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Abstract
Background  Osteoarthritis (OA) is one of the most prevalent degenerative joint diseases, while the mechanism by 
which extracellular vesicles (EVs) promote chondrocyte regeneration remains unclear. The study assessed the effect of 
hypoxic mesenchymal stem cells (MSCs)-derived EVs on cartilage repair in a rat OA model.

Methods  The effects of EVs on chondrocyte regeneration and autophagy were evaluated in vitro. The influence 
of specific micro RNA (miRNA) and downstream target genes was examined following EV miRNA sequencing and 
multiple intersecting database analysis.

Results  We found EVs derived from hypoxia preconditioned human MSCs to promote cartilage repair in rat OA 
and enhance the proliferation and migration of chondrocytes in vitro, mediated via chondrocyte autophagy. MiRNA 
sequencing revealed a significant enrichment of miRNA122-5p in hypoxic MSCs EV, which through regulation of 
the target gene, DUSP2, mediated autophagy and participated in chondrocyte regeneration. DUSP2 regulation of 
chondrocyte autophagy could act via the phosphorylation of ERK1/2 and P38.

Conclusions  This study demonstrates that EVs released by MSCs under hypoxic conditions have a beneficial effect 
on chondrocyte regeneration. A novel mechanism for chondrocyte autophagy is mediated by miR122-5P and DUSP2 
target molecules, providing new insights into OA treatments.
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Background
Osteoarthritis (OA) is a common joint disease that 
mainly affects the elderly population [1]. The pathologi-
cal changes in OA manifest as whole joint lesions, mainly 
involving the articular cartilage, subchondral bone, 
synovium, ligaments, and meniscus [2]. The etiology of 
OA is multifactorial, including factors like obesity, aging, 
genetics, and inflammation factors [3]. A major contribu-
tor to cartilage lesions in OA is the increase in inflamma-
tory cytokines such as IL-1β [4]. Currently, the treatment 
methods for OA are based on a stepwise approach, such 
as anti-inflammatory drug therapy and reconstructive 
surgery, depending on the severity level of the disease [5].

Autophagy has been implicated in the pathogenesis of 
OA [6], with results suggesting that autophagy activation 
reduces the severity of OA, possibly by the promotion of 
extracellular matrix homeostasis of chondrocytes, but 
the underlying mechanisms of autophagy on the patho-
logical progression of OA are still largely unknown [7, 
8]. When faced with adverse external stresses, such as 
nutrient deficiency and redox stress, cells could main-
tain homeostasis by digesting their own substances in 
a process terms autophagy [9]. The dynamic process of 
autophagy involves multiple steps, including the induc-
tion of phagophore, elongation, maturation, and degrada-
tion of the autophagosome [10]. Many autophagy-related 
genes participate in cellular catabolic processes, while 
abnormal autophagy is implicated in physiological and 
pathological conditions. Regulation of autophagy thus 
offers the potential in ameliorating various diseases [11].

Due to their ability to self-renew and differentiate, mes-
enchymal stem cells (MSCs) have been demonstrated as 
promising cell sources for tissue regeneration [12]. Fur-
thermore, MSCs exert extensive paracrine effects via 
secreted extracellular vesicles (EVs), playing critical roles 
in regulating a variety of diseases [12]. Recent studies 
have shown that intra-articular injection of stem cell-
derived exosomes elicited promising results in cartilage 
repair, which were attributed to the proteins, miRNAs 
and lipids packaged within the EVs [13]. The therapeutic 
efficacy of MSCs EVs in cartilage repair has been associ-
ated with EV-mediated autophagy regulation for the con-
trol of disease progression [14–16].

Hypoxia preconditioned was demonstrated to signifi-
cantly enhance MSCs paracrine activities [17–19]. EVs 
extracted from hypoxic-MSCs (H-EVs) were shown to 
have increased chondrogenic, chemotactic, proliferative, 
anti-inflammatory and anti-apoptotic properties [17, 19]. 
When delivered to the intra-articular rat joint with osteo-
chondral defect, H-EVs efficiently promoted bone and 
cartilage regeneration and inhibit synovial inflammation 
[17]. In this study, the therapeutic effect of MSC derived 
H-EV was validated in a rat OA model. The mechanism-
of-action of EVs was investigated, in particular, EVs’ 

regulation in autophagy, and the alteration of autoph-
agy levels on the regeneration of chondrocytes. Highly 
expressed miR-122-5p was screened out by miRNA 
sequencing in H-EVs and the effect and mechanism-of-
action of miR-122-5p on chondrocyte regeneration was 
studied.

Methods
Reagents and antibodies
Recombinant Human IL-1 beta/IL-1F2 Protein was pur-
chased from the R&D systems (201-LB, Minneapolis, 
USA). Rapamycin (RAPA, HY-10219, autophagy acti-
vator), salubrinal (HY-15486, DUSP2 inhibitor) were 
obtained from MedChemExpress company (MCE, New 
Jersey, USA). Protease inhibitor (A32955) and phos-
phatase inhibitor (78420) were from Thermo Scientific. 
Primary antibodies used in Western blotting are as fol-
lows: Exosome Panel, including CD9, CD63, and CD81 
(1:1000, ab275018, Abcam), anti-LC3B (1:1000, ab48394, 
Abcam), anti-SQSTM1/p62 (1:1000, ab91526, Abcam), 
anti-DUSP2 (1:500, sc-32776, Santa Cruz), anti-HIF1a 
(1:500, sc-53546, Santa Cruz), anti-p38 MAPK (1:1000, 
#9212, CST), anti-p44/42 MAPK (Erk1/2) (1:1000, #4695, 
CST), anti- p44/42 MAPK (Erk1/2) (phospho Thr202/
Tyr204) (1:1000, ab214362, Abcam), anti-p38 (phospho 
T180 + Y182) (1:1000, ab4822, Abcam), anti-beta actin 
(1:1000, ab6276, Abcam), anti-GAPDH (1:1000, ab8245, 
Abcam), anti-MMP13 (1:1000, ab39012, Abcam), anti-
type I collage, (1:1000, C2456, Sigma-Aldrich), anti-type 
II collagen antibody (1:1000, MAB8887, Sigma-Aldrich), 
anti-aggrecan (1:1000, MA3-16888, Invitrogen). Second-
ary antibodies are used as follows: HRP-conjugated goat 
anti-rabbit, goat anti-mouse antibodies were purchased 
from Abcam Company. Goat anti-rabbit IgG H&L (Alexa 
Fluor® 488, ab150077, Abcam), goat anti-mouse IgG 
H&L (Alexa Fluor® 647, ab150115, Abcam), goat anti-
mouse IgG1 cross-adsorbed secondary antibody (Alexa 
Fluor™ 488, # A-21121, Invitrogen), goat anti-rabbit IgG 
(H + L) cross-adsorbed secondary antibody (Alexa Fluor™ 
594, #A-11012, Invitrogen), Alexa Fluor™ 488 Phalloidin 
(A12379, Invitrogen), TRITC-conjugated phalloidin and 
DAPI (Merck, FAK100).

