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1  | INTRODUC TION

Malocclusion, caries, and periodontitis are considered as three 
principal oral diseases by the World Health Organization (WHO), 

and the prevalence of malocclusion is relatively high (Bronkhorst, 
Truin, Batchelor, & Sheiham, 1991). Malocclusion can affect dental 
health and function, even influence quality of life in some cases. 
Orthodontic treatment can successfully correct malocclusion via 
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Abstract
Objective: This study aimed to investigate how mechanical force affects the prolif-
eration of human periodontal ligament stem cells (hPDLSCs).
Methods: CCK-8 assays and staining of ki67 were performed to evaluate hPDLSCs 
proliferation. qRT-PCR, ELISA, or Western blot analysis were used to measure the 
expression levels of interleukin (IL)-6, miR-31 host gene (MIR31HG), DNA methyl-
transferase 1 (DNMT1), and DNA methyltransferase 3B (DNMT3B). Dual-luciferase 
reporter assays and chromatin immunoprecipitation (ChIP) assays were conducted to 
determine whether MIR31HG was targeted by DNMT1 and DNMT3B. MassARRAY 
mass spectrometry was used to quantify DNA methylation levels of the MIR31HG 
promoter.
Results: Mechanical force inhibited hPDLSCs proliferation with the downregula-
tion of MIR31HG and upregulation of IL-6, DNMT1 and DNMT3B. Knockdown of 
MIR31HG suppressed hPDLSCs proliferation, and knockdown of DNMT1 or DNMT3B 
reversed mechanical force-induced downregulation of MIR31HG. Dual-luciferase and 
ChIP assays revealed DNMT1 and DNMT3B bound MIR31HG promoter in the region 
1,015 bp upstream of the transcriptional start site. Treatment with 5’-aca-2’-deoxy-
cytidine downregulated DNA methylation level in MIR31HG gene promoter, while 
mechanical force promoted the methylation of MIR31HG gene promoter.
Conclusions: These findings elucidated how mechanical force affects proliferation 
via MIR31HG in hPDLSCs, providing clues for possible MIR31HG-based orthodontic 
therapeutic approaches.
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mechanical force. During this process, periodontal tissue remodeling 
and reconstruction occur all the time. As part of the periodontium, 
periodontal ligament serving as a buffer between alveolar bone 
and tooth to resist various types of mechanical stimuli during or-
thodontic process. Periodontal ligament stem cells (PDLSCs), which 
have the potential to differentiate into several types of cells includ-
ing osteogenic, adipogenic, and chondrogenic lineages (Iwasaki 
et al., 2013; Seo et al., 2004), are able to translate these mechanical 
stimuli into biochemical signals, leading to periodontal tissue recon-
struction (Zhang et al., 2016). The proliferation ability of PDLSCs is 
important in regenerating normal tissues and synthesizing matrixes 
(Mabuchi, Matsuzaka, & Shimono, 2002). If this cellular function is 
impaired, the periodontium balance between tissue degradation 
and formation would be partly destroyed, further leading to severe 
periodontium damage. Therefore, maintaining active proliferation 
ability of hPDLSCs is important for the periodontium to resist me-
chanical stress during orthodontic tooth movement (Zainal Ariffin, 
Yamamoto, Zainol Abidin, Megat Abdul Wahab, & Zainal Ariffin, 
2011). Human periodontal ligament stem cells (hPDLSCs) are re-
ported to be involved in orthodontic tooth movement (Huang, Yang, 
& Zhou, 2018; Huelter-Hassler, Tomakidi, Steinberg, & Jung, 2017), 
and the proliferation ability is impaired after mechanical force ap-
plication; however, the underlying mechanisms of how hPDLSCs 
are regulated under mechanical force remain unclear. Therefore, a 
better understanding of cellular functions and signaling pathways of 
hPDLSCs under mechanical force may be helpful to clinical ortho-
dontic treatment.

More than 90% of the human genome is transcribed and pro-
tein-coding genes only account for less than 2% of the human 
genome (Djebali et  al.,  2012). The majority of transcripts with-
out protein-coding abilities are non-coding RNAs (ncRNAs), in-
cluding microRNAs (miRNAs), small interfering RNAs (siRNAs), 
small nuclear RNAs, PIWI-interacting RNAs, and long non-coding 
RNAs (lncRNAs) (Memczak et al., 2013). lncRNAs are longer than 
200 nucleotides and paly important roles in various biological 
and pathological processes, such as cancer and chronic diseases 
(Kohls, Schmidt, Holdenrieder, Muller, & Ellinger, 2015). The miR-
31 host gene (MIR31HG; GenBank accession number NR_027954) 
located on chromosome 9 (9p21.3) is reported to be involved in 
several cancers including oral cancers, esophageal squamous 
cell carcinoma, vulvar squamous cell carcinoma, and lung can-
cers (Feng, Houck, Lohavanichbutr, & Chen,  2017; Ni, Zhao, & 
Ouyang,  2016; Qin et  al.,  2018; Sun et  al.,  2018). Our previous 
study showed that MIR31HG inhibited human adipose-derived 
stem cells osteogenic differentiation via interaction with NF-κB 
(Jin et al., 2016) but promoted human adipose-derived stem cells 
adipocyte differentiation via histone modification of fatty acid 
binding protein 4 (Huang et al., 2017). In addition, we detected the 
downregulation of MIR31HG under mechanical force by ribosomal 
RNA-depleted RNA sequencing and verified the results by quanti-
tative reverse transcription–polymerase chain reaction (qRT-PCR) 
(Huang, Zhang, et al., 2018). However, how MIR31HG is regulated 
in hPDLSCs subjected to mechanical force remains unclear.

