
Heliyon 9 (2023) e17312

Available online 16 June 2023
2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

CircSFMBT2-OA alleviates chondrocyte apoptosis and 
extracellular matrix degradation through repressing NF-κB/NLRP3 
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Background: Intra-articular inflammation and cartilage degradation are the major pathological 
characteristics of osteoarthritis (OA). Mounting studies have revealed that circular RNAs 
(circRNAs) act as an important regulatory role in inflammatory diseases and are frequently dys- 
expressed in OA cartilage tissues. 
Objective: Here, a dys-regulated cicrRNA (has_circ_0017636, termed circSFMBT2-OA) was iden-
tified, and its role in regulating lipopolysaccharide (LPS)-induced chondrocyte injury was next 
investigated. 
Methods: CHON-001 chondrocytes were treated with LPS, and then the levels of circSFMBT2-OA, 
cartilage-related genes, and pro-inflammatory cytokines were measured using quantitative real- 
time PCR (qRT-PCR) and Western blot analysis. CHON-001 cell viability, proliferation, and 
apoptosis were assayed using Cell Counting Kit-8 (CCK-8), 5-Ethynyl-2′-deoxyuridine (EDU), and 
terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL) assay, respectively. 
Results: CircSFMBT2-OA level was significantly down-regulated in OA cartilage tissues and LPS- 
treated CHON-001 cells. Functionally, circSFMBT2-OA overexpression accelerated cell prolifer-
ation, and suppressed cell apoptosis, pro-inflammatory cytokines production, matrix-degrading 
enzymes expression, and ECM degradation in CHON-001 cells. Inversely, circSFMBT2-OA 
depletion decreased cell viability and increased matrix-degrading enzymes expression and ECM 
degradation. Mechanistically, circSFMBT2-OA inhibited LPS-induced NF-κB/NOD-like receptor 
family pyrin domain containing protein 3 (NLRP3) inflammasome activation in CHON-001 cells. 
Consequently, NLRP3 activator reversed the effect of circSFMBT2-OA on repressing LPS-induced 
CHON-001 cell injury. 
Conclusion: These data reveal a vital effect of a novel circSFMBT2-OA on repressing OA pro-
gression and provide a promising target to treat OA.   

1. Introduction 

Osteoarthritis (OA) is the most frequent degenerative joint disorder in the world, particularly people aged 65 years or older [1–3]. 
Aging, mechanical injury, and obesity are the three main risk factors of OA, which results in cartilage degradation, joint loading, and 
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intra-articular inflammation [4,5]. Patients with OA commonly required medical intervention because articular cartilage has a poor 
intrinsic ability for self-healing [6]. Although nonsteroidal anti-inflammatory drugs (NSAIDs), opioids, and surgical operation are 
hopeful therapeutic strategy for pharmaceutical interventions in OA [7], the side effects and potential complication hamper their 
widespread application. 

circRNA is a kind of circular non-coding RNA transcript with a covalently closed-loop structure and generated through back- 
splicing of precursor mRNA (pre-mRNA) [8]. CircRNA is stable and resistant to exonuclease due to lack of 5′ Cap and 3′ poly (A) 
tail [9]. With the progress of RNA sequencing and bioinformatical approache, plenty of functional circRNAs were identified, and 
circRNAs are no longer seemed as transcriptional noise due to lack of protein-coding potential [10]. CircRNAs act as an important role 
in a variety of physio-pathological processes including development, immunity, cell survival, cell apoptosis, tumorigenesis, cardio-
vascular diseases, and inflammation-related diseases [11–16]. CircRNAs have been found to frequently dys-regulated in OA cartilage 
tissues. For instance, Liu et al. revealed that 104 circRNAs were dys-regulated, of which 44 circRNAs were increased and 60 circRNAs 
were decreased in OA cartilage [17]. In IL-1β-treated chondrocytes, 255 circRNAs were dys-regulated, of which 119 circRNAs were 
significantly increased and 136 circRNAs were decreased [18]. The biological role of circRNA in OA progression has also been 
revealed. CircSERPINE2 level is remarkably decreased in OA tissues, and circSERPINE2 silencing accelerates chondrocyte apoptosis, 
while circSERPINE2 over-expression decreases IL-1β-induced chondrocyte apoptosis [19]. CircSERPINE2 also decreases IL-1β-induced 
matrix-degrading enzymes expression and ECM degradation [19]. 

