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Abstract. The periodontal ligament (PDL) is a fibrous connec-
tive tissue located between the tooth root and the alveolar 
bone. We previously demonstrated that a single cell-derived 
culture of primarily cultured PDL fibroblasts has the potential 
to construct an endothelial cell (EC) marker-positive blood 
vessel-like structure, suggesting that the fibroblastic lineage 
cells in ligament tissue could act as the endothelial progenitor 
cells (EPCs), which regenerate to construct a vascular system 
around the damaged ligament tissue. Moreover, we showed 
that EPC-like fibroblasts expressed not only EC markers 
but also smooth muscle cell (SMC) markers. Generally, an 
interaction between ECs and SMCs regulates blood vessel 
development and remodeling, and is required for the forma-
tion of a mature and functional vascular network. However, 
the mechanism underlying the SMC differentiation of the 
ligament-derived EPC-like fibroblasts remains to be clarified. 
In this study, we showed that suppression of fibroblast growth 
factor 1 (FGF-1)-induced extracellular signal-regulated kinase 
1/2 (ERK1/2) signaling with the MAPK/ERK kinase (MEK) 
inhibitor U0126 completely abolished the FGF-1-induced 
proliferation of the ligament-derived EPC-like fibroblasts. 
In addition, U0126 treatment of FGF-1-stimulated ligament-
derived EPC-like fibroblasts significantly induced the SMC 
differentiation of the cells. Thus, FGF-1-induced ERK1/2 
signaling not only promoted the proliferation of the ligament-
derived EPC-like fibroblasts, but also suppressed the SMC 
differentiation of the cells, suggesting that FGF-1 controls the 
construction of a vascular network around the ligament tissue 

by regulating the proliferation and SMC differentiation of the 
EPC-like cells through ERK-mediated signaling.

Introduction

Ligament or tendon injuries frequently occur among athletes 
and workers and are also seen in patients with chronic ligamen-
tosis or tendinosis and ligament or tendon rupture. Ligament 
and tendon injuries can be significantly disabling, causing lost 
time from work, physical inactivity, and early retirement from 
sports or labor. Some ligaments have poor healing ability, 
which may be caused by the impairment of blood vessels 
that facilitate the supply and proliferation of mesenchymal 
progenitor/stem cells to regenerate ligament and tendon fibers 
to bridge the gap between the damaged ends of ligaments and 
tendons (1). Thus, angiogenesis can be an essential step in the 
healing process of ligament and tendon injuries.

The periodontal ligament (PDL) is a fibrous connective 
tissue that attaches the tooth root to the alveolar bone. The PDL 
contains a heterogeneous mixture of cell types, including PDL 
fibroblasts, osteoblasts, vascular endothelial cells (ECs), smooth 
muscle cells (SMCs), and certain types of nerve cells (2). PDL 
cells have the capacity to reconstruct the ligament structure in 
response to oral pathological and physiological environmental 
alterations such as periodontitis, wounding, and tooth move-
ment due to orthodontic treatment. Tissue reconstruction 
requires the presence of multipotent progenitor cells or putative 
stem cells in the PDL. The paravascular zones in the adult PDL 
contain the progenitors of fibroblasts and mineralized tissue-
forming cells such as osteoblasts (3). Recently, several studies 
have indicated that PDL fibroblastic cells share biological char-
acteristics with bone marrow mesenchymal cells, suggesting 
that the mineralized tissue lineages may have originated from 
a common progenitor cell (4-7). PDL cells have demonstrated 
a potential to generate PDL-like tissue in vivo, which suggests 
that multipotent stem cells are present in the PDL (8).

We previously showed that a swine PDL fibroblast cell line, 
namely, TesPDL3, could express EC markers and osteoblast 
markers in addition to PDL markers (9,10). We determined 
whether PDL fibroblasts could differentiate into putative ECs 
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that construct blood vessels with a mature lumen by evaluating 
their ability to vascularize in a 3-dimensional type I collagen 
scaffold. We established several single cell-derived cultures 
(SCDCs) from a primary culture of rat PDL fibroblasts. 
Intriguingly, each SCDC expressed EC-specific markers, in 
addition to mesenchymal stem cell- and ligament cell-specific 
markers. SCDC2 cells, which abundantly expressed the defini-
tive EC marker Tie-2, vigorously constructed a blood vessel 
structure in a phosphoinositide 3-kinase activation-dependent 
manner, suggesting that SCDC2 cells must be endothelial 
progenitor cell (EPC)-like cells (11). Intriguingly, SCDC2 
cells expressed not only EC markers but also SMC markers. 
We also previously demonstrated that human umbilical 
vein endothelium-derived cells retain the ability to transdif-
ferentiate into SMCs under stimulation by activin A of the 
transforming growth factor-β (TGF-β) superfamily (12,13). 
However, the molecular mechanisms that control the prolif-
eration and SMC differentiation of ligament-derived EPC-like 
fibroblasts remain to be elucidated.

