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Pretreated Urine-Derived Stem Cells
Enhance the Proliferation and Migration
of Chondrocytes by Delivering miR-26a-5p
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Abstract

Objective. Stem-cell therapy is a promising treatment for cartilage defects. The newly identified urine-derived stem cells
(USCs), which have multipotency and sufficient proliferative ability, are promising candidates for several tissue engineering
therapies. In this study, we investigated the role of USC extracellular vehicles (EVs) in promoting the proliferation and
migration of chondrocytes. Design. USCs were characterized by measuring induced multipotent differentiation and flow
cytometry analysis of surface marker expression. The EVs were isolated from USCs under normoxic conditions (nor-EVs)
and hypoxic conditions (hypo-EVs). Transmission electron microscopy and western blot analysis characterized the EVs. The
chondrocytes were cultured in the USC-EVs. CCK-8 assay and EdU staining detected the proliferation of chondrocytes, and
transwell assay detected their migration. miR-26a-5p expression in EVs was detected by quantitative real-time polymerase
chain reaction (QRT-PCR). The target relationship of miR-26a-5p and phosphatase and tensin homolog (PTEN) was predicted
and confirmed. The roles of EVs-miR-26a-5p and PTEN on the proliferation and migration of chondrocytes were also
investigated. Results. Hypo-EVs showed a superior effect in promoting the proliferation and migration of chondrocytes than
nor-EVs. Mechanistically, USC-EVs delivered miR-26a-5p into chondrocytes to overexpress miR-26a-5p. PTEN was identified
as an miR-26a-5p target in chondrocytes. The effects of EVs-miR-26a-5p on promoting the proliferation and migration of
chondrocytes were mediated by its regulation of PTEN. Conclusion. Our study suggested that hypoxic USC-EVs may represent
a promising strategy for osteoarthritis by promoting the proliferation and migration of chondrocytes via miR-26a-5p transfer.
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Recently, several researchers have focused on mesenchy-
mal stem cells (MSCs) to promote the healing of damaged
articular cartilage. Among them, MSCs from bone marrow
have been widely studied. Numerous studies have reported

Introduction

Osteoarthritis (OA), the most widespread joint disease,
affects the entire joint and causes pain and deformity.! As
reported, the incidence of OA is 40% to 80% in middle-
aged people and is rising owing to the growing population
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of older adults. In addition, high incidence and disability
rates also cause a huge burden on individuals and soci-
ety.2?® Cartilage damage is one of the influencing factors of
osteoarthritis, ascribed to the loss of chondrocytes in the
articular cartilage. However, the self-healing potential of
articular cartilage is very limited.** Therefore, it is neces-
sary to study ways in which damaged articular cartilage
can be repaired and regenerated. Currently, the treatment
used focuses on relieving pain and controlling inflamma-
tion. However, these traditional therapies cannot cure OA
thoroughly.®3
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their potential to differentiate into muscle, bone, and carti-
lage.” This potential for multidirectional differentiation
makes bone marrow mesenchymal stem cells (BMSCs) a
promising treatment strategy for OA.'%!' However, obtaining
BMSCs from the autologous bone marrow of patients
requires surgical sampling, which has disadvantages of con-
siderable risk of infection and prohibitive cost. As a newly
found stem cell, the urine-derived stem cells (USCs) have
gradually become a research hotspot owing to the advantages
of obtaining them, which include convenient access, non-
invasive, no cost, and no ethical problems.'>'* Furthermore,
USCs show robust proliferation and multilineage differentia-
tion potential.!> These make USCs likely to replace MSCs in
OA research.'® Increasing evidence has revealed that MSCs
could provide therapeutic benefits by releasing specialized
extracellular vehicles (EVs).!” These EVs are communica-
tion carriers that transfer nucleic acids, proteins, and bioac-
tive lipids between cells.'®!” Transplantation of EV's has been
shown to have biological effects similar to that of MSCs,
including repairing tissue damage.?! Therefore, as effective
cell-free therapeutic agents, stem-cell EVs may have poten-
tial applications.”> Numerous studies have reported that
MSC-EVs could ameliorate OA by accelerating chondrocyte
proliferation and migration and alleviating cartilage damage
and inflammation.”*?* Guo et al.%° reported that USC-EVs
could alleviate intervertebral disc degeneration by promoting
the proliferation of nucleus pulposus cells and ECM synthe-
sis. USC-EVs protect against renal ischemia/reperfusion
injury by inhibiting the infiltration of inflammatory cells.?’
However, the effect of USC-EVs on the regulation of growth
of chondrocytes has not been reported.

