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Abstract. — OBJECTIVE: Dental pulp stem cells
(DPSCs) are adult stem cells of neural crest origin,
are readily available, have good self-renewal and
multidirectional differentiation properties, can dif-
ferentiate into a variety of cells, are abundant, less
harmful to donate, have no ethical issues, low im-
munogenicity, and therefore, are widely used as
seed cells in the field of tissue engineering and re-
generative medicine. MicroRNA (miRNA) is a sin-
gle-stranded non-coding small RNA consisting of
about 22 nucleotides, which plays an important
regulatory role in various aspects of cellular ac-
tivities, such as proliferation, differentiation, and
apoptosis. In this paper, we review the regulatory
role of small RNA in the differentiation of DPSCs
and its mechanism in the past 5 years. This paper
aims to reveal the important role of miRNAs in dif-
ferentiation in DPSCs.

MATERIALS AND METHODS: MicroRNAs (miR-
NAs), differentiation, and DPSCs were extensive-
ly searched in three databases from 2014 to 2021.
These databases include PubMed, Cochrane Li-
brary, Embase.

RESULTS: Our study reviews the microRNAs
(miR-145, miR-143-3p, miR-140-5p, miR-488, miR-
218, miR-125a-3p, miR-27a-5p, miR-223, miR-21,
miR-143, miR-215, miR-219a-1-3p, miR-31, miR-
496, miR-218, miR-24-3p, miR-146a-5p, miR-196a,
miR-188-3p, miR-424, miR-378a, miR-135, miR-
124) in the differentiation of DPSCs.

CONCLUSIONS: A large body of evidence sup-
ports the involvement of miRNAs in differenti-
ation associated with mesenchymal stem cells
(MSCs), although the mechanisms involved are
not yet clear. Most of the current studies are from
in vitro studies, but the ultimate goal is to apply
these studies to the clinic, and studies involving
in vivo models are needed.
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Introduction

Non-coding RNAs are transcriptional products
that do not encode proteins and are considered

“junk sequences” generated during evolution and
were not given much attention. DPSCs are MSCs
derived from dental pulp tissue. They can be iso-
lated and cultured in living pulp tissue. They have
robust proliferation, self-renewal, and differenti-
ation into various cells and are easy to obtain. It
has abundant sources, minor damage to the donor,
and no ethical issues. It is widely used in tissue
engineering and regenerative medicine'. The reg-
ulatory mechanism of DPSCs directed differenti-
ation has been a hot topic of research in this field.
However, there are still many difficulties, which
have also greatly limited the clinical application
of DPSCs. In recent years, it has been discovered
that non-coding RNA has a significant regulatory
effect on stem cells and has attracted widespread
attention. MiRNA is a kind of non-coding RNA.
This article reviews the latest research progress of
miRNA regulation on dental pulp stem cells.

Biological Properties and Multidirectional
Differentiation Potential of DPSCs

Human dental pulp-derived stem cells (hD-
PSCs) are mesenchymal stem cells and, like
other stem cells, have a plastic adherent and fibro-
blast-like morphology. They have been shown to
express the MSC-specific markers CD44, CD90,
CDI105, CD73, and STRO-1, but not the hema-
topoietic markers CD14 and CD19, meeting the
minimum criteria for defining multipotent MSCs
proposed by the International Society for Cellular
Therapy in 2006>. However, DPSCs are a highly
heterogeneous population with different clonal
and expression markers and differences in prolif-
eration and differentiation capacity’. Therefore,
the purification of DPSCs is essential for suc-
cessful clinical applications. Specific cell surface
markers help to isolate particular subpopulations
of DPSCs that can subsequently be differentiated
into specific cell types for clinical use.
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Since 2000, when DPSCs were first isolated
from the pulp of human interrupted third molars
and cultured in vitro, some studies*> have demon-
strated the self-renewal capacity, the multilineage
differentiation potential of DPSCs. DPSCs have
now been shown to differentiate into various
cells, including osteoblasts, dentin-forming cells,
adipocytes, endothelial cells, neurons, myocytes,
and chondrocytes®’ (Figurel). Furthermore, sur-
prisingly, DPSCs retain their properties even af-
ter two years of cryopreservation®. Therefore, the
differentiation and clinical potential of DPSCs in
regenerative medicine are receiving increasing
attention.

Biogenesis of MiRNAs

Only 1%-2% of RNA molecules can be trans-
lated into proteins, called coding RNAs, and most
are non-coding RNAs (ncRNAs)’. As an intro-
ductory class of ncRNAs, miRNAs are composed
of 19-25 nucleotides in length. The first two miR-
NAs identified were lin-4 and let-7, and both were
found in nematodes'®'".

