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Background: Macrophage-stimulating protein (MSP; also known as macrophage stimu-
lating 1 and hepatocyte growth factor-like protein) has been shown to play a crucial role 
in calcium homeostasis and skeletal mineralization in zebrafish. However, the precise 
role of MSP in osteoblasts has not been elucidated. In this study, we investigated the ef-
fect of MSP on osteoblast differentiation of pre-osteoblast cells. Methods: Osteoblast 
differentiation upon MSP treatment was evaluated by analyzing the osteogenic gene 
expression, alkaline phosphatase (ALP) activity, and mineralized nodule formation. To 
assess changes in the MSP-RON signaling pathway, knockdown of Ron gene was per-
formed using siRNA and pharmacological inhibitor treatment. Results: Expression of the 
tyrosine kinase receptor RON, a receptor of MSP, was found to be significantly increased 
during osteoblast differentiation. MSP treatment significantly upregulated the expres-
sion of osteogenic marker genes and remarkably increased ALP activity and mineralized 
nodule formation. Conversely, knockdown of Ron significantly attenuated the expres-
sion of osteogenic marker genes and ALP activity that were induced upon MSP treat-
ment. Mechanistically, MSP treatment significantly enhanced the phosphorylation of 
extracellular signal-regulated kinase (ERK); however, additional treatment with the se-
lective ERK inhibitor PD98059 attenuated the effect of MSP on osteoblast differentiation. 
Conclusions: Altogether, these results indicate that the MSP-RON axis is involved in pro-
moting osteoblast differentiation via activation of the ERK signaling pathway.

Key Words: Cell differentiation · Extracellular signal-regulated MAP kinases · Macro-
phage stimulating protein · Osteoblasts · Recepteur d'Origine Nantais

INTRODUCTION 

Bone mass is regulated by a balance between bone-forming osteoblasts and 
bone-resorbing osteoclasts.[1] Osteoclasts originate from hematopoietic cells of 
the macrophage/monocyte lineage, while osteoblast precursors are derived from 
mesenchymal stem cells (MSCs) that commit and differentiate into osteoblast, ad-
ipocytes, and chondrocytes.[2] Numerous signaling pathways within osteoblasts/
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osteoclasts or intercellular cross-talk maintain homeosta-
sis, including osteoblastogenesis and osteoclastogenesis. 
An imbalance between osteoblast and osteoclast activity 
results in skeletal abnormalities, such as osteoporosis.[3] 
Therefore, bone disease drug development has focused on 
identifying specific regulatory signaling molecules.[4] 

Macrophage-stimulating protein (MSP; also known as 
macrophage stimulating 1 (MST1) and hepatocyte growth 
factor (HGF)-like protein) is an 80-kDa serum protein that is 
synthesized in the liver and is secreted as a biologically in-
active pro-MSP with plasma concentrations around 2-5 nM 
(about 160-400 ng/mL),[5] which is then cleaved by serum 
protease to form active protein.[6,7] Thus, MSP has a chance 
to meet various cells via blood stream and exhibits multi-
ple biological effects. The receptor RON (MST1R, also known 
as STK) is a transmembrane tyrosine kinase that belongs to 
the HGF receptor family.[8] RON is a receptor for MSP that 
induces various physiological processes of macrophages 
and epithelial cells, such as cell spreading and chemotactic 
migration.[9] After binding to MSP, RON is activated by au-
tophosphorylation of its kinase catalytic domain, leading 
to an array of pleiotropic effects, including tumor progres-
sion, adhesion, proliferation, and apoptosis.[9-11]

Mitogen-activated protein kinases (MAPKs) belong to a 
family of proteins that consists of 3 family members: c-JUN 
N-terminal kinase (JNK), p38-MAPK, and extracellular sig-
nal-regulated kinase (ERK1/2).[12] MAPK pathways are es-
sential for bone homeostasis, mediating the response to a 
wide range of extracellular ligands relevant to osteoblast 
activity, such as bone morphogenetic proteins (BMPs), wing-
less-related integration site proteins, insulin-like growth 
factor (IGF), and fibroblast growth factors (FGFs).[13-15] In 
particular, ERK phosphorylates a range of substrates criti-
cal to osteoblast differentiation, and the MSP-RON axis me-
diates cellular responses through the ERK pathway.[16,17] 
MSP-RON signaling plays an important role in calcium ho-
meostasis and skeletal mineralization in zebrafish.[18] More-
over, MSP activates the RON receptor on osteoclasts and 
facilitates bone resorption in mammals.[19,20] However, 
the role of the MSP-RON axis in osteoblast differentiation 
has not been identified. Specifically, the signaling pathway 
by which MSP regulates skeletal mineralization remains 
unknown. This study explored the effects of MSP on osteo-
blast differentiation and the underlining signaling path-
ways.

