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Abstract
Background: Identifying the factors affecting osteoblast differentiation of peri-
odontal ligament cells (PDLCs) can help enhance the regeneration of periodontal
tissue. LncRNA plasmacytoma variant translocation 1 (lncPVT1) is an important
regulatory factor involved in many biological processes, but its role in osteogen-
esis remains unclear.
Methods: Expressions of osteogenic markers were detected by quantitative
reverse transcription polymerase chain reaction andWestern blot analysis. Alka-
line phosphatase staining was conducted for early osteoblast differentiation and
alizarin red S staining was used for mineral deposition. RNA sequencing was
used to identify the miRNAs regulated by lncPVT1 during osteogenesis. Cell
transfection was used to overexpress or knockdown lncPVT1 and miR-10a-5p.
Dual luciferase reporter assays were conducted to analyze the binding of miR-
10a-5p to brain-derived neurotrophic factor (BDNF).
Results: LncPVT1 was significantly increased during osteogenic induction of
PDLCs. Overexpression of lncPVT1 promoted osteogenesis, whereas lncPVT1
knockdown inhibited this process. RNA sequencing showed that miR-10a-5p
expressionwas significantly increased after lncPVT1 knockdown. RNA immuno-
precipitation assay further demonstrated the binding potential of lncPVT1 and
miR-10a-5p. MiR-10a-5p inhibited the osteogenesis of PDLCs, and partially
reversed the stimulatory effects of lncPVT1. Subsequently, we identified a pre-
dicted binding site for miR-10a-5p on BDNF and confirmed it using dual
luciferase reporter assays. Moreover, lncPVT1 upregulated the expression of
BDNF, whereas miR-10a-5p downregulated BDNF expression. BDNF promoted
osteogenesis and partially rescued the si-lncPVT1-mediated inhibition of PDLCs
osteogenic differentiation.
Conclusions: LncPVT1 positively regulated the osteogenic differentiation of
PDLCs via miR-10a-5p and BDNF. Our results provide a promising target for
enhancing the osteogenic potential of PDLCs.
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1 INTRODUCTION

Periodontal tissue defects are common and can lead to the
loss of teeth, as well as difficulty in future treatment.1,2
Effective periodontal tissue regeneration is an important
objective of periodontal treatment.3 Periodontal ligament
cells (PDLCs), which originate from the periodontal lig-
ament tissue, possess the self-renewal and multidirec-
tional differentiation abilities.4 PDLCs can form cemen-
tum/periodontal ligament-like structures, bone tissues,
periodontal ligaments, peripheral nerves, and blood ves-
sels in vivo.5,6 Compared with other sources of stem cells,
PDLCs are easier to obtain; thus, they are ideal seed
cells for periodontal tissue regeneration.7 However, the
osteogenic potential of PDLCs is affected by many factors,
including inflammation,8 aging,9 and hypoxia.10 There-
fore, identifying the factors affecting osteoblast differenti-
ation of PDLCs will help to improve the regeneration of
periodontal tissue.
Noncoding RNAs (ncRNAs) do not encode proteins,

but play important roles in the regulation of gene expres-
sion at multiple levels.11 Long noncoding RNAs (lncR-
NAs) are >200 nucleotides in length and regulate many
important physiological and pathological activities.12 In
recent years, the roles of lncRNAs in the differentiation
of stem cells have attracted attention.13 The regulatory
function of some lncRNAs in osteogenic differentiation
of dental tissue-derived stem cells have also been anno-
tated. Studies based on RNA sequencing (RNA-seq) have
found that many lncRNAs are differentially expressed dur-
ing osteogenic differentiation of periodontal ligament stem
cells (PDLSCs)14 and dental pulp stem cells.15 It has been
recognized that lncRNAs usually regulate osteogenesis by
interacting with miRNAs. For example, lncFER1L4 pro-
motes the osteogenic differentiation of human periodontal
ligament stromal cells by binding to miR-874-3p;16 a regu-
latory network composed of lncPCAT1/miR-106a-5p/E2F5
is involved in the osteogenic potential of PDLSCs;17 and
knockdown of lncMALAT1 attenuates lipopolysaccharide-
induced PDLC injury by regulating miR-769-5p.18 How-
ever, the functions and mechanisms of many other lncR-
NAs during osteogenesis of PDLCs remain unknown.
LncRNA plasmacytoma variant translocation 1

(lncPVT1) is an lncRNA (1.9 kb) that plays an impor-
tant regulatory role in the occurrence and development
of many diseases, including cancer,19 cardiovascular

disease,20 and immune diseases.21 However, its role in
osteogenesis remains unclear. We found that lncPVT1 was
continuously up-regulated during osteogenic differentia-
tion of PDLCs in previous RNA-seq results. Therefore, in
this study, the role of lncPVT1 in the osteoblast differenti-
ation of PDLCs was investigated. The finding could reveal
a new mechanism underlying the osteogenesis of PDLCs
and provide new insights into periodontal tissue and bone
regeneration.

