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ABSTRACT  28 

Osteoarthritis (OA) is a common chronic degenerative joint disease associated with a 29 

variety of risk factors including aging, genetics, obesity, and mechanical disturbance. 30 

This study aimed to elucidate the function of a patient-derived Circular RNA (circRNA), 31 

circFNDC3B, in OA progression and its relationship with the NF-κB signaling pathway 32 

and oxidative stress. The circFNDC3B/miR-525-5p/HO-1 axis and its relationship with 33 

the NF-κB signaling pathway and oxidative stress were investigated and validated using 34 

fluorescence in situ hybridization, real-time PCR, western blotting, 35 

immunofluorescence analysis, luciferase reporter assays, pull-down assays, and 36 

reactive oxygen species analyses. The functions of circFNDC3B in OA was 37 

investigated in vitro and in vivo. These evaluations demonstrated that circFNDC3B 38 

promotes chondrocyte proliferation and protects the extracellular matrix (ECM) from 39 

degradation. We also revealed that circFNDC3B defends against oxidative stress in OA 40 

by regulating the circFNDC3B/miR-525-5p/HO-1 axis and the NF-κB signaling 41 

pathway. Further, we found that overexpression of circFNDC3B alleviated OA in a 42 

rabbit model. In summary, we identified a new circFNDC3B/miR-525-5p/HO-1 43 

signaling pathway that may act to relieve OA by alleviating oxidative stress and 44 

regulating the NF-κB pathway, resulting in the protection of the ECM in human 45 

chondrocytes, highlighting it as a potential therapeutic target for the treatment of OA. 46 

 47 

Keywords: Osteoarthritis, CircFNDC3B, HO-1, oxidative stress, NF-κB signaling 48 

pathway 49 
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 50 

Introduction 51 

Osteoarthritis (OA) is one kind of common chronic joint disease, which is featured by 52 

the degeneration of articular cartilage1. A most recent study in 2019 reveals that 250 53 

million people are suffering from OA worldwide2. Joint pain is the most common 54 

clinical symptom, and the knee is the most common site for OA, followed by the hand 55 

and hip. OA reduces the quality of life of patients and creates a heavy socioeconomic 56 

burden for the sufferers and their families. Identified risk factors include gender, age, 57 

previous joint injury, adiposity, heavy physical activity, and genetics amongst others 3-58 

6. Inflammatory, mechanical and metabolic factors are all involved in OA2. However, 59 

its pathogenesis is extremely complex and many of the nuances remain unknown. 60 

Consequently, there are few effective therapies available for OA, meaning that deeper 61 

insights into the pathogenesis of OA are urgently needed if we want to provide new 62 

therapeutic strategies for this condition. 63 

Oxidative stress has been identified as a significant factor in the progression of various 64 

diseases, including OA 7. A growing number of studies have shown that antioxidants 65 

can reduce OA severity, but there is still much to be discovered about their 66 

chondroprotective mechanisms in joint tissues. Increased reactive oxygen species (ROS) 67 

and decreased antioxidants result in increased oxidative stress and thus the activation 68 

of various catabolic factors, including extracellular matrix (ECM)-degrading proteases 69 

8. A recent study showed that antioxidant enzymes such as heme oxygenase-1 (HO-1) 70 

can help to resist the ROS-mediated damage 9 associated with OA and several other 71 
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types of arthritis 7,10-12. A recent article on Aging described a decrease in phospho-P65 72 

(p-P65) levels in HO-1-overexpressing cells, suggesting that this protein may act to 73 

inhibit NF-κB-mediated effects under certain conditions 13. Thus, HO-1 may be a 74 

potential therapeutic target for OA. 75 

Several studies have linked the altered expression of microRNAs (miRNAs) to multiple 76 

disease processes, including OA 14. miRNAs are short endogenous non-coding RNAs 77 

of 19–25 nucleotides in length which can function as posttranscriptional gene 78 

expression regulators 15. A recent study showed that miR-1271 was upregulated in OA 79 

tissues and that miR-1271 suppresses the expression of ERG (E26 transformation-80 

specific-related-gene), which is associated with OA progression 16. Meanwhile, RNA 81 

sequencing and bioinformatics technologies have identified an abundance of circular 82 

RNAs (circRNAs). CircRNAs are a class of noncoding RNAs and their most important 83 

feature is a closed-loop structure that links the 3′ and 5′ ends allowing them to avoid 84 

exonucleolytic degradation by RNase R 17. Current studies have identified that 85 

circRNAs often encode multiple miRNA-binding sites and act as miRNA sponges or 86 

endogenous RNAs (ceRNAs). For example, CircSERPINE2 targets miR-1271 and 87 

ETS-related gene 16, CircCDK14 could sponges miR-125a-5p and promotes Smad2 88 

expression 18 and both protect against OA. These studies suggest a potential role of 89 

circRNAs in various biological processes.  90 

At present, relatively few studies have focused on the relationship between circRNAs, 91 

oxidative stress, and OA. In this study, we identified hsa_circ_0001361 (also called 92 

circFNDC3B) and evaluated its expression in OA and revealed its mechanism of 93 
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regulation in oxidative stress and OA progression via the circFNDC3B/miR-525-94 

