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Purpose: Osteoarthritis (OA) is the most common joint disease worldwide and is the primary cause of disability and chronic pain in
older adults.Ferroptosis is a type of programmed cell death characterized by aberrant iron metabolism and reactive oxygen species
accumulation; however, its role in OA is not known.

Methods: To identify ferroptosis markers co-expressed in articular cartilage and synovium samples from patients with OA, in silico analysis
was performed.Signature genes were analyzed and the results were evaluated using a ROC curve prediction model. The biological function,
correlation between Signature genes, immune cell infiltration, and ceRNA network analyses were performed. Signature genes and ferroptosis
phenotypes were verified through in vivo animal experiments and clinical samples. The expression levels of non-coding RNAs in samples from
patients with OA were determined using gRT-PCR. ceRNA network analysis results were confirmed using dual-luciferase assays.

Results: JUN, ATF3, and CDKN1A were identified as OA- and ferroptosis-associated signature genes. GSEA analysis demonstrated an
enrichment of these genes in immune and inflammatory responses, and amino acid metabolism. The CIBERSORT algorithm showed a negative
correlation between T cells and these signature genes in the cartilage, and a positive correlation in the synovium. Moreover, RP5-894D12.5 and
FAMO95B1 regulated the expression of JUN, ATF3, and CDKN1A by competitively binding to miR-1972, miR-665, and miR-181a-2-3p. In
vivo, GPX4 was downregulated in both OA cartilage and synovium; however, GPX4 and GSH were downregulated, while ferrous ions were
upregulated in patient OA cartilage and synovium samples, indicating that ferroptosis was involved in the pathogenesis of OA. Furthermore,
JUN, ATF3, and CDKN1A expression was downregulated in both mouse and human OA synovial and cartilage tissues. gqRT-PCR demon-
strated that miR-1972, RP5-894D12.5, and FAM95B1 were differentially expressed in OA tissues. Targeted interactions between miR-1972
and JUN, and a ceRNA regulatory mechanism between RP5-894D12.5, miR-1972, and JUN were confirmed by dual-luciferase assays.
Conclusion: This study identified JUN, ATF3, and CDKNIA as possible diagnostic biomarkers and therapeutic targets for joint
synovitis and OA. Furthermore, our finding indicated that RP5-894D12.5/miR-1972/JUN was a potential ceRNA regulatory axis in
OA, providing an insight into the connection between ferroptosis and OA.
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Introduction
Osteoarthritis (OA) is a degenerative joint disease that primarily affects elderly individuals and causes articular cartilage

morphology changes, destroys cartilage, and leads to osteophyte formation." It has a high incidence and disability rate and is
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characterized by joint pain, swelling, and stiffness; thus, it exerts a great burden on both individuals and society. By 2021, OA
was estimated to affect approximately 300 million people worldwide,? and it ranked sixth in Asia and eleventh globally in
terms of years of disability.’ Early diagnosis and treatment of OA can effectively improve patients’ quality of life, delay
progression, and reduce the financial burden on patients’ families and national healthcare systems.

OA is a complex disease caused by multiple factors, including aging, obesity, sex, overuse, trauma, joint deformity,
and genetic susceptibility.** The release of proinflammatory cytokines plays a critical role in synovial inflammation and
cartilage matrix destruction, which lead to degradation and destructive responses in articular cartilage, thus contributing
to the progression of OA.® In 2012, Dixon’ reported a new form of programmed cell death called ferroptosis, which is
characterized by abnormal iron metabolism, leading to the inactivation of glutathione peroxidase 4 (GPX4) and the
accumulation of lipid reactive oxygen species (ROS).® Ferroptosis is associated with many diseases, including
Alzheimer’s disease, Parkinson’s disease, renal degeneration, malignancies, cerebral hemorrhage, traumatic brain injury,
ischemia-reperfusion injury, and stroke.” Studies have shown that OA shares some features with ferroptosis, such as
abnormal iron metabolism,'®'" lipid peroxidation and mitochondrial dysfunction.®'*'?

Although research into the relationship between ferroptosis and OA is ongoing, a clear link has been observed.
Ferroptosis triggers synovial inflammation, which activates the body’s nonspecific immunity and releases inflammatory
mediators, such as IL-1p and interleukin-18 (IL-18).'*'®> This exacerbates ferroptosis, thereby creating a vicious cycle.
Therefore, studying the relationship between ferroptosis and synovial inflammation may aid in diagnosing OA at the
early stage and improve the clinical management of patients with this condition.

This study investigated ferroptosis-related biomarkers in OA cartilage and synovium through bioinformatics analysis
and validated the occurrence of ferroptosis in the cartilage and synovium and expression of signature genes in OA mice and
patients. This study aimed to provide valuable information for the diagnosis and evaluation of OA, propose innovative ideas
and methods for its treatment, and offer targeted support and theoretical foundations for the development of new drugs
(Figure 1).

Materials and Methods

Data Source

We used “human” and “osteoarthritis™ as filtering criteria to select five eligible datasets from the GEO database (https:/www.
ncbi.nlm.nih.gov/geo/) as follows: GSE114007, GSE55235, GSE169077, GSE55457, and GSE206848. GSE114007 and
GSES55235 were used as the training set, while GSE169077, GSE55457, and GSE206848 were used as the validation set
(Table 1). Differentially expressed genes (DEGs) in the training set were screened by the R package “limma” using |logFC| > 1

and p-value < 0.05 as screening criteria, and they are displayed by volcano plots.

