BIOENGINEERED Tavl &F .
2021, VOL. 12, NO. 2, 11225-11238 aylor ‘ rancis
https://doi.org/10.1080/21655979.2021.1995580 Taylor & Francis Group

RESEARCH PAPER 8 OPEN ACCESS W) Check for updates

miR-125a-5p-abundant exosomes derived from mesenchymal stem cells
suppress chondrocyte degeneration via targeting E2F2 in traumatic
osteoarthritis

Qingqging Xia**, Quan Wang"*, Feng Lin? and Junjuan Wang<¢

2Department of Laboratory Medicine, Huangyan Hospital of Wenzhou Medical University, Taizhou First People’s Hospital, Taizhou, Zhejiang
Province, China; ®Department of Orthopaedics, The Second Affiliated Hospital and Yuying Children’s Hospital of Wenzhou Medical University,
China; School of Basic Medical Sciences and Forensic Medicine, Hangzhou Medical College, Hangzhou, Zhejiang, China; “Department of
General Surgery, Huangyan Hospital of Wenzhou Medical University, Taizhou First People's Hospital, Taizhou, Zhejiang, China

ABSTRACT ARTICLE HISTORY
miRNAs are broad participants in vertebrate biological processes, and they are also the major Received 2 September 2021
players in pathological processes. miR-125a-5p was recently found a modulator in the Revised 14 October 2021
progression of osteoarthritis (OA). Our study was aimed to explore the role and underlying ~ Accepted 15 October 2021
mechanisms of miR-125a-5p-abundant exosomes derived from mesenchymal stem cells KEYWORDS

(MSC) on OA progression. We separated bone marrow mesenchymal stem cells (BMSCs) as Traumatic osteoarthritis;
well as the exosomes from traumatic OA patients. The immunofluorescence and cartilage chondrocyte degeneration;
staining were implemented for the observation and the assessment on endocytosis of bone marrow mesenchymal
chondrocytes and exosomal miR-125a-5p efficacy to cartilage degradation. Dual luciferase stem cells; exosomes; miR-
reporter assay was performed to verified the relationship between miR-125a-5p and E2F2. 125a-5p; E2f2

Then, the function of exosomal miR-125a-5p were examined on chondrocyte degeneration

in vitro and in vivo. Our findings indicated that E2F2 expression was elevated while the miR-

125a-5p was down in traumatic OA cartilage tissue, showing a negative correlation of the

former and the latter. miR-125a-5p targets E2F2 in traumatic OA cartilage tissue and leads to

the down-expression of E2F2. The E2F2 expression in chondrocytes was decreased after

internalization of exosomes. We additionally found that BMSCs-derived exosomes were rich

in miR-125a-5p content and chondrocytes can have it internalized. miR-125a-5p is endowed

with a trait of accelerating chondrocytes migration, which is going along with the up-

expressions of Collagen I, aggrecan and SOX9 and the down-expression of MMP-13

in vitro. Besides that, the mice model with post-traumatic OA turned out that exosomal

miR-125a-5p might beget an alleviation in chondrocyte extracellular matrix degradation. All

these outcomes revealed that BMSCs-derived exosomal miR-125a-5p is a positive regulator

for chondrocyte migration and inhibit cartilage degeneration We thus were reasonable to

believe that transferring of exosomal miR-125a-5p is a prospective strategy for OA treatment.
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Background

Osteoarthritis (OA), the prevalent joint disease
usually happens to aging population has brought
a huge burden to numerous families as well as
society [1]. OA is mainly resulted from the gradual
runoff in chondrocytes, which are the sole material
in organismal articular cartilage supplement [2].
Clinical explanation to OA occurrence as well as
its development currently is still vacant [2], though
there have been guidelines provided for the deci-
sion-making of clinicians and patients in OA treat-
ment; last but not the least, the joint replacement
surgery for OA remains far from clinical practice
[3]. The extracellular vesicles that are released
from cells with their diameters of 30-100 nm are
the ones defined as exosomes [4]. Exosomes
mainly function as the intercellular communica-
tors within cells and cells, and they transport the
biologically active molecules from one to another
[4]. It was found in mesenchymal stem cells
(MSC) that their exosomes would relieve the
pathological development of OA [5]. Such as the
exosomes generated by embryonic stem cells-
MSCs are the slow-release factors in OA develop-
ment by a way of holding the balance amid chon-
drocyte extracellular matrix synthesis and the
degradation [6]. In addition, cartilage contains no
blood vessels, leaving it with little ability to repair
itself, while exosomes have been shown to pro-
mote chondrocyte migration and thus enhance
regeneration of damaged tissues [7]. MSC-
derived exosomes are also able to help repair
damaged joints, and thus they are deem as the
interrupter in joint diseases development [8].
Hence, a treatment to OA with the administration
of MSC-derived exosomes conduces to repairing
in temporomandibular joint and accelerating the
regeneration [8,9]. More and more studies have
shown that microRNA is a potential biomarker
for various diseases and plays an important role
in regulating the development of OA [9-11].

