
 
 
PHYSIOLOGICAL RESEARCH • ISSN 1802-9973 (online) - an open access article under the CC BY license 
 2024 by the authors. Published by the Institute of Physiology of the Czech Academy of Sciences, Prague, Czech Republic 
Fax +420 241 062 164, e-mail: physres@fgu.cas.cz, www.biomed.cas.cz/physiolres 
 

Physiol. Res. 73: 415-426, 2024 https://doi.org/10.33549/physiolres.935291 

 
 
MiR-539-3p Alleviates Apoptosis and Extracellular Matrix 
Degradation in Chondrocytes of Childhood-Onset Osteoarthritis by 
Targeting RUNX2 
 
 
Tianming JIN1, Huabin ZHENG1, Xiaobing FENG1, Tianhao WU1, Kun YANG1, 
Yan HUANG2 
 
1Department of Osteoarthrosis Surgery, Luzhou People's Hospital, Luzhou, Sichuan, China, 
2Department of Neonatal, Luzhou People's Hospital, Luzhou, Sichuan, China 
 

Received November 30, 2023 
Accepted February 27, 2024 
 
 
Summary 
Recent research has identified that miR-539-3p impedes 
chondrogenic differentiation, yet its specific role and underlying 
mechanisms in childhood-onset osteoarthritis (OA) remain unclear. 
This study found that miR-539-3p levels were considerably lower in 
cartilage samples derived from childhood-onset OA patients 
compared to the control group. Enhancing miR-539-3p expression 
or suppressing RUNX2 expression notably reduced apoptosis, 
inflammation, and extracellular matrix (ECM) degradation in 
OA chondrocytes. In contrast, reducing miR-539-3p or increasing 
RUNX2 had the opposite effects. RUNX2 was confirmed as a direct 
target of miR-539-3p. Further experiments demonstrated that  
miR-539-3p targeting RUNX2 effectively lessened apoptosis, 
inflammation, and ECM degradation in OA chondrocytes, 
accompanied by changes in key molecular markers like reduced 
caspase-3 and matrix metallopeptidase 13 (MMP-13) levels, and 
increased B-cell lymphoma 2 (Bcl-2) and collagen type X alpha 1 
chain (COL2A1). This study underscores the pivotal role of  
miR-539-3p in alleviating inflammation and ECM degradation in 
childhood-onset OA through targeting RUNX2, offering new 
insights for potential therapeutic strategies against this disease. 
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Introduction 
 

Osteoarthritis (OA) is a prevalent joint disease 
characterized by significant pain, loss of function, and 
potential disability [1]. Emerging research suggest 
a correlation between youth sports injuries and  
an elevated risk of developing OA at a younger age [2]. 
The early stages of OA are marked by a trio of critical 
processes: an initial yet underappreciated proliferation 
phase of cartilage-resident cells, the well-documented 
augmented synthesis, and breakdown of extracellular 
matrix (ECM) components, along with inflammation [3]. 
Chondrocytes are the sole cell type in cartilage, and their 
apoptosis, coupled with ECM degradation, play a pivotal 
role in cartilage destruction during OA [4,5]. Therefore, 
investigating the mechanisms of chondrocyte damage 
could provide valuable insights into the pathology of 
early-onset OA, particularly in the context of childhood. 

MicroRNAs (miRNAs), a substantial group of 
small non-coding RNAs comprising 19-25 nucleotides, 
are known to bind to the 3′-untranslated regions (3′-UTR) 
regions of messenger RNAs (mRNAs), thereby inhibiting 
protein expression [6]. Several miRNAs are involved in 
key biological processes like inflammatory response, 
chondrogenesis, and cartilage remodeling, which are vital 
in the progression of OA [7,8]. Notably, miR-132 has 
been identified as a crucial regulator in OA, affecting 
chondrocyte function through the phosphatase and tensin 
homolog (PTEN)/ phosphatidylinositol 3-kinase 
(PI3K)/AKT serine/threonine kinase (AKT) signaling 
pathway [9]. MiR-15a, on the other hand, inhibits nuclear 
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factor kappa B (NF-κB) phosphorylation, thereby 
reducing extracellular matrix degradation and chondro-
cyte senescence, which can mitigate cartilage 
degeneration in OA [10]. Additionally, miR-182-5p 
targets fibroblast growth factor 9 (FGF9), enhancing 
chondrocyte apoptosis, inflammation, and an OA-like 
phenotype in rat models [11]. MiR-539-3p has garnered 
attention in cancer research for its context-dependent 
roles, functioning as a tumor suppressor in certain 
contexts [12,13], while acting as an oncogene in others 
[14]. Beyond cancer, its role in other cellular processes 
has come under scrutiny. Notably, it was identified as 
differentially expressed in human adipose-derived stem 
cells (hASCs) through miRNA microarray analysis [15], 
marking its potential involvement in diverse cellular 
pathways. A significant finding by Qin et al. [16] 
revealed that miR-539-3p hinders chondrogenic 
differentiation of hASCs, specifically by targeting the 
transcription factor SRY-box transcription factor 9  
(Sox-9). This finding emphasizes the miRNA's influence 
in the differentiation pathways of stem cells. 

