors is dependent on p38 activation via the 
RANKL-RANK-TRAF6 axis. Our results suggest that selective control of MAPK signaling induced 
by M-CSF and by RANKL mediates the proliferation versus differentiation decision in osteoclast 
precursors. 
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Introduction 
Numerous processes including the immune re-

sponse and metabolism are regulated by overlapping 
and intertwined signaling networks that are activated 
by various triggers. A central issue in signal trans-
duction therefore concerns how the activation of 
common signaling mediators in response to different 
stimuli leads to distinct outcomes in a given cell type. 
Such stimuli in mammals include hormones, growth 
factors, and inflammatory cytokines, many of which 
activate MAPK signaling pathways through interac-
tion with different receptors and intracellular cou-
plers, resulting in diverse outcomes in terms of regu-
lation of gene expression and cellular functions [1-4]. 
For instance, epidermal growth factor and nerve 

growth factor each activate the canonical MAPK sig-
naling pathway Raf-MEK-ERK in the neuroendocrine 
cell line PC12, but they induce cell proliferation or 
differentiation into sympathetic neuron–like cells, 
respectively [5, 6]. These distinct outcomes of 
Raf-MEK-ERK signaling are thought to result from 
transient and more persistent activation of ERK by 
epidermal growth factor and nerve growth factor, 
respectively [7, 8]. Sustained ERK activation by epi-
dermal growth factor in PC12 cells overexpressing the 
epidermal growth factor receptor resulted in cell dif-
ferentiation rather than proliferation, indicating that 
alteration of ERK activity can induce reversible 
changes in cell fate progression [9]. 
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Activation of ERK signaling by fibroblast growth 
factor forces naive embryonic stem cells to exit the 
self-renewal program as well as promotes their tran-
sition to neural or mesodermal lineage commitment 
by altering the expression of key markers of multipo-
tency such as Oct4, Nanog, and Rex1 [10]. Further-
more, differentiation of mesenchymal stem cells into 
the osteogenic lineage is regulated by sustained acti-
vation of ERK at an early stage of the differentiation 
process as well as by activation of the MAPK JNK 
(c-Jun NH2-terminal kinase) at a later stage during 
extracellular matrix protein synthesis and calcium 
deposition [11]. Blockade of ERK activation after in-
duction of osteogenic differentiation results in a tran-
sition from commitment to the osteogenic lineage to 
adipogenic differentiation [11]. Although these vari-
ous observations have revealed a versatile role for 
MAPKs in the regulation of cellular functions as a 
result of their selective activation and their differential 
control of gene expression, the precise spatiotemporal 
regulation of these enzymes in the context of cell fate 
determination has remained unclear. 

Bone undergoes remodeling in a cooperative 
manner at the levels of bone matrix formation and 
mineral deposition by osteoblasts and of bone de-
struction by osteoclasts [12]. Osteoclast differentiation 
is coordinated by the binding of macrophage colo-
ny-stimulating factor (M-CSF) and receptor activator 
of NF-κB ligand (RANKL) to their respective recep-
tors c-Fms and RANK on the surface of osteoclast 
precursors [13]. Activation of MAPKs (ERK, JNK, and 
p38) and Akt signaling by M-CSF is implicated in 
regulation of osteoclast precursor proliferation [14, 
15], whereas that of MAPKs, NF-κB (nuclear fac-
tor–κB), and NFATc1 (nuclear factor of activated T 
cells c1) by RANKL is thought to contribute to osteo-
clast differentiation [14, 16]. Compared with cells 
treated with M-CSF alone, the proliferation of osteo-
clast precursors was found to be retarded 2 days after 
exposure to M-CSF and RANKL, corresponding to the 
onset of osteoclast fusion and differentiation [17]. 
Osteoclast differentiation in the presence of M-CSF 
and RANKL is accompanied by cell cycle arrest re-
sulting from down-regulation of cell cycle regulators 
such as cyclins and cyclin-dependent kinases as well 
as up-regulation of the cyclin-dependent kinases in-
hibitor p27KIP1 [17]. Furthermore, cell cycle arrest in-
duced by treatment of osteoclast precursors with the 
DNA replication inhibitor hydroxyurea promoted 
osteoclast formation [18]. These observations thus 
indicate that arrest of the M-CSF–dependent prolifer-
ation of osteoclast precursors plays a key role in os-
teoclast differentiation. Moreover, treatment of con-
fluent osteoclast precursors manifesting growth inhi-
bition as a result of cell-cell contact with an ERK sig-

naling inhibitor accelerated osteoclast formation 
through activation of p38, reflecting a seesaw-like 
balance between ERK and p38 phosphorylation [19]. 
Activation of MAPKs by M-CSF and RANKL may 
thus determine the balance between cell proliferation 
and differentiation in osteoclast precursors, with in-
hibition of cell proliferation being required for the 
shift in cell fate toward differentiation. 