2 MATERIALS ANDMETHODS

2.1 Cell culture and osteogenic
induction

PDLCs were isolated and cultured from healthy premolars
extracted for orthodontic reasons as described previously.22
The premolars were collected with the informed consent
of three donors. The experimental protocol was approved
by the Ethics Committee of Peking University School
of Stomatology (PKUSSIRB-201837096).PDLCs were cul-
tured in growth medium (GM) containing α-modified
Eagle’s medium* supplemented with 10% fetal bovine
serum* and 1% penicillin/streptomycin* in a humidified
5% CO2 atmosphere at 37◦C. The cells were passaged
using 0.25% trypsin* and expanded until passage four
for subsequent experiments. Human embryonic kidney
(HEK293T) cells were commercial purchased† and cul-
tured in Dulbecco’s modified Eagle’s medium* supple-
mented with 10% fetal bovine serum and 1% penicillin/
streptomycin.
Osteogenic differentiation of PDLCs was induced

using osteogenic induction medium (OM), compose
of standard GM supplemented with 100 nM dex-
amethasone, 200 μM L-ascorbic acid, and 10 mM
β-glycerophosphate‡.

* Gibco, Grand Island, NY.
* Gibco, Grand Island, NY.
* Gibco, Grand Island, NY.
* Gibco, Grand Island, NY.
†American Type Culture Collection, Manassas, VA.
* Gibco, Grand Island, NY.
‡ Sigma-Aldrich, St. Louis, MO.
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2.2 Generation of constructs

Full-length lncPVT1 cDNA was amplified and cloned into
the pQLL vector§; the resulting pQLL-lncPVT1 construct
was used for stable expression of lncPVT1.PDLCs were
infected with lentivirus containing pQLL-lncPVT1 or con-
trol vector. Puromycin was used to screen stably trans-
fected cells for further experiments.
Putative miR-10a-5p binding sites in brain-derived neu-

rotrophic factor (BDNF) were synthesized (wild-type and
mutant) and cloned downstream of the luciferase gene in
luciferase vectors.**

2.3 Transient cell transfection

RNA oligoribonucleotides including small-interfering
RNAs (siRNAs) targeting lncPVT1 (si-lncPVT1), miR-10a-
5p mimic, miR-10a-5p inhibitor, and the corresponding
negative control were purchased from a commercial
provider.†† The sequences are listed in Supplementary
Table S1 in the online Journal of Periodontology.
Transient transfection was conducted when cells

reached 70% to 80% confluence using the lipofectin medi-
ated method‡‡, in accordance with the manufacturer’s
instructions. RNA oligoribonucleotides were each trans-
fected at 100 nM; cells were harvested at specific time
points for subsequent experiments.

2.4 RNA-seq and bioinformatic analysis

PDLCs transfected with si-lncPVT1 or si-NCwere cultured
in six-well plates (1 × 105 cells) and osteogenic induc-
tion for 48 hours, then harvested for sequencing§§. Dif-
ferential gene expression analysis was performed using
the EBSeq package in the Bioconductor R program, as
previously described.23 Criteria for differentially expressed
miRNAs were statistical significance (P < 0.05) and
fold change >2.0. For a strict definition of differentially
expressed genes, geneswith normalized reads per kilo base
per million mapped reads ≥1 in at least one sample were
used for the analysis. The enriched Gene Ontology (GO)
terms ranked by P-value were determined. Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway analysis
was performed to determine the functions of co-expressed
genes in various biological pathways.

§ HanBio. Co., Shanghai, China.
** Integrated Biotech Solutions Co., Shanghai, China.
††GenePharma Co., Shanghai, China.
‡‡ Invitrogen, Grand Island, NY.
§§ BGI Co., Wuhan, China.

