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Postnatal teeth, wisdom teeth, and exfoliated deciduous teeth can be harvested for dental stem cell (DSC) researches. These
mesenchymal stem cells (MSCs) can differentiate and also consider as promising candidates for dental and oral regeneration.
Thus, the development of DSC therapies can be considered a suitable but challenging target for tissue regeneration. Epigenetics
describes changes in gene expression rather than changes in DNA and broadly happens in bone homeostasis, embryogenesis,
stem cell fate, and disease development. The epigenetic regulation of gene expression and the regulation of cell fate is mainly
governed by deoxyribonucleic acid (DNA) methylation, histone modification, and noncoding RNAs (ncRNAs). Tissue
engineering utilizes DSCs as a target. Tissue engineering therapies are based on the multipotent regenerative potential of DSCs.
It is believed that epigenetic factors are essential for maintaining the multipotency of DSCs. A wide range of host and
environmental factors influence stem cell differentiation and differentiation commitment, of which epigenetic regulation is
critical. Several lines of evidence have shown that epigenetic modification of DNA and DNA-correlated histones are necessary
for determining cells’ phenotypes and regulating stem cells’ pluripotency and renewal capacity. It is increasingly recognized
that nuclear enzyme activities, such as histone deacetylases, can be used pharmacologically to induce stem cell differentiation
and dedifferentiation. In this review, the role of epigenetic in dental and oral regenerative medicine by different types of dental
stem cells is discussed in two new and promising areas of medical and biological researches in recent studies (2010-2022).

1. Introduction

The epigenetic chromatin state will change without deoxyri-
bonucleic acid (DNA) sequence alterations, leading to gene
regulation. This occurs when a signal is received from an ini-
tiator, such as noncoding RNAs (ncRNAs), depending on
the environmental changes around the cell. An initiator
determines which regions of a chromosome need to be
affected, thus changing gene expression. Histone modifica-
tions and DNA methylation, epigenetic maintainers, allow
chromatin to remain markedly epigenetically altered [1]. It
is known that stem cells are crucial to the regeneration of

damaged tissues, and they come from the embryonic stem
cells or the postnatal origin (adult stem cells). The epigenetic
state of embryonic stem cells permits self-renewal or differ-
entiation into any pluripotent cell type, unlike adult stem
cells, which have more restricted lineage potential (multipo-
tent) [2]. The dental pulp or periodontium, primarily a
source of dental stem cells (DSCs), functions as a source of
mesenchymal stem cells (MSCs). DSCs positively expressed
markers related to MSCs in vitro containing cluster of differ-
entiation (CD)146, 105, 90, 73, 59, 44, 29, 13, and STRO-1.
Contrarily, some hematopoietic markers (CD45, 34, 31,
and 14) were negatively expressed [3]. In many tissues,
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including the dental pulp, the renewal of stem cells depends
on epigenetic mechanisms to histone proteins. Epigenetics,
or the modification of gene expression by environmental
factors, is unaffected by any DNA sequence changes [2].
DNA methylation, histone modifications, ribonucleic acid
(RNA) modifications, and ncRNAs are generally responsible
for epigenetic modifications. The enzyme DNA methyltrans-
ferases (DNMTs) are responsible for DNA methylation, one
of the well-explored epigenetic modifications. As a result of
DNMTs, the 5-methylcytosine existing in CpG islands can
be methylated into DNMTs. It is also possible to reverse
DNA methylation using enzymes from the ten-eleven trans-
location (TET) family [3]. DNA methylation regulates the
expression of phosphatase and tensin homolog (PTEN),
which contributes to tumor progression and resistance to
chemotherapy. It was demonstrated that overmethylation
of the PTEN promoter inhibits PTEN expression in
tamoxifen-resistant breast carcinoma cells and activates Pro-
tein Kinase B (AKT) and 5-Azacytidine (5-Aza) methylation
of the PTEN promoter and making cells more susceptible to
tamoxifen’s cytotoxicity. The study demonstrated that
although PTEN is essential for modulating auditory progen-
itors in mice and hematopoietic stem cells in zebrafish, the
regulation of PTEN expression by DNA methylation could
serve different purposes, as a functional part to manage lin-
eage tumorigenesis and commitment in human adult stem
cells. In comparison with adipose MSCs, placental MSCs,
hematopoietic stem cells, skin fibroblasts, and osteoblasts,
PTEN is not a molecule or functional marker for alveolar
bone marrow-derived mesenchymal stem cells (BMSCs).
Studying dental MSC characteristics, including the meager
tumorigenic potential and individual cell fate of dental
MSCs, is essential for developing new functional signatures
between dental pulp stem cells (DPSCs) and BMSCs [4].
Furthermore, the Xi and Chen findings exhibited that PTEN
is decreased in cultures of human osteosarcoma cells in com-
parison with osteoblasts [5]. Gong et al. showed that PTEN
is less expressed in osteosarcomas than in adjacent tissues
in human cell lines [6]. Furthermore, the Freeman et al.
experiment briefly stated that the PTEN loss was expected
in osteosarcoma [7].

Chromatin is reconstituted or relaxed by histone methyl-
transferases. Histone H3 is the most widespread histone
modification. Repressive Histone H3 lysine 9 (H3K9) and
Histone H3 lysine 27 (H3K27) precisely and dynamically
regulate the transcriptional regulation of target genes. Also,
Histone H3 lysine 79 (H3K79), Histone H3 lysine 4
(H3K4), and Histone H3 lysine 36 (H3K36) are correlated
with activation of transcription. A variety of internal modifi-
cations of messenger RNA (mRNA), such as Né-methylade-
nosine (m6A), Nl—methyladenosine (m1A), 5-
methylcytosine, and 5-hydroxymethylcytosine, are crucial
to mRNA stability. Methyltransferases catalyze the transfor-
mation of m6A from one state to another, while demethy-
lases reverse it [3]. DNA methylation and posttranslational
modifications are the most studied epigenetic modifications,
particularly acetylation, methylation, and phosphorylation
of histone proteins. Gene expression changes caused by epi-
genetic modifications can be targeted by drugs that inhibit

Stem Cells International

enzymes, which can either inherit or accumulate during life
[2]. Throughout development, the capacity of cells to spe-
cialize and differentiate increases. Stem cells in skeletal mus-
cle, bone marrow, and fat use this process to decide whether
they should undergo self-renewal or transition into new
cells. Hence, adult stem cells can preserve the homeostasis
of tissues by repairing and self-renewal or replacing dam-
aged tissues through differentiation. In recent years, scien-
tists have become increasingly interested in the possibility
of replacing damaged cells within an organism. These cell
populations are currently of particular interest to researchers
trying to understand their regenerative ability and the poten-
tial use of these cells for immunotherapy or to treat various
diseases. Although it has not been determined whether all
organs have stem cells to maintain tissue turnover, many
viable stem cells are available. A wide range of adult stem
cells has been found in the recent past, including the carti-
lage, skin, intestine, blood, mammary epithelial cells, and
dental pulp [8].

2. The Role of Epigenetic in
Regenerative Medicine

Genetic and epigenetic mechanisms contribute to changes in
gene expression programs without affecting DNA sequence.
As a mammal develops, the zygote undergoes numerous dif-
ferentiation events to produce various types of cells. Epige-
netic mechanisms are required to acquire cell-type-specific
gene expression programs during differentiation [9]. Quali-
tatively, epigenetic mechanisms may induce plastic, short-
term changes in gene activity and quantitatively, resulting
in more stable, long-term changes in gene activity. Multiple
cell divisions can be transmitted epigenetic memories in cells
that have been stably reprogrammed. Gene regulatory
regions can be altered by the presence and activity of ectop-
ically expressed transcription factors. Certain chromatin fea-
tures have been shown to hinder the process of
reprogramming the cell, and therefore, overcoming this bar-
rier is an essential feature of the reprogramming step [10].
Over the past few years, advances in genome-wide associa-
tion studies have greatly benefited regenerative medicine.
Researchers were able to identify multiple somatic mutations
affecting epigenome organization and the role of epigenome
modifications in the development of cancers. In silico geno-
mic feature annotations and association analysis of genetic
association, linkage disequilibrium, and enriched genomic
features, referred to as a Bayesian approach, identified more
than 200 breast cancer-related signals [11]. Transient,
genome-wide epigenomic remodeling has recently been
shown to have regenerative capabilities in the formation of
organoids and the regeneration of the liver following dam-
age. The study of epigenetic genome modifications involves
more than simply the regeneration of tissue and stem cells
but also the prognosis and metastasis of multiple types of
cancer, specifically relating to tumor microenvironments,
immune control, tissue-level mechanical forces, and other
cell-intrinsic mechanisms, including transcriptomics and
metabolomics [12]. Moreover, epigenetic reprogramming
processes essential for developing an embryo from a
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fertilized egg and establishing cellular totipotency provide
clues about epigenetic mechanisms with potential for regen-
erative therapies [13]. Nevertheless, detailed epigenomic
profiling of the human body enabled researchers to deter-
mine epigenetic effects on disease development, such as
regions of DNA free of nucleosomes specifically targeted
by regulatory factors [14]. Also, epigenetic changes have
demonstrated a prominent role in the metastasis of various
types of cancer, and epigenetic modifications have contrib-
uted to the prognosis and diagnosis of various diseases such
as neurodegenerative disorders. Therefore, mitochondrial
RNAs have other changes apart from the epigenetic changes
associated with mitosis [15].

