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Abstract. Osteoarthritis (OA) is a common orthopedic disorder with complicated pathological 
mechanisms. This study aimed to uncover a  novel regulatory network related to vir-like m6A 
methyltransferase-associated protein KIAA1429 (also known as VIRMA) and ubiquitin-specific 
protease 3 (USP3) in the progression of OA. An in vitro model of OA was constructed by treating 
chondrocytes (C28/I2) with interleukin-1β (IL-1β). qRT-PCR and Western blot were applied for 
gene and protein expression detection. Cell viability was examined using a CCK-8 assay. Cell death 
was evaluated by flow cytometry following Annexin V/PI staining. Cell senescence was assessed by 
senescence-associated β-galactosidase (SA-β-gal) staining. Ferroptosis-related events were detected 
by commercial kits. The interaction between KIAA1429 and USP3 was confirmed via RNA immu-
noprecipitation assay and dual-luciferase reporter assay. OA mice model was induced by surgical 
destabilization of the medial meniscus (DMM). Results showed that KIAA1429 expression was 
up-regulated in C28/I2 cells after IL-1β exposure. Inhibition of KIAA1429 impeded senescence 
and ferroptosis in IL-1β-treated C28/I2 cells. Mechanistically, KIAA1429 reduced USP3 mRNA 
expression through m6A methylation modification. Moreover, the protective effects of KIAA1429 
knockdown on IL-1β-induced senescence and ferroptosis in C28/I2 cells were rescued by USP3 
downregulation. In vivo, KIAA1429 downregulation suppressed the development of OA in DMM 
mice. These results elucidate that KIAA1429 promotes the senescence and ferroptosis of chondro-
cytes by increasing m6A methylation of USP3 to suppress its stability, thereby contributing to the 
pathogenesis of OA.
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Introduction

Osteoarthritis (OA) is a  degenerative joint disease with 
a  significantly rising incidence and prevalence (Mandl 
2019). OA is accompanied by the pathogenic manifesta-
tions including destruction and loss of articular cartilage, 
further resulting in joint pain and dysfunction (Yao et al. 
2023; Hongyao et al. 2024). Chondrocytes in articular 

cartilage have an essential function in regulating cartilage 
homeostasis (Fujii et al. 2022). Cellular senescence is 
considered to play a pivotal role in cartilage degradation 
and OA pathology (Coryell et al. 2021). OA chondrocytes 
exhibit characteristics of cellular senescence, such as tel-
omere shortening and increased senescence-associated 
β-galactosidase (SA-β-gal) activity (Rim et al. 2020). In 
addition, ferroptosis of normal chondrocytes can accelerate 
the progression of OA and discovering the ferroptosis-
related regulators may contribute to the treatment of OA 
(Liu D et al. 2024). Despite these insights, the molecular 
crosstalk between senescence and ferroptosis in chondro-
cytes remains poorly understood.
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N6-methyladenosine (m6A) is one of the most preva-
lent RNA modifications, with important regulation in the 
onset and progression of OA (Radbakhsh et al. 2025; Yu 
et al. 2025). Vir-like m6A methyltransferase-associated 
protein (KIAA1429, also known as VIRMA) is another key 
component of the m6A methyltransferase complex, playing 
vital biological and pharmacological roles in human dis-
eases (Zhang et al. 2022). A recent study has indicated that 
KIAA1429 facilitates chondrocyte ferroptosis in OA (Liu 
Y et al. 2024). KIAA1429 also hindered collagen synthesis 
and alleviated ultraviolet ray (UVR)-induced photoaging 
via mediating m6A modification of MFAP4 (Liu Y  et al. 
2024). In H2O2-induced premature senescence of human 
embryonic lung f﻿ibroblasts, KIAA1429 was down-regulated 
with potential as an epigenetic biomarker to cell senescence 
and associated diseases (Wu et al. 2022). However, the effect 
of KIAA1429 on chondrocyte senescence in OA remains 
unclear. Ubiquitin-specific protease 3 (USP3) belongs to 
deubiquitinases (DUBs) that can counteract ubiquitination 
to maintain homeostasis (Wang et al. 2024). The recent 
study suggested the protective function of USP3 against 
IL-1β-induced chondrocyte apoptosis in OA (Zhou et al. 
2019). USP3 mRNA has been predicted to contain an m6A 
site; however, the association between KIAA1429 and USP3 
remains unexplored.

