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Abstract

The mineralization capability of cementoblasts is the foundation for repairing
orthodontic treatment-induced root resorption. It is essential to investigate the
regulatory mechanism of mineralization in cementoblasts under mechanical
compression to improve orthodontic therapy. Autophagy has a protective role in
maintaining cell homeostasis under environmental stress and was reported to be
involved in the mineralization process. Long noncoding RNAs are important reg-
ulators of biological processes, but their functions in compressed cementoblasts
during orthodontic tooth movement remain unclear. In this study, we showed that
compressive force downregulated the expression of mineralization-related mark-
ers. LincRNA-p21 was strongly enhanced by compressive force. Overexpression
of lincRNA-p21 downregulated the expression of mineralization-related mark-
ers, while knockdown of lincRNA-p21 reversed the compressive force-induced
decrease in mineralization. Furthermore, we found that autophagy was impeded
in compressed cementoblasts. Then, overexpression of lincRNA-p21 decreased
autophagic activity, while knockdown of lincRNA-p21 reversed the autophagic
process decreased by mechanical compression. However, the autophagy inhibitor
3-methyladenine abolished the lincRNA-p21 knockdown-promoted mineraliza-
tion, and the autophagy activator rapamycin rescued the mineralization inhib-
ited by lincRNA-p21 overexpression. Mechanistically, the direct binding between
lincRNA-p21 and FoxO3 blocked the expression of autophagy-related genes. In a
mouse orthodontic tooth movement model, knockdown of lincRNA-p21 rescued

Abbreviations: 3-MA, 3-methyladenine; CQ, chloroquine; DAPI, 4’,6-diamidino-2-phenylindole; FoxO, forkhead box O; Gapdh, glyceraldehyde-3-
phosphate dehydrogenase; GEO, Gene Expression Omnibus; KEGG, Kyoto Encyclopedia of Genes and Genomes; LC3, light chain 3; IncRNAs, long
noncoding RNAs; qRT-PCR, quantitative real-time polymerase chain reaction; Rapa, rapamycin; RIP, RNA immunoprecipitation; SD, standard

deviation; siRNA, small interfering RNA.
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1 | INTRODUCTION

External apical root resorption is one of the most fre-
quent complications secondary to orthodontic treatment.*
External apical root resorption has been reported to occur
in all orthodontic patients,” while approximately 5% of pa-
tients experience over 5 mm of root shortening.! However,
in the vast majority of patients, root shortening is slight
and does not lead to severe clinical consequences due to
the remineralization and cementogenesis of cemento-
blasts.> However, severe root resorption occurs when ce-
mentoblasts are incompetent.* Therefore, better insights
into how orthodontic force regulates the mineralization
capacity of cementoblasts are crucial for alleviating ex-
ternal apical root resorption during orthodontic tooth
movement.

The mechanosensitivity of cementoblasts has been
intensively reported.® It has been shown that mechani-
cal force can impair the mineralization capability of ce-
mentoblasts by suppressing mineralization-related gene
expression.® However, the underlying mechanism of how
mechanical force regulates mineralization capability in
cementoblasts remains unclear. Autophagy has been
gradually regarded as an essential protective role in main-
taining cell and tissue homeostasis under environmental
stress, such as starvation and mechanical force.”® Cells
subjected to stress can survive with autophagic degrada-
tion of misfolded proteins, nonfunctional organelles, and
intracellular pathogens.” Autophagy was reported to be
increased in periodontal ligament stem cells under com-
pressive force.'® In contrast, Teng reported that moderate
mechanical compression decreases the autophagic pro-
cess in skeletal muscle cells and leads to increased apop-
tosis.® Accumulating evidence suggests that autophagy in
osteoblasts is involved in mineralization and bone homeo-
stasis.'"'? However, no study has investigated the role of
autophagy in the mineralization capability of compressive
force-loaded cementoblasts.

Mammalian genomes encode thousands of long non-
coding RNAs (IncRNAs), which are >200 nucleotides, dis-
tributed in the cytoplasm and nuclei.”®> LncRNAs regulate
diverse cellular processes from normal development to
disease progression."* Emerging studies have reported that

the impeded autophagic process in cementoblasts, enhanced cementogenesis,
and alleviated orthodontic force-induced root resorption. Overall, compressive
force-induced lincRNA-p21 inhibits the mineralization capability of cemento-
blasts by impeding the autophagic process.

autophagy, biomechanical phenomena, cementogenesis, RNA, long noncoding, root resorption

IncRNAs participate in the regulation of different cells re-
sponding to environmental stress.>'* Lu et al. reported that
compressive force impeded the mineralization capability
of osteoblasts by downregulating IncRNA Dancr expres-
sion." Our previous study found that 57 IncRNAs showed
upregulated expression and 13 showed downregulated ex-
pression in cementoblasts subjected to mechanical stress,
indicating that IncRNAs may be involved in mechanical
compression-induced variations in cementoblast functions.’
LincRNA-p21, one of the IncRNAs with the strongest up-
regulation in expression, was identified as a transcriptional
repressor of the p53-dependent apoptotic response’® and
was reported to regulate glycolytic metabolism.'® However,
whether and how lincRNA-p21 is involved in the regulation
of cementogenesis needs further exploration.

