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Introduction: Angiogenesis plays an important role in the repair of urethral injury, and stem cells and
their secretomes can promote angiogenesis. We obtained pediatric urethral mesenchymal stem-like cells
(PU-MSLCs) in an earlier study. This project studied the pro-angiogenic effect of PU-MSLC-derived small
extracellular vesicles (PUMSLC-sEVs) and the underlying mechanisms.
Materials and methods: PUMSLCs and PUMSLC-sEVs were cultivated and identified. Then, biological
methods such as the ethynyl deoxyuridine (EdU) incorporation assay, Cell Counting Kit-8 (CCK-8) assay,
scratch wound assay, Transwell assay, and tube formation assay were used to study the effect of PUMSLC-
sEVs on the proliferation, migration, and tube formation of human umbilical vein endothelial cells
(HUVECs). We explored whether the proangiogenic effect of PUMSLC-sEVs is related to CD73 and
whether adenosine (ADO, a CD73 metabolite) promoted angiogenesis. GraphPad Prism 8 software was
used for data analysis.
Results: We observed that PUMSLC-sEVs significantly promoted the proliferation, migration, and tube-
forming abilities of HUVECs. PUMSLC-sEVs delivered CD73 molecules to HUVECs to promote angio-
genesis. The angiogenic ability of HUVECs was enhanced after treatment with extracellular ADO pro-
duced by CD73, and PUMSLC-sEVs further promoted angiogenesis by activating Adenosine Receptor A2A
(A2AR).
Conclusions: These observations suggest that PUMSLC-sEVs promote angiogenesis, possibly through
activation of the CD73/ADO/A2AR signaling axis.
© 2023, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Hypospadias is the most common genital malformation in male
children, with an incidence rate in newborn boys of 1/125-1/300
and increasing yearly [1]. Hypospadias not only hinders urination,
sexual performance, and reproductive ability but also affects their
psychological development [2], placing enormous pressure on their
families. The only available treatment for hypospadias is surgery.
More than 300 surgical methods for hypospadias have been re-
ported in the literature, and the surgical methods have been
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continually improved. Postoperative complications such as urethral
stricture and urinary fistula are still common [3], requiring recon-
struction and repair, which indirectly reflects the difficulty treating
this disease.

An important reason for the high incidence of complications of
hypospadias reconstruction and repair is that the angiogenic ca-
pacity after injury is too weak to meet the needs of normal repair
[4]. Mesenchymal stem cells (MSCs) and their secretomes can
repair tissue and promote angiogenesis [5,6], but stem cells from
different tissue sources differ in terms of accessibility, quantity,
proliferation, immune regulation ability, cytokine profile secretion,
and therapeutic potential for different diseases [7,8]. Our previous
study [9] found that pediatric urethra mesenchymal stem-like cells
(PU-MSLCs) may be an ideal repair material with easy accessibility
and found that both PU-MSLCs and their culture supernatant can
significantly promote the repair of urethral injury. Many biological
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Table 1
Primers used for real-time PCR.

Accession number Gene Sequence (50to30)

NM_001025366.3 VEGF-F ATCGAGTACATCTTCAAGCCAT
VEGF-R GTGAGGTTTGATCCGCATAATC

M37780.1 CD31-F TCGTGGTCAACATAACAGAACT
CD31-R TTGAGTCTGTGACACAATCGTA

AF208487.1 HIF1A-F AGTTCCGCAAGCCCTGAAAGC
HIF1A-R GCAGTGGTAGTGGTGGCATTAGC

BC065937.1 CD73-F TGGGAGCTTACGATTTTGCACACC
CD73-R CGGATCTGCTGAACCTTGGTGAAG

NM_001101.5 b-actin-F GGCATCCACGAAACTACATTCAATTCC
b-actin-R GTACCACCAGACAGCACTGTGTTG
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properties of PU-MSLCs and the mechanisms involved in urethral
reconstruction and repair with PU-MSLCs are still not clear.