Fibroblast growth factors (FGFs) are growth factors 
involved in the repair and regeneration of tissues (14-16). 
FGFs were originally identified as a family of proteins that 
promote fibroblast proliferation, and 22 protein members have 
been identified. FGFs exert multiple functions by binding to 
and activating fibroblast growth factor receptors (FGFRs). 
FGF-induced signaling is mainly mediated via the mitogen-
activated protein kinase (MAPK) pathway. Because of their 
potential biological functions, FGFs have been utilized for 
the regeneration of damaged tissues, including the skin, blood 
vessel, muscle, adipose, ligament/tendon, cartilage, bone, 
tooth, and nerve. MAPKs are protein serine/threonine kinases 
that transduce extracellular stimulation into a wide range of 
cellular responses, including cell proliferation, differentiation, 
and migration (17). c-Jun N-terminal kinase (JNK), extracel-
lular signal-regulated kinase (ERK), and p38MAPK are 
examples of effector MAPKs. Cell proliferation by FGFs has 
been reported in many cell types, including ECs, stem cells, 
and epithelial cells. In a previous report, FGF-2 increased 
the proliferation of bone marrow-derived mesenchymal stem 
cells through MAPK/ERK-mediated intracellular signaling 
(18), which suggests that FGFs might influence the mitosis of 
mesenchymal progenitor/stem cells through the MAPK/ERK 
pathway. However, the mechanism by which FGFs-induced 
MAPK/ERK signaling affects the differentiation of mesen-
chymal progenitor/stem cells derived from ligament tissues 
remains to be clarified.

Here, we show how FGF-1-induced ERK activation affects 
the proliferation and SMC differentiation of the ligament-derived 
EPC-like SCDC2 cells. Moreover, we simultaneously examined 
how FGF-1-induced ERK activation affects the EC differen-
tiation of EPC-like cells. This is the first report to show how 
FGF-1-induced ERK signaling controls not only proliferation 
but also SMC-differentiation of ligament-derived EPC-like cells.

Materials and methods

Reagents. Recombinant acidic FGF (FGF-1) was purchased 
from R&D Systems, Inc. (Minneapolis, MN, USA). 
Alamar  Blue was obtained from Biosource International 
(Camarillo, CA USA). Kinase inhibitors, namely, U0126 and 

SU5402, were purchased from Calbiochem (Merck KGaA, 
Darmstadt, Germany).

Cell culture. Isolation of rat PDL fibroblasts and establishment 
of SCDCs have been previously described (11). Briefly, SCDC2 
cells were cultured on type I collagen-coated plastic dishes 
(Sumilon Celltight Plate, Sumitomo Bakelite Co., Tokyo, Japan) 
in Ham's F-12 (Sigma Chemicals, St. Louis, MO, USA) supple-
mented with 2 mM glutamine (x100 solution; Gibco), 20% fetal 
bovine serum (FBS; PAA Laboratories, Inc., Ontario, Canada), 
10 ng/ml FGF-1 (R&D Systems, Inc.), 15 µg/ml heparin (Sigma 
Chemicals Co., Irvine, UK), 100 µg/ml kanamycin (Meiji Seika 
Pharma Co., Ltd., Tokyo, Japan), penicillin (Gibco, Carlsbad, 
CA, USA), and streptomycin (Gibco) in a humidified atmo-
sphere of 95% air and 5% CO2 at 37˚C. Heparin was added 
to achieve optimal FGF-1 activity (19). Subconfluent cells 
were detached using a trypsin/EDTA solution (0.05% trypsin, 
0.02% EDTA; Gibco) and subcultured. Cells from passages 13 
to 18 were used in the experiments described below. In experi-
ments with chemical inhibitors, each inhibitor was dissolved in 
dimethylsulfoxide (DMSO) and added to the culture medium, 
and the same final concentration of DMSO was added to the 
control culture.

