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Abstract: Periodontitis is a type of chronic inflammation in the gingival tissue caused by infectious bacteria colonizing the

surface of the teeth, leading to the destruction of tooth-supporting tissues and loss of alveolar bone. Suberoylanilide

hydroxamic acid (SAHA), a class of histone deacetylase (HDAC) inhibitor, has the potential to stimulate osteoblast

differentiation by acetylating histone proteins, and thus suppressing the expression of adipogenic and chondrogenic

genes. However, the effect of SAHA on the differentiation of human periodontal ligament stem cells (hPDLSCs) is yet

to be elucidated. Herein, we investigated the effects of SAHA on in vitro proliferation and differentiation of hPDLSCs

by MTT assay, Alizarin Red-S, and alkaline phosphatase staining, and real-time PCR. Notably, 300 ng/mL SAHA

treatment enhanced the proliferation and mineralization of hPDLSCs, indicating their osteogenic potential. Moreover,

a significant enhancement of osteogenesis gene markers and proteins was observed. We also demonstrated that ERK

is a positive regulator of Runx2 transcription factors during osteoblast differentiation. These results indicate that

SAHA may be a useful osteogenic induction agent for periodontal bone regeneration.

Introduction

Periodontitis is a destructive inflammation in the surrounding
and supporting structures of the teeth that results in tissue
injury, including loss of connective tissue and alveolar bone
(Straka et al., 2015; Larsson et al., 2015). Consequently,
periodontitis often leads to loose teeth and is the primary
cause of tooth loss. At present, more and more scientists are
focusing on tissue reconstruction, and strive to preserve
physiologically functional teeth in the mouth for an extended
period of time. In recent years, the potential application of
mesenchymal stem cells (MSCs) for tissue regeneration has
attracted much attention in various medical studies. It is
reported that there are abundant mesenchymal stem cell
pools in the oral cavity (Huang et al., 2009). Human dental

pulp mesenchymal stem cells (hDMSCs) can be isolated in
the form of dental pulp stem cells (DPSCs), periodontal
ligament stem cells (PDLSCs), apical papillary stem cells
(SCAP), and alveolar bone marrow stem cells (ABMSCs);
they are derived from various dental tissues, including
immature wisdom teeth, exfoliated deciduous teeth, apical
papilla, periodontal ligament, and dental follicle tissue
(Huang et al., 2009; Potdar and Jethmalani, 2015). The
periodontal ligament (PDL) is a soft connective tissue located
between the cementum and the alveolar bone, providing
tooth nutrition to maintain homeostasis and regeneration of
periodontal tissue. PDL contains different cell types as well as
a group of stem cells (Alvarez et al., 2015). The PDLSCs
express the mesenchymal stem cell markers CD13, CD90,
and CD146, as well as bone-associated markers such as
alkaline phosphatase (ALP) and bone sialoprotein (BSP), and
have the potential to differentiate into osteoblasts, osteoblast-
like cells, and periodontal ligament fibroblasts. PDLSCs
eventually form typical alveolar bone/periodontium-like
structures under defined culture conditions and are
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considered to be potential sources of MSCs (Park et al., 2011,
2013). Although several methods have been studied to
transport PDLSCs into periodontal defects, including cell
mass, micro-tissue, and cell sheet engineering in vivo (Park et
al., 2011; Jin and Choung, 2016), few studies described the
clinical application of PDLSCs as they are difficult to handle
during surgery, and there are challenges in retaining the
transferred PDLSCs at the surgical site.

Histone deacetylase (HDAC) inhibitors were reported to
inhibit proliferation and promote the differentiation of cancer
cells in tumors and hematological malignancies. The
mechanism of HDAC inhibitors involves the regulation of
gene expression by increasing the acetylation of histones
and non-histones (Marks, 2007; Kouraklis and Theocharis,
2006; Lee et al., 2015). HDAC inhibitors interact with lysine
residues of histone proteins (H2A, H2B, H3, and H4),
resulting in the removal of acetyl moieties. Acetylation
results in the formation of positive charges on lysine
residues, which inactivate the function of the native protein.
Thus, histone deacetylation is generally associated with the
suppression of gene expression (Richon, 2006; Duncan et
al., 2015). Moreover, it was reported that HDAC inhibitors
could induce Runx2-dependent osteoblast differentiation by
suppressing adipocyte differentiation in vitro (Fischer et al.,
2010; Dudakovic et al., 2013).