RUNX2 is known for its pivotal role in 
chondrocyte maturation, predominantly expressed in the 
critical stages of pre-hypertrophic and hypertrophic 
chondrocyte development [17]. Its influence extends to 
the regulation of key markers associated with 
chondrocyte hypertrophy and maturation, namely 
collagen type X alpha 1 chain (COL10A1) and matrix 
metallopeptidase 13 (MMP-13) [18,19]. Notably, 
alterations in RUNX2 expression, such as global 
haploinsufficiency and chondrocyte-specific deletion, 
have demonstrated protective effects against chondrocyte 
damage following traumatic knee injuries [20]. 
Intriguingly, preliminary bioinformatics analysis from 
this study indicates a potential interaction between miR-
539-3p and Runt-related transcription factor 2 (RUNX2). 
Given the established roles of miR-539-3p in modulating 
chondrogenic differentiation and the central position of 
RUNX2 in chondrocyte maturation and response to 
injury, the study posits an interaction between miR-539-
3p and RUNX2, specifically through the miRNA's 
potential targeting of RUNX2's 3′-UTR. This interaction 
merits further exploration, particularly in the context of 
childhood-onset OA, where the miR-539-3p/RUNX2 axis 
could play a crucial regulatory role. 

The objective of this study is to elucidate the 
role of miR-539-3p and its interaction with RUNX2 in 
the pathogenesis of childhood-onset OA. Specifically, we 
focus on understanding how miR-539-3p influences 

RUNX2 and its subsequent impact on the progression of 
OA in younger patients. Through this investigation, we 
aim to uncover new perspectives that could potentially 
contribute to the development of preventive strategies or 
therapeutic interventions for childhood-onset OA. 
 
Materials and Methods 
 
Collection of clinical samples 

This study involved 12 childhood-onset 
OA patients (7 Males and 5 Females; Mean age=13.5;  
4 Grade I and 8 Grade II) and 12 control subjects, 
including healthy controls (n=8, 4 Males and 4 Females) 
and knee contusion (n=4, 3 Males and 1 Female), as 
control subjects (Mean age=15.4; 4 Grade II). These 
individuals were treated at the Department of 
Osteoarthrosis Surgery at Luzhou People's Hospital. 
From each patient, two types of samples were obtained: 
articular cartilage tissues via arthroscopic techniques and 
blood using standard venipuncture. The cartilage samples 
were utilized in two different ways: one for histological 
staining and the other for molecular analyses, including 
quantitative real-time PCR (polymerase chain reaction) 
and western blot. The blood samples, after centrifugation, 
had their serum used for ELISA (enzyme‑linked 
immunosorbent assay) assays. The study received the 
necessary ethics approval from the Ethics Committee of 
Luzhou People's Hospital (Approval No. LPC-A7E). 
Informed consent was duly obtained from all 
participating patients as well as their legal guardians. 
 
Histological staining 

To evaluate cartilage damage, Alcian Blue (AB) 
staining and Safranin O-Fast Green (SF) staining 
techniques were employed. The cartilage tissue samples 
were first fixed in formaldehyde, then decalcified using 
an ethylene diamine-tetra acetic acid (EDTA) solution, 
embedded in paraffin, and sectioned. For AB staining, 
these sections were submerged in Alcian Blue solution 
for 30 min or Toluidine Blue solution for 3 min, followed 
by rinsing in water and alcohol before microscopic 
examination [21]. This procedure resulted in blue-stained 
cartilage. For SF staining, the sections were initially dyed 
with Fast Green for 5 min and subsequently with 
Safranin O for 2 min, coloring the cartilage red. 
Osteoarthritis Research Society International (OARSI) 
scores and cartilage thickness were determined by 
examination of the SF staining sections [22]. 
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Isolation and culture of articular chondrocytes 
Initially, the cartilage tissue was finely diced and 