According to the annotation of circBase, the alternative splicing pre-mRNA of Scm like with four mbt domains 2 (SFMBT2) gen-
erates many kinds of circRNAs. The functional of several SFMBT2-derived circRNAs have been identified. For example, SFMBT2- 
derived hsa_circ_0017639 facilitates gastric cancer progression by inhibiting miR-182-5p and thus increasing CREB1 expression 
[20]. Hsa_circ_0000212, derived from exon 2–4 of SFMBT2, accelerates vascular smooth muscle cell proliferation and migration [21]. 
SFMBT2-derived hsa_circ_0000211 promotes esophageal cancer cell proliferation through regulating miR-107/SLC1A5 axis [22]. 

In the study, a novel SFMBT2-derived circRNA, has_circ_0017636 (termed circSFMBT2-OA), was identified as down-regulated 
circRNA in OA tissues. CircSFMBT2-OA contributes to alleviate chondrocyte injury through suppressing NF-κB/NLRP3 inflamma-
some activation. 

2. Materials and methods 

2.1. OA cartilage tissues 

Cartilage tissues were collected from 11 OA patients (age 59.4 ± 5.6 years) and 9 traumatic amputees without history of OA or 
rheumatoid disorder. These tissue specimens was collected with the approval of the Ethics Committee of Shanghai Sixth People’s 
Hospital with informed consent（Approval No：2021-001）. 

2.2. Cell culture 

A chondrocyte cell line, CHON-001, was obtained from the ATCC (VA, USA), used at passage 3–11, and maintained in DMEM 
(Beyotime, Shanghai, China) containing 10% FBS (Beyotime) in a humidified CO2 incubator at 37 ◦C. 

2.3. Over-expression and knockdown 

A recombinant plasmid, pcDNA-circSFMBT2-OA which contains Exon 3–7 of SFMBT2 gene and partial flanking intron, was con-
structed in our laboratory to over-express circSFMBT2-OA. Small interfering RNA (siRNA) against circSFMBT2-OA (si-circSFMBT2- 
OA, UUUGAUUGCUUUGGGAGGAGUdUdU) was used to silence circSFMBT2-OA in CHON-001 cells with Lipofectamine RNAiMAX 
reagent (Invitrogen, CA, USA). 

2.4. qRT-PCR 

RNA was isolated from CHON-001 cells or cartilage tissues using TRIzol reagent (Thermo Fisher Scientific, MA, USA). First-strand 
cDNA was synthesized using M-MLV reverse transcriptase (Invitrogen) and Oligo dT primers (or random primers) following the 
manufacturer’s instructions. qRT-PCR was performed using Power SYBR™ Green PCR mix (Thermo Fisher Scientific) on 7500 Real- 
time qPCR System. β-actin was applied as internal reference, and relative mRNA level was calculated using 2-ΔΔCt equation. Primer 
sequences were showed in Supporting Table S1. 

2.5. CCK-8 

CHON-001 cell viability was measured using CCK-8 reagent (Beyotime). CHON-001 cells were plated into 96-well plates (~2 ×
104 cells/well), and then were treated with LPS (5 μg/mL) and other indicated reagents (pcDNA-circSFMBT2-OA, si-circSFMBT2-OA, 
MCC950, etc.). After incubation for 48 h, cells were treated with 10 μL of CCK-8 for 60 min. Then absorbance at 450 nm was read with a 
BK-EL10C microplate reader (BioBase, Shandong, China). 
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2.6. TUNEL and Edu assay 

TUNEL and Edu assay were applied to measure cell apoptosis and proliferation, respectively. In brief, CHON-001 cells were plated 
into 12-well plates and treated with LPS (5 μg/mL) for 48 h after circSFMBT2-OA over-expression. Then cells were fixed with 4% PFA 
for 15 min and stained with TUNEL or Edu reagent (Beyotime) for 55 min at room temperature. Nuclei were dyed with 4′,6-diamidino- 
2-phenylindole (DAPI, Beyotime). Fluorescence signal was collected with a XSPY-3201LED fluorescent microscope (Shanghai CSOIF 
Co., LTD, Shanghai, China). 