Epigenetic regulation, including DNA methylation, histone mod-
ification, and chromosome remodeling, plays a key role in diverse 
cellular processes, such as cell stemness, development, and dif-
ferentiation (Alexanian,  2007). DNA methylation, which does not 
change the DNA sequence, is mediated by DNA methyltransfer-
ases (DNMTs), including DNA methyltransferase 1 (DNMT1), DNA 
methyltransferase 3A (DNMT3A), and DNA methyltransferase 3B 
(DNMT3B), which are able to convert cytosine to 5-methylcyto-
sine (5-mC) (Okano, Bell, Haber, & Li,  1999). DNA methylation of 
cytosine–phosphate–guanine (CpG) islands is associated with gene 
silencing, thus negatively regulating gene transcription (Attwood, 
Yung, & Richardson,  2002; Challen et  al.,  2011). By directly regu-
lating DNMT3B, mechanical stimulation promotes the osteogenic 
differentiation of bone marrow stromal cells (C. Wang et al., 2017). 
However, the mechanisms underlying the mechanical stimulus-in-
duced expression of lncRNAs, especially MIR31HG, are largely 
unknown.

In present study, we aimed to investigate the regulatory mecha-
nisms of DNMTs on the expression of MIR31HG at cellular and mo-
lecular levels in hPDLSCs subjected to mechanical force. We found 
that DNMTs regulated MIR31HG expression and could reverse the 
force-induced decline of MIR31HG expression. These findings im-
prove our understanding of how MIR31HG is regulated in response 
to mechanical force in hPDLSCs. Considering the role of MIR31HG in 
bone remodeling and inflammation, MIR31HG may participate in the 
regulation of orthodontic tooth movement and serve as a potential 
therapeutic target for orthodontic treatment.

2  | MATERIAL S AND METHODS

2.1 | Cell culture

All research protocols were approved by the Ethics Committee of 
Peking University School of Stomatology, Beijing, People's Republic 
of China (PKUSSIRB-201837096), and informed consent was ob-
tained from all patients involved. hPDLSCs were obtained from pre-
molar teeth extracted from healthy patients (mean age, 14 years) for 
orthodontic treatment and were cultured according to previously 
published protocols (Zheng, Li, Huang, Jia, & Li, 2017). Briefly, after 
teeth extraction, the teeth were repeatedly washed with sterile 
phosphate-buffered saline (PBS) containing 10% penicillin/strepto-
mycin (Gibco). Then, periodontal ligament tissues were scraped from 
the middle third of the root and were cut into pieces and digested in 
equal volumes of collagenase and trypsin (Gibco) for 1 hr at 37°C. 
Proliferation medium (PM) consisting of α-modified Eagle's medium 
(α-MEM, Gibco) containing 10% fetal bovine serum (Gibco) and 1% 
penicillin/streptomycin (Gibco) was used to culture the isolated cells 
at 37 ℃ with 5% CO2. One week later, primary cells migrated out-
ward from periodontal ligament tissues and were passaged using 
0.25% trypsin at 80% confluence. In order to have a sufficient num-
ber of cells for vitro assays, the cells were expanded and cells at pas-
sages 4–8 were used for this study.
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2.2 | Application of mechanical stress

hPDLSCs were seeded into 6-well plates, and mechanical force was 
applied as previously described when the cell density reached 80% 
(Mitsui et al., 2005). Briefly, a cover glass and metallic balls ranging 
from 1 to 3 g/cm2 were placed on the top of the cell layer for 4, 8, 
or 12 hr. The hPDLSCs in the control group were cultured without 
compression.

2.3 | Total RNA extraction and quantitative real-
time PCR

Total RNA was extracted from cultured cells using TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer's 
instructions. A cDNA Reverse Transcription kit (Takara, Tokyo, 
Japan) was used to synthesize cDNA from 2 µg of total RNA. The 
SYBR Green Master Mix (Roche) was used for qRT-PCR on an 
ABI 7,500 cycler (Applied Biosystems). Thermal settings were as 
follows: 95°C for 10  min, 40 cycles of 95°C for 15  s, and 60°C 
for 1  min. The mean of the housekeeping gene glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was acted as an internal 
reference. qRT-PCR was performed three times. The primers used 
in the experiment are listed in Table S1, and the results were ana-
lyzed using the 2−ΔΔCt relative expression method, as previously 
described (Jia et al., 2014).