Ferroptosis-Related DEGs Screening

The ferroptosis inhibitor, suppressor, and marker datasets were downloaded from the FerrDB database (http:/www.
zhounan.org/ferrdb), and the three datasets were merged to obtain ferroptosis-related genes. The ferroptosis-related genes
were intersected with the DEGs from training sets GSE114007 and GSE55235 to obtain ferroptosis-related differentially
expressed genes (FR-DEGs) in the knee cartilage and knee synovium, respectively. We then examined the intersection

between FR-DEGs in knee cartilage and synovium to identify the FR-DEGs co-expressed in both tissues. Heat maps

were used to determine the expression levels.

Correlation Analysis and Enrichment Analysis of FR-DEGs

Correlation analyses among FR-DEGs were performed using the R package ‘“corrplot”. We used the R package
“clusterProfiler” to perform gene ontology (GO) enrichment analysis of FR-DEGs. Kyoto Encyclopedia of Genes and
Genomes (KEGG) signaling pathway analysis and hierarchical clustering Ward D algorithm were used to explore the
signaling pathway expression of FR-DEGs based on the Hiplot Pro platform (https://hiplot.com.cn/).
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Figure | The overall flow chart of this study.

Protein-Protein Interaction(PPl) Network of FR-DEGs

The FR-DEGs were mapped to the STRING database (https://cn.string-db.org/) and screened with medium confidence
(0.4) to construct the PPI network. The PPI network was then imported into Cytoscape (3.91) software and optimized for
display and then clustered using the MCODE plug-in to build functional modules. The CytoHubba plug-in was used to
analyze the nodes in the PPI network and obtain the core target gene network using the MCC topology analysis method.
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Table | OA-Related Dataset from the GEO Database

Dataset ID Platform Type OA Normal Samples Submission Class

GSE| 14007 GPLI1154 GPLI18573 mRNA | 20 18 Cartilage 2018 Train set
GSE55235 GPL96 mRNA 10 10 Synovial 2014

GSE169077 GPL96 mRNA | 6 5 Cartilage 2021 Validation set
GSE55457 GPL96 mRNA 10 10 Synovial 2014

GSE206848 GPL570 mRNA | 7 7 Synovial 2022

Screening of the Signature Genes

Least Absolute Shrinkage Selection Operator (LASSO) regression analysis of the FR-DEGs was performed using the
R package “glmnet”. Ten-fold of cross-validation iterations were conducted to select marker genes from the two training
sets. Based on the cross-validation results, the regularization parameter with the smallest error is chosen as optimal, the
LASSO model is then fitted, and the disease signature genes are identified.

Expression Levels of the Signature Genes and Prediction of OA

Box plots were used to demonstrate and statistically analyze the expression levels of the signature genes in both the
control and disease groups. Receiver operating characteristic (ROC) curve analysis was used to examine the specificity,
accuracy, and area under the curve (AUC) values of the signature genes were obtained. A logistic regression model based
on the signature genes was constructed, and its accuracy was evaluated for OA diagnosis using ROC curves. The
validation sets were used to validate the expression levels of the signature genes and determine their accuracy and
significance in diagnosing OA.

Gene Set Enrichment Analysis

The R package “GSEA” was used for gene set enrichment analysis of the signature genes. The signature genes were
divided into high and low expression groups based on the median expression level of the signature genes in the dataset.
These groups were then used for KEGG enrichment analysis. The signaling pathways enriched in the signature genes at
a p-value of <0.05 were considered significantly enriched.

Immunological Infiltration Analysis

The R package “CIBERSORT” was used to estimate the proportion of infiltrating immune cells in the training dataset.
Subsequently, statistically significant differences were identified within the gene set composed of 22 immune cells at p <
0.05 for subsequent correlation analysis between the signature genes and immune cells.

Construction of ceRNA Network

The miRNAs corresponding to the feature genes were predicted using miRanda, miRDB, and TargetScan software, and
those predicted by all three software programs were included. The miRNAs eligible for inclusion were predicted based
on the spongeScan database, which was used to identify their corresponding IncRNAs, and competing endogenous RNA
(ceRNA) networks of mRNA-miRNA-IncRNA were constructed to explore the intrinsic regulatory mechanisms of the
signature genes.

Construction of OA Mice

Twenty C57BL/6 mice (Sipeifu (Beijing) Biotechnology Co., Ltd., SCXK (Beijing) 2019-0010) at 8 weeks old and
weighing 2042 g were selected. The animals were managed according to SPF level standards (20°C~25°C, 40~50%
humidity, 12 h day and night cycle) and provided ad libitum access to laboratory food and water. The mice were then
randomly divided into control and OA groups, with 10 mice in each group that underwent destabilizing medial meniscal
surgery to prepare the OA mice.'® The mice were euthanized using carbon dioxide 4 weeks post-surgery, after which
their knee joints were fixed with 4% paraformaldehyde. The experimental mice were housed at the Animal Experiment
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Center of Henan University of Chinese Medicine, and all experimental procedures were conducted in accordance with
the ethical standards for experimental animals of Henan University of Chinese Medicine (IACUC-202302028).

Patients
Synovial tissues in the clinical OA group were obtained from six patients who underwent knee arthroscopic synovectomy and
six patients who underwent total knee arthroplasty. Synovial tissue in the clinical control group was obtained from six patients
who underwent arthroscopic surgery due to severe joint trauma, and these patients had no other joint abnormalities or systemic
diseases.'” Cartilage tissues in the clinical OA group were obtained from six patients who underwent total knee arthroplasty.
Cartilage tissue in the clinical control group was obtained from six patients with OA who underwent unicompartmental knee
arthroplasty. Articular cartilage was collected at different stages following the Osteoarthritis Research Society International
and International Cartilage Regeneration and Joint Preservation Society standards.'®

All surgeries were performed at the Henan Provincial Hospital of Traditional Chinese Medicine. OA was diagnosed
based on the 2019 American College of Rheumatology/Arthritis Foundation (ACR/AF) classification criteria. The
protocol was approved by the Ethics Committee of Henan Provincial Hospital of Traditional Chinese Medicine
(No. 1506-01), and all participants provided written informed consent in accordance with the Declaration of Helsinki.
For the experiments, synovial and cartilage tissue samples from each donor were employed in only one experiment, and
at least three donor-derived synovial and cartilage tissues were used for all experiments.