Suberoylanilide hydroxamic acid (SAHA), a new class of
broad-spectrum histone deacetylase inhibitor, was reported to
enter phases I and II clinical trials for application in cancer
treatment (Marks, 2007). SAHA resembles HDAC in
structure and function; it inhibits cell cycle progression and
induces apoptosis to disrupt gene function (Richon, 2006).
Moreover, SAHA induces cardiomyogenic differentiation of
human dental follicle-derived stem cells by regulating the
cardiomyogenic transcription factors TNNT2, α-SMA, and
Desmin (Sung et al., 2016). Previously, SAHA was reported
to enhance bone resorption and reduce mineral density
(Sato et al., 2001; Kwon et al., 2012). However, the role of
SAHA in odontoblastic differentiation and corresponding
signaling pathways have not been elucidated extensively.
Thus, our present study investigated the effects of SAHA on
osteoblast differentiation as well as the mineralization
potential of hPDLSCs in vitro. Further, we demonstrated
that SAHA induces osteoblast differentiation via ERK/
MAPK signaling pathways.

Materials and Methods

Human PDLSC cultures
Human periodontal ligaments were extracted and obtained
from the third molar tooth of adult humans. All the
experiments regarding dental implantations, stem cell
isolation, and maintenance were approved by the Department
of Stomatology, Institutional Review Board, affiliated with the
Hospital of Yanbian University (Yanbian, China; IRB number
2019201). Written consent letters were obtained from all the
donors. Human periodontal ligaments were gently scraped
with forceps from the third molar and digested for 1 h
with 3 mg/mL collagenase type-1 (Worthington Biochem.
Co., NJ, USA) and 4 mg/mL dispase (Boehringer, UK) at
37°C. After digestion, the remaining cells were cultured in

an alpha modification of Eagle’s medium (α-MEM; Gibco-
BRL, USA) supplemented with 10% fetal bovine serum
(FBS; Gibco-BRL, USA), 2 mM glutamine, 100 mM
ascorbic acid-2-phosphate, and 1% antibiotics (Gibco-BRL;
100 U/mL penicillin and 100 mg/mL streptomycin) and
incubated at 37 ± 1°C with 5% CO2. The medium was
replaced every 48 h. For our study, we selected hPDLSCs
from three different donors. The second or third passage of
cells was used for all the experiments.

Cytotoxicity evaluation
The cytotoxicity of hPDLSCs in the presence of SAHA
was evaluated using a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay kit per the
manufacturer’s instructions (Promega, Wisconsin, USA).
Briefly, hPDLSCs (3 × 103 cells/well) were cultured in 96-
well plates for 48 h. Varying amounts of SAHA were added
to 100 µL of the culture medium per well to achieve final
concentrations of 0, 100, 300, 500, 800, 1000, and 2000 ng/
mL. After incubation, a 15 µL premixed dye solution was
added and incubated at 37°C for 4 h followed by addition of
100 µL stop solution. Finally, the end product was analyzed
by measuring the optical density (OD) at 595 nm (Infinite®

M Nano 200 Pro; TECAN, Switzerland). All samples were
run in triplicate (n = 3), and data are presented as mean
ODs ± standard deviations. Statistical significance was
considered at *p < 0.05.

Flow cytometry
For flow cytometry, 1 × 106 were fixed with 3.7%
paraformaldehyde (Sigma-Aldrich, USA) for 10 min and
resuspended in 1X phosphate-buffered saline (PBS; Gibco-
BRL) containing 1% bovine serum albumin (BSA; ICN
Biomedical Corp., CA, USA) for 30 min to block
nonspecific antibody-binding sites. Next, cells were
incubated with specific primary antibodies (CD34, CD13,
CD90, or CD146) for 1 h at 4°C, followed by incubation
with fluorescent secondary antibodies for 1 h at room
temperature. All the antibodies were purchased from BD
Biosciences (San Jose, CA, USA). Finally, the percentages of
CD13, CD90, CD146 positive, and CD34 negative cells were
measured using a FACS Caliber flow cytometer (BD
Immunocytometry Systems, SJ, USA). Results were analyzed
using the Cell Quest Pro software (BD Systems, SJ, USA).

