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A B S T R A C T   

Osteoarthritis (OA) is an age-related joint disease characterized by progressive heterogeneous 
changes in articular cartilage and subchondral bone. Osteoclast stimulating factor 1 (OSTF1) is a 
small intracellular protein involved in bone formation and bone resorption. However, to our best 
knowledge, its role in OA is still unclear. In this study, an OA rat model was established by 
anterior cruciate ligament transection (ALCT). OSTF1 was increased in the cartilage tissues of OA 
patients and OA rats. Next, the role of OSTF1 in interleukin-1β (IL-1β)-induced chondrocyte 
apoptosis, inflammation and extracellular matrix degradation was explored through loss of 
function assays. Strikingly, OSTF1 knockdown relieved IL-1β-induced chondrocyte apoptosis, 
with decreased cleaved caspase-3 and cleaved PARP levels. Besides, OSTF1 knockdown restrained 
IL-1β-induced inflammation and degradation of extracellular matrix of chondrocytes. Subse-
quently, the molecular mechanism of OSTF1 was explored. Transcriptomic analysis revealed the 
potential gene network map regulated by OSTF1 knockdown. Some differentially expressed genes 
(DEGs) were involved in regulating the NF-κB signaling pathway. Furthermore, our results 
demonstrated that OSTF1 knockdown inhibited IL-1β-activated the NF-κB signaling pathway. 
Ultimately, we analyzed the potential gene network map regulated by OSTF1 and its downstream 
NF-κB. Bioinformatics analysis showed that 18 DEGs in OSTF1-silenced chondrocytes overlapped 
with the NF-κB downstream targets. Collectively, our findings indicate that OSTF1 knockdown 
mitigates IL-1β-induced chondrocyte injury via inhibiting the NF-κB signaling pathway.   

1. Introduction 

Osteoarthritis (OA) is a slow, progressive and degenerative disease that is the most common and expensive form of arthritis [1]. The 
incidence of OA increases in prevalence with age and is a major musculoskeletal cause of mobility impairment in older adults [2]. The 
most frequently affected sites of OA are the hands, knees, hips and spine [3]. Its major clinical symptoms include chronic pain, joint 
instability, stiffness, joint deformities and radiographic joint space narrowing [4,5]. The current primary treatments are low-impact 
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aerobic exercise [6], weight loss [7], acupuncture [8] and surgery [9]. Currently, except for total joint replacement surgery, there are 
no effective interventions to slow the process of OA or delay the irreversible degeneration of cartilage [1]. Thus, it is urgently necessary 
to reveal the pathogenesis of OA. 

Articular cartilage mainly consists of tissue fluid, type II collagen and proteoglycans [10]. Articular chondrocytes, the only cell type 
in articular cartilage, are applied for generating and maintaining the cartilaginous extracellular environment [11]. Furthermore, 
collagen and proteoglycans form the hydrated structure of the matrix which provides tensile and elastic strength to the articular 
cartilage, allows the joint to maintain a proper biomechanical function [2]. Accumulating evidence suggests that chondrocytes in OA 
patients produce a large number of proinflammatory cytokines, which cause chondrocyte apoptosis and cellular matrix degradation, 
resulting in severe cartilage degeneration [12,13]. It seems that relieving cartilage destruction may benefit the treatment of OA. 

Osteoclast stimulating factor 1 (OSTF1), a protein containing the SH3 domain, was originally thought to be a factor involved in 
indirect osteoclast activation [14]. Previous study has revealed that OSTF1 indirectly enhances osteoclast formation and 
bone-resorption activity in cell culture assays through the supernatant of transfected 293 cells [15]. Our previous showed that OSTF1 
was greatly upregulated in cartilage tissues of OA patients. However, any role for OSTF in the development of OA has not been 
explored. 

Interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α) seem prominent and of major importance to cartilage destruction [16, 
17]. In addition, these inflammatory factors can combine with receptors on the articular cartilage surface to activate the NF-κB 
pathway in chondrocytes [18]. NF-κB signaling pathway plays a crucial role in inflammatory response, which may contribute to 
chondrocyte cell death and cartilage destruction [19]. However, whether OSTF1 affects OA process by regulating the NF-κB signaling 
pathway needs further verification. 

Herein, we explored the role of OSTF1 in OA as well as the underlying mechanism. Uncovering the role of OSTF1 in OA may 
contribute to the OA therapy. 

