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Abstract Background/purpose: During orthodontic tooth movement, mechanical forces
induce the osteogenic differentiation of periodontal ligament stem cells (PDLSCs), which con-
tributes to alveolar bone remodeling. MicroRNAs (miRNAs) are involved in regulating PDLSC
osteogenic differentiation. Therefore, we intended to explore the role of miR-34a and miR-
146a in osteogenic differentiation of PDLSCs under cyclic stretch.
Materials and methods: Phenotypic identification of PDLSCs was determined by flow cytometry
analysis. PDLSCs were incubated with osteogenic differentiation medium for 3 weeks and the
osteogenic differentiation capability was detected by Alizarin Red staining. To mimic the or-
thodontic forces, cyclic mechanical stretch was applied to PDLSCs. Alkaline phosphatase
(ALP) activity assay and ALP staining were used for evaluating the ALP activity. The expression
of osteogenesis markers in PDLSCs was assessed by western blotting and qRT-PCR. The binding
between miR-34a (or miR-146a) and CUGBP Elav-like family member 3 (CELF3) was validated
by luciferase reporter assay.
Results: Cyclic stretch elevated ALP activity and the expression of osteogenesis markers, os-
teopontin (OPN), runt-related transcription factor 2 (RUNX2), type I collagen (COL1), ALP, os-
teocalcin (OCN) and osterix (OSX), in PDLSCs. MiR-146a and miR-34a were downregulated in
PDLSCs under cyclic stretch. Either overexpressing miR-146a and miR-34a reduced ALP activity
and the expression of osteogenesis markers. CELF3 was a target of both miR-146a and miR-34a.
CELF3 silencing attenuated while CELF3 overexpression enhanced ALP activity and the expres-
sion of osteogenesis markers.
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Conclusion: MiR-34a and miR-146a repress cyclic stretch-induced osteogenic differentiation of
PDLSCs via regulating the expression of CELF3.
ª 2021 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Orthodontic tooth movement (OTM) is induced by me-
chanical stimuli and promoted by the remodeling of the
alveolar bone and periodontal ligament (PDL).1 The force
exerted on the teeth is transmitted to the alveolar bone
through the PDL, resulting in bone deposition at tension
side and bone resorption at pressure side.2,3 Periodontal
ligament stem cells (PDLSCs) extracted from PDL tissues
have mesenchymal stem cell (MSC) properties.4 PDLSCs
possess the potential for osteogenic differentiation and the
capacity for self-renewal.5 Previous studies have demon-
strated that osteogenic differentiation induced by ortho-
dontic force plays a crucial role in bone formation at
tension side during the process of OTM.6e8 PDLSCs can
differentiate into osteoblasts to participate in alveolar
bone remodeling or cementoblasts to synthesize
cementum/PDL-like structures, providing skeletal support
for teeth.9 Even though numerous studies have explored
the influence of mechanical strain on PDLSC osteogenic
differentiation, the molecular regulatory mechanism during
the process of PDLSC osteogenic differentiation is poorly
understood.

MicroRNAs (miRNAs) are small non-coding RNAs, which
modulate gene expression at the post-transcriptional level,
thereby influencing cellular physiological or pathological
processes.10 MiRNAs exert regulatory roles on gene
expression by pairing with the 30-untranslated regions (30-
UTR) of mRNAs.11 Many miRNAs were reported to engage in
PDLSC osteogenic differentiation via regulating their target
genes. For example, the gradually upregulated miR-383-5p
during PDLSC osteogenic differentiation enhances the
expression of osteogenic markers, Alkaline phosphatase
(ALP) activity and mineral node formation by inhibiting the
expression of histone deacetylase 9, thereby facilitating
PDLSC osteogenic differentiation.12 MiR-132 overexpression
attenuates osteoblast activity, reduces ALP and ARS in-
tensity, and decreases levels of osteogenic markers by
targeting growth differentiation factor 5, which shows the
inhibition of miR-132 on PDLSC osteogenesis.13 MiR-24-3p
level is discovered notably decreased in osteogenic-
differentiated PDLSCs and miR-24-3p knockdown promotes
the formation of the mineralized nodules, ALP activity and
the expression of osteogenic differentiation markers.14

Previously, miR-146a and miR-34a were predicted to be
involved in modulating PDLSC osteogenic differentiation.15

However, the detailed function of both miRNAs in PDLSC
osteogenic differentiation is not clear. Besides, by using
TargetScan V7.1 (http://www.targetscan.org/vert_71/),
CUGBP Elav-like family member 3 (CELF3) was discovered
as the only common target gene of miR-146a and miR-34a.
Thus, we proposed a hypothesis that miR-146a and miR-34a
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play a regulatory role in PDLSC osteogenic differentiation
via targeting CELF3.