Given that interaction of M-CSF with c-Fms and 
that of RANKL with RANK in osteoclast precursors 
each result in the activation of MAPKs, it is unclear 
whether or not MAPK activation by RANKL differs 
from that by M-CSF, and there exists a distinct 
mechanism before and after MAPK activation during 
osteoclast precursor proliferation and differentiation 
toward bone-resorbing osteoclasts. We now show that 
differences in the extent, duration, isoform specificity, 
and resensitization of MAPK activation give rise to 
distinct fates in osteoclast precursors. 

Materials and Methods 
Cell isolation and culture 

Bone marrow–derived mononuclear osteoclast 
precursors were isolated from the tibia and femur of 
6-week-old male C57BL/6J mice (Central Lab Ani-
mals, Seoul, Korea) by flushing of the bone marrow 
cavity. Erythrocytes were removed by treatment of 
the cell preparation with hypotonic buffer (0.15 mM 
NH4Cl, 1 mM KCO3, and 0.1 mM EDTA at pH 7.4), 
and the remaining bone marrow cells were incubated 
under a humidified atmosphere of 5% CO2 at 37°C for 
12 hours in α–minimum essential medium (α-MEM; 
Invitrogen) supplemented with antibiotics, 10% fetal 
bovine serum, and recombinant human M-CSF (5 
ng/mL). Nonadherent cells were collected and cul-
tured for 3 days in α-MEM supplemented with M-CSF 
(30 ng/mL) before experiments. All animal proce-
dures were approved by the Institutional Review 
Board of Yeungnam University College of Medicine 
and were in accordance with the Guide for the Care 
and Use of Laboratory Animals. 

Assay of cell proliferation and osteoclast dif-
ferentiation 

For cell proliferation assays, osteoclast precur-
sors (2 × 104 cells per well in 48-well culture plates) 
were incubated with M-CSF (30 ng/mL, 1.8 nM) 
overnight and were then treated with M-CSF (30 
ng/mL) or recombinant mouse RANKL (100 ng/mL, 
2 nM) for 2 days. The murine monocytic RAW264.7 
cell line (5 × 103 cells per well in 48-well culture plates) 
was cultured overnight in α-MEM and then treated 
with M-CSF (30 ng/mL) or RANKL (100 ng/mL) for 2 
days. Cell proliferation was then evaluated either by 
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the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay or by cell counting with a 
hemocytometer after staining with trypan blue. For 
induction of osteoclast differentiation, osteoclast 
precursors (2 × 104 cells per well) or RAW264.7 cells (5 
× 103 cells per well) in 48-well culture plates were 
cultured for 4 days either with both M-CSF (30 
ng/mL) and RANKL (100 ng/mL) or with RANKL 
(100 ng/mL) alone, respectively. TRAF6-deficient 
osteoclast precursors were prepared from liv-
er-derived macrophages of TRAF6–/– mice at embry-
onic day 14.5 to 16.5. Flow cytometry confirmed that 
>95% of the cells were positive for CD11b. The 
TRAF6–/– and corresponding wild-type osteoclast 
precursors were seeded in 48-well culture plates at a 
density of 2 × 104 cells per well and cultured with 
M-CSF (30 ng/mL) and RANKL (100 ng/mL) for 4 
days to induce differentiation. Fresh medium con-
taining either M-CSF and RANKL for bone mar-
row–derived and TRAF6–/– osteoclast precursors or 
only RANKL for RAW264.7 cells was added to the 
cells after culture for 2 days. For assessment of osteo-
clast differentiation, cells were stained for TRAP (tar-
trate-resistant acid phosphatase) with the use of a 
leukocyte acid phosphatase staining kit (Sigma), and 
TRAP-positive multinucleated cells (TRAP+ MNCs) 
with more than three nuclei were counted with the 
use of a light microscope. 

 MAPK activation 
Osteoclast precursors (2 × 105 cells) were seeded 

in 60-mm culture dishes and cultured overnight in the 
presence of M-CSF (30 ng/mL). The cells were then 
deprived of M-CSF for 6 hours before stimulation 
with M-CSF or RANKL at the indicated concentra-
tions and for the indicated times. 