Osteogenic, chondrogenic, and adipogenic differentiation
PDLSCs (1 × 104/well) were cultured in 24-well plates
containing DMEM medium supplemented with 10% fetal
bovine serum (FBS; Gibco-BRL) and 1% antibiotics (Gibco-
BRL). Next, the cells were transferred to osteogenic (50 mg/
mL ascorbic acid, 10 mM β-glycerophosphate, and 100 nM
dexamethasone), chondrogenic (1% chondrogenic basal
medium, 1% chondrogenic supplement, and 5 µg/mL
gentamicin reagent), or adipogenic (1% adipocyte basal
medium, 1% adipocyte supplement, and 5 µg/mL
gentamicin reagent) differentiation medium (StemPro,
Gibco-BRL) and cultured for three weeks. Subsequently, the
cells were stained with 2% Alizarin Red S (ARS; pH 4.2;
Sigma-Aldrich, USA), 1% Alcian Blue (Sigma-Aldrich), and
0.3% Oil Red O dye (Sigma-Aldrich) for the detection of
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mineralized nodules (calcium deposition), proteoglycans, and
fat vacuoles as indicators of osteogenic, chondrogenic, and
adipogenic differentiation, respectively. Stained cells were
visualized under an inverted optical microscope (Olympus
U-SPT; Olympus, Japan).

Alkaline phosphatase staining
For ALP activity, hPDLSCs were cultured (4 × 104 cells/well)
in 24-well plates with αMEM supplemented with 50 μg/mL
ascorbic acid, 10 mM β-glycerophosphate, and 100 nM
dexamethasone (Sigma-Aldrich) for seven days with or
without SAHA (300 ng/mL) treatment. Before staining, cells
were fixed in 10% formalin (DUKSAN Chemicals Co.,
Gyeonggi-do, Republic of Korea), rinsed with 1X PBS twice,
incubated with 0.1% TritonX-100 for 5 min, and finally
stained using the Leukocyte Alkaline Phosphatase Kit
(Sigma-Aldrich) according to the manufacturer’s protocol.
After seven days of incubation, cells were gently washed
twice with ice-cold PBS and lysed with 0.01% sodium
dodecyl sulfate for 30 min. The supernatant was collected,
and an assay buffer containing 2 mM magnesium chloride
(MgCl2), 0.5 M adenosine monophosphate (AMP; pH 10.0),
and 9 mM p-nitrophenyl phosphate (pNPP) was used to
measure ALP activity. Absorbance was measured at 405 nm.
All samples were run in triplicate (n = 3). Data are
presented as mean ODs ± standard deviations, and
statistical significance was considered at *p < 0.05.

Alizarin Red-S staining
To evaluate the biomineralization potential of hPDLSCs, ARS
staining was performed as described previously (Dutta et al.,
2019). Briefly, hPDLSCs (4 × 104 cells/well) were seeded in
24-well plates in α-MEM containing 10% FBS and 1%
antibiotics at 37 ± 1°C until reaching 50–60% confluence.
The hPDLSCs were cultured in differentiation media with
50 mg/mL ascorbic acid, 10 mM b-glycerophosphate, and
100 nM dexamethasone (Sigma-Aldrich) for two weeks.
Subsequently, the plates were rinsed twice with 1X PBS (pH
7.4) and fixed with 4% paraformaldehyde (Sigma-Aldrich)
for 20 min. After fixation, the cells were stained with
40 mM ARS (pH 4.2; Sigma-Aldrich) for 15 min at room
temperature and rinsed with distilled water, and mineralized
nodules were visualized using an inverted optical
microscope (Olympus U-SPT; Olympus, Japan). To quantify
the mineral deposition (calcium deposition), the plates were
washed with 500 µL destaining solution containing 10%
cetylpyridinium chloride and 10 mM sodium phosphate for
10 min at room temperature. The absorbance of the
destained solution was measured at 562 nm. All samples
were run in triplicate (n = 3). Data are presented as mean
ODs ± standard deviations, and statistical significance was
considered at *p < 0.05.

Western blot analysis
hPDLSCs (1 × 106 cells/dish) were cultured, collected, and lysed
in RIPA buffer containing 1 mM phenylmethylsulfonyl
fluoride. The supernatant was collected, and protein
concentration was measured using the BSA Protein Assay Kit
(Bio-Rad Laboratories, USA). An equal volume of protein
was separated by sodium dodecyl sulfate-polyacrylamide

gel electrophoresis, and the gel was transferred to a
polyvinylidene difluoride membrane (GE Healthcare,
Chicago, USA). Primary antibodies against Runx2, ERK1/2, p-
ERK1/2, JNK, p-JNK, P38, and p-P38 were purchased from
Abcam, UK. OPN, OSX, OCN, BSP, COL1, and ALP were
used for mechanism studies. Blots were developed using
horseradish peroxidase-conjugated secondary antibodies (Cell
Signaling Technology, MA, USA) and visualized using a
chemiluminescence kit (GE Healthcare, Chicago, USA).