3. The Current Used Dental Stem Cells
(DSCs) in Epigenetic Modifications

In the connective tissues after birth, there are several multip-
otent MSCs. These bone marrow multipotent stromal cells
were initially shown to proliferate in vitro as colony-
forming unit-fibroblasts. Some stem cells share similar char-
acteristics among tissues (adipose tissue, liver, and existing
blood in the cord). In addition, they have been discovered
in the follicle of the newly formed dental embryo and the
root apex of growing permanent teeth, in addition to the
periodontal ligament and the pulp of permanent and mature
deciduous teeth [16]. DSCs have been isolated from various
alternative sources of human dental tissues, such as stem
cells from apical papilla (SCAPs), human exfoliated decidu-
ous teeth (SHEDs), periodontal ligament stem cells
(PDLSCs), and dental follicle precursor cells (DFPCs). Adult
stem cells used for regenerative endodontic procedures, such
as DFPCs and PDLSCs, can be restricted due to their lack of
odontogenic mineralizing properties or, as in the case of
SHEDs and SCAPs, their scarcity. A source of SHEDs is
the exfoliated pulp tissue of deciduous teeth. Rather than
stem cells, pulp tissue is typically used to store the cells
obtained from exfoliated or extracted deciduous teeth.
SHEDs may be derived incubatively via fluorescence-
activated cell sorting and pulp tissue enzymatic digestion
and expanded to follow the adequate number. It is relatively
easy to obtain these cells, but several investigators have
proved harvesting difficult. Some have reported that low vol-
umes of SHEDs could not be obtained because of infection
or lack of viable tissue [2]. MSCs are known to have regen-
erative potential abound in dental tissue. They include por-
cine DPSCs, SHEDs, PDLSCs, SCAPs, and dental follicle
stem cells (DFSCs), which possess easy accessibility. There
have been broad properties for DSCs in regenerative medi-
cine due to their potential for osteogenic, adipogenic, and
chondrogenic differentiation and their ability to form miner-
alized tissues. A possible approach will be to use bioscaffolds
or biomaterials infused with growth factors. A second tack is
to study the effects of natural compounds on dental-derived
stem cells, such as polydatin and beer polyphenols. Stem
cells in the dental pulp have been established by demonstrat-
ing pulp healing postdefect and maintaining homeostasis of
related tissues. Porcine DPSC cultures promote endothelial,
fibroblastic, and osteogenic (type I collagen, Alkaline phos-

phatase, osteocalcin, osteopontin, and osteonectin) markers.
A variety of bone matrix proteins and odontoblast-specific
markers such as dentin sialophosphoprotein are absent from
porcine DPSCs tissue, confirming its undifferentiated status.
As well as their multilineage differentiation potential, DPSCs
can also be identified by the expression of surface antigens.
Their surface antigens include STRO-1, CD90, 44, 73, 105,
and 271. Although these are not specific markers of DPSCs,
they provide further evidence of DPSCs in vivo. Characteris-
tics of CD34 and 117 as hematopoietic lineage markers and
glia-2, a marker of neurovascular origin, are promoted in
DPSCs for the DPSCs’ regenerative potential [17]. The cur-
rent studies of epigenetic regulation of DSCs are summa-
rized in Table 1 in regenerative medicine.

Cell differentiation and development rely on epigenetic
modifications that regulate gene expression without altering
DNA sequences. Epigenetic influences on embryonic stem
cells have gained attention recently [18]. DNA methylation
and histone modification as epigenetic modulatory mecha-
nisms have been defined, the most extensively investigated.
It has been shown that controlling DPSCs’ self-renewal
and differentiation can be therapeutic. In the last few years,
intensive research has investigated how ncRNAs seem to
function as epigenetic regulators of gene expression. Because
ncRNAs are implicated in regulating gene expression during
health and disease, concluding inflammatory, and reparative
processes, they are of particular importance, as a diagnostic
biomarker or as part of a dental therapy program; epigenetic
modifications may be an effective, promising option [19]. An
organism is formed through two remarkably organized pro-
cedures: expanding the cell number and changing the phe-
notypic characteristics with significant spatial-temporal
accuracy while growing its organs and tissues. The genetic
information for entire cells in an organism is similar. To
specify a cell lineage or stimulate cell fate alterations, specific
transcription factors must cross-react with each other and
apply cross-antagonistic effects. Similarly, stem cell renewal
is modulated via epigenetic mechanisms that alter the acces-
sibility of chromatin and determine the direction of cell
identity through transcriptional events [8]. Ai et al. showed
that DNA methylation patterns are associated with bone for-
mation. They found that DPSCs, DFPCs, and PDLSCs had
analogous patterns for DNA methylation. The PDLSCs were
more osteogenic-related factors transcriptionally active than
DPSCs and DFPCs, exerting a suitable osteogenic capacity
both in vitro and in vivo. Also, DNA methylation modulates
the DSCs’ odontogenic differentiation by regulating osteo-
genic differentiation. TET1 inhibited DPSC proliferation
and odontogenic differentiation, indicating that demethyla-
tion of DNA affects dental tissue regeneration [3]. Epigenetic
mechanisms such as methylation of cytosine remain in
DNA, changing the posttranslational histone cores, and
intercepting transcriptional information and translation
can activate epigenetic mechanisms at different levels
(Figure 1).

DNA methylation is an epigenetic tag widely studied for
its role in transcriptional repression of promoters, chromo-
some compaction, and cellular memory, among other
effects. In particular, DNMTs such as DNMT3a, DNA
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TaBLE 1: The current studies of epigenetic regulation of dental stem cells in regenerative medicine.
Cell type Method Outcomes Ref/
year
Induced pluripotent stem cell . . . Sufficient iPS cell generation from DPSCs,

. - A reprogramming scheme was investigated for . . - . . — [53]/
(iPS cell) generation from iPS weneration from DPSCs improving clinical and industrial utilization of 2018
dental pulp stem cells (DPSCs) 8 iPS knowledge to use in therapies

Examination of regulating Notch/Wnt signaling Wnt Slrgonigss%oiozﬁiF{ggg%?;;ﬂéﬁ safer [35]/
DPSCs and stimulation of adipo-/osteocytes reprogrgm;gning platforms in DPSCs to utilize in 2020
differentiation in DPSC cell lines cell therapy
DPSCs and bone marrow- Examination of similar genetic and epigenetic = Common epigenetic and genetic mechanisms [54]/
derived mesenchymal stem mechanisms between the osteogenic are concluded in the osteogenic differentiation of 2021
cells (BMSCs) differentiation of DPSCs and BMSCs BMSCs and DPSCs
miRNA-34a showed particular dual modulatory
Identification of miR-34a aims protein systems impacts on both proliferation and differentiation
Human MSCs as an osteoblastic regulator of [51] human MSC of hum:.an MSCl. dﬁddltlonaliy’hmlR-Mé [551/
differentiation suppression could be a novel therapeutic 2014
approach for increasing the formation of bone
tissue
miR-34a reverses proinflammatory cytokine
BMSCs were isolated Investigation of miRNA function in the effects and stimulates osteogenic differentiation, 391/
from C57/BL mice regulation of osteogenesis procedure in the  exhibiting that therapy based on miR-34a might 2019
inflammatory condition be a suitable method for stimulating the
regeneration of bone tissues
Evaluation of different differentiation Epigenet@c rep rogramming and cell cycle +
circumstances. K" channels initiation is assumed ;eg}ll} atlog (‘1]1; 2 prgrqotlonfxglth remarkablg K
Human DPSCs to modulate the Ca** content, which is act 1tatelz.k ! ﬁrentlatmnho uman DPSth 1n;0 [56)/
intracellular, tolerating to change cell cycle to neuron-it elcfe > Hence, tman })lf SCSH ave the 2020
human DPSC differentiation induction practical function as neuron-lixe cells via
alteration of cells cycle
Investigation regglatlng the sp ec1ﬁcat10g of miRNA-modulated pathway for the human DSC
signals tissue and lineage of cells epigenetically . - . [571/
Human DSCs . . L ; differentiation and a chosen network of miRNAs
through evaluation of miRNA activity behind h | e diff L 2014
dental stem cells (DSCs) that control DSC osteogenic differentiation
Investigation of immunomodulatory abilities of De:;sg;se:t off) iLt_hGe 111)1?;1; ?glr ;slsi?sr;i:re [58]/
DPSCs DPSCs by cocultured from elderly and young ary dd late highly in eld
donors regeneration and downregulate highly in elder 2021
DPSCs
. 1o - Ferutinin activated and promoted osteogenic
DPSCs Assessment of mul tipotential differentiation differentiation of DPSCs, as a promising effective [591/
abilities of DPSCs . 2020
stem cell therapy for osteoporosis
Explore the osteogenic, adipogenic, and Sev.eral ePiggnetic factors wide?ly implied.
DPSCs resistance to oncogenic transformation of tun}llorll)genem éme?lge ﬁnd commitment, Whlc}h [4]/
. . . might be considered when progressing stem cell 2019
DPSCs in comparison with BMSCs therapeutic uses
miR-720 reduced DPSC proliferation as
distinguished via immunocytochemical
Periodontal licament To characterize DPSCs and their mechanism of assessment against ki-67 and stimulated [60]/
stem cells (PDgLS Cs) differentiation cells from human DPSCs and odontogenic differentiation, like Alkaline 2013
PDLSCs, explore a miRNA array based on LNA  phosphatase and mRNA levels of osteopontin.
Also, outcomes demonstrated that miR-720 is a
modulator miRNA for the DPSC differentiation
Odontoblast-related genes changes were Cell proliferation downregulated response to
Human DPSCs explored epigenetically via the alteration of the MS-275 using, while it did not affect cytotoxicity [61]/
mitogen-activated protein kinase (MAPK) in 5 and 10 nM and induced odontoblast-like 2020
signaling pathway in cell lines cells differentiation
Outcomes exhibited participation of HDMs in
Evaluate KDM6B knockdown in DSCs and its . the epigenetic modulatior.l of odontogenic
DSCs effect on Alkaline phosphatase function and differentiation of DSCs. Lysine demethylase 6B [62]/
(KDM6B) may indicate a promising beneficial 2013
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TasLE 1: Continued.
Cell type Method Outcomes Ref/
year
m°A methylated hallmarks in DPSCs and
DPSCs N°-methyladenosine (m°A) methylation modulatory participation in the cells cycle. It can  [63]/
biological actions were assessed in DPSCs use as a therapeutic approach in vital pulp 2021
therapy
Address the function of long noncoding RNAs  IncRNAs involved in the bone marrow and
Mesenchymal stem cells (IncRNAs) in osteogenesis modulation of MSCs dental tissue-derived MSCs’ osteogenic (64]/
(MSCs) derived from bone derived from bone marrow and dental tissues. differentiation could aim as prognosis and 2018
marrow and dental tissues Also, IncRNAs as therapeutic aims for MSC- therapeutic parameters. Nevertheless, the
related diseases were investigated IncRNA precise actions remain elusive
Investigate trichostatin A effects on osteogenic  Anti-inflammatory properties and stimulation
MSCs differentiation and resolve inflammation on  repairment of periodontal tissue were shown via [65]/
MSCs derived from inflamed and normal trichostatin A as a candidate for therapeutic ~ 2020
gingival tissues approaches in repairing periodontal tissues
. . Findings proved that significant alcohol usage
Explore genome-wide gene expression .
. : o might affect cellular processes that cause
microarray and DNA methylome investigation . o R
. decreased mineral deposition, resulting in [23]/
DPSCs to clarify molecular changes by DNA - . oo
. ) . osteoporosis/-penia, dental abnormalities, and 2016
methylation alterations correlated with DPSC s . o
hallmark conditions for different fetal conditions
exposure to ethanol . .
induced via alcohol
Examine the interference with N6-adenosine-  Findings provide new ideas for using stem cells
DPSCs methyltransferase 70 kDa subunit (METTL3) in in clinical applications and for treating metabolic [66]/
DPSCs inhibits cell proliferation and osteogenic bone diseases by altering epigenetic 2021
differentiation modifications
Provide novel visions of how the S-
adenosylhomocysteine hydrolase (SAHH)/H19
Human DPSCs H19 mechanisms and impacts were assessed in axis functions in the odontogenic differentiation [67]/
human DPSC odontogenic differentiation of human DPSCs. It would help develop 2018
therapies for the regeneration of dentin
following stem cells
Examine Enhancer Of Zeste 2 Polycomb .
Human dental follicle Repressive Complex 2 Subunit (EZH2) and fnzoiiljligﬁmtoht:clletgf Xﬁgﬁ;a:gg;tﬁatlzgsg (]:)Z [68]/
stem cells (DFSCs) histone H3 lysine 27 (H3K27) trimethylation .. & . ety 2018
. : . stimulators of genes in these signaling pathways
expression during osteogenesis of human DFSCs
Assessment of trichostatin A on differentiation
and proliferation of odontoblast along with its Trichostatin A conducted vital function in [69]/
Human DPSCs capacity in the forming of dentin and odontoblast differentiation and proliferation of 2013
odontoblast differentiation in vivo during tooth ~ human DPSCs in dental progression phases
progression
Investigate the DSC niche cell types and the m 3_200 modul.ates agnghng pathways [70]/
DSCs . necessities for cell differentiation, progression of
miR-200 class effects on the fates of DSCs . . 2021
the cell cycle, and DSC niche maintenance
Evaluate the regulatory role of Kriippel-like Chromatin 1mmunoprec1P1tat10n.evalua.mon
. showed that the functional epigenetic
factor 2 (KLF2) during osteoblast DPSCs . . [71)/
DPSCs . - . . biomarkers and KLF2 were elevated in the
differentiation via assessing the KLF2 levels and . . 2020
. stimulator region of autophagy-related 7
autophagy-related molecules in cells (ATG?)
HOTAIRMI stimulated the human DFSC
osteogenesis via modulating homeobox A2
Investigate genes” functions and regulatory (HOXA2) through DNA methyltransferase 1
mechanisms (HOXA transcript antisense RNA, (DNMT1). HOXA2 exhibited necessary actions [72]/
Human DFSCs P ry
myeloid-specific 1 (HOTAIRM1), and in human DFSCs, same as HOTARIMI. 2020
homeobox A (HOXA)) in human DFSCs Nonetheless, the HOTARIM1 modulatory
pattern within the HOXA group remains
unknown
SALLL1 effectively modulates the odontoblast
Identify Spalt-like transcription factor 1 lineages commitment via connection with runt- (73]
Mice DPCs (SALLL1), polarizing and secretory odontoblasts,  related transcription factor 2 (RUNX2) and 2021

