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Osteoclasts originated from hematopoietic stem cells are
multi-nucleated cells that can resorb the bone matrix. Re-
ceptor activator of nuclear factor kappa-B (RANK)/RANK
ligand (RANKL) signaling pathway is crucial for the differ-
entiation and activation of osteoclasts. In this study, we in-
vestigated for the first time whether or not RANKL induced
mitogen- and stress-activated kinase 1 (MSK1) phosphory-
lation at Ser 376. Activation of MSK1 was detected as soon
as 5 min after RANKL stimulation and sparsely detected
at 30 min after stimulation. RANKL-induced MSK1 phos-
phorylation occurred in a dose-dependent manner. MSK1
is known as a downstream signaling molecule of cAMP-
dependent protein kinase (PKA). Treatment with the PKA
inhibitor H89 significantly suppressed c-Fos and nuclear
factor of activated T-cells, cytoplasmic 1 (NFATc1) induc-
tion upon RANKL stimulation. In addition, cAMP response
element-binding protein (CREB) phosphorylation was
extremely inhibited by H89 treatment. Mitogen-activated
protein kinases (MAPKSs) have been investigated for induc-
tion of MSK1 phosphorylation. Specific signaling pathway
inhibitors for p38 and extracellular signal-regulated kinases
(ERKS) significantly blocked RANKL-induced MSK1 acti-
vation. Finally, as a downstream effector of the p38-MSK1
pathway, c-Fos transcriptional activity was determined.
RANKL-mediated elevation of c-Fos transcriptional activ-
ity was significantly suppressed by p38 inhibitor. Moreover,
a dominant negative form of CREB suppressed activation
of NFATcl. In conclusion, RANKL-stimulated MSK1
phosphorylation could play a role in induction of NFATc1
through CREB and c-Fos activation as a downstream mol-
ecule of p38, ERK MAPKSs, and PKA. Our results support
basic information for the development of osteoclast specific
inhibitors.
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Introduction

Bone is dynamic tissue that continuously synthesizes
and destructs its own matrix by osteoblasts and osteo-
clasts, respectively [1, 2]. Bone resorption by osteoclasts
is majorly regulated by two cytokines, macrophage/
monocyte-colony forming factor (M-CSF) and recep-
tor activator of nuclear factor kappa B ligand (RANKL)
[3, 4]. Osteoclasts are differentiated from hematopoietic
stem cells, particularly monocyte and macrophage lin-
eage cells [3]. Binding of RANKL to its receptor, RANK,
is known to trigger osteoclastogenesis [3]. RANK mainly
activates mitogen-activated protein kinases (MAPKs;
ERK, p38, and JNK)) and nuclear factor kappa-B (NF«kB)
[5, 6]. In addition, calcium-mediated calmodulin-depen-
dent kinase (CaMK) signaling is one of the most criti-
cal signaling pathways for inducing nuclear factor of
activated T-cells, cytoplasmic 1 (NFATcl) expression
through c-Fos, Fral, Fra2, and cAMP-response element
(CRE)-binding protein (CREB) [7, 8]. Cyclic adenosine
3’, 5’-monophosphate (cAMP) has been shown to induce
target gene expression through activation of cAMP-de-
pendent protein kinase (PKA) [9]. Up-regulation of the
intracellular cAMP level can stimulate PKA-mediated
CREB phosphorylation [10]. In addition, cAMP can
evoke CREB phosphorylation through the p38-mediated
mitogen- and stress-activated kinase 1 (MSK1) pathway
[10].

MSKI1 is a serine/threonine kinase that is stimulated
by multiple extracellular molecules such as epidermal
growth factor, TPA, and UV [11]. As up-stream kinas-
es, PKA and MAPKSs stimulate MSK1 phosphorylation.
MSKI1 has two kinase domains in its C- and N-terminal
regions [11]. Further, Ser 360 and Thr 581 in MSK1
are phosphorylation sites for ERK and p38 [12]. Addi-
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tional auto-phosphorylation sites in MSK1 include Ser
212, Ser 376, Ser 381, Ser 750, Ser 752, and Ser 758
[9]. MSK1 can also activate various downstream tran-
scriptional factors, including CREB, ATF1, ATF2, p65,
and STAT3 [11, 13, 14]. Although activation triggers and
down-stream signaling pathways of MSK 1 have been in-
vestigated, RANKL-induced MSK1 phosphorylation is
not well known. In the present study, we demonstrated
that MSK1 (Ser 376) was significantly phosphorylated
by RANKL and might play a role in NFATc!1 induction
through CREB and c-Fos.

