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Summary

Objective: This study explored the expression profiles of messenger RNAs (mRNAs) and long non-
coding RNAs (lncRNAs) in human periodontal ligament (PDL) cells subjected to tensile loading.
Methods: PDL cells were isolated from the teeth of five healthy individuals, cultured and then 
exposed to tensile loading. RNA sequencing was performed to explore the mRNA and lncRNA 
expression profiles with or without tensile loading. Differential expression, Gene Ontology (GO) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were conducted to 
reveal enriched biological functions and signal transduction pathways. Quantitative polymerase 
chain reaction (qPCR) was performed to validate the expression of specific mRNAs and lncRNAs 
associated with the enriched pathways.
Results: Tensile loading significantly enhanced the osteogenic potential of PDL cells. Overall, 1438 
mRNAs (860 up- and 578 down-regulated) and 195 lncRNAs (107 up- and 88 down-regulated) were 
differentially expressed (adjusted P-value <0.05) in the tensile loading group versus the control 
group. GO and KEGG analyses of the differentially expressed genes indicated significant enrichment 
in osteogenesis-related biological processes and intracellular signal transduction pathways (e.g. 
the PI3K–Akt pathway), respectively. The qPCR analysis validated the expression levels of five 
selected mRNAs (EGFR, FGF5, VEGFA, HIF1A, and FOXO1) and three selected lncRNAs (CYTOR, 
MIR22HG, and SNHG3).
Limitation: Further studies are warranted to validate the mechanisms regulating tension-induced 
bone remodelling in PDL cells and potential regulation by the identified lncRNAs.
Conclusion: The notably altered mRNA and lncRNA expression profiles in PDL cells under tensile 
loading enhance our mechanistic understanding of tension-induced osteogenesis.

Introduction

Orthodontic tooth movement (OTM) is a unique mechanical 
load-mediated process of bone and periodontal tissue remodel-
ling. The periodontal ligament (PDL) is located between the tooth 
and alveolar bone, where it serves as the target of stress loading 
and plays a critical role in tension-induced bone formation and 

compression-induced bone resorption (1). The PDL has a regenera-
tive capacity. Specifically, PDL cells exhibit ‘stemness’ (i.e. stem-cell 
likeness) and can differentiate into various types of tissue, including 
the PDL, cementum, and alveolar bone. PDL cells are load sensitive, 
and their proliferative and osteogenic potentials increase with stimu-
lation under appropriate loading levels (2–4).
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Ribonucleic acid (RNA) is the most versatile biomolecule. Two 
categories of RNA have been identified, namely protein-coding 
(coding) and non-protein-coding (non-coding) RNA (5). The latter 
RNAs typically regulate gene expression but are not translated into 
proteins. Non-coding RNAs can be further subdivided into two 
major groups based on their length: short non-coding RNAs and 
long non-coding RNAs (lncRNAs, >200 nucleotides). LncRNAs 
comprise a large and diverse class of transcribed RNA molecules 
with the capacity to regulate gene expression at both the transcrip-
tional and translational levels in various biological processes (6).

Reports have suggested that lncRNAs are involved in osteogen-
esis in PDL cells. Specifically, He et  al. revealed that the lncRNA 
taurine-upregulated gene1 (TUG1) promoted osteogenesis by 
activating lin-28 homologue A, an RNA-binding protein (7). In 
addition to regulating messenger RNAs (mRNAs) through inde-
pendent mechanisms, lncRNAs can act as microRNA sponges 
by competitively binding to these molecules through microRNA 
response elements (8, 9). This binding attenuates the ability of 
microRNAs to down-regulate mRNA expression and thus indir-
ectly regulates mRNA expression. Gu et al. identified two lncRNAs 
(TCONS_00212979 and TCONS_00212984) in PDL cells that 
interact with microRNAs to regulate osteogenesis via the mitogen-
activated protein kinase pathway (10). Furthermore, Peng et  al. 
showed that lncRNA-ANCR attenuated osteogenesis in PDL cells 
by sponging microRNA-758 (11).

A recent report demonstrated that mechanical loading could af-
fect lncRNA expression profiles (12). In that study, high-throughput 
sequencing was used to demonstrate significant changes in lncRNA 
expression patterns in response to compressive loading (12). This 
observation has contributed greatly to our understanding of mech-
anical loading-induced bone remodelling. Additionally, tensile 
loading has been reported to induce osteogenesis and promote bone 
formation in PDL cells (13, 14). Still, the process by which lncRNAs 
respond to tensile loading and the intracellular signalling pathways 
involved in tension-induced osteogenesis in PDL cells have not been 
thoroughly studied.

