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JNK-JUN-NCOA4 axis contributes to chondrocyte ferroptosis and aggravates  

osteoarthritis via ferritinophagy  

  

Running title: JNK-JUN-NCOA4 axis in osteoarthritis pathogenesis  

  

Abbreviations:  

3-MA: 3-methyladenine; AAV9: Adreno-Associated Virus 9; ACSL4: Acyl- 

CoAsynthetase long chain family member 4; ADAMTS5: ADAM metallopeptidase  

with thrombospondin type 1 motif 5; BafA1: bafilomycin A1; BV/TV: Bone  

volume/total volume; CCK8: cell counting kit-8; ChIP: chromatin  

immunoprecipitation; Co-IP: Co-immunoprecipitation; COL2A1: collagen type II  

alpha 1 chain; COX2: cyclooxygenase-2; DMM: destabilisation of the medial  

meniscus; ECM: extracellular matrix; FTH1: ferritin heavy chain 1; GPX4:  

glutathione peroxidase 4; GSH: glutathione; HBSS: Hank's Balanced Salt Solution;  

H&E: hematoxylin-eosin; IF: immunofluorescence; IHC: immunohistochemistry; IL- 

1β: interleukin-1β; iNOS: inducible nitric oxide synthase; JNK: c-Jun N-terminal  

kinase; MAP1LC3B/LC3: Microtubule-associated protein 1 light chain 3 beta; MDA:  

malondialdehyde; MMP3: matrix metallopeptidase 3; MMP13: matrix  

metallopeptidase 13; NC: negative control; NCOA4: nuclear receptor coactivator 4;  

OA: osteoarthritis; OARSI Osteoarthritis Research Society International; Rapa:  

rapamycin; ROS: reactive oxygen species; siRNA small interfering RNA; TBHP:  

Tert-butyl hydroperoxide; Tb.N: Trabecular number; Tb.Sp: Trabecular separation;  

Tb.Th: Trabecular thickness; TEM: transmission electron microscopy; TFs:  

transcription factors.   

  



2 

 

Abstract  

Interruption of iron homeostasis is correlated with cell ferroptosis and degenerative  

diseases. Nuclear receptor coactivator 4 (NCOA4)-mediated ferritinophagy has been  

reported as a vital mechanism to control cellular iron levels, but its impact on  

osteoarthritis (OA) pathology and the underline mechanism are unknown. Herein we  

aimed to investigate the role and regulatory mechanism of NCOA4 in chondrocyte  

ferroptosis and OA pathogenesis. We demonstrated that NCOA4 was highly expressed  

in cartilage of patients with OA, aged mice, post-traumatic OA mice, and  

inflammatory chondrocytes. Importantly, Ncoa4 knockdown inhibited IL-1β-induced  

chondrocyte ferroptosis and extracellular matrix degradation. Contrarily,  

overexpression of NCOA4 promoted chondrocyte ferroptosis and the delivery of  

Ncoa4 adeno-associated virus 9 into knee joint of mice aggravated post-traumatic OA.  

Mechanistic study revealed that NCOA4 was upregulated in a JNK-JUN signaling- 

dependent manner in which JUN could directly bind to the promoter of Ncoa4 and  

initial the transcription of Ncoa4. NCOA4 could interact with ferritin and increase  

autophagic degradation of ferritin and iron levels, which caused chondrocyte  

ferroptosis and extracellular matrix degradation. In addition, inhibition of JNK-JUN- 

NCOA4 axis by SP600125, a specific inhibitor of JNK, attenuated development of  

post-traumatic OA. This work highlights the role of JNK-JUN-NCOA4 axis and  

ferritinophagy in chondrocyte ferroptosis and OA pathogenesis, suggesting this axis  

as a potential target for OA treatment.   

  

Keywords: chondrocyte; ferritinophagy; ferroptosis; JUN; NCOA4; osteoarthritis  

(OA).   

Chemical compounds studied in this article: 3-methyladenine (PubChem CID:  
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135398661); Rapamycin (PubChem CID: 5284616); 1,9-Pyrazoloanthrone/SP600125 51 

(PubChem CID: 8515); bafilomycin A1 (PubChem CID: 6436223). 52 

 53 

Introduction 54 

The etiology of osteoarthritis (OA) is complex and exact molecular mechanism of 55 

OA pathogenesis is largely unknown. Previous studies have reported that iron level is 56 

significantly increased in the joint fluid of OA patients[1], and the level of serum 57 

ferritin in OA patients is positively correlated with the degree of knee cartilage 58 

injury[2]. The recent study has found that systemic iron overload can cause iron 59 

accumulation in joints of guinea pig and lead to joint degeneration[3]. These findings 60 

suggest that abnormal iron accumulation is closely correlated to the development of 61 

OA. Iron is an essential element for human body and participates in multiple cellular 62 

processes, such as hemoglobin synthesis, electron transport, cell respiration and so 63 

on[4]. Intracellular iron homeostasis is precisely regulated by iron metabolism system 64 

and maintenance of cellular iron homeostasis is essential for the function and fate of 65 

cells[4]. 66 

 67 

The abnormal accumulation of iron ions within cells can cause lipid peroxidation 68 

via Fenton reaction and trigger an iron dependent type of cell death-ferroptosis[5]. In 69 

view of the close relationship between ferroptosis and cellular oxidation level, more 70 

and more studies focus on the role of ferroptosis in ageing related diseases and results 71 

from these studies highlight the importance of ferroptosis during pathogenesis of 72 

Parkinson's disease[6], macular degeneration[7], and retinal pigment epithelium 73 

degeneration[8]. Therefore, targeting ferroptosis has become a potential therapeutic 74 

approach for these diseases[9]. Previous studies have found that chondrocytes have a 75 
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variety of characteristics of ferroptosis under pathological conditions: abnormal iron  

metabolism[10], lipid peroxidation[11], and mitochondrial dysfunction[12]. Our  

previous studies have found that inflammatory environment or iron overload  

environment could lead to ferroptosis of chondrocytes[13]. We also found that the  

specific inhibitor of ferroptosis, Ferrostatin 1, and iron chelator, Deferoxamine, could  

reduce chondrocyte ferroptosis and delay the progression of OA in mice[13,14].  

Additionally, the transcriptomic, biochemical, and microscopical analyses have  

indicated that ferroptosis is closely associated with OA[15]. These evidence confirms  

that chondrocyte ferroptosis is involved in the progression of OA. However, the  

regulatory mechanism of chondrocyte ferroptosis is largely unknown.  

  

Nuclear receptor coactivator 4 (NCOA4) is a selective cargo receptor for the  

autophagic turnover of ferritin in lysosomes and this recycling process is termed  

ferritinophagy[16]. Ferritinophagy is implicated in a variety of pathological processes.  

Masahiro Yoshida et al. have found that smoke exposure can stimulate the expression  

of NCOA4, continuously activate autophagic degradation of ferritin, further cause the  

accumulation of iron ions in bronchial epithelial cells and toxic reactions, leading to  

the occurrence and development of chronic obstructive pulmonary disease in mice[17].  

These studies establish a new relationship between cellular iron homeostasis and the  

pathogenesis of iron associated diseases. As NCOA4 is widely expressed in  

mammalian cells, its function may have an effect on a variety of diseases. However,  

the relationship and role of NCOA4 in OA progression have not been reported.   