Materials and Methods
Materials

Recombinant M-CSF and RANKL were from Peprot-
ech (London, UK). Antibodies against pMSK1 (Ser376),
ATF2, pCREB (Ser133), and c-Fos were from Cell
Signaling Technology (Cambridge, MA, USA). Anti-
NFATcl was from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Anti-B-actin was from Sigma-Aldrich
(St. Louis, MO, USA). H89, SB203580, U0126, and
PD98059 were obtained from Calbiochem (San Diego,
CA, USA). CCK assay was from Dojindo (Kumamoto,
Japan). Lipofectamine 2000 was from Invitrogen (Carls-
bad, CA, USA). Luciferase system was from Promega
(Madison, WI).

Cell culture

Bone marrow-derived macrophages (BMMs) were pre-
pared as described previously [15]. For RANKL stimu-
lation, BMMs were serum-starved for 5 hours. RANKL
(500 ng/mL or an increasing dose) were applied to serum-
free media for the indicated time. For signaling inhibitor
experiments, BMMs were pre-treated with each inhibitor
for the last 30 min of the serum starvation period and
stimulated with RANKL (500 ng/mL) in the presence of
inhibitors.

Western blotting

Cells were lysed with whole cell lysis buffer [SO mM
Tris-HCI (pH 8.0), 150 mM NacCl, 1% NP40, 0.5% sodi-
um deoxycholate, 0.1% SDS] with proteinase and phos-
phatase inhibitors. Cell lysates were subjected to Western
blotting as described previously [15].

CCK assay

Bone marrow macrophages were cultured with M-CSF
(30 ng/mL) plus RANKL (150 ng/mL) in the presence of
increasing doses of H89. After 24 hours of incubation,
10% CCK solution was added to the cell culture media.
The absorbance at 450 nm was detected by an ELISA
reader after 30 min of incubation.

Luciferase assay

RAW264.7 cells were transfected with c-Fos lucifer-
ase construct in serum-free DMEM. After culturing with
DMEM containing 10% FBS for 24 hours, cells were
incubated with SB203580 (1 uM and 10 uM) in the ab-
sence or presence of RANKL for another 12 hours. Cells
were then lysed with Glo lysis buffer. Luciferase activity
was detected using a FLUOstar OPTIMA luminometer
from BMG Labtech (Offenburg, German), after which
the concentration of protein in each sample was normal-
ized.

Retrovirus infection

Recombinant retroviral vectors harboring a dominant
negative form of CREB were kindly provided by Dr.
Takayanagi H. from Tokyo Medical and Dental Univer-
sity. Plat-E cells were used for virus packaging, and in-
fection procedure was performed as described previously

[6].

Statistics

Student’s # test was performed to determine significant
differences between absence and presence of inhibitor
(Fig. 2A) as well as between RANKL-treated sample and
RANKL plus inhibitor-treated sample (Fig. 4A). Differ-
ence with P<0.01 was regarded as significant.

Results

BMMs started to undergo differentiation into osteo-
clasts upon RANKL stimulation [6]. RANKL has been
shown to activate various signaling pathways, including
TRAF-mediated MAPKs, NF«B, and calcium-mediated
CamK signaling [6, 16]. MSK1 is a known downstream
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Fig. 1. Phosphorylation of MSK1 at Ser 376 was detected
by RANKL stimulation. (A) Serum-starved BMMs were
stimulated with RANKL for the indicated time. pMSK1 (Ser
376) was detected by Western blotting. B-actin was used as a
loading control. (B) Serum-starved BMMs were stimulated
with an increasing dose of RANKL for 15 min. pMSK1 (Ser
376) was examined by Western blotting. B-actin was used as a
loading control.
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effector molecule of PKA and MAPKs but has been rare-
ly investigated regarding its role in RANKL-stimulated
osteoclast precursor cells, especially BMMs. Although
MSKI1 phosphorylation at Thr 581 has been shown to
play a role in bone destruction under RANKL-stimulated
conditions [16], we instead focused on phosphorylation
of MSK1 at Ser 376 by RANKL in BMMs. MSK1 ac-
tivation was initiated at 5 min after RANKL stimula-
tion and was sparsely detected after 30 min (Fig. 1A).
When BMMs were stimulated with an increasing dose of
RANKL for 15 min, MSK1 phosphorylation at Ser 376
was detected at the lowest dose (100 ng/mL of RANKL).
Activation of MSK1 occurred in a dose-dependent man-
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Fig. 2. PKA inhibitor H89 significantly inhibited NFATc1
and c-Fos induction by RANKL and suppressed ATF2 and
CREB activation. (A) BMMs were cultured with M-CSF plus
RANKL in the presence of an increasing dose of H89. After 24
hours, CCK assay was performed. The graph shows the optical
density measured at 450 nm by an ELISA reader. *, P<0.01
versus non-inhibitor-treated sample. All data represent at least
three independent experiments. (B) BMMs were cultured with
M-CSF plus RANKL in the presence of an increasing dose
of H89. Cell lysates were subjected to Western blotting for
detection of NFATc1 and c-Fos induction. f-actin was used as
a loading control. (C) Serum-starved BMMs were stimulated
with RANKL for the indicated time in the presence of H89.
H89 was pre-treated for the last 30 min of serum starvation.
Phosphorylation of AFT2, CREB, and ATF1 were detected by
Western blotting. B-actin was used as a loading control.

