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Recent literature highlights the importance of microRNAs (miRNAs) functioning as diagnostic biomarkers and therapeutic agents in osteoarthritis (OA) and regulators of gene expression. In OA pathogenesis, cell adhesion molecules (CAMs), especially vascular cell adhesion protein 1 (VCAM-1), recruit monocyte infiltration to inflamed synovial tissues and thus accelerate OA progression. Up until now, little has been known about the regulatory mechanisms between miRNAs, long non-coding RNAs (lncRNAs) and VCAM-1 during OA progression. The evidence in this article emphasizes that the functional feature of miR-150-5p is an interaction with the lncRNA X-inactive specific transcript (XIST), which regulates VCAM-1-dependent monocyte adherence in OA synovial fibroblasts (OASFs). Levels of VCAM-1, CD11b (a monocyte marker) and XIST expression were higher in human synovial tissue samples and OASFs, while levels of miR-150-5p were lower in human OA synovial tissue compared with non-OA specimens. XIST enhanced VCAM-1-dependent monocyte adherence to OASFs. Upregulation of miR-150-5p inhibited the effects of XIST upon monocyte adherence. Administration of miR-150-5p effectively ameliorated OA severity in anterior cruciate ligament transection (ACLT) rats. The interaction of miR-150-5p and XIST regulated VCAM-1-dependent monocyte adherence and attenuated OA progression. Our findings suggest that miR-150-5p is a promising small-molecule therapeutic strategy for OA.
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Introduction

Osteoarthritis (OA) is a common chronic joint disorder affecting people worldwide. The prevalence of OA is approximately 15% in Taiwan (1). The clinical symptoms of OA include cartilage degradation, subchondral bone remodeling, and synovial inflammation, resulting in joint pain and disability in OA patients (2). The OA symptoms are typically managed with nonsteroidal anti-inflammatory drugs (NSAIDs), but these have harmful side effects with long-term use (3). There is no effective therapeutic drug for OA, since the precise mechanisms involved in the pathogenesis of OA remain largely unknown. The molecular basis of epigenetics is defined as changes in gene expression by regulatory mechanisms other than changes in the DNA sequence (4). Many studies have proposed that epigenetic mechanisms regulating genes expression are particularly important in OA pathogenesis (5) (6)., The introduction of molecularly targeted therapies that regulate gene expression may be a new strategy for the management of OA (4).

The primary role of the synovium is to maintain joint homeostasis (7). Inflamed synovium has been observed in the early and late stages of OA disease (8). Increasing evidence proposes that synovial inflammation is associated with cartilage damage and contributes to OA severity and progression (9, 10). Synovial cells phagocytose cartilage debris from synovial fluid, leading to the initiation of synovial inflammation. The inflamed synovial cells attract monocyte and macrophage infiltration to the joint, amplifying the inflammatory response and increasing cartilage destruction (11). Cell adhesion molecules (CAMs) regulate monocyte adherence and migration in several inflammatory diseases, including atherosclerosis, rheumatoid arthritis, diabetes, and OA (12–15). In particular, the upregulation of vascular cell adhesion molecule type 1 (VCAM-1) attracts monocyte adherence to human osteoarthritis synovial fibroblasts (OASFs) (16, 17). Reducing the levels of VCAM-1 in synovial fluid improves the inflammatory microenvironment in the OA knee (18). Hence, regulating VCAM-1 expression is recommended as an effective strategy for alleviating OA symptoms (19).

Epigenetic modulation of non-coding RNAs (ncRNAs) has a significant role in regulating gene expression (20). MicroRNAs (miRNAs) and long non-coding RNAs (lncRNAs) are the major ncRNA members (21). The interaction of miRNA and lncRNA regulates the progression of OA by affecting cellular apoptosis (22), proliferation (23) and extracellular matrix degradation (24, 25). Previous studies have indicated that miRNAs regulate CAM expression (e.g., intercellular adhesion molecule 1 [ICAM-1] and VCAM-1) by recognizing the 3′-untranslated region (3′-UTR) of mRNA, affecting inflammatory responses (19, 26). Moreover, lncRNAs can bind with miRNAs and consequently suppress the interaction between miRNAs and their target genes (24, 27). For instance, upregulated expression of lncRNA X-inactive specific transcript (XIST) promotes cell apoptosis and extracellular matrix via the miR-149-5p/DNA methyltransferase 3A (DNMT3A) axis in OA cartilage (28). Downregulation of XIST in M1 macrophages contributes to the suppression of OA chondrocyte apoptosis (29). While it is recognized that epigenetic regulation plays a crucial role in OA chondrocytes and is related to OA progression, the underlying mechanism of epigenetic regulation of OASFs remains unclear.

