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Background: Functional orthoses are commonly used to treat skeletal Class II malocclusion, but the specific mechanism through which they do this has been a challenging topic in orthodontics. In the present study, we aimed to explore the effect of tensile stress on the osteogenic differentiation of condylar chondrocytes from an exosomal perspective.
Methods: We cultured rat condylar chondrocytes under resting and tensile stress conditions and subsequently extracted cellular exosomes from them. We then screened miRNAs that were differentially expressed between the two exosome extracts by high-throughput sequencing and performed bioinformatics analysis and osteogenesis-related target gene prediction using the TargetScan and miRanda softwares. Exosomes cultured under resting and tensile stress conditions were co-cultured with condylar chondrocytes for 24 h to form the Control-Exo and Force-Exo exosome groups, respectively. Quantitative real time PCR(RT-qPCR) and western blotting were then used to determine the mRNA and protein expression levels of Runx2 and Sox9 in condylar chondrocytes.
Results: The mRNA and protein expression levels of Runx2 and Sox9 in the Force-Exo group were significantly higher than those in the Control-Exo group (p < 0.05). The differential miRNA expression results were consistent with our sequencing results. Bioinformatics analysis and target gene prediction results showed that the main biological processes and molecular functions involved in differential miRNA expression in exosomes under tensile stress were biological processes and protein binding, respectively. Kyoto Gene and Genome Data Bank (KEGG) pathway enrichment analysis showed significant enrichment of differentially expressed miRNAs in the mTOR signaling pathway. The differentially expressed miRNAs were found to target osteogenesis-related genes.
Conclusion: These results suggest that stimulation of rat condylar chondrocytes with tensile stress can alter the expression levels of certain miRNAs in their exosomes and promote their osteogenic differentiation. Exosomes under tensile stress culture conditions thus have potential applications in the treatment of Osteoarthritis (OA).
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INTRODUCTION
Skeletal Class II malocclusion is one of the most common orthodontic clinical disorders, mostly manifesting as underdevelopment of the mandible. In adolescent patients with this disorder, functional orthodontic appliances or orthoses are mostly used for clinical treatment. The biological basis through which functional orthoses guide mandibular growth and remodeling depends on the condyle being an important regulatory site for mandibular growth and development. Mandibular growth and development at the condyle are based on endochondral osteogenesis. Studies (Zhao et al., 2017) have revealed that condylar cartilage can sense mechanical stimuli and convert them into biochemical signals, which are transmitted to condylar chondrocytes and further, through intracellular signaling chains, to downstream proteins in signaling pathways that regulate the expression of genes involved in condyle growth and development.
With progress in research, it has become clearer that exosomes, which are secreted by cells, play an important role in intercellular signaling. Studies have shown that exosomes can regulate biological activities associated with bone marrow mesenchymal stem cell (BMSC) proliferation and differentiation through exosomal miRNAs and also affect the functions of osteoblasts, chondrocytes, and osteoclasts to mediate osteogenesis and bone resorption (Ekström et al., 2013; Wang et al., 2014; Zhang et al., 2015; Qin et al., 2016). However, mature miRNAs in cells are not randomly integrated into exosomes. When cells are in different states, the results of miRNA screening into exosomes will also change. (Akerman et al., 2019). Changes in the environment of cells, such as the presence of compressive or tensile stress, can have a significant effect on the secretion of exosomes from them (Kusuma et al., 2017). Umeda M et al. (Umeda et al., 2015) first reported the role of microRNA-200a in condylar cartilage formation in 2015; they found that the addition of a microRNA-200a inhibitor enhanced the proliferation of condylar chondrocytes and active cartilage growth response and caused significant thickening of the condylar cartilage layer. In 2017, the same team (Yassin et al., 2017) found that transfection of microRNA-200a into condylar chondrocytes resulted in negative feedback regulation of mandibular condylar chondrogenesis. Cao et al. found that inhibition of miR-15b promoted the expression of IGF1, IGF1R, and bcl2, which enhanced the proliferation and inhibited the apoptosis of condylar chondrocytes (Cao et al., 2019). A study also showed that treatment of cartilage defects in mice with exosomes led to an almost complete recovery of cartilage and subchondral bone, in contrast to treatment with saline control, which only led to fibrous repair (Zhang et al., 2016). In summary, studying the effect of exosomes on condylar cartilage osteogenesis and miRNA expression changes in mandibular condylar chondrocytes (MCCs) under tensile stress is important for understanding the mechanism of condylar cartilage osteogenesis regulation under tensile stress as well as the mechanism through which functional orthoses treat skeletal class II malformations.
To the best of our knowledge, this is the first study of the effect of condylar chondrocyte exosomes on condylar cartilage osteogenesis under cellular tensile stress. Here, we aimed to co-culture exosomes with rat condylar chondrocytes under resting and tensile stress conditions to explore the effect of tensile stress on condylar cartilage osteogenesis. We also aimed to analyze the expression profile of exosomal miRNAs under cellular tensile stress and compare it with that of exosomal miRNAs under control conditions. Finally, we aimed to identify differentially expressed exosomal miRNAs between the tensile stress and control conditions as well as the target genes of these miRNAs through bioinformatics analyses.
MATERIALS AND METHODS
Establishment and grouping of afterburner models
Ten 2-week-old SD rats (male, SPF class, purchased from Shanghai Experimental Animal Center, Chinese Academy of Sciences, Shanghai,China) were dissected under aseptic conditions to isolate the bilateral mandibular condyles. We exposed the cartilage properly, isolated the rat condylar cartilage, cut it into pieces in PBS, and digested these with 5 ml of trypsin (biosharp, Hefei, China) at 37°C for 30 min. This was followed by digestion with 2 mg/ml type II collagenase (biosharp, Hefei, China) for 120 min at 37°C. The final precipitate was collected after centrifugation at 1800 g for 5 min. The resulting cells were resuspended in DMEM (Servicebio, Wuhan, China) containing 10% fetal bovine serum (FBS, Sijiqing, Hangzhou, China), 100 U/ml of penicillin, and 100 μg/ml of streptomycin (biosharp, Hefei, China) at 37°C in a humidified atmosphere containing 5% CO2. The cells were trypsinized after reaching 80% wall apposition. The Passage 0 (P0) generation chondrocytes were stained with toluidine blue (Phygene, Fuzhou, China), observed under an inverted microscope (Leica, Wetzlar, Germany), and photographed.
P2-generation rat condylar chondrocytes were inoculated at a density of 1×105/ml on elastic cell spiking plates (flexcell, Burlington, NC, United States), and the cells were then allowed to grow to 80% fusion and synchronized by changing the serum-free culture medium 24 h before spiking. The cells were desynchronized by replacing the exosome-free DMEM medium containing 10% FBS before the start of cell stressing. A cell stressing device (flexcell, Burlington,NC, United States) was used to apply cyclic tensile stress to the experimental group at a 1 Hz frequency and 10% elongation for 24 h (Ming-Jia et al., 2019). The cells in the control group were exposed to all the same conditions except tensile stress.