For example, miR-29b-3p interplays with PGRN
by targeting its 3'UTR so as to facilitate the apop-
tosis of chondrocyte in OA [11]; miR-365, the one
regarded as an effective therapeutic molecule, is
targeted to be turned down in both the prevention
from and the treatment to osteoarthritis [12];
furthermore, development of OA could be also

suppressed by intra-articular administration of
antago-mir-483-5p, where the expressions of
ECM enzymes Matrilin3 and metalloproteinase 2
are manipulated [13]. miR-125a-5p is recently
found associated with OA, which is silenced to
down-regulate both the expressions of inflamma-
tory factors and chemokines [14]. It was predicted
by an online software that gene E2F2 is a possible
target of miR-125a-5p [15]. E2F2 is an important
member of the E2F transcription factor family,
which takes part in the process of cell prolifera-
tion, differentiation and apoptosis [16]. E2F2 is
highly expressed in osteoarthritis synovial tissue
[17]. The E2F2 gene is located at 1p36, and the
relative molecular mass of the encoded protein is
47.5kDa [16]. E2F2 has a pocket protein (pRB)
binding domain to which pRB binds [18]. At the
end of the cell cycle G1, the phosphorylation of
pRB caused by cyclins (CDKs) will decompose the
pRB/E2F2 complex, thereby releasing and activat-
ing E2F2, regulating downstream gene expression
(such as encoding proteins and enzymes required
for DNA replication), and ultimately affecting Cell
viability [18]. E2F2 is a regulator in cellular pro-
liferation, differentiation, apoptosis, and cytokine
synthesis and secretion in osteosarcoma cells and
gliomas, and ultimately affects the pathological
process of tumors [19,20]. Gene E2F2 has been
proved the core player in OA cartilage degradation
after the trauma in vivo.

Contextually, we assumed that mesenchymal
stem cell-derived exosomal miR-125a-5p may be
target E2F2 to ameliorate OA. Hence, the present
study aims to investigate the regulatory mechan-
ism of MSC-derived exosomal miR-125a-5p inhi-
biting chondrocyte degeneration of traumatic OA
by targeting E2F2. We attempted to provide a new
insight to the clinical study as well as the treatment
of OA.

Methods
Ethics statement

Our study has been authorized by the ethics com-
mittee of Hangzhou medical college and The sec-
ond affiliated hospital and yuying children's
hospital of Wenzhou medical university. This
study complies with the Declaration of Helsinki,



and all patients signed the informed consent.
Animal usage protocol in this study was approved
by the animal ethics committee. Databases of
TargetScan  (http://www.targetscan.org/vert_71/)
and StarBase (http://starbase.sysu.edu.cn/) were
our primary methods in the predictions to target
genes and corresponding regulation pathways.
Patients were enrolled in the group from
June 2017 to June 2019.

A total of 30 cases of cartilage tissue of knee
traumatic OA patients and 30 cases of trauma-
tictraumatic amputation patients’ knee cartilage
tissue were collected. Patients with rheumatoid
arthritis and septic arthritis were excluded. This
research. Thirty patients with traumatic osteoar-
thritis were enrolled, including 12 males and 18
females, with an average age of 56.55 years old
and 47-69 years old. There were 30 cases of
traumatic amputation, including 17 males and
13 females, with an average age of 52.22 years
and an age of 42 to 66 years.

Isolation of bone marrow mesenchymal stem
cells (BMMSCs)

The bone marrow aspirates were harvested from
the femur of trauma OA patients undergoing
surgical treatment, and were collected in
a heparin anticoagulation tube under aseptic con-
ditions. Then, the bone marrow aspirates were
centrifuged at 1500 g for 20 minutes, the fat
layer was discarded, and this step was repeated
twice. The BMMSCs were isolated using earlier
published protocols [21]. Briefly, a total of 5 mL
of Ficoll separation solution was added to a new
centrifuge tube, and then the diluted bone mar-
row solution was added to the upper layer of
Ficoll separation solution along the tube wall.
Then the solution was centrifuged at 2500 g for
20 minutes. The white blood cell layer was
removed, resuspended and centrifuged again to
collect the pellet containing BMSCs. After resus-
pension, the collected BMSCs were cultured in
DMEM/F-12  medium (Invitrogen  Corp.,
Carlsbad, CA, USA) containing 10% fetal bovine
serum (FBS). After 72 hours, discard the culture
medium and non-adherent cells, and then add
DMEM/F-12 complete medium for further cul-
ture and passage.
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Isolation and identification of exosomes

After reaching 50-60% cell confluence, BMSCs
were further cultured in MesenGro® hMSC med-
ium (StemRD, Burlingame, CA, USA) at 37°C
and 5% CO, for 48 hours. The conditioned med-
ium was collected and centrifuged at 300 g for
15 minutes at 4°C, and then centrifuged at
2500 g for 15 minutes to remove dead cells and
cell debris. After centrifugation, the supernatant
was filtered through a 0.22 pM filter (Merck-
Millipore, Darmstadt, Germany). The filtered
solution was then transferred to a 15 mL
Amicon Ultra 15 centrifugal filter device (Merck-
Millipore, Darmstadt, Germany) and centrifuged
at 4000 g until the volume of the supernatant was
concentrated to about 200 pL. The ultrafiltrate
containing exosomes was placed on top of a 30%
sucrose/D20 pad, and then transferred to
a sterile UltraClear™ tube (Beckman Coulter,
Brea, CA, USA). The ultrafiltrate was then ultra-
centrifuged at 100,000 g (Beckman Optima XPN-
100,Beckman, USA) for 1 hour at 4°C. The pellet
was resuspended in 15 mL PBS and centrifuged
again at 4000 g to concentrate the volume to
about 200 pL. Observe the morphology of exo-
somes through a transmission electron micro-
scope. Place the exosomes on a copper grid
coated with formvar (StructureProbe, Inc., PA,
USA). The grid was dried with 2% uranyl acetate,
and then observed using a PhilipsMorgagni268D
microscope (Philips, Amsterdam, Netherlands).
The above process was repeated 3 times.