Recent studies have found that MSCs can secrete small extra-
cellular vesicles (sEVs) containing biologically active substances
(such as proteins, lipids, mRNAs, and microRNAs), which transmit
information between different cells and play a variety of biological
roles. Mesenchymal stem cellederived small extracellular vesicles
(MSC-sEVs) perform well in tissue damage repair, immune regu-
lation, and promoting angiogenesis [10,11]. We have found that
umbilical cord mesenchymal stem cell exosomes (UCMSC-exo) can
significantly promote the proliferation and migration of pediatric
urethral smooth muscle cells (PUSMCs) in vitro by delivering CD73
molecules to PUSMCs and catalyzing the production of adenosine
(ADO) and that the PI3K/AKT signaling pathway in PUSMCs is
activated after ADO or UCMSC-exo intervention [12]. Based on this,
we hypothesized that the effect of PU-MSLCs on urethral repair
may be accomplished through the proangiogenic effect of PU-
MSLC-derived small extracellular vesicles (PUMSLC-sEVs) and
that CD73 molecules and ADO (a CD73 metabolite) promotes
angiogenesis. This study analyzed the pro-angiogenic effect of
PUMSLC-sEVs on vascular endothelial cells (VECs) and the under-
lying molecular mechanisms of its action, aiming to provide new
theoretical support for urethral reconstruction and repair.

2. Methods and procedures

2.1. Isolation and identification of PUMSLCs

This experiment was approved by the Ethics Committee of
Foshan Maternal and Child Health Hospital, and informed consent
was obtained from the donors. According to the method previously
established in our laboratory, pediatric urethral tissues were
collected from children with hypospadias, minced, added to colla-
genase type I (Sigma, USA), digested at 37 �C for 4 h, filtered
through a 70-mesh cell sieve (NEST, China), and then cultured with
mesenchymal stem cell complete medium (Cyagen Biosciences,
China). When the cells reached 80 % confluence, they were sub-
cultured and purified according to the differential adhesion
method.

Third-passage PUMSLCswere induced to differentiate in vitro by
using adipogenesis (HUXXC-90031), osteogenesis (HUXXC-90021),
and chondrogenesis (HUXXC-90041) induction differentiation kits
(Cyagen, Guangzhou, China) to assess their adipogenic, osteogenic,
and chondrogenic differentiation abilities. After 14e21 days of in-
duction, the differentiated cells were stained with oil red O solu-
tion, alizarin red solution, and alcian blue solution, respectively.

The surface markers of the third-passage PUMSLCs were iden-
tified by flow cytometry. After PUMSLCs were incubated with flu-
orescently labeled CD29, CD34, CD45, CD73, CD90, CD105, and anti-
HLA-DR monoclonal antibodies (mAbs) (Biolegend, USA) for
30 min, they were analyzed with a CytoFLEX flow cytometer
(Beckman Coulter, USA).

2.2. Culture of human umbilical vein endothelial cells (HUVECs)

HUVECs were donated by the Department of Histology and
Embryology, South China Agricultural University, Guangzhou,
China. They were cultured in endothelial cell complete medium
(ScienCell, USA) containing 10 % fetal bovine serum. After reaching
80 % confluence, the cells were propagated for 1:2 passage.

2.3. Extraction, purification, and identification of PUMSLC-sEVs

PUMSLCs at passages 3e8 were cultured in exosome-free me-
dium for 48 h, and the cell supernatant was collected. The sEVs
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were isolated by ultracentrifugation and purified using an exosome
purification and concentration kit (Exojuice, WeinaBio, China).
Briefly, cells were removed by centrifugation at 300�g for 20 min,
cell debris was removed by centrifugation at 10,000�g for 20 min,
and sEVs were collected after centrifugation at 100,000�g for
70 min, followed by purification of exosomes according to Exo-
juice's instructions. The morphology of the exosomes was observed
by transmission electron microscopy, the particle size of exosomes
was analyzed by Flow NanoAnalyzer (NanoFCM, China), and the
specific proteins associated with exosomes were detected by
Western blotting (CD9, CD63, CD81 and TSG101).
2.4. Immunofluorescence staining

