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Abstract

Undifferentiated, highly proliferative, clonogenic, and self-renewing dental stem cells have paved the way for novel
approaches to mending cleft palates, rebuilding lost jawbone and periodontal tissue, and, most significantly, recreating lost
teeth. New treatment techniques may be guided by a better understanding of these cells and their potential in terms of the
specificity of the regenerative response. MicroRNAs have been recognized as an essential component in stem cell biology
due to their role as epigenetic regulators of the processes that determine stem cell destiny. MicroRNAs have been proven
to be crucial in a wide variety of molecular and biological processes, including apoptosis, cell proliferation, migration, and
necrocytosis. MicroRNAs have been recognized to control protein translation, messenger RNA stability, and transcription
and have been reported to play essential roles in dental stem cell biology, including the differentiation of dental stem cells,
the immunological response, apoptosis, and the inflammation of the dental pulp. Because microRNAs increase dental stem
cell differentiation, they may be used in regenerative medicine to either preserve the stem cell phenotype or to aid in the
development of tooth tissue. The development of novel biomarkers and therapies for dental illnesses relies heavily on pro-
gress made in our knowledge of the roles played by microRNAs in regulating dental stem cells. In this article, we discuss
how dental stem cells and their associated microRNAs may be used to cure dental illness.
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MicroRNAs function in dental stem cells as biomarker
. and therapeutic target for dental diseases

Exosomal miRNAs miR-26a
w\ miR-221
.
W V\ “.‘ = -
N Cireul iR-125
“irculating miR-125a-3p
8 nRNA

] { let-7c-5p
4 e i 1 4 £ miR-224-5p
miR-221-3p

SCAP =gl
PDLSCs DFSCs
Hsa-let-7b  Exo-miR-203-5p
. miR-101
miR-34a miR-21
B - miR-146a
miR-497-5p miR-7

MiRNAs have various functions in the regulation of DSCs and

understanding these roles of is crucial for the development of new therapeutics
in dentistry. The widespread use of such methods in the future will alter how
many dental syndromes and disorders are diagnosed and treated.

[DSCs: dental stem cells]

This graphical abstract represents the opinions of the authors. For a full
list of declarations, including funding and author disclosure
statements, and copyright information, please see the full text online.
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MiIRNAs Function in DSCs as a Promising Biomarker and Therapeutic Target for Dental Diseases

Dental stem cells have various capabilities, including the
ability of self-renewal, mesenchymal stem cell character-
istics, multi-lineage differentiation, and immunomodu-
lation, making them promising biological tools for the
treatment of dental diseases.

Regulating the expression of functional microRNAs in
dental stem cells through mimicking microRNAs or sup-
pressing microRNAs can be used as a therapeutic tool.

MicroRNAs have several roles in the regulation of dental
stem cells, and the recognition of these functions is
essential for the development of novel therapeutics and
diagnostic methods in dental diseases.

1 Introduction

In treating a wide range of diseases, the therapeutic use of
stem cells (SCs) has shown to be an invaluable tool. Primi-
tive SCs have the potential to self-renew and differentiate
in several directions, allowing them to give rise to a wide
variety of specialized cell types and tissues [1]. Two pri-
mary sources for this method, that have been utilized to
treat a wide range of disorders are embryonic stem cells and
mesenchymal stem cells (MSCs) [2]. Because of the many
patients involved, dental care (including restoration, replace-
ment, and repair) stands out from other clinical procedures.
Furthermore, teeth contain stem cell populations that are
remarkably proliferative and may be readily extracted from
teeth that have been lost or removed surgically. Not only
may these SCs be utilized for dental purposes such as repair-
ing, replacing, and regenerating teeth, but they also have
tremendous potential for usage in areas such as research
into treatments for severe life-threatening disorders that
rely on solutions based on SCs [3, 4]. Postnatal root crea-
tion, a significant provider of dental stem cells (DSCs), is
a developmental process. As a result, the cells engaged in
root development are more embryonic like than cells derived
from other DSC sources. This is an advantage of teeth as a
source of SCs that is frequently neglected, even though it
is an essential benefit [5]. Human DSCs may be acquired
from removed wisdom teeth, postnatal teeth, or exfoliated
deciduous teeth [6]. Because of their availability and con-
venience, DSCs such as periodontal ligament stem cells
(PDLSCs), dental pulp stem cells (DPSCs), SCs from the
apical papilla (SCAP), SCs from human exfoliated decidu-
ous teeth (SHED), and dental follicle stem cells (DFSCs)

have become promising cell sources for bone and dental
regeneration [7, 8] (Fig. 1). As a result of their inherent
capacity for tissue-specific differentiation, self-renewal, and
multipotency, DSCs have recently emerged as a promising
tool for regenerating tooth and periodontal tissues. In light
of this, DSC-based regenerative therapy offers a potentially
valuable means by which to restore dental tissues that have
been destroyed or to create new teeth [9, 10]. Additionally, in
comparison to DPSCs, DSCs that have been extracted from
exfoliated deciduous teeth have a significant ability for oste-
ogenic regeneration and an elevated proliferation level. Pulp-
derived DSCs were tested first and mainly for their capacity
to differentiate into osteogenic, odontogenic, and neurogenic
cells. The microenvironment of DSCs is crucial in modulat-
ing their inherent diversity [11]. After mild-to-severe dental
trauma or carious lesions, DSCs in perivascular niches are
attracted and encouraged to develop into odontoblast-like
cells. During reparative dentinogenesis, a series of molecular
processes play a role in mediating this differentiation [12].
The areas of tissue engineering and regenerative medicine
and dentistry employ physiologically based treatment pro-
cedures for essential tissue regeneration and hence have the
capacity to regenerate living tissues. An in-depth knowledge
of the molecular signaling systems controlling average tooth
growth helps develop methods to generate bioengineered
substitute teeth [13] (Table 1).

Extracellular vesicles released by DSCs (DSCs-EVs)
have recently been proposed as a cell-free therapeutic
option for DSCs. Extracellular vesicles released by DSCs
comprise exosomes, microvesicles, and apoptotic bod-
ies. In addition, exosomes (EXOs) play a significant role
in the medicinal properties of DPSCs by mediating the
paracrine effect of extracellularly secreted components.
Moreover, recipient cells take up EXOs by linking to the
plasma membrane, attaching to the host receptor, and ulti-
mately endocytosis. Exosomes comprise DNA, proteins,
cholesterol, and RNA (circular RNA, miRNA, messenger
RNA [mRNA], long non-coding RNA, and transfer RNA)
[14, 15]. MicroRNAs are forms of short, single-stranded,
endogenous non-coding RNAs that are highly conserved.
They are responsible for primary regulatory activities in
various cellular and physiological processes, including
cellular proliferation, neoplastic cell transformation, dif-
ferentiation, and cell regeneration. MicroRNA may control
a wide range of physiological activities and pathological
functions of DPSCs, they have been shown to play criti-
cal roles in various processes, including the differentia-
tion of DPSCs into odontogenic cells, the immunologi-
cal response, and the inflammation of the dental pulp, as
validated by several studies [16—18]. The creation of novel
therapies in regenerative dental hygiene relies on a thor-
ough knowledge of the roles played by miRNAs in the
modulation of distinct DSCs [19]. This article provides
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Fig.1 Dental stem cells from a variety of populations and origins.
Dental pulp stem cells (DPSCs) and stem cells from human exfoli-
ated deciduous teeth (SHEDs) can be derived from the internal dental
pulp of permanent and deciduous exfoliated teeth, respectively. Stem
cells from the apical papilla (SCAPs) can be isolated from the api-

up-to-date information on the present state of miRNAs in
different DSCs by summarizing the most recent research
that supports the biomarker and potential health benefits of
miRNAs in PDLSCs, DPSCs, SCAP, SHED, and DFSCs.
Additionally, the unique features of these SCs and the
current challenges to expanding this approach to dental
disease detection and therapy are discussed.

