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Fibroblast growth factor 2 induces mesenchymal stem cells
to differentiate into tenocytes through the MAPK pathway
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Abstract. Mesenchymal stem cells (MSCs) differentiate
into numerous different cell types and thus have therapeutic
potential for tissue engineering, anti-inflammatory and
immunomodulatory purposes. FGF2 may affect the biolog-
ical behavior of MSCs. MSCs were transduced with either
adenovirus-null vector/green fluorescent protein (GFP) or a
vector encoding for the overexpression of FGF2/GFP. The
expression of FGF2 was demonstrated to be significantly
higher in MSC (FGF2) compared with MSC (vector) by gPCR
and western blot analysis. In order to investigate the func-
tion of FGF2 in MSCs over time, it was observed that FGF2
stimulates cell proliferation and induces cell differentiation
by activating the mitogen-activated protein kinase (MAPK)
signaling pathway. Following blockade of the FGF2-induced
activation of the extracellular signal-regulated kinase
pathway by overexpression of sprouty isoforms, the marker
of differentiation markedly decreased. Altogether, the results
demonstrated a novel cell biological mechanism that FGF2
differentiates into tenocytes and the MAPK pathway is key
in differentiation.

Introduction

Tendons are connective tissues that join muscle to bone.
Tendon injuries are painful and widely distributed clinical
problems in society. While the healing of such disorders leads
to costly medical expenses, the original biological properties
of the tissue do not return to normal (1-3). Although there
have been advances in the development and maintenance of
tendon and ligament tissue, and on cellular and gene therapy
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approaches for repair, tissue engineering remains far from
being capable of producing the ideal bioscaffold to replace,
repair or regenerate injured ligaments (4,5). However, mesen-
chymal stem cells (MSCs) have been considered as a source of
cells for use in ligament regeneration.

MSC:s are a pluripotent cell population capable of differ-
entiating into a variety of cell types, and were originally
isolated from the bone marrow (BM) (6). MSCs have been
considered to be promising tools for regeneration and cancer
therapy in several preclinical and clinical trials due to their
plasticity (7-9). Several studies support the hypothesis that
MSCs differentiate into multiple cell lineages, including
osteoblasts, chondrocytes, adipocytes, smooth muscle
cells, skeletal and cardiac myocytes, endothelial cells and
neurons (10,11). Growth of MSCs throughout life involves
proliferation of epithelial cells and their subsequent differ-
entiation into multiple cell lineages. An increasing number
of studies have demonstrated the involvement of fibroblast
growth factor 2 (FGF2) in regulating cell growth and differ-
entiation; however, its effect on MSCs appears complex and
remains unclear.

FGF?2 is a member of the FGF family, which is synthesized
as a 155 amino acid precursor and is subsequently processed
into a mature form consisting of 146 amino acid residues (12).
FGF2 mediates cellular signal transduction through binding
to fibroblast growth factor tyrosine kinase receptors (FGFRs)
and downstream signaling molecules, such as phospha-
tidylinositide 3-kinase (PI3K)-Akt and Ras-Raf-mitogen
activated protein kinase (MAPK) (13). However, FGF2
exhibits bidirectional effects on growth and differentiation of
MSCs. FGF2 has been shown to stimulate growth and preserve
the differentiation potential of MSCs during long-term culture
expansion in vitro by inducing cell motility, the expression of
vimentin (VIM) and a-smooth muscle actin (SMA) (14-19).
FGF?2 has also been demonstrated to stimulate chondrogenic
and adipogenic differentiation of human (20,21) and rat (22)
MSCs, respectively. By contrast, recent studies have shown
that the inhibition of mouse MSC differentiation by FGF2 is
strongly correlated with the upregulation of Twist2 and Spry4,
and the suppression of extracellular signal-regulated kinase
(ERK)1/2 activation (23). Thus, a number of intracellular
signaling cascades may be involved, in particular the MAPK
pathway, in which sequential phosphorylation of a series of
protein kinases ultimately activates ERK to control a variety
of downstream responses, including gene transcription. To
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investigate the molecular mechanisms underlying the involve-
ment of FGF2 in MSCs is currently a predominant aim in
biomedical research.

