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Abstract: Objective: Osteoarthritis (OA) is the most common degenerative joint disease leading to disability world-
wide. Cellular senescence is considered to be a fundamental pathogenic mechanism in the development of OA 
and has attracted increasing attention. However, regulatory mechanisms underlying chondrocyte senescence in OA 
remain unclear. Methods: Bioinformatic methods were used to screen key genes. Immunohistochemistry and the 
quantitative reverse transcription polymerase chain reaction were used to evaluate gene expression. RNA interven-
tion experiments were performed to explore the functions of key genes. Results: We used 494 aging-associated 
genes provided by the Aging Atlas to identify the co-expression modules associated with age and OA. Thirty age-
associated differentially expressed genes (ASDEGs) were identified. Using cytoHubba in Cytoscape, we identified 
Jun as the hub-ASDEG for OA chondrocytes. We confirmed the downregulation of Jun in OA rats and senescent chon-
drocytes by immunohistochemistry and quantitative reverse transcription polymerase chain reaction, respectively. 
Inhibition of proliferation and accelerated senescence were observed in chondrocytes treated with siRNA against 
Jun. Mechanistically, we observed micronuclei formation and reduced expression of H3K9me3 and heterochroma-
tin protein 1gamma in siRNA-Jun-treated chondrocytes, indicating that destabilization of chromatin occurred during 
this treatment. Conclusion: Jun plays a crucial role in OA development and causes senescence by destabilizing chro-
matin in chondrocytes. These findings provide new insights into OA progression and suggest promising therapeutic 
targets. 

Keywords: Osteoarthritis, senescence, chondrocyte, Jun

Introduction

Osteoarthritis (OA), characterized by articular 
cartilage destruction, synovial inflammation, 
and osteophyte formation, is one of the most 
common degenerative joint diseases [1]. With 
an aging population, the incidence of OA contin-
ues to rise worldwide, affecting almost 40% of 
the population over 70 years of age [2]. OA 
causes severe pain and disability, resulting a 
huge socioeconomic burden and loss of labor. 
However, effective treatments for OA are still 
lacking. Thus, exploring the pathogenesis of OA 
and elucidating therapeutic targets OA has 
become increasingly important.

Senescence is the process by which cells enter 
irreversible growth arrest [3]. Senescent cells 
accumulate with age and have been confirmed 
to be involved in many diseases such as 

Alzheimer’s disease, atherosclerosis, and type 
2 diabetes [4, 5]. Numerous studies have dem-
onstrated that senescent chondrocytes accel-
erate the development of OA by destroying 
extracellular matrix homeostasis [6, 7]. The 
clearance of senescent chondrocytes can 
attenuate the development of OA and create a 
pro-regenerative environment [8]. Thus, uncov-
ering the potential mechanisms underlying 
chondrocyte senescence is vital for OA 
treatment.

Weighted gene co-expression network analysis 
(WGCNA) is a systems biology method used to 
describe the relationship between sets of highly 
correlated genes and clinical traits [9]. WGCNA 
is widely used to define disease-specific gene 
modules in numerous tissues [10, 11]. The 
Aging Atlas database synthesizes large-scale 
gene expression and regulation datasets using 
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various high-throughput omics technologies to 
explore age-related changes in gene expres-
sion [12]. However, to the best of our knowl-
edge, no study has used the Aging Atlas data-
base to explore the underlying mechanisms of 
chondrocyte senescence in OA. 

Altered chromatin structure and function con-
tributes to cellular senescence [13]. Epigene- 
tically, remodeled chromatin induced by his-
tone modifications, histone tail cleavage, and 
exchange of histone variants affects the 
expression of genes associated with prolifera-
tion and longevity [14]. Thus, chromatin stabili-
ty is considered an upstream factor that 
explains senescence.

In this study, we identified aging-associated dif-
ferentially expressed genes (ASDEGs) in OA 
chondrocytes by combining the Aging Atlas 
database with WGCNA. Furthermore, we eluci-
dated the altered expression and function of 
the hub-ASDEG, Jun, in vivo and in vitro. 
Mechanistically, we identified destabilizing 
chromatin as the underlying mechanism by 
which small interfering RNA (siRNA) against Jun 
induces cellular senescence. Our results reveal 
a novel molecule involved in chondrocyte 
senescence and offer a new therapeutic target 
for OA.

Materials and methods

Source of data

The GSE114007 dataset was downloaded from 
the NCBI Gene Expression Omnibus (https://
www.ncbi.nlm.nih.gov/geo/) and consisted of 
RNA sequencing profiles from 18 normal and 
20 OA human knee cartilage tissues. According 
to count-per-million > 1, 12,714 genes were 
included. The Aging Atlas (https://ngdc.cncb.
ac.cn/aging/index) is a curated biomedical 
database comprising a range of aging-related 
multi-omics datasets from which we obtained 
and confirmed 502 aging-related genes [12]. 