Bioinformatics analysis
The GEO Database (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​/​g​e​o​/) 
and functional genomics database ArrayExpress(​h​t​t​p​​s​:​/​​/​
w​w​w​​.​e​​b​i​.​​a​c​.​​u​k​/​b​​i​o​​s​t​u​​d​i​e​​s​/​a​r​​r​a​​y​e​x​p​r​e​s​s​)​w​e​re selected to 
search and screen high throughput sequencing datasets 
with the keys word “osteoarthritis” or “OA” and “RNA-
Sequence” or “RNA-Seq” within the organism of Homo 
sapiens for the bulk RNA analysis. We also selected the 
GEO database with the keys word “osteoarthritis” or 
“OA” and “single cell” or “scRNA” within the organ-
ism of Homo sapiens for the single cell high throughput 

https://www.ncbi.nlm.nih.gov/geo/
https://www.ebi.ac.uk/biostudies/arrayexpress)wer
https://www.ebi.ac.uk/biostudies/arrayexpress)wer
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sequencing analysis. Based on the filtering criteria, 
GSE114007 (38 samples), E-MTAB-6266 (70 samples), 
and E-MTAB-7313 (54 samples) were selected for the fol-
lowing analysis. The high-throughput datasets were from 
the following platforms: GPL11154: Illumina HiSeq 2000 
(Homo sapiens), Illumina HiSeq 2500 platform (Homo 
sapiens), Illumina HiSeq 2000 System (Homo sapiens), 
separately.

To further evaluate the level of autophagy in osteo-
arthritis, we used open autophagy databases, includ-
ing the THANATOS database (​h​t​t​p​​:​/​/​​t​h​a​n​​a​t​​o​s​.​​b​i​o​​c​u​c​k​​
o​o​​.​o​r​g), HADb (​h​t​t​p​​:​/​/​​w​w​w​.​​a​u​​t​o​p​​h​a​g​​y​.​l​u​​/​i​​n​d​e​x​.​h​t​m​l), 
HAMdb (http://hamdb.scbdd.com/) and Autophagy ​D​a​
t​a​b​a​s​e (http://autophagy.info/), to collect human-related 
autophagy genes. By intersecting the autophagy-related 
genes with the differential expression genes from above 
bulk transcription databases in OA groups, we screened 
for the autophagy-related gene molecules in OA.

To predicted the down-stream target genes of miR-
122-5P, five main miRNA databases, including Tar-
getScanHuman8.0 (​h​t​t​p​​s​:​/​​/​w​w​w​​.​t​​a​r​g​​e​t​s​​c​a​n​.​​o​r​​g​/​v​e​r​t​_​
8​0​/), miRPathDB 2.0 (​h​t​t​p​​s​:​/​​/​m​p​d​​.​b​​i​o​i​n​f​.​u​n​i​-​s​b​.​d​e​/), 
RNA22 (​h​t​t​p​​s​:​/​​/​c​m​.​​j​e​​f​f​e​​r​s​o​​n​.​e​d​​u​/​​r​n​a​2​2​/), and ​m​i​R​t​a​r​b​a​s​
e (​h​t​t​p​​s​:​/​​/​m​i​r​​t​a​​r​b​a​​s​e​.​​c​u​h​k​​.​e​​d​u​.​c​n​/) as well as a database 
of miRNA profiling in extracellular vesicles, EVmiRNA 
(​h​t​t​p​​:​/​/​​b​i​o​i​​n​f​​o​.​l​​i​f​e​​.​h​u​s​​t​.​​e​d​u​.​c​n​/​E​V​m​i​R​N​A​/), were used 
to analyze and narrowe down the range of target genes 
by intersection following default parameters. Finally, we 
selected an open source software platform, Cytoscape 
[20], for visualizing integrating networks and identify the 
downstream autophagy target genes of miR-122-5P in 
OA.

For the scRNA-seq analysis method, we downloaded 
and processed the GSE196678 dataset for each sample 
using the “Seurat” package (version 4.0; ​h​t​t​p​:​/​/​s​a​t​i​j​a​l​a​
b​.​o​r​g​/​s​e​u​r​a​t​/​​​​​) with R software (version 4.2). The high-
throughput scRNA sequencing dataset was from the 
GPL24676 Illumina NovaSeq 6000 (Homo sapiens) plat-
forms. The following filter conditions are set: nFeature_
RNA > 400 & nFeature_RNA < 3000 & percent.mt < 15 & 
nCount_RNA > 1500 & nCount_RNA < 10,000. Normal-
izeData function was used to normalize all the data, and 
FindVariableFeatures function was used to filter highly 
variable genes (HVGs), where nfeatures = 4000. ScaleData 
function was used to normalize HVGs and perform PCA 
dimensionality reduction, visualize on two-dimensional-
ity maps by the tSNE function after clustering cells using 
the FindClusters function. Then, we selected the SingleR 
annotation cell type. Finally, DEG was determined with 
logFCfilter = 0.5 and adjPvalFilte r = 0.05 as the differen-
tial gene screening criteria.

We select the R language analysis package (R 4.2.2) 
to analyze all the genesets, using the limma function to 
calculate the differential expression genes, pheatmap 

packages to visualize heat maps, the ggplot2 function to 
draw volcanic maps, the EnrichGO and EnrichKEGG 
packages in the GOplot function to complete functional 
enrichment analysis. At the same time, we selected the 
open database, String website (https://string-db.org), an 
authoritative protein-protein interaction network to pre-
dict of the target genetic regulatory molecular.

Human bone marrow MSCs culture
Human bone marrow MSCs were purchased from Lonza 
Inc. (Walkersville, MD, USA) and provided in passage 
2. MSCs were cultured in 1  g/L d-Glucose Dulbecco’s 
Modified Eagle’s Medium (DMEM, Gibco) supplemented 
with 10% fetal bovine serum (FBS) (Hyclone, Logan, UT, 
USA), 1% Penicillin-Streptomycin (P/S, Life Technolo-
gies, USA) and 1% GlutaMAX (Thermo Fisher Scientific). 
All experiments used cells in 4–5 passages.

Human chondrocytes culture
Chondrocytes derived from human were acquired from 
Innoprot Inc. (P10970, Derio, Spain). Chondrocytes were 
cultured in DMEM supplemented with 10% FBS and 1% 
GlutaMAX, and 1% P/S. Cells at passage 2 were used for 
all experiments.

For chondrocyte re-differentiation, chondrocytes 
(2 × 105) suspended in chondrogenic media were centri-
fuged at 200 g for 5 minutes to form pellets and cultured 
in chondrogenic media containing 5 ng/mL TGF-β3 
(RnD Systems, Canada) [17]. To induce inflammation, 5 
ng/ml IL-1β was included in the chondrogenic medium. 
EVs at 1x concentration and different autophagy inter-
vention reagents were supplemented accordingly.