This study aimed to determine whether epigenetic regulation interferes with VCAM-1 expression and is involved in monocyte adherence to OASFs. The levels of CAM and lncRNA expression in OA synovial tissues were analyzed by bioinformatics analysis. We also investigated the effect of VCAM-1 and XIST in OASFs. When we screened for a potential miRNA (miR-150-5p) that not only interacts with XIST but also with VCAM, we found that VCAM-1-mediated monocyte adherence is associated with an interaction between XIST and miR-150-5p. We found that miR-150-5p effectively ameliorated the development of OA disease in joints. Our investigation into the role of miR-150-5p in OASFs suggests a new molecular therapeutic strategy for OA.



Materials and methods

Materials (including details about the plasmid constructs and the VCAM-1 overexpression [OV] plasmid) and methods relating to clinical samples and primary cell cultures (30), total RNA isolation and the quantitative reverse transcription PCR (RT-qPCR) assay (31), the Western blot assay (32–34), transfection and luciferase reporter assays (35), as well as immunohistochemistry (IHC) staining (36, 37), are all in the Supplementary Material.


In situ hybridization (ISH) staining

A digoxigenin-labeled miR-150-5p-modified probe was used to execute ISH staining. ISH staining intensity was scored by two independent observers blinded to the histopathologic data. The staining intensities were categorized as score 0 (no staining or <1 dot per cell), score 1 (1–3 dots per cell, visible at 20–40x), score 2 (4–10 dots per cell and no or very few dot clusters, visible at 20–40x), score 3 (>10 dots per cell and <10% positive cells had dot clusters, visible at 20x), score 4 (>10 dots per cell and >10% positive cells had dot clusters, visible at 20x) (38).



Bioinformatics analysis

The open-source software libraries Encyclopedia of RNA Interactomes (ENCORI, https://starbase.sysu.edu.cn/) and miRWalk 2.0 (http://mirwalk.umm.uni-heidelberg.de) were searched to predict miRNAs that potentially bind with XIST and VCAM-1. Levels of miRNA expression were analyzed through microRNA sequencing (miRNA-seq) from the Gene Expression Omnibus (GEO) database (GSE143514). Levels of expression were analyzed for CAM and the top 20 lncRNAs in the synovial tissue specimens from 10 healthy donors and 10 patients with OA retrieved from the GEO database (GEO: GDS5401). Levels of lncRNA expression were also analyzed in synovial tissue specimens from 5 patients with OA retrieved from the GEO database (GEO: GDS4195).



Cell adhesion assay

THP-1 cells were prelabeled with BCECF-AM (10 μM) for 1 h in a serum-free RPMI medium and then used to incubate OASFs for 1 h. OASFs were then gently washed with PBS to remove nonadherent cells and the numbers of adherent cells were quantified under fluorescent microscopy. All experimental procedures were conducted according to our previous research (39, 40).



RNA pull-down assay

For the biotin-labeled miRNA pull-down assays, we designed biotinylated oligonucleotides with lengths of 22–25 bases (biotinylated negative control [Biotin-NC]; biotinylated miR-150-5p wild-type [Biotin-miR-150-5p WT]; and biotinylated miR-150-5p mutant [Biotin-miR-150-5p MUT]) from sequences provided by MDBio, Inc. (Taipei, Taiwan). The Biotin-NC probe design lacks affinity for the RNA of interest and other RNA sequences in the investigated genome. The Biotin-miR-150-5p WT is a miR-150-5p mimic probe containing a seed region (5’-TCTCCC-’3). Three mismatching nucleotides (CCC to ATT) were incorporated into the biotin-miR-150-5p MUT probe. HEK-293 cells were transfected for 48 h with 200 nM of either Bio-miR-150-5p WT, Bio-miR-150-5p MUT, or Bio-NC. Cells were then lysed in SDS lysis buffer and incubated with M280 magnet streptavidin beads for 4–6 h, then the beads were washed with wash buffer. The biotin-coupled RNAs in the complex were isolated by TRIzol reagent and analyzed by RT-qPCR.