The biogenesis of miRNA involves several
key steps: in the nucleus, transcription by RNA
polymerase II (polll) to form primary mi RNA
(pri-mi RNA), followed by cleavage by a micro-
processor consisting of the RNA-binding protein
DGCRS and the RNase III enzyme Drosha to
form precursor miRNA containing short hair-
pins (pre-miRNA). RNA-GTP and exportin 5
transport the pre-miRNA into the cytoplasm, and
finally, the mature miRNA is formed by Dicer

treatment'>'®, The mature miRNA is incorpo-
rated into the RNA-induced silencing complex
(RISC), where it can be linked to the 3’ untrans-
lated region (3’U’) of the target mRNA by the
RAN-GTP exportin 5. The RISC is paired with
bases in the 3’ untranslated region (3’UTR) of
the target gene, resulting in inhibition of mRNA
translation if the pairing is incomplete (common
in mammals) and degradation of mRNA if the
pairing is complete*™*' (Figure 2).

Regulation of the Multidirectional
Differentiation Ability of DPSCs
by MiRNA

Regulation of MiRNAs During the
Differentiation of DPSCs Into Adult
Dentin-Like Cells Regulatory Role
and Its Mechanism

The most distinctive feature of DPSCs is their
ability to form dentin-pulp-like complexes®.
The differentiation of DPSCs into adult den-
tin-like cells is a complex process regulated by
multiple signal transduction pathways. Gong et
al** used microarray analysis to screen and com-
pare changes in the miRNA profile of hDPCs
during odontogenic differentiation and found that
22 miRNAs were differentially expressed, 12 of
which were upregulated and 10 downregulated.
According to the literature, miRNAs play an
active role in differentiating adult dentin cells in
DPSCs*%.
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Figure 1. Multi-directional differ-
entiation potential of DPSCs.
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Figure 2. Mechanism of miRNA biogenesis. MiRNAs are transcribed by RNA polymerases II (Pol II) in the form of a first
precursor called primary miRNA (pri-miRNA). The pri-miRNA is converted into the precursor miRNA (pre-miRNA) via
the cutting activity of the Drosha enzyme, a nuclear endoribonuclease III. Pre-miRNAs are exported into the cytoplasm as a
result of the action of Ran-GTP and Exportin-5, a nuclear export factor. In the cytoplasm, Dicer clivates the pre-miRNA into a
double stranded miRNA (miRNA duplex) of about 18-22 nt. The mature miRNA strand is incorporated into the RNA- induced
silencing complex (RISC), which guides the miRNAs to the 3 UTR of its target.

In 2013, Liu et al?’ showed through loss-of-
function and gain-of-function experiments that
could promote the differentiation of mouse DP-
SCs odontoblasts and increase the expression
of dentin sialophosphoprotein (DSPP) and den-
tin matrix protein 1 (DMPI1) by downregulating
miR-145 and miR-143. MiR-145 can bind to the
3-UTRs of Kriippel-like factor 4 (KLF4) and
osterix (OSX) genes and inhibit the expression
of these two genes. The reduction of miR-143 can
partially downregulate the expression of miR-
145, thereby releasing the expression of target
genes KLF4 and OSX. Both KLF4 and OSX up-
regulated the odontoblast marker genes DSPP and
DMP-1, thereby inducing the differentiation of
odontoblasts. Yang et al*® showed that downregu-
lation of miR-143-3p led to upregulation of nucle-
ar factor-k B (RANK), activating the osteoprote-
gerin (OPG)/nuclear factor-kB ligand (RANKL)
signaling pathway and promoting hDPSCs to
form odontoblasts. Simultaneous downregulation
of miR-143-3p inhibited the cycle progression of
hDPSCs and induced apoptosis through activa-
tion of the OPG/RANKL/RANK pathway. Lu et
al?’ also found that low expression of miR-140-5p

promoted the differentiation of odontoblasts of
DPSCs, while the overexpression of miR-140-
Sp inhibited the differentiation of odontoblasts.
However, the expression of miR-140-5p does not
affect the activity and proliferation of DPSCs,
which is contrary to the results of Sun et al*’, and
different detection conditions may cause this dif-
ference. In addition, the target gene Wntl of miR-
140-5p was determined by Luciferase reporter
gene assay. Combined with the results of this
study, it is believed that miR-140-5p regulates the
differentiation of odontoblasts of DPSCs through
the Wntl/B-Catenin signaling pathway. Sun et al*
found that miR-140-5p may be closely related to
the differentiation of DPSCs odontoblasts. Later,
Chang et al’' found that miR-218 also negatively
regulated dentin formation in DPSCs. However,
Wang et al* found that miR-125a-3p overex-
pression increased the ability of DPSCs to dif-
ferentiate into odontoblasts, whereas miR-125a-
3p knockdown decreased the ability of DPSCs
to differentiate into odontoblasts. They further
demonstrated that miR-125a-3p could target Fyn
and regulate NRPI, thereby further regulating
the odontoblastic differentiation of DPSCs. Hu
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et al** similarly found that miR-27a-5p and miR-
223 promoted the odontoblastic differentiation of
DPSCs by upregulating the protein expression of
DSPP, DMP-1. Furthermore, Luciferase reporter
gene assay and siRNA experiments confirmed
that Smad3 is one of the miR-223 target genes
involved in these processes®. The researchers
observed that under inflammatory conditions,
upregulation of miR-21 may synergistically pro-
mote odontoblastic differentiation of DPSCs with
signal transducer and activator of transcription
3 (STAT3). This may provide a new therapeutic
strategy for regulating the differentiation of DP-
SCs into dentin cells®.