Thus, in the present study, we performed in vivo and
in vitro experiments to investigate whether and how me-
chanical stress-induced lincRNA-p21 is involved in the
regulation of autophagy and cementogenesis during or-
thodontic tooth movement. Our results suggest potential
therapeutic targets for preventing severe orthodontic root
resorption.

2 | MATERIALS AND METHODS
2.1 | Animal experiments for orthodontic
tooth movement

The experimental protocol was reviewed and approved
by the Institutional Animal Care and Use Committee,
Peking University (LA2021076). And this study con-
formed with the ARRIVE 2.0 guidelines. We made
every effort to minimize the pain and stress that ani-
mals suffered in this trial. Healthy male C57BL/6 mice
(6 weeks old, Vital River Laboratory Animal Technology
Co., Beijing, China) weighing 20-25 g were used. Every
5 mice were maintained in a cage. The application of or-
thodontic force was modified on the basis of a previously
described method.'” In brief, after general anesthesia,
nickel-titanium coil springs were applied to connect the
maxillary right first molar and the incisors (Figure 1A),
and then, a force of 20 g was exerted continuously. To
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FIGURE 1 Orthodontic force led to root resorption in vivo, and compressive force upregulated lincRNA-p21 expression in vitro.

(A) A picture of the mouse orthodontic tooth movement model. (B) Representative HE staining and TRAP staining images (scale bar:

100 um). Representative immunohistochemical images of Ocn (scale bar: 50 um). (C) Schematic diagram showing the application

of compressive force. (D) Volcano plots of differentially expressed IncRNAs in compressed cementoblasts. (E) Relative expression of
lincRNA-p21 measured by RNA sequencing in compressed cementoblasts. (F) Relative lincRNA-p21 expression in cementoblasts subjected
to mechanical compression at 1.5 g/cm2 for different durations (0, 2, 4, 6, 8 and 12 h; *p < .05)

ensure the consistency of force magnitudes, all force
loading procedures were performed by the same experi-
menter. After 9 days, all mice were euthanized via over-
dose injection of sodium pentobarbital, and the maxillae
were harvested and immersed in 4% paraformaldehyde
for further experiments.

2.2 | Cell culture and pressure application
Immortalized mouse cementoblast-like cells were cul-
tured in Dulbecco's modified Eagle’s medium (Gibco,
Grand Island, New York, USA) containing 10% fetal
bovine serum (Gibco) and 1% penicillin/streptomycin
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(Invitrogen, Carlsbad, California, USA) at 37°C with 5%
CO,. The compressive force was exerted as described pre-
viously.” In brief, after reaching 80% confluency, the cell
layer was mechanically compressed using a glass cover
with an additional plastic bottle containing steel balls on
top (Figure 1C). An appropriate number of steel balls was
applied to exert a compressive force of 1.5 g/cm®.

2.3 | RNA sequencing and data analysis
The differentially expressed genes were identified as follows: (1)
fold change >1.5 or fold change <0.6667 and (2) false discovery
rate <0.05. Pathway analysis was used to assess the functions of
co-expressed genes based on the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database. Raw RNA-Seq experimental
data were uploaded to the Gene Expression Omnibus (GEO)
public database (Accession No. GSE116785).

2.4 | Plasmids, RNA oligoribonucleotides
and cell transfection

The lincRNA-p21 expression plasmid was constructed
using the pQLL vector by Qinglan Biotech Co. (Wuxi,
China) and named pQLL-lincRNA-p21. The pQLL vector
was used as a negative control (pQLL-NC).

Small interfering RNAs (siRNAs) against lincRNA-p21
(si-lincRNA-p21), siRNAs against FoxO3 (siFoxO3), and
scrambled control (siNC) were purchased from GenePharma
Co. (Shanghai, China).

The sequences of lincRNA-p21 and siRNAs are listed
in Table 1.

Lipofectamine 3000 (Invitrogen, Carlsbad, California,
USA) was utilized to perform the transfection of plasmids
and siRNAs, following the manufacturer's protocols. The
RNA extractions were performed 24 h later, and protein
extractions were performed 48 h later.

2.5 | Subcellular fractionation

Cytoplasmic and nuclear RNA were collected using a
Nuclei Isolation kit (Invent Biotechnologies) according to
the kit's manuals.

2.6 | RNA immunoprecipitation

RNA immunoprecipitation (RIP) was performed using
a BersinBioTM RIP Kit (BersinBio, China) following the
manufacturer's protocols. Briefly, cementoblasts were
harvested, washed, and lysed in ice-cold lysis buffer. After

TABLE 1 SiRNA sequences used for RNA knockdown

SiRNA sequence Sequence (5'—3")
Si NC (sense) UUCUCCGAACGUGUCACGUTT
Si NC (antisense) ACGUGACACGUUCGGAGAATT

SilincRNA-p21 1 (sense)
Si lincRNA-p21 1 (antisense)
SilincRNA-p21 2 (sense)
SilincRNA-p21 2 (antisense)
Si lincRNA-p21 3 (sense)
SilincRNA-p21 3 (antisense)