2.5 RNA extraction and quantitative
reverse-transcription polymerase chain
reaction (qRT-PCR)

PDLCs were seeded into the six-well plates (1 × 105 cells).
Total RNA was extracted using TRIzol reagent.‡‡ Reverse
transcription was performed using a cDNA Reverse Tran-
scription Kit*** with 1 μg of total RNA. miRNAs were
reverse-transcribed using a specific RT primer.††† qRT-
PCR was performed using SYBR Green Master Mix on
the ABI Prism 7500 Real-Time PCR System. Glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) was used as
the endogenous control for mRNAs and lncPVT1, whereas
U6 was used as the endogenous control for miRNAs. The
primers are listed in Supplementary Table S2 in the online
Journal of Periodontology. The 2–ΔΔCT method was used to
analyze the relative gene expression.

2.6 Western blot analysis

PDLCs were seeded into the six-well plates (1 × 105
cells) and lysed with radioimmunoprecipitation assay lysis
buffer containing 1.0 mM protease inhibitor cocktail to
extract total protein. Equal quantities of total protein
extracts were separated by 12% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis, then electroblotted
onto polyvinylidene difluoride membranes. The mem-
branes were blocked and incubated with primary antibod-
ies overnight at 4◦C (β-Actin‡‡‡ [1:2500] and RUNX2‡‡‡
[1:1000]) then incubatedwith the corresponding secondary
antibodies‡‡‡ (1:10,000). ImageJ software (http://rsb.info.
nih.gov/ij/) was used to quantify the band intensity. The
signal was normalized to β-Actin.

2.7 Alkaline phosphatase (ALP)
staining and activity

An NBT/BCIP staining kit§§§ was used to perform ALP
staining. PDLCs (5 × 104) were seeded into the 12-well
plates and osteogenic induction for 7 days. Then the cells
were fixed in 4% polyoxymethylene for 10 minutes and
stained for ALP.

‡‡ Invitrogen, Grand Island, NY.
*** Takara, Tokyo, Japan.
†††RiboBio, Guangzhou, China.
‡‡‡Abcam, Cambridge, UK.
‡‡‡Abcam, Cambridge, UK.
‡‡‡Abcam, Cambridge, UK.
§§§ CoWin Biotech, Beijing, China.

http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/
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ALP activity was analyzed using an ALP activity colori-
metric assay kit.§§§ The cultured cells were washed with
phosphate-buffered saline (PBS), lysed with 1% Triton X-
100, and scraped into distilled water. The absorbance was
detected at 405 nm using p-nitrophenyl phosphate as the
substrate. Total protein concentrations were determined
by the bicinchoninic acidmethod****. ALP activity was cal-
culated from the absorbance levels relative to the protein
concentration.

2.8 Alizarin red S (ARS) staining and
quantification

Mineralized nodule formation was determined by ARS
staining. PDLCs (5 × 104) were seeded into the 12-
well plates. After osteogenic induction for 14 days, cells
were fixed in 4% polyoxymethylene for 10 minutes and
washed with distilled water, then stained with 0.1% ARS
(pH = 4.2)‡ for 20 minutes. For quantitative assessment of
themineralized nodules, the stain was dissolved with 1mL
10% cetylpyridinium chloride‡ for 1 hour, then quantified
by spectrophotometric absorbance at 570 nm. ARS inten-
sity was normalized to the total protein concentration.

2.9 RNA immunoprecipitation (RIP)
assay

AnRNA-binding protein immunoprecipitation kit†††† was
used to determine the relationship between lncPVT1 and
miR-10a-5p, according to the manufacturer’s instructions.
Antibodies used for the RIP assay included anti-Ago2‡‡‡
and control IgG††††. The coprecipitated RNAs were used
for cDNA synthesis and evaluated via qRT-PCR.

2.10 Dual luciferase reporter assay

Luciferase assays were performed as described
previously.24 Briefly, 40 ng of BDNF luciferase reporter
plasmid was transfected into HEK293T cells with 10 pmol
miR-NC or miR-10a-5p mimic. After cells had been incu-
bated for 24 hours, they were washedwith PBS and protein
extracts were collected with 1x passive lysis buffer. Then
Renilla and Firefly luciferase activities were measured

§§§ CoWin Biotech, Beijing, China.
**** Thermo Fisher Scientific, Rockford, IL.
‡ Sigma-Aldrich, St. Louis, MO.
‡ Sigma-Aldrich, St. Louis, MO.
††††Millipore, Billerica, MA.
‡‡‡Abcam, Cambridge, UK.
††††Millipore, Billerica, MA.

using the dual luciferase reporter assay system‡‡‡‡. The
light intensity from Renilla luciferase was normalized to
the light intensity from Firefly luciferase, then expressed
as fold-induction relative to basal activity.