WGCNA

The WGCNA was performed according to a pre-
vious report [15]. Briefly, we screened aging-
related genes in GSE11407 and clustered the 
samples to exclude outliers using Pearson’s 
correlation, with R2 = 0.9 set as the screening 
criterion. The soft threshold = 4 was identified 
by constructing Soft Threshold-Scale Free 

Topology Model Fit and the Soft Threshold-
Mean connectivity scatter plots. Subsequently, 
the adjacency matrix was transformed into a 
topological overlap matrix. Modules were iden-
tified using hierarchical clustering (minModule-
Size = 10, mergeCutHeight = 0.15). The eigen-
genes were calculated, and the modules were 
hierarchically clustered. Finally, we performed 
Pearson’s correlation analysis between the 
modules and clinical features (OA, age, and 
sex).

Functional annotation

Genes significantly associated with aging were 
manually annotated according to protein func-
tion using Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) 
enrichment analyses. The “clusterProfiler” 
package in the R program was used to perform 
functional annotation and visualization [16].

Construction of micro(mi)RNA-mRNA and tran-
scription factor (TF)-mRNA networks

The miRNAs and TFs regulating the expression 
of aging-associated genes were predicted by 
the online databases mirWALK (http://mirwalk.
umm.uni-heidelberg.de/) and ChEA3 (https://
maayanlab.cloud/chea3/) [17, 18]. The results 
were visualized using Cytoscape software (ver-
sion 3.8.2).

Protein-protein interaction (PPI) network

The Search Tool for the Retrieval of Interacting 
Genes (version 11.4) database was used to 
construct a PPI network of the screened aging-
associated genes. We visualized the PPI net-
work in the Cytoscape software and screened 
hub genes through the “cytoHubba” plugin.

OA rat model

Ten 8-week-old male Wistar rats were pur-
chased from SiPeiFu Biotechnology (Beijing, 
China). OA was induced via anterior cruciate 
ligament transection (ACLT) [19]. Briefly, the 
rats were anesthetized with 5% isoflurane inha-
lation. Subsequently, the joint cavity was 
opened, and the anterior cruciate ligament was 
removed. Eight weeks after surgery, all rats 
were euthanized by cervical dislocation under 
isoflurane anesthesia and the knee joints were 
collected for further experiments. All experi-
ments involving animals were conducted in 
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accordance with the National Research 
Council’s Guide for the Care and Use of 
Laboratory Animals, and were approved by  
the Laboratory Animal Welfare and Ethics 
Committee of Renmin Hospital of Wuhan 
University (Approval No: 20220103A). 

Histology 

After fixing in 10% neutral-buffered formalin, 
decalcification, and embedding in paraffin, 
knee joints were cut into 6 μm-thick sections 
and stained with hematoxylin and eosin (H&E) 
and safranin-O/Fast Green. Cartilage destruc-
tion was scored using the Osteoarthritis 
Research Society International (OARSI) scoring 
system [20]. Immunohistochemistry was per-
formed using rabbit anti-Jun (1:200, A0246, 
Abclonal, Wuhan, China) according to a previ-
ously described method [21].

Chondrocyte isolation and cultivation 

Primary chondrocytes were extracted from the 
cartilage of 6-day-old rats. Briefly, the cartilage 
tissue was cut into pieces and digested for  
6-8 h with 0.2% collagenase II (GC305014, 
Servicebio, Wuhan, China). The isolated chon-
drocytes were cultured in Dulbecco’s modified 
Eagle’s/F12 medium supplemented with 0.5% 
penicillin/streptomycin (G4003, Servicebio) 
and 10% fetal bovine serum (BS1618-105, 
BioExplorer, Boulder, CO, USA). For replicative 
senescence, chondrocytes were passaged at 
80% confluency; passage numbers > 2 (P2) 
were considered senescent chondrocytes [22]. 
To elicit premature senescence, chondrocytes 
were treated with 200 µM H2O2 (7722-84-1, 
Aladdin, Shanghai, China) for 6 h [22].

β-galactosidase activity

The β-galactosidase activity assay was per-
formed to measure cellular senescence accord-
ing to the manufacturer’s instructions (C0602, 
Beyotime, Shanghai, China). Senescent chon-
drocytes were counted in 3 random fields (10× 
magnification) using an inverted microscope.