2. Materials and methods 

2.1. Human OA cartilage samples 

Cartilage tissues were collected from patients with OA who underwent total knee joint replacement surgery. Tissues were not 
fibrous or wholly degenerated, and subchondral bone was not included. Undamaged areas were sampled as normal cartilage in patients 
above. Ethical approval was obtained from the Medical Research Ethics Committee of the First Affiliated Hospital of Anhui Medical 
University, and clinical study was conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained 
from each participant. 

2.2. Establishment of OA rat model 

Animal experiments were approved by the Medical Research Ethics Committee of Anhui Medical University and carried out in 
accordance with the “Guide for the Care and Use of Laboratory Animals”. SD rats were randomly divided to the sham group or OA 
group. ALCT was performed in 12-week-old male rats (300–400 g) to induce right knee OA [20]. Briefly, after induction of anesthesia, 
the right knees of rats were disinfected and a 2 cm parapatellar skin incision was made on the medial side of the joint. The patella was 
dislocated and the anterior cruciate ligament was transected. The sham group underwent intra-articular anesthesia and surgical 
incision without ACLT. For the time-course experiment, rats were sacrificed at 2, 4 and 8 weeks postoperatively, and tissues were 
collected from the right knee joints for further experiments. 

2.3. Hematoxylin and eosin (H&E) staining 

Rat cartilage tissues were embedded in paraffin blocks which were cut to a thickness of 5 μm. Sections were then dewaxed in xylene 
and hydrated by ethanol. Finally, sections were stained with hematoxylin (Solarbio, Beijing, China) for 5 min and eosin for 3 min. 
Photographing was made with a DP73 microscope (Olympus, Tokyo, Japan). 

2.4. Safranin O staining and histological scoring 

Sections were deparaffinized in xylene and rehydrated by ethanol. Then sections were stained with safranin O (Solarbio) for 2 min, 
and images were photographed under a microscope. Histological scoring was conducted in accordance with the Osteoarthritis 
Research Society International (OARSI) grading system [21]. The score was determined in multiple serial sections from each murine 
knee. 

2.5. Immunohistochemical analysis 

For immunohistochemical analysis, sections were incubated with 3 % H2O2 at room temperature for 15 min to eliminate endog-
enous peroxidase activity. Primary OSTF1 antibody (1:1000, 10671-1-AP, ThermoFisher, Pittsburgh, USA) was incubated at 4 ◦C 
overnight, and followed by incubation with secondary goat anti-rabbit IgG-HRP (ThermoFisher) for 1 h at 37 ◦C. The positive staining 
was visualized using DAB (MXB® Biotechnology, Fuzhou, China). Cell nuclei were stained with hematoxylin, and images were 
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observed under a microscope. 

2.6. Construction of adenovirus vector 

The shRNA targeting OSTF1 (ACTAAAGATATTTGCATGTCGCTATGTGTTCT 
GGGAAATCACCATAAACGTGAAATGTCTTTGGATTTGGGAATCTTATAAGTTCTGTATGAGACCACTCGGTGGAAAGGAA-

CATGCAAAGTTCAAGAGACTTTGCATGTTCCTTTCCACCTTTTT) or negative control sequence was inserted into pShuttle-CMV vector 
(Fenghui Biotechnology, Changsha, China), respectively. Then the recombinant plasmid was transferred to HEK293T cells, generating 
OSTF1-shRNA adenovirus. 

2.7. Cell culture and IL-1β treatment 

Rat cartilage tissues were collected carefully and treated with 3 mg/ml (0.25 %) collagenase II (Biosharp, Hefei, China) for 2 h at 
37 ◦C. Next, the digested chondrocytes were cultured in DMEM/F12 medium (Procell, Wuhan, China) with 10 % FBS (Tianhang 
Biotechnology, Zhejiang, China) at 37 ◦C and 5 % CO2. For infection, cells were cultured overnight and infected with adenovirus. After 
24 h of infection, cells were treated with 10 ng/ml IL-1β. 

2.8. CCK-8 assay 

CCK-8 reagent (Beyotime, Shanghai, China) was added into the cells and incubated for 2 h. Finally, the supernatant was collected, 
and absorbance of the colored solution was quantified at 450 nm on a microplate reader (Biotek, Winooski, USA). 

2.9. TUNEL staining 

Cells were treated with 0.1 % Triton X-100 (Beyotime). Then 200 μl TUNEL reaction solution was added to cells and cells were 
incubated at 37 ◦C for 1 h in the dark. Cell nuclei were stained with DAPI (Aladdin, Shanghai, China) for 5 min. Images were captured 
under a microscope. 