Immunoblot analysis 
Cells were washed with ice-cold phos-

phate-buffered saline (PBS) and suspended in a lysis 
buffer containing 20 mM Tris-HCl (pH 7.5), 150 mM 
NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 1 
mM EDTA, 0.1% SDS, 1 mM NaF, 2 mM Na3VO4, 1 
mM β-glycerophosphate, and a protease inhibitor 
cocktail (Roche). The lysates were centrifuged at 
10,000 × g for 10 min at 4°C to remove debris, after 
which the protein concentration of the resulting su-
pernatants was measured with the use of a DC protein 
assay (Bio-Rad). Proteins (30 µg) were fractionated by 
SDS-PAGE on a 10% gel, transferred to a nitrocellu-
lose membrane, and probed with specific antibodies. 
Immune complexes were detected with appropriate 
horseradish peroxidase–conjugated secondary anti-
bodies and ECL reagents (Abfrontier). Primary anti-
bodies to total or phosphorylated forms of ERK, JNK, 

p38 or IκBα as well as those to c-Fos and flotillin-2 
were obtained from Cell Signaling Technology, 
whereas those to RANK, c-Fms, NFATc1, p65, and 
ATPv0d2 were from Santa Cruz Biotechnology. An-
tibodies to TFIIB and β-actin were purchased from BD 
Transduction Laboratories and Sigma Aldrich, re-
spectively. Band intensity was measured by densito-
metric analysis (Image-Pro Plus version 6.0 software).  

Subcellular fractionation 
A membrane fraction was prepared with the use 

of a Plasma Membrane Protein Extraction Kit (Bio-
Vision). In brief, detached osteoclast precursors were 
collected by centrifugation at 600 × g for 5 min at 4°C 
and washed with ice-cold PBS. The cells were resus-
pended in homogenizer buffer mix and disrupted 
with the use of a Dounce homogenizer (50 strokes) on 
ice. The homogenate was centrifuged at 700 × g for 10 
min at 4°C, and the resulting supernatant was centri-
fuged again at 10,000 × g for 30 min at 4°C. The final 
pellet was resuspended in upper phase solution, 
lower phase solution was added, and the mixture was 
centrifuged at 1000 × g for 5 min at 4°C. The upper 
phase was collected and centrifuged at 10,000 × g for 
10 min at 4°C, and the resulting pellet was used as the 
plasma membrane fraction. For nuclear fractionation, 
cells were lysed in an ice-cold lysis buffer containing 
10 mM Hepes-KOH (pH 7.9), 1.5 mM MgCl2, 10 mM 
KCl, 0.5 mM dithiothreitol, 20 mM sodium pyro-
phosphate, 10 mM NaF, 1 mM Na3VO4, and protease 
inhibitor cocktail. The lysate was centrifuged at 10,000 
× g for 10 min at 4°C, the supernatant was used as the 
cytosolic fraction, and the resulting nuclear pellet was 
resuspended in nuclear extraction buffer [20 mM 
Hepes-KOH (pH 7.9), 25% glycerol, 420 mM NaCl, 1.5 
mM MgCl2, 0.2 mM EDTA, 0.5 mM dithiothreitol, 20 
mM sodium pyrophosphate, 10 mM NaF, 1 mM 
Na3VO4, and protease inhibitor cocktail] and centri-
fuged at 12,000 × g for 2 min at 4°C. The resultant 
supernatant was used as the nuclear fraction. 

Quantitative and Semiquantitative RT-PCR 
Analysis 

Total RNA was extracted from cells with the use 
of the Trizol reagent (Invitrogen), and portions (2 µg) 
of the RNA were subjected to reverse transcription for 
1 h at 42°C with oligo(dT) and an M-MLV RT kit 
(Invitrogen). Semiquantitative PCR analysis was per-
formed with the use of a Thermo Hybaid PCR Express 
system. Real-time (quantitative) PCR was performed 
with the use of SYBR Premix Ex Taq (Takara Bio, 
Shiga, Japan) and an Applied Biosystems 7500 Se-
quence Detection System. Normalized mRNA abun-
dance was determined with the comparative delta 
threshold cycle method and with GAPDH mRNA as 
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the invariant control. The sequences of PCR primers 
are listed in Supplementary Table S1. 

Statistical analysis 
Quantitative data are presented as means ± SD 

from at least three independent experiments and were 
analyzed by two-tailed Student’s t test. For statistical 
analysis for multiple comparisons, means between 
groups were performed using one-way ANOVA 
analysis with Microsoft 2010 Excel program. A P val-
ue of <0.05 was considered statistically significant. 