then placed in a solution of 0.5 mg/ml trypsin (Sigma-
Aldrich, St. Louis, MO) for a duration of 10 min at 37 °C. 
Post trypsinization, the trypsin was discarded, and the 
tissue was further processed with 2 mg/ml of type II 
collagenase (Sigma-Aldrich) for a period ranging from  
12 to 16 h. Following this, any tissue fragments that 
hadn't digested were filtered out using a 100 mm mesh. 
The fluid part or supernatant was then separated through 
centrifugation, resulting in the isolation of the 
chondrocytes. These chondrocytes were then cultured in 
Dulbecco's Modified Eagle Medium (DMEM) 
supplemented with 15 % fetal bovine serum (Gibco, 
USA) and 1 % penicillin/streptomycin (HyClone, USA), 
maintained at 37 °C with 5 % CO2. For further 
experimental use, chondrocytes from the 3rd to 5th genera-
tions were selected, identifiable by their staining response 
to toluidine blue. 
 
Toluidine blue staining 

In brief, a 1 % primary solution of toluidine blue 
was prepared by dissolving 1 g toluidine blue powder in 
10 ml of 70 % alcohol. Concurrently, a 1 % solution of 
NaCl was made by dissolving 1 g of NaCl in 100 ml of 
distilled water. The working solution of 1 % toluidine 
blue was then created by mixing 1 ml of the primary 
toluidine blue solution with 9 ml of the 1 % NaCl 
solution. Following this, the chondrocytes, once they 
adhered firmly, were digested to form a cell suspension. 
This suspension was subsequently inoculated into 6-well 
plates (1×105/ml) and cultured until full adherence was 
achieved, with confluence surpassing 80 %. The 
chondrocytes were then gently rinsed twice with PBS and 
fixed with 4 % paraformaldehyde for 1 h at 4 °C. After 
fixation, the chondrocytes were washed with tap water for 
15 min and then with distilled water for 5 min. Finally, 
the chondrocytes were stained with the 1 % toluidine blue 
working solution for 2 h. Images of the stained 
chondrocytes were captured and photographed using an 
inverted microscope. 
 
Transfection of interfering RNAs 

The miR-539-3p mimics (5′-AUCAUACAA-
GGACAAUUUCUUU-3′) (100 nM), mimics NC  
(5′-UUCUCCGAACGUGUCACGU-3′) (100 nM), miR-
539-3p inhibitor (5′-AAAGAAAUUGUCCUUGUA-
UGAU-3′) (100 nM), inhibitor NC (5'-ACGUGACAC-
GUUCGGAGAA-3') (100 nM), pcDNA4.0-RUNX2 

(2 μg), pcDNA4.0 (2 μg), si-RUNX2 and si-NC were 
purchased from GenePharma Co., Ltd (Shanghai, China). 
The OA chondrocytes, cultured in 6-well plates to  
70-80 % confluence, were transfected with these 
RNA molecules either individually or in combination as 
dictated by the experimental design. This transfection 
process utilized Lipofectamine™ 3000 (Invitrogen, 
Grand Island, NY) reagent. Following a transfection 
period of 48 h, the human chondrocytes were collected 
for subsequent analyses. 
 
ELISA assay 

To evaluate the pro-inflammatory cytokines in 
blood serum and OA chondrocyte samples, ELISA assays 
were conducted. At first, the serum and supernatants from 
OA chondrocytes were prepared via centrifugation 
(2000× g for 10-15 min at 4 °C) of blood and 
OA chondrocytes. Subsequently, the expression levels of 
interleukin-1 beta (IL-1β), interleukin-6 (IL-6), and tumor 
necrosis factor-alpha (TNF-α) in serum samples, as well 
as IL-6 and TNF-α in the supernatants from OA chondro-
cytes were analyzed following the manufacturer's 
instructions for each respective ELISA kit 
(R&D Systems, Minneapolis, MN, USA). 
 
Cell viability assay 

To assess the viability of chondrocytes, the Cell 
Counting Kit-8 (CCK-8) kit (Solarbio, Beijing, China) 
was employed in accordance with the manufacturer's 
instructions. Initially, chondrocytes were plated at 
a density of 4×103 cells per well in 96-well plates, with 
each setup done in triplicate. These cells were then 
cultured at 37 °C in an atmosphere comprising 95 % air. 
At designated time points of 0, 24, 48, and 72 h, 10 µl of 
CCK-8 reagent, diluted in fresh complete media, was 
added to each well. Following an additional 2 h of 
incubation at 37 °C, the optical density (OD) of each well 
was measured at a wavelength of 450 nm using 
a microplate reader. 
 