Cell proliferation assay. Evaluation of cell proliferation was 
carried out using 2 identical methods: measurement of cell 
number and determination of cell metabolic activity. SCDC2 
cells were seeded in standard 12-well plates (Nunc, Roskilde, 
Denmark) at a density of 2x104 cells/well in 2 ml of Ham's F-12 
supplemented with 2.5% FBS and cultured for 24 h. Then, the 
medium was replaced with media supplemented with various 
concentrations of FGF-1, and the cells were further cultured for 
9-14 days. The medium was changed every 3 days. The cells 
were detached with trypsin/EDTA solution, and the number 
of viable cells was determined by the trypan blue (Sigma) 
exclusion test. The tests were performed in quadruplicates 
in 3 separate experiments. Cellular metabolic activity was 
evaluated by the Alamar Blue assay (20). This assay is based 
on the mitochondrial respiration and utilizes the colorimetric 
change of the redox indicator Alamar Blue, which is added 
into the culture medium, from the oxidized form (blue, A600) 
to the reduced form (red, A570), with mitochondrial reduction 
potency being proportional to the amount of growing cells. 
For the Alamar Blue assay, SCDC2 cells were seeded into 
96-well plates at a density of 1x103  cells/well in 200 µl of 
the medium supplemented with 1% FBS and cultured. After 
24 h, the medium was replaced with media including various 
concentrations of FGF-1 and further cultured for 9 days, with 
the medium being changed every 3 days. Various MAPK 
inhibitors were added 1.5 h prior to the addition of FGF-1. 
After 9 days of culture, the medium was replaced with Ham's 
F-12 containing 10% Alamar Blue for evaluating the prolifera-
tive activity of SCDC2 cells, and the cells were cultured for 
an additional 4 h. The absorbance of each well was measured 
using a plate reader (Tosoh Corp., Tokyo, Japan). The data 
were shown as values of Abs570 - Abs600. Each experiment was 
repeated 3 times with 6 wells for each point.

Western blotting. The cells were plated onto standard 9-cm 
plastic dishes at a density of 3x105 cells/dish in Ham's F-12 
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containing 1% FBS. After 24 h, FGF-1 was added, and the cells 
were cultured for the indicated periods. For several experi-
ments, signaling inhibitors were added 2 h before the addition 
of FGF-1. Cells were washed twice with PBS, harvested with 
a cell scraper in 70 µl of 6X SDS sample buffer containing 
mercaptoethanol and sodium vanadate as a phosphatase 
inhibitor, and then boiled for 5 min. Equivalent amounts of 
samples were separated by SDS-PAGE using 12.5% poly-
acrylamide gels, and proteins were electrotransferred onto 
PVDF membranes (Millipore Corp., Bedford, MA, USA). 
The membranes were blocked with Tris-buffered saline plus 
0.1% Tween-20 (TBS-T) containing 5% nonfat dry milk or 5% 
bovine serum albumin (BSA), as appropriate, for 1 h at room 
temperature, and then incubated with primary antibodies over-
night at 4˚C. The primary antibodies, i.e., rabbit anti-ERK1/2, 
rabbit anti-p38MAPK, rabbit anti-JNK, rabbit anti-AKT, rabbit 
anti-phospho-ERK1/2, rabbit anti-phospho-p38MAPK, rabbit 
anti-phospho-JNK, mouse anti-phospho-AKT, and rabbit anti-
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), were 
obtained from Cell Signaling Technology (Beverly, MA, USA). 
After being washed with TBS-T, the membranes were incu-
bated with the appropriate horseradish peroxidase-conjugated 
anti-mouse or anti-rabbit secondary antibody (Cell Signaling). 
The target proteins were washed with TBS-T and detected by 
enhanced chemiluminescence with the Amersham ECL™ 
Western blotting analysis system (GE Healthcare, Amersham, 
UK). All other conditions and procedures for each blotting 
with various antibodies were according to the manufacturer's 
instructions. The detected blots were photographed using the 
photo image detection system CL-Cube L (Tohoku Electronic 
Industrial Co., Ltd.) and densitometrically measured using 
Image J (version 1.44). Data were expressed as the ratios of 
the quantity of the phosphorylated bands to that of the total 
molecular bands or bands of the reference protein GAPDH.