2.10. Quantitative real-time PCR (qRT-PCR) analysis 

Total RNA was extracted and reverse transcribed into cDNA by BeyoRT II M-MLV reverse transcriptase (Beyotime). cDNA was 
subjected to qRT-PCR using SYBR green Kit (Solarbio, Beijing, China). The constructed PCR reaction system was put into Exicy-
clerTM96 (BIONEER, Daejon, Korea). The relative gene expression values were calculated using the 2− ΔΔCt method. GAPDH was used 
as internal control. The primers are listed in Table 1. 

2.11. Western blotting assay 

Cells were lysed in RIPA buffer (PMSF = 1 mmol/l, Solarbio), and proteins were isolated. Then protein concentration was measured 
using a BCA protein concentration Assay Kit (Beyotime). The proteins were separated by 10 % SDS-PAGE (20 μg protein in each lane, 
Solarbio) and transferred to PVDF membranes (Millipore, Billerica, MA, USA). OSTF1 (1:1000, 10671-1-AP, Proteintech, Wuhan, 
China), cl-caspase 3 (1:1000, AF7022, Affinity, Changzhou, China), cl-PARP (1:1000, AF7023, Affinity), aggrecan (1:1000, DF7561, 
Affinity), collagen-II (1:1000, AF0135, Affinity), MMP1 (1:1000, A22080, Abclonal, Wuhan, China), MMP13 (1:1000, AF5355, Af-
finity), p-p65 (1:1000, AF2006, Affinity) and p65 (1:1000, AF5006, Affinity) primary antibodies were added and incubated overnight 
at 4 ◦C, followed by incubation with the respective secondary antibodies (1:3000) at 37 ◦C for 1 h. ECL reagent (Solarbio) was used for 

Table 1 
qRT-PCR primers.  

Name Sequence (5′-3′) 

OSTF1 forward TTTACTCAGCCGAATGTG 
OSTF1 reverse TCTTCTTCAGGAGCGATG 
TNF-α forward CGGAAAGCATGATCCGAGAT 
TNF-α reverse AGACAGAAGAGCGTGGTGGC 
IL-6 forward CAGCCACTGCCTTCCCTA 
IL-6 reverse TTGCCATTGCACAACTCTTT 
aggrecan forward CGCCCATCATCAGAAACC 
aggrecan reverse TCCAGGCAGCGTAGAGC 
collagen-II forward AGAGCGGAGACTACTGGATTG 
collagen-II reverse TCTGGACGTTAGCGGTGTT 
MMP1 forward AAAGGCAGGTTCTACATTCGT 
MMP1 reverse CTAACTTCATAAGCAGCATCA 
MMP13 forward GCCAGAACTTCCCAACCA 
MMP13 reverse ACCCTCCATAATGTCATACCC  
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luminescence detection, and data quantification was utilized by Gel-Pro-Analyzer software. 

2.12. Immunofluorescence staining 

After cells were fixed in 4 % paraformaldehyde, 0.1 % Triton X-100 was added to cells, followed by 1 % BSA (Sangong Biotech, 
Shanghai, China). Then cells were incubated at room temperature for 15 min, 30 min and 15 min, respectively. Primary antibodies 
(Collagen II, 1:200, AF5006, Affinity or P65, 1:200, AF0135, Affinity) were added and incubated overnight at 4 ◦C, followed by in-
cubation with goat anti-rabbit IgG-Cy3 (1:200, A27039, Invitrogen, Carlsbad, USA) at room temperature for 1 h. Cell nuclei were 
stained with DAPI. Then images were captured by a microscope. 

2.13. RNA sequencing 

Chondrocytes were infected with adenovirus for 24 h, and then treated with IL-1β (10 ng/ml) for 24 h. Chondrocytes were then 
harvested for RNA sequencing. RNA extraction was performed with the TRIzol (Invitrogen). RNA integrity was then checked by 
Bioanalyzer 2100 (Agilent, Santa Clara, USA). The captured mRNA was fragmented using the Magnesium Fragmentation Kit (NEB-
Next® Magnesium RNA Fragmentation Module, Ipswich, USA), and the fragmented RNA was subjected to reverse transcriptase 
(SuperScript™ II Reverse Transcriptase, Invitrogen) to synthesize cDNA. Finally, PCR amplification was performed and the products 
were purified to obtain the final library. We performed paired-end sequencing using an Illumina Novaseq™ 6000 (LC Bio Technology, 
Hangzhou, China) following standard procedures. 