  

In the present study, we examined the expression pattern of NCOA4 in OA  

chondrocyte, and investigated the role of NCOA4 in chondrocyte ferroptosis and OA  



5 

 

pathogenesis. We also investigated that whether NCOA4-mediated ferritinophagy is  

involved in chondrocyte ferroptosis. In addition, we sought to explore the regulatory  

mechanism of NCOA4 expression and determined whether inhibition of c-Jun N- 

terminal kinase (JNK)-JUN-NCOA4 axis could slow the progression of OA.   

  

Materials and methods  

Human samples  

The collection of human cartilage samples was approved by the Ethics  

Committee of Tongji Hospital (TJ-IRB20210905). Informed consent was obtained  

from all participants. Control cartilage was collected from four amputees without a  

history of OA, and OA cartilage was obtained from OA patients after total knee  

replacement surgery at the Tongji Hospital (n = 12). The information of OA patients  

and amputees is shown in Table S1 and Table S2.  

  

Materials and reagents   

Recombinant Mouse interleukin 1 beta (IL-1β) (401-ML-010/CF) was obtained  

from R&D Systems. The tert-Butyl hydroperoxide (TBHP) (458139), Deferoxamine  

(D9533), dimethylsulfoxide (D8418) were purchased form Sigma-Aldrich. 3- 

methyladenine (3-MA) (S2767), SP600125 (S1460) and rapamycin (Rapa) (S1039)  

were purchased from Selleck and diluted in DMSO. Bafilomycin A1 (BafA1)  

(MB5505) was obtained from meilunbio.   

  

Chondrocyte isolation, and culture   

Chondrocytes were isolated from 5-day-old C57BL/6J mice. In brief, removed  

from the knee joints, cartilage was cut into pieces and then digested with 0.25%  
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trypsin for 30 minutes. After that, the pieces were further digested with 0.25% type 2  

collagenase for 4-6 h. The cells were resuspended and cultured in DMEM/F12  

medium with 10% fetal bovine serum, 1% streptomycin sulfate and 1% penicillin at  

37°C. Only the first or second passages of chondrocytes were used in the experiments.  

  

Cell viability assays  

Cell viability was determined using a cell counting kit assay (CCK-8)  

(MedChemExpress, HY-K0301). Briefly, chondrocytes were seeded into 96-well  

plates (about 5,000 cells/well) allowing adherence for 24 h and then treated as the  

figure legend indicated. After 72 h, the medium of each well was replaced by 100 μl  

of culture solution and 10 μl of CCK-8 was added to each well. After one-hour  

incubation, absorbance was measured using a microplate reader at the wavelength of  

450 nm.   

  

Small interfering RNA (siRNA), Plasmids and transfection   

The siRNAs against Ncoa4, Fth1, Jun and negative control siRNA were  

synthesized by RiboBio. The siRNA sequence was as follows: si-Ncoa4 1#:  

CCACATTTGGATCCCTTAA; si-Ncoa4 2#: CTACAAGAAGAACGTAACT; si- 

Ncoa4 3#: CCAGTTCTTTCTCTCCTGA; si-Fth1 1#: TGGCTACTGACAAGAAT  

GA; si-Fth1 2#: CCGAGAAACTGATGAAGCT; si-Fth1 3# ACACGGTGATGAGA  

GCTAA. Si-Jun 1#: CCAAGAACTCGGACCTTCT; si-Jun 2#: GGCACAGCTTAA  

GCAGAAA; si-Jun 3#: GCCAACTCATGCTAACGCA. When reaching 60–70% of  

confluence, murine chondrocytes were transfected with 50 nmol siRNA using  

Lipofectamine 3000 (Invitrogen, L3000015) according to the manufacture’s  

instruction. Flag-tagged plasmid of Ncoa4 and negative control plasmid were  
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synthesized by Vigene Biosciences. The construct was confirmed by DNA sequencing.  

When reaching 60–70% of confluence, the cells were transfected with 1 μg purified  

plasmid using Lipofectamine 3000.   

  

Measurement of lipid peroxidation    

Cells were washed twice with basic medium and loaded with 1000 X C11  

BODIPY solution (Thermo Fisher, D3861) for 30 min at 37℃ in the dark. After that,  

the cells were washed with basic medium for 5 times and then excited using the 488  

and 565 nm laser of fluorescence microscope. Oxidation of the polyunsaturated  

butadienyl portion of C11-BODIPY causes a shift of the fluorescence emission peak  

from 590 nm to 510 nm, which reflects lipid peroxidation in membranes The  

fluorescence was measured by emission wavelength of 590 nm and 510 nm and then.  

was merged, and intensity of green fluorescence in merge image indicates the level of  

lipid peroxidation.   

  

Measurement of malonaldehyde (MDA) and glutathione (GSH)  

After the indicated treatment for 48 h, the levels of MDA and GSH in cell lysates  

were measured with MDA Assay Kit (Beyotime, S0131S) and GSH detection kit  

(Beyotime, S0053) according to the manufacturer’s instruction. The measurement was  

based on the absorbance of specific substrates and performed using microplate reader.  

  

In vivo overexpression of NCOA4 using adeno-associated virus   

Adeno-associated virus 9 containing Ncoa4 (AAV9-NCOA4) (Vigene  

Biosciences) was administered to 8-week C57BL/6J mice by intra-articular injection.  

Knee joints were collected at 2 weeks, 6 weeks, and 10 weeks post the first injection  

JMQ
高亮文本
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for examining transfection efficiency of AAV9 and expression level of NCOA4. The  

doses (10 μl, 1×1012 vg/ml) of AAV9 joint injection were chosen as previously  

reported[18]. Two weeks after the AAV9 joint injection, the destabilisation of the  

medial meniscus (DMM) surgery or sham operation was performed. Knee joints were  

collected 8 weeks post-surgery for histological analyses. The groups that did not need  

injection of AAV9-NCOA4 were all treated with negative control (AAV9-GFP) for  

the same periods.  

  

Animals experiment   

Adult male C57BL/6 mice (eight weeks of age) were used for in vivo experiments.  

All animal experiments were approved by the institutional Animal Care and Use  

Committee at Tongji Medical Collage, Huazhong University of Science and  

Technology. After anesthetized by intraperitoneal injection of pentobarbital (35  

mg/kg), The DMM surgery was performed to induce post-traumatic OA following the  

instructions described previously[19]. As the control, the medial knee joint capsule  

was incised for sham operation. We randomly divided mice into four groups with 9  

mice per group: SHAM + AAV9-GFP, SHAM + AAV9-NCOA4, DMM + AAV9-GFP,  

and DMM + AAV9-NCOA4 groups. For in vivo experiment of SP600125  

administration, we randomly divided mice into three groups with 6 mice per group:  

DMM + AAV9-GFP, DMM + AAV9-GFP + SP600125, and DMM + AAV9-NCOA4  

+ SP600125. 10 μl of SP600125 (1 mg/kg) or vehicle solution was injected articularly  

once per week for 7 weeks.  