Cell apoptosis assessment 

The degree of apoptosis in chondrocytes was 
quantified using the Annexin V-FITC/PI apoptosis 
detection kit (No. A211-01; Vazyme, Nanjing, China), 
following the protocol provided by the manufacturer. 
Initially, chondrocytes, amounting to 5×104 cells, were 
seeded into six-well plates in triplicate. These cells were 
then simultaneously stained with 10 μl of Annexin  
V-FITC and PI for 10 min in a dark environment. The 
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stained cells were subsequently analyzed using flow 
cytometry (BD FACSCalibur, San Jose, CA, USA). The 
apoptotic rate was calculated as the cumulative 
percentage of cells located in both the lower and upper 
right quadrants of the flow cytometry results. 
 
Bioinformatics analysis and luciferase reporter assay 

Bioinformatics analysis was carried out using 
the TargetScan database, revealing the binding sites of 
miR-539-3p on the 3’UTR of RUNX2. Utilizing 
pmirGLO vectors (Promega, Madison, WI, USA), 
sequences of the RUNX2 3’ UTR containing either the 
native miR-539-3p binding sites or mutant sites were 
cloned to create luciferase reporter vectors. These were 
named as WT RUNX2 for the wild-type and MUT 
RUNX2 for the mutant version. In the luciferase reporter 
assay, chondrocytes were co-transfected with 200 ng of 
the respective recombinant plasmid and 200 ng of either 
miR-539-3p mimics or mimic NC, using 
Lipofectamine™ 3000 (Invitrogen). After 48 h of 
transfection, the relative luciferase activity was measured 

using the Dual-Luciferase system (Promega). 
 
Quantitative real‑time PCR 

For the quantification of miR-539-3p, the 
mirVana miRNA isolation kit, TaqMan miRNA reverse 
transcription kit, and TaqMan miRNA assay kit, all from 
Thermo Fisher Scientific, USA, were employed. For the 
quantification of RUNX2, total RNA was extracted from 
confluent cells using TRIzol reagent (Life Technologies 
and cDNA was synthesized from 2 μg of the isolated total 
RNA with the High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems™, Thermo Fisher 
Scientific, USA). PCR amplifications were conducted 
using the 7500 real-time PCR system (Applied 
Biosystems) under specific conditions: an initial 10 min 
at 95 °C, followed by 40 cycles consisting of 20 s at 
95 °C, 30 s at 55 °C, and 30 s at 72 °C. The primer 
sequences for these amplifications are listed in Table 1. 
The relative expression levels of each target gene were 
calculated using the 2-ΔΔCt method with GAPDH as the 
internal control. 

 
 
Table 1. Primers for quantitative real-time PCR. 
 

Target Gene Forward (5′ – 3′) Reverse (5′ – 3′) 

miR-539-3p GGAGAAATTATCCTTGGTG GAACATGTCTGCGTATCTC 
RUNX2 CAGTGACACCATGTCAGCAAA GTCGGCGATGATCTCCACCA 
U6 GCATGACGTCTGCTTTGGA CCACAATCATTCTGCCATCA 
GAPDH TGGTGAAGGTCGGTGTGAAC TTCCCATTCTCGGCCTTGAC 

 
 
Western blot analysis 

Total proteins were extracted using radioimmu-
noprecipitation assay (RIPA) lysis buffer and their 
concentrations determined with a BCA kit (both from 
Beyotime). For each sample, 30 µg of protein was 
separated by 10 % SDS-PAGE and then the protein bands 
were transferred onto polyvinylidene difluoride (PVDF) 
membranes (Millipore, Billerica, MA, USA). These 
membranes were blocked with 5 % non-fat milk for 2 h at 
room temperature. Following this, they were incubated 
overnight at 4 °C with primary antibodies: anti-RUNX2 
(ab76956), anti-caspase-3 (ab184787), anti-Bcl-2 
(ab194583), anti-COL2A1 (ab185430), anti-MMP-13 
(ab39012), and anti-GAPDH (ab181602), all sourced 
from Abcam (Cambridge, MA, USA). Subsequently, the 
membranes were incubated with a horseradish 
peroxidase-conjugated secondary antibody (ab6721, 
Abcam) for 2 h at room temperature. The immune-stained 

protein bands were then detected using enhanced 
chemiluminescence reagent (Thermo Scientific, Rockford, 
IL, USA), with GAPDH serving as the loading control. 
 