Quantitative reverse transcription polymerase 
chain reaction (RT-qPCR)

Total RNA was extracted from cultured chon-
drocytes using a RNAeasy™ Animal RNA 
Isolation Kit with Spin Column (R0024, 
Beyotime). A SweScript RT II First Strand cDNA 
Synthesis Kit (G3333, Servicebio) was used to 
synthesize cDNA. RT-qPCR was performed 

using the Universal Blue SYBR Green qPCR 
master mix (G3326, Servicebio) in the Light 
Cycler® 480 II system (Roche, Basel, Swit- 
zerland) according to the manufacturer’s proto-
col; the primer sequences are shown in Table 
S1. β-Actin was used as the internal control, 
and relative quantification was performed with 
the 2-ΔΔCt method.

RNA interference

siRNA against Jun and the nonsense control 
(NC) were purchased from RiboBio (Guangzhou, 
China) and transfected using Lipofectamine 
2000 (11668030, Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer’s instruc-
tions. The target sequences are listed in Table 
S2.

Cell viability assay

Cell viability was monitored using the Cell 
Counting Kit-8 (CCK8, GK10001, GlpBio, CA, 
USA) assay. Chondrocytes were seeded into 
96-well plates (3000 cells per well) and 10 μL 
CCK8 reagent was added at 0, 24, 48, 72 and 
96 h. Absorption at 450 nm was measured 2 h 
after adding the CCK8 reagent.

Colony formation assay

Chondrocytes were seeded into 6-well plates 
(500 cells/well) and incubated for 7-14 days 
under different treatments until more than 50 
chondrocytes were observed in most colonies. 
The colonies were fixed in 4% paraformalde-
hyde and stained with 0.5% crystal violet for 
counting.

Immunofluorescence

After fixing in 4% paraformaldehyde, permeabi-
lizing with 0.5% Triton X-100 and blocking in 
10% bovine serum albumin, chondrocytes were 
incubated with the primary antibodies anti-
Ki67 (1:200, A11390, Abclonal), heterochro-
matin protein 1gamma (HP1γ) (1:200, A2248, 
Abclonal), and H3K9me3 (1:200, A2360, 
Abclonal) overnight at 4°C. Next, the chondro-
cytes were incubated with fluorescently labeled 
secondary antibodies at room temperature for 
2 hours. 4’,6-Diamidino-2-phenylindole was 
used as the counterstain.

Alcian blue staining 

The chondrocytes were fixed with 4% parafor-
maldehyde and stained with 1% (w/v) Alcian 
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blue (Powerful biology) for 2 h at room 
temperature.

Statistical analysis

All experiments were repeated independently 
three times and the results are presented as 
means ± SD. Student’s t-test (two groups), one-
way analysis of variance (ANOVA) followed by 
Bonferroni’s test (multiple groups), and repeat-
ed measures ANOVA followed by Sidak’s test 
(multiple time points) were used to test for sig-
nificance. P value < 0.05 was considered sig-
nificant. All statistical tests were 2-sided.

Results

WGCNA and identification of the aging-related 
model

A total of 502 reported aging-associated genes 
were downloaded from the Aging Atlas data-
base and matched with 12,714 genes exam-
ined in the GSE114007 dataset. We then used 
the 494 matched aging-associated genes in 
GSE114007 to conduct the WGCNA. The clus-
ter analysis showed that aging-associated 
genes could be used to divide the samples into 

normal and OA clusters (Figure 1A). Based on a 
scale-free R2 = 0.9, we determined the soft-
thresholding power to be 4 at which the net-
work conformed to the power-law distribution 
and was closer to the real biological network 
state (Figure 1B) [10]. As shown in the cluster-
ing dendrograms, seven modules were identi-
fied (Figure 1C). A heatmap of the Topological 
Overlap Matrix was used to illustrate the co-
expression networks (Figure 1D).

We identified the relationship between the co-
expression modules and clinical traits including 
OA, age, and gender. As shown in Figure 2A, the 
brown module showed the strongest correla-
tion with OA (r = 0.9, P = 7e-15) and aging (r = 
0.69, P = 1e-6). The relationship between the 
Module Membership (MM) and Gene Signi- 
ficance (GS) in the brown module is shown in 
Figure 2B. Thus, 57 genes in the brown module 
were selected for the subsequent analysis.

