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Abstract: Alveolar bone is the most active bone in the human skeleton. When stimulated by mechanical
tension, periodontal osteoblast-related cells play a role in alveolar bone remodeling. During bone
remodeling, non-coding RNAs (ncRNAs) actively participate in the regulation of osteogenesis, and
mainly include microRNA (miRNA), long-chain non-coding RNA (IncRNA), and circular
RNA(circRNA). This report aimed to review the current research of regulatory targets, pathways, and
functions of cells and ncRNAs that play an important role in the osteogenesis in periodontal tissues
when tension is applied.
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1. Introduction

Alveolar bone is the most active bone in the human skeleton, and remodeling of alveolar bone
includes bone absorption and generation. The dynamic balance between bone absorption and
generation maintains the current shape of alveolar bone, and also reshapes alveolar bone [1]. The
compression-tension theory is the most widely accepted theory of alveolar bone remodeling. According
to this theory, the movement of teeth against alveolar bone is a process that produces mechanical strain
that alveolar bone adapts to, and also produces slight, reversible damage to periodontal tissues.
Alveolar bone remodeling requires efficient and coordinated alveolar bone absorption and formation,
that is, a balance between the osteoblast and osteoclast activity [2].

The compression-tension theory suggests that under tension-pressure loading, mechanical signals
are transformed into chemical signals via stress receptors of cells that are sensitive to mechanical forces.
Within a few seconds after mechanical loading, the local stress on periodontal ligaments changes; the
blood flow velocity on the pressure side decreases and the cells become relatively hypoxic, while the
blood flow velocity of periodontal tissue on the tooth tension side remains unchanged or slightly
increases, and cellular oxygen is relatively enriched [3-5]. These changes cause the cells in periodontal
ligaments and alveolar bone to release prostaglandins and cytokines, such as interleukin (IL)-1b,
resulting in a series of remodeling reactions. The difference of microenvironment changes between the
tension and the pressure sides leads to the differences in chemical signals and cytokine secretion, which
causes the expressions of osteoblasts and osteoclasts to be different on the two sides.

Previous studies have shown that periodontal bone cells, osteoblasts, fibroblasts, periodontal
ligament stem cells (PDLSCs), and bone marrow mesenchymal stem cells (BMSCs) are sensitive to
mechanical stress, and all participate in periodontal remodeling caused by mechanical stimulation [6-8].
Therefore, many studies have explored the functions of these cells under the stimulation of different
mechanical forces, such as tension, pressure, vibration, and fluid shear force [9]. In the current study,
we focus on periodontal changes caused by tension, since tension can stimulate periodontal
osteogenesis activity and ensure the stable movement of teeth during remodeling of the periodontium.

As a result of advances in genetic technologies, such as microarray and high-throughput gene
sequencing, the important role of non-coding RNAs (ncRNASs) has been recognized. A ncRNA is an
RNA that is transcribed from genomic DNA, but does not have protein coding or translating functions.
Notably, ncRNAs account for about 98% of the whole genome. However, ncRNAs can regulate the
expression of target genes through interactions with proteins, DNA, RNA, and other molecules, and
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ncRNAs have biological functions at the epigenetic, transcription, and post-transcription levels. In the
periodontal cell model loaded with different mechanical forces, ncRNAs exhibit differential
expressions, suggesting that ncRNAs are involved in periodontal remodeling due to mechanical
stimulation. Studies suggest there is a precise and complex regulatory network that includes ncRNAs,
microRNAs (miRNAs), long-chain non-coding RNAs (IncRNAs), circular RNAs (circRNAs), and
mRNA(messenger RNASs), which is very important for the alveolar bone remodeling [10-12].

This report aims to review the current research in this field, examine the regulatory targets,
pathways, and functions of several periodontal cell types that play an important role in osteogenesis
under mechanical tension, and the role of ncRNAs in this process.