RNA isolation and real-time polymerase chain reaction
(RT-qPCR) analysis
To study the gene expression in the presence of SAHA,
hPDLSCs (1 × 106 cells/well) were cultured for two weeks in
osteogenic induction medium. The RNeasy Mini Kit
(Qiagen, Germany) was used to extract total RNA from the
samples. RNA and cDNA sample purities and
concentrations were determined spectrophotometrically
(Infinite� M Nano 200 Pro; TECAN). Approximately, 2 µg
of RNA was used to synthesize cDNA. RNA expression was
quantified using RT-qPCR with an ABI PRISM 7500
sequence detection system (Applied Biosystems, Carlsbad,
CA, USA). The reaction conditions included 40 cycles of
denaturation for 15 s at 95°C followed by amplification at
60°C. All reactions were run in triplicate (n = 3) and
normalized to the housekeeping gene, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). The relative mRNA
expression levels of the control and SAHA-treated groups
were calculated and compared using the ΔCT method. For
real-time PCR, the specific primers for OPN, OCN, BSP, Col1,
Runx2, ALP, and GAPDH, were synthesized as listed in Tab. 1.

Statistical analysis
Statistical analysis was carried out by one-way ANOVA
using Statistical Package for Social Science 22.0 software
(SPSS 22.0, Inc., USA). All data shown are mean ± SD of
triplicate (n = 3) experiments, and statistical significance
was considered as *p < 0.05.

Results

Characterization of hPDLSCs cells
Human PDLSCs were isolated from the third molar tooth of
humans and cultured in α-MEM medium. After seven days
of primary culture, fibroblast-like colonies were observed
(Fig. 1A). Passage three (P3) cells were used for the
characterization study. Next, to investigate the
immunophenotypic markers associated with hPDLSCs, we
performed flow cytometry. FACS analysis showed that
approximately 99.93% of hPDLSCs expressed CD13, 99.85%
expressed CD90, 84.13% expressed CD146, and 10.71%
expressed CD34 markers (Fig. 1B). The relative intensity of
antibody binding to cells was quantified to determine the
percentage of positive cells. CD34, preliminary recognized as
a negative marker, represented primitive hematopoietic
progenitors and endothelial cells. In contrast, CD13, CD90,
and CD146 were putative positive markers of MSCs. These
results indicate that hPDLSCs displayed morphological as
well as phenotypic characteristics of MSCs.
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Tri-lineage differentiation potential of hPDLSCs
To observe the multilineage differentiation potential of
hPDLSCs at P3, the cells were allowed to differentiate in
osteogenic, chondrogenic, or adipogenic medium in vitro.
After three weeks of osteogenic induction, hPDLSCs
successfully differentiated into osteocytes. ARS staining
showed an intense color due to the mineral deposition
throughout the adhesion layer (Fig. 2A). Furthermore, the
cells were also able to undergo adipogenic and chondrogenic
differentiation after treatment with specific adipogenic and
chondrogenic supplements. Alcian Blue and oil Red-O
staining showed the synthesis of proteoglycans (Fig. 2B) and
lipid droplets (Fig. 2C), respectively.

SAHA treatment promotes hPDLSCs proliferation
It was reported earlier that SAHA induced the proliferation of
dental pulp stem cells (DPSCs) without altering their
morphology (Duncan et al., 2012). The effect of SAHA on
in vitro proliferation of hPDLSCs was evaluated by MTT
assay, as indicated in Fig. 3. Human PDLSCs were seeded in
96-well plates and treated with different concentrations of
SAHA (0, 100, 300, 500, 800, 1000, and 2000 ng/mL). After
24 h incubation, cell proliferation was not inhibited with
increasing concentrations of SAHA (Fig. 3A). Notably, 2000
ng/mL SAHA still had no cytotoxicity to hPDLSCs as
compared to the control samples after 48 h of incubation, as
indicated in Fig. 3B. In particular, there was a significant
increase in cell viability at 300 ng/mL concentration (*p <
0.05) as compared to the control samples (*p < 0.05) after
24 and 48 h. Thus, our results suggested that 300 ng/mL is
the optimum SAHA concentration for hPDLSCs proliferation.