Role of MiRNA Regulation in
the Osteogenic Differentiation
of DPSCs and Its Mechanism

DPSCs are considered to be a promising source
for tissue engineering, particularly for osteogenic
tissues*®. Increasing their osteogenic capacity is
crucial for their potential application in tissue
engineering. Therefore, it is important to identify
new therapeutic targets and elucidate the mecha-
nisms regulating the osteogenic differentiation of
DPSCs. There is growing evidence that miRNAs
influence the osteogenic differentiation of DPSCs
by regulating various aspects of their osteogen-
ic differentiation process. A scholar identified
eight differentially expressed DPSCs miRNAs
(DEmiRNAs), five of which were downregulated
(miR-1273g-3p, miR-146a-5p, miR-4508, miR-
4516 and miR-6087) and three were upregulated
(miR-146b-5p, miR-337-3p, miR-382 -3p) in bone
differentiation®”. In addition, Iaculli et al*® found
that miR-133 and miR-135 play a key role in the
differentiation of DPSCs and can be used as
markers of osteogenic differentiation.

Zhang et al*’ in 2018 found that the overex-
pression of miR-143 inhibited osteogenic differ-
entiation of DPSCs. In addition, bioinformatics
analysis and Luciferase reporter analysis showed
that tumor necrosis factor alpha (TNF-a) was a
target of miR-143 in DPSCs and that miR-143
regulated TNF-a expression through post-tran-
scriptional binding to its 3’UTR. Functional
analysis revealed that miR-143 inhibited TNF-
a-induced osteogenic differentiation of DPSCs,
suggesting that miR-143 inhibited osteogenic
differentiation of DPSCs by downregulating
TNF-a. Furthermore, they found that inhibition
of miR-143 promoted osteogenic differentiation
of DPSCs through activation of the NF-«kB sig-
naling pathway. Yao et al** found increased

expression of let-7b-5p, miR-98-5p, miR-215,
miR-219a-1-3p and miR-295-5p in rat DPSCs in
late in vitro culture. In late passaged DPSCs,
increased miR-215 and miR-219a-1-3p downreg-
ulated Heat Shock Protein B8 (HspBS8) expres-
sion and reduced osteogenic differentiation. The
increased miR-295-5p expression also reduced
osteogenic differentiation, but not by downreg-
ulating heat shock protein B8. The hsa-miR31
inhibitor was transfected into DPSCs by Xie et
al!. Alkaline phosphatase (ALP) activity assays,
and alizarin red staining was performed at 14-
and 21-days post-transfection. By ALP analysis
and ARS, it was found that downregulation of
hsa-miR-31 promoted osteogenic differentiation
of DPSCs. Ji et al** found that miR-496 inhib-
itors downregulated miR-496 expression and
promoted the expression of DPSCs by upregu-
lating the expression of B-catenin. In addition,
circRNA124534 promoted osteogenic differen-
tiation of human DPSCs by regulating the miR-
496/B-catenin pathway. Gay et al** (2014) isolat-
ed periodontal ligament stem cells (PDLSCs),
DPSCs, and gingival stem cells (GSCs) from
human third molars and performed osteogenic
induction. Research of miRNA expression pro-
files upon completion of induction showed that
hsa-miR-218 targeted RUNX2, and inhibition of
hsa-miR-218 promoted mineralization induction
in DPSCs and promoted runt-related protein 2
(RUNX?2) expression.