METHODS

1. Materials
Recombinant mouse MSP was purchased from R&D Sys-

tems (Minneapolis, MN, USA). Recombinant human BMP2 
protein was obtained from Cowellmedi (Busan, Korea). For 
the MAPK inhibition assay, the mitogen-activated protein 
kinase (MEK)1/2 inhibitor (PD98059) was purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Molecular biology-grade 
reagents were purchased from Sigma-Aldrich unless stated 
otherwise.

2. Tissue isolation
C57BL/6J mouse pups (Damool Science, Daejeon, Korea) 

were sacrificed at post-natal day 0. Bone, liver, and testis 
tissues were aseptically isolated from 3 pups. Each tissue 
was pooled for gene expression analysis. All protocols were 
reviewed and approved by the Animal Use and Care Com-
mittee of Chonnam National University (CNU IACUC-YB- 
2017-73).

3. Cell cultures
The murine MSC lineage C3H10T1/2 was purchased from 

the American Type Culture Collection (Manassas, VA, USA), 
and maintained in Dulbecco’s modified Eagle’s medium 
(Gibco/Thermo Fisher Scientific, Waltham, MA, USA) con-
taining 10% fetal bovine serum (FBS; Gibco/Thermo Fisher 
Scientific) with 100 U/mL penicillin and 100 µg/mL strep-
tomycin (Gibco/Thermo Fisher Scientific) under a humidi-
fied atmospheric condition of 5% CO2 at 37°C. Mouse bone 
marrow stromal cells (BMSCs) were isolated from the tibias 
and femurs of 8-week-old C57BL/6J mice, and maintained 
as previously described.[21] Primary calvarial cells were pre-
pared from newborn mice by sequential collagenase di-
gestion, and maintained as previously described.[22] BM-
SCs and primary calvarial cells were cultured in α-minimal 
essential medium (α-MEM; Gibco/Thermo Fisher Scientific) 
supplemented with 10% FBS, 100 U/mL penicillin, and 100 
µg/mL streptomycin. To induce osteoblast differentiation, 
cells were cultured in an osteogenic medium containing 
ascorbic acid (AA; 50 µg/mL) and β-glycerophosphate (β-
GP; 5 mM) in the presence or absence of MSP (100 µg/mL). 
Osteogenic medium was replaced every 3 days. 
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4. RNA extraction and reverse transcription-
polymerase chain reaction (RT-PCR) analysis

Total cellular RNA was prepared using the TRIzol reagent 
(Invitrogen; Thermo Fisher Scientific, lnc., Waltham, MA, 
USA), according to the manufacturer’s instructions. Reverse 
transcription was performed using a cDNA synthesis kit 
(iNtRON Biotechnology, Seoul, Korea). Conventional RT-
PCR was performed using 0.8 mg of total RNA. Each reac-
tion consisted of an initial denaturation at 94°C for 1 min 
followed by 3-step cycling: denaturation at 94°C for 30 sec, 
annealing at a temperature optimized for each primer pair 
for 30 sec, and extension at 72°C for 30 sec. After the requi-
site number of cycles (25-27 cycles), the reactions under-
went a final extension at 72°C for 5 min. For quantitative 
comparison, quantitative RT-PCR (qRT-PCR) was performed 
using the SYBR Green kit (Invitrogen; Thermo Fisher Scien-
tific, Inc.) in an ABI Prism 7000 sequence detection system 
(ABI, Abilene, TX, USA). The reaction conditions comprised 
a 3 min denaturation step at 95°C for 3 min, followed by 40 
cycles of 95°C for 30 sec, 55°C for 20 sec, and 60°C for 20 
sec. After amplification, melting curve analysis was per-
formed. Samples were normalized to β-actin expression. 
Sense and antisense primers were as follows: Ron: (forward, 
5´-CTCTCCAGTGCCATCCATTT-3´; reverse 5´-ACGGAGACCT-
GCTTCATTTC-3´), alkaline phosphatase (Alp): (forward, 
5´-ATCTTTGGTCTGGCTCCCAT-3´; reverse 5´-TTTCCC-
GTTCACCGTCCAC-3´), osteocalcin (Ocn): (forward, 5´-GCA-
ATAAGGTAGTGAACAGACTC-3´; reverse, 5´-GTTTGTAGGCG-
GTCTTCAAGC-3´), bone sialoprotein (Bsp): (forward 5´-TTT-
CCCGTTCACCGTCCAC-3´; reverse 5´-ATCTTTGGTCTGGCT-
CCCATG-3´, osterix (Osx): (forward 5´-GTCAAGAGTCTTAGC-
CAAACTC-3´; reverse 5´-AAATGATGTGAGGCCAGATGG-3´), 
and β-actin: (sense, 5´-ACTGCTGCGACTCTG-3´; reverse, 5´- 
TGATGGCGAGAACAG-3´).