This study investigated the hypothesized interaction be-
tween KIAA1429 and USP3, mediated by m6A methylation. 
The primary aim was to elucidate the roles of KIAA1429 
and USP3 in chondrocyte senescence and ferroptosis dur-
ing OA progression, and to identify potential therapeutic 
targets for OA. 

Materials and Methods

Database analysis

Down-regulated and up-regulated genes in cartilage tissues 
from OA patients were predicted by the GSE51588 dataset 
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc  = 
GSE51588).

IL-1β induction and cell transfection

Human chondrocyte cell line C28/I2 (BioVector NTCC Inc., 
Beijing, China) was cultured in a  temperature incubator at 
37°C with 5% CO2. The complete medium for C28/I2 con-
sisted of DMEM, 10% fetal bovine serum, and 1% penicillin-
streptomycin solution. These reagents were derived from Gibco 
(Carlsbad, CA, USA). To construct a cell model of OA, C28/I2 
cells were treated with IL-1β (Sigma, St. Louis, MO, USA) at 
concentrations of 5 ng/ml, 10 ng/ml, or 20 ng/ml for 24 h. 

Small interfering (si) RNAs targeting KIAA1429 
(siKIAA1429) or USP3 (siUSP3), and the non-targeting 
siRNA (siNC) were provided by RIBOBIO (Guangzhou, 
China). In strict accordance with the manufacturer’s speci-
fication, transfection procedures in C28/I2 cells were per-
formed by Lipofectamine™ 3000 Kit (Invitrogen, Carlsbad, 
CA, USA). For cell transfection involving IL-1β treatment, 
the cells were transfected after IL-1β treatment.

Real-time quantitative polymerase chain reaction (RT-qPCR)

QIAzol Lysis Reagent (Qiagen, Hilden, Germany) was uti-
lized for total RNA extraction from cells or tissues. Reverse 
transcription was carried out through QuantiTect Reverse 
Transcription Kit (Qiagen). Then, qPCR was performed by 
SYBR Green Realtime PCR Master Mix (Toyobo, Osaka, 
Japan) using the obtained cDNA and the synthesized primers 
(Table 1). KIAA1429 and USP3 levels were analyzed via the 
2−∆∆Ct method, with GAPDH serving as the internal control.

Western blot

C28/I2 cells were collected and lysed with RIPA buffer 
(Sigma), and then an equal amount of proteins (50 μg) was 
isolated through gel electrophoresis. After proteins were 
transferred to PVDF membranes (Sigma), blocking buffer 
(Beyotime, Shanghai, China) was used to prevent non-spe-
cific protein binding. The primary antibodies were incubated 
overnight at 4°C and the secondary antibody was incubated 
for 1 h at room temperature. After detection using the ECL 
Kit (Beyotime), protein signals were analyzed using ImageJ 
software. All antibodies were listed as below: anti-KIAA1429 
(Proteintech, Wuhan, China; 30166-1-AP), anti-USP3 (Pro-
teintech, 12490-1-AP), anti-p16 (Proteintech, 30519-1-AP), 
anti-p21 (Proteintech, 10355-1-AP), anti-SLC7A11 (Protein-
tech, 26864-1-AP), anti-ACSL4 (Proteintech, 22401-1-AP), 
anti-GAPDH (Abcam, Cambridge, UK; ab9485), and Goat 
Anti-Rabbit IgG H&L (HRP) (Abcam, ab205718). 

Cell counting kit-8 (CCK-8) assay

C28/I2 cells were inoculated into 96-well plates, cultured 
overnight, and then subjected to IL-1β treatment or transfec-

Table 1. Primer sequences used for qPCR

Primers for qPCR (5’–3’)

KIAA1429
F: AAGTGCCCCTGTTTTCGATAG
R: ACCAGACCATCAGTATTCACCT

USP3
F: ATGAATGCCATCCTTCAGTCAC
R: GGTGTGGTATGTCCGCCTT

GAPDH
F: CAAATTCCATGGCACCGTCA
R: GACTCCACGACGTACTCAGC

F, forward; R, reverse.
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tion for 48 h. CCK-8 solution (Sigma) was added to culture 
plates, followed by the examination of the optical density 
(OD) value at 450 nm via a microplate reader.

Flow cytometry

C28/I2 cells were stained with Annexin V-FITC and pro-
pidium iodide (PI) following the instruction of Annexin 
V-FITC Apoptosis Detection Kit (Sigma). Flow cytometric 
analysis was promptly carried out using a FACScan instru-
ment (BD Biosciences, San Diego, CA, USA). Dead cells were 
defined as the summation of late apoptotic cells (Annexin 
V+/PI+) and necrotic cells (Annexin V−/PI+).