For the bioinformatics analysis, firstly, the raw data was filtered, including removing junctions, repetitive sequences and low- 
quality sequences. Aligned the sequencing data to the genome. Genes or transcripts were assembled and quantified with FPKM. 
Differentially expressed genes (DEGs, |log2-fold change|>1) between samples were analyzed, and P value < 0.05 was considered as 
differentially expressed. In addition, GO and KEGG pathway enrichment analyses were performed. 

2.14. Statistical analysis 

Data were expressed as mean ± SD. Student’s t-test was used to compare the data between two groups. Comparison between groups 
was performed using one-way analysis of variance (ANOVA), followed by the Bonferroni post-hoc test. P value < 0.05 was considered 
to be statistically significant. 

Fig. 1. The expression of OSTF1 is upregulated in cartilage tissues of OA patients. (A) The mRNA levels of OSTF1 in cartilage tissues of OA patients 
(n = 20) and healthy volunteers (n = 10). (B) The protein levels of OSTF1 in cartilage tissues of OA patients (n = 4) and healthy volunteers (n = 2). 
(*p < 0.05). 
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Fig. 2. The expression of OSTF1 is increased in the knee cartilage tissues of OA rats. OA was induced by ALCT surgery in rats. (A) H&E staining 
showed the pathological changes in cartilage tissues at 2, 4 and 8 weeks after surgery (the scale bar represented 100 μm). (B) The safranin O staining 
exhibited the proteoglycan in cartilage tissues (the scale bar represented 100 μm). (C) The OASRI scores of rat knee cartilage. (D–E) The mRNA and 
protein levels of OSTF1 in knee cartilage tissues of rats were determined by qRT-PCR and western blotting. (F) The OSTF1 expression was detected 
by immunohistochemistry staining (the scale bar represented 100 μm). n = 6. (**p < 0.01, ***p < 0.001). 
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3. Results 

3.1. The expression of OSTF1 is upregulated in cartilage tissues of OA patients 

To ascertain the change of OSTF1 levels in the development of OA, the expression of OSTF1 in cartilage tissues of normal and OA 
patients was examined using qRT-PCR and western blotting. The clinical results revealed that the mRNA and protein expression levels 
of OSTF1 in cartilage tissues of OA patients were significantly upregulated relative to the normal (Fig. 1A–B). These data presented that 
OSTF1 was highly expressed in cartilage tissues of OA patients. 

3.2. The expression of OSTF1 is increased in the knee cartilage tissues of OA rats 

We first established an animal model of OA using the ALCT method. Next, we assessed the damage of knee articular cartilage in 
ALCT-operated rats. H&E staining showed that the joint morphology of the sham group was normal, whereas the cartilage surface of 
OA rats exhibited damage, defects and structural breakage with a decreased number of chondrocytes (Fig. 2A). By Safranin O staining, 
we observed the erosion and hypocellularity of articular cartilage and the loss of proteoglycan in the ALCT group (Fig. 2B). The results 
of OASRI scores were consistent with the histological analysis (Fig. 2C). In addition, we verified the expression pattern of OSTF1 in 
cartilage tissues of OA rats. Similarly, our data showed that after the surgery, the mRNA and protein levels of OSTF1 were significantly 
upregulated in the OA group relative to the sham rats (Fig. 2D–E). With the progression of OA, the expression of OSTF1 was gradually 
increased and reached the highest at the 8th week (Fig. 2D–E). Strikingly, the above results were observed in immunohistochemistry 
staining assay (Fig. 2F). Overall, these findings suggested that OSTF1 was increased in the knee cartilage tissues of OA rats, and it may 
be involved in the progression of OA. 

3.3. Knockdown of OSTF1 in chondrocytes is mediated by adenoviral vector 

To verify the effects of OSTF1 knockdown on OA process, we constructed an adenoviral vector carrying shRNA targeting OSTF1 and 

