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Abstract

Background: FOSL2 has been linked to inflammation and tissue remodeling, but its role in osteoarthritis (OA) remains unclear. OA is
characterized by progressive cartilage loss and limited regenerative capacity. Methods: FOSL2 expressionwas first measured in cartilage
samples from OA patients undergoing total knee arthroplasty. Bone marrow mesenchymal stem cells (BMSCs) were then induced to
undergo chondrogenic differentiation in vitro. FOSL2 was knocked down or overexpressed, and downstream effects on chondrogenic
and catabolic markers were assessed. CAMK2D was identified as a potential downstream target by RNA sequencing. Finally, FOSL2-
knockdown BMSCs were injected intra-articularly into Sprague-Dawley rats with ACLT-induced OA. Results: FOSL2 was lower in
cartilage-defective areas than in relatively normal cartilage. During BMSC chondrogenic differentiation, FOSL2 was upregulated along
with COLII and SOX9, whereas ADAMTS5, MMP13, and COL10 were downregulated. FOSL2 knockdown impaired chondrogenic
potential. FOSL2 regulated CAMK2D expression. In vivo, FOSL2-knockdown BMSCs exhibited reduced cartilage repair capacity in
rat OA joints. Conclusions: FOSL2 promotes BMSC chondrogenic differentiation through CAMK2D and improves cartilage repair in
OA. FOSL2 represents a potential therapeutic target for OA.
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1. Introduction
Articular chondrocytes (AC) form an extremely tough

tissue that covers the surfaces of bones and plays a crit-
ical role in joint protection [1]. From a biomechanical
perspective, it serves two essential functions: providing a
smooth, lubricated surface for near-frictionless joint move-
ment, and acting as a shock absorber to distribute and trans-
mit mechanical loads to the underlying subchondral bone.
This tissue is a dense connective structure primarily com-
posed of collagen and glycosaminoglycans [2]. Collagen
fibers are oriented perpendicular to the weight-bearing sur-
face and are integrated with a 3D network of highly hy-
drated glycosaminoglycans [3]. These components form
a compressive elastic system with excellent energy dissi-
pation capability [4]. Chondrocyte damage compromises
the structural integrity of healthy articular cartilage. Colla-
gen undergoes abnormal remodeling, and the dynamic bal-
ance of glycosaminoglycans is disrupted. These molecular
and structural alterations result in the collapse of the biome-
chanical properties of cartilage.

Clinically, osteoarthritis (OA) manifests as joint pain,
stiffness, swelling, and dysfunction [5]. As one of the most
common diseases in orthopedics, OA has a high disabil-

ity rate. Currently, the incidence and prevalence of OA
are increasing yearly, especially among the elderly [6,7].
The development of OA is driven by multiple risk fac-
tors, including advanced age, obesity, genetic predisposi-
tion, previous joint trauma, and abnormal mechanical load-
ing. Most patients experience OA in the knee and hip joints,
leading to progressive disability and eventually requiring
joint replacement [8]. Notably, knee OA is now recog-
nized as a whole joint disease, with pathological changes
extending beyond articular cartilage to include subchondral
bone remodeling, synovial inflammation, meniscal degen-
eration, and biomechanical alterations of the infrapatellar
fat pad. The progressive destruction of articular cartilage
represents the central pathological event in OA progression,
characterized by decreased synthesis of cartilage extracel-
lular matrix, upregulated activity of catabolic enzymes, and
chondrocyte hypertrophy, ultimately leading to the loss of
cartilage structural integrity [9,10]. At present, there is
no cure for OA. Patients rely on lifestyle modifications
and pharmacological treatment [11,12,13]. Some medica-
tions, such as glucosamine, chondroitin, acetaminophen,
and celecoxib, can help relieve OA-related pain [14]. How-
ever, these options control symptoms without altering dis-
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ease progression. End-stage OA patients require joint re-
placement surgery [15]. No disease-modifying therapy is
currently available, and strategies to prevent and slow OA
progression are urgently needed.

Mesenchymal stem cells (MSCs), particularly those
derived from bone marrow mesenchymal stem cells (BM-
SCs), possess the potential to differentiate into chondro-
cytes and exhibit anti-inflammatory and immunomodula-
tory properties [16,17]. BMSCs are considered an ideal
MSC source and a promising therapeutic strategy for re-
pairing various damaged tissues, including injured cartilage
[18,19]. Thus, the chondrogenic differentiation of BMSCs
plays an indispensable role in cartilage repair [20,21]. Fur-
thermore, BMSC regeneration has been reported to have
great therapeutic potential in knee OA treatment [22,23,24].
The chondrogenic differentiation of MSCs is crucial for
successful cartilage regeneration, as differentiated chondro-
cytes canmediate stable cartilage formation [25]. However,
this differentiation process rarely occurs spontaneously.
Uncovering the underlying mechanisms driving BMSCs
chondrogenesis is therefore essential for effective OA carti-
lage repair. Therefore, elucidating the key molecular mech-
anisms driving BMSC chondrogenic differentiation is of
great significance for optimizing BMSC-based therapeutic
strategies and achieving effective cartilage repair.

Activator protein 1 (AP-1) is a transcription factor
complexprimarily composed of proteins encoded by early
response genes. This complex responds rapidly to inter-
nal and external stimuli to regulate intracellular transcrip-
tion, thereby coordinating cellular behaviors such as pro-
liferation and differentiation [26]. Notably, AP-1 has been
reported to drive the production of pro-inflammatory cy-
tokines, including IL-1β, which promotes the progression
of OA [27].

