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Abstract. The extracellular signal-regulated protein kinase 1/2
(Erk1/2) and p38 mitogen-activated protein-kinase pathways
serve important roles in the regulation of osteogenic and chon-
drogenic differentiation in mesenchymal stem cells (MSCs).
However, the exact mechanism remains unclear, and the effect
is controversial. In the present study, the effects of Erk1/2 and
p38 on the osteogenic and chondrogenic differentiation of dental
pulp stem cells (DPSCs) were compared in vitro. The results indi-
cated that inhibition of Erk1/2 is able to enhance the osteogenic
differentiation of DPSCs and inhibit chondrogenic differentia-
tion, whereas inhibition of p38 demonstrated the opposite effect.
When compared with previous studies, the present study further
confirmed that Erk1/2 and p38 serve important, but compli-
cated, roles in regulating the differentiation of MSCs. Different
chemical and physical stimuli, cell types, culture methods,
times of inhibitor administration and the dosage of the inhibitor
may influence the effect of Erk1/2 and p38 on the differentia-
tion of MSCs. The present study aims to better understand the
mechanisms that control the differentiation of MSCs and may be
helpful in creating more effective tissue regeneration.

Introduction

Mitogen-activated protein-kinases (MAPKs), including
extracellular signal-regulated protein kinases (Erks), p38
and c-Jun N-terminal kinases, are a group of well-described
serine/threonine-specific protein kinases typically expressed
in all cell types, and are essential components of the signal
transduction machinery that occupies a central position in
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regulation of cell survival, motility, apoptosis, proliferation
and differentiation (1-4). However, different mitogen-activated
protein kinase (MAPK) family members are activated in
response to different extracellular stimuli and have different
downstream targets, thereby demonstrating distinct biological
functions. It has been reported that MAPKSs serve crucial and
complicated roles in the chondrogenesis and osteogenesis of
mesenchymal stem cells (MSCs); however, the exact effects of
Erk1/2 and p38 in chondrogenesis and osteogenesis are contra-
dictory in previous studies (5-11). A previous study reported
that Erk1/2 serves a negative role, whereas p38 has a positive
role in the chondrogenesis of MSCs, including bone marrow
stromal cells, dental follicle stem cells and periodontal liga-
ment stem cells (9). However, another other report determined
the opposite results (11). In addition, there are a number of
different results, promoting the osteogenesis or inhibiting the
osteogenesis, for the effect of Erk1/2 and p38 on the osteogen-
esis of MSCs (5-8). These data suggested that the biological
effects of Erk1/2 and p38 on the osteogenesis/chondrogenesis
of MSCs may depend on cell type, culture systems, develop-
mental stage, culture time and stimulating factors.

Dental pulp stem cells (DPSCs) may be easily obtained
from extracted third molars, deciduous teeth and other healthy
teeth. In addition, they are multipotent, meaning that they are
able to differentiate into several different cell types, including
neurons, odontoblasts, adipocytes, osteoblasts and chon-
drocytes under specific stimuli (12,13). These observations
suggested that DPSCs may offer an alternative cell source for
bone and cartilage regeneration. Erk1/2 and p38 have been
demonstrated to be important in the proliferation and differ-
entiation of DPSCs (14,15). A previous study revealed that
fibroblast growth factor 9 (FGF9) was able to simultaneously
promote the chondrogenesis of DPSCs by activating the phos-
phorylation of Erk1/2 (16). However, the exact effect of Erk1/2
and p38 on the chondrogenesis and osteognesis of DPSC
remains to be completely elucidated. In the present study, the
aim was to investigate the function of Erk1/2 and p38 signals
on the chondrogenesis and osteognesis of DPSCs.

Materials and methods

Isolation and culture of DPSCs. DPSCs were obtained using
direct cell outgrowth from dental pulp tissue explants and
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cultured as previously reported (16,17). Normal human third
molars were obtained from adults (age, 16-25 years) in the
Department of Oral and Maxillofacial Surgery, Stomatological
Hospital, Shandong University (Jinan, China). The teeth were
cleaned, and the pulp chamber was exposed using sterilized
dental fissure burs. Subsequently, the dental pulp tissues were
dissected into fragments (~0.5 mm), and were placed into a
6-cm dish containing Dulbecco's modified Eagle's medium
(DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) supplemented with 20% fetal bovine serum (FBS;
HyClone; GE Healthcare Life Sciences, Logan, UT, USA)
to incubate at 37°C with 5% CO, for 2-3 weeks. Following
reaching confluence, the DPSCs were continuously passaged,
and cells from the third passage (P3) were used for further
experiments. The cell morphology was observed under an
inverted phase contrast microscope (Nikon Corporation,
Tokyo, Japan).