2.11 Enzyme-linked immunosorbent
assay (ELISA)

The protein level of BDNF in the culture supernatants
was determined using an ELISA kit§§§§. Briefly, the
cell culture supernatants were collected and added to
ELISA plates that had been coated with a primary anti-
body against human BDNF. After the plates had been
incubated for 2 hours, they were washed four times.
Then, plates were incubated with secondary antibodies
for 1 hour. Horseradish peroxidase-conjugated strepta-
vidin was added, followed by the addition of 3,3′,5,5′-
tetramethylbenzidine substrate solution. Finally, the stop
solution was added to terminate the reaction. The optical
density was detected at 450 nm.

2.12 Statistical analysis

SPSS version 16.0 software***** was used for statistical anal-
ysis. All data are expressed as the means± standard devia-
tions of at least three independent experiments. Student’s
t-testwas used to analyze differences between groups.One-
way analysis of variance was used to analyze differences
among multiple groups. A two-tailed value of P< 0.05 was
considered statistically significant.

3 RESULTS

3.1 LncPVT1 was upregulated during
osteoblast differentiation of PDLCs

After osteogenic induction for 0, 3, 7, and 14 days, mRNA
expression levels of ALP, RUNX2, and OCN were signif-
icantly increased during osteogenic induction, indicating
the successful induction of PDLCs to undergo osteoblast
differentiation (Figure 1A). Dynamic expression profiles of
lncPVT1 in PDLCs were then detected during osteogenic
induction. LncPVT1 was significantly upregulated during
osteogenic induction (Figure 1B). There were significant
positive correlations between lncPVT1 expression and the
expression levels of ALP, RUNX2, and OCN (Figure 1C),

‡‡‡‡ Promega, Beijing, China.
§§§§ Proteintech, Beijing, China.
***** SPSS, Chicago, IL.
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F IGURE 1 Expression pattern of lncPVT1
during osteogenic differentiation of PDLCs. (A)
Relative mRNA expression of the osteogenic
markers ALP, RUNX2 and OCN at 0, 3, 7, and 14
days of osteogenic induction as determined by
qRT-PCR analysis. GAPDH was used as an
internal control, relative to day 0 groups. (B)
Relative expression of lncPVT1 during osteogenic
differentiation of PDLCs at the indicated time
points. (C) Correlation analyses were performed
between lncPVT1 levels and ALP, RUNX2, and
OCN mRNA levels during osteogenic
differentiation. Results are presented as mean ±
SD (*P < 0.05, †P < 0.01). GAPDH,
glyceraldehyde 3-phosphate dehydrogenase;
ALP, alkaline phosphatase; RUNX2, Runt-related
transcription factor 2; OCN, osteocalcin

suggesting that lncPVT1 is involved in the osteoblast dif-
ferentiation of PDLCs.

3.2 LncPVT1 promoted osteogenic
differentiation of PDLCs

To determine the function of lncPVT1 in the osteoblast dif-
ferentiation of PDLCs, lncPVT1 was overexpressed using
the pQLL-lncPVT1 vector and knocked down using si-
lncPVT1. qRT-PCR analysis confirmed that the expression
of lncPVT1 was knocked down by ≈50% in knockdown

group and increased by ≈ 10-fold in overexpression group
(Figure 2A, 2B). After osteogenic induction for 48 hours,
qRT-PCRanalysis indicated that themRNAexpression lev-
els of ALP, RUNX2, and OCNwere significantly decreased
in the lncPVT1 knockdown group (Figure 2A) and signifi-
cantly increased in the overexpression group (Figure 2B).
Western blotting revealed that the protein level of RUNX2
was decreased in the knockdown group and increased
in the overexpression group (Figure 2C, 2D). Following
osteogenic induction for 7 days, ALP staining and activity
were decreased with lncPVT1 knockdown and increased
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F IGURE 2 LncPVT1 promoted the
osteogenic differentiation of PDLCs. (A)
Efficiency of transient transduction of
si-lncPVT1 and relative mRNA expression of
ALP, RUNX2 and OCN measured by
qRT-PCR at day 3 of osteogenic induction.
GAPDH was used for normalization, relative
to si-NC groups. (B) Overexpression
efficiency of pQLL-lncPVT1 and relative
mRNA expression of ALP, RUNX2, and OCN.
GAPDH was used for normalization, relative
to NC groups. (C, D) Western blot analysis of
protein expression of RUNX2 and the internal
control β-Actin at day 3 of osteogenic
induction. Histograms show the
quantification of band intensities. β-Actin
was used for normalization, relative to si-NC
or NC groups. (E) Left: Images of ALP
staining on day 7 of osteogenic differentiation
and ARS staining on day 14 of osteogenic
differentiation in the si-lncPVT1 groups,
over-lncPVT1 groups and corresponding
control groups. Right: Histograms of ALP
activity and quantification of ARS staining by
spectrophotometry. Normalized to the si-NC
or NC groups. Scale bar, 100 μm (*P < 0.05;
†P < 0.01). si-NC, negative control for siRNA;
si-lncPVT1, siRNA targeting lncPVT1; NC,
negative control for pQLL-lncPVT1;
over-lncPVT1, cells were transfected with a
vector expressing lncPVT1 (pQLL-lncPVT1)
to overexpression of lncPVT1; ARS, Alizarin
Red S