2. The effect of tension on ncRNAs and the mechanism of action

Osteoblasts and PDLSCs are mechanosensitive periodontal cells [10, 13-15]. They respond to
tension mainly through mechanical sensors on the cell surface, and begin mechanical transduction from
the inside out, or from the outside in. The receptors that respond to tension can be divided into two
types; proximal mechanoreceptors that include integrins, primary cilia, ion channels, and cytoskeleton,
and nuclear membrane proteins. Integrin is a heterogeneous dimer composed of a and B subunits,
which senses extracellular matrix stimulation in a non-covalent manner by binding with extracellular
ligands which results in a conformation change, and thus transmits a mechanical signal [16]. Talin and
kindlin are mechanosensitive adaptor proteins, which bind with the integrin cytoplasmic tail. Studies
have shown that when appropriate tension is applied, the two proteins synergistically increase the
binding energy and combine with integrins to form an active complex, and then mediate the
transformation of tension into intracellular chemical signals [17].

Primary cilia are microtubule-based organelles with unique lipids and unique receptors, which can
detect changes in the extracellular environment and transmit information to the cell [18]. Tension
causes local strain of primary cilia, resulting in the activation of specific proteins on the membrane
which trigger a calcium ion reaction. Piezol and TRPV are important mechanosensitive ion channels
that have been widely studied, and are composed of transmembrane proteins with complex structures.
They are highly sensitive to mechanical forces, and changes of cell membrane tension result in their
allowing an inflow of cations, and thus transforming a mechanical signal to a chemical signal [19, 20].

The cytoskeleton is a highly nonlinear intracellular network structure composed of actin fibers,
microtubules, and intermediate filaments. Mechanical forces cause cytoskeleton deformation and
recombination, which can stimulate other mechanical receptors on the cell membrane [21]. Studies
have shown that the transmission of mechanical signals from the cell surface to the nucleus depend on
transmission via the cytoskeleton and nuclear cytoskeleton, and the linker of nucleoskeleton and
cytoskeleton(LINC) complex is the bridge between the two signals [22]. The LINC complex is
connected with the SUN domain on the inner nuclear membrane through the nesprin domain on the
outer nuclear membrane [23-25], and transmits tension and shear signals and regulates gene expression
in the nucleus.

3. MiRNAs and osteogenesis under tension
3.1. Biological function of miRNAs

A miRNA is an evolutionarily conserved, non-coding small molecular RNA with a length of 21 to
23 nucleotides, and it has a number of functions. 1) It can bind with mRNA, and reduce the expression
level of corresponding genes. 2) It can be translated into polypeptide. A Pri-mRNA ( primary transcript
messenger RNAs)can be recognized as a mRNA by ribosomes when it enters the cytoplasm, and then is
translated into polypeptide. 3) It can bind with functional proteins. A miRNA can form RISC with AGO
protein complex, target mMRNA for degradation, and bind with other functional proteins to perform a
non-classical regulatory function. 4) It can regulate the mMRNA of mitochondrial related genes. A small
number of miRNA generally contain an mRNA that simultaneously regulates multiple mitochondrial-
related genes at the same time [26].

3.2. Regulation of miRNA during periodontal osteogenesis when tension is applied

Many miRNAs play a regulatory role in osteogenesis when stimulated by tension of periodontal
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tissues [27-30]. Osteogenic markers of PDLSCs are increased after 12 hours of stimulation by 10%
tension, and sequencing has shown that 26 miRNAs are up-regulated and 27 miRNAs are down-
regulated. The most widely studied miRNA, miR-21, exhibits differential changes under fluid shear
force and oscillation, but not under tension. The miRNA miR-21 promotes the osteogenesis of PDLSC
induced by tension by acting on the transmembrane serine/threonine receptor kinase ACVR2B [31],
which is an important part of TGF -B pathways, and affects the growth and differentiation of cells in
many biological processes. The miRNA miR-1246 has the highest expression level of all miRNAs in
PDLSCs stimulated by tension, and can activate the Wnt/B-catenin pathway by inhibiting the
production of GSK3p and Axin2. Gu et al. [32] used the Flexcell®FX5000 TM tension system to
culture human PDLSCs. Using RNA sequencing and real-time quantitative polymerase chain reaction
(PCR) the researchers identified a ceRNA (Competing endogenouse RNA) network of IncRNAs,
circRNAs, miRNAs, and mRNAs that involve the Wnt pathway, MAPK pathway, and signaling
pathways that regulate stem cell pluripotency. The results predicted that 744 mRNAs will bind with
148 common miRNAs. The miRNAs miRNA-34a and miRNA-146a have a unique and common target,
CELF3, which inhibits the osteogenic differentiation of PDLSCs under mechanical tension.