ner (Fig. 1B). Since MSK1 phosphorylation at Ser 376
was shown to be required for kinase activity together
with Thr 581 phosphorylation, RANKL-mediated acti-
vation of MSK1 at Ser 376 might regulate N-terminal
auto-phosphorylation of MSK1 [12].

PKA is known to be activated by intracellular cAMP [9].
In addition, PKA directly stimulates CREB phosphoryla-
tion and indirectly mediates p38/MSK1 signaling [10].
Thus, we determined whether or not blockade of PKA
by the chemical inhibitor H89 affects RANKL-mediated
NFATcl and c-Fos activation of ATF2 and CREB (Ser
133). An increasing dose of H89 was examined for its
toxicity by CCK assay. The maximum dose of H89 used
in this study was 20 uM. BMMs treated with H89 in the
presence of RANKL for 24 hours showed significantly
reduced RANKL-induced NFATc1 and c-Fos expression
(Fig. 2B). Moreover, H89-treated BMMs showed low
levels of RANKL-stimulated ATF2 and CREB (Ser 133)
phosphorylation (Fig. 2C). PKA, which acts upstream of
MSK1, participated in RANKL-induced NFATc!1 and c-
Fos expression by regulation of ATF2 and CREB activa-
tion.

MAPK can act as an upstream kinase of MSK1 [12].
Thus, we investigated whether or not RANKL-induced
MSK1 phosphorylation at Ser 376 is mediated by MAPK
activation. For this, serum-deprived BMMs were stimu-
lated with RANKL in the presence of increasing doses
of p38 and ERK inhibitors. As shown in Figs. 3A-3C,
phosphorylation of MSK1 at Ser 376 was suppressed by
inhibitors. Next, to determine whether or not the final
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Fig. 3. MSK1 activation at Ser 376 was mediated by p38 and
ERK MAPK signaling pathways. (A-C) Serum-deprived BMMs
were stimulated with 500 ng/mL of RANKL for 15 min in the
presence of an increasing dose of p38 inhibitor (SB203580)
and ERK inhibitors (U0126 and PD98059). Phosphorylation
of MSK1 (Ser 376) was measured by Western blotting. -actin
was used as a loading control.



38 Jeongim Ha et al.

transcription factor in MSK1 signaling is c-Fos, we per-
formed reporter assay with c-Fos luciferase vector. Since
p38 was shown to affect MSK 1 phosphorylation, we used
p38 inhibitor to block p38-mediated MSK1 signaling. In
our results, RANKL-induced luciferase activity was sig-
nificantly reduced by treatment with p38 inhibitor (Fig.
4A). CREB is a crucial transcription factor for NFATc1
induction upon RANKL stimulation. In addition, we ob-
served that CREB activation increased RANKL stimula-
tion and was inhibited by H89 treatment. Therefore, we
examined whether or not the dominant negative form of
CREB (DN-CREB) could abolish NFATc1 induction by
RANKL stimulation. As shown in Fig. 4B, NFATc1 in-
duction was reduced by DN-CREB.

Discussion

RANKL is a crucial cytokine that can promote osteo-
clast differentiation [6]. As another crucial cytokine for
osteoclast differentiation, M-CSF promotes expression
of RANK, the receptor for RANKL, in osteoclast precur-
sors such as BMMSs [17]. Therefore, binding of RANKL
to RANK initiates the differentiation of osteoclast pre-
cursors into mature osteoclasts [3]. RANKL-RANK sig-
naling provokes various intracellular signaling molecules
such as MAPKs, NK«kB, and CaMK, all of which mediate
induction of ¢-Fos and NFATc1, which are key transcrip-
tional factors of osteoclastogenesis [6, 9]. In addition,
CREB is known to induce NFATc1 expression. CREB is
phosphorylated at Ser 133 by PKA, which promotes re-
cruitment of co-activator proteins CBP and p300. MSK1
activates CREB phosphorylation at Ser 133 in response
to activation of MAPK signaling, although MSK1 does

