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ABSTRACT ARTICLE HISTORY
Differentiation potency of human dental pulp cells (hDPCs) is essential for dentin regeneration. Received 25 May 2020

DNA methylation is one of the major epigenetic mechanisms and is suggested to involve in Revised 9 July 2020
differentiation of hDPCs, the machinery of which includes DNA methyltransferase enzymes Accepted 9 July 2020
(DNMTs) and methyl-CpG-binding domain proteins (MBDs). Our previous study has found that
melatonin (MT) promoted hDPC differentiation, but its mechanism remains elusive. We aimed to Human dental pulp cells;
investigate the role of DNA methylation in the promotion of MT to differentiation of hDPCs melatonin; DNA '
in vitro. hDPCs were cultured in basal growth medium (CO) or odontogenic medium (OM) methylation; odontogenic
exposed to MT at different concentrations (0, 107", 107'°, 1078, 107%, 107* M). The cell growth differentiation; DNMT1;
was analyzed using Cell Counting Kit-8 assay, and mineralized tissue formation was measured MeCP2; global methylation
using Alizarin red staining. The expression of the 10 genes (DNMT1, DNMT3A, DNMT3B, MBD1-6,

MeCP2) was determined using real-time gPCR and western blotting. The abundance of MeCP2 in

the nuclei was evaluated using immunofluorescence analysis. Global methylation level was tested

using ELISA. We found that mineralized tissue formation significantly increased in OM with MT at

10™* M, while the levels of MeCP2 and global DNA methylation level declined. The expression of

MBD1, MBD3, and MBD4 significantly increased in OM alone, and the expession of DNMT1 and

MBD2 was decreased. These results indicate that MT promotes odontogenic differentiation of

hDPCs in vitro by regulating the levels of DNMT1, MeCP2, and global DNA methylation, suggest-

ing that MT-induced DNA methylation machinery may play an important role in tooth

regeneration.
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Introduction

Human dental pulp cells (hDPCs) are mesenchymal
stem cells (MSCs) derived from the neural crest [1].
These cells are capable of differentiating into odonto-
blast-like cells in response to exogenous stimuli or
injury and subsequently generating reparative dentin
[2]. The differentiation potency of hDPCs plays a
crucial role in homeostasis of dental pulp, which
makes it possible to preserve pulp vitality in clinic.
Moreover, hDPCs are easily obtained from extracted
teeth and possess high proliferative ability [3].
Emerging evidence has highlighted the critical role
of epigenetic modifications in regulating MSC home-
ostasis between self-renewal and differentiation, and
epigenetic processes involved in gene expression dur-
ing differentiation of dental MSCs [4,5].

DNA methylation is the most extensively stu-
died epigenetic modifications in mammalian geno-
mics [6]. This process depends on the activity of
DNA methyltransferase (DNMTs) and methyl-
CpG-binding domain proteins (MBDs) [7].
DNMTs, including DNMT1, DNMT3A, and
DNMT3B, mediate DNA methylation by adding
the methyl group to the C5 position of cytosine
(5-C) to form 5-methylcytosine (5-mC) [8].
DNMT1 ensures the maintenance of DNA methy-
lation during DNA replication, whereas DNMT3A
and DNMT3B act on unmethylated or hemi-
methylated sites as de novo DNA methyltrans-
ferases. The MBD family comprises MBD1-6 and
MeCP2, which is thought to be linked to transcrip-
tional repression by binding selectively to methy-
lated DNA [9].

There is direct evidence that hypermethylation
helps maintain stemness of cells, while hypo-
methylation promotes stem cell differentiation
[10]. Li et al. [11] have suggested that the DNA
demethylation machinery was involved in the
cytodifferentiation potential of hDPCs. In addi-
tion, DNA methyltransferase inhibitors, 5-aza-2KX-
deoxycytidine (5-Aza) and RGI108, have been
demonstrated to promote hDPCs differentiation
[12,13]. The first cloned MBD, MeCP2, has greater
affinity for most of the methylated CpG sites than
other MBDs, contributing its ability to bind to
single CpG dinucleotides that are symmetrical
and methylated [14]. Downregulation of MeCP2
expression has been demonstrated during

differentiation of human bone marrow MSCs
[15]. However, the expression profiles of these
genes during odontogenic differentiation of
hDPCs remain underexplored.