Quantitative reverse transcriptase-polymerase chain reac-
tion. SCDC2 cells were seeded in 6-cm plastic dishes at a 
density of 1.3x105 cells/dish in 3 ml of Ham's F-12 containing 
1% or 5% FBS. After 3 h, cells were untreated or treated with 
various concentrations of U0126, and 2 h later, stimulated with 
16 ng/ml FGF-1 and then cultured for 48 h. Total-RNA was 
extracted with Isogen reagent (Nippongene, Tokyo, Japan) 
according to the manufacturer's instructions. First-strand 
cDNA was synthesized from total-RNA by using the 
PrimeScript RT Reagent kit (Takara Bio, Inc., Otsu, Japan). 
Quantitative reverse transcriptase-polymerase chain reaction 
(qRT-PCR) was performed on a Thermal Cycler Dice Real 
Time System (Takara) using SYBR® Premix Ex TaqIITM 
(Takara) with specific oligonucleotide primers. The mRNA 
expression levels for SMC and EC markers were normalized 
to that of the endogenous reference gene GAPDH and were 
shown as fold-increase or decrease relative to the level of the 
control sample. The pr imers used were α-SMA, 
AGCCAGTCGCCATCAGGAAC (sense) and CCGGAGC 
CATTGTCACACAC (antisense); h1-calponin, ACACTTT 
AACCGAGGTCCTGCCTA (sense) and CACGCTGGTCG 
TATTTCTG (antisense); Tie-2, TGCCCAGATATTGGTGT 
CCTTAAAC (sense) and AGCAGAACAGTCAATTCCTGC 
GTA (antisense); von Willebrand factor (vWF), CCTACAC 
TTTGTGGATGTGGAATGAC (sense) and GCGGAAGCCA 

TTGGACAGA (antisense); and GAPDH, GGCACAGTCAA 
GGCTGAGAATC (sense) and ATGGTGGTGAAGACGCC 
AGTA (antisense).

Immunofluorescence analysis. SCDC2 cells were seeded onto 
coverslips in 6-cm plastic dishes at a density of 6x103 cells/cm2 
(1.3x105 cells/dish). After various treatments as described in the 
preceding section, the cells were cultured. The culture medium 
was changed every 3 days. Immunocytochemical analysis was 
performed on day 11. The cells cultured on the coverslips were 
fixed in 4% paraformaldehyde for 15 min and permeabilized 
with 0.2% Triton X-100 in PBS for 15 min. The cells were 
blocked with 3% (w/v) BSA in PBS for 1 h, and then incubated 
with anti-α-SMA rabbit polyclonal antiserum (1:200; Abcam 
Ltd., Cambridge, UK) or anti-calponin rabbit monoclonal anti-
serum (1:200; Abcam, Ltd.) for 1 h at room temperature. After 
being washed with PBS, the cells were incubated with Alexa 
Fluor 488-conjugated goat anti-rabbit IgG (1:200; Molecular 
Probes, Leiden, The Netherlands) for 30 min at room tempera-
ture. The cells were washed with PBS and labeled with DAPI 
(1:1,000; KPL Inc., Gaithersburg, MD, USA) and tetramethyl-
rhodamine B isothiocyanate (TRITC)-conjugated phalloidin 
(38 µM; Sigma-Aldrich, St. Louis, MO, USA) or Alexa Fluor 
594 phalloidin (6.6 µM; Invitrogen, Paisley, UK). Fluorescent 
signals were detected and photographed using an Olympus 
IX71 fluorescence microscope equipped with a DP72 digital 
camera (Olympus Corp., Tokyo, Japan).

Statistical analysis. Data are presented as means ± SD. 
Differences between treatments were evaluated using the 
Student's t-test for single comparisons. The results shown 
in all experiments were representative of at least 3 separate 
experiments. A P value of <0.05 was considered statistically 
significant.