5. Small interfering RNA (siRNA) against Ron 
and transfection 

To knockdown expression of the RON receptor, an RNA 
interference method was employed. AccuTargetTM genome-
wide predesigned Ron-specific siRNA (#19882-1) and Ac-
cuTarget negative control siRNA were purchased from Bi-
oneer (Daejeon, Korea). Cells were transfected with Ron-
siRNA or control siRNA using the Lipofectamine RNAiMAX 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.), accord-
ing to the manufacturer’s instructions.

6. Western blot analysis
Cells were rinsed with ice-cold phosphate buffered sa-

line (PBS) and lysed with lysis buffer containing 50 mM 
Tris-HCl (pH 7.4), 150 mM NaCl, 1% Triton X-100, 0.1% so-
dium dodecyl sulfate (SDS), 0.5 mM ethylenediaminetet-
raacetic acid, 10% glycerol, and protease and phosphatase 
inhibitors. After centrifugation at 13,000 rpm for 15 min at 
4°C, protein concentrations in the supernatants were de-
termined using a DC Protein Assay Kit (Bio-Rad, Hercules, 
CA, USA), and 20 μg of the total proteins was separated by 
SDS–polyacrylamide gel electrophoresis and transferred to 
a polyvinylidene difluoride membranes (Millipore, Billerica, 
MA, USA). Membranes were blocked with 5% skim milk and 
incubated with anti-RON (sc-374626), anti-OSX (sc-22536), 
and anti-β-actin antibodies (sc-4778) (Santa Cruz Biotech-
nology, Dallas, TX, USA), or anti-ERK1/2 (#9102), anti-phos-
pho-ERK1/2 (#9101), anti-p38 (#9212), anti-phospho-p38 
(#9211), anti-Smad1 (#9743), and anti-phospho-Smad1/5/9 
(#13820) antibodies (Cell Signaling Technology, Danvers, 
MA, USA), followed by incubation with horseradish peroxi-
dase-conjugated secondary antibodies (Thermo Fisher 
Scientific, Inc.). Signals were visualized using an enhanced 
chemiluminescence reagent (Millipore) in a LAS-4000 lu-
mino-image analyzer system (Fujifilm, Tokyo, Japan). Blot-
ting results are representative of 3 independent experi-
ments.

7. Cell proliferation 
Proliferation of cells cultured in the presence or absence 

of MSP was measured using the water-soluble tetrazolium-
based assay kit (WST-1; Dojindo Laboratories, Kumamoto, 
Japan), according to the manufacturer’s instructions. Brief-
ly, cells were plated at a density of 2.5×103 cells/well in a 
96-well microplate. Exogenous MSP was added to the mi-
croplate wells at the following concentrations; 25, 50, or 
100 ng/mL, and incubated for 2 or 3 days at 37°C. After as-
piration of the culture medium, α-MEM medium contain-
ing 10% FBS was placed into each well and 10 µL of the 
WST-1 reagent was added. Cells were incubated at 37°C for 
1 hr, and the absorbance at 450 nm of the samples was 
measured using a multiplate reader spectrophotometer 
(Thermo Fisher Scientific, Inc.).