Cell transfection

In order to explore the functions of miR-125a-5p,
mimics, inhibitors and their negative controls were
purchased from Ribbio (Guangzhou, China). The oli-
gonucleotide transfection was performed using
riboFECT™ CP reagent (RiboBioCo., Ltd., Guang-
zhou, China). In order to construct a lentiviral vector
containing E2F2 overexpression, oligonucleotides
were synthesized before the purified PCR product
was co-cleaved with Xhol and Mlul (PWPXL vector)
and ligated with T4 ligase to construct a gene over-
expression vector. The constructed core plasmid
(16 pg) and two envelope plasmids PSPAX2 (12 pg)
and PMD2G (4.8 ug) were co-transfected into
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HEK293T cells on a 6-well plate. The supernatant was
collected 48 hours after transfection and concentrated
with CentriconPlus-70 filter (UFC910096, Millipore).
The experiment used lentivirus with a titer adjusted to
108TU/mL.

Collection, isolation and culture of primary
chondrocytes

Cartilage was excised from the subchondral bone,
and then separated with 4 mg/mL protease and
0.25 mg/mL collagenase P. Cells were cultured in
DMEM/F-12 (Gibco, Thermo Fisher Scientific)
medium containing 5% FBS (Gibco, Thermo
Fisher, Waltham, MA, USA) and 1% penicillin
and streptomycin (Gibco, Thermo Fisher,
Waltham, MA,USA). Chondrocytes are used for
experiments within 3-7 days.

Chondrocyte endocytosis

BMSCs were isolated with trypsin-EDTA and resus-
pended in 1 mL MesenGro® hMSC medium. To
confirm whether the chondrocytes could take up
exosomes derived from BMSCs, BMSCs were labeled
using a green fluorescent dye Vybrant Dio
(Molecular Probes, Carlsbad, CA, USA) before har-
vesting the exosomes [22]. After adding 5 uL Vybrant
Dio solution to the suspension, the mixture was
incubated at 37°C in 5% humidified CO, for 15 min-
utes. The cells are then cultured in complete medium
andseeded in a 35-mm glass-bottomed dish (D35-20-
1-N, Cellvis, Mountain View, CA, USA) until the cell
confluence reaches about 50-60%. The exosomes
were then separated and cultured with chondrocytes
for 6 hours. After washing 3 times with PBS to
remove free exosomes, the cells were fixed with 4%
paraformaldehyde for 15 minutes and stained with
4,6-diamino-2-phenylindole (DAPI) for 5 minutes.
Finally, use the led fluorescence microscope
(Mingmei, Guangzhou, China) to take images.

RNA isolation and quantification

The total exosomal RNA isolation kit (Invitrogen,
Carlsbad, CA, USA) was used to extract RNA from
exosomes. The extracted RNA is then used for RT-
qPCR detection. TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) was used to extract total

RNA from chondrocytes or synovial MSC. For
miRNA, human miRRT-qPCR detection Kkit
(BioTNT, Shanghai, China) was used to synthesize
cDNA, and U6 was used as an internal reference
for miRNA. For mRNA, transscript® All-in-One-
First-Strand c¢cDNA synthesis supermix for RT-
qPCR was used for cDNA synthesis. RT-qPCR
was performed using TransStart®TopGreenRT-
qPCRSuperMix (TransgenBiotech, Beijing,
China), and P-actin was used as an internal refer-
ence for mRNA.

Western blot

Western blot was used to separate total protein
from cells using RIPA (Beyotime, Shanghai,
China). The protein samples were electrophoresed
on a 10% SDS-PAGE gel and electrotransferred to
PVDF. The membrane was then blocked in Tris
buffered saline containing 0.1% Tween20 and 5%
skimmed milk powder Tween20 (TBST), and then
incubated with primary and secondary antibodies.
The primary antibodies are as follows: rabbit anti-
CD63 (1:1000, ab134045), rabbit anti-CD9 (1:2000,
ab92726), rabbit anti-CD81 (1:1000, ab109201),
rabbit anti-Alix (1:1000, ab186429), rabbit anti
Tsgl01 (1:1000, ab30871), rabbit anti-MMP-13
(1:3000, ab39012), rabbit anti-collagen II (1:5000,
ab34712), mouse anti-Aggrecan: 100, ab3778), rab-
bit anti-Sox9 (1: 1000, ab185230), rabbit anti-E2F2
(1:1000, ab235837) and rabbit anti-B-actin (1:1000,
ab179467). The secondary antibodies are HRP-
labeled rabbit anti-mouse immunoglobulin
G (IgG) (1:5000, ab6728) and HRP-labeled goat
anti-rabbit IgG (1:5000, ab6721). GAPDH was
used as an internal reference for western blotting.
Finally, use the ECL kit (Beyotime, Shanghai,
China) to observe the staining, and use the
BIORAD gel imaging system to measure the
bands. All antibodies were purchased from
Abcam Inc. (Cambridge, MA, USA).

Transwell measurement of chondrocyte
migration

After the chondrocytes were separated, 5 x 104
cells were seeded in the top chamber of a 24-well
8 um multi-well plate. A total of 600 pL of com-
plete chondrocyte culture medium containing



exosomes was added to the basal compartment of
the Transwell plate and incubated at 37°C for
12 hours. Then the upper chamber was fixed
with 4% PFA for 15 minutes, and stained with
0.5% crystal violet for 10 minutes. Wipe the sur-
face of the upper chamber to remove cells that
have not migrated to the surface of the basolateral
chamber. Finally, a Leica microscope (Leica
Microsystems, Wetzlar, Germany) was used to
take photos and statistical analysis of five ran-
domly selected areas.

Dual luciferase reporter detection

The wild-type (WT) and mutant (MUT) E2F2
plasmids were constructed to explore the targeting
relationship between miR-125a-5p and E2F2. The
recombinant plasmid was verified by restriction
enzyme digestion and DNA sequencing. Add
HEK293T cells to a 12-well plate. After 24 hours,
cells were transfected with mimics miR-125a-5p
and E2F2WT or E2F2MUT with Lipofecta-
mine2000 reagent. The samples were then co-
transfected with the pRL-TK plasmid expressing
Renilla luciferase. 48 hours after transfection, the
cells were lysed. The dual luciferase reporter gene
detection system (Promega, USA) was used to
detect firefly and Renilla luciferase activity.