  

Western blot analysis   

Cells were lysed in RIPA buffer with a protease inhibitor cocktail for 15 min on  
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ice followed by 30 minutes centrifugation at 12000 g. Protein concentration was  

measured using a bicinchoninic acid assay kit (Boster, AR1110). Equal amounts of  

total protein (20 μg) were mixed with loading buffer, boiled at 100°C for 10 min. The  

protein samples were separated by SDS-PAGE and transferred to  polyvinyl difluoride  

membranes (Millipore, USA). Membranes were blocked with 5% milk without fat  

solved in 1 X TBST (Boster, AR0144 ) for 1 h and then incubated with various  

primary antibodies, including NCOA4 (Abcam, ab86707; diluted at 1: 1000), LC3  

(Cell Signaling Technology, 4108; 1: 1000), FTH1 (Abcam, ab75973; 1: 1000),  

ACSL4 (Abcam, ab155282; 1: 1000), P53 (Cell Signaling Technology, 2524; 1: 1000),  

GPX4 (Abcam, ab125066; 1: 1000), COL2A1 (Proteintech, 15943-1-AP; 1: 800),  

ADAMTS5 (Boster, BA3020; 1: 300), iNOS (Cell Signaling Technology, sc-7271; 1:  

1000), COX2 (Cell Signaling Technology, 12882; 1: 1000), MMP3 (Boster, BM4074;  

1: 500), MMP13 (Abcam, ab39012; 1: 1000), Phospho-JNK (Cell Signaling  

Technology, 4668; 1: 1000), and Phospho-CJUN (Cell Signaling Technology, 3270; 1:  

1000) overnight at 4°C. After washing the membranes in TBST four times (7  

min/time), anti-rabbit or anti-mouse secondary antibody was diluted at 1:5000 with  

TBST, in which the membranes were incubated for 1 h. GAPDH (Proteintech, 60004- 

1-Ig) or β-ACTIN (Proteintech, 20536-1-AP) at a 1:10000 dilution was used as the  

internal control. The signal intensity of the membranes was visualized by a Bio-Rad  

scanner (Bio-Rad, Hercules, CA).   

  

Quantitative RT-PCR  

RNA was isolated using a total RNA (1 μg) extraction kit (Omega Biotek, R6834- 

01). Complementary DNA was synthesized using a Hifair® Ⅲ 1st Strand cDNA  

Synthesis SuperMix (Yeasen, 11141ES60). SYBR Green Master Mix (Yeasen,  
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11203ES03) was used to amplify the cDNA. The amplification conditions utilized  

were as follows: 95℃ 5 min followed by 40 cycles of 10 seconds 95℃ and 30  

seconds 60℃; 15 seconds 95℃, 60 seconds 60℃ and 15 seconds 95℃ for melt curve.  

GAPDH was used as an internal reference. Sequences of the primers of the indicated  

genes were as follows: Ncoa4 (F) 5’-GCCCTACAATGTGAGTGATTGG-3’, (R) 5’- 

ACTGGTGCAAGGCTCGTTG-3’. Fth1 (F) 5’-CAAGTGCGCCAGAACTACCA-3’,  

(R) 5’-GCCACATCATCTCGGTCAAAA-3’, Gapdh (F) 5’-TGGATTTGGACGCAT  

TGGTC-3’, (R) 5’-TTTGCACTGGTACGTGTTGAT-3’. Each cDNA sample was  

repeated in triplicate.  

  

Transmission electron microscopy (TEM) assays   

TEM was used to observe morphological changes of mitochondria in  

chondrocytes. In brief, chondrocytes were washed with PBS (Boster, AR1155), and  

then fixed by electron microscope fixing solution (Servicebio, G1102), dehydrated  

with different concentrations of alcohol and acetone. After that, the samples were  

rinsed with propylene oxide and impregnated with epoxy resin. Ultrathin sections  

were stained with 1% uranyl acetate and 0.1% lead citrate. The Hitachi TEM system  

at an accelerating voltage of 80 kV was used for scanning.  

  

Co-immunoprecipitation (Co-IP) assay.   

The primary chondrocytes were cultured in 10 cm dishes and then treated with  

IL-1β for 12 h. Afterwards, cells were lysed with IP lysis buffer and supersound  

spallation (amplitude: 40%, pulse on 3 sec, pulse off 3 sec, total four cycles). The  

supernatant was collected by centrifugation at 12000 g for 15 min. Protein A/G  

Magnetic Beads (MedChemExpress, HY-K0202) were added into lysate to preclear  
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for 30 min at 4°C. Anti-NCOA4 antibody were used to form immune complexes with  

NCOA4 protein in lysates overnight at 4°C. Then the Protein A/G Magnetic Beads  

were added into lysates for 2 h at 4°C and then washed five times with lysis buffer,  

and bound proteins were eluted in 5 X loading buffer and denatured by boiling.  

equivalent protein samples were used for western blot analysis.   

  

In vitro Safranin O staining  

 

 

 

  

  

  

Immunofluorescence (IF) 

The Safranin O staining was used to observe morphology of chondrocyte and 

content of proteoglycan. In brief, chondrocytes were fixed in 4% paraformaldehyde 

for 15 min and washed by PBS. Next, the Safranin O solution was used to stain 

chondrocytes for 20 min. After that, the cells were washed by PBS three times and 

images were captured by a microscope (Evos Fl Auto, Life Technologies, USA). 

staining  

Chondrocytes were grown on 12-well culture slides and were pre-treated with  

bafilomycin A1 for 1 h and then treated with or without IL-1β for 6 h. The cells were  

then fixed with 4% paraformaldehyde for 15 min followed by permeabilization with  

0.1% Triton X-100 (Sigma-Aldrich, T8787) for 5 min, and then blocked with 5%  

bovine serum albumin solved in TBST for 1 h. The anti-FTH1 (Abcam, ab75973;  

rabbit mAb; diluted at 1:100) and anti-LC3 (Cell Signaling Technology, 98557;  

mouse mAb; 1:100) primary antibodies and the corresponding second antibodies were  

used to incubate cells. After incubation, the cells were washed and labeled with DAPI  

(Boster, AR1177) for 5 min. The combination between FTH1 and LC3 proteins was  

scanned by fluorescence microscopy (OLYMPUS BX51, Japan).   
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mRFP-GFP-LC3 double-labelled adenovirus transfection 276 

The mRFP-GFP-LC3 adenovirus was purchased from (Hanbio Biotechnology, 277 

HB-AP210 0001). Chondrocytes were seeded onto the slide, ensuring that the cell 278 

density will be about 50% in 24 h. After the transfection, the mRFP-GFP-LC3 279 

adenovirus (MOI = 400) was added into the medium for 2 h and then replaced by 280 

fresh medium. After 24 h of incubation, the cells were treated with IL-1β for 12 h and 281 

then fixed with 4% paraformaldehyde. Cells were detected with green (GFP) or red 282 

(mRFP) fluorescence that was observed by FV3000 confocal microscope (Olympus, 283 

Japan). Autophagolysosome was formed by the fusion of autophagosome and 284 

lysosome, which results in acidic environment, causing the quenching of GFP 285 

fluorescence. At this time, only red fluorescence can be observed in the merged 286 

images. Therefore, red spots indicate autophagolysosomes and yellow spots 287 

(overlapped by green and red fluorescence) indicate autophagosomes. Autophagic 288 

flux was determined by increased red puncta in the merged images.  289 

 290 

Chromatin immunoprecipitation (ChIP) assay and ChIP-PCR 291 

ChIP assays were conducted with a ChIP assay kit (Beyotime, P2078) as 292 

previously described[20]. Briefly, chondrocytes were cross-linked with formaldehyde 293 

and chromatin fragmentation was carried out according to the protocol. The prepared 294 

chromatin solution was incubated with the JUN antibody overnight at 4°C. Normal 295 

rabbit IgG was used as negative control. After that, the above solution was incubated 296 

with protein A + G agarose beads. After the wash according to the protocol, the 297 

protein-DNA complexes were obtained and the eluted DNA was next subjected to 298 

ChIP-PCR. The primers used in the ChIP assay were as follows: F1, 5′- 299 

GGGTCAGTTAGGTGTGGCAT-3′; R1, 5′-AGTGACTAAGACAAGGCTGATGGG 300 
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C-3′; F2, 5′-ACCCCAACAAGGACACTCACTCTAA -3′; R2, 5′-CTTTTTTTCCTC 301 