Besides, hypoxic preconditioning is considered to be an
effective way to enhance the repairability of stem cells.?
Furthermore, short-term hypoxia is reported to promote the
survival of MSCs,? and BMSCs under hypoxia enhanced
the chondrogenic potential of BMSCs.*° Mechanically, EVs
can release microRNAs and carry them into several human
pathological processes.’! For example, Ouyang et al.®
identified 465 human miRNAs in USC-EVs. Among these,
miR-26a-5p was reported to attenuate the OA progres-
sion.?334 Recent studies showed that PTEN overexpression
induced the apoptosis of chondrocytes and inhibited chon-
drocytes growth.>>3 This study attempted to investigate the
mechanism of USC-EVs in OA. We also explored whether
hypoxic preconditioning could enhance the beneficial
effects of USC-EVs on chondrocytes. We hypothesized that
USC-EVs carried miR-26a-5p into chondrocytes to upregu-
late miR-26a-5p and inhibit PTEN, thereby promoting the
proliferation and migration of chondrocytes.

Methods
Cell Lines

USCs were isolated as described in previous studies.!>3” In
brief, a sterile urine sample (at least 150 mL each) was

collected from five healthy adult donors (25-28 years old)
and then centrifuged at 400 g for 10 minutes. Afterward, the
supernatants were carefully discarded, and the remaining
cell pellets were suspended in phosphate-buffered saline
(PBS) and centrifuged again at 200 g for 10 min. Then, the
supernatants were removed and the cell pellets were resus-
pended in the primary culture medium (keratinocyte serum-
free medium and embryonic fibroblast medium at a ratio of
1:1). Keratinocyte serum-free medium was supplemented
with 5 ng/mL epidermal growth factor, 50 ng/mL bovine
pituitary extract, 30 ng/mL cholera toxin, 100 U/mL peni-
cillin, and 1 mg/mL streptomycin. Embryonic fibroblast
medium was Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum (FBS), 10 ng/mL
human epidermal growth factor, 5 ng/mL insulin, 10 mg/
mL transferrin, 20 ng/mL triiodothyronine, and 1% penicil-
lin-streptomycin. Nonadherent cells were discarded after 7
days of culture, and the medium was renewed. The culture
medium was refreshed every other 3 days. When the cells
reached approximately 80% confluence, they were pas-
saged using 0.25% trypsin containing 1 mM EDTA. Cells at
passage 3 were used in the following experiments.

The chondrocyte CHON-001 was obtained from the
American Type Culture Collection. Following the manufac-
ture’s instruction, the cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, NY, USA) sup-
plemented with 10% FBS (Gibco). The cell culture condi-
tion was 37°C, 95% humidity, and 5% CO,.

Characterization of USCs

After the isolation of USCs, we used the Alizarin red stain-
ing, Oil red O staining, and Alcian blue staining to verify
their multilineage differentiation potential. For osteogenic
differentiation, USCs were incubated with an osteogenic
induction medium (Gibco). On day 21, after the induction,
the cells were stained with Alizarin Red S (Sigma, USA) for
observation. For adipogenic differentiation, USCs were
incubated with an adipogenic medium (Gibco). On day 21,
after the induction, USCs were stained with Oil Red O
(Sigma) for observation. For the chondrogenic differentia-
tion, USCs were incubated with a chondrogenic medium
(Gibco). After 21days of induction, allicin blue staining
(Sigma) was performed for observation. We also performed
the flow cytometry analysis to detect the stem-cell surface
markers (CD44, CD73, CD90, CD105, CD31, CD34, and
CD45). The USCs were incubated with these antibodies
(BD, USA), washed with PBS, and analyzed with a flow
cytometry analyzer (Beckman, USA).