5p/HO-1 axis and its activation of the NF-κB signaling pathway. We believe that our 95 

elucidating the CircFNDC3B/miR-525-5p/HO-1 axis poses opportunities for the 96 

integration of multiple targets for the molecular therapy of OA. 97 

 98 

Results 99 

Characterization and expression analysis of CircFNDC3B in human OA and 100 

control tissues 101 

We produced a circRNA profiling database from three clinical human OA and three 102 

control tissues in a previous study 16 where we identified a total of 12738 circRNAs. 103 

Both the OA and control groups demonstrated differential expression patterns for 104 

various circRNAs (figure 1a) and we focused on circRNA hsa_circ_0001361 (also 105 

called circFNDC3B) in this study. CircFNDC3B was transcribed from the human 106 

FNDC3B gene locus and was significantly downregulated in human OA tissues. A total 107 

of 10 new human cartilage samples were collected to verify the RNA sequencing results 108 

and we found that circFNDC3B was significantly downregulated in the medial tibial 109 

plateau (MTP) compared to the lateral tibial plateau (LTP) (Figure 1b-d). Then we 110 

treated primary human chondrocytes (HCs) with interleukin (IL)-1β and evaluated the 111 

circFNDC3B expression levels in these cells. This circRNA was significantly 112 

downregulated in IL-1β-induced chondrocytes when compared with the control and this 113 

downregulation was shown to be time-dependent (Figure 1e), suggesting that 114 

circFNDC3B may play a key role in IL-1β-induced chondrocytes. 115 
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A previous study revealed that the 3′-tail of the exon joins its 5′-head, producing the 116 

specialized circular RNA structure associated with circFNBC3B 17. We went on to 117 

design divergent primers to amplify this head-to-tail splicing and confirmed this locus 118 

using Sanger sequencing (Figure 1f). However, trans-splicing or genomic 119 

rearrangement may also produce head-to-tail splicing. Therefore, we used a previously 120 

described method 17,27 to rule out these possibilities. We designed convergent primers 121 

to amplify FNDC3B mRNA and divergent primers to amplify CircFNDC3B using 122 

cDNA and genomic DNA (gDNA). CircFNDC3B was amplified when using the 123 

divergent primers on the cDNA, but not when using gDNA as template (Figure 1g). We 124 

also confirmed that circFNDC3B resists RNase R, while FNDC3B mRNA could not 125 

resist treatment with RNase R (Figure 1h). FISH and RT-qPCR indicated that 126 

circFNDC3B is primarily expressed in the cytoplasm of human chondrocytes (Figure 127 

1i, j). 128 

 129 

CircFNDC3B regulates proliferation and ECM metabolism in HCs 130 

To assess the possible functions of CircFNDC3B in regulating matrix-degrading 131 

enzymes, we transfected HCs with CircFNDC3B small-interfering RNA (siRNA) 132 

(figure 2a). SiRNA-circFNDC3B only knocked down the expression of circFNDC3B 133 

and had no significant effect on the expression of FNDC3B mRNA (Figure 2b). Western 134 

blotting (WB), RT-qPCR, and immunofluorescence (IF) analysis demonstrated that the 135 

knockdown of circFNDC3B increased MMP3, MMP13, and ADAMTS-5 expression 136 

while decreasing the levels of aggrecan and collagen 2 (Figure 2c-e). We then 137 
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investigated the effect of circFNDC3B on cell proliferation and found that 138 

CircFNDC3B knockdown decreased HC proliferation (Figure 2f). 139 

Furthermore, we refined our evaluations of circFNDC3B regulation in HCs by 140 

constructing and then transfecting a circFNDC3B overexpression virus into HCs and 141 

then evaluating their response to this upregulation of circFNDC3B expression. RT-PCR 142 

showed that this overexpression upregulated the expression of circFNDC3B and had 143 

little effect on the expression of FNDC3B mRNA (Figure 3a, b). WB and RT-qPCR 144 

showed that IL-1β inhibited the expression of aggrecan and collagen 2 while promoting 145 

that of MMP3, MMP13, and ADAMTS-5. However, the overexpression of 146 

circFNDC3B antagonized these effects (Figure 3c, d). In addition, the inhibitory effect 147 

of IL-1β on HC proliferation was rescued via the overexpression of circFNDC3B 148 

(Figure 3e). Taken together, these data clearly indicate that circFNDC3B protects HCs 149 

by regulating ECM metabolism and cellular proliferation. 150 

 151 

CircFNDC3B sponges miR-525-5p and functions by targeting miR-525-5p 152 

As CircFNDC3B is primarily expressed in the cytoplasm, we speculated that it 153 

functions as an miRNA sponge. We identified six candidate miRNAs by overlapping 154 

the predicted miRNA recognition elements (MREs) in the circFNDC3B sequence using 155 

RNAhybrid, TargetScan, and miRanda (Figure 4a). The expression levels of all six 156 

candidate miRNAs were evaluated by RT-qPCR and miR-525-5p and miR-93-3p were 157 

shown to be reasonably highly expressed in HCs and to respond to circFNDC3B-158 

mediated knockdown (Figure 4b). Furthermore, WB and RT-qPCR results linked miR-159 
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525-5p with the expression of several matrix metabolism components and revealed that 160 

this association was more significant than that of miR-93-3p (Supplementary Figure 161 