2 Characteristics of Different Dental Stem
Cells

2.1 Characteristics of Dental Pulp Stem Cells

The dental pulp is derived from the dental papilla and is a
soft tissue with mesenchymal and ectomesenchymal origins.
They originate at various points in the tooth’s growth pro-
cess [20]. The first MSCs isolated from human teeth were
DPSCs, also known as DPSCs. These cells can develop into

A\ Adis

DPSCs

Permanent tooth Dental pulp

Periodontal
ligament

\“;‘ Exfoliated
\deciduous

tooth PDLSCs

Dot pulp

cal papilla; periodontal ligament stem cells (PDLSCs) can be isolated
from the periodontal ligament; and dental follicle stem cells (DFSCs)
can be isolated from the dental follicle. Dental follicle stem cells are
a type of mesenchymal progenitor cells that surround the tooth germ

osteoblasts, odontoblasts, myocytes, chondrocytes, and adi-
pocytes, as well as neurocytes, in vitro and in vivo [10].
Their natural purpose is to form odontoblasts, which are
used to build reparative dentin and assist implementations
in dentistry that include the regeneration of dental struc-
tures. Because of their high differentiation potential, ease
of culture, and simple accessibility from excised teeth that
would otherwise be thrown away, research into DPSCs is a
promising new area [21-23].

2.2 Characteristics of Stem Cells Exfoliated
from Deciduous Teeth

Stem cells exfoliated from deciduous teeth in humans,
also known as SHEDs, are a form of MSC and provide
an excellent cell source for regenerative therapy. They are
highly proliferative, multipotent, and immunosuppressive
while carrying a low risk of oncogenesis [24]. Stem cells
exfoliated from deciduous teeth in humans are postnatal



MiRNAs Function in DSCs as a Promising Biomarker and Therapeutic Target for Dental Diseases

Table 1 Various dental disorders and DSC therapeutic properties

DSCs  Characteristics Therapeutic effects References
DPSCs Convenient to culture, with a high differentiation DPSCs have the potential to transform into odontoblasts, [21, 22,
potential, and readily available from abandoned tooth making them useful for both immediate dental treat- 132-134]
extractions ment and as an in vitro model system for testing and
refining novel bioactive materials for use in prospective
dental treatment (including bone, pulp, and periodontal
regeneration)
PDLSCs PDLSCs are a form of somatic stem cell that is capable These stem cells are employed in restorative therapy [30, 31, 135]
of undergoing vigorous clonal self-renewal and display-  in the periodontium and are a potential technique for
ing the capacity to develop into a wide variety of cell periodontal regeneration. Reducing proinflammatory
types cytokines and increasing anti-inflammatory cytokines
lead to a reduction in inflammation and an inhibiting of
the immune response
SHED These stem cells are highly proliferative, and multipotent SHED could be utilized to regenerate dental pulp tissue.  [24, 136]
and inhibit immune system function with a low risk of In vitro experiments showed that SHED was able to
oncogenesis adhere to dentin and multiply inside root canals
SCAP  Dental root-forming stem cells are a distinct population ~ The formation and regeneration of the pulp tissue in [137, 138]
of stem cells with prospective applications in regenera- open-apex permanent teeth depend on SCAP. SCAP is
tive endodontics and other areas of dentistry a potential stem cell source for dental pulp regeneration
because it can develop into primary odontoblasts and
dental pulp cells, which create root dentine and dental
pulp
DFSCs DFSCs have been described as a population of heteroge-  During tooth development, periodontal ligament, cemen- [36, 37, 139]

neous cells that might include cellular progenitors for
the periodontal development process

tum, and alveolar bone are all produced by DFSCs, a
population of mesenchymal progenitor cells that sur-
round the tooth germ

DFSCs dental follicle cells, DSCs dental stem cells, PDLSCs periodontal ligament stem cells, SCAP stem cells from the apical papilla, SHED

stem cells from human exfoliated deciduous teeth

stem cells that may differentiate into several other cell
types, including bone and tooth-forming osteoblasts, fat-
storing adipose cells, and nerve cells [25]. Stem cells exfo-
liated from deciduous teeth in humans may be a promising
cell source for future therapeutic uses because of their
increased proliferative capacity, substantial cell source,
and the convenience of stem cell harvest with little inva-
sion [26]. In vitro studies demonstrated that SHED was
capable of adhering to the dentin walls and proliferating
within the root canals [27].

2.3 Characteristics of Stem Cells
from the Periodontal Ligament

Stem cells from the periodontal ligament, known as
PDLSCs, may be found in the perivascular area of the peri-
odontium. These cells have similar properties to MSCs and
show great promise for use in periodontal regeneration. Suc-
cess in isolating multipotent PDLSCs from human-impacted
third molars was reported in 2004 by Seo et al. [28], and
these cells showed the ability to develop into periodontal
ligaments, alveolar bone, cementum, peripheral nerves, and
blood vessels [29]. Consequently, PDLSCs are an essen-
tial stem cell type for periodontium regenerative treatment;

however, their scarcity hinders the development of scientific
and clinical studies [30, 31].

2.4 Characteristics of Apical Papilla Stem Cells

Apical papilla stem cells (SCAPs), a distinct population of
DSCs associated with root development, have shown great
promise as a regenerative endodontic technique. Investiga-
tions have determined the phenotypic properties and other
regenerative capabilities of SCAPs. Specific SCAP subpopu-
lations have been highlighted, as well as their neurogenic
and angiogenic attributes [32]. As SCAP was shown to be
expressed by the stem cell marker STRO-1, providing strong
evidence for the hypothesis that SCs exist in the apical tis-
sues of teeth [33]. To a large extent, this papilla tissue repre-
sents the apical portion of the previously recognized dental
papilla, which served as the mesenchymal counterpart in the
epithelial-mesenchymal interaction process that resulted in
tooth creation [32]. Apical papilla stem cells are a potential
stem cell source for dental pulp regeneration because they
can develop into primary odontoblasts and dental pulp cells,
which create root dentine and dental pulp [32, 34]. As the
apical tissues are made to bleed, SCAP transit with the blood
and deposit in the blood clot formed within the disinfected
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canal, where they aid in the regeneration of the dentin pulpal
organ and hasten the tooth’s development [35].

2.5 Characteristics of Dental Follicle Cells

Dental follicle cells (DFSCs) are a type of mesenchymal
progenitor cells that surround the tooth germ. These cells
are crucial for creating cementum, periodontal ligament,
and alveolar bone throughout the process of odontogenesis.
When guiding tooth eruption and root formation, DFSCs
rely on cascades of signaling routes and transcriptional fac-
tors. The first DFSCs were isolated from the mouse molar
area in 2002 and were coaxed to develop into an osteoblast
phenotype in vitro using exogenous bone morphogenetic
protein 2. Since then, it has been observed that under certain
induction circumstances, DFSCs may develop into various
cell types, including cement oblasts, osteoblasts, chondro-
cytes, adipocytes, and neuron-like cells [36, 37]. Addition-
ally, it is postulated that DFSCs may develop into cementum,
intrinsic alveolar bone, and the periodontal ligament [38].