SA-β-gal assay

C28/I2 cells were stained using a Senescence β-gal Staining 
Kit (Beyotime). Cells were washed with phosphate buffer 
solution (PBS; Gibco) and fixed with staining fixative solu-
tion at room temperature for 15 min. Then, the cells were 
incubated with staining working solution at 37°C overnight. 
Positive (blue) cells were counted in five randomly selected 
fields of view at 100× magnification.

Ferroptosis-related events

Reactive oxygen species (ROS) level was measured via 
ROS Assay Kit (Beyotime) through a flow cytometer. Glu-
tathione (GSH) level detection was conducted using the 
GSH Assay Kit (Beyotime) and quantified by a microplate 
reader. The operation steps were in accordance with the 
supplied manuals. Fe2+ level was examined by an Iron assay 
kit (Sigma) as required by the manufacturer. Briefly, cells 
were treated with an iron reducer to convert Fe3+ to Fe2+, 
followed by incubation with an iron probe and measure-
ment of the absorbance.

RNA immunoprecipitation (RIP) assay

For m6A-RIP, the m6A methylation RIP Kit (RIBOBIO) 
was used in accordance with the instructions. Briefly, total 
RNA from C28/I2 cells was fragmented and incubated 
with protein A/G magnetic beads conjugated with anti-
m6A or anti-IgG. Then the bound RNA was eluted and 
m6A-modified USP3 mRNA was detected using qPCR. 
For KIAA1429-RIP, Imprint® RNA Immunoprecipitation 
Kit (Sigma) was applied according to the user’s guidance. 
Lysates of C28/I2 cells were incubated with protein A/G 
magnetic beads pre-coated with anti-KIAA1429 or anti-
IgG at 4°C overnight. The beads were washed with PBS 
and treated with proteinase K for 30 min. Then complexes 
were collected and RNA was purified for qPCR detection 
of USP3.

USP3 mRNA stability

USP3 mRNA stability was assessed by treatment with actino-
mycin D. C28/I2 cells were incubated with 2 μg/ml actino-
mycin D (Sigma). These cells were harvested at continuous 
time points (0 h, 4 h, 8 h, and 12 h), and then USP3 mRNA 
expression was quantified using qPCR.

Dual-luciferase reporter assay

The SRAMP database (http://www.cuilab.cn/sramp) was 
used to predict the m6A site in USP3 mRNA. USP3 
sequence containing m6A site (474) and its sequence 
containing the mutated m6A site were inserted into the 
pGL4 vector (Promega, Beijing, China), respectively. The 
obtained wild-type USP3 (WT-USP3) or mutant-type 
USP3 (MUT-USP3) was co-transfected into C28/I2 cells 
with siNC or siKIAA1429. Dual-luciferase Reporter Assay 
System (Promega) was utilized for the examination of rela-
tive luciferase activity.

Animal assay

An OA model was established in 8-week-old C57BL/6 mice 
(SPF Biotech, Beijing, China) by performing Destabiliza-
tion of the Medial Meniscus (DMM) surgery, as previously 
described (Glasson et al. 2007). Adeno-associated virus 
(AAV) is a gene therapy vector enabling long-term protein 
expression, and commonly used in OA animal research 
(Zhou et al. 2025). AAV vector elicits almost no host immune 
response suitable for long-term in vivo research including 
chronic disease model, compared to other models such as 
adenovirus (high inflammatory response), lentivirus (poten-
tial insertion mutation), or non-viral plasmid transfection 
(ephemeral expression efficiency). The mice in the sham 
group suffered from the excision of the skin of the right 
knee joint without damaging the ligaments. After DMM 
operation for one week, AAV-packaged shKIAA1429 (5 μl, 
1×109 PFU) or AAV alone was injected into the knee joint 
once a week. There were 6 mice in each group (the sham, 
the DMM+AAV, or the DMM+AAV-shKIAA1429 group). 
After the third injection, mice were euthanized and knee 
tissues were collected for histological analysis (HE staining 
and Safranin O staining). In addition, cartilage tissues were 
homogenized for ferroptosis detection (ROS, GSH, and Fe2+) 
and Western blot analysis. Ethical approval for the study 
was acquired from the Animal Care Committee of No. 215 
Hospital of Shaanxi Nuclear Industry. Guide for the Care 
and Use of Laboratory Animals was strictly followed in the 
present study. The name of the guidelines followed for the 
welfare of the laboratory animals: The National Institutes 
of Health guide for the care and use of Laboratory animals 
(NIH Publications No. 8023, revised 1978).