Traumatic OA mice model

48 healthy male C57BL/6 mice, aged 5-8 weeks,
were randomly divided into 4 experimental
groups: normal, traumatictraumatic OA, trauma-
tictraumatic OA+exosomes and traumatictrau-
matic OA+ExosmiR -125a-5p. Each group
consisted of 12 mice, and two mice were housed
in each cage. After the mice were anesthetized with
isoflurane, the right ankle and knee joints of the
mice were placed in a custom processing table in
a mechanical testing device. Applying a single
mechanical load (1 mM/s to 12 N) to the ankle
joint causes the tibia to move forward relative to
the femur and extend the anterior cruciate liga-
ment beyond the point of failure. Immediately
after the injury, the joint is injected with 100 pL
of 1011 particles/mL exocrine Then, let it recover
from anesthesia, and then return to its cage.
One hour after the injury, the mice were
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euthanized by inhalation of carbon dioxide and
the joints were harvested [23]. All surface soft
tissues were removed to separate the cartilage tis-
sue of the joints.

Statistical analysis

Our data analyses were accomplished with SPSS21.0
software (IBM, Armonk, NY, USA). Our data was
shown as mean + standard deviation. Independent
samples t test was for the analysis on the comparison
between two groups of unpaired data with normal
distribution and homogeneity of variance. The com-
parison between multiple groups was analyzed with
the measure of one-way variance (ANOVA) analysis
and Tukey’s post-hoc test. Any value with p < 0.05
was statistically significant.

Results

In this study, we explored the biological role and
molecular mechanism of miR-125a-5p in OA. Our
data showed that miR-125a-5p was lower expressed
in traumatic OA cartilage tissues. miR-125a-5 could
promote chondrocyte migration and alleviated car-
tilage degeneration caused by OA by targeting E2F2.
In conclusion, our study showed the function of
miR-125a-5p in traumatic OA via the E2F2, which
meant that targeting these molecules may be a new
method for the treatment of traumatic OA.

E2F2 is a target of miR-125a-5p

Low expression of miR-125a-5p is detected in
traumatic OA cartilage tissues. We run
a screening on the miRNAs over E2F2 upstream
with the platforms of TargetScan and starBase
databases (Figure 1(a)). After that, we carried
out a dual luciferase reporter gene detection to
verify the correlation within miR-125a-5p and
E2F2 in cartilage tissue. Then it turned out that
the transfection of miR-125a-5p impaired the
luciferase activity by the way of binding to wild-
type E2F2 3'UTR, which means transcription of
E2F2 would also decrease; but the the luciferase
activity with MUT E2F2 3'UTR sequence
showed no change (Figure 1(b)). Subsequently,
we obtained normal cartilage and traumatic OA
cartilage specimens and made assays of RT-
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Figure 1. Distinct expression patterns of E2F2 and mir-125a-5p were observed in traumatic OA cartilage. A, Possible targeting
relationship within mir-125a-5p and E2F2 was given by targetscan and Starbase databases. B, Verification of dual luciferase assay on
the targeting relationship within mir-125a-5p and E2F2. C, Determination with RT gPCR assay on the expression of mir-125a-5p and
E2F2 in normal cartilage and traumatic OA cartilage. D, Western blot was conducted to determinate the E2F2 expression in normal
cartilage and traumatic OA cartilage. ** means P < 0.01, compared with normal group or mimics NC transfected cells.

qPCR and western blot on miR-125a-5p and
E2F2 expressions for our further explorations.
High-expressed E2F2 and low-expressed miR-
125a-5p were distinctly differential in traumatic
OA cartilage, which indicated that their negative
correlation (Figures 1(c-e)). Our findings sug-
gested the targeting relation within miR-125a-
5p and E2F2; morever, miR-125a-5p is low
expressed in traumatic OA cartilage tissue.

miR-125a-5p expression is detectable in bone
marrow mesenchymal stem cells and their
secreted exosomes

We isolated exosomes from the medium with bone
marrow mesenchymal stem cells growing. Our assays
of transmission electron microscopy and western blot
were for the identification on the exosomes secreted

by BMSCs. Then it turned out that most of the vesicles
were between 50-150 nm in size and presented a disc
shape (Figure 2(a)). We made a further confirmation
with western blot that exosomal markers CD63 and
CD9 were highly expressed in our findings (Figure 2
(b)). All the outcomes in this section indicated
a successful exosomes isolation. Then following RT-
gPCR assay was made for the determination on the
miR-125a-5p expressions in both cells and exosomes,
which affirmed the existence of miR-125a-5p in
BMSC:s and their secreted exosomes (Figure 2(c)).

miR-125a-5p promotes the progression of
chondrocytes and the secretion of ECM through
E2F2

We isolated the chondrocytes from clinical normal
cartilage tissue and con-transfected them with
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Figure 2. Identification of BMSCs and exosomes. A, Observation with transmission electron microscope on morphology of exosomes.
B, Western blot analysis of secrete surface markers (CD63, CD9). C, RT-qPCR on the mir-125a-5p expressions in BMSCs and their

exosomes. * P < 0.05, ** P < 0.01.

