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miR-214 promotes periodontal ligament stem cell osteoblastic
differentiation by modulating Wnt/f3-catenin signaling
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Abstract. The canonical Wnt/B-catenin signaling is impor-
tant in the differentiation of human mesenchymal stem
cells into osteoblasts. Accumulating evidence suggests that
the expression of [3-catenin is, in part, regulated by specific
microRNAs (miRNAs). The aim of the present study was
to investigate the putative roles of miRNAs in osteoblast
differentiation. Polymerase chain reaction (PCR) arrays were
used to identify miRNAs that were differentially expressed
between differentiated and non-differentiated periodontal
ligament stem cells (PDLSCs), and reverse transcrip-
tion-quantitative PCR (RT-qPCR) was used for validation.
Since miR-214 was revealed to be significantly downregu-
lated during PDLSC differentiation, its function was further
investigated via silencing and overexpression. In addition,
osteogenic differentiation of PDLSCs was evaluated at 10
and 21 days following induction, using Alizarin red staining
and RT-qPCR analysis for mRNA expression levels of the
osteogenic differentiation markers alkaline phosphatase
(ALP), osteocalcin and bone sialoprotein. Furthermore, the
potential target genes of miR-214 were investigated using a
dual-luciferase reporter assay, RT-qPCR and western blot
analysis, whereas a TOPflash/FOPflash reporter plasmid
system followed by a luciferase assay was used to examine
the effects of miR-214 on Wnt/pB-catenin signaling. The
present results demonstrated that miR-214 was significantly
downregulated during the osteoblastic differentiation of
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PDLSCs. Notably, its overexpression inhibited PDLSC
differentiation, whereas its knockdown promoted PDLSC
differentiation, as revealed by alterations in mRNA expres-
sion of osteoblast-specific genes and ALP. In addition,
miR-214 was demonstrated to directly interact with the
3'-untranslated region of the f-catenin gene CTNNBI, and
suppressed Wnt/B-catenin signaling through the inhibition
of B-catenin. The results of the present study suggested
that miR-214 may participate in the regulation of the
Wnt/f-catenin signaling pathway, and may have potential as
a candidate target for the development of preventive or thera-
peutic agents for the treatment of patients with osteogenic
disorders.

Introduction

Periodontitis is a chronic inflammatory disease which results
in the loss of periodontal tissue, and is clinically manifested
with the loss of periodontal attachment, the formation of
periodontal pockets, alveolar bone osteopenia and ulti-
mately teeth exfoliation (1). Periodontal ligament stem cells
(PDLSCs), a newly recognized subpopulation of mesenchymal
stem cells (MSCs), have been suggested as potential seed
cells for periodontal tissue regeneration, for the formation of
cementum-periodontal ligament complexes and adjacent bone
tissues (2-4). However, effective strategies for the regulation of
their osteogenic differentiation potency have yet to be devel-
oped. Therefore, the elucidation of the molecular mechanisms
underlying the osteogenic differentiation of PDLSCs is critical
prior to their use in tooth regeneration and osteogenic tissue
engineering applications.

Numerous regulatory pathways, including Wnt,
transforming growth factor-f and bone morphogenetic
protein-mediated signaling, are implicated in the progression
of osteogenesis (5-7). In particular, the canonical Wnt/f3-catenin
signaling pathway has been identified as critical for the differ-
entiation of human MSCs into osteoblasts. Wnt/f3-catenin
signaling has been demonstrated to be important in MSC fate
determination and differentiation, including osteogenic (8),
chondrogenic (9), adipogenic (10) and myogenic differentia-
tion (11). However, the molecular mechanisms underlying the
role of Wnt/B-catenin signaling in PDLSC differentiation, as
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well as its potential therapeutic applications have yet to be
explored.