Melatonin (MT), N-acetyl-5-methoxytrypta-
mine, is an endogenous hormone with pleiotropic
bioactivities, including the control of circadian
rhythms, oncostatic properties, immunomodula-
tory functions [16]. Moreover, it has been shown
to be involved in promoting MSC differentiation
into osteogenic, adipogenic, chondrogenic and
neurogenic lineages in recent studies [12,17].
There is mounting evidence implying the effect
of MT on differentiation of MSCs and its epige-
netic mechanism in gene expression [18,19].
Recent study on goat oocytes showed that MT
downregulated the expression of DNMTs and glo-
bal methylation level to promote differentiation
[20]. In addition, MT could change methylation
levels to various degrees, which might function
both as a gene inducer and silencer simultaneously
without changing the DNA sequence [21].

Our previous study has shown that MT at phy-
siological concentrations could promote odonto-
genic differentiation of hDPCs [22]. It is proved
that DNA methylation involved in the regulation
of differentiation of hDPCs, and MT activity was
modulated by the epigenetic factors in MSCs as
mentioned before. However, what changes occur
in DNA methylation during MT-induced differen-
tiation of hDPCs, is poorly understood. Therefore,
we investigated the effect of MT on DNA methyla-
tion during odontogenic differentiation of hDPCs
in vitro and explored the underlying mechanisms.
To validate this, we induced differentiation of
hDPCs with MT exposure for 7 days, and then
detected the expression of odontogenic markers,
DNMTs and MBDs, the abundance of MeCP2 in
the nuclei, and global methylation level.

Materials and methods
Ethics committee approval and patient consent

The entire study was approved by the Medical
Ethics Review Committee of Guanghua School of
Stomatology, Hospital of Stomatology, Institute of
Stomatological Research, Sun Yat-sen University
(Ethical  Application Ref: KQEC-2019-10).



Informed written consent was obtained from the
donors. The investigation conformed to the prin-
ciples outlined in the Declaration of Helsinki.

Cells isolation and culture

hDPCs were obtained from healthy premolars or
third molars extracted from patients aged 18 to 25
at the Department of Oral and Maxillofacial Surgery,
Guanghua School of Stomatology, Hospital of
Stomatology, Sun Yat-sen University. Human dental
pulp tissue isolation was performed according to an
established protocol [22]. After teeth were split with
a chisel, pulp tissues were isolated and minced to
pieces under sterile condition. The pieces were
digested with collagenase type I and then cultured
in 100 mm dishes with basal growth medium (CO),
containing a-minimum essential medium (aMEM)
supplemented with 20% fetal bovine serum (FBS)
and antibiotics (10 U/L penicillin and 100 mg/L
streptomycin). The medium was changed every
3 days in an atmosphere containing 95% O, and 5%
CO, at 37°C. The cells were purified by passaging.
The cells from passage 4 were used in subsequent
experiments. All other reagents were purchased from
Gibco (Grand Island, USA) unless otherwise stated.

Alizarin red staining and calcium concentration
determination

A single-cell suspension was prepared from the
fourth generation of hDPCs, and these processed
cells were used for further experimentation. The
cells were inoculated in 48-well plates at a density
of 2 x 10* cells/well. Then, the cells were cultured
in CO or odontogenic medium (OM) treated with
MT (Sigma-Aldrich, St Louis, MO, USA) at differ-
ent concentrations for 7 days: (a) CO+MT-, (b)
OM+MT-, (c) OM+MT+, melatonin (10™'%, 107*°,
107%, 107 10~* M). OM contained a-MEM sup-
plemented with 20% FBS and 2% antibiotics,
50 nM ascorbic acid, 100 nM dexamethasone,
and 10 mM B-glycerol phosphate (Sigma-Aldrich,
St Louis, MO, USA).

After a culture period of 7 days, the cells were
washed thrice with phosphate-buffered saline
(PBS, pH = 7.4), fixed in 4% paraformaldehyde
solution (Sigma-Aldrich, St Louis, MO, USA) for
30 min, and then washed thrice with PBS again.
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The cells were then stained with 1% Alizarin red
solution (Cyagen, Jiangsu, China) for 10 min.
After washing thrice with PBS and drying at
room temperature, the mineralized nodules were
observed and photographed using an inversed
microscope (Carl Zeiss Meditec AG, Jena,
Germany). The amount of mineralization matrix
was detected using 100 nM cetylpyridinium chlor-
ide (Sigma-Aldrich, St Louis, MO, USA) for 1 h.
The concentration of the dye was determined by
absorbance at 562 nm. The data were collected
from three conditioned wells independently.