miR-125a-5p and E2F2 (Figure 3(a)). Our
Transwell experiment was performed for the
assessment on cellular migration ability, whose
results showed that the cells with mimics miR-
125a-5p transfection manifested an enhancement
in cellular migration in contrast to the ones with
mimics NC transfected; the cells with miR-125a-5p
inhibitor transfection showed an impaired migra-
tion ability versus the inhibitor NC group. In
contrast with the ones with miR-125a-5p mimics
transfection, migration ability of the cells with
both miR-125a-5p and E2F2 con-transfected was
notably suppressed (Figures 3(b,c)). RT-qPCR and
immunofluorescence results showed that the
Collagen II, aggrecan and SOX9 contents in the
chondrocytes with miR-125a-5p mimics trans-
fected were significantly increased, while the level
of MMP-13 was lower than the mimics-NC trans-
fected cells. We also found that the content of
Collagen II, aggrecan and SOX9 in chondrocytes
turned down after miR-125a-5p inhibitor transfec-
tion; reversely, expression of MMP-13 up-
regulated. Besides that, the Collagen II, aggrecan

and SOX9 contents in the cells with miR-125a-5p
transfection became down-regulated. However,
when compared with the one of miR-125a-5p
mimics transfection, the levels of E2F2 and
MMP-13 in the miR-125a-5p inhibitor transfec-
tion were higher (Figures 3(d) and 4). In sum-
mary, the above results indicate that miR-125a-
5p promotes the E2F2 migration to chondrocytes
as well as the secretion of ECM.

Exosomal miR-125a-5p accelerates chondrocyte
migration and ECM secretion

Before obtaining exosomes, we labeled BMMS
Cswith a green fluorescent lipophilic dye (Vyb-
rant-DiO) so that the exocrine of bone marrow
mesenchymal stem cells could be detected. With
the help of those assays, we profiled the roles of
miR-125a-5p and the absorbing effect of chondro-
cytes to exosomes. We had the chondrocytes incu-
bated for 6 hours with the exosomes of labeled
cells, then we found the DIO-labeled exosomes
around the perinuclear area of chondrocytes
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Figure 3. Targeting effect of mir-125a-5p to E2F2 leads to enhancement in both chondrocyte migration and ECM synthetic proteins.
A, RT-gPCR assay on the mir-125a-5p expression in transfected chondrocytes. B and C, Migration analyses on chondrocytes. Scar
bar = 100 pm. 1, mimics NC; 2, mimics miR-125a-5p; 3, inhibitor NC; 4, inhibitor miR-125a-5p; mimics miR-125a-5p + E2F2. D, RT-
gPCR assays on the MMP-13, collagen II, aggrecan and Sox9 mRNA expressions. *Compared with the cells transfected with mimics
NG, P < 0.05; # Compared with the cells transfected with inhibitor NC, P < 0.05; @ Compared with cells transfected with mimics mir-

125a-5p, P < 0.05.

(Figure 5(a)), which indicated the endocytosis of
chondrocytes to exosomes. Subsequently, we con-
ducted a miR-125a-5p over-expression in bone
marrow mesenchymal stem cells (Figure 5(b)),
then we isolated their exosomes for following
experiments. RT-qPCR outcome (Figure 5(c))
revealed that the miR-125a-5p content in bone
marrow mesenchymal stem cells secretory exo-
somes was increased after exogenous miR-125a-
5p over-expression. In addition, the miR-125a-5p
expression in chondrocytes was subjected to
a further test after endocytosis. Results of
Figures 5(d-f) showed that the miR-125a-5p
expression in chondrocytes become up-regulated
after endocytosis, whereas the E2F2 turned down.
After that, we gave a treatment of the exosomes
isolated above to chondrocytes, and determined
their migration ability with Transwell assay. Then
the outcomes turned out that the migrating cell
number of the one with EXO miR-125a-5p -ago
transfection increased notably higher than the cells

with EXOago-NC transfection (Figures 5(gh)).
Additionally, the RT-qPCR outcome indicated
that the collagen II, aggrecan and SOX9 expres-
sions in the chondrocytes with EXOmiR-125a-5p
transfection was higher than the ones with
EXOago-NC, but the MMP-13 expression in the
EXOmiR-125a-5p decreased (Figure 5(i)).

Exomir-125a-5p inhibits cartilage degradation

In this section, we had a further study to the exoso-
mal mir-125a-5p function in OA with the mice
model of traumatic OA, and we used this model to
run a test on exosomal mir-125a-5p preventive
potential in traumatic OA. Mice in OA group
showed a decreasing level of cartilage matrix after
trauma; we then made a comparison with sham
operated mice, and it turned out that the collagen
IT and aggrecan expressions in damaged cartilage
was down-expressed, while those of E2F2 and
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MMP-13 became elevated. Losses of cartilage matrix
in OA mice with exo injections were significantly less
when compared with the OA mice. The exomir-
125a-5p injection into OA mice was not capable of
ceasing cartilage matrix losing, but the severity saw
lower than the OA mice with the exo injection.
Collagen II and aggrecan expressions were slightly
inferior versus the normal group, but higher than the
traumatictraumatic OA mice as well as the trauma-
tictraumatic OA mice with the exo injection
(Figure 6). All these findings proved the inhibitory
effect of mir-125a-5p to OA in its early stage after
trauma, and we could also infer that mir-125a-5p is
able to slow down further injury in knee cartilage.

