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Abstract

microRNA-126 (miR-126), an endothelial-specific miRNA, is associated with vascu-
lar homeostasis and angiogenesis. However, the efficiency of miR-126-based treat-
ment is partially compromised due to the low efficiency of miRNA delivery in vivo.
Lately, exosomes have emerged as a natural tool for therapeutic molecule delivery.
Herein, we investigated whether exosomes derived from bone marrow mesenchymal
stem cells (BMMSCs) can be utilized to deliver miR-126 to promote angiogenesis.
Exosomes were isolated from BMMSCs overexpressed with miR-126 (Exo-miR-126)
by ultracentrifugation. In vitro study, Exo-miR-126 treatment promoted the prolifera-
tion, migration and angiogenesis of human umbilical vein endothelial cells (HUVECs).
Furthermore, the gene/protein expression of angiogenesis-related vascular en-
dothelial growth factor (VEGF) and angiotensin-1 (Ang-1) were up-regulated after
incubation with Exo-miR-126. Additionally, the expression level of phosphoinositol-3
kinase regulatory subunit 2 (PIK3R2) showed an inverse correlation with miR-126 in
HUVECs. Particularly, the Exo-miR-126 treatment contributed to enhanced angio-
genesis of HUVECs by targeting PIK3R2 to activate the PI3K/Akt signalling pathway.
Similarly, Exo-miR-126 administration profoundly increased the number of newly
formed capillaries in wound sites and accelerated the wound healing in vivo. The re-
sults demonstrate that exosomes derived from BMMSCs combined with miR-126

may be a promising strategy to promote angiogenesis.
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1 | INTRODUCTION

Angiogenesis refers to the generation of new vascular sprouts out
of pre-existing blood vessels. It is a complex multistep process that
involves cell proliferation, migration, invasion, and tube formation,
as well as maturation and stabilization of newly formed sprouts.1
Angiogenesis is an indispensable process throughout the lifetime
of humans and is a prerequisite for a wide spectrum of disorder
conditions that are characterized by a lack of proper vascular
formation, such as heart and brain ischaemia, diabetic foot, poor
wound healing, spinal cord injury, myocardial infarction and bone
defects.?® Increasing evidence sustains that neovascularization
is mainly mediated by activating endogenous progenitor cells, in-
tegrating with exogenous mesenchymal stem cells (MSCs) and/or
therapeutic agents such as pro-angiogenic mRNAs or microRNAs
(miRNAs).*

miRNAs are a class of endogenous small noncoding RNA mole-
cules (18-25 nucleotides), and based on current understanding, miR-
NAs regulate cellular processes most likely via posttranscriptional
inhibition of gene expression.>® Lately, increasing evidence has
supported the viewpoint that miRNAs play pivotal roles in multiple
pathways related to various biological processes, which can assist
in regulating a variety of cellular processes and molecular mecha-
nisms.” In particular, certain miRNAs function as pro-angiogenic reg-
ulators.®® Among them, miR-126, which is specifically expressed
in endothelial cells, may be the most important and acts as a key
regulator in promoting angiogenesis as well as maintaining vascu-
lar integrity. For instance, up-regulation of miR-126 can contrib-
ute to angiogenesis after vessel injury or hypoxia.11 Furthermore,
previous studies have found that miR-126 promotes angiogenesis
by down-regulation the negative regulators of the VEGF pathway,
namely, phosphoinositol-3 kinase regulatory subunit 2 (PIK3R2) and
Sprouty-related EVH1 domain-containing protein 1 (SPRED1).}%12
Additionally, miR-126 has been proposed to be a biological target
that has pro-angiogenic potential for therapeutics.'®* A better cu-
rative effect of diabetic wounds was observed after up-regulating
the miR-126 expression.'®> However, the therapeutic efficacy of
miR-126-based administration is limited due to the low efficiency
of miRNA delivery, which remains a major challenge for the use of
miRNAs as a therapeutic strategy.’® Until recently, overwhelming
evidence has demonstrated that miRNAs can be packaged within ex-
tracellular vesicles, especially exosomes. Thus, exosomes can serve
as therapeutic tools for delivering miRNAs to further exert their bi-
ological functions.”*?

Exosomes, an important form of extracellular vesicles, have been
confirmed as the intercellular communication mediators in various
physical processes related to cell proliferation and migration, im-
mune modulation and a\ngiogenesis.zo'22 These nano-sized particles
are lipid bilayer structures, with a diameter of approximately rang-
ing from 50 to 200 nm. To date, exosomes have been shown to act
as ideal messengers for transferring biological information, such as
functional miRNAs, to mediate intercellular communication.?® In

addition, exosome-based cell-free therapy represents an attractive
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approach due to its several advantages of high stability, low immu-
nogenicity, non-tumorigenicity and lack of blood-brain obstructive
concern.?*?6 |n particular, it has been well established that the exo-
somes derived from MSCs play a vital role in various physiological
processes and diseases.?”??