in vivo

straight activation of transforming growth factor
beta-2 (TGFp-2) at an initial phase
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Cell type

Method

Outcomes

Ref/
year

Human DPSCs and BMSCs

Human DPSCs

Human DFSCs

Human DPSCs

Human DPSCs

Dental pulp and dental follicles

PDLSCs

PDLSCs

Cranial neural crest cells

Investigate corepressor CBFA2/RUNX1 partner
transcriptional corepressor 2 (CBFA2T2)
expression was remarkably increased in response
to BMP2 treatment during osteogenic
differentiation of human DPSCs and BMSCs

Histone H3 lysine 4 (H3K4) trimethylation and
H3K27 trimethylation spatiotemporal patterns
were examined in the mice model. Human
DPSCs induced during odontogenic
differentiation, H3K27 trimethylation
demethylases (UTX and JMJD3), and H3K4
trimethylation methylases

Explore the osteogenic differentiation of human
DFSCs and chromodomain helicase DNA
binding protein 7 (CHD7) expression

Investigate the photobiomodulation therapy
(PBMT) role on viability, human DPSCs
migration, and its correlation to epigenetic
mechanisms such as acetylation of histones

Evaluate epigenetic reprogramming via the
histone deacetylase 3 (HDAC3) and histone
deacetylase 2 (HDAC2) selective inhibitors,
MI192, to stimulate the osteogenic capacity of
human DPSCs for bone regeneration

Differentiation profiles and epigenetic states of
dental follicle/dental pulp, two odontogenic
neural crest-derived ancestor populations, were
examined

Examine the periodontal regeneration effect on
the heterogeneous nuclear ribonucleoprotein L
(HNRNPL) mechanism in the osteogenesis of
PDLSCs induced by strontium chloride (SrCl,)

Assess the lysine demethylase 6A (KDM6A)
function in chondrogenic differentiation of
PDLSCs and the underlying mechanisms related
to epigenetic

Kat2a and 2b genes function as histone
acetyltransferases and were examined in the
progression of craniofacial in zebrafish and the
Genb in mice

CBFA2T2 is required for BMP2-induced
osteogenic differentiation of MSCs by inhibiting
euchromatic histone lysine methyltransferase 1-

(EHMT1-) mediated histone methylation at
RUNX2 stimulator

During dental MSCs differentiation, Wnt family
member 5A (WNT5A) transcription activities
were modulated via stability among H3K27
trimethylation/H3K4 trimethylation, Jumonji
domain-containing protein-3, and H3K4
trimethylation methylase stimulator

CHDY7 regulates the osteogenic differentiation of
human hepatocytes by modulating the
transcription of parathyroid hormone 1 receptor
(PTHI1R). Also, overexpression of PTHIR
partially restores osteogenic differentiation in
CHD7-knockdown human DFSCs

There is a correlation between PBMT and high
viability and human DPSCs migration, related to
the histone acetylation upregulation. Also,
PBMT is an appealing adjuvant therapy for
regenerative endodontic treatment

By reprogramming epigenetic factors of hDPSCs
with HDAC2- and HDAC3-specific inhibitors,
MI192 improves osteogenic differentiation,
implying the feasibility of this method for bone
augmentation

The results showed to highlight the crucial
function that epigenetic regulation conducts in
the odontogenic terminal differentiation neural

crest cells

There may be some implications for the
treatment of periodontitis patients who have
osteoporosis simultaneously by understanding
the different functions of HNRNPL and SET
domain containing 2, histone lysine
methyltransferase (SETD2)

In the destruction of inflammatory tissue such as
osteoarthritis, it was expected an improvement
in MSC-mediated regeneration of cartilage
through upregulation of KDM6A or the use of
EZH2-inhibitors

As a result of regulating H3K9 acetylation, these
outcomes proposed that Kat2a and 2b are
essential to the growth and cartilage and bone
differentiation in both mice and zebrafish

[74]/
2018

(75]/
2018

[76]/
2020

[77]/
2020

(78]/
2021

[79]/
2013

[80]/
2019

[81]/
2018

[82]/
2018

methyltransferase 3b (DNMT3b), and DNMT1 are involved
in these modifications, which modulate the chromatin con-
formation during embryonic stem cell differentiation and
somatic cell reprogramming. Interestingly, stem cells’
genomes are largely euchromatic, while the genomes of
somatic cells are enriched in heterochromatic conformation
[8]. In a study on PDLSCs, Yu et al. revealed that the sub-
population of Alkaline phosphatase © demonstrated greater
CD146 and STRO-1 expression than Alkaline phosphatase
“ cells. In addition, some stemness-associated genes were
expressed in Alkaline phosphatase * cells (OCT4, NANOG,

and SOX2) compared to Alkaline phosphatase ~ cells [20].
To derive PDLSC populations that are homogenous, Alvarez
et al. investigated the surface markers, including CD271/
140, 51, and STRO-1/CD146. As a result of CD271-
positive cells having a more significant dental/osteogenic
potential, they were associated with a tremendous increase
in osteogenic gene expressions, such as distal-less homeobox
5 (DLX5), bone gamma-carboxyglutamate protein, and
runt-related transcription factor 2 (RUNX2) [21].
Researchers found that activated yes-associated protein
(YAP) inhibits apoptosis in human PDLSCs, stimulates
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DNMT1 TET1
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DNMT3b TET3

(‘] 5-mdC DNA methylation Repression

DNA hydroxy-
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| 5-hmC methylation

Activation

Histone post-translational modifications

HEK4me3 Methylation Activation
«» HEK27me3 Methylation Repression
F™ H3K9ac Acetylation Activation
© H2A119ubl Ubiquitination Repression

s WAVAVAVA

mRNA

FiGUure 1: DNA methylation, histone posttranslational modifications (HPTM:s), and ncRNAs are the most common epigenetic markers in
chromatin remodeling and restructure. A methyl group (-CH3) attach to 5-methyl-deoxy-cytidine (5-mdC) by DNA methyltransferases
(DNMTs). The family members of the ten-eleven translocations (TET) can remove DNA methylation marks by converting 5-mdC to 5-
hydroxymethylcytosine. Histone methyltransferases and HDACs have been shown to regulate cell methylated, acetylated, and
ubiquitinated histone patterns. mRNA can be repressed during transcriptional repression by ncRNAs, such as miRNAs. The Dicer
breaks down miRNA precursors in the cytoplasm, and the miRNA is then filled and attached to mRNA targets. Inhibition, degradation,
and/or destabilization of the miRNA-mRNA interactions depend on their base pairing [8].

proliferation, and expedites the cell cycle and retardation of
senescence [22]. Another experiment revealed that high glu-
cose levels led to increased DNA methylation levels in
PDLSCs, blocking their ability to differentiate into osteo-
blasts. Nevertheless, 5-Aza-2-deoxycytidine could inhibit
the canonical Wnt signaling pathway and increase Alkaline
phosphatase, osteocalcin, and osteopontin genes, restoring
osteogenic differentiation capacity in PDLSCs [23]. Also,
Yu et al. reported that TET1 and 2 reductions cause the
hypermethylation of the Dickkopf Wnt signaling pathway
inhibitor 1 precursor, which actuated the pathway, upregula-
tion of FasL expression, and betterment the PDLSCs

immune regulation properties. TET1/TET2-reduced
PDLSCs demonstrated remarkable upregulation of thera-
peutic ability in the colitis mice model [24].