Isolation and Identification of EVs

For normal conditions, there was 5% CO, and 21% O,,
and for the hypoxic condition, there was 1% O,. USCs
were cultured in a serum-free culture medium for 24 h.



Wan et al.

Then, the culture medium was collected for gradient cen-
trifugation (500 g for 10 min, 2,000 g for 20 min, 10,000 g
for 30 min). Then, the supernatant was retained, centri-
fuged at 100,000 g for 2h, and resuspended in PBS. The
morphology of the EVs was observed under transmission
electron microscopy (TEM). The number and size distri-
bution of EVs were analyzed using the NanoSight tracking
detector (Malvern, England). The EVs surface proteins,
including CD63, TSG101, Syntenin, and Calnexin was
detected by western blot.

EVs Uptake Detection

Dil labeling was used for the EVs uptake detection. In brief,
Dil solution was added to PBS and incubated with the
USCs. Then, excess Dil dye was removed by ultracentrifu-
gation at 100,000 g for 1 h. After that, the Dil-labeled EVs
(150 pg/mL) were cultured with chondrocytes for 24 h,
rinsed with PBS, and fixed in 4% paraformaldehyde (PFA).
A laser confocal microscope was used for the observation of
EVs uptake. The fluorescence intensity of Dil was evalu-
ated by Image J software (Ver. 1.531).

Cell Transfection

miR-26a-5p mimics, miR-26a-5p inhibitor, short hairpin
RNA targeting PTEN (sh-PTEN), and negative controls
were obtained from GenePharma (Shanghai, China). Cell
transfection was performed with Lipofectamine 2000
reagent (Invitrogen, CA, USA).

Western Blot

Total protein was collected and then lysed in radioimmune
precipitation assay (RIPA) lysis buffer (Solarbio, Beijing,
China). After protein concentration determination, the pro-
tein samples were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to a polyvinylidene fluoride (PVDF) membrane.
Subsequently, the PVDF membrane was blocked with 5%
skimmed milk and incubated with primary antibodies at
4°C overnight and the secondary antibody for 1 h. Protein
bands were detected with the efficient chemiluminescence
kit (Millipore, MA, USA). The antibodies information was
listed in Supplementary Table S1.

QRT-PCR

Total RNA was extracted using TRIzol reagent (Invitrogen)
and then reverse-transcribed by the Primer Script RT reagent
Kit (Takara, Japan). For miR-26a-5p detection, a mirVana
qRT-PCR miRNA Detection kit (Thermo Fisher Scientific)

was used. The qPCR was performed with the SYBR Green
PCR kit (Applied Biosystems, CA, USA) on an ABI7900
system. 274 method was used to calculate the relative
expression, with GAPDH and U6 as internal references. The
primers are shown in Supplementary Table S2.

CCK-8 Assay

For the CCK-8 assay, chondrocytes were seeded in a
96-well plate (2 X 103 cells/well) and co-cultured with
USC-EVs (150 pg/mL). Then, 10 uL CCK-8 regents
(Dojindo, Kumamoto, Japan) were added and incubated
for 2 h at 37°C. After that, the optical density (OD) value
at 450 nm was detected, and the cell viability was
determined.

5-Ethynyl-2"-Deoxyuridine (EdU) Staining

In EdU staining, chondrocytes were seeded onto a 24-well
plate (2 X 10* cells/well) and cultured for 24 h with EdU kit
(RiboBio, Guangzhou, China). After cells were further cul-
tured for 4 h, the supernatant was removed. Subsequently,
4% paraformaldehyde was added to the cells for a 15-min
blockade. Then, cells were incubated with 0.2% glycine for
10 min and cleared with 0.5% TritonX-100 for 10 min.
Subsequently, the cells were incubated with 1X Apollo
staining solution for 30 min in the dark. Finally, the nucleus
was stained with DAPI, and the EdU positive cells were
visualized with fluorescence microscopy (Olympus) in five
visual fields.