Colony-forming efficiency (CFE) assays. The CFE of the P3
DPSCs was determined as previously reported (16). A total of
1,000 mixed cells were seeded into a 10-cm culture dish, and
cultured for a further 14 days in DMEM. Subsequently the cells
were fixed in 100% methanol for 20 min at room temperature,
and stained with Giemsa for 15 min at room temperature.
Colonies containing >50 cells were counted, and the CFE was
calculated by dividing the total number of colonies by 1,000.

MTT assay. The vitality of the P3 DPSCs was determined as
previously reported (16). Briefly, 10* DPSCs/well were plated
in 96-well plates containing 200 x1 DMEM with 10% FBS.
The proliferation of the DPSCs was evaluated at different time
points (1, 3,5 and 7 days) via an MTT assay.

Osteogenic induction of DPSCs. The osteogenic induction
medium was composed of DMEM, 10" M dexamethasone,
50 mg/ml L-ascorbic acid, 0.005 M KH,PO,, 50 mg/ml genta-
mycin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany),
and 10% FBS. The medium was replaced every 3 days for
3 weeks. The conditions used in the different experimental
groups were as follows: Control group, DPSCs cultured in
DMEM with 10% FBS; Dx group, DPSCs cultured in the osteo-
genic induction medium dexamethasone (Dx); Dx-PD98059
group, DPSCs cultured in Dx medium with 10 xM PD98059,
an inhibitor of Erk1/2; and Dx-SB203580 group, DPSCs
cultured in Dx medium with 10 M SB203580, an inhibitor of
p38. The inhibitors, PD98059 (Merck KGaA) and SB203580
(Merck KGaA), were added to the DMEM medium 2 h prior
to the shift to osteogenic induction medium (also including
PD98059 and SB203580) for continuous culture.

DPSCs pellets cultured in vitro. In vitro chondrogenesis of
DPSCs was performed in pellet cultures using P3 DPSCs
as previously described (16,18). DPSCs were washed twice
with PBS and re-suspended in chondrogenic medium
(Cyagen Biosciences, Santa Clara, CA, USA) consisting
of DMEM-F12 supplemented with 1% insulin-trans-
ferrin-selenium (Sigma-Aldrich; Merck KGaA), 0.1 mM
L-ascorbate-2-phosphate, 0.4 mM proline (Sigma-Aldrich;
Merck KGaA) and 10 ng/ml transforming growth factor-f3
(TGFp3; Sigma-Aldrich; Merck KGaA). Subsequently, the

cells were centrifuged in 15-ml polypropylene tubes at 500 x g
for 5 min at room temperature, and maintained at 37°C under
5% CO,. The caps of the tubes were loosened to allow for air
exchange. The medium was changed every 2 days. Following
6 weeks of culture, the pellets were collected and processed
for immunohistochemical analysis and analysis of mRNA
expression. All pellet groups for the different experiments
were prepared as follows: Control group, DPSCs cultured in
DMEM with 10% FBS; TGFp3 group, DPSCs alone cultured
in chondrogenic medium with TGFB3; TGFpB3-PD98059
group, DPSCs cultured in chondrogenic medium with TGFf3
and PD98059; and TGFp3-SB203580 group, DPSCs cultured
in chondrogenic medium with TGFp3 and SB203580.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted from different cell/pellet
samples using the TRIzol reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) as previously described (16,19). The quality
and quantity of the RNA was analyzed. Subsequently, the total
RNA was converted to cDNA using PrimeScript-RT reagent
kit (Takara Biotechnology Co., Ltd., Dalian, China). GAPDH
was applied as an internal control to normalize and quantify the
results. The gene-specific primers used for the amplification of
Runt-related transcription factor 2 (Runx2) were as follows:
CGGAATGCCTCTGCTGTTATG (forward) and GGTTCC
CGAGGTCCATCTACTG (reverse), and primers for GAPDH,
alkaline phosphatase (ALP), type II collagen (Col2), aggrecan
(ACAN) and SRY-box 9 (Sox9) are described in detail in
previous reports (16). The RT-qPCR reactions were performed
using the SYBR-Green system (Takara Biotechnology Co.,
Ltd., Dalian, China) in 96-well microwell plates (total reac-
tion volume, 20 pl) with a MyiQ Single-Color Real-Time
PCR Detection system (Bio-Rad Laboratories, Inc., Hercules,
CA, USA). The thermocycling parameters were as follows:
95°C for 4 min, then 35 cycles of 95°C for 20 sec, followed
by 60°C for 15 sec, and 72°C for 20 sec. The amplification
efficiency of target genes was calculated relative to GAPDH
(ACq=Cq gene-Cq GAPDH). The relative mRNA expression
levels of these target genes were calculated compared with
the expression of the controls (2224, AACq=ACq gene-ACq
control) (20). All the experiments were performed in triplicate.