Results

FGF-1 stimulates cell proliferation of SCDC2 cells through 
ERK1/2 phosphorylation. SCDC2 cells proliferate vigorously 
in the presence of FGF-1. Therefore, we decided to investigate 
the signaling pathway of the growth-stimulating effect of 
FGF-1 on SCDC2 cells. Cell proliferation was evaluated by 
the Alarmar Blue assay as described in materials and methods. 
FGF-1 promoted cell growth in a dose-dependent manner at 
the concentration range of 2−16 ng/ml (Fig. 1). Similar results 
were observed in the determination of the cell number with 
the trypan blue exclusion test (data not shown). The time 
course study with 16 ng/ml FGF-1 showed continuous cell 
growth until the cells formed a confluent monolayer (data not 
shown). These results confirmed the growth-stimulatory effect 
of FGF-1 on SCDC2 cells. Further, we found this stimulatory 
effect to be completely inhibited by the addition of the FGFR 
inhibitor SU5402 at 10 µM (Fig. 1). These results indicate the 
relevance of the FGF-1/FGFR complex and its downstream 
signaling to the growth of SCDC2 cells. Therefore, we exam-
ined the level of phosphorylation of the signaling molecules 
ERK1/2, p38MAPK, and AKT by Western blotting to deter-
mine the downstream signaling induced by FGF-1 stimulation. 
SCDC2 cells were stimulated with 16  ng/ml FGF-1, and 
samples were obtained at various time points. Stimulation with 
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FGF-1 upregulated the phosphorylation of ERK1/2, but had no 
significant effect on total ERK1/2 expression (Fig. 2A). The 
phospho-ERK1/2 level (pERK/ERK) peaked early (within 
5 min) after FGF-1 stimulation, and then gradually decreased 
(Fig. 2B). The maximum phosphorylation level was more than 
10-fold compared to the unstimulated control level. Moreover, 
a dose-dependent increase in ERK1/2 phosphorylation was 
observed with relatively low levels (1-4  ng/ml) of FGF-1 
stimulation (data not shown). On the contrary, FGF-1 stimula-
tion only slightly increased (<2-fold) the phosphorylation level 
of p38MAPK compared to the unstimulated control and did 
not significantly affect the phosphorylation levels of JNK and 

AKT (data not shown). These results suggest that the ERK1/2 
signaling pathway is the main mediator of the proliferative 
effects of FGF-1 on SCDC2 cells.

To confirm this finding, we investigated the effect of 
MEK-ERK signaling inhibition by adding the MEK inhibitor 
U0126 to the culture medium. We first examined the ERK1/2 
phosphorylation in the presence of various concentrations 
(0.25-5 µM) of U0126. Fig. 3A shows that pretreatment of 
SCDC2 cells with U0126 in a dose-dependent manner inhib-
ited the phosphorylation of ERK1/2 induced by FGF-1. The 
phosphorylation level of ERK1/2 at 5 µM U0126 was similar 
to or rather lower than that of the unstimulated cells (Fig. 3A-b). 
The solvent for U0126, DMSO, which was used as a control, 
had almost no significant effect on the level of phosphorylation 

Figure 3. Effects of ERK1/2 signaling inhibition on FGF-1-induced prolifera-
tion of SCDC2 cells. (A) SCDC2 cells were plated and cultured in Ham's F-12 
containing 1% FBS. After 24 h, the cells were untreated or treated with various 
concentrations of U0126, and 2 h later, stimulated with 16 ng/ml FGF-1. 
After 5 min of FGF-1 stimulation, cell lysates were recovered and ERK1/2 
phosphorylation was examined by Western blotting. (B) The cells were 
plated on 96-well plates and cultured in the presence of 1% FBS. After 24 h, 
various concentrations of U0126 were added, and 2 h later, cells were treated 
with 16 ng/ml FGF-1 and further cultured. The medium in all wells was 
changed every 3 days with fresh medium containing U0126 and FGF-1. The 
Alamar Blue cell proliferation assay was performed on day 9 as described in 
Materials and methods. Experiments were repeated at least 3 times. In (B), 
data are presented as means ± SD of 6-wells for each point. *P<0.01; **P<0.05.

Figure 1. Dose-dependent induction of cell proliferation by FGF-1. SCDC2 
cells were plated on 96-well plates (1x103 cells/well) in 200 µl of Ham's F-12 
containing 1% FBS and cultured for 24 h. FGF-1 was added at the indicated 
final concentrations, and the cells were further cultured; the medium was 
changed every 3 days. The FGFR inhibitor, SU5402 (10 µM), was added in 
the culture medium 2 h before FGF-1 stimulation. The Alamar Blue assay 
was performed on day 9 as described in Materials and methods. The experi-
ment was repeated at least 3 times. Data are represented as mean ± SD of 
6 wells for each point. *P<0.01; **P<0.05.

Figure 2. Time course of ERK1/2 phosphorylation. SCDC2 cells were plated 
and cultured in Ham's F-12 containing 1% FBS. After 24 h, the cells were 
stimulated with 16 ng/ml FGF-1. (A) At various time points after FGF-1 stim-
ulation, cell lysates were recovered and analyzed by Western blotting. (B) 
The band intensities detected by ECL were densitometrically measured using 
the Image J software, and the relative values of pERK/ERK were expressed 
as compared with the control cells (without FGF-1) at time 0. Experiments 
were repeated at least 3 times, and similar results were obtained. 
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of ERK1/2 in both unstimulated (data not shown) and FGF-1-
stimulated SCDC2 cells (Fig. 3A). Next, we examined the effect 
of U0126 on FGF-1-induced cell proliferation. U1026 inhibited 
the FGF-1-induced cell proliferation of SCDC2 cells (Fig. 3B) 
in a dose-dependent manner at the concentration range of 
0.06-5 µM, with 5 µM U0126 almost completely inhibiting the 
cell proliferation induced by 16 ng/ml FGF-1. These results indi-
cate that FGF-1 promotes SCDC2 cell proliferation mediated by 
FGFR and the downstream MEK-ERK1/2 signaling pathway.