Based onthe aforementioned findings, we have been suggested
that miR-126, delivered by exosomes derived from bone marrow
mesenchymal stem cells (BMMSCs), could promote angiogenesis.
Thus, in the current study, we investigated the pro-angiogenic po-
tential of exosomes from miR-126 overexpressing BMMSCs (Exo-
miR-126) in a series of in vitro studies and a full-thickness skin
defect model in vivo, as well as the underlying molecular mech-
anisms, in an attempt to provide a potential therapeutic strategy
for angiogenesis.

2 | MATERIALS AND METHODS
2.1 | Cell culture and treatment

For the present study, human BMMSCs were purchased from
Cyagen Biosciences (Guangzhou, China; HUXMA-01001, https://
www.cyagen.com/cn/zh-cn/product/bone-marrow-msc-HUXMA
-01001.html?from=3#/product-coa). BMMSCs were cultured in
alpha-minimal essential medium («-MEM; Invitrogen, Carlsbad, CA,
USA) with 10% foetal bovine serum ((FBS, Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) and 1% penicillin-G/streptomycin
(Invitrogen), maintained in a humidified environment (5% CO2) at
37 °C. BMMSCs at passages 3-6 (P3-Pé) in good growth state were
characterized by flow cytometry and multiple differentiation assays,
and then used for the downstream research. Flow cytometry was
employed to identify cell immunophenotypes, cell suspensions in-
cubated with PBS served as a negative control, and monoclonal an-
tibodies against CD90, CD105, CD45, CD31, CD44, CD146, CD14
and CD34 (eBioscience, CA, USA) were used for the detection. To
identify the multiple differentiation potentials, cells were induced to
differentiate in osteogenic, adipogenic and chondrogenic differen-
tiation medium separately, followed by Alizarin Red S, Oil Red O and
Alcian blue staining, respectively.

Human umbilical vein endothelial cells (HUVECs) were pur-
chased from the American Type Culture Collection (CRL-1730,
https://www.atcc.org/products/all/CRL-1730.aspx) and cultured
in endothelial growth medium-2 (EGM-2; Lonza, Walkersville,
MD, USA) for following research. After reaching approximately
80% confluence, HUVECs were transfected with miR-126 mimic
(150 nM) and mimic negative control (mimic-NC), miR-126 inhibi-
tor (200 nM) and inhibitor negative control (inhibitor-NC), small in-
terfering RNA (siRNA) targeting PIK3R2 (si-PIK3R2, 100 nM) and
siRNA negative control (si-NC) (all from Genepharma; Shanghai,
China) using Lipofectamine 2000 reagent (Thermo Fisher
Scientific) in strict accordance with the manufacturer’s instruc-
tions. After transfection for 6 h, the culture medium was changed

to fresh medium for the downstream research.
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2.2 | Dual-luciferase reporter assay

A dual-luciferase reporter assay was established to verify whether
PIK3R2 is the target gene of miR-126 in HUVECs. In brief, luciferase
reporter plasmids (pGL3 vector; Genepharma) with PIK3R2 3'-UTR
containing a mutant or putative binding site of miR-126 were con-
structed. HUVECs were transfected with the PIK3R2 3'-UTR wild-
type (WT) or mutant (MUT) plasmids in the presence of miR-126
mimic or mimic-NC in strict accordance with the manufacturer’s
specifications. Subsequently, the cells were lysed, followed by quan-
tification of the luciferase activities with a dual-luciferase reporter

assay kit (Yeasen, Shanghai, China).

2.3 | Production and identification of exosomes

The culture medium was obtained after 48 hours culture of
BMMSCs, then exosomes were produced as described previously
with minor modifications.®® More specifically, the collected super-
natant was centrifuged at 300 g (10 minutes) and 2000 g (30 min-
utes) to remove dead cells, followed by 10 000 g (30 minutes) to
discard cellular debris. Then, the obtained supernatant was centri-
fuged at 100 000 g (70 minutes; 70Ti rotor, Beckman Coulter) and
washed with phosphate-buffered saline (PBS; Heart, Xi'an, China) at
another 100 000 g (70 minutes). After that, the exosome pellet was
re-suspended in PBS for downstream experiments. The obtained ex-
osomes were identified in terms of morphology (transmission elec-
tron microscopy, TEM), size (nanoparticle tracking analysis, NTA)
and surface markers (Western blotting). For the exosome treatment,
to increase the expression of miR-126, BMMSCs were transfected
with miR-126 mimic (200 nM) or mimic-NC by Lipofectamine 2000
reagent (Thermo Fisher Scientific). Then, exosomes were extracted
from BMMSCs transfected with miR-126 mimic or mimic-NC and
named Exo-miR-126 and Exo-NC, respectively.

The PKH67 fluorescent labelling kit (Sigma-Aldrich, St. Louis,
MO, USA) was utilized for the exosomes labelling. In brief, the ob-
tained exosomes were re-suspended in 1 mL diluent C, mixed with
4 uL PKHé67, and then incubated together for 4 minutes. The re-
action was neutralized by adding 2 mL 5% bovine serum albumin
(BSA; Heart), after which the exosomes were washed with PBS
at 100,000 g (70 minutes) and then incubated with HUVECs for
4 hours. Subsequently, the cells (HUVECs) were fixed with para-
formaldehyde (4%), and the nuclei were labelled with DAPI (0.5 pg/
mL; Invitrogen, USA). The images of exosome uptake were captured

using a confocal microscope (Carl Zeiss, Oberkochen, Germany).