TGGGGTTTGTGGT-3′; F3, 5′-TCTTACTCAAACCACCACAAACCCC-3′; R3, 5′- 302 

GGCTCACAACCACCCATACCTCCTG-3′. PCR amplifications were performed at 303 

94°C for 1 min, followed by 40 cycles at 94°C for 30 s, 62°C for 30 s, 72°C for 1 min 304 

and then 72°C for 10 min. 305 

 306 

Ferrous iron detection 307 

After washed with Hank's Balanced Salt Solution (HBSS) three times, cells were 308 

stained in 1 μM Ferro orange (Dojindo, F374) in HBSS for 40 min at 37°C. Next, the 309 

cells were washed with HBSS three times and then imaged using fluorescence 310 

microscope (Evos fl auto, Life Technologies, USA). 311 

 312 

Histological analyses 313 

Tissue samples were fixed in 4% paraformaldehyde for 24 h. Specimens were 314 

decalcified with 10% EDTA (pH 7.4) for 21 days, embedded in paraffin and 5-µm 315 

thick sagittal sections were cut. Hematoxylin-eosin (H&E) and Safranin O/Fast green 316 

staining were performed according to standard protocols. Each section was assessed 317 

by two blinded researchers. 318 

 319 

Safranin O/Fast green staining slides were used to evaluate cartilage degeneration 320 

by Osteoarthritis Research Society International (OARSI) scoring system. For OARSI 321 

scoring system, the 0-6 subjective scoring system was applied to evaluate severity of 322 

cartilage degeneration in medial femoral condyle and medial tibial plateau. 0 323 

represents normal cartilage, 0.5 = loss of proteoglycan with an intact surface, 1 = 324 

superficial fibrillation without loss of cartilage, 2 = vertical clefts and loss of surface 325 
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lamina, 3 = vertical clefts/erosion to the calcified layer lesion for 1-25% of the 326 

quadrant width, 4 = lesion reaches the calcified cartilage for 25-50% of the quadrant 327 

width, 5 = lesion reaches the calcified cartilage for 50-75% of the quadrant width, 6 = 328 

lesion reaches the calcified cartilage for >75% of the quadrant width, the OA severity 329 

is expressed as maximal score[21].  330 

 331 

 Osteophyte size were scored on the anteromedial tibia in each sample stained by 332 

Safranin O/Fast green. Osteophyte size: 0 = none, 1 = small (approximately the same 333 

thickness as the adjacent cartilage), 2 = medium (~1–3 times the thickness of the 334 

adjacent cartilage), and 3 = large (~3 times the thickness of the adjacent cartilage)[22].  335 

 336 

H&E slides were used to evaluate synovitis by scoring enlargement of the 337 

synovial lining cell layer and cellular density in the synovial stroma (score from 0 to 338 

6). The synovial lining cell layer: 0 point = 1-2 lining cell layers; 1 point = 3-4 lining 339 

cell layers; 2 points = 5-9 lining cell layers, 3 points = ≥10 lining cell layers[23]. 340 

Density of the resident cells: 0 point = the synovial stroma shows normal cellularity, 1 341 

point = the cellularity is slightly increased, 2 points = the cellularity is moderately 342 

increased, 3 points = the cellularity is greatly increased, multinucleated giant cells, 343 

pannus formation and rheumatoid granulomas might occur[23].  344 

 345 

Micro-computed tomography (micro-CT) analysis 346 

The left knee joints were fixed with 4% paraformaldehyde and then were 347 

evaluated via micro-CT using a Viva CT 80 scanner (Scanco Medical AG, 348 

Switzerland). Joints were scanned at 100 kV and 98 μA with the resolution of 10.5 μm. 349 

The reconstructed 3-dimensional (3D) images were acquired by Scanco Medical 350 
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software. The size of osteophytes was observed and calculated using the transverse  

sectional images of tibial plateau. The subchondral bone analysis of medial femoral  

condyle begins by starting at the distal 15 layers from edge of the tibial plateau until  

30 layers were analyzed by two blinded observers. All non-cortical bone is included.  

The parameters of the trabeculae, including bone volume/tissue volume (BV/TV),  

trabecular numbers (Tb.N), trabecular thickness (Tb.Th), and trabecular space (Tb.Sp)  

were analyzed by the software in the μ-CT system.  

  

Statistical analysis  

For parametric test, Student’s t-test and analysis of variance (ANOVA) test  

followed by Tukey’s post hoc test were used for comparison between two different  

group or among multiple comparisons respectively. Mann-Whitney U test for two  

comparisons and Kruskal-Wallis test for multiple comparisons were used for  

nonparametric data. Data are presented as the mean ± SD. All statistical tests were  

conducted using GraphPad Prism 8.0 program. P < 0.05 was defined as significant, *  

means P < 0.05, ** means P < 0.01 while NS represents not significant.  

  

Results  

OA was characterized by altered expression of NCOA4  

To determine the correlation between the expression of NCOA4 and OA  

progression, we examined the expression of NCOA4 in clinical OA samples and OA  

models. Severe cartilage degeneration was found in articular cartilage of patients with  

OA (Fig. 1A) and Immunohistochemistry (IHC) results showed that more NCOA4- 

expressing chondrocytes were observed in articular cartilage of patients with OA  

compared with the normal (Fig. 1B-C). In addition, aging is independent risk factor of  
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OA[24], we investigate expression pattern of NCOA4 in aged mice. Firstly, cartilage  

degeneration was confirmed in middle-aged (14-month-old) and aged (22-month-old)  

mice with higher OARSI scores compared to that of young mice (2-month-old) (Fig.  

1D-E). It was further found that NCOA4-positive cells were markedly increased in  

cartilage of middle-aged and aged mice compared with that of young mice (Fig. 1F- 

G). Post-traumatic OA model is characterized by chronic mild inflammation, joint  

bleeding, and cartilage degeneration[25]. We performed DMM surgery to induce post- 

traumatic OA model of mouse and found that NCOA4-positive chondrocytes were  

significantly elevated in the cartilage of DMM model compared with that of sham  

control (Fig. 1H-I). We subsequently isolated primary murine chondrocytes (Fig. 1J)  

and examined the expression level of NCOA4 in vitro. Pro-inflammatory factors and  

oxidative stress are closely involved in OA pathogenesis[24]. Thereby, we used IL-1β  

to mimic inflammatory condition and used TBHP to induce oxidative stress condition  

in OA. The results showed that the protein expression of NCOA4 was upregulated in  

chondrocytes by the IL-1β or TBHP treatment accompanied by increased expression  

ratio of microtubule-associated protein 1 light chain 3 beta (LC3) II/I (Fig. 1K, L, N,  

O). The IF staining result confirmed an increased expression of NCOA4 in  

chondrocytes treated with IL-1β (Fig. 1M). Collectively, these results showed that  

NCOA4 expression was increased in the articular cartilage of patients with OA, aged  

mice and post-traumatic OA mice. Its expression was also promoted in response to  

pathologic conditions (IL-1β or TBHP). These findings suggest a positive correlation  

between NCOA4 expression and OA progression.  
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Fig. 1. The expression of NCOA4 in OA cartilage and primary chondrocytes. (A, B)  