Isolation of MCC-exosomes
The collected medium was centrifuged in an ultra-high-speed refrigerated centrifuge (Beckman Coulter, Brea, CA, United States) at 300 ×g and 4°C for 10 min; the precipitated live cells were discarded to retain the upper liquid; this liquid was centrifuged at 2000 ×g and 4°C for 10 min and the precipitated dead cells were discarded to retain the upper liquid; this liquid was centrifuged at 10,000 ×g and 4°C for 30 min and the precipitated tissue fragments were discarded to retain the upper liquid; the exosome precipitate was obtained after centrifugation at 100,000 g for 70 min and 4°C, resuspended, and washed in PBS for total protein extraction or addition to cell culture medium.
Observation of exosome morphology
Force-Exo and Control-Exo exosomes were each placed on an electron microscope copper mesh with 10 µl drops of exosome PBS suspension, left for 5 min at room temperature, and excess liquid was removed by aspiration with filter paper. A drop of pH 10 2% phosphotungstic acid solution with a pH of 6.5–7.0 was applied to the copper mesh, stained for 2 min at room temperature, and then dried. Excess liquid was removed using filter paper, and placed under a light to dry; then, the morphology and size of the two groups of exosomes were observed by transmission electron microscopy (Hitachi, Tokyo, Japan) and the exosomes were photographed.
Exosome nanoparticle tracking analysis
To detect the particle size and concentration of exosomes, we places the two groups of exosomes on ice. The exosomes were diluted with 1× PBS and directly placed in a nanoparticle tracking analyzer (PARTICLE METRIX, Luxembourg, Germany) for NTA detection. The results were then recorded.
Identification of surface-specific protein markers of exosomes by nanofluidics
We took 20 μl of exosomes from each of the two groups and added PBS to dilute the suspensions to 90 μl; we then took 30 μl of diluted exosomes and added 20 μl of fluorescently labeled antibodies (IgG, CD9, CD81) (Proteintech, Chicago, Illinois, United States); these solutions were mixed well in the dark and set aside. They were incubated at 37°C for 30 min. Then we added 1 ml of pre-cooled PBS and ultracentrifuged the solutions at 4°C and 110,000 ×g for 70 min. We removed the supernatant, added 1 ml of 4°C PBS, mixed well, and then performed ultracentrifugation at 110,000 ×g at 4°C for 70 min. We removed the supernatant and resuspended precipitate in 50 μl of pre-chilled 1× PBS. Sample loading assay (Thermo Fisher Scientific, Waltham,MA, United States) was then added to obtain exosome marker protein index results.
miRNA sequencing in MCC-Exo
MicroRNA sequencing libraries were prepared using TruSeq Small RNA Sample Prep Kits (Illumina, San Diego, United States). The library construction process is as follows: 1) extraction of total exosome RNA; 2) RNA 3′ adapter ligation; 3) RNA 5′ adapter ligation; 4) RT primers were added for reverse transcription of the synthesized RNA; 5) PCR amplification; 6)Gel-purified amplified cDNA library formation; 7)Validation library formation. The constructed library was sequenced using Illumina Hiseq 2,500, and the sequencing read length was 1 × 50 bp, single-end. The acquired mRNA data were analyzed using the ACGT101-miR software.
Dyeing tracer of exosomes
PKH26 (Yumebo, Shanghai, China) was added to the two groups of exosomes for staining, and exosomes were co-cultured with condylar chondrocytes for 24 h. The uptake of exosomes by chondrocytes was observed under an optical confocal microscope (Leica, Wetzlar, Germany).
Detection of Sox9 and Runx2 mRNA expression by RT-qPCR
The cells were collected immediately after co-culture of exosomes (100 μg/ml) with condylar chondrocytes in both groups for 24 h. Total RNA was extracted from each group of cells using Trizol (Servicebio, Wuhan, China) according to the manufacturer’s instructions, and its concentration and purity were determined. cDNA was synthesized using a reverse transcription kit (Servicebio, Wuhan, China), and RT-qPCR was performed using a real-time fluorescence quantitative PCR instrument (Bio-rad, Hercules, California, United States). Results were calculated using the 2-△△Ct method, and the primer sequences are shown in Table 3.
Western blot
The two groups of exosomes (100 μg/ml) and condylar chondrocytes were co-cultured for 24 h, and the co-cultured cells were collected immediately. Total proteins were extracted from cells on ice for 15 min with RIPA Lysis Buffer (Servicebio, Wuhan, China) and centrifuged at 12,000 rpm for 15 min. The BCA Protein Assay kit was used to measure protein concentrations (Servicebio, Wuhan, China). Standard western blotting procedures were followed. The main antibodies used are as follows: Runx2 (Proteintech, Chicago, Illinois, United States, 1:3,000 dilution), Sox9 (Proteintech, Chicago, Illinois, United States, 1:1,000 dilution), β-actin (Proteintech, Chicago, Illinois, United States, 1:1,000 dilution). The protein expression levels of Runx2 and Sox9 were normalized to β-actin expression levels.
Validation of differential miRNA expression changes by RT-qPCR
The two groups of exosomes were co-cultured with condylar chondrocytes for 24 h before the cells were collected. Trizol was used to extract total RNA from each group of cells. RT-qPCR analysis was performed for miR-199a-5p, miR-25-3p, miR-339-5p, and miR-186-5p, and the results were calculated using the 2−△△Ct method. The primer sequences are shown in Table 3.
Bioinformatics analysis
The miRNAs that were significantly differentially expressed between the two groups of exosomes were identified using a t-test with a threshold of p < 0.05 to compare the expression levels of miRNAs between the two groups. The study of biological processes, cellular components, and molecular activities was done using Gene Ontology (GO) function enrichment, and the analysis of pathways involving distinct miRNAs was done using the Kyoto Gene and Genome Database (KEGG). Some miRNAs were predicted to have osteogenesis-related target genes according to TargetScan (v5.0) and Miranda (v3.3a), and the outcome was the intersection of the two predictions.
Statistical analysis
Data analyses were independently repeated three times, and for normally distributed data, Student’s t-test was used. SPSS 23.0 was used for all statistical analyses (SPSS, Chicago, Illinois, United States). The statistical significance level was set at p < 0.05.
RESULTS
Identification of rat condylar chondrocytes
Condylar chondrocytes of the P2 generation were identified under an inverted microscope. The cells were large and polygonal and often arranged like paving stones. The nuclei were oval or round (Figures 1A,B).
[image: Figure 1]FIGURE 1 | Toluidine blue staining of MCC cells (A): ×40 (B) ×100)
Identification of exosomes
Exosomes of the Force-Exo group and Control-Exo group were collected by ultracentrifugation. The TEM results showed that the MCC-Exos in both groups had a double concave disc-like monolayer membrane structure (Figures 2A,B). The nanoflow results showed that MCC-Exos in both groups expressed CD9 and CD81 membrane protein markers (Figures 2C,D). The NTA test results showed that the particle sizes in both groups were 30–150 nm (Figures 2E,F), which was consistent with exosome characteristics.
[image: Figure 2]FIGURE 2 | Exosome identification (A): Control-Exo group TEM image. (B): Force-Exo group TEM image. (C): Control-Exo group CD9 and CD81 detection results. (D): Force-Exo group CD9 and CD81 detection results. (E): Control-Exo group exosome particle size distribution. (F): Force-Exo group exosome particle size distribution.
Identification of miRNA transcripts in the Force-Exo group