with lncPVT1 overexpression. After osteogenic induction
for 14 days, the intensity of ARS staining showed a similar
trend, indicating that the matrix mineralization of PDLCs
was regulated by lncPVT1 (Figure 2E).

3.3 MiR-10a-5p was a target miRNA of
lncPVT1

To identify target miRNAs regulated by lncPVT1 during
osteogenesis of PDLCs, we detected the expression pat-

terns of miRNAs after lncPVT1 knockdown by RNA-seq.
Figure 3A presents a heatmap showing themiRNAexpres-
sion profiles. Compared to the control group, 29 miRNAs
were upregulated and 15 miRNAs were downregulated
after lncPVT1 knockdown. The expression levels of five
differentially expressed miRNAs were validated by qRT-
PCR; the results were consistent between the qRT-PCR
and RNA-seq analyses (Figure 3B). KEGG pathway anal-
ysis showed that the co-expressed genes of the differen-
tially expressed miRNAs were associated with metabolic
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F IGURE 3 Mir-10a-5p was a target miRNA of lncPVT1. (A) Overall expression profiles of miRNAs in si-NC and si-lncPVT1 groups were
presented by a heat map. (B) The relative expression of miR-10a-5p, miR-148-3p, miR-200b-3p, miR-375-3p, and miR-409-5p was consistent
between qRT-PCR and RNA sequencing. (C) KEGG pathway analysis showed the related mRNAs were enriched in the metabolic pathways.
(D) Enriched GO terms of the host genes of differentially expressed miRNAs. (E) RIP assay results showed the enrichment of lncPVT1 and
miR-10a-5p using qRT-PCR in Ago2 protein pulldown samples. (F) The relative expression of miR-10a-5p when lncPVT1 was overexpressed or
knocked down. U6 was used as an internal control, relative to the si-NC or NC groups. (G) Dynamic expression profile of miR-10a-5p in
PDLCs at 0, 3, 7, and 14 days of osteogenic induction. Normalized to the day 0 groups. (H) Correlation analyses between miR-10a-5p levels
and lncPVT1 levels during osteogenic induction (*P < 0.05; †P < 0.01). KEGG pathway, Kyoto Encyclopedia of Genes and Genomes pathway
analysis; GO, Gene Ontology
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pathways (Figure 3C). GO analysis showed that the host
genes of the differentially expressed miRNAs were asso-
ciated with cell differentiation and protein transport or
phosphorylation (Figure 3D). The RIP assay showed that
the Ago2 antibody was able to pull down both endoge-
nous lncPVT1 and miR-10a-5p (Figure 3E), validating the
binding potential of lncPVT1 and miR-10a-5p. The qRT-
PCR results of the RIP assay were also confirmed by elec-
trophoresis (see Supplementary Figure S1 in online Jour-
nal of Periodontology). Furthermore, qRT-PCR analysis
showed that miR-10a-5p expression was increased after
knockdown of lncPVT1 and decreased after overexpression
of lncPVT1 (Figure 3F). Besides, miR-10a-5p expression
was also gradually decreased during osteogenic induction
(Figure 3G), and there was a negative correlation between
miR-10a-5p and lncPVT1 expression during osteogenesis
(Figure 3H).