Based on amino acid sequence similarity, these tran-
scription factors can be divided into two subfamilies: FOS
and JUN [28]. The FOSL2 gene encodes Fos-related anti-
gen 2 (Fra-2), which is a crucial member of the FOS family
[29]. The Fra-2 protein is a 46 kDa protein homologous to
FosB and Fra-1 [30,31]. Due to its homology and detec-
tion via anti-Fos serum, it was named Fos-related antigen
2 (FOSL2, Fra-2) [30]. FOSL2 plays vital roles in vari-
ous diseases, such as colorectal cancer, myocardial fibro-
sis, and rheumatoid arthritis [32,33,34]. Clinical evidence
has shown that FOSL2 expression is significantly down-
regulated in the synovial tissue of OA patients compared
with healthy controls, suggesting its involvement in OA
pathogenesis [35]. In the pathogenesis and progression of
OA, FOSL2 may play a significant role by modulating joint
cartilage inflammation and bone remodeling. The study
has shown that FOSL2 expression is indirectly regulated
via mmu_circRNA_003795 sponging miR-504-3p, and its
upregulation enhances BMSC proliferation [36]. BMSCs
can differentiate into chondrocytes and fill cartilage defects,
thereby slowing OA progression. In skeletal development,

reduced FOSL2 expression results in abnormally large os-
teoclast formation [37]. Although direct evidence in OA is
still limited, these findings suggest that FOSL2 may con-
tribute to OA pathophysiology by influencing both carti-
lage repair potential and subchondral bone dynamics. This
highlights FOSL2 as a promising candidate for further in-
vestigation as a therapeutic target.

Based on these unresolved questions, the present study
was designed to determine the expression pattern of FOSL2
in OA cartilage and to evaluate its functional involvement
in BMSC chondrogenic differentiation in vitro and in vivo.
FOSL2 expression was first compared between damaged
and relatively normal cartilage from OA patients. The ef-
fects of FOSL2 knockdown and overexpression on BMSC
chondrogenic differentiation were then assessed in vitro.
CAMK2Dwas further identified as a downstream transcrip-
tional target of FOSL2 through RNA sequencing. Finally,
the in vivo reparative capacity of FOSL2-knockdown BM-
SCs was examined in rat models of OA.

2. Materials and Methods
2.1 Cell Source

Primary rat bone marrow mesenchymal stem cells
(Sprague-Dawley rat MSCs) were purchased from Xinrun
Biotechnology Co., Ltd. (PR2075, China). According to
the supplier’s certificate/product information, the cells were
originally obtained from the Cell Bank/Stem Cell Bank,
SIBCB, Chinese Academy of Sciences. All cells were val-
idated by the supplier using immunophenotypic character-
ization of mesenchymal stem cell surface markers, show-
ing positivity for CD29, CD44, and CD90 and negativity
for CD45 and CD117. The cells were supplied at passage
2 and were confirmed to be negative for mycoplasma and
bacterial contamination before use.

These cells were cultured in complete Alpha Mini-
mum Essential Medium (α-MEM; Gibco, Thermo Fisher
Scientific, USA; Cat. No. 12561-056) supplemented with
10% MSC-qualified fetal bovine serum (FBS; Gibco; Cat.
No. 12662-029) and 1% penicillin-streptomycin (Gibco;
Cat. No. 15140-122). The cells were maintained in a
humidified incubator at 37 °C with 5% CO2. The culture
medium was replaced every 2 to 3 days to remove non-
adherent cells and cellular debris. Upon reaching 80 – 90%
confluence, the cells were passaged using 0.25% Trypsin-
EDTA (Gibco; Cat. No. 25200-056). Cells from passages
3 to 5 were utilized for all subsequent experiments.

2.2 Cartilage Sample Collection From the Knee Joint
This study was approved by the Ethics Committee of

the Sixth Affiliated Hospital of Nantong University (Ap-
proval No. Lunshen-2022-102) and conducted in accor-
dance with the Declaration of Helsinki. Written informed
consent was obtained from all participating patients prior
to their inclusion in the study. Articular cartilage was ob-
tained from 24 patients (11 males and 13 females, aged 55–
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85 years) undergoing total knee arthroplasty due to knee
osteoarthritis (OA, Kellgren-Lawrence grade III or IV).
The inclusion criteria were patients diagnosed with pri-
mary knee OA who required total knee arthroplasty. The
exclusion criteria included: (1) secondary OA (e.g., post-
traumatic or rheumatoid arthritis); (2) history of joint infec-
tion, tumors, or severe systemic immune diseases; and (3)
intra-articular injections (e.g., corticosteroids or hyaluronic
acid) within six months prior to surgery. Typically, the me-
dial cartilage of the knee is more severely damaged than
the lateral side. Based on the severity of cartilage erosion,
samples were classified as OA (severely damaged) and rel-
atively normal (RN, less damaged) sides. All cartilage sam-
ples were harvested from the femoral condyle and stored at
–80 °C until use.

2.3 Animal Models

Male SD rats (6–8 weeks old, 300–350 g) were
purchased from SPF Biotechnology Co., Ltd. (Suzhou,
Jiangsu, China). The animals were housed in a Spe-
cific Pathogen-Free (SPF) facility under standard labora-
tory conditions (temperature 22 ± 2 °C, relative humidity 50
± 10%, and a 12 h light/dark cycle) with ad libitum access
to standard rodent chow and water. After one week of ac-
climatization and training, the rats were randomly assigned
into four groups (n = 10 per group): sham, OA, BMSC,
and BMSC+si-FOSL2. Except for the sham group, which
underwent skin incision and suture only, all other groups
received anterior cruciate ligament transection and destabi-
lization of the medial meniscus surgery [38]. Briefly, the
ACL, medial meniscus, and medial meniscotibial ligament
were transected after removing the fat pad. All rats were
anesthetized with isoflurane (induction at 3–5%, mainte-
nance at 1.5–2.5%) with oxygen flow at 1–2 L/min. Once
anesthetized, the right knee was exposed through a me-
dial parapatellar incision. The patella was dislocated later-
ally, and the ACL was fully transected with micro-scissors.
Complete transection was confirmed by a positive anterior
drawer test. If the drawer test result is negative, the model
animals will be excluded and not included in any of the ex-
perimental groups. Partial meniscectomy was performed to
induce joint instability while preserving joint structure.