http://www.cuilab.cn/sramp
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Statistical analysis

Linear relation between KIAA1429 and USP3 was analyzed 
using Pearson’s correlation coefficient. Distribution normal-
ity was evaluated using Shapiro-Wilk normality test. The 
homogeneity of variance was tested by Levene test. Data were 
obtained from three independent assays, and then revealed 
as mean ± SD. SPSS was utilized for data analysis, and p < 
0.05 represented the significant difference after analysis by 
Student’s t-test (for two groups) or ANOVA followed by 
Tukey’s test (multiple groups).

Results

IL-1β induced KIAA1429 upregulation in C28/I2 cells

To analyze the expression change of KIAA1429 in OA, re-
searchers focused on the online GEO database (GSE51588 
dataset). Analysis revealed dysregulated genes in the 
cartilage tissues of OA patients, with KIAA1429 being 
significantly upregulated (Fig. 1A). The expression value 

of KIAA1429 in OA samples (n = 40) from the GSE51588 
dataset is shown in Figure 1B. To model OA in vitro, 
C28/I2 cells were stimulated with IL-1β. CCK-8 detection 
manifested that cell viability was prominently reduced by 
IL-1β (10 ng/ml or 20 ng/ml) (Fig. 1C). The effect of IL-1β 
on KIAA1429 expression was analyzed using qPCR and 
Western blot. As indicated in Figure 1D and E, KIAA1429 
expression at the mRNA and protein levels was evidently 
increased in the 10 ng/ml and 20 ng/ml IL-1β groups rela-
tive to the 0 ng/ml group. For subsequent experiments, 
a concentration of 10 ng/ml IL-1β was used for treatment. 
These data demonstrate that abnormal upregulation of 
KIAA1429 implies its potential role in OA.

KIAA1429 knockdown attenuated cell senescence in IL-1β-
induced C28/I2 cells

KIAA1429 knockdown was achieved by siKIAA1429 
transfection for the functional analysis of KIAA1429 in 
OA. According to the results of Western blot, KIAA1429 
protein expression was significantly downregulated after 
transfection with siKIAA1429 (Fig. 2A). IL-1β-induced 

Figure 1. IL-1β induced the upregulation of KIAA1429 in C28/I2 cells. A. Volcano plot of dysregulated gene including KIAA1429 
(up-regulated) in OA from GSE51588 dataset. Red, up-regulated; green, down-regulated. B. KIAA1429 expression in cartilage tissues of 
OA patients (n = 40) and normal controls (n = 10) in GSE51588 dataset. C. Cell viability was examined using CCK-8 assay after C28/I2 
cells were treated with IL-1β of 0 ng/ml, 5 ng/ml, 10 ng/ml, or 20 ng/ml. KIAA1429 mRNA (D) and protein (E) detection was performed 
by qPCR and Western blot in C28/I2 cells with IL-1β treatment of 0 ng/ml, 5 ng/ml, 10 ng/ml, or 20 ng/ml. * p < 0.05.
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KIAA1429 protein upregulation was reversely inhibited by 
siKIAA1429 (Fig. 2B). Cell viability was enhanced in the IL-
1β+siKIAA1429 group in comparison with the IL-1β+siNC 

group (Fig. 2C). Flow cytometry showed that IL-1β acceler-
ated cell death, whereas KIAA1429 knockdown attenuated 
IL-1β-induced this effect (Fig. 2D). In the SA-β-gal assay, 

Figure 2. KIAA1429 knockdown attenuated cell senescence in IL-1β-induced C28/I2 cells. A. C28/I2 cells were transfected with siNC or 
siKIAA1429, and then transfection efficiency of siKIAA1429 was assessed by Western blot with GAPDH as the internal control. B–F. C28/I2 
cells were treated with siNC, 10 ng/ml IL-1β+siNC, or IL-1β+siKIAA1429. B. Western blot was conducted for protein analysis of KIAA1429, 
with GAPDH as the internal control. C. CCK-8 was used for examination of cell viability (OD value at 450 nm). D. Flow cytometry was ap-
plied to determine cell death rate. E. SA-β-gal staining was utilized to measure SA-β-gal+ cells to assess cell senescence. Scale bar = 100 μm. F. 
Western blot was used to detect the protein levels of senescence-related markers p16 and p21, with GAPDH as the internal control. * p < 0.05.
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siKIAA1429 treatment reduced SA-β-gal positive cells upon 
IL-1β treatment, which testified that IL-1β-induced cell se-
nescence was blocked following knockdown of KIAA1429 
(Fig. 2E). The proteins associated with cell senescence were 
determined using Western blot. IL-1β treatment largely el-
evated the protein levels of p16 and p21, but these changes 
were abolished with the knockdown of KIAA1429 (Fig. 
2F). Thus, IL-1β-induced cell senescence was prevented by 
KIAA1429 knockdown in C28/I2 cells.