3 The Biogenesis and Function
of MicroRNAs

Inhibiting protein translation by binding to the 3'-untrans-
lated region (UTR) of the target mRNA, microRNAs (miR-
NAs) are short non-coding RNAs that typically range in
length from 22 to 25 nucleotides [49, 50]. They play a cru-
cial role in cellular communication and are seen as poten-
tially valuable indicators and treatment tools across various
disorders. One way miRNAs are used in medicine currently
is to block carcinogenic miRNAs using miRNA antagonists,
notably antimiRs and antagomiRs. Another way is to intro-
duce tumor suppressor miRNAs, using synthetic miRNA
imitators or vector-based transfection of genomes coding
for miRNAs [50, 51]. The expression patterns of human
miRNAs have shown that a large number of miRNAs are
dysregulated in a variety of disorders and have demonstrated
that normal cells and diseased tissues express miRNAs dif-
ferently. For this reason, miRNA profiling is used to gener-
ate disease-specific signatures, with the expectation that this
profile will contribute to developing miRNA-based molecu-
lar prognosis, diagnosis, and treatment [52-54]. The classic
microRNA synthesis pathway is that first, microRNAs are
transcribed in the nucleus under the action of RNA polymer-
ase (Pol) into cap-structured primary transcripts, namely pri-
miRNAs. When pri-miRNAs are exposed to the endonucle-
ase Drosha and the cofactor double-stranded RNA-binding
protein DGCRS, the resulting hairpin precursor microR-
NAs have roughly 70 nucleotides. Once Exportin5 delivers
the pre-miRNA to the cytoplasm, Dicer endoribonuclease
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performs a clipping reaction to create double-stranded miR-
NAs of around 22 nucleotides. Double-stranded miRNAs
contain unstable 5’ ends and make the miRNA-RISC com-
plex by binding with the miRNA-induced silencing complex.
Meanwhile, the other strand of the miRNA is degraded by
hydrolases [55] (Fig. 2). Proliferation, migration, cell cycle,
apoptosis, and tissue formation are only some of the cell
biological processes demonstrated to be regulated by miR-
NAs. MicroRNAs shed light on molecular methods of post-
transcriptional control beyond those of transcription compo-
nents [56-58]. More recently, miRNAs have been identified
as essential translation regulators, which may play a role
in determining the behavior and destiny of SCs [59, 60].
MicroRNAs were recently shown to regulate SC transforma-
tion by the post-transcriptional targeting substances involved
in stem cell upkeep [61].

4 The Role of MicroRNAs in Dental Stem
Cells

Several investigations in which miRNA profiling of DSCs
from diverse sources of the mature and immature teeth,
such as pulp, periodontal ligament, follicle, and apical
papilla tissues, have been made to define the function
of particular miRNAs in different roles, which may be
significant for DSC biology. MicroRNAs substantially
regulate several biological procedures, including apop-
tosis, proliferation, stem cell function, and survival. All
these agents make miRNAs perfect for regulating gene
regulation DSC differentiation [62]. Aberrant expres-
sion of miRNAs has been reported in DPSCs compared
with bone marrow MSCs, which are considered a signifi-
cant cell source for regenerative medicine; additionally,
ectopic expression of particular miRNAs may control the
DPSC phenotype and DPSC proliferation and differentia-
tion. Although these miRNAs perform substantial roles in
DPSC biological progressions, possible mechanisms that
influence DPSCs remain under study [63]. For example,
miR-142-3p suppressed Serum/Glucocorticoid Regulated
Kinase 1 (SGK1I) expression. SGKI overexpression stimu-
lated human PDLSC proliferation and osteogenic differen-
tiation and reversed the inhibitory role of miR-142-3p on
human PDLSCs. Thus, miR-142-3p suppresses osteogenic
differentiation of human PDLSCs by decreasing SGK1
expression [64].

MicroRNAs perform as the primary regulator of SCAP
differentiation. For example, miR-143-3p preserved the
stemness of human SCAPs and controlled their differentia-
tion negatively by targeting nuclear factor I-C. Therefore,
suppressing this miRNA represents a possible approach
to improve the renewal of damaged tooth roots [65].
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Fig.2 MicroRNA (miRNA) biogenesis in dental stem cells. A triple
mixture structured in the cytoplasm and consisting of Dicer, TRBP,
and the tiny miRNA duplexes is responsible for cleaving the pre-
miRNA loop. Via extracellular vesicles, miRNAs are transported

MicroR-101 was regulated in DFSCs during osteogenic
differentiation. In this in vitro study, the expression miR-
101 was induced through miR-101-mimic transfection, and
the gene expression of osteogenic transcription factors was
obtained through real-time, reverse transcription-polymerase
chain reactions. In addition, the stimulation of the osteo-
genic differentiation was assessed through the activity of
alkaline phosphatase (ALP). Following miR-101-mimic
transfection, the ALP was enhanced, and the gene expres-
sion of typical osteogenic transcription factors, including
SP7 (Osterix), was upregulated [66]. Furthermore, miR-204
negatively controls the osteogenic differentiation of human
DFSCs by targeting the bone-particular transcription agent
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from donor cells to recipient cells, where they bind to their target
messenger RNAs (mRNAs) to regulate gene expression. Moreover, it
has been revealed that miRNAs can communicate per se with proteins
[127-129]

runt-related transcription factor 2 (Runx2), the mineraliza-
tion maker ALP, and the bone extracellular matrix protein
released protein acidic and rich in cysteine (SPARC) [67].

5 The Roles of MicroRNAs in Dental Diseases

MicroRNAs control tooth morphogenesis by fine tuning
the signaling networks. Particular groups of miRNAs are
expressed in the dental epithelium compared with mesen-
chyme and also in molars compared with incisors. MicroR-
NAs play significant functions in the growth, maintenance,
and repair of human dental tissues, such as but not restricted
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to the gingiva, periodontium, dental pulp, tooth erupting,
dental cell differentiation, and enamel mineralization [39]. In
addition, miRNAs offer a further level of regulation beyond
that of transcription agents through regulation of the post-
transcriptional regulation of gene expression. For example,
periodontal ligament-associated protein-1 (PLAP-1/asporin)
is a particular marker in periodontal ligament tissue. It is a
significant regulator of osteogenic differentiation of PDLCs.
mir-101 and mir-21 target PLAP-1 to control its expression
during the osteogenic differentiation of PDLCs [40]. In addi-
tion, increasing data show that miRNAs play crucial func-
tions in pulpal inflammation and pulpal tissue repair. They
may be utilized for pulpitis therapy [17, 41].

In a study, researchers showed that miR-22, as a syn-
ergetic negative regulator, is implicated in regulating the
release of proinflammatory cytokines interceded by the
NLRP3/CASP1 inflammasome pathway through targeting
NLRP3 and HIF-1a in human dental pulp fibroblasts during
the development of pulpitis. The authors have established
an in vitro model system. These outcomes offer a new role
and mechanism of miR-22-HIF-1a-NLRP3 signaling in
regulating proinflammatory cytokine discharge, showing
a possible therapeutic approach for prospective endodontic
treatment [42]. The miR-200 family was implicated in regu-
lating epithelial SCs, and miR-200c controlled tooth enamel
development by inducing signal transduction among amelo-
blasts [43]. Numerous miRNAs from the miR-181 family
(miR-181a*, miR-181b, and miR-181c) are downregulated
in unhealthy periapical tissues compared with healthy
periapical tissues. These miRNAs are critical in cytokine
(interleukin-2 and interleukin-6) and chemokine (CCL-8)
regulation. In addition, members of the miR-181 family are
considerably downregulated in inflamed compared with
healthy pulps [44].