On day 28 post-surgery, intra-articular injections were
performed weekly for four weeks. The injected cells were
primary BMSCs derived from SD rats. The treatments were
administered as follows: the sham and OA groups received
0.3 mL PBS; the BMSC group received 0.3 mL PBS con-
taining 1 × 106 control BMSCs. BMSC+si-FOSL2 group
received 0.3 mL of FOSL2-knockdown BMSCs at the same
concentration. The selected cell number and injection vol-
ume were determined based on established protocols from
previous literature investigating BMSC-based therapies for
rat OA models, alongside our preliminary optimizations to
ensure therapeutic efficacy. At the end of the study period,
all rats were euthanized by an intraperitoneal injection of

an overdose of sodium pentobarbital (150 mg/kg, concen-
tration: 3%). The study period was from June 1, 2024 to
February 5, 2025.

All animal procedurescomplied with national animal
welfare standards, and the experimental protocol was ap-
proved by the Ethics Committee of Jiangsu Vocational Col-
lege of Medicine (Approval No. SYLL-2025-700) and
were conducted in accordance with the Standard Operat-
ing Procedures for the Laboratory Animal Center of Jiangsu
Medical Vocational College and the relevant institutional
animal welfare and ethical requirements. The animal study
was conducted and reported in compliance with the AR-
RIVE 2.0 guidelines [39].

Cartilage damage was evaluated using the Mankin
scoring system (range 0–14), which assesses four parame-
ters: (1) structure (0–6 points), (2) cellularity (0–3 points),
(3) matrix staining (0–4 points), and (4) tidemark integrity
(0–1 point). Higher scores indicate more severe cartilage
damage. All sections were scored by two independent ob-
servers whowere blinded to the group allocation. Themean
score of the two observers was used for statistical analysis.

2.4 Alcian Blue Staining
BMSCs were induced to undergo chondrogenic dif-

ferentiation using a chondrogenic differentiation kit (Be-
yotime, Nanjing, Jiangsu, China). Briefly, third-passage
BMSCs were seeded into 24-well plates at a density of 1
× 105 cells/well and incubated with chondrogenic induc-
tion medium. After incubation for 0, 3, 7, and 14 days,
the cells were fixed with 4% paraformaldehyde for 15 min-
utes, washed with PBS, and then incubated with 0.1% Al-
cian Blue 8GX (Solarbio, Beijing, China) for 40 minutes.

2.5 Cell Transfection
Lentiviral and siRNA transfection experiments were

performed when the cells were actively proliferating and
had reached a confluence of 40%–70%. Prior to lentivi-
ral transfection, a gradient of MOI was tested in a 96-well
plate to determine the optimal MOI (with a fluorescence
expression rate of 80%–90%). Cells were then seeded in
6-well plates at a density of 5 × 104 cells/mL and cultured
for 24 hours before adding the virus according to the se-
lected MOI of 30 (i.e., 30 transducing units per cell). Re-
combinant lentiviruses expressing the rat FOSL2 gene (Lv-
FOSL2) or the empty vector control (Lv-NC), both carried
an EGFP reporter and titrated at ≥1 × 108 TU/mL. After 8–
12 hours of infection, the medium was replaced with com-
plete medium, and after 48–72 hours, cells were selected
using complete medium containing 2 μg/mL puromycin.
Successfully transfected cells were labeled as lv-NC and
lv-FOSL2. When the cell confluence exceeded 90%, total
protein and RNA were extracted.

For siRNA transfection, cells were seeded in 6-well
plates at a density of 2 × 105 cells/well one day in advance.
When the cell density reached approximately 70% the fol-
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Table 1. Primer sequences.
Gene Sequence (5′ to 3′) Species

GAPDH
F:5′-AGGTCGGTGTGAACGGATTT-3′

R:5′-AACTTGCCGTGGGTAGAGTC-3′
Rat

FOSL2
F:5′-GCCAGCAGCTGTCTCC-3′

R:5′-ACTGATTTTGCACACAGGGC-3′
Rat

COL II
F:5′-CTGCAGAATGGGCAGAGGTAT-3′

R:5′-TGGCCCTAATTTTCCACTGGC-3′
Rat

ADAMTS5
F:5′-GCCCACCTAACGGCAAATCT-3′

R:5′-ACCACGTAATAGCCAGTGCC-3′
Rat

MMP13
F:5′-GGAGCCCTGATGTTTCCCAT-3′

R:5′-GCAGACGCCAGAAGAATCTGT-3′
Rat

SOX9
F:5′-AGTACCCGCATCTGCACAAC-3′

R:5′-ACGAAGGGTCTCTTCTCGCT-3′
Rat

CAMK2D
F:5′-AGGGACCTGAAGCCTGAGAA-3′

R:5′-CTTCATCCCAGAAGGGTGGG-3′
Rat

COL10
F:5′-ACGCCATAAAGAGTAAAGGGAT-3′

R:5′-GCTTCCCCGTGGCTGATATT-3′
Rat

GAPDH
F:5′-TGTGGGCATCAATGGATTTGG-3′

R:5′-ACACCATGTATTCCGGGTCAAT-3′
Human

FOSL2
F:5′-CAGAAATTCCGGGTAGATATGCC-3′

R:5′-GGTATGGGTTGGACATGGAGG-3′
Human

si-FOSL2#1 (474-496) Target sequence: 5′-GCACTTCAAACCTTGTCTTTCA-3′ Rat
si-FOSL2#2 (1988-2010) Target sequence: 5′-TGGGACTTAGCAGTGAGTATTGG-3′ Rat
si-FOSL2#3 (3551-3573) Target sequence: 5′-TCCTCGTTTGAAAGATAATTAAG-3′ Rat
si-CaMK2D#1 (1812-1834) Target sequence: 5′-CACCTCTTTGTGGCAAAACATCT-3′ Rat
si-CAMK2D#2 (1941-1963) Target sequence: 5′-ATGTTTCTGAGTGCATGAAGTTG-3′ Rat
si-CAMK2D#3 (533-555) Target sequence: 5′-AAGACATAGTGGCAAGAGAATAT-3′ Rat
si-CAMK2D#4 (1102-1124) Target sequence: 5′-TGCTTGAAGAAATTTAATGCTAG-3′ Rat

lowing day, Lipofectamine 3000 and siRNA (final concen-
tration 50 nM)were diluted separately in Opti-MEM, gently
mixed, incubated for a specified period (e.g., 15 minutes),
and then added to the cells. The transfection mixture was
incubated with the cells for 6 hours. After 48 hours, to-
tal protein and RNA were extracted. The siRNA targeting
rat FOSL2 (si-FOSL2, three independent target sequences),
targeting rat CAMK2D (si-CAMK2D, 4 independent target
sequences) and a non-targeting scrambled negative control
(si-NC) were designed, synthesized, and HPLC-purified by
GenScript (Nanjing, Jiangsu, China). All target sequences
are listed in Table 1.