The extracted PUMSLC-sEVs were labeled with DiI dye, incu-
bated with HUVECs at 37 �C for 3 h, fixed in 4 % paraformaldehyde
for 15 min, and stained with FITC-phalloidin for the cytoskeleton
for 45 min and DAPI for the nucleus. Fluorescence signals in cells
were detected by fluorescence microscopy.
2.5. Ethynyl deoxyuridine (EdU) incorporation assay

HUVECs were seeded in six-well plates and cultured for 12 h,
added to medium containing PUMSLC-sEVs, cultured for 12 h,
treated with EdU solution (Beyotime, China) for 2 h, and incubated
in the click reaction solution for 30 min at 37 �C in the dark. Cells
were stained according to the kit instructions and then imaged
under a fluorescence microscope, and the percentage of EdU-
positive cells was calculated.
2.6. Cell counting kit-8 (CCK-8) assay

HUVECs were seeded in a 96-well plate at 5000 cells in 100 ml/
well and cultured for 12 h. Then medium containing PUMSLC-sEVs
was added, and they were cultured for 24 h. They finally received
10 ml of CCK-8 reagent and were incubated at 37 �C for 1.5 h. A
microplate reader (Thermo MK3, USA) was used to measure the
optical density (OD) at 450 nm.
2.7. Scratch wound assay

A culture insert (Ibidi, Martinsried, Germany) was placed in
the middle of a 24-well culture plate. Then, 70 ml suspended
HUVECs were seeded on the culture insert at 5 � 105 cells/ml.
After 24 h, the culture insert was carefully removed, and PUMSLC-
sEVs were added to treat HUVECs for 12 or 24 h. Cell migration was
imaged under an inverted microscope (Olympus IX 71�,
100�magnification, Olympus, Japan) andwas calculated by ImageJ
software v1.8 (National Institutes of Health, USA).



Fig. 1. Identification of PUMSLCs and PUMSLC-sEVs. (A) Morphological diagram of PUMSLCs: PUMSLCs differentiated into lipoblasts (B), osteoblasts (C), and chondroblasts (D) after
in vitro induction. (E) Flow cytometry for MSC surface markers showed that PUMSLCs expressed high levels of CD29, CD73, CD90, and CD105 but did not express CD34, CD45, or
HLA-DR. (F) Western blotting for the PUMSLC-sEV exosome marker proteins CD9, CD63, CD81, and TSG101. (G) NanoFCM determined the particle size of PUMSLC-sEVs. (H)
Transmission electron microscopy showed that PUMSLC-sEVs were goblet-shaped. (I) PUMSLC-sEVs were endocytosed by HUVECs.
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2.8. Transwell assay

HUVECs were resuspended in serum-free medium and seeded
on the upper chamber of a Transwell system at 5 � 105 cells/ml
(100 ml), and the culture medium containing PUMSLC-sEVs was
added to the bottom chamber of the Transwell system. After 12 h or
24 h, the migrated cells (in the lower chamber) were counted after
fixation and crystal violet staining.

2.9. Endothelial tube formation assay

Matrigel (Yeasen, China) was spread evenly on the bottom of a
96-well plate at 50 ml/well and placed in a 37 �C/5 % CO2 incubator
for 2 h to allow the Matrigel to solidify. HUVECs were seeded in 96-
well plates at 30,000 cells/well, givenmedium containing PUMSLC-
sEVs, and cultured for 4e8 h. Their tube formation was observed
under an inverted microscope, and the lengths and branching
points of the tubes formed were measured by ImageJ software.
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2.10. qRT-PCR assay

The total RNA of exosomes was extracted and processed using
TRIzol reagent (Thermo, USA), and then cDNA was synthesized by
using the HiScript® III RT SuperMix for qPCR (þgDNA wiper)
(Novizim, China). Quantitative PCR was performed using the
ChamQ Universal SYBR qPCR Master Mix (Novizan, China) to detect
the mRNA levels of CD73, HIF-1a, and VEGF. All gene sequences
were downloaded from the GenBank, and primers were designed
(Primer Premier 5) and synthesized (Sangon Biotech, China). The
primer sequences are in Table 1.