Experimental OA model

Sprague-Dawley rats (8 weeks of age, weighing around 300–350 g) were acquired from the National Laboratory Animal Center in Taiwan and maintained under conditions described in our previous work (41). All animal procedures were approved by the Institutional Animal Care and Use Committee of China Medical University before their execution (approval number: CMUIACUC-2019-279). OA was induced by following the ACLT protocol established by Wang et al. (42) Lateral arthrotomy was performed in a sterile fashion. The left knee ACL fiber was sectioned and the entire medial meniscus was excised by medial parapatellar mini-arthrotomy. Starting on the same day after surgery, the operated groups were administered single intraperitoneal injections of ampicillin (50 mg/kg of body weight) for 5 days. Sham-operated rats (controls) underwent arthrotomy only and were untreated. All rats were allowed to move freely in the cages and their recovery was monitored by veterinarians. Rats were randomized into groups (n=8 per group) of controls, ACLT, ACLT plus NC mimic, or ACLT plus miR-150-5p mimic. The NC mimic and miR-150-5p mimic groups were administered once-weekly intra-articular injections for 6 weeks. All rats were sacrificed in a CO2 chamber at 10 weeks post-surgery and knee joints were collected for micro-computed tomography (micro-CT) imaging and immunohistochemistry (IHC) staining.



Micro-CT imaging

The micro-CT assessment protocol followed that used in our previous study (16). Rat knee joints were extracted and then fixed using 3.7% formaldehyde for micro-CT imaging. Three-dimensional microstructural volumes from micro-CT scans were analyzed using Skyscan software v1.18 (CTAn/Bruker, Cambridge, UK) (43).



Statistical analysis

All quantified results are derived from at least three experiments and are presented as the mean ± standard deviation (SD). Statistical analyses were performed using GraphPad Prism 8.0 for Mac (GraphPad Software, La Jolla, CA, USA). The differences between the means of experimental groups were analyzed for statistical significance using a t-test for in vitro analysis. The one-way ANOVA (two-tail) was followed by Bonferroni testing for in vivo analyses. The statistical difference was significant if the p-value was < 0.05.




Results


Positive correlation between VCAM-1 and CD11b in OA synovial tissue

To investigate the relevance of CAMs and monocytes in OA patients, we first analyzed gene expression profiles from the GEO database repository. Levels of CAM expression in healthy donor and OA synovial tissues are shown in Figure 1A. Levels of VCAM-1 expression were significantly higher than levels of other CAMs (cadherins, integrins and selectins) in OA synovium compared with normal non-OA synovium (Figure 1B). When we analyzed the levels of monocyte surface marker CD11b, we found markedly higher levels of CD11b expression in synovial tissue specimens from OA patients than in healthy individuals (Figure 1C). Moreover, we found a positive correlation between VCAM-1 expression and levels of CD11b expression in synovial tissue from patients with OA compared with normal synovial tissue (Figure 1D). Similarly, our IHC analyses revealed substantially higher VCAM-1 and CD11b expression in synovial tissue from OA patients than in normal healthy synovial tissue (Figures 1E–G). To examine the functional role of VCAM-1 in OASFs, we transfected OASFs with the VCAM-1 siRNA for 24 h to determine monocyte adherent ability. Analyses found that the VCAM-1 siRNA reduced VCAM-1 mRNA and protein levels (Figures 1H, I). A higher number of THP-1 monocytes compared with HFLSs were adherent to OASFs (Figure 1J). VCAM-1 downregulation significantly reduced monocyte adherence to OASFs (Figure 1J). We suggest that VCAM-1 may be a critical mediator in the regulation of monocyte adherence to OASFs.




Figure 1 | VCAM-1 expression is positively correlated with CD11b expression in OA synovial tissue. (A) A cluster heat map generated by a bioinformatics tool used data from the Gene Expression Omnibus (GEO) dataset GDS5401 for analyzing patterns of CAM expression (cadherins, IgSF, integrins, and selectins) in synovial tissue samples (OA patients, n = 10; healthy normal controls, n = 10). (B, C) The same dataset was used to analyze expression of VCAM-1 and CD11b in the 10 human OA and 10 normal healthy synovial tissue samples. (D) The 2D scatter plot displays the positive relationship between VCAM-1 and CD11b levels in synovial tissue from the 10 OA patients and the 10 healthy normal donors. (E) IHC staining was performed to examine levels of VCAM-1 and CD11b expression in hospital samples of OA synovial tissues (n = 5) and healthy synovial tissues (n = 5). Scale bar, 100 μm. (F, G) Two independent observers scored the intensity of positive VCAM-1 and CD11b expression on a scale of 1 (weak) to 5 (strong). (H, I) OASFs were transfected with VCAM-1 siRNA for 24 h, then VCAM-1 mRNA and protein levels were quantified by RT-qPCR (n = 3) and Western blot (n = 3). (J) Monocytes were labeled with green fluorescence (BCECF-AM) for 1 h, then incubated with OASFs for 1 h. Monocytes were photographed under fluorescence microscopy. The images were quantified for adherent cells using ImageJ software in three independent experiments. LFA, lymphocyte function-associated antigen; VLA, very late antigen; Mac-1; macrophage-1 antigen; CD103, cluster of differentiation 103; LPAM-2, lymphocyte Peyer’s patch adhesion molecule 2; ICAM, intercellular adhesion molecule; VCAM; vascular cell adhesion protein; MAdCAM-1; mucosal vascular addressin cell adhesion molecule 1; OASF; osteoarthritis synovial fibroblast; HFLS, human fibroblast-like synoviocyte. ** p < 0.01, *** p < 0.001 and **** p < 0.0001 compared with healthy normal controls; ## p < 0.01 compared with OASFs.