Histological Staining and Morphological Analysis

Knee joint samples from mice in both the control and OA groups were fixed using a 4% paraformaldehyde solution.
Subsequently, decalcification, dehydration, transparency, wax dipping, and embedding were performed to prepare tissue
slices. The sections were examined and stained under a light microscope (Nikon, Eclipse ci). Images were acquired using an
imaging system (Nikon, DS-U3).The knee joint samples were pathologically scored according to the Mankin criteria.'®

Immunohistochemical Detection of Expression Levels of Signature Genes

The knee joint cartilage and synovial tissue sections from mice were dewaxed, hydrated, and washed in PBS, followed by
treatment with H,O, and blocking with goat serum. The sections were incubated overnight at 4°C with primary
antibodies, including JUN (1:200, abcam, ab32385), activating transcription factor 3 (ATF3) (1:300, bioss, bs-0519R)
and cyclin-dependent kinase inhibitor 1A (CDKN1A) (1:200, bioss, bs-0741R). Afterward, they were rewarmed, washed
again with PBS, and incubated with the secondary antibody at room temperature for 2 hours. Development with DAB
and counterstaining with hematoxylin were performed, followed by dehydration, sealing, and observation under
a microscope.

Western Blot

Knee joint cartilage and synovial tissues from mice in both the OA and control groups were washed with PBS, lysed,
ground, and proteins were extracted and quantified on ice. Gel electrophoresis was then performed using the BCA
method. Primary antibody is JUN (1:5000), ATF3 (1:1000), CDKN1A (1:1000), GPX4(1:5000, abcam, ab125066),
GAPDH (abcam, ab8245) is the internal reference. After development with the ECL mixed solution, the experimental
results are presented in the form of strips on the film. The absorbance values of the target bands were analyzed using
Imagel software.

Quantitative Real-Time PCR Assay

Cartilage and synovial tissues obtained from mice and patients were stored at a temperature of —80°C. The cartilage and
synovial tissue samples were ground, and total RNA was extracted by TRIzol™ reagent (Invitrogen, 15596018). The primer
sequences listed in Table S1 should be utilized for the detection of mouse samples and clinical samples. The qRT-PCR
reaction conditions included an initial denaturation at 95°C for 10 min, followed by a denaturation step at 95°C for 10s,
annealing at 60°C for 20s, and extension at 72°C for 15s. The CT values were recorded, and the results were analyzed using
the 27**CT method to obtain the relative expression levels.
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Ferrous Iron and GSH Level Assay

A ferrous iron colorimetric assay kit (Elabscience, E-BC-K773-M) and reduced GSH colorimetric assay kit (Elabscience,
E-BC-K030-M) were used to determine the levels of ferrous ions and glutathione (GSH) in the cartilage and synovial
tissue of the clinical samples. The measurements were performed following the instructions provided with each
respective assay kit.

Dual Luciferase Reporter Gene Assay

Targetscan V8 analysis revealed that miR-1972 targets the JUN 3’UTR. To construct a wild-type dual-luciferase reporter
gene vector, we cloned the JUN 3’UTR sequence into the pmirGLO vector through PCR amplification and digestion with
Nhe I and Sal I endonucleases. A fast site-directed mutagenesis kit was used to construct a mutant dual-luciferase
reporter vector. 293T cells were seeded in culture dishes and cultured until they reached the desired density. The target
293T cells were co-transfected with a miR-1972 mimic, mimic NC, and dual-luciferase reporter gene vector using the
Lipo2000 transfection reagent (Thermo, 11668027). After culturing the transfected cells for 48 h, luciferase detection
was performed using a luciferase detection kit (Promega, E2920) according to the manufacturer’s instructions. Luciferase
detection was performed to analyze the regulatory effect of miR-1972 on JUN expression.

In addition, we designed overexpression vectors for pcDNA3.1-RP5-894D12.5 and pcDNA3.1-FAM95B1. The
pmirGLO-JUN-3> UTR-WT and MUT plasmids were co-transfected into 293T cells with miRNA mimics, mimic NC,
IncRNA overexpression vector or its empty vector pcDNA3.1(+). After culturing the transfected cells for 48 h,
a luciferase detection kit (Promega, E2920) was used according to the manufacturer’s instructions. Luciferase detection
results were examined to analyze the ceRNA regulatory relationships involving miR-1972, JUN, RP5-894D12.5, and
FAMO95BI.

Statistical Analysis

Measurement information were presented as the mean + standard deviation (SD). Student’s ¢-test was used to analyze the
difference between two groups for those with a normal distribution, while the Wilcoxon rank sum test was used for those
with a non-normal distribution. P < 0.05 indicated a statistically significant difference between the two groups.

Results

|dentification of FR-DEGs

A total of 2136 DEGs were found in the GSE114007 dataset, and they included 1067 upregulated and 1069 downregulated genes,
while a total of 846 DEGs were found in the GSES55235 dataset, and they included 452 upregulated and 394 downregulated genes
(Figure 2A and B, Table S2). The ferroptosis-related dataset was downloaded from the FerrDb database, and 281 genes were
included in the suppressor dataset, 298 genes were included in the inhibitor dataset, and 12 genes were included in the marker
dataset. A total of 396 human ferroptosis-related genes were obtained after determining the intersections (Table S3). The
ferroptosis-related genes were intersected with the DEGs analyzed in each of the two datasets to obtain 45 FR-DEGs in the knee
cartilage and 30 FR-DEGs in the knee synovium (Figure 2C and D). After intersecting the FR-DEGs in the knee cartilage and
synovium, we identified 17 FR-DEGs (Figure 2E-G).