2.4 | Exosome treatment

A series of subsequent assays (including proliferation, migration,
transwell, tube formation on Matrigel) were conducted to assess the
pro-angiogenic potential of Exo-miR-126 on HUVECs. For exosome

treatment, HUVECs were divided into the following groups: Control

group (treated with an equal volume of PBS); Exo-NC group (treated
with 100 pg/mL Exo-NC) and Exo-miR-126 group (treated with
100 pg/mL Exo-miR-126). After treatment for 24 hours, HUVECs

were collected for the downstream research.®!

2.4.1 | Proliferation assay

A cell counting kit-8 assay (CCK-8 assay) was conducted to evalu-
ate cell viability as described previously.®? Briefly, 5 x 10° HUVECs
(per well; five replicates per group) were seeded into 96-well plates
(Corning, NY, USA). At a certain time per day, CCK-8 (10 uL per well)
reagent (Dojindo, Kumamoto, Japan) was added to the culture well,
and then the mixed sample was incubated for another 2 hours at
37°C. Subsequently, the optical density (OD) value was recorded at a

wavelength of 450 nm. All assays were performed in triplicate.

2.4.2 | Transwell migration assay

A transwell assay was established to interrogate the migratory abil-
ity of HUVECs following previously reported methods.®® Briefly,
2 x 10* HUVECs were re-suspended in 200 pL serum-free medium
and plated into the apical chamber of transwell plates (24-well; pore
size: 8 pm; Corning), while 700 pL culture medium containing 20%
FBS was added into the basolateral chamber. After incubating for
10 hours, the non-migrated cells were wiped off with a cotton swab,
while the migrated cells on the lower side of the membrane were
fixed with 4% paraformaldehyde (20 minutes) and then stained with
crystal violet (0.5%) for 20 minutes. After washing three times with
PBS, the migrated cells were observed and imaged using an inverted
microscope (Olympus, Tokyo, Japan), and the number of migrated
cells from five randomly selected fields was calculated for each

group. All assays were performed in triplicate.

2.4.3 | Scratch wound healing assay

A wound healing assay was performed as previously reported meth-
0ds.2° In brief, 2 x 10° (per well) HUVECs were plated into culture
plates (12-well; Corning) and incubated till they reached 90% conflu-
ence. After that, a sterile 200-uL pipette tip was utilized to make a
scratch on the cell monolayer, and the floating cells were removed by
gently washing with PBS. Then, the cells were incubated for another
24 hours. Images were captured at O hour, 12 hours and 24 hours
post-wounding, respectively. All assays were performed in triplicate,

and the outcomes were analysed using ImageJ software.

2.4.4 | Tube formation assay

For the tube formation assay on Matrigel, 50 pL of cold Matrigel

(Corning) was plated in each culture well (96-well plates) and
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incubated for 30 minutes at 37°C. After that, 2 x 10* HUVECs
were seeded in each well (five replicates per group) and incu-
bated for 6 hours. Subsequently, tube-like structures were pho-
tographed using a microscope (Olympus), and the indicators of
vessel formation in terms of total branching points and total tube
length were analysed using ImageJ software. All assays were per-
formed in triplicate.

2.5 | Quantitative real-time PCR (qRT-PCR) analysis

Total RNA was extracted using TRIzol reagent (Invitrogen, CA, USA),
and the miRNA expression was quantified using TagMan® miRNA
assays (Applied Biosystems, CA, USA). After RNA was reverse-
transcribed to cDNA with the PrimeScript RT reagent Kit (TaKaRa,
Dalian, China), gRT-PCR analysis was conducted with the SYBR®
Premix Dimer Eraser kit (Takara). U6 was utilized as the internal
reference for miR-126, while p-actin was used as the internal refer-
ence for other target genes. The qRT-PCR primer sequences were
as follows: miR-126, forward 5'-GCTGTCAGTTTGTCAAATA-3' and
reverse 5-GTGCAGGGTCCGAGGT-3'; U6, forward 5'-CTCGCT
TCGGCAGCACA-3'andreverse 5'-AACGCTTCACGAATTTGCGT-3"
VEGF, forward 5'-CATCCAATCGAGACCCTGGTG-3' and reverse
5'- TTGGTGAGGTTTGATCCGCATA-3'; Ang-1, forward 5'-GAAG
GGAACCGAGCCTATTC-3' and reverse 5-AGGGCACATTTGCAC
ATACA-3'; PIK3R2, forward 5-GCACCACGAGGAACGCACTT-3"'and
reverse 5'-CGTCCACTACCACGGAGCAG-3'; and p-actin forward
5'-TGGCACCCAGCACAATGAA-3' and reverse 5'- CTAAGTCATAGT
CCGCCTAGAAGCA-3..