XIST expression affects VCAM-1-mediated monocyte adherence

lncRNAs have a critical role in gene regulation and their dysregulation is generally associated with disease initiation and development (20). First, we identified the top 20 lncRNAs that were upregulated in human OA synovial tissue specimens downloaded from the GEO dataset GDS4195; the levels of expression for six of those lncRNAs were higher than all the other lncRNAs (Figure 2A). These six lncRNAs were also highly expressed in OA synovial tissue compared with healthy tissue samples obtained from the GEO dataset GDS5401 (Figure 2B); levels of XIST expression were significantly higher in OA synovial tissue compared with normal tissue (Figure 2C). In our tissue samples from hospital patients, RT-qPCR analysis revealed significantly higher levels of XIST expression in OA tissue than in healthy tissue (Figure 2D). To investigate whether alterations in XIST expression affect VCAM-1 expression and the ability of monocytes to adhere to OASFs, we transfected OASFs with XIST siRNA for 24 h. We found that XIST siRNA significantly inhibited levels of both XIST and VCAM-1 expression (Figures 2E, F). Transfecting OASFs with XIST siRNA downregulated XIST and inhibited the attachment of monocytes to OASFs, but when the VCAM-1 OV plasmid was co-transfected with XIST siRNA, the effects of XIST siRNA were significantly reversed (Figures 2G, H). These results suggest that higher levels of XIST in OA synovium enhance VCAM-1 expression and promote monocyte adherence to OASFs.




Figure 2 | Higher levels of XIST expression in OA synovial tissue and knockdown of XIST inhibited VCAM-1-mediated monocyte adherence. (A) An analysis of the GEO dataset GDS4195 identified the top 20 upregulated lncRNAs in human OA synovial tissue specimens (n = 5). (B) A cluster heat map shows lncRNA expression in human synovial tissue (red denotes higher expression and blue denotes lower expression) from the GEO dataset GDS5401. (C) Levels of XIST expression in OA (n = 10) and healthy synovial tissue (n = 10) samples from GDS5401. (D) Total RNA for each sample of human synovium was extracted using TRIzol reagent. Levels of XIST were quantified by RT-qPCR assay (n = 3). (E, F) OASFs were transfected with XIST siRNA for 24 h. The RT-qPCR assay measured XIST and VCAM-1 expression (n = 3). (G) OASFs were co-transfected with XIST siRNA and the VCAM-1 OV plasmid for 24 h. THP-1 cells were labeled with the green fluorescence BCECF-AM (10 μM) for 1 h. After washing the unlabeled THP-1 cells, they were resuspended in a serum-free RPMI medium and then co-cultured with OASFs for 1 h. Fluorescence intensity was measured by Zeiss AxioPhot fluorescence microscopy in the images and quantified by ImageJ processing software in three independent experiments (H). TUG1, taurine upregulated gene 1. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 compared with control siRNA; ## p < 0.01 compared with XIST siRNA.