However, Wu et al** demonstrated that trans-
forming growth factor beta (TGF-B) receptors
I(TGFBR1) is a downstream target of miR-24-3p
in the regulation of osteogenesis in DPSCs. Fur-
thermore, LEF1-AS1 and miR-24-3p synergisti-
cally regulated osteogenic differentiation in DP-
SCs. Qiu et al* found that the expression levels of
RUNX2, OSX, ALP, and DSPP were upregulated
in the differentiation profile after overexpres-
sion of miR-146a-5p in STRO-1+ DPSCs, while
the opposite was true for inhibitor transfection.
However, osteocalcin (OCN) expression was not
affected by miR-146a-5p, which may be related
to the regulation of other post-transcriptional
mechanisms. Furthermore, the downregulation
of miR-146a-5p promoted the proliferation of
STRO-1"DPSCs. Gardin et al* found that the
expression levels of RUNX2, OSX, ALP, and
DSPP were upregulated in the differentiation
profile after overexpression of miR-146a-5p in
STRO-1"DPSCs, while the opposite was true for
inhibitor transfection. However, OCN expression
was not affected by miR-146a-5p, which may be
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related to the regulation of other post-transcrip-
tional mechanisms. Furthermore, the downregu-
lation of miR-146a-5p promoted the proliferation
of STRO-1"DPSCs".

The Role of MiRNA Regulation in
the Differentiation of DPSCs Into
the Vascular Endothelium and
its Mechanisms

For pulp regeneration, vascular regeneration
is essential. The formation of a functional, truly
vascularized pulp is our goal. In recent years,
miRNAs have been found to affect the vascular
regeneration of dental pulp stem cells. MiR-
NAs indirectly regulate the differentiation of
DPSCs into vascular endothelial cells through
the regulation of these cellular factors, such as
hypoxia-inducible factor-1 (HIF-1) and vascu-
lar endothelial-derived growth factor (VEGF).

Liu et al*® identified VEGF and kinase insert
domain-containing receptor (KDR) as targets
of miR-424 during endothelial differentiation
of human dental pulp cells (HDPCs). Inhibi-
tion of miR-424 function promotes endothelial
differentiation of HDPCs, while miR-424 over-
expression inhibits its angiogenic potential. In-
hibition of miR-424 promoted the secretion of
angiogenic factors and upregulated the expres-
sion of these receptors, thereby enhancing dif-
ferentiation efficiency. Zhou et al* showed that
miR-378a was enriched in periodontitis-com-
promised dental pulp stem cells (P-EVs) and
confirmed that it promotes angiogenesis in
P-EVs. Sufu was identified as a downstream
target gene of miR-378a, and P-EV-mediated
miR-378a delivery significantly affected the
expression of Sufu, Glil, and VEGF in endo-
thelial cells. Some scholars have verified at the
molecular level that miR-411 can act directly
on HIF-lo mRNA through a dual-luciferase
gene assay. The miR-411 mimic reduced the
expression level of hypoxia-inducible factor-la
(HIF-10) in cells, and the miR-411 inhibitor in-
creased the expression level of HIF-1a in cells,
suggesting that miR-411 can target and nega-
tively regulate HIF-1a°’. It was also reported
that DPSCs modified with HIF-lo were suc-
cessfully induced to endothelial differentiation
in vitro®'. In conclusion, it can be speculated
that miR-411 inhibitor can promote endothelial
differentiation of DPSCs by regulating HIF-1a
expression, which needs to be confirmed by in
vitro and in vivo experimental data.

The Role of MiRNA Regulation in
the Differentiation of DPSCs Into
Skeletal Muscle and its Mechanisms

Many scholars® have demonstrated that DP-
SCs can differentiate into myogenic cells, but tap-
ping into new factors, especially biologic factors,
that can help induce differentiation of DPSCs into
myogenic cells will undoubtedly accelerate the
research process of treating muscle regeneration
disorders through DPSCs. In recent years, it has
been demonstrated that microRNAs can promote
myogenic differentiation of DPSCs.

Some scholars® transfected anti-miR-135 and
anti-miR-143 into DPSCs separately. At day
24, anti-miR-135 transfection alone resulted in
about 10% of DPSCs entering cardiomyocytes,
and anti-miR-143 transfection alone resulted
in about 16% of DPSCs entering cardiomyo-
cytes. Transfection of either anti-miR-135 or
anti-miR-143 alone would only result in a small
proportion of cells differentiating into cardio-
myocytes. However, when both anti-miR genes
were transfected, about half of the cells ex-
hibited distinct cardiomyocyte characteristics
and eventually fused to form myotubes. Fur-
thermore, transfection with the anti-miRNAs
resulted in significantly higher levels of the
myogenic markers myocyte enhancer factor 2C
(MEF2C), myogenic differentiation (MyoD),
myogenin (MyoG), and myosin heavy chain
(MyHC), and higher protein levels were ob-
tained with co-transfection compared to trans-
fection alone. These findings suggest that miR-
NAs play a decisive role in the induction of
myogenic differentiation of DPSCs and provide
new insights into the use of DPSCs in the treat-
ment of muscle regeneration disorders®.

