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Abstract: MicroRNAs (miRNAs) have been demonstrated as crucial transcriptional regulators in proliferation, dif-
ferentiation, and tumorigenesis. The comprehensive miRNA profiles of osteogenic/odontogenic differentiation of
human dental pulp stem cells (hDPSCs) under the condition of mechanical stress remains largely unknown. In
this study, we aimed to discover the miRNA expression profiles of hDPSCs exposed to mechanical stress under the
osteogenic/odontogenic process. We found that mechanical stress (0.09 MPa and 0.18 MPa, respectively, 30 min/
day) significantly promoted the proliferation of hDPSCs since the fifth day. The expressions of DSPP, DMP1, and
RUNX2 were significantly increased on day 7 in the presence of 0.09 MPa and 0.18 MPa mechanical stress. On
day 14, the expression levels of DSPP, DMP1, and RUNX2 were decreased in the presence of mechanical stress.
Among 2578 expressed miRNAs, 5 miRNAs were upregulated and 3 miRNAs were downregulated. Six hub target
genes were merged in protein-protein interactions (PPIl) network analysis, in which existed only one sub-network.
Bioinformatics analysis identified an array of affected signaling pathways involved in the development of epithelial
and endothelial cells, cell-cell junction assembly, Rapl signaling pathway, regulation of actin cytoskeleton, and
MAPK signaling pathway. Our results revealed the miRNA expression profiles of osteogenic/odontogenic differentia-
tion of hDPSCs under mechanical stress and identified eight miRNAs that were differentially expressed in response
to the mechanical stress. Bioinformatics analysis also showed that various signaling pathways were affected by
mechanical stress.
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Introduction

Irreversible pulpitis is a very common oral dis-
ease worldwide and mainly caused by bacterial
infection. Currently, the major clinical treat-
ment is the root canal therapy (RCT), intending
to remove the infected pulp tissues and protect
the decontaminated tooth from future bacterial
infection. The pulp tissues are crucial and play
vital roles in terms of nutrition, regeneration,
and support of teeth since they are consisting
of nerves, blood vessels, and some other cells.
Thus, RCT will lead to increased brittleness of
the remaining tooth tissue, reduced biologic
properties of the tooth, and increased risk of

tooth fracture or splitting, eventually resulting
in tooth loss. With the features of stem cells,
accumulated studies have demonstrated that
the human dental pulp stem cells (hDPSCs) can
be differentiated into osteogenic and odonto-
genic cells. To shed light on the clinical implica-
tions of hDPSCs in the RCT, for instance, the
regeneration of teeth and pulp from these cells
[1-5]. Studies have revealed that hDPSCs play
critical roles in dental pulp self-defensive and
restoration responses under external challeng-
es, such as trauma, caries, and abrasion [5-9].

Given the osteogenic/odontogenic potential of
hDPSCs, recent studies have investigated the
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effects of external factors, such as growth fac-
tors, biological scaffold material, and mechani-
cal stimulation, on the differentiation of hDP-
SCs, and demonstrated the ability of these fac-
tors in modulating the osteogenic/odontogenic
differentiation of hDPSCs [10]. Considering the
side effects resulted from some of these ex-
ternal factors, namely the inflammation and
necrosis in pulp tissue caused by the tradition-
al pulp capping drug and calcium hydroxide. It
turns out that the mechanical stimulation may
bring much weaker side effects as compared to
the other factors, indicating it may be a better
way to stimulate the osteogenic/odontogenic
differentiation of hDPSCs in the aspect of pulp
tissue engineering [11-14]. Recently, several
studies have reported the effects of different
mechanic stimulations, including fluid shear
force, positive pressure, hydrostatic pressure,
centrifugal force, and unidirectional longitudi-
nal or horizontal tensile force, on the differenti-
ation of DPSCs [15]. For example, by applying
the hydrostatic pressure (HSP) (0.5 Hz and 2.5
MPa for 2 h/day) on hDPSCs for two weeks, Yu
et al. found that HSP promoted odontogenic dif-
ferentiation by increasing mineralization, hard
tissue regeneration in vivo, and BMP-2 respon-
siveness [16]. Using the human dental pulp
cells, Lee et al. showed that mechanical stress
promoted odontoblastic differentiation of these
cells by regulating the NF-E2-related transcrip-
tion factor 2 (Nrf2)-mediated heme oxygen-
ase-1 (HO-1) pathway [11]. When giving the
centrifugal force to human stem cells from api-
cal papilla at 200 g, 250 g, and 300 g for 30
min/d, after 7 days, the odontogenic differenti-
ation of the cells was observed [17]. In con-
trast, the mechanical stretch has opposite
effects on hDPSCs in terms of odontogenic dif-
ferentiation. The expose of cultured DPSCs to
uniaxial stretch leads to the inhibition of osteo-
genic differentiation but the promotion of
rat DPSCs proliferation, suggested that the
mechanical stretch may be a useful tool for
amplifying the number of DPSCs in vitro for
regeneration medicine [18]. To study the effects
of the pulp cavity pressure on DPSCs in vitro,
the mechanical loading models are widely used
in the field to address the questions.

It has been shown that mechanical stresses
can promote the odontogenic differentiation of
DPSCs. The underlying mechanisms remain
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unclear, particularly the regulated function
of non-coding RNAs (ncRNAs), for instance,
miRNAs. MiRNAs mainly act as post-transcrip-
tional regulators that inhibit the expression of
their target genes and mediate many biologic
processes including bone homeostasis (the
balance between osteoblastogenesis and
osteoclastogenesis) in normal and inflammato-
ry microenvironments in vivo [19, 20]. Few
studies have investigated the roles of mechani-
cal stresses in mediating the expression of
miRNAs associated with bone homeostasis.
The cyclic mechanical stretch has been shown
to induce osteoblastic differentiation by down-
regulating the expression of miR-103a, which
functions as an endogenous attenuator of
RUNX2 in osteoblasts, leading to osteoblast
differentiation [21]. When the stretch force to
periodontal ligament stem cells is applied, this
stretch force led to osteoblastic differentiation
and altered the expression levels of several
miRNAs, including miR-1246, a newly identified
target of p53 [22]. Several other miRNAs have
also been associated with osteogenic differen-
tiation regulated by mechanical forces, such as
mMiR-195-5p and miR-154-5p [23, 24]. Taking
all these together, miRNAs play crucial roles in
osteoblastic differentiation, and partly explain
how mechanical forces promote bone forma-
tion.