Cell viability assay

The proliferative viability of hDPCs was moni-
tored using the Cell Counting Kit-8 (CCK-8)
assay  (Dojindo  Molecular  Technologies,
Kumamoto, Japan) according to the manufac-
turer’s protocol. Briefly, 5000 cells were seeded in
each well of the 96-well culture plates. After they
were left to adhere for 24 h, cells were cultured in
CO with MT at different concentrations: (a) CO
+MT-, (b) CO+MT+, MT (10'%,107'°,107%, 107°,
10~* M). After 1, 3, 5, and 7 days of culturing, the
supernatant of each group was removed, and
hDPCs were incubated in 100 pL/mL CCK-8 solu-
tion in serum-free medium for another 2 h at 37°
C. The optical density value was measured using
a spectrophotometer (Tecan, Grodig, Austria) at
450 nm. Experiments were repeated four times.

Real-time qPCR

The processed cells from the fourth passage were
used for this experiment. They were inoculated in
6-well plates at a density of 2 x 10° cells/well.
Then, the cells were cultured in CO or OM treated
with MT at different concentrations for 7 days: (i)
CO+MT-, (ii) CO+MT+, MT (1072, 10™* M), (iii)
OM+MT-, (iv) OM+MT+, MT (107*2, 10~* M).
Total RNA of hDPCs was isolated with RNA-
Quick Purification Kit (Yishan Biotechnology,
Shanghai, China) according to the manufacturer’s
instructions. The quality of total RNA was mon-
itored by capillary electrophoresis (NanoDrop
Technologies, Wilmington USA). Next, cDNA
was synthesized using PrimeScriptX RT Master
Mix (TaKaRa, Shiga, Japan). QPCR was performed
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using SYBR Green I Master Mix (Roche Applied
Science, Basel, Switzerland). The sequences of each
primer are listed in Table 1. The qPCR conditions
were as follows: 1 cycle at 95°C for 5 min, followed
by 45 cycles at 95°C for 10 s, 60°C for 20 s, and 72°
C for 20 s. Ct (cycle threshold) values were calcu-
lated using the 27**“' method.

Western blotting

The processed cells from the fourth passage were
used for this experiment. They were inoculated in
6-well plates at a density of 2 x 10° cells/well.
Then, the cells were cultured in CO or OM treated
with MT at different concentrations for 7 days: (i)
CO+MT-, (ii) CO+MT+, MT (107*2, 10™* M), (iii)
OM+MT-, (iv) OM+MT+, MT (1073 107* M).
RIPA (radioimmunoprecipitation assay) bulffer
containing protease inhibitor was used to harvest
proteins and the protein concentration was measured
using the BCA (bicinchoninic acid) protein assay
(Beyotime, Shanghai, China). Thirty micrograms of
total protein were separated by 4-20% sodium dode-
cyl  sulfate-polyacrylamide gel electrophoresis
(SurePAGE, Ubiotechnology, Guangdong, China),
then transferred to polyvinylidene difluoride

(PVDF) membrane (Merck Millipore, Billerica, MA,
USA). The membrane was then blocked with tris-
buffered saline with Tween-20 (TBST) containing
5% skim milk for 1 h at room temperature and
incubated at 4°C overnight with the diluted primary
antibodies shown in Table 2. After washing for
50 min, the membrane was blocked with horseradish
peroxidase (HRP)-conjugated secondary antibody for
1 h at room temperature. Antibody binding was
visualized using an enhanced chemiluminescence sys-
tem (CW Biotech, Peking, China), and band densities
were obtained and normalized to (B-actin and the
background wusing Image] software (National
Institutes of Health, Bethesda, USA).

Global methylation level quantification

The processed cells from the fourth passage were
used for this experiment. They were inoculated in
6-well plates at a density of 2 x 10° cells/well.
Then, the cells were cultured in CO or OM treated
with MT at different concentrations for 7 days: (i)
CO+MT-, (ii) CO+MT+, MT (1072, 10™* M), (iii)
OM+MT-, (iv) OM+MT+, MT (107'% 107* M).
DNA was extracted from tissues using DNeasy
kits (Omega Bio-tek, Guangzhou, China)

Table 1. List of primer pairs used for RT-gPCR analysis.