8. ALP activity assay
Cells were cultured in an osteogenic medium as described 
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Fig. 1. Expression levels of macrophage-stimulating protein (MSP) and the RON receptor during osteoblast differentiation. (A, B) Expression pro-
files of MSP and its receptor RON mRNA in bone, liver, and testis, bone marrow stromal cells (BMSC), calvarial pre-osteoblasts (primary OB) from 
mice. Reverse transcription-polymerase chain reaction (RT-PCR) (A) and quantitative RT-PCR (qRT-PCR) (B) analyses were performed. Results are 
expressed with fold changes compared to the levels of the genes in BMSCs. (C, D) Changes in RON mRNA expression during osteoblast differen-
tiation. Primary calvarial pre-osteoblasts were cultured with osteogenic medium, containing ascorbic acid (AA, 50 μg/mL) and β-glycerophosphate 
(β-GP, 5 mM) (C), or bone morphogenetic protein 2 (BMP2; 200 ng/mL) (D). At the indicated time points, total RNA was harvested, and then RT-
PCR (left panel) and qRT-PCR (right 3 panels) were performed. Results of the qRT-PCR analysis are expressed as fold change over the control 
group. *P<0.05. (E) RON protein expression was evaluated using Western blotting analysis with an anti-RON antibody in AA-and β-GP-treated 
cells. β-actin expression is used as a loading control. Ocn, osteocalcin. 

A B

C

D

E

above. For ALP staining, cells were fixed in 4% paraformal-
dehyde for 10 min at room temperature, washed with PBS, 

and stained with 5-bromo-4-chloro-3-indolyl-phosphate/
nitro blue tetrazolium solution (Sigma-Aldrich) for 20 min. 
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For quantitative determination of ALP activity, cultured cells 
were washed with PBS and lysed with 0.1% Triton X-100 in 
10 mM Tris-HCl (pH 9.0) and then incubated with p-nitro-

phenyl phosphate as a substrate. The absorbance was de-
termined at 405 nm. ALP activity was normalized to the 
amount of total protein.

A
B

C D

E F

Fig. 2. Macrophage-stimulating protein (MSP) treatment stimulates osteoblastic differentiation in primary pre-osteoblasts. (A, B) Effect of MSP 
treatment on alkaline phosphatase (Alp) activity. Primary pre-osteoblasts were cultured with MSP (25-100 ng/mL) in osteogenic medium, contain-
ing ascorbic acid (AA) (50 μg/mL) and β-glycerophosphate (β-GP) (5 mM) for 9 days. The cells were subjected to analyzing ALP staining analysis (A) 
and quantitative ALP activity (B). *P<0.05 vs. control. (C, D) Effect of MSP treatment on expression of osteoblast specific genes. Cells were cul-
tured with MSP (25-100 ng/mL) for 6 days. Total RNA was isolated, and reverse transcription polymerase chain reaction (RT-PCR) or quantitative 
RT-PCR (qRT-PCR) was performed with ALP, osteocalcin (Ocn), bone sialoprotein (Bsp) primers. Their relative expression is calculated after normal-
ization to the levels of β-actin. *P<0.05 vs. control. (E) Effect of MSP treatment on the expression of osterix (Osx). Cells were cultured with MSP 
(100 ng/mL) for 3 days. RT-PCR (upper panel) and Western blotting analyses (lower panel) were performed. (F) Effect of MSP on proliferation of 
primary pre-osteoblasts. The cells were cultured with MSP (25-100 ng/mL) for 2 and 3 days, and cell proliferation was evaluated using WST-1 as-
say reagents. ns, not significant. 
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9. Alizarin red staining (AR-S) 
Cells were washed with PBS, fixed with 70% ethanol, and 

treated with a 40 mM AR-S solution (pH 4.2) for 10 min to 
visualize calcium deposits. The stained cultures were pho-
tographed, and the AR-S was then extracted using 10% (w/
v) cetylpyridinium chloride in 10 mM sodium phosphate 
(pH 7.0) for quantification. AR-S concentrations were com-
pared by measuring the absorbance of the samples at 540 
nm on a multiplate reader spectrophotometer (Thermo 
Fisher Scientific, Inc.).

10. Statistical analysis
All data were analyzed using Prism 5 statistical software 

(GraphPad, La Jolla, CA, USA), and values are expressed as 
the mean±standard deviation (SD) of triplicate indepen-
dent samples. Differences between groups were evaluated 
using one-way analysis of variance (ANOVA) followed by 
Tukey post hoc test. P values less than 0.05 were consid-

ered statistically significant. 