Statistical analysis 

Statistical analysis of the data was conducted 
using GraphPad Prism software version 8.0. To compare 
two groups, an unpaired, two-tailed Student's t-test was 
utilized. For comparisons that involved three or more 
experimental groups, one-way analyses of variance 
(ANOVA) were performed, followed by Tukey's multiple 
comparison tests. All data are presented as the 
mean ± standard deviation (SD). A p<0.05 was 
considered to indicate statistical significance. 
 
Ethics approval and consent to participate 

This study was carried out in compliance with the 
ARRIVE guidelines and all methods were carried out in 
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accordance with relevant guidelines and regulations. The 
study received the necessary ethics approval from the 
Ethics Committee of Luzhou People's Hospital (Approval 
No. LPC-A7E). Informed consent was duly obtained from 
all participating patients as well as their legal guardians. 
 
Results 
 
MiR-539-3p expression was downregulated in childhood-
onset OA‑affected cartilage tissues 

Figure 1A illustrated that the cartilage layers in 
the childhood-onset OA group exhibited a pronounced 
decrease in AB staining and cell density, in comparison 
to the control group. Further analysis using SF staining, 
as shown in Figure 1B, revealed a reduced number of 
chondrocytes and lower proteoglycan content in the 

childhood-onset OA group, along with a thinner cartilage 
layer than in the control group. The OARSI scores, 
a measure of cartilage injury, were significantly higher in 
the childhood-onset OA group, as displayed in Figure 1C, 
which also showed a decrease in cartilage thickness 
compared to the control group. Additionally, 
ELISA analyses, detailed in Figure 1D, demonstrated that 
the levels of pro-inflammatory cytokines (IL-1β, IL-6, 
and TNF-α) in the blood samples of the childhood-onset 
OA group were substantially higher than those in the 
control group. Furthermore, quantitative real-time PCR, 
as seen in Figure 1E, indicated that the expression levels 
of miR-539-3p were significantly downregulated in the 
articular cartilage tissues from the childhood-onset 
OA group compared to those from the control group. 
 

 
 

 
 
Fig. 1. MiR-539-3p expression was downregulated in childhood-onset OA‑affected cartilage tissues. (A-B) Morphological changes in 
cartilage tissue samples derived from childhood-onset OA and control tissues were evaluated by AB staining and SF staining.  
(C) OARSI scores and cartilage thickness were determined by examination of the SF staining sections. (D) The levels of IL-1β, IL-6, and 
TNF-α in blood samples from childhood-onset OA and control patients were analyzed by ELISA assay. (E) Quantitative real time PCR was 
used to detect the levels of miR-539-3p expression in childhood-onset OA and control cartilage tissues. ** p<0.01, *** p<0.001, compared 
with control. N=12. AB, Alcian Blue staining; SF, Safranin O-Fast Green; OARSI, Osteoarthritis Research Society International. 
 
 
RUNX2 was a target gene of miR‑539‑3p 

Subsequently, the potential interaction site of 
miR-539-3p on RUNX2's 3′-UTR was identified using 
TargetScan, as shown in Figure 2A. To confirm this 
interaction, chondrocytes were transfected with either 
WT or MUT RUNX2 luciferase reporter vectors. The 
findings, presented in Figure 2B, revealed that cells with 
miR-539-3p overexpression exhibited a significant 
reduction in luciferase activity when transfected with the 
WT RUNX2 vectors, but this effect was not observed in 
the mutant RUNX2 group. Additionally, as Figure 2C 

indicated, RUNX2 mRNA levels decreased following the 
overexpression of miR-539-3p and increased when  
miR-539-3p was silenced in chondrocytes. These results 
suggest a mechanism where miR-539-3p downregulated 
RUNX2 by directly targeting its 3’-UTR. 
 
MiR-539-3p attenuated childhood-onset OA chondrocyte 
injury in vitro 

In exploring the biological role of miR-539-3p in 
vitro, chondrocytes from childhood-onset OA cartilage 
tissues were initially isolated. Figure 3A depicted these 
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chondrocytes cultured as monolayers, expanding in 
irregular circular or polygonal shapes. Toluidine blue 
staining revealed blue-violet cell membranes and 
cytoplasm, indicating chondrocyte-derived aggrecan. 
Manipulation of miR-539-3p levels in these chondrocytes 
involved transfection with miR-539-3p mimics to 
upregulate and miR-539-3p inhibitor for downregulation, 
verified by quantitative real-time PCR (Fig. 3B).  
CCK-8 assay results (Fig. 3C) showed enhanced viability 
of OA chondrocytes with miR-539-3p overexpression, 
while miR-539-3p knockdown reduced viability 
compared to controls. ELISA results (Fig. 3D) 
demonstrated that miR-539-3p overexpression led to 

decreased IL-6 and TNF-α levels, whereas its silencing 
increased these cytokine concentrations. Flow cytometry 
data (Fig. 3E) indicated that miR-539-3p overexpression 
reduced apoptosis, but its knockdown significantly 
increased apoptotic rates. Moreover, overexpressing  
miR-539-3p increased Bcl-2 and COL2A1 protein 
expression, but decreased RUNX2, caspase-3, and  
MMP-13 levels, with the inverse observed following  
miR-539-3p knockdown (Fig. 3F). Overall, these findings 
suggest miR-539-3p could enhance cell viability while 
suppress inflammation, apoptosis, and ECM degradation 
in OA chondrocytes. 