The periodontal ligament, located between teeth and alveolar bone, is the primary tissue that is
stimulated by periodontal tension. Periodontal ligament cells conduct mechanical tension, and
participate in the osteogenesis process induced by tension. Experiments have shown that periodontal
ligament cells cultured under tension have osteogenic differentiation ability, and produce osteogenic
related factors such as bone morphogenic protein (BMP)2, BMP6, alkaline phosphatase (ALP), and
osteocalcin (OCN).

Many studies utilize mechanical devices to guide PDLCs to differentiate into osteoblasts. High-
throughput sequencing showed that tension resulted in significant differences in the expression of 9
osteogenesis-related miRNAs, including miR-221-3p, miR-138-5p, miR-132-3p, miR-218-5p, miR-
133a-3p, miR-145-3p, miR-143-5p, miR-486-3p, and miR-21-3p. In addition, a rat tooth movement
experiment showed that there were significant changes in the expression of 6 of the 9 miRNAs. Chen et
al. [33] also established a periodontal ligament stress stimulation model, and identified the differential
expression of 818 mMRNAs and 32 miRNAs. Results of the study predicted that miR-195-5p, miR-424-
5p, miR-1297, miR-3607-5p, miR-145-5p, miR-4328, and miR-224-5p regulated osteogenic
differentiation most likely by down-regulating downstream target genes Other study has shown that
miR-195-5p down-regulates SMURF1 by targeting SMURF1 to activate the BMP-
2/SMAD/Akt/RUNX2 pathway. In addition, miR-424-5p can be adsorbed by IncRNA 00638 to activate
the FGFR1 pathway and promote osteogenesis. A comparison of the differential expression of
periodontal ligament cells between the compression side and the tension side showed that tension
inhibited miR-3198, and up-regulation of miR-3198 inhibited the production of osteoprotegerin (OPG).

Mesenchymal stem cells are the main cells responsible for osteogenesis. Liu et al. [34] used miRNA
chip detection technology to screen bone marrow mesenchymal stem cells subjected to stress, and
found that 9 mechanosensitive miRNAs were differentially expressed in the process of osteogenic
differentiation. The expressions of mMiR-326-5p and miR-34c-3p were up-regulated, while the
expressions of miR-30a, miR-188, miR-345, miR-29b, miR-324, miR-503-5p, and miR-351-3p were
down-regulated. Among them, miR-503-5p binds with the target gene SORBS1 to inhibit osteogenic
differentiation and bone formation during stimulation with tension. Li et al. showed that miR-326-5p is
involved in the positive regulation of osteoblast differentiation using estrogen receptor a (ERa) and
quercetin (QUE). MiR-21 is also involved in active osteogenic differentiation of bone marrow
mesenchymal cells, and some studies have shown that down-regulation of miR-21 might be regulated
by the INCRNA GAS5.[39]

Osteoblasts are the main functional cells of bone formation, and are responsible for the synthesis,
secretion, and mineralization of bone matrix. Morphological changes of osteoblasts occur when
stimulated by minimal force. The changes are usually accompanied by remodeling of the cytoskeleton
and extracellular matrix, and through which mechanical signals can be transmitted to the cells to
regulate bone formation and differentiation. Chen et al. reported that stimulation by a cyclic tensile
force enhances the osteogenic differentiation ability of osteoblasts, and leads to a decrease of miR138-
5p level. [11]

MACF1 is the key target of miR-138-5p, which results in activation of the B-catenin/TCF1-Runx2
pathway to promote osteogenic differentiation. The tension-sensitive miRNA -103a reduced the
expression of Runx2 protein by acting on the gene Runx2, and thus inhibited the differentiation and
bone formation of osteoblasts induced by tension.[10] The miRNA miR-214 has been shown to
regulate the proliferation, apoptosis, and osteogenesis of osteoblasts by inhibiting the expression of
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Sox4 in the blood of patients who have sustained a fracture, and thus participates in the process of
fracture healing.