High-throughput sequencing of miRNAs was performed for three samples each of the Control-Exo and Force-Exo groups. The lengths of the miRNAs sequenced are shown in Figure 3B. Gene statistics are shown in Figure 3A. The miRNA percentages in the Control1, Control2, Control3, Force1, Force2, and Force3 samples were 4.51%, 3.03%, 6.19%, 0.64%, 0.38%, and 0.33%, respectively. A total of 418 miRNAs were detected, of which 144 were expressed in the Force-Exo group, with one being specifically expressed in this group, and 417 were expressed in the Control-Exo group; 143 miRNAs were co-expressed by the two groups (Figure 3D).
[image: Figure 3]FIGURE 3 | Force-Exo and Control-Exo group miRNA expression profiles. (A) Classification of known miRNA genes according to genomic origin. (B) Sequence length distribution of all miRNAs (C) miRNA expression differences between Force-Exo and Control-Exo groups displayed through a volcano plot. Genes presented as grey dots exhibited non-significantly differential expression between the two MCC-Exo groups, genes presented as red dots exhibited significant up-regulation in the Force-Exo group compared to the Control-Exo group, and genes presented as blue dots exhibited significant down-regulation in the Force-Exo group compared to the Control-Exo group. (D) Venn diagram showing the number of miRNAs unique to and common between the Force-Exo and Control-Exo groups.
Expression profile of miRNAs in the Force-Exo group
A total of 85 miRNAs were significantly differentially expressed (p < 0.05) in the Force-Exo group, with one, rno-miR-199a-5p, being upregulated and 84 being down-regulated, compared to the Control-Exo group (Figure 3C). The red dot in the graph indicates the significantly up-regulated miRNA, and the blue dots indicate significantly down-regulated miRNAs. Heat class clustering analysis also showed that miRNA expression levels in the Force-Exo and Control-Exo groups were different (Figure 4). Table 1 lists the four miRNAs that showed a high and significant level of differential expression between the two MCC-Exo groups.
[image: Figure 4]FIGURE 4 | miRNAs showing significantly differential expression levels between the Force-Exo and Control-Exo groups were grouped hierarchically. The sample’s log2 (expression value plus+1) is plotted on the x-axis, while gene expression is plotted on the y-axis. The color from red to blue indicates the expression of miRNAs from high to low.
TABLE 1 | miRNAs with significant differences in expression between the two MCC-Exo groups.
[image: Table 1]Prediction of target genes
Osteogenesis-related target genes of the up-regulated miRNA and several down-regulated miRNAs were predicted. The osteogenesis-related target genes predicted for rno-miR-199a-5p were Bmp3 and ECE1. Among the down-regulated miRNAs, rno-miR-10b-5p was predicted to target samd9, rno-miR-186-5p was predicted to target Samd8 and BMP3, rno-miR-26a-5p was predicted to target samd1, and rno-miR-25-3p was predicted to target BMP3 and Samd9 (Table 2).
TABLE 2 | Miranda software-predicted osteogenesis-related target genes of some miRNAs that showed significant differential expression between the two MCC-Exo groups.
[image: Table 2]Dye-based tracing of exosomal uptake by rat condylar chondrocytes
To determine whether the exosomes of the Force-Exo and Control-Exo groups could be taken up by rat condylar chondrocytes we stained them with PKH26 and then co-cultured them with rat condylar chondrocytes for 24 h. We then observed these exosomes using laser confocal microscopy and found that condylar chondrocytes had taken up a large number of labeled exosomes (Figure 5).
[image: Figure 5]FIGURE 5 | Dye-based tracing of exosomal uptake by rat condylar chondrocytes. DAPI-stained nuclei appear blue, and PKH26-stained exosomes appear red.
Expression of Runx2 and Sox9 mRNAs and proteins in condylar chondrocytes co-cultured with the two MCC-Exo groups
To verify the effect of Force-Exo exosomes on the osteogenic differentiation of rat condylar chondrocytes, we analyzed the expression levels of Runx2 and Sox9 mRNAs and proteins in condylar chondrocytes co-cultured with Force-Exo and Control-Exo exosomes. We found that the mRNA and protein expression levels of Runx2 and Sox9 in condylar chondrocytes co-cultured with Force-Exo exosomes were significantly higher than those in condylar chondrocytes co-cultured with Control-Exo exosomes (p < 0.05). The sequences of primers employed for mRNA analysis are shown in Table 3 (Figure 6).
TABLE 3 | miRNA and mRNA primer sequences.
[image: Table 3][image: Figure 6]FIGURE 6 | Force-Exo exosomes promoted osteogenic differentiation of condylar chondrocytes. (A) The expression level of Runx2 in condylar chondrocytes of the Force-Exo group was significantly higher than that in condylar chondrocytes of the Control-Exo group, ****p < 0.0001, N = 3 for each group. (B) The expression level of Sox9 in condylar chondrocytes of the Force-Exo group was significantly higher than that in condylar chondrocytes of the Control-Exo group. **p < 0.01, N = 3 for each group. (C) The expression levels of Runx2 and Sox9 proteins in condylar chondrocytes of the Force-Exo group were significantly higher than those in condylar chondrocytes of the Control-Exo group, (D,E) The gray values of the Runx2 and Sox9 western blot bands for the Force-Exo group were significantly higher than those for the Control-Exo group, ***p < 0.0005, **p < 0.01, N = 3 for each group.
Validation of differentially expressed miRNAs by RT-qPCR
Four miRNAs with significant differences in expression between the Force-Exo and Control-Exo groups were selected to verify the miRNA sequencing results. The results of this analysis are shown in Figure 7. The expression level of miR-199a-5p (Figure 7A) in the Force-Exo group was significantly higher than that in the Control-Exo group, and the expression levels of miR-186-5p, miR-339-5p, and miR-25-3p in the Force-Exo group were significantly lower than those in the Control-Exo group (Figures 7B–D). The expression level results of the miRNAs determined by RT-qPCR were consistent with their sequencing results, confirming the reliability and reproducibility of the miRNA sequencing method. The primer sequences used for RT-qPCR are shown in Table 3.
[image: Figure 7]FIGURE 7 | Validation of differential miRNA expression profiles. (A) miR-199a-5P expression in condylar chondrocytes was significantly higher in the Force-Exo group than in the Control-Exo group, N = 3 for each group, ****p < 0.0001. (B) miR-339-5P expression in condylar chondrocytes was significantly lower in the Force-Exo group than in the Control-Exo group, N = 3 for each group, ****p < 0.0001. (C) miR-25-3P expression in condylar chondrocytes was significantly lower in the Force-Exo group than in the Control-Exo group, N = 3 for each group, *p < 0.05. (D) miR-186-5P expression in condylar chondrocytes was significantly lower in the Force-Exo group than in the Control-Exo group, N = 3 for each group, **p < 0.01.
GO and KEGG analyses
To elucidate the activities and interactions of exosomal miRNAs that showed significant differential expression under cellular tensile stress, GO annotation and enrichment and KEGG pathway analysis were performed. The genes encoding miRNAs in the Force-Exo group were assigned GO terms based on sequence homology. There are three types of GO terms: cellular component, biological process, and molecular function. The results of the GO analysis revealed that biological process terms primarily consisted biological process, positive regulation of transcription by RNA polymerase II, transcription regulation, DNA-templated; cellular component terms primarily consisted membrane, cytoplasm, and nucleus; and molecular function terms primarily consisted protein binding, metal ion binding, and molecular function. (Figure 8). There was significant GO enrichment in cellular components, including the cytoplasm, cytosol, and membrane (Figure 9), maybe because of the formation and secretion of exosomes after the fusion of polycystic bodies with the cell surface. Pathway enrichment analysis showed that the genes encoding miRNAs in the Force-Exo group belonged to various pathways. The target genes of differentially expressed miRNAs showed the highest enrichment ratio in the mTOR signaling pathway (Figure 10). Among the top 20 significant KEGG pathways, the mTOR signaling pathway was the most significant, followed by the hepatitis B and Hippo signaling pathways (Figure 11). The abovementioned results can provide a reference for the exploration of osteogenesis-related signaling pathways in the future.