Representative images of H&E, Safranin O/fast green staining and IHC of NCOA4 in  

human OA cartilage and normal cartilage (scale bars: 200 µm). (C) Quantitative  

analysis of NCOA4-positive chondrocytes as a proportion of the total chondrocytes  

(control group, n = 4; OA group, n = 12). (D) Representative images of Safranin  
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O/Fast green staining of cartilage of 2-month-aged, 14-month-aged, and 22-month- 

aged mice and (E) OARSI scores of three groups. (F) Representative images of IHC  

of NCOA4 in cartilage from the above groups and (G) quantitative analysis of  

NCOA4-positive chondrocytes/total chondrocytes (scale bars: 100 µm, n = 10 each  

group). (H) Representative images of IHC of NCOA4 and (I) quantitative analysis of  

NCOA4-positive chondrocyte in cartilage from sham group and DMM group (scale  

bars: 200 µm, n = 10 each group). (J) The morphology of primary chondrocyte via  

Safranin O staining (scale bars: 200 µm). (K, N) Western blot results and (L, O) semi- 

quantitative analysis of band density in chondrocytes treated with IL-1β or TBHP for  

0, 2, 4, 8,12, and 24 h, n = 3. (M) Representative images of IF staining for NCOA4  

expression and distribution in chondrocytes treated with IL-1β for 12 h  (scale bars:  

50 µm). Data are presented as the mean ± SD, * P < 0.05, ** P < 0.01.  

  

NCOA4 contributed to ferroptosis and OA-like phenotype of chondrocytes  

Given that our previous finding that chondrocyte ferroptosis contributes to OA  

pathogenesis[13] and emerging report that NCOA4 can regulate epithelial cell  

ferroptosis[17], we further explore the functional role of NCOA4 in chondrocyte  

ferroptosis. Firstly, the knockdown efficiency of Ncoa4 using RNA interference was  

confirmed by qRT-PCR and western blot (Fig. S1A-C). Primary chondrocytes were  

subjected to IL-1β stimulation, which can induce a phenotype of ferroptosis and  

extracellular matrix (ECM) degradation. Compared with IL-1β treated group,  

knockdown of NCOA4 significantly inhibited ferroptotic process, as evidenced by the  

reduced expression of ferroptosis markers, including Acyl-CoAsynthetase long chain  

family member 4 (ACSL4), and P53, and increased expression of glutathione  

peroxidase 4 (GPX4) following IL-1β treatment (Fig. 2A-B). Ferroptosis is a ferrous  
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ions-dependent cellular event[5]. Therefore, we investigated alteration of ferrous ions  

levels using a ferric ion probe and the results showed that ferrous ions level was  

reduced in Ncoa4-knockdown chondrocytes compared to IL-1β treated chondrocytes  

(Fig. 2C). Lipid peroxidation is a hallmark of ferroptosis[26]. We then examined the  

level of lipid peroxidation and found reduced levels of lipid reactive oxygen species  

(ROS) and MDA while elevated GSH levels in Ncoa4-knockdown chondrocytes  

under IL-1β treatment (Fig. 2D, F, G). The TEM results revealed smaller  

mitochondria and loss of mitochondrial crista in IL-1β treated chondrocyte, while  

knockdown of Ncoa4 could partially reverse this phenomenon (Fig. 2E). Furthermore,  

we examined cell viability and found that knockdown of Ncoa4 significantly  

suppressed IL-1β-induced loss of chondrocyte viability (Fig. 2H). The most important  

function of chondrocyte is to maintain ECM homeostasis[27]. Thus, the alteration of  

ECM metabolism was further examined by western blot and the data showed that  

Ncoa4 knockdown significantly restored ECM homeostasis, revealed by the reduced  

expression of catabolic markers, including A Disintegrin and Metalloproteinase with  

Thrombospondin Motifs 5 (ADAMTS5), matrix metallopeptidase 13 (MMP13) and  

metallopeptidase 3 (MMP3), and enhanced expression of anabolic marker, collagen  

type II alpha 1 chain (COL2A1), under IL-1β treatment. Additionally, IL-1β-induced  

inflammatory response was attenuated in Ncoa4-knockdown chondrocytes, exhibited  

by reduced expression of inducible nitric oxide synthase (iNOS) and cyclooxygenase- 

2 (COX2) (Fig. 2I-L). To further confirm the above data, we investigate the role of  

upregulated NCOA4 in chondrocytes. Western blot results revealed that the  

expression of NCOA4 was efficiently upregulated in chondrocytes by Ncoa4-plasmid  

transfection, accompanied with downregulated expression of ferritin heavy chain 1  

(FTH1) (Fig. S2A-B). As expected, increased expression of P53 and reduced  



20 

 

expression of GPX4 and COL2A1 were observed in Ncoa4-overexpressing  

chondrocytes (Fig. S2C-D). Collectively, these results suggest that NCOA4  

contributes to ferroptosis and OA-like phenotype of chondrocytes.  

  457 
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Fig. 2. The impact of NCOA4 on chondrocyte ferroptosis and ECM degradation. (A,  

B) Western blot analysis of ACSL4, P53, and GPX4 expression in primary  

chondrocytes transfected with scrambled siRNA or Ncoa4 siRNA following IL-1β  

induction for 48 h. (C, D) Representative staining for ferrous ions and lipid ROS in  

the indicated group and statistical analysis of fluorescence intensity (ferrous ions) and  

lipid peroxidation (green/red ratio). (E) Representative TEM images for mitochondria  

in chondrocytes transfected with siRNA negative control (NC) or Ncoa4 siRNA  

following IL-1β induction for 48 h, the black arrows indicate mitochondria in  

chondrocytes. (F, G) Relative levels of MDA and GSH in chondrocytes treated as the  

indicated for 48 h. (H) Relative viability of chondrocytes transfected with siRNA NC  

or si-Ncoa4 following IL-1β induction for 72 h. (I, K) Western blot analysis of iNOS,  

COX2, ADAMTS5, MMP13, MMP3 and COL2A1 expression in chondrocytes  

transfected with NC or siNCOA4 following IL-1β induction for 48 h and (J, L) semi- 

quantitative analysis of band density. Data are presented as the mean ± SD, * P < 0.05,  

** P < 0.01.  

  

NCOA4 accelerated development of post-traumatic OA  

We further assessed the requirement of NCOA4 during the development of OA in  

mice. The AAV9-NCOA4 was injected into articular cavity to achieve the  

overexpression of NCOA4 in cartilage (Fig. 3A). The results showed that the AAV9  

could efficiently infect the chondrocyte of articular cartilage for 10 weeks at least  

(positive cell: 68.67 ± 6.96%) (Fig. S3A-B). AAV9-NCOA4 also significantly  

increased the number of NCOA4-chondrocytes in cartilage compared with the control  

(Fig. 3B-C). The mice were subjected to DMM surgery or sham operation from two  

weeks after the first injection of AAV9. Subsequently, knee tissues were assessed at 8  
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weeks post DMM surgery. As expected, Safranin O/Fast green staining revealed a  

feature of cartilage degeneration in mice with DMM surgery, as evidenced by loss of  

proteoglycan and cartilage erosion with a higher OARSI score compared with that of  

sham group (Fig. 3D-E). Notably, compared with DMM group, mice injected by  

AAV9-NCOA4 were more susceptible to DMM-caused degeneration, characterized  

by a higher OARSI score (Fig. 3D-E). We further determined that whether the  

NCOA4 overexpression could affect levels of ferroptosis and ECM metabolism  

markers. The highly expressed MMP13 and COX2 in cartilage of DMM mice were  

significantly aggravated in AAV-NCOA4-treated mice, however, the expression of  

COL2A1 and GPX4 were further reduced in cartilage of AAV-NCOA4-treated mice  

(Fig. 3F-G).   