2.7. Western blot 

CHON-001 cells were lysed with RIPA buffer (Beyotime) and total protein was collected. Approximately 20 μg of protein were 
separated using 10% SDS-PAGE and then electro-transferred to PVDF membranes (Roche, Basel, Switzerland). After blocking with 
blocking buffer for western blotting (Thermo Fisher Scientific), membranes were incubated with primary antibodies against MMP-13 
(1:2000, PA5-27242, Thermo Fisher Scientific), ADAMTS-5 (1:1000, PA5-14350, Thermo Fisher Scientific), Collagen II (1:2000, MA5- 
12789, Thermo Fisher Scientific), NLRP3 (1:1500, MA5-23919, Thermo Fisher Scientific), cleaved-caspase-1 (1:1000, PA5-105049, 
Thermo Fisher Scientific), and β-actin (1:4000, ab8226, Abcam, CA, USA) overnight at 4 ◦C. After washing thrice with PBST, mem-
branes were incubated with HRP-labelled anti-mice/rabbit IgG secondary antibody. The protein blots were visualized with an 
enhanced chemiluminescence reagent (Pierce, IL, USA). 

2.8. Fluorescence in situ hybridization (FISH) 

RNA-FISH probes against circSFMBT2-OA (circSFMBT2-OA-probes) were synthesized by Sangon (Shanghai, China). CHON-001 
cells were fixed by 4% PFA for 20 min and treated with proteinase K, glycine and acetic anhydride. Pre-hybridization was carried out 
for 50 min followed by hybridization with 300 ng/mL of circSFMBT2-OA-probes. Nuclei were dyed with DAPI. Fluorescence signal was 
collected with a XSPY-3201LED fluorescent microscope. 

2.9. Statistics 

Three independent experiments were carried out and data are represented as mean ± SD. GraphPad Prism 7.0 (CA, USA) was used 

Fig. 1. CircSFMBT2-OA was down-regulated in OA cartilages. (A) Dys-regulated circRNAs in chondrocytes after IL-1β treatment were represented 
by volcano plots (prob ≥0.8, log2 |FC| ≥ 1). (B) Dys-regulated circRNAs between OA and normal cartilage tissues were represented by volcano plots 
(p < 0.05, |FC| ≥2). (C) Venn diagram analysis revealed 25 circRNAs appeared in GSE107009 and PRJAN516555 datasets. (D) CHON-001 cells were 
treated with LPS (5 μg/mL) or IL-1β (10 ng/mL) and relative circRNAs level was assessed after 24 h using qRT-PCR analysis. (E) qRT-PCR analysis of 
circSFMBT2-OA level in OA cartilage (n = 11) and normal cartilage (n = 9). *p < 0.05, **p < 0.01. 
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to compared the difference among groups using ANOVA followed by the Scheffé test or student’s t-test using GraphPad Prism 7.0 (CA, 
USA). The difference was seemed as significant when p < 0.05. 

3. Results 

3.1. CircSFMBT2-OA level was decreased in OA cartilage tissues 

To identify the differentially expressed circRNAs in OA progression, two datasets were downloaded from Gene Expression Omnibus 
database (GSE107009) and Sequence Read Archive (SRA) database (Accession No. PRJAN516555), respectively. In GSE107009, 1,370 
circRNAs were dys-regulated, of which 577 circRNAs were increased and 793 circRNAs were decreased (Fig. 1A, Supporting Table S2 
(prob ≥0.8, log2 |FC| ≥ 1). In PRJAN516555, 191 circRNAs were dys-regulated, of which 67 circRNAs were up-regulated and 124 
circRNAs were down-regulated (Fig. 1B, Supporting Table S3 (p < 0.05, |FC| ≥2)). Venn diagram analysis showed that 25 circRNAs 
appeared in the two datasets, including 6 up-regulated and 19 down-regulated circRNAs (Fig. 1C). To validate the results, the levels of 
25 circRNAs were assessed in in vitro model of OA using qRT-PCR. As shown in Fig. 1D, has_circ_0017636 and has_circ_00866 were 
down-regulated, and has_circ_0100208 was up-regulated in both LPS- and IL-1β-treated CHON-001 cells. In the study, has_-
circ_0017636, derived from exon 3–7 of SFMBT2 gene (Thereafter named circSFMBT2-OA), was chosen for further study because the 
circRNAs derived from SFMBT2 gene have been found to possess various biological functions [20,21,23,24]. CircSFMBT2-OA level was 
next assessed in OA tissues and normal cartilage tissues. Fig. 1E revealed that circSFMBT2-OA level was significantly decreased in OA 
tissues. 