In the present study, it was hypothesized that the differen-
tiation induced by FGF2 may be mediated by alterations in the
levels of mRNA and proteins with known specific extracellular
matrix proteins and cytoskeletal elements. The effects of the
overexpression of FGF2 on collagen I, collagen III, scleraxis,
fibronectin and a-SMA expression were determined in vitro,
and the involvement of the MAPK signaling pathway was
investigated in MSC differentiation.

Materials and methods

Isolation and expansion of human MSCs. Huoman MSCs
were isolated from the iliac crest obtained from four human
donors due to vertebral fractures. The donor population was
reasonably homogenous (age, 25-47 years, equal numbers
of males and females). All procedures were approved by the
ethics committee of the Second Militarty Medical University,
Shanghai, China, and informed consent was obtained from
all donors. MSCs were isolated with a density gradient and
resuspended in complete culture medium. Human MSCs were
cultured in Dulbecco's modified Eagle's medium-high glucose
containing 10% fetal calf serum, 50 uM 2-ME (Sigma-Aldrich),
penicillin/streptomycin (100 U/ml/100 xg/ml, HyClone)
at 37°C in a humid atmosphere with 5% CO,. MSCs were
cultured as adherent cells, non-adherent cells were removed
by medium change after three days. The medium was replaced
three days following plating and then every three days subse-
quent to that. Cells from each donor were cultured separately.
Cells were passaged at 70-80% confluence and passages 3-8
were used for experiments.

RNA isolation and qPCR. Total RNA was extracted from
monolayer cells by TRIzol (Invitrogen Life Technologies,
Carlsbad, CA, USA). RNA quality was assessed by the
Blue Pippin automated electrophoresis system (Sage
Science, Inc., Beverly, MA, USA) using the Experion RNA
StdSens Analysis kit (Bio-Rad, Hercules, CA, USA). cDNA
was prepared using the PrimeScript II First Strand cDNA
Synthesis kit (Takara Bio Inc., Shiga, Japan) according to the
manufacturer's instructions, and 1 ul 5X diluted cDNA was
used for further gene amplification. gPCR was performed
by FastStart Universal SYBR-Green Master (Rox; Roche
Dianostics, Mannheim, Germany). PCR was performed
in a Light Cycler real-time PCR machine (Bio-Rad) with
the following thermal profile: 2 min at 95°C followed by
40 cycles of denaturation at 95°C for 30 sec, annealing at
58°C for 30 sec, extension at 72°C for 1 min and a final
extension at 72°C for 3 min. The primers used were as
follows: Forward: 5'-GGTGATGGTGGGAATGGG-3', and
reverse: 5'-GCAGGGTGGGATGCTCTT-3' for a-SMA;
forward: 5'-TTCCTGCGCCTGATGTCC-3' and reverse
5'-GGTTCAGTTTGGGTTGCTTGT-3' for collagen I;
forward: 5'-TGAAAGGACACAGAGGCTTCG-3' and
reverse: 5'-GCACCATTCTTACCAGGCTC-3' for
collagen III; forward: 5'-TTCCTGCGCCTGATGTCC-3'
and reverse: 5'-GGTTCAGTTTGGGTTGCTTGT-3' for
FGF2; forward: 5-TCAGAAGAGCGAGCCCCT-3' and
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reverse: 5-GGGGTCTTTTGAACTGTGGA-3' for fibro-
nectin; forward: 5'-CCAGGCAAAGCAGGAGTC-3' and
reverse: 5-GGGTATCAACCAGAGGGAGT-3' for vimentin;
forward: 5'-CATCTCGCACCTGGGCAA-3" and reverse:
5-CTGTTTGGGCTGGGTGTTC-3' for scleraxis; and
forward: 5-GGGAAACTGTGGCGTGAT-3' and reverse
5'-GTGGTCGTTGAGGGCAAT-3' for glyceraldehyde
3-phosphate dehydrogenase (GAPDH). All primers were
synthesized by Takara. Data was analyzed using Bio-Rad
iQ5 software. Expression of endothelial genes was calculated
relative to GAPDH levels by the comparative ACT method.