S2a and b). We then performed RNA pull-down analysis to validate these candidate 162 

miRNAs and found that miR-525-5p was significantly enriched in more than 5% of the 163 

input (Figure 4c). FISH and RT-qPCR results showed that the expression of miR-525-164 

5p in MTP was higher than that in LTP (Figure 4d, e). Therefore, we chose miR-525-165 

5p for further analyses. Luciferase assay confirmed binding between circFNDC3B and 166 

miR-525-5p (Figure 4f) while the FISH experiments confirmed the co-localization of 167 

circFNDC3B and miR-525-5p (Figure 4g). Given this we went on to investigate the 168 

effects of miR-525-5p in HCs. Overexpression of miR-525-5p increased the expression 169 

of MMP3, MMP13, and ADAMTS-5, and decreased the expression of collagen 2 and 170 

aggrecan, as determined by WB (Figure 5a) and RT-qPCR (Figure 5c). As expected, 171 

miR-525-5p knockdown exerted the opposite effects on matrix metabolism components 172 

(Figure 5b, c). To investigate whether circFNDC3B functions by targeting miR-525-5p 173 

in OA, we co-infected HCs with si-circFNDC3B and miR-525-5p inhibitor. WB and 174 

qRT-PCR analyses demonstrated that the downregulation of miR-525-5p antagonized 175 

the effect of circFNDC3B knockdown on MMP3, MMP13, ADAMTS-5, collagen 2, 176 

and aggrecan in HCs (Figure 5d, e). In addition, the downregulation of miR-525-5p 177 

antagonized the effect of circFNDC3B knockdown on the rate of HC proliferation 178 

(Figure 5f). Taken together, these results suggest that circFNDC3B functions by 179 

sponging miR-525-5p in vitro. 180 

 181 
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MiR-525-5p directly targets heme oxygenase 1 182 

We then used PubMed to identify all the OA-related genes and then overlapped them 183 

with the predicted target sites for miR-525-5p produced using Targetscan, miRDB, and 184 

PITA. This evaluation identified eight potential targets, including SPP1, HO-1, APLN, 185 

PTEN, BAX, FN1, TNFRSF1A, and OLR1 (Figure 6a). RT-qPCR showed that HO-1 186 

(heme oxygenase 1) was significantly regulated by circFNDC3B (Figure 6b) and we 187 

used TargetScan to predict the putative miRNA binding sites in the 3′-UTR of HO-1 188 

mRNA (Figure 6c). We hypothesized that miR-525-5p might exert its functions by 189 

regulating HO-1 expression in HCs. Therefore, we used a luciferase activity assay to 190 

investigate the relationship between miR-525-5p and HO-1. The results demonstrated 191 

that miR-525-5p overexpression significantly downregulates the luciferase activity of 192 

the reporter gene in wild-type constructs, but not in mutant constructs (Figure 6d). WB 193 

and qRT-PCR results showed that the knockdown of circFNDC3B and overexpression 194 

of miR-525-5p decreased the expression of HO-1 (Figure 6e, f). Therefore, HO-1 was 195 

chosen for further analyses. RT-qPCR and IF analysis showed that the expression of 196 

HO-1 in LTP was higher than that in MTP (Figure 7a, b), suggesting a role for HO-1 in 197 

OA pathogenesis. WB and RT-qPCR showed that HO-1 knockdown decreased the 198 

expression of HO-1, collagen 2, and aggrecan, and increased that of MMP3 and 199 

MMP13 (Figure 7c, d). In contrast, overexpression of HO-1 had the opposite effects on 200 

these matrix-degrading and synthesizing components (Figure 7e, f). Moreover, 201 

knockdown of circFNDC3B and overexpression of miR-525-5p decreased the 202 

expression of HO-1, collagen 2, and aggrecan, and increased that of MMP3 and 203 
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MMP13, while the overexpression of HO-1 antagonized the effect of circFNDC3B 204 

knockdown and miR-525-5p overexpression (Figure 7g, h). Taken together, these 205 

results suggest that the circFNDC3B/miR-525-5p axis functions to regulate HO-1, and 206 

HO-1 exhibits a similar function to circFNDC3B in chondrocytes. 207 

 208 

Oxidative stress and HO-1/ NF-κB pathway mediates the CircFNDC3B/miR-525-209 

5p/HO-1 axis in OA 210 

Oxidative stress is known to be detrimental to many cells and occurs during disease and 211 

aging. It has also been implicated in the development of OA 28. Thus, it is essential to 212 

investigate the effects of antioxidants on the pathogenesis of OA. In a recent study by 213 

Takada et al., the authors concluded that an increased level of HO-1 may protect against 214 

OA development in both aging and post-traumatic OA 29. In addition, p-P65 levels were 215 

lower in HO-1-overexpressing cells, suggesting an inhibition of the NF-κB-mediated 216 

effects in these evaluations 13. As HO-1 is the target of our study, we performed RT-217 

qPCR and WB to determine whether the circFNDC3B/miR-525-5p/HO-1 axis interacts 218 

with the NF-κB pathway. Figures 8a-c show that the knockdown of circFNDC3B 219 

decreased the expression of HO-1 and increased that of p-P65. In contrast, 220 

overexpression of HO-1 or the knockdown of miR-525-5p had the opposite effect. 221 