SAHA-induced in vitro differentiation of hPDLSCs
To investigate the effects of SAHA on osteoblast
differentiation in vitro, we performed Alizarin Red-S (ARS)
and alkaline phosphatase (ALP) staining. The hPDLSCs
were cultured in osteogenic differentiation medium and

treated with or without SAHA (0 or 300 ng/mL) for two
weeks. After two weeks, the plates were washed and stained
with 40 mM ARS and ALP staining kit to evaluate
mineralization efficiency. Interestingly, the SAHA-treated
cells showed more intense color after ALP (Fig. 4A) and
ARS (Fig. 4B) staining compared to control samples. The
ALP activity was significantly increased in SAHA-treated
(300 ng/mL) cells compared to control. Furthermore, ARS
staining showed a significant increase in calcium content in
the presence of 300 ng/mL SAHA, as shown in Fig. 4C.

Osteoblast-specific genes and proteins expression
To evaluate the gene and protein expression related to
osteoblast differentiation, we conducted real-time PCR and
western blotting. The expression levels of relative markers,
including osteopontin (OPN), osteocalcin (OCN), collagen
type-1 (COL1), alkaline phosphatase (ALP), bone sialoprotein
(BSP), and runt-related transcription factor (RUNX2) were
significantly increased after treatment with 300 ng/mL SAHA
as shown in Fig. 5A. To explore the protein expression of
SAHA-treated hPDLSCs, we evaluated expression levels by
western blotting. We found that the expression of
transcription factors, such as glioma-associated protein
(GLI1), runt-related transcription factor-2 (RUNX2), and
osterix (OSX), were significantly elevated by SAHA treatment
as compared to the control group (Fig. 5B). GLI1 was known
previously to induce early osteoblast differentiation in a
RUNX2-dependent and independent manner in early
osteoblast differentiation (Hojo et al., 2012).

SAHA induces osteoblast differentiation via ERK/MAPK
signaling pathway
To investigate the signaling mechanism related to osteoblast
differentiation, we also evaluated the expression of ERK/
MAPK signaling pathway-associated proteins, such as
extracellular receptor kinase (ERK), phosphorylated ERK (p-
ERK), mitogen-activated protein kinases (p-38 and p-p38),

TABLE 1

Prime sequences used for real-time polymerase chain reaction (RT-qPCR)

No. Genes Genbank No. Sequences (5’-3’) References

1 OPN J04765 CCCACAGACCCTTCCAAGTA
ACACTATCACCTCGGCCATC

Young et al., 1990

2 OCN X53698 GTGCAGAGTCCAGCAAAGGT
TCAGCCAACTCGTCACAGTC

Kiefer et al., 1990

3 Col1 XM_012651 CTGACCTTCCTGCGCCTGATGTCC
GTCTGGGGCACCAACGTCCAAGGG

NCBI Annotation Project, 2002

4 ALP BC090861 GGACATGCAGTACGAGCTGA
GCAGTGAAGGGCTTCTTGTC

Strausberg et al., 2002

5 BSP NM_004967 CAACAGCACAGAGGVAGAAA
CGTACTCCCCCTCGTATTCA

Oldberg et al., 1988

6 Runx2 NM_001015051 CGCATTCCTCATCCCAGTAT
GACTGGCGGGGTGTAAGTAA

Xu et al., 2019

7 GAPDH NM_005253678 ACCACAGTCCATGCCATCAC
TCCACCACCCTGTTGCTGTA

Mondragón et al., 2019

Abbreviations: OPN, osteopontin; OCN, osteocalcin; Col1, type 1 collagen; ALP, alkaline phosphatase; BSP, bone sialoprotein; Runx2, runt-
related transcription factor 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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and c-Jun-N-terminal kinases (JNK and p-JNK). The relative
expression of ERK was upregulated after treatment with 300
ng/mL SAHA. While a significant increase (*p < 0.05) of ERK
was observed in the SAHA-treated group (Fig. 6), there was
no significant increase in the expression of MAPK signaling
pathway-associated protein, p-p38, as compared to the control
samples. Our findings further demonstrate that SAHA
enhances the osteogenic differentiation by the MAPK/ERK
signaling pathway and that RUNX2, which is downstream of
MAPK signaling, plays a crucial role in this process.