Western blot analysis. The cells were harvested and lysed
in RIPA buffer on ice. The cell lysates were heated at 100°C
for 5 min and centrifuged at 16,000 x g for 10 min. The
supernatant was collected and the protein concentration was
determined by the Pierce Bicinchoninic Acid Protein Assay
kit (Thermo Scientific, Waltham, MA, USA). Equivalent
quantities of protein (40 ug) from each sample were loaded
and run on sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis gels (Bio-Rad) and transferred onto nitrocellulose
membranes (Bio-Rad). Subsequent to blocking the membranes
with 2% bovine serum albumin in Tris-buffered saline with
0.1% Tween 20 at room temperature for 2 h, the membranes
were incubated with primary antibodies in a 1:1,000 dilu-
tion at 4°C overnight, washed with phosphate-buffered
saline with Tween 20 (PBST), and incubated with horse-
radish peroxidase-conjugated secondary antibodies for
1 h at room temperature. Antibodies used were as follows:
Anti-FGF2 (catalog no. ab106245; Abcam, Cambridge, UK),
phospho-p42/44MAPK (Thr-202/Tyr-204; catalog no. 9101;
Cell Signaling Technology, Inc., Danvers, MA, USA),
p42/44MAPK (catalog no. 9102; Cell Signaling Technology,
Inc.), collagen I (catalog no. ab21285; Abcam), collagen III
(catalog no. ab7778, Abcam), scleraxis (catalog no. sc-87425;
Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), fibro-
nectin (catalog no. AB2033; Millipore, Billerica, MA, USA)
and a-smooth muscle actin (catalog no. PA5-19465; Thermo
Scientific Pierce, Rockford, IL, USA). Subsequent to washing
with PBST, the immunoblots were visualized by chemilumi-
nescence using an enhanced chemiluminescent western blot
analysis substrate (Millipore). GAPDH was used to ensure
equal protein loading.

Construction plasmids and recombinant adenoviruses.
Adenovirus was generated using the pAdTrack/pAdEasy
system. Briefly, full-length FGF2 cDNA was subcloned into
pAdTrack as described previously (24). The pAdTrack plasmid
was cotransfected with pAdEasy into DH5a cells to generate
recombinant plasmids. Recombinants (10 yg) were linearized
with Pacl restriction enzyme (New England Biolabs, Ipswich,
MA, USA) and transfected into 293A packaging cells (from
laboratory stock). Recombinant adenoviruses were prepared,
purified and titered as described previously (25). MSCs were
infected with vehicle adenovirus or Ad-FGF2 at 2x107 multi-
plicity of infection (MOI)/ml for 24 h. Adenoviral infection
efficiency was assessed by western blot analysis. The cDNAs
encoding full open reading frames of murine Spryl and Spry4
were amplified and subcloned into pcDNA3.1(+) (Invitrogen
Life Technologies) with the BamHI and EcoRI sites. The
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Figure 1. Ectopic FGF2 expression in MSCs. Bone marrow MSCs were infected with Ad-FGF2 or Ad-GFP (MOI=40), efficient transduction was calculated by
counting the number of green fluorescent cells in a population of 1000 cells in four randomly selected areas per dish. (A) Representative photomicrographs of
FGF2-GFP-transfected cells. (B) Representative photomicrographs of GFP-transfected cells. (C and D) mRNA and protein expression of FGF2 was evaluated
by western blot analysis and qPCR, and GAPDH served as an internal control. "P<0.05 versus control. MSCs, mesenchymal stem cells; GFP, green fluorescent
protein; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; FGF2, fibroblast growth factor 2.

corresponding segments were amplified using PCR with the
following primers: Forward: 5-~AAAGGATCCATGGATTCC
CCAAGTCAGC-3' and reverse: 5-AAAGAATTCTCATGA
CAGTTTGCCCTGAG-3' for Spryl; and forward: 5'-AAA
GGATCCATGGAGCCCCCGGTTCCA-3' and reverse,
5-AAAGAATTCTCAGAAAGGCTTGTCAGACCTGC-3' for
Spry4.

For transient co-transfection of Spryl and Spry4, MSC cells
were seeded onto 60 mm dishes and transfected with 4 yg/dish
each plasmid or a control vector using Lipofectamine™ 2000
reagent (Invitrogen Life Technologies) according to the manu-
facturer's instructions.