This study was conducted to explore changes in the mRNA and 
lncRNA expression profiles of PDL cells under tensile loading. The 
cells were subjected to high-throughput RNA sequencing (RNA-
seq), and Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway analyses were used to explore the 
enriched functions and potential regulatory pathways among the 
differentially expressed genes between cells in the presence or ab-
sence of tensile loading. Furthermore, the expression levels of certain 
lncRNAs and mRNAs related to enriched signalling pathways were 
validated using quantitative polymerase chain reaction (qPCR).

Materials and methods

Ethical approval
This study was approved by the Institutional Review Board of the 
University of Hong Kong/ Hospital Authority Hong Kong West 
Cluster (reference no. UW19-140).

Primary cell culture
Human PDL cells were collected from five healthy teeth (i.e. no caries 
or periodontal disease) of five systematically healthy, non-smoking 
adults (two men and three women; age range: 18–33  years). The 
teeth were extracted due to orthodontic reasons. PDL cells were iso-
lated from the PDL tissues using the tissue explanation outgrowth 
method as described by Somerman et al. and Feng et al., with minor 

modifications (15, 16). Specifically, after extraction, the tooth was 
gently rinsed with phosphate-buffered saline (PBS) to remove blood 
and debris. The PDL tissue was scraped gently from the middle third 
of the root surface using a scalpel to avoid contamination with the 
gingiva or dental pulp. Next, the PDL tissues were minced to yield 
small fragments, placed in a cell and tissue culture flask (surface 
area: 75 cm2; Biofil, Guangzhou, China), and incubated for 1 hour 
at 37°C. Then, the explants were cultured in α-Modified Eagle’s 
Medium supplemented with 10% (v/v) foetal bovine serum, 100 U/
ml penicillin, and 0.1  mg/ml streptomycin (henceforth denoted as 
standard medium) and incubated at 37°C in an atmosphere with 
5% carbon dioxide. The medium was replaced every 2–3 days with 
fresh standard medium. After PDL cells had grown out to confluence 
around the explants (approximately 10–14 days), they were passaged 
(p1) and cultured in a new flask until confluence was reached. Then 
the cells were trypsinized and passaged at 1:3 ratio. Experiments 
were performed using cells at the second (p2) or third (p3) passage.

Application of tensile loading
The cultured PDL cells were subjected to mechanical tensile loading 
in vitro using the Flexcell® 5000 tension system (Flexcell, Burlington, 
North Carolina, USA). In brief, cells were seeded onto flexible-bot-
tomed BioFlex® (Flexcell) 6-well culture plates at a density of 2 × 105 
cells/well and cultured until they reached 80% confluence. After a 
12-hour period of serum starvation, the cells were subjected to static 
waves of 12% equibiaxial tensile strain using a computer-controlled 
vacuum stretch apparatus (17). PDL cells in the control group were 
cultured under the same conditions in the absence of tensile loading. 
Cells were subjected to tensile loading for 12 hours or 3 days for 
qPCR and western blotting, respectively, and continued to culture 
for 10 days prior to Alizarin Red S staining (ARS).

Characterization of cell surface markers
The surface markers expressed on PDL cells were characterized by 
flow cytometry. Briefly, PDL cells were harvested, then washed with 
PBS. Next, the cells were re-suspended in PBS to yield a single-cell 
suspension at a cell density of 107 cells per ml. One hundred micro-
litres of this suspension (1  × 106 PDL cells) were incubated with 
3% bovine serum albumin and then labelled with fluorochrome-
tagged anti-human monoclonal antibodies (all BD Pharmingen, 
San Diego, California, USA): CD73 (cat no.  561254, tag: fluores-
cein isothiocyanate), CD90 (cat no. 561557, peridinin chlorophyll 
protein), CD105 (cat no. 562408, allophycocyanin), or CD45 (cat 
no. 555483, phycoerythrin). The antibodies were diluted to the con-
centrations recommended by the manufacturer. After incubation at 
room temperature in the dark for 30 minutes, the cells were washed 
three times with PBS and immediately analysed using a FACSVerse 
flow cytometer (BD Biosciences, San Jose, California, USA).