Transwell Migration Assay

In brief, 2 X 10* chondrocytes were seeded in the upper
chamber of a 24-well transwell chamber (Corning, NY,
USA), and 600 uL/well of different treatment media (con-
taining 150 pg/mL USC-EVs) was introduced into the
lower chamber. After being incubated for 24 h, the cells that
migrated to the lower surface were fixed and stained with
0.5% crystal violet for 10 min. Then, the stained chondro-
cytes were counted.

Dual-Luciferase Reporter Assay

Four online data sets, including TargetScan, miRDB,
DIANA, and miRanda, were applied to predict miR-26a-5p
targets. Then, the PTEN wild-type (WT) or mutant (MUT)
luciferase reporter vector was constructed (GeneScript,
Nanjing, China) based on the predicted binding sites. The
WT and MUT luciferase reporter vectors were co-trans-
fected into chondrocytes with miR-26a-5p mimics or mim-
ics NC. Forty-eight hours later, cells were lysed, and the
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C Alizarin red staining

CD markers Percentage of positive cells
CD44 91.4+2.10
CD73 74.7+4.29
CD90 99.1+0.55
CD105 81.9+1.98
CD31 0.3+0.15
CD34 0.1+0.05
CD45 0.1+0.05
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Figure |. Characterization of USCs. (A) The morphology of USCs under optical microscopy. (B) USC was characterized by

flow cytometry analysis using the surface markers CD44, CD73, CD90, CD 105, CD31, CD34, and CD45. (C) Verification of the
multidirectional differentiation potential of USCs. Osteogenic differentiation ability was accessed by Alizarin red staining, adipogenic
differentiation ability was accessed by Oil red O staining, Alcian blue staining accessed the chondrogenic differentiation ability. USCs

= urine-derived stem cells.

luciferase signal was measured with the luciferase detection
kit (Promega, Madison, WI, USA).

Statistical Analysis

Three independent tests were conducted in all experiments.
The normally distributed data were statistically analyzed
with student ¢ test (between two groups) or one-way analy-
sis of variance (among multiple groups) using GraphPad
software (Ver. 9.1.1). Data were presented as mean = stan-
darddeviation (SD). A significant difference was consid-
ered at P < 0.05.

Results

Characterization of the Isolated USCs

Urine-derived stem cells were isolated from fresh urine
from five healthy adults. The USCs showed fibroblast-like
morphology (Fig. 1A) in accordance with the previous
study.*® Cell surface markers were analyzed with the flow
cytometry assay. The isolated USCs were strongly posi-
tively for CD44 and CD90; weakly positively for CD73 and
CD105; and negatively for CD31, CD34, and CD45 (Fig.
1B, Suppl. Fig. S1). When cultured in special culture
medium, USCs underwent osteogenic, adipogenic, or chon-
drogenic differentiation, as indicated by positive Alizarin

red staining, Oil red O staining, and Alcian blue staining,
respectively (Fig. 1C). Therefore, the features of USCs
were in line with the criteria for defining multipotent MSCs.

USC-EVs Promote the Proliferation and
Migration of Chondrocytes

We explored the role of USC-EVs in regulating the chon-
drocytes’ cell function. The EVs were isolated and observed
under the TEM. As presented in Figure 2A, the EVs were
spherical vesicles with 30—100 nm diameters. Western blot
analysis revealed that the EVs surface biosignatures CD63,
TSG101, and Syntenin were expressed in USC-EVs, while
the endoplasmic reticulum-specific protein Calnexin was
not (Fig. 2B). The above results revealed that the isolated
USC-EVs could be used in subsequent experiments.

Then, we co-cultured the Dil-labeled EVs with the chon-
drocytes for 24 h. The fluorescence imaging showed that
EVs could be uptaken by chondrocytes in vitro (Fig. 2C).
Subsequent CCK-8 assay and EdU staining revealed that
EVs treatment improved cell proliferation of chondrocytes
(Fig. 2D and E). We also used the Transwell assay to inves-
tigate the effect of EVs on chondrocyte migration. Similarly,
compared with the PBS group, EV treatment enhanced the
migration of chondrocytes (Fig. 2F). Altogether, USC-EVs
treatment showed a promoting effect on the proliferation
and migration of chondrocytes.
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Figure 2. USC-EVs promoted the chondrocytes proliferation and migration. (A) TEM scanning of the USC-EVs. (B) EV surface
biosignatures CDé63, TSG101, Syntenin, and Calnexin, were detected by western blot. (C) The Chondrocytes uptake USC-EVs. (D)
CCK-8 assay detection of the cell viability of chondrocytes. (E) EdU staining detection of the proliferation of chondrocytes. (F)
Transwell assay was applied to detect the migration ability of chondrocytes. USCs = urine-derived stem cells; EVs = extracellular
vehicles; TEM = transmission electron microscopy; CCK-8 = cell counting kit-8; EAU = 5-Ethynyl-2’-Deoxyuridine;