Results 
M-CSF and RANKL mediate distinct cell fates 
in association with differential activation of 
shared MAPK signaling 

M-CSF and RANKL have previously been 
shown to be essential for proliferation of osteoclast 
precursors and for the differentiation of these cells 
into TRAP–positive multinucleated giant osteoclasts, 
respectively [14-16, 20]. We first confirmed that 
M-CSF and RANKL induce different cell fates in two 
types of mouse osteoclast precursors: transformed 
RAW264.7 cells, which can proliferate without M-CSF 
treatment and differentiate into osteoclasts in re-
sponse to RANKL treatment alone, and bone mar-
row–derived monocytes (BMMs), whose proliferation 
is dependent on M-CSF treatment and differentiation 
into osteoclasts is triggered by treatment with both 
M-CSF and RANKL (Fig. 1A and B). The combined 
results using RAW264.7 cells and BMMs showed that 
M-CSF and RANKL are mainly responsible for osteo-
clast precursor proliferation and osteoclast differenti-
ation in cell fate decisions, respectively. All subse-
quent experiments were performed with BMMs as 
osteoclast precursors unless indicated otherwise. 
M-CSF and RANKL each induced activation of the 
MAPKs ERK, p38, and JNK in osteoclast precursors in 
a concentration-dependent manner (Fig. 1C). The 
maximal activation of each MAPK was apparent at a 
lower molar concentration of M-CSF (molecular mass 
of 16 kDa) relative to that of RANKL (molecular mass 
of 50 kDa), suggesting that MAPK signaling is more 
sensitive to M-CSF than to RANKL. We also analyzed 
MAPK activation using various concentrations of 
M-CSF or RANKL at different stages of osteoclast 
differentiation (Supplementary Fig. S1). Examination 
of the time course of MAPK phosphorylation in oste-
oclast precursors exposed to M-CSF or RANKL at 
these various concentrations revealed that (i) ERK 
activation induced by M-CSF was more marked and 
sustained than that induced by RANKL, (ii) the extent 
and duration of p38 activation induced by RANKL 
were greater than for that induced by M-CSF, and (iii) 

JNK activation induced by M-CSF was more promi-
nent and persistent than that induced by RANKL, and 
M-CSF preferentially targeted JNK1 rather than JNK2 
or JNK3 whereas RANKL showed no such preference 
(Fig. 1D). Similar differences between the effects of the 
two stimuli were also apparent in pre-osteoclasts and 
mature osteoclasts (Supplementary Fig. S2). In addi-
tion, M-CSF activated Akt but not NF-κB signaling in 
osteoclast precursors, whereas RANKL activated 
NF-κB signaling as evidenced by the phosphorylation 
and degradation of the NF-κB inhibitor IκBα but not 
Akt in these cells. Further, we observed that activation 
of MAPK upstream activators MAPK kinases (MKKs) 
such as MEK1/2, MKK3/6, and MKK4 and 7 (re-
sponsible for activation of ERK, p38, and JNK, re-
spectively) by M-CSF or RANKL differed in terms of 
extent, duration, and isoform specificity (Supple-
mental Fig. S3). These data thus showed that, alt-
hough M-CSF and RANKL each activate MKK and 
MAPK signaling in osteoclast precursors, their effects 
differ in terms of the levels and time course of ERK, 
p38, and JNK phosphorylation. 

 

Differences in the long-term effects of M-CSF 
and RANKL on MAPK activation as well as in 
the effects of restimulation 