Inhibition of FGF-1-induced MEK-ERK1/2 signaling induces 
the differentiation of SCDC2 cells into SMC-like cells. To 
investigate the effects of FGF-1-induced MEK-ERK1/2 
signaling on the expression status of EC- and SMC-specific 

markers in FGF-1-stimulated SCDC2 cells, the cells were 
pretreated with various concentrations (0.06-5 µM) of U0126, 
and then stimulated with FGF-1. The mRNA and protein 
expression levels of the SMC-specific markers α-SMA and 
h1-calponin in the U0126-treated SCDC2 cells under FGF-1 
stimulation were evaluated by qRT-PCR and immunocyto-
chemical analyses, respectively. U0126 treatment increased 
the mRNA expression levels of both α-SMA (Fig. 4A-a) and 
h1-calponin (Fig. 4A-b) in a dose-dependent manner at the 
concentration range of 1-5 µM compared to the untreated or 
DMSO-treated control cells. Immunocytochemical analysis 
(Fig. 4B) revealed that the presence of 4 µM U0126 in SCDC2 
cell culture under 10  ng/ml FGF-1 stimulation enhanced 
α-SMA staining compared to the DMSO-treated control cells 

Figure 4. Effects of ERK1/2 signaling inhibition under FGF-1 stimulation on the expression of SMC markers in SCDC2 cells. (A) SCDC2 cells were plated 
onto 6-cm dishes in Ham's F-12 containing 5% FBS. After 3 h, cells were untreated or treated with various concentrations of U0126 and, 2 h later, stimulated 
with 16 ng/ml FGF-1. After further cultivation for 48 h, total-RNA was isolated, and qRT-PCR of SMC marker mRNAs (a, α-SMA; b, h1-calponin) was 
performed on a Thermal Cycler Dice Real Time System as described in Materials and methods. GAPDH was analyzed as an endogenous reference mRNA. 
Data are represented as the means ± SD of 4 dishes for each point. *P<0.01; **P<0.05. (B) SCDC2 cells were seeded onto coverslips in 6-cm plastic dishes in 1% 
FBS-containing Ham's F-12. After various treatments as described in (A), immunocytochemical analysis was performed on day 11. The cells on the coverslips 
were fixed in 4% paraformaldehyde, permeabilized with 0.2% Triton X-100, and blocked with 1% BSA in PBS. Cells were then incubated with anti-α-SMA 
rabbit polyclonal antiserum (a; 1:200) and anti-calponin rabbit monoclonal antibody (b; 1:200). After being incubated with Alexa Fluor 488-conjugated 
goat anti-rabbit IgG (1:200), the cells were stained with TRITC-labeled phalloidin, and fluorescent signals were detected and photographed. The details are 
described in Materials and methods. DMSO was used as solvent for U0126. Original magnification: upper 2 rows, x40; lower 2 rows, x200. Scale bar, 50 µm.
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(Fig. 4B-a). A similar result was observed in the staining of 
calponin (Fig.  4B-b). Both α-SMA and calponin showed 
stronger staining with increasing concentrations of U0126 
(data not shown). On the other hand, U0126 treatment did not 
significantly affect the mRNA expression of the EC-specific 
markers Tie-2 and vWF in FGF-1-stimulated SCDC2 cells 
(Fig. 5A). In addition, the results of immunocytochemistry 
studies revealed that treatment with up to 5 µM U0126 under 
FGF-1 stimulation did not significantly affect the expression 
levels of these proteins (data not shown), although SCDC2 
actually expresses Tie-2 protein (green in Fig. 5B-b) and vWF 
(data not shown). These results suggest that the large popula-
tion of SCDC2 cells maintained an EC-like characteristic, 
even if FGF-induced ERK1/2 signaling was inhibited by 
U0126, and that FGF-1-induced ERK1/2 signaling suppresses 
the SMC-like differentiation of SCDC2 cells.