OA chondrocytes were extracted from femoral con-
dyles of discarded knee tissues of total knee replacement 
patients (n = 5). Consent for using patient tissue was 
according to the guidelines of National Healthcare Group 
Domain Specific Review Board (NHG DSRB Ref: 2024–
3392). Briefly, cartilage excised from the discarded knee 
was diced and digested at 37  °C in 0.25% (w/v) type-II 
collagenase overnight. Chondrocytes isolated were then 
subjected to PCR and western blot analysis.

293T/17 cell culture
293T/17 cells were obtained from ATCC (CRL-11268™) 
were supported by National University of Singapore Cen-
ter of Cancer Research. Cells were cultured in DMEM 
(Gibco, 11995–065) supplemented with 1% P/S and 10% 
FBS. Cells were maintained in a humidified incubator at 
37 °C, 5% CO2.

Hypoxia preconditioning of MSC and EVs isolation
MSCs were cultured under 1% or 20% oxygen tension for 
24  h in serum-free DMEM to collect hypoxia and nor-
moxia conditioned medium. The collected conditioned 

http://thanatos.biocuckoo.org
http://thanatos.biocuckoo.org
http://www.autophagy.lu/index.html
http://hamdb.scbdd.com/
http://autophagy.info/
https://www.targetscan.org/vert_80/
https://www.targetscan.org/vert_80/
https://mpd.bioinf.uni-sb.de/
https://cm.jefferson.edu/rna22/
https://mirtarbase.cuhk.edu.cn/
http://bioinfo.life.hust.edu.cn/EVmiRNA/
http://satijalab.org/seurat/
http://satijalab.org/seurat/
https://string-db.org
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medium was centrifuged at 500  g for 5  min, followed 
with 4000 g for 10 min to remove cell debris. Cell num-
bers were counted after conditioned medium collection 
and used for normalization. The conditioned medium 
was concentrated 10 times using protein concentrators 
with a molecular weight cut-off of 30 kDa (Thermo Fisher 
Scientific, USA). EVs were collected using size-exclusion 
chromatography on a q-EV2 column (Izon, New Zea-
land) according to the manufacturer’s instructions. EVs 
was diluted to niche (1x) concentration and used in EV 
characterization and the in vitro functional assays.

Protein concentrations of EVs were measured with 
a Micro BCA Protein Assay Kit (Thermofisher, USA). 
Nanoparticle tracking analysis (NTA) was performed 
on NanoSight NS500 instrument (NanoSight Ltd, UK) 
to determine the particle size and numbers of EVs. The 
morphology of EVs was imaged by transmission electron 
microscopy (TEM; JEOL JEM-1220).

Visualization of EVs internalization within chondrocytes
EVs were labeled with PKH67 green fluorescent cell 
linker according to manufacturer‘s protocol (Sigma-
Aldrich, MINI67-1KT). EVs solution was concentrated 
and purified to remove excess PKH67 as described above. 
PKH67-labeled EVs were co-cultured with chondrocytes 
for 8 h. Uptake of EVs evaluated by Nikon Ti2-E fluores-
cence microscopy.

OA model in vivo
Eighteen healthy female Sprague Dawley rats (8 weeks 
old) with a weight range of 220–250 g were provided by 
the Experimental Animal Center of National University 
of Singapore. All animal procedures were performed 
according to the guidelines of the Institutional Animal 
Care and Use Committee at National University of Singa-
pore (IACUC protocol number: R2020-0258). The work 
has been reported in line with the ARRIVE guidelines 2.0. 
Before operation, the animals were treated to isoflurane 
anaesthesia in an induction chamber in which the oxygen 
flow was set at 1 L/min vaporizer adjusted to 3%. The OA 
model was induced by anterior cruciate ligament tran-
section (ACLT) on the right knee. The left knee served 
as a sham group underwent the same procedure, with the 
anterior cruciate ligament remaining intact. Four weeks 
post-operation, the ACLT knees were randomly allocated 
and subjected to multiple weekly injection for 6 weeks 
with EVs from normoxia MSCs (N-EVs; n = 6) or hypoxia 
MSC (H-EVs; n = 6) containing 120 µg of total EVs pro-
tein in 100 µL of PBS. ACLT knee injected with equiva-
lent volume of PBS served as the control (n = 6). The 
sample size was decided based on power calculation from 
the website: ​h​t​t​p​​s​:​/​​/​c​l​i​​n​c​​a​l​c​​.​c​o​​m​/​s​t​​a​t​​s​/​s​a​m​p​l​e​s​i​z​e​.​a​s​p​x; 
continuous end point, two independent sample study.

Animals were kept 2 per cage at a temperature of 
20–24˚C, humidity of 50–60%, and a 12/12-hour light/
dark cycle. Pain killer, ibuprofen (40  mg/ml, 20  mg/
kg), was provided for 3 days post-operation and antibi-
otic, Enrofloxacin (100  mg/ml, 15  mg/kg) was provided 
for 5 days by Subcutaneous injection once per day. The 
animals were monitored for for 7 days. Post-op rat pain 
observations include changes in normal activity levels, 
such as reduced movement or reluctance to explore, as 
well as signs of discomfort like vocalizations, groom-
ing of the surgical site, or abnormal postures. Animals 
were excluded based on significant weight loss (more 
than 10% of their body weight), general signs of pain or 
distress (such as lethargy, abnormal posture, or vocal-
ization), or systemic infections (evidenced by fever, 
abnormal blood work, or visible signs of illness). In the 
case of humane endpoint, over dose Xylazine + ketamine 
would be administered after the animals were sedated by 
Isoflurane.

Micro-CT analysis
To evaluate morphological features of bone tissue around 
the knee joint, rat knee joints sample were first fixed in 
10% formalin (Sigma-Aldrich, MO, USA). The samples 
were subsequently scanned by Quantum FX µCT system 
(PerkinElmer, Waltham, MA, USA). The scanning param-
eters were set as follows: Voltage 90 kV, Current 160 µA, 
FOV, axial 10 mm, Voxel size 20 μm. The regions of inter-
est (ROIs) at the subchondral bone trabecular area were 
selected to collect data. 3D image reconstruction were 
performed using CTAn and the Mimics Medical 21.0 
(Materialise NV) software, and trabecular bone micro-
structure was quantitatively analyzed, including bone 
volume over total volume (BV/TV), trabecular thickness 
(Tb.Th), trabecular number (Tb.N), bone mineral density 
(BMD), and the total volume of osteophytes.

Histological and immunological staining
To observe the histopathological changes in the knee 
joint, the samples were fixed in10% formalin, decalcified 
with 10% EDTA solution, dehydrated, embedded, and 
sectioned into 6 μm slices. Tissue sections were subjected 
to hematoxylin and eosin (H&E) staining and safranin O 
staining. The osteoarthritis research society international 
(OARSI) grading was performed to assess the degree of 
joint degeneration [21].