Fig. 3. The knockdown of OSTF1 in chondrocytes is mediated by adenoviral vector. (A) The primary chondrocytes were isolated from knee cartilage 
tissue of rats, and identified by immunofluorescent staining of collagen II (the scale bar represented 50 μm). (B) The knockdown fragment of OSTF1 
was cloned into adenovirus vector, and the rat chondrocytes were infected with this adenovirus (Ad-shOSTF1). The knockdown efficiency was 
confirmed by qRT-PCR. (C–E) The mRNA and protein levels of OSTF1 were detected by qRT-PCR and western blotting in chondrocytes with IL-1β 
stimulation and infection of Ad-shOSTF1 or Ad-shNC. n = 3. (***p < 0.001). 
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detected the expression of OSTF1 in chondrocytes. Firstly, chondrocytes were identified by immunofluorescence staining for type II 
collagen, and the results indicated that chondrocytes had typical morphologies of chondrocytes, such as spherical, fusiform and slab- 
stone shape (Fig. 3A). Next, we examined the knockdown efficiency of OSTF1 in chondrocytes, as shown in Fig. 3B. Moreover, IL-1β- 
treated chondrocytes were used as the cellular model of OA. As displayed, the mRNA and protein expression levels of OSTF1 were 
significantly upregulated by IL-1β administration, which was abolished by OSTF1 knockdown (Fig. 3C–E). Taken together, the above 
results indicated that the levels of OSTF1 were elevated in the IL-1β-mediated cell model. 

3.4. OSTF1 knockdown relieves IL-1β-induced apoptosis and inflammation in chondrocytes 

We further addressed the effects of OSTF1 knockdown on IL-1β-induced chondrocyte injury. CCK-8 data displayed that IL-1β 
decreased chondrocyte viability, while OSTF1 knockdown reversed the effects of IL-1β on cell viability (Fig. 4A). Moreover, TUNEL 
staining results showed that IL-1β greatly increased TUNEL-positive chondrocytes, which was abolished by OSTF1 knockdown 
(Fig. 4B), thus reducing cell apoptosis. In addition, western blotting results confirmed that IL-1β led to the upregulation of cleaved 
caspase-3 and cleaved PARP, whereas, the levels of these two proteins were markedly downregulated due to OSTF1 knockdown 

Fig. 4. OSTF1 knockdown relieves IL-1β-induced apoptosis and inflammation in chondrocytes. (A) The viability of chondrocytes was determined by 
CCK-8 assay after IL-1β administration and OSTF1 knockdown. (B) TUNEL was used to display the apoptotic cells (the arrows indicated TUNEL- 
positive cells, and the scale bar represented 50 μm). (C–D) The levels of cleaved caspase-3 and cleaved PARP in IL-1β-stimulated and OSTF1- 
silenced chondrocytes. (E–F) The mRNA levels of inflammatory factors TNF-α and IL-6 were determined by qRT-PCR. n = 3. (*p < 0.05, **p <
0.01, ***p < 0.001). 
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(Fig. 4C–D). 
We also identified the effects of OSTF1 on IL-1β-induced inflammation. qRT-PCR results showed that OSTF1 knockdown largely 

decreased the mRNA expression of pro-inflammatory cytokines TNF-α and IL-6 (Fig. 4E–F), further abolishing the effects of IL-1β on 
proinflammatory cytokine levels. Thus, these data demonstrated that OSTF1 knockdown largely increased chondrocyte viability and 
relieved apoptosis and inflammation, which further reversed the effects of IL-1β on chondrocyte injury in the development of OA. 

Fig. 5. OSTF1 knockdown inhibits IL-1β-induced the extracellular matrix degradation of chondrocytes. (A–B) The expressions of collagen II, 
aggrecan, MMP1 and MMP13 in chondrocytes were detected by qRT-PCR and western blotting. n = 3. (**p < 0.01, ***p < 0.001). 
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3.5. OSTF1 knockdown inhibits IL-1β-induced the extracellular matrix degradation of chondrocytes 

The degradation of articular cartilage may serve as a hallmark of OA pathogenesis. Therefore, we explored whether OSTF1 affects 
the cartilage matrix function. The levels of catabolic markers MMP1 and MMP13, as well as anabolic markers aggrecan and collagen-II 
were assessed in IL-1β-treated chondrocytes. Results of real time PCR and western blotting showed that OSTF1 knockdown markedly 
increased the levels of aggrecan and collagen-II, and decreased the levels of MMP1 and MMP13 (Fig. 5A–B). Altogether, OSTF1 
knockdown inhibited the extracellular matrix degradation of chondrocytes induced by IL-1β, exhibiting the protective effects on 
chondrocytes. 