ALP and alizarin red staining. Following culturing in vitro for
4 weeks, the ALP staining of DPSCs was performed using an
alkaline phosphatase staining kit (Biyuntian, Haimen, China).
Briefly, the culture dish was washed twice with PBS, and then
fixed in 4% paraformaldehyde (PFA), followed by staining
with alkaline dye for 30 min at room temperature. Finally,
DPSCs underwent thorough washing and scanning. For
alizarin red S staining, the DPSCs were fixed in 95% ethanol
following 28 days culturing, then stained with 1% alizarin
red S (Sigma-Aldrich; Merck KGaA) at room temperature for
20 min, and thoroughly washed prior to scanning.

Western blotting. The protein extraction of DPSCs was
performed as previously described (16,19). Protein concentra-
tions were determined using a BCA protein assay kit (cat.
no. 23227; Pierce; Thermo Fisher Scientific, Inc.), and 50 ug
protein per lane were separated using 10% SDS-PAGE, and
transferred to a polyvinylidene difluoride membrane with
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Figure 1. Features of DPSCs. (A) DPSCs direct outgrowth from dental pulp tissue explants. Magnification, x40. (B) The colony formation of the P3 DPSCs
was visualized by Giemsa staining. (C) Immunohistochemical staining results demonstrated that some DPSCs expressed the mesenchymal stem cell marker
stromal cell antigen-1. Magnification, x40. (D) P3 DPSCs present a sigmoidal growth curve. DPSCs, dental pulp stem cells; P3, third passage.

a semidry transfer apparatus (Bio-Rad Laboratories, Inc.).
Subsequently, the membranes were blocked with 5% milk for
2 h at room temperature, and incubated with primary anti-
bodies against Erk1/2 (cat. no. 4695), p-Erk1/2 (cat. no. 4376),
P38 (cat. no. 8690) and p-p38 (cat. no.4511) (all dilution 1:1,000
in PBS Tween-20 buffer; Cell Signaling Technology, Inc.,
Danvers, MA, USA) overnight at 4°C. Finally, the membranes
were incubated with horseradish peroxidase-conjugated
secondary antibody (cat. no. ab97051; Abcam, Cambridge,
UK; dilution, 1:5,000 in PBS) for 2 h at room temperature.
Then the membranes were detected with enhanced chemilu-
minescence reagents (EMD Millipore, Billerica, MA, USA),
and were exposed to X-ray film (Fujifilm, Tokyo, Japan).

Immunohistochemistry. DPSCs pellets were fixed with 4% PFA
for 4 h, embedded in paraffin, and cut into 5 ym-thick sections.
Immunohistochemistry staining of stromal cell antigen-1
(STRO-1) and Col2 in the sections was performed as previously
described (16). Antigen retrieval was performed by boiling
samples in a sodium citrate solution for 15 min, and pretreating
with 0.01% Triton X-100 (Sigma-Aldrich; Merck KGaA) for
20 min, then 3% H,0, for 20 min and 3% BSA (Sigma-Aldrich;

Merck KGaA) for 30 min. Subsequently, the slides were
incubated at 4°C overnight with the primary antibody stromal
cell antigen-1 (STRO-1; cat. no. sc-47733HRP; Santa Cruz
Biotechnology, Dallas, Texas, USA) or Col2 (cat. no. ab21291,
Abcam; both dilution, 1:100 in PBS; Abcam) in a humid
chamber. Then the samples were washed and incubated with
horseradish peroxidase-conjugated secondary antibodies (cat.
no. ab97051; Abcam; dilution, 1:150 in PBS) at room tempera-
ture for 2 h. The samples were stained with a diaminobenzidine
staining kit (Fuzhou Maixin Biotech Co., Ltd., Fuzhou, China)
for 3 min, and were counterstained with hematoxylin.