Accumulating evidence suggests that osteoblastic
induction and differentiation are also regulated by post-tran-
scriptional mechanisms, partly through temporarily-expressed
microRNAs (miRNAs) (12). miRNAs are a class of endog-
enous small noncoding RNA molecules, with a length of
18-22 nucleotides. Mature miRNAs bind to the 3'-untranslated
region (UTR) of target mRNAs and repress their translation or
induce their degradation (13). Mizuno et al (12) reported that
miR-125b inhibited the osteoblastic differentiation of stem
cells through the downregulation of cell proliferation. miR-27
has been reported to regulate adipogenesis, myeloblast differ-
entiation and skeletal muscle development (14,15). However,
to the best of our knowledge, the putative roles of miRNAs
in PDLSC differentiation have only been investigated at a
preliminary level (16), and the molecular mechanisms under-
lying the involvement of miRNAs in PDLSC differentiation
have yet to be elucidated.

The aim of the present study was to investigate the
differential expression of miRNAs during the osteogenic
differentiation of PDLSCs and explore their biological actions.
The present results demonstrated that inhibition of miR-214
resulted in the cellular accumulation of f-catenin and the
activation of Wnt signaling, by targeting f-catenin gene
expression, and thus potentiated stem cell differentiation.

Materials and methods

PDLSC isolation and cultivation. Human premolars were
obtained from 5 men aged 18-24 years (mean age, 20.2) who
underwent molar extraction at the Department of Stomatology
of the First Affiliated Hospital of Jinan University (Guangzhou,
China) from July 2015 to May 2016. Written informed consent
was obtained prior to study inclusion and the present study
was approved by the Ethics Committee of the First Affiliated
Hospital of Jinan University. Tissue from the periodontal
ligament was isolated as previously described (17). Briefly,
following extraction, the periodontal ligament was gently
scraped from the middle portion of the root surface, minced
into 1 mm? cubes and placed into 6-well culture dishes. The
explants were cultured in Minimum Essential Medium Eagle-a
modification (aMEM; Gibco; Thermo Fisher Scientific,
Inc., Waltham, MA, USA), supplemented with 10% fetal
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.),
0.292 mg/ml glutamine, 100 U/ml penicillin and 100 pxg/ml
streptomycin. The cultures were incubated at 37°C in a 5%
CO, humidified atmosphere for 10-14 days. Stro-1-positive
MSCs were isolated using immunomagnetic Dynabeads (cat.
no. 110.41 and 110.42; Invitrogen; Thermo Fisher Scientific,
Inc.), according to the manufacturer's instructions. Following
washing, bead-bound cells were isolated after a sequential
digestion of the extracellular matrix with pronase (0.15%, w/v)
for 2 h and collagenase (0.2%, w/v) overnight at 37°C. The
cells were centrifuged with 200 x g for 5 min at 4°C and subse-
quently suspended in oMEM with 10% FBS, and then seeded
in 6-well culture dishes at a density of ~1x10° cells/well. Cells
were cultured as monolayers until they reached confluence
(10-12 days) at 37°C in a humidified atmosphere containing
5% CO,, with a change of culture medium every 3-4 days.

CAO et al: miR-214 PROMOTES PERIODONTAL LIGAMENT STEM CELL DIFFERENTIATION

PDLSC differentiation. Differentiation was induced 3 days
post confluence. The culture media was exchanged for
osteogenic medium, which contained 10% FBS and DAG
(100 nM dexamethasone, 50 uM ascorbic acid, and 5 mM
B-glycerophosphate) in a-MEM. The medium was changed
every 2-3 days during the course of incubation (0-21 days).
Cells cultured in basal media (aMEM with 10% FBS) served
as a control. These undifferentiated and differentiated cells
were used in subsequent experiments.

