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ABSTRACT

The differentiation of periodontal ligament (PDL) progeni-
tor cells is important for maintaining the homeostasis of
PDL tissue and alveolar bone. Vitamin C (VC), a water-sol-
uble nutrient that cannot be biosynthesized by humans,
is vital for mesenchymal stem cells differentiation and
plays an important role in bone remodeling. Therefore, the
objective of this study was to determine the function and
mechanism of VC in PDL progenitor cells osteogenic dif-
ferentiation at the molecular level. We demonstrated that
VC could induce the osteogenic differentiation and matu-
ration of PDL progenitor cell without other osteogenic
agents. During the process, VC preferentially activated
ERK1/2 but did not affect JNK or p38. Co-treatment with
ERK inhibitor effectively decreased the Vitamin C-induced
expression of Runx2. ERK inhibitor also abrogated Vita-
min C-induced the minimized nodules formation. PELP1,
a nuclear receptor co-regulator, was up-regulated under
VC treatment. PELP1 knockdown inhibited ERK phos-
phorylation. The overexpression of PELP1 had a positive
relationship with Runx2 expression. Taken together, we
could make a conclude that VC induces the osteogenic
differentiation of PDL progenitor cells via PELP1-ERK
axis. Our finding implies that VC may have a potential in
the regeneration medicine and application to periodontitis
treatment.
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INTRODUCTION

Periodontitis is a major infectious disease characterized by
the irreversible destruction of the periodontal ligament (PDL),
gingiva and alveolar bone. It is one of the main causes of tooth
mobility and loss, which affects 5%—20% of the world popula-
tion (Eklund and Burt, 1994; Desvarieux et al., 2003; Petersen
et al., 2005). The conventional therapeutic strategy for peri-
odontitis is to clear the infections and restore the structure
and function of the PDL tissue and alveolar bone. With rapid
development in stem cell research, stem cell-based hard and
soft tissue regeneration has garnered a great deal of atten-
tion in the field of dentistry (Seo et al., 2004; Sonoyama et al.,
2006; Liu et al., 2008; Ding et al., 2010). PDL progenitor cells,
a type of mesenchymal stem cell (MSC), can differentiate into
cementoblasts, osteoblasts, adipocytes, and collagen-forming
cells under defined culture conditions, exhibit great therapeutic
potential for alveolar bone repair (Seo et al., 2004; Mao et al.,
2006). Therefore, the regulatory mechanism of PDL progenitor
cells differentiation has become an important research topic.
VC, a major physiological antioxidant, is vital for the bio-
synthesis and function of collagen and extracellular matrix and
shows great potential in regeneration medicine (Van Robertson
et al., 1959; Mitoma and Smith, 1960; Peterkofsky, 1991). It is
an indispensable supplement for promoting the proliferation
and differentiation of a variety of mesenchymal stem cells by
enhancing collagen biosynthesis, ALP activity, the expression
of BSP and other extracellular matrix production (Franceschi
et al., 1994; Shiga et al., 2003; Wang et al., 2006; Cao et al.,
2012; Mekala et al., 2013). Evidences also indicate that VC
can induce iPSCs (induced pluripotent stem cells) differentia-
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Figure 1. Characterization of periodontal ligament progenitor cells. The expression of keratin and vimentin in PDL progenitor cells
were determined by immunocytochemistry (A). Oil Red O staining of PDL progenitor cells after 14 d of adipogenic differentiation. Alizarin
Red S staining of PDL progenitor cells after 14 d of osteogenic differentiation (B). Flow cytometry analysis of mesenchymal surface mark-
ers on PDL progenitor cells. All microscopic photographs are shown at 200x magnification (C). All data are representative of 3 independ-

ent experiments.

tion and malignant cells apoptosis via ERK/MAPK pathway
(Park et al., 2005; Cao et al., 2012). ERK/MAPK pathway lies
in the central position in mesenchymal stem cells differentiation
and skeletal development (Lai et al., 2001; Ge et al., 2007).
ERK/MAPK pathway is also involved in the induction and ac-
tivity of Runx2, a decisive transcription factor in mesenchymal
stem cells osteogenic differentiation both in vitro and in vivo
(Xiao et al., 2000; Franceschi et al., 2007; Ge et al., 2007).
Moreover, other factors, such as mechanical stress, FGF-2
and IGF-1, also can mediate the differentiation of osteoblasts
in a ERK/MAPK-dependent manner (Xiao et al., 2002; Kanno
etal, 2007; Yu et al., 2012).