KIAA1429 knockdown suppressed IL-1β-mediated ferroptosis 
in C28/I2 cells

To assess the regulation of KIAA1429 in ferroptosis, a se-
ries of detections were performed after IL-1β induction 
and siKIAA1429 transfection. IL-1β treatment resulted in 
increases of ROS (Fig. 3A) and decreases of GSH levels 
(Fig. 3B), whereas these events were obviously ameliorated 
when KIAA1429 was knocked down. Meanwhile, C28/I2 
cells in the IL-1β+siKIAA1429 group exhibited an inhibi-
tory effect on Fe2+ level, relative to IL-1β-treated C28/I2 
cells without KIAA1429 knockdown (Fig. 3C). In West-
ern blot analysis, SLC7A11 downregulation and ACSL4 
upregulation triggered by IL-1β were distinctly restored 
by downregulation of KIAA1429 (Fig. 3D). Thus, silenc-

ing KIAA1429 repressed ferroptosis in IL-1β-induced 
C28/I2 cells.

KIAA1429 inhibited USP3 mRNA in an m6A-dependent 
manner

Analysis of the GSE51588 dataset identified USP3 as 
a significantly down-regulated gene in OA cartilage tis-
sues (Fig. 4A,B). Pearson’s correlation coefficient analysis 
showed a  negative correlation between KIAA1429 and 
USP3 expression in OA samples from the GSE51588 data-
set (Fig. 4C). Then, the results showed that both the mRNA 
and protein levels of USP3 were lower in the 10 ng/ml and 
20 ng/ml IL-1β groups than those in the 0 ng/ml IL-1β 
group (Fig. 4D,E). Furthermore, siKIAA1429 transfection 
counteracted IL-1β-induced inhibition of the mRNA and 
protein of USP3 (Fig. 4F,G). The RIP assay demonstrated 
that KIAA1429 knockdown reduced m6A-modified 
USP3 mRNA levels in IL-1β-induced C28/I2 cells (Fig. 
4H). Additionally, KIAA1429-RIP results showed that 
the interaction between KIAA1429 protein and USP3 
mRNA was decreased after knockdown of KIAA1429 
in IL-1β-induced C28/I2 cells (Fig. 4I). After actinomy-
cin  D  treatment, KIAA1429 inhibition enhanced USP3 
mRNA stability in IL-1β-treated C28/I2 cells (Fig. 4J). 
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Figure 3. KIAA1429 knockdown suppressed IL-1β-mediated ferroptosis in C28/I2 cells. C28/I2 cells were divided into siNC, 10 ng/ml 
IL-1β+siNC, and IL-1β+siKIAA1429 groups. A. Flow cytometry was performed to detect ROS level. B. GSH level of each group. C. 
Fe2+ level was detected by iron assay kit. D. Ferroptosis-associated markers SLC7A11 and ACSL4 were examined by Western blot, with 
GAPDH as the internal control. * p < 0.05.
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Figure 4. KIAA1429 inhibited USP3 mRNA in an m6A-dependent manner. A. Volcano plot from GSE51588 dataset showed the dys-
regulated gene including USP3 (down-regulated) in OA. Red, up-regulated; green, down-regulated. B. USP3 expression analysis in OA 
cartilage tissues (n = 40) relative to normal controls (n = 10) according to the GSE51588 dataset. C. Linear analysis between KIAA1429 
and USP3 expression was carried out using Pearson’s correlation coefficient. E. USP3 mRNA analysis was conducted through qPCR. 
D. Protein detection was conducted using Western blot (E) after exposure to IL-1β (0 ng/ml, 5 ng/ml, 10 ng/ml, or 20 ng/ml). USP3 
mRNA (F) and protein (G) levels were measured by qPCR and Western blot in the si-NC group, the 10 ng/ml IL-1β+siNC group, and 
the IL-1β+siKIAA1429 group, with GAPDH as the internal control. H. The m6A modification between KIAA1429 and USP3 was veri-
fied via m6A-RIP. Total RNA from C28/I2 cells (in the siNC group, the 10 ng/ml IL-1β+siNC group, or the IL-1β+siKIAA1429 group) 
was fragmented and incubated with anti-IgG or anti-m6A coated with magnetic beads, then USP3 mRNA enrichment was detected. 
I. Interaction between KIAA1429 and USP3 was confirmed using KIAA1429-RIP. USP3 mRNA enrichment was examined after lysing 
C28/I2 cells (in the siNC group, the 10 ng/ml IL-1β+siNC group, or the IL-1β+siKIAA1429 group) were precipitated with anti-IgG or 
anti-KIAA1429 coated magnetic beads. J. USP3 mRNA stability was assessed through qPCR in IL-1β-treated C28/I2 cells after siKIAA1429 
transfection and actinomycin D treatment for 0 h, 4 h, 8 h, or 12 h in IL-1β-treated C28/I2 cells. K. SRAMP database was used to predict 
m6A sites in USP3 mRNA. L. Dual-luciferase reporter assay was performed to validate m6A site between KIAA1429 and USP3. * p < 0.05.
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SRAMP showed that position 474 is an m6A modifica-
tion site in USP3 mRNA with the highest prediction score 
(Fig. 4K). Moreover, the dual-luciferase reporter assay 