Statistical analysis. The data are presented as the mean + stan-
dard deviation, and an independent samples t-test was chosen
to compare the data between two groups using SPSS software
(version 18.0; SPSS, Inc., Chicago, IL, USA). P<0.05 was used
to indicate a statistically significant difference.

Results

Features of DPSCs. The DPSCs outgrew from dental pulp
tissue explants, and exhibited a predominantly long and
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Figure 2. Effect of Erk1/2 and p38 on the osteogenic differentiation of DPSCs. (A) The expression of Erk1/2, p-Erk1/2, p38 and p-p38 in DPSCs was detected
by western blotting. The expression of (B) ALP and (C) Runx2 mRNAs in treated DPSCs was investigated using the reverse transcription-quantitative poly-
merase chain reaction. (D) ALP staining and (E) alizarin red staining of DPSCs. The data are presented as the mean + standard deviation. "P<0.05, “P<0.01.
Erk1/2, extracellular signal-regulated protein kinase 1/2; DPSCs, dental pulp stem cells; ALP, alkaline phosphatase; Runx2, Runt-related transcription factor 2;

Dx, dexamethasone.

spindle-shaped morphology (Fig. 1A). DPSCs are able to
readily form a colony from a single cell in vitro, and the
colony-forming efficiency (CFE) was 7% (Fig. 1B). In addi-
tion, DPSCs expressed STRO-1, an early MSCs cell-surface
molecule marker (Fig. 1C). At day 2, the P3 DPSCs began to
grow exponentially. The population doubling time (PDT) was
1.93 days in the logarithmic phase (Fig. 1D).

Effect of Erkl/2 and p38 on the osteogenic differentiation
of DPSCs. The results of western blotting demonstrated
that osteogenic induction medium is able to augment the
phosphorylation of ERK1/2 in DPSCs, whereas PD98059
effectively inhibited the phosphorylation of ERK1/2. The
presented western blotting results indicated that osteogenic

induction medium slightly inhibited the phosphorylation of
P38, and SB203580 were able to further inhibit the phosphory-
lation of p38 (Fig. 2A). The RT-qPCR analysis results revealed
that inhibition of phosphorylation of Erk1/2 with PD98059
upregulated the expression of ALP and Runx2 in DPSCs
cultured in osteogenic medium when compared with the Dx
group (Fig. 2B, P<0.05; Fig. 2C, P<0.01), whereas inhibition
of phosphorylation of p38 with SB203580 were able to down-
regulate the expression of ALP and Runx2 when compared
with the Dx group (Fig. 2B and C, P<0.01). The ALP and
alizarin red staining results further confirmed that inhibition
of phosphorylation of Erk1/2 promote the expression of ALP
and ossification, whereas inhibition of phosphorylation of p38
showed opposed effect (Fig. 2D and E).
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Figure 3. Effect of Erk1/2 and p38 on the chondrogenic differentiation of DPSCs. The expression of (A) Sox9, (B) ACAN and (C) Col2 mRNAs in treated
DPSCs was investigated using the reverse transcription-quantitative polymerase chain reaction. (D-G) The expression of Col2 in DPSCs pellets was detected
by immunohistochemical staining. Scale=50 ym. The data are presented as the mean + standard deviation. "P<0.05, “P<0.01. Erk, extracellular signal-regulated
protein kinase; Sox9, SRY-box 9; ACAN, aggrecan; DPSCs, dental pulp stem cells; TGFp, transforming growth factor f3.

Effect of Erkl/2 and p38 on the chondrogenic differentiation
of DPSCs. The RT-qPCR results indicated that the addition
of PD98059 was able to downregulate the expression of Sox9,
ACAN and Col2, whereas SB203580 was able to upregulate
the expression of Sox9, ACAN and Col2 in DPSCs pellets
cultured in chondrogenic medium (Fig. 3A-C; P<0.05). The
immunohistochemistry results demonstrated that DPSCs
pellets cultured in chondrogenic medium with PD98059
presented weak Col2 staining. However, SB203580 was able
to enhance the Col2 staining (Fig. 3D-G).