Inhibition of FGF-1-induced MEK-ERK1/2 signaling induces 
actin polymerization in SCDC2 cells. Immunocytochemical 
analysis of α-SMA (Fig. 4B-a) further revealed that U0126 
treatment under FGF-1 stimulation induced the polymerization 
of α-SMA. Images captured at higher magnification (lower 
2 rows) show the clearly stained polymerized α-SMA fibers 
(green, bottom left) in the U0126-treated SCDC2 cells. The 
U0126-induced actin polymerization suggests that the altered 
cells harbor SMC-like characteristics.

Discussion

FGF intracellular signaling is mainly mediated by the MAPK 
pathway. JNK, ERK, and p38MAPK are examples of effector 
MAPKs. Among them, FGF-2-stimulated ERK1/2 induces 

the proliferation of ECs and the differentiation of progenitor 
stem cells into ECs, SMCs, and neural cells (21-23). As shown 
in Figs. 1-3, FGF-1 positively upregulated the proliferation of 
ligament-derived EPC-like SCDC2 cells mainly through the 
ERK1/2-mediated pathway, which is in agreement with the 
findings of previous reports. Analysis of the activation of other 
MAPKs, i.e., p38 MAPK and JNK, showed that FGF-1 induced 
low level (<2-fold) p38 MAPK phosphorylation, whereas no 
significant activation of JNK was observed (data not shown).

FGF/ERK signaling controls the pluripotency and lineage 
specification of different states of stem cells, including separa-
tion of the pluripotent epiblast and primitive endoderm in the 
blastocyst during early embryonic developmental stages (24). 
In addition, autocrine FGF-induced ERK1/2 signaling occurs 
in the embryonic stem (ES) cells and is required to initiate the 
differentiation of the cells into neural lineage (25,26). FGF-4/
ERK signaling plays important roles in the ES cell commit-
ment into the endoderm or germ lineage (27). Intriguingly, 
Ying et al found that addition of the FGFR inhibitor SU5402 
or the ERK (MEK) inhibitor PD184352 could maintain 
mouse ES cells in an undifferentiated state in the presence 
of leukemia inhibitory factor (28). On the other hand, FGF 
may indirectly maintain human ES cells in an undifferenti-
ated state by inducing TGF-β1 and activin A secretion in their 
feeder cells (29). Thus, FGF-stimulated ERK intracellular 
signaling plays various and, sometimes, contrasting roles in 
early ES cells. FGF/ERK maintains pluripotency and drives 
lineage differentiation. In contrast, in adult stem cells such as 
bone marrow-derived mesenchymal stem cells, FGF-2 induces 
self-renewal of ES cells and is involved in the maintenance 
of their multi-lineage differentiation potential (30) through 
ERK-mediated cellular signaling (31).

Figure 5. Effects of ERK1/2 signaling inhibition on the expression of EC markers in SCDC2 cells under FGF-1 stimulation. (A) SCDC2 cells were plated 
onto 6-cm culture dishes in Ham's F-12 containing 5% FBS. After 3 h, cells were untreated or treated with various concentrations of U0126, and 2 h later, 
stimulated with 16 ng/ml FGF. After 48 h, total-RNA was isolated and qRT-PCR of EC marker mRNAs (a) Tie-2; (b) vWF was performed as described in 
the legend to Fig. 4. Data are represented as mean ± SD of 4 dishes for each point. *P<0.01; **P<0.05. (B) SCDC2 cells were plated onto individual wells of 
type I collagen-coated 8-chamber slides in 5% FBS-containing Ham's F-12 at a density of 1x104 cells/well. After 48 h of cultivation, the cells were fixed in 
4% paraformaldehyde, permeabilized with 0.2% Triton X-100, and blocked with 1% BSA in PBS. Cells were then incubated with anti-Tie-2 rabbit polyclonal 
antiserum (1:50; b) or the same protein amount of normal rabbit IgG as a control (a) for 1 h. After being washed with 0.2% Triton X-100 in PBS, the cells were 
incubated with Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:1,000). The cells were then washed and stained with DAPI and Alexa Fluor 594 phalloidin 
(6.6 µM; Invitrogen, Paisley, UK). Fluorescent signals were detected and photographed as described in Materials and methods. Scale bar, 50 µm.
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The important point to note is how cells coordinate prolif-
eration and differentiation during early development and tissue 
regeneration. In general, growth and proliferation are poorly 
compatible with differentiation, and proliferation/differentia-
tion switches have been demonstrated in different cell types 
(32-34). Upon differentiation of the progenitor/stem cells 
during regeneration or reconstruction of damaged tissues, the 
expression of the proliferation module such as transcription 
factors and intracellular signals for cell growth is uniformly 
suppressed, suggesting that proliferation and differentiation 
modules may correspond to 2 alternative states of the molec-
ular network (35). The molecular mechanisms that control the 
proliferation/differentiation switch in progenitor/stem cells, 
which would be an invaluable information for establishing 
novel progenitor/stem cell therapies for regenerative medi-
cine remain to be clarified. Self-renewal and differentiation 
of vascular progenitor cells is necessary especially for the 
regeneration of damaged ligament tissues; however, the intra-
cellular signals involved in the control of these events are still 
unknown.

