MOLECULAR MEDICINE REPORTS 22: 474-482, 2020

MicroRNA-21 serves an important role during
PAOO-facilitated orthodontic tooth movement
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Abstract. Periodontal accelerate osteogenesis orthodontics
(PAOO) is an extension of described techniques that surgi-
cally alter the alveolar bone; however, the specific mechanism
underlying the technique is not completely understood. The
aim of the present study was to evaluate the roles of microRNA
(miR)-21 during PAOO. Sprague-Dawley rats were divided
into the following four groups: i) Group tooth movement
(TM), underwent TM and were administered normal saline
(NS); ii) Group PAOO, underwent PAOO + TM and were
administered NS; iii) Group agomiR-21, underwent PAOO
+ TM and were administered agomiR-21; and iv) Group
antagomiR-21, underwent PAOO + TM and were administered
antagomiR-21. To validate the rat model of PAOO, morpho-
logical analyses were performed and measurements were
collected. Reverse transcription-quantitative PCR, western
blotting and immunohistochemical staining were performed
to examine the expression levels of programmed cell death 4
(PDCD4), activin A receptor type 2B (ACVR2b), receptor acti-
vator of NF-kB ligand (RANKL) and C-Fos. Dual-luciferase
reporter assays were performed to validate PDCD4 as a target
of miR-21 in vitro. Following 7 days of treatment, the TM
distance of group PAOO was longer compared with groups
TM and antagomiR-21 (P<0.05), but shorter compared with
group agomiR-21 (P<0.05). Tartrate-resistant acid phos-
phatase staining indicated that following treatment with
agomiR-21, osteoclast activity was notably increased, whereas
the mRNA and protein expression levels of PDCD4 were
notably decreased compared with group PAOO. The mRNA
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and protein expression levels of RANKL and C-Fos in group
agomiR-21 were notably increased compared with group
PAOO, whereas group antagomiR-21 displayed the opposite
pattern (P<0.05). With regard to ACVR2b, no significant
differences were observed among the group agomiR-21 and
antagomiR-21 compared with group PAOO. Bioinformatics
analysis predicted that PDCD4 was a potential target gene of
miR-21, and dual-luciferase reporter assays demonstrated that
miR-21 directly targeted PDCD4. In conclusion, the present
study demonstrated that miR-21 serves an important role
during PAOO-mediated orthodontic TM.

Introduction

Tooth movement (TM) is a process in which mechanical force
induces alveolar bone resorption on the pressure side and
alveolar bone deposition on the tension side (1). As it usually
takes =2 years to complete orthodontic treatment, it is impor-
tant that periodontal accelerate osteogenesis orthodontics
(PAOO) can increase orthodontic TM and reduce the course
of orthodontic treatment (2). The clinical application of PAOO
was first introduced by the Wilcko brothers (a periodontist and
an orthodontist), and has become a useful modality in the field
of surgical orthodontics for the induction of faster TM (3).
Traditional orthodontic therapy focuses on applying forces
to the teeth, whereas PAOO utilizes the dynamics of bone
physiology to enhance TM. PAOO involves controlled surgical
damage to cortical bone that accelerates bone metabolism to
aid orthodontic TM, resulting in TM that is 2-3 times faster
compared with traditional orthodontic therapy (4-6).

MicroRNAs (miRNAs/miRs), which are 22-25 nucleotides
in length, post-transcriptionally regulate gene expression in a
sequence-specific manner (7,8). A previous study has revealed
that certain miRNAs are critical post-transcriptional modu-
lators during osteoblastogenesis and osteoclastogenesis (9).
Furthermore, previous studies have demonstrated that certain
miRNAs respond to mechanical stimuli in cultured human
periodontal ligament cells and periodontal ligament stem
cells (10-12). However, whether miRNAs regulate PAOO or
mediate alveolar bone remodeling in vivo is not completely
understood.

It has been reported that miR-21 mediates stretch-induced
osteogenic differentiation of periodontal ligament stem
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cells in vitro, which supports osteoclast differentiation (10).
Although miR-21 is required for the regulation of gene
expression under mechanical force in several biological
processes, such as bone formation (10,13), its role during
PAOO has not been previously reported. Therefore, the
present study aimed to investigate the effects of miR-21
expression in vivo and examine its functional roles in the
regulation of osteogenesis and osteoclast differentiation
during PAOO.