Western blotting
PDL cells were lysed in radioimmunoprecipitation assay buffer 
(Thermo Fisher Scientific, Waltham, Massachusetts, USA) sup-
plemented with a protease inhibitor cocktail (Halt, Thermo 
Fisher Scientific). The protein concentrations in the lysates were 
determined quantitatively using a Pierce BCA protein assay kit 
(Thermo Fisher Scientific). The proteins were then separated via 
sodium dodecyl sulphate–polyacrylamide gel electrophoresis on 
10% (w/v) Tris-glycine gels (Bio-Rad, USA), followed by transfer 
onto polyvinylidene difluoride membranes. The blotted mem-
branes were then blocked with Tris-buffered saline containing 
5% (w/v) skimmed milk and 0.05% (v/v) Tween-20 at room 
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temperature for 1 hour. Specific antigens were immunodetected 
using appropriate primary and secondary antibodies and visual-
ized using Pierce ECL Western Blotting Substrate (Thermo Fisher 
Scientific). Primary antibodies specific for runt-related transcrip-
tion factor 2 (RUNX2; ab23981, Abcam, Cambridge, UK), col-
lagen type I  (COL1; PA5-95137; Thermo Fisher Scientific), and 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 2118S; 
Cell Signaling Technology, Beverly, Massachusetts, USA) were 
used at dilutions of 1:1000. Horseradish peroxidase-conjugated 
goat anti-rabbit immunoglobulin G (7074S; Cell Signaling 
Technology) was used as the secondary antibody at a dilution of 
1:3000. Finally, the intensities of the labelled protein bands were 
analysed using ImageJ software (National Institutes of Health, 
Bethesda, Maryland, USA).

Alizarin Red S staining
To characterize the differentiation potential, PDL cells were cultured 
in 6-well plates in osteogenic induction medium (10 nM dexametha-
sone, 10 mM β-glycerophosphate, and 50 µg/ml ascorbic acid; Sigma 
Aldrich) for 10 days. Subsequently, ARS was performed to evaluate 
calcium mineralization in the cultures after osteogenic induction. The 
cultured cells were fixed with 10% (w/v) formaldehyde, washed with 
deionized water, and stained with 1% (w/v) ARS solution (Sigma 
Aldrich) for 20 minutes at room temperature. After removing the 
ARS solution, the cultures were thoroughly washed with deionized 
water and subjected to digital imaging to visualize the stained cal-
cium nodules within the cultures. The staining was then quantified 
using an osteogenesis quantitation kit (ECM815, Sigma Aldrich). 
The absorbance in each well was then measured at 405 nm on a 
SpectraMAX M2 microplate reader (Molecular Devices, Sunnyvale, 
California, USA), and the results were calculated using a standard 
curve.

RNA extraction and qPCR
Total RNA was extracted from cultured cells using the RNeasy 
Cell Mini Kit (Qiagen), and the RNA concentration in each sample 
was measured on a NanoDrop 2000 Spectrophotometer (Thermo 
Fisher Scientific). Total RNA (1 µg) was then reverse-transcribed 
to yield cDNA using the SuperScript™ III (Invitrogen, Carlsbad, 
California, USA). Next, qPCR analyses were performed using a 
StepOnePlus Real-Time PCR System (Applied Biosystems, Thermo 
Fisher Scientific) with fast SYBR Green Master Mix (Applied 
Biosystems, Thermo Fisher Scientific). The detailed protocol was 
provided in Supplementary Table 1. As suggested by Nazet et al., 
TATA-box-binding protein (TBP) and peptidylprolyl isomerase B 
(PPIB; also known as cyclophilin B), when used in conjunction, 
are the most reliable reference genes for normalization in a qPCR 
analysis of PDL cells subjected to tensile loading (18). Therefore, 
the relative expression values were determined using the standard 
curve method and normalized to the expression of TBP and PPIB. 
The calculations were performed using R software. qPCR was 
performed and the results reported according to the Minimum 
Information for Publication of Quantitative Real-Time PCR 
Experiments (MIQE) guidelines (Supplementary Table 1) (19). The 
primer sequences corresponding to the target genes are shown in 
Supplementary Table 2.

High-throughput RNA-seq
PDL cells from each tooth (n  =  5) were cultured and exposed 
or not to tensile loading for 12 hours. Next, the 10 cell samples  

(5 tension-loaded and 5 non-loaded controls) were subjected to 
high-throughput RNA-seq. RNA integrity was determined using an 
Agilent 2100 Bioanalyzer (Agilent Technologies Inc., Santa Clara, 
California, USA). For the 10 samples, the RNA integrity number 
(RIN) range was 9.8–10 (average RIN = 9.94). Four micrograms of 
RNA were extracted from each sample, and ribosomal RNA (rRNA) 
was depleted using the Epicentre Ribo-zero™ rRNA Removal Kit 
(Epicentre, Madison, Wisconsin, USA). The RNA library was pre-
pared using the NEBNext Ultra™ Directional RNA Library Prep Kit 
for Illumina (New England Biolabs, Ipswich, Massachusetts, USA) 
in accordance with the manufacturer’s recommendations. Paired-
end sequencing of the library was performed using the NovaSeq 
6000 system (Illumina). After sequencing, the raw data in FASTQ 
format were processed to remove adapter sequences and low-quality 
reads. The sequencing reads were then aligned to the human genome 
GRCh38 using HISAT2 (20). Finally, FeatureCount was used to re-
trieve the reads mapped to each gene and generate the expression 
count matrix (21). The raw data of the RNA-seq experiment have 
been deposited in the Gene Expression Omnibus database (accession 
no. GSE173891).