[image: Figure 8]FIGURE 8 | GO annotation enrichment analysis of genes encoding miRNAs expressed differentially between the Force-Exo and Control-Exo groups. Blue represents biological processes, green represents cellular components, and orange represents molecular functions.
[image: Figure 9]FIGURE 9 | GO enrichment of genes encoding miRNAs expressed differentially between the Force-Exo and Control-Exo groups. Bubble size represents the number of differential genes annotated for a GO term. The redder the color, the smaller the significance and higher the enrichment level.
[image: Figure 10]FIGURE 10 | Target genes of miRNAs expressed significantly differentially between the teo MCC-Exo groups were enriched in KEGG pathways. Bubble size represents the number of differential genes annotated for a certain pathway. The redder the color, the smaller the significance and higher the enrichment level.
[image: Figure 11]FIGURE 11 | KEGG pathway significance ranking map (p ≤ 0.05). The x-axis presents enrichment ratios, and the y-axis presents KEGG pathways.
DISCUSSION
Class II malocclusion in China is highly common in clinical practice. Surveys have shown that the prevalence of Class II malocclusion among children in China varies slightly at each dental stage, ranging from 25.8% at early mixed dentition to 19.4% at early permanent dentition (Minkui Fu et al., 2002). For the orthodontic treatment of patients with Class II malocclusion at Growth and development period (around puberty), early functional orthopedic treatments, such as Activator (Oh et al., 2020), Herbst (Souki et al., 2017; Wei et al., 2020), Frankel II (Galluccio et al., 2021), and Twin block (Uy-Co et al., 2010), are usually used to induce displacement of the mandibular condyle in the downward and forward directions to promote forward mandibular growth, reduce the facial shape of the Class II skeleton, and reduce the need for later surgery. However, there is still a lack of research on the mechanism through which tensile stress promotes the growth and development of condylar cartilage. Recent studies on exosomes have shown that exosomes and their miRNAs play an important role in intercellular signaling and biological activities and that there are abundant exosomes in the condylar cartilage and subchondral bone; it has also been shown that the development of osteoarthritis of the temporomandibular joint is closely related to exosomes in the tissue environment (Zhang et al., 2019). Therefore, in this study, we extracted exosomes from condylar chondrocytes under tensile stress for the first time and co-cultured them with rat condylar chondrocytes to investigate the role played by exosomes in condylar cartilage osteogenesis.
MiRNAs are small non-coding single-stranded RNAs containing about 20–24 nucleotides and encoded by endogenous genes; they are widely found in both plants and animals (Bartel and Chen, 2004; Mendell and Olson, 2012). MiRNAs play an important role in gene regulation. Primary miRNA transcripts in the nucleus are encoded by polymerases I and III and are later sheared by the ribonuclease III Drosha and Dicer to become mature miRNAs that can bind to the RNA-induced silencing complex (RISC) (Li and Ruan, 2009). RISC can cause mRNA degradation or translation inhibition by binding to the 3′-untranslated region (3′-UTR) of target gene mRNAs, thus affecting cell proliferation, differentiation, apoptosis, metabolism, and biological functions (Tuddenham et al., 2006). To date, more than 1,000 miRNAs have been identified in humans, and it is estimated that these target approximately 60% of total human mRNAs (Kopańska et al., 2017). A single miRNA can regulate multiple target genes, and a single target gene can be regulated by multiple miRNAs (Iorio and Croce, 2012).
Exosomes are cystic vesicles composed of lipid bilayers that can be secreted by a variety of cells and are widely present in body fluids, such as blood, saliva, lymphatic fluid, and cerebrospinal fluid (Raposo and Stoorvogel, 2013; Brinton et al., 2015; Keerthikumar et al., 2016). Exosomes play a range of biological roles, including intercellular communications and infectious material distribution, and can also serve as carriers for miRNA delivery to target cells. Exosomes and their recipient cells interact via three mechanisms: first, direct interaction between exosome transmembrane proteins and target cell signaling receptors; second, fusion of exosomes with the plasma membranes of recipient cells for content delivery to the cytoplasm; third, internalization of exosomes into recipient resulting in two fates—fusion of phagocytosed exosomes with endonucleosomes to undergo cytolysis, allowing exosome contents to enter the cytoplasm and fusion of the endosomes of the phagocytosed exosomes to form lysosomes that degrade to release exosomal contents into the recipient cell cytoplasm (Munich et al., 2012; Tian et al., 2013). Exosomes, as a functional component among cell-secreted vesicles, have high scientific and clinical applicability because they avoid the problem of unstable effects generated by the direct use of cells (Ai et al., 2022). Studies have demonstrated that mechanical stimulation can alter the composition of miRNAs in exosomes; for example, choroidal trophoblast cells under different types of oxygen tension show significant changes in the expression of miRNAs related to cell migration (Truong et al., 2017), and the expression of miRNAs in exosomes secreted by periodontal ligament stem cells change significantly under cyclic tension to regulate macrophages through the IL-1β/NF-κB signaling pathway and affect the maintenance of periodontal homeostasis (Wang et al., 2019). These findings suggest the existence of a stress signaling-sensitive mechanism for the assembly of cellular exosomal inclusions, which involves the regulation of certain exosomal miRNAs (Akerman et al., 2019). In this study, we co-cultured exosomes cultured under normal and tensile stress conditions with rat condylar chondrocytes and found that the results of differential miRNA expression between the two conditions after co-culture were consistent with the sequencing results.
Condylar cartilage osteogenesis is mainly intrachondral osteogenesis. During this process, MSCs aggregate and differentiate into chondrocytes, which proliferate and secrete a cartilage matrix rich in type II collagen and proteoglycans. In response to a signal stimulus, the proliferating chondrocytes stop proliferating and hypertrophy, secreting a matrix rich in type X collagen; this is followed by vascularization, indicating the onset of osteogenesis in cartilage (Kronenberg, 2003). The precise regulation of the above process depends on the sequential expression of a series of factors, among which sox9 plays a complex regulatory role through different signal transduction pathways (Dy et al., 2012). Sox9 can promote the differentiation of mesenchymal cells into chondrocytes and chondrocyte proliferation. It can also delay the pre-hypertrophy of chondrocytes by down-regulating the expression of Runx2 and Mef2c and can induce the hypertrophy of cartilage cells by other means (Dy et al., 2012). Runx2 is required for condylar chondrocyte proliferation and hypertrophy and postnatal condylar cartilage growth and homeostasis. Studies have shown that Runx2 is maintained at high levels of expression during condylar growth and development (Huang et al., 2020). Runx2 tightly regulates endochondral bone formation, mainly through a feedback loop involving key factors for chondrocyte differentiation, such