We next examined in more detail the kinetics of 
MAPK activation by M-CSF or RANKL in relation to 
those of cell fate determination in osteoclast precur-
sors. In general, M-CSF had an immediate effect (5 to 
20 min) on MAPK phosphorylation, whereas RANKL 
induced both an immediate activation (5 to 20 min) 
and a delayed activation (8 to 24 hours) (Fig. 2). The 
timing of this secondary response to RANKL coin-
cided with the initiation of differentiation induced by 
the combination of M-CSF and RANKL, as evaluated 
by detection of TRAP+ mononuclear cells and gene 
expression for osteoclastogenic markers, including 
TRAP, NFATc1, NF-κB, and AP-1, ATPv0d2, cathep-
sin K (CathK), carbonic anhydrase II (CAII), and ma-
trix metalloproteinase-9 (MMP9) (Supplementary Fig. 
S4). We next explored the effects of restimulation with 
M-CSF or RANKL on MAPK activation at 2 h after the 
initial stimulation, when MAPK phosphorylation had 
returned to basal levels. Whereas the effects of res-
timulation with M-CSF on MAPK activation were 
similar to those of the initial stimulation, the effects of 
restimulation with RANKL were less pronounced 
than those of the initial stimulation (Fig. 3). These 
results suggested that osteoclast precursors remain 
refractory to a second stimulation with RANKL for a 
longer period than they do to a second stimulation 
with M-CSF. 
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Figure 1. MAPK activation by M-CSF or RANKL in osteoclast precursors. (A) RAW264.7 cells and BMMs as osteoclast precursors were treated with M-CSF (30 ng/mL) or 
RANKL (100 ng/mL) as indicated for 2 days, after which cell proliferation was evaluated with the MTT assay or by cell counting. Data between groups were analyzed by one-way 
ANOVA comparison from a representative experiment run in triplicate. *P < 0.01. (B) RAW264.7 cells and BMMs as osteoclast precursors were cultured in the presence of 
M-CSF (30 ng/mL) or RANKL (100 ng/mL) as indicated for 4 days, after which the cells were stained for TRAP and the number of TRAP-positive multinucleated cells (TRAP+ 
MNCs) with more than three nuclei was counted. Data are means ± SD (n = 3) for three independent experiments. ND, none detected. Representative images of the stained cells 
are also shown. Scale bar, 100 µm. (C) Osteoclast precursors (BMMs) were treated with various concentrations of M-CSF or RANKL for 10 min, after which cell lysates were 
prepared and subjected to immunoblot analysis with antibodies to total or phosphorylated (p-) forms of the MAPKs ERK, p38, and JNK. The blots were also subjected to 
densitometric analysis for determination of each p-MAPK/MAPK ratio. The quantitative data are means ± SD (n = 3) of three independent experiments with similar results. 
Overall P value for fold induction by M-CSF or RANKL stimuli compared to unstimulated control is < 0.05 (Student t test). (D) Osteoclast precursors (BMMs) were treated with 
M-CSF (25 ng/mL) or RANKL (500 ng/mL) for the indicated times, after which cell lysates were subjected to immunoblot analysis with antibodies to total or phosphorylated 
forms of MAPKs, Akt, and IκBα as well as to β-actin (loading control). The gel images are representative of three independent experiments. 
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Figure 2. Kinetics of MAPK activation during long-term treatment of osteoclast precursors with M-CSF or RANKL. (A and B) Osteoclast precursors were stimulated with 
M-CSF at 1 ng/mL (A) or RANKL at 100 ng/mL (B) for the indicated times, after which cell lysates were subjected to immunoblot analysis of MAPK activation. The blots were also 
subjected to densitometric analysis for determination of each p-MAPK/MAPK ratio. The quantitative data are means ± SD (n = 3) for three independent experiments with similar 
results. *P < 0.01 and †P < 0.05 versus unstimulated control (Student t test). 

 
Figure 3. Effects of restimulation of osteoclast precursors with M-CSF or RANKL on MAPK activation. (A and B) Osteoclast precursors were treated with M-CSF (M) at 25 
ng/mL (A) or RANKL (R) at 500 ng/mL (B) for 2 hours and then restimulated with M-CSF (25 ng/mL) or RANKL (500 ng/mL) for 5 or 10 min, as indicated. Cell lysates were then 
subjected to immunoblot analysis of MAPK activation. The blots were also subjected to densitometric analysis for determination of each p-MAPK/MAPK ratio. The quantitative 
data between groups were analyzed by one-way ANOVA comparison. *P < 0.01. 
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Cross talk between M-CSF and RANKL sig-
naling at the receptor level 

To investigate further the difference in the sensi-
tivity of osteoclast precursors to restimulation with 
M-CSF or RANKL, we examined the effects of these 
ligands on the corresponding receptors. The abun-
dance of the M-CSF receptor (c-Fms), a mem-
brane-targeted receptor tyrosine kinase, underwent a 
transient decrease in both whole cell lysates and a 
membrane fraction in response to M-CSF exposure, 
having returned to basal levels by 8 hours (Fig. 4A 
and B). M-CSF had no effect on the abundance of 
c-Fms mRNA during this period (Supplementary Fig. 
S5). In contrast, M-CSF increased expression at both 
mRNA and protein levels of the RANKL receptor 
(RANK) (Fig. 4A and B), which is localized to the 
plasma membrane of both osteoclast precursors and 
mature osteoclasts [21]. Exposure of osteoclast pre-
cursors to RANKL increased the abundance of both 
c-Fms and RANK in both whole cell lysates and a 
membrane fraction (Fig. 4A and B) as well as in-
creased the amounts of the corresponding mRNAs 
(Supplementary Fig. S5). We also examined the sta-
bility of c-Fms and RANK in osteoclast precursors by 
blocking de novo protein synthesis with cyclo-

heximide. c-Fms was rapidly degraded on exposure of 
the cells to cycloheximide in the absence or presence 
of M-CSF (Supplementary Fig. S6A), whereas the 
abundance of RANK was little affected by cyclo-
heximide in the absence or presence of RANKL (Sup-
plementary Fig. S6B), suggesting that RANK is more 
stable than c-Fms. 