For immunohistochemical and immunofluorescence 
staining, paraffin sections underwent routine dewaxing, 
hydration, pepsin retrieval, followed by UV blocking, 
incubation with primary and secondary antibodies, then 
DAB staining and hematoxylin counterstaining. All sec-
tions were imaged using Nikon Ti2-E microscope (Nikon, 
Tokyo, Japan) and images were analyzed using Image J 
software.

https://clincalc.com/stats/samplesize.aspx
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Quantitative real-time polymerase chain reaction 
(RT-qPCR)
RNAs were extracted with RNeasy® Mini Kit (Qiagen, 
Germany). Reverse transcription was conducted with 
100 ng of total RNA using iScript™ cDNA synthesis kit 
(Bio-Rad, USA). Real-time PCR was performed using the 
Power SYBR® green PCR master mix on ABI Step One 
plus Real-time PCR System (Applied Biosystems, Life 
Technologies, USA). The expression levels of targeted 
genes were normalized to the reference gene GAPDH 
and were then calculated using the 2-ΔΔCt formula with 
reference. All primer sequences were listed in Supple-
mentary Table 1 A).

Western-blot assay
Cells were lysed with protease and phosphatase inhibi-
tors to extract proteins, and the protein concentration 
was determined using Pierce™ BCA Protein Assay Kits 
(Thermo Scientific, NH, USA). Protein samples (20  µg) 
were electrophoretically separated on 6–12% SDS-
PAGE gel. The proteins were subsequently transferred 
on methanol-activated PVDF membrane (Millipore), 
blocked with 5% BSA, treated by the primary antibody 
and specific species HRP-labeled secondary antibody. 
Protein bands were visualized on a gel imaging system 
(Biorad) using the Pierce ECL Western Blotting Substrate 
(Thermo Scientific) and analyzed with Image J software.

Cell proliferation
Cell Counting Kit-8 (CCK-8) assay (Dojindo Molecular 
Technologies Inc.) was used to determine cell growth 
and proliferation of chondrocytes. 5 × 103 cells per well 
were cultured in 96-well plate and treated with gradient 
concentrations of reagents before incubation with CCK8 
reagent for 2 h. The OD value was recorded by a micro-
plate reader (Infinite M Nano + from Tecan) at 450 nm.

The proliferation of chondrocytes was also assessed by 
Ki-67 immunofluorescence and quantification of prolif-
erative cells was evaluated by ImageJ software.

Cell migration
The migration effect of EVs originated from MSCs on 
chondrocytes was assessed using a culture (Millipore, 
Germany) and cell scratch test. For transwell assay, chon-
drocytes (5 × 104) were suspended in 300 µl of 0.5% FBS 
culture medium and placed into the upper chamber of 
8.0-µm pore size mesh separating the upper and lower 
chambers in 24-well plates. The EVs were diluted in 0.5% 
FBS culture medium and added in 700  µl to the lower 
chamber of the transwell culture. After 24 h incubation, 
the migrated cells were fixed in 4% paraformaldehyde 
and stained with 0.1% crystal violet (Sigma Aldrich) for 
20 min.

For the cell scratch test, chondrocytes (1 × 105 per well) 
were seeded in 6-well plates overnight and a vertical 
scratch was introduced before EVs and different inter-
vention reagents were added for 24 h. Cell images were 
taken using an inverted microscope and the cell migra-
tion level were determined using ImageJ software.

MiRNA sequencing
RNAs were extracted from EVs using q-EV RNA extrac-
tion kit column (Izon, New Zealand). The sRNA library 
preparation and sequencing analysis was performed by 
Novogene (Singapore) with Illumina NextSeq 500 sys-
tem. MiRNA expression levels were estimated by TPM 
(transcript per million): Normalized expression = mapped 
reads*1,000,000 (Supplementary Table 2). P-value of 
0.05 was set as the threshold for significantly differential 
expression by default.

Vector plasmid construct and cell transfection
According to the sequence of DUSP2 3’UTR and hsa-
miR-122-5p, the TargetScan database [18] (version:8.0) 
was used to predict the possible binding sites. GP-miR-
GLO vector was used to construct DUSP2 WT-hsa-miR-
122-5p and DUSP2 MUT-hsa-miR-122-5p plasmids, and 
designed miR-122-5p mimics and inhibitor, according to 
the manufacturer protocol (Genepharma, China). 293T 
cells transfection was performed using Lipofectamine® 
2000 (Thermo Fisher) transfection solution in Opti-
MEM™ (Thermo Fisher). All sequences are listed in Sup-
plementary Table 1B.

Luciferase assay
The miR-122-5P mimics and EVs were added to human 
chondrocytes, followed by transfection with DUSP2-3′-
UTR plasmid (Genepharma, China). Luciferase assays 
were performed with the Dual-Luciferase® Reporter 
Assay System (E1910, Promega Company). Normaliza-
tion was calculated by co-transfection with Renilla plas-
mid. Determination of fluorescence value was recorded 
by Infinite M200 machine.

Statistical analysis
All survived animals were included for the data collection 
and statistical calculation. All statistical data were con-
ducted by GraphPad Prism 8 software (GraphPad Soft-
ware Inc., La Jolla, CA) and the outcomes were showed 
as means ± standard deviations. Both independent sam-
ples are normally distributed. Student’s t-tests or Wil-
coxon rank test were performed. Data from multiple 
groups that satisfy the homogeneity of variance, one-way 
ANOVA analysis was evaluated. Otherwise Kruskal Wal-
lis test was used. A P value of less than 0.05 was consid-
ered statistically significant.
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Results
Characterisation of EVs derived from MSCs
Human MSCs cultured under normoxia and hypoxia 
condition for 24  h showed similar cell morphology and 
proliferation (Fig. 1A). Western blot analysis showed that 
the hypoxia factor HIF-1α was highly expressed by MSCs 
under hypoxic conditions (Fig.  1B). The shape and size 
of the isolated EVs was detected by TEM (Fig. 1C). NTA 
revealed similar EVs size distribution in both groups 
(Fig.  1D), with higher levels of EVs particles in hypoxia 
EVs (H-EVs). Western blot analysis showed higher 
expression of EVs marker CD63, CD81 and CD9, absence 
of EVs negative marker Calnexin (Fig. 1E), and BCA anal-
ysis suggested higher levels of EVs protein in the hypoxia 
group (Fig. 1F), indicating that hypoxia precondition pro-
motes EVs production.

EVs promote chondrocyte regeneration in OA
In vivo efficacy of EV treatment was investigated using 
a rat ACLT OA model. No abnormal observation was 
found with the animal post-operation. All operated ani-
mals were included in the analysis. As shown in Supple-
mentary Fig.  1A, H&E staining revealed that OA was 
well developed 8 weeks after ACLT. At 4 weeks after 
ACLT, EVs generated under normoxic and hypoxic con-
ditions were injected into the knee joint weekly for 6 

weeks (Fig.  2A). The micro-CT analysis suggested there 
were more osteophytes in OA groups and the number 
and volume of osteophytes decreased after EVs injec-
tion especially in hypoxia group (Fig. 2B, C). Quantitative 
analysis at the subchondral bone area revealed significant 
decreased proportion of BV/TV, Tb.Th and osteophyte 
volume, and increased Tb.N after EV treatments, with 
H-EVs treatment exerting significantly greater effect rela-
tive to N-EVs treatment (Fig. 2C), indicating that H-EVs 
treatment was more efficacious in ameliorating sub-
chondral bone osteosclerosis. H&E staining revealed the 
unevenness of the cartilage articular surface, and bone 
cysts formation (circular vacuole structure) in some knee 
joints formation in the control OA group. EVs interven-
tion improved integrity of articular surfaces (Fig.  2D). 
Safranin O staining suggested increased proteoglycan 
content in H-EVs group relative to the N-EVs group 
(Fig.  2E). IHC staining showed significant improvement 
of hyaline cartilage matrix COL2 and ACAN levels and 
the decreased level of COL1 in the H-EVs treatment 
group compared to the N-EVs group (Supplementary 
Fig.  1B, C). Overall suppression of OA progression was 
reflected in the OARSI score demonstrating significant 
improvement with H-EVs treatment (Fig. 2F).