Intracellular ROS was measured using a BD FACS Calibur flow cytometer following 222 

DCFH-DA labeling in each group (Figure 8d). The results showed that circFNDC3B 223 

knockdown significantly upregulated ROS in the chondrocytes, while both the 224 

knockdown of miR-525-5p and the overexpression of HO-1 attenuated ROS levels in 225 
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these cells. These results indicate that the CircFNDC3B/miR-525-5p/HO-1 axis 226 

interacts with the NF-κB pathway and influences the intracellular ROS level in 227 

chondrocytes. 228 

 229 

CircFNDC3B alleviates OA in a rabbit ACLT model 230 

To verify whether CircFNDC3B functions in OA progression in vivo, wild-type (WT) 231 

or mutant (MUT) adeno-associated virus (AAV) circFNDC3B was intra-articularly 232 

administered into anterior cruciate ligament transection (ACLT)-induced OA rabbits. 233 

The morphology of the cartilage surfaces in ACLT-induced OA rabbits improved after 234 

the injection of WT AAV circFNDC3B but did not improve after the injection of MUT 235 

AAV circFNDC3B (OA + MUT group) (Figure 9a). In addition, WT AAV circFNDC3B 236 

significantly reduced OARSI scores, while there was no change in the OARSI scores 237 

of the MUT AAV circFNDC3B group (Figure 9b). Immunohistochemistry (IHC) and 238 

WB revealed that treatment with circFNDC3B alleviated the degenerative changes in 239 

the cartilage matrix and increased ECM composition in the rabbit OA model (Figure 240 

9c, d). Together, these results demonstrate the protective role of circFNDC3B in OA in 241 

vivo (Figure 9e). 242 

 243 

Discussion 244 

OA is one of the most common chronic diseases, with the World Health Organization 245 

estimating the prevalence of symptomatic OA, among people over 60 years of age, at 246 

9.6 % in men and 18.0 % in women 7. Despite this high prevalence, efficient treatments 247 
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for slowing OA progression are still not available. Current therapeutic strategies for OA, 248 

such as joint replacement surgery and drugs, focus on relieving the symptoms of the 249 

disease rather than curing it 30. This means that better elucidation of the underlying 250 

molecular mechanisms driving OA pathogenesis is urgently needed. 251 

Oxidative stress is elevated in the joint tissues, especially in the cartilage, during OA 252 

progression and the aging process 31. Several studies have provided evidence for the 253 

use of antioxidants in reducing OA severity, but their underlying mechanism remains 254 

unknown. In addition, relatively few studies have focused on the relationship between 255 

circRNAs, oxidative stress, and OA. Therefore, this study was designed to evaluate the 256 

cellular mechanisms underlying circRNA-mediated changes in oxidative stress and 257 

their association with OA in the hope of providing novel insights into the treatment of 258 

OA. To our knowledge, this is the report of a regulatory role of hsa_circ_0001361 (also 259 

called circFNDC3B) in OA. We conducted a series of analyses which demonstrated that 260 

circFNDC3B acted to suppress oxidative stress, promote chondrocyte proliferation, and 261 

protect the ECM from degradation. 262 

CircRNAs are characterized by a closed-loop structure, which improves their stability 263 

17 and several recent studies have discovered that these circRNAs often function as 264 

miRNA sponges 16,18,32. Our evaluations revealed that circFNDC3B retains a closed 265 

structure and functions as a sponge for miR-525-5p. Expression of circFNDC3B has 266 

been linked to bladder cancer 33, hepatocellular carcinoma 34 and neuroblastoma 35. Here, 267 

we identified a novel regulatory axis in HCs, namely that of circFNDC3B/miR-525-268 

5p/HO-1, which may be activated to relieve OA. HO-1 has a known effect against 269 
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osteoporosis 36, gastric cancer 37, myocardial infarction 38, and Lupus Nephritis 39. 270 

Targetscan, miRDB, and PITA databases all predicted that HO-1 acts as a target of miR-271 

525-5p, and its importance was demonstrated in OA. Recent studies have underlined 272 

the importance of HO-1 in inflammation 40 and age-related diseases 41 where it acts as 273 

a critical element of the antioxidant response. It has also been reported to target 274 

oxidative stress and reduce OA 7. In addition, increases in HO-1 activity lead to the 275 

inhibition of the NF-κB pathway 42. The NF-κB pathway is widely known to be an 276 

important inflammatory regulator involved in the development of various diseases 277 

including OA. It also plays an important role in cartilage degradation 43, and induces a 278 

variety of inflammation-related factors, including several MMP proteins (in our study, 279 

MMP3 and MMP13), ADAMTS-5, inducible nitric oxide synthase (iNOS), interleukin-280 