Determination of differentially expressed 
genes (DEGs) and functional annotation

The DEG analysis was performed in GSE114- 
007, and 1288 DEGs were determined with the 
threshold of P.adj ≤ 0.05 and |log2FC| ≥ 1 

Figure 1. Construction of weighted gene co-expression network. A. Cluster analysis based on the aging-associated 
genes. B. Scatter plots of scale independence, mean connectivity and soft threshold. C. Cluster dendrogram of the 
co-expression network modules. D. The heatmap of Topological Overlap Matrix. OA, osteoarthritis.
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(Figure 3A). Next, we matched the 30 DEGs in 
the brown module (Figure 3B; Table S3). The 
heat map shown the expression of 30 ASDEGs 
in the OA and normal groups (Figure 3C).

enrichment analysis suggested that the longev-
ity regulating pathway (hsa04211, P = 1.81e-
12), relaxin signaling pathway (hsa04926, P = 
2.02e-09), and human T-cell leukemia virus 1 

Figure 2. Identification of aging-related model. A. Heatmap of the correlation between modules and OA, age and 
gender. B. Scatterplot of gene significance vs. module membership in the brown module.

Figure 3. Determination of DEGs in the aging-related model. A. Volcano 
plot of DEGs in GSE114007. B. The overlap of genes in the brown module 
and DEGs. C. A heat map shows the expression of the ASDEGs in OA and 
NC groups. DEGs, differentially expressed genes; NC, negative control; OA, 
osteoarthritis.

Next, we conducted GO and 
KEGG enrichment analysis to 
annotate the functions of 
ASDEGs (Figure 4A and 4B).  
For biological processes (BP), 
ASDEGs were mainly involved  
in aging (GO:0007568, P = 
8.69e-10), response to peptide 
hormones (GO:0043434, P = 
1.26e-08), and response to 
starvation (GO:0042594, P = 
1.36e-08). For cellular compo-
nents (CC), ASDEGs were 
enriched in the protein kin- 
ase complex (GO:1902911, P  
= 5.03e-07), serine/threonine 
protein kinase complex (GO: 
1902554, P = 8.08e-06), and 
transferase complex, trans- 
ferring phosphorus-containing 
groups (GO:0061695, P = 
3.45e-05). The top 3 terms of 
molecular function (MF) enri- 
ched by ASDEGs were protein 
serine/threonine kinase inhibi-
tor activity (GO:0030291, P = 
1.90e-05), DNA-binding tran-
scription repressor activity, 
RNA polymerase II-specific (GO: 
0001227, P = 4.17e-05), and 
DNA-binding transcription acti-
vator activity, RNA polymerase 
II-specific (GO:0001228, P = 
6.59e-05). The KEGG pathway 
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infection (hsa05166, P = 6.18e-09) were the 
top 3 significant pathways.

Construction of miRNA-ASDEG and TF-ASDEG 
networks

To identify the potential regulatory molecules of 
ASDEGs, we constructed miRNA-ASDEG and 

TF-ASDEG networks (Figure 5A and 5B). The 
networks revealed that the ASDEGs were mod-
ulated by 53 miRNAs and 30 TFs (mean rank < 
100). In the miRNA-ASDEG network, MAX 
dimerization protein 1 and insulin-like growth 
factor 1 were modulated by 14 miRNAs, and 10 
miRNAs modulated Mix Paired-Like Homeobox 
1 and vascular endothelial growth factor A. In 

Figure 4. Functional annotation of the ASDEGs. The (A) bubble plot and the (B) chord plot of GO and KEGG results. 
ASDEGs, age-associated differentially expressed genes; GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes 
and Genomes.

Figure 5. miRNA-ASDEGs network (A) and TF-ASDEGs network (B). The circular nodes represent the ASDEGs, tri-
angle nodes represent TFs, and V-shaped nodes represent miRNA. miRNA, microRNA; ASDEGs, age-associated 
differentially expressed genes; TF, transcription factor.
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the TF-ASDEG network, JunD, peroxisome pro-
liferation-activated receptor gamma, and Jun 
modulated 22, 22, and 21 ASDEGs, respective-
ly. Concurrently, JUN, FOS, RELA and DNA dam-
age-inducible transcript 3 acted as transcrip-
tion factors that regulated the expression of 
other ASDEGs.

Construction of the PPI network and identifica-
tion of hub-ASDEGs

The PPI network was established using ASDEGs 
and consisted 28 nodes and 92 interactions 
(Figure 6A). Subsequently, we utilized the “cyto-
Hubba” package to identify the hub-ASDEGs. 
Because Jun was among the top three genes in 
eight of the 11 algorithms, we selected it as the 
hub-ASDEG for further validation (Figure 6B).

Jun was down-regulated in the cartilage of OA 
rats and senescent chondrocytes 

To verify the relationship between Jun and OA, 
we established a rat ACLT-induced OA model 
and examined Jun expression in articular carti-
lage. The HE and Safranin O/Fast Green stain-
ing results indicated that ACLT destroyed the 
cartilage surface and reduced the OARSI scores 
(Figure 7A). Immunohistochemistry showed 
that the percentage of Jun-positive cells was 
notably reduced in OA rats (Figure 7B).