indicated that the relative luciferase activity of WT-USP3 
was significantly increased after KIAA1429 knockdown, 
but the luciferase activity of MUT-USP3 was not affected 

Figure 5. KIAA1429/USP3 axis regulated IL-1β-induced cell senescence in C28/I2 cells. A. Knockdown effect of siUSP3 (compared to siNC) was 
assessed using Western blot, with GAPDH as the internal control. B–F. C28/I2 cells were divided into the siNC group, the 10 ng/ml IL-1β+siNC 
group, the IL-1β+siKIAA1429 group, or the IL-1β+siKIAA1429+siUSP3 group. B. USP3 protein examination was conducted by Western blot, 
with GAPDH as the internal control. C. Cell viability detection (OD value of 450 nm) was conducted using CCK-8 assay. D. Cell death analysis 
was conducted by flow cytometry. E. Cell senescence assessment was performed through SA-β-gal staining. Scale bar = 100 μm. F. The protein 
detection of senescence-related markers p16 and p21 was performed by Western blot, with GAPDH as the internal control. * p < 0.05.
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by KIAA1429 silencing (Fig. 4L). Thus, KIAA1429 acted 
as an m6A scaffolding protein to affect USP3 mRNA in 
the OA cell model.

KIAA1429/USP3 axis regulated IL-1β-induced cell senescence 
in C28/I2 cells and primary human chondrocytes

Interaction between KIAA1429 and USP3 in regulating 
IL-1β-induced cell senescence was further explored using 
C28/I2 cells. Firstly, USP3 was knocked down after siUSP3 
transfection according to Western blot results (Fig. 5A). After 
IL-1β treatment, siKIAA1429-induced upregulation of USP3 
was hindered by siUSP3 (Fig. 5B). KIAA1429 knockdown-
induced promoting effect on cell viability (Fig. 5C) and the 
suppressive effect on cell death (Fig. 5D) were attenuated 
following USP3 downregulation in IL-1β-treated chon-
drocytes. In addition, knockdown of both KIAA1429 and 
USP3 increased SA-β-gal positive cells relative to KIAA1429 
knockdown alone after IL-1β stimulation (Fig. 5E). Likewise, 
the inhibition of p16 and p21 protein expression triggered by 
siKIAA1429 in IL-1β-treated C28/I2 cells was reversed when 

USP3 was down-regulated (Fig. 5F). Thus, cell senescence 
induced by IL-1β was relieved by KIAA1429 knockdown by 
increasing USP3 expression.