PELP1 (proline-, glutamic acid- and leucine-rich protein) is
initially identified as a co-regulator of estrogen receptors (Vad-
lamudi et al., 2001) and can facilitate the non-genomic func-
tions of ER in breast cancers (Vadlamudi et al., 2005). Working
as the co-activator of RXRa and PPARYy, PELP1 exhibits pro-
differentiation effect (Vadlamudi et al., 2001; Haas et al., 2005;
Singh et al., 2006). It has been reported that the cytoplasmic
localization of PELP1 in MCF-7 can also augment ERK activa-
tion (Rayala et al., 2006). Thus we hypothesized that PELP1
may be involved in VC-induced ERK/MAPK activity during the
differentiation of PDL progenitor cells. In the present study, we
show that VC induces the osteogenic differentiation and matu-
ration of PDL progenitor cells via ERK pathway. Further studies
suggest that PELP1 is involved in this process. Our study may
provide a possible application of VC in PDL tissue regeneration
and treating periodontal diseases.

RESULTS

Characterization of PDL progenitor Cells

PDL progenitor cells were isolated from 5 individual patients
according to the method of Seo et al. (2004). The immunocy-
tochemistry results showed that the PDL progenitor cells were
vimentin positive and keratin negative (Fig. 1A), suggesting
a mesenchymal cell origin. PDL progenitor cells are a unique
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mesenchymal stem cell population; therefore, we examined
the stem cell markers on the PDL progenitor cells. The flow
cytometry results demonstrated that the PDL progenitor cells
were positive for Strol-1, CD146, CD29, and CD105 and nega-
tive for CD34 and CD45 (Fig. 1C), indicating the potential for
differentiation into multiple cell types. The PDL progenitor cells
differentiated into adipocytes and osteoblasts (Fig. 1B) as
determined by Oil Red O and Alizarin Red S staining, respec-
tively.

VC induced the osteogenic differentiation of PDL
progenitor cells

It has been reported that VC can promote proliferation and
differentiation of mesenchymal stem cells. Then, we firstly
measured the cytotoxicity of VC on PDL progenitor cells
with concentrations from 0 to 100 umol/L for 72 h and 96 h.
As shown in Fig. 2A, all the concentrations of VC treatment
exhibited proliferative effect rather than cytotoxicity. Next we
investigated whether VC could induce osteogenic differentia-
tion of PDL progenitor cells. After 14 d of osteo-induction by
traditional osteo-induction medium or DMEM supplemented
with different concentrations of VC, we observed mineralization
nodules formation induced by VC in a dose dependent manner
(Fig. 2C and 2D). Runx2 is the most important transcription
factor for the osteogenic differentiation and controls the ex-
pression of bone forming genes in osteoblasts (Komori et al.,
1997; Xiao et al., 2000; Gordon et al., 2007). So we detected
whether VC could induce the expression of Runx2. Under 48 h
of VC treatment, the expression of Runx2 showed an increase
in a dose dependent manner too (Fig. 2B). These results sug-
gest that VC is able to induce osteogenic differentiation of PDL
progenitor cells by triggering the expression of Runx2.

The role of ERK pathway in VC-induced osteogenic
differentiation of PDL progenitor cells

During the osteogenic differentiation of osteoblasts, Runx2 is
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Figure 3. VC induces ERK phosphorylation and the activity of ERK is required for VC-induced osteogenesis of hPDLSCs. hP-
DLSCs were cultured with 100 umol/L VC with or without U0126, PD98059, SP600125 and SB203580 for 48 h. The relative gene expres-

sion of Runx2 was detected by gRT-PCR (A). Cells were treated with
and phosphorylated p38 (p-p38), ERK1/2, p38, JNK, GAPDH were

100 pmol/L VC for 24 h and 48 h. The phosphorylated ERK1/2 (p-ERK)
detected by western blot (B) and relative expression of p-ERK1/2 and

p-p38 was quantificated by Image J (C). Cells were treated with 100 pmol/L VC with or without U0126, PD98059 for 14 d. The mineralized

nodules formation was detected by Alizarin Red S staining (D) and
(E) are the mean + SD.
independent experiments.