New studies on inflammatory reactions and bone tissue
homeostasis have reported a considerable enhancement
in salivary expression rates of miR-146a, miR-155, and
miR-223, suppressing osteoclast genesis and stimulation
of NF-xB pathway activation in patients with periodonti-
tis [45, 46]. Downregulation of miR-26 expression in peri-
odontal disease was returned to levels detected in healthy
gingiva after non-surgical periodontal therapy [47, 48].
In vitro miR-26a-5p transfected cells released greater rates
of cytokines/chemokines upon induction with peri pathogens
and revealed disorder cell migration and cytoskeletal rear-
rangement. Mechanistically, miR-26a-5p controls inflamma-
tion, cell migration, and cytoskeleton arrangements of oral
keratinocytes and periodontal ligament fibroblasts through
direct interaction with phospholipase C beta 1 [47].

Taken together, these investigations show that miRNAs
have an essential function in dental diseases by controlling
the development, differentiation, and proliferation of dental
cells. Thus, miRNAs are offered to play a joint operation
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in dental tissue homeostasis and terminal differentiation of
cells and exert their role through fine tuning preserved sign-
aling networks [39].

5.1 MicroRNAs in Dental Pulp Stem Cells

Increased expression of Fyn, a protein tyrosine kinase, has
been linked to several forms of inflammation. The advance-
ment of inflammation was accompanied by a reduction in
the levels of expression of miR-125a-3p and an increase in
the expression levels of Fyn. Neuropilin-1 and Fyn produced
a compound that suppressed odontoblastic differentiation
and boosted inflammatory reactions in DPSCs using NF-xB
signaling pathways. Based on these results, miR-125a-3p
targets Fyn during DPSC odontoblastic development, sug-
gesting that miR-125a-3p may have therapeutic potential for
treating dental caries [68]. Pulpitis healing might include
miR-223-3p, which regulates odontoblast maturation. Spe-
cifically, miR-223-3p was highly expressed in the inflamma-
tory dental pulp [19, 69, 70]. Dentine sialophosphoprotein
(DSPP) and dentine matrix protein 1 (DMP-1) levels were
both dramatically raised after miR-223-3p upregulation
in DPSCs (p < 0.05). Nevertheless, compared with con-
trol DPSCs, the protein level of SMAD family member 3
(SMAD3) was considerably decreased (p < 0.05). Using a
combination of bioinformatics and a reporter test based on
luciferase activity, researchers found that miR-223-3p poten-
tially targeted Smad3 [69].

In contrast to juvenile dental pulp tissue, aged dental
pulp tissue increased miR-584 expression and decreased
transcriptional co-activator with PDZ-binding motif (TAZ)
expression. Additionally, it was revealed that miR-584
expression was downregulated, and TAZ expression was
upregulated in DPSCs that were undergoing proliferation.
Mimics of miR-584 inhibited DPSCs proliferation, move-
ment, and TAZ synthesis, whereas suppression of miR-584
had the opposite effect. When the TAZ was knocked down
in DPSC:s, it had the same effect as when miR-584 was over-
expressed. Additionally, a luciferase reporter test confirmed
that miR-584 could attach to the 3-UTR of the TAZ mRNA
and therefore inhibit the translation of that mRNA. Upregu-
lation of TAZ has the potential to restore the suppression of
proliferation caused by miR-584 mimics partially. Through
the AKT signaling pathway, miR-584 was also able to sup-
press cell growth and reduce the production of cell-cycle
proteins [71].

The amount of let-7c-5p, which inhibits High Mobility
Group AT-Hook 2 (HMGA?2) and stimulates osteogenesis
and bone growth, was decreased because of the inflam-
mation caused by pulpitis. When DPSCs were exposed to
lipopolysaccharide (LPS) to cause inflammation, let-7c-5p
expression was increased. Inflamed DPSCs had their cell
growth stifled after exposure to LPS, along with ALP
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activity, calcium deposition, and the expression of inflamma-
tory markers such as OPN, OCN, MSX2, OSX, and RUNX2
[72, 73]. Elevated levels of p-PI3K, HMGA2, and p-Akt
were linked to the poor osteogenic differentiation of irritated
DPSCs. Overexpression of let-7c-5p in inflammatory DPSCs
rescued their proliferation and also osteogenic differentia-
tion capability and suppressed PI3K/Akt/HMGA?2 signaling.
The osteogenic differentiation capability of dental pulp cells
was recovered after administration of let-7c-5p agomir in
rat models with pulpitis, and PI3K/Akt/HMGA?2 signaling
was blocked [73].

In this investigation, to determine DPSCs and the effect of
miRNAs on DPSC attributes, a miRNA array was performed
between dental periodontal ligament cells (DPLCs) and
DPSCs. According to Qiao et al., DPLCs had significantly
higher levels of miR-224-5p expression than DPSCs. The
transfection of DPSCs with a miR-224 suppressor decreased
cell viability. Moreover, miR-224 suppression consider-
ably increased cell apoptosis in DPSCs compared with the
normal cell group. An in silico study and a dual-luciferase
reporter method showed that miR-224 targets the 3'-UTR of
the Rac family small GTPase 1 (Racl) gene. The miR-224
downregulation led to the enhanced expression of Racl in
DPSCs compared with DPLCs. Moreover, miR-224 sup-
pressor caused increased mitogen-activated protein kinase
8, caspase-3, caspase-9, and Fas ligand expression in DPSC,
which may be recovered by Racl silencing with transfection
with short hairpin RNA-Racl. In addition, Annexin V-flu-
orescein isothiocyanate/propidium iodide flow cytometry
showed that the silencing of Racl restored the pro-apop-
totic DPSC cell number with miR-224 transfection. Thus,
miR-224 in DPSCs plays an important function in protect-
ing cells from apoptosis by downregulating Rac1 expression
and also identifies miR-224 as a new miRNA in regulating
DPSC characteristics [74, 75]. The upregulation of miR-
21 may simplify the odontoblast differentiation of DPSCs
that coordinate with STAT3. An miR-21/STAT3 signal may
serve as a regulator within a complex network of agents to
control odontoblast differentiation of human DPSCs. These
findings may offer a perspective on treating bone or tooth
diseases [76]. Sirtuin 7 (SIRT7) was recognized as a target of
miR-152. SIRT7 was downregulated in aging human DPSCs,
whereas miR-152 suppression upregulated SIRT7 and inhib-
ited the aging phenotype, and SIRT7 overexpression rescued
miR-152-stimulated senescence. The miR-152/SIRT7 axis
plays a primary function in regulating human DPSC senes-
cence and offers a candidate target to enhance the functional
and therapeutic capability of human DPSCs [77].

5.2 MicroRNAs in Periodontal Ligament Stem Cells

In PDLSCs undergoing osteogenic differentiation, miR-21
was repressed. MiR-21 overexpression markedly suppressed

osteogenesis of human periodontal ligament stem cells,
while miR-21 suppression showed the opposite impact. Most
importantly, PDLSCs stimulated toward osteogenesis were
shown to up-regulate Smad5, which was expected to be a
downstream target of miR-21 [78].