Next, chondrocytes were isolated from suckling 
rats and a duplicated senescence model was 
constructed to simulate senescence in an aged 
population. As shown in Figure 7C, P2 chondro-
cytes had a higher percentage of senescent 
cells than primary passage (P0) cells. The 
RT-qPCR results showed that Jun was signifi-
cantly down-regulated in P2 chondrocytes and 
negatively correlated with P16 or P21, the  
main biomarkers of senescence (Figure 7D). 
Additionally, we treated chondrocytes with H2O2 
to construct an oxidative stress-induced senes-
cence model, and the same experiment was 
conducted with similar results (Figure 7E and 
7F). In summary, Jun expression was down-reg-
ulated in OA and senescent chondrocytes.

siRNA against Jun inhibited the proliferation of 
chondrocyte and promoted senescence

To determine the role of Jun in chondrocyte 
senescence, we treated chondrocytes with 
siRNA to suppress Jun mRNA levels (Figure 8A). 
Colony formation and CCK8 showed that the 
siRNA targeting Jun notably inhibited the chon-
drocyte proliferation (Figure 8B and 8C). 
Immunofluorescent staining revealed a lower 
percentage of Ki67-positive cells in the siRNA 
than NC group (Figure 8D). Moreover, chondro-
cytes treated with siRNA targeting Jun showed 
lighter Alcian blue staining (Figure 8E), indicat-
ing a diminished level of extracellular matrix. 

Figure 6. Construction of PPI network and identification of hub-ASDEGs. A. PPI network, blue nodes represent 
down-regulated ASDEGs, and red nodes represent up-regulated ASDEGs. B. The top 5 genes determined by MNC 
algorithm in Cytohubba. PPI, protein-protein interaction; ASDEGs, age-associated differentially expressed genes; 
MNC, maximum neighborhood component.
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Figure 7. Jun was down-regulated in OA rat cartilage and senescent chondrocyte. A. Representative images of HE, Safranin-O/Fast Green staining of Sham and OA 
rat cartilage, and OARSI scores (n = 5). B. Immunohistochemistry staining of Sham and OA rat cartilage, and the percentage of Jun positive cells (n = 5). C and E. 
β-galactosidase activity staining and quantified results of senescent chondrocytes. D and F. qRT-PCR analysis of P16, P21 and Jun in chondrocytes. *, P < 0.05; 
**, P < 0.01; Scale bar: 100 μm. OA, osteoarthritis; HE, hematoxylin and eosin; OARSI, osteoarthritis research society international; qRT-PCR, quantitative reverse 
transcription polymerase chain reaction.
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Subsequently, we analyzed chondrocytes 
senescence in the siNC and siRNA targeting 
Jun groups. Both the β-galactosidase staining 
and RT-qPCR results showed that siRNA  
targeting Jun induced senescence in chondro-
cytes (Figure 8F and 8G). Thus, downregulated 
Jun may be the cause of chondrocytes 
senescence.

SiRNA targeting Jun destabilized chondrocytes 
chromatin

Given that changes in chromatin of senescent 
cells underpins the stability of the senescence 
phenotype, we evaluated the stability of chro-
matin by assessing the expression of HP1γ and 
H3K9me3, biomarkers of chromatin instability 

Figure 8. si-Jun inhibited the proliferation of the chondrocytes and promoted senescence. A. qRT-PCR analysis of Jun 
in chondrocytes exposed to si-Jun and si-NC. B. Colony formation assays in si-Jun and si-NC groups. C. CCK8 assays 
in si-Jun and si-NC groups. D. Representative immunofluorescence images of Ki67, and percentage of positive cells. 
E. Alcian blue staining assays. F. β-galactosidase activity staining and quantified results of senescent chondrocytes. 
G. qRT-PCR analysis of P16 and P21 in chondrocytes. *, P < 0.05; **, P < 0.01; Scale bar: 100 μm. NC, negative 
control; qRT-PCR, quantitative reverse transcription polymerase chain reaction; CCK8, cell counting kit-8; DAPI, 
2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride.
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[23]. The immunofluorescence results showed 
that treatment with siRNA against Jun caused 
the down-regulation of HP1γ and H3K9me3 
(Figure 9A). Notably, siRNA against Jun resulted 
in micronuclei formation in interphase nuclei 
(Figure 9B). Thus, the downregulation of Jun 
induces senescence by destabilizing chromatin 
in chondrocytes.