Upregulation of miR-150-5p impedes VCAM1-mediated monocyte adherence

As miRNAs can regulate biological pathways by interacting with several molecules (44), we examined miRNA-seq data in the GEO dataset and open-source software (ENCORI and miRWalk2.0) to predict which miRNAs are involved in XIST and VCAM-1 regulation. First, we filtered miRNAs by the species (human/rat) that corresponded to our experiment. Of a total of 102 miRNAs that were downregulated in OA synovial tissue compared with normal synovial tissue specimens from the GEO dataset, miR-150-5p was the only miRNA to have binding sites in XIST and VCAM-1, both of which showed high affinity for miR-150-5p (Figure 3A). Analyses of our human OA and non-OA synovium samples revealed that miR-150-5p expression was markedly reduced in OA synovium compared with non-OA synovium (Figure 3B). To further investigate the role of miR-150-5p in OASFs, we transfected OASFs with miR-150-5p mimics. We found that miR-150-5p effectively suppressed monocyte adherence to OASFs (Figures 3C, D). In addition, ISH staining demonstrated significantly lower levels of miR-150-5p expression in OA synovial tissue compared with normal synovial tissue (Figures 3E, F). These data suggest that miR-150-5p is a crucial (negative) regulator of monocyte adherence to OASFs.




Figure 3 | miR-150-5p is downregulated in OA synovial tissue and promotes monocyte adherence. (A) The schematic for miRNA filtering: miRNA-seq analysis identified downregulated levels of miRNA expression in OA synovial tissue. Open-source platforms ENCORI and miRWalk2.0 were analyzed to predict miRNAs that target VCAM-1 and XIST. (B) RT-qPCR revealed levels of miR-150-5p expression in 3 samples of normal healthy synovial tissue and 3 samples of OA synovial tissue. (C, D) OASFs were transfected with miR-150-5p mimic for 24 h. BCECF-AM labeled THP-1 cells (2×10 (4) cells/ml) were incubated with OASFs for 1 h. The images of adherent THP-1 cells were photographed under fluorescence microscopy and then quantified by ImageJ software in three independent experiments. (E, F) The blue dots indicate levels of miR-150-5p expression in 4 images of human synovial tissue and quantification by ISH scores, from 0 (no staining or <1 dot per cell) to 4 (>10 dots per cell and >10% positive cells had dot clusters, visible at 20x). ** p < 0.01, *** p < 0.001 compared with normal synovial tissue or control mimic.



To verify whether miR-150-5p binding with VCAM-1 3’-UTR affects VCAM-1 transcription, we constructed the VCAM-1 WT andVCAM-1 MUT luciferase reporter plasmids (Figure 4A). These were co-transfected into OASFs with miR-150-5p mimic or NC mimic. We found that miR‐150-5p significantly reduced luciferase activity of the VCAM-1 WT reporter, whereas there was no significant difference in VCAM-1 MUT reporter activity after either miR-150-5p mimic or NC mimic transfection (Figure 4B). We used a high-efficiency transfection cell line HEK-293 to examine whether miR-150-5p interferes with VCAM-1 transcription in the RNA pull-down assay. The results revealed that in contrast to the Biotin-miR-150-5p MUT probe, the binding of VCAM-1 to the Biotin-miR-150-5p WT probe was significantly enhanced (Figure 4C). We then transfected OASFs with miR-150-5p mimic and identified significant, dose‐dependent effects on VCAM-1 mRNA and protein expression in RT-qPCR and Western blot assays (Figures 4D, E). We then examined the effects of miR-150-5p mimic on VCAM-1 expression and monocyte adherence to OASFs. Administration of miR-150-5p mimic significantly inhibited VCAM-1 mRNA and protein levels and monocyte adherence to OASFs; all of these effects were reversed when OASFs were transfected with the VCAM-1 OV plasmid (Figures 4F–I). These results revealed that miR-150-5p directly suppresses VCAM-1 expression, reducing monocyte adherence to OASFs.




Figure 4 | An interaction between miR-150-5p and VCAM-1 mitigates monocyte adherence in OASFs. (A) The schematic diagram shows the sequence binding site of miRNA-150-5p with VCAM-1 mRNA in miRWalk2.0. (B) The VCAM-1 WT plasmid and VCAM-1 MUT plasmid were each co-transfected with miRNA-150-5p mimic in OASFs for 24 h. Luciferase activities were measured and analyzed using the luminometer reader in three independent experiments. (C) After transfecting HEK-293 cells with each biotinylated probe, the lysed cells were incubated with M280 magnetic streptavidin beads (200 nM) for 4–6 (h) RNAs were isolated by TRIzol reagent, and levels of VCAM-1 expression were detected using RT-qPCR in samples pulled down by biotinylated miR-150-5p or negative control in three independent experiments. (D, E) OASFs were transfected with miR-150-5p mimic (0, 10, 20, 30, 40, or 50 nmol/L) for 24 h, and the levels of VCAM-1 expression were examined by RT-qPCR and Western blot in three independent experiments. (F, G) OASFs were co-transfected with miR-150-5p mimic and the VCAM-1 OV plasmid. VCAM-1 mRNA and protein levels were detected by RT-qPCR and Western blot in three independent experiments. (H, I) THP-1 cells were labeled with BCECF-AM and then incubated with OASFs for 1 h. The numbers of adherent cells were qualified by Zeiss AxioPhot fluorescence microscopy in three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 compared with control mimic; # p < 0.05, ### p < 0.001 compared with miR-150-5p mimic.