regulated by various signaling pathways. Among these path-
ways, the MAPK pathway is well-studied (Xiao et al., 2000).
Therefore, we explored whether MAPK signaling pathway
was involved in VC-induced osteogenic differentiation. The
expression of Runx2 was determined under the treatment of
100 ymol/L VC with or without inhibitors for MAPK signaling
pathway for 48 h. As shown in Fig. 3A, VC alone could en-
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quantification was measured at 405 nm (E). The data in (A), (C), and

* represents P < 0.05 and ** represents P < 0.01 relative to the DMEM control. All data are representative of 3

hance the expression of Runx2 compared with DMEM control,
and the ERK inhibitors (U0126 and PD98059) significantly
inhibited VC-induced Runx2 expression whereas the p38
and JNK inhibitors (SB203580 and SP600125) showed little
impacts. Then we tested the translational change of MAPK signal-
ing pathway under 100 ymol/L VC treatment for 24 h and 48 h.
We found that the phosphorylation of ERK increased at both
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Figure 4. VC up-regulates the expression of PELP1 dur-
ing VC-induced differentiation of hPDLSCs. hPDLSCs were
treated with 100 pmol/L VC for 48 h, and the relative gene expres-
sion of PELP1 was detected by qRT-PCR (A). The protein level of
PELP1 was detected by western blot (B) and the relative expres-
sion of PELP1 was quantificated by Image J (C). The cytoplasmic
and nucleic distributions of PELP1 were observed by confocal
microscopy with or without 100 pmol/L VC treatment for 48 h (D).
The data in (A), and (C) are the mean + SD. ** represents P < 0.01
and *** represents P < 0.005 relative to the DMEM control. All
data are representative of 3 independent experiments.
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24 h and 48 h of VC treatment, yet phosphorylated p38
showed no change and phosphorylated JNK was not detected
(Fig. 3B and 3C). Next we treated PDL progenitor cells under
100 uymol/L VC with or without U0126 and PD98059 for 14 d
and observed that ERK inhibition could significantly retard the
VC-induced mineralization (Fig. 3D and 3E). These results in-
dicate that ERK activation is necessary for VC-induced Runx2
expression and mineralization.

PELP1 was involved in VC-induced osteogenesis

Although evidences indicate that ERK activity is involved in
VC-promoted cardiac progenitor cells proliferation and VC-
induced acute myeloid leukemia cells apoptosis (Park et
al., 2005; Cao et al., 2012), how VC activates ERK remains
elusive. In the present study, we found that VC could up-
regulate the expression of mMRNA and protein levels of PELP1
(Fig. 4A—C). Other reports indicate that the cytoplasmic locali-
zation of PELP1 in MCF-7 breast tumor cells can augment
ERK activation (Rayala et al., 2006). Thus we hypothesized
that VC might employ the same mechanism to activate ERK
during PDL progenitor cells differentiation. Then we investi-
gated the localization of PELP1 under VC treatment and ob-
served the expression of PELP1 increased predominantly in
cytoplasm rather than in nucleus (Fig. 4D). Next we examined
whether PELP1 was involved in VC-induced ERK activation.
Our results showed that knockdown of PELP1 could decrease
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VC-induced ERK activation and the expression of Runx2
(Fig. 5A, 5B and 5E). Overexpression of PELP1 could activate
ERK and up-regulate the expression of Runx2 absent of VC
(Fig. 5C—E). However, both treatments did not alter the phos-
phorylation of p38 nor induced the phosphorylation of JNK
(Fig. 5E), which was consistent with our previous discovery
(Fig. 3B). We can conclude that PELP1 is involved in VC-
induced ERK activity.

DISCUSSION

Isolated from PDL tissue, PDL progenitor cells manifest great
potential in regeneration medicine (Seo et al., 2004). The al-
logeneic PDL progenitor cells with low immunogenicity and
marked immunosuppression and their autologous counterparts
absent of those concerns can be both applied to regeneration
therapy of inflammatory damages in associated tissues (Liu
et al., 2008; Ding et al., 2010). However, so far there exist no
efficient, convenient and safe methods to enhance the prolif-
eration and differentiation of PDL progenitor cells. The present
study demonstrates that VC has the potential to induce the os-
teogenic differentiation of PDLSCs via PELP1-ERK axis which
has not been reported before.