1β (IL-1β), and tumor necrosis factor-α (TNF-α). MMP13 degrades collagen II and 281 

aggrecan by cleaving the helical protein 44, while ADAMTS-5 degrades aggrecan. This 282 

is significant as these are the two most abundant components in the ECM. Our findings 283 

indicate that HO-1 was downregulated in the joint-wearing zone and was regulated by 284 

both circFNDC3B and miR-525-5p. Moreover, as an important downstream target of 285 

the circFNDC3B/miR-525-5p axis, HO-1 overexpression was shown to play a 286 

protective role in OA. 287 

The conservation of circFNDC3B among higher species may suggest a more important 288 

role of this circRNA in OA progression. Further, given the fact that we found the 289 

sequence of circFNDC3B to be relatively conserved between humans and rabbits, it is 290 

possible to explore the significance of circFNDC3B in rabbit models of joint disease. 291 
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CircFNDC3B was upregulated in a rabbit model when treated with a circFNDC3B AAV 292 

and its overexpression alleviated ACLT-induced OA. These results confirmed our 293 

hypothesis that circFNDC3B may play a protective role in OA. 294 

However, our study has some limitations. CircRNAs are generally studied because they 295 

regulate downstream gene expression. However, their biogenesis is poorly understood. 296 

A previous study showed that the RNA-binding protein FUS can affect circular RNA 297 

expression 45-47. Our study could be improved by evaluating the upstream mechanisms 298 

of the circFNDC3B/miR-525-5p/HO-1 axis. FUS primarily regulates circRNA 299 

biogenesis through two GUGGU‐binding motifs 48. In our study, circFNDC3B was 300 

constructed from exons 2 and 3 of FNDC3B and we found one GUGGU sequence at 301 

position 701 before exon 2 and one at 111 nt after exon 3, making it feasible that 302 

circFNDC3B biogenesis is regulated by FUS/TLS. Therefore, further studies 303 

evaluating the upstream regulation of the circFNDC3B/miR-525-5p/HO-1 axis are 304 

necessary and may be critical to our understanding of this pathway. 305 

In summary, to our knowledge, our study is the first to identify a novel signaling 306 

pathway, circFNDC3B/miR-525-5p/HO-1, which could relieve OA by alleviating 307 

oxidative stress and regulating the NF-κB pathway, leading to ECM protection in 308 

human chondrocytes. CircFNDC3B also exhibits strong sequence conservation across 309 

species making it an ideal target for the development of novel therapies for OA, as the 310 

efficacies of these therapies can be efficiently verified via various in vivo models of 311 

OA. The results of this study posit circFNDC3B as a potential target for the 312 

development of novel effective therapies for OA. 313 
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 314 

Materials and methods 315 

Human cartilage and chondrocytes 316 

Collections of human cartilage samples were according to protocols approved by the 317 

Ethics Committee of Sir Run Run Shaw Hospital (Hangzhou, China), and the methods 318 

were carried out in accordance with the approved guidelines. All subjects signed a 319 

written informed consent. Human cartilage samples were obtained from patients who 320 

underwent total knee replacement surgery (n=10). Patient exclusion criteria are detailed 321 

in reference 18. The knee was an important target site for OA, the medial tibiofemoral 322 

joint was most affected, and isolated lateral tibiofemoral joint OA was relatively rare19. 323 

The lesions on the medial tibial plateau (MTP) were more evident than the lateral tibial 324 

plateau (LTP). Hence, these two areas of cartilage tissues were collected for subsequent 325 

analysis. Human chondrocytes and rabbit chondrocytes were harvested from human 326 

and rabbit cartilage. The details have been reported in reference 20.  327 

 328 

A rabbit model of osteoarthritis 329 

All rabbits (12-month-old male New Zealand white rabbits, weighing 2.5-3 kg) were 330 

purchased from Xin Jian rabbit field (Certificate No. SCXK, Zhejiang, 2015-0004, 331 

China). A total of 24 rabbits were used in vivo experiments. As reported by Yoshioka et 332 

al21, anterior cruciate ligament transection (ACLT) surgery was performed to induce 333 

post-traumatic osteoarthritis model. In short, a medial parapatellar incision was 334 

conducted and an arthrotomy was operated. The patella was dislocated laterally, and the 335 
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knee completely flexed. The Anterior Cruciate Ligament (ACL) was exposed and 336 

transected with a No.12 blade (supplementary figure S1). To confirm that the ACLT 337 

surgery, we performed the anterior drawing test after each procedure. The joint was 338 

washed with sterile saline and then closed. The contralateral knee was performed a 339 

sham surgery. After the operation, the rabbits could move freely in the cage without 340 

immobilization. 16 rabbits underwent the ACLT operation and the remaining 8 341 

underwent sham operation (as control group). The c virus (AAV) CircFNDC3B WT 342 

and Mut were purchased from HanBio (Shanghai, China). All 24 rabbits were randomly 343 

distributed into 4 groups of 6 rabbits per group (shame surgery group with saline 344 

injection, ACLT surgery group with saline injection, ACLT surgery group with 345 

CircFNDC3B WT virus injection, ACLT surgery group with CircFNDC3B Mut virus 346 

injection), and each rabbit was raised in a single cage. After the surgery, the rabbits 347 

were rested for a week. Then the knee joint cavities of rabbits were injected with a total 348 

of 100 µl saline or virus solution (approximately 1×108 PFU/mL). After 7 weeks, all 349 

rabbits were sacrificed, and the knee joints were isolated for further research. The 350 

rearing and experiments were performed strictly with the approval of the Institute of 351 