miR-150-5p downregulation blockaded the effect of downregulated XIST on VCAM-1-derived monocyte adherence

Next, we examined the interplay between miR-150-5p and XIST. The open-source platform ENCORI was used to predict the XIST and miR-150-5p binding site and a mutant sequence of XIST was designed (Figure 5A). The luciferase reporter assay revealed that the luciferase activity of the XIST WT vector was weakened by miR-150-5p upregulation, whereas the activity of the XIST-MUT vector was not influenced (Figure 5B). XIST expression was remarkably enhanced in the WT biotinylated miR-150-5p probe compared with the MUT biotinylated miR-150-5p probe in the RNA pull-down assay (Figure 5C). These results confirmed the interaction between XIST and miR-150-5p at the predicted site. We further explored the impact of the miR-150-5p and XIST interaction upon VCAM-1-dependent monocyte adherence to OASFs. We observed that miR-150-5p expression was significantly upregulated after OASFs were transfected with XIST siRNA and was inhibited after OASFs were transfected with the miR-150-5p inhibitor (Figure 5D). Furthermore, we found that while VCAM-1 mRNA and protein expression was inhibited after XIST expression was downregulated in OASFs, this phenomenon was reversed after the OASFs were transfected with the miR-150-5p inhibitor. Similarly, we found that downregulating XIST suppressed monocyte adherence ability and that this effect was reversed when OASFs were transfected with the miR-150-5p inhibitor (Figures 5E–H). These results suggest that miR-150-5p plays an essential role in monocyte adherence to OASFs.




Figure 5 | The effect of XIST knockdown on monocyte adherence was blocked by miR-150-5p downregulation. (A) The schematic diagram illustrates the sequences of miRNA-150-5p interactions with XIST in the ENCORI database. (B) A luciferase reporter assay was performed to confirm the interaction between miR-150-5p and XIST. The XIST WT plasmid and XIST MUT plasmid were each co-transfected with miRNA-150-5p mimic into OASFs for 24 h. Luciferase activities were determined by the luminometer in three independent experiments. (C) The RNA pull-down assay revealed direct binding of miR-150-5p with XIST. The biotinylated probes (Biotin-NC, Biotin-miR-150-5p WT, Biotin-miR-150-5p MUT) were transfected into HEK-293 cells for 48 h. The cells were lysed and incubated with M280 magnetic streptavidin beads for 4–6 (h) The biotin-coupled RNAs were isolated using TRIzol reagent and measured by RT-qPCR assay in three independent experiments. (D) miR-150-5p expression was examined by RT-qPCR after OASFs were co-transfected with XIST siRNA and the miR-150-5p inhibitor for 24 h in three independent experiments. (E, F) After transfecting OASFs with XIST siRNA and the miR-150-5p inhibitor, the cells were subjected to RT-qPCR for mRNA expression and to Western blot for protein expression in three independent experiments. (G, H) OASFs were transfected with XIST siRNA, miR-150-5p inhibitor, or their respective controls for 24 h. BCECF-AM labeled THP-1 cells were co-cultured with OASFs for 1 h, then adherent THP-1 cells were determined by fluorescence microscopy in three independent experiments. * p < 0.05 and ** p < 0.01, *** p < 0.001, **** p < 0.0001 compared with control siRNA or control mimic; # p < 0.05, ## p < 0.01, ### p < 0.001 compared with XIST siRNA.





Upregulation of miR-150-5p ameliorates histological severity of OA

We established the ACLT model to validate the role of miR-150-5p in vivo. The rats were injected with synthetic miR-150-5p mimic (5 nmol) or NC mimic once a week. Six weeks later, all rats were sacrificed, and the knees were collected for micro-CT scanning and tissue staining analysis. Micro-CT images revealed that in contrast to the control group, severe subchondral bone erosion was observed in the ACLT and the ACLT + NC mimic groups; less joint destruction was observed in knees administered miR-150-5p mimic (Figure 6A). Quantitative analysis of the micro-CT findings revealed that bone mineral content (BMC), trabecular thickness, and trabecular numbers were significantly decreased, while there were significant increases in trabecular separation in the ACLT and ACLT + NC mimic groups compared with the control group (Figures 6B–E). Administration of miR-150-5p mimic markedly reversed ACLT-induced effects (Figures 6B–E).