3.1. Postnatal Human Dental Pulp Stem Cells (DPSCs).
DPSCs are isolated from a postnatal human dental pulp to
regenerate a reparative dentin-like complex and differentiate
into different cell types. These cells are unique among stem
cells because they can be separated into diverse cells, includ-
ing neural progenitors, odontoblasts, melanocytes, chondro-
cytes, osteoblasts, smooth muscle cells, and adipocytes.
DPSCs are an auspicious tissue type for dental tissue



engineering and craniomaxillofacial regeneration due to
their high proportion of prevalence, low morbidity, well dif-
ferentiation, and biomaterial toleration. In addition to oste-
ogenic and adipogenic differentiation, DPSCs also show
neurogenic differentiation, similar to SHEDs, making them
very attractive for clinical use [25]. Since the DPSC high dif-
ferentiation plasticity marks them an ultimate stem cell
source for cellular treatment, regeneration, and engineering
of tissues for multiple disorders, they are currently being
explored. Stem cells originate from the dental pulp of per-
manent teeth, which contains wisdom teeth surgically
removed that do not contribute to the occlusion of perma-
nent teeth. Genetic and congenital disorders are often char-
acterized by defects in the fetal or postnatal stages [16].
DPSCs usually differentiate into various cell types and
have also proven to retain many of their characteristics after
cryopreservation for two years. As a result, many studies are
being conducted on the DPSC differentiation and their clin-
ical potential. The multidirectional differentiation capacity
and the easy accessibility of DPSCs make them an excellent
candidate for use in tissue engineering and disease. Studies
have demonstrated DPSC formation of an immunocompro-
mised complex resembling dentin and pulp. DPSCs in
scaffold-free and prevascularized microtissue spheroids
may also effectively regenerate vascularization in dental pulp
tissues. Also, they could provide a model for dentin regener-
ation and the treatment of endodontics. The potential for
clinical application of DPSCs goes beyond treating dental
problems to treating other medical disorders, such as cranio-
facial defects, nervous system injuries, muscle regeneration,
osteoarthritis, myocardial infarction, Alzheimer’s disease,
diabetes, Parkinson’s disease, liver diseases, and stress uri-
nary incontinence [1]. Periodontal disorders, hypodontia,
enamel development, and odontogenic differentiation have
been associated with epigenetic changes. Duncan et al. pre-
sented research on the potential therapeutic potential of
inhibiting histone deacetylases and DNA methyltransferases
in dental pulp as a regenerative endodontic application. It
has been shown that permissive chromatin associated with
transcriptional upregulation is instrumental in developing
DPSCs into mature odontoblasts. However, there is still lim-
ited knowledge about epigenetics and how it leads to special-
ized cell lineages in DPSCs, despite some progress [25].
Schwann cell markers are expressed after incubation
through ¢-Kit*/STRO-17/CD34" DPSC induction, which
was demonstrated by Carravale et al. The incorporation of
the DPSC collagen scaffold resulted in sensory neurons
being regenerated and myelination occurring in the rats’ sci-
atic nerve injury model [26]. Alraies et al. recognized alter-
ations between high (A3)/low (Al and 2) proliferative
ability DPSC populations [27]. A paper by Young et al. elu-
cidated that murine DPSC clones could differentiate into oli-
godendrocytes and neuron-like cells in vitro. Interestingly,
only those DPSCs that express remarkable levels of nestin
gene  expression  differentiate  successfully  into
neurofilament-positive neuron-like cells and microtubule-
associated protein 2 [28]. As a result of transplantation of
CD146" cells into immune-compromised beige mice, Matsui
et al. found that dentin/pulp-like structures formed. More-
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over, CD146" cells also possessed higher mineralization
properties compared to nonseparated cells, CD146  or
146" cells. DPSCs transplanted with human mitochondria
are immunohistochemically detected to contain dentin
matrix protein-1 (DMP1), dentin sialophosphoprotein, and
dentin matrix protein-2 (DMP2) [29]. The induction of c-
Kit"/STRO-17/CD34" DPSCs exhibited superior levels of
commitment than that of DPSCs c-Kit"/STRO-1*/CD34",
which may be evidenced via B-III tubulin expression and
the shift from neuron-like shapes and appearance to
spheroid-like appearances [30].

In long-term culture, production of SA-f-gal and bio-
markers concluding p16, 21, interleukin- (IL-) 1, 6, 8, and
growth-related oncogene alpha (Groa) was shown to
increase for mobilized DPSCs with age as determined by
their revulsive reaction to the colony-promoting factor of
granulocytes from different donors. A model of ischemic
hindlimb damage and ectopic teeth roots revealed that aged
mobilized DPSCs had the similar regenerative potential to
young mobilized DPSCs [31]. Salkin et al. demonstrated that
transforming growth factor-beta 1 (TGF-f1) transfection
promotes proliferation and prevents apoptosis and cellular
senescence, suggesting a potential therapeutic intervention.
They proposed that the overexpression of TGF-f1 along
with gene transmission might lead to the enhanced DPSCs’
biological abilities and replace the external delivery of
recombinant proteins into the cells [32]. 5-Aza was used
by Nakatsuka et al. to assess the Myod potential of DPSCs
in mice. DNA demethylation caused via 5-Aza and forced
Myod-1 expression stimulated expression of transcription
factors related to muscle-specific [33]. The results of Paino
et al’s study showed that histone deacetylase 2 (HDAC2)
silencing could increase the expression of osteocalcin and
bone sialoprotein in DPSCs, similar to the effect of valproic
acid [18]. The expression profile of circular RNAs was
revealed in DPSCs during odontogenic differentiation by
Chen et al. 43 circular RNAs were upregulated during dental
differentiation, while 144 circular RNAs were downregu-
lated. Signaling pathways regulating pluripotency in MSCs
are abundant in these differentially expressed genes, such
as the TGF and Wnt signaling pathways [34].

Somatic cells’ epigenome is improved with heterochro-
matin, permanently silencing more genes. Stem cells have a
particular genome in euchromatic conformation; mainly,
differentiated cells’ genome is a mixture of euchromatic
and heterochromatic forms. In addition, DNA methylation
levels in DPSCs are low both in vitro and in vivo, and histone
acetylation levels are high in DPSCs, which may weaken the
interaction between chromatin and DNA, allowing the
expression of genes to proceed. Conversely, loss of acetyla-
tion mediated by HDAC results in a closed heterochromatin
conformation, suppressing transcription. Recent findings
have associated histone methylation with chromatin remod-
eling in DPSCs. Trimethylation marks of H3 are the most
characterized, and these marks serve as gene activators for
transcriptional activation and repressors for transcriptional
silencing for transcriptional repression. Moreover, cell stem-
ness and differentiation genes contain bivalent histone
methylation marks, which can activate H3K4 trimethylation
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and repress H3K27 trimethylation histone methylation in
DPSCs. The bivalent domain-containing genes in the stem
cells would allow them to respond more rapidly to environ-
mental changes by repressing specific genes at the same time
while activating others [35]. DNA methylation, histone
modifications, and ncRNAs are crucial in controlling
DPSCs’ fate. Genetic control is mediated by signaling path-
ways and transcription factors, and epigenetic control is
mediated by DNA methylation, histone modifications, and
ncRNAs. The manipulation of DPSCs’ fate toward pulp-
dentin regeneration is possible with an epigenetic modula-
tion understanding in DPSCs [17]. Among the most well-
researched epigenetic modifications, DNA methylation is
often associated with gene silencing and stem cell fate regu-
lation. Several studies have also found particular regulatory
effects of DNA methylation in DPSCs [1]. Recent studies
have observed complex epigenetic networks for porcine
DPSCs, including long noncoding RNAs (IncRNAs), micro-
RNAs (miRNAs), and DNA methylation. The IncRNA
G043225 stimulates odontogenic differentiation through
direct interactions with fibrillin 1 and miR-588. IncRNA
H19 generally suppresses DNMT3b activity, decreases the
DLX3 methylation level, and therefore causes the advance-
ment of porcine DPSC odontogenic differentiation. In the
same way, miR-675 inhibits the DNMT3b-mediated methyl-
ation of DLX3 in DPSCs for promoting human DPSC odon-
togenic differentiation. In addition, colon cancer-associated
transcript 1/IncRNA increases cell differentiation and prolif-
eration by suppressing the miR-218 signaling pathway [17].
H3K4 trimethylation activates remodeling acetylases of his-
tone and enzymes along with the increment of transcription.
In contrast, histone H3K27 trimethylation functions in the
opposite way. In this regard, H3K27 trimethylation and
H3K4 trimethylation conduct on progressive genes to pro-
vide bivalent domains genome together. It is believed that
the differentiation-relevant genes that up- and downregulate
through opposing modifications of the associated histones
are “locked away” but kept “poised,” ready for activation
once the appropriate signals come. Almost half of the biva-
lent domains in the mouse genome have been associated
with connecting areas for the OCT4, NANOG, and/or
SOX2 transcription factors. Conspicuously, most domains
ultimately revert to H3K27 trimethylation or H3K4 tri-
methylation based on their lineage [12].

3.2. Dental Pulp-Derived Mesenchymal Stem Cells. Teeth are
composed of several types of cells, including odontogenic
and undifferentiated progenitor cells, within a remarkably
vascularized connective tissue center and undifferentiated
stem cells, which also include multipotent osteoblasts that
have both significantly proliferative properties in vitro as
well as in vivo. During early embryonic development, mes-
enchymal crest cells transfer to the branchial arches of the
nervous system, indicating that the MSCs that make up den-
tal pulp are descended from neural crest cells. The three
prominent human teeth are deciduous, permanent, and
supernumerary, contributing to developmental pathways
and morphological properties; however, they vary molecu-
larly. In a study of dental pulp cells isolated from these teeth,

multipotent MSCs were observed. However, several differ-
ences were observed at the molecular and cellular levels.
Rodent nerve injury models showed that these transplanted
cells inhibited apoptosis and inflammation that interfered
with repairment while differentiated into oligodendrocytes,
which are mature, to stimulate neuroregeneration [16].
Reduction expression of STRO-1 and regulation of tran-
scription factors, NANOG, OCT4, and nestin, was observed
with an upregulation in gingival-derived mesenchymal stem
cell (GMSC) passage by Ranga Rao and Subbarayan [36].