To investigate the effects of mechanical load-
ing on hDPSCs during the clinical operation, the
various mechanical loading models have been
employed in vitro to address the questions
based on the research purposes [15]. Micro-
RNAs (miRNAs) are important translational reg-
ulators. Previous studies have provided evi-
dence that miRNAs, such as miR-21 and miR-
143-5p, were involved in odontoblast and/or
osteoblast differentiation of hDPSCs [25, 26].
The miRNA profiles during the process of osteo-
genic/odontogenic differentiation of hDPSCs
under the condition of mechanical stress are
poorly defined. In the present study, we per-
formed miRNA array analysis on the samples of
the osteogenic/odontogenic differentiation of
hDPSCs exposed to mechanical stress. We
observed that, out of 2578 expressed miRNAs,
eight miRNAs were differentially expressed
in response to mechanical stress. The related
functional network and the affected signal
pathways were analyzed as well.
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Materials and methods
Isolation, culture, and identification of hDPSCs

Isolation of human dental pulp tissues: The
experiment was approved by the Biomedical
Ethics Committee, School of Medicine, Xi'an
Jiaotong University (XJTU) (No. 2020-1385). All
the donors or guardians volunteered to donate
their dental pulp tissues and had their teeth
removed for the study with written informed
consent. All healthy dental pulp tissues used
for hDPSCs isolation were obtained from pre-
molars or third molars extracted for orthodon-
tic reasons (12 to 24 years of age) in the
Stomatological Hospital, College of Medicine,
XJTU, China. All participants were free of any
clinical symptoms of recent infection or
diseases.

Cell culture and subculture: The teeth were
washed in sterile PBS. Then dental pulp tissues
were collected from donated teeth, broken by a
hammer, and cut into 1-2 mm?® small pieces.
The tissues were digested with 3 mg/ml type |
collagenase (Gibco, USA) and 4 mg/ml dispase
Il (Roche, Switzerland) for 30 minutes at 37°C
[27, 28]. After the termination of digestion, tis-
sues and cells were resuspended in growth
medium at 37°C in a humidified atmosphere of
5% CO, and 95% air until lots of cells grew out
from tissue patches and approached conflu-
ence. The growth medium, which consisted of
a-MEM (Hyclone, USA), 10% fetal bovine serum
(FBS; Gibco, USA), 0.3 pyg/ml glutamine (Gibco,
USA), and 1% antibiotic-antimycotic (Gibco,
USA), was changed every three days. When the
cells reached 70-80% confluence, they were
digested with 0.25% trypsin (Gibco) for further
subculturing. Cells from passage three (P3) to
passage five (P5) were used in this study to
avoid functional changes due to the longtime
culture.

Cell proliferative activity: HDPSCs were seeded
into 96-well plates at a density of 5x10° cells/
well and cultured until indicated time points (1
d,2d,3d,4d,5d,6d,and 7 d). The original
medium was replaced with 100 ul/well fresh
medium and 10 ul/well Cell Counting Kit-8
(CCK-8) reagent (Boster, Wuhan, China) and
kept in dark conditions for 1 hr. at 37°C.
The cell viability was determined by measuring
the absorbance at 450 nm using a Ther-
mo Scientific microplate absorbance reader
(Shanghai, China).
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Flow cytometric analysis of cell phenotype: For
identification of cell phenotype, 1x10° hDPSCs
were collected and washed twice with cold PBS
containing 0.1% BSA, and then incubated with
phycoerythrin (PE) conjugated antibodies: 20 pl
STRO1, 20 pyl CD45, 20 yl CD29, 10 ul CD34
(BD, USA), or fluorescein isothiocyanate (FITC)
conjugated antibodies: 5 ul CD146, 20 ul CD44,
3 yl CD9O, PE or FITC-conjugated nonspecific
mouse IgG1 (BD, USA) as a negative control for
30 min at 4°C. The cells were washed with cold
PBS to remove unconjugated antibodies and
resuspended with 500 ul PBS. Then the labeled
cells were analyzed using a flow cytometer (BD
Biosciences, San Jose, CA, USA) [29].

Osteogenic differentiation of stem cells and the
Alizarin red S assay: The cells were seeded into
6-well plates and cultured until 70% conflu-
ence. For osteogenesis, the osteogenic/odon-
togenic differentiation medium was the growth
medium supplemented with 50 yM ascorbic
acid 2 phosphate (Sigma-Aldrich, USA), 10 mM
B glycerophosphate (Sigma-Aldrich, USA), and
100 nM dexamethasone (Sigma-Aldrich, USA).
After incubated with osteogenic/odontogenic
differentiation medium and cultured for 3
weeks to induce mineral formation, the cells
were fixed with 4% paraformaldehyde for 30
min, stained with 40 mM alizarin red S (pH 4.0,
Sigma-Aldrich, USA) for 30 min at room tem-
perature, and then photographed using a
digital camera (Nikon, Japan) and Olympus
FSX100 microscope (Olympus Corporation,
Tokyo, Japan) for qualitative evaluation of min-
eralizing nodules. For quantification, the calci-
um nodules were fully dissolved with 10% ace-
tic acid (500 ul/well) for 30 min at 37°C. After
collection, the supernatant, the acid in which
was neutralized with 75 pl 10% ammonium
hydroxide, and ARS standards were added (150
pl/well) into a 96-well plate in triplicate. A
microplate reader was employed to read the
absorbance at 405 nm. In the meantime, an
ARS standard curve was plotted to calculate
the ARS concentration of each sample.