2.6 | Western blot analysis

Western blotting was performed as described previously with
minor modifications.® In brief, HUVEC or exosomal proteins were
extracted and incubated overnight at 4°C with primary antibodies
including anti-CD9 (1:1000; Cell Signaling Technology, Danvers,
MA, USA; #13174), anti-CD81 (1:1000; Abcam, Cambridge,
Britain; ab109201), anti-ALIX (1:1000; Cell Signaling Technology;
#2171), anti-VEGF (1:1000; Abcam; ab46154), anti-Ang-1 (1:500;
Abcam; ab8451), anti-PIK3R2 (1:1000; Abcam; ab131067), anti-
phosphorylated Akt (p-Akt; 1:1000, Cell Signaling Technology;
#4060), anti-Akt (1:1000, Cell Signaling Technology; #4685) and
anti-B-actin (1:2000; Proteintech, Rosemont, USA; #60008-1-Ig).
After incubation with horseradish peroxidase-conjugated second-
ary antibodies (1:5000, ProteinTech; SAO0001-1 or SA00001-2)
at room temperature for 2 hours, the blots were visualized using
chemiluminescence substrate (ECL kit; Beyotime, Shanghai, China)
and the quantification of protein bands was analysed with Image)
software. p-actin was used as the loading control for internal
normalization.

2.7 | Mouse skin wound model and treatments

It is well acknowledged that angiogenesis plays a crucial role in
wound healing, thus, a mouse skin defect model was established
to examine the pro-angiogenic behaviour of Exo-miR-126 in vivo.*?
All protocols were approved by the Animal Research Committee of
Xi'an Jiaotong University. For the research, 24 male C57BL/6 mice
(8-week-old, weighing 20-25 g) were shaved and anaesthetized
before operation according to the animal protocol, and then a full-
thickness excisional skin wound was created on the dorsum. After
that, the mice were randomly divided into the following groups : (1)
Control group (100 pL PBS, n = 8); (2) Exo-NC group (200 pg Exo-NC
in 100 pL PBS, n = 8); and (3) Exo-miR-126 group (200 pg Exo-
miR-126 in 100 pL PBS, n = 8). Subsequently, exosomes or PBS only
were subcutaneously injected into 4 sites (25 uL per site) around the

wounds.

2.8 | Histological and immunofluorescence analyses

Following local administration of exosomes, the wounds were
photographed at the scheduled time points (0, 4, 9, 14 days post-
operation), and the wound closure area was analysed using Imag)
software to evaluate the healing rate. 14 days after surgery, the mice
were killed, skin specimens were collected and then analysed using
histopathological methods.32 More specifically, the harvested skin
samples (including the defect epicentre and the surrounding healthy
skin) were fixed in 4% paraformaldehyde (Heart), then dehydrated
using ethanol. After embedding in paraffin, the specimens were cut
into 10-pm-thickness, subjected to haematoxylin and eosin (H&E)
staining. Additionally, to observe the newborn capillaries in skin
defect sections, immunofluorescence staining against CD31 and
CD34 was performed.® Initially, the obtained tissues were fixed in
4% paraformaldehyde solution at 4°C overnight, then dehydrated
with 30% sucrose solution and embedded in OCT. After that, the
obtained sections (10-pm thick) were incubated with primary anti-
bodies against CD34 (Abcam,1:100) and CD31 (Abcam,1:100) at 4°C
overnight, and then incubated with secondary antibodies (1:300 or
1:400, Servicebio; Wuhan, China), respectively, at room tempera-
ture for 1 hour. Image-Pro Plus 6 software was used for quantitative

analysis.

2.9 | Statistical analysis

The measurement data are presented as mean + standard deviation
(SD), and all assays were performed at least three times. Differences
between groups were assessed by Student's t test or one-way
analysis of variance (ANOVA), with Tukey's post hoc analysis con-
ducted for post hoc test. P < 0.05 was considered to be statistically

significant.
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FIGURE 1 Identification and internalization of exosomes. (A) Morphology of exosomes under transmission electron microscopy (scale
bar: 100 nm). (B) Size of exosomes identified by nanoparticle tracking analysis. (C) Exosomal surface markers CD9, CD81 and ALIX detected
by Western blotting. (D) Fluorescence microscopy analysis of PKH67-labelled exosomes (green) internalized by HUVECs. Nuclei were
stained with DAPI (blue) for counterstaining (scale bar: 50 um). (E) miR-126 expression in BMMSCs and BMMSC-derived exosomes detected
by qRT-PCR (n = 3), **P < 0.01 vs. Control group, #P < 0.01 vs. mimic-NC group (F) miR-126 expression in HUVECs treated with PBS, Exo-
NC and Exo-miR-126 detected by gRT-PCR (n = 3). *P < 0.05, **P < 0.01 vs. Control group, *P < 0.01 vs. Exo-NC group. HUVECs, human
umbilical vein endothelial cells; Exo-NC, exosomes derived from BMMSCs transfected with NC-mimic; Exo-miR-126, exosomes derived from
microRNA-126 overexpressing bone marrow mesenchymal stem cells
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3 | RESULTS
3.1 | Identification of BMMSC-derived exosomes

The results of flow cytometry analysis revealed that the BMMSCs were
positive for CD105, CD90, CD44 and CD146, while negative for CD45
and CD31 CD34 and CD14 (Figure S1A). In addition, the BMMSCs
had the potential to osteogenic (as evidenced by Alizarin Red S stain-
ing; left), adipogenic (as evidenced by Qil Red O staining; middle) and
chondrogenic (as evidenced by Alcian blue staining; left) differentiation
when cultured in the respective culture medium (Figure S1B).