VC, which can promote the speed and efficiency of iPSC
generation, has become a hot topic in the regard of cell dif-
ferentiation (Esteban et al., 2010). VC also can promote the
differentiation of bone marrow-derived MSCs and MC3T3-E1
cells in a dose-dependent way (Shiga et al., 2003; Choi et al.,
2008). Moreover, VC is essential for osteoblasts proliferation
and differentiation via inducing ALP activity, up-regulatng the
expression of type X/I collagen, OCN, fibronectin and ALP,
increasing the calcium deposition and the rate of procollagen
secretion (Leboy et al., 1989; Franceschi et al., 1994; Shiga et
al., 2003). VC modified functionalized biomaterials is able to
control human MSCs proliferation, cellular aging and differen-
tiation (Wang et al., 2006). In the present study, VC can induce
the differentiation and maturation of PDL progenitor cells in a
dose-dependent manner.

The PDL progenitor cells used in our study have been
identified as mesenchymal stem cells. The process of mes-
enchymal stem cells differentiation is controlled by a serial of
signal pathways. ERK/MAPK is one of the best-characterized
pathways for the regulation of osteogenesis (Xiao et al., 2000;
Yamaguchi et al., 2000). ERK activity is recognized as the
decision maker during the process of embryonic stem cells
differentiation (Kunath et al., 2007). And by activating ERK,
VC enhances the cardiac differentiation of iPSCs and induces
the apoptosis of acute myeloid leukemia cells (Park et al.,
2005; Cao et al., 2012). So, whether ERK was involved in VC-
induced osteogenic differentiation of PDL progenitor cells be-
came our concern.

Runx2 is the most important transcription factor involved
in the commitment of mesenchymal stem cells undergoing
osteogenic differentiation, and Runx2 knockout mice lack os-
teoblasts and bone formation (Ducy et al., 1997; Komori et al.,
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Figure 5. PELP1 is involved in VC-induced ERK activity. hPDLSCs were treated with 100 pmol/L VC after PELP1 siRNA knockdown
for 48 h. The expression of PELP1 at gene (A) and PELP1, Ruxn2 protein levels (B) were detected by qRT-PCR and western blot. hP-
DLSCs were treated with DMEM medium after PELP1 overexpression for 48 h. The expression of PELP1 at gene (C) and PELP1, Runx2
protein levels (D) were detected by gRT-PCR and western blot. (E) The phosphorylated ERK1/2 (p-ERK) and p38 (p-p38), ERK1/2, p38,
JNK, GAPDH were detected by western blot and the cells were treated as in (A) and (C), respectively. The data in (A) and (C), are the
mean * SD. *** represents P < 0.005 relative to the mock or vector control. All data are representative of 3 independent experiments.

1997; Yamaguchi et al., 2000; Xiao et al., 2005; Komori, 2008).
The activity of ERK is essential for up-regulating the expres-
sion and transcriptional activity of Runx2 (Xiao et al., 2000;
Lai et al., 2001). Our data are consistent with the observation
that ERK was activated during VC-induced osteogenic dif-
ferentiation and ERK blockade by specific inhibitor can inhibit
VC-induced the expression of Runx2 and mineralized nodule
formation. This finding suggests that ERK activation may be a
possible molecular mechanism for the inductive effect of VC in
the osteogenic differentiation of PDL progenitor cells.

Given ERK pathway is involved in the process that VC pro-
motes PDL progenitor cells differentiation, how VC activates
ERK pathway remains unclear. In our study, under VC treat-
ment PELP1 was upregulated and the expression of PELP1
increased predominantly in cytoplasm. Initially identified as a
co-regulator of estrogen receptors, PELP1 facilitates the non-
genomic functions of ER in breast cancers through interacting
with ERK/MAPK (Vadlamudi et al., 2001; Vadlamudi et al.,
2005). And the cytoplasmic localization of PELP1 could aug-
ment ERK activation in MCF-7 breast tumor cells (Rayala et
al., 2006). So these observations indicated that PELP1 might
be involved in the process of VC-induced ERK activation. We
examined the relationship between the expression of PELP1
and ERK activity using genetic methods. ERK activity and the
expression of Runx2 decreased when PELP1 was knocked
down under VC treatment and overexpression of PELP1 en-
hanced ERK activity and the expression of Runx2, indicating
that PELP1 mediated ERK activation during VC-induced os-
teogenic differentiation of PDL progenitor cells.