RNA extraction. Total RNA and miRNA were isolated from
the undifferentiated and differentiated PDLSCs with TRizol
(Invitrogen; Thermo Fisher Scientific, Inc.) or an miRNeasy
Mini kit (Qiagen, Inc., Valencia, CA, USA), respectively,
according to the manufacturers' instructions. Potential genomic
DNA contamination was removed from the samples by diges-
tion with RNase-free DNase (Qiagen, Inc.) for 15 min at room
temperature. The RNA concentration was measured using a
NanoDrop 1000 Spectrophotometer (NanoDrop; Thermo
Fisher Scientific, Inc., Pittsburgh, PA, USA), and the quality
of miRNA and mRNA was evaluated using an Agilent 2100
Bioanalyzer system (Agilent Technologies, Inc., Santa Clara,
CA, USA).

Polymerase chain reaction (PCR) arrays. The expression
levels of 84 miRNAs related to osteoblastic differentiation
in PDLSCs were profiled using miScript miRNA PCR Array
System (cat. no. 331221; Qiagen, Inc.). Briefly, genomic
DNA was eliminated from the RNA samples (1 ug) isolated
from undifferentiated and differentiated PDLSCs, using an
miRNeasy Mini kit (cat. no. 217004; Qiagen, Inc.), at 42°C for
5 min, and then transferred on ice for ~1 min for the removal
of any residual DNA contamination. The purified RNA sample
was used for cDNA synthesis using the reverse transcription
mixture provided in the miScript II RT kit (cat. no. 218160;
Qiagen, Inc.). The mixture was incubated at 42°C for 15 min
and then at 95°C for 5 min. cDNA was subsequently used for
quantitative PCR (qQPCR) with the RT> SYBR-Green gPCR
Mastermix (cat. no. 218073; Qiagen, Inc.), according to the
manufacturer's protocol. Data analysis was performed using the
manufacturer's integrated web-based software package for the
PCR Array System, using the 2-2“4 method (18). Hierarchical
clustering analysis and heatmap visualization were performed
using CIMminer (http://discover.nci.nih.gov/cimminer).

Reverse transcription gPCR (RT-gPCR). For detection of
miRNAs and mRNAs, cDNA synthesis was performed from
total RNA (0.2-0.5 ug) using the PrimeScript reverse transcrip-
tion reagent kit (cat. no. DRR0O37A; Takara Biotechnology Co.,
Ltd., Dalian, China) according to the manufacturer's instruc-
tions. Quantitative analysis of the change in expression levels
was performed using SYBR Premix Ex Taq™ (DRR420A;
Takara Biotechnology Co., Ltd.) using an ABI 7300 system
(Applied Biosystems; Thermo Fisher Scientific, Inc.). PCR
cycling conditions were as follows: Initial incubation at 95°C
for 30 sec, followed by 40 cycles of denaturation at 95°C for
5 sec and annealing at 60°C for 31 sec. Quantitative normaliza-
tion was performed on the expression of RNU6 small nucleolar
RNA or GAPDH, for miRNA and mRNA, respectively.
The sequences of the primers are listed in Table I. Relative
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Table I. Primer sequences use for polymerase chain reactions.

9303

Gene Forward primer (5'-3") Reverse primer (5'-3")