Gene name Primer Sequence(5XX3KX) Accession number

DNMT1 Forward AGAACGGTGCTCATGCTTACA NM_001130823
Reverse CTCTACGGGCTTCACTTCTTG

DNMT3A Forward AGTACGACGACGACGGCTA NM_022552
Reverse CACACTCCACGCAAAAGCAC

DNMT3B Forward CCCAGCTCTTACCTTACCATCG NM_001207055
Reverse GGTCCCCTATTCCAAACTCCT

MeCP2 Forward TGGGAAGCTCCTTGTCAAGAT NM_001110792
Reverse TCGGATAGAAGACTCCTTCACG

GAPDH Forward GGAGCGAGATCCCTCCAAAAT NM_001256799
Reverse GGCTGTTGTCATACTTCTCATGG

DSPP Forward AGTTCCTCAAAGCAAACCACTG NM_014208
Reverse CCTCCTACTTCTGCCCACTTAG

DMP1 Forward CTCCGAGTTGGACGATGAGG NM_001079911.3
Reverse TCATGCCTGCACTGTTCATTC

MBD1 Forward ATTGTGGAAAGGAGCCGAGG NM_001204136
Reverse TTTACCCCGTAGGCAACGTC

MBD2 Forward ACGAATGAATGAACAGCCACG NM_003927.5
Reverse CGGAGACTTGCCCTGTGATT

MBD3 Forward GAAGTGCCCAGAAGGTCGG NM_001281453.2
Reverse CTGGCGGCTCTTGTTCATCT

MBD4 Forward GTGGTGAGACCCTCAGTGTG NM_003925.3
Reverse GCACCTGCTTCCACTCATTG

MBD5 Forward CTTTTGTTGGCCAGGAGCAC NM_018328.4
Reverse TGACATATCACCTTCTCCTGCTG

MBD6 Forward GTCCCCAAGAAGAACCCACC NM_052897.4
Reverse CCAAGGTAATGTCCTGGCGG




Table 2. List of various antibodies used for western blotting.

Antibody Dilution Source

Mouse anti-DSPP 1:1000 #PA5-72040, Invitrogen, California,
USA

Rabbit anti-DMP1 1:1000  #506253, Zen BioScience, SiChuan,
China

Rabbit anti-DNMT1 1:1000 #5032S, Cell Signaling, Danvers,
MA

Rabbit anti-DNMT3B  1:1000  #57868S, Cell Signaling, Danvers,
MA

Rabbit anti-MeCP2 1:1000  #3456S, Cell Signaling, Danvers,
MA

Mouse anti-B-actin 1:1000 #9145, Beyotime, Peking, China

Goat anti-rabbit IgG  1:2000
secondary antibody
Goat anti-mouse 1gG

secondary antibody

#A0277, Beyotime, Peking, China

1:2000 #A0216, Beyotime, Peking, China

following the manufacturer’s directions and then
global methylation level was analyzed by
MethylFlash Global DNA Methylation (5-mC)
ELISA Easy Kit (EPIGENTEK, Farmingdale,
USA) according to the manufacturer’s protocol.
Hundred nanograms of sample DNA were added
with binding solution into the wells and then
incubated at 37°C for 30 min and washed thrice
with washing buffer. Fifty microliters of the 5-mC
detection complex solution were added to each
well and then incubated at room temperature for
50 min. After washing five times, 50 pL of
Developer Solution were added to each well and
Stop Solution was added to stop the reaction. The
absorbance was read on a microplate reader at
450 nm.