as IHH and PTHrP (Li et al., 2015; Kim et al., 2020), but it also influences endochondral vascular invasion and cartilage differentiation into bone by regulating the expression of cytokines, such as MMP13 and VEFG-A in prehypertrophic and hypertrophic chondrocytes (Wang et al., 2004). Runx2 is also involved in Notch signaling (Xiao et al., 2019) and the Wnt/β catenin signaling pathway (Dong et al., 2006), affecting chondrocyte proliferation and differentiation. It plays an important role in regulating chondrocyte-derived subchondral bone remodeling (Chen et al., 2014). Therefore, we selected Runx2 and Sox9 as indicators of chondrocyte osteogenic differentiation in this study. Recently, it was found that exosomes secreted by chondrocytes are involved in pathological mineralization and intercellular communication in OA cartilage, affecting cartilage maintenance and the development of osteoarthritis (Ni et al., 2020). These exosomes have a dual role in OA; exosomes from healthy chondrocytes are highly bioactive and can delay the progression of osteoarthritis by regulating the penetration of M2 macrophages to reverse mitochondrial dysfunction and restore the immune response (Zheng et al., 2019). They contain miR-8485, which inhibits the expression of glycogen synthase-3β, activates the Wnt/β-catenin pathway, and promotes the differentiation of bone marrow mesenchymal stem cells to form cartilage (Li et al., 2020). Conversely, exosomes from osteoarthritic chondrocytes cause chondrocyte apoptosis, inhibit cell proliferation, stimulate activation of inflammatory vesicles, and increase mature interleukin 1β in macrophages by promoting miR-449A-5p/ATG4B-mediated autophagy (Ni et al., 2019). In this study, Force-Exo and Control-Exo group exosomes were co-cultured with rat condylar chondrocytes; Force-Exo exosomes were found to promote the expression of Runx2 and Sox9 in condylar chondrocytes, indicating that tensile stress stimulation can alter the expression of certain osteogenesis-related miRNAs in MCC-Exos and can promote the osteogenic differentiation of condylar cartilage. This provides a new idea for exosome modification for the treatment of OA.
In this study, we found that miR-199-5p expression was significantly increased in exosomes from cells cultured under tensile stress and may target the expression of ALP, BMP3, and ECE1 to affect osteogenesis-related functions. It was found that miR-199a-5p is expressed in both osteoblasts and chondrocytes (Laine et al., 2012) and is closely associated with bone formation. When bone density is reduced, a similar reduction in serum miR-199a-5p expression can be detected (Yi, 2017). miR-199a-5p targets Ten-Eleven Translocation 2 (TET2) and enhances alkaline phosphatase (ALP) activity as well as promotes the upregulation of osteogenic factors, such as Runx2 and OCN, by negatively regulating TET2 thereby inducing osteogenic differentiation of hBSMCs (Laine et al., 2012; Qi et al., 2020). It can also target ECE1 and promote MC3T3-E1 cell proliferation, osteogenic differentiation, and mineralization by downregulating ECE1 expression, which can promote bone injury repair (Liu Chong et al., 2020). miR-199a-5p can also promote osteogenesis by inhibiting the HIF1α-Twist pathway (Chen et al., 2015). Also, miR-199a-5p plays an important role in osteoarthritis. It was found that miR-199a-5p also inhibits visfatin (a pro-inflammatory adipokine)-induced IL-6 and TNF-α production to mitigate the progression of osteoarthritis (Wu et al., 2018). Similarly, its sister miRNA miR-199a-3p targets cyclooxygenase-2 (Cox-2) to stabilize cartilage morphology by inhibiting interleukin-1β (IL-1β)-induced COX-2 expression in osteoarthritis chondrocytes (Akhtar and Haqqi, 2012). In summary, miR-199a-5p is closely associated with osteogenesis. In this study, tension stress could effectively increase the expression of MCC-Exo miR-199a-5p, laying the foundation for its in-depth study in cartilage osteogenesis-related fields.
The significantly down-regulated miRNAs in the Forec-Exo group in this study, such as miR-186-5p, miR-339-5p, and miR-25-3p, also play an important role in osteogenesis. It was found that miR-186-5p inhibits phosphatidylinositol three kinase (Pi3K)/protein kinase B (AKT) signaling by targeting cXcl13, downregulates osteoblast-specific markers, and reduces the viability of human bone marrow mesenchymal stem cells, thereby affecting bone regeneration and repair (Xu et al., 2019). circRNA_0001795 overexpression promotes hBMSC osteogenic differentiation, whereas miR-339-5p can inhibit the expression of circRNA_0001795 by downregulating yes-associated protein 1 (YAP1), thereby reducing ALP activity and inhibiting osteogenic differentiation of hBMSCs (Li et al., 2022). It has been reported that miR-339-5p is highly expressed in osteoporotic patients and suppresses the expression of osteogenic genes, such as Runx2, OCN, and OPN (Zhong Yan et al., 2021). Although existing studies have not identified the effect of miR-25-3p on osteogenesis, a miRWalk search showed that miR-25-3p may inhibit osteogenesis by downregulating genes involved in osteoblast differentiation (FOSL1, RUNX2, WNT9A, BMP2K) (Legrand et al., 2020).
KEGG pathway enrichment analysis showed that the target genes of miRNAs differentially expressed between the two MCC-Exo groups in this study were enriched in multiple pathways under control and tensile stress conditions; this finding has certain research prospects. The most enriched pathway was the mTOR signaling pathway. The mammalian target of rapamycin (mTOR) is a serine/threonine kinase. Recent studies have found that mTOR/Rictor/AKT and mTOR/raptor regulate osteoclast differentiation by promoting osteoclast fusion and increasing osteoclast cell size (Tiedemann et al., 2017). OPG/RANK/RANKL, Ephrin2/ephB4, RANKL/LGR4/RANK, Fas/FasL, and other signaling pathways are also involved in bone remodeling (Chen et al., 2018), and most of them are related to the mTOR signaling pathway (Murugan, 2019). Li (Xiang et al., 2020) et al. found that miR-142-5p, as a CXCR4-targeted miRNA, could alleviate SDF-1-induced chondrocyte apoptosis and cartilage degradation by inactivating the MAPK signaling pathway. Dong (Dong et al., 2020; Pan et al., 2021) also confirmed that the MAPK signaling pathway is involved in cartilage degradation and repair.
Although this study successfully demonstrated that Force-Exo promotes the osteogenic differentiation of condylar chondrocytes, the cellular stress model used in this study does not fully simulate the changes in the surrounding stress environment during the growth and development or treatment of the human condyle. The stress environment around the condyle is intricate and continuously changing. In the future, cellular mechanics experiments with cyclic reciprocal in vitro tensile stress stimulation and compressive stress stimulation should be carried out. Meanwhile, this study is a cellular-level mechanics study and an exosomal genetics-level study and can thus be useful for clinical purposes. However, further animal studies and corresponding clinical trial studies are still needed to more precisely investigate the effects of stress on condylar growth and development and the mechanism of functional orthosis-guided mandibular growth and remodeling.
CONCLUSION
This study further analyzed and refined the understanding of the molecular mechanism through which tensile stress promotes condylar growth and development from a new perspective. It demonstrated that exosomes play an important role in information exchange between condylar chondrocytes, screened miRNAs that are significantly differentially expressed in condylar chondrocyte exosomes under tensile stress, and predicted the osteogenesis promoting effect of these miRNAs by bioinformatics analysis, providing a reference and theoretical basis for further mechanobiological study of condylar chondrocytes. However, more in-depth in vivo studies and corresponding clinical trial studies are needed to investigate more precisely, the effect of stress on condylar growth and development and the mechanism of functional orthosis-guided mandibular growth and remodeling.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by the Ethical Committee of Zhejiang Chinese Medical University (IACUC-20210621-02).