KIAA1429 silence abated IL-1β-induced ferroptosis by 
upregulating USP3 in C28/I2 cells

The study continued to analyze the regulation of KIAA1429 
and USP3 in IL-1β-induced ferroptosis. After siUSP3 trans-
fection into IL-1β-treated C28/I2 cells, siKIAA1429-medi-
ated ROS level reduction (Fig. 6A) and GSH level increase 
(Fig. 6B) were observed with significant changes. Fe2+ 
level was elevated after co-transfection with siKIAA1429 
and siUSP3 in IL-1β-stimulated C28/I2 cells, in contrast 
to alone siKIAA1429 transfection (Fig. 6C). Through 
Western blot detection, SLC7A11 upregulation and ACSL4 
downregulation caused by KIAA1429 inhibition were also 
found to be restored after knockdown of USP3 under the 
treatment of IL-1β (Fig. 6D). All in all, KIAA1429 silence 
up-regulated USP3 to inhibit ferroptosis in IL-1β-treated 
C28/I2 cells.
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Figure 6. KIAA1429 silence abated IL-1β-induced ferroptosis via upregulating USP3 in C28/I2 cells. C28/I2 cells were divided 
into the siNC group, the 10 ng/ml IL-1β+siNC group, the IL-1β+siKIAA1429 group, and the IL-1β+siKIAA1429+siUSP3 group. 
A. ROS level analysis by flow cytometric method B. GSH level analysis by a commercial kit. C. Fe2+ level detection via iron assay 
kit. D. Expression analysis of ferroptosis-associated markers SLC7A11 and ACSL4 through Western blot, with GAPDH as the 
internal control. * p < 0.05.
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KIAA1429 inhibition prevented the progression of OA in 
DMM mice

OA was induced in mice via destabilization of the DMM 
surgery, and histological analysis was performed using the 
collected knee tissues. The HE staining suggested that chon-
drocyte arrangement in the articular cartilage of DMM mice 
was disordered, whereas the effect was partially mitigated 
by KIAA1429 knockdown (Fig. 7A). Safranin  O  staining 

revealed severe cartilage damage, which was significantly 
improved by KIAA1429 downregulation (Fig. 7B). Western 
blot indicated the increased expression of KIAA1429 and 
reduced expression of USP3 in DMM mice, but these ef-
fects were attenuated after injection with AAV-shKIAA1429 
(Fig. 7C). Cartilage from DMM mice exhibited increased 
ROS and Fe2+ levels, along with decreased GSH levels; how-
ever, knockdown of KIAA1429 significantly mitigated these 
ferroptosis-related changes (Fig. 7D–F). The protein levels 

Figure 7. KIAA1429 inhibition prevented 
the progression of OA in DMM mice. DMM-
operated mice were injected with AAV or 
AAV-shKIAA1429, and mice without DMM 
operation were used as the sham group. A. 
HE staining of knee tissues. B. Safranin 
O  staining of knee tissues. C. KIAA1429 
and USP3 protein levels were determined 
utilizing Western blot. D. ROS level. E. GSH 
level. F. Fe2+ level. G. The protein levels of 
markers related to senescence (p16, p121) 
and ferroptosis (SLC7A11, ACSL4), with 
GAPDH as the internal control. * p < 0.05.
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of p16, p21, and ACSL4 were up-regulated but SLC7A11 
was down-regulated in DMM+AAV group, which was 
overturned by remarkable changes following KIAA1429 
silence (Fig. 7G,H). Taken together, these findings indicate 
that KIAA1429 downregulation suppresses the progression 
of OA in DMM mice.

Discussion

IL-1β has been reported to act as a critical mediator in the ini-
tiation and progression of OA (Liu et al. 2023). OA is primarily 
driven by inflammatory responses that are now recognized as 
central to OA pathophysiology (Knights et al. 2023). In OA 
joints, pro-inflammatory cytokines such as IL-1β are markedly 
upregulated and contribute to ROS production (Wan et al. 
2023). In line with these findings, the study employed IL-1β 
to simulate OA-like conditions in chondrocytes in vitro. The 
observed reduction in cell viability and acceleration of cellu-
lar senescence confirmed the successful induction of an OA 
model, consistent with established methodologies.

Among various post-transcriptional regulators, RNA 
modifications – especially m6A – have garnered increas-
ing attention for their roles in numerous biological pro-
cesses (Wen et al. 2024; Ren et al. 2025). Multiple m6A 
regulators have been implicated in OA pathogenesis. For 
instance, WTAP has been shown to promote chondrocyte 
proliferation and alleviate OA progression (Yang et al. 
2025). METTL3 knockdown ameliorates IL-1β-induced 
chondrocyte injury in OA (Chen et al. 2025). However, the 
role of another m6A regulator, KIAA1429, in OA progres-
sion has not been reported. The current work revealed 
upregulation of KIAA1429 in IL-1β-treated chondrocytes, 
a finding corroborated by analysis of the GSE51588 dataset. 
Functionally, KIAA1429 knockdown enhanced cell viability 
and suppressed cell death in IL-1β-induced chondrocytes, 
suggesting a promotive role in OA progression. 