Adipogenic differentiation of stem cells: The
HDPSCs adipogenic differentiation medium kit
(HUXDP-90031, Cyagen, Suzhou, China) was
employed for adipogenesis according to the
manufacturer’s instructions. Cells were first
cultured in the induction medium (A solution:
basal medium A supplemented with 10%
FBS, 1% penicillin-streptomycin, 1% glutamine,
0.2% insulin, 0.1% 3-isobuty-1-methylxanthine
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(IBMX), 0.1% rosiglitazone, and 0.1% dexame-
thasone) for 3 days. Cells were then incubated
with maintenance medium (B solution: basal
medium B supplemented with 10% FBS, 1%
penicillin-streptomycin, 1% glutamine, and
0.2% insulin) for 1 day. Then the medium was
changed back to induction medium. After 5
times (20 days) of alternating cultivation bet-
ween A solution and B solution, cells were
maintained in B solution for 7 days until the
lipid droplets grew big enough. The cells were
fixed in 4% paraformaldehyde for 30 min and
stained with 2% fresh oil-O red solution for 30
min. The lipid area was recorded with an
Olympus FSX100 microscope.

Loading conditions for mechanical stress

Mechanical stress stimulation loading device:
The experimental apparatus used in our study
was devised by researchers in the Key
Laboratory of Shaanxi Province for Craniofacial
Precision Medicine Research, College of Sto-
matology, XJTU, Shaanxi, China. The pressure
loading on cells was precisely controllable.
HDPSCs (2x10° cells/well) were seeded into
6-well plates and cultured for 70% confluence.
Cells in osteogenic/odontogenic differentiation
medium were exposed to mechanical stress
(control, 0.09 MPa, and 0.18 MPa) for 30 min-
utes per day. The culture medium was changed
every three days.

Annexin V-FITC/PI apoptosis analysis: At indi-
cated time points (1 d and 3 d), all cells sus-
pended in medium and adhered to the bottom
of plates were harvested. The apoptotic rate
was determined by Annexin V-FITC/PI double
staining cell apoptosis detection kit (7 sea bio-
tech, Shanghai, China) according to the manu-
facturer’s instructions. Cells were resuspended
in 1xbinding buffer and incubated with 5 pl
Annexin V-FITC at room temperature out of light
for 15 minutes. Then, 10 pl Pl reagent was
added into test tubes and fully mixed with cells.
Cell apoptotic rates were measured using a
flow cytometer.

Alkaline Phosphatase (ALP) staining: The BCIP/
NBT Alkaline Phosphatase Staining Kit (Beyo-
time, Shanghai, China) was used to qualitative-
ly evaluate the effects of mechanical stress on
the intracellular ALP activity of hDPSCs accord-
ing to the manufacturer’s instructions. After
exposure to mechanical stress (0.09 Mpa and
0.18 Mpa) in osteogenic/odontogenic differen-
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tiation medium for 7 days and 14 days, respec-
tively, hDPSCs were fixed with 4% paraformal-
dehyde for 30 min, stained with ALP staining
working solution for 10 min at room tempera-
ture, and then photographed under a digital
camera and Olympus FSX100 microscope for
qualitative evaluation. The average optical den-
sity measured by ImagelJ of each sample was
evaluated for semi-quantification.

Western blot (WB) analysis: Cells were washed
in cold PBS and total proteins were extracted in
RIPA lysis buffer supplemented with PMSF and
protease inhibitor cocktail (Roche, Switzerland).
Crude lysates were centrifuged at 13000 rpm
for 10 min. The supernatant was collected, and
protein concentration was measured using BCA
assays (Boster, Wuhan, China). Protein was
fractionated by 8%, 10%, and 15% SDS-PAGE,
respectively. Proteins were transferred to PVDF
membranes and blocked in 5% non-fat milk.
Membranes were probed overnight with prima-
ry antibodies at 4°C, then washed, and labeled
with the appropriate secondary antibodies.
Anti-DSPP antibody (bs-10316R, Bioss, 1:500
dilution), anti-DMP1 antibody (bs-12359R,
Bioss, 1:500 dilution), anti-RUNX2 antibody
(@ab23981, Abcam, 1:1000 dilution), anti-GAP-
DH antibody (bs-12257R, Bioss, 1:5000 dilu-
tion), and Goat Anti-Rabbit 1gG Secondary
Antibody (BA1054, Bioss, 1:2000 dilution)
were used forimmunoblot assays. The immune-
reactive bands were visualized using enhanced
chemiluminescent reagents. The original west-
ern blot membranes corresponding with the
representative images are present in Figure S1.

MIRNA array and data analysis

Biochip detection was performed by GENE-
CHIEM (Shanghai, China). Briefly, as follows.

Sample preparation: HDPSCs in osteogenic/
odontogenic differentiation medium were
exposed to mechanical stress (0.09 MPa, 30
min/d, for 7 days). Total RNA was extracted with
Trizol Reagents (Takara, Japan). A260/A280
value and RIN value of the RNA were measured
using Nanodrop (Thremo Nanodrop 2000) and
Agilent RNA 6000 Nano Kit (Agilent 2100
Bioanalyzer), respectively. Quality control stan-
dards of RNA was 1.7<A260/A280<2.2, RIN
>7.0, and 28S/18S>0.7.

MIRNA GeneChip: The FlashTag™ Biotin HSR
RNA Labeling Kit and GeneChip miRNA 4.0

Am J Transl Res 2021;13(10):11126-11143
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Table 1. The expression of 8 differentially expressed miRNAs in mechanical stressed hDPSCs

MiRNA

FC

Hsa-miR-30e-5p
Hsa-miR-154-3p
Hsa-miR-134-3p
Hsa-miR-19a-3p
hsa-miR-431-3p
Hsa-miR-6165

Hsa-miR-6831-5p

hsa-miR-4442

2.956605314
2.655223556
2.250231348
2.078731369
2.018672211
-2.218836454
-2.113362133
-2.04038302

logFC P Value Regulated

1.56394166666667 0.0335223531490189 Up
1.40883333333333  0.00913494247510589 Up
1.17007333333333 0.00262415715219882 Up
1.05570333333333 0.0180515994843644 Up
1.01340666666667 0.0118378118040979 Up
-1.14980333333333 0.0165946165451668 Down

-1.07954 0.0298754833763258 Down

-1.02884 0.00315233459875951 Down

Note: Fold change (FC) is a measure describing how much a quantity changes going from an initial to a final value. The Log

fold-change (logFC) is an estimate of the log ratio of expression in a cluster to that in all other cells. A value of 1.0 indicates a

2-fold higher expression in the cluster of interest.