  

Additionally, we also detected the alteration of subchondral bone, osteophytes,  

and synovium in four groups. compared with DMM control, AAV9-NCOA4-treated  

mice after DMM surgery developed larger osteophytes with a higher osteophyte score  

(Fig. 4A-E). However, there is no significant alteration of subchondral bone and  

synovitis between AAV-NCOA4-treated group and control group (Fig. S3C-E).  

Collectively, these results indicate that NCOA4 overexpression in cartilage  

accelerates cartilage degeneration and osteophyte formation in mice with post- 

traumatic OA.  
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Fig. 3. NCOA4 overexpression exaggerated cartilage degeneration in post-traumatic  

OA of mice. Eight-week aged mice were randomly divided in four groups and intra- 

articularly injected AAV9 solution following DMM surgery or sham operation (Sham  

+ AAV9-GFP, n = 8; Sham + AAV9-NCOA4, n = 9; DMM + AAV9-GFP, n = 9;  

DMM + AAV9-NCOA4, n = 8). Eight weeks after DMM surgery, the knee tissues  

were collected and then analyzed. (A) Schematic diagram of animal experiment. (B)  

Representative IHC images of NCOA4-positive chondrocytes in the cartilage of four  
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groups and (C) quantitative analysis. Scale bar: 100 µm. (D) Safranin O/Fast green  

staining of joints from four groups and (E) the OARSI scores. Scale bar: 200 µm. (F)  

Representative IHC images and (G) quantification of COL2A1, MMP13, COX2, and  

GPX4 in chondrocytes of four groups. Scale bar: 100 µm. Data are shown as mean ±  

SD. *P<0.05, **P<0.01, NS means no significance.   

  

Fig. 4. NCOA4 overexpression promoted osteophyte formation in post-traumatic OA  

of mice. (A) Safranin O/Fast green staining of joints from four groups and (B) the  

osteophyte scores. Scale bar: 200 µm. (C) Representative 3D reconstruction images of  

joints, black arrow indicates osteophyte. Scale bar: 1 mm. (D) The transverse  

sectional images of tibial plateau and (E) quantitative analysis of maximum  

osteophyte outgrowth of each sample in four groups, white arrow indicates osteophyte.  

Scale bar: 1 mm. Data are shown as mean ± SD. *P<0.05, **P<0.01, NS means no  

significance.   

  

NCOA4 mediated ferritinophagy to regulate ferroptosis of chondrocytes  
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The current evidence has demonstrated that NCOA4 is a selective cargo receptor  

of ferritinophagy, which is an autophagic process for ferritin degradation[28], and  

contributes to ferroptosis[29]. Therefore, we sought to verify that whether the  

NCOA4-mediated ferritinophagy exists in chondrocytes and involves in chondrocyte  

ferroptosis. The western blot results revealed that FTH1 degradation was remarkedly  

reduced after the knockdown of Ncoa4 in chondrocytes whether exposed to IL-1β or  

not (Fig. 5A-B). To confirm the interaction between NCOA4 and FTH1, we  

performed Co-IP experiment and found that NCOA4 could bind to FTH1 (Fig. 5C).  

To further investigate the occurrence of autophagic influx, chondrocytes were infected  

with a tandem fluorescent-tagged LC3 (RFP-GFP-LC3) adenovirus. More red and  

yellow puncta were observed in chondrocytes stimulated by IL-1β compared with the  

control group, whereas less red and yellow punctas were found in Ncoa4-knockdown  

chondrocytes after IL-1β treatment (Fig. 5D-E), indicating Ncoa4 deficiency partially  

blocked the conversion from autophagosome to autophagolysosomes and limited the  

macroautophagy/autophagy flux. To further confirm whether autophagy level affects  

ferritinophagy in chondrocytes, the classical inhibitor and activator of autophagy, 3- 

MA and Rapa, and the inhibitor of the fusion of autophagosome and lysosomes,  

BafA1, were used. The results showed that 3-MA inhibited NCOA4 expression and  

restored FTH1 expression while rapamycin treatment exerted opposite effects (Fig.  

5F). Additionally, BafA1 treatment promoted LC3 accumulation and simultaneously  

increased protein level of FTH1 in chondrocytes (Fig. 5G). Consistently, IF analysis  

revealed that colocalization of endogenous FTH1 and LC3 was increased in IL-1β- 

treated chondrocytes and further enhanced by BafA1 treatment (Fig. 5H), suggesting  

the ferritinophagy occurs in IL-1β-treated chondrocytes. Next, we performed the  

rescue experiment to confirm essential role of ferritinophagy for ferroptosis. The  
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western blot results showed that knocking down FTH1 partially rescued the  

expression of ferroptosis markers and ECM metabolism markers in Ncoa4-deficiency  

chondrocytes under IL-1β treatment (Fig. 5I-L). These findings indicate that NCOA4  

mediates ferritinophagy and contributes to ferroptosis of chondrocytes.  

 556 
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Fig. 5. NCOA4-mediated ferritinophagy in chondrocyte ferroptosis. (A)  

Chondrocytes were transfected with si-NC or si-Ncoa4 before IL-1β treatment for 48  

h and the FTH1 expression was measured by western blot. (B) The semi-quantitative  

analysis of FTH1 expression. (C) Chondrocytes were treated with IL-1β for 6 h and  

the Co-IP analysis of the binding between NCOA4 and FTH1 was shown. (D, E)  

Chondrocytes were transfected with si-NC or si-Ncoa4 and then transfected with  

mRFP-GFP-LC3 adenovirus following IL-1β treatment for 12 h. The representative  

images of fluorescence were revealed (scale bar: 25 μm) and quantitative analysis of  

red dots (autolysosomes) and yellow dots (autophagosomes) was performed. (F) 3- 

MA and rapamycin were used to respectively treat chondrocytes for 12 h and  

expression of NCOA4 and FTH1 was measured using western blot. Chondrocytes  

were treated with BafA1 or IL-1β or BafA1 + IL-1β, (G) the expression of LC3 and  

FTH1 and (H) their colocalization in chondrocytes were determined by western blot  

and IF (scale bar: 10 μm). Chondrocytes were transfected with si-NC or si-Ncoa4 or  

si-Ncoa4 + si-Fth1 following IL-1β treatment for 48 h, (I, K) FTH1, P53, ACSL4,  

COL2A1 and MMP13 expression were examined by western blot and (J, L) semi- 

quantitative analysis of band density was shown. All bar charts in this figure represent  

the mean ± SD *P<0.05, **P<0.01.  