In the present study, inhibition of FGF-induced phosphoryla-
tion of ERK1/2 by U0126 treatment suppressed the proliferation 
of SCDC2 cells (Fig. 3) and induced their differentiation into 
SMCs (Fig. 4). As shown in Fig. 3A, U0126 inhibited FGF-1-
induced ERK1/2 phosphorylation in a dose-dependent manner. 
Intriguingly, the status of ERK1/2 phosphorylation in the 
SCDC2 cells was parallel to that of the proliferative activity of 
the cells. On the other hand, the status of ERK1/2 phosphoryla-
tion was inversely correlated with the expression status of SMC 
markers in the cells. These results suggest that FGF-induced 
ERK1/2 signaling reciprocally regulates the proliferation 
and SMC differentiation of ligament-derived EPC-like cells, 
thus implicating ERK1/2 as a key molecule in the regulation 
of the proliferation/SMC-differentiation switch in the cells. 
Intriguingly, as shown in Fig. 4B-a, U0126 treatment induced 
α-SMA polymerization in SCDC2 cells under FGF-1 stimula-
tion, suggesting that FGF-1-induced ERK1/2 signaling controls 
the dynamics of the cytoskeletal network. Actin polymerization 
is necessary for contraction and tension development in SMCs 
(36). Moreover, the upregulation of h1-calponin (Figs. 4A-b 
and B-b), which acts as an actin-myosin II-regulating protein, 
strongly suggested that the induced SMC might act as a 
functional cell. Therefore, it is plausible that the inhibition of 
ERK1/2-mediated signaling in SCDC2 cells under FGF-1 stim-
ulation might promote not only the expression of SMC-marker 
genes but also the emergence of SMC-like contractile charac-
teristics in the cells.

On the other hand, as shown in Fig. 5, the expression levels 
of EC markers were almost constant, whereas those of SMC 
markers were significantly upregulated in the U0126-treated 
SCDC2 cells. This may indicate that a large population of 
SCDC2 cells maintained an EC-like characteristic, even if 
FGF-1-induced ERK1/2 signaling was inhibited by U0126. 
Thus, ERK1/2 signal disruption might not sufficiently induce 
the terminal SMC differentiation of EPC-like SCDC2 cells.

Previous reports demonstrated that TGF-β upregulated the 
expression of SMC markers in vascular SMCs through activa-
tion of the transcription factor Krüppel-like factor 4 (KLF4) 
(37). In addition, the TGF-β-induced transcription factor 
myocardin transactivated multiple SMC-specific transcrip-

tional regulatory elements in undifferentiated mesenchymal 
cells (38). The downregulation of ERK1/2 activity in FGF-1-
stimulated SCDC2 cells may cause TGF-β secretion, and the 
secreted TGF-β, in turn, may induce the SMC differentiation 
of SCDC2 cells in an autocrine fashion. An investigation is 
under way in our laboratory on whether TGF-β signaling plays 
a crucial role in the terminal SMC differentiation of ligament-
derived EPC-like cells.

Thus, FGF-1-induced ERK1/2 signaling not only promotes 
the proliferation of ligament-derived EPC-like fibroblasts, but 
also suppresses the SMC differentiation of EPC-like cells. The 
FGF-1-induced ERK1/2 activity gradient controls the prolif-
eration/SMC-differentiation switch of the cells. These results 
suggest that FGF-1 controls the vascular network construction 
around the ligament tissue by regulating the proliferation and 
SMC differentiation of EPC-like cells through ERK-mediated 
signaling. Our findings provide new insights toward the 
establishment of new cell therapeutic methods for ligament 
regeneration by constructing a vascular network composed of 
ECs and SMCs for nutrient delivery to the damaged ligament 
tissue with the ligament-derived EPC-like fibroblasts.
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