3.6. Transcriptomic analysis of chondrocytes with IL-1β stimulation and OSTF1 knockdown 

Rat chondrocytes were infected with adenovirus loaded with shOSTF1 or control and treated with IL-1β. Then we performed RNA 
sequencing analysis of the gene network regulated by OSTF1. Firstly, we used PCA to analyze the correlation between control samples 
and shOSTF1 samples and identified population differences. As shown in Fig. 6A, PCA data suggested that samples between groups 
were scattered and samples within groups were clustered together. Moreover, a volcano plot inferred the overall distribution of DEGs, 
of which 323 DEGs were upregulated and 1076 DEGs were downregulated (Fig. 6B). The heatmap revealed the mRNA expression levels 
of DEGs in chondrocytes (Fig. 6C). Additionally, we performed GO pathway analysis. DEGs were most involved in regulation of 
transcriptional from the RNA polymerase II promoter and negative regulation of apoptotic process in biological process, nucleus and 
cytosol in cellular component, and metal ion binding and RNA polymerase II core promoter proximal region sequence-specific DNA 
binding in molecular function, respectively (Fig. 6D). As observed, KEGG enrichment analysis showed that DEGs were significantly 
enriched in non-alcoholic fatty liver disease (NAFLD), pathways in cancer and apoptosis-multiple species (Fig. 6E). DEGs were also 
involved in NF-κB signaling pathway (Fig. 6D–E). Firstly, GSEA suggested the expression trend of DEGs in the NF-κB signaling pathway 
(Fig. 6F). These data revealed the gene network map of OSTF1, which may be valuable for subsequent screening important targets for 
OA. 

Fig. 6. Transcriptomic analysis of chondrocytes with IL-1β stimulation and OSTF1 knockdown. The rat chondrocytes were infected with adenovirus 
loaded with shOSTF1 or control and stimulated with IL-1β stimulation (10 ng/ml). Then the RNA sequencing was performed. IL-1β+Ad-shOSTF1 (n 
= 4) vs IL-1β+Ad-shNC (n = 4). (A) The principal component analysis. (B) The volcano plot showed the expression of DEGs. (C) The heatmap 
revealed the mRNA expression pattern of DEGs. (D–E) GO and KEGG enrichment analyzes. (F) GSEA analysis of DEGs enriched in the NF-κB 
signaling pathway. 

Fig. 7. OSTF1 knockdown inhibits the activation of NF-κB signaling pathway in chondrocytes. (A) Immunoblotting was used to detect the total and 
phosphorylation (Ser536) levels of NF-κB p65. (B) Immunofluorescent staining exhibited the distribution of p65 in nuclei (the scale bar represented 
50 μm, the arrows indicated the nuclear translocation of p65). n = 3. (**p < 0.01, ***p < 0.001). 
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Fig. 8. Transcriptomic analysis reveals the potential gene network map regulated by OSTF1 and its downstream NF-κB. (A) The Venn diagram 
showed that 18 DEGs in OSTF1-silenced chondrocytes overlapped with NF-κB downstream targets predicted by hTFtarget database. (B) The 
heatmap revealed the mRNA expression pattern of these 18 DEGs. IL-1β+Ad-shOSTF1 (n = 4) vs IL-1β+Ad-shNC (n = 4). (C) The upset diagram 
revealed the correlation between these 18 DEGs and the total DEGs. (D) PPI analysis of OSTF1 and these 18 DEGs. 
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3.7. OSTF1 knockdown inhibits the activation of NF-κB signaling pathway in chondrocytes 

The potential mechanism of OSTF1 was explored. Go and KEGG analyzes suggested that DEGs were involved in regulating NF-κB 
signaling pathway. NF-κB signaling pathway is related to the progression of OA and can induce chondrocyte apoptosis and inflam-
mation [19]. Accordingly, we investigated the regulatory mechanism of OSTF1 on NF-κB signaling pathway. Western blotting analysis 
suggested that IL-1β increased the phosphorylation of p65, while OSTF1 knockdown decreased p-p65S536 levels (Fig. 7A). Notably, 
immunofluorescence staining presented that IL-1β stimulation promoted the nuclear translocation of p65, while OSTF1 knockdown 
significantly reduced nuclear translocation of p65, thereby inhibiting the activation of NF-κB signaling pathway (Fig. 7B). In short, 
these observations indicated that OSTF1 knockdown inhibited the NF-κB signaling activated by IL-1β. 