A recently discovered long noncoding RNA called
cytoskeleton regulator RNA (CYTOR) has been implicated
in a wide variety of biological mechanisms and has been
shown to act as a competing endogenous RNA [79]. There
is still debate about its function during PDLSC osteogenic
differentiation. Tu et al. first discovered that throughout the
osteogenic differentiation of PDLSCs, CYTOR expression
rose, and CYTOR was mostly sub-localized in the PDLSC
cytoplasm [80]. Importantly, CYTOR directly adheres to
miR-6512-3p and miR-6512-3p about SOXI! levels and
osteogenic development of PDLSCs. Furthermore, the
expression of SOX/1 also rose dramatically when PDLSCs
underwent osteogenic differentiation. Overexpression of
CYTOR promoted osteogenic differentiation of PDLSCs,
although downregulation of SOX// mitigated this impact.
There is potential for the miR-6512-3p/CYTOR/SOX11 axis
to serve as a new therapeutic target in periodontal regenera-
tion therapy [80].

miR-21 interacts with the 3'-UTR repeat sequence of
activin receptor type IIB (ACVR2B) mRNA. Mechanical
stretch inhibited ACVR2B protein rates in PDLSCs, and
this preventative efficacy was regulated when endogenous
miR-21 rates were either increased or suppressed. Both
stretch and the expression of miR-21 changed endogenous
ACVR2B protein amounts and, therefore, the osteogenic dif-
ferentiation of PDLSCs. Furthermore, the gain and loss of
function of ACVR2B interceded the osteogenic differentia-
tion of PDLSCs [81].

5.3 MicroRNAs in Stem Cells from Human Exfoliated
Deciduous Teeth

Wu et al. demonstrated that EXOs produced from SHED
aggregates (SA-Exo) markedly enhanced angiogenesis and
pulp tissue regeneration in vivo. Subsequently, researchers
used an in vitro tube formation experiment to show that SA-
Exo boosted the angiogenic capacity of human umbilical
vein endothelial cells and accelerated SHED endothelial dif-
ferentiation. Through modulating SMAD2/3/TGF-f signal-
ing, miR-26a, which is upregulated in SA-Exo, promoted
angiogenic differentiation of both SHED and human umbili-
cal vein endothelial cells. MiR-26a, transported by SA-Exo,
stimulates angiogenesis in a SMAD2/3/TGF-p signaling-
dependent manner, which aids in SHED aggregate-based
pulp tissue regeneration. This new understanding of SA-
Exo may pave the way for innovative pulp regeneration
approaches [82].
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5.4 MicroRNAs in Stem Cells from the Apical Papilla

An experiment was conducted to look at whether repro-
gramming affected the expression of miRNAs in SCAPs
and DPSCs. By comparing pre-programmed and post-
reprogrammed DPSC-/SCAP-induced pluripotent stem cells
(iPSCs) using a miRNA microarray, it was found that 134
and 265 distinctively expressed miRNAs were up-regulated.
One hundred and seventeen unique miRNAs were found to
be upregulated by more than two-fold in both SCAP-iPSCs
and DPSC-iPSCs. Three co-regulated miRNAs—miR-
92b-3p, miR-19a-3p, and miR-130b-3p—involved in the
TGF-p signaling pathway, the cell cycle, and epithelial-mes-
enchymal transition exhibited the most variation. Expression
of miR-92b-3p, miR-19a-3p, and miR-130b-3p in SCAP-
iPSCs and DPSCs-iPSCs was significantly upregulated using
a quantitative real-time polymerase chain reaction analysis.
MicroRNAs were shown to be involved in differentiating
DPSC-iPSCs from DPSCs and SCAP-iPSCs from SCAP.
The varied features that are induced by the creation of
pluripotent stem cells were shown by the varying levels of
miRNA expression in reprogrammed dental-derived pluri-
potent stem cells [83].

The expression of hsa-let-7b did not affect the spread of
SCAPs. Alkaline phosphatase activity and SCAP calcifica-
tion nodule formation were boosted by hsa-let-7b interfer-
ence. Moreover, the protein levels of ALP, DSPP, OSX,
RUNX2, OPN, and OCN all rose significantly, as did the
mRNA levels of the osteoblastic markers RUNX2, ALP,
OSX, and OPN. In contrast, hsa-let-7b overexpression sup-
pressed SCAPs’ odonto/osteogenic differentiation poten-
tial. After hsa-let-7b suppression, SCAPs showed enhanced
odonto/osteogenic differentiation potential, which was
abolished by co-transfection with siMMP1. Odonto/osteo-
genic differentiation potential of SCAPs may be inhibited
through hsa-let-7b targeting of matrix metalloproteinase 1
(MMP1I) [84]. Apical papilla stem cells play a critical role
in the development and repair of root dentin. In SCAPs,
NOTCH activation prevented cells from differentiating and
increased the expression of miR-34a, while miR-34a blocked
Notch signaling by downregulation of N2ICD, NOTCH?2,
and HES1. This was achieved when miR-34a specifically
targeted the NOTCH2 and HESI mRNA 3'UTR. Therefore,
there was a rise in the levels of RUNX2, DSPP, OSX, and
OCN expression. Hence, Notch signaling is essential for
the survival of human SCAPs. Through regulating Notch
signaling, miR-34a encourages SCAPs to differentiate into
odontogenic and osteogenic cells [85]. MiR-124-3p.1 was
shown to have a suppressive impact on SCAPs osteo/odon-
togenic development in a separate investigation. Silence
and overexpression of miR-124-3p.1 considerably raised
and suppressed MACF]1 protein levels in SCAPs, respec-
tively. Regulation of MACF1/smad7 by miR1243p.1 is
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critical for SCAPs to undergo osteo/odontogenic differen-
tiation along the MACF1/smad7 axis [86]. Throughout the
osteo/odontogenic differentiation of SCAP, miR-497-5p
was upregulated. MiR-497-5p is a potent inducer of the
SCAP osteo/odontogenic differentiation as upregulation of
miR-497-5p increased this differentiation, but downregula-
tion of miR-497-5p decreased it. Based on results from a
bioinformatics study and a dual luciferase reporter test, we
know that miR-497-5p targets SMAD-specific E3 ubiqui-
tin protein ligase 2 (Smurf2). Smurf2 was shown to affect
SCAP osteo/odontogenic development adversely, and its
silencing was found to counteract the inhibitory impact of
miR-497-5p. A pathway analysis revealed that miR-497-5p
enhances osteo/odontogenic development by employing
the Smad signaling pathway [87]. Apical papilla stem cells
undergo osteogenic differentiation when circular SIPA1L1
binds to miR-204-5p and increases ALPL expression [88].
Overexpression of miR-141-3p suppressed the proliferative
potential of SCAPs. In addition, transfection of miR-141-3p
suppressor increased the proliferative capability of SCAPs
and delayed their senescence. Yes-associated protein (YAP)
was detected as the downstream target gene of miR-141-3p.
Generally, miR-141-3p prevented proliferative capacity and
promoted senescence of SCAPs via post-transcriptionally
downregulating YAP [89].