2.4 | RNA oligoribonucleotides

The RNA oligoribonucleotides including the siRNAs targeting 
MIR31HG (si-MIR31HG-1, si-MIR31HG-2), DNMT1 (si-DNMT1), and 
DNMT3B (si-DNMT3B), and the control (si-NC), were produced by 
GenePharma (Shanghai, China). The sequences used in this study are 
listed in Table S2.

2.5 | siRNA transfection assays

siRNA transfection assays were performed when the cells reached 
80% confluence, and Lipofectamine RNAiMAX (Life Technologies) 
was used according to the manufacturer's protocol. To knockdown 
the expression of MIR31HG, DNMT1, and DNMT3B, hPDLSCs were 
transfected with siRNAs. After 24  hr of transfection, mechanical 
stress was applied as described above for 12 hr. Then, total RNA was 
extracted for further analysis.

2.6 | Cell proliferation assays

CCK-8 assay kit (Dojindo, Japan) was used to assess the effect of me-
chanical force or the effect of MIR31HG to the proliferation ability 
of hPDLCs. Briefly, the cells after mechanical force for 12 hr or after 

transfection of si-MIR31HG-1, si-MIR31HG-2, or si-NC were cultured 
on the 96-well plate (1 × 103/well). At the 1st, 2nd, 3rd, 4th, and 5th 
day after transfection or after force, we added 10 µl CCK-8 dye to 
each well and incubated the cells in a humid atmosphere at 37°C 
containing 5% CO2 for 2 hr. Then, the absorbance at 450 nm was 
used to measure with a microplate reader (Bio-Rad). CCK-8 experi-
ments were repeated three times.

2.7 | Enzyme-linked immunosorbent assay

After application of mechanical stress, the culture supernatant of 
hPDLSCs was collected from the 6-well plates, and the inflamma-
tory cytokine interleukin (IL)-6 was quantified using a human IL-6 
ELISA kit (Proteintech Group) following the manufacturer's proto-
cols and normalized to cell protein concentrations at an absorbance 
of 405 nm.

2.8 | PCR and agarose gel electrophoresis

The PCR amplification protocol for stage 1 was as follows: 94°C for 
3 min, 40 cycles of denaturation at 94°C for 30 s, annealing at 55°C 
for 30 s, and extension at 72°C for 30s, and a final 10 min extension 
at 72°C. 2% agarose gels containing ethidium bromide was used for 
electrophoresis of the amplified products, and the results were visu-
alized under ultraviolet illumination with the Gel Doc 2000 system 
(Bio-Rad).

2.9 | Western blot

Total protein from cultured cells was extracted using radio immu-
noprecipitation assay lysis buffer. 8% sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis was used to separate equal quantities 
of proteins. Then, the proteins were transferred onto polyvinylidene 
difluoride (PVDF) membranes (Merck Millipore). After a block-
ing incubation with 5% milk-TBST, the membranes were incubated 
overnight at 4°C in primary antibodies against DNMT1 (1:500; 
Proteintech Group), DNMT3B (1:1,000; Abcam, Cambridge, UK), 
and β-actin (1:1,000; Abcam). The next day, after the PVDF mem-
branes were washed with TBST for three times the corresponding 
secondary antibodies (1:10,000; ZSGB-BIO, Beijing, China) were 
used to incubate the membranes for 1 hr. After washing three times 
with TBST, the ImageJ software (NIH) was used to quantify the in-
tensities of the bands. The signal of target bands was normalized to 
the β-actin band.

2.10 | Immunofluorescence staining of ki67

Immunofluorescence staining of ki67 was performed as described 
previously (Jia et al., 2014). Briefly, 4% paraformaldehyde was first 
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used to fix the cells and 0.1% Triton X-100 was used for permeabilize 
the cells for 10 min. Then, 5% normal goat serum was used for incu-
bation for 40 min. After that, primary antibody against ki67 (Bioss, 
Beijing, China) at 1:200 dilution was used for immunofluorescence 
staining overnight at 4 ℃. The next day, cells were incubated with 
the specified secondary antibody for 1 hr in the dark at room tem-
perature. The nucleus was counterstained with DAPI (Servicebio, 
Wuhan, China).

2.11 | Chromatin immunoprecipitation–
quantitative PCR

The EZ-Magna ChIP Assay kit (Merck Millipore) was used for the 
ChIP assays following the manufacturer's protocols, with an anti-
DNMT1 antibody (Proteintech Group), anti-DNMT3B antibody 
(Abcam), and normal mouse IgG (Merck Millipore) as a negative 
control. 1% formaldehyde was used to crosslink the cells. To make 
the DNA sheared, the cells then were collected, lysed, and soni-
cated. Antibodies against DNMT1, DNMT3B, IgG, and H3 were 
added to the DNA–protein complexes overnight at 4 ℃. The next 
day, after washing, elution, and decrosslinking, the purified DNA 
samples were quantified using qRT-PCR. The relative enrichment 
was calculated as a percentage of the amount of input material. 
The primers used for amplification of immunoprecipitated DNA 
are listed in Table S3.