not promote strong recruitment of CBP or p300 [18]. In
this regard, MSK1 acts as a downstream signaling mol-
ecule of both PKA and MAPK. In the present study, we
showed that c-Fos and NFATcl induction by RANKL
was significantly suppressed by PKA inhibitor. In ad-
dition, activation of MSK1 was modulated by MAPKs,
especially p38 and ERK. Finally, c-Fos transcriptional
activity was regulated by p38 inhibitor, and the dominant
negative form of CREB suppressed NFATc1 induction by
RANKL.

MSK1 is phosphorylated by active ERK and p38 to
promote kinase catalytic activity in response to multiple
stimuli [12]. MSK1 then phosphorylates downstream
substrates such as CREB, ATF1, and p65 subunit of
NF«B as well as histone H3 [19, 20]. MAPK-mediated
MSK1 phosphorylation occurs at Ser 360 and Thr 581
[21]. A previous report detected activation of MSK1 at
Thr 581 by RANKL stimulation in osteoclast precursors,
and MSK1 regulates osteoclastogenesis together with
bone destruction effect in vivo [16]. In the present study,
we have for the first time observed MSK1 phosphory-
lation at Ser 376 upon RANKL stimulation. RANKL-
induced MSK1 activation at Ser 376 and Thr 581 was
also mediated by p38 and ERK. MSK1, as a downstream
kinase of p38 and PKA, regulated c-Fos and NFATc]1 in-
duction by RANKL through CREB and c-Fos.

In conclusion, we showed that RANKL-induced MSK 1
activation at Ser 376 could potentially promote c-Fos and
NFATc1 induction upon CREB activation. In this regard,
MSKI1 could be an intermediator in osteoclastogenesis.
Although other studies on site-specific mutagenesis of
RANKUL-induced activation sites and the role of MSK1
in vivo should be performed, MSK1 can be an important
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Fig. 4. Transcriptional activity of c-Fos was regulated by p38 and CREB primarily during NFATcl induction by RANKL. (A)
RAW264.7 cells were transfected with luciferase vector harboring c-Fos promoter. RANKL and SB203580 (1 uM and 10 pM) were
treated for the last 12 hours of incubation. Luciferase activity normalized with protein concentration is presented in the graph. *, P<0.01
versus RANKL-stimulated sample. All data represent at least three independent experiments. (B) BMMs were infected with retrovirus
of dominant negative CREB. Cells were stimulated with RANKL for 24 hours. Induction of NFATc1 by RANKL was determined by
Western blotting. B-actin was used as a loading control.
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regulator in osteoclast differentiation. This study pro-
vides fundamental information for an anti-bone destruc-
tion drug design.

Acknowledgements

This work was supported by grants from the Priority
Research Centers Program (no. 2011-0022965) through
the National Research Foundation of Korea (NRF) fund-
ed by the Ministry of Education, Science and Technolo-
gy, from the Export Promotion Technology Development
Program (no. 313012-05) of Ministry of Food, Agricul-
ture, Forestry and Fisheries, Republic of Korea.

ORCID
Chul Wook Kim, http://orcid.org/0000-0002-1456-6449

References

1. Corral DA, Amling M, Priemel M, Loyer E, Fuchs S,
Ducy P, Baron R, Karsenty G. Dissociation between
bone resorption and bone formation in osteopenic trans-
genic mice. Proc Natl Acad Sci USA 1998;95:13835-
13840.

2. Hadjidakis DJ, Androulakis II. Bone remodeling. Ann
N'Y Acad Sci 2006;1092:385-396.

3. Boyle WJ, Simonet WS, Lacey DL. Osteoclast differ-
entiation and activation. Nature 2003;423:337-342.

4. Takayanagi H, Kim S, Matsuo K, Suzuki H, Suzuki T,
Sato K, Yokochi T, Oda H, Nakamura K, Ida N, Wagner
EF, Taniguchi T. RANKL maintains bone homeostasis
through c-Fos-dependent induction of interferon-beta.
Nature 2002;416:744-749.

5. Chang EJ, Ha J, Huang H, Kim HJ, Woo JH, Lee Y,
Lee ZH, Kim JH, Kim HH. The JNK-dependent CaMK
pathway restrains the reversion of committed cells dur-
ing osteoclast differentiation. J Cell Sci 2008;121:2555-
2564.