Discussion

The incidence of OA increases with age, and 
imposes a substantial socioeconomic burden. 
Recently, cellular senescence in OA has attract-
ed increasing research attention. Senescent 
cells, whether chondrocytes or synoviocytes, 
play a crucial role in the disease course or OA. 
However, underlying pathological mechanisms 
and molecular biomarkers remain unclear.

In this study, we sought to identify biomarkers 
of senescent chondrocytes in OA using the 
Aging Atlas database and WGCNA analysis. 
Combining the list of aging-related genes with 
clinical features of patients with OA in 
GSE114007, we screened 30 genes that were 
highly correlated with age and differentially 
expressed between OA and normal tissues. As 
expected, an enrichment analysis showed that 
these genes were mainly involved in aging- and 
longevity-regulating pathways, indicating that 
they were associated with senescence. 
Moreover, the relaxin signaling pathway and 
protein serine/threonine kinase inhibitor activi-
ty have been reported to be related to senes-
cence-associated diseases [24-26]. By con-
structing miRNA-ASDEG and TF-ASDEG net-
work, we confirmed that these ASDEGs were 
extensively regulated by miRNAs and TFs. In 
particular, Jun, Fos, RelA and Ddit3 regulated 
almost all other ASDEGs as TFs, suggesting a 
vital role in OA senescence. We selected Jun as 
the hub-ASDEGs by the cytoHubba package in 
Cytoscape.

Jun is a nuclear phosphoprotein that encodes a 
major component of the activator protein-1 (AP-
1) transcription complex, one of the first mam-
malian transcription factors to be identified 
[27]. Jun can form hetero- or homodimers with 
members of the Jun or Fos family, which are the 
main subunits of AP-1. The Jun dimer binds to 
DNA via the TPA response element and regu-
lates the transcription of target genes. Jun is 
involved in many cellular and physiological pro-
cesses including proliferation, transformation, 

and apoptosis [28]. Recent evidence suggests 
that Jun plays an essential role in cellular 
senescence. For example, Jun inhibits the 
expression and function of the cell cycle regula-
tors, P16 and P21, that are the recognized 
molecular regulators of senescence [29]. 
Furthermore, it has been reported that inhibi-
tion of Jun causes reversible proliferative arrest 
and withdrawal from the cell cycle [30]. Our 
results are consistent with these findings. We 
observed that a siRNA targeting Jun inhibited 
proliferation and promoted the expression of 
P16 and P21 in chondrocytes. Jun has been 
reported to be closely associated with chroma-
tin remodeling [31, 32]. However, chromatin 
accessibility regulated by Jun remains unclear. 
In this work, we observed reduced expression 
of HP1γ and H3K9me3, and the formation  
of micronuclei in chondrocytes treated with 
siRNA against Jun, indicating that knockdown 
of Jun resulted in senescence by destabilizing 
chromatin. 

Jun down-regulation has been confirmed in 
many senescent cell types including fibroblasts, 
bone marrow stromal cells and mesenchymal 
stem cells [33-35]. However, the expression 
and function of Jun/AP-1 in OA remain contro-
versial. Gao et al. demonstrated that AP-1 was 
activated with interleukin (IL)-1β treatment, 
and inhibiting AP-1 could attenuate expression 
of the inflammatory cytokines, IL-6 and IL-8 
[36]. Lee et al. confirmed that IL-1β production 
is elevated by AP-1 [37]. In addition to inflam-
matory cytokines, the activation of Jun regulat-
ed the secretion of matrix-degrading enzymes 
(e.g., matrix metalloproteinases and a disinteg-
rin and metalloproteinase with thrombospon-
din motifs-5) [38, 39]. For most of these inflam-
matory cytokines, induction by AP-1 is essential 
[40]. However, Zenz et al. reported that JunB/
Jun double-mutant mice developed inflamma-
tory infiltrates in the joint regions along with 
bone destruction and periostitis [41]. Thus, Jun 
down-regulation may also contribute to OA. 

Despite the lack of histological evidence, a 
reduced level of Jun has been suggested in 
transcriptomics of OA cartilage and synovium 
[42, 43]. In this study, we confirmed decreased 
Jun protein levels in ACLT-induced OA rats and 
senescent chondrocytes. The ultimate targets 
of Jun depend on the nature of the stimulus 
and proliferative state [44]. Therefore, Jun 
plays an essential role in OA chondrocyte 
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Figure 9. si-Jun destabilize chromatin of chondrocytes. A. Representative immunofluorescence images of HP1γ and H3K9me3, and mean fluorescence intensity. 
Scale bar: 100 μm. B. Representative immunofluorescence images of HP1γ and H3K9me3, and micronuclei formation (write arrows). Scale bar: 20 μm. **, P < 
0.01. NC, negative control; DAPI, 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride.
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senescence. However, the activity and function 
of Jun remain elusive, and its function in OA 
needs to be explored in depth.