Discussion

HDAC inhibitors are promising drugs for the treatment of
cancer as they have been shown to have antitumor activities,

such as the ability to inhibit cell proliferation (Martinez-
Iglesias et al., 2008). SAHA, a new class of HDAC
inhibitors, has been identified recently as an effective anti-
cancer drug. SAHA enhances gene expression by increasing
the acetylation of histones and non-histone proteins. It was
also reported that SAHA could modulate differentiation
(Jeon et al., 2006). Kwon et al. (2012) reported that SAHA
(5 µM) induced the differentiation potential of mouse dental
papilla cells (MDPC23) in vitro. Moreover, they showed that
SAHA increased the expression of DSPP during odontoblast
differentiation. SAHA-induced growth, viability, apoptosis,
and mineralization of dental pulp cells (DPCs) has also been
reported (Duncan et al., 2015; Wang et al., 2014), which led
us to hypothesize that SAHA induces the differentiation of
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FIGURE 1. Characterization of
human periodontal ligament stem
cells (hPDLSCs).
(A) Photomicrograph of the cultured
hPDLSCs at passage three (P3)
showing fibroblast-like morphology
after 7 days of primary culture
(Magnification, 10×). (B)
Fluorescence-activated cell sorting
(FACS) analysis of hPDLSCs with
mesenchymal stem cell markers,
including CD13, CD34, CD90, and
CD146. The populations of CD13+,
CD34−, CD90+, and CD146+ cells
were analyzed, and the percentage of
cells to the right side of the M1 gate
was measured (n = 3).
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FIGURE 2. The tri-lineage
differentiation potential of hPDLSCs.
The cells were cultured in osteogenic,
chondrogenic, and adipogenic
medium for three weeks,
respectively. Alizarin Red-S (A),
Alcian blue (B), and Oil Red-O (C)
staining showed the progress of
differentiation (Magnification, 10×).

FIGURE 3. Cytotoxicity evaluation of
hPDLSCs in the presence of SAHA at
indicated time intervals.
To investigate the effect of SAHA on
hPDLSCs cell proliferation in vitro.
The cells were treated with SAHA
for 24 h (A) and 48 h (B). The
proliferation value was represented
as mean optical density (mean O.D.)
of 595 nm. All data shown are mean
± SD of triplicate experiments (n =
3), statistical significance was
considered as *p < 0.05.
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FIGURE 4. The mineralization
efficiency of hPDLSCs in the presence
of SAHA; the hPDLSCs were cultured
in osteogenic differentiation medium
without or with SAHA (0 and 300
ng/mL).
(A) ALP staining After 5 days of
incubation (Magnification, 10×). (B)
Alizarin Red-S staining and
mineralization was performed after 1
and 2 weeks of incubation
(Magnification ×10). All data shown
are mean ± SD of triplicate
experiments (n = 3). Statistical
significance was considered as *p < 0.05.
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human periodontal ligament stem cells (hPDLSCs) in vitro.
Consistent with our hypothesis, we demonstrated that
SAHA stimulates the osteogenic differentiation of hPDLSCs
by inducing their proliferation.

SAHA can promote the differentiation of hPDLSCs into
osteoblasts and result in the formation of alveolar bone.
Recently, “The Mesenchymal and Tissue Stem Cell
Committee of the International Society for Cellular
Therapy,” proposed a criterion to define MSCs. MSCs
must express markers such as CD10, CD13, CD29, CD44,
CD59, CD90, CD105 and CD146, and lack expression of
the markers, CD14, CD34, CD45, HLA-DR (Lei et al.,
2014). Human PDLSCs isolated from the periodontal
ligament of the third molars also exhibit fibroblast-like
appearance upon confluence. Dental stem cells have also
been shown to express some stemness markers, such as
Nanog, Oct4, and Sox2 by RT-qPCR. Our results suggest
that hPDLSCs isolated from molar teeth are characteristic
of hMSCs as they highly express positive markers such as
CD13, CD90, and CD146 and do not express negative
markers, such as CD34.

CD146 was initially recognized as an adhesion molecule
in melanoma cells but is currently used as a marker for the
identification for endothelial cell lineages (Sung et al., 2016).
Notably, the presence of CD146 positive hPDLSCs showed
significant proliferative and osteogenic potential (Zhu et al.,
2013). Thus, MSCs must be able to differentiate into
osteoblasts, adipocytes, and chondroblasts in vitro.
Previously, it was reported that human PDLSCs contain a
population of postnatal multipotent stem cells that can be
isolated using explant cultures or enzymatic digestion and
expanded in vitro (Choi et al., 2015; Kim et al., 2015;
Osathanon et al., 2013; Saghiri et al., 2018; Seo et al., 2004;
Lee et al., 2014; Zhao and Liu, 2014). Our results show that

hPDLSCs differentiate successfully into osteocytes,
chondrocytes, and adipocytes after in vitro culture in
supplemented medium, as reported previously (Sung et
al., 2016). These results indicate that hPDLSCs are the
richest sources of stem cells for osteoinduction, and
SAHA could enhance the differentiation potential of
hPDLSCs. Further, our investigation showed that SAHA
can increase ALP activity and calcium deposition in
hPDLSCs, as noted in previous reports (Kwon et al.,
2012). These results further elucidated the effect of SAHA
on the differentiation of hPDLSCs.