DAPI = 4,-6-diamidino-2-phenylindole. *P < 0.05, ** P < 0.0, compared with the PBS group.

Hypoxia Treatment Enhances the EVs Release

As has been reported, hypoxia can enhance the cell properties
of MSCs.** In this study, we wanted to explore whether
hypoxia affects the secretion of EVs by USCs. We first exam-
ined the cell viability and apoptosis of USCs under normoxic
and hypoxic conditions. The cell viability was significantly
higher in the hypoxia group than in the normoxia group
(Suppl. Fig. S2A). However, the hypoxia group showed a
lower apoptosis rate, but the difference was not significant
(Suppl. Fig. S2B). Then, we detected the protein content in the
two groups. It was found that compared with the normoxia
group, the hypoxia group showed a significantly higher pro-
tein content (Fig. 3A). The expression of CD63, TSG101, and
Syntenin was also found to increase after 1% O, exposure
(Fig. 3B). The two groups showed no significant differences
in the mean size of EVs (Fig. 3C). While the number of EVs

taken up by chondrocytes was higher in the hypoxia group
than in the normoxia group (Fig. 3D). As shown in Figure
3E, the number of EVs taken up by chondrocytes in the
hypoxia group was markedly higher. Thus, according to the
above results, it was proved that hypoxia enhances the release
of EVs from USCs, and EVs acquired from the hypoxic state
were more easily absorbed by chondrocytes.

We also compared the effects of nor-EVs and hypo-EVs on
the chondrocytes. CCK-8 assay results revealed that hypo-EVs
treatment significantly promoted the chondrocytes viability
compared with the nor-EVs group (Fig. 3F). Comparable
results were observed in EdU staining, that hypo-EVs treat-
ment showed a higher EdU positive rate (Fig. 3G). In the tran-
swell assay, more migrated cells were observed in the
hypo-EVs than in the nor-EVs group (Fig. 3H). To conclude,
these results suggested that hypo-EVs could promote prolifer-
ation and migration to a greater extent than the nor-EVs.
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Figure 3. Hypo-EVs enhanced the promoting effect of USC-EVs on chondrocytes. (A) BCA method to determine the protein
concentration of the nor-EVs and hypo-EVs. (B) Western blot detection of EV surface biosignatures CDé63, Syntenin, and TSGI01. (C-
D) The concentration (C) and mean size (D) of nor-EVs and hypo-EVs. (E) Dil-labeled EVs in chondrocytes. (F) CCK-8 assay detection
of the cell viability of chondrocytes. (G) EdU staining of the cell proliferation of chondrocytes. (H) Transwell assay was applied to
detect the migration ability of chondrocytes. EVs = extracellular vehicles; USCs = urine-derived stem cells; BCA = bicinchoninic acid;
EdU = 5-Ethynyl-2’-Deoxyuridine; DAPI = 4’,-6-diamidino-2-phenylindole; PBS = phosphate-buffered saline; CCK-8 = cell counting kit-
8. *P < 0.05, **P < 0.01, compared with the PBS group; #P < 0.05, ##P < 0.01, compared with the Nor-EVs group.