RESULTS

1. Expression of the RON receptor increases in 
the process of osteoblast differentiation

To understand whether the MSP-RON signaling axis might 
play a role in osteoblast differentiation, the expression pro-
file of MSP and its receptor RON in bone tissue, primary 
BMSCs, and primary calvarial-derived pre-osteoblasts were 
investigated using both RT-PCR and qRT-PCR analyses (Fig. 
1A, B). Msp mRNA expression was very low in bone tissue, 
BMSCs, and primary pre-osteoblasts, while Msp was highly 
expressed in the liver. Ron was highly expressed in bone 
tissue, moderately expressed in primary pre-osteoblasts, 
and showed very low expression in BMSCs. Tissues of the 
testis was used as a positive control. 

Next, we examined changes in RON expression during 

Fig. 3. Macrophage-stimulating protein (MSP) enhanced bone morphogenetic protein 2 (BMP2)-induced osteoblast differentiation and calcium 
deposition. (A) Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) of primary osteoblasts were treated with MSP (100 ng/mL) 
in the presence or absence of BMP2 (50 ng/mL) for 3 days. (B) Alkaline phosphatase (Alp) staining of cells were treated with MSP or/and BMP2 
for 5 days, as described above. (C) After 9 days, the cells were stained with alizarin red staining solution. To quantify calcium deposition, the 
stained samples were treated with 10% cetylpyridinium chloride, and the absorbance of the eluting solution was measured at 540 nm using a 
spectrophotometer. *P<0.05. 

A

B

C
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osteoblastic differentiation of primary pre-osteoblasts fol-
lowing ascorbic acid/β-GP or BMP2 stimulation. Both os-
teogenic stimuli significantly increased Ron mRNA expres-

sion, along with the increased of Alp and Ocn expression 
(Fig. 1C, D). Treatment of ascorbic acid/β-GP consistently 
also increased RON protein expression (Fig. 1E). These re-

Fig. 4. Macrophage-stimulating protein (MSP) may stimulate osteoblast differentiation via the RON receptor in the mesenchymal lineage C3H10T1/2 
cells. (A) Effects of MSP on osteoblast-specific gene expression in C3H10T1/2 cells. Cells were cultured with MSP (100 ng/mL) for 3 or 9 days. 
Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed with alkaline phosphatase (Alp), osteocalcin (Ocn), and 
osterix (Osx) primers. (B) Effects of MSP on ALP activity. C3H10T1/2 cells were cultured in an osteogenic medium in the absence or presence of 
MSP (+:50 and ++:100 ng/mL). After 10 days, the cells were subjected to ALP staining (upper panel) and ALP activity was quantified (lower panel). 
(C) Effects of MSP on calcium deposition. C3H10T1/2 cells were cultured as described above. After 3 weeks, the cell cultures were stained with 
alizarin red solution (upper panel). For quantitative analysis, the stained samples were treated with 10% cetylpyridinium chloride solution, and 
absorbance was measured by spectrophotometry (lower panel). (D) Effects of si-RON on MSP-induced gene expression. C3H10T1/2 cells were 
transfected with si-RON (50 nM) or control siRNA, and then MSP (100 ng/mL) was added. After 48 hr, cells were harvested, and qRT-PCR analysis 
was performed. *P<0.05 vs. control. 

A

C

D

B
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Fig. 5. Extracellular signal-regulated kinase (ERK) signaling pathway mediates macrophage-stimulating protein (MSP)-induced osteoblast differ-
entiation. (A) Western blot analysis using the indicated antibodies shows effects of MSP on several signaling molecules. C3H10T1/2 cells were 
treated with MSP (100 ng/mL) in non-osteogenic medium for the indicated time. Relative levels of phosphorylation of ERK1/2, p38, and Smad1/5/9 
are expressed as the ratio of phosphorylated forms to total protein levels normalized to untreated control. (B) Effects of the ERK inhibitor, PD98059, 
on MSP induction of calcium deposition. Cells were pre-treated with the PD98059 (10 μM) in osteogenic medium, and then MSP (100 ng/mL) was 
added. After 21 days, the cells were stained with alizarin red solution (left panel). To quantify calcium deposition, the stained samples were re-
acted with 10% cetylpyridinium chloride, and the absorbance of elution solution was measured by spectrophotometry (right panel). Each bar shows 
3 independent experiments. *P<0.05 vs. control. (C) Effects of an ERK specific inhibitor on MSP-treated gene expression. Cells were pre-treated 
with the ERK1/2 specific inhibitor PD98059 (10 μM) in osteogenic medium, and then MSP (100 ng/mL) was added. After 7 days, cells were har-
vested and quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed. Alp, alkaline phosphatase; Ocn, osteocalcin; 
Osx, osterix.