Table 2. The primer sequences for specific reverse transcription polymerase chain reaction of miR-

NAs
Genes Reverse transcription primer sequence (5'-3’)
ue CGCTTCACGAATTTGCGTGTCAT

Hsa-miR-30e-5p
Hsa-miR-154-3p
Hsa-miR-134-3p
Hsa-miR-19a-3p
Hsa-miR-6165
Hsa-miR-6831-5p

GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACCTTCCAG
GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACAATAGGT
GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACTTGGTGA
GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACTCAGTTT
GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACCTCCCCT
GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACGACCTCC

were used to detect the miRNA expression pro-
files. The RNA was tailed and labeled with
Poly(A) and biotin, respectively. The RNA sam-
ples were treated with GeneChip hybridization
and stain reagents (GeneChip Hybridization
Oven 645 and GeneChip Fluidics Station 450).
GeneChips were scanned to collect raw data
(GeneChip Scanner 3000).

Bioinformatics: Differentially expressed micro-
RNAs were selected according to P-value <0.05
and fold change (FC) >2 or FC<-2. Puta-
tive target genes of these microRNAs were pre-
dicted in seven databases, Targetscan, RNA22,
PicTar, RITA, miRmap, miRanda, and microT.
Protein-protein interactions (PPIl) network was
performed through STRING. GO terms and
KEGG pathway were further analyzed to identify
gene and biological pathway enrichment. The
P-value indicates the importance of the path
related to the condition (the recommended crit-
ical P-value was 0.05) [30-32].

Quantitative real-time polymerase chain reac-
tion (QRT-PCR): The gRT-PCR was performed to
validate miRNA sequencing data. Total RNA
was extracted with TRIzol Reagent and then
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converted to synthesize cDNA using Prime
Script® RT Reagent Kits (Takara, Japan) under
the conditions of 42°C for 15 min, 85°C for 5 s,
and 4°C for 15 min. QRT-PCRs were performed
to amplify cDNA with SYBR Green PCR Master
Mix kits (Takara, Japan). The reaction condi-
tions were conducted according to the manu-
facturer’s instructions in an ABlI 7500 Real-
Time PCR system (Applied Biosystems, Singa-
pore). The sequences of reverse transcription
polymerase chain reaction primers and quanti-
tative real-time polymerase chain reaction
primers used in the present study are shown in
Tables 2, 3, and S1, respectively. The gene
expression was normalized to U6 and calculat-
ed using the 22°t method [33].

Statistical analysis

Data were represented as mean + standard
error. All data were statistically and graphically
analyzed using GraphPad Prism 6.0 software.
Students’ t-test were used for comparison bet-
ween groups and the actual statistical analysis
method for each analysis is presented in Table
S2. The P-value less than 0.05 was considered
significant.
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Table 3. The primer sequences for specific quantitative real-time

polymerase chain reaction

differentiation from hDPSCs
into adipocytes. Taken all these

data together, we demonstrat-

Genes Primers Primer sequence (5'—3’)

Hsa-U6 Forward CTCGCTTCGGCAGCACA ed that the isolated hDPSCs

Hsa-UG Reverse AACGCTTCACGAATTTGCGT were pluripotent cells that can

Hsa-miR-F Common forward primer ATCCAGTGCGTGTCGTG dlfferer?tlate mtc.) osteogenesis

) and adipogenesis.

Has-miR-30e-5p Reverse TGCTTGTAAACATCCTTGA

Hsa-miR-154-3p Reverse TGCTAATCATACACGGTTG The impact of mechanical

Hsa-miR-134-3p Reverse TGCTCCTGTGGGCCACCTAG stress on the proliferation and

Has-miR-19a-3p Reverse TGCTTGTGCAAATCTATGCA apoptosis of hDPSCs

Hsa-miR-6165 Reverse TGCTCAGCAGGAGGTG

Hsa-miR-6831-5p Reverse TGCTTAGGTAGAGTGTGAGGA 10 determine the effects of
mechanical stress on the prolif-
eration of hDPSCs, we per-