4. LncRNAs and osteogenesis under tension

A IncRNA is a ncRNA with a length greater than 200 nt. Based on the position relative to adjacent
genes, IncRNAs can be divided into antisense IncRNAS, enhancer IncRNAs, intergenic IncCRNAs,
bidirectional IncRNAs, and intron IncRNAs.

4.1. Biological function of INCRNAs

A number of functions of IncRNAs have been identified. 1) Epigenetic regulation; INcRNAs can
recruit chromatin remodeling complex to mediate the silencing of some genes, and also can participate
in maintaining the stability of chromosome number. 2) Pre-transcriptional regulation; IncRNAs can
bind with transcription factors and inhibit mRNA transcription. 3) Post-transcriptional regulation;
IncRNAs can act as a "molecular sponge™ and absorb miRNAs, and can directly combine with mRNA
to degrade or inhibit mMRNA translation. They can also bind with protein to activate or inhibit protein
activity.

4.2. Regulation of IncRNAs during periodontal osteogenesis when tension is applied

The IncRNAs play a regulatory role in osteogenesis in periodontal tissue when stimulated by
appropriate tension [35-38]. Gu et al. found that there were 147 IncRNA expressed differentially in the
ceRNA network in tension-stimulated periodontal ligament stem cells. Among them, the IncRNAs
encoded as tcon_00212979 and tcon_00212984 can interact with miRNA34a and miRNAL146a, which
regulate the osteogenic differentiation of PDLSCs through the MAPK pathway [39]. When healthy and
inflammatory PDLSCs are subjected to 12% tension and cultured for 12 hours, the expression level of
INcRNA-XIST was increased significantly on the 7th day after osteogenic differentiation of healthy
PDLSCs. Another study showed that INCRNA-XIST can be used as a miRNA-214-3p sponge to
promote osteogenic differentiation of PDLSCs. As a sponge of miR-424-5p, IncRNA 00638 activates
the FGFR1 pathway and promotes osteogenesis in periodontal ligament cells when subjected to tension.
In addition, INcRNA GAS5 may inhibit the osteogenic differentiation of human BMSCs (hBMSCs) by
down-regulating the expression of miR-21. Study has shown that IncRNA H19 can act as a ceRNA of
miR-138, and induce osteogenesis by regulating hBMSCs tension [40]. Notably, IncRNA H19 and
miR-675 encoded by exon 1 can form a new pathway, H19/miR-675/TGF-B1/Smad3/HDAC, which
can regulate the osteogenic differentiation of BMSCs. Zhu et al. found that when 5% tension was
applied to BMSCs, the level of IncRNA-MEGS3 increased, which inhibited the expression of miR-140-
5p and thus promoted the osteogenic differentiation of BMSCs [41]. In addition, INCRNA-XIST acts as
a miR-29b-3p sponge in BMSCs, negatively regulates nicotinamide n-methyltransferase, and inhibits
the osteogenic differentiation of BMSCs.

5. Osteogenesis under tension and circRNAs
5.1. Biological function of circRNAs

The circRNAs are endogenous ncRNAs with a unique covalently closed ring structure. Although its
expression levels of most circRNAs is low, circRNAs play an active role in regulating physiological
and pathological processes. The circRNAs can regulate transcription, and protein and miRNA functions
in specific tissues through various mechanisms, and thus regulate gene expression. There are four main
functions of circRNAs in cells. 1) They can act as molecular sponge of miRNA by competitively
binding with miRNA, and thus indirectly regulate the transcription of downstream genes. 2) They can
bind with RNA binding protein (RBP) to form a RNA- protein complex (RPC), which targets and
regulates RNA. 3) When an internal ribosome entry site (IRES) is present, the modified circRNA can
be translated into a protein. 4) A few circRNAs have the ability to encode proteins [42].