Bioinformatics analysis
Differential expression analysis was conducted using the R package 
Deseq2. P-Values or false discovery rates were adjusted using the 
Benjamini–Hochberg method (22). Genes with adjusted P-values 
<0.05 between the tension-loaded and control samples were con-
sidered to be differentially expressed. GO and KEGG pathway 
enrichment analyses of the differentially expressed genes were per-
formed using the R package Clusterprofiler (23). GO terms and 
KEGG pathways with adjusted P-values <0.05 between the two 
conditions were considered significantly enriched. In addition, the 
Pearson correlation coefficients of lncRNA–mRNA and lncRNA–
lncRNA pairs were calculated on the basis of their expression values. 
Co-expressed lncRNA–mRNA and lncRNA–lncRNA pairs with an 
absolute Pearson correlation coefficient |r| ≥ 0.9 were selected and 
used to establish a co-expression network using the Cytoscape soft-
ware (version 3.8.1; www.cytoscape.org). The mRNAs identified 
in the network were subjected to a GO analysis of function using 
ShinyGO v0.61 (adjusted P < 0.05) (24).

Statistics
The statistical analysis was performed using SPSS 25.0 software 
(IBM, Armonk, New York, USA) and GraphPad Prism 7 software 
(GraphPad Software Inc., San Diego, California, USA). Independent 
and paired Student’s t-tests were used to compare the differences in 
results between the tension-loaded and the control groups. A signifi-
cance level of P < 0.05 was set for all statistical analyses.

Results

Tensile loading enhanced the osteogenic potential 
of PDL cells
The flow cytometry analysis revealed that the isolated PDL cells 
were positive for the mesenchymal stem cell-related markers 
CD73, CD90, and CD105 and negative for the haematopoiesis-
related marker CD45 (Supplementary Figure 1). The results of 
qPCR and western blotting analyses, respectively, suggested that 
the mRNA and protein levels of the osteogenic markers RUNX2 
and COL1 were significantly higher in PDL cells subjected to ten-
sile loading than in the controls (Figure 1A and B; Supplementary 
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Figure 2). ARS revealed the increased formation of mineralized 
nodules in the tension-loaded cultured cells relative to the control 
cells (Figure 1C).

Differential expression of mRNAs and lncRNAs in 
PDL cells under tensile loading
Each pair of tension-loaded and non-loaded samples was compared 
in a pairwise manner (n = 5). Collectively, 1438 mRNAs (860 up- 
and 578 down-regulated) and 195 lncRNAs (107 up- and 88 down-
regulated) were identified as differentially expressed (adjusted 
P < 0.05) in the tension group relative to the control group. Among 
these, 159 mRNAs (62 up- and 97 down-regulated) and 89 lncR-
NAs (48 up- and 41 down-regulated) had an absolute fold change 
>1.5. The top 10 up- and down-regulated mRNAs and lncRNAs are 
shown in Table 1. The differentially expressed mRNAs and lncR-
NAs were visualized by volcano plots (Figure 2A). A hierarchical 
clustering heap showing the expression profiles of the top 500 up- 
and top 500 down-regulated genes revealed significant differences 
in the expression profiles between the tension and control groups 
(Figure 2B).

GO and KEGG pathway enrichment analyses
All differentially expressed mRNAs were subjected to GO and 
KEGG pathway enrichment analyses. The GO results indicated that 
these mRNAs were enriched in all three biological aspects, namely 
biological process (BP), molecular function (MF), and cellular com-
ponent (CC), with significant enrichment of 428, 36, and 14 items in 
these aspects, respectively (all adjusted P < 0.05). Ossification (GO: 
0001503, adjusted P = 1.65 × 10−5) was the most significantly en-
riched BP term, with 79 mRNAs. Focal adhesion (GO: 0005925, 
adjusted P  = 1.35 × 10−8) was the most significantly enriched CC 
term, with 84 mRNAs, and actin binding (GO: 0003779, adjusted 
P = 1.59 × 10−5) was the most significantly enriched MF term, with 
85 mRNAs. The top 20 enriched GO terms are shown in Figure 3A.