Correlation Analysis and Functional Enrichment Analysis of FR-DEGs

Correlation analysis revealed a significant correlation between 17 DEGs related to ferroptosis across the two datasets
(Figure 3A and B). In both datasets, positive correlations were dominant, and synergistic effects promoted or inhibited
the expression of genes associated with ferroptosis. GO enrichment analysis revealed that FR-DGEs were significantly
enriched in cellular responses to reactive oxygen species, oxidative stress, chemical stress, and regulation of adipocyte
differentiation (Figure 3C). KEGG pathway enrichment analysis revealed that FR-DGEs were significantly enriched in
several pathways, including the interleukin-17 (IL-17), hypoxia-inducible factor 1(HIF-1), tumor necrosis factor (TNF),
and forkhead box o (FoxO) signaling pathways (Figure 3D). The clustering tree showed five enriched signaling pathway
clusters: hepatitis human herpes virus infection, oxytocin signaling pathway, FoxO and HIF-1 signaling pathways, C-type
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Figure 2 Identification of FR-DEGs. (A and B) The volcano plot of differentially expressed genes(DEGs) in GSEI 1407 and GSE55235. (C and D) Venn diagram showing the
overlap of genes between DEGs and ferroptosis-related genes in FerrDb database. (E) Venn diagram showing the overlap of co-expressed ferroptosis genes between
GSE| 1407 and GSE55235. (F and G) Clustered heatmap of ferroptosis-related DEGs (FR-DEGs) in GSEI 1407 and GSE55235.
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IL-17 lectin receptor, and AGE-RAGE leishmaniasis diabetic complications. The second and third clusters were
significantly associated with apoptosis and immune inflammatory responses and included pathways such as the FoxO
and HIF-1, IL-17, and TNF signaling pathways, which are closely related to the FR-DEGs in this study (Figure 3E).

Construction of the PPl Network

A PPI network of 17 FR-DEGs was constructed using the STRING database. The network was imported into Cytoscape
software and optimized to produce a final PPI network that contained 14 nodes and 28 edges (Figure 4A and B). The
MCODE plugin identified a major functional module containing JUN, IL6, PTGS2, CDKNI1A, ZFP36, and ATF3
(Figure 4C). In addition, the MCC algorithm identified the top ten core target genes in the network, including IL6,
JUN, ATF3, PTGS2, CDKNI1A, ZFP36, NR4A1, GDF15, CYBB, and KLF2 (Figure 4D).

A Cartilage_PPI B Synovium_PPI

GDF15

DPP4

Mcode Cytohubba
C D
NR4A1
ATF3
\ ZFP36 CDKN1A
COKNAA PTGS2 \
CYBB % PTGS2
GDF15 ATF3
ZFP36 JUN % /
KLF IL6
) / ?\ J _——

1L UN

Figure 4 Construction of the PPl network.(A and B) PPl network for |7 FR-DEGs constructed by Cytoscape, isolated nodes were removed.(C)Module genes identified by
MCODE plugin. (D)The top 10 core target genes identified based on the MCC algorithm in cytohubba plugin. Proteins are represented by nodes, and protein interactions
are represented by edges. Node color indicates gene expression, with Orange for up-regulated and green for down-regulated expression. Node size corresponds to the
degree value, with larger nodes indicating higher degrees.
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Identification of Characterized Genes

LASSO regression analysis was conducted on the two training sets to identify the marker genes. In GSE114007, 10
marker genes (JUN, ATF3, CDKN1A, ARNTL, PLIN2, ZFP36, KIF20A, CYBB, MT1G, and DPP4; Figure 5A) were
identified out of the 17 FR-DEGs, whereas in GSE55235, nine marker genes (ATF3, CDKN1A, KLF2, ARNTL, PLIN2,
JUN, KIF20A, PDK4, and MT1G; Figure 5B) were identified. Subsequently, the target genes identified by the MCODE
plug-in and MCC algorithm intersected with the marker genes obtained by LASSO analysis, resulting in the identification
of three signature genes-JUN, ATF3, and CDKNI1A (Figure 5C).

Validation of the Feature Genes

In the training set, the expression levels of three signature genes (JUN, ATF3, and CDKNI1A) were downregulated in
comparison to the normal group (Figure 6A and B), and the expression levels of the signature genes in the three
validation sets were also consistent with the results in the training set (Figure 6C-E), indicating the potential influence of
the signature genes on the development of OA. Meanwhile, this study assessed the accuracy and diagnostic value of the
signature genes on OA progression. In the GSE114007 dataset, the AUC values were 0.972, 0.994, and 0.975 for the
ROC curves of JUN, ATF3, and CDKNI1A, respectively, and the AUC value was 1 in the constructed logistic regression
model (95% CI: 1.000-1.000) (Figure 7A). In the GSE55235 dataset, the AUC values were 0.990, 0.990 and 1 for the
ROC curves of JUN, ATF3, and CDKNI1A, respectively, and the AUC value for the constructed logistic regression model
was 1 (95% CI: 1.000-1.000) (Figure 7B). Additionally, in the three validation sets, ROC curve analysis and logistic
regression model construction were performed for the signature genes to validate the results of the signature genes in the
training set (Figure 7C-E), indicating that the signature genes JUN, ATF3, and CDKNI1A have good diagnostic value for
the development of OA.