To further investigate EVs function, in vitro stud-
ies were performed on human cartilage-derived 

Fig. 1  Characterisation of normoxia and hypoxia MSC-derived EVs. (A) Growth state of MSCs under normoxic and hypoxic conditions. (B) Western blot 
analysis of HIF-1α expression in MSCs. (C) Transmission electron microscopy (TEM) detection of isolated EVs. (D) Nanoparticle Tracking Analysis (NTA) of 
particle number and size analysis of HEV and NEV. (E) Expression of CD63, CD81, CD9 and Calnexin on EVs and cell lysate. (F) Comparison of protein con-
centration on EVs of MSCs in normoxic and hypoxic conditions. Full-length blots are presented in Supplementary Fig. 7
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Fig. 2 (See legend on next page.)
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chondrocytes. Firstly, internalization test of EVs was per-
formed to assess uptake by chondrocytes. PKH67-stained 
EVs were shown to enter the chondrocytes within 8 h of 
co-culture (Supplementary Fig.  2A). In vitro inflamma-
tion condition was induced in chondrocytes using 5 ng/
ml of IL-1β in the presence or absence of EVs (Fig. 2G). 
Western blot and RT-qPCR analysis revealed signifi-
cantly higher expression of COL2, SOX9 and ACAN, 
and the lower expression of ADAMTS5 and MMP13 in 
the H-EVs group compared to the IL-1β group, and at 
enhanced level compared to N-EVs group (Fig.  2H-J). 
Higher expression of cartilage matrix formation under 
H-EVs treatment was further demonstrated in 3D carti-
lage pellet culture with increased safranin O and COL2 
staining in the H-EVs group relative to other groups 
(Fig. 2K, L). Cell proliferation assay, as indicated by Ki-67 
expression, suggested H-EVs significantly induced higher 
proliferative activity of chondrocytes (Fig.  2M). Migra-
tion studies with cell scratch assay and Trans-well migra-
tion assay found H-EVs significantly enhanced migration 
of chondrocytes in comparison to N-EVs (Fig. 2N, O).

EVs involved in the regulation of autophagy during 
chondrocyte regeneration
To investigate the autophagy effect during chondrocyte 
regeneration, Western blot analysis on chondrocytes cul-
tured with IL-1β at different times and concentrations 
were conducted. We found that the level of autophagy 
markers LC3I/II decreased while p62 increased when 
chondrocytes were subjected to 5ng/ml IL-1β for 48  h, 
indicating IL-1β induced autophagy suppression (Supple-
mentary Fig. 3A-C).

Addition of both N-EVs and H-EVs increased the level 
of autophagy, with significantly higher effect by H-EVs as 
shown in Western blot and RT-qPCR analysis (Fig.  3A-
C), and clearly demonstrated by IFC staining of the 
autophagy marker LC3 (Fig. 3D). TEM of chondrocytes 
suggests alteration in autophagosome number among 
different groups, with H-EVs treatment reversing IL-1β 
induced effect (Fig. 3E). Co-staining of LC3 and cartilage 
matrix marker ACAN in rat OA knees suggested signifi-
cantly higher expressions of LC3 and ACAN upon treat-
ment with H-EVs relative to OA control group and N-EVs 
treatment group (Fig. 3F).

To confirm EVs regulation of autophagy during chon-
drocyte regeneration, EVs effect was investigated in the 
presence or absence of autophagy activators (rapamycin, 
RAPA, 10nM). The effective concentration of RAPA was 
determined by CCK8 test (Supplementary Fig. 2B). RAPA 
promotion of autophagy was demonstrated by RT-PCT, 
Western blot and IFC staining (Supplementary Fig.  4A-
C, G), as well as change in autophagosome number 
(Supplementary Fig. 4D), and concurrently regeneration 
of chondrocytes. Inclusion of RAPA further promoted 
H-EVs effect on autophagy and chondrocyte regenera-
tion including chondrocytes proliferation (Supplemen-
tary Fig. 4H) and migration (Supplementary Fig. 4I, J).

MiR-122-5p from EVs involved in the regulation of 
autophagy in chondrocytes
MiRNA-sequencing was performed on EVs from nor-
moxic and hypoxic groups. 951 miRNAs were detected, 
of which the heatmap showed 50 abnormally expressed 
miRNAs between the two groups (Fig.  4A, Supplemen-
tary Table 2). Volcano map shown the 10 up-regulated 
miRNA and 5 down-regulated miRNA with false dis-
covery rate (FDR) value greater than 1.5, including hsa-
miR-19a-3p, hsa-miR-148-3p, and hsa-miR-122-5p 
(Fig.  4B). With miRNA-PCR identification, we found 
higher expression of hsa-miR-363-5p, hsa-miR-18a-5p, 
hsa-miR-122-5p, hsa-miR-126-5p, and hsa-miR-1260b, 
while hsa-miR-7f-1-3p with lower expression in the 
hypoxia group (Fig.  4C). As previous studies reported 
that hsa-miR-122-5p participated in the regulation of 
cell differentiation, metabolism and inflammation among 
these differentially expressed miRNAs [22, 23], hsa-miR-
122-5p was selected for further investigation.