miR-214 AGCCGACAGCAGGCACAGACA AGCCGACAGCAGGCACAGACA

Let-7a GTCGTATCCAGTGCAGGGTCCGAG GTATTCGCACTGGATACGACAACT

miR-100 GCGGCAACCCGTAGATCCGAA GTGCAGGGTCCGAGGT

miR-125a-5p TCCCTGAGACCCTTTAACCTGTGA ACAGGTGAGGTTCTTGGGAGCC

miR-98 ACACTCCCUAUACAACUUAC GGGAAAGUAGUGAGGCCTCAGA

miR-142-5p GGCCCATAAAGTAGAAAGC TTTGGCACTAGCACATT

miR-128a ATAGAATTCTTGAATACTGTGA CCGGGATCCTAAGCAATAGCTTTCA
AGTACACTGC CAAATT

miR-184 CTGGTAGGTGGACGGAGAACTG TCAACTGGTGTCGTGGAGTCGGC

miR-19a GTCGTATCCAGTGCAGGGTCCGAG CTG GAG TGT GCA AAT CTATGC
GTATTCGCACTGGATACGACTCAGTTT

miR-27b CCGGCCTTCACAGTGGCTA CGGGTCGGTGGCAGAACTT

u6 CGCTTCACGAATTTGCGTGTCAT GCTTCGGCAGCACATATACTAAAAT

ALP CCACGTCTTCACATTTGGTG AGACTGCGCCTGGTAGTTGT

BSP AAAGTGAGAACGGGGAACCT GATGCAAAGCCAGAATGGAT

OCN GAGGGCAATAAGGTAGTGAA CATAGATGCGTTTGTAGGC

GAPDH GAAGATGGTGATGGGATTTC GAAGGTGAAGGTCGGAGT

miR, micro RNA; ALP, alkaline phosphatase; BSP, bone sialoprotein; OCN, osteocalcin.

expression levels between samples were calculated using the
2244 method (18). Experiments were conducted in triplicate.

Transfection. The miR-214 mimic (sense, 5'-acagcaggcac
agacaggcagu-3' and antisense, 5'-ugccugucugugccugcuguu
u-3"), mimic negative control (NC; sense, 5'-uucuccgaacgu
gucacgutt-3' and antisense, 5'-acgugacacguucggagaatt-3'),
miR-214 inhibitor (5'-ugccugucugugccugcuguuu-3') and
inhibitor negative control (5'-caguacuuuuguguaguacaa-3")
were purchased from Shanghai GenePharma Co., Ltd.
(Shanghai, China). PDLSCs (1x10° cells/well) were plated
in a six-well plate 1 day prior to transfection. PDLSCs were
then transfected with miR-214 mimic, mimic NC, miR-214
inhibitor or inhibitor NC, at a final concentration of 25 nM,
using siLentFect Lipid Reagent (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Subsequently, cells were cultured in
serum-free Dulbecco's modified Eagle's medium: Nutrient
Mixture F-12 (Shanghai GeneChem Co., Ltd., Shanghai,
China). Following 4 h of incubation at 37°C, the medium
was replaced with DMEM/F12 supplemented with 10%
FBS. The cells were harvested for further experiments at
48 h after transfection.

Alizarin red staining. Cells were seeded into 24-well plates
at a density of ~1x10° cells/well. When the cells had reached
~80% confluence, the culture medium was replaced with
standard osteogenic differentiation induction medium as
aforementioned and cultured for a further 3 weeks. The induc-
tion medium was replaced every 3 days. Following 3 weeks
of culture, cells were stained with Alizarin red (pH 4.1) and
analyzed under an inverted microscope (TE2000U; Nikon
Corporation, Tokyo, Japan). The staining was quantified as
previously described (19).

B-catenin/transcription factor (TCF) transcription reporter
assay. TOPflash and FOPflash reporters (EMD Millipore,
Billerica, MA, USA) contain wild type (WT) and mutated
TCF-4 consensus binding sites, respectively, and are used to
evaluate 3-catenin-dependent signaling events that drive the
expression of TCF. These reporters have been described previ-
ously (20). Briefly, 1x10° cells/well were seeded into a 24-well
plate followed by transfection with TOPflash or FOPflash
constructs, along with the miR-214 mimic, the miR-214
inhibitor or the corresponding NC miRNAs. All transfections
were performed using Lipofectamine® 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.), according to the manufac-
turer's protocol. At 24 h following transfection, the -catenin
luciferase assay was performed using a Dual-Luciferase Assay
System kit (Promega Corporation, Madison, WI, USA).

miRNA target prediction. To identify potential targets
of miR-214, two public available algorithms, TargetScan
(http://www.targetscan.org/) and PicTar (http://pictar.bio.nyu.
edu/) were used. The interaction between miR-214 and the
3'-UTR of the putative target was predicted by RNAhybrid
(http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/).