A

B

C

sults suggest that the MSP-RON signaling pathway might 
be involved in osteoblast differentiation.

2. MSP treatment increases osteoblast-specific 
gene expression and mineralization 

To decipher the effects of the MSP-RON pathway on os-
teoblast differentiation, primary pre-osteoblasts were cul-
tured in the absence or presence of recombinant MSP (25, 
50, and 100 ng/mL) and then tested for ALP activity and 
osteoblast-specific gene expressions. MSP treatment for 7 
days dose-dependently increased ALP enzyme activity (Fig. 
2A, B). Consistently, MSP treatment significantly increased 
Alp, Ocn, and Bsp mRNA expression (Fig. 2C, D). In addition, 
100 ng/mL of MSP enhanced mRNA and protein levels of 
the osteoblast-specific transcription factor OSX in primary 
pre-osteoblasts (Fig. 2E). However, use of less than 100 ng/
mL of MSP did not affect cell proliferation of primary pre-
osteoblasts (Fig. 2F).

We next examined whether the addition of MSP, along 

with BMP2 treatment, could potentiate BMP2-induced os-
teoblast differentiation. Combined treatment of BMP2 and 
MSP further increased expression of Alp, Ocn, and Osx, and 
also increased ALP activity and calcium deposits, compared 
to treatment of each alone (Fig. 3A-C). These results sug-
gest MSP might enhance BMP2-downstream signaling path-
ways and subsequent osteoblast differentiation. 

3. RON receptor-mediated MSP signaling 
enhances osteogenic differentiation 

To understand the involvement of the RON receptor in 
MSP-treated osteoblast differentiation, a silencing experi-
ment using Ron-specific siRNA (si-Ron) was performed. Be-
cause primary pre-osteoblasts exhibited very low transfec-
tion efficiency of si-Ron (data not shown), the silencing ex-
periment was performed using C3H10T1/2 cells. As observed 
in case of primary pre-osteoblasts, C3H10T1/2 cells stimu-
lated with MSP also showed increased expression of Alp, 
Ocn, and Osx (Fig. 4A), increased ALP enzyme activity (Fig. 

PD98059
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4B), and increased calcium deposits (Fig. 4C). However, 
MSP-mediated Alp and Ocn gene expression were signifi-
cantly suppressed in Ron-silenced cells (Fig. 4D). These re-
sults suggest that the MSP-RON signaling axis might have 
a stimulatory role in osteoblast differentiation. 

 
4. MSP treatment enhances osteoblast 

differentiation with the increased of ERK 
phosphorylation 

The RON receptor tyrosine kinase activates numerous in-
tracellular signaling pathway, including MAPK/ERK and 
β-catenin. For example, MSP activation of RON phosphory-
lates ribosomal S6 kinase-2 and MAPK/ERK to induce epi-
thelial-mesenchymal transition in Madin-Darby canine 
kidney (MDCK) cells expressing RON.[17,23] MAPK signal-
ing pathways also play an important role in cytokine/re-
ceptor-mediated osteoblast differentiation.[24,25] There-
fore, we examined whether MSP could modulate osteo-
blast differentiation through MAPK signaling pathways. 
Western blot analysis showed that MSP treatment enhanced 
the phosphorylation of ERK1/2 and Smad1/5/9, but not 
p38 (Fig. 5A). In addition, pre-treatment with the ERK-spe-
cific inhibitor PD98059 significantly inhibited the MSP-in-
duced calcium deposition (Fig. 5B). Consistent with these 
results, the gene expression of Alp, Ocn, and Osx with MSP 
exposure was attenuated by PD98059 pretreatment (Fig. 
5C). These results suggest that MSP might stimulate the 
osteoblast differentiation, at least in part, via the ERK sig-
naling pathway. 