Results formed a cell vitality test using the CCK-8 Kits,

HDPSCs isolation and identification

HDPSCs derived from dental pulp explants
were isolated with the method of tissue-enzy-
matic digestion and cultured in growth medium.
The isolated cells were monitored under a light
microscope daily. The experiments were start-
ed when the cells crawled out from the tissue
masses and became spiral and clumped con-
fluences (Figure 1Aa-c). The cell vitality was
checked using CCK-8 test kits. Cells in the
S-shaped growth curve and P3 to P5 were used
in all experiments in the present study (Figure
1B). To characterize the hDPSCs, we performed
flow cytometry experiments using specific sur-
face markers for hDPSCs. Cells which were
positive for the markers of mesenchymal stem
cell (MSC), CD29, CD44, CD90, CD105, CD146,
and STRO1 (Figure 1Cd, 1Ce, and 1Cg-j) and
negative for the markers of hematopoietic stem
cells, CD34, and CD45 (Figure 1Cbh, 1Cc) were
classified as DPSCs. It is known that DPSCs are
osteogenic/odontogenic and adipogenic upon
different induction. To further characterize the
cells, we stained the cells with Alizarin red S
(ARS) and found clearly that the ARS intensity
was significantly increased in the cells cul-
tured in osteogenic/odontogenic differentiation
medium at week 3 (Figure 1Ae, 1Af) comparing
to control (Figure 1Ad). The calcified nodules
and calcium phosphate crystals secreted from
hDPSCs during osteogenesis/odontogenesis,
were observed in these cell cultures (Figure
1Ae, 1Af). We cultured the hDPSCs in adipo-
genic differentiation medium and checked the
adipogenesis with 0il-O red staining. The results
showed significant lipid droplets of 0il-O red in
these cell cultures at week 4 (Figure 1Ah, 1Ai)
comparing to control (Figure 1Ag), suggesting a
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and found that both mechanical stress, 0.09
MPa, and 0.18 MPa, can significantly promote
the proliferation of hDPSCs starting on day 5 till
day 7 comparing to the controls, no significant
difference was observed before day 5 (Figure
2A). This impact on the proliferation of hDPSCs
was independent of the strength of the mechan-
ical stress applied to the cells (Figure 2A). To ex-
clude the physical damage caused by the
mechanical stress, the cultured DPSCs were
exposed to 0.09 MPa and 0.18 MPa mechani-
cal stresses, respectively, for one day and three
days. The cell apoptosis was determined by
flow cytometry. The results indicated that there
was no significant difference between mechan-
ic-stressed cells and control cells (no stress
applied) (Figure 2B). These data demonstrated
that the mechanical stress did not physically
cause damage to hDPSCs, but promoted the
proliferation of these cells.

Alkaline phosphatase activity and extracellular
matrix mineralization of hDPSCs in response
to mechanical stress

It has been shown that mechanical stress plays
an important role in the proliferation and osteo/
odontoblastic differentiation of odontogenic
MSCs [17, 34]. To study the differentially
expressed miRNAs during osteogenic/odonto-
genic differentiation of hDPSCs under the con-
dition of mechanical stress, we verified if the
mechanical stress could induce the osteogen-
ic/odontogenic differentiation of hDPSCs under
the conditional medium. HDPSCs in osteogen-
ic/odontogenic differentiation medium were
exposed to two different mechanical stimula-
tions, 0.09 MPa, and 0.18 MPa, for 7 days and
14 days, respectively. The osteogenic/odonto-
genic differentiation was verified with ALP and

Am J Transl Res 2021;13(10):11126-11143
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Figure 1. Characterization of hDPSCs. Aa, Ab. Primary cultured cells on the third day and seventh day. Ac. Sub-cul-
tured hDPSCs cells. Ad. Negative control of osteogenic differentiation of hDPSCs stained by ARS. Ae, Af. Osteogenic
differentiation of hDPSCs stained by ARS. Ag. Negative control of adipogenic differentiation of hDPSCs stained by
0il-O red. Ah, Ai. Adipogenic differentiation of hDPSCs stained by 0il-O red. Aa-e and Ag, Ah. Scale bar, 400 pm; Af.
Scale bar, 80 um; Ai. Scale bar, 40 um. B. Growth curve of hDPSCs. C. The flow cytometry analysis of the specific
surface markers of hDPSCs. Ca, Cf. Negative control of the PE-labeled and FITC-labeled surface markers. Cb, Cc.
Surface markers of hematopoietic stem cells CD34 and CD45. Cd, Ce. Cg-j. Surface markers of mesenchymal stem
cells STRO1, CD29, CD44, CD90, CD146, and CD105.
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Figure 2. The effects of mechanical stress on the viability of hDPSCs. A. HDPSCs were treated with mechanical
stress (control, 0.09 MPa, and 0.18 MPa), and cell proliferation was assessed using the CCK-8 assay (n=4). B.
The flow cytometry analysis of apoptosis. Ba, Bc. Representative images of cell apoptosis of hDPSCs treated with
mechanical stress for 1 day and 3 days. Bb, Bd. Quantitative analysis of cell apoptosis rate after mechanical stress
treatment for 1 day and 3 days (n=3). Results were analyzed by Student’s t-test. Data were presented as mean +
standard deviation. **P<0.01, ""P<0.001, and ***P<0.0001 when comparing to control.

ARS staining. On day 7 after mechanical stress
exposure, the ALP activity and calcium concen-
tration in the mineralizing deposits of cultured
hDPSCs in response to both mechanical stress-
es were significantly increased compared to the
controls (Figure 3Aa, 3Ab, 3Ba, 3Bb). On day
14, both mechanical stresses inhibited the
osteogenic/odontogenic differentiation of hDP-

11133

SCs as indicated by the ALP staining. ARS stain-
ing and the concentration of calcium in the min-
eralizing deposits. This inhibition was positively
related with the volume of the mechanical
stress applied (Figure 3Ac, 3Ad, 3Bc, 3Bd). Our
results showed that the mechanical stress reg-
ulated the osteogenic/odontogenic differentia-
tion of hDPSCs in the earlier stage, but not in
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A. The ARS staining and quantitative analysis of extracellular matrix mineralization. Aa. Representative images of
ARS staining after 0.09 MPa and 0.18 MPa mechanical stress treatment for 7 days (n=4). Ab. Quantitative analysis
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days (n=4). Ad. Quantitative analysis of the calcium content in the mineralizing deposits after 0.09 MPa and 0.18
MPa mechanical stress treatment for 14 days (n=4). Scale bar, 200 um. B. The ALP staining and semi-quantitative
analysis of ALP staining. Ba. Representative images of ALP staining after 0.09 MPa and 0.18 MPa mechanical
stress treatment for 7 days (n=4). Bb. Semi-quantitative analysis of ALP staining after 0.09 MPa and 0.18 MPa
mechanical stress treatment for 7 days (n=4). Bc. Representative images of ALP staining after 0.09 MPa and 0.18
MPa mechanical stress treatment for 14 days (n=4). Bd. Semi-quantitative analysis of ALP staining after 0.09 MPa
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Data are presented as mean + standard deviation. Scale bar, 200 ym. *"P<0.01, *"*P<0.001, and “*"P<0.0001
when comparing to control.

the late stage. We chose the samples from
7-day stress exposure for the miRNA screening
experiments.