2.11. Western blotting

The protein concentration was determined with a BCA kit, and
30 mg of total protein was resolved by 10 % SDS-PAGE and then
transferred to PVDF membranes (Millipore, USA). Membranes were
blocked with 5 % nonfat milk for 2 h and then incubated with



Fig. 2. PUMSLC-sEVs promote the proliferation and migration of HUVECs. (A and B) EdU incorporation assays showed that PUMSLC-sEVs promoted the proliferation of HUVECs. (C)
CCK-8 assays showed that PUMSLC-sEVs promoted the proliferation of HUVECs. The scratch wound assay (D and F) and the Transwell assay (E and G) were consistent, both showing
PUMSLC-sEVs promoted the migration of HUVECs.
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primary antibodies (diluted at 1:1000) overnight at 4 �C. After
washing three times with TBST, the membranes were added to the
corresponding horseradish peroxidaseeconjugated secondary an-
tibodies (dilution ratio of 1:5000) and incubated for 1 h. After
washing three times with TBST, a chemiluminescent reagent
(Tanon, China) was dropped onto the membranes. Finally, the
protein expression was observed with a chemiluminescence gel
imaging analyzer (Tanon, China). The antibodies were anti-CD9
(AF5139, Affinity Biosciences, USA), anti-CD81 (DF2306, Affinity
Biosciences, USA), anti-TSG101 (sc-7964, Santa Cruz Biotechnology,
USA), anti-CD63 (sc-365604, Santa Cruz Biotechnology, USA), anti-
CD73 (ab313339, Abcam, UK), and anti-b-actin (bs-0061R, Bioss
Biotechnology, Bioss, China).

2.12. Statistical analysis

GraphPad Prism 8 software was used for data statistics. Mea-
surement data are expressed as mean ± standard deviation (x ± s)
and were assessed by Student's t-test. P < 0.05 indicated a signifi-
cant difference, and P < 0.01 indicated an extremely significant
difference.

3. Results

3.1. Identification of PUMSLCs and PUMSLC-sEVs

The isolated PUMSLCs were long, spindle-shaped adherent cells,
showing a typical mesenchymal stem cell morphology (Fig.1A). The
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PUMSLCs showed good adipogenic (Fig. 1B), osteogenic (Fig. 1C),
and chondrogenic (Fig. 1D) differentiation abilities after induction
in vitro. Flow cytometry showed that PUMSLCs expressed high
levels of CD29, CD34, CD73, CD90, and CD105 but did not express
CD45 or HLA-DR (Fig. 1E).

Western blotting showed that PUMSLC-sEVs expressed exosome
marker proteins CD81, CD63, CD9, and TSG10 (Fig. 1F). Transmission
electron microscopy showed that PUMSLC-sEVs had a typical disk-
like structure (Fig. 1G). NanoFCM showed that the exosomes of
PUMSLC-sEVs had diameters between 30 and 120 nm, mostly
around 78.30 nm (Fig. 1H). Immunofluorescence showed that DiI-
labeled exosomeswere successfully endocytosed by HUVECs (Fig.1I).
3.2. PUMSLC-sEVs promote proliferation, migration, and tube
formation of HUVECs

The EdU assay (Fig. 2A and B) and CCK-8 assay (Fig. 2C) showed
that PUMSLC-sEVs promoted the proliferation of HUVECs in a dose-
dependent manner.

The migration results from the scratch wound assay (Fig. 2D, F)
and the Transwell assay (Fig. 2E, G) were consistent, and PUMSLC-
sEVs promoted the migration of HUVECs in a dose- and time-
dependent manner. Low concentrations of PUMSLC-sEVs
(25 mmol/L) had no effect on the migration of HUVECs.