2.6 qRT-PCR

Total RNA was extracted from BMSCs and carti-
lage tissue using the TRIzol reagent kit (Invitrogen, USA).
Reverse transcription of total RNA was performed using
the HiScript® II Q RT SuperMix for qPCR kit (Vazyme,
China). Quantitative PCR was carried out on an Applied
Biosystems QuantStudio 5 real-time PCR system (Thermo
Fisher Scientific, USA) using the ChamQ SYBR qPCR
Master Mix (Vazyme, China). The amplification protocol
was as follows: initial denaturation at 95 °C for 30 s, fol-
lowed by 40 cycles of 95 °C for 5 s and 60 °C for 30 s. Melt-

ing curve analysis (65–95 °C, 0.5 °C/5 s) was performed
at the end of each run to confirm amplification specificity.
Primer sequences used for rat BMSC experiments (FOSL2,
Col2a1, Adamts5, Mmp13, Sox9, CAMK2D, Col10a1) and
for human cartilage tissue (FOSL2) are listed separately in
Table 1. GAPDH was used as the endogenous reference
gene for both species. Relative gene expression was calcu-
lated using the 2–ΔΔCtmethod. All reactionswere performed
in technical triplicate with at least three independent biolog-
ical replicates.

2.7 Transcriptome Sequencing and Bioinformatics
Analysis

Total RNA was extracted from BMSCs in the si-NC
and si-FOSL2 groups. Library preparation and sequenc-
ing were performed by Azenta Life Sciences/GENEWIZ
(Suzhou, Jiangsu, China). Briefly, RNA-seq library
construction was performed using a poly(A)-enrichment,
strand-specific protocol. After library quality control, the
libraries were sequenced on an Illumina sequencing plat-
form to generate 150-bp paired-end reads. Raw sequenc-
ing data were converted to FASTQ files using Bcl2fastq
(v2.20.0.422). Sequencing quality was assessed using
FastQC (v0.10.1). Adapter sequences and low-quality

4

https://www.imrpress.com


bases were removed using Cutadapt (v1.9.1). Bases at the
5′ or 3′ ends with Phred quality scores <20 or ambiguous
nucleotides (N) were trimmed, and reads shorter than 75 bp
after trimming were discarded. Clean reads were aligned to
the rat reference genome (Rattus norvegicus) usingHISAT2
(v2.2.1) with default parameters. Transcripts were assem-
bled using StringTie (v1.3.3b), and gene expression lev-
els were estimated using HTSeq (v0.6.1) and normalized
as FPKM values. Differentially expressed genes between
the si-NC/control and si-FOSL22/treatment groups at each
time point were identified using DESeq2 (v1.26.0) based
on read count data, with thresholds of |log2 fold change|
>1 and q-value/FDR-adjusted p-value ≤ 0.05. Volcano
plots, Venn diagrams, heatmaps, and other downstream vi-
sualizations were generated in R. Across the 24 samples,
the average Q30 value of the clean reads was 91.95%, the
average total mapping rate was 95.29%, and the average
uniquely mapped rate was 87.99%, indicating that the se-
quencing data were suitable for downstream analyses. The
PPI network of DEG-encoded proteins was constructed us-
ing the STRING database and visualized in Cytoscape. The
transcriptome sequencing data have been deposited in the
OMIX database under accession number OMIX019222.

2.8 Western Blotting
Total protein was extracted from BMSCs and car-

tilage tissue using RIPA lysis buffer (Beyotime, Nan-
jing, Jiangsu, China) supplemented with 1 mM phenyl-
methylsulfonyl fluoride (PMSF), 1 × protease inhibitor
cocktail. Total protein concentration was determined us-
ing a Bicinchoninic Acid (BCA) Protein Assay Kit (Be-
yotime) before electrophoresis to ensure equal loading.
Protein samples (20 μg) were separated by 10% SDS-
PAGE and transferred onto polyvinylidene fluoride (PVDF)
membranes (Invitrogen). After blocking with 5% non-fat
milk, the membranes were incubated overnight at 4 °C
with the following primary antibodies: FOSL2 (15832-
1-AP, 1:1000, Proteintech), COL II (ab188570, 1:5000,
Abcam), SOX9 (67439-1-AP, 1:5000, Proteintech), Col10
(26984-1-AP, 1:500, Proteintech), ADAMTS5 (ab41037,
1:250, Abcam), MMP13 (18165-1-AP, 1:2000, Protein-
tech), CAMK2D (20667-1-AP, 1:2000, Proteintech), and
GAPDH (ab181602, 1:10,000, Abcam). The membranes
were then incubated with the corresponding horseradish
peroxidase-conjugated secondary antibodies (Beyotime) at
room temperature for 2 hours. Protein signals were visual-
ized using the ECL chemiluminescence detection kit (Be-
yotime) with a chemiluminescence imaging system (BIO-
RAD, USA). After image acquisition, protein bands were
quantified by densitometric analysis using ImageJ software
(v1.52, NIH, USA), and target protein expression was nor-
malized to the corresponding GAPDH loading control.

2.9 Hematoxylin-eosin (H&E) Staining
Rat cartilage sections were fixed with 4% PFA and

embedded in paraffin, and sectioned at 5 μm thickness.
After deparaffinization and rehydration, the sections were
stained with H&E. Morphological changes in the cartilage
tissue were observed using a microscope (Nikon).

2.10 Safranin O-Fast Green Staining
After dewaxing and hydration as in H&E staining, tis-

sue sections were immersed in Fast Green solution for 3
minutes and rinsed with PBS. Sections were then dipped
in acetic acid solution for 3 seconds, rinsed with PBS, and
stained with Safranin O for 10 seconds, followed by an-
other PBS rinse. After air-drying, sections were mounted
with neutral resin and coverslipped.