6. Huang H, Ryu J, Ha J, Chang EJ, Kim HJ, Kim HM,
Kitamura T, Lee ZH, Kim HH. Osteoclast differentia-
tion requires TAK1 and MKK6 for NFATc1 induction
and NF-kappaB transactivation by RANKL. Cell Death
Differ 2006;13:1879-1891.

7. Sato K, Suematsu A, Nakashima T, Takemoto-Kimura
S, Aoki K, Morishita Y, Asahara H, Ohya K, Yamaguchi
A, Takai T, Kodama T, Chatila TA, Bito H, Takayanagi
H. Regulation of osteoclast differentiation and function
by the CaMK-CREB pathway. Nat Med 2006;12:1410-
1416.

8. Whitmarsh AJ, Davis RJ. Transcription factor AP-1
regulation by mitogen-activated protein kinase signal
transduction pathways. J] Mol Med (Berl) 1996;74:589-
607.

9. Lee YS, Kim YS, Lee SY, Kim GH, Kim BJ, Lee SH,
Lee KU, Kim GS, Kim SW, Koh JM. AMP kinase acts
as a negative regulator of RANKL in the differentiation
of osteoclasts. Bone 2010;47:926-937.

10. Delghandi MP, Johannessen M, Moens U. The cAMP
signalling pathway activates CREB through PKA, p38
and MSK1 in NIH 3T3 cells. Cell Signal 2005;17:1343-
1351.

11. Chang EJ, Kim HJ, Ha J, Kim HJ, Ryu J, Park KH,
Kim UH, Lee ZH, Kim HM, Fisher DE, Kim HH. Hy-
aluronan inhibits osteoclast differentiation via Toll-like
receptor 4. J Cell Sci 2007;120:166-176.

12. McCoy CE, Campbell DG, Deak M, Bloomberg GB,
Arthur JS. MSKI1 activity is controlled by multiple
phosphorylation sites. Biochem J 2005;387:507-517.

13. Wiggin GR, Soloaga A, Foster JM, Murray-Tait V, Co-
hen P, Arthur JS. MSK1 and MSK2 are required for the
mitogen- and stress-induced phosphorylation of CREB
and ATF1 in fibroblasts. Mol Cell Biol 2002;22:2871-
2881.

14. Germain D, Frank DA. Targeting the cytoplasmic and
nuclear functions of signal transducers and activators
of transcription 3 for cancer therapy. Clin Cancer Res
2007;13:5665-5669.

15. Ha J, Choi HS, Lee Y, Lee ZH, Kim HH. Caffeic acid
phenethyl ester inhibits osteoclastogenesis by suppress-
ing NF kappaB and downregulating NFATc1 and c-Fos.
Int Immunopharmacol 2009;9:774-780.

16. Ha J, Kim HJ, Huang H, Lee ZH, Kim HH. Mitogen-
and stress-activated protein kinase 1 activates osteo-
clastogenesis in vitro and affects bone destruction in
vivo. ] Mol Med (Berl) 2013;91:977-987.

17. Hayashi S, Yamane T, Miyamoto A, Hemmi H, Tagaya
H, Tanio Y, Kanda H, Yamazaki H, Kunisada T. Com-
mitment and differentiation of stem cells to the osteo-
clast lineage. Biochem Cell Biol 1998;76:911-922.

18. Nagqvi S, Martin KJ, Arthur JS. CREB phosphorylation
at Ser133 regulates transcription via distinct mecha-
nisms downstream of cAMP and MAPK signalling.
Biochem J 2014;458:469-479.

19. Vanden Berghe W, Vermeulen L, Delerive P, De Boss-
cher K, Staels B, Haegeman G. A paradigm for gene
regulation: inflammation, NF-kappaB and PPAR. Adv
Exp Med Biol 2003;544:181-196.

20. Shimada M, Nakadai T, Fukuda A, Hisatake K. cAMP-
response element-binding protein (CREB) controls
MSK1-mediated phosphorylation of histone H3 at the
c-fos promoter in vitro. J Biol Chem 2010;285:9390-
9401.

21. McCoy CE, macdonald A, Morrice NA, Campbell DG,
Deak M, Toth R, Mcllrath J, Arthur JS. Identification of
novel phosphorylation sites in MSK1 by precursor ion
scanning MS. Biochem J 2007;402:491-501.



	제목없음
	Introduction
	Materials and Methods
	Materials
	Cell culture
	Western blotting
	CCK assay
	Luciferase assay
	Retrovirus infection
	Statistics

	Results
	Discussion
	Acknowledgements
	ORCID
	References