Luciferase assay. The 3'-UTR of the B-catenin mRNA
CTNNBI (accession no. NM_001098209.1), with wild-type or
mutant (Mut) binding sites for miR-214, was amplified from
human ¢cDNA by PCR, and subcloned into the pGL3 vector
MCS cloning site (Promega Corporation) to generate the
pGL3-WT-CTNNBI1-3'-UTR or pGL3-Mut-CTNNB1-3'-UTR
plasmids, respectively. CTNNBI 3'-UTR forward primer,
5'-TCTAGAATACAATGACTTTTTAGCTG-3'; CTNNBI
3'-UTR reverse primer, 5-TCTAGATTAGCCAAG-3'".
PDLSCs were seeded in duplicate in 24-well plates and



9304

A R S
oS 2
§ &8 d

£ ¢

[%] o

let-Ta —

miR-100
miR-125a-5p
miR-98
miR-142-5p
miR-155
miR-301a
miR-335
miR-146a
miR-15a
miR-128a
miR-214
miR-184

miR-19a

miR-27b 1

miR-133b -
miR-20a
miR-149
miR-181a
miR-9
miR-181d

CAO et al: miR-214 PROMOTES PERIODONTAL LIGAMENT STEM CELL DIFFERENTIATION

[l Control
8, I Differentiation

=

miRNAS (fold)
ohbhrnonbo

Relative expression of 00

M no differentiation
1.57 | differentiation

C
k]
c
£
1.0
6 E‘q-_ .
3 Sn05
>!-
o BF
E 0.0
3 b{s% b&g 5‘3\9 6@?
7 4% ¥
6 N €

Figure 1. miRNA expression in differentiated and non-differentiated PDLSCs. (A) Heat map of miRNA profiles represents the differentially expressed
miRNAs between differentiated and non-differentiated PDLSCs. Green indicates low expression levels; red indicates high expression levels. (B) RT-qPCR
was performed to determine the expression of miRNAs in differentiated and undifferentiated PDLSCs. (C) RT-qPCR was used to assess the expression levels
of miR-214 at the indicated time points in differentiated and non-differentiated PDLSCs. miR-214 expression was normalized to U6 small nuclear RNA.
“P<0.01 vs. non-differentiated cells. miRNA, microRNA; PDLSC, periodontal ligament stem cell; RT-qPCR, reverse transcription quantitative polymerase

chain reaction.

co-transfected with 1-2 yg/ml pGL3-WT-CTNNBI1-3'-UTR or
pGL3-Mut-CTNNBI1-3-UTR plasmids and 25 nM miR-214
mimic or miR-214 inhibitor using Lipofectamine 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) in accordance
with the manufacturer's instructions. Corresponding NCs
(Shanghai GenePharma Co., Ltd.) were transfected using the
same procedure. Following incubation for 48 h, luciferase
activity was analyzed using the Dual-Luciferase Reporter
Assay System (Promega Corporation). Renilla luciferase was
used for normalization.

Western blot analysis. Cells were lysed on ice using radioim-
munoprecipitation assay lysis buffer (Beyotime Institute of
Biotechnology, Haimen, China) and protein concentrations
were determined using a bicinchoninic acid assay. Proteins
(40 ug) were separated by 10% SDS-PAGE and transferred
onto a polyvinylidene difluoride membrane (EMD Millipore)
and incubated with 5% fat-free skim milk in TBS + 0.05%
Tween 20, for 1 h at room temperature. Membranes were
subsequently incubated overnight at 4°C with the following
antibodies: Anti-CTNNBI1 (rabbit monoclonal; 1:1,000;
ab16051), anti-B-catenin (rabbit monoclonal; 1:1,000;
ab32572), anti-TCF4 (rabbit polyclonal; 1:1,000; ab185736)
or anti-f3-actin (rabbit polyclonal; 1:1,000; ab8227) (all from
Abcam, Cambridge, MA, USA). Secondary antibody incuba-
tions were performed with horseradish peroxidase-conjugated
mouse anti-rabbit antibody (1:10,000; ab99702; Abcam) for
1 h at room temperature. Enhanced chemiluminescence
substrate was used to visualize signals (EMD Millipore).
B-actin was used as an endogenous protein for normalization.
Relative band intensities were determined by densitometry

using Quantity One 4.6.2 software (Bio-Rad Laboratories,
Inc.).