3.3. Human-Exfoliated Deciduous Teeth Stem Cells (SHEDs).
Deciding teeth exfoliate spontaneously upon extrusion by
their permanent successors or are surgically removed before
breaking out permanent successors. These extracted or exfo-
liated deciduous teeth involve residual pulp tissues conclud-
ing dental MSCs, first discovered as SHEDs approximately 2
decades ago. They may be accessed with a slightly invasive
process. The SHED multipotency is indicated by their
shared adipose, osteogenic, and chondrogenic origins with
BMSCs. SHEDs express MSCs and embryonic stem cell bio-
markers, lack hematopoietic signaling biomarkers, and
involve CD11b/c and 45. Patient-derived SHEDs are ideally
constructed from a child in the process of a genetic condi-
tion that does not affect the child’s natural teeth. When an
individual has twenty deciduous teeth, the maximum num-
ber of teeth that could hypothetically be attained from a
described child in the process of genetic disorder is twenty.
As a result, there are twenty chances for SHEDs to be col-
lected from a child. This is deciduous teeth benefit, which
is more common in children, over wisdom teeth which differ
in that adults have a maximum of four sets. Consequently,
patients with genetic disorders may have fewer deciduous
teeth to establish disease models derived from SHEDs. This
represents a severe disadvantage. For these reasons, profes-
sional dental care for children with severe consequences is
vital for their quality of life, oral health, and setting up
patient-derived SHED models of genetic conditions [16].
According to Inada et al., two of the five primarily isolated
SHEDs had higher OCT3/4 expression and had higher Alka-
line phosphatase activities. These two lines proliferated fas-
ter and were simpler to program into induced pluripotent
stem cells (iPS cells) [37].

4. The Role of Histone Modifications in
DSC Differentiation

Heterochromatin modifications, including histone modifica-
tions, are also essential factors in the fate of DSCs. Lysine
demethylase 3B (KDM3B) increases osteogenic differentia-
tion of SCAPs. Lysine demethylase 4B (KDM4B) removes
H3K9 trimethylation via attaching to DLX stimulators, con-
tributing to aim gene expression [3]. It was reported by Yang
et al. that DLX5 and KDM4B are modulated by SCAP-
positive feedback loop. Moreover, DLX5 increases the osteo-
genic differentiation genes DMP1, dentin sialophosphopro-
tein, and osteopontin, encouraging their expression. The
nude mice model investigation also implied that DLX5 pro-
motes osteogenesis by upregulating KDM4B in SCAPs. At
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F1GURE 2: The pathways of dental pulp stem cell (DPSC) differentiation. Yellow and red ovals block differentiation pathways, and green and
blue ovals stimulate the differentiation of DPSCs. Abbreviations: DNMTs: DNA methyltransferases; TET: ten-eleven translocations;
H3K27met3: histone H3 lysine 27 trimethylations; H3K4met: histone H3 lysine 4 trimethylation; KDM5A: lysine demethylase 5A;
HDAC?2: histone deacetylase 2; KLF4: Kriippel-like factor 4; WNT5A: Wnt family member 5A; WNT3A Wnt family member 3A;

RUNZX2: runt-related transcription factor 2.

the same time, lysine demethylase 5A (KDM5A) inhibits the
DPSC capacity to differentiate to the dentin morphotype via
the elimination of H3K4 trimethylation from the dentin sia-
lophosphoprotein, DMP1, and stimulators of osteocalcin
[38]. Transcription factors can modulate access to target
genes by altering at least 12 amino acid residues in histones.
Also, acetylation and methylation, two histone modifica-
tions, are vital for various biological procedures, concluding
determination of cell fate and transcriptional modulation
[8]. It is also possible to control gene expression epigeneti-
cally through ncRNAs, including IncRNA, siRNA, and
miRNA; however, ncRNA amount exceeds mRNA tran-
scription coding. Small interfering RNA (siRNA)/miRNAs
function by controlling them for aiming mRNA strands.
The marked mRNA strands are then cleaved. It is not clear
with certainty where miRNAs function; nonetheless, a min-
imum of one-third of genomes are expected to be modulated
via the coding of miRNAs. Both miRNAs and siRNAs pro-
cess several targets, but the former has just one aim. The
extent to which miRNAs affect gene expression is still being
determined [19]. In addition, several miRNAs may be
involved in regulating differentiation in these dental tissues,
including miR-99a, miR-210, and miR-218. Considering the
relation between miR-218 lower levels and higher RUNX2
levels, it would appear that the expression of miR-218 is
essential to managing RUNX2 expression, a transcription
factor crucial for osteogenic differentiation. Findings suggest

that miR-218 modulates RUNX2 expression to regulate oste-
ogenic sequences in human dental tissue-derived MSCs. The
regulation of osteogenic differentiation capacity by miRNA
differential profiles remains to be determined. The expres-
sions of miR-101 and -21 are implicated in osteogenic differ-
entiation of periodontal ligament stem cells; both miRNAs
enhance the mineralization ability of periodontal ligament
stem cells by regulating the expression of periodontal liga-
ment associated protein 1 (Figure 2). Meanwhile, several
miRNAs were distinctively expressed among the odontoblast
differentiation of DPCs, such as miR-32, -586, and -885-5
(Figure 2). Further, increased expression of noninductive
stemness markers, such as osteopontin, dentin sialopho-
sphoprotein, osteocalcin, and dentin sialophosphoprotein,
is maintained by overexpression of p300. These results indi-
cate that p300 interacts with stemness markers and conducts
a vital role in noninductive conditions. It has been shown
that acetylation of H3K9 increases in the genes’ specific
regions associated with odontogenic potential when p300 is
overexpressed (Figure 2) [8]. Nakatsuka et al. revealed that
miR-34a suppressed the process of osteogenesis via inhibit-
ing the cell cycle and proliferation of cells [33] and that the
miR-34a suppression could expedite this process BMSC
osteogenesis. In contrast, Xin et al. implied that the upregu-
lation of miR-34a might facilitate the process of BMSC oste-
ogenesis and regression of proinflammatory cytokine by
aiming tumor necrosis factor-alpha (TNF-«) [39].
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5. The Role of Dental Stem Cell’s Self-Renewal
and Differentiation in
Regenerative Medicine

DSCs possess the potential for self-renewal and multidiffer-
entiation similar to MSCs. Research and clinical advances
have been made in dental pulp regeneration during the past
few years. In regenerative endodontics, several strategies
have been proposed, with different scaffolds, growth factors,
and stem cells, emphasizing important aspects of dentistry
such as disinfection and dentin conditioning [40]. DPSCs
were first reported in 2000. Since then, they have become
the most commonly used DSCs for developing cell-based
therapies for dental and systemic diseases. Dental pulp tis-
sue, which can be harvested from extracted teeth, appears
to contain potential stem cells that can be used in clinical
applications in the future. A laboratory led by Yaegaki has
recently induced a new type of cell, hepatocytes, from dental
pulp cells isolated from full-grown wisdom teeth and exfoli-
ated deciduous teeth [41]. The researchers from Nakashima
et al. recently published a pilot study that demonstrated the
potential benefit of mobilizing DPSCs for pulp regeneration
in human teeth that have undergone pulpectomy. Clinical
and laboratory evaluations revealed that the pulp responded
positively with no toxicity despite the short sample size. An
ongoing randomized, controlled study in a single center is
currently being conducted to evaluate the efficacy of using
autologous SHEDs to revitalize young necrotic permanent
teeth [42]. The clinical applications of DPSCs have been
demonstrated in several studies, showing that the cells can
promote bone regeneration and neo-bone formation in cra-
nial defects, suggesting their potential impact on regenera-
tive medicine, including bone conditions  [43].
Additionally, other studies have examined how DSCs differ-
entiate into nerve tissues and pancreatic cells and their effi-
cacy as a source of iPS cell proliferation [44, 45]. DSCs
have recently become more popular due to the extension
of dental applications to other fields of medicine.
Researchers continue to explore the potential of DSCs to dif-
ferentiate other cell types. This may provide better quality
treatments for diseases such as diabetes mellitus, Alzhei-
mer’s, Parkinson’s, myocarditis, and other devastating con-
ditions [46].

6. The Role of Pharmacological Agents in
Epigenetic Modifications

Molecular design of multitargeting epigenetic agents has
become a popular method for developing epigenetic thera-
pies by specifically targeting several unrelated cellular targets
at once (at least one of which is the epigenetic enzyme). Mul-
tiaction drugs simplify treatment regimens by reducing
adverse drug reactions, reducing the likelihood of drug resis-
tance, and facilitating easy administration. Zinc-dependent
HDAC inhibitors are commonly used to target more than
one cancer-related target. Additionally, methyltransferase
and demethylase enzymes are also commonly targeted, as
are acetyllysine-binding bromodomains [47]. There are
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pharmaceutical agents which can generally change histone
acetylation epigenetically. These molecules, known as his-
tone deacetylase inhibitors (HDACis), have changed gene
transcription, induced pleiotropic cell effects, and affected
stem cells fate. Several types of HDACi effectively induce dif-
ferentiation, proliferation, and anti-inflammatory properties,
concluding with valproic acid, trichostatin A, and butyric
acid. Recent studies have demonstrated that HDACis per-
form an epigenetically vital function in regulating DPSC dif-
ferentiation and self-renewal by working in a balance with
histone acetyltransferases. This HDACi suppresses N-
terminal deacetylation located in the histone tail within the
nucleosome, leading to modification of chromatin structure
and increased transcription. There are eighteen human
HDAC enzymes, each possessing a distinct, complex, but
often overlapping role, which has yet to be fully explained.
HDACGCs express themselves in the cytoplasm, nuclear (non-
cytoplasmic), or tissue-restricted (cytoplasmic) locations.
Consequently, pan-HDAC inhibitors that target all 18
enzymes are being explored more than isoform-specific sup-
pressors. Some pan-HDACis were performed to accelerate
differentiation and dental pulp cell population mineraliza-
tion and dedifferentiate immature stem cell populations in
specific environments and concentrations [2]. The histone
posttranslational modifications, which occur on particular
amino acid histone proteins remains, are another critical
epigenetic mechanism. The modification types in histone
tails contain methylation, deimination, acetylation, sumoyla-
tion, parylation, ubiquitination, isomerization, citrullination,
and phosphorylation. The modifications impact transcrip-
tion, replication, DNA repair, and chromatin structure.
These modifications may also serve as potential targets for
anticancer drugs [47]. Several clinical trials combining
HDAC inhibition with protein kinase inhibition have led
to the concept of combining both actions into one com-
pound. Interestingly, Zang et al. have shown that HDACi
combined with pazopanib results in positive antitumor
effects [48]. Based on the osimertinib structure, another epi-
dermal growth factor receptor (EGFR) inhibitor that is
approved, researchers designed and synthesized dual inhibi-
tors of HDAC and EGFRs [49]. In comparison with vorino-
stat (approved HDAC inhibitor), some of the designed
compounds inhibited HDAC at a greater level. These were
regarded as moderate to low EGFR inhibitors. Another
approach was to pair ruxolitinib with vorinostat to create
dual Janus kinase (JAK)-HDAC inhibitors. As a result of a
pyrazole substituted pyrrolopyrimidine (compound number
24) being highly potent and selective against a panel of 97
kinases, Yao et al. reported IC50 below 20 nM for inhibiting
JAK1 and HDACI and 2, 3, 6, and 10 [50]. In an experiment
by Kuang et al, hypoxia-primed porcine DSCs were
implanted with a synthetic polymer to construct a three-
dimensional rat model in an in situ model. Histologically
pulp-like tissues were generated and vascularized. Another
group of scientists conducted BMP2-treated DPSC culture
onto the amputated dog canine pulp, which are autoge-
nously transplanted [51]. It was supposed that precondi-
tioned porcine DPSCs would guide differentiation precisely
and ensure optimal functional regeneration of pulp.
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Autologous SHEDs must undergo long-term follow-up
despite the promising and cheerful results obtained by Xuan
et al. Additionally, allogenic DPSCs are more effective and
safer than self-derived ones. Further research is needed on
allogenic DPSCs [52].