2.11 Immunofluorescence staining
BMSCs were fixed with 4% paraformaldehyde (Be-

yotime, Nanjing, Jiangsu, China), followed by incubation
with the primary antibody MMP13 (18165-1-AP, Protein-
tech, 1:200) overnight at 4 °C. After three washes with
PBS, the cells were incubated with a Cy3-conjugated goat
anti-rabbit IgG secondary antibody (Beyotime, Nanjing,
Jiangsu, China) for 1 h at room temperature in the dark.
Nuclei were counterstained with DAPI (1 μg/mL, Bey-
otime, Nanjing, Jiangsu, China) for 5 min at room tempera-
ture. After three final PBS washes, the cells were mounted
with anti-fade mounting medium and observed under an
Olympus IX73 fluorescence microscope (Olympus, Japan)
equipped with a digital camera. Fluorescence images were
captured at ×200 magnification.

2.12 Immunohistochemistry (IHC)
Paraffin-embedded sections were dewaxed with xy-

lene and boiled for antigen retrieval. The sections were
then incubated with hydrogen peroxide blocking solution
for 10–15 minutes to reduce nonspecific background stain-
ing caused by endogenous peroxidase activity. The tis-
sues were covered with primary antibody against COL
Ⅱ (Proteintech, 1:100) in working solution and incubated
overnight at 4 °C. On the following day, the sections were
incubated with anti-rabbit IHC secondary antibody (Ab-
cam, USA) at room temperature for 30 minutes. Sub-
sequently, the tissues were stained with hematoxylin and
DAB. Finally, the sections were mounted with coverslips
and observed and photographed under a microscope.

2.13 Statistical Analysis
Statistical analysis was performed using GraphPad

Prism 9.0 (GraphPad Software, San Diego, CA, USA). All
data were tested for normality and homogeneity of vari-
ance. For paired samples (e.g., comparison of RN vs. OA
sides from the same patient in Fig. 1), a paired Student’s
t-test was used. For unpaired two-group comparisons, an
independent-samples Student’s t-test was used. For com-
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Fig. 1. Expression of FOSL2 in the RN and OA sides of osteoarthritic cartilage samples (n = 24). (A) Differences in FOSL2 mRNA
expression between the damaged side and the relatively normal side of osteoarthritic cartilage; (B,C) Differences in FOSL2 protein
expression. Statistical significance was determined by paired Student’s t-test (RN vs. OA, paired samples from the same patient). RN,
relatively normal cartilage; OA, osteoarthritis. *p < 0.05, ***p < 0.001.

parisons among three or more groups, one-way ANOVA
was applied, followed by Tukey’s post hoc test for multiple
comparisons. p-value < 0.05 was considered statistically
significant (*p < 0.05, **p < 0.01, ***p < 0.001).

3. Results
3.1 FOSL2 is Lowly Expressed in Osteoarthritic Knee
Cartilage

To investigate the role of FOSL2 in the progression of
OA, we analyzed the expression levels of FOSL2 in clin-
ical samples. Cartilage samples were collected from rel-
atively normal cartilage (RN) and the damaged cartilage
(OA) knees of 24 OA patients. According to qRT-PCR re-
sults, the mRNA expression level of FOSL2 in OAwas sig-
nificantly lower than that in RN (Fig. 1A). Similarly, west-
ern blotting results demonstrated that the protein expression
level of FOSL2 in OA was significantly lower than that in
RN (Fig. 1B,C).

3.2 FOSL2 Expression Increases During Chondrogenic
Differentiation of BMSCs

To explore the role of FOSL2 in the chondrogenic
differentiation of BMSCs, the chondrogenic induction
medium was used to induce the differentiation of BMSCs.

As shown by Alcian blue staining in Fig. 2A, staining
intensity increased with prolonged induction time. Both
western blotting and qRT-PCR results indicated that dur-
ing chondrogenic differentiation, the expression levels of
FOSL2 and cartilage-specific markers (COL II, SOX9)
gradually increased (Fig. 2B–F,M,N). Conversely, the ex-
pression levels of catabolic markers (ADAMTS5, MMP13)
and hypertrophic chondrocyte markers (COL10) decreased
(Fig. 2G–L). Consistent with the western blotting and qRT-
PCR results, representative immunofluorescence staining
showed an overall reduction inMMP13-positive signal dur-
ing chondrogenic differentiation (Fig. 2O).

3.3 Knockdown of FOSL2 Impairs Chondrogenic
Differentiation Ability

To further investigate the biological function of
FOSL2 in BMSCs, we used siRNA to specifically knock
down FOSL2 expression. Western blotting and qRT-PCR
results showed that si-2 achieved the most significant
knockdown effect (Fig. 3A–C). Compared with the blank
control and NC groups, Alcian blue staining was notice-
ably weaker in the FOSL2 knockdown group (Fig. 3D).
Western blotting and qRT-PCR analysis revealed that the
expression of chondrogenic markers was reduced follow-
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Fig. 2. BMSC chondrogenic differentiation. (A) Alcian blue staining of BMSCs after chondrogenic differentiation; (B–N) Expression
levels of FOSL2, chondrogenic markers (COL II, SOX9), catabolic markers (MMP13, ADAMTS5), and the hypertrophic chondrocyte
marker (COL10) at days 0, 3, 7, and 14 of BMSC chondrogenic differentiation; (O) Representative immunofluorescence images showing
MMP13-positive signal at days 0, 3, 7, and 14 of BMSC chondrogenic differentiation. All immunofluorescence images within the same
experiment were acquired and displayed using consistent parameters. Statistical significance was determined by one-way ANOVA
followed by Tukey’s post hoc test for multiple comparisons (4 time points: 0, 3, 7, 14 d). BMSC, bone marrow mesenchymal stem cell.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns: p > 0.05. Scale bar = 50 μm.

ing FOSL2 knockdown (Fig. 3E–J). Additionally, we ex-
amined the expression of catabolic markers and the hyper-
trophic chondrocyte marker in BMSCs. Results showed
that the expression of these markers significantly increased
upon FOSL2 silencing (Fig. 3K–R). Immunofluorescence
staining of MMP13 also showed enhanced signal intensity
after FOSL2 knockdown, further confirming the upregula-
tion of MMP13 expression (Fig. 3S).