3.2. Characterization of circSFMBT2-OA 

According to the annotation of circBase database [25], circSFMBT2-OA is derived from exon 3–7 of SFMBT2 gene. This is a novel 
circRNA transcript differs from previously reported circSFMBT2 [20,21,23,24]. Therefore it was named circSFMBT2-OA, and the 
back-splicing site of circSFMBT2-OA was further validated by Sanger sequencing (Fig. 1A). Then convergent primers were used to 
amplify SFMBT2 mRNA and divergent primers were used to amplify circSFMBT2-OA in cDNA and genomic DNA (gDNA). Fig. 2B 
revealed that circSFMBT2-OA can only be amplified by divergent primers in cDNA, indicating that linear-splicing site existed in both 
cDNA and gDNA, but the back-splicing site only existed in cDNA. As shown in Fig. 2C, circSFMBT2-OA was resistant to RNase R, 
suggesting that circSFMBT2-OA was a circRNA transcript because of the sensitivity of linear transcript to RNase R. Fig. 2D revealed 
that circSFMBT2-OA can only be amplified by random primers but not oligo (dT)18 primers, suggesting that circSFMBT2-OA didn’t 

Fig. 2. Characterization of circSFMBT2-OA. (A) Schematic diagram illustrating the circularization of exon 3–7 of SFMBT2 to generate circSFMBT2- 
OA. Convergent primers (purple triangles) were applied to amplify linear sequence of circSFMBT2-OA, and Divergent primers (red triangles) were 
applied to amplify back-splicing site of circSFMBT2-OA. CircSFMBT2-OA was assessed using qRT-PCR, followed by Sanger sequencing. (B) cDNA 
was synthesized using Convergent primers and Divergent primers, respectively, and then CircSFMBT2-OA was assessed using qRT-PCR in gDNA and 
cDNA. (C) qRT-PCR analysis of circSFMBT2-OA and SFMBT2 levels after RNase R treatment. (D) cDNA was synthesized using Oligo dT primers and 
random primers, respectively, and then circSFMBT2-OA and SFMBT2 levels were assessed using qRT-PCR. (E) FISH were performed to measure the 
cellular localization of circSFMBT2-OA in CHON-001 cells. CircSFMBT2-OA-probes were dyed green and the nucleus was stained blue. **p < 0.01, 
***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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possess poly (A) tail (Fig. 2D). FISH assay revealed that circSFMBT2-OA mainly located in the cytoplasm of CHON-001 cells (Fig. 2E). 

3.3. CircSFMBT2-OA decreased LPS-induced CHON-001 cell injury 

To explore the biological function of circSFMBT2-OA on regulating chondrocyte injury, CHON-001 cells were over-expressed with 
circSFMBT2-OA and treated with LPS, and then cell viability, proliferation, apoptosis, pro-inflammatory cytokines production, matrix- 
degrading enzymes expression, and ECM degradation were assessed. PcDNA-circSFMBT2-OA transfection significantly up-regulated 
circSFMBT2-OA level, but not SFMBT2 (Fig. 3A). Functionally, LPS treatment accelerated CHON-001 cell apoptosis, whereas 
circSFMBT2-OA over-expression reversed the effect (Fig. 3B and C). The results from CCK-8 and Edu assay revealed that circSFMBT2- 
OA over-expression also blocked the inhibitory effect of LPS on cell viability (Fig. 3D) and proliferation (Fig. 3E and F) in CHON-001 
cells. In an addition, the expression of cartilage-degrading enzymes (MMP-13 and ADAMTS-5) was up-regulated, while collagen II 
expression was decreased in CHON-001 cells after LPS treatment (Fig. 3G and H). Importantly, this impact was significantly reversed 
by circSFMBT2-OA over-expression (Fig. 3G and H). CircSFMBT2-OA over-expression further reversed the inhibitory role of LPS in pro- 
inflammatory cytokines production (Fig. 3I). These results demonstrate that circSFMBT2-OA alleviates LPS-induced CHON-001 cell 
injury. 