2.12 | Dual-luciferase reporter assays

The full-length 3' untranslated region of MIR31HG and the trun-
cated bodies sliced at − 1,299 bp and − 900 bp, respectively, were 
synthesized by WuXi Qinglan Biotech (Jiangsu, China). The cells 
were co-transiently transfected with 100 ng of reporter plasmids 
containing the full-length (fl) promoter of MIR31HG or one of the 
two truncated bodies and β-actin after knockdown of DNMT1 
or DNMT3B using Lipofectamine 2000 (Invitrogen). At 24  hr 
after transfection, the Dual-Luciferase Reporter Assay system 
(Promega, Madison, WI, USA) was used to measure the activities 
of reporter genes with Renilla luciferase and the internal stand-
ard firefly luciferase. The results were normalized by Renilla lucif-
erase. For each plasmid construct, three independent experiments 
were performed.

2.13 | Cell fractionation assays

A Nuclei Isolation kit (Invent Biotechnologies) was used for the cell 
fractionation assays to obtain cytoplasmic and nuclear RNA fol-
lowing the manufacturer's protocols. Briefly, cells were harvested 
after treatment and appropriate amounts of cytoplasm extraction 
buffer were added to cell pellets. Cells were then vortexed vigor-
ously for 15  s, and the mixtures were incubated on ice for 5 min. 
Subsequently, cells were centrifuged at top speed in a microcentri-
fuge at 4°C for 5 min; the supernatant (cytosol fraction) was then 
transferred to a prechilled 1.5-ml tube, and the remaining pellet was 
used as the nuclear fraction. Then, TRIzol (Invitrogen) was used to 
extract RNA from each fraction as described above.

2.14 | DNA methylation analysis

The Sequenom MassARRAY platform (CapitalBio) was used to 
perform quantitative methylation analysis of the DNA fragments. 
Genomic DNA was extracted from cells with 12-hr mechanical force 
application or 1 µM 5-aza-2'-deoxycytidine (5-AzadC; Sigma Aldrich, 
St. Louis, MO, USA). The HiPure Tissue DNA Mini Kit (Megan, 
Guangzhou, China) was used following the manufacturer's instruc-
tions. The absorbances at 260 and 280 nm were used to determine 
DNA concentration and purity. An EZ DNA Methylation-Gold kit 
(Zymo Research) was used to covert a total of 1.5  μg of genomic 
DNA from each sample with sodium bisulfite following the manu-
facturer's protocol. After incubation at 37°C for 20  min, shrimp 
alkaline phosphate (MassCLEAVE kit; Sequenom, San Diego, CA, 
USA) treatment, and in vitro transcription, the samples were con-
ditioned and spotted on a 384-pad SpectroCHIP (Sequenom) using 
the Sequenom MassARRAY platform (CapitalBio) according to the 
manufacturer's instructions. MassARRAY compact matrix-assisted 
laser desorption/ionization time-of-flight (MALDI-TOF) mass spec-
trometry (Sequenom) was used to acquire mass spectra. The meth-
ylation ratios were generated using EpiTyper software (Sequenom).

2.15 | Statistical analysis

All experiments were conducted in triplicate, and the results are pre-
sented as the mean ± standard deviation. The two-tailed unpaired 
Student's t test was used for two-group comparisons. Single factor 

F I G U R E  1   Mechanical force suppressed cell proliferation, upregulated interleukin (IL)-6 expression in human periodontal ligament stem 
cells (hPDLSCs). (a, b) Quantitative reverse transcription–polymerase chain reaction (qRT-PCR) and enzyme-linked immunosorbent assay 
(ELISA) results demonstrated that expression of IL-6 increased remarkably in a force magnitude-dependent manner. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used for normalization. (c, d) qRT-PCR and ELISA results indicated that the mRNA and protein 
expression of IL-6 increased significantly in a time-dependent manner. GAPDH was used for normalization. (e) CCK-8 assays showed 
mechanical force application suppressed cell proliferation ability of hPDLSCs. (f, g) Immunofluorescence staining results showed less 
ki67 (red) with DAPI (blue) counterstaining on the 1st day after force application compared with the control group. Scale bars: 50 μm. 
Proliferation rate was evaluated by determining the ki67-expressing nuclei in relation to the total number of nuclei which is defined by DAPI 
staining. (*means p < .05, **means p < .01, ***means p < .001)
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F I G U R E  2   Mechanical force downregulated miR-31 host gene (MIR31HG) with the reduced hPDLSCs proliferation ability. (a, b) qRT-PCR 
results demonstrated that the mRNA expression of MIR31HG was dramatically decreased in a force a force magnitude- and time-dependent 
manner. GAPDH was used for normalization. (c) qRT-PCR results demonstrated that MIR31HG was successfully knocked down in hPDLSCs. 
(d, f) Immunofluorescence staining results showed less ki67 (red) with DAPI (blue) counterstaining after MIR31HG knockdown compared with 
si-NC group. Scale bars: 50 μm. (e) CCK-8 assays displayed that cell proliferation ability was inhibited after the transfection of si-MIR31HG 
compared with the si-NC group. (g) Cell fractionation assay results showed that the cytoplasmic expression of MIR31HG and IL-6 decreased 
from 0h to 8 hr and then gradually increased to initial levels at 12 hr. (*means p < .05, **means p < .01)
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analysis of variance was employed for comparison of three or more 
groups. All analyses were conducted using SPSS 19.0 software (SPSS 
Inc). The threshold of statistical significance was set as p < .05.