3.4 Overexpression of FOSL2 Enhances Chondrogenic
Differentiation

To further investigate the effect of FOSL2 on chondro-
genic differentiation of BMSCs, we overexpressed FOSL2
in primary BMSCs. Following transfection with recombi-
nant lentivirus expressing GFP, green fluorescence was ob-

served in both NC and lv-FOSL2 groups (Fig. 4A).Western
blotting and qRT-PCR confirmed significant upregulation
of FOSL2 expression at both the protein and mRNA levels
in the lv-FOSL2 group (Fig. 4B–D). After 14 days of chon-
drogenic induction, Alcian blue staining revealed markedly
increased staining intensity in the FOSL2-overexpressing
BMSCs compared to both the blank control and NC groups
(Fig. 4E). Western blotting and qRT-PCR further showed
that the expression of cartilage-specific markers was sig-
nificantly higher in the lv-FOSL2 group compared to the
NC and normal groups (Fig. 4F–J). We also examined
the expression levels of catabolic markers and the hyper-
trophic chondrocyte marker in BMSCs. The results demon-
strated that upon FOSL2 overexpression, the expression of
these markers was significantly reduced (Fig. 4F,K–P). Im-
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Fig. 3. Results of BMSC chondrogenic differentiation at Day 14. (A–C) Selection of siRNA for FOSL2 knockdown; (D) Alcian
blue staining comparison between FOSL2 knockdown and control groups; (E–J) Expression levels of chondrogenic markers (COL II,
SOX9) at Day 14 of BMSC chondrogenic differentiation; (K–O) Expression levels of catabolic markers (MMP13, ADAMTS5); (P–R)
Expression levels of the hypertrophic chondrocyte marker (COL10); (S) Representative immunofluorescence images showing MMP13-
positive signal in FOSL2 knockdown and control groups. All immunofluorescence images within the same experiment were acquired and
displayed using consistent parameters. Statistical significancewas determined by independent-samples Student’s t-test for the quantitative
panels (si-NC vs. si-FOSL2, two-group comparison). *p < 0.05, **p < 0.01, ***p < 0.001. ns: p > 0.05. Scale bar = 50 μm.

munofluorescence staining of MMP13 showed decreased
fluorescence intensity in the FOSL2-overexpression group
compared with the control group, further supporting the
downregulation of MMP13 (Fig. 4Q).

3.5 Transcriptome Analysis Results

To explore the mechanism by which FOSL2 partici-
pates in the chondrogenic differentiation of BMSCs, RNA
was extracted from BMSCs in the si-NC and si-FOSL2
groups at day 0 and day 14 of chondrogenic induction and
subjected to transcriptome sequencing. Differential expres-
sion analysis was performed by comparing day 0 and day
14 within each group. Specifically, Fig. 5A shows the day
0 versus day 14 comparison in the si-NC group, whereas

Fig. 5B shows the corresponding comparison in the si-
FOSL2 group. No direct comparison between the si-NC
and si-FOSL2 groups was performed in the RNA-seq anal-
ysis. Upregulated and downregulated DEGs were identi-
fied based on the criteria described in the Methods sec-
tion and are shown in Fig. 5C. These DEGs were input
into the STRING database analysis platform. Genes with
a combined score ≥0.9 were retained, and disconnected
nodes were removed to identify hub genes. The selected
genes were then imported into Cytoscape software for vi-
sualization and ranked by degree value (Fig. 5D). The top
seven hub genes identified were Actg1, Vcl, Actb, Flna,
CAMK2D, Tln1, and Myl6 [40]. In the transcriptome anal-
ysis, CaMK2D was identified as a candidate gene showing
differential expression in the day 0 versus day 14 compar-
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Fig. 4. Results of BMSC chondrogenic differentiation at Day 14. (A) Evaluation of BMSC transfection efficiency using fluorescence
microscopy (×20) after lentivirus transfection; (B–D) Expression of FOSL2 in BMSCs; Scale bar = 100 μm. (E) Alcian blue staining
comparison between FOSL2-overexpression and control groups; (F–J) Expression levels of chondrogenic genes (COL II, SOX9) at Day
14 of chondrogenic differentiation; (K–N) Expression levels of catabolic markers (MMP13, ADAMTS5); (O,P) Expression levels of
the hypertrophic chondrocyte marker (COL10); (Q) Comparison of MMP13 immunofluorescence between FOSL2-overexpression and
control groups. Statistical significance was determined by one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons
among the control, LV-NC, and LV-FOSL2 groups. Scale bar = 50 μm. *p < 0.05, **p < 0.01, ***p < 0.001. ns: p > 0.05.

isons(Fig. 5E). Western blotting and qRT-PCR confirmed
that CAMK2D expression was increased after FOSL2 over-
expression (Fig. 5F–H), and decreased after FOSL2 knock-
down (Fig. 5I–K), consistent with the transcriptome results.

3.6 Knockdown of CAMK2D Suppresses the
Pro-Chondrogenic Effect of FOSL2 Overexpression

To verify whether CAMK2D, as a functional down-
stream effector of FOSL2, participates in the chondro-
genic differentiation process, we performed a rescue experi-
ment by knocking down CAMK2D in BMSCs overexpress-
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Fig. 5. Transcriptome results and validation. (A) Volcano plot of BMSCs at day 0 and day 14 of chondrogenic induction in the
si-NC group; (B) Volcano plot of BMSCs at day 0 and day 14 of chondrogenic induction after si-FOSL2 knockdown; (C) Differentially
expressed genes; (D) Protein-protein interaction network of DEGs; (E) Heatmap of the top 7 hub genes; (F–H) Validation of CAMK2D
expression after FOSL2 overexpression; (I–K) Validation of CAMK2D expression after FOSL2 knockdown. Statistical significance was
determined by independent-samples Student’s t-test (two-group comparisons) and one-way ANOVA followed by Tukey’s post hoc test
(multi-group comparisons in the validation experiments). **p < 0.01, ***p < 0.001. ns: p > 0.05.