Materials and methods

Study design. A total of 36 male Sprague-Dawley rats [weight,
286-326 g; age, 8 weeks; provided by Beijing Weitong Lihua
Experimental Animal Technology Co., Ltd.; certificate
no. scxk (Beijing) 2016-0011] were raised under specific
pathogen-free conditions. The experiment was performed
under sterile conditions with humidity 40-60%, 20-26°C and
maximum daily temperature difference of 4°C. The circadian
rhythm was changed every 12 h. Rats were randomly divided
into four groups (n=9/group) as presented in Table I. The
present study was approved by the Experimental Animal
Welfare and Ethics Committee of China Medical University
(approval no. 16049R).

Overexpression and inhibition of miR-21 in rats. AgomiR-21
and antagomiR-21 were purchased from Guangzhou RiboBio
Co., Ltd., which had the following sequences: agomiR-21
forward, 5'-UAGCUUAUCAGACUGAUGUUGA-3' and
reverse, 3'-AUCGAAUAGUCUGACUACAACU-5"; and
antagomiR-21, 5'-UCA ACAUCAGUCUGAUAAGCUA-3".
Rats were anesthetized by the intraperitoneal injection
of sodium pentobarbital (40 mg/kg). Prior to orthodontic
loading, rats received an injection of agomiR-21 (3 nmol/time;
20 ul) per day, antagomiR-21 (10 nmol/time; 20 ul) per day
or normal saline (20 ul) per day into the buccal, palatal and
mesial submucosa of the first maxillary molar continuously
for 3 days.

Orthodontic loading. Rats were anesthetized by the intra-
peritoneal injection of sodium pentobarbital (40 mg/kg).
Subsequently, two upper central incisors were drilled horizon-
tally with a 0.25-mm orthodontic ligation wire to penetrate the
root hole. The central incisors were ligated together to enhance
anchorage and prevent continuous eruption.

Groups PAOO, agomiR-21 and antagomiR-21 were
prepared as follows: The labial, palatal and mesial alveolar
mucosa of the left maxillary first molar was incised to expose
the alveolar bone surface; and subsequently, a high-speed hand
piece was used under water irrigation to punch five perfora-
tions on the buccal and palate sides, and two perforations on
the mesial side (diameter, 0.5 mm; depth; 0.5 mm). Group TM
did not undergo the perforation procedure.

To prevent the tension spring from falling off, a retention
groove was grinded into the buccal-palatal surface of the
neck of the left maxillary first molars and a ligation wire
was inserted into the retention groove of the first molar. The
tension spring was fixed between the first maxillary molar and
the incisor, and was stretched to pull the first maxillary molar
to the mesial position. The orthodontic force was maintained
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Table I. Group assignment.
Group Force Injection
™ ™ Normal saline
PAOO PAOO + TM Normal saline
agomiR-21 PAOO + TM AgomiR-21
antagomiR-21 PAOO + TM AntagomiR-21

TM, Tooth movement; PAOO, periodontal accelerate osteogenesis
orthodontics.

at 25 g using a dynamometer. For the 3 days following surgery,
the rats were provided with soft food. The establishment of the
PAOO model is presented in Fig. 1.

The distance of TM was measured using an electronic
vernier caliper and a stereomicroscope (Motic Instruments).
The distance between the first maxillary molar and the upper
incisor was measured prior to surgery and following sacrifice
to calculate the total distance of TM. The measurements were
conducted three times in each rat.

At day 7 post-surgery, the rats were sacrificed by carbon
dioxide euthanasia, according to the guidelines (14). The flow
rate of CO, did not displace >30% of the chamber volume/min.
Death was verified by monitoring cessation of breathing,
heartbeat and deep pain in response to the toe pinch method.
The flow rate of CO, was maintained for at least 1 min after
cessation of breath, and absence of heartbeat was assessed
for at least 5 min. Subsequently, the mucosal tissues were
removed, and the cortical and cancellous bones were collected
for further analysis.