Figure 4D shows the secondary stem-loop structure of 
hsa-miR-122-5p for the generation of hsa-miR-122-5p 
mimics used in co-culture with IL-1β treated chon-
drocytes. Western blot and RT-qPCR analysis showed 
the up-regulation of autophagy markers (Fig.  4E-H), 
increased autophagic vesicles (Fig. 4I), and higher expres-
sion of LC3 in IFC staining (Fig.  4J) under hsa-miR-
122-5p mimic treatment. Inclusion of hsa-miR-122-5p 
mimics reverted the IL-1β suppressed matrix formation 
(COL2 and ACAN) in chondrocytes while inhibiting the 
upregulation of degenerative markers (ADAMTS5 and 

(See figure on previous page.)
Fig. 2  The therapeutic effect of EVs on rat OA model and in vitro inflammatory-induced chondrocytes. (A) The flow chart of EVs generation from MSCs 
and injection to OA knees in rats. (B) Anterior and coronal views of microCT three-dimensional reconstruction of knee joint. Osteophytes were showed 
as green color and the volumes were quantitatively assessed. (C) Quantitative analysis of BV/TV, Tb.Th, Tb.N, BMD and osteophyte volume. (D) H&E and 
(E) Safranin O staining of knee. (F) OARSI score for cartilage regeneration. (G) Experimental set up to study the regenerative effect of EVs on IL1β-induced 
chondrocytes in vitro. (H, I) Western blotting analysis of COL2, ADAMTS5, and MMP13 expression across different treatment groups. Full-length blots are 
presented in Supplementary Fig. 7. (J) RT-qPCR gene analysis of chondrocyte markers, COL2, SOX9, and ACAN. (K) Safranin O staining of chondrocyte 
pellets. (L) Immunofluorescence staining of COL2 in cartilage pellets and quantitative analysis of fluorescence intensity. (M) Assessment of chondrocyte 
proliferation assay with Ki-67 immunofluorescence staining. (N) Cell scratch assay and relative area to assess the cell migration across different groups. (O) 
Trans-well migration of chondrocytes and quantitative analysis of cell migration. Quantitative data represent mean ± standard deviation, n = 3; * denotes 
p < 0.05 and ** p < 0.01 relative to control group
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MMP13) as demonstrated by Western blot and RT-qPCR 
analysis (Fig.  4K, L). Staining of 3D-cultured cartilage 
pellets further demonstrate hsa-miR-122-5p mimics pro-
motion of chondrocytes anabolic activity (Fig.  4M, N). 
Proliferation (Fig. 4O) and migration (Fig. 4P, Q) of chon-
drocytes were also enhanced with hsa-miR-122-5p mim-
ics treatment.

Heighten expression of target gene DUSP2 in OA 
chondrocytes
To establish downstream target genes of hsa-miR-122-5p 
related to autophagy regulation, we acquired 1775 human 
autophagy-related genes from different main autophagy 
databases (Supplementary Fig.  5A and Supplementary 
Table 3). The acquired autophagy-related genes were 
then intersected with the human OA bulk-RNA sequence 
to further screen out 26 key molecules by Venn diagram 
(Supplementary Fig.  5B and Supplementary Table 4), 
including DAPK2, ZFP36 and DUSP2.

To predict the target genes of hsa-miR-122-5p, five 
main miRNA databases intersected into 36 target genes 
(Supplementary Fig.  5C and Supplementary Table 5). 
Finally, DUSP2 molecule was filtered out by Cytoscape 
software (Fig.  5A). In addition, single cell sequenc-
ing from OA samples were also further verified, the 

differential gene were shown in Supplementary Tables 6, 
and 8 OA related cell clusters were enriched (Supplemen-
tary Fig.  5D). Focusing on chondrocytes, we analyzed 
the possible autophagy genes and found DUSP2 genes to 
be abnormally expressed in OA chondrocytes, shown in 
bubble diagram (Supplementary Fig. 5E), and violin dia-
gram (Fig. 5B).

IFC staining on rat OA samples found DUSP2 highly 
expressed in the nuclei of chondrocytes in the OA 
group compared to the sham group (Fig.  5C). In vitro, 
we also found higher expression of DUSP2 in chondro-
cytes under the stimulation of IL-1β (Fig. 5D). The level 
of DUSP2 decreased after treatment with EVs both in 
vitro (Fig. 5D) and in vivo (Fig. 5C), and hsa-miR-122-5p 
mimic in vitro (Fig.  5E). Notably, lower expression of 
DUSP2 was observed in H-EVs treated group in both in 
vivo (Fig. 5C) and in vitro samples (Fig. 5F, G).

MiR-122-5P regulate the autophagy of chondrocytes by 
modulating DUSP2
To explore the possibility of miR-122-5p directly binding 
to DUSP2, TargetScan website was used to predict the 
miRNA-target interaction between DUSP2 3’ UTR and 
hsa-miR-122-5p. As shown in Fig. 6A, we found potential 
binding sequence at the position 538–544 of DUSP2 3’ 

Fig. 3  Autophagy regulatory effect of EVs on chondrocytes. (A, B) Western bolt analysis of autophagy proteins, P62 and LC3, expression. Full-length blots 
are presented in Supplementary Fig. 7. (C) RT-QPCR analysis on autophagy genes expression. (D) Immunofluorescence staining of LC3 in chondrocytes. 
(E) TEM images and quantitative analysis of autophagosomes. (F) Co-immunofluorescence staining of ACAN and LC3 on cartilage in OA knee. Quantita-
tive data represent mean ± standard deviation, n = 3; * denotes p < 0.05 and ** p < 0.01 relative to control group
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Fig. 4  miR-122-5p regulates chondrocyte autophagy. (A) Exosomal miRNA expression profile of MSCs under normoxic and hypoxic conditions. (B) Vol-
canic map of the differentially expressed miRNAs. (C) Real-time quantitative PCR verification of miRNAs expression. (D) The secondary stem ring structure 
of miR-122-5p. (E, F) Western blot analysis of autophagy protein, P62 and LC3, expression under hsa-miR-122-5p mimic (Mimics) treatment. NC = sham 
miRNA. (G) Expression of autophagy protein. (H) Expression of autophagy genes. (I) TEM analysis of autophagosomes. (J) Immunofluorescence staining 
and quantification and quantification of autophagy molecule LC3. (K-L) Regulation of chondrocytes expression matrix protein (K) and gene (L) expression 
by miR-122-5p. (M) Safranin O staining of chondrocyte pellets. (N) COL2 immunohistochemistry and quantification. (O) Ki-67 staining to analyse chondro-
cyte proliferation. (P) Cell scratch assay. (Q) Trans-well migration assay. (n = 3, mean ± SD; *p < 0.05; **p < 0.01; versus control group). Quantitative data rep-
resent mean ± standard deviation, n = 3; * denotes p < 0.05 and ** p < 0.01 relative to control group. Full-length blots are presented in Supplementary Fig. 7
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Fig. 5 (See legend on next page.)
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UTR. The GFP-miRGLO plasmids synthesized according 
to these sequences were co-incubated with 293T cells. By 
performing luciferase assay, we found that fluorescence 
intensity was decreased in the wild-type but not in the 
mutant group after intervening by hsa-miR-122-5p mim-
ics, indicating that there was a direct binding between 
hsa-miR-122-5p and DUSP2 3’ UTR site (Fig. 6B). Lucif-
erase assay also revealed reduced fluorescence intensity 
with N-EVs co-cultured 293T in the wild-type groups, 
and significantly lower fluorescence intensity with H-EVs 
treatment (Fig. 6B).

In order to validate that EVs regulated the downstream 
target genes DUSP2 was dependent on miRNA122-5p, 
the expression of DUSP2 was analysed in the presence 
or absence of hsa-miR-122-5p inhibitor. We found that 
the suppressed expression of DUSP2 in the H-EVs treat-
ment group could be reversed when miRNA hsa-miR-
122-5p inhibitor was added (Fig.  6C, D). Concurrently, 
the increased autophagy level under H-EVs treatment 
was reduced by hsa-miR-122-5p inhibitor as indicated by 
expression levels of autophagy markers (Fig. 6E, G) and 
number of autophagosome (Fig.  6F). Similarly, H-EVs 
promotion of proliferation and migration of chondrocyte 
can be impeded by hsa-miR-122-5p inhibitor (Fig. 6H-J).