The effects of mechanical stress on the ex-
pression of DSPP, DMP1, and RUNX2 of hDP-
SCs

To determine the effects of mechanical stress

on the osteogenic/odontogenic differentiation
of hDPSCs, we conducted WB experiments to
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check the expression levels of the biomarker
proteins, DSPP, DMP1, and RUNX2. HDPSCs
were cultured in osteogenic/odontogenic differ-
entiation medium and exposed to 0.09 MPa
and 0.18 MPa mechanical stress for 7 and 14
days, respectively. On day 7, the expression of
DSPP, DMP1, and RUNX2 were evaluated upon
the application of 0.09 MPa and 0.18 MPa
mechanical stress compared to the control
group. No difference was observed between
the mechanical stress groups (Figure 4A).
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When the hDPSCs were mechanically stressed
(0.09 MPa and 0.18 MPa) for 14 days, the
expression level of DSPP, DMP1, and RUNX2
were decreased compared to the control gro-
ups (Figure 4B). These data, in line with the ALP
and ARS staining, suggested that mechanical
stress can upregulate the expression of DSPP,
DMP1, and RUNX2 in the earlier time of the
stress (7 days), but inhibited their expression in
the late stage (14 days).

Differential expression of miRNAs in hDPSCs
in response to the mechanical stress

We performed miRNA array analysis between
the mechanically stressed hDPSCs and un-
stressed hDPSCs (control). The mechanical
stress applied here was 0.09 MPa (30 min/day)
for 7 days. The volcano plot and heat map
showed the varied miRNA expressions between
the mechanical stress group and the control
group (Figure 5A, 5B). We identified 8 differen-
tially expressed miRNAs in the mechanically
stressed hDPSCs compared to the control. Of
these 8 miRNAs, 5 miRNAs were significantly
upregulated and 3 miRNAs were significantly
downregulated (P<0.05, FC>2 or <-2). The fold
change of these miRNAs is exhibited in Table 1.
To validate the results, we conducted gqRT-PCR
analysis on six miRNAs (hsa-miR-30e-5p, hsa-
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miR-154-3p, hsa-miR-134-3p, hsa-miR-19a-
3p, hsa-miR-6165, and hsa-miR-6831-5p), and
found that hsa-miR-30e-5p, hsa-miR-154-3p,
hsa-miR-134-3p, and hsa-miR-19a-3p were
significantly upregulated in the mechanically
stressed hDPSCs compared to the unstressed
hDPSCs (Figure 5C). The gRT-PCR data con-
firmed the downregulated expression of hsa-
mMiR-6165 and hsa-miR-6831-5p with signifi-
cant difference between the stressed group
and unstressed group (Figure 5C). The expres-
sion of the differentially expressed miRNAs
after prolonged exposure was analyzed and
showed in Figure S2A and S2B.

Bioinformatics of PPl-network and functional
enrichment

To predict the putative target genes of miRNAs,
we run through 7 different databases: Tar-
getscan, RNA22, PicTar, miRmap, and microT.
Only those target genes which appeared in at
least 4 databases were considered as the puta-
tive target genes of the particular miRNAs.
Based on this criterion, our results showed that
only 3 upregulated miRNAs, hsa-miR-30e-5p,
hsa-miR-19a-3p, and hsa-miR-154-3p, fulfilled
this criterion and gave a total of 1668 pairs
found in the target gene prediction (Figure 6A).
The protein-protein interaction (PPI) network
was calculated using STRING. Only the interac-
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Figure 5. The microarray profiles of differentially expressed miRNAs dur-
ing the osteogenic/odontogenic differentiation of hDPSCs with or without
mechanical stress. A. Volcano map of differentially expressed miRNAs. The
volcano map reflected the number, significance, and reliability of differen-
tially expressed miRNAs. Axis represents log2-scaled fold changes and P-
values (-log10 scaled). Vertical-dotted lines represent >2.0x fold change,
whilst horizontal-dotted lines represent P values less than 0.05. Red and
blue dots signify up- and downregulated miRNAs, respectively. B. Heatmap
of differentially expressed miRNAs. Screening criteria were fold change >2
and P<0.05. The expression value is described by color scale. The intensity
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row represents one transcript. C. Relative expression of miRNAs normal-
ized to U6. Results were analyzed by unpaired Student’s t-test. Data are
presented as mean + standard deviation. "P<0.05 and “"P<0.01 when com-
paring to control.
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tion scored greater than 0.4
were exhibited in the network
(Figure 6B), which included
101 nodes and 146 edges.
According to the gene expres-
sion, the top 5% genes were
selected as hub genes, KR-
AS, SIRT1, SOCS3, KLHL20,
RAP1B, and CBFB. Also the
MRNA expression of those
hub genes were further ana-
lyzed in the hDPSCs treated
with 0.09 MPa mechanical
stress for 7 days (Figure S2C).
The target genes belonging to
the same subset in the PPI
network were a module or
sub-network. Only one sub-
network was clustered in the
Cluster page of STRING (Fi-
gure 6C).

Gene ontology (GO) analysis
was performed to predict the
functional enrichment of tar-
get genes. The top 20 GO
terms are listed in Figure 7Aa,
7Ab, including epithelial cell
development, Rap protein sig-
nal transduction, the estab-
lishment of endothelial barri-
er, endothelium development,
and modification by symbiont
of host morphology or physiol-
ogy, and cellular response to
external stimulus.

Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway
analysis was used to predict
the signaling pathway enrich-
ment of target genes. The top
20 signaling pathways are
shown in Figure 7Ba, 7Bb.
These enriched signal path-
ways included Rapl, regula-
tion of actin cytoskeleton,
cAMP, MAPK, Neurotrophin,
growth hormone synthesis,
secretion, action, and Gap
junction.