Immunofluorescence analysis

Cells were cultured on the confocal dishes at
a density of 1 x 10* cells/well in CO or OM treated
with MT at different concentrations for 7 days: (i)
CO+MT-, (ii) CO+MT+, (10~* M), (iii) OM+MT-,
(iv) OM+MT+ (10™* M). Then, the dishes were
washed in PBS thrice and fixed in 4% paraformal-
dehyde for 20 min at room temperature, followed by
washing in PBS. Permeabilization was performed
with 0.5% Triton X-100 in PBS (v/v) for 20 min.
The cells were then incubated for 30 min in 5% FBS
dissolved in PBS (w/v). The cells were incubated
overnight with primary antibodies-MeCP2 in 1:200
dilution at 4°C. After three washes in PBS, the cells
were incubated for 1 h with goat anti-rabbit Alexa
Fluor 488 (Invitrogen, California, USA), diluted to
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1:200, as a secondary antibody. After further wash-
ing in PBS, the nuclei were counterstained with
DAPI (4K,6-diamidino-2-phenylindole) in antifade
mounting medium (Melonepharma, Dalian, China).
The cells were examined under Leica TCS SP8
MP confocal microscope (Leica Microsystems,
Buffalo Grove, USA). The images for immuno-
fluorescent staining were acquired with a 63x/
1.4NA Plan-Apochromat oil objective. The pixel
size was 187.25 x 187.25 pum (1024 x 1024). The
images were acquired by lasers with two excitation
lines: 488 nm for Alexa Fluor 488 and 405 nm for
DAPI. The objectives, filters, pinhole, and gain
were kept constant as all slides were examined.

Statistical analysis

GraphPad Prism 5.0 (GraphPad Software, Inc.) was
employed to perform all of the statistical analyzes.
All of the data were analyzed as the mean + SEM
(standard error of mean) from at least three inde-
pendent experiments. Statistical comparisons of the
data were analyzed using one-way analysis of var-
iance (ANOVA), whereas differences between
groups were compared using Bonferroni test using
SPSS v. 20.0 software (SPSS Inc, Chicago, USA).

P < 0.05 was considered to indicate statistical
significance.

Results
Effect of MT on proliferation of hDPCs

To investigate the effect of MT at various concen-
trations (1072, 107'°, 1078, 107%, 10™* M) on the
growth rates of hDPCs, cell proliferation was mea-
sured with the CCK-8 assay on days 1, 3, 5, and 7.
The results showed that there was no significant
difference in the growth rates between any of the
groups on days 1, 3, 5 and 7 (Figure 1(a)).

Effect of MT on the mineralization potential of
hDPCs

To determine the effect of MT on the mineraliza-
tion potential of hDPCs, the formation of miner-
alized tissue was observed and measured using
Alizarin red staining.
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Figure 1. The effect of melatonin on proliferation and odonto-
genic differentiation of hDPCs.

(a) The cell growth of each group was measured using the CCK-8
assay on days 1, 3, 5, and 7. (b) Mineralized tissue formation was
analyzed using Alizarin red staining on day 7. (c) Mineralized tissue
formation was quantified by densitometry on day 7.All results are
presented as the mean + SEM (standard error of mean) from at least
three independent experiments. Procedures were performed as
described in the text. Scale bars:100 um. *P < 0.05 indicates a
statistically significant difference.

The greatest mineralized tissue formation of
hDPCs was observed in OM with MT at 10™* M
(OM+10~* M group) with statistical significance
(P < 0.05). The lowest mineralized tissue forma-
tion was found in OM+MT- group, but the groups
with MT at 1072, 107'%, 107%, and 107° M showed
no significant increase in mineralized tissue for-
mation compared with OM+MT- group. There
was a statistically significant difference between
OM+10™* M and OM+10""*> M groups (Figure 1
(b, ¢)). Therefore, the concentration of 10™* M was
selected for subsequent experiments.

Expression features of DNMTs during
odontogenic differentiation of hDPCs treated
with MT

To identify the expression of DNMTs in regulating
odontogenic differentiation potential of hDPCs,
the expression of the odontogenic markers, DSPP
(dentin sialophosphoprotein) and DMP-1 (dentin
matrix protein-1), and the genes of DNMTs,
DNMTI1, DNMT3A, and DNMT3B were assessed
by qPCR and western blotting on day 7.

The mRNA and protein expression of DSPP
and DMP-1 showed the highest level in OM
+107* M group with statistical significance
(P < 0.05, Figure 2(a-d)). The expression of
DNMT]1 was significantly lower in all OM groups
than that in all CO groups at the same MT con-
centration (P < 0.05), while there was no signifi-
cant difference among MT-treated groups Figure 2
(e, h). The expression of DNMT3A and DNMT3B
remained unchanged (Figure 2(f, g, 1)).