The role of MiRNA Regulation in
the Neural Differentiation of DPSCs
and its Mechanism

DPSCs are considered a promising source of
stem cells for neural regeneration due to their
stem cell properties and ease of access, and they
can differentiate into neural cell-like cells under
specific induction conditions®®. The literature
on promoting neural stem cell differentiation
by microRNAs has been reported recently, but
reports are scarce. The binding of miR-124 to
epidermal growth factor (EGF)/basic fibroblast
growth factor (bFGF) has been reported to
upregulate the expression of peripherin, B-tu-
bulin III, and microtubule-associated protein 2
(MAP2) in DPSCs, suggesting that it promotes
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the expression of neuronal markers, but the ex-
act mechanism of regulation has not been eluci-
dated> (Table I).

DPSCs have many advantages, such as being
non-invasively obtained, highly proliferative,
and remaining viable during transport. Den-
tal pulp stem cells can be highly expressive
of stem cell markers and retain the ability to
differentiate into a wide range of cell lineag-
es. However, the differentiation mechanism
of dental pulp stem cells is not known. There
is growing evidence that different epigenetic
factors, including miRNAs, regulate the differ-
entiation of DPSCs.

MiRNAs directly or indirectly contribute to
the differentiation of DPSCs to various cell
types and functions through different signaling
pathways in vitro. The miRNAs provide new
ideas and approaches for using DPSCs as seed
cells for tissue regeneration, which has signifi-
cant value and potential applications in tissue
engineering and regenerative medicine, but its
application to regenerate tissues or organs in
vivo has rarely been reported. Among the prob-
lems that may face, its application in the clinic
today is the following: (1) although many miR-
NAs have been found to change during multiple
differentiation of MSCs, the focus must be on

miRNAs with significant up-or down-regula-
tion and meaningful targets; (2) the discovery of
miRNAs that are efficiently targeted for regula-
tion at different temporal stages of differentia-
tion of DPSCs; (3) as differentiation is complex,
essential differentiation genes may be targeted
by more than one miRNA; it is noteworthy
whether regulation of a single miRNA can
achieve the goal of mediating differentiation;
(4) a single miRNA can bind to multiple targets
and affect multiple differentiation or physiolog-
ical processes in DPSCs, while multiple miR-
NAs can also target the same gene; (5) most of
the above findings are from in vitro studies, but
studies involving in vivo models are needed to
achieve the ultimate goal of translating these
findings into clinical applications for human
use; (6) how to overcome immune rejection of
allogeneic transplants.

Conclusions

A large body of evidence supports the involve-
ment of miRNAs in MSCs-related differentiation,
although the mechanisms involved are not yet
precise. Further studies are needed to discover
new miRNAs and understand their complex mo-

Table I. Regulation of microRNA in the differentiation of dental pulp stem cells.

DPSCs miRNA Target gene Effect References
Odontogenic differentiation miR-145/143 KLF4 OSX ) 27
miR-143-3p RANK ©) 28
miR-140-5p ©) 29,30
miR-218 ) 31
miR-125a-3p Fyn ) 32
miR-27a-5p G 33
miR-223 Smad3 ) 34
miR-21 TNF-a ) 35
Osteogenic differentiation miR-143 TNF-a ) 39
miR-215 HspB8 ) 40
miR-219a-1-3p ) 40
hsa-miR-31 -) 41
miR-496 B-catenin ) 42
miR-218 RUNX2 ) 43
miR-24-3p TGFBR1 ) 44
miR-146a-5p () 45
miR-196a (G 46
miR-188-3p ) 47
Vascular endothelial differentiation miR-424 VEGF, KDR -) 48
miR-378a (G 49
Skeletal muscle differentiation miR-135/143 Sufu -) 53
Neuronal differentiation miR-124 ) 55
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lecular activities at gene targets. Understanding
the mechanisms by which specific miRNAs regu-
late targeted differentiation will be necessary for
the future treatment of various related diseases.

Conflict of Interest
The Authors declare that they have no conflict of interests.

Acknowledgements
The authors are grateful to https://biorender.com for provid-
ing the drawing tools.

Funding
This work is supported by open project of Key Laboratory
of Shanxi Province (KF2020-02).

Authors’ Contribution

Lili Cao wrote the paper. Feng Tian, Jiawei Wang and Yu-
juan Zhang provided constructive advice and edited the pa-
per. ChunFang Wang revised the manuscript.

1)

5)

6)

7)

References

Anitua E, Troya M, Zalduendo M. Progress in the
use of dental pulp stem cells in regenerative med-
icine. Cytotherapy 2018; 2: 479-498.