Health Sciences Institutional Animal Care and Use Committee (Zhejiang, China). 352 

 353 

Safranin O-fast green staining and OARSI score 354 

Cartilage specimens were fixed and decalcified, then sectioned at 5 μm, and each 10th 355 

section was stained with Sigma-Aldrich safranin O solution and Fast Green solution (St. 356 

Louis, MO, USA). The Osteoarthritis Research Society International (OARSI) score 357 
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was based on safranin O-fast green staining 16, the details were reported in reference 18. 358 

 359 

RNA pull-down assay with biotinylated CircFNDC3B probe 360 

This assay was performed according by the instrument using the RNA pulldown kit 361 

(BersinBio, Guangzhou, China) and the biotinylated CircFNDC3B probe was designed 362 

and synthesized by RiboBIO (Guangzhou, China). The details have been reported in 363 

reference 22.Final RNA samples were subjected by RT-qPCR for detection. 364 

 365 

Bioinformatics analysis 366 

TargetScan, RNAhybrid and miRanda 23-25 were used to predict the target of circRNA. 367 

TargetScan, miRDB and PITA were used to predict the target of miRNA as described 368 

16. 369 

 370 

RNA extraction and quantitative real-time PCR analysis 371 

Total RNA was extracted from the chondrocytes using CWBIO Ultrapure RNA Kit 372 

(Beijing, China) or CWBIO miRNA Purification kit (Beijing, China) separately. 373 

Quantification real-time PCR was performed using the Hieff qPCR SYBR Green 374 

Master Mix (Yeason Biotech, China) and analyzed on an ABI 7500 Sequencing 375 

Detection System (Applied Biosystems, Foster City, CA, USA). All involved primers 376 

are listed in Supplementary Table S1. 377 

 378 

RNA knockdown and overexpression 379 
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Small interfering RNAs (siRNAs) targeting the CircRNA (CircFNDC3B) or mRNA 380 

(HO-1), as well as the mimic or inhibitor of miRNA (miR-525-5p) were purchased from 381 

Ribobio (Guangzhou, China). Overexpression vector for CircFNDC3B was constructed 382 

by Tsingke (Beijing, China) using the pc016:pcDNA3.1-CMV-circRNA-Zsgreen 383 

plasmid vector. Cells transfection with plasmids was accomplished using 384 

Lipofectamine 3000 transfection reagent (ThermoFisher). SiRNAs, inhibitors and 385 

mimics were transfected using Lipofectamine RNAiMAX transfection reagent 386 

(ThermoFisher). 387 

 388 

Dual-luciferase reporter assay 389 

Luciferase reporter assay was used to determine the binding between circRNA and 390 

miRNA, or between miRNA and mRNA. The luciferase reporter vectors (plasmid 391 

vector: hFLuc-XbaI-hRLuc) were designed and purchased from Genechem (Shanghai, 392 

China). The 3ʹUTR sequence of CircFNDC3B or HO-1 and their mutants were inserted 393 

into XbaI restriction sites of the luciferase reporter vectors. The detailed description 394 

were reported in reference 26. 395 

 396 

Western blotting 397 

Human or rabbit chondrocytes were lysed with RIPA buffer (Beyotime, China), protein 398 

was collected, protein concentration was determined by BCA analysis (Beyotime, 399 

China). Proteins were separated by 8% SDS-PAGE, transferred to PVDF membranes 400 

(Sigma-Aldrich, USA), and probed with primary antibodies and a secondary antibody. 401 
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Imaging was conducted with FDbio-Femto ECL (Fudebio, Hangzhou, China) and a 402 

chemiluminescence system (Bio-Rad, USA), analysis was performed using Image Lab 403 

Software. The antibodies we used were listed in Supplementary Table S2.  404 

 405 

Immunofluorescence 406 

Immunofluorescence was performed as previously described 22. The antibodies we used 407 

were listed in Supplementary Table S2.  408 

 409 

RNA fluorescent in situ hybridization (FISH) 410 

The FISH assay was conducted in HCs or rabbit tissues. Cy3-labeled CircFNDC3B 411 

probes and 488-labeled locked nucleic acid miR-525-5p probes were designed and 412 

synthesized by RiboBio (Guangzhou, China). RiboBio FISH Kit (Guangzhou, China) 413 

was used according to the instruction manual. The images were obtained on Nikon A1Si 414 

Laser Scanning Confocal Microscope (Nikon Instruments Inc, Japan). 415 

 416 

Measurement of ROS level 417 

The Beyotime Biotech (China) ROS assay kit was used to determine the levels of 418 

intracellular ROS. After treatment, chondrocytes were harvested and washed twice with 419 

PBS. Then the chondrocytes were centrifuged, and the supernatant was discarded. 420 

Finally, the chondrocytes were incubated with DCFH-DA (10 mmol/L) at 37℃ for 30 421 

min in a darkroom for analysis by flow cytometry. 422 

 423 
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Cell viability assay 424 

The cell viability was determined using the Cell Counting Kit-8 (CCK-8, Dojindo, 425 