Cell proliferation assay. A cell proliferation assay was
performed using tetrazolium compound based CellTiter 96®
Aqueous One Solution Cell Proliferation (MTS) assay
(Promega Corporation, Madison, WI, USA). Cells of each
MSC clone were seeded into wells of a 96-well plate at a
density of 4x10°. After 24, 48, and 72 h of culture, an MTS
assay was performed according to the manufacturer's instruc-
tions. Each experiment was performed in triplicate and
repeated 3 times (n=3).

Statistical analysis. Results are expressed as the mean + SD.
Significance was analyzed with a two-tailed unpaired t-test

using GraphPad Prism 5 Demo software for Windows
(GraphPad Software, San Diego, CA, USA). P<0.05 was
considered to indicate a statistically significant difference.

Results

Expression of FGF2 in MSCs by adenoviral vectors. To gain
an understanding of the involvement of FGF2 in MSCs, MSCs
were infected with a replication deficient Ad5 vector encoding
FGF2 and GFP, or the control adenoviral vector, Ad-GFP.
Green fluorescence identifies adenovirus-infected cells
following infection with FGF2 or GFP (Fig. 1A and B). A high
infection efficiency was observed when the MOI was 40 and
the expression of mRNA and protein of FGF2 were verified by
gPCR and western blot analysis (Fig. 1C and D). The mRNA
and protein expression of FGF2 were markedly increased
following treatment of MSCs with Ad-FGF2, whereas treat-
ment with the negative control did not result in any change in
FGF2 expression.

Overexpression of FGF2 induces tendon marker expression.
To demonstrate the therapeutic potential of FGF2 in tendon
injury, the expression of several important genes involved
in the differentiation of MSCs were analyzed on days 4, 7
or 14. The mRNA of FGF2 was significantly increased in
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Figure 2. Relative mRNA expressions of key cytokines and growth factors involved in the differentiation of mesenchymal stem cells. (A-G) Relative mRNA
expression of FGF2, Coll I, Coll I11, fibronectin, scleraxis, a-SMA and vimentin was measured by qPCR and corrected with GAPDH levels. Data are expressed
as the mean + SE; "P<0.05 vs control. (H) The detection of FGF2, Coll I, Coll III and scleraxis was confirmed by western blot analysis on days 4, 7 and 14.

FGF2, fibroblast growth factor 2; SMA, smooth muscle actin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; Coll, collagen.

A B A B
< Blank % ERK - : Spryl WS S  Spryd _
= Vevtor P — .
~ FGF2

o SRS
GAPDH | SHE Sl S—

Blank FGF2

29 = =2 PN

=

cell viability(% of control)

PN
Time(Days) Vetor

Figure 3. The effect of FGF2 on cell proliferation and the mitogen-activated
protein kinase pathway. (A) Effect of FGF2 expression on proliferation of
MSCs. An MTT cell viability assay was performed at 24, 48, 72 and 96 h
following infection of MSCs with Ad-FGF2 or Ad-GFP. (B) The levels of
p-ERK and ERK were assessed using western blot analysis in MSCs infected
with Ad-FGF2 or Ad-GFP. FGF2, fibroblast growth factor 2; MSCs, mesen-
chymal stem cells; GFP, green fluorescent protein; p-ERK, phosphorylated
extracellular signal-regulated kinase.