Expression features of MBDs during odontogenic
differentiation of hDPCs treated with MT

The results indicated that mRNA levels of MBD
genes (MBDI, MBD3, and MBD4) were higher in
all OM groups, but MBD2 expression was contrary
(P < 0.05, Figure 3(a-d)). The mRNA levels of
MBD5 and MBD6 were not significantly altered
during odontogenesis (Figure 3(e, f)).

The expression of MeCP2 was significantly lower
in OM+10™* M group than OM+10""* M and OM
+MT- groups. There was no significant increase in
OM+MT- group compared with CO+MT- group.
The expression of MeCP2 increased in CO+10™"* M
and CO+10™* M groups, compared with CO+MT-
group (Figure 3(g, h)). The abundance of MeCP2 in
the nuclei was also proved to decrease in OM
+10~* M group (Figure 4).

Global methylation level mediated by MT during
odontogenesis

To further explore the change of global methyla-
tion level (5-mC) during odontogenesis in hDPCs,
the level of 5-mC was analyzed on day 7. The
results revealed that global methylation level was
significantly lower in OM+MT- group, compared
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Figure 2. The effect of melatonin on the expression of odontogenic markers and DNMTs during odontogenic differentiation of

hDPCs.

The mRNA expression of odontogenic markers, (a) DSPP, (b) DMP-1, and DNMTs, () DNMTT, (f) DNMT3B, (g) DNMT3A was assessed by
Real-time gPCR on day 7.The protein expression of odontogenic markers, (c) DSPP, (d) DMP-1, and DNMTs, (h) DNMT1, (i) DNMT3B
was analyzed by western blotting on day 7. B-actin was used as an internal control. The band intensities were analyzed using Image)J
software. All results are presented as the mean + SEM (standard error of mean) from at least three independent experiments.
Procedures were performed as described in the text. *P < 0.05 indicates a statistically significant difference.

with CO+MT- group. Moreover, the level was
further declined in OM+10"* M group (Figure 5).

Discussion

hDPCs derived from dental pulp tissue have been
previously characterized as a subpopulation of
MSCs migrated from neural crest cells with

spindle-shaped appearance and rapid expansion
property [1]. The potency of odontogenic differ-
entiation of hDPCs is crucial for pulp and tooth
regeneration, involving multiple and overlapping
molecular factors [23]. Epigenetic mechanisms,
including DNA methylation and histone modifica-
tion, play crucial roles in differentiation of dental
MSCs [5,24]. DNA methylation is one of the major
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Figure 3. Transcriptional profiles of methyl-CpG-binding
domain proteins (MBDs) genes during odontogenic differentia-
tion of hDPCs.

The mRNA expression of (a) MBD1, (b) MBD2, (c) MBD3, (d)
MBD4, (e) MBD5, (f) MBD6 and (g) MeCP2 were assessed by
Real-time qPCR on day 7.(h) The protein expression of MeCP2
was analyzed by western blotting on day 7. B-actin was used as
an internal control. The band intensities were analyzed using
ImageJ software; All results are presented as the mean + SEM
(standard error of mean) from at least three independent
experiments. Procedures were performed as described in the
text. *P < 0.05 indicates a statistically significant difference.

epigenetic modification systems. The major com-
ponents of the DNA methylation machinery
responsible for the process, include DNMTs and
MBDs [7]. A study reported that methylation sta-
tus has an effect on a network of interactive sig-
naling pathways involved in tooth development
[25]. Nakatsuka et al. [26] found that DNA
demethylation by 5-Aza treatment-induced
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Figure 4. The abundance of MeCP2 in the nuclei of odonto-
genic differentiation of hDPCs. Representative images of MeCP2
(Green) visualized by immunofluorescence on day 7. Nuclei
were counterstained with DAPI (blue). Scale bars: 20 pm (origi-
nal magnificationx600).
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Figure 5. The effect of melatonin on global methylation level in
odontogenic differentiation of hDPCs. Global methylation level
was detected using MethylFlash Global DNA Methylation
(5-mC) ELISA on day 7. All results are presented as the mean
+ SEM (standard error of mean) from at least three independent
experiments. Procedures were performed as described in the
text. *P < 0.05 indicates a statistically significant difference.

skeletal myogenic differentiation of dental pulp
stem cells. More studies have been reported that
demethylation status promoted odontogenesis of
hDPCs [11,27], and suppression of DNA



methylation facilitated osteogenic differentiation
capacity of human periodontal ligament stem
cells exposed to high glucose [28]. So far, little is
known about the transcriptional profiles of
DNMTs and MBDs genes during odontogenesis
in hDPCs. Hence, the expression of these 10
genes and genomic methylation levels were com-
prehensively analyzed in the present study.