Kumamoto, Japan). Chondrocytes were seeded into 96-well plates at a density of 3 × 426 

103 / well in triplicate. The CCK-8 was added to the wells at 24-, 48-, 72-, and 96-hours 427 

post-transfection. A microplate reader set at 450 nM (OD450) were used to measure the 428 

absorbance values of optical density (OD) in each well. 429 

 430 

Statistical analysis 431 

The results were shown as mean ± standard error of the mean (SEM). Statistical 432 

analyses were performed using SPSS 22.0. Statistical significance (P < 0.05) was 433 

determined by ANOVA and Student’s t-test, unless otherwise stated. 434 
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 583 

Figure 1. Characterization of CircFNDC3B in human control and OA tissues 584 

a. Heat map based on OA tissue and control tissue. b. The relative expression of 585 

CircFNDC3B in human medial tibial plateau (MTP) and lateral tibial plateau (LTP) 586 
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was detected by RT-qPCR. (n = 10). **p < 0.01. c. The expression of CircFNDC3B in 587 

human MTP and LTP was revealed by RNA FISH. Scale bars are 50 µm and 100µm. 588 

d. Safranin-O/fast green staining of the cartilage from MTP and LTP of human sample. 589 

Scale bars are 100 µm and 200µm. e. HCs were treated with IL-1β (10ng/mL) for 12h, 590 

24 h, and 48h, the relative CircFNDC3B expression were detected by RT-qPCR. (n=3) 591 

**p<0.01, ***p<0.001. f. The presence of CircFNDC3B was validated by Sanger 592 

sequencing. g. The diagram demonstrated how FNDC3B gene formed FNDC3B 593 

mRNA (Left arrow) and circFNDC3B (right arrow). CircFNDC3B was validated by 594 

divergent primers. h. RT-qPCR showed that CircFNDC3B could resist RNase R. (n = 595 

3). **p < 0.01. i. RNA FISH demonstrated the cellular localization of CircFNDC3B. 596 

Scale bar, 50 μm. j. The expression of CircFNDC3B and FNDC3B mRNA in nucleus 597 

or cytoplasm of HCs treated with or without RNase R was detected by RT-PCR. (n = 598 

3). **p < 0.01. 599 

 600 
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 601 

Figure 2. Knock-down of CircFNDC3B inhibits proliferation and ECM 602 

metabolism in chondrocytes 603 

a, b. RT-qPCR analysis of the expression levels of CircFNDC3B and FNDC3B mRNA 604 

after CircFNDC3B knockdown. (n = 3). ***p < 0.001. c, d. Western blot analysis and 605 

IF (Immunofluorescence) of Collagen 2, Aggrecan, ADAMTS-5, MMP3, and MMP13 606 

when HCs were treated with IL-1β or siRNA, β-actin was used as a negative control. 607 

Scale bar, 100µm. e. RT-PCR analysis of Collagen 2, Aggrecan, ADAMTS-5, MMP3, 608 
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and MMP13 when HCs were treated with nothing, IL-1β, NC-siRNA or siRNA. (n = 609 

3). ***p < 0.001. f. HCs viability was detected by the CCK-8 assay. (n = 3). *p < 0.05. 610 

(Student’s t-test) 611 

 612 

 613 

Figure 3. Overexpression of CircFNDC3B promotes proliferation and ECM 614 

metabolism in HCs 615 

a. RT-qPCR analysis of the overexpression efficiency of CircFNDC3B in HCs. (n = 3). 616 

***p<0.001. b. RT-qPCR analysis of the relative level of FNDC3B mRNA in the HCs 617 

after overexpression of CircFNDC3B. (n = 3). c, d. Western blot and RT-qPCR analysis 618 

of Collagen 2, Aggrecan, ADAMTS-5, MMP3, and MMP13 when HCs were treated 619 
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with IL-1β and the rescuing effects of overexpressed CircFNDC3B on IL-1β. β-actin 620 

was used as a negative control. (n = 3). **p < 0.01, ***p < 0.001. e. HCs viability was 621 

detected by the CCK-8 assay. (n = 3). *p < 0.05, **p < 0.01. (Student’s t-test) 622 

 623 

 624 

Figure 4. CircFNDC3B serves as sponge for miR-525-5p 625 
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a. The target miRNAs of CircFNDC3B were predicted by miRanda, Targetscan, and 626 

RNAhybrid. The diagram demonstrated the overlapping results. b. RT-qPCR analysis 627 

of the relative level of 6 miRNA candidates in the HCs lysates. (n = 3). **p < 0.01. c. 628 

The CircFNDC3B-binding miRNAs were detected by RNA-pull down analysis and 629 

RT-PCR quantification. (n = 3). *p < 0.05, **p < 0.01. d. Representative images of 630 

miR-525-5p (green) labeled FISH staining in MTP and LTP. Scale bars, 100 µm, 50 631 

µm. e. RT-qPCR analysis of the relative level of miR-525-5p in the MTP and LTP. (n 632 

= 3). **p < 0.01. f. Upper panel, diagram demonstrated complementary to the miR-633 