7. Conclusion

It is crucial to summarize the current epigenetic cues to
advance clinical research into DSCs. Epigenetic modifica-
tions influence several critical signal pathways, ultimately
responsible for DSC fate. In addition, by deciphering the epi-
genetic code of DSCs, regenerative therapies could be
directed at DSCs from bench to bedside, thus making DSCs
more accessible. Bioengineering relies heavily on stem cells,
so it is essential to elucidate how cell fate regulation affects
differentiation. Enhancer Of Zeste 2 Polycomb Repressive
Complex 2 Subunit (EZH2) blocks the differentiation of
bone, muscle, neural, and hematopoietic precursor cells in
MSCs. As well as inhibiting NANOG activity in embryonic
stem cells, EZH2 suppresses the activity of POU class 5
homeobox 1 - two pluripotency genes - proposing that mod-
ifiers of histone are phase- and cell-specific and act differ-
ently based on the cell type and differentiation state. To
reach clinical application, several regulatory obstacles must
be overcome. Firstly, it is vital that off-target effects are con-
sidered. Almost all HDACis, like TSA and valproic acid, are
paninhibitors with no specific selectivity, so they upregulate
target proteins. In immunomodulation, for instance, the
expression of anti-inflammatory factors can be overex-
pressed while an individual miRNA upregulates proinflam-
matory cytokines. Secondly, epigenetic therapeutics must
be thoroughly investigated and screened to minimize
unwanted effects before being used in clinical settings to
minimize the possibility of neoplastic transformation during
regeneration. Lastly, technical and financial support must be
endorsed to bank DPSCs and reserve the “biological insur-
ance.” Also, it is required to develop standardization and
optimization of manufacturing protocols to guarantee the
cell source quality at all stages of cryopreservation, isolation,
collection, and expansion.

8. Future Direction

Stem cells are essential for dentin-pulp regeneration, signal-
ing molecules that regulate cell fate, scaffolds that provide a
favorable microenvironment, and stem cells with pluripo-
tency capacity. DPSCs are regulated by complex epigenetic
networks of histone modifications, ncRNAs, and DNA
methylation that promote migration, self-renewal, and mul-
tidifferentiation. Epigenetic regulation in these processes will
help improve DPSC migration, self-renewal, and multidiffer-
entiation during the regeneration of pulp tissues. There have
been positive results with HDACis on bone regeneration in
animal models, including trichostatin A. Therefore, HDACis
could regenerate pulp and dentine in vivo. Today, DNMT
inhibitors and ncRNAs do not exhibit any regenerative
potential in vivo. A suitable prospect is to understand the
promising functions of epigenetic modulation in DSC fate
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and identify novel therapeutic targets for DSC-mediated
regeneration. It is critical to assess how to ensure the DSC
stemness in standard culture conditions. During long-term
cell culture, DSCs may lose some of their potential. Diomede
et al. reported that 5-Aza induced the GMSC differentiation
into embryonic lineages in 48 hours. The GMSCs exhibited
three germ layers and secreted markers related to embryonic
development after being treated with 5-Aza. According to
the above results, future translational medicine can benefit
from epigenetic regulation. Additionally, it has been shown
that 5-Aza treatment induces the differentiation of GMSC
into different embryonic lineages other than neural precur-
sor cells post extended expansion, indicating that 5-Aza
may have a potential role in the preservation of DSCs stem-
ness in the future. DNMT suppression increased Kriippel-
like factor 4 (KLF4) levels and accordingly enhanced the rate
of DSCs odontoblastic differentiation. Furthermore, stem
cell differentiation can realize this great potential for regen-
erative medicine in specific tissues in the future. While there
is a significant amount of research in domains such as deliv-
ery methods, off-targets, and neoplastic transformation,
these issues must be addressed before epigenetic strategies
are optimized for dentin-pulp regeneration. Small molecules
can be used to manipulate epigenetic factors of DPSCs to
promote differentiation and regeneration in the search for
functional pulp regeneration approaches.

Abbreviations

RNA: Ribonucleic acid

ncRNAs:

Noncoding RNAs

DSCs: Dental stem cells

DNA: Deoxyribonucleic acid

MSCs: Mesenchymal stem cells

DPSCs:  Dental pulp stem cells

SHEDs:  Stem cells from human exfoliated deciduous
teeth

PDLSCs:  Periodontal ligament stem cells

DFPCs:  Dental follicle precursor cells

BMSCs:  Bone marrow-derived mesenchymal stem cells

SCAPs:  Stem cells from apical papilla

GMSCs:  Gingival-derived mesenchymal stem cells

CD: Cluster of differentiation

DNMTs: DNA methyltransferases

TET: Ten-eleven translocations

PTEN: Phosphatase and tensin homolog
AKT: Protein kinase B

5-Aza: 5-Azacytidine

H3K9: Histone H3 lysine 9

H3K27:  Histone H3 lysine 27

H3K79:  Histone H3 lysine 79

H3K4: Histone H3 lysine 4

H3K36:  Histone H3 lysine 36

mRNA:  Messenger RNA

mo6A: N6-methyladenosine

mlA: N1-methyladenosine

DFSCs:  Dental follicle stem cells

DLX5: Distal-less homeobox 5

RUNX2: Runt-related transcription factor 2



Stem Cells International

YAP:
DMP1:
DMP2:
Groa:

IL:
TGF-p1:
HDAC2:
IncRNAs:
miRNAs:
DNMT3b:
iPS cells:
KDM3B:
KDM4B:
KDM5A:
siRNA:
TNF-a:
HDAC:
HDAC:
EGFR:
JAK:
1C50:
EZH2:

KLF4:

Yes-associated protein (8]
Dentin matrix protein-1

Dentin matrix protein-2

Growth related oncogene alpha
Interleukin

Transforming growth factor beta 1
Histone deacetylase 2

Long noncoding RNAs

MicroRNAs

DNA methyltransferase 3b

Induced pluripotent stem cells

Lysine demethylase 3B

Lysine demethylase 4B

Lysine demethylase 5A

Small interfering RNA

Tumor necrosis factor-alpha

Histone deacetylase 2

Histone deacetylase inhibitor

Epidermal growth factor receptor

Janus kinase

The half maximal inhibitory concentration
Enhancer Of Zeste 2 Polycomb Repressive
Complex 2 Subunit

Krippel-like factor 4.

(10]

(11]

(12]

(13]

(14]

(15]

Data Availability

All data are included in the article.

Conflicts of Interest

(16]

(17]

The authors declare that they have no competing interests.

(18]

References

[1] D.Zhou, L. Gan, Y. Peng et al., “Epigenetic regulation of dental
pulp stem cell fate,” Stem Cells International, vol. 2020, Article

ID 8876265, 16 pages, 2020.
H. F. Duncan, A.J. Smith, G. J. P. Fleming, and P. R. Cooper,

(2]

(19]

“Epigenetic modulation of dental pulp stem cells: implications
for regenerative endodontics,” International Endodontic Jour-

nal, vol. 49, no. 5, pp. 431-446, 2016.
Y. Li, X. Zhao, M. Sun, D. Pei, and A. Li, “Deciphering the epi-

(3]

(20]

genetic code of stem cells derived from dental tissues,” Fron-
tiers in Dental Medicine, vol. 2, 2022.

W. C. Shen, Y. C. Lai, L. H. Li et al., “Methylation and PTEN

[21]

activation in dental pulp mesenchymal stem cells promotes
osteogenesis and reduces oncogenesis,” Nature Communica-
tions, vol. 10, no. 1, p. 2226, 2019.

Y. Xiand Y. Chen, “PTEN plays dual roles as a tumor suppres-
sor in osteosarcoma cells,” Journal of Cellular Biochemistry,

(22]

vol. 118, no. 9, pp. 2684-2692, 2017.

T. Gong, X. Su, Q. Xia, J. Wang, and S. Kan, “Expression of

NF-xB and PTEN in osteosarcoma and its clinical signifi-
cance,” Oncology Letters, vol. 14, no. 6, pp. 6744-6748, 2017.

(7]

S.S. Freeman, S. W. Allen, R. Ganti et al., “Copy number gains

(23]

in EGFR and copy number losses in PTEN are common events
in osteosarcoma tumors,” Cancer, vol. 113, no. 6, pp. 1453-
1461, 2008.

13

B. A. Rodas-Junco, M. Canul-Chan, R. A. Rojas-Herrera,
C. De-la-Pefia, and G. L. Nic-Can, “Stem cells from dental
pulp: what epigenetics can do with your tooth,” Frontiers in
Physiology, vol. 8, article 999, 2017.

R. Jaenisch and A. Bird, “Epigenetic regulation of gene expres-
sion: how the genome integrates intrinsic and environmental
signals,” Nature Genetics, vol. 33, no. S3, pp. 245-254, 2003.

A. Basu and V. K. Tiwari, “Epigenetic reprogramming of cell
identity: lessons from development for regenerative medicine,”
Clinical Epigenetics, vol. 13, no. 1, p. 144, 2021.
L. Fachal, H. Aschard, J. Beesley et al., “Fine-mapping of 150
breast cancer risk regions identifies 191 likely target genes,”
Nature Genetics, vol. 52, no. 1, pp. 56-73, 2020.