DUSP2 regulated by miR-122-5P involves chondrocyte 
autophagy through the MAPK pathway
To further clarify the regulatory role of DUSP2 on 
autophagy in chondrocyte regeneration, salubrinal, a 
DUSP2 inhibitor [24] was introduced. The non-toxic and 
effective concentration of salubrinal was identified to be 
10nM by CCK8 test (Supplementary Fig. 2C). In the pres-
ence of salubrinal, the level of autophagy was increased 
regardless of IL-1β treatment, as indicated by the expres-
sion of autophagy markers (Supplementary Fig.  6A, B, 
G), and the number of autophagosomes (Supplementary 
Fig.  6C). The level of autophagy decreased by hsa-miR-
122-5p inhibitor could be rescued with the inclusion of 
DUSP2 inhibitor (Fig.  7A-D). Similarly, suppression of 
chondrocyte matrix formation (Fig.  7E, F), proliferation 
(Fig. 7G) and migration (Fig. 7H, I) imparted by hsa-miR-
122-5p inhibitor was reversed by DUSP2 inhibitor. Taken 
together, these data indicate that miRNA122-5p in EVs 
participate in the autophagy regulation of chondrocytes 
by regulating downstream target genes DUSP2.

Through gene function enrichment analysis of the 
screened autophagy differential genes, we found that 

GO terms include response to hormone, 14-3-3 protein 
binding, response to hypoxia, and response to oxygen 
levels (Fig. 7J). KEGG pathways suggested the PI3K-AKT 
pathway, FoxO pathway and MAPK pathway (Fig.  7K). 
Molecular interaction network composed of the top five 
molecules related to DUSP2 molecules include MAPK1, 
3, 11 and 14 (Fig.  7L). Indeed, Western blot analysis 
shows that expression of p-ERK1/2 (MAPK3/1) and 
p-P38 (MAPK14) was upregulated in the presence of hsa-
miR-122-5p inhibitor, which was reverted in the pres-
ence of salubrinal (Fig.  7M, N), suggesting that DUSP2 
regulation by miR-122-5P in chondrocyte autophagy act 
through the MAPK pathway.

Discussion
Our study reveals that EVs released from hypoxia pre-
conditioned human MSCs promote chondrocyte regen-
eration by regulating autophagy. We first assessed the 
therapeutic effect of hypoxic MSCs-produced EVs in a 
rat OA model. In addition, we investigated the impact 
of EVs on the regeneration of chondrocytes in vitro in 
both 2D and 3D culture platforms. MiRNA sequencing 
followed by study using specifically designed miRNA 
mimic and inhibitor further establish that miR122-5P 
from EVs promotes chondrocyte regeneration. By com-
bining multiple database analysis, we identified DUSP2 as 
the downstream target of miR122-5P participating in the 
regulation of autophagy and validated DUSP2 involve-
ment through inhibitor studies targeting both miR122-5P 
and DUSP2. Taken together, this study demonstrates that 
EVs released by MSCs under hypoxic conditions have a 
beneficial effect on chondrocyte regeneration. A novel 
mechanism for chondrocyte autophagy is mediated by 
miR122-5P and DUSP2 target molecules, providing new 
insights into OA treatments.

Constant advancement in the study of MSCs suggests 
unique therapeutic potential for cartilage repair, espe-
cially for OA [25]. EVs are the main active ingredients 
participating in MSCs paracrine activities, which have 
the advantages of easy collection, storage, stability, high 
bioavailability, and low immune exclusion [26]. Injection 
of EVs into the joint cavity can be used as cell-free ther-
apy to repair cartilage damage [27]. Additionally, there is 
increasing evidence that different cultivation conditions 
may alter the therapeutic potential of MSCs [28]. MSCs 
cultured under physiological hypoxia condition, instead 
of the often used 21% O2 had a beneficial effect on the 

(See figure on previous page.)
Fig. 5  Differential expression of DUSP2 in inflammatory chondrocytes. (A) Using Cytoscape software identification of potential downstream target genes 
regulated by miR-122-5p in OA. (B) Violin plot on the expression of autophagy-related genes, cartilage-related genes and DUSP2 in different cell types. (C) 
Immunofluorescence staining of DUSP2 in the cartilage layer after EVs treatment. (D) Western blot analysis on the expression of DUSP2 in IL-1β-induced 
chondrocytes. (E) Expression of DUSP2 in chondrocytes under miR-122-5p mimics intervention. Immunofluorescence staining analysis of DUSP2 in chon-
drocytes under the intervention of IL-1β and EVs (F) or miR-122-5p mimics (G), Quantitative data represent mean ± standard deviation, n = 3; * denotes 
p < 0.05 and ** p < 0.01 relative to control group. Full-length blots are presented in Supplementary Fig. 7
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biological nature of MSCs and its therapeutic potential 
[29]. Additionally, under the state of disease, hypoxia 
often occurs in tissue injury and inflammation. MSCs 
pre-treated in a hypoxic environment at 1 or 3% oxygen 
for 24–48  h generated exosomes with more effective 
regenerative activities in repairing cartilage [17, 30, 31]. 
In this study, we further study the effect of hypoxic MSC-
generated EVs on OA development and decipher the role 
of EVs-derived microRNA, focusing on the regulation of 
autophagy.

MicroRNA serves as a crucial regulator of gene expres-
sion, which can bind to target mRNA, leading to RNA 
degradation or translation blockage [32]. MiRNAs play 

a vital role in maintaining cellular homeostasis and 
regulating the pathophysiological processes of various 
diseases [33]. However, its own instability limits its appli-
cation. Exosome-associated miRNAs are considered to 
be an effective and safe miRNA delivery vehicle and are 
beneficial for functionality, including in the treatment of 
OA diseases [34, 35].