DISCUSSION

In this study, MSP was identified as a novel factor involved 
in osteoblast differentiation. The expression of the RON re-
ceptor, a tyrosine kinase receptor for MSP, was increased 
during osteoblast differentiation of pre-osteoblast cells, 
and MSP treatment dose-dependently stimulated osteo-
blast-specific gene expression and calcium deposition by 
activating the ERK pathway. Furthermore, the combination 
of MSP with BMP2 further increased osteoblast differentia-
tion more than single treatment with each alone. From 
these findings, we hypothesized that the MSP-RON axis 
had a stimulatory role in osteoblast differentiation.

The RON receptor is highly expressed in bone tissue, es-
pecially in mature osteoclasts and in pre-osteoclast cells 

during differentiation, whereas MSP is not detected in bone 
tissue.[19,20,26,27] We confirmed that Msp and Ron expres-
sion patterns were consistent with previous reports; Msp 
was only detected in liver tissue and Ron expression was 
high in bone tissue. Since the RON receptor has not been 
detected in osteoblasts,[19] research has been focused on 
the role of RON in osteoclast function. This study provides 
the first evidence of the osteogenic function of RON by 
demonstrating that the expression of RON receptors was 
increased during osteoblast differentiation, and when MSP 
was present, osteoblast differentiation was promoted. MSP 
is mainly synthesized and secreted in liver tissue, but it is 
overexpressed in certain cancer types associated with bone 
metastasis.[19,28,29] To date, the role of the MSP-RON axis 
has been recognized as an important causative factor in 
inducing bone destruction by activating osteoclasts when 
cancer cells overexpressing MSP reside in bone tissue.[8, 
19,20] Combining our findings with this fact, we suggest 
that not only bone resorption by osteoclasts but also bone 
formation by osteoblasts can be operated simultaneously 
under bone metastasis conditions. We surmise that the 
operation of MSP-RON axis in both cell types is an intrinsic 
mechanism of bone tissue for maintaining bone homeo-
stasis. In a normal condition, the bone continuously under-
goes remodeling by the process that bone-resorbing os-
teoclasts excavate bone and bone-depositing osteoblasts 
synthesize osteoid matrix that forms new bone, with no 
net gain or loss of bone. However, in the case of bone me-
tastasis, this bone homeostasis is disrupted due to an out-
of-balance between osteoclasts and osteoblasts actions. 
Here, we are speculating that this imbalance may be caused 
by the superiority of operation of the MSP-RON axis in os-
teoclasts at some point in the development of bone me-
tastasis cancer. Based on this study, we believe that the 
proposed method targeting for RON inhibition to control 
bone destruction could lead to affect osteoblasts functions 
in bone microenvironment. Relevant research has recently 
been reported to support our concern. Osteoblasts stimu-
lated by breast cancer cells that are metastasized to bone 
can inhibit the proliferation of cancer cells in the bone mi-
croenvironment depending on the stage of the bone me-
tastasis.[30] Combined, we surmise that MSP-RON-osteo-
blasts actions have the potential to act as a mechanism to 
inhibit cancer progression as well as maintain bone homeo-
stasis through osteoid matrix synthesis in the early stage 
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of bone metastasis. Therefore, we would like to suggest 
that reconsideration and careful attention to therapeutic 
strategies using RON receptors as therapeutic targets are 
required to control bone destruction in bone metastasis.

MSP is a growth factor-like protein that has multiple bio-
logical roles, such as cell proliferation and differentiation, 
although the responses are dependent on the cell type 
and/or the expression of RON.[18] MSP treatment upregu-
lated genes responsible for the bone formation process, 
while MSP treatment did not affect cell proliferation of pre-
osteoblasts. Thus, MSP might stimulate osteoblasts to be 
mature and function by accelerating osteogenic gene ex-
pression, but not increase the osteoblast number.