Statistical analysis. Statistical analyses were performed
using SPSS 13.0 (SPSS, Inc., Chicago, IL, USA). Data were
expressed as the mean + standard deviation of 3 independent
experiments. Comparison of two groups was achieved using
an unpaired two-tailed t-test. Differences between multiple
groups were evaluated by one-way analysis of variance
followed by Tukey's multiple comparison test. P<0.05 were
considered statistically significant.

Results

miRNA profiling during PDLSC differentiation. Hierarchical
clustering of PCR array results demonstrated systematic
variations in the expression of various miRNAs between
differentiated and non-differentiated PDLSCs (Fig. 1A). To
validate the miRNA PCR array analysis findings, S'upregulated
and 5 downregulated miRNAs with the largest fold-change
in expression were selected and their expression levels were
assessed during PDLSC differentiation by RT-qPCR. The
results revealed that let-7a, miR-100, miR-125b-5p, miR-98
and miR-142-5p were overexpressed during PDSLC differenti-
ation, whereas the expression of miR-128a, miR-214, miR-184,
miR-19a and miR-27b was suppressed (P<0.01; Fig. 1B); these
results were in accordance with the expression patterns detected
by the PCR array. These findings indicated that the expres-
sion of this set of miRNAs is differentially regulated during
PDLSC differentiation. Among them, miR-214 was demon-
strated to undergo the greatest change in expression during
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Figure 2. miR-214 inhibition promotes the osteoblastic differentiation of PDLSCs. PDLSCs were transfected with a miR-214 mimic, a miR-214 inhibitor or
NC miRNA. (A) Following 21 days of osteoblastic differentiation induction, Alizarin red staining demonstrated that PDLSCs transfected with a miR-214
inhibitor formed more mineralized nodules compared with control. Reverse transcription-quantitative polymerase chain reaction was used to assess the
mRNA expression levels of the osteogenic differentiation markers (B) ALP, (C) osteocalcin and (D) BSP on days 10 and 21 post-induction. Data are expressed
as the mean + standard deviation of 3 independent experiments. “P<0.01, with comparisons indicated by lines. miR, microRNA; PDLSC, periodontal ligament
stem cell; NC, negative control; ALP, alkaline phosphatase; BSP, bone sialoprotein.

differentiation. Therefore, miR-214 was further investigated.
The expression levels of miR-214 decrease in a time-dependent
manner following the induction of osteoblastic differentiation
of PDLSCs, compared with undifferentiated cells (Fig. 1C).
These results suggested that miR-214 may be involved in the
regulation of PDLSC osteoblastic differentiation.

miR-214 inhibition promotes osteoblastic differentiation of
PDLSCs. To investigate the roles of miR-214 in the osteo-
blastic differentiation of PDLSCs, cells were transfected
with a miR-214 mimic or a miR-214 inhibitor and stained
with Alizarin Red S. The results demonstrated that miR-214
knockdown significantly promoted osteogenesis in PDLSCs
compared with control; conversely, miR-214 overexpres-
sion inhibited PDLSC osteoblastic differentiation compared
with control (Fig. 2A). In addition, RT-qPCR analysis was
performed in order to examine the mRNA expression levels
of the osteogenic marker gene ALP and the mineraliza-
tion markers OCN and BSP. The results demonstrated that
miR-214 silencing significantly upregulated ALP, OCN and
BSP mRNA expression compared with control, while miR-214
overexpression produced the opposite effects (Fig. 2B-D).
Since the expression of these markers is indicative of osteo-
blastic differentiation status, these results suggested that
miR-214 may be important in osteogenesis.