3  | RESULTS

3.1 | Mechanical force upregulated IL-6 expression 
and inhibited cell proliferation in hPDLSCs

After application of mechanical force to hPDLSCs for 12 hr (Figure S1), 
mRNA and protein expression of IL-6 were significantly increased in 
a force magnitude- and time-dependent manner, indicating that the 
hPDLSCs responded actively to the mechanical force (Figure 1a-d). 
As the protein expression of IL-6 reached the highest peak at 2 g/
cm2, this force was used in further experiments. Then, we evaluate 
the effects of mechanical force on hPDLSCs proliferation. We per-
formed CCK-8 cell proliferation assays, and the results showed that 
the cell proliferation ability significantly suppressed after 2  g/cm2 
mechanical force application and the immunofluorescence staining 
results indicated that the protein level of ki67 at the 1st day after 
mechanical force application reduced significantly in hPDLSCs com-
pared with the control group (Figure 1e ~ G). These results indicated 
mechanical force significantly inhibited hPDLSCs proliferation.

3.2 | Mechanical force downregulated 
MIR31HG in hPDLSCs with the reduced hPDLSCs 
proliferation ability

By contrast to the mRNA and protein expression changes of IL-6 
after force application, we found that MIR31HG expression was 
dramatically decreased in a force magnitude- and time-dependent 
manner (Figure 2a, b), indicating that MIR31HG is regulated by me-
chanical force. Then, we evaluated the effect of MIR31HG on cell 
proliferation in vitro. We first evaluated the transfection efficiency 
of siRNAs and found that MIR31HG was successfully knocked down 
in hPDLSCs (Figure 2c). CCK-8 cell proliferation assays displayed that 
the transfection of si-MIR31HG significantly inhibited the growth of 
hPDLSCs compared with the si-NC group (Figure  2e). Moreover, 
the Ki67 immunofluorescence staining also demonstrated that the 
cell proliferation ability was significantly inhibited after MIR31HG 
knockdown compared with the NC group (Figure 2d, f). Taken to-
gether, these results revealed that mechanical force downregulated 
MIR31HG with the reduced hPDLSCs proliferation ability.

3.3 | Mechanical force altered the nuclear and 
cytoplasmic localization of MIR31HG and IL-6 in 
hPDLSCs in a time-dependent manner

We then analyzed the time series RNA expression of MIR31HG and 
inflammatory cytokine IL-6 in hPDLSCs under mechanical stimulus. 

According to our previous results, the nuclear and cytoplasmic ra-
tios of MIR31HG were associated with the biological function of 
MIR31HG. Thus, we investigated time series changes in the nu-
clear and cytoplasmic ratios of MIR31HG and IL-6. We separated 
nuclear and cytoplasmic RNA at 0, 4, 8, and 12 hr after application 
of mechanical force and found that the cytoplasmic expression of 
MIR31HG decreased from 0 hr to 8 hr and then gradually increased 
to the initial level at 12  hr. Similarly, the expression of IL-6 in the 
cytoplasm decreased from 0 hr to 8 hr and was then upregulated to 
the initial level at 12 hr. These results indicated that MIR31HG was 
closely associated with IL-6, which in turn was representative of the 
degree of mechanical force (Figure 2g).

3.4 | DNMT1 and DNMT3B inhibited MIR31HG 
expression in hPDLSCs

The percentage of CpG islands in the promoter region of MIR31HG 
reached 22.5%, indicating that the expression of MIR31HG may be 
regulated by DNA methylation. We first examined the protein ex-
pression levels of DNMT1 and DNMT3B by Western blot and found 
that they were increased under mechanical force (Figure 3a-c). We 
then knocked down DNMT1 (Figure 3d, f) and DNMT3B (Figure 3e, 
G) using siRNA and found that MIR31HG expression was significantly 
upregulated thereafter (Figure  3h, I). These results indicated that 
DNMT1 and DNMT3B inhibited MIR31HG expression in hPDLSCs.

3.5 | Silencing of DNMT1 and DNMT3B 
reversed mechanical force-induced expression 
changes of MIR31HG

We then explored whether mechanical force-induced expression 
changes of MIR31HG was regulated via DNA methylation. After 
knockdown of DNMT1 or DNMT3B, MIR31HG expression showed 
no significant change under mechanical stress, in contrast to the 
decrease observed before knockdown. The results implied that 
DNMT1 and DNMT3B could reverse MIR31HG expression in hP-
DLSCs under mechanical force (Figure 3j).