3.4 MiR-10a-5p inhibited osteoblast
differentiation of PDLCs

To determine whether miR-10a-5p was involved in the
osteogenesis process, transient transfection was con-
ducted to overexpress or knockdown miR-10a-5p. qRT-
PCR showed that miR-10a-5p expression was increased by
≈ 70,000-fold in the overexpression group and knocked
down by >99% in the knockdown group (Figure 4A).
Western blotting confirmed that overexpression of miR-
10a-5p decreased the protein level of RUNX2, whereas
knockdown of miR-10a-5p increased RUNX2expression
(Figure 4B). mRNA expression levels of the osteogenic
markers ALP, RUNX2, and OCN were decreased in the
miR-10a-5p overexpression group and increased in the
knockdown group (Figure 4C). ALP staining and activity
were significantly decreased when miR-10a-5p was over-
expressed and increased when miR-10a-5p was knocked
down.Matrixmineralization of PDLCs also showed a simi-
lar trend as determined byARS staining (Figure 4D). These
results suggest that miR-10a-5p inhibited the osteogenesis
of PDLCs.

3.5 MiR-10a-5p partially blocked the
pro-osteogenic function of lncPVT1

To further confirm whether lncPVT1 mediated osteogenic
differentiation of PDLCs by regulating miR-10a-5p, we
transfected miR-10a-5p mimic or inhibitor into PDLCs
stably overexpressing lncPVT1 and undergo osteogenic
induction. The miR-10a-5p mimic partially blocked the
upregulation of ALP, RUNX2, and OCN expression by
lncPVT1, whereas the miR-10a-5p inhibitor further pro-

moted the upregulation of these genes (Figure 5A). More-
over, the miR-10a-5p mimic partially reversed the abil-
ity of lncPVT1 to promote the osteoblast differentiation
of PDLCs, whereas the miR-10a-5p inhibitor further pro-
moted this phenomenon, as revealed by ALP and ARS
staining (Figure 5B).

3.6 BDNF was regulated by
lncPVT1/miR-10a-5p

To uncover the downstream molecular mechanism con-
tributing to lnc-PVT1/miR-10a-5p-mediated regulation
of osteogenesis, we used target-prediction algorithms
(miRanda and TargetScan software) to identify poten-
tial targets of miR-10a-5p. Notably, we found that the 3′-
untranslated region (UTR) region of the osteogenic gene
BDNF contained miR-10a-5p binding sites (Figure 6A).
Next, we constructed two types of luciferase reporters for
BDNF: the wild-type reporter contained the wild-type 3′-
UTR of BDNF, whereas the mutant reporter contained
a 3′-UTR with a mutated miR-10a-5p binding site. The
miR-10a-5p mimic remarkably decreased luciferase activ-
ity in the wild-type group; this reduced activity was not
observed when the 3′-UTR was mutated (Figure 6B). In
addition, qRT-PCR analysis showed that the overexpres-
sion of lncPVT1 or knockdown of miR-10a-5p increased
mRNA expression levels of BDNF, whereas knockdown
of lncPVT1 or overexpression of miR-10a-5p decreased
mRNA expression levels of BDNF. Moreover, there were
no significant changes in BDNF expression when miR-
10a-5p and lncPVT1 were overexpressed or knocked down
simultaneously (Figure 6C). ELISA analysis revealed that
protein levels of BDNF showed a similar trend (Fig-
ure 6D), confirming that BDNF is regulated by lncPVT1/
miR-10a-5p.

3.7 BDNF promoted o steoblast
differentiation of PDLCs and partially
rescued the si-lncPVT1-mediated
inhibition of osteogenesis

The expression pattern of BDNF during osteogenic differ-
entiation of PDLCs was detected by qRT-PCR and ELISA.
The results showed that BDNF was gradually upregulated
during osteogenic induction (see Supplementary Figure
S2 in online Journal of Periodontology). To further verify
the effect of BDNF on osteogenic differentiation of PDLCs,
various concentrations of BDNF were added to the culture
medium to induce osteogenesis. qRT-PCR results showed
that BDNF could significantly increase the expression
levels of ALP, RUNX2, and OCN (Figure 6E).Western blot-
ting showed that protein levels of RUNX2 were increased
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F IGURE 4 MiR-10a-5p inhibited osteogenic differentiation of PDLCs. (A) qRT-PCR confirmed the efficiency of transient transduction
of miR-10a-5p mimic and inhibitor. U6 was used for normalization, relative to miR-NC or inhibitor-NC groups. (B) Western blot analysis of
protein expression of RUNX2 and the internal control β-Actin at day 3 of osteogenic induction. (C) Relative mRNA expression of ALP, RUNX2
and OCN measured by qRT-PCR at day 3 of osteogenic induction. GAPDH was used for normalization. (D) Left: Images of ALP staining at
day 7 of osteogenic differentiation and ARS staining at day 14 of osteogenic differentiation in the miR-10a-5p mimic groups, miR-10a-5p
inhibitor groups and corresponding control groups. Right: Histograms show ALP activity and quantification of ARS staining by
spectrophotometry. Normalized to the miR-NC or inhibitor-NC groups. Scale bar, 100 μm (*P < 0.05; †P < 0.01)
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F IGURE 5 MiR-10a-5p partially blocked the pro-osteogenic function of lncPVT1. (A) qRT-PCR showed the relative expression of
osteogenic markers ALP, RUNX2, and OCN in PDLCs co-transfected with pQLL-lncPVT1 with or without miR-10a-5p. (B) Left: Images of
ALP staining on day 7 of osteogenic differentiation and ARS staining on day 14 of osteogenic differentiation in the NC groups, lncPVT1
overexpression groups, co-transfected with pQLL-lncPVT1 and miR-10a-5p mimic group and co-transfected with pQLL-lncPVT1 and
miR-10a-5p inhibitor groups. Right: Histograms show ALP activity and quantification of ARS staining by spectrophotometry. Scale bar,
100 μm (*P < 0.05; †P < 0.01)