3.4. CircSFMBT2-OA attenuated LPS-induced NF-κB/NLRP3 inflammasome activation 

Given the vital role of NF-kB signaling in OA progression [26,27], the effect of circSFMBT2-OA on regulating LPS-induced NF-kB 

Fig. 3. CircSFMBT2-OA decreased LPS-induced CHON-001 cell injury. (A) CHON-001 cells were transfected with pcDNA-circSFMBT2-OA for 48 h, 
and then circSFMBT2-OA and SFMBT2 levels were assessed using qRT-PCR. CHON-001 cells were treated with LPS (5 μg/mL) after circSFMBT2-OA 
overexpression, and then TUNEL assay (B) and quantitative analysis (C) was assessed. (D) CHON-001 cells were treated with LPS (5 μg/mL) after 
circSFMBT2-OA overexpression, and then cell viability was assessed using CCK-8. CHON-001 cells were treated with LPS (5 μg/mL) after 
circSFMBT2-OA overexpression, and then Edu assay (E) and quantitative analysis (F) was assessed. Western blot (G) and quantitative analysis (H) of 
MMP-13, ADAMTS-5, and Collagen II protein expression in CHON-001 cells after treated with indicated reagents. (I) qRT-PCR analysis of TNF-α, IL- 
1β, and IL-6 mRNA level in CHON-001 cells after treated with indicated reagents. **p < 0.01. 
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activation was next investigated. As shown in Fig. 4A and B, LPS treatment increased p-p65 level, whereas circSFMBT2-OA over--
expression significantly reversed the effect, indicating that circSFMBT2-OA repressed LPS-induced NF-kB activation. NF-κB signaling 
activation is essential to NLRP3 inflammasome activation, which exerts a critical role in OA progression [28,29]. In CHON-001 cells, 
LPS treatment increased NLRP3 and activated caspase-1 protein expression, whereas circSFMBT2-OA over-expression reversed the 
effect (Fig. 4C and D). Moreover, circSFMBT2-OA also reversed the inhibitory role of LPS in IL-18 and IL-1β production (Fig. 4E). These 
data suggest that circSFMBT2-OA repressed LPS-induced NF-κB/NLRP3 inflammasome activation. 

3.5. CircSFMBT2-OA attenuated CHON-001 cell injury through repressing NLRP3 activation 

Finally, we explored whether circSFMBT2-OA attenuated chondrocyte injury through regulating NLRP3 activation. To this end, a 
NLRP3 activator, Nigericin, was applied to treat CHON-001 cells in the presence of circSFMBT2-OA over-expression. Fig. 5A and B 
showed that Nigericin treatment increased MMP-13 and ADAMTS-5 expression and decreased collagen II expression in circSFMBT2- 
OA-over-expressed CHON-001 cells. Nigericin also increased IL-18 and IL-1β expression in circSFMBT2-OA-over-expressed CHON-001 
cells (Fig. 5C). In an addition, circSFMBT2-OA depletion increased NLRP3 and activated caspase-1 expression, whereas NLRP3 in-
hibitor, MCC950, reversed the effect (Fig. 5D–F). CircSFMBT2-OA depletion suppressed CHON-001 cell viability, whereas MCC950 
reversed the effect (Fig. 5G). MCC950 further reversed the role of circSFMBT2-OA silencing in promoting ECM degradation (Fig. 5H). 
These results demonstrate that circSFMBT2-OA attenuated CHON-001 cell injury through negatively regulating NLRP3 activation. 