GCGAGAGCAUUGACACUUATT
UAAGUGUCAAUGCUCUCGCUA
GGUUCUGUCUGCACCUCAUTT
AUGAGGUGCAGACAGAACCCU
CCAGAACUGGAGCCAACAATT
UUGUUGGCUCCAGUUCUGGUC

Si FoxO3 1 (sense) GGCUCACUUUGUCCCAGAUTT
Si FoxO3 1 (antisense) AUCUGGGACAAAGUGAGCCTT
Si FoxO3 2 (sense) GCUCUUGGUGGAUCAUCAATT
Si FoxO3 2 (antisense) UUGAUGAUCCACCAAGAGCTT
Si FoxO3 3 (sense) GCCAGUCUAUGCAAACCCUTT
Si FoxO3 3 (antisense) AGGGUUUGCAUAGACUGGCTT

centrifugation, the supernatant was incubated with FoxO3
antibody or control IgG for 16 h at 4°C. Then, the mixture
was incubated with prepared protein A/G beads for 1 h
at 4°C. After that, the beads were washed, and protein-
ase K was used to remove proteins. After extraction and
purification, the RNA was subjected to quantitative real-
time polymerase chain reaction (QRT-PCR) analysis. The
antibodies used in RIP included FoxO3 (Cell Signaling
Technology, Beverly, MA) and IgG (BersinBio, China).

2.7 | Quantitative real-time polymerase
chain reaction

Cells were rinsed and harvested. TRIzol reagent
(Invitrogen) was used to extract total RNA as described in
the manufacturer's instructions. After that, the RNA was
reverse-transcribed into complementary DNA (cDNA)
using a PrimeScriptTM RT reagent Kit (TaKaRa, Tokyo,
Japan). QRT-PCR was performed using SYBR Green
Q-PCR Master Mix (Applied Biosystems, Foster City,
California, USA) on an ABI Prism 7500 Real-Time PCR
System (Applied Biosystems, Foster City, CA). The house-
keeping gene glyceraldehyde-3-phosphate dehydrogenase
(Gapdh) was used as the internal control. The relative
RNA expression level was calculated using the delta-delta
CT method. All primer pairs are listed in Table 2.

2.8 | Western blot

Cells were washed, harvested, and lysed in cold, freshly pre-
pared radioimmunoprecipitation assay buffer (RIPA, Thermo
Fisher Scientific, Waltham, MA) with a protease inhibitor
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TABLE 2 Primer sequences used for real-time quantitative
RT-PCR

qRT-PCR primer

name Primer sequence (5'—3')

Gapdh (forward) CAGGAGGCATTGCTGATGAT
Gapdh (reverse) GAAGGCTGGGGCTCATTT
lincRNA-p21 (forward) GACCAGAACTGGAGCCAACAA
lincRNA-p21 (reverse) CCAGAGGTGAACTGCCTTCC
Bsp (forward) AAAGTGAAGGAAAGCGACGA
Bsp (reverse) GTTCCTTCTGCACCTGCTTC

ACCCTGGCTGCGCTCTGTCTCT
GATGCGTTTGTAGGCGGTCTTCA

Ocn (forward)

Ocn (reverse)

Osx (forward) ATGGCGTCCTCTCTGCTTG
Osx (reverse) TGAAAGGTCAGCGTATGGCTT
Runx2 (forward) ATGCTTCATTCGCCTCACAAA
Runx2 (reverse) GCACTCACTGACTCGGTTGG

cocktail (Solarbio, Beijing, China). A BCA Protein Assay kit
(Solarbio, Beijing, China) was used to measure the protein
concentration. The samples (30 pg) were separated by 8%-15%
SDS-polyacrylamide gel electrophoresis and then transferred
onto polyvinylidene fluoride membranes (PVDF, Millipore,
USA) for immunoblotting. The membranes were blocked with
5% bovine serum albumin (BSA; Sigma-Aldrich, St. Louis,
MO) and incubated with a primary antibody at 4°C overnight.
The next day, the membranes were incubated with a second-
ary antibody for 1 h at room temperature. A chemilumines-
cence kit (Applygen, Beijing, China) was used to visualize the
protein bands. Antibodies were as described in Table S1.

2.9 | Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde at room
temperature for 15 min. Then, 0.1% Triton X-100 was
employed to permeabilize these cells for 15 min. After
that, the cells were blocked with 5% BSA and incubated
with a primary antibody at 4°C overnight. The next day,
a specified secondary antibody was applied at room tem-
perature for 1 h. The cell nuclei were counterstained
with 4’,6-diamidino-2-phenylindole (DAPI, Zhongshan
Goldenbridge Biotechnology Co.). A confocal imaging
system (Carl Zeiss, Jena, Germany) was used to capture
pictures. Antibodies were as described in Table S1.

2.10 | Lentivirus construction and
functional analysis in vitro and in vivo

Negative control ShRNA (5’-TTCTCCGAACGTGTCACG
T-3’) and specific ShRNA targeting lincRNA-p21 (5’-GCC

FASE‘BJOURNAL

CTTAGGAATCCCTGAAAG-3") were designed by Gene-
Pharma Co. (Shanghai, People's Republic of China).
Corresponding  lentiviruses (Lv-shNC and Lv-
shlincRNA-p21) were purchased from GenePharma.
Cementoblasts were seeded in six-well plates and infected
with Lv-shNC or Lv-shlincRNA-p21 following the manu-
facturer's instructions. qRT-PCR was performed to assess
the efficiency of these lentiviruses.