5.2. Regulation of circRNAs during periodontal osteogenesis under tension

In periodontal tissues, circRNA play a regulatory role in osteogenesis when stimulated by
appropriate tension. In a periodontal ligament stem cell model stimulated by 10% tension, 1,382
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circRNAs were predicted to be differentially expressed. Among them, circRNA BANP and circRNA
ITCH can interact with miRNA34a and miRNA146a, and regulate the osteogenic differentiation of
PDLSCs through the MAPK pathway [32]. As a miR-7 inhibitor, the mechanosensitive circRNA
CDR1-AS triggers the up-regulation of GDF5 and subsequent phosphorylation of Smad1/5/8 and p38
MAPK, which then promotes the osteogenic differentiation of PDLSCs.

5.3. Research summary of circRNAs

Despite technological advances, the small amounts of circRNAs in cells and their structural stability
makes it hard to conduct extraction and detection experiments. In the current literature, a large number
of potential circRNAs were identified through a cell overexpression experiment and predictive
bioinformatics; however, only a few of them have been verified at the cellular level. There are very few
animal studies in which the osteogenic activity regulated by circRNAs when tension is applied has
been examined. There is currently no circRNA data set obtained using an animal model in the ncRNA
database shared on the internet. Since only the overall activities of cells can show physiological
activities, the differential changes of circRNAs obtained in an animal experiment have more
physiological meaning. Therefore, appropriate experimental animals and sampling methods should be
performed to increase the sample size and extraction rate. In addition, attention should be paid to the
sample environment and processing during sample extraction to minimize the decomposition of
NcRNAs.

Based on the current research of circRNAS, the circRNAS can regulate the gene transcription levels,
and gene expressions include transcription and protein synthesis. Therefore, research of circRNAs
should not be limited to the one-to-one relations of differential expressions of ceRNA after
overexpression. The circRNAS can be regarded as an upstream gene to predict and explore their coding
ability. They also can be regarded as an intermediate of transcriptome to perform correlation analysis
with proteome and metabolome. Theoretically, there should be a high correlation between the
transcriptome obtained from cells, tissues, or organs with the physiological state and protein data.
However, in many studies they are not related, or even negatively correlated, which indicates that there
are complex regulatory mechanisms that are in effect after transcription. Transcriptomics and
proteinomics are closely related in the upstream and downstream, and a certain researches are required
before metabolic researches are conducted.

6. Conclusion

In conclusion, when stimulated by mechanical tension, miRNAs, IncRNAs, and circRNAs are
important regulatory factors in alveolar bone osteogenic differentiation. The miRNAs usually act
directly on the target gene mMRNA, and IncRNAs can bind with the osteogenic target gene mRNA and
act as a ceRNA to competitively bind with miRNA, and thus regulate transcription level and post-
transcriptional level. The circRNAs act primarily as a ceRNA to competitively inhibit miRNA. They
form a precise and complex regulatory network comprised of InNCRNA-circRNA-MiRNA-mRNA,
which can promote and inhibit the osteogenic activities and differentiation of alveolar bone.

The expressions of ncRNA and mRNA in the same cells will be different under different degrees of
tension and the length of time the tension is applied, and the same ncRNAs may also exhibit different
regulatory levels in different cells, which indicates that the mechanical transduction reaction of
periodontal cells in different environments may involve different mechanisms. The ncRNAs regulate
the occurrence of osteogenesis in cells, and also participate in extracellular signal transmission through
€X0S0mes.

Research on ncRNAs has developed rapidly, and more and more ncRNA expression profiles of cells
involved in osteogenesis have been constructed. However, most of the current research is based on cell
overexpression experiments and predictive models, and the specific sites of only a few ncRNAs have
been identified; the functions and mechanisms of a large number of predicted ncRNAs have not been
verified in related cells. Among them, the structural specificity of circRNAs and their small amounts in
cells make the verification process difficult.

Although the gene level determines the basic properties of physiological activities, it cannot
completely determine the final phenotype. It is difficult to comprehensively and systematically analyze
the regulation mechanism of the complex physiological process of alveolar bone osteogenesis under
tension using single-cell genomic data. The research design for studying ncRNAs should not be limited
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to the confirmation of the role of predicted ncRNAs with differential expressions, but should also focus
on combining proteomics and metabolomics.

The current results and pathways confirmed could not fully clarify the internal and external
mechanisms of cells in the osteogenesis activity during alveolar bone remodeling. More researches are
required to establish a more complete data system.
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