In this study, the effect of MT at different concen-
trations on odontogenic differentiation and prolif-
eration of hDPCs was analyzed. We examined the
expression of odontogenic markers DSPP and
DMP1, the formation of mineralized tissue, and the
cellular growth rates. The results showed that MT at
pharmacological concentration level (10~* M) upre-
gulated the expression levels of DSPP and DMP-1,
and increased mineralized nodules formation with-
out showing any inhibiting effect on proliferation.
These data confirmed that MT promoted odonto-
genic differentiation of hDPCs.

We found that DNMTlexpression decreased
during differentiation of hDPCs in the present
study. Furthermore, the odontogenic induction,
not the effect of MT, affected DNMT1 expression.
This result was consistent with a previous report
that the suppression of DNMTT1 resulted in elevat-
ing the efficiency of odontoblastic differentiation
of mouse dental papilla cells [13]. In human
MSCs, induction of osteogenic differentiation has
been found to be associate with the decline of
DNMT1 [29]. Gasiuniene et al. [30] reported that
osteogenic differentiation of MSCs was related to
the gradual decrease in the level of DNMTI.
Additionally, high level of DNMT1 expression
was noted in proliferating cells [31]. It is possible
that DNMT1 is important for odontogenesis.

After odontogenic induction and MT treatment,
no significant changes on the expression of DNMT3A
and DNMT3B were observed in this study, implying
that these two DNMTs may not contribute to the
suppression of DNA methylation on odontogenic
differentiation of hDPCs. This is in line with the
finding that fiber cell differentiation occurred in the
absence of DNMT3A and DNMT3B, whose de novo
DNA methylation may be compensated by DNMT1
[32]. Emerging evidence has highlighted the critical
roles of DNMT3A and DNMT?3B in differentiation of
embryonic stem cells during early development [33].
High expression of DNMT3A and DNMT3B in early
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embryos facilitates de novo methylation, while the
expression levels decreased during the differentiation
of embryonic stem cells and somatic tissue [31].
Studies of DNMT3A and DNMT3B in differentiation
have yielded differing results [34-36], which is likely
to depend on the MSC fate. These observations indi-
cated that DNMT1 may have a major role in odonto-
genesis of hDPCs.

It was previously suggested the scale of genomic
methylation generally also related to the number
of MBD proteins [37]. So far, knowledge of the
roles of MBDs during MSC differentiation is lim-
ited. Therefore, we first detected the expression
changes of MBDs in hDPCs during differentiation.
We observed the differentiation-dependent instead
of MT-dependent changes in expression levels of
MBDs, except for MBD5 and MBD6. A similar
result was reported in porcine adipocyte differen-
tiation of bone marrow MSCs [15]. However, this
has not yet been studied in odontogenesis. The
differences in their expression during odontogen-
esis may reflect their diverse functions.

The roles of MBDs have been described in reviews
[37-39]. For example, MBDI1 is crucial for gene
silencing in cell division and differentiation, and
MBD2 has a role in the self-renewing state of stem
cells, enriched at promoter of two master pluripo-
tency regulators, OCT4 and NANOG. MBD3 is
known to play an important role in transcription
factor-induced somatic cell reprogramming, pluri-
potent stem cell differentiation and embryonic
development [40]. Additionally, MBD4 is involved
in promoter and genome-wide demethylation [41].
The functions of MBD5 and MBD6 have not been
fully described. MBD5 has been shown to be asso-
ciated with heterochromatin by binding to DNA in
a complex, and to be of importance in development,
neurogenesis, and neuronal gene regulation [42].
Similarly, MBD6 has been shown to be critical for
cell differentiation into mesodermal and neural
lineages and proliferation as an OCT4 regulatory
gene [43]. Thus, based on the observation, we con-
cluded that MBD1-4 has major roles in odontogen-
esis instead of MBD5 and MBDé.