C. Dompe, K. Janowicz, G. Hutchings et al., “Epigenetic
research in stem cell bioengineering-anti-cancer therapy,
regenerative and reconstructive medicine in human clinical
trials,” Cancers, vol. 12, no. 4, article 1016, 2020.

L. Q. Zhou and J. Dean, “Reprogramming the genome to toti-
potency in mouse embryos,” Trends in Cell Biology, vol. 25,
no. 2, pp. 82-91, 2015.

T. Lilja, K. Wallenborg, K. Bjérkman et al., “Novel alterations
in the epigenetic signature of MeCP2-targeted promoters in
lymphocytes of Rett syndrome patients,” Epigenetics, vol. 8,
no. 3, pp. 246-251, 2013.

R. Fernandez-Santiago, A. Merkel, G. Castellano et al,
“Whole-genome DNA hyper-methylation in iPSC-derived
dopaminergic neurons from Parkinson's disease patients,”
Clinical Epigenetics, vol. 11, no. 1, p. 108, 2019.

K. Masuda, X. Han, H. Kato et al., “Dental pulp-derived mesen-
chymal stem cells for modeling genetic disorders,” International
Journal of Molecular Sciences, vol. 22, no. 5, p. 2269, 2021.

Y. Liu, L. Gan, D.-X. Cui et al., “Epigenetic regulation of dental
pulp stem cells and its potential in regenerative endodontics,”
World ] Stem Cells, vol. 13, no. 11, pp. 1647-1666, 2021.

F. Paino, M. Noce, V. Tirino et al., “Histone deacetylase inhi-
bition with valproic acid downregulates osteocalcin gene
expression in human dental pulp stem cells and osteoblasts:
evidence for HDAC2 involvement,” Stem Cells, vol. 32, no. 1,
pp. 279-289, 2014.

M. Kearney, P. R. Cooper, A. J. Smith, and H. F. Duncan, “Epi-
genetic approaches to the treatment of dental pulp inflamma-
tion and repair: opportunities and obstacles,” Frontiers in
Genetics, vol. 9, p. 311, 2018.

Z.Yu, P. Gauthier, Q. T. Tran et al., “Differential properties of
human ALP+ periodontal ligament stem cells vs their ALP-
counterparts,” Journal of Stem Cell Research & Therapy,
vol. 5, no. 7, 2015.

R. Alvarez, H.-L. Lee, C.-Y. Wang, and C. Hong, “Characteri-
zation of the osteogenic potential of mesenchymal stem cells
from human periodontal ligament based on cell surface
markers,” International Journal of Oral Science, vol. 7, no. 4,
pp. 213-219, 2015.

L. Jia, W. Gu, Y. Zhang, B. Jiang, X. Qiao, and Y. Wen, “Acti-
vated yes-associated protein accelerates cell cycle, inhibits apo-
ptosis, and delays senescence in human periodontal ligament
stem cells,” International Journal of Medical Sciences, vol. 15,
no. 11, pp. 1241-1250, 2018.

M. Hoang, J. J. Kim, Y. Kim et al., “Alcohol-induced suppres-
sion of KDM6B dysregulates the mineralization potential in
dental pulp stem cells,” Stem Cell Research, vol. 17, no. 1,
pp. 111-121, 2016.



14

(24]

(25]

[26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

T. Yu, D. Liu, T. Zhang, Y. Zhou, S. Shi, and R. Yang, “Inhibi-
tion of Tetl- and Tet2-mediated DNA demethylation pro-
motes immunomodulation of periodontal ligament stem
cells,” Cell Death & Disease, vol. 10, no. 10, p. 780, 2019.

D. Bayarsaihan, “Deciphering the epigenetic code in embry-
onic and dental pulp stem cells,” The Yale Journal of Biology
and Medicine, vol. 89, no. 4, pp. 539-563, 2016.

G. Carnevale, A. Pisciotta, M. Riccio et al., “Human dental
pulp stem cells expressing STRO-1, c-kit and CD34 markers
in peripheral nerve regeneration,” Journal of Tissue Engineer-
ing and Regenerative Medicine, vol. 12, no. 2, pp. €774-e785,
2018.

A. Alraies, N. Y. A. Alaidaroos, R. J. Waddington, R. Moseley,
and A. J. Sloan, “Variation in human dental pulp stem cell age-
ing profiles reflect contrasting proliferative and regenerative
capabilities,” BMC Cell Biology, vol. 18, no. 1, p. 12, 2017.

F. 1. Young, V. Telezhkin, S. J. Youde et al., “Clonal heteroge-
neity in the neuronal and glial differentiation of dental pulp
stem/progenitor cells,” Stem Cells Internationa., vol. 2016, arti-
cle 1290561, 10 pages, 2016.

M. Matsui, T. Kobayashi, and T. W. Tsutsui, “CD146 positive
human dental pulp stem cells promote regeneration of dentin/
pulp-like structures,” Human Cell, vol. 31, no. 2, pp. 127-138,
2018.

A. Pisciotta, G. Carnevale, S. Meloni et al., “Human dental
pulp stem cells (hDPSCs): isolation, enrichment and compar-
ative differentiation of two sub-populations,” BMC Develop-
mental Biology, vol. 15, no. 1, pp. 1-16, 2015.

H. Horibe, M. Murakami, K. Iohara et al., “Isolation of a stable
subpopulation of mobilized dental pulp stem cells (MDPSCs)
with high proliferation, migration, and regeneration potential is
independent of age,” PLoS One, vol. 9, no. 5, article €98553, 2014.

H. Salkin, Z. B. Génen, E. Ergen, D. Bahar, and M. Cetin,
“Effects of TGF-f81 overexpression on biological characteris-
tics of human dental pulp-derived mesenchymal stromal
cells,” International Journal of Stem Cells, vol. 12, no. 1,
pp. 170-182, 2019.

R. Nakatsuka, T. Nozaki, Y. Uemura et al., “5—Aza—2'—deoxy—
cytidine treatment induces skeletal myogenic differentiation
of mouse dental pulp stem cells,” Archives of Oral Biology,
vol. 55, no. 5, pp. 350-357, 2010.

M. Chen, Y. Yang, J. Zeng, Z. Deng, and B. Wu, “circRNA
expression profile in dental pulp stem cells during odontogenic
differentiation,” Stem Cells International, vol. 2020, Article ID
5405931, 19 pages, 2020.

V. Uribe-Etxebarria, P. Garcia-Gallastegui, M. Pérez-Garrasta-
chu et al., “Wnt-3a induces epigenetic remodeling in human
dental pulp stem cells,” Cell, vol. 9, no. 3, p. 652, 2020.

S. Ranga Rao and R. Subbarayan, “Passage-dependent expres-
sion of STRO-1 in human gingival mesenchymal stem cells,”
Journal of Cellular Biochemistry, vol. 120, no. 3, pp. 2810-
2815, 2019.

E. Inada, L. Saitoh, N. Kubota et al., “Alkaline phosphatase and
OCT-3/4 as useful markers for predicting susceptibility of
human deciduous teeth-derived dental pulp cells to repro-
gramming factor-induced iPS cells,” Journal of Investigative
and Clinical Dentistry, vol. 8, no. 4, article 12236, 2017.
Q.-M. Lj, J.-L. Li, Z.-H. Feng, H.-C. Lin, and Q. Xu, “Effect of
histone demethylase KDM5A on the odontogenic differentia-
tion of human dental pulp cells,” Bioengineered, vol. 11,
no. 1, pp. 449-462, 2020.

(39]

[40]

[41]

(42]

(43]

(44]

(45]

[46]

(47]

(48]

[49]

(50]

(51]

(52]

(53]

Stem Cells International

W. Xin, X. Wang, W. Zhang, H. Zhu, R. Dong, and J. Zhang,
“Tumor necrosis factor-« inhibits bone marrow stem cell dif-
ferentiation into osteoblasts by downregulating microRNA-
34a expression,” Annals of Clinical and Laboratory Science,
vol. 49, no. 3, pp. 324-329, 2019.

J. Botelho, M. A. Cavacas, V. Machado, and J. J. Mendes, “Den-
tal stem cells: recent progresses in tissue engineering and
regenerative medicine,” Annals of Medicine, vol. 49, no. 8,
pp. 644651, 2017.

T. Nakahara, “Potential feasibility of dental stem cells for
regenerative therapies: stem cell transplantation and whole-
tooth engineering,” Odontology, vol. 99, no. 2, pp. 105-111,
2011.

M. Nakashima, K. Iohara, M. Murakami et al., “Pulp regener-
ation by transplantation of dental pulp stem cells in pulpitis: a
pilot clinical study,” Stem Cell Research ¢ Therapy, vol. 8,
no. 1, p. 61, 2017.

T. Y. Alhazzazi and F. T. Alghamdi, “Clinical applications of
dental stem cells in modern regenerative medicine: a system-
atic review with updates,” Nigerian Journal of Clinical Practice,
vol. 24, no. 4, pp- 457-463, 2021.

B. C. Kim, S. M. Jun, S. Y. Kim et al, “Engineering three
dimensional micro nerve tissue using postnatal stem cells from
human dental apical papilla,” Biotechnology and Bioengineer-
ing, vol. 114, no. 4, pp- 903-914, 2017.

N. Ishkitiev, K. Yaegaki, A. Kozhuharova et al., “Pancreatic dif-
ferentiation of human dental pulp CD117" stem cells,” Regen-
erative Medicine, vol. 8, no. 5, pp. 597-612, 2013.

R. Kabir, M. Gupta, A. Aggarwal, D. Sharma, A. Sarin, and
M. Z. Kola, “Imperative role of dental pulp stem cells in regen-
erative therapies: a systematic review,” Nigerian Journal of Sur-
gery, vol. 20, no. 1, pp. 1-8, 2014.

A. Majchrzak-Celinska, A. Warych, and M. Szoszkiewicz,
“Novel approaches to epigenetic therapies: from drug combi-
nations to epigenetic editing,” Genes (Basel), vol. 12, no. 2,
p. 208, 2021.

J. Zang, X. Liang, Y. Huang et al, “Discovery of novel
pazopanib-based HDAC and VEGFR dual inhibitors targeting
cancer epigenetics and angiogenesis simultaneously,” Journal
of Medicinal Chemistry, vol. 61, no. 12, pp. 5304-5322, 2018.