USCs Transferred miR-26a-5p to Chondrocytes
through EVs

Studies have reported that miRNA in EVs play key roles in
cell crosstalk and ultimately regulate biological functions.**-43
According to a previous study,*? several miRNAs were found
to be enriched in the USC-EVs, including miR-21-5p, miR-
151a-3p, miR-10a-5p, miR-26a-5p, miR-148a-3p, miR-
30a-5p, miR-10b-5p, miR-99a-5p, miR-30d-5p, and
miR-27a-3p. In this study, we detected the expression
changes of these miRNAs in nor-EVs and hypo-EVs. In
Figure 4A, most miRNAs showed significantly higher

expression in the hypo-EVs, and miR-26a-5p showed the
greatest fold change. Thus, we selected miR-26a-5p in the
following experiments.

To explore whether hypo-EVs promoted the chondro-
cyte cell function through miR-26a-5p transfer, we inhib-
ited the miR-26a-5p expression in USCs (Fig. 4B). Then,
the EVs were collected, and the miR-26-5p expression in
the hypo-EVs was found to be suppressed by miR-inhibitor
(Fig. 4C). Also, compared with the treatment with EVs
from the inhibitor-NC-hypo-USCs, the miR-26a-5p expres-
sion was decreased in chondrocytes treated with EVs from
miR-inhibitor-hypo-USCs (Fig. 4D).
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Figure 4. miR-26a-5p is transferred to chondrocytes through USC-EVs. (A) Expression of miRNAs in nor-EVs and hypo-EVs was
detected by qRT-PCR. (B) The expression of miR-26a-5p after transfection was assessed by qRT-PCR in USCs. (C) The expression
of miR-26a-5p in EVs. (D) The expression of miR-26a-5p in chondrocytes after treatment. (E-F) Detection of cell proliferation using
CCK-8 and EdU staining assays. (G) Transwell assay detection of cell migration. USCs = urine-derived stem cells; EVs = extracellular
vehicles; NC = negative control; qRT-PCR = quantitative real-time polymerase chain reaction; CCK-8 = cell counting kit-8; EdU

= 5-Ethynyl-2’-Deoxyuridine; DAPI = 4’,-6-diamidino-2-phenylindole; PBS = phosphate-buffered saline. *P < 0.05, **P < 0.01,
compared with the PBS group; ##P < 0.01, compared with the hypo-EVs (inhibitor-NC) group.

Furthermore, we aimed to investigate whether miR-
26a-5p serves as a biological messenger between EVs and
chondrocytes. We found that treatment with miR-inhibi-
tor-hypo-EVs could remarkably suppress the chondrocytes
viability and proliferation (Fig. 4E and F). Similarly, in the
transwell migration assay, miR-inhibitor-hypo-EVs could
also repress the cell migration of chondrocytes (Fig. 4G). In
conclusion, miR-26a-5p suppression attenuated the promot-
ing effect of hypo-EVs on the proliferation and migration of
chondrocytes.

EVs miR-26a-5p Directly Targeted PTEN

Using four algorithms, we identified 256 targets of miR-
26a-5p (Fig. 5A). By placing these 256 targets in the Enrichr
webtool (https://maayanlab.cloud/Enrichr/), we performed
the Gene Ontology (GO) enrichment analysis. The results
are listed in Supplementary Table S3. It was found that these
genes were enriched in the regulation of cell growth (e.g.,
negative regulation of the apoptotic process, negative regu-
lation of developmental growth, and negative regulation of
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Figure 5. miR-26a-5p targeted PTEN in chondrocytes. (A) Prediction of miR-26-5p targets using TargetScan, miRDB, DIANA,

and miRanda. (B) PTEN binding sites with miR-26-5p. (C) Dual-luciferase reporter assay confirmed the target relationship between
miR-26a-5p and PTEN. (D) miR-26-5p expression in chondrocytes detected by qRT-PCR. (E-F) PTEN expression in chondrocytes
after transfection. miRDB = MicroRNA Target Prediction Database (mirdb.org); DIANA = DIANA-microT-CDS (www.microrna.gr/
microT-CDS), TargetScan = TargetScan Database (targetscan.org); PTEN = phosphatase and tensin homolog; WT = wild-type; MUT
= mutant type; NC = negative control; qRT-PCR = quantitative real-time polymerase chain reaction. *P < 0.05, **P < 0.01.