in BDNF-treated groups, and the inhibitory effect
of si-lncPVT1 on RUNX2 expression in PDLCs was par-
tially rescued by the addition of BDNF (Figure 6F). ALP
and ARS staining also showed that BDNF could promote
the osteogenic differentiation of PDLCs and 50 ng/mL
BDNF had a stronger effect. In addition, BDNF could
partially reverse the inhibitory effect of si-lncPVT1 on
osteogenesis (Figure 6G).

4 DISCUSSION

In this study, we demonstrated that lncPVT1 promotes
osteoblast differentiation of PDLCs. LncPVT1 was con-
tinuously upregulated during osteoblast differentiation
of PDLCs; its expression level was positively correlated
with the osteogenic markers, suggesting that lncPVT1 was
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F IGURE 6 BDNF was regulated by
lncPVT1/miR-10a-5p and partially rescued the
si-lncPVT1-mediated inhibitionof osteogenesis. (A)
Schematic diagram of the miR-10a-5p putative binding
site in WT and MU BDNF 3′-UTR. (B) Relative luciferase
activities of luciferase reporters containing WT or MU
BDNF 3′-UTR in HEK293T cells transfected with
miR-10a-5p mimic or miR-NC. (C) Quantification of
mRNA expression of BDNF measured by qRT-PCR.
GAPDHmRNA levels were used for normalization. (D)
Histograms showed the ELISA analysis results of BDNF
protein expression. (E) Relative mRNA expression of
osteogenic markers ALP, RUNX2 and OCN in PDLCs
cultured in GM, OM, OM with 50 ng/mL BDNF and OM
with 100 ng/mL BDNF. GAPDH was used for
normalization. (F) Western blot analysis of protein
expression of RUNX2 and the internal control β-Actin in
the above-mentioned groups. Histograms show the
quantification of band intensities. β-Actin was used for
normalization. (G) Images of ALP staining and ARS
staining. Histograms show ALP activity and
quantification of ARS staining by spectrophotometry.
Scale bar, 100 μm. (H) Schematic of pathways involved in
promoting PDLCs osteogenic differentiation by lncPVT1.
lncPVT1 relieved the negative regulation of miR-10a-5p
on BDNF and subsequently promoted osteogenesis
(*P < 0.05; †P < 0.01). GM, growth medium; OM,
osteogenic medium
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involved in osteoblast differentiation of PDLCs. Moreover,
overexpression of lncPVT1 promoted osteogenesis whereas
knockdown decreased the osteogenic potential of PDLCs.
LncRNAs are important molecules involved in the reg-
ulation of various cell activities,12 however, only a few
have been reported to participate in osteogenesis of den-
tal tissue-derived stem cells.16,25–27 LncPVT1 is a well-
identified lncRNA.28 Although its importance has been
widely studied in many diseases, including cancer, car-
diovascular disease and immune disease,19,28,29 its role
in osteogenesis has remained unclear. Here, we demon-
strated its positive regulatory effect on the osteogenesis of
PDLCs. Improving the osteogenic differentiation ability of
PDLCshas been the focus ofmany studies,30,31 our findings
may provide a new molecular target for promoting osteo-
genesis.
We showed that lncPVT1 promotes the osteoblast dif-