This study has some limitations. First, owing to 
the unavailability of human samples, we could 
not assess the expression of Jun in the articu-
lar cartilage of patients with OA. Such data 
would be more convincing and should be 
obtained in the future. In addition, our study 
was mainly conducted at the cellular level, and 
the role of Jun in OA development requires fur-
ther in vivo investigation. The potential mecha-
nisms by which Jun regulates heterochromatin 
production and cellular senescence also 
require further investigation. Finally, Fos, anoth-
er AP-1 subunit, was identified as an ASDEG 
that deserves further attention. 

Conclusions

In summary, we identified Jun as the hub-
ASDEG in OA chondrocytes, and confirmed that 
Jun expression of is reduced in OA rats and 
senescent chondrocytes. Moreover, we showed 
that downregulating Jun inhibits chondrocytes 
proliferation and accelerates senescence by 
destabilizing chromatin. Thus, Jun may serve as 
a novel therapeutic target for the treatment of 
OA.
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Table S1. Primer sequences used in this study
Gene F/R Sequence
β-actin F 5’-TGCTATGTTGCCCTAGACTTCG-3’

R 5’-GTTGGCATAGAGGTCTTTACGG-3’
Jun F 5’-GAACTGCATAGCCAGAATACGCTG-3’

R 5’-GCGCTTTCAAGGTTTTCACTTTTT-3’
P16 F 5’-GAGGACCCCACCACCCTCTC-3’

R 5’-ATACCGCAAATACCGCACGA-3’
P21 F 5’-CTTTCTTTGTGTATTTGCCA-3’

R 5’-AACTCCTGAGCCTGTTTCGT-3’
Abbreviations: F, forward; R, reverse.

Table S2. Primer sequences used in this study
siRNA name Target sequences
si-r-Jun GGCACAGCTTAAACAGAAA
Abbreviations: siRNA, small interfering RNA.