cell population proliferation). Then, we placed these 256
genes in the STRING webtool to analyze their interactions
(Suppl. Fig. S3). In the protein-protein network, PTEN in
the middle had more degrees, suggesting an important regu-
latory role among these proteins. Binding sites between
miR-26a-5p and PTEN are illustrated in Figure 5B and veri-
fied with the dual-luciferase reporter assay. It was shown
that transfection with miR-mimics significantly decreased
the luciferase activity in the PTEN-WT vector, while the
luciferase activity in the PTEN-MUT1/2 vector was not
affected (Fig. 5C). In addition, knockdown of miR-26a-5p
in chondrocytes remarkedly promoted the PTEN expression
in chondrocytes (Fig. 5D-F). Thus, we confirmed that PTEN
is negatively regulated by miR-26a-5p in chondrocytes.

EVs miR-26a-5p Promotes Chondrocyte
Proliferation and Migration via Mediating PTEN

Rescue experiments were performed to investigate the asso-
ciation between EVs-miR-26a-5p and PTEN. Compared with

the chondrocytes treated with inhibitor-NC-hypo-EVs, the
PTEN expression was increased in chondrocytes treated with
miR-inhibitor-hypo-EVs (Fig. 6A and B). The transfection
with sh-PTEN also significantly suppressed the PTEN expres-
sion in chondrocytes (Fig. 6C and D). Moreover, co-treated
with sh-PTEN and inhibitor-NC-hypo-EVs further reduced
the PTEN expression in chondrocytes, and the PTEN expres-
sion was recovered in chondrocytes co-treated with sh-PTEN
and miR-inhibitor-hypo-EVs (Fig. 6E and F). In the CCK-8
assay, EdU staining, and transwell assay, transfection of sh-
PTEN promoted the cell proliferation and migration ability of
chondrocytes, and this effect was rescued by the additional
use of miR-inhibitor-hypo-EVs (Fig. 6G-I). Therefore, it is
concluded that EVs-miR-26a-5p enhanced the proliferation
and migration of chondrocytes through mediating PTEN.

Discussion

OA is a ubiquitous degenerative joint disease, and the major
symptom of OA is cartilage damage.** Research is focused
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on promoting the proliferation and migration of chondro-
cytes to intercept and control OA.* Several studies reported
that proper implantation of stem cells into biomaterials
could promote cartilage regeneration at the defective
sites.*>*7 In several clinical trials, it was observed that
MSC-based treatments attenuate inflammation and pain of
OA. %% USCs as novel stem cells can be conveniently
obtained from urine through non-invasive methods, which
have extensive self-renewal properties and are easy to cul-
ture and differentiate.’® In this study, we isolated the USCs
from human urine. Through flow cytometry analysis, we
found that the isolated USCs expressed some traditional
MSC-surface markers, such as CD44 and CD90. However,
unlike the previous studies,?®! the isolated USCs were
weakly positively for CD73 and CD105. The difference in
immunophenotype between different USCs may be attrib-
uted to the cell heterogeneity of USCs.

It is generally believed that paracrine function rather
than differentiation is the main repair mechanism of stem-
cell therapy.>?3 USC-EVs have been shown to be therapeu-
tic in rett syndrome,>* intervertebral disc degeneration,?
and renal ischemia/reperfusion injury.>® In this study, we
investigated the role of USC-EVs in OA. We found that
USC-EVs carried miR-26a-5p into chondrocytes to elevate
miR-26a-5p and inhibit PTEN, thereby promoting the pro-
liferation and migration of chondrocytes.

Initially, we found that USC-EVs promoted the prolifer-
ation and migration of chondrocytes. However, the com-
mon cell culture in vitro environment does not refer to a
physiological stem-cell niche. The in vitro oxygen concen-
tration is about 20% O,, whereas the oxygen concentration
is 5% in cartilage.>® Hypoxia preconditioning improves the
therapeutic potential of stem cells.’” Therefore, we treated
the USCs under the hypoxia conditions to investigate
whether USC-EVs play a greater therapeutic role under
hypoxia conditions than under normoxic conditions. No
significant morphological differences were observed
between the nor-EVs and hypo-EVs. However, the produc-
tion of EVs was facilitated under hypoxic conditions. Also,
hypo-EVs can be more easily absorbed by chondrocytes
than the nor-EVs. Subsequent cell experiments results
revealed that the therapeutic effects of USC-EVs were
enhanced by the hypoxic pretreatment, which was consis-
tent with the previous research.>®