 
 

 
 
Fig. 2. RUNX2 was a target gene of miR‑539‑3p. (A) Alignment of miR‑539‑3p and the 3′‑UTR of RUNX2, a potential miR‑539‑3p 
target. (B) A luciferase reporter carrying the 3′‑UTR of wild‑type (WT) or mutant (MUT) RUNX2 was introduced into chondrocytes along 
with NC mimic or miR‑539‑3p mimics. (C) The expression levels of RUNX2 mRNA in chondrocytes were determined by quantitative real 
time PCR. All data were presented as the mean ± SD of three independent experiments. ** p<0.01, compared with mimics NC; 
### p<0.001, compared with inhibitor NC. 
 
 

 
 
Fig. 3. MiR-539-3p attenuated childhood-onset OA chondrocyte injury in vitro. (A) The morphology of chondrocytes and results of 
toluidine blue staining (blue, ×200). Childhood-onset OA chondrocytes were transfected with miR-539-3p mimics, NC mimics,  
miR-539-3p inhibitor or inhibitor NC for 48 h. (B) The expression of miR-539-3p was detected by quantitative real time PCR in 
transfected chondrocytes. (C) Cell viability was analyzed in transfected chondrocytes by CCK-8 assay. (D) The concentration of IL-6 and 
TNF-α in the supernatants of transfected chondrocytes was determined by ELISA assay. (E) Cell apoptosis was detected in transfected 
chondrocytes by flow cytometry. (F) The protein levels of RUNX2, caspase-3, Bcl-2, COL2A1 and MMP-13 were detected in transfected 
chondrocytes by western blot analysis. All data were presented as the mean ± SD of three independent experiments. * p<0.05, 
** p<0.01, *** p<0.001, compared with mimics NC; # p<0.05, ## p<0.01, ### p<0.001, compared with inhibitor NC. 
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RUNX2 deteriorated childhood-onset OA chondrocyte 
injury in vitro 

In the context of RUNX2 being a target of  
miR-539-3p in chondrocytes, an in vitro study was 
conducted to explore the functional role of RUNX2. The 
CCK-8 assay findings, as presented in Figure 4A, revealed 
that the overexpression of RUNX2 significantly reduced 
the viability of OA chondrocytes, whereas viability was 
enhanced following RUNX2 knockdown. When RUNX2 
was overexpressed, there was an increase in pro-
inflammatory cytokines, including IL-6 and TNF-α, in the 
OA chondrocytes, as shown in Figure 4B-C. Conversely, 

the reduction of RUNX2 levels led to a decrease in these 
cytokines. Flow cytometry analysis, depicted in 
Figure 4D, further demonstrated that RUNX2 over-
expression promoted cell apoptosis in OA chondrocytes, 
while its knockdown had a suppressive effect on 
apoptosis. On a molecular level, transfection with 
pcDNA4.0-RUNX2 resulted in upregulated expression of 
RUNX2, caspase-3, and MMP-13, and a downregulation 
of Bcl-2 and COL2A1. In contrast, cells transfected with 
si-RUNX2 exhibited the reverse effects, as shown in 
Figure 4E. 

 
 

 
 
Fig. 4. RUNX2 deteriorated childhood-onset OA chondrocyte injury in vitro. Childhood-onset OA chondrocytes were transfected with 
pcDNA4.0-RUNX2, pcDNA4.0, si-RUNX2, or si-NC for 48 h. (A) Cell viability was analyzed in transfected chondrocytes by CCK-8 assay.  
(B-C) The concentration of IL-6 and TNF-α in the supernatants of transfected chondrocytes was determined by ELISA assay. (D) Cell 
apoptosis was detected in transfected chondrocytes by flow cytometry. (E) The protein levels of RUNX2, caspase-3, Bcl-2, COL2A1 and 
MMP-13 were detected in transfected chondrocytes by western blot analysis. All data were presented as the mean ± SD of three 
independent experiments. * p<0.05, ** p<0.01, *** p<0.001, compared with pcDNA4.0; # p<0.05, ## p<0.01, ### p<0.001, compared 
with si-NC. 
 