Tartrate-resistant acid phosphatase (TRAP) staining.
Alveolar bone tissue surrounding the maxillary first molar
were fixed for 48 h at 4°C in precooled 4% paraformaldehyde.
The decalcification was carried out in 10% EDTA decalcifi-
cation solution (pH 7.2-7.4). The solution was replaced every
2 days and shaken. The decalcification time was ~3 months
until the alveolar bone could be penetrated without resistance
under 4°C. Subsequently, the tissue was embedded in paraffin
and sectioned into 5-um thick occlusal serial sections. The
sections were stained using an Acid Phosphatase, Leukocyte
(TRAP) kit (Sigma-Aldrich; Merck KGaA) according to
the manufacturer's protocol. Subsequently, osteoblasts and
TRAP* multinucleated cells that were attached to alveolar
bone surfaces were counted. The BX53 Olympus fluorescence
microscope (Olympus Corporation) was used under magnifi-
cation, x200.

Reverse transcription-quantitative PCR (RT-qPCR).
Dentoalveolar bone tissue from the mesial alveolar bone
around the left first maxillary molar, including cortical
and cancellous bone tissue, was collected. Total RNA was
extracted using QIAzol Lysis Reagent (Qiagen, Inc.). Total
RNA was reverse transcribed into cDNA using the TagMan
Reverse Transcription kit (Guangzhou RiboBio Co., Ltd.)
according to the manufacturer's protocol. Subsequently,
gPCR was performed. QuantiFast® SYBR® Green PCR
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Figure 1. Establishment of the rat model of periodontal accelerate osteogenesis orthodontic tooth movement. (A) Full-thickness flaps on the buccal and palatal
aspects, and perforations on the corticotomy side were made using a high-speed hand piece. Arrow indicates perforations. (B) Tension spring was fixed
between the first maxillary molar and the incisor. Arrow indicates tension spring. (C) Orthodontic force was maintained at 25 g using a dynamometer. Arrow

indicates dynamometer.

Master Mix was used (QuantiFast® SYBR® Green PCR Kit;
Beijing Bulader Technology Development Co., Ltd.). The
following thermocycling conditions were used for qPCR:
Initial denaturation at 95°C for 5 min; followed by 40 cycles
of 95°C for 10 sec and 60°C for 30 sec. nRNA and miRNA
expression levels were normalized to the internal reference
genes GAPDH and U6, respectively. miRNA expression levels
were determined by performing a stem-loop RT-qPCR assay,
as previously described (15). The 2244 method was used (16).
The following primer sequences were used: Programmed cell
death 4 (PDCD4) forward, 5-CTGTGTTTATGAGACTGT
GGTT-3' and reverse, 5'-CGCGACTTCGTTCGTATC-3';
activin A receptor type 2B (ACVR2b) forward, 5'-TCTCGT
ACCTGCATGAGGA-3" and reverse, 5-TCGCTCTTCAGC
AGAACA-3"; C-fos forward, 5'-CAGCTCCCACCAGTGTCT
A-3'and reverse, 5'-CGCGTTGAAACCCGAGAA-3'; receptor
activator of NF-kB ligand (RANKL) forward, 5'-CGAAGA
CACAGAAGCACTAC-3' and reverse, 5-CACGAACCTTCC
ATCATAGC-3"; and GAPDH forward, 5'-GCGAGATCC
CGCTAACATCA-3' and reverse, 5'-CTCGTGGTTCACACC
CATCA-3".