3.6 | Expression of MIR31HG was regulated by 
DNMT1 and DNMT3B

DNMT1 and DNMT3B binding sites have been identified in the pro-
moter region of MIR31HG (H. Wang, Feng, Jin, Tan, & Wei, 2019). 
To further reveal the mechanisms regulating DNMT1 and DNMT3B 
in the MIR31HG promoter region, the elements in the 2000 bp up-
stream of the MIR31HG transcription start site were analyzed, and 
10 pairs of primers were designed according to the locations of the 
CpG sites. Six pairs of primers (Table S3) that successfully amplified 
CpG site sequences were used for ChIP assays (Figure  4a), which 
were performed with antibodies against the DNMT1 or DNMT3B. 
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The results showed that the promoter elements containing primers 
M3–M6 was responsible for the binding of DNMT1 and DNMT3B 
(Figure  4b, c), indicating that the vicinity of the 1015-bp region 

upstream of the MIR31HG transcriptional start site (TSS) contains 
most of the bonding elements of DNMT1 and DNMT3B, especially 
the region from − 479 bp to − 777 bp. Meanwhile, the dual-luciferase 

F I G U R E  3   DNA methyltransferase 1 (DNMT1) and DNA methyltransferase 3B (DNMT3B) were associated with MIR31HG expression 
in hPDLSCs under compression. (a–c) Western blot results demonstrated that the protein expression levels of DNMT1 and DNMT3B were 
increased under compression. Histograms show the quantification of band intensities. β-actin was used for normalization. (d–g) qRT-PCR 
and PCR results demonstrated that DNMT1 and DNMT3B were successfully knocked down. GAPDH was used for normalization. (h, i) 
MIR31HG expression was significantly upregulated after DNMT1 and DNMT3B knockdown. GAPDH was used for normalization. (j) qRT-PCR 
results demonstrated that DNMT1 and DNMT3B reversed MIR31HG expression in hPDLSCs under mechanical force. GAPDH was used for 
normalization. (*means p < .05, **means p < .01)
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assay was performed to further determine the binding sites of 
DNMT1 and DNMT3B in the MIR31HG promoter region. The fl or 
truncated promoter regions sliced at  −  900  bp (t1) or  −  1,299  bp 
(t2) were cloned upstream of the firefly luciferase coding region 
(Figure  5a). The results demonstrated that knockdown of DNMT1 
or DNMT3B significantly increased fl MIR31HG promoter activity 
compared to the control group, while the truncated bodies showed 
significantly reduced promoter efficiency, although the promoter 
activity was still higher in the DNMT1 and DNMT3B knockdown 
groups than in the control group (Figure 5b). These results suggested 
that in the vicinity (within 900 bp upstream) of the TSS, the promoter 
region contains the DNMT1 and DNMT3B response elements.

3.7 | Mechanical force and 5-AzadC regulated 
MIR31HG expression via DNA methylation

Treatment of hPDLSCs with 5-AzadC, a DNMT inhibitor, down-
regulated the mRNA expression of both DNMT1 and DNMT3B but 
upregulated the mRNA expression of MIR31HG (Figure 6a-c) com-
pared to the control group cultured in PM. We then subjected the 
hPDLSCs treated with 1 µM 5-AzadC for 4 days to further sequenc-
ing. We used the MassARRAY compact system with MALDI-TOF 

mass spectrometry to quantify the DNA methylation levels of the 
MIR31HG promoter. The schematic diagram of MIR31HG shows the 
CpG sites from − 828 to − 478 bp in the promoter region of MIR31HG 
(Figure 6d). The heatmap generated from MassARRAY data revealed 
aberrantly expressed CpG sites, through analysis of cells treated 
with 5-AzadC and saline. The results showed that the methylation 
status was lower in the cells treated with 5-AzadC compared to the 
control cells (Figure  6e). Similarly, quantitative methylation analy-
sis revealed that the CpG sites in cells treated with 1 μM 5-AzadC 
were hypomethylated compared to the control cells (CpG sites 1 ~ 5 
and 7 ~ 13). CpG sites 1, 2, 4, 5, and 7 in cells treated with 1 μM 
5-AzadC were significantly hypomethylated compared to the con-
trol cells (Figure  6f). Furthermore, we evaluated the effect of the 
mechanical force on methylation level of MIR31HG gene promoter 
by the Sequenom MassARAAY analyses. The results exhibited that 
the methylation level in PDLSCs with force application was signifi-
cantly higher at CpG sites 3, 9, and 13 compared to the control cells, 
indicating that mechanical force downregulating MIR31HG expres-
sion via upregulating methylation level of MIR31HG gene promoter 
(Figure  6g). Taken together, these results indicated that the CpG 
methylation status in the vicinity of the MIR31HG TSS may be im-
portant in methylation-related gene silencing of MIR31HG under 
mechanical force.