Exosomes were extracted from the supernatant of BMMSCs by
ultracentrifugation, and then a series of assays were carried out to
verify their identification. TEM analysis showed that the obtained
nanoparticles had sphere- or cup-shaped morphology (Figure 1A),
which was consist with previous findings.>° Meanwhile, nanoparticle
analysis was performed to analyse the particle size, and the obtained
results demonstrated that the diameters of these nanoparticles mainly
ranged from 30 to 200 nm (Figure 1B), coinciding with the size of
exosomes.®® As for Western blot analysis, positive exosomal protein
markers including CD9, CD81 and ALIX were observed in these na-
no-vesicles (Figure 1C), further confirming their identity as exosomes.
Additionally, The PKH67 kit was used to confirm cellular exosome
uptake, based on the analysis of confocal laser microscopy, HUVECs
were stained positively for PKH67 (green), which confirmed that the
uptake of exosomes was successful (Figure 1D). Subsequently, gRT-
PCR analysis was carried out to evaluate the miR-126 expression in
exosomes and BMMSCs after transfection, and the obtained results
revealed that the miR-126 expression levels in BMMSCs transfected
with miR-126 mimic and their secreted exosomes (Exo-miR-126) were
significantly higher than those of BMMSCs transfected with mim-
ic-NC and Control group and their secreted exosomes, respectively
(P < 0.01; Figure 1E). Additionally, the miR-126 expression in HUVECs
was significantly up-regulated after Exo-miR-126 treatment relative
to Exo-NC and Control groups (P < 0.01; Figure 1F).

3.2 | Exo-miR-126 enhanced the proliferation,
migration and tube formation of HUVECs in vitro

Further, a series of functional assays were established to explore the

pro-angiogenic potential of Exo-miR-126. Based on the results of

transwell assay, HUVECs in the Exo-miR-126 group demonstrated a
stronger migration ability than those in Exo-NC and Control groups
(P < 0.01; Figure 2A and B). Also, the scratch wound healing assay
revealed that the migration ability of HUVECs in the Exo-miR-126
group was enhanced relative to that of the other two groups
(P <0.05 or P < 0.01; Figure 2C and D), although the cells in Exo-NC
group exhibited enhanced migration ability than that of Control
group (P < 0.05 or P < 0.01; Figure 2C and D). Additionally, cells in-
cubated with either Exo-miR-126 or Exo-NC both exhibited a signifi-
cantly augmented proliferation rate compared with Control group
(P < 0.05 or P < 0.01; Figure 2E), Besides, the cells in Exo-miR-126
group demonstrated a higher proliferation rate than that in Exo-NC
group (P < 0.05 or P < 0.01; Figure 2E).

More importantly, as shown in Figure 2F, both the cells in Exo-
miR-126 and Exo-NC group showed stronger tube formation abil-
ity when compared with Control group based on the quantitative
analyses (P < 0.05 or P < 0.01; Figure 2G), Besides, the angiogen-
esis potential of HUVECs was significantly enhanced after Exo-
miR-126 treatment than Exo-NC (P < 0.05 or P < 0.01; Figure 3G).
Afterwards, qRT-PCR and Western blot analysis were conducted to
detect the gene and protein expression of VEGF and Ang-1, which
are considered critical molecules for vessel formation and stabil-
ity.3”38 As shown in Figure 2H, HUVECs in the Exo-miR-126 and
Exo-NC groups had significantly elevated expression levels of genes
(VEGF and Ang-1) than the Control group (P < 0.05 or P < 0.01), and
the cells incubated with Exo-miR-126 demonstrated a higher expres-
sion level relative to Exo-NC group (P < 0.01). In line with these find-
ings, Western blotting showed that HUVECs in Exo-miR-126 group
possessed higher protein levels of VEGF and Ang-1 than the other
two groups (P < 0.01; Figure 21 and J). These results collectively indi-
cated that Exo-miR-126 can promote the proliferation, migration and
angiogenesis of HUVECs in vitro.