Western blotting. Dentoalveolar bone tissues from the mesial
alveolar bone around the left first maxillary molar, including
cortical and cancellous bone tissues, were collected. The
tissues were sonicated in a lysis buffer (Shanghai HuaYi
Biology Technology Co., Ltd.) containing 1 mM PMSF. Total
protein was extracted and quantified using the bicincho-
ninic acid method. Total protein (50 pug/lane) was separated
via 10% SDS-PAGE and transferred onto nitrocellulose
membranes, which were blocked with 5% non-fat milk for
1 h at 37°C. Subsequently, the membranes were incubated
with primary antibodies targeted against PDCD4 (1:2,000;
cat. no. 12587-1-AP; ProteinTech Group, Inc.), ACVR2b
(1:1,000; cat. no. Agl6744; ProteinTech Group, Inc.), RANKL
(1:1,000; cat. no. 23408-1-AP; ProteinTech Group, Inc.),
C-Fos (1:1,000; cat. no. 15832-1-AP; ProteinTech Group,
Inc.) and GAPDH (1:5,000; cat. no. 10494-1-AP; Santa Cruz
Biotechnology, Inc.) at 4°C overnight. Subsequently, the
membranes were incubated with horseradish peroxidase-conju-
gated secondary antibodies, goat anti rabbit IgG (1:5,000; cat.
no. CWO0156S; Kangwei Century Biotechnology Co., Ltd.) at
37°C for 45 min. Protein bands were visualized using Pierce
ECL (Pierce; Thermo Fisher Scientific, Inc. GADPH was used

as the loading control. Gel Pro analyzer software 4.5 (Beijing
Zhongsheng Tiancheng Technology Co., Ltd.) was used to
analyze the optical density value of the target strip.

Immunohistochemical staining. To reduce the error and
maintain standards between groups, the paraffin sections used
for immunohistochemical staining were taken from 1.2 mm
away from the root tip. The sections were fixed for 48 h at
4°C in precooled 4% paraformaldehyde. Subsequently, 4-ym
thick sagittal mouse maxillae were deparaffinized, treated
with 0.25% trypsin for 30 min at 37°C for antigen retrieval
and incubated with 3% hydrogen peroxide for 30 min at 37°C.
The sections were blocked with 5% bovine serum albumin
(Wuhan Boster Biological Technology, Ltd.) in PBS for 2 h at
room temperature. Subsequently, the sections were incubated
at 4°C overnight with anti-PDCD4 (1:100; cat. no. 12587-1-AP;
ProteinTech Group, Inc.) and anti-C-Fos (1:100; cat.
no. 15832-1-AP; ProteinTech Group, Inc.) rabbit anti-mouse
antibodies. Following primary incubation, the sections were
incubated with a horseradish peroxidase-conjugated goat
anti-rabbit secondary antibody (1:500; cat. no. CW0103S;
Kangwei Century Biotechnology Co., Ltd.) for 2 h at room
temperature. The sections were washed three times by PBS for
3 min. The slides were stained with DAB for 4 min at 37°C and
counterstained with hematoxylin for 3 min at 37°C. Stained
sections were observed under a fluorescence microscope
(N-STORM; Nikon Corporation) in =3 fields of view under
magnification x200. The number of positive-stained cells
over the total periodontal area was quantified using ImageJ
software (version 1.47; National Institutes of Health). PDCD4
and C-Fos protein levels were semi-quantitatively detected as
the integral optical density.

Cell culture. 293T cells (American Type Culture Collection)
were cultured in DMEM (Gibco; Thermo Fisher Scientific,
Inc.) containing 10% FBS (Gibco; Thermo Fisher Scientific,
Inc.), 100 U/ml penicillin and 50 mg/l streptomycin at 37°C
with 5% CO,.

Dual-luciferase reporter assay. Renilla luciferase activities
was used as control for normalization. PDCD4 was predicted
as a potential target of miR-21 by TargetScan7.2 (http:/www.
targetscan.org/vert_72/). The 3'-untranslated region (UTR)
of PDCD4 was cloned into the pGL3 plasmid (Suzhou
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GenePharma Co., Ltd.). Subsequently, 293T cells at 50%
density were seeded into 24-well plates and co-transfected
with PDCD4-3'UTR-wild-type (WT) or the mutant (MUT)
sequence and miR-21 mimics or mimics control (20 nM;
Suzhou GenePharma Co., Ltd.) using Lipofectamine®
3000 (Invitrogen; Thermo Fisher Scientific, Inc.; 100 nM)
according to the manufacturer's protocol. Following incuba-
tion for 48 h at 37°C, luciferase activities were determined
using a Dual-Luciferase Reporter assay system (Promega
Corporation) according to the manufacturer's protocol. miR-21
mimics forward, 5'-UAGCUUAUCAGACUGAUGUUGAC-3'
and reverse, 3'-CAACAUCAGUCUGAUAAGCUAUU-5"; and
mimics control forward, 5-UUCUCCGAACGUGUCACG-3'
and reverse, 3" ACGUGACACGUUCGGAGAATT-5".