The tube formation assay (Fig. 3A, B, C) showed that PUMSLC-
sEVs promoted the tube formation of HUVECs in a dose-
dependent manner. The qRT-PCR results (Fig. 3D and E) showed
that PUMSLC-sEVs promoted the expression of the tube



Fig. 3. PUMSLC-sEVspromote angiogenesis. (A) PUMSLC-sEVs significantly enhanced the tube-forming ability, as determinedby the tube formation assay. (B andC)Quantitative analysis of
the total length and number of tube branches. (D and E) PUMSLC-sEVs significantly enhanced the mRNA expression levels of HIF-1a and VEGF in HUVECs, as determined by qRT-PCR.
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formationerelated genes HIF-1a and VEGF and that low concen-
trations of PUMSLC-sEVs (25 mmol/L) had no effect on the angio-
genesis of HUVECs.

3.3. PUMSLC-sEVs promote angiogenesis through CD73

qRT-PCR and Western blotting detected higher expression of
CD73mRNA (Fig. 4A) and protein (Fig. 4B) in PUMSLCs than in 293T
cells (control group), and CD73 molecules was also highly
expressed in PUMSLC-sEVs (Fig. 4B). To further explorewhether the
proangiogenic effect of PUMSLC-sEVs was related to CD73, we
added a CD73 inhibitor (PSB12379) to the medium containing
PUMSLC-sEVs. PSB12379 inhibited the activity of CD73 and thus
reversed the proangiogenic effect of PUMSLC-sEVs (Fig. 4C, D, E).
3.4. ADO (a CD73 metabolite) promotes angiogenesis

Adding exogenous ADO to the culture medium of HUVECs
significantly promoted the proliferation, migration, and tube for-
mation of HUVECs (Fig. 5).
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3.5. PUMSLC-sEVs mediate the effect of A2A ADO receptors on
angiogenesis

qRT-PCR showed that the mRNA expression of A2A ADO re-
ceptors in HUVECswas upregulated after PUMSLC-sEV intervention
(Fig. 6A). When we added an A2A ADO receptor antagonist (prel-
adenant) to the medium containing PUMSLC-sEVs, the proangio-
genic effect of PUMSLC-sEVs was inhibited (Fig. 6B, C, D).

4. Discussion

This work investigated whether PUMSLC-sEVs affect the pro-
liferation, migration, and tube-forming abilities of HUVECs and
conducted a preliminary exploration of the underlying molecular
mechanisms. The results show that PUMSLC-sEVs can significantly
promote the proliferation, migration, and tube formation of
HUVECs and that this process may be related to their activation of
the CD73/ADO/A2AR signaling axis.

MSCsEVs carry different cargo molecules (such as proteins,
nucleic acids, and lipids) and have various biological effects, making



Fig. 4. The proangiogenic effect of CD73-positive PUMSLC-sEVs is reversed by CD73 inhibition. (A) qRT-PCR detection of CD73 in PUMSLCs (293T cells as a control group). (B)
Western blotting detection of CD73 in PUMSLCs and PUMSLC-sEVs (293T cells as a control group). CCK-8 assay (C), scratch wound assay (D), and tube formation assay (E) showed
that the inhibitor PSB12379 reversed the promoting effect of CD73-positive PUMSLC-sEVs on the proliferation, migration, and tube formation of HUVECs.