In our study, miR-122-5p was found to be one of 
the highly upregulated miRNAs in H-EVs. It is a key 
microRNA involved in the regulation of numerous dis-
eases, in particular in tumor cells. Researchers found 
that down-regulation of miR-122 could activate BCL9-
mediated signaling pathways to predict the survival rate 

Fig. 6  EVs regulate chondrocyte autophagy dependent on miR-122-5p. (A) TargetScan analysis to predict the binding sequence between miR-122-5p 
and DUSP2. (B) Verification of direct binding between miR-122-5p mimics, or EVs, and DUSP2 by luciferase assay in 293T cells. (C) Western blot, and (D) 
immunofluorescence staining analysis of DUSP2 expression under H-EVs and miR-122-5p inhibitor treatment. (E) After adding H-EVs and miR-122-5p 
inhibitor, western-blot analysis of autophagy proteins expression after H-EVs and miR-122-5p inhibitor treatment. (F) TEM of autophagosomes in chon-
drocytes. (G) Immunofluorescence analysis of LC3. (H) Expression of Ki67 on the proliferation of chondrocytes. (I) Cell scratch assay, and (J) Tran-swell 
migration analysis. Quantitative data represent mean ± standard deviation, n = 5; * denotes p < 0.05 and ** p < 0.01 relative to control group. Full-length 
blots are presented in Supplementary Fig. 7
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Fig. 7 (See legend on next page.)
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of human liver cancer patients [36]. In pancreatic duc-
tal adenocarcinoma disease, miR-122-5p was found to 
be insufficiently expressed in cancerous tumor tissues, 
and over-expression of miR-122-5p could inhibit cell 
proliferation, migration, invasion and EMT by down-
regulating CCNG1 in pancreatic ductal adenocarci-
noma [37]. MiRNA-122-5p also plays a regulatory role 
in the proliferation and migration of cardiac fibroblasts. 
MiRNA-122-5p is an important regulator of autophagy 
and apoptosis through the Apelin/AMPK/mTOR signal-
ing pathway, which may serve as a therapeutic target for 
myocardial fibrosis and related diseases [38]. These stud-
ies indicate that miR-122-5p plays a significant role in 
regulating proliferation, migration, apoptosis, autophagy, 
and inflammation in various cell types. Increase expres-
sion of miR-122-5p was found in serum of OA and RA 
patients [39, 40]. We detected low levels of this miRNA 
in OA knee chondrocytes (Supplementary Fig. 9). Iden-
tification of miR-122-5p involvement in H-EVs regulated 
chondrocytes autophagy, proliferation, migration and 
matrix formation, ultimately leading to an inhibition of 
osteoarthritis progression is thus in accordance with the 
reported role of miR-122-5p.

We further linked miR-122-5p action to its down-
stream target, DUSP2. DUSP2 is a dual-specificity phos-
phatase, also known as activated cellular phosphatase 1 
(PAC-1), capable of dephosphorylating dual threonine/
tyrosine residues of substrates involved in multiple cell 
signal transduction pathways [41]. Numerous recent 
studies have highlighted the significant regulatory role 
of DUSP2 in cell proliferation, apoptosis, cancer, inflam-
mation, and immune response [42–46]. However, the 
specific regulatory role of DUSP2 in the physiological 
function of chondrocytes in osteoarthritis remains under 
explored, especially in the regulation of autophagy. In the 
context of inflammatory arthritis research, Hamamura 
et al. have employed salubrinal, a DUSP2 inhibitors [24], 
to explore its effects on the expression of inflammatory 
cytokines in immune cells. The studies have demon-
strated that silencing DUSP2 leads to a downregulation 
of IL-1β levels, and salubrinal reduces the expression of 
inflammatory genes in macrophages, T lymphocytes, and 
mast cells, consequently alleviating inflammatory symp-
toms in mice [24]. Another study focused on interverte-
bral disc degenerative disease has shown that salubrinal 
can enhance the expression of COL2A1 and ACAN while 
reducing the level of up-regulated MMP-13 induced by 

IL-17, effectively mitigating inflammation and delaying 
the degeneration of the intervertebral disc [47]. These 
findings are indicative of DUSP2 participation in degen-
erative cartilaginous tissues. In our study, abnormally 
high expression of DUSP2 was detected in the nuclei of 
chondrocytes, both in vitro in the IL-1β-induced chon-
drocytes and in in vivo OA cartilage tissues. We further 
found DUSP2 expression in chondrocytes extracted 
from knee cartilage tissues of OA patients (Supplemen-
tary Fig.  9). Employing salubrinal together with miR-
122-5p inhibitor, we established for the first time the role 
of DUSP2 in chondrocytes autophagy, proliferation and 
migration. Interventions targeting DUSP2 contributed, to 
a certain extent, the improvement of osteoarthritis pro-
gression through autophagy.

As a member of the dual-specificity protein phospha-
tase subfamily, DUSP2 is predominantly expressed in 
the nucleus, and its expression varies significantly across 
different diseases and tissues. DUSP2 is well-known as 
a negative regulator of MAPK signaling, and inactivates 
its target kinases by dephosphorylating critical residues, 
including Erk1/2, p38, and JNK [48]. In vitro experiments 
have shown that DUSP2 preferentially dephosphory-
lates Erk1/2 and p38, but not JNK [49, 50]. In tendon 
injury disease, adult stem cell-derived large extracellular 
vesicles was found to exert detoxification effect through 
DUSP2 and DUSP3, which was responsible for regulat-
ing p38 MAPK signaling, polarizing M1 macrophages 
to M2 macrophages, resulting in pain and inflamma-
tion reduction in tendinopathy [51]. In the field of tumor 
research in the metastasis of pancreatic ductal adeno-
carcinoma (PDAC), overexpression of miR-361-3p pro-
moted the migration and invasion of pancreatic cancer 
cells in vitro, and DUSP2 was shown as the direct target 
of miR-361-3p, which in turn caused ERK pathway inac-
tivation, identifying the miR-361-3p/DUSP2/ERK axis 
as a novel EMT axis in PDAC [52]. Our study revealed 
that differential autophagy molecules in osteoarthri-
tis are enriched in MAPK and autophagy pathways. We 
observed that DUSP2 negatively regulates the phosphor-
ylation of ERK1/2 and P38, suggesting a miR-122-5p/
DUSP2/MAPK axis in mediating the autophagy pathway 
in chondrocyte.

(See figure on previous page.)
Fig. 7  miR-122-5P regulates chondrocyte autophagy dependent on DUSP2 and mediated the ERK1/2 and P38 pathways. (A-B) Expression of autophagy 
proteins with inhibition of miR-122-5P and DUSP 2. (C) TEM analysis of autophagosomes. (D) Immunofluorescence analysis of LC3. (E-F) Chondrocytes 
matrix proteins formation, (G) proliferation, and (H-I) migration under miR-122-5P and DUSP2 inhibition. (J) Circle diagram of GO enrichment analysis of 
autophagy-related differential genes in OA. (K) Bubble chart showing KEGG enrichment analysis. (L) The string database predicted that DUSP2 is involved 
in regulating downstream genes at the top5 genes. (M) Western-bolt analysis of DUSP2 and MAPK protein expression under treatment by miR-122-5P 
inhibitor and DUSP2 inhibitor, salubrinal. (N) Quantitative data represent mean ± standard deviation, n = 5; * denotes p < 0.05 and ** p < 0.01 relative to 
sham group. Full-length blots are presented in Supplementary Fig. 7
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Conclusion
In summary, this study found that EVs derived from 
hypoxia-preconditioned human MSCs have the potential 
to reduce the development of OA by regulation of chon-
drocyte autophagy. We found that miR-122-5p from EVs 
regulates chondrocyte autophagy by modulating DUSP2 
through MAPK pathway. These findings offer a novel 
perspective for promoting chondrocyte regeneration and 
ameliorating the progression of osteoarthritis, suggesting 
a potential avenue for treatment.
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