It was reported that miRNAs, a group of 20-24 nt small
non-coding RNAs, are enriched in the EVs and can be
transferred to target cells or tissues to induce mRNA degra-
dation or translational inhibition.*-%> The miRNAs from
MSC-EVs are shown to play an integrated role in reducing
inflammatory response and cartilage reconstruction of
OA.% Thus, we suspected that the higher benefic effect of
hypo-EVs is related to the secretion of miRNAs. Ouyang
et al.*? previously identified 465 human miRNAs in USC-
EVs. Based on this previous study, we detected 10 higher

expressed miRNAs in nor-EVs and hypo-EVs. The results
showed that miR-26-5p had the highest fold change in the
hypo-EVs, suggesting that the miR-26a-5p expression dif-
ference between nor-EVs and hypo-EVs may lead to the
biological differences. Jin et al.** reported that miR-26a-5p
from the BMSC-derived exosomes alleviates damage of
synovial fibroblasts in OA. Lu et al.% found that the syno-
vial mesenchymal stem-cells EVs carried miR-26a-5p into
chondrocytes to eliminate apoptosis and inflammation in
OA. Similarly, we found that after treatment of hypo-EVs,
miR-26a-5p was effectively transferred to the target chon-
drocytes. Also, the knockdown of miR-26a-5p in hypo-EVs
revealed the effects of hypo-EVs on promoting the prolif-
eration and migration of chondrocytes. Thus, we concluded
that hypo-EVs from USCs could enhance chondrocyte pro-
liferation and migration via delivering miR-26a-5p.

We also investigated the mechanism underlying the
effect of EVs-miR-26a-5p on promoting the proliferation
and migration of chondrocytes. Using the online prediction
tools, we found 256 potential targets of miR-26a-5p.
Through GO enrichment analysis, we found that these tar-
gets were mostly enriched in the cell growth regulation,
suggesting that miR-26a-5p may regulate the growth of the
chondrocytes in OA. Furthermore, the STRING network
identified PTEN as a potential target of miR-26a-5p, con-
firmed by the dual-luciferase reporter assay. As an impor-
tant tumor suppressor, PTEN is widely reported in various
cancers.®®%” However, little is reported about its role in OA.
Yuan et al.*> found that PTEN is overexpressed in OA and
positively regulates the apoptosis of chondrocytes induced
by lipopolysaccharide (LPS). Another study reported that
PTEN negatively regulated Col2al and Aggrecan in chon-
drocytes.®® Lu et al.® reported that PTEN inhibited the
chondrocyte proliferation and promoted apoptosis and
inflammation. In accordance with the previous evidence,
our results found that knockdown of PTEN promoted the
proliferation and migration of chondrocytes. Furthermore,
knockdown of PTEN reversed the adverse events caused by
the suppression of the expression of miR-26a-5p in hypo-
EVs, suggesting that the EVs miR-26a-5p promoted the
proliferation and migration of chondrocytes via inhibiting
PTEN.

However, there are some limitations in the current research.
The use of primary chondrocytes or more than one cell line
may make the conclusion more reliable. The progression of
OA is also associated with cartilage inflammation. The effects
of USC-EVs on regulating the OA chondrocytes inflamma-
tion could be investigated in vitro and in vivo in future studies.
In addition, we did not exclude the possibility that other sub-
stances in USC-EVs may also promote the chondrocyte pro-
liferation and migration. In the mechanism investigation,
PTEN is not the only target of miR-26a-5p; some other targets
may also regulate the cell function of chondrocytes, which
needs to be further investigated.
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In conclusion, USCs could release EVs to promote the
proliferation and migration of chondrocytes, and hypoxia
pretreatment of USCs could enhance this beneficial effect.
Mechanistically, EVs transfer miR-26a-5p to chondrocytes
and suppress PTEN expression in chondrocytes. Thus,
hypoxia-pretreated USCs may be a promising approach for
OA treatment.
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