Statistical analysis. All statistical analyses were performed
using SPSS software (version 13.0; SPSS, Inc.). Data are
presented as the mean + SD. Differences among groups were
analyzed using one-way ANOVA followed by Tukey's post hoc
test. P<0.05 was considered to indicate a statistically signifi-
cant difference. Each experiment was repeated three times.

Results

TM in the rat model of PAOO. Following 7 days of treat-
ment, the distance of TM in group PAOO was significantly
longer compared with groups TM and antagomiR-21, but was
significantly shorter compared with group agomiR-21 (P<0.05;
Table II).

TRAP staining indicated that group PAOO displayed a
higher number of osteoclasts in the alveolar bone surrounding
the first molar compared with group TM (Fig. 2A and B).
Following treatment with agomiR-21, osteoclast activity was
notably increased and a reduced number of osteoclasts were
observed in the tissues control compared with group PAOO
(Fig. 2C). The osteoclast activity was not notably different
in group antagomiR-21 control compared with group PAOO
(Fig. 2D). The results indicated that the rat model of PAOO
had been successfully established.

miR-21 regulates osteoclastogenesis during PAOO-facilitated
TM. To assess the association between miR-21 and osteoclas-
togenesis during PAOO, rats were treated with agomiR-21
or antagomiR-21. To ensure agomir-21 and antagomir-21
penetrated the cortical bone and functioned, the mucosal
tissues were removed, and the cortical and cancellous bones
were collected. Subsequently, the efficiency of agomiR-21 and
antagomiR-21 in local dentoalveolar bone tissues was evaluated
by RT-qPCR. Compared with group PAOO, miR-21 expres-
sion levels in alveolar bone tissue were significantly decreased
in group TM (P<0.05). Furthermore, compared with group
PAOO, miR-21 expression levels were significantly increased
in rats treated with agomiR-21 (P<0.05), but were significantly
decreased in rats treated with antagomiR-21, which suggested
that agomiR-21 and antagomiR-21 upregulated and downregu-
lated miR-21 expression, respectively, in vivo (P<0.05; Fig. 3).

To further determine the role of miR-21 during PAOO, the
expression of two downstream target genes of miR-21, PDCD4
and ACVR2b, was detected. Compared with group PAOO,
rats treated with agomiR-21 displayed decreased mRNA and
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Table II. Mean difference in tooth movement between the four
groups.

Group Distance (mm)
™ 0.112+0.013*
PAOO 0.251+0.008

agomiR-21 0.856+0.012*
antagomiR-21 0.072+0.010*

“P<0.05 vs. group B.

protein expression levels of PDCD4 notably. By contrast,
groups TM and antagomiR-21 displayed significantly increased
mRNA and protein expression levels of PDCD4 compared
with group PAOO (P<0.05; Fig. 4A). The mRNA and protein
expression levels of ACVR2b were significantly increased in
group TM compared with group PAOO (P<0.05); however,
ACVR2b expression levels were not significantly different
between groups PAOO, agomiR-21 and antagomiR-21(P>0.05;
Fig. 4B).

RANKL is an important factor that can be used as an
indicator of osteoclast activity (17). C-Fos is a key regulator
of osteoclast differentiation that is a RANK-activating tran-
scription factor, which induces the expression of various
osteoclast-specific downstream target genes (18). To further
study the mechanism underlying orthodontic teeth movement,
the expression levels of RANKL and C-Fos were examined.
The results indicated that, compared with group PAOO, the
mRNA and protein expression levels of RANKL and C-Fos
were significantly increased in group agomiR-21, but were
significantly decreased in groups TM and antagomiR-21
(P<0.05; Fig. 4C and D).