Fig. 5. Adenosine promotes the proliferation, migration, and tube formation of HUVECs. (A) CCK-8 assay and Transwell assay. (B) Tube formation assay. (C) Addition of exogenous
adenosine significantly promoted the proliferation, migration, and tube formation of HUVECs in vitro.
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Fig. 6. CD73-positive PUMSLC-sEVs activate A2A adenosine receptors to promote angiogenesis. The qRT-PCR (A) showed that PUMSLC-sEVs activated the A2A adenosine receptors.
CCK-8 assay (B), scratch wound assay (C), and tube formation assay (D) showed that preladenant (an adenosine receptor A2A antagonist) reversed the promoting effect of CD73-
positive PUMSLC-sEVs on the proliferation, migration, and tube formation of HUVECs.
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them an ideal therapeutic tool or various diseases [13,14]. Cell-free
MSC-sEVs have broad clinical application prospects since they are
more stable and easier to preserve, manage, and control, advan-
tages that have been widely reported in various preclinical animal
models and human clinical trials [15,16]. In this study, we first
isolated PUMSLC-sEVs by ultracentrifugation and then character-
ized PUMSLC-sEVs by transmission electron microscopy, NanoFCM,
and detection of the expression of exosome marker molecules
(such as CD9, CD63, CD81, and TSG101).

Urethral repair is a complex process involving the proliferation
and regeneration of epithelial cells, smooth muscle cells, and
endothelial cells, all of which rely on blood vessels to deliver
nutrients and oxygen [17,18]. Angiogenesis is an important
mechanism for urethral repair, and VECs are the main cells
maintaining the physiological functions of blood vessels [19].
MSC-sEVs can reduce tissue damage and play an important role in
the regulation of VECs [20]. The process of angiogenesis mainly
includes the degradation of the original vascular basement
membrane to release endothelial cells; the proliferation, migra-
tion, and infiltration of VECs in the direction of stimulation; the
formation of the vascular lumens; and the trimming and remod-
eling of vascular structures [21,22]. The proliferation, migration,
and tube formation of VECs play a crucial role in angiogenesis [23].
MSCs-sEVs can markedly increase the levels of VEGF, TGF-b, and
angiogenin secreted by VECs, thereby promoting angiogenesis
[24]. sEVs function in two known ways: one is binding to cell
membrane receptors of recipient cells through receptor-
dependent regulation to directly activate the recipient cells, and
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the other is to encapsulate exosomes into cells through endocy-
tosis and then release the proteins, mRNAs, miRNAs, etc., from the
exosomes into the recipient cells [25,26]. MSC-sEVs are involved
in angiogenesis, but whether MSC-sEVs can promote the prolif-
eration, migration, and tube formation of VECs in the repair of
urethral injury is still unclear. In this study, the proliferation,
migration, and tube-forming abilities of HUVECs were signifi-
cantly enhanced in the presence of PUMSLC-sEVs. These results
show that PUMSLC-sEVs indeed promote angiogenesis, which is
consistent with the finding of Motohiro Komaki that human
placental MSC-derived exosomes play an important role in pro-
moting angiogenesis [27].

This study found that PUMSLC-sEVs carried many CD73 mole-
cules and that after the CD73 inhibitor PSB12379 was added to
inhibit the CD73 activity in PUMSLC-sEVs, the proangiogenic effect
of PUMSLC-sEVs disappeared. Furthermore, adding exogenous ADO
(a CD73 metabolite) to the culture medium of HUVECs significantly
promoted the angiogenesis of HUVECs. We infer that PUMSLC-sEVs
deliver CD73 molecules to HUVECs, and this CD73 induces ADO
production to promote angiogenesis. CD73 is overexpressed in tu-
mor tissues and can promote tumor cell proliferation [28e30].
During tumor development, CD73 promotes endothelial cells to
form new blood vessels [31].

In the experiments to determine which ADO receptor mediates
the proangiogenic effect of PUMSLC-sEVs, we found that PUMSLC-
sEVs promoted the activation of the A2A receptors. After we added
A2A ADO receptor antagonist to the medium containing PUMSLC-
sEVs, the proangiogenic effect of PUMSLC-sEVs was blocked.



S. Zhang, J. Li, C. Li et al. Regenerative Therapy 25 (2024) 77e84
5. Conclusion

Under these experimental conditions, PUMSLC-sEVs signifi-
cantly promoted the proliferation, migration, and tube-forming
abilities of HUVECs. We speculate that PUMSLC-sEVs promote
angiogenesis by activating the CD73/ADO/A2AR signaling axis.
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