F I G U R E  4   DNMT1 and DNMT3B 
directly targeted MIR31HG to regulate 
its expression in hPDLSCs under 
compression. (a) Diagram of the MIR31HG 
promoter and location of the primers. 
The positions marked were relative to 
the transcriptional start site (TSS). (b, 
c) Chromatin immunoprecipitation-
quantitative PCR (ChIP-qPCR) results 
showed the interactions between 
DNMT1 or DNMT3B and the MIR31HG 
promoter in hPDLSCs. IgG was used for 
normalization. (*means p < .05, **means 
p < .01, ***means p < .001)
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4  | DISCUSSION

PDLSCs play a pivotal role in resisting the mechanical stress gener-
ated by orthodontic tooth movement. Recently, many ncRNAs have 
been reported to be associated with mechanical stimuli, and several 
miRNAs, lncRNAs, and circular RNAs were identified to be involved 
in mechanical force-induced PDLSCs (Chang, Lin, Luo, Wang, & 
Han, 2015; Y. Huang, Zhang, et al., 2018; Wang et al., 2019). However, 
the specific mechanisms through which ncRNAs regulate PDLSCs 
under mechanical stress are not fully elucidated. In present study, we 
determined that MIR31HG was significantly downregulated under me-
chanical force. IL-6 is involved in the immune response during inflam-
mation processes (Okada et al., 1997) and has both an autocrine and 
paracrine effect, which can stimulate osteoclast formation and the 
bone-resorbing activity of preformed osteoclasts (Kurihara, Bertolini, 
Suda, Akiyama, & Roodman,  1990). Recently, several studies have 
reported the upregulation of IL-6 under compression of hPDLSCs 
(Phusuntornsakul, Jitpukdeebodintra, Pavasant, & Leethanakul, 2018). 
Under compression, the mRNA expression of IL-6 was upregulated 
in the first 24 hr and then gradually decreased, having no significant 
difference from controls in the latter 24  hr (Schroder et  al.,  2018). 
Clinical studies also demonstrated that there is an increased quantity 
of IL-6 in gingival crevicular fluid of orthodontic patients in the initial 
phase of orthodontic tooth movement, which is consistent with in 
vitro studies (Basaran, Ozer, Kaya, & Hamamci, 2006; Giannopoulou, 
Dudic, & Kiliaridis, 2006). In this study, we confirmed that IL-6 was 
dramatically upregulated at both the mRNA and protein levels, which 
is consistent with previous studies.

Maintaining active proliferation ability of hPDLSCs is essen-
tial for the periodontium to resist mechanical stress during ortho-
dontic tooth movement (Mabuchi et al., 2002; Zainal Ariffin et al.., 
2011). Mechanical force could first evoke an increase of prolifera-
tion in hPDLSCs at the initial 15 min and then lead to a continuous 
decrease via targeting the yes-associated protein (Huelter-Hassler 
et al., 2017) in vitro. Another in vivo experiment reported that the 
proliferation ability of periodontal ligament decreased at the first 
3 days after orthodontic treatment and then gradually increased in 
Sprague Dawley rats (Mabuchi et al., 2002). Ki67 serves as a reliable 
nuclear biomarker to detect proliferation ability (Mussig, Tomakidi, & 
Steinberg, 2005; Scholzen & Gerdes, 2000). We first found that the 
cell proliferation ability was significantly suppressed after mechan-
ical force application. MIR31HG is reported to facilitate non-small-
cell lung cells proliferation by activating the Wnt/β-catenin signaling 
pathway and promote  head  and  neck  cancer  cell  proliferation by 
targeting  HIF1A  and  P21 (R. Wang et  al.,  2018; S. Zheng, Zhang, 
Wang, & Li, 2019). However, it is still unknown how MIR31HG regu-
late hPDLSCs proliferation under mechanical force. In present study, 
we found that knockdown of MIR31HG remarkably suppressed the 
growth of hPDLSCs, indicating that MIR31HG are involved in the hP-
DLSCs proliferation ability regulation under mechanical force.

DNA methylation of cytosine residues within CpG dinucleotides 
to yield 5-mC is widespread throughout the mammalian genome 
and is catalyzed by DNMTs which respond to different kinds of 
signals (Fatemi, Hermann, Gowher, & Jeltsch, 2002). However, the 
relationship between DNA methylation and mechanical force re-
mains unknown. A recent study examined differentially methylated 

F I G U R E  5   DNMT1 and DNMT3B 
directly targeted MIR31HG to regulate 
its expression in hPDLSCs under 
compression. (a) Schematic maps showed 
the design of the full-length (fl) and 
truncated bodies (t1, t2) of the MIR31HG 
promoter. The arrow indicated the 
position of the TSS. (b) Luciferase activity 
of 293T cells transfected with luciferase 
constructs containing fl or truncated 
bodies (t1, t2) of the MIR31HG promoter. 
The ratio of firefly luciferase to Renilla 
luciferase activity was calculated and 
normalized to that of cells treated with 
phosphate-buffered saline (PBS). (*means 
p < .05, **means p < .01)
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F I G U R E  6   Summary of the cytosine–phosphate–guanine (CpG) methylation status of the MIR31HG gene promoter region based on 
MassARRAY results. (a–c). qRT-PCR results demonstrated that 5’-aca-2’-deoxycytidine (5-AzadC) inhibited the mRNA expression of DNMT1 
and DNMT3B and promoted MIR31HG expression. GAPDH was used for normalization. (d) Schematic diagram of the CpG sites within the 
MIR31HG promoter region. (e) Heatmap derived from the MassARRAY data showed aberrantly expressed CpG sites, through analysis of cells 
treated with or without 5-AzadC. (f, g) Quantitative methylation analysis of CpG sites located in the MIR31HG promoter using a MassARRAY 
compact system. Different colors displayed relative methylation changes in 20% increments. (*means p < .05, **means p < .01)



12  |     HAN et al.