In the in vivo experiment, six mice were randomly
divided into two groups: Lv-shNC group (N = 3), Lv-
shlincRNA-p21 group (N = 3). Corresponding lentiviruses
were locally injected into the right maxillary first molar
regions of the mice every 3 days (3 x 10° transducing
units/mouse). At the 9th day, all animals were sacrificed.
Then, the total RNA in the right maxillary alveolar bone
was extracted, and qRT-PCR was performed to assess the
expression levels of lincRNA-p21.

211 | Micro-computed tomography
analyses

A high-resolution Inveon Micro-CT (Siemens, Munich,
Germany) was used to scan the maxillary specimens.
Three-dimensional data were reconstructed using the
Inveon Research Workplace 3.0 software (Siemens).

2.12 | Histology and eosin staining and
tartrate-resistant acid phosphatase staining

After decalcification in 10% ethylenediaminetetraacetic
acid (pH7.4) for 2 weeks, the maxillae samples were de-
hydrated and embedded in paraffin. Consecutive 5-pm
transverse sections of the maxillary first molar region
were obtained. The first investigator (Y. Yang), who en-
coded and allocated all sections, was the only one aware of
the group allocation and did not participate in the follow-
ing experiments. Then, after the sections were deparaffi-
nized, histology and eosin (H&E) staining was performed
following standard processes, and tartrate-resistant acid
phosphatase (TRAP) staining was conducted using an
acid phosphatase kit (387A-1KT; Sigma, USA) according
to the manufacturer's protocols.

2.13 | Immunohistochemical staining

After dewaxing and rehydration, slides were submerged in
citric unmasking solution at 95-98°C for 15 min for antigen
unmasking. After natural cooling, slides were immersed in
3% hydrogen peroxide for 10 min to quench endogenous
peroxidase activity. After that, the sections were blocked
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with 5% BSA for 1 h, followed by incubation with a primary
antibody at4°C overnight. After that, the slides were washed
with PBS, incubated with a secondary antibody (Zhongshan
Goldenbridge Biotechnology Co.) in a humidified chamber
at room temperature for 30 min. Then, diaminobenzidine
solution was applied to each section, and the sections were
monitored closely. Then, the sections were counterstained
with hematoxylin and dehydrated.

2.14 | Statistical analysis

All data are presented as the mean + standard deviation
(SD) from triplicate experiments and were analyzed with
GraphPad Prism 8.0 (GraphPad Software). Differences be-
tween the two groups were analyzed using Student's ¢-test.
In the case of three or more groups, single-factor analysis
of variance was employed. p values <.05 were set as the
threshold of statistical significance.

3 | RESULTS
3.1 | Orthodontic force inhibits
mineralization of cementoblasts in vivo

To investigate whether mechanical compressive force
could suppress the mineralization of cementoblasts,
we established an experimental animal model of tooth
movement (N = 5). The maxillary right first molar was
subjected to an orthodontic force (Figure 1A), and the
contralateral molar was set as the control tooth. Obvious
resorption lacunae and TRAP+osteoclasts were observed
on the compressed side of the periodontal tissue after
force loading (Figure 1B). In addition, the expression of
the mineralization-related protein Ocn decreased in the
cementoblasts on the compressed side (Figure 1B).

3.2 | LincRNA-p21 expression is
significantly upregulated in cementoblasts
subjected to compressive force

To investigate IncRNA expression in immortalized
mouse cementoblast-like cells under compressive force,
we performed RNA sequencing, and the data showed
that a total of 70 IncRNAs were differentially regulated
in the force group compared with the control group.
Among these IncRNAs, lincRNA-p21 showed strongly
upregulated expression (Figure 1D,E). To further study
the relationship of lincRNA-p21 expression and me-
chanical compression, we subjected cementoblasts to
1.5 g/cm2 of compression force for 0, 2, 4, 6, 8, or 12 h.

The results showed that the expression level of lincRNA-
p21 increased at all time points and reached a peak at
4 h (Figure 1F). After that, all durations for force load-
ing were set as 4 h.

3.3 | Knockdown of LincRNA-p21
reverses force-induced mineralization
suppression

To further link force-induced lincRNA-p21 expres-
sion to force-induced mineralization suppression,
we designed three different siRNA sequences for lin-
cRNA-p21, and the third siRNA sequence (silincRNA-
p21-3) was the most efficient, with 72.95% silencing
(Figure 2A), and was used in subsequent experiments.
We knocked down lincRNA-p21 in cementoblasts, and
the results from the western blot and qPCR assays re-
vealed that suppressing lincRNA-p21 led to increased
expression of mineralization markers (Figure 2C,E,
and Figure S1A). In addition, a pQLL vector was used
to construct a lincRNA-p21 overexpression plasmid,
and overexpressing lincRNA-p21 (144.01 times more
than the control group) downregulated mineralization
marker expression (Figure 2B,D,E, and Figure S1B),
suggesting that lincRNA-p21 is a key player in the min-
eralization of cementoblasts.