TRAF6 deficiency prevents osteoclast differ-
entiation by inhibiting RANKL-induced activa-
tion of p38 and down-regulating osteoclasto-
genic transcription factors 

TRAF6 (tumor necrosis factor recep-
tor–associated factor 6) functions as an adapter mol-
ecule for the intracellular region of RANK and medi-
ates osteoclastogenic signaling downstream of the 
RANKL-RANK axis [22-24]. To certify the functional 
role of TRAF6 in osteoclastogenesis, we analyzed os-
teoclast formation, MAPK activation, and osteoclas-
togenic signaling pathways in TRAF6-deficient osteo-
clast precursors. TRAF6-deficient (TRAF6–/–) osteo-
clast precursors thus failed to form osteoclasts in re-
sponse to stimulation with RANKL and M-CSF (Fig. 
5A), whereas they still showed a proliferative re-
sponse to M-CSF alone (Fig. 5B).  

 

 
Figure 4. Effects of M-CSF and RANKL on the expression of c-Fms and RANK. (A and B) Osteoclast precursors were treated with M-CSF (25 ng/mL) or RANKL (500 ng/mL) 
for the indicated times, after which whole cell lysates (A) or a membrane fraction derived therefrom (B) were subjected to immunoblot analysis with antibodies to c-Fms and to 
RANK as well as with those to β-actin and to flotillin-2 as loading controls. The blots were also subjected to densitometric analysis for determination of c-Fms or RANK 
abundance. The quantitative data are means ± SD (n = 3) of three independent experiments with similar results. *P < 0.01 and †P < 0.05 versus unstimulated control (Student t 
test). 
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Of note, RANKL-induced p38 activation was not 
apparent in TRAF6–/– cells, whereas RANKL-induced 
activation of ERK and JNK as well as M-CSF–induced 
activation of ERK, p38, and JNK appeared to be un-
affected by the loss of TRAF6 (Fig. 5C). Examination 
of signaling downstream of MAPK activation re-
vealed that expression of NFATc1 and c-Fos (a com-
ponent of AP-1) was down-regulated in the TRAF6–/– 
cells (Fig. 5D), and that the nuclear import of NFATc1, 
c-Fos, and the p65 subunit of NF-κB induced by 
RANKL was blocked in the absence of TRAF6 (Fig. 
5E). M-CSF did not induce the nuclear translocation of 

these osteoclastogenic transcription factors in 
wild-type or TRAF6–/– cells. The nuclear import of 
activated MAPKs did not appear to differ between 
wild-type osteoclast precursors stimulated with 
RANKL and those stimulated with M-CSF (Supple-
mentary Fig. S7). These results thus indicate that 
RANKL activates p38 signaling via TRAF6 in osteo-
clast precursors, and that such signaling maintains the 
expression and triggers the nuclear translocation of 
osteoclastogenic transcription factors, resulting in a 
shift in cell fate from M-CSF–dependent proliferation 
toward RANKL-dependent osteoclast differentiation. 

 

 
Figure 5. TRAF6-dependent activation of p38 by RANKL. (A) Osteoclast precursors from wild-type (WT) or TRAF6–/– mice were cultured in the presence of M-CSF (30 ng/mL) 
either alone or together with RANKL (100 ng/mL) for 4 days, after which the proportion of TRAP+ MNCs was determined. Data are means ± SD for three independent 
experiments. ND, none detected. Representative images of the stained cells are also shown. Scale bar, 100 µm. (B) Osteoclast precursors from WT or TRAF6–/– mice were 
incubated with or without M-CSF (30 ng/mL) for 2 days, after which the number of cells was counted. Data are expressed as a percentage of the corresponding control value and 
are means ± SD (n = 3) for three independent experiments. *P < 0.01 (Student t test). (C) Osteoclast precursors from WT or TRAF6–/– mice were incubated with M-CSF (25 
ng/mL) or RANKL (500 ng/mL) for the indicated times, after which cell lysates were subjected to immunoblot analysis of MAPK activation. Data are representative of three 
independent experiments. (D) Osteoclast precursors from WT or TRAF6–/– mice were incubated with M-CSF (30 ng/mL) alone or together with RANKL (100 ng/mL) for the 
indicated times, after which cell lysates were subjected to immunoblot analysis of NFATc1, p65, and c-Fos. Data are representative of three independent experiments. (E) 
Osteoclast precursors from WT or TRAF6–/– mice were incubated with M-CSF (30 ng/mL) and RANKL (100 ng/mL) for 2 days (to allow the formation of TRAP+ mononuclear 
cells), deprived of M-CSF and RANKL for 6 h, and then stimulated with M-CSF (25 ng/mL) or RANKL (500 ng/mL) for the indicated times. Cytosolic and nuclear fractions were 
then prepared from the cells and subjected to immunoblot analysis of NFATc1, p65, and c-Fos. β-Actin and TFIIB were examined as loading controls. The gel images for C, D, 
and E are representative of three independent experiments. 