Figure 6 | miR-150-5p alleviates the severity of OA in rats. (A) Micro‐CT images from subchondral bone in rat knees from each group (Control, ACLT, ACLT + NC mimic, and ACLT + miR-150-5p mimic) were scanned using SkyScan micro-CT scanners. Micro-CT parameters analyzed (B) the percentage of subchondral bone volume in tissue volume, (C) trabecular thickness, (D) trabecular separation, and (E) trabecular numbers in all rats, in three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 compared with Control; # p < 0.05, ## p < 0.01, ### p < 0.001 compared with ACLT rats.



Histopathological images showed severe synovial hypertrophy and cartilage destruction in the ACLT and ACLT + NC mimic groups, which were mitigated by miR-150-5p mimic administration (Figure 7A). IHC staining revealed significantly increased levels of VCAM-1 and CD11b expression in synovial tissue from the ACLT and the ACLT + NC mimic groups compared with tissue from the control group and showed that miR-150-5p significantly reduced VCAM-1 and CD11b expression (Figure 7A). Osteoarthritis Research Society International (OARSI) scores and the extent of cartilage degeneration were significantly higher in the ACLT and the ACLT + NC mimic groups; scores were significantly reduced by miR-150-5p mimic administration (Figures 7B, C). IHC staining revealed that VCAM-1 and CD11b expression was significantly increased in OA synovial tissue from the ACLT and the ACLT + NC mimic groups compared with the control group; administration of miR-150-5p mimic significantly decreased VCAM-1 and CD11b expression in OA synovial tissue (Figures 7D, E). These findings suggest that ACLT-induced histological changes can be reversed by miR-150-5p mimic.




Figure 7 | Histopathological evidence reveals that miR-150-5p ameliorates OA progression. (A) Specimens from the four groups were immunostained with H&E in four independent experiments, Safranin-O (four independent experiments), VCAM-1 (six independent experiments), or CD11b (six independent experiments). (B) OARSI scores were evaluated in three independent experiments and (C) cartilage degeneration scores were evaluated in four independent experiments. (D, E) IHC staining intensity was scored as absent (no staining, score 0), weak (1–20% staining, score 1), weak-moderate (21–40%, score 2), moderate (41–60%, score 3), moderate intensity (61–80%, score 4) and strong (81–100%, score 5). IHC staining data were scored in six independent experiments for both VCAM-1 and CD11b expression. ** p < 0.01, **** p < 0.0001 compared with Controls; ## p < 0.01, #### p < 0.0001 compared with ACLT rats.






Discussion

XIST is a large transcript RNA, with approximately 17 kb localized in the X chromosome inactivation center (XIC) of chromosome Xq13.2 (45). The function of XIST is to regulate the initiation of the XIC process, which results in the heritable silencing of one of the X chromosomes during female cell development (46). Much evidence indicates that aberrant expression of XIST is associated with many human diseases, including OA (47–49). For instance, the upregulation of XIST exerts a sponge effect on miR-376c-5p by enhancing the production of cytokine OPN from M1 macrophages in OA chondrocytes (29). Moreover, a high level of XIST expression promotes apoptosis and extracellular matrix degradation of chondrocytes, while silencing of XIST impedes OA progression (28). In our bioinformatics analysis, levels of XIST were significantly elevated in human OA synovial tissue compared with healthy non-OA tissue. Knockdown of XIST expression significantly impeded VCAM-1-dependent monocyte adherence to OASFs. Our results revealed that high levels of XIST not only exist in OA chondrocytes but also in the synovial cells. Downregulation of XIST impedes VCAM-1-dependent monocyte adherence to OASFs, affecting the inflammatory microenvironment. However, whether M1 macrophages participate in XIST regulation remains to be clarified.