525-5p seed sequence with CircFNDC3B. Lowercase letters indicate mutated 634 

nucleotides. Lower panel, relative luciferase activities were measured after HEK-293T 635 

cells were co-transfected with miR-525-5p mimics and luciferase reporter vector. (n = 636 

3). **p < 0.01. g. RNA FISH images demonstrated the co-localization of CircFNDC3B 637 

(red) and miR-525-5p (green) in HCs. Scale bar, 100μm. 638 
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 639 

Figure 5. CircFNDC3B functions by targeting miR-525-5p 640 

a, b. RT-qPCR analysis of Collagen 2, Aggrecan, ADAMTS-5, MMP3, and MMP13 641 

when HCs were overexpression or knockdown of miR-525-5p. (n = 3). *p < 0.05, **p 642 

< 0.01, ***p < 0.001. c. Western blot analysis of Collagen 2, Aggrecan, ADAMTS-5, 643 

MMP3, and MMP13 when HCs were overexpression or knockdown of miR-525-5p. d-644 

f. RT-PCR, western blot and CCK-8 assay showed that the downregulation of miR-645 

525-5p antagonized the effect of CircFNDC3B-si on Collagen 2, Aggrecan, ADAMTS-646 
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5, MMP3, and MMP13 in HCs. (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001. 647 

 648 

 649 

Figure 6. MiR-525-5p directly targets heme oxygenase 1 650 

a. The target mRNAs of miR-525-5p were predicted by miRDB, Targetscan, PITA and 651 

Osteoarthritis-related genes. The diagram demonstrated the overlapping results. b. RT-652 

qPCR analysis of 8 mRNA candidates in the HCs lysates. (n = 3). ***p < 0.001. c. 653 

Schematic illustration showing the predicted binding region of miR-525-5p and HO-1. 654 

d. Upper panel, schematic illustration demonstrates complementary to the miR-525-5p 655 

seed sequence with HO-1. Lowercase letters indicate mutated nucleotides. Lower panel, 656 
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HEK-293T cells were co-transfected with miR-145-5p mimics and a luciferase reporter 657 

construct containing wild-type (WT) or mutated HO-1. (n = 3). **p < 0.01. e, f. Western 658 

blot and RT-qPCR analysis of HO-1 in HCs after treated with si-CircFNDC3B or miR-659 

525-5p mimic. (n=3). *p < 0.05, **p < 0.01. 660 

 661 

Figure 7. HO-1 is down-regulated in OA tissue and confirmed as the downstream 662 
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gene for CircFNDC3B and miR-525-5p. 663 

a. RT-qPCR analysis of HO-1 in different stress areas of 10 human cartilage samples. 664 

(n=10). *p<0.05. b. Representative images of immunohistochemistry staining of HO-1 665 

in MTP and LTP. Scale bar, 50 µm. c, d. Western blot and RT-PCR analysis of MMP3, 666 

MMP13, Collagen 2, and Aggrecan when HO-1 was downregulated in HCs. (n=3). 667 

*p<0.05, ***p < 0.001. e, f. Western blot and RT-PCR analysis of MMP3, MMP13, 668 

Collagen 2, and Aggrecan when HO-1 was overexpressed in HCs. (n=3). *p<0.05, **p 669 

< 0.01, ***p < 0.001. g, h. Western blot and RT-PCR analysis showed that 670 

overexpression of HO-1 could antagonize the effects of si-CircFNDC3B and miR-525-671 

5p mimic on HO-1, MMP3, MMP13, Collagen 2, and Aggrecan in HCs. (n=3). *p<0.05, 672 

**p < 0.01, ***p < 0.001. 673 
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 674 

Figure 8. Oxidative stress and HO-1/ NF-κB pathway mediates the 675 

CircFNDC3B/miR-525-5p/HO-1 axis in OA 676 

a. RT-PCR analysis showed that the downregulation of miR-525-5p or the 677 

overexpression of HO-1 antagonized the effect of si-CircFNDC3B on HO-1 in HCs. (n 678 

= 3). **p < 0.01. b, c. Western blot analysis showed that the downregulation of miR-679 

525-5p or the overexpression of HO-1 antagonized the effect of CircFNDC3B-si on p-680 

p65 and HO-1 in HCs. d. HCs were stained with DCFH-DA, and their oxidative stress 681 

was measured by BD FACS Calibur flow cytometer. (n = 3). *p<0.05, **p < 0.01.  682 
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 683 

Figure 9. Injection of CircFNDC3B alleviates OA in a rabbit ACLT model 684 

a. Safranin-O/fast green staining of cartilage from 4 groups of rabbits. Scale bar, 100 685 

µm. b. OARSI score used for the assessment of histological changes of rabbit knee 686 

cartilage. (n = 6). *p<0.05, **p < 0.01. c. Histological analysis of rabbit knee cartilage 687 

by FISH and immunohistochemistry. MiR-525-5p, HO-1, MMP3, MMP13, Collagen 688 

2, ADAMTS-5 and Aggrecan expression were examined. Scale bars, 50 μm, 100 μm. 689 
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d. Western blot analysis of HO-1, MMP3, MMP13, Collagen 2, ADAMTS-5 and 690 

Aggrecan in each group. e. Schematic illustration of the circFNDC3B/miR-525-5p/HO-691 

1 axis. 692 
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