Correlation of the Signature Genes with Immune Cells

This study investigated the dissimilarities in the immune microenvironment between the articular cartilage and synovial
membrane of patients with OA and normal individuals using the CIBERSORT algorithm. Violin plots illustrate the
differences in immune cell expression between articular cartilage and normal cartilage in OA patients as well as between
synovial membrane and normal synovial membrane in OA patients. Higher expression levels of macrophages and lower
expression levels of eosinophils were observed in the disease group compared to the normal group for GSE114007
(Figure 8A). Higher expression levels of mast cells and lower expression of T cells and NK cells were observed in the
disease group compared to the normal group for GSES55235 (Figure 8B).Furthermore, the correlations between signature
genes and immune cells revealed that in the GSE114007 dataset, JUN and CDKNI1A were positively correlated with
monocytes, ATF3 was negatively correlated with B cells and positively correlated with dendritic cells, and CDKN1A was

A B C

GSE114007_Lasso GSES55235 Lasso
10 10 10 10 10 9 9 9 8 7 6 6 6 4 3 9999998888888765433 OA_LASSO Syn_LASSOM

1.5
1.5

CODE

cytoHubba

[0 [0} )
e g ! vo
8Q _g =3 i ¢
> ~ I\ 7
a a i
s . 5
§3 5§
C o c 0!
@ @ | [

= |

o T T T T o T T T T T T T

-8 -6 -4 -2 -7 -6 -5 -4 -3 -2 -1
Log(}) Log(%)

Figure 5 Identification of characterized genes. (A and B) LASSO logistic regression algorithm of FR-DEGs in GSEI 14007 and GSE55235.(C)The intersection of LASSO,
MCODE and cytohubba.
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Figure 6 Differential expression analysis of the characterized genes. Different expression of JUN, ATF3, and CDKNIA in OA and Control samples in the (A and B) train set

and (C-E) external verification set.
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Figure 7 Validation of the characterized genes. The ROC curve and the diagnostic prediction model of JUN, ATF3, and CDKNIA in the (A and B) train set and (C-E)

external verification set.

negatively correlated with T cells (Figure 8C). Such correlations in the GSE55235 dataset revealed that ATF3 was
significantly and negatively correlated with plasma cells while CDKN1A was positively correlated with T cells (Figure 8D).

Gene Set Enrichment Analysis of the Signature Genes

GSEA results indicated that the signature genes present in the cartilage were majorly enriched in immune and
inflammatory responses, including cell adhesion molecules, cytokine receptor interactions, and systemic lupus erythe-
matosus (Figure 9A). The signature genes of the synovial membrane were enriched in several biochemical pathways,
including GSH metabolism, tricarboxylic acid cycle, pantothenate and coenzyme A biosynthesis, and the P53 signaling

pathway (Figure 9B).

Construction of Feature Genes ceRNA Network

The software miRanda, miRDB, and TargetScan predicted that 90 miRNAs corresponded to the three signature genes
(Table S4). The IncRNAs corresponding to the 90 miRNAs were predicted using the spongeScan database (Table S4),
and the mRNA-miRNA-IncRNA ceRNA network was constructed using Cytoscape (Figure 10). miR-1972, miR-665 and
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Figure 8 Immune infiltration analysis and correlation of the signature genes with immune cells. (A and B) Differential analysis of the 22 immune cells between the articular
cartilage and synovial membrane of patients with OA and normal individuals in GSEI 1407 and GSE55235. (C and D) Correlation analysis between the signature genes and
immune cells, red represents positive correlation and blue represents negative correlation,*P<0.05,*P<0.01,***P<0.001.

miR-181a-2-3p in the ceRNA network could both affect the three signature genes separately and competitively bind the
above three miRNAs through FAM95B1 and RP5-894D12.5 in the IncRNAs, thus affecting signature gene expression.

Morphological Observation of Knee Joint Cartilage in OA Mice

Hematoxylin and eosin staining of the sections revealed normal development of the cartilage layer in mice from the
control group. The cartilage exhibited uniform thickness, round chondrocytes, and a regular arrangement. Furthermore,
the tidal lines were clearly visible. The articular cartilage structure of mice in the OA group exhibited disorders, severe
tissue defects, and thinning of the cartilage layer (Figure 11A). The Mankin score in the OA group was higher than that in
the control group (Figure 11B). The results demonstrated that the mice in the OA group developed OA lesions after
destabilizing medial meniscal surgery.

Occurrence of Ferroptosis and Expression of the Signature Genes in OA Mice

The mechanism underlying ferroptosis in OA remains unclear. This study aimed to examine the expression of GPX4 in
the articular cartilage and synovium of animals and clinical patients to verify the occurrence of ferroptosis mediated by
GPX4 in OA. We also performed animal experiments to detect the expression level of the signature genes, which were
screened using bioinformatics, to verify their accuracy and reliability in OA. The WB and qRT-PCR results showed that
the expression levels of GPX4 in the articular cartilage and synovial membrane of OA mice were lower than those in the
normal group, which reflected the occurrence of ferroptosis in OA in the joint and synovial membrane at the same time.
The expression levels of the signature genes JUN, ATF3, and CDKN1A were significantly lower than those in the normal
group (Figure 11C-E). Furthermore, immunohistochemical analysis revealed a downregulation in the expression levels of
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Figure 10 Construction of the feature genes ceRNA network.The network comprises eigengenes, their corresponding miRNAs, and IncRNAs.The red oval represents
three important miRNAs: hsa-miR-1972, hsa-miR-665, and hsa-miR-181a-2-3p, the red square represents two significant IncRNAs: FAM95B| and RP5-894D12.5. Diamond,
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JUN and ATF3 in the cartilage and synovial tissues of OA mice compared to the normal group. Additionally, the
expression level of CDKNI1A was also found to be downregulated in the OA cartilage. (Figure 12A-C). The results
demonstrate the precision and diagnostic significance of this study in screening for signature genes of ferroptosis in OA.
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Figure 11 H&E staining shows that compared with the control group, the knee joint cartilage of mice in the OA group showed significant cartilage degradation(A). Mankin
score in OA group was higher than that in control group(B). The results of Western blot (C) and qRT-PCR (D and E) showed that the expression levels of JUN, ATF3,
CDKNIA and GPX4 in the articular cartilage and synovial membrane of OA mice were lower than those in the normal group, *P<0.05, ***P<0.001.