ing FOSL2. Four siRNA sequences targeting CaMK2D
were designed, and western blotting and qRT-PCR results
showed that si-4 had the most significant knockdown ef-

fect (Fig. 6A–C). A BMSCs model overexpressing FOSL2
was established using lentiviral transfection. After 14 days
of chondrogenic induction, western blotting and qRT-PCR
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results showed that the expression of chondrogenic mark-
ers was reduced after CAMK2D knockdown, indicating
that the downregulation of CAMK2D reversed the FOSL2-
induced upregulation of chondrogenic genes (Fig. 6D–
H). The expression levels of catabolic markers and the hy-
pertrophic chondrocyte marker in BMSCs were also mea-
sured. The results showed that CAMK2D knockdown re-
versed the inhibitory effect of FOSL2 on catabolic and hy-
pertrophic markers (Fig. 6I–N). These findings indicate
that CAMK2D downregulation can suppress the promotive
effect of FOSL2 on BMSCs chondrogenic differentiation.

3.7 Injection of FOSL2-Knockdown BMSCs Impaired
Cartilage Repair in OA

To investigate the in vivo role of FOSL2, a knee OA
model was established in SD rats. BMSCs with FOSL2
knockdown were injected into the knee joints of the rats.
After 4 weeks, the rats were euthanized, and knee car-
tilage tissues were collected. HE staining and Safranin
O-Fast Green staining revealed that compared to the nor-
mal cartilage morphology observed in the Sham group,
the OA group exhibited a rough cartilage surface and dis-
ordered chondrocyte arrangement. Compared to the rats
in the BMSCs group, the rats in the si-FOSL2 + BM-
SCs group showed a reduced number of chondrocytes and
more disordered cell arrangement (Fig. 7A,B), with an in-
creased Mankin score. Immunohistochemical staining fur-
ther demonstrated a significantly reduced expression level
of COL II in the si-FOSL2 + BMSCs group (Fig. 7A,C).

4. Discussion
This study investigated the role of FOSL2 in the chon-

drogenic differentiation of BMSCs. The results indicated
that FOSL2 promoted the chondrogenic differentiation of
BMSCs. Overexpression of FOSL2 enhanced the chon-
drogenic process, whereas knockdown of FOSL2 inhibited
cartilage formation. Furthermore, in vivo, injection of si-
FOSL2-transduced BMSCs into the OA joints exhibited at-
tenuated restorative effects on knee joint cartilage in a rat
OA model. Transcriptomic analysis further revealed that
FOSL2 mediated the chondrogenic differentiation of BM-
SCs via CAMK2D pathway.

BMSCs have shown great promise in OA treatment,
supported by a recent meta-analysis of 13 randomized con-
trolled trials (n = 1150 patients) demonstrating signifi-
cant pain and function improvements at 6–12 months after
BMSC injection [41]. Yet the molecular determinants gov-
erning BMSC chondrogenic capacity remain incompletely
understood, the efficacy and predictability of BMSC-based
therapies are limited. In the present study, we examined
FOSL2 as a candidate regulator of BMSC chondrogenic dif-
ferentiation. FOSL2 expression rose during chondrogenic
induction, and manipulating FOSL2 levels in BMSCs al-
tered both cartilage marker expression and catabolic gene
profiles. Our findings are consistent with a prior transcrip-

tomic study of in vitro BMSC chondrogenesis [42], sup-
porting the validity of our induction system. Notably, our
rescue experiments suggest that FOSL2 acts in part through
CAMK2D, a calcium/calmodulin-dependent kinase previ-
ously implicated in cartilage homeostasis, identifying a
FOSL2-CAMK2D axis that may inform future strategies to
enhance BMSC-based OA treatment.

FOSL2 is a core AP-1 transcription factor. Previ-
ous studies have implicated AP-1/Fra-2 in cartilage de-
velopment, bone biology, and inflammatory regulation
[43,44,45], but its function at the earlier stage of BMSC
chondrogenesis is unclear. The only BMSC-related study
of FOSL2 to date has focused on FOSL2 regulation by the
CGRP/mmu_circRNA_003795/miR-504-3p axis in BMSC
proliferation, not differentiation [36], leaving the role of
FOSL2 in BMSC chondrogenic commitment entirely un-
explored. The present study addresses this gap by demon-
strating that FOSL2 expression rises during BMSC chon-
drogenic differentiation and that manipulating FOSL2 lev-
els bidirectionally regulates chondrogenic outcomes. Con-
sistent with its known role in cartilage homeostasis, FOSL2
modulation in BMSCs produced opposing but coordinated
effects on cartilage anabolism and catabolism: knockdown
enhanced MMP13/ADAMTS5/COL10 expression while
reducing COL II/SOX9, whereas overexpression produced
the inverse pattern. This dual regulation, in a single cell
type, is uncommon and suggests FOSL2 acts as a mas-
ter switch rather than a simple activator or repressor. No-
tably, while previous studies on FOSL2 in cartilage bi-
ology focused on embryonic skeletal development (Fra-
2 knockout studies) [37,44] or adult chondrocyte home-
ostasis, our findings extend the FOSL2 functional reper-
toire to adult BMSC-based cartilage regeneration, a clin-
ically relevant setting in which BMSC transplantation is
being actively explored for OA therapy. The in vivo find-
ing that FOSL2-knockdown BMSCs produced weaker car-
tilage repair than control BMSCs further distinguishes our
work from prior studies by providing direct evidence that
BMSC-intrinsic FOSL2 levels govern therapeutic efficacy
in an OA model. We further investigated the mecha-
nism through which FOSL2 regulates BMSC chondrogenic
differentiation. Based on transcriptomic, qRT-PCR, and
western blot results, we identified CAMK2D as a poten-
tial functional downstream effector of FOSL2. Although
our rescue experiments confirmed the functional hierar-
chy between FOSL2 and CAMK2D, the precise molec-
ular mechanism underlying this regulation warrants fur-
ther discussion. As a core member of the AP-1 tran-
scription factor family, FOSL2 typically drives gene ex-
pression by physically binding to specific DNA motifs
[46,47]. It is highly plausible that FOSL2 directly binds
to the AP-1 consensus sequence (TGACTCA) within the
CAMK2D promoter. Alternatively, this regulatory rela-
tionship might be indirect. Since previous studies indi-
cate that FOSL2 participates in complex competing endoge-
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Fig. 6. Knockdown of CAMK2D suppresses the pro-chondrogenic effect of FOSL2 overexpression. (A–C) Selection of siRNA for
CAMK2D knockdown; (D–H) Expression levels of chondrogenic genes (COLⅡ, SOX9) on day 14 of BMSCs chondrogenic differen-
tiation; (I–L) Expression levels of catabolic markers (MMP13, ADAMTS5); (M,N) Expression levels of the hypertrophic chondrocyte
marker (COL10). Statistical significance was determined by one-way ANOVA followed by Tukey’s post hoc test for multiple compar-
isons (3 groups: control, LV-FOSL2, LV-FOSL2+si-CAMK2D). *p < 0.05, **p < 0.01, ***p < 0.001. ns: p > 0.05.