We intend to investigate whether miR-34a and miR-
146a regulate cyclic mechanical stretch-induced PDLSC
osteogenic differentiation via targeting CELF3. This study
might clarify the molecular mechanism involved in the
differentiation of osteoblasts induced by cyclic mechani-
cal stretch and provide novel insights for improving or-
thodontic treatment.

Materials and methods

Identification and culture of PDLSCs

Ten disease-free premolars, extracted for orthodontic
treatment, were obtained from 6 healthy volunteers (fe-
male: male Z 1:1, aged 12e24 years) at Aerospace Center
Hospital (Beijing, China). Prior to tooth extraction, all
participants provided written informed consent. All
experimental procedures were performed according to the
National Institutes of Health guidelines concerning the use
of human tissues and approved by the Medical Ethical
Committee of Aerospace Center Hospital (Beijing, China).

PDLSCs were isolated and cultured following the previ-
ously described procedure.16 The extracted premolars were
kept in Eagle’s minimum essential medium (SigmaeAldrich,
St. Louis, MO, USA) and washed with phosphate-buffered
saline (PBS). Periodontal ligament (PDL) tissues were
gently scraped off from the middle third of the premolar
root and minced into smaller pieces using an aseptic
scalpel, followed by 1 h digestion in a mixed solution sup-
plemented with 8 mg/ml dispase (SigmaeAldrich) and
6 mg/ml collagenase type I (SigmaeAldrich). Then, single
cell suspension was harvested and centrifuged to remove
the supernatant. Cells were cultured in alpha-modified
Eagle’s Medium (a-MEM, Hyclone, Logan, UT, USA) con-
taining 10% (V/V) fetal bovine serum (FBS; Hyclone) sup-
plemented with antibiotics at 37 �C with 5% CO2. Cells were
passaged after reaching 90% confluence. PDLSCs at pas-
sages 3e6 were selected for the following experiments.

Cell transfection

Short hairpin RNA (shRNA) for CELF3 (sh-CELF3), miR-34a
mimics, miR-146a mimics and their relative negative con-
trols (sh-NC, NC mimics) were bought from GenePharma
(Shanghai, China). To overexpress CELF3, the full length of
CELF3 was synthesized by Sangon (Shanghai, China) and
cloned into pcDNA3.1 vector (GenePharma) to generate the
overexpressing plasmid, which was named pcDNA3.1/
CELF3. The empty vector pcDNA3.1 was regarded as the
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Table 1 Primer sequences for qRT-PCR. CELF3, CUGBP
Elav-like family member 3; OPN, osteopontin; RUNX2, runt-
related transcription factor 2; COL1, type I collagen; ALP,
alkaline phosphatase; OSX, osterix; OCN, osteocalcin;
GADPH, glyceraldehyde-3-phosphate dehydrogenase; miR-
34a, microRNA-34a; miR-146a, microRNA-146a; U6, U6
small nuclear RNA.