5.5 MicroRNA in Dental Follicle Cells

To learn more about miR-146a, its mimics and blockers
were transfected into DFSCs, and the expression of genes
related to tooth eruption was assessed. Expression of CSF-1,
RUNX2, EGFR, and OPG was considerably affected when
miR-146a was overexpressed or repressed, and miR-146a
levels were significantly reduced in RUNX2+/m DFSCs.
Mutations in the RUNX2 gene have a role in the phenotypic
shift seen in DFSCs, and cross-talk between the miRNAs
and the RUNX2 gene may constitute a critical regulatory
process governing the differentiation of DFSCs [90]. The
RUNX?2 mutation causes deferred tooth eruption due to den-
tal follicle dysfunction in individuals with Cleidocranial dys-
plasia (CCD). Mounting evidence points to RUNX2, miR-31,
and specific AT-rich binding protein 2 (SATB2) as critical
players in a regulatory circuit essential for maintaining and
regulating mesenchymal stem cell activity and homeostasis.
Dental follicle stem cell CCD exhibited decreased RUNX2
(a transcriptional suppressor of miR-31), increased miR-31,
and downregulated SATB2 in comparison with DFSCs from
healthy donors and showed impaired osteoclast-inductive,
osteogenic, and matrix-degrading activities [91]. In DFSC
CCD, osteoclasts would be inactivated, and bone matrix
remodeling would be suppressed because of relatively low



MiRNAs Function in DSCs as a Promising Biomarker and Therapeutic Target for Dental Diseases

ratios of RANKL/OPG and RANKL/RANK, as well as
downregulation of matrix metalloproteinase 2 (MMP2) and
matrix metalloproteinase 9 (MMP9). In addition, endog-
enous miR-31 knockdown highlighted the functions of the
RUNX2-miR-31-SATB2 loop in DFSC CCD, with enhanced
SATB2, RUNX2, osteoclast-inductive, and matrix degrada-
tion abilities. When miR-31 was overexpressed ectopically
in normal DFSCs, the expression of osteoclast-inductive fac-
tors such RUNX2, SATB2 MMP2, and MMP9 decreased.
Taken together, our findings raise the possibility that post-
poned tooth eruption in patients with CCD is caused by a
disruption in osteoclast-inductive signaling in DFSCs caused
by RUNX2 mutation/haploinsufficiency [91]. The RUNX2-
miR-31-SATB2 loop has been investigated as a therapeutic
target for facilitating tooth eruption in patients with CCD
[91]. The expressions of miR-29 family members (miR-29a,
miR-29b, and miR-29c) were remarkably reduced in human
DFSC during osteogenic differentiation. When miR-29s
were delivered into human DFSC, collagen type I genera-
tion was reduced. Moreover, human DFSC transfected with
miR-29 mimics demonstrated delayed mineralization com-
pared with human DFSC transfected with negative control
and non-transfection culture. miR-29 negatively controls the
osteogenic differentiation/mineralization of human Dental
Follicle stem cells by targeting collagen type I [92].

6 MicroRNAs in Dental Stem Cell-Derived
Extracellular Vesicles

As critical paracrine effectors, DSC-derived extracellu-
lar vesicles (DSC-EVs) are increasingly associated with
the positive effects of DSCs through an evolving body of
in vivo investigations [93, 94]. By delivering a bioactive
cargo and offering curative potential in dental diseases,
DSC-EVs have been presented as an encouraging treatment
method [93]. Exosomes isolated from DPSCs can be uti-
lized as biomimetic tools to stimulate the odontogenic dif-
ferentiation of SCs. Exosomes were derived from human
DPSCs cultured undergrowth and odontogenic differentia-
tion conditions, named UN-Exo and OD-Exo, respectively
[95]. In a study, the miRNA expression profiles of EXOs
isolated from DPSCs were recognized [96] (Fig. 3). OD-
Exo derived under odontogenic conditions were better
stimulators of DPSC differentiation. As is known, exoso-
mal microRNAs can negatively regulate gene expression by
binding to their target mRNAs through base pairing to the
3'-UTR, there may exist some other inhibitory molecules
between the miR-27a-5p and TGF-P1 signaling. One of the
substances known to suppress TGF-p1 signaling is latent
TGF-B-binding protein 1 (LTBPI). As LTBP1 was shown
to covalently attach the TGF-f propeptide (LAP) through
disulfide bonds, it was hypothesized that LTBP1’s primary

function was to preserve TGF-p latency by anchoring TGF-
to the extracellular matrix. Scientists used western blot anal-
ysis and a two-fold luciferase experiment to see whether
miR-27a-5p might directly suppress LTBP1 expression.
Western blot assays revealed an interesting phenomenon;
miR-27a-5p mimics decreased LTBP1 protein quantities.
In addition, they reported that miR-27a-5p dramatically
stopped luciferase activity in the WT-LTBP1 group while
having no impact in the MUT-LTBP1 group. miR-27a-5p
directly targeted LTBP1, according to a luciferase reporter
gene assay. Together, these results suggest that exosomal
microRNAs downregulate LTBP1, an inhibitory protein, to
stimulate odontogenic differentiation through the TGF-p1/
smads signaling pathway [96].

MicroRNA expression patterns of DPSC-derived EXO
were determined in a study by Hu et al. The analysis revealed
that OD-Exo isolated in an odontogenic environment acted
as a potent stimulant of DPSC differentiation. In the TGF-
B1/smads signaling pathway, exosomal miRNAs repressed
an inhibitory factor, LTBP1, which stimulated odontogenic
differentiation [96]. Exosomes from PDLSCs reduced
inflammatory microenvironment via the Th17/Treg/miR-
155-5p/SIRT1 regulatory network [97]. Nakao et al. detected
the efficacy of tumor necrosis factor-a preconditioned DSC-
EVs on mouse periodontal maxillary bone loss. They dem-
onstrated that the upregulated miR-1260b within DSC-EVs
accounted for the improved inhibition potential. Mechanisti-
cally, miR-1260b suppressed the osteoclastogenic action of
periodontal ligament cells by targeting the Wnt5a-interceded
RANKL pathway [93, 98]. The angiogenesis-linked miRNA
miR-378a was detected to be enriched in periodontitis-com-
promised DPSCs-EVs (P-EVs), and its function in P-EVs
improved cell angiogenesis was established, wherein Sufu
was recognized as a downstream target gene of miR-378a.
Functionally, silencing Sufu-induced endothelial cell pro-
liferation, migration, and tube development through trig-
gering Hedgehog/Glil signaling. Additionally, researchers
revealed that incubation with P-EVs enabled the transmis-
sion of P-EV-miR-378a to endothelial cells. Therefore, the
expressions of Sufu, Glil, and vascular endothelial growth
factor in endothelial cells were considerably affected through
P-EV-interceded miR-378a transmission [99].