3.3 | miR-126 down-regulated PIK3R2 to
activate the PISK/Akt signalling pathway in HUVECs

PIK3R2 is a potential target of miR-126, and thus, a dual-luciferase
assay was carried out to further verify its accuracy in HUVECs. As
shown in Figure 3A, compared to mimic-NC group, miR-126 mimic
significantly decreased the intensity of luciferase activity in the

PIK3R2-WT group (P < 0.01), while, no significant difference was

FIGURE 2 Exo-miR-126 potentiated the proliferation, migration and angiogenic activities of HUVECs in vitro. (A) The migration of

HUVECs treated with PBS, Exo-NC and Exo-miR-126 was detected by transwell assay (scale bar: 100 pm). (B) Quantitative analysis of the
migrated cells in (A) (n = 3). (C) Representative images of scratch wound assay in HUVECs treated with PBS, Exo-NC and Exo-miR-126 (scale
bar: 200 pm). (D) Quantitative analysis of the migration rates in (C) (n = 3). (E) The proliferation of HUVECs exposed to PBS, Exo-NC and Exo-
miR-126 was tested by CCK-8 assay (n = 3). (F) Representative images of tube formation assay in HUVECs receiving different treatments
(scale bar: 200 pm). (G) Quantitative analyses of the total tube length and total branching points in (F) (n = 5). (H) The pro-angiogenic genes
VEGF and Ang-1 in HUVECs were analysed by gRT-PCR (n = 3). (I) Detection of the protein levels of VEGF and Ang-1 in HUVECs by Western
blot analysis. (J) Quantitative analysis of the relative protein expression in () (n = 3). *P < 0.05, **P < 0.01 vs. Control group, * P < 0.05, ##

P < 0.01 vs. Exo-NC group. HUVECs, human umbilical vein endothelial cells; Exo-NC, exosomes derived from BMMSCs transfected with
NC-mimic; Exo-miR-126, exosomes derived from microRNA-126 overexpressing bone marrow mesenchymal stem cells; CCK-8 assay, cell
counting kit-8 assay. VEGF, vascular endothelial growth factor; Ang-1, angiotensin-1
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FIGURE 3 miR-126 activated the
PI3K/Akt signalling pathway via down-
regulation of PIK3R2. (A) The relative
luciferase activity of luciferase reports
with wild-type or mutant PIK3R2 was
determined in HUVECs, transfected
with mimic-NC or miR-126 mimic (n = 3).
**P < 0.01 vs. mimic-NC group. (B) The
relative mMRNA expression of PIK3R2

in HUVECs transfected with miR-126
mimic or miR-126 inhibitor detected by
gRT-PCR (n = 3). *P < 0.05 vs. mimic-
NC group, **P < 0.01 vs. inhibitor-NC
group. (C) PIK3R2 protein expression

in HUVECs transfected with miR-126
mimic or miR-126 inhibitor measured c
by Western blotting. (D) Quantitative
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observed in the PIK3R2-MUT group (P > 0.05), highlighting the spe-
cific binding of miR-126 to PIK3R2 in HUVECs. Then, the expression
of PIK3R2 was detected in HUVECs after incubation with miR-126
mimic or miR-126 inhibitor. As shown in Figure 3B, there was a sig-
nificant decrease in the expression of PIK3R2 after treatment with
miR-126 mimic than mimic-NC (P < 0.05), while reverse effects were
observed in the miR-126 inhibitor group (P < 0.01). Moreover, ac-
cording to the results and quantitative analysis of Western blotting
(Figure 3C and D), the protein level of PIK3R2 was down-regulated
after incubating with miR-126 mimic relative to that of mimic-NC
(P < 0.01). In contrast, the protein level of PIK3R2 was up-regulated
in the miR-126 inhibitor group compared with that of inhibitor-NC
group (P < 0.01), confirming that miR-126 can suppress PIK3R2 in
HUVECs.

Then, the expression of PIK3R2 was detected in HUVECs after
incubation with Exo-miR-126. Based on the results and quantitative
analysis of Western blotting (Figure 3E and F), the PIK3R2 protein

Relative protein expression

&

g
s )
Q}g.&- &

level was down-regulated after incubation with Exo-miR-126 com-
pared to that of Exo-NC and control groups (P < 0.05 or P < 0.01). It
has been reported that miR-126 can mediate the angiogenesis pro-
cess by targeting PIK3R2 to activate the PI3K/Akt signalling path-
way.'? To further verify whether BMMSC-derived exosomes could
deliver miR-126 to activate this pathway, Western blotting was car-
ried out to determine the protein levels of Akt and p-Aktin HUVECs
following incubation with exosomes. As shown in Figure 3E and F,
the ratio of p-Akt/Akt was increased in Exo-miR-126 group than that
in Control and Exo-NC groups (P < 0.01).