In the KEGG pathway analysis, 35 pathways were found to be 
significantly enriched (all adjusted P < 0.05). The top six pathways 
associated with signal transduction were the phosphatidylinositol 
3-kinase–protein kinase B (PI3K–Akt) signalling pathway (hsa04151, 
adjusted P = 0.01), insulin signalling pathway (hsa04910, adjusted 
P = 2.70 × 10−3), mammalian target of rapamycin (mTOR) signalling 
pathway (hsa04150, adjusted P = 0.01), Hippo signalling pathway 
(hsa04390, adjusted P  =  0.01), Forkhead box O (FoxO) signal-
ling pathway (hsa04068, adjusted P  = 2.70 × 10−3), and hypoxia-
inducible factor (HIF)-1 signalling pathway (hsa04066, adjusted 
P = 2.22 × 10−4). The top 15 enriched KEGG pathways are shown 
in Figure 3B.

Validation of differentially expressed mRNAs 
and lncRNAs
Three differentially expressed lncRNAs (CYTOR, MIR22HG, 
and SNHG3) and five differentially expressed mRNAs [epidermal 
growth factor receptor (EGFR), fibroblast growth factor 5 (FGF5), 
vascular endothelial growth factor A (VEGFA), HIF-1 subunit alpha 
(HIF1A), and FOXO1] associated with the significantly enriched 
pathways were selected for qPCR analyses. Compared with the con-
trol group, the expression levels of all three differentially expressed 
lncRNAs and four of the five differentially expressed mRNAs 
(EGFR, FGF5, HIF1A, and VEGFA) were significantly increased, 
whereas the expression level of FOXO1 mRNA was significantly de-
creased in the tension group relative to the control group (Figure 4). 
These results were consistent with the RNA-seq results.

LncRNA–mRNA and lncRNA–lncRNA co-expression 
analyses
To predict the functions of the validated lncRNAs, we performed 
correlation analyses of the three validated lncRNAs (MIR22HG, 
SNHG3, and CYTOR) with all other differentially expressed genes. 
We calculated the Pearson correlation coefficients of all pairs of sam-
ples and selected those with an |r| ≥ 0.9 to construct the co-expres-
sion network (Figure 5). We identified 126 pairs of lncRNA–mRNA 
or lncRNA–lncRNA. The results of the GO analyses showed that 
the co-expressed mRNAs of MIR22HG, SNHG3, and CYTOR were 
significantly enriched in several functions, of which regulation of re-
sponse to stimulus, cellular component biogenesis and cell adhesion 
were top-ranked, respectively. The full list of enriched GO categories 
is provided in Supplementary Table 3.

Discussion

In this study, PDL cells were subjected to tensile loading to mimic 
clinical OTM in response to tensile strain placed on the stretched 

Figure 1. Tensile loading enhanced the osteogenic differentiation of human 
periodontal ligament (PDL) cells. (A) Quantitative polymerase chain reaction 
(qPCR) analysis of the relative mRNA expression of collagen type I  (COL1) 
and runt-related transcription factor 2 (RUNX2) in PDL cells subjected or not 
to tensile loading for 12 hours. The results are normalized to the expression 
of TATA-box-binding protein (TBP) and peptidylprolyl isomerase B (PPIB) and 
expressed as means ± standard deviations. (B) Western blot analysis and 
relative quantification of COL1 and RUNX2 proteins in PDL cells subjected or 
not to tensile loading for 3 days. (C) Visualization and relative quantification 
of Alizarin Red S staining (ARS) in PDL cells subjected or not to tensile 
loading. *P < 0.05, **P < 0.01.
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side. A previous report indicated that 12% elongation is optimal for 
increasing the proliferation and osteogenic potential of PDL cells 
(17). Our results show that the osteogenic activity of PDL cells was 
enhanced by tensile loading, as demonstrated by the increased ex-
pression of osteogenic markers and mineralized nodules.

Over time, considerable research has explored the regulatory mech-
anisms of OTM, and PDL cells subjected to mechanical loading are 
used widely to mimic in vivo conditions. Several microarray analyses 
have been performed to investigate the transcriptomes of PDL cells 
subjected to compressive or tensile forces. For example, de Araujo et al. 
applied compressive force to PDL cells and identified 85 up-regulated 
and 23 down-regulated genes (25). Specifically, signal transduction pro-
teins such as Ras homologue gene family member E (RhoE), a major 
regulator of cytoskeleton dynamics and cell morphology and mobility, 
were significantly up-regulated in compressed PDL cells. Wescott et al. 

reported 16 genes that exhibited significant changes in expression in 
response to a 12% uniaxial cyclic tensile strain (13). More recently, 
Chang et al. used a microarray analysis to identify 818 mRNAs and 
32 microRNAs that were differentially expressed in cyclic tension-
induced PDL cells relative to control cells (26). However, the signalling 
pathways and regulatory mechanisms associated with this mechano-
chemical transduction process remain elusive.