The inflammatory microenvironment induced osteogenic
and odontogenic differentiation of DPSCs, and inflammatory
DPSC-EVs behaved similarly to PDLSCs. MiR-758-5p was
upregulated in inflammatory DPSC-EVs and was revealed
to play a vital function in the osteogenic and odontogenic
commitment of PDLSCs. A dual-luciferase reporter assay
established the binding site between miR-758-5p and limb
development membrane protein 1 (LMBRI). Similarly,
inhibiting LMBRI increased the generation of osteogenic
and odontogenic genes and proteins. In addition, LMBRI
has been offered to promote bone morphogenetic protein
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«Fig.3 The biogenesis of dental stem cells-exosomes (DSC-EXOs)
and their role in pathways to the recipient cell. The mechanism of
EXO production during EXO biogenesis comprises the start; the
plasma membrane is internalized to create an endocytic vesicle
named an early endosome, and after that, early endosome to late
endosome alteration. The budding of late endosomal membranes
leads to the creation of intraluminal vesicles (ILVs) within large
MVBs. Furthermore, MVBs can be transferred to lysosomes for
decay or move along microtubules to combine with the cell mem-
brane and release EXOs into the extracellular environment. Exosomes
intercede their influences on the recipient cells via three essential
methods: (1) receptor-mediated signal amplification; (2) endocy-
tosis; and (3) membrane fusion [15, 130, 131]. A Exosomal micro-
RNA (miRNA) from dental stem cells (DSCs) as a therapeutic agent.
B Exosomal miRNAs from the DSC detection method. Simultane-
ous and multiplexed diagnosis of miRNAs in a whole DSC-EXOs
is developed, which can be used as a polymerase chain reaction-free
effective diagnosis technique for dental diseases. Because miRNAs
circulate throughout bodily fluids, exosomal miRNAs propose excel-
lent benefits for the assessment of dental diseases. /ncRNA long non-
coding RNA, mRNA messenger RNA, siRNA small interfering RNA

Compared with healthy EXOs, miR-143-3p was enhanced
in inflammatory PDLSC-EXOs, which targeted and sup-
pressed the expression of PI3Ky and enhanced M1 mac-
rophage polarization through inhibiting PI3K/AKT signal-
ing and triggering NF-kB signaling. At the same time, an
agonist of the PI3K pathway reversed this efficacy. Further-
more, EXO-shuttled miR-143-3p from PDLSCs drove M1
macrophage polarization and exacerbation of periodontal
inflammation in a mouse periodontal model. Inflammatory
PDLSCs simplify M1 macrophage polarization via the exo-
somal miR-143-3p-interceded regulation of PI3K/AKT/
NF-«B signaling, providing a potential novel target for peri-
odontitis treatment [101].

In another study, researchers showed that SHED-EXOs
(SA-Exos) considerably enhanced pulp tissue renewal
and angiogenesis in vivo. In addition, SA-Exos improved
SHED endothelial differentiation and increased the angio-
genic capability of human umbilical vein endothelial cells.
Mechanistically, miR-26a, which is augmented in SA-Exos,
enhanced angiogenesis both in SHED and human umbilical
vein endothelial cells through controlling TGF-f/SMAD?2/3
signaling. SA-Exos shuttled miR-26a enhance angiogenesis
through TGF-B/SMAD2/3 signaling contributing to SHED
aggregate-based pulp tissue renewal. These new visions for
SA-Exos may facilitate the progress of novel approaches for
pulp regeneration [82].

7 MicroRNAs as a Biomarker in Dental
Diseases

Serum and plasma consist of high levels of specific miR-
NAs, which can serve as biomarkers for dental diseases.
Salivary miRNA biomarkers are emerging as an option

for diagnosing dental diseases [102]. In addition, miRNAs
facilitate early diagnosis of peri-implant diseases, act as
trustworthy indexes of peri-implant health, or help in man-
age peri-implant diseases [103]. For example, miR-4484
downregulated in the saliva of patients with peri-implan-
titis. Saliva samples taken 4—6 months following implant
implantation had significantly lower rates of miR-4484 than
samples collected before implant placement. Salivary miR-
4484 has been suggested as a possible peri-implantitis early
diagnostic biomarker [104]. MiR-141 was demonstrated
to be one of the most frequently expressed miRNAs in
human gingival keratinocytes and, therefore, could be used
as a potential biomarker for its diagnosis [105]. In another
study, researchers evaluated the role of selected miRNAs in
different stages of periodontitis and their association with
the rates of inflammatory intermediaries in gingival crev-
icular fluid. The outcomes showed that miRNA-103a-3p,
miRNA-23a-3p, miRNA-15a-5p, and miRNA-223-3p were
considerably upregulated compared with the healthy control
group. Considerable alterations were detected for miRNA-
23a-3p, miRNA-103a-3p, and miRNA-423-5p rates accord-
ing to disease stages. Inflammatory intermediaries assessed
in gingival crevicular fluid associate well with the clini-
cal parameters and the severity of the periodontal disease.
MicroRNAs can demonstrate biomarkers of disease stage
and can be studied as a potential therapeutic agent. Addi-
tionally, rates of tumor necrosis factor-a and interleukin-6
may drive the disease development by acting as prognostic
markers [106]. miR-28-5p was down-expressed in patients
with chronic periodontitis and LPS-stimulated PDLCs. The
area under the curve for miR-28-5p was 0.937, with a spe-
cial diagnostic rate. Furthermore, miR-28-5p was negatively
associated with periodontal clinical signs and inflammatory
agents. Cell proliferation of PDLCs was suppressed, and
inflammation was enhanced under LPS stimulation; how-
ever, increased miR-28-5p reduced the influence of LPS.
SPHK]1 performances as a miR-28-5p target and promot-
ing SPHK] arising from LPS treatment were suppressed
through the enhanced miR-28-5p. This miRNA could be
used as a possible diagnostic biomarker for chronic perio-
dontitis. Furthermore, miR-28-5p may play a role in chronic
periodontitis development by targeting SPHK1 to control
the proliferation and inflammation of PDLCs [107]. Recent
studies discovered miRNAs in saliva, which are promising
candidates for use as biomarkers of dental diseases [102].
For example, miR-140-5p, miR-146a-5p, and miR-628-5p
are overexpressed in small EVs from patients with periodon-
titis, considering potential biomarkers [108]. In addition, it
has been reported that hsa-miR-140-5p and hsa-miR-628-5p
in the gingival crevicular fluid are potential diagnostic bio-
markers for periodontitis [109]. In addition, using miRNA
signatures in humans as a prediction tool will enable us
to elucidate the biological processes occurring in DSCs.
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Therefore, researchers suggest that the role of hsa-miR-7-5p
in gene regulation may suppress cell-cycle progression and
proliferation, either for differentiation or to maintain DPSCs
in a quiescent state [110] (Table 2).

8 Existing Obstacles and Prospects of This
Method

There have been significant advances in DSC research and
therapeutic application. However, both areas are still in their
infancy. There are still many technical issues to be solved.
Nevertheless, its unique advantages in self-renewal, the
capacity for heterogeneous differentiation, ease of acces-
sibility, and minimal autologous transplant rejection give
dental tissue engineering a bright future. Recent advances in
technology and science have made it possible to genetically
manipulate and produce DSCs, which might pave the way
for novel approaches to tissue regeneration and replacement
treatment [111]. The ability of adult dental MSCs bound to
collagen to rebuild mandibular bone was recently proven
in a human clinical experiment [112—115]. These findings
demonstrate the potential of dental tissue engineering to
provide a new option for those who have lost teeth owing to
pathological conditions, trauma, or congenital absence. Nev-
ertheless, further study is required as implementing these
methods may be time consuming, challenging, and costly,
making them inaccessible to the general population [112].
Periodontal ligament stem cells and DPSCs are the
ideal options for pulp and periodontal regeneration because
of their exceptional osteogenic capacity and unique odonto-
genic potential, respectively. Because of this, research into
DPSCs and PDLSCs has focused mostly on their epigenetic
processes. Both SCAPs (achieved from dental roots) and
SHEDs (gained from exfoliated deciduous teeth) have been
the subject of much research owing to their readily available
sources and lack of immunogenicity. There are fewer studies
on DFPCs because their sources are more restricted [116].
MicroRNAs can control gene roles by stimulating target
mRNA degradation or translational suppression. Therefore,
the dys-expressed miRNA rate contributes to the abnormal-
ity of various biological activities or the onset of various
dental diseases [73, 117]. The function of miRNAs in tooth
organization has been extensively studied in animal models.
Investigation of miRNA expression profiles of the grow-
ing mouse molar tooth germ has shown these to be remark-
ably dynamic [118]. In human dental tissues, miRNAs may
show crucial roles associated with periodontal disease,
tooth movement and eruption, dental pulp physiology and
pathology, differentiation of dental cells, and enamel min-
eralization [39]. Several studies showed that miRNAs play
critical regulatory functions in DSC processes, including
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development, proliferation, differentiation, growth, neo-
plastic transformation, and tissue regeneration [62]. Fur-
thermore, miRNAs exhibit minor toxic efficacy and lesser
immunogenicity than protein-based medicines and even
plasmid-DNA-based gene therapy [50]. Dental stem cell-
EXOs have been considered in tooth regeneration and repair.
In addition, exosomal miRNAs are used as biomarkers and
therapeutic agents in dental diseases. Moreover, these miR-
NAs function in post-transcriptional gene regulation upon
uptake via neighboring or distant dental cells [119-121].
Thus, miRNAs are offered to play a collective function in
dental tissue homeostasis and terminal differentiation of
DSCs and mainly exert their role through fine tuning main-
tained signaling networks [39].