After these experiments, the cells were pretransfected
with si-lincRNA-p21 and then exposed to mechanical pres-
sure for 4 h, and the force-induced upregulated expression
of lincRNA-p21 was reversed (Figure 2F). The qPCR results
and western blot results showed that the downregulation of
mineralization marker expression under compressive force
was rescued by lincRNA-p21 knockdown (Figure 2F,G, and
Figure S1C), indicating that lincRNA-p21 participates in
force-induced mineralization suppression.

3.4 | LincRNA-p21 modulates
mineralization through autophagy under
compressive force

To dissect the mechanism by which mechanical pressure
induces lincRNA-p21 to suppress mineralization in ce-
mentoblasts, we investigated the autophagic process.

We first measured autophagic flux using a previously
reported approach.'® In this light chain 3 (LC3) turn-
over assay, autophagosome LC3-II was significantly
decreased in the force-loaded cementoblasts (Figure 3A
and Figure S1D). To distinguish between the inhibited
synthetic and enhanced degradative phases of autoph-
agy, we blocked autophagic degradation by the addition
of chloroquine (CQ), which neutralizes lysosomal and
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FIGURE 2 Knockdown of lincRNA-p21 rescued the mineralization capability of compressed cementoblasts. Cells were transfected
with lincRNA-p21 siRNA (si-lincRNA-p21) or lincRNA-p21 vector (pQLL-lincRNA-p21) to knock down or overexpress its expression. (A)
Relative lincRNA-p21 expression in cementoblasts after different siRNAs were transfected; *p < .05. (B) Relative lincRNA-p21 expression in
cementoblasts after pQLL-NC and pQLL-lincRNA-p21 were transfected; *p < .05. (C) Relative mineralization-related mRNA expression in
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groups (*p < .05). (E) Western blot analyses of the expression of Osx and Runx2 in the lincRNA-p21 knockdown and overexpression groups.
(F) Relative lincRNA-p21 and mineralization-related mRNA expression in compressed cementoblasts with lincRNA-p21 knockdown;

*p < .05. (G) Relative mineralization-related protein expression in compressed cementoblasts with lincRNA-p21 knockdown; *p < .05

vacuolar pH, and compared LC3-1I levels between the LC3-1I levels indicated that mechanical compressive
force-loaded cementoblasts and the control cemento-  force impairs autophagosome synthesis (Figure 3A and
blasts. Under this condition, the significant decrease in Figure S1D).
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To determine whether lincRNA-p21 participates in
autophagic regulation, we measured the levels of auto-
phagy markers after knocking down or overexpressing
lincRNA-p21. The expression of Beclin 1 and LC3-1I/ 1
increased when lincRNA-p21 was knocked down, and
these biomarkers decreased when lincRNA-p21 was over-
expressed (Figure 3B and Figure S1E,F). Another autoph-
agy marker, P62/SQSTM (P62), showed an opposite trend
after the expression of lincRNA-p21 was manipulated
(Figure 3B and Figure S1E,F). Moreover, immunofluo-
rescence staining demonstrated that LC3 aggregated in
cementoblasts when the expression of lincRNA-p21 was
inhibited (Figure 3C). LC3 puncta were significantly de-
creased after transfection with the pQLL-lincRNA-p21
vector (Figure 3C). Furthermore, to test the function of
lincRNA-p21 in autophagy, we used the LC3 turnover
assay described above in cementoblasts after lincRNA-p21
was knocked down or overexpressed. We found that over-
expressing lincRNA-p21 led to a similar pattern as force
loading, and knocking down lincRNA-p21 enhanced au-
tophagosome synthesis (Figure 3D and Figure S1G,H).

To further investigate whether lincRNA-p21 mediates
the autophagy of cementoblasts under mechanical pres-
sure, we utilized pretransfection with si-lincRNA-p21 to
reverse the force-induced upregulation of lincRNA-p21 ex-
pression. LncRNA interference reversed the force-induced
downregulation of Beclin 1 and LC3-II/I expression
(Figure 3E and Figure S2A). In addition, knockdown of
lincRNA-p21 alleviated the hindrance of mechanical pres-
sure on the degradation of p62 (Figure 3E and Figure S2A).
These results indicated that force-induced lincRNA-p21
impaired the autophagic process in cementoblasts.

To determine whether lincRNA-p21 modulates min-
eralization through autophagy, we treated cementoblasts
pretransfected with si-lincRNA-p21 with the autophagy
inhibitor 3-methyladenine (3-MA), and the cementoblasts
pretransfected with pQLL-lincRNA-p21 were treated with
the autophagy activator rapamycin (Rapa). The increase in
mineralization markers induced by lincRNA-p21 knock-
down was abolished by the autophagy inhibitor 3-MA,
and the lincRNA-p21-mediated suppression of mineral-
ization was partially relieved by the autophagy activator
Rapa (Figure 3F,G and Figure S2B,C).

Together, the results shown in Figure 3 suggest that
force-induced lincRNA-p21 inhibits mineralization by
impairing autophagy.