The recent development of RNA-seq offers an unprecedented po-
tential for transcriptome characterization and therefore can be used 
as an extensive tool for elucidating genes and metabolic pathways in-
volved in various biological processes. RNA-seq has advantages over 
traditional microarrays. In particular, it is more accurate and provides 
more comprehensive information about the characteristics of tran-
scripts, is not limited to the known genes represented on a microarray 
and can detect novel transcription variants via alternative splicing (27).

Table 1. Top 10 up-regulated and down-regulated mRNAs and lncRNAs in PDL cells under tensile loading.

Ensemble ID Gene symbol Fold change Adjusted P-value Description

Up-regulated mRNAs
 ENSG00000139318 DUSP6 2.56 2.06E−52 Dual specificity phosphatase 6
 ENSG00000120738 EGR1 1.94 9.44E−42 Early growth response 1
 ENSG00000144136 SLC20A1 1.75 8.76E−26 Solute carrier family 20 (phosphate transporter), member 1
 ENSG00000125740 FOSB 3.34 8.76E−26 FBJ murine osteosarcoma viral oncogene homolog B
 ENSG00000138166 DUSP5 1.64 4.43E−25 Dual specificity phosphatase 5
 ENSG00000112715 VEGFA 1.68 3.77E−23 Vascular endothelial growth factor A
 ENSG00000159399 HK2 1.73 2.32E−21 Hexokinase 2
 ENSG00000164056 SPRY1 1.81 6.09E−21 Sprouty homolog 1
 ENSG00000143878 RHOB 1.67 4.42E−20 Ras homolog family member B
 ENSG00000134363 FST 1.69 2.79E−18 Follistatin
Down-regulated mRNAs
 ENSG00000142632 ARHGEF19 0.54 5.60E−26 Rho guanine nucleotide exchange factor (GEF) 19
 ENSG00000149212 SESN3 0.63 1.21E−22 Sestrin 3
 ENSG00000109906 ZBTB16 0.66 2.58E−19 Zinc finger and BTB domain containing 16
 ENSG00000198963 RORB 0.62 2.79E−18 RAR-related orphan receptor B
 ENSG00000128335 APOL2 0.71 3.45E−17 Apolipoprotein L, 2
 ENSG00000188177 ZC3H6 0.57 8.50E−17 Zinc finger CCCH-type containing 6
 ENSG00000150907 FOXO1 0.63 1.83E−13 Forkhead box O1
 ENSG00000120693 SMAD9 0.55 1.01E−12 SMAD family member 9
 ENSG00000131386 GALNT15 0.59 3.63E−12 Polypeptide N-acetylgalactosaminyltransferase 15
 ENSG00000168209 DDIT4 0.53 4.44E−11 DNA-damage-inducible transcript 4
Up-regulated lncRNAs
 ENSG00000286458 AC083870.1 1.97 4.69E−17  
 ENSG00000222041 CYTOR 1.46 1.02E−09 Cytoskeleton regulator RNA
 ENSG00000242125 SNHG3 1.39 1.05E−09 Small nucleolar RNA host gene 3
 ENSG00000245573 BDNF-AS 1.51 2.06E−09 Brain derived neurotrophic factor—antisense RNA
 ENSG00000257497 AC121761.1 2.36 2.75E−09  
 ENSG00000253837 AC090197.1 1.85 1.42E−08  
 ENSG00000238273 AC108058.1 1.53 5.12E−08  
 ENSG00000257298 AC008147.2 1.66 1.30E−07  
 ENSG00000286341 AP002762.3 1.65 1.81E−06  
 ENSG00000172965 MIR4435-2HG 1.36 2.35E−06 MIR4435-2 host gene
Down-regulated lncRNAs
 ENSG00000226604 PAPPA-AS2 0.48 2.55E−08 Pappalysin 1—antisense RNA 2
 ENSG00000272668 AL590560.3 0.54 3.90E−07  
 ENSG00000250903 GMDS-DT 0.72 5.51E−06 GMDS divergent transcript
 ENSG00000253320 AZIN1-AS1 0.50 7.08E−06 AZIN1 antisense RNA 1
 ENSG00000205181 LINC00654 0.66 2.29E−05 Long intergenic non-protein-coding RNA 654
 ENSG00000232855 AF165147.1 0.59 2.77E−05  
 ENSG00000239828 AC063944.1 0.59 3.23E−05  
 ENSG00000255364 SMILR 0.68 7.05E−05 Smooth muscle induced lncRNA
 ENSG00000248932 AC046134.2 0.50 1.61E−04  
 ENSG00000283175 AC007920.2 0.48 2.52E−04  