Gene Primer sequences

CELF3 Forward: 50-ATCAACACCCTTCACAGCA-30

Reverse: 50-CAGCAAACTTCACCACCAG-30

OPN Forward: 50-GAAGTTTCGCAGACCTGACAT-30

Reverse: 50-GTATGCACCATTCAACTCCTCG-30

RUNX2 Forward: 50-TTATTCTGCTGAGCTCCGG-30

Reverse: 50-GTGAAACTCTTGCCTCGTC-30

COL1 Forward: 50-CCCCCTCCCCAGCCACAAAG-30

Reverse: 50-TCTTGGTCGGTGGGTGACTCT-30

ALP Forward: 50-ACTGGTACTCAGACAACGAGAT-30

Reverse: 50-ACGTCAATGTCCCTGATGTTATG-30

OSX Forward: 50-GAGGCAACTGGCTAGGTGG-30

Reverse: 50-CTGGATTAAGGGGAGCAAAGTC-30

OCN Forward: 50-CACTCCTCGCCCTATTGGC-30

Reverse: 50-CCCTCCTGCTTGGACACAAAG -30

GADPH Forward: 50-CCCACATGGCCTCCAAGGAGTA-30

Reverse: 50-GTGTACATGGCAACTGTGAGGAGG-30

miR-34a Forward: 50-CGCGTGGCAGTGTCTTAGCT-30

Reverse: 50-AGTGCAGGGTCCAGG GTATT-30

miR-146a Forward: 50-GTGCAGGGTCCGAGGT-30

Reverse: 50-CAACACCAGTCGATGGGCTGT-30

U6 Forward: 50-CTCGCTTCGGCAGCACA-30

Reverse: 50-AACGCTTCACGAATTTGCGT-30
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negative control. PDLSCs were transfected with the above
plasmids using Lipofectamine 3000 (Invitrogen, Carlsbad,
CA, USA) following the manufacturer’s instructions. After
48 h, cells were harvested, followed by the extraction of
total RNA to detect the transfection efficiency of plasmids
using qRT-PCR.

Colony formation assay

For evaluating the colony-forming efficiency of PDLSCs,
colony formation assay was performed. Single cell suspen-
sions (500 cells/dish) were seeded into 100-mm culture
dishes with a-MEM growth medium. After 14 days, the
dishes were washed twice with PBS, fixed with ice-cold
methanol and stained with Giemsa stain (SigmaeAldrich).
Photographs of cell aggregates were taken with a micro-
scope and colonies were then counted.

Flow cytometry analysis

Cell phenotype of PDLSCs was determined by flow cytom-
etry analysis. Cultured PDLSCs were detached as single cell
suspensions and resuspended in blocking buffer for 30 min.
Then, 5 � 105 cells were incubated with PE-conjugated
monoclonal antibodies specific for CD14, CD31, CD29,
CD90, CD146 or STRO-1 (Thermo Fisher Scientific, Waltham,
MA, USA) in the dark at 4 �C for 1 h. Cells were analyzed
using a flow cytometer (BD Bioscience, San Jose, CA, USA)
after washing thrice with PBS.

Osteogenic induction and alizarin red staining

To determine the osteogenic differentiation potential,
PDLSCs were plated in growth medium on 24-well plates
2 � 104 cells/cm.2 After reaching 100% confluence, the
growth medium was changed to osteogenic differentiation
medium (SigmaeAldrich) containing 10% FBS, 10 nM
dexamethasone (MedChemExpress, Monmouth Junction,
NJ, USA), 10 mM b-glycerophosphate (MedChemExpress)
and 50 mg/l ascorbic acid (SigmaeAldrich). The medium
was replaced every 3 days. After 21 days of osteogenic
culture, cells were stained with Alizarin red dyes (Sig-
maeAldrich) after fixed with 4% formalin to detect the
calcium deposition.

Application of cyclic stretch

Equal amounts of PDLSCs were seeded into 6-well, flexible-
bottomed plates coated with type I collagen (COL1; Sig-
maeAldrich). After reaching 80% confluence, the osteo-
inductive medium was added. Then, cyclic mechanical
stretch (10% deformation) was applied to PDLSCs at a fre-
quency of 0.1 Hz (5s stretch and 5s relaxation) using Flex-
ercell FX-4000 Strain Unit (Flexcell International
Corporation, Hillsborough, NC, USA). PDLSCs cultivated
under identical conditions without mechanical stretch were
used as the control group. Cells were harvested for mRNA or
protein extraction after 24 h of stretch application and for
ALP activity detection after 72 h of stretch application.
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Quantitative real-time PCR (qRT-PCR)