Cellular senescence has emerged as a critical feature of OA 
cartilage, with studies demonstrating that selective elimina-
tion of senescent chondrocytes alleviates OA in mice (Liu 
et al. 2022). Several biomarkers of cellular senescence have 
been authenticated, including SA-β-gal, p16 and p21 (Huang 
et al. 2022). Notably, KIAA1429 silencing suppressed these 
markers, indicating its involvement in promoting chondro-
cyte senescence. Beyond senescence, ferroptosis – a form of 
regulated cell death driven by iron overload, ROS accumula-
tion, and GSH depletion – has recently been implicated in 
OA (Pang et al. 2024; Wu et al. 2024). Iron is an indispensable 
element for the proper functioning of mammalian cells, 
and its homeostasis is essential for articular cartilage health 
(Sun et al. 2021). Excessive iron can lead to oxidative stress 
injury and ferroptosis of chondrocytes, ultimately trigger-
ing the occurrence of OA (Zhang et al. 2025). During this 

study, data indicated that IL-1β-induced ROS production, 
Fe2+ level increase and GSH reduction were all reversed 
by KIAA1429 knockdown. As the dominating promoter of 
ferroptosis, iron-containing enzyme lipoxygenase depends 
on the activation of ACSL4-related lipid biosynthesis (Chen 
et al. 2021). On the contrary, the selenium-containing 
enzyme GPX4 acts as a main inhibitor of ferroptosis and 
its activity relies on glutathione that is produced through 
cystine-glutamate antiporter SLC7A11 (Chen et al. 2021). 
Herein, silencing of KIAA1429 upregulated SLC7A11 and 
decreased ACSL4 in IL-1β-exposed chondrocytes, suggesting 
that KIAA1429 contributed to chondrocyte ferroptosis in 
an OA cell model. This effect of KIAA1429 on chondrocyte 
ferroptosis is consistent with findings from a previous study 
(Liu D et al. 2024).

USP3, a key deubiquitinase (DUB) involved in ubiquit-
ination regulation, is aberrantly expressed in a wide range 
of diseases and plays specific roles in pathological processes 
(Zhang et al. 2024). Given the predicted m6A binding site 
in USP3 mRNA, the researchers investigated the potential 
interaction between KIAA1429 and USP3. KIAA1429 was 
verified to interact with USP3 and reduce USP3 mRNA 
stability in an m6A-dependent manner. More importantly, 
rescue assays suggested that the effects of KIAA1429 knock-
down on senescence and ferroptosis were attributed to the 
upregulation of USP3. Regarding the regulation of USP fam-
ily members by m6A regulators, METTL3 has been shown 
to mediate the m6A modification of USP15 in hepatocellular 
carcinoma (Fang et al. 2025). In this study, KIAA1429 was 
identified for the first time as a regulator of OA progression 
in vitro by mediating USP3 m6A modification.

The DMM method is commonly used to establish an OA 
animal model (Wang et al. 2019; Guo et al. 2024). Following 
DMM induction, significant senescence and ferroptosis were 
observed, and KIAA1429 knockdown alleviated this damage. 
Thus, KIAA1429 promotes chondrocyte injury in OA, as 
demonstrated in both IL-1β-induced chondrocytes in vitro 
and DMM-induced mice in vivo. Nevertheless, this study 
has some limitations. Rescue experiments involving USP3 
for KIAA1429 are lacking in DMM-induced mice; therefore, 
the KIAA1429/USP3 axis will be investigated in vivo in future 
studies. Furthermore, it is unclear whether downstream sig-
nals are affected by the KIAA1429/USP3 axis in OA. Given the 
regulatory role of USP3 as a DUB, exploring its downstream 
targets may contribute to understanding the molecular mecha-
nism by which the KIAA1429/USP3 axis affects OA.

In conclusion, KIAA1429 reduced USP3 mRNA through 
m6A modification to promote chondrocyte senescence and 
ferroptosis in IL-1β-induced OA. The KIAA1429/USP3 was 
y disclosed for the first time as a regulatory mechanism in 
OA progression. Targeting KIAA1429 to control senescence 
and ferroptosis demonstrates potential for the prevention 
and treatment of OA.
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