lncRNA, long non-coding RNA; mRNA, messenger RNA; PDL, periodontal ligament.
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Non-coding RNAs have received much attention as regulators in 
a variety of diseases and biological processes. LncRNAs can affect 
gene expression both directly and indirectly in various biological 
processes. However, the mechanism by which tensile loading affects 
lncRNA expression in PDL cells remains unclear. In a recent study, 
Wang et al. also reported differentially expressed genes in PDL cells 
subjected to tensile loading (28). However, their analyses of the en-
riched functions indicated by these differentially expressed genes 
yielded considerably different results compared with our analyses. 
These differences might be largely attributable to differences in the 
samples. We performed RNA-seq on 10 samples from 5 individuals 

and conducted paired analyses in our differential expression ana-
lysis, whereas Wang et al. used two mixed samples from different 
subjects (28). The discrepancy in the results might also be explained 
by differences in the level of equibiaxial strain applied to the PDL 
cells, which was 12% in our study and 10% in the study by Wang 
et al. (28). Differences in library preparation, sequencing techniques, 
and analysis methods between the studies might also have led to dif-
ferences in the results.

In our study, PDL cells were collected from the extracted teeth 
of five healthy individuals, cultured separately, and loaded with 
tensile force. We then used RNA-seq to thoroughly elucidate the 

Figure 3. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses. (A) Top 20 enriched GO terms of 
differentially expressed genes. (B) Top 15 enriched KEGG pathways of differentially expressed genes.

Figure 2. Differentially expressed mRNAs and long non-coding RNAs (lncRNAs) in PDL cells under tensile loading. (A) Volcano plot of the distributions of 
differentially expressed mRNAs and lncRNAs (adjusted P-value <0.05). Red dots indicate up-regulated mRNAs or lncRNAs with fold changes ≥1.5; blue dots 
indicate down-regulated mRNAs or lncRNAs with fold changes ≤0.667. FC, fold change; FDR, false discovery rate; PDL, periodontal ligament. (B) Clustering 
heatmap of the top 500 up-regulated and 500 down-regulated genes (mRNAs and lncRNAs). Each column represents one sample, and each row represents one 
differentially expressed gene.
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lncRNA and mRNA expression profiles of the tension-loaded and 
non-loaded PDL cells. Collectively, we identified 1438 and 195 
differentially expressed mRNAs and lncRNAs, respectively, in the 

tension group relative to the control group, suggesting that these 
genes might contribute to the mechano-chemical transduction of 
PDL cells. The expression of three up-regulated lncRNAs—CYTOR, 

Figure 4. qPCR validation of the expression of three lncRNAs (MIR22HG, SNHG3, and CYTOR) and five mRNAs [epidermal growth factor receptor (EGFR), 
fibroblast growth factor 5 (FGF5), vascular endothelial growth factor A (VEGFA), hypoxia-inducible factor 1 subunit alpha (HIF1A), and Forkhead box O1 (FOXO1)] 
identified as differentially expressed in the RNA sequencing analysis. The results were normalized to the expression of TBP and PPIB. The paired Student’s 
t-test was used to conduct the statistical analyses (*P < 0.05, **P < 0.01). lncRNAs, long non-coding RNAs; PPIB, peptidylprolyl isomerase B; qPCR, quantitative 
polymerase chain reaction; TBP, TATA-box-binding protein.

Figure 5. LncRNA and mRNA co-expression network. A co-expression network of three validated lncRNAs (CYTOR, MIR22HG, and SNHG3) associated with 
other differentially expressed lncRNAs and mRNAs (Pearson correlation coefficient ≥0.9) was constructed. Elliptical nodes represent mRNAs; rectangular nodes 
represent lncRNAs. Up- and down-regulation are represented by pink and blue colours, respectively. Green lines represent positive correlations; red lines 
represent negative correlations. The thickness of the line indicates the strength of the correlation. 
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SNHG3, and MIR22HG—was further validated by qPCR analysis. 
These three lncRNAs have been reported to play an important role 
in various cancers, including colon cancer, liver cancer, and lung 
cancer (29–31). In our study of PDL cells under tensile stimula-
tion, the co-expression analysis revealed that CYTOR, SNHG3, and 
MIR22HG were co-expressed with genes associated with cell adhe-
sion, cellular component biogenesis, and regulation of response to 
stimulus, respectively, suggesting that these lncRNAs play important 
roles in these processes. Recently, MIR22HG was shown to partici-
pate in the osteogenic differentiation of PDL cells and bone marrow 
mesenchymal stem cells (BMSCs) (32, 33). It was suggested that 
MIR22HG could enhance the osteogenic differentiation of BMSCs, 
whereas MIR22HG knockdown could suppress this process (33).