Dominici M, Blanc KL, Mueller |, Slaper-Corten-
bach I, Marini FC, Krause DS, Deans RJ, Keating
A, Prockop DJ, Horwitz EM. Minimal criteria for
defining multipotent mesenchymal stromal cells.
The International Society for Cellular Therapy po-
sition statement. Cytotherapy 2006; 8: 315-317.

Martellucci S, Manganelli V, Santacroce C, San-
tilli F, Piccoli L, Sorice M, Mattei V. Role of Pri-
on protein-EGFR multimolecular complex during
neuronal differentiation of human dental pulp-de-
rived stem cells. Prion 2018; 12: 117-126.

Gronthos S, Mankani M, Brahim J, Robey PG,
Shi S. Postnatal human dental pulp stem cells
(DPSCs) in vitro and in vivo. P Natl Acad Sci Usa
2000; 97: 13625-13630.

Gronthos S, Brahim J, Li W, Fisher LW, Cherman
N, Boyde A, Denbesten P, Robey PG, Shi S. Stem
cell properties of human dental pulp stem cells. J
Dent Res 2003; 81: 531-535.

Nuti N, Corallo C, Chan B, Ferrari M, Gera-
mi-Naini B. Multipotent Differentiation of Human
Dental Pulp Stem Cells: a Literature Review.
Stem Cell Rev Rep 2016; 12: 1-13.

Mayo V, Sawatari Y, Huang C, Garcia-Godoy F.
Neural crest-derived dental stem cells—Where
we are and where we are going. J Dent 2014; 42:
1043-1051.

Alsulaimani R, Ajlan S, Aldahmash A, Alnaba-
heen M, Ashri N. Isolation of dental pulp stem

9)

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

cells from a single donor and characterization of
their ability to differentiate after 2 years of cryo-
preservation. Saudi Med J 2016; 37: 551-560.

Sun Q, Liu H, Chen Z. The fine-tuning role of mi-
croRNA-RNA interaction in odontoblast differen-
tiation and disease. Oral Dis 2015; 21: 142-148.

Reinhart BJ, Slack FJ, Basson M, Pasquinelli AE,
Bettinger JC, Rougvie AE, Horvitz HR, Ruvkun G.
The 21-nucleotide let-7 RNA regulates develop-
mental timing in Caenorhabditis elegans. Nature
2000; 403: 901-906.

Shenoy A, Blelloch RH. Regulation of microRNA
function in somatic stem cell proliferation and dif-
ferentiation. Nat Rev Mol Cell Bio 2014; 15: 565-
576.

Cai X, Hagedorn CH, Cullen BR. Human microR-
NAs are processed from capped, polyadenylat-
ed transcripts that can also function as mRNAs.
RNA 2004; 10: 1957-1966.

Lee Y, Jeon K, Lee J, Kim S, Kim VN. MicroRNA
maturation: stepwise processing and subcellular
localization. Embo J 2014; 21: 4663-4670.

Denli AM, Tops B, Plasterk R, Ketting RF, Hannon
GJ. Processing of primary microRNAs by the Mi-
croprocessor complex. Nature 2004; 432: 231.

Bohnsack MT, Czaplinski K, Gorlich D. Exportin
5 is a RanGTP-dependent dsRNA-binding pro-
tein that mediates nuclear export of pre-miRNAs.
RNA 2004; 10: 185-191.

Sontheimer, Erik J. Assembly and function of
RNA silencing complexes. Nat Rev Mol Cell Bio
2005; 6: 127-138.

Tomari Y, Zamore PD. MicroRNA biogenesis: dro-
sha can’t cut it without a partner. Curr Biol 2005;
15: R61-R64.

Davis BN, Hata A. Regulation of MicroRNA Bio-
genesis: A miRiad of mechanisms. Cell Commun
Signal 2009; 7: 18.

Kwak PB, Tomari Y. The N domain of Argonaute
drives duplex unwinding during RISC assembly.
Nat Struct Mol Biol 2012; 19: 145-151.

Cullen BR. Transcription and Processing of Hu-
man microRNA Precursors. Mol Cell 2004; 16:
861-865.

Ambros V. The functions of animal microRNAs.
Nature 2004; 431: 350-355.

Alge DL, Zhou D, Adams LL, Wyss BK, Shadd-
ay MD, Woods EJ, Chu T, Goebel WS. Do-
nor-matched comparison of dental pulp stem
cells and bone marrow-derived mesenchymal
stem cells in a rat model. J Tissue Eng Regen
Med 2010; 4: 73-81.

Gronthos, Brahim, Li, W L, Fisher, Cherman, Boy-
de, DenBesten, Gehron P, Robey. Stem cell prop-
erties of human dental pulp stem cells. J Dent
Res 2002; 81: 531-535.