3.5 | LincRNA-p21 inhibits autophagy via
interaction with Fox03

To gain insight into the molecular mechanism of how
lincRNA-p21 impairs autophagy, we first examined the

distribution of this IncRNA using subcellular fractionation
gPCR. Over 98% of Malatl was distributed in the nucleus,
and approximately 60% of Gapdh was found in the cyto-
plasm (Figure 4A). These results suggested that cytoplas-
mic and nuclear distributions were clearly distinguished.
We found that over 80% of lincRNA-p21 was located in the
nucleus (Figure 4A), indicating that lincRNA-p21 plays a
biological role in transcriptional regulation or chromatin
interactions.'*

Pathway analysis of RNA sequencing data of the force-
loading cementoblasts demonstrated that the FoxO signal-
ing pathway was significantly affected under compressive
force (Figure 4B). Given that FoxO transcription factors
play a crucial role in autophagic regulation,” the interac-
tion probabilities of lincRNA-p21 and transcription factor
FoxO3 were calculated (http://pridb.gdcb.iastate.edu/RPISe
q/), and potential binding between lincRNA-p21 and FoxO3
was found (random forest [RF]: 0.7, support vector machine
[SVM]: 0.9; RF or SVM scores >0.5 were considered “pos-
itive”).?? Furthermore, to identify the probable binding
region between lincRNA-p21 and FoxO3, we applied the
CatRAPID online program (http://service.tartaglialab.com/
page/catrapid_group), an algorithm to facilitate the rapid
identification of protein-RNA interactions and domains
based on secondary structure, hydrogen bonding, and van
der Waals contributions.® CatRAPID is up to 89% accurate
for the prediction of protein-RNA interaction propensities
based on the ncRNA-protein interaction database NPinter
(http://service.tartaglialab.com/static_files/shared/docum
entation.html). This analysis demonstrated that the 51-102
protein residue region and the 2501 bp-2626 bp region of
lincRNA-p21 were the most likely to interact (Figure 4C,D).
Then, a RIP assay was performed in cementoblasts, and
significantly higher relative RNA binding was observed
between lincRNA-p21 and FoxO3 than IgG (Figure 4E),
consistent with prior CatRAPID prediction. These results
confirmed the direct binding between lincRNA-p21 and the
transcription factor FoxO3.

Furthermore, three different siRNAs for FoxO3 were de-
signed, and the first siRNA sequence (siFoxO3-1) was the
most efficient (85.37% was silenced, Figure 4F) and was used
in subsequent experiments. Knockdown of FoxO3 abolished
lincRNA-p21 knockdown-enhanced autophagy (Figure 4G
and Figure S2D), indicating that lincRNA-p21 modulates
autophagy by interfering with FoxO3.

3.6 | Knockdown of LincRNA-p21
enhances autophagy and mineralization
in vivo

To confirm all of the above in vitro cell experimental datain
the in vivo mouse tooth movement model, we established
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FIGURE 3 Compressive force-induced lincRNA-p21 inhibited mineralization by impeding autophagy. (A) Western blots of LC3 1 /1I
and GAPDH from compressed cementoblasts and control cells in the absence or presence of chloroquine (CQ, 20 pM for 4 h). (B) Western
blots of Beclinl, LC3 I /1II, and p62 in the lincRNA-p21 knockdown and overexpression groups. (C) Pictures of LC3 immunofluorescence
staining. Scale bar: 50 pm. (D) Western blots of LC3 I /Il and Gapdh from the lincRNA-p21 knockdown and overexpression cementoblasts
in the absence or presence of CQ (20 uM for 4 h). (E) Western blots of Beclinl, LC3 I /II, and p62 in compressed cementoblasts with the
lincRNA-p21 knockdown. (F) Western blots of Osx and Runx2 in lincRNA-p21 knockdown cementoblasts with or without 3-methyladenine
(3-MA, 0.15 mM for 24 h) treatment. (G) Western blots of Osx and Runx2 in lincRNA-p21-overexpressing cementoblasts with or without
rapamycin (Rapa, 5 pg/ml for 24 h) treatment
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FIGURE 4 LincRNA-p21 functions via the transcription factor FoxO3 in cementoblasts. (A) The expression level of lincRNA-p21 in
the subcellular fractions of cementoblasts with or without compressive force loading. (B) The top 15 enrichments in the pathway analysis
of differentially expressed genes in cementoblasts subjected to compressive force. (C) The interaction profile, which shows the protein
interaction score (Y axis) relative to the lincRNA-p21 RNA sequence (X axis), provides information about the IncRNA regions most likely
to be bound by the protein. (D) The FoxO3 protein (Y axis) and lincRNA-p21 RNA (X axis) regions predicted to interact are shown in

this heatmap. The red shades indicate the interaction score of the individual amino acid and nucleotide pairs. (E) RIP assays validating
lincRNA-p21 binding to FoxO3 (*p < .05). (F) Relative FoxO3 mRNA expression after different siRNAs were transfected; *p < .05.