AUTHORS’ CONTRIBUTIONS
JZ, ZZ: designed the study; YS, JS: conducted the experiment and data analysis; YS, JS: participated in manuscript drafting; HL: reviewed the manuscript. All authors have read and approved the final submitted manuscript.
FUNDING
This study was supported by the general scientific research project of the Zhejiang Provincial Department of Education (Y202145953) and the 2020 National Natural Science Foundation of China Special Funding Project of Zhejiang Chinese Medical University (2020ZG17).
ACKNOWLEDGMENTS
We sincerely thank Hangzhou Lianchuan Biotechnology for providing us exosome sequencing services.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2022.1061855/full#supplementary-material
REFERENCES
 Ai, X. Q. D. L., Qiao, X., and Yang, D. Q. (2022). Microrna expression profiling of exosomes from three-dimensional cultured dental pulp mesenchymal cells. Int. J. Stomatology 49 (01), 27–36. doi:10.7518/gjkq.2022026
 Akerman, A. W., Blanding, W. M., Stroud, R. E., Nadeau, E. K., Mukherjee, R., Ruddy, J. M., et al. (2019). Elevated wall tension leads to reduced miR-133a in the thoracic aorta by exosome release. J. Am. Heart Assoc. 8 (1), e010332. doi:10.1161/JAHA.118.010332
 Akhtar, N., and Haqqi, T. M. (2012). MicroRNA-199a* regulates the expression of cyclooxygenase-2 in human chondrocytes. Ann. Rheum. Dis. 71 (6), 1073–1080. doi:10.1136/annrheumdis-2011-200519
 Bartel, D. P., and Chen, C. Z. (2004). Micromanagers of gene expression: the potentially widespread influence of metazoan microRNAs. Nat. Rev. Genet. 5 (5), 396–400. doi:10.1038/nrg1328
 Brinton, L. T., Sloane, H. S., Kester, M., and Kelly, K. A. (2015). Formation and role of exosomes in cancer. Cell. Mol. Life Sci. 72 (4), 659–671. doi:10.1007/s00018-014-1764-3
 Cao, P., Feng, Y., Deng, M., Li, J., Cai, H., Meng, Q., et al. (2019). MiR-15b is a key regulator of proliferation and apoptosis of chondrocytes from patients with condylar hyperplasia by targeting IGF1, IGF1R and BCL2. Osteoarthr. Cartil. 27 (2), 336–346. doi:10.1016/j.joca.2018.09.010
 Chen, H., Ghori-Javed, F. Y., Rashid, H., Adhami, M. D., Serra, R., Gutierrez, S. E., et al. (2014). Runx2 regulates endochondral ossification through control of chondrocyte proliferation and differentiation. J. Bone Min. Res. 29 (12), 2653–2665. doi:10.1002/jbmr.2287
 Chen, X., Gu, S., Chen, B. F., Shen, W. L., Yin, Z., Xu, G. W., et al. (2015). Nanoparticle delivery of stable miR-199a-5p agomir improves the osteogenesis of human mesenchymal stem cells via the HIF1a pathway. Biomaterials 53, 239–250. doi:10.1016/j.biomaterials.2015.02.071
 Chen, X., Wang, Z., Duan, N., Zhu, G., Schwarz, E. M., and Xie, C. (2018). Osteoblast-osteoclast interactions. Connect. Tissue Res. 59 (2), 99–107. doi:10.1080/03008207.2017.1290085
 Dong, Y. F., Soung do, Y., Schwarz, E. M., O'Keefe, R. J., and Drissi, H. (2006). Wnt induction of chondrocyte hypertrophy through the Runx2 transcription factor. J. Cell. Physiol. 208 (1), 77–86. doi:10.1002/jcp.20656
 Dong, Y., Wang, P., Yang, Y., Huang, J., Dai, Z., Zheng, W., et al. (2020). PRMT5 inhibition attenuates cartilage degradation by reducing MAPK and NF-κB signaling. Arthritis Res. Ther. 22 (1), 201. doi:10.1186/s13075-020-02304-x
 Dy, P., Wang, W., Bhattaram, P., Wang, Q., Wang, L., Ballock, R. T., et al. (2012). Sox9 directs hypertrophic maturation and blocks osteoblast differentiation of growth plate chondrocytes. Dev. Cell 22 (3), 597–609. doi:10.1016/j.devcel.2011.12.024
 Ekström, K., Omar, O., Granéli, C., Wang, X., Vazirisani, F., and Thomsen, P. (2013). Monocyte exosomes stimulate the osteogenic gene expression of mesenchymal stem cells. PLoS One 8 (9), e75227. doi:10.1371/journal.pone.0075227
 Galluccio, G., Guarnieri, R., Jamshir, D., Impellizzeri, A., Ierardo, G., and Barbato, E. (2021). Comparative evaluation of esthetic and structural aspects in class II functional therapy. A case-control retrospective study. Int. J. Environ. Res. Public Health 18 (13), 6978. doi:10.3390/ijerph18136978
 Huang, L., Zhang, L., Li, H., Yan, J., Xu, X., and Cai, X. (2020). Growth pattern and physiological characteristics of the temporomandibular joint studied by histological analysis and static mechanical pressure loading testing. Arch. Oral Biol. 111, 104639. doi:10.1016/j.archoralbio.2019.104639
 Iorio, M. V., and Croce, C. M. (2012). microRNA involvement in human cancer. Carcinogenesis 33 (6), 1126–1133. doi:10.1093/carcin/bgs140
 Keerthikumar, S., Chisanga, D., Ariyaratne, D., Al Saffar, H., Anand, S., Zhao, K., et al. (2016). ExoCarta: A web-based compendium of exosomal cargo. J. Mol. Biol. 428 (4), 688–692. doi:10.1016/j.jmb.2015.09.019
 Kim, H. J., Kim, W. J., and Ryoo, H. M. (2020). Post-translational regulations of transcriptional activity of RUNX2. Mol. Cells 43 (2), 160–167. doi:10.14348/molcells.2019.0247
 Kopańska, M., Szala, D., Czech, J., Gabło, N., Gargasz, K., Trzeciak, M., et al. (2017). MiRNA expression in the cartilage of patients with osteoarthritis. J. Orthop. Surg. Res. 12 (1), 51. doi:10.1186/s13018-017-0542-y
 Kronenberg, H. M. (2003). Developmental regulation of the growth plate. Nature 423 (6937), 332–336. doi:10.1038/nature01657
 Kusuma, G. D., Carthew, J., Lim, R., and Frith, J. E. (2017). Effect of the microenvironment on mesenchymal stem cell paracrine signaling: Opportunities to engineer the therapeutic effect. Stem Cells Dev. 26 (9), 617–631. doi:10.1089/scd.2016.0349
 Laine, S. K., Alm, J. J., Virtanen, S. P., Aro, H. T., and Laitala-Leinonen, T. K. (2012). MicroRNAs miR-96, miR-124, and miR-199a regulate gene expression in human bone marrow-derived mesenchymal stem cells. J. Cell. Biochem. 113 (8), 2687–2695. doi:10.1002/jcb.24144
 Legrand, M. A., Millet, M., Merle, B., Rousseau, J. C., Hemmendinger, A., Gineyts, E., et al. (2020). A signature of circulating miRNAs associated with fibrous dysplasia of bone: the mirDys study. J. Bone Min. Res. 35 (10), 1881–1892. doi:10.1002/jbmr.4111
 Li, M., Li, C., Zheng, H., Zhou, Z., Yang, W., Gong, Y., et al. (2022). CircRNA_0001795 sponges miRNA-339-5p to regulate yes-associated protein 1 expression and attenuate osteoporosis progression. Bioengineered 13 (2), 2803–2815. doi:10.1080/21655979.2021.2022074
 Li, W., and Ruan, K. (2009). MicroRNA detection by microarray. Anal. Bioanal. Chem. 394 (4), 1117–1124. doi:10.1007/s00216-008-2570-2
 Li, X., Liang, W., Ye, H., Weng, X., Liu, F., Lin, P., et al. (2015). Overexpression of Indian hedgehog partially rescues short stature homeobox 2-overexpression-associated congenital dysplasia of the temporomandibular joint in mice. Mol. Med. Rep. 12 (3), 4157–4164. doi:10.3892/mmr.2015.3959
 Li, Z., Wang, Y., Xiang, S., Zheng, Z., Bian, Y., Feng, B., et al. (2020). Chondrocytes-derived exosomal miR-8485 regulated the Wnt/β-catenin pathways to promote chondrogenic differentiation of BMSCs. Biochem. Biophys. Res. Commun. 523 (2), 506–513. doi:10.1016/j.bbrc.2019.12.065
 Liu Chong, C. H., Yang, C., and Wang, Z. (2020). Naringin regulates the miR-199a-5p/ECE1 molecular axis to promote bone damage repair. J. Kunming Med. Univ. 41 (06), 32–38. doi:10.3969/j.issn.1003-4706.2020.06.007
 Mendell, J. T., and Olson, E. N. (2012). MicroRNAs in stress signaling and human disease. Cell 148 (6), 1172–1187. doi:10.1016/j.cell.2012.02.005
 Ming-Jia, C., Feng-Ting, C., and Gang, S. (2019). Effects of cyclic tensile stress with different frequencies and elongation rates on rat cranial base synchondrosis chondrocytes. Stomatology 39 (004), 296–299. doi:10.13591/j.cnki.kqyx.2019.04.002
 Minkui Fu, D. Z., Wang, B., Deng, Y., Wang, F., and Ye, X. (2002). China's 25392 children and adolescent wrong-deformity prevalence survey. Chin. J. Stomatology 37 (05), 51–53. doi:10.3760/j.issn:1002-0098.2002.05.017