Gong Q, Wang R, Jiang H, Lin Z, Ling J. Alter-
ation of MicroRNA Expression of Human Dental
Pulp Cells during Odontogenic Differentiation. J
Endodont 2012; 38: 1348-1354.



Studies on microRNA regulation of multidirectional differentiation of dental pulp stem cells

25)

26)

27)

28)

29)

30)

31)

32)

33)

34)

35)

36)

37)

Gu S, Ran S, Liu B, Liang J. miR-152 induces
human dental pulp stem cell senescence by in-
hibiting SIRT7 expression. FEBS Lett 2016; 590:
1123-1131.

Gay |, Cavender A, Peto D, Sun Z, Amendt BA.
Differentiation of human dental stem cells reveals
a role for microRNA-218. J Periodontal Res 2014;
49: 110-120.

Liu H, Lin H, Zhang L, Sun Q, Yuan G, Zhang L,
Chen S, Chen Z. MiR-145 and miR-143 regulate
odontoblast differentiation through targeting Kif4
and Osx genes in a feedback loop. J Biol Chem
2013; 288: 9261-9271.

Yang C, Jia R, Zuo Q, Zheng Y, Wu Q, Luo B, Lin
P, Yin L. microRNA-143-3p regulates odontogen-
ic differentiation of human dental pulp stem cells
through regulation of the osteoprotegerin-RANK
ligand pathway by targeting RANK. Exp Physiol
2020; 105: 876-885.

Lu X, Chen X, Xing J, Lian M, Feng X. miR-140-
5p regulates the odontoblastic differentiation of
dental pulp stem cells via the Wnt1/B-catenin sig-
naling pathway. Stem Cell Res Ther 2019; 10:
226.

De Gang Sun, Xin BC, Di W, Lei Z, Wu HB, Gong
W, Lv J. miR-140-5p-mediated regulation of the
proliferation and differentiation of human dental
pulp stem cells occurs through the lipopolysac-
charide/toll-like receptor 4 signaling pathway. Eur
J Oral Sci 2017; 125: 419-425.

Karen, Chang, Rung-Shu, Chen, Fu-Hsiung,
Min-Huey. Promoting dentinogenesis of DPSCs
through inhibiting microRNA-218 by using mag-
netic nanocarrier delivery. J Formos Med Assoc
2018; 118: 1005-1013.

Wang J, Zheng Y, Bai B, Song Y, Feng X. MicroR-
NA-125a-3p participates in odontoblastic differen-
tiation of dental pulp stem cells by targeting Fyn.
Cytotechnology 2020; 72: 69-79.

Hu X, Zhong Y, Kong Y, Chen Y, Zheng J. Lin-
eage-specific exosomes promote the odontogen-
ic differentiation of human dental pulp stem cells
(DPSCs) through TGFB1/smads signaling path-
way via transfer of microRNAs. Stem Cell Res
Ther 2019; 10: 170.

Huang X, Liu F, Hou J, Chen K. Inflammation-in-
duced overexpression of microRNA-223-3p regu-
lates odontoblastic differentiation of human den-
tal pulp stem cells by targeting SMADS. Int Endod
J 2019; 52: 491-503.

Xu K, Xiao J, Zheng K, Feng X. MiR-21/STAT3
Signal Is Involved in Odontoblast Differentiation
of Human Dental Pulp Stem Cells Mediated by
TNF-a. Cell Reprogram 2017; 20: 107-116.

Liu Y, Zhou Z, Liu F. Transcriptome changes
during TNF-alpha promoted osteogenic differ-
entiation of dental pulp stem cells (DPSCs). Bio-
chem Biophys Res Commun 2016; 476: 426-
430.

Gaus S, Li H, Li S, Wang Q, Lethaus B. Shared
Genetic and Epigenetic Mechanisms between the

38)

39)

40)

41)

42)

43)

44)

Osteogenic Differentiation of Dental Pulp Stem
Cells and Bone Marrow Stem Cells. Biomed Res
Int 2021; 2021: 6697810.

Flavia, laculli, Ester, Sara, Di, Filippo, Adriano,
Piattelli, Rosa, Mancinelli. Dental pulp stem cells
grown on dental implant titanium surfaces: An in
vitro evaluation of differentiation and microRNAs
expression. J Biomed Mater Res B Appl Bioma-
ter 2017; 105: 953-965.

Zhang P, Yang W, Wang G, Li Y. miR-143 sup-
presses the osteogenic differentiation of dental
pulp stem cells by inactivation of NF-kB signaling
pathway via targeting TNF-a. Arch Oral Biol 2018;
87: 172-179.

Yao S, Li C, Budenski AM, Li P, Ramos A, Guo
S. Expression of microRNAs targeting heat shock
protein B8 during in vitro expansion of dental pulp
stem cells in regulating osteogenic differentiation.
Arch Oral Biol 2019; 107: 104485.