miR-214 inhibits B-catenin gene expression. Bioinformatics
analysis was used to predict potential target genes for
miR-214, and results identified a putative miR-214 binding
site in the 3'UTR of the p-catenin gene CTNNBI (Fig. 3A).
A luciferase reporter assay was used to investigate the puta-
tive miR-214-dependent post-transcriptional regulation of
CTNNBI. The present results demonstrated that miR-214
knockdown significantly increased the luciferase activity in
cells co-transfected with the plasmid containing wild-type
CTNNBI 3'-UTR, whereas it produced no effect on mutant
CTNNBI 3-UTR-transfected cells (Fig. 3B).

To further investigate whether miR-214 may regulate
the expression of B-catenin, the protein expression levels
of B-catenin in cells transfected with a miR-214 mimic or a
miR-214 inhibitor were evaluated by western blotting. The
results revealed that miR-214 overexpression significantly
downregulated the protein expression levels of B-catenin
compared with control, while miR-214 inhibition significantly
increased [3-catenin protein expression compared with control
(Fig. 3C).

Relationship between miR-214 expression and activity of the
[B-catenin/Wnt pathway. The Wnt/p-catenin signaling pathway
has been reported to serve critical roles in the regulation of cell
growth and differentiation. To evaluate the effects of miR-214
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Figure 3. miR-214 directly binds to and inhibits the expression of the B-catenin CTNNBI gene. (A) Schematic representation of the firefly luciferase reporter
constructs for CTNNBI, indicating the putative interaction sites between miR-214 and the 3'-UTR of CTNNBI. (B) PDLSCs were co-transfected with luciferase
reporter constructs containing wt or mut CTNNBI 3'-UTR and miR-214 mimic, miR-214 inhibitor or NC miRNA and luciferase activity was detected (n=3).
(C) Western blot analysis was used to assess the protein expression levels of f-catenin in PDLSCs following transfection with miR-214 mimic, miR-214
inhibitor or NC miRNA (n=3). Data are expressed as the mean + standard deviation of 3 independent experiments. “"P<0.01, with comparisons indicated by
lines. miR, microRNA; UTR, untranslated region; PDLSC, periodontal ligament stem cell; wt, wild-type; mt, mutant; NC, negative control.

on Wnt/f-catenin signaling in PDLSCs, a luciferase assay
based on a TOPflash/FOPflash reporter plasmid system was
used to evaluate -catenin-dependent transcriptional activity.
The present results demonstrated that Wnt/B-catenin signaling
was activated following miR-214 knockdown, whereas miR-214
overexpression produced the opposite effects, as evidenced
by the alterations in luciferase activity (Fig. 4A). Western
blot analysis was used to investigate the protein expression
levels of (3-catenin and TCF-4. The present results revealed
that B-catenin and TCF-4 protein expression was significantly
upregulated following miR-214 inhibition compared with
control (Fig. 4B). By contrast, following miR-214 overexpres-
sion using a miR-214 mimic, (3-catenin and TCF-4 protein
expression was significantly suppressed compared with control
(Fig. 4C). These findings suggested that miR-214 inhibition
may promote the osteoblastic differentiation of PDLSCs,
through the regulation of the Wnt/B-catenin signaling pathway.