In this study, SAHA showed significant effects on
enhancing matrix mineralization and osteoblast-specific
gene marker expression in hPDLSCs. Initially, SAHA was
chosen for in vitro differentiation of hPDLSCs because it is
clinically relevant and exhibits a stronger osteoinduction
potential than other HDAC inhibitors. Osteogenic and
odontogenic differentiation is related to a variety of bone-
related markers, such as Runx2, Osterix, ALP, OCN, BSP,
OPN, and Col1 (Fu et al., 2014; Ge et al., 2018;
d’Alessandro et al., 2013; Jin et al., 2015). Previously, it was
reported that HDAC inhibitors like SAHA stimulate
osteoblast differentiation by increasing the acetylation of
Runx2, a transcription factor critical for osteoblast
differentiation and migration (Schroeder et al., 2004).
Acetylation of Runx2 increases protein stability and up-
regulates the expression of another transcription factor,
Dspp. However, in mature odontoblasts, Runx2 was found
to downregulate the expression of Dspp (Kwon et al., 2012).
Notably, mutations in the Runx2 gene were found to inhibit
the terminal differentiation of odontoblasts, indicating the
role of Runx2 in osteoblast differentiation (Miyazaki et al.,
2008). Kwon et al. (2012) reported that a 5 µM
concentration of SAHA was sufficient to modulate the
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FIGURE 5. SAHA-induced
osteogenesis in hPDLSCs.
(A) Real-time PCR (qPCR) analysis of
the osteoblast-specific gene markers
(Runx2, BSP, ALP, COL1, OCN, and
OPN). hPDLSCs without SAHA-
treatment were considered as control.
The relative mRNA expression was
evaluated and normalized to the
housekeeping gene (GAPDH). (B)
Western blot analysis for the
expression of Runx2, OSX, and GLI1
after 2 weeks of post-treatment by
SAHA. Blots were quantified by
ImageJ software and the
quantification graph showing the
relative change in protein expression,
respectively. Data from at least three
(n = 3) independent measurements,
statistical significance was considered
as *p < 0.05.
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expression of Runx2. They also showed that SAHA promotes
the acetylation of histone H3. Another study reported that
HDAC-8 regulates osteogenesis of hMSCs by regulating
the level of H3K9Ac and Runx2 acetylation (Fu et al.,
2014). In consideration of these previous studies, we
investigated the effects of SAHA (300 ng/mL) on relative
mRNA expression of OPN, OCN, Col1, BSP, ALP, and
Runx2 in hPDLSCs. Notably, an increase in Runx2, OCN,
BSP, OPN, and Col1 mRNA expression was noticed,
further indicating that 300 ng/mL of SAHA is effective for
osteoblast-specific gene marker expression. Similarly, it was
reported that Valproic acid (VPA) and Trichostatin A
(TSA) enhanced the expression of OCN and BSP in human
DPSCs (Paino et al., 2013; Duncan et al., 2013).
Furthermore, our results indicate that SAHA also
upregulated the level GLI1, OSX, and Runx2 proteins.
These data suggest that SAHA might regulate Runx2 and
OSX expression during the differentiation of hPDLSCs.

Runx2, core-binding factor 1 (CBFA1)/osteogenic specific
factor 2 (OSF2), is a member of the Runt domain
transcription factor family and is critical for embryo
development. Runx2 binds to specific promoters and
regulates the transcription of several genes (e.g., Oct4,
Nanog) that play a crucial role in osteoclast formation,
chondrocyte development, bone matrix formation, and
subsequent bone mineralization (Lee et al., 2011b; Hu et
al., 2015; Xia et al., 2011). Osterix is a zinc finger-
containing transcription factor encoded by the Sp7 gene
that regulates gene expression in committed osteoblast
precursor cells. Osterix is also a transcription factor
essential for osteoblast differentiation, acting downstream
of Runx2 (Shi et al., 2016). In addition to OSX, GLI1 is
thought to play a crucial role in mediating transcriptional
responses in early osteoblast differentiation (Hojo et al.,
2012). During osteogenic differentiation, both Runx2 and
Osterix, along with GLI1 regulate the expression of

FIGURE 6. (A) Screening for the ERK/MAPK signaling associated proteins (JNK, p-JNK, p38, p-P38, ERK, and p-ERK) by western blot analysis.
(B) Blots were quantified by ImageJ software and data was normalized to control (α-tubulin). All data shown are mean ± SD of triplicate
experiments (n = 3). Statistical significance was considered as *p < 0.05.
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significant bone marker genes, including OPN, OCN, and
type I collagen expressed by chondrocytes and osteoblasts.