nous RNA networks in BMSCs, FOSL2 might influence
CAMK2D post-transcriptionally via specific microRNAs
or long non-coding RNAs [36]. Moreover, FOSL2 could
indirectly modulate CAMK2D levels by regulating inter-
mediate cytokines critical for the chondrogenic microenvi-
ronment. CAMK2D is a serine/threonine kinase. It is con-
sidered a key component of calcium signaling pathways.
CAMK2D contains a calmodulin-binding domain. It is ac-
tivated in response to increased intracellular calcium lev-
els [48]. While extensively studied in the nervous and car-

diovascular systems, the role of CAMK2D in OA has re-
cently garnered attention. As a crucial regulator of the cell
cycle, CaMKII signaling plays a key role in G2/M transi-
tion and metaphase-to-anaphase progression [49]. Its influ-
ence on chondrocytes is also notable, potentially affecting
their proliferation and apoptosis. Moreover, it may have
implications for extracellular matrix degradation. Existing
studies indicate that CAMK2D is essential for maintaining
cartilage homeostasis [50]. It exhibits high expression lev-
els in normal cartilage, particularly in hyaline cartilage and
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Fig. 7. Injection of FOSL2-knockdown BMSCs impaired OA cartilage repair. (A) HE staining, Safranin O-Fast Green staining, and
immunohistochemical staining for COL II in the knee joint cartilage; (B) Mankin scores of knee joint cartilage; (C) Semi-quantitative
analysis of immunohistochemical staining. Statistical significance was determined by one-way ANOVA followed by Tukey’s post hoc
test for multiple comparisons (4 groups: sham, OA, BMSC, BMSC+si-FOSL2). **p < 0.01, ***p < 0.001. Scale bar = 100 μm.

growth plates. However, its expression is significantly re-
duced in OA cartilage, highlighting its protective role in
cartilage repair and maintenance [51].

Our results showed that FOSL2 overexpression ele-
vated cartilage gene expression and reduced catabolic and

hypertrophic markers on day 14. However, knockdown of
CAMK2D in this context reversed these effects. This di-
minished the chondrogenic promotion and weakened the
suppression of catabolic and hypertrophic differentiation,
ultimately impairing chondrocyte function. CAMK2D has
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also been shown to inhibit M1 macrophage polarization,
thereby alleviating OA progression [52]. Both in vitro and
in vivo studies confirm that CAMK2D inhibition exacer-
bates chondrocyte damage and OA severity. Similar re-
sults have demonstrated that inhibiting CAMK2D reduces
cartilage gene expression and impairs chondrocyte devel-
opment in animal OA models. Previous study has also re-
ported that inhibition of CaMKII in pluripotent stem cells
suppresses cartilage differentiation [53]. Therefore, we hy-
pothesized that CAMK2D inhibited the differentiation of
stem cells into chondrocytes, which was confirmed by ex-
periments. However, this study still has some limitations. It
should be noted that our in vivo experiments were limited to
FOSL2-knockdown BMSCs. The in vivo effect of FOSL2-
overexpressing BMSCs was not evaluated in the present
study. Our in vitro data show that FOSL2 overexpression
enhances BMSC chondrogenic differentiation. Future stud-
ies are warranted to verify whether FOSL2-overexpressing
BMSCs exhibit enhanced cartilage repair in vivo. Addition-
ally, due to the lack of direct binding evidence, we rigor-
ously defined CAMK2D as a downstream effector rather
than a direct target. Future studies employing Chromatin
Immunoprecipitation and dual-luciferase reporter assays
are essential to elucidate the exact transcriptional regula-
tory mechanism between FOSL2 and CAMK2D. Such val-
idation would more directly support a therapeutic role of
FOSL2 in BMSC-based OA treatment.

5. Limitations
This study has several limitations. First, the in vivo

experiments only evaluated the cartilage repair capacity of
FOSL2-knockdown BMSCs. An FOSL2-overexpressing
BMSC group was not included, which would have provided
more direct in vivo evidence. Second, the mechanistic ev-
idence linking FOSL2 to CAMK2D regulation is based on
transcriptomic analysis, expression validation, and rescue
experiments. Direct evidence such as chromatin immuno-
precipitation and dual-luciferase reporter assays remains to
be established. Third, the clinical sample sizewas relatively
modest. All patients had end-stageOA (Kellgren-Lawrence
grade III/IV). FOSL2 expression in early-stage OA patients
requires further validation. Fourth, only primary rat BM-
SCs were used in the present study. Extending these find-
ings to established chondrocyte cell lines such as ATDC5
or C28/I2 would further strengthen the conclusions.

6. Conclusion
In this study, we found that FOSL2 regulates BMSC

chondrogenic differentiation. FOSL2 promoted cartilage
anabolism while suppressing catabolic gene expression in
BMSCs, and FOSL2-knockdown BMSCs showed reduced
cartilage repair in a rat OAmodel. Rescue experiments sug-
gest that the FOSL2-CAMK2D axis mediates these effects,
though direct transcriptional regulation between FOSL2
and CAMK2D awaits further validation. Together, these

findings suggest FOSL2 as a candidate target for enhanc-
ing BMSC-based cartilage repair in OA.
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