In conclusion, VC promotes PDL progenitor cell differentia-
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tion by PELP1-mediated ERK activation. This finding enriches
our knowledge on the modulation mechanism of PDL progeni-
tor cells differentiation and suggests that VC may possess the
therapeutic potential in treating peiriodontotis.

MATERIALS AND METHODS
Isolation and culture of periodontal ligament progenitor cells

The Ethical Committee of the Stomatological Hospital of the Fourth
Military Medical University approved the procedure for the isolation of
human periodontal ligament progenitor cells in this study. Periodontal
ligament (PDL) progenitor cells were obtained from extracted non-car-
ies premolars or third molars of 5 patients aged 18—40 years old. The
detailed procedure was based on the method of Seo et al. (2004). PDL
progenitor cells from each donor were cultured and used at passage
3—4. The following experiments were repeated using the PDL progeni-
tor cells for each donor, and the results shown were representative of
the experiments.

Immunocytochemistry

PDL progenitor cells were subcultured onto 10 x 12 mm slides at 1 x 10°
cells/well for 24 h. After the cells reached 60% confluence, they were
fixed with ice-cold acetone for 30 min and incubated with 3% H,O,.
The cells were permeabilized with 1% Triton X-100, incubated with
the monoclonal antibodies anti-vimentin (Santa Cruz, CA, USA), anti-
keratin (Santa Cruz, CA, USA) or normal goat IgG as the negative
control overnight at 4°C. The slides were then washed with PBS and
incubated with secondary antibody for 1 h at room temperature. Next
the slides were stained with 50 pL chromogen solution (DAB, Boster).
Then slides were counterstained with hematoxylin for 30 s and ob-
served under a light microscope (Leica).
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Table 1. Primers used in qRT-PCR experiments

Forward primer (5'—3') Reverse primer (5'—3')

PELP1 TCAGTAATGCACGTCTCAGTTC CCGAAGCCAAGACACACAG
Runx2 TGGTTACTGTCATGGCGGGTA TCTCAGATCGTTGAACCTTGCTA
18S CAGCCACCCGAGATTGAGCA TAGTAGCGACGGGCGGTGTG

Characterization of periodontal ligament progenitor cells

PDL progenitor cells (60 x 10%) were plated in 10-cm culture dishes
and cultured in DMEM supplemented with 10% fetal bovine serum
(FBS) until they reached 70% confluence. The cells were then washed
with PBS, digested with 0.25% trypsin and harvested by centrifugation
at 450 g for 5 min. For cell surface staining, the PDL progenitor cells
were stained with fluorescently labeled PE-conjugated antibodies in
staining buffer (2% FBS and 0.09% sodium azide in PBS) for 30 min at
4°C. The antibodies used for staining were PE-conjugated anti-Stro-1,
PE-conjugated anti-CD146, PE-conjugated anti-CD29, PE-conjugated
anti-CD105, PE-conjugated anti-CD34 and PE-conjugated anti-CD45.
All antibodies were purchased from eBioscience except anti-CD146,
which was a kind gift from Prof. Yan Xiyun (Institute of Biophysics,
CAS). The cells were analyzed on a FACS Calibur flow cytometer (BD
Biosciences, San Jose, CA).

Adipogenic, osteogenic differentiation and staining

PDL progenitor cells were seeded at a density of 3 x 10* cells/well in a
6-cm culture dish with DMEM supplemented with 10% FBS. Adipogen-
ic differentiation was induced with 0.5 mmol/L isobutylmethylxanthine,
0.5 pmol/L dexamethasone, 1 pyg/mL insulin and 60 pmol/L indometha-
cin. Osteogenic differentiation of the PDL progenitor cells were induced
with osteogenic induction medium (DMEM containing 10% FBS,
10 mmol/L B-glycerophosphate, 10 nmol/L dexamethasone, and
50 pmol/L VC).The medium was changed every 3d. On day 14, the
cells were fixed with 4% paraformaldehyde for 30 min and then stained
with Oil Red O or 2% Alizarin Red S for 5 min at room temperature.
The cells were then counterstained with hematoxylin for 30 s and ob-
served under a light microscope (Leica).

Methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay

PDLSCs were seeded on 96-well plates at a density of 8 x 10° cells/
well and treated with VC at concentrations of 0, 0.1, 1, 4, 10, 20, 50
and 100 pmol/L, respectively. At 72 h or 96 h after VC treatment, the
proliferation/survival of the cells was evaluated by MTT assay.

Cell culture and treatments

For osteogenic differentiation, 5 x 10* cells were seeded in 6-cm cul-
ture dishes and treated with either osteo-induction medium or 100
umol/L VC for 14 d. The mediums were changed every 3d.

For RNA and protein extraction, cells were planted in 6-well culture
plates in proper density and treated with 100 ymol/L VC with or without
inhibitors for indicated times.

PELP1 transfection and siRNA knockdown of PELP1

Full length PELP1 gene was cloned from MCF-7 cells by RT-PCR,
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and then was inserted into the purified pIRES2-EGFP plasmid. The
plasmids and siRNAs were transfected into the PDL progenitor cells
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). The mediums
were replaced with basic medium with or without 100 pmol/L VC 6 h
after transfection the siRNAs or plasmids. After an additional 48 h, RNA
from the treated cells was collected and used for qRT-PCR analysis.
The siRNAs targeting PELP1 and the control siRNA were purchased
from Invitrogen.

RNA extraction and gRT-PCR assay

Cells were seeded in 6-well tissue culture plates and harvested with
TRIzol reagent (Invitrogen). The total RNA was immediately extracted,
and reverse transcription PCR was performed with the Transgen
TransScript One-Step cDNA Removal and cDNA Synthesis SuperMix
according to the manufacturer’s instructions. Real-time quantitative
PCR was performed using the Transgen TransSmartTM Green gPCR
SuperMix UDG. The PCR primers used for the amplification were as
follows (Table 1). The relative mRNA expression levels for PELP1 and
Runx2 were determined using the 222CT method (Livak and Schmitt-
gen, 2001). The 18S gene was used as the internal control.

Western blot

PDL progenitor cells were lysed in RIPA lysis buffer containing pro-
tease inhibitors (Sigma) and phosphatase inhibitors (Sigma). The cel-
lular debris was removed by centrifugation at 12,000 r/min for 15 min at
4°C. The proteins (20 pg) were heated with 4x SDS sample and sepa-
rated by 12% SDS-PAGE gel electrophoresis and then transferred to
0.45 ym PVDF membranes (Millipore, Bedford, CA). After blocking,
the membranes were incubated with the following primary antibodies:
PELP1, 1:2500 (Bethyl Laboratories Inc.); Runx2, 1:200 (Abcam);
ERK1/2, 1:1000 (CST); p-ERK1/2, 1:1500 (CST); JNK, 1:1000 (CST);
p-JNK, 1:1000 (CST); P38, 1:1000 (CST); p-P38, 1:1000 (CST); and
GAPDH, 1:1000 (CST) at 4°C overnight. On the second day, the
membranes were washed with TBST and incubated with secondary
antibodies (1:1500, CST) before visualization.

Confocal microscopy

Cells were treated with DMEM with or without 100 pmol/L VC for 48 h.
Then culture medium was removed and cells were washed with ice-
cold PBS. Then cells were fixed with 4% paraformaldehyde for 15 min
and then blocked with normal goat serum for 30 min at room tempera-
ture. The cells were incubated with monoclonal anti-PELP1 antibody
at a 1:100 dilution at 4°C overnight. Then the primary antibody was
removed and the cells were incubated with the Alexafluo 568-labeled
goat-anti-rabbit antibody for 1 h at room temperature in the dark. Sec-
tions were washed three times with ice-cold PBS, and counterstained
the nucleus with DAPI for 10 min. Then samples were analyzed and
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photographed in PBS FV1000 confocal microscopy (Olympus).

Statistical analysis

All experiments were performed with triplicate samples and repeated
at least three times. The results are represented as the mean + SD. A
two-tailed Student’s t-test was used to compare the values between
groups. A P-value of less than 0.05 was considered statistically signifi-
cant.
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