Total RNA from PDLSCs was extracted using TRIzol reagent
(Invitrogen) and a NanoDrop 2000 spectrometer (Thermo
Fisher Scientific) was applied to quantify its concentration.
Two mg of the total RNA was reversely transcripted to cDNA
using miRCURY LNA RT Kit (Qiagen, Dusseldorf, Germany) or
PrimeScript RT master mix (Takara, Tokyo, Japan) for
miRNA or mRNA reverse transcription. Subsequently, qRT-
PCR was conducted in Touch real-time PCR Detection sys-
tem (Bio-Rad, Hercules, CA, USA) using SYBR Green qPCR
Master Mix (Takara). Primer sequences are displayed in
Table 1. GAPDH served as the internal control for CELF3,
osteopontin (OPN), COL1, alkaline phosphatase (ALP),
osterix (OSX), runt-related transcription factor 2 (RUNX2)
and osteocalcin (OCN), and U6 served as the internal con-
trol for miR-34a and miR-146a. Relative gene expression
was quantified following the 2�DDCT method.

ALP staining and ALP activity assay

Both assays were conducted for the assessment of early
osteogenesis ability of PDLSCs. PDLSCs were plated in 6-
well plates and treated with osteogenic inducing medium.
After an incubation of 21 days, cells were harvested, fixed
with 4% paraformaldehyde and washed thrice with PBS.



X. Meng, W. Wang and X. Wang
First, a NBT/BCIP staining kit (Beyotime, Shanghai, China)
was applied to visualize ALP staining in PDLSCs. Staining
images were captured with a phase-contrast microscope
and the depth of dark blue reflects ALP activity. Addition-
ally, the quantification of ALP activity was performed using
an ALP assay kit (SigmaeAldrich). Briefly, cells were lysed in
0.2% Triton X-100 lysis buffer (SigmaeAldrich). ALP activity
level (U/ml) and the total protein concentration (mg/ml)
were measured using an ALP activity assay kit and an BCA
assay kit (Thermo Fisher Scientific), respectively. ALP ac-
tivity level was normalized to the total protein content.

Western blotting

Total protein was extracted from PDLSCs with radio
immunoprecipitation assay lysis buffer (SigmaeAldrich).
Nuclear protein was extracted using the Nuclear and
Cytoplasmic Protein Extraction Kit (Beyotime). The protein
content was determined using a Bicinchoninic Acid Protein
Assay kit (Beyotime). Then, 20 mg of total protein was
separated by 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis and transferred to a polyvinylidene
fluoride membrane (Millipore, Bedford, MA, USA). The
membranes were incubated overnight at 4 �C with primary
antibodies: anti-CELF3 (bs-13830R; 1:1000; Beijing Biosyn-
thesis Biotechnology Co., Ltd., Beijing, China), anti-OPN
(ab8448; 1:1000; Abcam, Cambridge, UK), anti-RUNX2
(#12556; 1:1000; Cell Signaling Technology, Danvers, MA,
USA), anti-COL1 (ab96723; 1:1000; Abcam), anti-ALP
(ab229126; 1:1000; Abcam), anti-OSX (ab209484; 1:1000;
Abcam), anti-OCN (ab133612; 1:1000; Abcam) and anti-
GAPDH (ab181603; 1:10,000; Abcam) after blocked with 5%
BSA for 2 h. The next day, the membranes were supple-
mented with secondary antibodies at room temperature for
2 h. Finally, the membranes were washed thrice with TBS-
Tween 20 (SigmaeAldrich), and protein band was visualized
with an enhanced chemiluminescence kit (Beyotime).

Luciferase reporter assay

The potential binding site of miR-34a (or miR-146a) on
CELF3 was predicted using TargetScan V7.1 and further
validated using luciferase reporter assay. The 30UTR of
CELF3 containing miR-34a (or miR-146a) target sites was
synthesized by GenePharma and was inserted into pmirGLO
luciferase vectors (Promega, Madison, WI, USA). Then,
pmirGLO vectors loaded with CELF3 30UTR-WT (MUT) were
introduced into PDLSCs with cotransfection of miR-34a (or
miR-146a) mimics or NC mimics using Lipofectamine 3000.
After 48 h, the Dual-Luciferase Reporter Assay System
(Promega) was used for the detection of Renilla and firefly
luciferase activities.

Statistical analysis

Statistical analyses were performed using the SPSS 16.0
software (SPSS Inc., Chicago, IL, USA). All data are
expressed as the mean � standard deviation. Differences
between two groups were analyzed by Student’s t-test and
variances among multiple groups were analyzed by one-way
analysis of variance followed by Tukey’s post-hoc test. All
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experiments were repeated in triplicate independently.
Statistical significance was set at p < 0.05.