 
MiR-539-3p inhibited childhood-onset OA chondrocyte 
injury in vitro through downregulating RUNX2 

To investigate whether RUNX2 was 
a downstream regulator in miR-539-3p-mediated 
modulation of childhood-onset OA chondrocyte injury, 
rescue experiments were conducted. These involved co-
transfecting chondrocytes with miR-539-3p mimics and 
pcDNA4.0-RUNX2, or miR-539-3p inhibitor and  

si-RUNX2. Subsequent functional assays, including the 
CCK-8 assay (Fig. 5A), ELISA (Fig. 5B-C), and flow 
cytometry (Fig. 5D), revealed that overexpression of 
RUNX2 countered the beneficial effects of miR-539-3p 
mimics on cell viability and their inhibitory impact on 
pro-inflammatory cytokines (IL-6 and TNF-α) and 
apoptosis. Similarly, the miR-539-3p inhibitor-induced 
reduction in cell viability, along with increased levels of 
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IL-6, TNF-α, and apoptosis, were reversed following 
RUNX2 knockdown. Additionally, RUNX2 over-
expression in chondrocytes transfected with miR-539-3p 
mimics resulted in increased levels of RUNX2, caspase-
3, and MMP-13, and decreased expression of Bcl-2 and 
COL2A1. Conversely, si-RUNX2 transfection led to the 

opposite effects in chondrocytes treated with the  
miR-539-3p inhibitor (Fig. 5E). These findings 
underscore the role of RUNX2 as a critical factor in the 
miR-539-3p regulatory pathway, affecting cell viability, 
inflammation, apoptosis, and ECM degradation in 
childhood-onset OA chondrocytes. 

 
 

 
 
Fig. 5. MiR-539-3p inhibited childhood-onset OA chondrocyte injury in vitro through downregulating RUNX2. Childhood-onset 
OA chondrocytes were co-transfected with miR-539-3p mimics and pcDNA4.0-RUNX2, or miR-539-3p inhibitor and si-RUNX2 for 48 h. 
(A) Cell viability was analyzed in transfected chondrocytes by CCK-8 assay. (B-C) The concentration of IL-6 and TNF-α in the 
supernatants of transfected chondrocytes was determined by ELISA assay. (D) Cell apoptosis was detected in transfected chondrocytes 
by flow cytometry. (E) The protein levels of RUNX2, caspase-3, Bcl-2, COL2A1 and MMP-13 were detected in transfected chondrocytes 
by western blot analysis. All data were presented as the mean ± SD of three independent experiments. * p<0.05, ** p<0.01, 
*** p<0.001, compared with mimics + pcDNA4.0; # p<0.05, ## p<0.01, ### p<0.001, compared with inhibitor + si-NC. 
 
 
Discussion 
 

The development of OA in the context of 
pediatric sports activities has been linked to the 
degeneration of articular cartilage, primarily due to 
apoptosis, inflammation, and the degradation of the ECM 
in chondrocytes [2,23]. MiRNAs, as key gene regulators, 
play a significant role in modulating these processes, 
thereby influencing OA progression [24]. Our study found 
that miR-539-3p exhibited lower expression levels in 
cartilage tissues from childhood-onset OA patients, 
suggesting a correlation between miR-539-3p expression 

and OA-induced cartilage injury. This finding aligns with 
previous research showing a significant reduction in  
miR-539 expression in both blood and joint fluid of 
patients with rheumatoid arthritis (RA) [25]. The 
differentiation of stem cells into osteogenic and 
chondrogenic lineages is increasingly recognized for its 
therapeutic potential in OA, particularly for pain 
alleviation and enhancement of joint functionality [26]. 
Supporting this, Yang et al. [15] reported a notable 
alteration in miR-539-3p expression in human adipose-
derived stem cells (hADSCs), specifically a minimum two-
fold increase, upon chondrogenic differentiation induction. 
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These observations lead us to propose miR-539-3p as 
a potential biomarker for the early identification and 
progression tracking of childhood-onset OA. 