(G) Western blots of Beclinl and LC3 I /Il in cementoblasts with both lincRNA-p21 and FoxO3 knockdown

a lentiviral infection system (Lv-shlincRNA-p21 and Lv- infected with Lv-shlincRNA-p21 compared with those
shNC) to interfere with lincRNA-p21. LincRNA-p21 ex-  infected with Lv-shNC (Figure 5A,B). Consistently, less
pression was significantly inhibited in the cementoblasts ~ lincRNA-p21 was detected in mice administrated with
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FIGURE 5 Lentiviral infection
system knocked down lincRNA-p21
both in vitro and in vivo. (A)
Representative images of GFP expression
in cementoblasts infected with Lv-
shNC and Lv-shlincRNA-p21. Scale

bar: 100 um. (B) Relative lincRNA-p21
expression after Lv-shlincRNA-p21 and
Lv-shNC infection in vitro (*p < .05).
(C) Relative lincRNA-p21 expression
after Lv-shlincRNA-p21 and Lv-shNC
injection in vivo (*p < .05). (D) Schedule
diagram of the animal experiment.
Orthodontic force was applied to mice
in two groups for nine days. Injection

of Lv-shNC or Lv-shlincRNA-p21 was
performed every three days. (E) The red
arrow shows the lentiviral injection site.

©

(F) The tooth movement distances in
Force + Lv-NC group and Force + Lv-
shlincRNA-p21 group (*p < .05)

(E)

Lv-shlincRNA-p21 (N = 3) compared with those treated
with Lv-shNC (N = 3, Figure 5C), suggesting that this len-
tiviral infection system functions well in vivo.

To further investigate the function of lincRNA-p21
in vivo, we randomly divided 15 mice into 3 groups:
control group (N = 5), force + Lv-shNC group (N = 5),
and force + Lv-shlincRNAp21 group (N = 5). The force-
loading approach was described above. The force + Lv-
shNC group and force + Lv-shlincRNAp21 group were
subjected to the corresponding lentiviral vectors by local
injection every 3 days (Figure 5D,E). All samples were har-
vested on the 9th day. These photos demonstrated the suc-
cessful mesial movement of the first molar (Figure 6A).
The tooth movement distances were significantly larger
in the force + Lv-shNC group (94.2 + 18.3 pm) than in
the force + Lv-shlincRNA-p21 group (63.6 + 17.4 um,
Figure 5F). H&E staining showed that orthodontic
force led to significant tooth resorption, and local Lv-
shlincRNA-p21 injection alleviated this injury, although
not to the levels detected in the control group (Figure 6A).
In addition, TRAP staining demonstrated the resorption
position more clearly, and less resorption was observed
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in the force + Lv-shlincRNAp21 group (Figure 6A).
Furthermore, the expression of the autophagy protein
LC3 and the mineralization marker Ocn decreased in the
cementoblasts after force loading, while the reduction in
lincRNA-p21 partially rescued autophagic dysfunction
and damaged mineralization (Figure 6B).

4 | DISCUSSION

The mineralization of cementoblasts plays an essential
role in cementum repair during orthodontic tooth move-
ment.® Past studies have shown that mineralization is
regulated by mechanical compression in osteoblasts** and
periodontal ligament cells.”> However, it remains unclear
whether and how mechanical force stimuli regulate min-
eralization in cementoblasts. The results presented herein
suggest a novel mechanism by which mechanical pressure
impairs the mineralization capacity of cementoblasts by
upregulating lincRNA-p21 expression. First, lincRNA-
p21 expression was upregulated in cementoblasts under
mechanical pressure. Then, this increased lincRNA-p21
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FIGURE 6 Knockdown of
lincRNA-p21 alleviated root resorption
during orthodontic tooth movement.

(A) Pictures showing the successful
tooth movement. HE staining and TRAP
staining show root resorption. Scale

bar: 100 pm. (B) Immunohistochemical
staining of LC3 and Ocn. Scale bar: 50 pm
(C) Schematic diagram showing that
compressive force-induced lincRNA-p21
impedes autophagy-related gene
transcription by binding FoxO3 and
subsequently impairs mineralization in
cementoblasts

LMineraIization

expression blocked the expression of autophagy-associated
genes by interfering with the transcription factor FoxO3.
Finally, the impaired autophagic process reduced the
mineralization capacity of cementoblasts.

Recently, extensive sequencing data have demon-
strated that many IncRNAs are dysregulated in diverse
biological and pathological processes.”® However, few In-
cRNAs have been investigated to date. We analyzed the
RNA sequencing data of cementoblasts under compres-
sive force and found that lincRNA-p21 was one of the top
IncRNAs with upregulated expression.” Furthermore, we
found that lincRNA-p21 plays an inhibitory role in cemen-
togenesis. In addition, a growing number of studies have
shown the regulatory role and functional diversity of In-
cRNAs in mineralization; thus, IncRNAs are regarded as
potential therapeutic targets of disease progression.*”**
For example, IncRNA TUGI participates in the decreased
osteogenesis of bone marrow mesenchymal stem cells
after irradiation, and the knockdown of IncRNA TUG1
alleviates this pathological process.”® The present study

indicates that the inhibitory role of lincRNA-p21 in ce-
mentogenesis under compressive force provides a promis-
ing target to reduce orthodontic-induced tooth resorption.