Immunohistochemical staining was used to further
examine the relationship between miR-21 and PDCD4 or
C-Fos in rat alveolar bone tissues. PDCD4 and C-Fos expres-
sion was primarily localized in the cytoplasm and occasionally
present in the cell nuclei. The staining intensity of PDCD4 was
significantly decreased in group agomiR-21, and was signifi-
cantly increased in groups TM and antagomiR-21, compared
with group PAOO. By contrast, C-Fos staining displayed the
opposite trend (P<0.05; Fig. 5).

PDCD4 is a direct target of miR-21. TargetScan was used
to predict the binding site between miR-21 and the 3'UTR
of PDCD4 (Fig. 6A). miR-21 overexpression significantly
inhibited the luciferase activities of the PDCD4-3'UTR-WT
group compared with the NC group. However, miR-21 over-
expression did not significantly alter the luciferase activities
of the PDCD4-MUT group compared with the NC group,
which indicated that miR-21 specifically targeted the 3'UTR
of PDCD4 by binding to the predicted sequence (P<0.05;
Fig. 6B).

Discussion

PAOO is a clinical procedure that combines selective
alveolar corticotomy, particulate bone grafting and the
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Figure 2. Tartrate-resistant acid phosphatase staining of tissues. (A) Osteoclast in Group TM was small. (B) Osteoclast in Group PAOO was relatively
increased. (C) Osteoclast in Group agomiR-21 was notably. (D) Osteoclast in Group antagomiR-21 was small. Arrow indicates osteoclast. PDL, periodontal

ligament; AB; alveolar bone.

application of orthodontic forces, and is theoretically based
on the bone-healing pattern that is known as the regional
acceleratory phenomenon (19). PAOO results in increased
alveolar bone width, decreased treatment time, increased
post-treatment stability and reduced apical root resorp-
tion (20,21). To investigate the specific mechanism underlying
the clinical procedure, a rat model of PAOO was established
in the present study. To validate the rat model, morphological
analyses were performed and necessary measurements were
taken. Compared with group TM, group PAOO displayed an
increased rate of TM, a significant reduction in bone volume
and signs of bone resorption, including a higher number of
osteoclast cells at 7 days post-surgery.

miRNAs modulate gene expression by binding to target
mRNAs, thereby inhibiting their translation or promoting their
degradation (22). In a previous study, gene chip technology
indicated that miR-21 expression was increased in TM (23).
A potential mechanism underlying miR-21 in TM is that the
protein that is post-transcriptionally controlled by miR-21
inhibits osteoclastogenesis (23). Although several targets of
miR-21 have been identified by bioinformatics analysis, PDCD4
and ACVR2b were the primary genes that were investigated
in the present study due to their ability to regulate osteogenic
and osteoclastic differentiation (10,24). High miR-21 expression
levels are required for PDCD4 downregulation during osteo-
clastogenesis. PDCD4 suppresses cap-dependent translation of
mRNAs with highly structured 5-regions via interaction with
the eukaryotic translation initiation factor 4A helicase (25). It has
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Figure 3. miRNA-21 expression levels in alveolar bone tissues of rats.
miRNA-21 expression levels in the alveolar bone tissues of groups TM and
antagomiR-21 were significantly decreased compared with group PAOO.
By contrast, miRNA-21 expression levels in the alveolar bone tissues of
group agomiR-21 were significantly increased compared with group PAOO.
“P<0.05 vs. group PAOO. miRNA, microRNA.

also been reported that PDCD4 can directly alter the activity of
the transcription factor activator protein-1 (AP-1), which triggers
the transcription ofmiR-21 (26). Several conserved enhancer
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Figure 4. Expression levels of alveolar bone tissue formation-associated factors. mnRNA and protein expression levels of (A) PDCD4, (B) ACVR2b, (C) RANKL
and (D) C-Fos. "P<0.05 vs. group PAOO. PDCD4, programmed cell death 4; ACVR2b, activin A receptor type 2B; RANKL, receptor activator of NF-«B ligand.

elements, including the binding site for AP-1, have been identi-
fied in the miR-21 promoter region (27). PDCD4 also regulates
C-Fos, which is a transcription factor associated with osteoclast
production (28,29). As demonstrated by the development of
osteopetrosis in mice lacking C-Fos, C-Fos serves an important
role during osteoclastogenesis. Therefore, although C-Fos is not

required for normal osteoprogenitor development, it is essential
for osteoclastogenesis (30,31). Moreover, C-Fos is the principal
contributor among PDCD4-induced AP-1 components (32).