Xie L, Guan Z, Zhang M, Sha L, Yazawa T. Exo-
somal circLPAR1 Promoted Osteogenic Differ-
entiation of Homotypic Dental Pulp Stem Cells
by Competitively Binding to hsa-miR-31. Biomed
Res Int 2020; 2020: 6319395.

Ji F, Pan J, Shen Z, Yang Z, Tao J. The Circular
RNA circRNA124534 Promotes Osteogenic Dif-
ferentiation of Human Dental Pulp Stem Cells
Through Modulation of the miR-496/3-Catenin
Pathway. Front Cell Dev Biol 2020; 8: 230.

Gay |, Cavender A, Peto D, Sun Z, Amendt BA.
Differentiation of human dental stem cells reveals
a role for microRNA-218. J Periodontal Res 2014;
49: 110-120.

Wu Y, Lian K, Sun C. LncRNA LEF1-AS1 pro-
motes osteogenic differentiation of dental pulp
stem cells via sponging miR-24-3p. Mol Cell Bio-
chem 2020; 475: 161-169.

45. Qiu Z, Lin S, Hu X, Zeng J, Lv H. Involvement

46)

47)

48)

49)

of miR-146a-5p/neurogenic locus notch homolog
protein 1 in the proliferation and differentiation
of STRO-1+ human dental pulp stem cells. Eur J
Oral Sci 2019; 127: 294-303.

Gardin C, Ferroni L, Piattelli A, Sivolella S, Zavan
B, Mijiritsky E. Non-Washed Resorbable Blasting
Media (NWRBM) on Titanium Surfaces could En-
hance Osteogenic Properties of MSCs through
Increase of miRNA-196a And VCAM1. Stem Cell
Rev Rep 2016; 12: 543-552.

Ji F, Zhu L, Pan J, Shen Z, Tao J. hsa_
circ_0026827 Promotes Osteoblast Differentia-
tion of Human Dental Pulp Stem Cells Through
the Beclinl and RUNX1 Signaling Pathways by
Sponging miR-188-3p. Front Cell Dev Biol 2020;
8: 470.

Liu W, Gong Q, Ling J, Zhang W, Liu Z, Quan J.
Role of MiR-424 on Angiogenic Potential in Human
Dental Pulp Cells. J Endodont 2014; 40: 76-82.

Zhou H, Li X, Wu RX, He XT, An Y, Xu XY, Sun
HH, Wu LA, Chen FM. Periodontitis-compro-
mised dental pulp stem cells secrete extracellu-
lar vesicles carrying miRNA-378a promote local



L.-L. Cao, Y.-J. Zhang, J.-W. Wang, F. Tian, C.-F. Wang

50)

51)

52)

angiogenesis by targeting Sufu to activate the
Hedgehog/Gli1 signalling. Cell Prolif 2021; 54:
e13026.

Yang F, Huang R, Ma H, Zhao X, Wang G. miR-
NA-411 Regulates Chondrocyte Autophagy in Os-
teoarthritis by Targeting Hypoxia-Inducible Fac-
tor 1 alpha (HIF-1a). Med Sci Monit 2020; 26:
€921155.

Fu H, Li P, Zhao L, Zuo J. Dental pulp stem cells
modified by HIF-1a can differentiate into blood
vessels. Shanghai Kou Qiang Yi Xue 2015; 24:
674-678.

Kerkis I, Ambrosio CE, Kerkis A, Martins DS, Zuc-
coni E, Fonseca SA, Cabral RM, Maranduba CM,
Gaiad TP, Morini AC. Early transplantation of hu-
man immature dental pulp stem cells from ba-

53)

54)

55)

by teeth to golden retriever muscular dystrophy
(GRMD) dogs: Local or systemic? J Transl Med
2008; 6: 35.

Li D, Deng T, Li H, Li Y. MiR-143 and miR-135 in-
hibitors treatment induces skeletal myogenic dif-
ferentiation of human adult dental pulp stem cells.
Arch Oral Biol 2015; 60: 1613-1617.

Rafiee F, Pourteymourfard-Tabrizi Z, Mahmoud-
ian-Sani MR, Mehri-Ghahfarrokhi A, Soltani A,
Hashemzadeh-Chaleshtori M, Jami MS. Differen-
tiation of dental pulp stem cells into neuron-like
cells. Int J Neurosci 2020; 130: 107-116.

Mehri A, Jami S, Chaleshtori MH. Upregulation
of Neuroprogenitor and Neural Markers via En-
forced miR-124 and Growth Factor Treatment. Int
J Mol Cell Med 2020; 9: 62-70.