 

Discussion 
MAPKs play an essential role in the transduction 

of extracellular stimuli into intracellular responses 
and thereby contribute to the regulation of diverse 
cellular activities including gene expression, cell cycle 
progression, metabolism, motility, survival, apopto-
sis, and differentiation [1, 25]. We showed that osteo-
clast precursors display differential patterns of MAPK 
activation by M-CSF or RANKL and thereby may be 

involved in cell fate decisions in terms of proliferation 
or differentiation. Activation of MAPKs by M-CSF or 
RANKL thus differed in terms of the extent and du-
ration of ERK, p38, and JNK phosphorylation as well 
as the selective phosphorylation of JNK isoforms; the 
activation of MAPKs via the M-CSF–c-Fms axis oc-
curred at lower molar concentrations of ligand com-
pared with that induced by RANKL-RANK; RANKL 
induced a second phase of MAPK activation coinci-
dent with the onset of osteoclast differentiation, 
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whereas M-CSF exhibited only an initial phase of such 
activation; activation of p38 by RANKL was de-
pendent on TRAF6 recruitment to the cytoplasmic tail 
of RANK; and osteoclast fate was determined by dif-
ferential gene expression and nuclear import of oste-
oclastogenic factors that function downstream of 
MAPK activation. Our results thus suggest that the 
switch from proliferation to differentiation in osteo-
clast precursors is dependent on sustained activation 
of p38 via the RANKL-RANK-TRAF6 axis. Interest-
ingly, TGF-β has been reported to induce p38 signal-
ing in human and mouse monocytes, playing a role in 
promoting the osteoclastogenesis [26-28]. It is possible 
that TGF-β may contribute to osteoclast differentia-
tion through p38 activation, as was the case in the 
RANKL. 

Cells manifest numerous signaling responses to 
external stimuli, and they adopt different fates de-
pending on the signaling networks and genetic pro-
grams activated [29-31]. Our results regarding 
M-CSF–induced osteoclast precursor proliferation 
and RANKL-dependent osteoclast differentiation are 
consistent with this notion. The M-CSF receptor 
(c-Fms) is synthesized as a 130-kDa precursor in the 
endoplasmic reticulum, processed to yield a 165-kDa 
mature form by posttranslational modification, and 
then targeted to the plasma membrane [32]. Mature 
c-Fms comprises an extracellular domain that binds 
M-CSF, a hydrophobic transmembrane domain, and 
an intracellular domain that mediates activation of 
downstream signaling. On binding of M-CSF, c-Fms 
forms a homodimer and undergoes transphosphory-
lation at a specific tyrosine residue in its intracellular 
domain, resulting in the recruitment of Src homology 
2 (SH2) domain–containing signaling proteins such as 
Src family kinases, Grb2, phosphatidylinositol 
3-kinase, Mona, phospholipase C (PLC), c-Cbl, and 
STAT1 [15, 33, 34] as well as activation of downstream 
signals such as MAPKs, Akt, and STAT3 [35, 36]. The 
M-CSF–c-Fms axis thereby induces differentiation of 
monocytes into macrophages and regulates their sur-
vival and proliferation [13, 15, 20]. Macrophage oste-
oclast precursors undergo further differentiation into 
mature osteoclasts in response to RANKL stimulation. 
Interaction of RANKL with the extracellular domain 
of RANK induces the assembly of a RANK homotri-
mer and the recruitment of TRAF adapter proteins (in 
particular, TRAF6), c-Src, and Gab2 to the cytoplasmic 
tail of the receptor. Such recruitment triggers the ac-
tivation of numerous downstream signaling mole-
cules including PTK2, c-Cbl, protein kinase C, phos-
phatidylinositol 3-kinase, Akt, Rho/Rac GTPases, and 
MAPKs as well as that of the 
Syk-PLC-Ca2+-calcineurin-NFATc1 and IKK–IκB–NF- 
κB pathways [14, 16]. Such signaling leads to changes 