FGF2-treated MSCs compared with the control on days 4
and 7 (Fig. 2A). As expected, exposing MSCs to the combi-
nation of adenoviral vectors encoding FGF2 resulted in the
upregulation of the mRNA of molecular markers, including
collagen I, collagen III, fibronectin, scleraxis, a-SMA, and
VMT on days 4, 7 and 14 (Fig. 2B-G). To confirm the change
of the corresponding genes, their expression was detected
by western blot analysis (Fig. 2H). These characteristics
indicated that FGF2 induced MSCs to differentiate into
tenocytes.
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Figure 4. Differentiation of mesenchymal stem cells by FGF2 was suppressed
through the mitogen-activated protein kinase pathway. (A) Cell lysates were
collected and efficacy of overexpression was determined by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and immunoblot analysis with
antibodies to Spryl and 4. (B) Expression of FGF2, p-ERK, ERK, Coll I,
Coll IIT and scleraxis were analyzed by western blot analysis. GAPDH
served as the loading control. FGF2, fibroblast growth factor 2; p-ERK, phos-
phorylated extracellular signal-regulated kinase; Coll, collagen; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase.
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FGF2 promotes cell growth and activation of MAPK
signaling. To gain further insight into the biological effects
of FGF2 on MSCs, cell growth was analyzed and it was iden-
tified that ectopic expression of FGF2 resulted in enhanced
proliferation compared with control cells (Fig. 3A). To
investigate the signaling pathways regulating the effects of
FGF2, the MAPK pathway, a key cellular signal activated
in pluripotent cells was analyzed (26). Consistent with these
findings, ERK phosphorylation was upregulated in MSCs
infected by Ad-FGF2 (Fig. 3B). These data suggest that the
overexpression of FGF2 in MSCs resulted in cell prolifera-
tion, which appeared to be via the MAPK pathway.

Downstream signaling from FGF2 is ERKI/2 dependent. To
further validate whether the activation of ERK was required in
MSC:s for differentiation into tenocytes, Spryl and Spry4 were
co-transfected, which have been shown to be efficient in the
suppression of FGF2 induced ERK activation (27). The protein
expression of Spryl and Spry4 was significantly increased
compared with control vector following ectopic expression of
Spryl and Spry4 (Fig. 4A and B). In addition, overexpression
of Spryl and Spry4 inhibited the activation of ERK (Fig. 4C).
Furthermore, the expression of Spryl and Spry4 protein
prevented the induction of collagen I, collagen IIT and scler-
axis expression relative to that in untransfected cells (Fig. 4C).
Overall, data suggest that the activation of MAPK is involved
in the differentiation of MSCs by FGF2.

Discussion

BM MSCs have recently received widespread attention due
to their capacities for multilineage differentiation and prolif-
eration (6). To the best of our knowledge, the present study
showed for the first time, that MAPK was important in the
differentiation of MSCs induced by FGF2. The results indi-
cated that FGF2 is able to promote the differentiation of MSCs
into tendons by activating the MAPK pathway, which regulates
the expression of molecular biomarkers of tenocytes.

To understand the molecular basis by which FGF2 deter-
mines the differentiation of MSCs, MSCs were maintained to
high passage in vitro and retained their proliferative and multi-
potent abilities. The MSCs were obtained from human donors
and cultured without the loss of endothelial potential normally
observed in cells expanded up to such a level. Previous studies
have shown that FGF2 exhibited bidirectional effects on the
growth and differentiation of MSCs (14,18,20,23). Expression
of FGF2, which is an important tenocyte cytokine induced
tendon matrix protein type I collagen, type III collagen and
scleraxis. This result is consistent with studies showing that
FGF?2 is important in stimulating cell proliferation and differ-
entiation (4).

To further investigate the downstream signaling which
is required in MSC differentiation, it was hypothesized that
ERK signaling is essential for tendon differentiation. Data
demonstrated that phosphorylation of ERK1/2 is strongly
upregulated in MSCs following overexpression of FGF2 and
promoted cell growth. Recent studies by Ozaki et al (27)
demonstrated that co-expression of Sproutyl and Sprouty4
efficiently suppressed the FGF2-induced ERK activation.
Sproutyl and Sprouty4 were then co-transfected, which

1327

efficiently inhibited the ERK activation induced by FGF2,
while the increase of collagen I, collagen III and scleraxis
induced by FGF2 was inhibited. These results provided
key insights in the involvement of MAPK signaling in
FGF2-induced differentiation.

In conclusion, the results indicated that overexpression of
FGF2 by adenovirus stimulates proliferation and expression of
extracellular matrix proteins, which are required for the tissue
engineering of tendons. In addition, it appears to differentiate
MSC:s into a more fibroblast-like cell type. It was also observed
that FGF2 stimulated the activation of the phosphorylation of
ERK1/2 leading to the upregulation of essential extracellular
matrix molecules and cytoskeletal elements for ligaments and
tendons. It may be useful to determine whether FGF signaling
in MSCs is the same in vivo, as this would suggest potential
applications in tissue engineering and provides a tool for
various clinical studies.
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