In the present study, the expression level of MeCP2
decreased after treatment with MT during odonto-
genesis, in contrast to alterations in the control group
in which there was a mild increase in MT expression.
On one hand, MeCP2 directly or indirectly represses
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transcription by specifically binding to methylated
DNA. Recent study has found that it is important at
the organ differentiation stage, instead of expressing
during proliferation or differentiation of embryonic
stem cells [39]. The overexpression of MeCP2 was
suggested to suppress myofibroblast differentiation
in normal fibroblasts [44], and correspondingly the
level of MeCP2 declined significantly during differ-
entiation of smooth muscle cells [45]. In the neural
cell lineage, the absence of MeCP2 was demonstrated
to promote astrocyte-specific differentiation of neural
stem cells [46]. On the other hand, Tao et al. [47] have
reported that MeCP2 knockdown led to downregula-
tion of vascular smooth muscle cell proliferation.
Besides, similar change that MT increased the
MeCP2 expression during proliferation occurred in
neural stem cells in the adult hippocampus under
sleep-deprived conditions [48]. Therefore, we suggest
that MeCP2 plays an essential role in DNA methyla-
tion in hDPCs.

Our findings showed a decline in the global methy-
lation level in odontogenic induction alone, consistent
with the DNMT1 level. This agrees with the result that
another DNMT inhibitor, Zebularine promoted dif-
ferentiation by downregulating the global methylation
status of the cells, thus inducing the transcription of
differentiation-specific genes [49]. Furthermore, MT
exposure in differentiated cells intensified this decline
in accordance with reduction of MeCP2. Mammalian
genomes have a tendency to be methylated genome-
wide with the exception of CpG islands. The DNA
methylation patterns in the mammalian genome are
mainly maintained by DNMT1 because of its main-
tenance DNA methyltransferase activity. Loss of
DNMTI results in a loss of DNA demethylation
globally and can be lethal [50]. During DNA duplica-
tion, DNMT1 methylates hemi-methylated DNA by
recruiting MeCP2, even though it does not possess
a methyl-CpG binding domain that helps to bind to
the methylated cytosine of the template DNA. The
interaction of MeCP2-DNMT1 complex maintained
the methyltransferase activity. The similar coopera-
tion of MeCP2 and DNMTs was also confirmed in
GABAergic neurons of mice and prostate cancer cells
[51,52]. This direct interplay of MeCP2-DNMT1
complex was suggested to be responsible for genome-
wide DNA methylation [53]. The expression of
DNMT1 was induced as DNA synthesis complete in
proliferating cells [54], which may also induce the

expression of MeCP2. This might explain the cause
of increase in MeCP2 expression in the control group
with or without MT treatment in this study.
Therefore, global methylation level in hDPCs was
not affected by MT alone, considering that the upre-
gulation of DNMT1 was inhibited and the mild
increase of MeCP2 was not enough to increase global
methylation. Moreover, DNMTT1 activity was inhib-
ited during odontogenic differentiation, and the
5-mC level correspondingly decreased. Furthermore,
MeCP2 expression was deregulated and then global
methylation level was declined during MT-induced
differentiation, suggesting that MT may have effects
on MeCP2 or MeCP2-DNMT1 complex.

To our knowledge, these findings provide the first
indication that DNMTs and MBDs involved in the
process of MT-induced differentiation in hDPCs
in vitro. In conclusion, the present study shows that
the expression of DNMT1 and MBD2 is downregu-
lated in odontogenically differentiated hDPCs, while
the expression of MBD1, MBD3, and MBDA4 is upre-
gulated. In addition, during the investigation into MT
promotion on odontogenic differentiation of hDPCs,
the levels of MeCP2 and global methylation are
further downregulated. These results indicate that
the positive effect of MT on hDPCs may be related
to the interaction of DNMT1 and MeCP2, which
contributes to global hypomethylation, expanding
our knowledge on the understanding of epigenetic
mechanisms of odontogenic differentiation in hDPCs.

Research highlights

e Changes in DNMTs and MBDs expression
during MT promoting hDPC differentiation
were studied

® The expression of MBD1, MBD3, and MBD4
increased, while the expression of DNMT1
and MBD2 decreased during mineralization
induction

e The level of global methylation and MeCP2
declined during MT-induced differentiation
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