Various extracellular stimuli, such as BMP2 and FGF2, 
stimulate osteoblast differentiation of uncommitted mes-
enchymal precursors and matrix mineralization via activat-
ing the ERK signaling pathway.[31-33] MSP also activates 
the ERK signaling pathway through the activation of the 
RON receptor in MDCK cells.[17] As demonstrated in this 
study, the MSP-RON axis activated the ERK signaling path-
way in osteogenic progenitor cells and inhibition of ERK 
with PD98059 significantly decreased MSP-induced matrix 
mineralization and expression of osteoblastic marker gene. 
Together with the effect of silencing of the RON receptor 
during MSP-induced osteogenic gene expression, these 
findings suggest that the MSP-RON-ERK signaling pathway 
might be a newly discovered mechanism responsible for 
regulating osteoblast differentiation. Activation of the ERK 
signaling pathway promotes osteogenesis through the di-
rect regulation of the stability and transcriptional activity 
of OSX.[31] OSX is a zinc-finger domain-containing tran-
scription factor that regulates osteogenesis and bone for-
mation.[34] This study also showed that MSP stimulation 
robustly increased OSX expression, and ERK inhibition with 
PD98059 significantly decreased the expression of the tran-
scription factor Osx. These results suggested that MSP might 
stimulate osteoblast differentiation via ERK-OSX signal trans-
duction, but further studies are needed to determine the 
direct relevance of MSP regulation of OSX expression and 
activity.

To date, RON has been reported as the only receptor for 
MSP. Despite the fact that MSP and HGF are highly homol-
ogous in sequence and structure, MSP and HGF signals to 
RON and c-MET, respectively.[35] The HGF-c-MET axis plays 
a negative role in osteoblast differentiation, and overex-

pression of c-MET is known to be associated with osteosar-
coma,[36] implying that MSP and HGF exert opposite ef-
fects on osteoblasts. To our knowledge, it has not been ex-
amined whether MSP can substitute for HGF or whether 
MSP-RON and HGF-c-MET signaling separately contributes 
to ERK activation in in pre-osteoblast cells. Previously, our 
study has revealed that inhibition of c-MET potentiates os-
teogenic differentiation of precursor cells [37]; this suggests 
the possibility that the MSP-RON and HGF-c-MET axes may 
have a distinctly different role in pre-osteoblast cells. It was 
found that single MSP treatment acutely increased Smad1/ 
5/9 phosphorylation, as well as ERK phosphorylation. ERK-
mediated phosphorylation of Smad1 inhibits Smad1 activ-
ity,[38] raising the question of what the actual active state 
of Smad1-mediated signaling under MSP-treated condi-
tions is. Moreover, the mechanism of how MSP treatment 
induces Smad1 phosphorylation is questionable. Given 
that Smad1 phosphorylation is induced by BMP2-activated 
BMP receptor, further experiments are needed to examine 
whether MSP affects induction of BMP2 expression or may 
directly stimulate BMP receptors. Related to this issue, it 
was shown that treatment of MSP further activated BMP2-
induced osteogenic differentiation, which was likely to be 
an additive effect, not a synergistic effect. These results im-
plied that MSP might affect Smad1 signaling independent-
ly of BMP2. Thus, future work will be needed to further un-
derstand the signaling mechanism of MSP in pre-osteo-
blast cells. 

The limitations of this study are that the anabolic effects 
of MSP and its cellular mechanism were investigated only 
in the culture of osteoblasts, without understanding the 
physiologic role of MSP in animal studies. In other studies, 
global Msp-deficient mice have been found to be viable 
and fertile, with no apparent growth defects at birth.[39] 
However, mutation in the gene encoding MSP (Mst1) causes 
a phenotype of delayed skeletal mineralization in zebraf-
ish.[18] Thus, to better understand the role of MSP in bone 
metabolism in animal models, extensive studies are need-
ed further. 

Several reports have suggested decreased bone forma-
tion as a critical mechanism of osteoporosis in liver disease.
[40] Patients with cirrhosis and osteoporosis showed low 
levels of IGF and reduced bone formation,[41] implying 
that this might be the result of decreased osteoblast func-
tion. Given that MSP is mainly expressed in the liver and 
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the potential role of MSP on osteoblast differentiation, it is 
possible that MSP may contribute to bone reduction in pa-
tients with liver disease. To our knowledge, however, there 
are no reports showing decreased MSP expression in these 
liver diseases. Although the expression of MSP is increased 
in human hepatocellular carcinoma,[42] no studies have 
been conducted on the effect of MSP on bone in liver can-
cer to date. Thus, we believe that the study on MSP-RON 
signaling in liver disease will provide insight into the treat-
ment of liver disease-related bone disorders.
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