Discussion

Dental pulp stem cells play
important roles in dental and
dental pulp regeneration [1].
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Due to their mechanosensitive feature, these
cells can recognize mechanical changes in the
microenvironment around them and transform
this information into cellular responses [35].
Several studies have demonstrated that differ-
ent mechanical stimuli, such as cyclic mecha-
nical tension, low-intensity pulsed ultrasound,
and cyclic uniaxial compressive stress can sig-
nificantly promote the proliferation of DPSCs
in vitro [18, 36-38]. In the present study, we
showed that mechanical stress can signifi-
cantly increase the proliferation/self-renewal
and osteogenic/odontogenic differentiation of
hDPSCs by day 7. Utilizing the miRNA array
analysis, we bioinformatically identified eight
differentially expressed miRNAs during osteo-
genic/odontogenic differentiation of hDPSCs in
response to mechanical stress. Of them, five
mMiRNAs were upregulated, and three miRNAs
were downregulated.

Like other mesenchymal stem cells, DPSCs
reside in a niche consisting of an extracellular
matrix, other local cell types, and biochemical
stimuli [10]. These microenvironmental factors
can influence the fate of DPSCs in terms
of self-renewal/proliferation or differentiation.
Previous studies have demonstrated that
some mechanical stimuli can increase the
proliferation of DPSCs [18, 39-41]. Other
mechanic stimulation such as dynamic hydro-
static pressure can decrease DPSCs’ vitality,
even resulting in cell apoptosis [16], indicating
that different mechanical stimuli could influ-
ence the decision between the DPSC prolifera-
tion/self-renewal and differentiation. It has
been shown that a few mechanical stimuli
have a dual function: positively regulating the
proliferation of DPSCs and negatively regulat-
ing the differentiation of DPSCs, for instance,
uniaxial mechanical stretch [18]. Here we re-
ported that mechanical stress was promoting
the proliferation/self-renewal and osteogenic
differentiation of hDPSCs in earlier stage (up
to 7 days). This inhibits the osteogenic/odonto-
genic differentiation of hDPSCs in later stage
(from 7 days to 14 days).

Previous studies showed that miRNAs play an
important role in the osteogenic/odontogenic
differentiation of DPSC [25, 26]. In the present
study, a total of 8 differentially expressed miR-
NAs were identified during the osteogenic/
odontogenic differentiation of hDPSCs induced
by mechanical stress. Of them, 5 miRNAs

11139

(hsa-miR-30e-5p, hsa-miR-154-3p, hsa-miR-
134-3p, hsa-miR-19a-3p, and hsa-miR-431-3p)
were significantly upregulated, and 3 miRNAs
were significantly downregulated, which were
all confirmed by gPCR. Hsa-miR-19a-3p has
been shown to be upregulated in induced plu-
ripotent stem cells from hDPSCs compared to
hDPSCs. This indicated that hsa-miR-19a-3p
may be involved in the differentiation of hDP-
SCs [42], which is in line with what we observed
in the present study. hsa-miR-19a-3p was dem-
onstrated to play roles in metastasis and prolif-
eration of various tumor cells [43, 44]. The
roles of hsa-miR-30e-5p were revealed in dif-
ferent types of cancers. It suppressed the
angiogenesis and metastasis of squamous cell
carcinoma of the head and neck [45], the prolif-
eration and metastasis of nasopharyngeal car-
cinoma cells [46], and the tumorigenesis of
non-small cell lung cancer [47]. A recent study
has shown that hsa-miR-154-3p, together with
miRNA-487-3p, synergistically inhibited the
proliferation of thyroid cancer [48]. hsa-miR-
134-3p has been demonstrated to have key
roles in mediating the proliferation and cell
cycle of human ovarian cancer stem cells [49].
For the significantly downregulated miRNAs,
the studies from Dr. Mowla’s lab have shown
that hsa-miR-6165 was involved in neural
apoptosis and differentiation. The overexpres-
sion of hsa-miR-6165 in the primary glioblas-
toma cell line (U87), promoted apoptosis by
downregulating the predicated target genes
(Pkd1 and DAGLA) [50]. When hsa-miR-6165
was overexpressed in the human pluripotent
NT2 cell line, it can inhibit the neural differenti-
ation of NT2 cells by downregulating the pre-
dicted target genes, like ABLIM-1, PVRL1, IGF-
1R, and PDK1 target genes [51, 52]. We showed
that, under the condition of differentiation of
hDPSCs induced by the mechanical stress, the
expression of hsa-miR-6165 was downregulat-
ed, and contributed to the differentiation of
hDPSCs. Bioinformatic analysis of solid biop-
sies revealed that hsa-6831-5p was upregulat-
ed in metastatic samples of colorectal cancer
compared to the non-metastatic samples [53].
In intramucosal carcinomas (IMCs) of stomach,
hsa-miR-6831-5p was downregulated in meta-
static IMC compared to nonmetastatic IMC
[54], indicating that hsa-miR-6831-5p was
involved in tumor metastasis in a tumor-type
dependent manner. Our data showed that hsa-
miR-6831-5p is linked to the differentiation of
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hDPSCs. The exact biologic functions of these
identified miRNAs in the differentiation of
DPSCs need to be further investigated.

KRAS belongs to the RAS protein family which
is responsible for cell proliferation and differen-
tiation. The mutations in the KRAS gene are
commonly found in human cancers, for exam-
ple in ovarian cancer. It is associated with
the differentiation of the cancer cells [55].
Fernandes et al. recently demonstrated that
the expression level of KRAS was upregulated
in the cancer stem cells of laryngeal cancer,
one of the common head and neck tumors [56].
Another RAS protein family member, RAPIB, is
also emerged as the predicted target. Recent
studies have shown that Raplb plays critical
roles during skeletal development including
chondrocyte and osteoblast differentiation
[57]. It has been reported that miR-101-3p
mediates the function of RAP1B in osteoclast
differentiation [58].