Discussion

In the present study a number of miRNAs were identified
that were differentially expressed between differentiated and
non-differentiated PDLSCs. Among them, miR-214 was further
investigated by silencing and overexpression. The results

suggested that miR-214 may be implicated in the mechanisms
underlying osteoblastic differentiation of PDLSCs, as its over-
expression inhibited osteogenesis, whereas its knockdown had
the opposite effect. Furthermore, the 3-catenin gene CTNNBI
was identified as a direct target of miR-214, and miR-214
was demonstrated to promote osteoblastic differentiation by
modulating Wnt/B-catenin signaling.

miRNAs are small non-coding RNA molecules, with
a length of ~22 nucleotides, that bind to target mRNAs and
prevent their translation or promote their degradation (21).
Through the post-transcriptional regulation of gene expres-
sion, miRNAs have been demonstrated to modulate numerous
biological processes, including tumorigenesis, cellular
proliferation and differentiation. miR-214 has previously
been suggested to be implicated in osteogenic differentiation.
Shi et al (22) reported that miR-214 suppressed osteogenic
differentiation of C2C12 myoblasts by targeting the transcrip-
tion factor Osterix, whereas Yang et al (23) demonstrated that
miR-214 attenuated osteogenesis by inhibiting the fibroblast
growth factor (FGF) receptor 1/FGF signaling pathway. These
findings suggested that targeting miR-214 may hold potential
as a novel therapeutic strategy for the treatment of patients
with postmenopausal osteoporosis. However, the exact roles
of miR-214 in the regulation of PDLSC differentiation, as well
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Figure 4. miR-214 modulates the activity of the Wnt/B-catenin signaling pathway. (A) A luciferase assay based on a TOPflash/FOPflash reporter plasmid
system was used to evaluate [3-catenin-dependent transcriptional activity. The TOPflash reporter construct contained wild-type TCF4 consensus binding
sites, whereas the FOPflash construct contained mutated 7CF4 binding sites that cannot be activated by f-catenin, and therefore is used as a negative control.
Transfection with the miR-214 inhibitor resulted in increased luciferase activity, indicating increased transcriptional activity of the -catenin/TCF4 complex.
By contrast, transfection with the miR-214 mimic resulted in decreased [3-catenin-dependent transcriptional activity. (B) Western blot analysis of 3-catenin and
TCF-4 protein expression in PDLSCs transfected with a miR-214 inhibitor. (C) Western blot analysis of 3-catenin and TCF-4 protein expression in PDLSCs
transfected with a miR-214 mimic. Data are expressed as the mean =+ standard deviation of 3 independent experiments. ““P<0.01, with comparisons indicated
by lines. miR, microRNA; TCF, T cell factor; PDLSC, periodontal ligament stem cell; NC, negative control.

as the molecular mechanisms underlying its actions have yet
to be elucidated.

The Wnt/p-catenin signaling pathway has been implicated
in the mechanisms guiding cell fate decision in MSCs (8), and
miRNAs have been reported to be involved in the regulation
of Wnt/B-catenin signaling (24). Su et al (25) demonstrated
that miR-200a regulated the epithelial-mesenchymal

transition of cancer cells, via regulating the activity of the
Wnt/B-catenin signaling pathway. In addition, Chen et al (26)
reported that miR-709 inhibited adipocyte differentiation,
by targeting glycogen synthase kinase 3p and subsequently
activating Wnt/B-catenin signaling. Similarly, miR-27 has
been demonstrated to promote odontoblastic differentiation
in MDPC-23 cells by targeting adenomatous polyposis coli
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and activating Wnt/p3-catenin signaling, through the accu-
mulation of B-catenin (27). In the present study, the roles of
Wnt/B-catenin signaling during osteoblastic differentiation
were investigated in PDLSCs. The present results suggested
that miR-214 may regulate the expression of f-catenin
through the direct interaction with the 3'-UTR of CTNNBI.
Furthermore, a TOPflash/FOPflash reporter luciferase assay
was used to investigate the Wnt/B-catenin-dependent tran-
scriptional activity of the TCF4 gene, and results suggested
a significant association between miR-214 expression and
Wnt/B-catenin signaling activity.

In conclusion, the present results suggested that miR-214
may regulate the Wnt/f3-catenin signaling pathway by targeting
CTNNBI, thus participating in the mechanisms underlying
PDLSC differentiation. The present findings provide valuable
insight into the molecular mechanisms underlying the complex
processes of PDLSC osteoblastic differentiation.
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