Results

Identification of PDLSCs

PDLSCs extracted from human periodontal ligament tissues
were observed under a microscope, which displayed a
spindle-shaped morphology (Fig. 1A). Colony formation
assay also demonstrated that PDLSCs could grow in an
adherent manner, followed by the formation of clonogenic
cell clusters (Fig. 1B). The formation of Alizarin Red-stained
calcium deposits was observed after 3 weeks of culture of
PDLSCs with osteogenic differentiation medium (Fig. 1C).
Additionally, we examined the MSC phenotype of PDLSCs
through flow cytometric analysis, which revealed that
PDLSCs were positive to MSC-specific surface markers CD29,
CD90, CD146 and Stro-1, and negative to hematopoietic
markers CD14 and CD31 (Fig. 1D). These results suggested
that PDLSCs can differentiate into osteoblasts.

Cyclic stretch induces PDLSC osteogenic
differentiation

Next, we investigated the influence of cyclic tension on
PDLSC osteogenic differentiation. PDLSCs were incubated
in the osteogenic differentiation medium without or with
cyclic tensile force for 3 days. First, ALP staining as well as
ALP activity assay revealed that the ALP activity was
significantly enhanced in PDLSCs after cyclic stretch
compared to the control cells, which indicated that cyclic
stretch triggered the osteogenic differentiation of PDLSCs
(Fig. 2AeB). Furthermore, the mRNA expression of osteo-
genesis markers, including OPN, RUNX2, COL1, ALP, OCN
and OSX in PDLSCs, showed a great upregulation after cyclic
tension (Fig. 2C). The findings of western blotting analysis
also revealed an obvious elevation in the protein levels of
these markers (Fig. 2D). Overall, cyclic stretch promotes
PDLSC osteogenic differentiation.

MiR-146a and miR-34a suppress osteoblastic
differentiation of PDLSCs under cyclic stretch

MiR-146a and miR-34a were reported to participate in the
modulation of PDLSC osteoblastic differentiation, herein,
we detected whether these two miRNAs affect cyclic
stretch-induced PDLSC osteoblastic differentiation. PCR
analysis demonstrated that both miR-146a and miR-34a
expression was markedly downregulated in PDLSCs sub-
jected to cyclic stretch (Fig. 3A). The overexpression effi-
ciency of miR-146a and miR-34a was also evaluated by qRT-
PCR (Fig. 3B). As revealed by ALP staining and ALP activity
assay, either miR-34a overexpression or miR-146a over-
expression remarkably attenuated the ALP activity in
PDLSCs, which was previously enhanced after cyclic stretch
(Fig. 3CeD). Additionally, a significant downregulation in
the mRNA expression and protein level of osteogenesis
markers was observed in PDLSCs after overexpressing miR-
146a or miR-34a (Fig. 3EeG). In summary, miR-146a and



Figure 1 Identification of PDLSCs. (A) The morphology of PDLSCs was observed under a microscope. (B) Colonies formed by
PDLSCs after 14 days of culture were stained with Giemsa stain. (C) Alizarin Red staining of calcium deposits formed by PDLSCs
after incubation in osteogenic induction medium for 3 weeks. (D) Flow cytometric analysis was applied for examining the
mesenchymal stem cell (MSC) phenotype of PDLSCs.

Figure 2 Cyclic stretch induces osteogenic differentiation of PDLSCs. (AeB) ALP staining and ALP activity assay of the ALP
activity in PDLSCs after cyclic stretch. (CeD) PCR analysis and western blotting analysis of the influence of cyclic stretch on the
mRNA expression and protein level of osteogenesis markers. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3 MiR-34a and miR-146a suppress cyclic stretch-induced osteoblastic differentiation of PDLSCs. (A) PCR analysis of
miR-34a and miR-146a level in PDLSCs with or without cyclic stretch application. (B) PCR analysis of miR-34a and miR-146a level in
PDLSCs transfected with miR-34a mimics or miR-146a mimics compared to NC mimics. (CeD) ALP staining and ALP activity assay of
ALP activity in PDLSCs under cyclic stretch after overexpressing miR-34a or miR-146a. (EeG) PCR analysis and western blotting
analysis of the mRNA expression and protein level of osteogenesis markers in PDLSCs under cyclic stretch after overexpressing miR-
34a or miR-146a. *p < 0.05, **p < 0.01, ***p < 0.001.
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miR-34a inhibit PDLSC osteoblastic differentiation induced
by cyclic stretch.