CpG loci and lncRNAs in lung carcinoma to determine the effects 
of crosstalk between DNA methylation and lncRNA regulation, 
which is helpful for further epigenetic research and clinical tri-
als (Tang,  2018). In this study, we analyzed the CpG sites in the 
promoter region of MIR31HG and found that the number of sites 
was relatively high, indicating that MIR31HG may be regulated by 
DNA methylation. However, specific mechanisms underlying ln-
cRNA MIR31HG regulation by DNA methylation have never been 
reported. DNMTs including DNMT1, DNMT3A, and DNMT3B are 
essential for DNA methylation. DNMT1 accounting for the most 
abundant DNMT in mammalian cells is responsible for maintain-
ing methylation, while DNMT3A and DNMT3B are involved in de 
novo methylation during early embryogenesis to establish a somatic 
methylation patterns (Okano et  al.,  1999). Many previous studies 
have shown that DNMT1 and DNMT3B work together to main-
tain DNA methylation and gene silencing during the occurrence 
and development of diseases. Genetic disruption of DNMT1 and 
DNMT3B almost eliminated colorectal cancer cells methyltransfer-
ase activity and reduced genomic DNA methylation by 495% (Rhee 
et al., 2002). DNMTs inhibitor 5-AzadC could suppress the DNMT1 
and DNMT3B expression, but it has no effect on DNMT3A in glioma 

(Rajendran et al., 2011). Similarly, a previous study reported that ho-
meobox transcript antisense intergenic RNA modulated homeobox 
A1 DNA methylation by reducing the expression of DNMT1 and 
DNMT3B in drug-resistant small-cell lung cancer (Fang et al., 2016). 
In our study, we first detected the protein expression changes of 
DNMT1 and DNMT3B by Western blot and found that protein ex-
pression of both DNMT1 and DNMT3B was increased under com-
pression. We then found that MIR31HG expression was significantly 
upregulated when DNMT1 and DNMT3B were knocked down, 
implying that DNMT1 and DNMT3B inhibited MIR31HG expres-
sion. Mechanical force was applied, and MIR31HG expression did 
not significantly change after knockdown of DNMT1 or DNMT3B, 
suggesting that the downregulation of MIR31HG under mechanical 
force might be mediated by DNMT1 and DNMT3B. Dual-luciferase 
and ChIP assays verified our hypothesis that DNMT1 and DNMT3B 
targeted the prompter region of MIR31HG to regulate its expression 
in hPDLSCs under compression. Moreover, we found that 5-AzadC, 
which inhibits DNMTs, upregulated the expression of MIR31HG. 
This result indicates that 5-AzadC may be useful in clinical studies 
to upregulate MIR31HG expression, modulating the tissue response 
induced by mechanical force.

F I G U R E  7   Schematic diagram of 
DNMT1 and DNMT3B reversed MIR31HG 
expression in hPDLSCs subjected to 
mechanical. DNMT1 and DNMT3B 
targeted MIR31HG promoter gene to 
reverse the downregulated expression of 
MIR31HG subjected to mechanical force
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In recent decades, MassARRAY has been widely used and recog-
nized as a powerful tool for detecting methylation of CpG sites and 
determining the DNA methylation status. The MassARRAY compact 
system was used to verify DNA methylation in the 5' flanking region 
of the mucin 4 gene, which serve an important role in carcinomas of 
various organs (Yamada et al., 2009). In present study, MassARRAY 
compact system was used to examine the methylation status of 14 
CpG sites in the promoter region of MIR31HG. Methylation was 
closely associated with MIR31HG expression in hPDLSCs treated 
with or without 5-AzadC. Methylation level was significantly 
higher in hPDLSCs under mechanical force compared with the con-
trol groups. These results suggest that mechanical force regulates 
MIR31HG expression via DNA methylation. Taken together, these 
results indicate that the CpG methylation status in the vicinity of the 
MIR31HG TSS may be important in methylation-related gene silenc-
ing of MIR31HG under mechanical force.

This in vitro study allows us to assume that the force application 
process may have some similarities to the process of orthodontic 
tooth movement (de Oliveira Ramalho & Bozzo, 1990), providing us 
with hints of possible MIR31HG-based orthodontic therapeutic ap-
proaches in response to mechanical stress during orthodontic tooth 
movement.

5  | CONCLUSIONS

In conclusion, mechanical force downregulated the proliferation 
of hPDLSCs and upregulated DNA methylation level of MIR31HG 
promoter to decrease its expression. Knockdown of DNMT1 and 
DNMT3B upregulated demethylation of the MIR31HG promoter, 
subsequently reversing the mechanical force-induced decline of 
MIR31HG (Figure  7). These findings suggest that DNMT-mediated 
DNA methylation is an important mechanism regulating force-in-
duced MIR31HG gene expression, suggesting a potential new regula-
tor in orthodontic tooth movement.
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