in the expression of RANKL-targeted osteoclastogenic 
genes including those for TRAP, αvβ3 integrin, oste-
opontin, OSCAR, and NFATc1, which in turn support 
pre-osteoclast migration, cell-cell contact, and cell 
fusion to form multinucleated mature osteoclasts [37]. 
MAPK activation by M-CSF or RANKL has previ-
ously been found to play essential roles in osteoclast 
precursor survival and proliferation and in osteoclast 
differentiation, respectively [14-16]. It is also reported 
that three isoforms of JNK, JNK1 and JNK2/3 (corre-
sponding to phospho-p46 band and phospho-p54 
band, respectively), can be specifically activated in 
response to extracellular stimuli [38, 39]. Our findings 
support that differential preference of JNK isoforms 
by M-CSF or RANKL stimulation may affect their 
downstream signal molecules during osteoclast pro-
liferation and differentiation. Collectively, differences 
in the pattern of MAPK activation and the differential 
regulation of signaling molecules that function up-
stream or downstream of MAPKs have been thought 
to determine the transition between osteoclast pre-
cursor proliferation and osteoclast differentiation. 

The specificity of MAPK activation is thought to 
be determined at several levels including the conti-
nuity and intensity of the activating signal, the direct 
interaction of MAPKs with scaffold proteins, the dif-
ferential subcellular localization of MAPK isoforms, 
cross talk between MAPKs, interplay between 
MAPKs and other signal transducers, and posttrans-
lational modification [1, 40]. Our results not only 
support such previous findings but also emphasize a 
role for resensitization of MAPKs and the subcellular 
localization of MAPK-modulating factors. The bind-
ing of M-CSF to the extracellular region of c-Fms 
eventually leads to degradation of the receptor medi-
ated both by lysosomal digestion of internalized vesi-
cles and by the ubiquitin-proteasome system [41-44]. 
Indeed, we observed that M-CSF stimulation induced 
rapid degradation of c-Fms, with the abundance of 
the receptor having been restored by 8 hours after 
M-CSF binding. This down-regulation of c-Fms is 
thought to attenuate M-CSF signaling. Of note, the 
ability of M-CSF restimulation to activate MAPKs was 
fully restored at 2 hours after the initial stimulation 
(that is, at the time of maximal c-Fms 
down-regulation) whereas that of RANKL restimula-
tion was not, even though the abundance of RANK 
was unchanged at this time. The c-Fms levels may be 
sufficient to support normal levels of signaling even 
when the receptor levels are reduced by 50%. Alter-
natively, TRAF6 may be involved in 
RANKL-restimulated MAPK desensitization. When 
analyzing whether or not binding of RANKL to its 
receptor RANK differentially recruits TRAF6 during 
the first and second stimulation of RANKL, treatment 
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with M-CSF or RANKL did not affect expression of 
TRAF6 (Supplementary Fig. S8A). Initial binding of 
RANKL to RANK transiently recruited TRAF6 in os-
cillatory mode, whereas TRAF6 during the second 
RANKL stimulation persistently interacted with 
RANK with no oscillation (Supplementary Fig. S8B), 
suggesting that oscillatory recruitment of TRAF6 by 
RANK may mediate RANKL-induced MAPK res-
timulation. 

The EGF-induced proliferation of PC12 cells can 
be tilted toward neuronal differentiation by switching 
from transient to sustained activation of ERK [9]. This 
PC12 cell fate decision is determined by changes to 
sequential events including ERK interactions, nuclear 
localization of ERK, and phosphorylation of tran-
scription factors. Furthermore, activation of p38 as a 
result of ERK inhibition was previously shown to ac-
celerate osteoclast formation [19]. We have now found 
that long-lasting activation of p38 by 
RANKL-RANK-TRAF6 signaling gives rise to 
up-regulation of osteoclastogenic transcription factors 
and promotes osteoclast differentiation. Further 
studies are now warranted to provide insight into 
dynamic changes in the interactions of p38 with other 
proteins during osteoclast differentiation. Together, 
these observations suggest that changes in the dura-
tion and extent of MAPK activity are able to deter-
mine cell fate. 

Our findings suggest that osteoclast precursor 
proliferation is achieved by M-CSF–induced activa-
tion of MAPKs and that osteoclast differentiation is 
regulated by a more persistent biphasic activation of 
MAPKs by RANKL, with that of p38 playing a 
prominent role and being mediated by a 
RANKL-RANK-TRAF6 axis. This pathway for p38 
activation is thus a potential therapeutic target for 
osteoporotic bone defects due to increased osteoclast 
formation and activation. Regulatory factors linked to 
p38 signaling have previously been proposed as 
therapeutic targets for rheumatoid arthritis [45]. The 
distinct patterns of MAPK signaling induced by 
M-CSF and by RANKL in osteoclast precursors sup-
port a role for MAPKs in cell fate determination. 

Supplementary Material 
Supplementary Figures and Table. 
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