Although exploiting miRNAs as biomarkers for dental
diseases is promising, some constraints should be consid-
ered. Differentially expressed candidate miRNAs identi-
fied through pilot studies need to be validated with further
studies using larger sample sizes with appropriate control
groups. Practical focused treatments are necessary for at-risk
patients to capitalize on an early diagnosis, and without such
treatments, a clear cost-benefit advantage cannot be realized
[102]. In addition, EXOs hold high promise as bio-inspired
delivery systems for miRNAs in dental diseases [15, 122].
MicroRNAs enriched in dental stem cell EXOs enhance the
therapeutic effects of DSCs in dental diseases [122].

The most promising option for successfully regenerat-
ing damaged or diseased dental tissues, or even the com-
plete tooth, after tooth loss is stem cell-based therapy.
Therefore, it would be interesting to learn more about how
innervation functions in these processes. Dentists are only
now beginning to use stem cell-based techniques, but there
are still many obstacles to be solved, including the need to
regenerate complete teeth and enamel. Only a few clinical
experiments using SCs have been filed thus far, and the
outcomes are still a mystery. Although collected SCs have
not yet been used in dental treatments, this is undoubtedly
a young field of study that could have significant future
implications [6, 123]. Dental stem cells could be a turn-
ing point in individualized regenerative therapy. Improve-
ments in DSC population isolation, comprehension, and
differentiation capacities may lead to new areas of study
and dental disease treatments [124]. Understanding the
varied roles that miRNAs play in the regulation of DSCs
is essential for the creation of novel dental treatments. Fur-
thermore, miRNAs supported DSC differentiation and may
thus represent a viable target in regenerative medicine to
either assist bone/mineralized tissue production or retain
the stem cell phenotype. Utilizing cutting-edge technolo-
gies, the treatment of oral illness might be revolutionized
in the future [62, 125, 126].
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Table 2 miRNAs in DSCs for dental diseases

DSCs miRNAs Study type Explain References
DPSCs  miR-125a-3p In vitro By targeting Fyn, miR-125a-3p plays a significant part in the odontoblastic dif- [68, 140]
ferentiation of DPSCs, indicating that it may have therapeutic promise in the
treatment of dental caries. Moreover, this miRNA was figured to be the effector
because it suppressed TLR and NF-kB, two important mediators of the inflam-
matory reaction
DPSCs  let-7c-5p In vitro and in vivo Suppression of PI3K/HMGA?2/Akt signaling was shown to be critical for the [73]
anti-inflammatory and pro-osteogenesis impact of let-7c-5p during the acute
phase of pulpitis
DPSCs  miR-224-5p In vitro Both DPSC proliferation and migration were boosted by miR-224-5p suppression [141]
DPSCs miR-221-3p In vitro Reduced cell viability and subsequent apoptosis were seen in miR-221-3p- [74,75]

depleted DPSCs due to Racl-mediated cell death induction

PDLSCs Exo-miR-205-5p In vitro and in vivo PDLSC-derived exo-miR-205-5p targets XBP/ to reduce inflammation and [142]
restore a healthy balance between Th17 and Treg cells in chronic periodontitis

PDLSCs miR-21

In vitro and in vivo In PDLSCs undergoing osteogenic differentiation, miR-21 was knocked down. [78]

By focusing on Smad5, miR-21 may regulate the osteogenic development of

human PDLSCs

PDLSCs miR-7 In vitro

miR-7

SHED  miR-26a

PDLSC:s can be controlled in their osteogenic stemness and differentiation by

(116, 143]

In vitro and in vivo Regenerating pulp tissue from SHED aggregates, miR-26a is shuttled there by [82]

SA-Exo and stimulates angiogenesis via TGF/SMAD2/3 signaling. These new
understandings of SA-Exo may pave the way for innovative pulp regeneration

techniques

SCAP Hsa-let-7b In vitro

The odonto/osteogenic differentiation potential of SCAPs may be restricted by [84]

Hsa-let-7b via inhibiting MMP1

SCAP miR-34a In vitro

miR-34a stimulates SCAP odontogenic and osteogenic development by interact-  [85]

ing with notch signaling

SCAP  miR-497-5p In vitro

The expression of miR-497-5p rose throughout osteo/odontogenic development  [87]

in SCAP. Pathway analysis revealed that miR-497-5p stimulates osteo/odonto-
genic development by activating the Smad signaling pathway

DFSCs miR-101 In vitro

Elevated levels of ALP and the expression of common osteogenic transcription [66]

factors, including SP7 (osterix), were seen after transfection with a miRNA101-
mimic. DFSCs continue to differentiate into osteoblasts because of the miR-101

effect

DFSCs miR-146a Patient with
cleidocranial

dysplasia

Overexpression or inhibition of miR-146a dramatically affected the expression [90]
of CSF-1, RUNX2, EGFR, and OPG. Additionally, miR-146a considerably
reduced in RUNX2+/m DFCs

ALP alkaline phosphatase, DFSCs dental follicle stem cells, DSCs dental stem cells, miRNAs microRNAs, PDLSCs periodontal ligament stem
cells, SCAP stem cells from the apical papilla, SHED stem cells from human exfoliated deciduous teeth

9 Conclusions

Current research has linked miRNAs to various biological
functions, including cell division, differentiation, apoptosis,
and cancer development. Numerous studies have shown the
importance of miRNAs in tooth formation. It has been well
acknowledged that miRNAs play a pivotal role in stem cell
biology by regulating epigenetically the pathways determining
stem cell destiny. Because of their plentiful availability, excel-
lent efficiency, and biocompatibility, DSCs hold great prom-
ise for use in tissue regeneration. Several mechanisms control
how dental-derived SCs perform their biological roles. Recent

studies have shown that miRNAs also regulate dental-derived
SCs. Because miRNAs increase DSC differentiation, they may
be used in regenerative medicine to either preserve the stem
cell phenotype or to aid in the development of tooth tissue.
Therapeutically, this approach is superior to the norm. Dental
tissue engineering has been the subject of several in vitro and
in vivo experiments, all showing positive and promising find-
ings for their possible future applications. However, additional
study is required to comprehend the role of miRNAs in DSCs
and to address the current challenges. The widespread use of
such methods in the future will alter how many dental syn-
dromes and disorders are now diagnosed and treated.
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