ferentiation of PDLCs by regulating miR-10a-5p.LncRNAs
and miRNAs are known to affect each other and
form a complex regulatory network that regulates gene
expression.32–35 LncPVT1 promotes the malignant behav-
ior of ovarian cancer cells by acting as an miR-370
sponge;36 its role as a molecular sponge of miR-26b is also
important in the progression of hyperglycemia-induced
collagen degradation.37 In this study, we analyzed differ-
entially expressed miRNAs in lncPVT1 knockdown and
control cells via RNA-seq. Bioinformatics analysis sug-
gested that lncPVT1 promoted the osteoblast differentia-
tion of PDLCs by binding to miR-10a-5p, which is involved
in cell proliferation,38 apoptosis,39 and the progression of
osteoarthritis and cancers.40,41 A previous study showed
that miR-10a-5p could inhibit the osteogenic differentia-
tion of bone mesenchymal stem cells (BMSCs).42 Here, we
revealed the binding potential of lncPVT1 and miR-10a-5p
using the RIP assay. Besides, miR-10a-5p was significantly
downregulated during osteogenesis and negatively corre-
lated with the expression level of lncPVT1. Using overex-
pression and knockdown experiments, we determined that
miR-10a-5p inhibited the osteoblastic differentiation of
PDLCs. Further,miR-10a-5p partially reversed the stimula-
tory effects of lncPVT1 on osteogenesis, indicating involve-
ment of the lncPVT1/miR-10a-5p regulatory network in the
osteogenic differentiation of PDLCs.
We showed that lncPVT1/miR-10a-5p regulates the

osteoblastic differentiation of PDLCs by targeting BDNF.
BDNF, a member of the neurotrophin family, was orig-
inally identified as a growth factor for neuronal cells
and was detected in both central and peripheral neuronal
tissue.43,44 Additionally, it is also synthesized and released
by non-neuronal cells, such as fibroblasts, osteoblasts, and
endothelial cells.45 The effect of BDNF on angiogenesis
and new bone formation in the process of fracture heal-
ing has been gradually clarified.46 Here, the 3′-UTR region

of BDNF was predicted to contain a putative miR-10a-5p
binding site.We confirmed that the overexpression ofmiR-
10a-5p significantly decreased luciferase reporter activity,
whereas mutation of the binding site efficiently rescued
the inhibitory effect of miR-10a-5p. Further, overexpres-
sion of lncPVT1 and knockdown of miR-10a-5p signifi-
cantly increased BDNF expression, whereas knockdown
of lncPVT1 and overexpression of miR-10a-5p decreased
BDNF expression. Moreover, when lncPVT1 and miR-
10a-5p were overexpressed simultaneously in PDLCs, the
expression of BDNF did not change significantly. These
results confirmed that BDNF was a downstream target of
lncPVT1/miR-10a-5p.
Besides, we found that treatment with BDNF increased

the osteogenic potential of PDLCs. A study based on
BMSCs reached a similar conclusion.47 However, the con-
centration that resulted in the strongest osteogenic abil-
ity in our study differed from that study; this may be
related to differences in stem cell sources. Further, we con-
firmed BDNF treatment partially rescued the inhibitory
effects of si-lncPVT1 on osteogenic differentiation, indi-
cating that lncPVT1/miR-10a-5p regulated the osteoblas-
tic differentiation of PDLCs by targeting BDNF. Previous
studies have found that neuropeptides can regulate bone
metabolism and promote osteogenesis by binding recep-
tors on bone cells; the nervous system can also indirectly
affect local bone metabolism by regulating blood flow.48,49
Neurotrophins are also expressed in human periodontal
tissue and may contribute to regeneration as well as inner-
vation of periodontal tissue through local autocrine and
paracrine pathways.50 Thus, lncPVT1 could be related to
the osteogenesis of PDLCs by affecting the expression of
BDNF, and might be involved in the remodeling of peri-
odontal tissue.
LncRNAs participate in gene expression regulation at

multiple levels and via precise regulatory networks. Other
mechanisms may be involved in the lncPVT1-mediated
osteogenesis. In this study, we focused on its regulation of
miR-10a-5p and BDNF, however, further studies are still
needed. In addition, subsequent animal experiments are
also necessary to verify the role of lncPVT1 in periodontal
tissue regeneration in vivo.

5 CONCLUSION

Our results suggest that lncPVT1promotes the
osteoblast differentiation of PDLCs. Mechanistically,
lncPVT1relieved the negative regulation of miR-10a-5p
on BDNF and subsequently promoted osteogenesis (Fig-
ure 6H). This regulatory network may provide a novel
approach to promote the osteogenic potential of PDLCs
and aid in periodontal regeneration.
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