 Munich, S., Sobo-Vujanovic, A., Buchser, W. J., Beer-Stolz, D., and Vujanovic, N. L. (2012). Dendritic cell exosomes directly kill tumor cells and activate natural killer cells via TNF superfamily ligands. Oncoimmunology 1 (7), 1074–1083. doi:10.4161/onci.20897
 Murugan, A. K. (2019). mTOR: Role in cancer, metastasis and drug resistance. Semin. Cancer Biol. 59, 92–111. doi:10.1016/j.semcancer.2019.07.003
 Ni, Z., Kuang, L., Chen, H., Xie, Y., Zhang, B., Ouyang, J., et al. (2019). The exosome-like vesicles from osteoarthritic chondrocyte enhanced mature IL-1β production of macrophages and aggravated synovitis in osteoarthritis. Cell Death Dis. 10 (7), 522. doi:10.1038/s41419-019-1739-2
 Ni, Z., Zhou, S., Li, S., Kuang, L., Chen, H., Luo, X., et al. (2020). Exosomes: roles and therapeutic potential in osteoarthritis. Bone Res. 8 (02), 25–156. doi:10.1038/s41413-020-0100-9
 Oh, E., Ahn, S. J., and Sonnesen, L. (2020). Evaluation of growth changes induced by functional appliances in children with Class II malocclusion: Superimposition of lateral cephalograms on stable structures. Korean J. Orthod. 50 (3), 170–180. doi:10.4041/kjod.2020.50.3.170
 Pan, D., Lyu, Y., Zhang, N., Wang, X., Lei, T., and Liang, Z. (2021). RIP2 knockdown inhibits cartilage degradation and oxidative stress in IL-1β-treated chondrocytes via regulating TRAF3 and inhibiting p38 MAPK pathway. Clin. Immunol. 232, 108868. doi:10.1016/j.clim.2021.108868
 Qi, X. B., Jia, B., Wang, W., Xu, G. H., Guo, J. C., Li, X., et al. (2020). Role of miR-199a-5p in osteoblast differentiation by targeting TET2. Gene 726, 144193. doi:10.1016/j.gene.2019.144193
 Qin, Y., Sun, R., Wu, C., Wang, L., and Zhang, C. (2016). Exosome: A novel approach to stimulate bone regeneration through regulation of osteogenesis and angiogenesis. Int. J. Mol. Sci. 17 (5), 712. doi:10.3390/ijms17050712
 Raposo, G., and Stoorvogel, W. (2013). Extracellular vesicles: exosomes, microvesicles, and friends. J. Cell Biol. 200 (4), 373–383. doi:10.1083/jcb.201211138
 Souki, B. Q., Vilefort, P. L. C., Oliveira, D. D., Andrade, I., Ruellas, A. C., Yatabe, M. S., et al. (2017). Three-dimensional skeletal mandibular changes associated with Herbst appliance treatment. Orthod. Craniofac. Res. 20 (2), 111–118. doi:10.1111/ocr.12154
 Tian, T., Zhu, Y. L., Hu, F. H., Wang, Y. Y., Huang, N. P., and Xiao, Z. D. (2013). Dynamics of exosome internalization and trafficking. J. Cell. Physiol. 228 (7), 1487–1495. doi:10.1002/jcp.24304
 Tiedemann, K., Le Nihouannen, D., Fong, J. E., Hussein, O., Barralet, J. E., and Komarova, S. V. (2017). Regulation of Osteoclast Growth and Fusion by mTOR/raptor and mTOR/rictor/Akt. Front. Cell Dev. Biol. 5, 54. doi:10.3389/fcell.2017.00054
 Truong, G., Guanzon, D., Kinhal, V., Elfeky, O., Lai, A., Longo, S., et al. (2017). Oxygen tension regulates the miRNA profile and bioactivity of exosomes released from extravillous trophoblast cells - liquid biopsies for monitoring complications of pregnancy. PLoS One 12 (3), e0174514. doi:10.1371/journal.pone.0174514
 Tuddenham, L., Wheeler, G., Ntounia-Fousara, S., Waters, J., Hajihosseini, M. K., Clark, I., et al. (2006). The cartilage specific microRNA-140 targets histone deacetylase 4 in mouse cells. FEBS Lett. 580 (17), 4214–4217. doi:10.1016/j.febslet.2006.06.080
 Umeda, M., Terao, F., Miyazaki, K., Yoshizaki, K., and Takahashi, I. (2015). MicroRNA-200a regulates the development of mandibular condylar cartilage. J. Dent. Res. 94 (6), 795–802. doi:10.1177/0022034515577411
 Uy-Co, E. T., Yamada, K., Hanada, K., Hayashi, T., Ito, J. J. O., and Research, C. (2010). Condylar bony change and mandibular deviation in orthodontic patients – using helical CT and MRI. Clin. Orthod. Res. 3 (3), 132–143. doi:10.1034/j.1600-0544.2000.30305.x
 Wang, X., Manner, P. A., Horner, A., Shum, L., Tuan, R. S., and Nuckolls, G. H. (2004). Regulation of MMP-13 expression by RUNX2 and FGF2 in osteoarthritic cartilage. Osteoarthr. Cartil. 12 (12), 963–973. doi:10.1016/j.joca.2004.08.008
 Wang, Z., Ding, L., Zheng, X. L., Wang, H. X., and Yan, H. M. (2014). DC-derived exosomes induce osteogenic differentiation of mesenchymal stem cells. Zhongguo Shi Yan Xue Ye Xue Za Zhi 22 (3), 600–604. doi:10.7534/j.issn.1009-2137.2014.03.005
 Wang, Z., Maruyama, K., Sakisaka, Y., Suzuki, S., Tada, H., Suto, M., et al. (2019). Cyclic stretch Force induces periodontal ligament cells to secrete exosomes that suppress IL-1β production through the inhibition of the NF-κB signaling pathway in macrophages. Front. Immunol. 10, 1310. doi:10.3389/fimmu.2019.01310
 Wei, R. Y., Atresh, A., Ruellas, A., Cevidanes, L. H. S., Nguyen, T., Larson, B. E., et al. (2020). Three-dimensional condylar changes from Herbst appliance and multibracket treatment: A comparison with matched class II elastics. Am. J. Orthod. Dentofac. Orthop. 158 (4), 505–517. doi:10.1016/j.ajodo.2019.09.011
 Wu, M. H., Tsai, C. H., Huang, Y. L., Fong, Y. C., and Tang, C. H. (2018). Visfatin promotes IL-6 and TNF-α production in human synovial fibroblasts by repressing miR-199a-5p through ERK, p38 and JNK signaling pathways. Int. J. Mol. Sci. 19 (1), 190. doi:10.3390/ijms19010190
 Xiang, Y., Li, Y., Yang, L., He, Y., Jia, D., and Hu, X. (2020). miR-142-5p as a CXCR4-targeted MicroRNA attenuates SDF-1-induced chondrocyte apoptosis and cartilage degradation via inactivating MAPK signaling pathway. Biochem. Res. Int. 2020, 1–14. doi:10.1155/2020/4508108
 Xiao, D., Bi, R., Liu, X., Mei, J., Jiang, N., and Zhu, S. (2019). Notch signaling regulates MMP-13 expression via Runx2 in chondrocytes. Sci. Rep. 9 (1), 15596. doi:10.1038/s41598-019-52125-5
 Xu, W., Li, J., Tian, H., Wang, R., Feng, Y., Tang, J., et al. (2019). MicroRNA-186-5p mediates osteoblastic differentiation and cell viability by targeting CXCL13 in non-traumatic osteonecrosis. Mol. Med. Rep. 20 (5), 4594–4602. doi:10.3892/mmr.2019.10710
 Yassin, A. S., Hoshi, K., Terao, F., Umeda, M., and Takahashi, I. (2017). The role of miRNA-200a in the early stage of the mandibular development. Orthod. Waves 76 (4), 197–206. doi:10.1016/j.odw.2017.06.001
 Yi, S. (2017). Clinical research on the diagnosis of osteoporosis using circulating microRNA. PhD dissertation, (China: Fourth Military Medical University). 
 Zhang, J., Li, S., Li, L., Li, M., Guo, C., Yao, J., et al. (2015). Exosome and exosomal microRNA: trafficking, sorting, and function. Genomics Proteomics Bioinforma. 13 (1), 17–24. doi:10.1016/j.gpb.2015.02.001
 Zhang, S., Chu, W. C., Lai, R. C., Lim, S. K., Hui, J. H., and Toh, W. S. (2016). Exosomes derived from human embryonic mesenchymal stem cells promote osteochondral regeneration. Osteoarthr. Cartil. 24 (12), 2135–2140. doi:10.1016/j.joca.2016.06.022
 Zhang, S., Teo, K. Y. W., Chuah, S. J., Lai, R. C., Lim, S. K., and Toh, W. S. (2019). MSC exosomes alleviate temporomandibular joint osteoarthritis by attenuating inflammation and restoring matrix homeostasis. Biomaterials 200, 35–47. doi:10.1016/j.biomaterials.2019.02.006
 Zhao, C., Jiang, W., Zhou, N., Liao, J., Yang, M., Hu, N., et al. (2017). Sox9 augments BMP2-induced chondrogenic differentiation by downregulating Smad7 in mesenchymal stem cells (MSCs). Genes Dis. 4 (4), 229–239. doi:10.1016/j.gendis.2017.10.004
 Zheng, L., Wang, Y., Qiu, P., Xia, C., Fang, Y., Mei, S., et al. (2019). Primary chondrocyte exosomes mediate osteoarthritis progression by regulating mitochondrion and immune reactivity. Nanomedicine (Lond) 14 (24), 3193–3212. doi:10.2217/nnm-2018-0498
 Zhong Yan, L. G., Ji, Y., Wang, Y., Ma, Z., and Shi, L. (2021). LncRNA ZBED3-AS1/miR-339-5p/Notch 1 axis regulates the proliferation and differentiation of osteoblasts in osteoporotic rats. Chin. J. Endocr. Surg. 15 (01), 78–84. doi:10.3760/cma.j.cn.115807-20201209-00386
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Shi, Shao, Zhang, Zhang and Lu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-10-1061855-t002.jpg
miRNA ID