Previous research has established the significance 
of miR-539 in modulating inflammation and cell apoptosis. 
Hu et al. [27] demonstrated that elevated levels of  
miR-539-5p markedly reduced inflammatory responses, 
enhanced cell viability and proliferation, and diminished 
apoptosis in lipopolysaccharide (LPS)-stimulated H9c2 
cells. Furthermore, miR-539-5p was found to mitigate 
sepsis-induced acute lung injury (ALI) by targeting and 
suppressing rho-associated, coiled-coil containing protein 
kinase 1 (ROCK1) [28]. Our findings echo these results, 
indicating that miR-539-3p lowers pro-inflammatory 
cytokines (IL-6 and TNF-α) and downregulates  
pro-apoptotic caspase-3, while simultaneously increasing 
the expression of anti-apoptotic Bcl-2 in chondrocytes 
affected by childhood-onset OA. This underscores  
miR-539-3p’s inhibitory impact on chondrocyte apoptosis 
and inflammation. Collagen II (COL-2), a principal 
component of cartilage ECM [29], is predominantly 
degraded by MMP-13, a critical enzyme directly linked to 
OA [30]. MiRNAs are known to play a vital role in 
regulating ECM degradation. For instance, miRNA-27b-
3p, which targets the 3′UTR of MMP-13 mRNA, has been 
implicated in OA progression [31]. Another miRNA,  
miR-766-3p, has been reported to significantly reduce 
apoptosis and enhance autophagy and ECM synthesis in 
chondrocytes [32]. Considering the established association 
between the procollagen type II gene (COL2A1) and 
childhood-onset OA [33], we concluded that miR-539-3p 
may exert a protective effect against inflammation, 
apoptosis, and ECM degradation in chondrocytes within 
the context of childhood-onset OA. Contrary to our 
findings, Qin et al. [16] demonstrated that miR-539-3p 
inhibits key chondrogenic factors in human adipose stem 
cells. This discrepancy may arise from differences in cell 
types (adipose stem cells vs. chondrocytes), stages of cell 
development, or disease context (chondrogenic 
differentiation vs. OA). Moreover, miR-539-3p's varying 
interactions within distinct cellular pathways and 
methodological variances across studies could contribute to 
the contrasting results, underlining the molecule's complex 
role and the necessity for detailed investigation to decipher 
its multifaceted biological impacts. MiRNAs regulate gene 
expression by targeting specific genes, inhibiting mRNA 
and protein synthesis, thereby modulating gene function 
[34]. RUNX2, a transcription factor belonging to the 
RUNX family, plays a crucial role in the differentiation of 

pre-hypertrophic chondrocytes into hypertrophic chondro-
cytes [35,36]. Overexpression of RUNX2 in chondrocytes 
leads to accelerated chondrocyte maturation across the 
entire cartilage structure, including permanent cartilage, 
which adversely affects joint formation [37]. Additionally, 
RUNX2 is known to stimulate MMP-1 expression, 
disrupting the matrix of articular cartilage [19]. Various 
miRNAs have been identified as targeting the RUNX2 
gene, thus influencing OA progression as follows: 
MiR‑204‑5p has been shown to reduce chondrocyte 
proliferation and alleviate OA-like phenotypes in rats with 
surgically induced OA by targeting RUNX2 [38]. 
Exosomes from miR-338-3p-modified adipose stem cells 
(ASCs) were found effective in repairing IL-1β-induced 
chondrocyte alterations by inhibiting RUNX2 expression 
[39]. Our recent findings indicate that RUNX2 can be 
directly targeted by miR-539-3p. However, whether the 
interaction between miR-539-3p and RUNX2 regulates the 
process of childhood-onset OA remains to be fully 
explored. To investigate this, we analyzed the expression 
of pro-inflammation cytokines, apoptosis and ECM 
degradation makers in chondrocytes following modulation 
of the miR-539-3p/RUNX2 axis. The results suggest that  
miR-539-3p may influence chondrocyte inflammation, 
apoptosis, and ECM degradation by downregulating 
RUNX2 expression. The specificity of miR-539-3p's 
effects in our results may indeed show some similarities 
with those observed for miR-204-5p [38], which could 
suggest overlapping functional roles or shared pathways in 
the biological context we studied. MiR-539-3p and  
miR-204-5p, although possibly sharing some overlapping 
functions, are distinct entities with their unique sequences. 
This uniqueness can lead to differences in their regulation, 
expression patterns, and ultimately, their biological impact. 

In summary, our study demonstrates that  
miR-539-3p plays a significant role in mitigating 
chondrocyte apoptosis, inflammation, and ECM 
degradation in vitro through targeting the RUNX2 gene. 
These insights contribute to a deeper understanding of the 
function of miR-539-3p in the context of childhood-onset 
OA. Furthermore, our findings suggest the potential of 
miR-539-3p as a target for therapeutic interventions 
aimed at preventing or mitigating the progression of 
childhood-onset OA. 
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