  

NCOA4 was upregulated in a JNK-JUN signaling-dependent manner  

According to our data that the Ncoa4 expression was significantly enhanced after  

a short-time treatment of IL-1β or TBHP (Fig. 6A), we speculated that upregulated  

expression of NCOA4 during OA development is mainly caused by mRNA synthesis  

of Ncoa4. To clarify the regulatory mechanism for its expression, we firstly used the  

UCSC Genome Browser database, GeneHancer database (embedded in GeneCards),  
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and Cistrome Data Browser database to predict the potential transcription factors (TFs)  

of Ncoa4 (Fig. 6B) and found that JUN is one of the most possible TFs among three  

databases. Of note, JUN is closely associated with oxidative stress and OA  

development[30,31]. To identify whether JUN directly targets the promoter region of  

Ncoa4, we used JASPAR database to predict the potential binding motif, TGACTCA,  

and then conducted ChIP PCR experiment (Fig. 6C). The results revealed that JUN  

can bind to the Ncoa4 promoter at the predictive binding site 1(-893 bp to -887 bp  

from the upstream of transcriptional start site) (Fig. 6D-F). Next, we performed  

western blot to further confirm the impact of JUN on the expression of NCOA4. The  

data showed that the expression of NCOA4 was repressed by the knockdown of JUN  

in IL-1β-stimulated chondrocytes (Fig. 6F-G). To identify whether JUN mediates  

downstream cellular events including ferroptosis and ECM degradation via  

upregulation of NCOA4, we conducted western blot and observed that JUN  

deficiency notably inhibited ACSL4, P53, and MMP13 expression and promoted  

protein expression of GPX4 and COL2A1 (Fig. 6H-I). Interestingly, overexpression  

of NCOA4 significantly promoted the degradation of FTH1 and reversed the above  

effects (Fig. 6J-K). It has been reported that the activity of JUN is mainly regulated by  

JNK[32], and multiple compounds can specifically target JNK[33]. Hence, we further  

explored that whether targeting JNK-JUN axis could protect against chondrocyte  

ferroptosis and OA pathogenesis. SP600125, a novel and selective JNK inhibitor that  

can substantially suppress activity of JUN[34], was applied in our study. Notably,  

inhibition of JNK with SP600125 repressed activity of JUN, expression of NCOA4,  

degradation of FTH1, and further attenuated ferroptosis process and ECM degradation  

in chondrocytes (Fig. 6L-P). To demonstrated the essential role of NCOA4 in the  

effect of SP600125, we performed the rescue experiment and found that  
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overexpression of NCOA4 significantly suppressed SP600125’ effect in IL-1β- 

stimulated chondrocytes, as evidenced by downregulated expression of FTH1,  

COL2A1, and GPX4 (Fig. 6Q-R). Collectively, these results demonstrates that  

NCOA4 is upregulated in a JNK-JUN signaling-dependent manner during OA  

development.   

  

Fig. 6. The regulatory mechanism for NCOA4 expression and the role of JNK-JUN- 
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NCOA4 axis in chondrocyte ferroptosis. (A) the mRNA levels of Ncoa4 in  

chondrocytes treated with IL-1β or TBHP. (B) Transcription factor, JUN, was  

screened out by using UCSC Genome Browser database, GeneHancer database  

(embedded in GeneCards), and Cistrome Data Browser. (C) Predicative binding motif  

of JUN in promoter of Ncoa4 by using JASPAR database. (D) Schematic of the  

predictive binding site of JUN at the promoter. (E) Chondrocytes were exposed to IL- 

1β for 30 min and the ChIP assay was conducted. JUN binding to promoter of Ncoa4  

was determined by PCR. JUN antibody was used for immunoprecipitation with  

normal IgG as the negative control and input as loading control. (F, H, I) Western blot  

results of JUN, NCOA4, ACSL4, P53, GPX4, COL2A1 and MMP3 expression in  

chondrocytes transfected with NC siRNA or JUN siRNA following IL-1β induction  

for 48 h and (G) semi-quantitative analysis of JUN and NCOA4 expression.  

Chondrocytes were divided into NC + OE-NC (overexpression-NC plasmid) + IL-1β  

group, JUN siRNA + OE-NC + IL-1β group and JUN siRNA + OE-NCOA4  

(overexpression-Ncoa4 plasmid) + IL-1β group according to the treatment, (J)  

western blot results of FTH1, COL2A1, ACSL4 and GPX4 expression and (K) semi- 

quantitative analysis of the band density. (L) Western blot results of phosphorylation  

of JNK and JUN in chondrocytes treated with SP600125 (5 and10 µM) following IL- 

1β induction for 30 min. (M-O) Western blot results of NCOA4, FTH1, COX2, P53,  

GPX4, COL2A1 and MMP3 in chondrocytes treated with SP600125 (5 and10 µM)  

following IL-1β induction for 48 h. (P) IF images of GPX4 in chondrocytes treated  

with SP600125 (5 µM) following IL-1β induction. (Q) Chondrocytes were treated as  

the indicated and divided into OE-NC + IL-1β, SP600125 + OE-NC + IL-1β, and  

SP600125 + OE-NCOA4 + IL-1β groups. FTH1, COL2A1 and GPX4 expression  

were determined by western blot and semi-quantitative analysis was shown in (R). All  
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bar charts in this figure represent the mean ± SD *P<0.05, **P<0.01.  

  

Administration of SP600125 attenuated post-traumatic OA via NCOA4  

Based on the above finding, we applied SP600125 to further illustrate the  

therapeutic effects of targeting JNK-JUN-NCOA4 axis on OA progression. DMM  

surgery was performed on the knee of male mice to establish the post-traumatic OA  

model. To avoid possible system effect caused by SP600125, we chose a local  

administration of SP600125 by the intra-articular injection. A week after DMM  

surgery, SP600125 or vehicle solution was injected into articular cavity once a week  

in an 8-week period (Fig. 7A). The IHC results exhibited less NCOA4-positive  

chondrocytes in cartilage of DMM mice injected with SP600125 compared with  

DMM mice (Fig. 7B-C), indicating inhibitory effect of SP600125 on NCOA4  

expression. Furthermore, Safranin O/Fast green staining showed that the  

administration of SP600125 (1 mg/kg) led to the significant attenuation of cartilage  

erosion, validated by a lower OARSI score compared with DMM mice (Fig. 7D-E).  

Consistently, increased protein levels of MMP13 and COX2, together with reduced  

expression of GPX4 in cartilage of DMM mice, were greatly repressed by SP600125  

treatment (Fig. 7F-G). In addition, subchondral bone and osteophyte formation in  

these groups were observed and the results showed that osteophyte size was markedly  

reduced by SP600125 treatment, revealed by a lower osteophyte score as well as a  

shorter osteophyte outgrowth, compared with that of DMM-surgery group (Fig. 7H– 

L). However, no significant alteration on subchondral bone mass and synovial  

inflammation was observed between DMM mice and SP600125-treated DMM mice  

(Fig. S4A-C). Importantly, AAV9-NCOA4 injection partially accelerated the cartilage  

degeneration with a higher OARSI score compared with that of SP600125 treatment  
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group. In addition, AAV9-NCOA4 injection caused higher expression of NCOA4, 664 

MMP13, and COX2, lower expression of GPX4 and COL2A1 in cartilage compared 665 

with that of SP600125 treatment group (Fig. 7B-G). Besides, the effect of SP600125 666 

on osteophyte formation in DMM mice were abrogated by the injection of AAV9-667 

NCOA4 (Fig. 7H-L). Together, these data demonstrates that the administration of 668 

SP600125 could attenuate cartilage degeneration and osteophyte formation in post-669 

traumatic OA mice by inhibiting NCOA4. 670 
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 671 

Fig. 7. SP600125 administration alleviated post-traumatic OA of mice via NCOA4. 672 