In our present study, SAHA showed a significant increase
in ERK/MAPK signaling-related protein expression that is
critical for osteoblast-osteoclast development. Previous
reports have shown that the mitogen-activated protein
kinase (MAPK) signaling pathway plays an essential role in
the regulation of osteogenic differentiation of BMSCs (Lee et
al., 2011a; Ren et al., 2015; Xia et al., 2011; Iwasaki et al.,
2013; He et al., 2016; Li et al., 2013; Yu et al., 2012; Jun et
al., 2010). The MAPK family proteins, such as extracellular
signal-regulated kinase (ERK), c-Jun N-terminal kinase
(JNK), and p38 MAPK (p38), have been reported to induce
osteogenic differentiation (He et al., 2016; Yu et al., 2012).
In particular, ERK1/2 is activated continuously during cell
transformation, proliferation, and survival. Also, p38 is
involved in a variety of cellular responses including cell
cycle control, inflammatory responses, apoptosis, and the
differentiation of several cell types, including osteoblasts
(Ren et al., 2015; Li et al., 2013).

Interestingly, previous findings suggested that Runx2 is a
downstream regulator of the ERK1/2 pathway.
Phosphorylation of ERK1/2 induces the expression of Runx2
during osteoblast differentiation and skeletal development
(Yin et al., 2015; Jeon et al., 2006; Schroeder et al., 2004;
Feng et al., 2009). In conjunction with that research, our
study revealed that the phosphorylation levels of ERK and
the activation of Runx2 were upregulated in the SAHA
treated groups. However, the expression of p-JNK and p-
p38 did not increase in our study. Collectively, our data
strongly suggests that SAHA promotes the phosphorylation
of ERK1/2, which in turn upregulated the transcriptional
activity of Runx2, leading to the osteogenesis in hPDLSCs.

Our study was limited in that we used the periodontal
ligament stem cells instead of other dental cells, such as
dental pulp stem cells or apical papillary cells. Although we
have investigated the role of SAHA on hPDLSC
differentiation, it is also critical to investigate the effects of
SAHA on chondrogenesis, neurogenesis, and adipogenesis.
Data from this study demonstrates that SAHA enhances
hPDLSC differentiation by regulating the expression of
Runx2, OSX, and other transcription factors via the ERK/
MAPK signaling pathway. However, to investigate the
therapeutic potential of SAHA, further studies on other
types of dental cells are required.

Conclusions

This study investigated the role of SAHA on the in vitro
differentiation of human periodontal ligament stem cells
(hPDLSCs). We investigated the cytotoxicity, in vitro
differentiation (Alizarin Red-S and alkaline phosphatase),
RT-qPCR, and western blotting as direct indicators of
osteogenesis. Here we present an outline of SAHA-induced
hPDLSC differentiation based on preliminary findings.
The cell viability of SAHA-treated cells (300 nM) was
increased by 20% (*p < 0.05) as compared to the control
groups (*p < 0.05) after 48 h incubation. As a result, both
cell viability and proliferation were increased significantly at

24 and 48 h. Gene expression is directly related to
functional protein synthesis.

Osteoblast-specific gene expression studies revealed that
the expression of Runx2, ALP, OCN, and COL1 was
significantly increased (*p < 0.05) in the SAHA-treated cells
after two weeks in culture. These results were also validated
by Western blot analysis. The MAPK/ERK1/2 family protein
expression was also studied to understand the role of MAPK
signaling during osteoblast differentiation. Interestingly,
ERK and p-JNK expression were significantly increased by
12.8% (*p < 0.05) and 8.7% (*p < 0.05), followed by a 24%
increase in Runx2 expression (*p < 0.05), respectively. These
results suggest that ERK might be a positive regulator of
Runx2 transcription factors. In conclusion, the present
findings suggest that SAHA treatment (300 ng/mL) can
stimulate osteoblast maturation by the MAPK/ERK1/2
signaling pathway.
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