In the present study, PDCD4 expression levels were signifi-
cantly decreased in the agomiR-21 group compared with group
PAOO, whereas the antagomir-21 group displayed significantly
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Figure 5. PDCD4 and C-Fos expression in alveolar bone tissues. Compared with group PAOO, the staining intensity of PDCD4 and C-Fos was significantly
decreased in group agomiR-21, and significantly increased in groups TM and antagomiR-21. "P<0.05 vs. group PAOO. PDCD4, programmed cell death 4; IOD,
integral optical density; AB, alveolar bone; PDL, periodontal ligament; TR, tooth root.

A Predicted consequential pairing of target region (top) and
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B 204 EE NC

3 miR-21 mimics

p

bl
o
1
#*

Luciferase activity
°

e
?

WT MUT

Figure 6. miR-21 targets the 3'UTR of PDCD4 to suppress PDCD4 expression in 293T cells. (A) The potential binding site between the 3'UTR of PDCD4 and
miR-21. (B) miR-21 overexpression inhibited luciferase activities in the WT-PDCD4 group compared with the NC group, whereas luciferase activities in MUT

cells were not significantly altered by miR-21 overexpression. ‘P<0.05 vs. NC. miR, microRNA; UTR, untranslated region; PDCD4, programmed cell death 4;
WT, wild-type; MUT, mutant; NC, negative control.

increased PDCD4 expression levels compared with group  the results indicated that C-Fos expression levels increased
PAOO. The results suggested that miR-21 negatively regulated  with agomiR-21 treatment and decreased with antagomiR-21
PDCD4 expression during PAOO-mediated TM. Furthermore,  treatment, as has been reported in previous studies (33).
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ACVR2bD is a transmembrane serine/threonine receptor
kinase that serves a crucial role during the activation of
activin, which forms part of the transforming growth factor-f§
signaling pathway, and acts on cell proliferation and differ-
entiation, as well as several other biological functions (34).
Wei et al (10) demonstrated that miR-21 mediated the osteo-
genic differentiation effect of stretch by directly targeting
ACVR2b, which is a key regulator of osteogenic differen-
tiation. In addition, ACVR2b gain- and loss-of-function
experiments indicated an association between miR-21 and
ACVR2b during stretch-induced periodontal ligament stem
cells osteogenic differentiation (10). Moreover, it has been
reported that ACVR2b-mediated effects on osteoblasts are
due to its interaction with bone morphogenetic protein (35).
In the present study, the results indicated that the expres-
sion levels of ACVR2b were not significantly altered by
miR-21 overexpression or knockdown, which suggested that
miR-21 did not serve a biological role via ACVR2b during
PAOO-mediated TM.

Several studies have investigated the role of miR-21 during
orthodontic TM (10,36); however, to the best of our knowledge,
the present study was the first to investigate the role of miR-21
during PAOO. Dual-luciferase reporter assays were performed
to verify that miR-21 downregulated PDCD4 expression levels
by targeting the 3'UTR of PDCD4. Although the present study
investigated the role of miR-21 during PAOO, there were a
number of limitations. First, the present study did not perform
RNAscope or RNA-fluorescence in situ hybridization experi-
ments. Second, the mechanisms underlying miR-21-mediated
regulation of PDCD4, ACVR2b, RANKL and C-Fos expres-
sion in vitro were not investigated. Furthermore, due to the
absence of in vitro experiments, the dose- and time-dependent
relationship between miR-21 and PDCD4, ACVR2b, RANKL
and C-Fos was not investigated; therefore, further investiga-
tion is required.

In conclusion, the present study suggested a potential
mechanism underlying PAOO-mediated acceleration of
orthodontic TM. miR-21 overexpression negatively regu-
lated the expression levels of the target gene PDCD4,
leading to increased C-Fos expression levels, enhanced
RANKL-mediated osteoclast generation, remodeling of the
alveolar bone, development of temporary osteopenia and
local alveolar osteoporosis, and increased movement of orth-
odontic teeth.
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