Since our results reveal that OSTF1 knockdown inhibits the activation of NF-κB signaling pathway, we further analyzed the po-
tential gene network map regulated by NF-κB, the downstream of OSTF1. The Venn diagram showed that 18 DEGs in OSTF1-silenced 
chondrocytes overlapped with the NF-κB downstream targets predicted by hTFtarget database (Fig. 8A). Hence, we then displayed the 
expression of 18 DEGs in chondrocytes by the heatmap (Fig. 8B). Among them, Jrkl, Helz2, Ncoa7, Arhgap31, Skil, Rnf213, Zkscan8, 
Maml2, Ern1, Sh3pxd2a, Hivep2, Birc2, Elmsan1 and Mllt6 were downregulated in OSTF1-silenced chondrocytes, while Sh3bp1, 
Fbxl15, Prdx2 and Ost4 were upregulated (Fig. 8B). Besides, the correlation between these 18 DEGs and the total DEGs was revealed by 
upset diagram, with a |correlation coefficient|>0.8 (Fig. 8C). Genemania database analysis showed the protein-protein interaction 
network between OSTF1 and these 18 DEGs (Fig. 8D). In the future, we may investigate the role of these 18 DEGs in OA. 

4. Discussion 

Firstly, in this study, we verified that OSTF1 expression was increased in the cartilage tissues of OA patients and OA rats. Next, we 
determined its potential roles during OA. As demonstrated, OSTF1 knockdown relieved the apoptosis, inflammation and extracellular 
matrix degradation, further suppressing IL-1β-mediated chondrocyte injury. The underlying mechanism of OSTF1 in OA was further 
explored. Our findings suggested that OSTF1 knockdown inactivated the NF-κB signaling pathway. In addition, we explored the po-
tential gene network map regulated by OSTF1 and its downstream NF-κB. OSTF1 may be a novel target for treating OA. 

OSTF1 was previously described as a cytoplasmic protein with SH3 and ankyrin domains [22]. It is also reported that OSTF1 is 
mainly expressed in osteoclasts and motor neurons [14]. In the present study, we found that the expression of OSTF1 was increased in 
cartilage tissues of OA patients. Notably, ACLT is one of the most common sports injuries [23]. The ACLT-induced OA model has been 
shown to reliably reproduce the various characteristics of human osteoarthritic bone for the study of OA [24]. In this study, we 
evaluated the damage of rat knee cartilage by a series of histological analyses in an ACLT-induced OA model and further investigated 
the expression of OSTF1 during OA. Our results showed that OSTF1 was upregulated in cartilage tissues of OA rats. Moreover, IL-1β is a 
cytokine that induces a series of pathogenic responses in chondrocytes and plays a crucial role in the process of OA [25,26]. Hence, 
IL-1β-treated chondrocytes were used as the cell model. In the current study, we discovered that IL-1β administration upregulated the 
expression levels of OSTF1 in rat chondrocytes. 

Accumulating evidence has suggested that OSTF1 participates in the formation of osteoclasts, indirectly activates osteoclast dif-
ferentiation and regulates the activity of bone-resorbing [27,28]. Recently, a study has shown that OSTF1 plays a vital role in bone 
development [14]. In this work, we silenced the expression of OSTF1 to explore the role of OSTF1 knockdown on IL-1β-induced 
chondrocyte injury. Our findings investigated that OSTF1 knockdown largely increased the chondrocyte viability inhibited by IL-1β, 
which implied that OSTF1 may exert protective effects on chondrocytes. 

Previous studies have reported that apoptosis is important in many biological processes [29–31]. Caspase-3 is the major executor of 
apoptosis [32]. One of the basic substrates cleaved by caspase-3 is poly ADP-ribose polymerase (PARP), an abundant DNA-binding 
enzyme that detects and signals DNA strand breaks [33]. The presence of cleaved PARP is one of the most commonly used diag-
nostic tools to determine apoptosis in many cell types [34]. Therefore, the upregulation of cleaved Caspase-3 and cleaved PARP may be 
considered as important symbols in the progression of apoptosis. Importantly, the present study identified that OSTF1 knockdown 
relieved IL-1β-induced apoptosis, as reflected by decreased TUNEL-positive chondrocytes, as well as the levels of cleaved caspase-3 and 
cleaved PARP. Thus, our data revealed that OSTF1 knockdown not only increased chondrocytes viability but also inhibited apoptosis 
during OA, therefore protecting chondrocytes from damage induced by IL-1β treatment. 