Table S3. The list of age-related genes and ASDEGs
Gene name

Age-related genes VEGFC GRIA2 ARNTL ATP5O AXL BLM FOXL2 BRCA2 C1QA CD9 CEBPA CETP ERCC8 CLU CNR1 CSF2RB 
CTGF CD55 DBN1 DLAT EEF1A1 EEF2 EMD EPS8 ERCC1 ERCC2 ERCC3 ERCC4 ERCC5 ERCC6 ESR1 
EFEMP1 FEN1 FLT1 XRCC6 GCLC GCLM GPX1 GPX4 GRN NR3C1 GSK3A GSR GSS GSTA4 GSTP1 GTF2H2 
H2AFX HTT HELLS NRG1 HIC1 HMGB2 HOXB7 HOXC4 HSF1 HSPA9 HSPD1 IGFBP1 IGFBP2 KCNA3 FADS1 
LRP2 MXD1 MIF MLH1 MMP10 MMP12 MSRA MT1E MT-CO1 NUDT1 MXI1 NFE2L1 NFE2L2 PRDX1 PAPPA 
PCMT1 ARID5A SPRTN SIRT2 RAD27 TMEM67 NLRP3 CISD2 MMP14 BMP2 BMP6 SP1 NOG MVK BMI1 
TCF3 HESX1 CALR BRCA1 ELN HGF HSP90AA1 ITGA2 RET PTEN IL2 IL2RG IL7 IL7R LEP LEPR FBP1 GCK 
GRB2 GSK3B IKBKB PCK1 PDPK1 PPP1CA MAPK3 MAPK8 MAPK9 PTPN1 SHC1 SOCS2 CEBPB MMP1 
MMP3 MMP13 CREBBP ENO1 ENO2 GAPDH HIF1A HK3 TIMP1 VEGFA PLCG2 POU1F1 PTK2 SST SSTR3 
STAT3 STAT5A STAT5B EP300 FOS GH1 GHR GHRH GHRHR JAK2 EGR1 PTK2B PIGF PSAT1 FOXO4 MMP2 
IL2RB IL6ST IL15 TNFRSF11B TNFRSF1B TNFRSF10C PLAUR SERPINB2 RORA RB1 TGFB1 SQSTM1 
CCNA2 CDKN2B MAPK14 E2F1 FOXM1 IL6 CXCL8 MYC NBN ABL1 BUB1B CDK7 HDAC1 HDAC2 PCNA 
PRKDC TFDP1 YWHAZ BUB3 PECAM1 MYLK HMGB1 PRKCD AIFM1 HTRA2 BAK1 LMNA LMNB1 DCTN1 
AARS1 APOE APP IL1A SDHC TNFRSF1A MYD88 NFKB2 NGF NGFR PDGFB PDGFRA PDGFRB ADCY1 
ADCY2 ADCY3 ADCY5 ADCY6 ADCY7 ADCY8 ADCY9 AKT1 AKT2 ATF4 BAX CAMK4 CAT CREB1 ATF2 ATF6B 
EIF4E EIF4EBP1 FOXO1 FOXO3 MTOR HRAS IGF1 IGF1R INS INSR IRS1 NFKB1 NRAS SESN3 IRS4 EIF4E1B 
ADCY4 CREB3L4 EHMT1 CREB3L1 CREB3L3 AKT1S1 SESN2 PIK3CA PIK3CB PIK3CD PIK3R1 PIK3R2 
PPARG PRKAA1 PRKAA2 PRKAB1 PRKAB2 PRKACA PRKACB PRKACG PRKAG1 RELA RHEB RPS6KB1 
RPS6KB2 SOD2 STK11 TP53 TSC1 TSC2 ULK1 KRAS PIK3R3 IRS2 KL ADIPOQ EIF4E2 ATG5 CREB5 ATG13 
RB1CC1 AKT3 CREB3 CAMKK2 PPARGC1A EHMT2 SIRT1 APPL1 SESN1 ADIPOR1 PRKAG2 PRKAG3 RP-
TOR ATG101 CREB3L2 ADIPOR2 PTPN11 CTF1 EPOR IFNB1 TP73 PPM1D CHEK2 CYCS FAS ATM ATR BCL2 
CDK1 CDKN1A CDKN2A IGFBP3 MDM2 SERPINE1 NCOR2 DLL3 PLAU PLCG1 PRKCB PRKCQ RELB CCL4 
CCL13 CCL19 CCL21 CXCL12 SYK MAP3K7 TLR4 TNFAIP3 TRAF1 TRAF2 TRAF3 TRAF6 VCAM1 ZAP70 
TRIM25 IKBKG TNFSF11 TRADD RIPK1 TNFSF14 TNFRSF11A CFLAR BCL10 MAP3K14 TAB1 TNFSF13B 
TAB2 DDX58 CARD10 PIAS4 PIDD1 PARP1 BIRC2 BIRC3 XIAP BCL2A1 BCL2L1 BTK CD14 CD40LG CXCL1 
CXCL2 IL1R1 NFKBIA TIRAP TNFRSF13C EDARADD TICAM1 RICTOR PRKCA TNF WNT2 UBB PTGES FGF23 
RPS6KA5 FGF21 AR AREG BDNF CACNA1A CDC42 DDIT3 EGF EGFR ERBB2 FGF7 FGFR1 FGFR3 HSPA1A 
HSPA1B HSPA8 IGF2 IL1B JUND MAPT MAX MAP3K5 PSEN1 CSNK1E CTNNB1 JUN MMP7 PTGS2 PIN1 
PMCH PML POLA1 POLB POLD1 POLG PON1 PPARA MED1 PROP1 PEX5 PYCR1 RAD51 RAD52 RFC4 RPA1 
S100B CCL1 CCL3 CCL7 CCL20 CXCL6 CXCL5 SLC13A1 SNCG SOD1 TAF1 TBP TERC TERF1 TERF2 TERT 
TFAP2A TIMP2 TOP1 TOP2A TOP2B TP53BP1 TPP2 TRPS1 TXN UBE2I SUMO1 UCHL1 UCP1 UCP2 UCP3 
VCP TRPV1 WRN XPA XRCC5 RAE1 TP63 DGAT1 HDAC3 TOP3B RGN KCNAB3 RECQL4 GDF15 EEF1E1 
CLOCK NCOR1 TRAP1 TOPORS GDF11 COQ7 ZMPSTE24 STUB1 CCL26 RACK1 AGPAT2 SUN1 SIRT3 CBX7 
SIN3A BSCL2 HBP1 CHCHD2 SIRT7 SIRT6 APTX EIF5A2 A2M ADH1B ADH5 AGTR1 ALDH2 ALDH9A1 APEX1 
APOC3 ARHGAP1 

ASDEGs DDIT3 SESN2 JUN GRIA2 CDKN1A VEGFA IRS2 HMGB2 MXI1 MXD1 MMP13 IGFBP3 ULK1 ADCY7 PCK1 
PRKAG2 TNFRSF1B CCNA2 FOS RELA EFEMP1 EGR1 FOXO3 ARID5A CDKN2B MMP2 CTGF ADCY1 IGF1 
SERPINE1 

Abbreviations: ASDEGs, age-associated differentially expressed genes.