Eight-week aged mice were randomly divided in three groups and intra-articularly 673 

injected AAV9 solution followed by DMM surgery with or without SP600125 674 

treatment (DMM + AAV9-GFP, n = 6; DMM + AAV9-GFP + SP600125, n = 6; DMM 675 

+ AAV9-NCOA4 + SP600125, n = 5). SP600125 (1 mg/kg) solution was intra-676 

articularly injected once per week. Eight weeks after DMM surgery, the knee tissues 677 
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were collected and then analyzed. (A) Schematic diagram of animal experiment. (B) 678 

Representative IHC images of NCOA4-positive chondrocytes in the cartilage of three 679 

groups and (C) quantitative analysis. Scale bar: 100 µm. (D) Safranin O/Fast green 680 

staining of joints from three groups and (E) the OARSI scores. Scale bar: 200 µm. (F) 681 

Representative IHC images and (G) quantification of COL2A1, MMP13, COX2, and 682 

GPX4 in chondrocytes of three groups. Scale bar: 100 µm. (H) Safranin O/Fast green 683 

staining of joints from three groups and (K) the osteophyte scores. Scale bar: 200 µm. 684 

(I) Representative 3D reconstruction images of joints, black arrow indicates 685 

osteophyte, yellow arrow indicates heterotopic ossification. Scale bar: 1 mm. (J) The 686 

transverse sectional images of tibial plateau and (L) quantitative analysis of maximum 687 

osteophyte outgrowth of each sample in three groups, white arrow indicates 688 

osteophyte. Scale bar: 1 mm. (M) The graphic illustration for role of JNK-JUN-689 

NCOA4 axis and ferritinophagy in chondrocyte ferroptosis and OA pathogenesis. 690 

Data are shown as mean ± SD. *P<0.05, **P<0.01, NS means no significance. 691 

 692 

Discussion 693 

The imbalance of iron homeostasis is involved in multiple ageing related diseases 694 

while its role in OA development is largely unknown. Our previous studies focus on 695 

inflammatory mediators and iron homeostasis in OA pathogenesis[13,35]. Thus, we 696 

sought to find out a bond between these two critical pathologic factors in this study. 697 

We identified NCOA4 as a bridge connecting inflammatory mediator and chondrocyte 698 

ferroptosis in OA pathogenesis. IL-1β could upregulate NCOA4 in a JNK-JUN-699 

dependent manner and thereby promote NCOA4-mediated ferritinophagy. Autophagy-700 

mediate FTH1 degradation releases excessive iron ions, which causes lipid 701 

peroxidation and ECM degradation, eventually resulting in chondrocyte ferroptosis 702 
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and cartilage degeneration. Therefore, maintaining cellular iron levels by inhibition of 703 

JNK-CJUN-NCOA4 axis may be a novel therapeutic strategy for OA (Fig. 7M).  704 

 705 

NCOA4 has emerged as a selective cargo receptor for ferritinophagy that 706 

mediates autophagic degradation of ferritin[28] and ferritinophagy has recently been 707 

identified as a vital mechanism for regulating iron-dependent ferroptosis[29].  Yoshida 708 

and his collogues have demonstrated that NCOA4-mediated ferritinophagy is initiated 709 

in bronchial epithelial cells in response to cigarette smoke exposure and involved in 710 

chronic obstructive pulmonary disease pathogenesis[17]. However, its role in 711 

chondrocyte ferroptosis and OA pathogenesis has not been illustrated. In our study, 712 

NCOA4 was remarkedly upregulated in OA chondrocytes. Additionally, it was 713 

confirmed that NCOA4-mediated ferritinophagy existed in chondrocyte and 714 

contributed to chondrocyte ferroptosis. One of important finding in this study is that 715 

NCOA4 deficiency could attenuate chondrocyte ferroptosis and ECM degradation 716 

while NCOA4 overexpression exacerbated the development of post-traumatic OA, 717 

which suggests an important role of NCOA4-ferroptosis in OA pathogenesis. 718 

Interestingly, we found that IL-1β increased protein level of FTH1 accompanied with 719 

increased expression of NCOA4. In fact, some studies have shown that inflammation-720 

related mediators, including IL-1β and lipopolysaccharide, could upregulate FTH1 721 

expression[36,37]. Moreover, Ferritin has also been considered as an acute-phase 722 

reactive protein and is over-produced when the infection or inflammation response 723 

occurs in the body[38]. These evidence suggests that Ferritin or FTH1 level is closely 724 

associated with inflammatory mediators and could be regulated by IL-1β. We 725 

speculate that increased level of FTH1 in inflammation condition is a stress 726 

mechanism to mediate iron distribution and protect cells by storing more iron ions. 727 
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Our previous study and other study demonstrate that IL-1β could promote excessive 728 

iron influx in chondrocytes[35,39]. These results indicate that a large amount of iron 729 

ions could be stored in ferritin under the inflammatory condition. In this case, aberrant 730 

expression of NCOA4 would cause severe release of iron ions through the 731 

degradation of excessive FTH1, suggesting NCOA4 may act as a key role in IL-1β-732 

FTH1-ferritinophagy axis in chondrocytes. 733 

 734 

The intracellular abundance of NCOA4 is crucial for degree of ferritinophagy and 735 

ferroptosis. Therefore, it is important to further explore the regulatory mechanism of 736 

NCOA4 expression. Although the previous evidence has shown that NCOA4 737 

expression can be affected by some agents or molecules, such as cigarette smoke[17], 738 

ionizing radiation[40], and TBHP[41], it is far from elucidating regulatory mechanism 739 

of NCOA4 expression. In this study, we found that upregulated expression of NCOA4 740 

in response to pathologic conditions (IL-1β or TBHP) was governed by mRNA 741 

synthesis. To identify direct transcription factor for Ncoa4, we consulted three 742 

databases and screened out JUN as potential transcription factor. Importantly, we 743 

demonstrated the direct binding between transcription factor JUN and the promoter of 744 

Ncoa4. Furthermore, inhibition of JUN-JUN axis suppressed ferritin degradation and 745 

ultimately alleviated chondrocyte ferroptosis and ECM degradation. Of note, we 746 

demonstrated the protective effect of SP600125 against OA progression by the 747 

downregulation of NCOA4. These finding uncovers an indispensable role of JNK-748 

JUN-NCOA4 axis in chondrocyte ferroptosis and OA pathogenesis. Notwithstanding, 749 

there is no specific agent targeting the interaction between NCOA4 and FTH1. The 750 

development of these agents may provide more precise strategy for OA treatment.  751 

 752 
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In summary, this study reveals an interaction between iron metabolism and 753 

inflammatory factor in OA pathology. NCOA4-mediated ferritinophagy contributed to 754 

chondrocyte ferroptosis and aggravated post-traumatic OA. In addition, JNK-JUN 755 

axis directly regulated NCOA4 expression and played an important role in IL-1β-756 

induced chondrocyte ferroptosis and OA pathogenesis. Inhibition of JNK-JUN-757 

NCOA4 axis with SP600125 may be a novel strategy for OA treatment. 758 
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1. NCOA4 was highly expressed in cartilage of patients with OA, aged mice, post-

traumatic OA mice, and inflammatory chondrocytes. 

 

2. NCOA4-mediated ferritinophagy contributed to chondrocyte ferroptosis and 

aggravated post-traumatic OA. 

 

3. JNK-JUN axis directly regulated NCOA4 expression and played an important role 

in IL-1β-induced chondrocyte ferroptosis and OA pathogenesis. 

 

4. Inhibition of JNK-JUN-NCOA4 axis with SP600125 protected against post-

traumatic OA, suggesting this axis as a potential target for OA treatment. 

 