Autophagy is an important endogenous protective
mechanism that maintains cell and tissue homeostasis
under environmental stress.”” Mechanical stress enhances
the autophagic process in nucleus pulposus cells,” and
periodontal ligament cells'® while inhibiting the auto-
phagic process in skeletal muscle cells.® Our study found
that mechanical stress impairs autophagy in cementoblasts.
This discrepancy in results can be attributed to differences
in cell types, force-loading approaches, or force magni-
tudes. In addition, many studies have indicated that auto-
phagic vacuoles could be utilized as vehicles in osteoblasts
to secrete apatite crystals, and defective autophagy results
in bone loss."! Accumulating evidence has shown that au-
tophagy is a potential therapeutic target for osteogenesis-
related diseases.” Considering that cementoblasts share
many characteristics with osteoblasts, we hypothesized
that autophagy is involved in cementogenic dysfunction in
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cementoblasts under compressive force. The present study
shows that autophagy plays an essential role in mineraliza-
tion, consistent with the previous studies.

Pastinvestigations have shown diverse cellular functions
and various mechanisms of lincRNA-p21. LincRNA-p21
can stabilize HIF-1a by disrupting the VHL-HIF-1a in-
teraction and promoting glycolysis.'® The interaction
of lincRNA-p21 with STAT3 transcriptionally impeded
STAT3-regulated downstream gene expression in head and
neck squamous cell carcinoma.”® However, whether and
how lincRNA-p21 is involved in cementogenic capacity
via autophagy under compressive force remains obscure.
Our findings demonstrated that compression-induced lin-
cRNA-p21 impedes the autophagic process in cemento-
blasts, which is not consistent with the results of a recent
finding that bilobalide-induced lincRNA-p21 promotes
autophagy in microglial cells.** These results indicate the
controversy over the role of lincRNA-p21 in autophagy in
various cell types and demonstrate that IncRNAs are com-
plex and have diverse functions.

To uncover the mechanism by which lincRNA-p21
regulates autophagy, we performed pathway analysis of
force-loaded cementoblast RNA sequencing data. The re-
sults indicate the possible regulatory role of the forkhead
box O (FoxO) signaling pathway in force-loading cemen-
toblasts. The present investigation confirmed the interac-
tion between lincRNA-p21 and FoxO3, one member of
the FoxO family. This transcription factor subfamily, in-
cluding FoxO1, FoxO3, FoxO4, and FoxO6, regulates cell
differentiation, metabolism, proliferation, and survival in
mammals.*® Previous studies have reported that FoxO3
enhances autophagy in other cells, including skeletal
muscle cells,34 mesenchymal stem cells,* hematopoietic
stem cells,* and developing hippocampal neurons.’” For
example, Mammucari et al. found that FoxO3 controls
the transcription of autophagy-related genes, and regu-
lates the effect of FoxO3 on autophagy in skeletal mus-
cle cells.* These findings are consistent with our results
that the knockdown of FoxO3 negated the autophagy pro-
moted by lincRNA-p21 deficiency. In contrast, Lin et al.
showed that downregulation of FoxO3 expression induces
the transcriptional activity of autophagy-related genes and
triggers the autophagic signaling pathway in liver tumor
tissue,*® indicating the complex role of FoxO3 in autoph-
agy in different tissues and physiological conditions.

Besides, lincRNA-p21 was reported to play a regulatory
role in the HIF-1 signaling pathway under hypoxia con-
ditions.'®*? The significant upregulation of the HIF-1 sig-
naling pathway was also demonstrated in our pathway
analysis (Figure 4B). The activation of the HIF-1 signal-
ing pathway is essential to maintain cell homeostasis and
metabolism in the event of oxygen deficiency. HIF-1 sig-
nal pathway increases oxygen availability by promoting

FASE‘BJOURNAL

angiogenesis and erythropoiesis.” And hypoxia was in-
duced by the force-loading method used in the present
study. Consistently, in vivo, local hypoxia is also induced
at the compressed side during orthodontic tooth move-
ment.*! Hypoxia and mechanical pressure play a syner-
gistic role throughout the orthodontic tooth movement. It
is difficult to completely distinguish the effects of these
two environmental stimuli. To better simulate the envi-
ronment at the compressed side during orthodontic tooth
movement, light force (1.5 g/cm?), and shorter loading
time (4 h) were used.

To confirm the role of lincRNA-p21 during orthodontic
tooth movement in an experimental model, lentiviral vec-
tors were administrated locally to inhibit the expression
of lincRNA-p21 during tooth movement. These results
showed knockdown of lincRNA-p21 relieved impeded
autophagic process, enhanced impaired cementogene-
sis, and alleviated force-induced root resorption partially.
However, a potential limitation is that local lentiviral ad-
ministration inhibited lincRNA-p21 expression in peri-
odontal ligament cells and osteoblasts of alveolar bone as
well, instead of cementoblasts only. This is a probable rea-
son why the knockdown of lincRNA-p21 inhibited ortho-
dontic tooth movement. Rapa, an autophagy inducer, was
also reported to increase bone density and slow down or-
thodontic tooth movement.'®*? This indicates the possible
regulatory role of lincRNA-p21 in the autophagy process
of periodontal ligament cells and osteoblasts. The under-
lying mechanisms remain for further investigations.

In conclusion, for the first time, we showed that lin-
cRNA-p21, induced by mechanical compression, de-
creases the autophagic process and subsequently impairs
the cementogenic process (Figure 6C). In addition, we
found that lincRNA-p21 sequesters FoxO3 from its target
autophagy-related genes by direct binding. Our study sug-
gests a novel mechanism of cementogenesis by IncRNAs
during orthodontic tooth movement.
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