H. Dong, H. Yin, C. Zhao, J. Cao, W. Xu, and Y. Zhang,
“Design, synthesis and biological evaluation of novel
osimertinib-based HDAC and EGFR dual inhibitors,” Mole-
cules, vol. 24, no. 13, article 2407, 2019.

L. Yao, N. Mustafa, E. C. Tan et al.,, “Design and synthesis of
ligand efficient dual inhibitors of Janus kinase (JAK) and his-
tone deacetylase (HDAC) based on ruxolitinib and vorino-
stat,” Journal of Medicinal Chemistry, vol. 60, no. 20,
pp. 8336-8357, 2017.

R. Kuang, Z. Zhang, X. Jin et al., “Nanofibrous spongy micro-
spheres for the delivery of hypoxia-primed human dental pulp
stem cells to regenerate vascularized dental pulp,” Acta Bioma-
terialia, vol. 33, pp. 225-234, 2016.

K. Xuan, B. Li, H. Guo et al., “Deciduous autologous tooth
stem cells regenerate dental pulp after implantation into
injured teeth,” Science Translational Medicine, vol. 10,
no. 455, p. eaaf3227, 2018.

S. Thekkeparambil Chandrabose, S. Sriram, S. Subramanian
et al., “Amenable epigenetic traits of dental pulp stem cells
underlie high capability of xeno-free episomal reprogram-
ming,” Stem Cell Research & Therapy, vol. 9, no. 1, p. 68, 2018.



Stem Cells International

(54]

(55]

(56]

(57]

(58]

(59]

[60]

[61]

(68]

S. Gaus, H. Li, S. Li et al.,, “Shared genetic and epigenetic mech-
anisms between the osteogenic differentiation of dental pulp
stem cells and bone marrow stem cells,” BioMed Research
International, vol. 2021, Article ID 6697810, 25 pages, 2021.

L. Chen, K. Holmstr®dm, W. Qiu et al., “MicroRNA-34a
inhibits osteoblast differentiation and in vivo bone formation
of human stromal stem cells,” Stem Cells, vol. 32, no. 4,
pp. 902-912, 2014.

Y. Kogo, C. Seto, Y. Totani et al., “Rapid differentiation of
human dental pulp stem cells to neuron-like cells by high
K(+) stimulation,” Biophysics and Physicobiology, vol. 17,
pp. 132-139, 2020.

I. Gay, A. Cavender, D. Peto et al., “Differentiation of human
dental stem cells reveals a role for microRNA-218,” Journal
of Periodontal Research, vol. 49, no. 1, pp. 110-120, 2014.

R. B. Ozgiil Ozdemir, A. T. Ozdemir, C. Kirmaz et al., “Age-
related changes in the immunomodulatory effects of human
dental pulp derived mesenchymal stem cells on the CD4" T
cell subsets,” Cytokine, vol. 138, article 155367, 2021.

D. N. Rolph, M. Deb, S. Kanji et al., “Ferutinin directs dental
pulp-derived stem cells towards the osteogenic lineage by epi-
genetically regulating canonical Wnt signaling,” Biochimica et
Biophysica Acta - Molecular Basis of Disease, vol. 1866, no. 4,
article 165314, 2020.

E. S. Hara, M. Ono, T. Eguchi et al., “miRNA-720 controls
stem cell phenotype, proliferation and differentiation of
human dental pulp cells,” PLoS One, vol. 8, no. 12, article
e83545, 2013.

E. C. Lee, Y. M. Kim, H. M. Lim, G. E. Ki, and Y. K. Seo,
“The histone deacetylase inhibitor (MS-275) promotes dif-
ferentiation of human dental pulp stem cells into
odontoblast-like cells independent of the MAPK signaling
system,” International Journal of Molecular Sciences,
vol. 21, no. 16, p. 5771, 2020.

J. Xu, B. Yu, C. Hong, and C. Y. Wang, “KDM6B epigenetically
regulates odontogenic differentiation of dental mesenchymal
stem cells,” International Journal of Oral Science, vol. 5,
no. 4, pp. 200-205, 2013.

H. Luo, W. Liu, Y. Zhang et al., “METTL3-mediated m6A
modification regulates cell cycle progression of dental pulp
stem cells,” Stem Cell Research & Therapy, vol. 12, no. 1,
p- 159, 2021.

S.Huo, Y. Zhou, X. He et al., “Insight into the role of long non-
coding RNAs during osteogenesis in mesenchymal stem cells,”
Current Stem Cell Research & Therapy, vol. 13, no. 1, pp. 52—
59, 2018.

Q. Li, F. Liu, R. Dang et al., “Epigenetic modifier trichostatin A
enhanced osteogenic differentiation of mesenchymal stem
cells by inhibiting NF-«B (p65) DNA binding and promoted
periodontal repair in rats,” Journal of Cellular Physiology,
vol. 235, no. 12, pp. 9691-9701, 2020.

W. Cai, Y. Ji, L. Han et al.,, “METTL3-dependent glycolysis reg-
ulates dental pulp stem cell differentiation,” Journal of Dental
Research, vol. 101, no. 5, pp. 580-589, 2022.

L. Zeng, S. Sun, D. Han et al,, “Long non-coding RNA H19/
SAHH axis epigenetically regulates odontogenic differentia-
tion of human dental pulp stem cells,” Cellular Signalling,
vol. 52, pp. 65-73, 2018.

L. Deng, H. Hong, X. Zhang et al., “Down-regulated IncRNA
MEG3 promotes osteogenic differentiation of human dental
follicle stem cells by epigenetically regulating Wnt pathway,”

[69]

(70]

(71]

(72]

(73]

(74]

(75]

[76]

(77]

(78]

(79]

(80]

(81]

(82]

15

Biochemical and Biophysical Research Communications,
vol. 503, no. 3, pp. 2061-2067, 2018.

H.Jin, J. Y. Park, H. Choi, and P. H. Choung, “HDAC inhibitor
trichostatin A promotes proliferation and odontoblast differ-
entiation of human dental pulp stem cells,” Tissue Engineering.
Part A, vol. 19, no. 5-6, pp. 613-624, 2013.

M. Sweat, Y. Sweat, W. Yu et al., “The miR-200 family is
required for ectodermal organ development through the regu-
lation of the epithelial stem cell niche,” Stem Cells, vol. 39,
no. 6, pp. 761-775, 2021.

J. Maity, M. Deb, C. Greene, and H. Das, “KLF2 regulates den-
tal pulp-derived stem cell differentiation through the induc-
tion of mitophagy and altering mitochondrial metabolism,”
Redox Biology, vol. 36, article 101622, 2020.

Z. Chen, J. Zheng, H. Hong et al., “IncRNA HOTAIRM1 pro-
motes osteogenesis of hDFSCs by epigenetically regulating
HOXA2 via DNMT1 in vitro,” Journal of Cellular Physiology,
vol. 235, no. 11, pp. 8507-8519, 2020.

Y. Lin, Y. Xiao, C. Lin et al., “SALL1 regulates commitment of
odontoblast lineages by interacting with RUNX2 to remodel
open chromatin regions,” Stern Cells, vol. 39, no. 2, pp. 196-
209, 2021.

H. Huang, L. Dou, J. Song, and J. Luo, “CBFA2T?2 is required
for BMP-2-induced osteogenic differentiation of mesenchymal
stem cells,” Biochemical and Biophysical Research Communi-
cations, vol. 496, no. 4, pp. 1095-1101, 2018.

Y. Zhou, L. Zheng, F. Li et al,, “Bivalent histone codes on
WNT5A during odontogenic differentiation,” Journal of Den-
tal Research, vol. 97, no. 1, pp. 99-107, 2018.

C. Liu, Q. Li, Q. Xiao, P. Gong, and N. Kang, “CHD7 regulates
osteogenic differentiation of human dental follicle cells via
PTHIR signaling,” Stem Cells International, vol. 2020, Article
ID 8882857, 10 pages, 2020.

1. M. Zaccara, L. B. Mestieri, E. F. S. Pilar et al., “Photobiomo-
dulation therapy improves human dental pulp stem cell viabil-
ity and migration in vitro associated to upregulation of histone
acetylation,” Lasers in Medical Science, vol. 35, no. 3, pp. 741-
749, 2020.

K. Man, L. Lawlor, L. H. Jiang, and X. B. Yang, “The selective
histone deacetylase inhibitor MI192 enhances the osteogenic
differentiation efficacy of human dental pulp stromal cells,”
International Journal of Molecular Sciences, vol. 22, no. 10,
p. 5224, 2021.

G. Gopinathan, A. Kolokythas, X. Luan, and T. G. Diekwisch,
“Epigenetic marks define the lineage and differentiation poten-
tial of two distinct neural crest-derived intermediate odonto-
genic progenitor populations,” Stem Cells and Development,
vol. 22, no. 12, pp. 1763-1778, 2013.

X. Jia, R. J. Miron, C. Yin et al., “HnRNPL inhibits the osteo-
genic differentiation of PDLCs stimulated by SrCI2 through
repressing Setd2,” Journal of Cellular and Molecular Medicine,
vol. 23, no. 4, pp. 2667-2677, 2019.

P. Wang, Y. Li, T. Meng et al., “KDM6A promotes chondro-
genic differentiation of periodontal ligament stem cells by
demethylation of SOX9,” Cell Proliferation, vol. 51, no. 3, arti-
cle e12413, 2018.

R. Sen, S. A. Pezoa, L. Carpio Shull, L. Hernandez-Lagunas,
L. A. Niswander, and K. B. Artinger, “Kat2a and Kat2b acetyl-
transferase activity regulates craniofacial cartilage and bone
differentiation in zebrafish and mice,” Journal of Developmen-
tal Biology, vol. 6, no. 4, article 27, 2018.



	The Role of Epigenetic in Dental and Oral Regenerative Medicine by Different Types of Dental Stem Cells: A Comprehensive Overview
	1. Introduction
	2. The Role of Epigenetic in Regenerative Medicine
	3. The Current Used Dental Stem Cells (DSCs) in Epigenetic Modifications
	3.1. Postnatal Human Dental Pulp Stem Cells (DPSCs)
	3.2. Dental Pulp-Derived Mesenchymal Stem Cells
	3.3. Human-Exfoliated Deciduous Teeth Stem Cells (SHEDs)

	4. The Role of Histone Modifications in DSC Differentiation
	5. The Role of Dental Stem Cell’s Self-Renewal and Differentiation in Regenerative Medicine
	6. The Role of Pharmacological Agents in Epigenetic Modifications
	7. Conclusion
	8. Future Direction
	Abbreviations
	Data Availability
	Conflicts of Interest