Assay of IL-13 and TNF-a Levels in the Cartilage and Synovial Tissue of Clinical
Patients

Proinflammatory cytokines, such as IL-1p and TNF-a, are commonly found in the inflammatory environment of OA. To
better differentiate between the clinical OA and control groups, we performed qRT-PCR assays to analyze the gene
expression levels of the inflammatory factors IL-1p and TNF-a in cartilage and synovial tissues. The results indicated
that the clinical OA group exhibited increased expression levels of IL-1p and TNF-a in both the synovial membrane and
cartilage tissue in comparison with that of the clinical control group. These findings suggested that the clinical OA group
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Figure 12 Immunohistochemistry results indicated that the expressions of JUN, ATF3 and CDKNIA were down-regulated in the OA group compared to the control mice.
(A)Representative immunohistochemistry images of JUN, ATF3 and CDKNIA in the control and OA groups. (B and C) Quantitative analysis, *P<0.05, **P<0.01.

experienced inflammatory changes in the synovial membrane and cartilage tissue while the clinical control group did not
exhibit such signs of OA (Figure 13A).

Contents of Ferrous Iron and GSH in OA Cartilage and Synovial Tissue and

Expression of Ferroptosis Signature Genes

After confirming the presence of inflammatory changes in the cartilage and synovial tissue, we analyzed the levels of
ferrous iron and GSH and the expression of signature genes in the clinical tissue samples. Compared to the clinical
control group, the clinical OA group exhibited an increase in ferrous iron content in both the cartilage and synovial tissue
and a decrease in GSH content (Figure 13B). The qRT-PCR results revealed that the expression of JUN, ATF3,
CDKNI1A, and GPX4 in both the synovium and cartilage of the clinical OA group was lower than that of the clinical
control group (Figure 13C). These results provide additional clinical evidence supporting the occurrence of ferroptosis in
both the joints and synovium of patients with OA. Furthermore, the identification of signature genes associated with
ferroptosis were accurate and have diagnostic value.

Targeted Interaction Between miR-1972 and JUN

To further investigate the molecular mechanism of the ceRNA network, we measured the expression levels of RP5-
894D12.5, FAM95B1, miR-665, miR-1972, and miR-181a-2-3p in the synovium and cartilage of clinical samples using
qRT-PCR. The results indicated a downregulation in the expression of RP5-894D12.5 and FAM95BI1 in both the
synovium and cartilage of the clinical OA group compared to the clinical control group (Figure 14A and B). In contrast,
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Figure 13 The qRT-PCR results showed that the expression levels of IL-1 and TNF-a in the articular cartilage and synovium of OA patients were higher than those in the
normal group(A). The results of biochemical testing (B) and qRT-PCR (C) showed that the GSH content in the articular cartilage and synovium of patients with OA was
decreased, while the ferrous ion content increased, as compared to the control group.The expression levels of JUN, ATF3, CDKNIA, and GPX4 were reduced,**P<0.01,
FP<0.001.

the expression of miR-1972 was upregulated in both the synovium and cartilage in the OA group (Figure 14C). No
significant differences were observed in the expression levels of the remaining genes. The predictions of the ceRNA
network and results of the qRT-PCR analysis of ferroptosis signature genes indicated that a competitive binding
relationship occurs among RP5-894D12.5, FAM95B1, miR-1972, and JUN in the context of OA.
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Figure 14 A ceRNA network regulatory mechanism exists between RP5-894D12.5, miR-1972, and JUN. The qRT-PCR results showed that compared with the control
group, there were differences in the expression of FAM95BI, RP5-894D12.5 (A and B), and miR-1972 (C) in the cartilage and synovium of clinical OA patients. (D)
Predicted interaction site between JUN and miR-1972. (E) The relative luciferase activity in 293T cells after co-transfection of miR-1972 mimic, mimic NC with JUN-WT and
JUN-MUT was measured. (F and G) The relative luciferase activity in 293T cells after co-transfection of JUN-WT and MUT plasmids with miR-1972 mimics, mimic NC,
overexpression vectors (RP5-894D12.5, FAM95BI) or empty vector pcDNA3.| (+) was measured. *P<0.05, ***P<0.001, ****P<0.0001.

974 hetps: Journal of Inflammation Research 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Ma et al

To confirm the specific interaction between miR-1972 and JUN, we generated JUN luciferase reporter vectors that
incorporated wild-type or mutant miR-1972 binding sites (Figure 14D). The dual-luciferase reporter gene assay showed
that miR-1972 mimics significantly inhibited the relative luciferase activity of JUN-WT compared to co-transfection with
mimic NC and JUN-WT, mimic NC and JUN-MUT, or miR-1972 mimics and JUN-MUT (Figure 14E). This observation
suggests the presence of a specific targeting interaction between miR-1972 and JUN.

ceRNA Regulation Involving RP5-894D 2.5, miR-1972, and JUN

Following confirmation that miR-1972 targets JUN, we co-transfected JUN-WT and MUT plasmids with miRNA mimics,
mimic NC, IncRNA overexpression vector, or IncRNA empty vector into 293T cells. The results indicated that the regulation
of the target gene JUN 3’UTR by miR-1972 is weakened when transferred into the RP5-894D12.5 overexpression vector
compared to the RP5-894D12.5 empty vector control group (Figure 14F). However, significant differences in the regulation of
the target gene JUN 3’UTR by miR-1972 were not observed after transfer into the FAM95B1 overexpression vector compared
with that observed after transfer into the FAM95B1 empty vector control (Figure 14G). The results revealed that ceRNA
regulation occurred among RP5-894D12.5, miR-1972, and JUN. In summary, the RP5-894D12.5/miR-1972/JUN axis is
a potential ceRNA regulatory axis that may play a key role in the occurrence and progression of OA.