4. Discussion 

Although NSAIDs, opioids, and surgical operation are hopeful treatment for OA, the side effects and potential complication restrict 
their widespread application. To develop effective therapeutic strategy, it is essential to explore the mechanisms underlying OA 
progression. Mounting evidence has demonstrated that circRNAs exert a crucial role in the development and progression of OA [30]. In 
the current study, we identified the role of a novel circRNA, has_circ_0017636 (known also circSFMBT2-OA), in chondrocyte injury. 
The current results demonstrated that, i) CircSFMBT2-OA level was decreased in OA cartilage tissues, ii) CircSFMBT2-OA alleviated 
LPS-induced CHON-001 cell injury, iii) CircSFMBT2-OA repressed LPS-induced NF-κB/NLRP3 inflammasome activation, iv) 
CircSFMBT2-OA attenuated CHON-001 cell injury through repressing NLRP3 activation. These findings revealed the vital role of 
CircSFMBT2-OA/NLRP3 axis in chondrocyte injury, providing a promising opportunity to treat OA. 

SFMBT2 dys-regulation is correlated with ECM degradation and OA. SFMBT2 expression is up-regulated in the early phases of 
chondrogenesis, and forced expression of SFMBT2 accelerates chondrocyte proliferation and increases SRY-box 9 (SOX9) expression 

Fig. 4. CircSFMBT2-OA attenuated NF-κB/NLRP3 activation 
Western blot (A) and quantitative analysis (B) of p-p65 level in CHON-001 cells after treated with LPS (5 μg/mL) in the presence or absence of 
circSFMBT2-OA overexpression. Western blot (C) and quantitative analysis (D) of NLRP3 and cleaved caspase-1 protein expression in CHON-001 
cells after treated with indicated reagents. (E) qRT-PCR analysis of IL-18 and IL-1β mRNA level in CHON-001 cells after treated with indicated 
reagents. **p < 0.01. 
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[31]. Another study showed that SFMBT2 decreases ECM degradation through repressing NF-κB activation [32]. Given the vital role of 
SOX9 and NF-κB in maintaining chondrocyte proliferation and ECM production [33], SFMBT2 may be an important regulator in 
chondrocyte function and OA occurrence. Interestingly, the current study identified a novel alternative spliceosome of SFMBT2 gene, 
has_circ_0017636 (circSFMBT2-OA). CircSFMBT2-OA decreases chondrocyte apoptosis and ECM degradation through repressing 
NF-κB/NLRP3 activation. 

CircRNA is generated by alternative splicing of pre-mRNA, which is a frequent way to increase transcriptome complexity [34]. 
Several alternative spliceosome, derived from SFMBT2 pre-mRNA, have been identified in many pathologic processes. Has_-
circ_0017639, derived from exon 5–8 of SFMBT2, promotes gastric cancer cell proliferation by increasing CREB1 expression [20]. 
Hsa_circ_0000212, derived from exon 2–4 of SFMBT2, accelerates vascular smooth muscle cell proliferation and migration [21]. 
Hsa_circ_0017620, derived from exon 5–15 of SFMBT2, contributes to lung cancer cell proliferation [35]. Hsa_circ_0000211, derived 
from exon 5–7 of SFMBT2, promotes lung adenocarcinoma cell invasion by increasing hypoxia-inducible factor (HIF)-1α expression 
[36]. At present, the role of these SFMBT2-derived circRNAs in OA remains unknown. In the study we demonstrated that 
circSFMBT2-OA is down-regulated in OA cartilages. Forced expression of circSFMBT2-OA increases chondrocyte viability, accelerates 
chondrocyte proliferation, and decreases cell apoptosis, inflammation, and ECM degradation through inhibiting NF-κB/NLRP3 
inflammasome activation. Given the vital role of NF-kB/NLRP3 axis in OA progression [26–29], circSFMBT2-OA may be a promising 
target for pharmaceutical intervention in OA. 

There are still several limitations in the study, i) Previous studies demonstrated that SFMBT2-derived circRNAs frequently exert 
their biological effect through acting as a competing endogenous RNA (ceRNA) to sponge miRNA via miRNA response elements 
(MREs). Therefore it is essential to further reveal the mechanism by which circSFMBT2-OA represses ECM degradation and OA 
progression. ii) It is necessary to explore the role of circSFMBT2-OA in repressing OA progression using an animal model of OA. 
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