In vitro and in vivo studies have shown that
CBFB played critical roles in the differentiation
of bone marrow mesenchymal stem cells and
osteoblasts. Wu et al. showed that the deletion
of CBFB promotes the adipogenic differentia-
tion of bone marrow mesenchymal stem cells
[59]. As a target of miR-145a, CBFB is essential
for the osteogenic differentiation of MSCs neg-
atively regulated by p53-induced miR-145a
[60]. CBFB is a regulator of osteogenic differen-
tiation. When the endogenous CBFB expres-
sion was decreased, the osteoblastic differen-
tiation was halted [61].

SIRT1 mainly deacetylates its various targets,
including histones, transcription factors, such
as pb3, NK-kB, and peroxisome proliferator-
activated receptor y (PPARY), mediates the cell
survival, differentiation, and bone metabolism
[62]. Many studies have demonstrated that
SIRT1 could balance bone formation and
absorption by regulating the ratio of osteo-
blasts to osteoclasts [63, 64]. Evidence from in
vivo and in vitro studies have revealed that
SIRT played crucial roles in determining the fate
of stem cells, such as SIRT1 can mediate the
neuronal differentiation of neurons precursor
cells [65], implicating its protection function of
neurons from degeneration in neurological dis-
eases. The activation of the SIRT1 with its acti-
vator, resveratrol, induces neuronal differentia-
tion of two types of stem cells, the human bone
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marrow mesenchymal stem cells and human
stem cells from apical papilla [66, 67]. Our data
indicated that the specifically expressed miR-
NAs induced by the mechanical stress during
the osteogenic/odontogenic differentiation of
hDPSCs may regulate the fate of hDPSCs using
these target molecules.

Bioinformatics analyses (GO and KEGG) were
performed on these target genes to identify the
regulated signaling pathway and biological pro-
cesses. Several relevant pathways and pro-
cesses have been identified, including epitheli-
al cell development, cell junction assembly, cell
junction organization, cellular response to an
external stimulus, and cellular response to an
abiotic stimulus. These are usually considered
as “mechanosensors”, and the signaling path-
ways, such as Rapl, prolactin, MAPK, regula-
tion of actin cytoskeleton, and cAMP. These
signaling pathways have been reported to be
involved in the differentiation of stem cells.
Maruyama et al. showed that Rapl and MAPK
signaling are involved in the osteoblast differ-
entiation induced by BMP [57]. Prolactin can
act on myeloid progenitors and enhance the
differentiation of hematopoietic stem cell dif-
ferentiation into the NK lineage [68]. Prolactin
has a transient effect on the differentiation of
the human hippocampal progenitor cell line
[69]. Our current results demonstrated that
mechanical stress mediates osteogenic/odon-
togenic differentiation of hDPSCs by regulating
the expression of miRNAs. This led to the acti-
vation of relevant signaling pathways, and
eventually controlled the differentiation of stem
cells.

In conclusion, our results identified the differ-
entially expressed miRNA and revealed the
target genes and key pathways of osteogenic/
odontogenic differentiation of hDPSCs in res-
ponse to mechanical stress for 7 days. This
study may contribute to further investigation of
the osteogenic/odontogenic of hDPSCs.
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Figure S1. The original western blot images corresponding to the representative images. A. Photographs of the
original western blot images showing expression levels of each protein after treatment with 0.09 MPa and 0.18 MPa
mechanical stress for 7 days in Figure 4A. B. Photographs of the original western blot images showing expression
levels of each protein after treatment with 0.09 MPa and 0.18 MPa mechanical stress for 14 days in Figure 4B.

Table S1. The primer sequences of predicted target genes (hub genes) for specific quantitative real-
time polymerase chain reaction

Genes Primers Primer sequence (5'—3’)
Hsa-KRAS Forward TGTGGTAGTTGGAGCTGGTG
Hsa-KRAS Reverse TGACCTGCTGTGTCGAGAAT
Hsa-SIRT1 Forward GCAGATTAGTAGGCGGCTTG
Hsa-SIRT1 Reverse TCTGGCATGTCCCACTATCA
Hsa-SOCS3 Forward GCCACCTACTGAACCCTCCT
Hsa-SOCS3 Reverse ACGGTCTTCCGACAGAGATG
Hsa-KLHL20 Forward AACCAACCAGTGGTCTCCAG
Hsa-KLHL20 Reverse TAGCCGACGGTAATTCATCC
Hsa-RAP1B Forward TCCATCACAGCACAGTCCAC
Hsa-RAP1B Reverse AATTTGCCGCACTAGGTCAT
Hsa-CBFB Forward CCGACCAGAGAAGCAAGTTC
Hsa-CBFB Reverse GAATCATGGGAGCCTTCAAA
Hsa-GAPDH Forward GCACCGTCAAGGCTGAGAAC
Hsa-GAPDH Reverse TGGTGAAGACGCCAGTGGA
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Table S2. Actual statistical analysis method for each figure

Figures Statistical analysis method Data
Figure 2A Multiple Student’s -test M+SD
Figure 2Bb, 2Bd Unpaired Student’s t-test M+SD
Figure 3Ab, 3Ad, 3Bb, 3Bd Unpaired Student’s t-test M+SD
Figure 4Ab-d, 4Bb-d Unpaired Student’s t-test M+SD
Figure 5C Unpaired Student’s t-test M£SD
Figure S2A-C Unpaired Student’s t-test M+SD

Note: mean + standard deviation (M£SD).
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Figure S2. The differentially expressed miRNAs after prolonged exposure and the mRNA expression of predicted
target genes. A. Relative expression of differentially expressed miRNAs normalized to U6 in hDPSCs treated with
0.09 MPa mechanical stress for 14 days. B. Relative expression of differentially expressed miRNAs normalized to
U6 in hDPSCs treated with 0.09 MPa mechanical stress for 21 days. C. The mRNA expression of six predicated
target genes (hub genes) in hDPSCs treated with 0.09 MPa mechanical stress for 7 days. Results were analyzed
by unpaired Student’s t test. Data are presented as mean + standard deviation. "P<0.05, ""P<0.01, *"P<0.001,
P<0.0001 when comparing to control.

ok k

2

o83

g8