Discussion

Previous studies of OA suggested that cartilage lesions are the main cause of OA. However, recent research has shown
that OA is a multifaceted disease with various causative factors beyond joint wear and tear.”’ Synovial inflammation also
plays an important role in joint deterioration by causing synovial endothelial hyperplasia and inflammatory cell
infiltration, which stimulate the secretion of proinflammatory mediators by the cartilage and synovial cells.”' These
changes contribute to the development of OA. Although synovial inflammation occurs at all stages of OA, further
research is needed to understand the exact mechanism underlying the interaction between these two factors. Studies have
suggested that ferroptosis plays an important role in cartilage degeneration and knee synovitis in patients with OA.*>*
Therefore, further studies on this subject may provide valuable insights into the pathological mechanisms and potential
therapeutic targets of OA. In this study, we aimed to investigate the relationship among cartilage degeneration, joint
synovitis, and ferroptosis in OA and identify potential therapeutic targets for treatment.

24726 this study has two distinct advantages. First, while previous studies have only

Compared with previous studies,
investigated the correlation between synovial or cartilaginous tissue and ferroptosis, this study performed a more
comprehensive analysis by investigating the potential association among all three factors. Second, this study validated
the presence of ferroptosis in OA and the expression of genes characteristic of OA in animals, thereby providing robust
evidence. In this study, 17 disease-associated ferroptosis genes were screened using GEO and ferroptosis databases, and
they were strongly correlated in the training set. GO and KEGG enrichment analyses revealed that these genes were
significantly associated with cellular responses to reactive oxygen species, oxidative stress, adipocyte differentiation, and
several immune and inflammatory pathways, including the IL-17, HIF-1, and TNF pathways.

To identify ferroptosis signature genes specifically linked to OA, we used a combination of the MCODE, cytoHubba, and
LASSO algorithms to identify the JUN, ATF3, and CDKN1A signature genes. Analysis of the differential expression levels in
both the training and validation sets indicated that these genes were underexpressed. Furthermore, ROC curves for the
signature genes demonstrated a promising diagnostic value for OA. The JUN gene encodes c-JUN protein, which can regulate
the expression of proinflammatory factors in cells such as TNF-o and interleukin-1 (IL-1), which affects the synthesis of
proteoglycans.”’ In addition, Wang showed that c-JUN is involved in cellular fever and activation of the NLRP3
inflammasome.”® As a downstream effector of the Jun N-terminal kinase pathway, c-JUN plays an important role in
programmed cell death, including necrosis, ferroptosis, burns, and autophagy.”” Compared with the S73A mutant of the
non-O-glcnac acylated form of JUN, overexpression of JUN-wt can induce the transcription of PSAT1 and CBS, thereby
inhibiting ferroptosis. This suggests that JUN-mediated GSH synthesis via O-glcnac acylation is essential for resistance to
ferroptosis.®® Inducing macrophage M2 polarization mediated by NRF2 can alleviate osteoarthritis, while Zhang’s research
has shown that activating the c-TUN/NRF2-CBS signaling pathway can inhibit ferroptosis.>'~** Therefore, we proposed that
JUN plays an essential role in the progression of OA and knee synovitis. CDKN1A, also known as p2 1 WAF1/Cip1, mediates
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p53-dependent cell cycle arrest following DNA damage, and studies have shown that it responds to oxidative stress by
inhibiting apoptosis.*>* Tarangelo et al showed that p53-mediated CDKNIA expression delays the onset of ferroptosis.>® In
addition, CDKNIA may affect peroxide metabolism via GSH.® The stabilization of p53 and the induction of CDKN1A lead
to the inhibition of ribonucleotide reductase (RNR) subunit expression, protecting intracellular GSH, limiting lipid peroxide
accumulation, and preventing ferroptosis.’” Divya et al found that in the absence of p53, CDKN1A can also inhibit ferroptosis
in cells. This may be related to the fact that CDKN1A’s inhibition of cyclin-dependent kinase (CDK) activity can produce
a variety of effects that affect cell growth.*® Therefore, we hypothesized that in OA and joint synovitis, CDKNIA regulates
ferroptosis through its involvement in both cell cycle processes and peroxide metabolism. ATF3 is a member of the ATF/cyclic
AMP response element-binding protein family of transcription factors,?® and studies have demonstrated that it can directly
affect the transcription of matrix metalloproteinase-13, which promotes collagen type II degradation, thus leading to an
imbalance in cartilage homeostasis and loss of the extracellular matrix (ECM).* In addition, ATF3 is involved in the
regulation of cellular inflammatory, apoptosis, and stress responses.*'** Reports have also indicated that ATF3 is involved
in the regulation of cellular ferroptosis by acting on solute carrier family 7 member 11 (SLC7A11) and regulating systemic
Xcin in a p53-independent manner, thereby affecting intracellular GSH levels. ATF3’s impact on GSH levels heightens the
susceptibility of cells to (1S,3R)-RSL3-induced GPX4 inhibition, effectively regulating the process of ferroptosis.*
Additionally, ATF3 is capable of modulating the expression of GPX4, lowering lipid ROS levels, and bolstering cell viability.
This regulatory mechanism effectively interrupts the downstream signaling pathways associated with ferroptosis.**