The distinguishing feature of miRNAs is their ability to target several genes and affect multiple biological functions (50, 51). miR-150-5p has been reported to closely interact with LINC0051, enhancing apoptosis and extracellular matrix (ECM) synthesis in OA chondrocytes (52). Our previous study demonstrated that apelin suppressed miR-150-5p expression and thereby promoted vascular endothelial growth factor (VEGF)-dependent angiogenesis (41), suggesting that miR-150-5p is an essential regulator of angiogenesis in OASFs. Of the several miRNA-seq and microarray platforms holding human OA specimens that have been examined for miRNA expression (GSE143514, GSE205684, GSE183188, GSE175961, GSE126677), no miRNA has been identified as the most likely regulator of monocyte adhesion. In this study, we analyzed the RNA-seq platform GSE143514 and used ENCORI and miRWalk2.0 miRNA prediction software to select miRNAs that potentially interact with XIST and interfere with VCAM-1 expression. The analysis revealed miR-150-5p as a prospective candidate, which was supported by the finding of lower miR-150-5p expression in OA synovial tissue compared with normal healthy synovial tissue. Upregulation of miR-150-5p significantly inhibited VCAM-1-mediated monocyte adherence to OASFs. Moreover, XIST downregulation suppressed monocyte adherence to OASFs and was reversed by the miR-150-5p inhibitor. Our evidence indicates that miR-150-5p plays an important role in controlling VCAM-1-dependent monocyte adherence to OASFs. When we used the ACLT rat model to verify the importance of miR-150-5p, we found that administration of miR-150-5p effectively alleviates ACLT-induced joint damage. It appears that low levels of miR-150-5p facilitate VEGF-mediated angiogenesis and promote monocyte adherence to OASFs, which subsequently accelerates the development of OA disease. Although miR-150-5p is yet to be validated in clinical trials, this molecule appears promising for treating OA disease.

Synovial inflammation is a critical characteristic of OA and is related to the abundance of accumulated monocytes at the inflamed site, which establishes the OA joint microenvironment (10, 11, 53). CAMs are the major modulator in synovial cells that attract monocyte infiltration and migration into inflamed synovium during OA progression (16). Cadherins, the immunoglobulin superfamily (IgSF), integrins and selectins are the four major groups of CAMs. Previous research has reported that visfatin-induced ICAM-1 production promotes monocyte adherence to human OASFs, suggesting that downregulation of adhesion molecules is a worthwhile strategy for restraining the inflammatory response and ameliorating OA symptoms (15). ICAM-1 and VCAM-1 are essential adhesion molecules that participate in leukocyte (lymphocyte/monocyte) rolling and modulate leukocyte adhesion facilitating inflammatory responses (54). ICAM-1 mainly interacts with its ligand lymphocyte function-associated antigen 1 (LFA-1), the major integrin expressed in lymphocytes (54). Similarly, VCAM-1 expression increases during inflammation, contributing to leukocyte adhesion at the inflamed site by interacting with the VCAM-1 ligand VLA-4 (55). VCAM-1-VLA-4-dependent leukocyte attraction is generally observed with monocytes and monocyte-like cell lines (56). Previous research has indicated that miR-150-5p regulates the function of lymphoid cells via the ICAM-1/p38/MAPK signaling pathway in allergic rhinitis (57). Until now, no studies have examined whether miR-150-5p regulates CAM-dependent leukocyte adherence in OASFs. Although the miRWalk2.0 prediction software reveals that ICAM-1 and VCAM-1 share a highly similar seed sequence for miR-150-5p, we observed much higher levels of VCAM-1 expression compared with ICAM-1 expression in OA synovial tissue, suggesting that VCAM-1 is a potential target gene for miR-150-5p in OA patients. Certainly, upregulation of miR-150-5p significantly suppressed VCAM-1-mediated monocyte adherence to OASFs. Moreover, we found that administration of miR-150-5p effectively attenuated joint destruction in the ACLT rats and reduced VCAM-1 expression in rat synovial tissue. Whether miR-150-5p regulates lymphocyte/monocyte adhesion to OASFs by directly targeting ICAM-1 is a worthwhile study for future investigation.

In conclusion, we demonstrate that upregulation of miR-150-5p interferes with XIST regulation and thereby enhances VCAM-1-dependent monocyte adherence to OASFs (Figure 8). Our study is the first to demonstrate that miR-150-5p administration effectively lowers VCAM-1 expression and reduces monocyte recruitment in OASFs. Furthermore, miR-150-5p administration reduced levels of VCAM-1 and CD11b expression, which effectively attenuated OA severity in ACLT rats. Our results provide a novel insight into how XIST and miR-150-5p interact to regulate VCAM-1-dependent monocyte adherence in OA. miR-150-5p appears to be a promising biomarker for clinical diagnosis, as well as a novel miRNA therapeutic for OA treatment.




Figure 8 | The schematic diagram summarizes the miR-150-5p and XIST interaction controls monocyte adherence in OASFs. Upregulation of miR-150-5p interferes with XIST regulation and thereby enhances VCAM-1-dependent monocyte adherence to OASFs.
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