Additionally, the involvement of PIK3R2 in HUVECs was also in-
vestigated to determine the role of miR-126. To this end, cell prolif-
eration, migration and tube formation assays were performed after
HUVECs were treated with either si-NC or si-PIK3R2. The obtained
data showed that HUVECs in the si-PIK3R2 group exhibited an en-
hanced migration ability and higher proliferation rate compared with
si-NC group (P < 0.05 or P < 0.01; Figure 4A-E). Moreover, after
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FIGURE 4 Involvement of PIK3R2 in the role of miR-126 in HUVECs. (A) The migration of HUVECs stimulated with si-NC and si-PIK3R2
was detected by transwell assay (scale bar: 100 pm). (B) Quantitative analysis of the migrated cells in (A) (n = 3). (C) The proliferation of
HUVECs exposed to si-NC and si-PIK3R2 was tested by CCK-8 assay (n = 3). (D) Representative images of scratch wound assay in HUVECs
treated with si-NC and si-PIK3R2 (scale bar: 200 pm). (E) Quantitative analysis of the migration rates in (D) (n = 3). (F) Representative images
of tube formation assay in HUVECs treated with si-NC and si-PIK3R2 (scale bar: 200 pm). (G) Quantitative analysis of the total tube length
and total branching points in (F) (n = 5). (H) Detection of the protein levels of VEGF, Ang-1, p-Akt and Akt in HUVECs by Western blot
analysis. () Quantitative analysis of the relative protein expression in (H) (n = 3). *P < 0.05, **P < 0.01 vs. si-NC group. HUVECs, human
umbilical vein endothelial cells; CCK-8 assay, cell counting kit-8 assay; PIK3R2, phosphoinositol-3 kinase regulatory subunit 2; VEGF, vascular
endothelial growth factor; Ang-1, angiotensin-1
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treatment with si-PIK3R2, the HUVECs demonstrated a higher po-
tential of forming capillary-like structures based on the analyses of
total tube length and total branching points (P < 0.05; Figure 4F and
G). Additionally, the results of Western blot analysis showed that the
decrease of PIK3R2 resulted in up-regulated protein levels of VEGF
and Ang-1 (P < 0.05 or P < 0.01; Figure 4H and 1). Notably, the ratio
of p-Akt/Akt was significantly increased following si-PIK3R2 admin-
istration than si-NC (P < 0.05; Figure 4l). These results collectively
suggested that miR-126-mediated angiogenesis by down-regulating
PIK3R2 to activate the PI3K/Akt signalling pathway.
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3.4 | Exo-miR-126 accelerated cutaneous wound
healing in vivo

Based on the foregoing results, a full-thickness cutaneous wound
model was created to evaluate the effects of Exo-miR-126 on newly
generated capillaries and on wound healing. Exosomes or PBS only
were subcutaneously injected into 4 sites (25 uL per site) around the
wounds every three days (on days 0, 3, 6, 9 and 12 post-surgery)
based on a pre-study analysis of the retention of the administered

exosomes in skin tissues (Figure S2). All the mice were taken good
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FIGURE 5 Exo-miR-126 accelerated cutaneous wound healing in mice. (A) Gross view of wounds in mice receiving different treatments
at days 4, 9 and 14 post-wounding (scale bar: 2 mm). (B) The rate of wound closure in wounds receiving different treatments at the indicated
times (n = 8). (C) H&E staining of wound sections from mice receiving different treatments at 14 days after operation. The double-headed
black arrows indicate the edges of the scars (scale bar: 500 pm). (D) Quantitative analysis of scar widths in (C) (n = 8). *P < 0.05, **P < 0.01
vs. Control group, #P <0.05, P <0.01 vs. Exo-NC group. Exo-NC, exosomes derived from BMMSCs transfected with NC-mimic; Exo-
miR-126, exosomes derived from microRNA-126 overexpressing bone marrow mesenchymal stem cells
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care in strict accordance with the animal protocols. As shown in
Figure 5A, after local injection of exosomes or an equal volume of
PBS, the wound closure rate in Exo-miR-126 and Exo-NC treated
mice was significantly increased when compared with Control group
(P < 0.05 or P < 0.01; Figure 5B), more importantly, Exo-miR-126
group exhibited a significantly higher rate than Exo-NC group
(P <0.05 or P <0.01; Figure 5B). Also, the outcomes of H&E staining
and quantitative analysis showed that Exo-miR-126 treated wounds
had a lower level of scar formation than that of the Exo-NC and
Control groups (P < 0.01; Figure 5C and D), although the Exo-NC
group also showed a significantly reduced level of scar formation

relative to the Control group (P < 0.05; Figure 5C and D).

3.5 | Exo-miR-126 enhanced angiogenesis in the
wound sites

Immunofluorescence staining for the endothelial markers CD31 and
CD34 was conducted to identify the newborn vessels. As shown in
Figure 6A, a larger amount of blood vessels staining for CD31 were
observed in Exo-miR-126 group when compared with the Exo-NC
and Control groups (P < 0.01; Figure 6A and C), though more newly
generated vessels also observed in Exo-NC relative to Control group,
showing statistical significance (P < 0.05; Figure 6C). Meanwhile,
CD34 expression in the wound sites was quantified to further con-
firm the potential of Exo-miR-126 to promote blood vessel formation
(Figure 6B). In line with the outcomes of CD31 analysis, compared
with Control group, the vessel number in Exo-NC group was signifi-
cantly higher as determined by CD34 immunofluorescence staining
(P < 0.01; Figure 6D). Moreover, the results of analysis indicated
that the Exo-miR-126 group had more newly formed capillaries than
Exo-NC group (P < 0.01; Figure 6D).