Discussion

OA is a prevalent joint disease of inflammation
often happening to elderly population [24]. There
are about 240 million people worldwide suffering

from OA, whose main cause is commonly defined
as the cumulative tissue damage in the elder
because of mechanical erosion and aging [25].
Currently, there is no effective OA diagnosis at
its early stage [25]. Furthermore, conventional
treatment to OA often comes along with side
effects as well as the surgery with invasiveness
[3]. We presented an evidence in this study that
the exosomal mir-125a-5p generated by MSCs tar-
gets E2F2 to inhibit OA chondrocytes degenera-
tion. We found a negative correlation within E2F2
and mir-125a-5p in traumatic OA cartilage that
the E2F2 gene was highly expressed when the
content of mir-125a-5p was low. E2F2 is a broad
player in many diseases as well as their progres-
sion. For example in osteoarthritis, high level of
E2F2 mRNA was detected in the cartilages of the
patients with OA [26]. Besides, imblanced expres-
sions of E2F2 in osteoarthritis suggests
a deterioration in cartilage catabolism and
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Figure 5. Exosomal miR-125a-5p accelerates chondrocyte migration and secretion of ECM synthetic proteins. A, The typical
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125a-5p expression in chondrocytes. E and F, Western blot analysis on the E2F2 protein in exosome-treated chondrocytes. G and H,
Migration analysis on chondrocytes. I, The RT-qPCR assay on the mRNA determination of MMP-13, collagen Il, aggrecan and Sox9
expressions. ** P < 0.01, represents a comparison with the exoago NC or cellago NC group.

abnormal anabolism of damaged cartilage [26].
E2FE is also a participant in the regulation of
cellular inflammatory mediators [27]. In this
study, we revealed a fact that gene E2F2 was
found over-expressed in both traumatic OA
patients’ cartilage and our mice models. miRNA,
another molecule of our study, which is a kind of
endogenous non-coding RNA category with
a post-transcriptional regulation to encoding

genes [28]. miRNAs’ correlation with OA patho-
genesis has been dug out recently [29]. It was
reported that the mRNA expression of mir-125a-
5p was down-expressed in plasma of patients with
knee OA [30]. Targeting regulation of miR-125a-
5p and shipl was found to modulate inflammatory
response [31]. It was also found that the transfec-
tion of mir-125a-5p mimics in vivo into an acidic
environment would repress Thl7-induced
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inflammation [32]. Further, mir-125a-5p is
a regulator in the microglia mediated neuroinflam-
mation of hypoxic-ischemic encephalopathy [33].

It is consistent as the findings above that we
found the expression of mir-125a-5p is inhibited
in traumatic OA cartilage. mir-125a-5p is also
a powerful enhancer in both E2F2 chondrocyte
migration and ECM secretion. miRNAs have
been proved to be involved in the migration of
chondrocytes and cartilage degradation [34-36].
Overexpressed miR-195 facilitates chondrocyte
migration in a way of targeting GIT1 [37], whereas
mir-486-5p over-expression inhibits chondrocyte
migration by inhibiting Smad2 [38]. In addition,
mir-139 has been reported to inhibit chondrocyte
migration [39]. Herein, we verified the trait of
mir-125a-5p promoting chondrocytes migration.
On the contrary, E2F2 is the inhibitory factor in
chondrocytes migration. Extracellular matrix
(ECM) is a complex network composed of struc-
tural proteins and glycosaminoglycans [40], imbal-
ance of ECM results in many diseases’

development [40]. As far as the importance of
ECM, miR-125a-5p is an answer in maintaining
its stability by inhibiting E2FE expression.

It was reported in previous studies that the articu-
lar cartilage degradation is one of the causes of OA
development [41]. Chondrocyte hypertrophy is the
key step as well as the final one in both OA patho-
genesis and chondrocyte differentiation [42]. Low
accumulated collagen inside ECM has been revealed
a key issue in damaged cartilage tissue; furthermore,
aggrecan plays a crucial role in ECM growth plate
cartilage [43]. Regulator Sox9 is a key transcription
factor in chondrocyte development [44], whereas
MMP-13 is the another one in ECM component
degradation [45]. On the basis of these findings,
we could see that the expressions of collagen II,
aggrecan and Sox9 are notably elevated after mir-
125a-5p over-expression, whereas the expression of
MMP13 turned greatly decreased. We could hence
infer that over-expressed mir-125a-5p leads to an
inhibition to cartilage degeneration. Exosomes,
a kind of small membrane encapsulated vesicles,
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are the signal mediators within cells with their abil-
ity to carry miRNA and other bioactive substances
from cells to cells. They are also the participants in
chondrocyte migration [46]. For example, Synovial
MSCs are able to prompt migration of articular
chondrocytes with their mir-140-5p [47]. mir-
125a-5p has a same ability in promoting prolifera-
tion and migration, whereas it accomplishes that by
by targeting E2F2.

Conclusion

In this study, we revealed a negative correlation
within mir-125a-5p and E2F2 in traumatic
osteoarthritis patients’ cartilage as well as in
our mice model. Chondrocytes are given an
ability to endocytose mir-125a-5p, so that endo-
genous expressions of E2F2 and MMP-1 would
be suppressed, meanwhile the expressions of
collagen II, aggrecan and Sox9 as well, which
brings about a consequence with chondrocyte
migration promoted whereas cartilage degenera-
tion repressed.

Highlights

Exosomes miR-125a-5p reduced the degradation of chondro-
cyte extracellular matrix. Exosomes miR-125a-5p promoted
chondrocyte migration.

Exosomes miR-125a-5p inhibited cartilage degeneration
in vivo.

E2F2 is the target of exosomes miR-125a-5.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This study was supported by Basic Public Welfare Research
Project of Zhejiang Province (Grant No.LGF19H060001),
Research on Public Welfare Technology Application
Projects of Zhejiang Province (Grant No.LGF19H060009),
and the Medical Science and Technology Program of
Zhejiang Province (2018KY894).

References

[1] Corciulo C, Castro CM, Coughlin T, et al
Intraarticular injection of liposomal adenosine reduces

(10]

(11]

(12]

(13]

(14]

(15]

(16]

cartilage damage in established murine and rat models
of osteoarthritis. Sci Rep. 2020;10(1):13477.

Danalache M, Beutler KR, Rolauffs B, et al. Exploration
of changes in spatial chondrocyte organisation in
human osteoarthritic cartilage by means of 3D
imaging. Sci Rep. 2021;11(1):9783.