CELF3 is a target of miR-146a and miR-34a

To further determine the regulatory mechanism of miR-
146a and miR-34a on cyclic stretch-induced osteoblastic
differentiation of PDLSCs, we predicted the target gene of
both miRNAs using TargetScan database. CELF3 was
discovered as the only common target gene of both miRNAs
(Fig. 4A). As shown by PCR analysis, cyclic tension markedly
elevated CELF3 mRNA expression in PDLSCs (Fig. 4B). In
PDLSCs transfected with miR-34a mimics, miR-146a mimics
or miR-34a mimics þ miR-146a mimics, the mRNA expres-
sion of CELF3 was significantly downregulated (Fig. 4CeD).
Furthermore, either miR-34a overexpression or miR-146a
overexpression reduced the protein level of CELF3 in
PDLSCs (Fig. 4E). The binding position of miR-146a and miR-
34a on CELF3 30UTR was obtained by TargetScan database
(Fig. 4F) and was further verified by luciferase reporter
assay. MiR-146a mimics or miR-34a mimics could specifically
lessen only the luciferase activity of wild-type CELF3, but
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exerted no apparent influence on the luciferase activity of
mutant CELF3 (Fig. 4G). Therefore, there are direct binding
effects between miR-34a (or miR-146a) and CELF3 in
PDLSCs.

Silencing of CELF3 suppresses cyclic stretch-
induced osteoblastic differentiation of PDLSCs

Since CELF3 was the common target of miR-34a and miR-
146a, we then assessed whether CELF3 affects cyclic
stretch-induced PDLSC osteoblastic differentiation. The
interfering efficiency of CELF3 was examined by PCR anal-
ysis and western blotting analysis, which showed a marked
decrease in the expression and protein level of CELF3 in
PDLSCs transfected with sh-CELF3 (Fig. 5AeB). The
detection of PDLSC osteoblastic differentiation was per-
formed as above. CELF3 silencing significantly restrained
the ALP activity in cyclic stretch-stimulated PDLSCs
(Fig. 5CeD). Besides, cyclic stretch-stimulated PDLSCs
displayed upregulating mRNA expression and protein level
of osteogenesis markers after CELF3 depletion (Fig. 5EeG).
In general, these findings suggested an inhibitory effect of



Figure 4 CELF3 is a target of miR-34a and miR-146a. (A) Target genes of miR-34a and miR-146a predicted at TargetScan
database. (B) PCR analysis of CELF3 expression in PDLSCs with or without cyclic stretch application. (CeD) PCR analysis of CELF3
mRNA expression in PDLSCs after transfection with miR-34a mimics, miR-146a mimics or miR-34a mimics þ miR-146a mimics. (E)
Western blotting analysis of CELF3 protein level in PDLSCs after miR-34a or miR-146a overexpression. (F) The binding position of
miR-34a (or miR-146a) on CELF3 30UTR predicted at TargetScan database. (G) Luciferase reporter assay of the luciferase activity of
vectors containing wild-type or mutant CELF3 in PDLSCs transfected with miR-34a (or miR-146a) mimics compared to NC mimics.
*p < 0.05, **p < 0.01, ***p < 0.001.
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CELF3 silencing on cyclic stretch-induced PDLSC osteo-
blastic differentiation.