Discussion

To the best of the authors' knowledge, the present study is one
of the first to investigate the effects of Erk1/2 and p38, on the
osteogenic and chondrogenic differentiation of DPSCs. The
results suggested that Erk1/2 and p38 exhibit an opposing
effect on the osteogenic and chondrogenic differentiation of
DPSC:s. For osteogenic differentiation, previous studies indi-
cated that p38 and Erk1/2 involved in bone morphogenetic
factor-9-induced osteogenic differentiation of rat dental follicle
stem cells, and inhibition of p38 is able to inhibit the osteogenic
differentiation, whereas inhibition of Erk1/2 would promote
the osteogenic differentiation (6). Li et al (7) reported that
cyclic tensile stress may enhance the osteogenic differentiation
of periodontal ligament cells via the Erk1/2 signaling pathway,
and inhibition of Erk1/2 may inhibit osteogenic differentiation.
Wang et al (21) reported that hypoxia inhibits the osteogenic
differentiation of rat bone mesenchymal stem cells, potentially
through Erk1/2, but not the p38 signaling pathway. In addition,
there are a number of additional reports presenting contradic-
tory results concerning the effects of Erk1/2 and p38 on the
osteogenic differentiation of MSCs under different condi-
tions (22-24). These previous findings implied that different
chemical and physical stimuli for osteogenic differentiation of

MSCs may result in different biochemical responses through
different underlying mechanisms, and that different cell types,
culture systems, developmental stages and culture times
may contribute to the effect (6,7,21-24). In the present study,
inhibition of p38 may inhibit the osteogenic differentiation of
DPSCs, whereas inhibition of Erk1/2 demonstrated the opposite
effect. Although the results were similar with certain previous
studies, these findings seem to contradict several other reports.
However, the presented results may further confirm a more
intricate set of events underlying the differentiation of MSCs.

For chondrogenesis, there are a number of different effects
of Erk1/2 and p38 on the chondrogenic differentiation of MSCs.
Bobick er al (11) reported that knockdown of ERK1/2 pathway
members MEK1 and ERK1 decreased expression of all
chondrogenic markers in human bone marrow-derived multi-
potent progenitor cells cultured in chondrogenic medium with
TGF-f3. An additional study suggests that Erk1/2 and p38 serve
opposing roles in mediating transcription of cartilage-specific
genes in rat bone marrow mesenchymal stem cells cultured in
chondrogenic medium with TGF-f1, and inhibition of Erk1/2
may promote chondrogenesis (9). Kim and Im (10) reported
that inhibition of Erk1/2 was able to suppress hypertrophy
and promote chondrogenesis of bone marrow-derived MSCs
and adipose tissue-derived MSCs cultured in chondrogenic
medium with bone morphogenetic protein 7 and TGF-f2,
whereas inhibition of p38 had little effect. The results of the
present study suggest that inhibition of Erk1/2 may inhibit the
chondrogenic differentiation of DPSCs, whereas the effect of
inhibiting p38 demonstrated an opposing effect. These findings
seem to contradict previous reports, suggesting that inhibition
of Erk1/2 simultaneously promotes the chondrogenesis and
hypertrophy of DPSCs co-cultured with costal chondrocytes
in chondrogenic medium with TGF-B3 and FGF9 (16). The
present study further demonstrates the complexity of the effect
of Erk1/2 and p38 on the differentiation of MSCs.
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It is well understood that modifying the signaling pathway
during the differentiation process of MSCs may influence the
ultimate commitment of the MSCs, and many differentiating
stimuli were applied to direct the MSCs to differentiate into
the expected cells. However, how these pathways affect the
differentiation program of MSCs and how manipulation of
these pathways may obtain more efficient differentiation
protocols remains unclear. MAPKSs have been reported to
be one of the most important signaling pathways implicated
in chondrogenic and osteogenic differentiation of MSCs (4).
However, as discussed above, the exact mechanisms of how
Erk1/2 and p38 are involved in these processes remain unclear,
and many factors may influence the results. Therefore, future
studies should consider the influence of different chemical
and physical stimuli, cell types, culture methods, the times
of adding the inhibitor and the dosage of inhibitor, on the
effect of Erk1/2 and p38 on the differentiation of MSCs. In
addition, the potential difference between the in vivo and
in vitro effects of Erk1/2 and p38 on the differentiation of
MSCs should be taken into consideration. The aim is that
these results will help to better understand the underlying
mechanisms that control this process, in the search for novel,
effective tissue regeneration and stem cell-based regenerative
therapies.
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