mo-miR-199a-5p

mo-miR-186-5p

mo-miR-25-3p

mo-miR-10b-5p

Rno-miR-339-5p

mo-miR-26a-5p

Predicted target genes

ECE1
Bmp3
Samds
Bmp3
Bmp3
Smad9
Smad9
BMPR2
FOSL2

Smad1

miRNA and target gene binding sites

Pairing regions between
the miRNA and

its predicted target
gene (underlined)

3'CGCCCCCUCCUCGCCGUCCGCGGAS"
5'CAACUUGAGGAUUCUAAGGCGCCA3"
3'CUUGUCCAUCAGAC-UUGUGACCCS'
5'GCCCAGUCAUUAUGAAACACUGGU3'
3'UCGGGUUUUCCUCUUAAGAAACS'
5'UGUGCAUGCAAAGAAUUCUUUU3'
3'UCGGGUUU-UCCUC-UUAAGAAACS'
5'GCCCCAAACCGAAGCAAUUCUUUG3'
3’AGUCUG-GCUCUGUUCACGUUACS'
5'UAAGACUUUAUUUAAGUGCAAUA3'
3’AGUCUG-GCUCUGUUCACGUUACS'
5'CUAGGCAUGCUGUAUGUGCAAUCS'
3'UGUUUAAGCCAAGAUGUCCCAUS'
5'GCAUGUGUUGUUUUACAGGGUA3'
3'GAGGAACUCCUGUCCCUS'
5'AAUGGCAGUGACAGGGC3'
3'GCACUCGAGGACCUCCUGUCCCUS'
5'UCAGCUUGGCCGGAAGACAGGGU3'
3'UCGGAUAGGACCUA-AUGAACUUS'
5'AUUGGGCCUUGCAUGUACUUGAA3'

Pairing percentage (%)

88
75
88
81
80
80
75

65






OPS/xhtml/nav.xhtml
Contents

		Cover

		Effect of condylar chondrocyte exosomes on condylar cartilage osteogenesis in rats under tensile stress		Introduction

		Materials and methods		Establishment and grouping of afterburner models

		Isolation of MCC-exosomes

		Observation of exosome morphology

		Exosome nanoparticle tracking analysis

		Identification of surface-specific protein markers of exosomes by nanofluidics

		miRNA sequencing in MCC-Exo

		Dyeing tracer of exosomes

		Detection of Sox9 and Runx2 mRNA expression by RT-qPCR

		Western blot

		Validation of differential miRNA expression changes by RT-qPCR

		Bioinformatics analysis

		Statistical analysis





		Results		Identification of rat condylar chondrocytes

		Identification of exosomes

		Identification of miRNA transcripts in the Force-Exo group

		Expression profile of miRNAs in the Force-Exo group

		Prediction of target genes

		Dye-based tracing of exosomal uptake by rat condylar chondrocytes

		Expression of Runx2 and Sox9 mRNAs and proteins in condylar chondrocytes co-cultured with the two MCC-Exo groups

		Validation of differentially expressed miRNAs by RT-qPCR

		GO and KEGG analyses





		Discussion

		Conclusion

		Data availability statement

		Ethics statement

		Authors’ contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/fbioe-10-1061855-t001.jpg
miRNA ID Control-Exo

mo-miR-199a-5p 1334
mo-miR-186-5p 519
mo-miR-339-5p 421
mo-miR-25-3p 1065

Force-Exo

2447
225
167
422

log2(F/C)

1.83
0.43
0.40
0.40

0.0012,943,137
0.0058,228,208
0.0498,275,747
0.0479,908,815

Regulation (Up/Down)

Up
Down
Down

Down

The Control-Exo column presents the expression levels of miRNAs, in the Control-Exo group. The Force-Exo column presents the expression levels of miRNAs, in the Force-Exo group.
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Primer sequence (5'-3")

CTGGAGAAACCTGCCAAGTATG

GGTGGAAGAATGGGAGTTGCT

CTCGCTTCGGCAGCACA

AACGCTTCACGAATTTGCGT

CAGTATGAGAGTAGGTGTCCCGC
AAGAGGGGTAAGACTGGTCATAGG
CAACTGAGCCCGAGCCACTA

GAGTTCTGGTGGTCGGTGTAGTC
CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGAACAGGT
ACACTCCAGCTGGGCCCAGTGTTCAGACTAC
TGGTGTCGTGGAGTCG
CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGAGCCCAAA
ACACTCCAGCTGGGCAAAGAATTCTCCTTT
TGGTGTCGTGGAGTCG
CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCGTGAGCT
ACACTCCAGCTGGGTCCCTGTCCTCCAGGAG
TGGTGTCGTGGAGTCG
CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTCAGACCG
ACACTCCAGCTGGGCATTGCACTTGTCTCG
TGGTGTCGTGGAGTCG
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