Kolasinski SL, Neogi T, Hochberg MC, et al. 2019
American  College  of = Rheumatology/Arthritis
Foundation Guideline for the Management of
Osteoarthritis of the Hand, Hip, and Knee. Arthritis
Care Res (Hoboken). 2020;72(2):149-162.

Simons M, Raposo G. Exosomes-vesicular carriers for
intercellular communication. Curr Opin Cell Biol.
2009;21(4):575-581.

Jin Z, Ren J, Qi S. Exosomal miR-9-5p secreted by bone
marrow-derived mesenchymal stem cells alleviates
osteoarthritis by inhibiting syndecan-1. Cell Tissue
Res. 2020;381(1):99-114.

Wang Y, Yu D, Liu Z, et al. Exosomes from embryonic
mesenchymal stem cells alleviate osteoarthritis through
balancing synthesis and degradation of cartilage extra-
cellular matrix. Stem Cell Res Ther. 2017;8(1):189.
Wu X, Wang Y, Xiao Y, et al. Extracellular vesicles:
potential role in osteoarthritis regenerative medicine.
J Orthop Translat. 2020;21:73-80.

Ni Z, Zhou S, Li §, et al. Exosomes: roles and thera-
peutic potential in osteoarthritis. Bone Res. 2020;8
(1):25.

Liu S, Xu X, Liang S, et al. The Application of
MSCs-Derived  Extracellular ~ Vesicles in  Bone
Disorders: novel Cell-Free Therapeutic Strategy. Front
Cell Dev Biol. 2020;8:619.

Mihanfar A, Shakouri SK, Khadem-Ansari MH, et al.
Exosomal miRNAs in osteoarthritis. Mol Biol Rep.
2020;47(6):4737-4748.

Chen L, Li Q, Wang ], et al. MiR-29b-3p promotes
chondrocyte apoptosis and facilitates the occurrence
and development of osteoarthritis by targeting PGRN.
J Cell Mol Med. 2017;21(12):3347-3359.

Yang X, Guan Y, Tian S, et al. Mechanical and IL-1p
Responsive miR-365 Contributes to Osteoarthritis
Development by Targeting Histone Deacetylase 4.
Int J Mol Sci. 2016;17(4):436.

Wang H, Zhang H, Sun Q, et al. Intra-articular Delivery
of Antago-miR-483-5p Inhibits Osteoarthritis by
Modulating Matrilin 3 and Tissue Inhibitor of
Metalloproteinase 2. Mol Ther. 2017;25(3):715-727.
Churov A, Summerhill V, Grechko A, et al
MicroRNAs as Potential ~ Biomarkers  in
Atherosclerosis. Int ] Mol Sci. 2019;20(22):5547.
Nuzziello N, Vilardo L, Pelucchi P, et al. Investigating
the Role of MicroRNA and Transcription Factor
Co-regulatory Networks in Multiple Sclerosis
Pathogenesis. Int ] Mol Sci. 2018;19(11):3652.

Dimova DK, Dyson NJ. The E2F transcriptional net-
work: old acquaintances with new faces. Oncogene.
2005;24(17):2810-2826.



(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

Xu W, Li S, Chang X. E2F2 stimulates CCR4 expres-
sion and activates synovial fibroblast-like cells in rheu-
matoid arthritis. Cent Eur ] Immunol. 2021;46
(1):27-37.

Roworth AP, Carr SM, Liu G, et al. Arginine methy-
lation expands the regulatory mechanisms and
extends the genomic landscape under E2F control.
Sci Adv. 2019;5(6):eaaw4640.

Xie B, Wang P, Zhao C, et al. Genomic structure,
expression pattern, and functional characterization of
transcription factor E2F-2 from black tiger shrimp
(Penaeus monodon). PLoS One. 2017;12(5):e0177420.
Khan AQ, Ahmed EI, Elareer NR, et al. Role of
miRNA-Regulated Cancer Stem Cells in the Pathogenesis
of Human Malignancies. Cells. 2019;8(8):840.

Brady K, Dickinson SC, Guillot PV, et al. Human fetal
and adult bone marrow-derived mesenchymal stem
cells use different signaling pathways for the initiation
of chondrogenesis. Stem Cells Dev. 2014;23
(5):541-554.

Wu J, Kuang L, Chen C, et al. miR-100-5p-abundant
exosomes derived from infrapatellar fat pad MSCs
protect articular cartilage and ameliorate gait abnorm-
alities via inhibition of mTOR in osteoarthritis.
Biomaterials. 2019;206:87-100.

Haudenschild DR, Carlson AK, Zignego DL, et al
Inhibition of early response genes prevents changes in
global joint metabolomic profiles in mouse
post-traumatic osteoarthritis. Osteoarthritis Cartilage.
2019;27(3):504-512.

Wauquier F, Mevel E, Krisa S, et al. Chondroprotective
Properties of Human-Enriched Serum Following
Polyphenol Extract Absorption: results from an
Exploratory Clinical Trial. Nutrients. 2019;11(12):3071.
Lee HJ, Lee SM, Moon YG, et al. Membrane-Free
Stem Cell Components Inhibit Interleukin-la-
Stimulated Inflammation and Cartilage Degradation
in vitro and in vivo: a Rat Model of Osteoarthritis.
Int J Mol Sci. 2019;20(19):4869.

Bao X, Hu X. Up-regulated expression of E2F2 is
necessary for pl6INK4a-induced cartilage injury.
BMC Musculoskelet Disord. 2018;19(1):334.

Wang S, Bao X, Hu X, et al. E2F2 directly regulates the
STAT1 and PI3K/AKT/NF-kB pathways to exacerbate
the inflammatory phenotype in rheumatoid arthritis
synovial fibroblasts and mouse embryonic fibroblasts.
Arthritis Res Ther. 2018;20(1):225.