Overexpression of CELF3 facilitates cyclic stretch-
induced osteoblastic differentiation of PDLSCs

On the other hand, whether overexpressing CELF3 facili-
tates the osteoblastic differentiation of PDLSCs was also
investigated. The overexpressing vector for CELF3,
pcDNA3.1/CELF3, was transfected into PDLSCs, and the
overexpression efficiency was assessed by qRT-PCR and
western blotting. The results indicated that both the mRNA
and protein expression level of CELF3 in PDLSCs transfected
with pcDNA3.1/CELF3 were upregulated (Fig. 6AeB). The
CELF3-overexpressed PDLSCs were incubated in the osteo-
genic differentiation media with cyclic stretch for 3 days
and then were harvested for detecting their potential of
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osteoblastic differentiation. We discovered that ALP ac-
tivity in CELF3-overexpressed PDLSCs was significantly
elevated (Fig. 6CeD). Additionally, the mRNA and protein
expression levels of osteogenesis-related genes were
markedly increased in the cyclic stretch-stimulated PDLSCs
after overexpressing CELF3 (Fig. 6EeG). Taken together,
overexpression of CELF3 enhances the cyclic stretch-
induced osteoblastic differentiation of PDLSCs.

Discussion

The osteogenic differentiation of PDLSCs induced by me-
chanical stretch contributes to alveolar bone remodeling
plays a pivotal role during orthodontic treatment.17 Micro-
RNAs have been demonstrated to regulate PDLSC osteo-
genic differentiation.18,19 In this study, the role of miR-146a
and miR-34a in cyclic stretch-induced PDLSC osteogenic



Figure 5 Silencing of CELF3 suppresses cyclic stretch-induced PDLSC osteoblastic differentiation. (A) PCR analysis of CELF3
mRNA expression in PDLSCs transfected with sh-CELF3 or sh-NC. (B) Western blotting analysis of CELF3 protein level in PDLSCs after
downregulating CELF3. (CeD) ALP staining and ALP activity assay of ALP activity in cyclic stretch-stimulated PDLSCs after knocking
down CELF3. (EeG) PCR analysis and western blotting analysis of the mRNA expression and protein level of osteogenesis markers in
cyclic stretch-stimulated PDLSCs after CELF3 silencing. **p < 0.01, ***p < 0.001.
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differentiation was investigated. We discovered that miR-
146a and miR-34a were downregulated in PDLSCs under
cyclic mechanical stretch, suggesting the downregulation
of miR-146a and miR-34a in osteogenic-differentiated
PDLSCs. Importantly, miR-146a and miR-34a over-
expression suppressed PDLSC osteogenic differentiation by
downregulating CELF3.

During the process of OTM, mechanical forces induce the
osteogenic differentiation of PDLSCs, thereby promoting
PDL tissue repair and regeneration as well as alveolar bone
remodeling.20 ALP, as an indicator of bone formation, is
identified as an early marker of MSC osteogenic differen-
tiation in tension force environment.21 RUNX2 is a crucial
transcription factor, playing a key role in modulating MSC
osteogenic differentiation and bone formation.22 RUNX2
has also been demonstrated to modulate the expression of
other osteoblast-specific genes, such as OPN, ALP, COL1,
OSX and OCN.23 It was reported that deficiency of RUNX2
leads to the lack of bone formation in mice.24 In addition,
as a target of mechanical signals in osteoblastic cells,
RUNX2 can also be upregulated by mechanical stimuli.25

Previously, numerous studies have demonstrated that cy-
clic tension force could facilitate PDLSC osteogenic
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differentiation. For example, cyclic tension force results in
an upregulation of the RUNX2, OCN and ALP in PDLSCs,
indicating the promotive effects of mechanical stimulation
on PDLSC osteogenic differentiation.7 Static mechanical
strain enhances ALP activity, facilitates mineralized nodule
formation, and elevates RUNX2 and ALP expression in
PDLSCs.26 In our study, cyclic stretch was also applied to
PDLSCs to mimic the force on both sides of teeth during
OTM. The results also revealed that the ALP activity as well
as the expression of RUNX2, OCN, ALP, OSX, OCN and COL1
in PDLSCs were enhanced after cyclic stretch, indicating
that cyclic stretch promoted PDLSC osteogenic differenti-
ation. This is in consistent with the findings in previous
studies.