The inflammatory responses are associated with the development of OA. Elevated levels of pro-inflammatory cytokines such as IL- 
1β and TNF-α are often observed in OA patients [35]. The proinflammatory cytokines IL-1β, IL-6 and TNF-α can stimulate chondrocytes 
and promote metabolic imbalance, resulting in the pathological development of OA [36]. Herein, our findings indicated that OSTF1 
knockdown downregulated the levels of IL-6 and TNF-α elevated by IL-1β, showing anti-inflammatory effects. OA is also characterized 
by a senescence-associated secretory phenotype and matrix degradation leading to a gradual loss of articular cartilage integrity [37]. In 
this study, we evaluated the levels of extracellular proteolytic enzymes associated with cartilage degradation, and our results suggested 
that OSTF1 knockdown inhibited the levels of catabolic markers MMP1 and MMP13 and increased the levels of anabolic markers 
aggrecan and collagen-II. These observations confirmed that OSTF1 knockdown had the protective effects on chondrocytes. 

Recently, single-cell RNA-seq analysis has revealed the progression of human OA and further identified chondrocyte biomarkers 
[38,39]. In our study, transcriptomic analysis was utilized to explore the gene network map regulated by OSTF1. In this work, a 
volcano plot displayed the overall distribution of DEGs, and a heatmap revealed the mRNA expression pattern of DEGs in chon-
drocytes. Additionally, we performed GO and KEGG pathway analyzes. DEGs were most involved in regulation of transcriptional from 
the RNA polymerase II promoter and negative regulation of apoptotic process in biological process, nucleus and cytosol in cellular 
component, and metal ion binding and RNA polymerase II core promoter proximal region sequence-specific DNA binding in molecular 
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function, respectively. KEGG enrichment analysis showed that DEGs were significantly enriched in NAFLD, pathways in cancer and 
apoptosis-multiple species. Also, these DEGs were enriched in NF-κB signaling pathway. These results revealed the gene network map 
regulated by OSTF1. 

The underlying mechanism of OSTF1 was then explored. Transcriptomic analysis indicated that DEGs participated in regulating 
NF-κB signaling pathway. Herein, we investigated the regulatory mechanism of OSTF1 on NF-κB signaling pathway. NF-κB is the main 
representative transcription factor activated by cellular stimulation with IL-1β [40,41]. NF-κB pathway is a prototypical proin-
flammatory signaling pathway, which may lead to the apoptosis or damage of chondrocytes [40]. In addition, increasing evidence has 
indicated that the phosphorylation of p65 can reflect the activation of NF-κB, and Ser536 is an important phosphorylation site of p65 
[42]. The present study verified that OSTF1 knockdown inhibited the activation of NF-κB signaling pathway. To our best knowledge, 
NF-κB signaling pathway is regulated by OSTF1 is novel. 

Since our results reveal that OSTF1 knockdown inhibits the NF-κB signal, we further analyzed the potential gene network map 
regulated by NF-κB, the downstream of OSTF1. Our results showed that 18 DEGs in OSTF1-silenced chondrocytes overlapped with the 
NF-κB downstream targets. The upset diagram presented the correlation between these 18 DEGs and the total DEGs. PPI showed the 
protein-protein interaction network between OSTF1 and these 18 DEGs. In the future, we will conduct more in-depth studies on these 
18 DEGs. Based on the above findings, the results of transcriptomic analysis may serve as a theoretical basis for screening more 
valuable targets for OA. 

There were several limitations in this study. First, the clinical results need to be further confirmed by expanding the sample. In this 
work, we used an IL-1β-induced chondrocyte model in vitro to investigate the role of OSTF1. In addition, the primary chondrocytes 
obtained from a rat model of OA will also help to better represent the complex pathogenesis of OA. In future studies, primary 
chondrocytes obtained from the OA rat model may be employed to better understand the role of OSTF1 during OA. Many studies have 
shown that PI3K/AKT/mTOR and TGF-β1 signaling pathways are associated with the progression of OA [43–45]. Whether other 
signaling pathways, such as AKT and TGF-β1, are involved in the OSTF1-affected OA process will also be further explored. In addition, 
our study confirmed that OSTF1 knockdown inhibited the NF-κB signaling pathway. Because IL-1β caused the activation of NF-κB 
signaling pathway in chondrocytes, which may act as an activator of NF-κB, we did not use the activator of NF-κB for the recovery 
experiment. 

Our study is the first to find that OSTF1 knockdown alleviates OA through suppressing the NF-κB signaling pathway (Fig. 9). In 
addition, we reveal the gene network map regulated by OSTF1 and its downstream NF-κB in chondrocytes. Our study provides novel 
insights into the function and mechanism of OSTF1 during OA. 
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Fig. 9. The diagram showed the role and the underlying mechanism of OSTF1 during OA.  
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