In conclusion, our results indicate that JUN, CDKNI1A, and ATF3 play important roles in the interaction among OA,
knee synovitis, and ferroptosis; however, the specific molecular mechanisms involved require further investigation. Our
study investigated the expression levels of JUN, CDKNI1A, ATF3, and GPX4 in the knee cartilage and synovium of both
OA mice and patients with OA. The results demonstrated that OA significantly inhibited the expression of the
aforementioned indicators in both the synovium and cartilage. This finding provides further validation of the accuracy
and reliability of these signature genes. Additionally, we performed tests on the levels of GSH and ferrous iron in clinical
cartilage and synovium samples. Our findings revealed a significant decrease in GSH content and an increase in ferrous
iron content specifically within the samples obtained from the OA group. GPX4 is a GSH-regulated lipid repair enzyme
that inhibits ferroptosis by reducing lipid peroxidation products and ROS accumulation.*> Evidence suggests that the
inhibition of ferroptosis effectively attenuates the progression of OA.*® Furthermore, an abnormal accumulation of iron
has been reported in the cartilage and synovial fluid of patients with OA.*’ This finding provides further evidence of the
occurrence of ferroptosis in both OA and synovitis.

To investigate the correlation between signature genes and immunity, we analyzed the differences in the immune
microenvironment between the articular cartilage and synovium of patients with OA and normal subjects. We found that
CDKN1A was positively correlated with T cells in synovial tissue but negatively correlated with T cells in cartilage tissue. In
the early stages of OA, relevant immune cell infiltration occurs in both the synovium and peripheral blood and contributes to
pathogenesis.**** Chondrocytes exhibit intricate interactions with diverse immune cells.”® Upon cartilage damage, immune
cells infiltrate the affected tissue and release soluble inflammatory factors.>' The results of immune infiltration analysis also
showed that macrophage expression levels were higher in the cartilage’s inflammatory environment. Macrophages are crucial
in preserving the homeostasis of cartilage tissue.’* Injured chondrocytes create a pro-inflammatory microenvironment, driving
macrophage M1 polarization and exacerbating cartilage destruction. Increased expression of type II collagen induces M2
polarization of macrophages, fostering anti-inflammatory responses.>> > Furthermore, the absence of activated T cell nuclear
factors leads to articular chondrocyte dysfunction and OA development.”® The inhibition of neutrophil-released elastase can
retard the progression of OA and cartilage degeneration.>’

Reports have suggested that some non-coding RNAs, including both miRNAs and IncRNAs, may affect OA as well as
knee synovitis.”® Therefore, we established a signature gene ceRNA network. miR-1972, miR-665 and miR-181a-2-3p could
affect both the 3 signature genes separately and through IncRNAs in FAM95B1 and RP5-894D12.5 competitively bound the
above 3 miRNAs, thus affecting the expression of the signature genes. It was shown that miR-665 expression is decreased in
the OA chondrocyte model, while overexpression of miR-665 significantly increased chondrocyte proliferation and alleviated
chondrocyte inflammation, apoptosis and ECM degradation.>® The Wnt signaling pathway influences the progression of OA,

and miR-665 modulates cell proliferation and apoptosis through its impact on the Wnt/B-Catenin signaling pathway.**'
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Blocking miR-1972 expression attenuated the production of synovial invasive vascular opacities in RA."” Furthermore, rho-
associated coiled-coil containing protein kinase 1, targeted by miR-1972, facilitates cartilage tissue development through the
regulation of contraction and aggregation of human mesenchymal stem cells in cartilage induction.’*®* miR-181a-2-3p
inhibits NOX4/p38, thus regulating apoptosis and ROS. Additionally, its exogenous expression inhibits PI3K, which in turn
promotes chondrocyte proliferation.®**> However, studies on miR-181a-2-3p and OA have not yet been reported. Based on
our findings, it is suggested that these non-coding RNAs may be involved in the interaction between OA, knee synovitis and
ferroptosis. The gene expression levels within the ceRNA network were assessed using qRT-PCR, which revealed notable
differences in the expression levels of FAM95B1, RP5-894D12.5, miR-1972, and JUN. Based on ceRNA network predictions,
a ceRNA regulatory mechanism may occur in OA that involves FAM95B1/miR-1972/JUN and RP5-894D12.5/miR-1972/
JUN. Subsequently, we constructed a dual-luciferase reporter gene assay and verified the target interaction between miR-1972
and JUN. The results showed that the RP5-894D12.5/miR-1972/JUN axis may be a potential key ceRNA regulatory axis in
OA; however, the specific molecular mechanism is still unclear. After transfection with the FAM95B1 overexpression vector,
significant differences were not observed in the regulation of miR-1972 on the target gene JUN 3 ‘UTR. Our findings suggest
that the RP5-894D12.5/miR-1972/JUN axis may be involved in the interaction among OA, knee synovitis, and ferroptosis.

This study has several limitations. First, the sample size is small. Second, the results need to be further validated and
analyzed to identify the potential mechanisms of action in both in vivo and in vitro experiments. Third, IHC analysis
failed to detect the expression of CDKNIA in the synovial membrane. We will expand the sample size, optimize
experimental conditions, and explore other validation methods.

Conclusion

This study successfully identified and validated three signature genes, JUN, ATF3, and CDKNI1A, as potential novel
biomarkers for the diagnosis and treatment of OA. Moreover, our study highlights the therapeutic potential of targeting
the RP5-894D12.5/miR-1972/JUN axis for patients with OA. In addition, this research explored the potential association
of ferroptosis with cartilage and synovium in OA. Our future research will focus on regulating the expression of iron
death-related genes to intervene in cartilage degeneration and synovial inflammation as a potential therapeutic approach
for OA.
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