Increasing studies have indicated that miRNAs with
aberrant expression in PDLSCs affect osteogenic differen-
tiation through regulating their target genes.27e29 Previ-
ously, miR-146a and miR-34a were predicted to be involved
in PDLSC osteogenic differentiation.15 Both miRNAs were
reported to modulate MSC osteogenic differentiation. For
example, in osteoporosis which is mainly caused by
decreased osteogenic differentiation of bone marrow
mesenchymal stem cells (BMSCs), miR-34a is upregulated



Figure 6 Overexpression of CELF3 facilitates cyclic stretch-induced osteoblastic differentiation of PDLSCs. (A) PCR analysis
of CELF3 mRNA expression in PDLSCs transfected with pcDNA3.1 or pcDNA3.1/CELF3. (B) Western blotting analysis of CELF3 protein
level in PDLSCs after overexpressing CELF3. (CeD) ALP staining and ALP activity assay of ALP activity in cyclic stretch-stimulated
PDLSCs after CELF3 overexpression. (EeG) PCR analysis and western blotting analysis of the mRNA expression and protein level of
osteogenesis markers in cyclic stretch-stimulated PDLSCs after overexpressing CELF3. **p < 0.01, ***p < 0.001.
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during BMSC osteogenic differentiation and miR-34a over-
expression facilitates BMSC osteogenic differentiation via
inhibiting bone morphogenetic protein 3.30 MiR-34a over-
expression represses osteoblast differentiation of BMSCs by
targeting the cellular glycolysis mediated by lactate dehy-
drogenase A.31 In traumatic femoral head necrosis, miR-
146a level is lower in BMSCs of necrosis group than in
those of normal group, and miR-146a overexpression leads
to increased calcium deposition as well as elevated mRNA
expression of OCN and ALP, suggesting that overexpressing
miR-146a promotes BMSC osteogenic differentiation.32 MiR-
146a downregulation stimulates of human adipose-derived
stem cell osteogenic differentiation though increasing the
expression of SMAD family member 4.33 In our study, we
first discovered that miR-146a and miR-34a were both
downregulated in osteogenic-differentiated PDLSCs under
cyclic mechanical stretch. Furthermore, overexpressing
either miR-34a or miR-146a attenuated ALP activity and
downregulated the expression of osteogenesis markers.
Therefore, miR-34a or miR-146a overexpression suppressed
PDLSC osteogenic differentiation.
1289
CELF3 is a member of the CUGBP and ELAV-like factor
(CELF) family RNA-binding proteins, which are highly
conserved in animals and can modulate the life cycle of
mRNAs from transcription to translation.34,35 The role of
CELF3 in human diseases is poorly explored and elucidated.
Some studies demonstrated that CELF3 is involved in neural
tube development.36,37 In the rat model with sciatic nerve
injury, CELF3 expression is significantly increased and
CELF3 is closely correlated to the sciatic nerve regenera-
tion.38 In the present study, by using the informatic tool,
CELF3 was discovered as the only common target gene of
miR-34a or miR-146a, harboring binding sites with both
miRNAs. Their binding capacity was further verified by a
luciferase reporter assay. Then, we found that CELF3 was
remarkably upregulated in PDLSCs under cyclic mechanical
stretch, indicating the potential role of CELF3 in PDLSC
osteogenic differentiation. Either miR-34a or miR-146a
overexpression downregulated the expression of CELF3 in
PDLSCs. Importantly, CELF3 silencing significantly attenu-
ated the ALP activity and the expression of osteogenesis
markers in cyclic stretch-stimulated PDLSCs, suggesting the
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inhibition of CELF3 depletion on PDLSC osteogenic differ-
entiation. Overall, miR-34a and miR-146a repress PDLSC
osteogenic differentiation induced by cyclic stretch via
downregulating CELF3.

Despite novel findings in our study, some limitations are
still required to be improved in future studies. First, our
study performed in vitro experiments to figure out the role
of miR-34a and miR-146a in PDLSC osteogenic differentia-
tion. In vivo experiment for further validation of the find-
ings in our studies are needed. Second, the precise
molecular mechanism regarding how miR-146a and miR-34a
modulate CELF3 expression remains unclear.

In summary, we explored the role of the miR-34a/miR-
146a-CELF3 axis in the cyclic stretch-induced PDLSC oste-
ogenic differentiation. We discovered that miR-34a and
miR-146a suppress cyclic mechanical stretch-induced
PDLSC osteogenic differentiation by downregulating
CELF3. Although there exist some limitations, this finding
might provide novel therapeutic targets for improving or-
thodontic treatment.
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