The results of our GO analysis indicated the enrichment of a 
broad spectrum of biological processes, cellular components and 
molecular functions in response to tensile loading. Of the top 20 en-
riched GO terms, ossification, regulation of ossification, and osteo-
blast differentiation are related to bone formation. This observation 
is consistent with the increased osteogenic potential observed in the 
tension group relative to the control group.

The top enriched signalling pathways included the PI3K–Akt, 
mTOR, Hippo, FoxO, and HIF-1 pathways. The PI3K–Akt pathway 
is an intracellular signal transduction pathway that exerts central 
regulatory roles in metabolism, cell cycle, proliferation, differen-
tiation, and angiogenesis in response to extracellular signals (34). 
PI3K–Akt signalling reportedly contributes to the osteogenesis of 
mesenchymal stem cells (34, 35). Specifically, PI3K–Akt signalling 
contributes integrally to RUNX2-dependent osteoblast differenti-
ation by enhancing DNA binding of RUNX2 and RUNX2-dependent 
transcription (35). Furthermore, Song et  al. reported that cyclic 
mechanical stress significantly activated the PI3K–Akt pathway and 
enhanced the expression of RUNX2 and COL1 in BMSCs (36). 
Activation of EGFR and FGF5 may lead to the downstream PI3K 
signalling pathway and subsequently enhance metabolism and cell 
growth (34, 37). Our RNA-seq results revealed increased expression 
of EGFR and FGF5 in the tension group, thus supporting the role of 
the PI3K–Akt pathway in the tension-induced osteogenesis of PDL 
cells. Interestingly, the lncRNA MIR22HG was recently reported 
to enhance osteogenesis in BMSCs via the PI3K–Akt pathway (33). 
Further studies are warranted to elucidate the role of MIR22HG in 
tension-induced osteogenesis through the PI3K–Akt pathway.

Additionally, the PI3K–Akt pathway may exhibit crosstalk with 
the mTOR and FoxO signalling cascades. FoxO-mediated signal 
transduction regulates a wide range of cellular processes, includ-
ing angiogenesis, differentiation, metabolism, stress resistance, and 
cell cycle (38). Evidence suggests that FoxO proteins can attenuate 
osteogenesis by suppressing the Wnt signalling pathway (39). Liu 
et al. suggested the involvement of FoxO signalling in the response of 
cementoblasts subjected to compressive loading (40). In our study, the 
expression of FoxO1 was significantly reduced in the tension-loaded 
group, and this might have contributed to the increase in bone forma-
tion. This finding further strengthens the evidence supporting a role 
for FoxO signalling in the mechano-chemical transduction process 
that occurs during OTM. The mTOR pathway is a key regulator of 
metabolism and physiology and plays important regulatory roles in 
cell growth, proliferation, apoptosis, and protein synthesis (41). The 
mTOR signalling pathway has been reported to participate in cellular 
responses to fluid shear stress and compression loading (40, 42). HIF, 
a crucial mediator of oxygen homeostasis and cellular adaptation to 
hypoxic conditions, facilitates the recruitment and differentiation of 
multipotent mesenchymal stem cells (43). Hypoxia can activate the 

HIF-1 signalling pathway to stimulate VEGF production and thereby 
enhance osteogenesis and angiogenesis (44, 45). By applying negative 
intermittent negative pressure to BMSCs, Yang et  al. demonstrated 
increases in the levels of VEGF and bone formation, which were me-
diated by HIF-1 (46). In our study, we demonstrated increased HIF1A 
and VEGF expression in the tension-loaded group relative to the 
control, suggesting that HIF-1 signalling might participate in tension-
induced osteogenesis in PDL cells. In short, despite increasing research 
interest in regulation of lncRNAs in bone remodelling in recent years, 
most current studies have only explored in vitro models at the cellular 
level. More in-depth in vivo exploration is certainly warranted.

Conclusions

This RNA-seq-based study elucidated changes in the lncRNA and 
mRNA expression profiles of PDL cells subjected to tensile loading, 
and revealed differentially expressed genes and significantly enriched 
signal transduction pathways. In PDL cells, these signalling path-
ways were responsive to tensile loading and might therefore partici-
pate in bone remodelling during OTM. Further studies are needed to 
validate these intracellular signal transduction mechanisms underly-
ing tension-induced bone remodelling in PDL cells and the potential 
regulatory effects of lncRNAs.
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