Saliminejad K, Khorram Khorshid HR, Soleymani Fard
S, et al. An overview of microRNAs: biology, functions,
therapeutics, and analysis methods. J Cell Physiol.
2019;234(5):5451-5465.

Weber AE, Bolia IK, Trasolini NA. Biological strategies
for osteoarthritis: from early diagnosis to treatment.
Int Orthop. 2021;45(2):335-344.

Shen P, Yang Y, Liu G, et al. CircCDK14 protects
against Osteoarthritis by sponging miR-125a-5p and

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

(42]

(43]

(44]

BIOENGINEERED (&) 11237

promoting the expression of Smad2. Theranostics.
2020;10(20):9113-9131.
Madrigal-Matute ], Rotllan N, Aranda JF, et al
MicroRNAs and atherosclerosis. Curr Atheroscler
Rep. 2013;15(5):322.
Li JQ, Hu SY, Wang ZY, et al. Long non-coding
RNA MEG3 inhibits microRNA-125a-5p expression
and induces immune imbalance of Treg/Thl7 in
immune  thrombocytopenic  purpura.  Biomed
Pharmacother. 2016;83:905-911.
Kim E, Otgontenger U, Jamsranjav A, et al. Deleterious
Alteration of Glia in the Brain of Alzheimer’s Disease.
Int J Mol Sci. 2020;21(18):6676.
Panagopoulos PK, Lambrou GI. The Involvement of
MicroRNAs in Osteoarthritis and Recent Develop-
ments: a Narrative Review. Mediterr ] Rheumatol.
2018;29(2):67-79
Shi J, Cao F, Chang Y, et al. Long non-coding RNA
MCM3AP-AS1 protects chondrocytes ATDC5 and
CHON-001 from IL-1fB-induced inflammation via
regulating miR-138-5p/SIRT1. Bioengineered.
2021;12(1):1445-1456.
Jiang L, Zhou X, Xu K, et al. miR-7/EGFR/MEGF9 axis
regulates cartilage degradation in osteoarthritis via
PI3K/AKT/mTOR signaling pathway. Bioengineered.
2021;12(1):8622-8634.
Gu YL, Rong XX, Wen LT, et al. miR-195 inhibits the
proliferation and migration of chondrocytes by target-
ing GIT1. Mol Med Rep. 2017;15(1):194-200.
Shi J, Guo K, Su S, et al. miR-486-5p is upregulated in
osteoarthritis and inhibits chondrocyte proliferation
and migration by suppressing SMAD2. Mol Med Rep.
2018;18(1):502-508.
Hu W, Zhang W, Li F, et al. miR-139 is up-regulated in
osteoarthritis and inhibits chondrocyte proliferation
and migration possibly via suppressing EIF4G2 and
IGFIR. Biochem Biophys Res Commun. 2016;474
(2):296-302.
Blokland KEC, Pouwels SD, Schuliga M, et al
Regulation of cellular senescence by extracellular
matrix during chronic fibrotic diseases. Clin Sci
(Lond). 2020;134(20):2681-2706.
Park DR, Kim J, Kim GM, et al. Osteoclast-
associated receptor blockade prevents articular carti-
lage  destruction via  chondrocyte apoptosis
regulation. Nat Commun. 2020;11(1):4343.
Liu N, Fu D, Yang J, et al. Asiatic acid attenuates
hypertrophic and fibrotic differentiation of articular
chondrocytes  via ~ AMPK/PI3K/AKT
pathway. Arthritis Res Ther. 2020;22(1):112.
Hoshiba T, Lu H, Kawazoe N, et al. Effects of extra-
in chondrocyte-derived
functions. Biotechnol

signaling

cellular matrix proteins

matrices on chondrocyte
Prog. 2013;29(5):1331-1336.
Jiang C, Guo Q, Jin Y, et al. Inhibition of EZH2
ameliorates cartilage endplate degeneration and



11238 Q. XIA ET AL.

(45]

[46]

attenuates the progression of intervertebral disc
degeneration via demethylation of Sox-9. EBioMe-
dicine. 2019;48:619-629.

Pérez-Garcia S, Carrion M, Gutiérrez-Cafias I, et al
Profile of Matrix-Remodeling  Proteinases  in
Osteoarthritis: impact of Fibronectin. Cells. 2019;9(1):40.
Wang Z, Yan K, Ge G, et al. Exosomes derived from
miR-155-5p-overexpressing synovial mesenchymal stem

(47]

cells prevent osteoarthritis via enhancing proliferation
and migration, attenuating apoptosis, and modulating
extracellular matrix secretion in chondrocytes. Cell Biol
Toxicol. 2021;37(1):85-96.

Varderidou-Minasian S, Lorenowicz MJ. Mesenchymal
stromal/stem cell-derived extracellular vesicles in tissue
repair: challenges and opportunities. Theranostics.
2020;10(13):5979-5997.



	Abstract
	Background
	Methods
	Ethics statement
	Isolation of bone marrow mesenchymal stem cells (BMMSCs)
	Isolation and identification of exosomes
	Cell transfection
	Collection, isolation and culture of primary chondrocytes
	Chondrocyte endocytosis
	RNA isolation and quantification
	Western blot
	Transwell measurement of chondrocyte migration
	Dual luciferase reporter detection
	Traumatic OA mice model
	Statistical analysis

	Results
	E2F2 is atarget of miR-125a-5p
	miR-125a-5p expression is detectable in bone marrow mesenchymal stem cells and their secreted exosomes
	miR-125a-5p promotes the progression of chondrocytes and the secretion of ECM through E2F2
	Exosomal miR-125a-5p accelerates chondrocyte migration and ECM secretion
	Exomir-125a-5p inhibits cartilage degradation

	Discussion
	Conclusion
	Highlights
	Disclosure statement
	Funding
	References