4 | DISCUSSION

In the current study, we found that exosomes derived from miR-126
overexpressing BMMSCs significantly promoted the proliferation,
migration and tube formation of HUVECs in vitro by transferring
miR-126, which in turn suppressed PIK3R2 to activate the PI3K/Akt
signalling pathway. Additionally, local administration of Exo-miR-126
profoundly enhanced neo-angiogenesis in the defect zone and ac-
celerated the wound healing in vivo. These findings suggest that
BMMSC-derived exosomes combined with miR-126 may represent
a promising strategy for angiogenesis.

Angiogenesis involves a series of activities including cell prolif-
eration, migration and tubular network formation, which provides
sufficient oxygen, nutrients and growth factors to the target tissues,
for example, to the wound sites, further facilitating their repair pro-
cess.®>%? The cellular mechanisms of neo-angiogenesis are compli-
cated and involve multiple signalling pathways. Lately, increasing and
overwhelming evidence has suggested that a group of miRNAs plays

vital roles in the angiogenic process.*® Thus, regulation of specific

miRNAs may reveal novel avenues for neovascularization related
to regenerative medicine. However, the instability of miRNAs in
extracellular circulation poses a critical challenge, as miRNAs must
be transported to target tissues by efficient delivery systems.'
Recently, exosome-based cell-free delivery systems have emerged
as promising vectors to transfer miRNAs.18:17

It has been well established that intercellular communication oc-
curs directly via gap junctions or indirectly via soluble factors (such
as cytokines, growth factors, chemokines) and extracellular vesicles
(ectosomes, exosomes).23 In particular, the exosomes among these
secreted vesicles act as messengers that transfer certain molecu-
lar elements (such as proteins, mRNAs, lipids, miRNAs) to mediate
the therapeutic efficacy of their donor cells in several tissue regen-
eration scenarios. Based on current understanding, regulating the
miRNA expression in exosomes can significantly promote angio-
genesis.*1*2 All these studies suggest that exosomes act as natural
therapeutic nano-delivery tools and play vital roles in angiogene-
sis.284243 |n addition, MSC exosomes-based therapies overcome
the risks and obstacles associated with stem cell transplantation ap-
proaches and possess a lower risk of aneuploidy and lower propen-
sity to trigger immune rejection.** More importantly, miRNAs can
be easily encapsulated into exosomes and these exosomes possess
higher delivery efficiency.*®

In the current study, we found that miR-126 expression was
highly increased in exosomes secreted from BMMSCs transfected
with miR-126 mimic. Then, BMMSC-derived exosomes acted as
a natural vehicle and delivered miR-126 into HUVECs effectively,
thereby promoting cell proliferation, migration and tube formation.
miR-126 is an endothelial cell-specific miRNA that plays a pivotal role
in neovascularization. Knockout of miR-126 in mice caused leaky
vessels, haemorrhaging, oedema and partial embryonic lethality due
to loss of vascular integrity and defective angiogenesis.*® In a case
of myocardial infarction, Danhong injection contributed to post-in-
farct angiogenesis mainly by up-regulating miR-126 expression to
activate the ERK/VEGF pathway.”” A recent study demonstrated
that the HOTAIR/mIiR-126/SCEL pathway could be regulated to con-
tribute to burnt wound healing, as miR-126 mediates angiogenesis
by promoting endothelial cell proliferation, migration and angiogen-
esis.*® Having demonstrated the angiogenesis-inducing potential of
Exo-miR-126 on HUVECs, we also investigated the gene and protein
expression of the angiogenesis-related molecules VEGF and Ang-1,
which were both up-regulated following Exo-miR-126 treatment,
further confirming the pro-angiogenic potential of Exo-miR-126.

Then, the molecular mechanisms by which miR-126 promote
angiogenesis were explored. We focused on PIK3R2, the potential
target of miR-126, which plays a critical role in the PI3K/Akt path-
way.*’ PIK3R2 was down-regulated by miR-126 to activate the VEGF
pathway to facilitate angiogenesis after injury.12 Also, Sessa et al.,
found that miR-126 can regulate PIK3R2 to enhance the expression
of Ang-1, thus fine-tuning vessel stabilization and its maturation.%®
A previous study indicated that the pro-angiogenic potential of exo-
somes derived from human placenta-derived MSCs by nitric oxide

stimulation was mainly mediated by miR-126, which can regulate the
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FIGURE 6 Exo-miR-126 enhanced angiogenesis in the wound sites of mice. (A) CD31 immunofluorescence staining of wound sections
from mice receiving different treatments at day 14 post-wounding (scale bar: 50 um). (B) Representative images of CD34 staining of wound
sections from mice receiving different treatments at day 14 post-wounding (scale bar: 50 pm). (C) Quantitative analysis of the CD31-positive
areain (A) (n = 8). (D) Quantitative analysis of the CD34-positive area in (B) (n = 8). *P < 0.05, **P < 0.01 vs. Control group, ¥ P < 0.01 vs.
Exo-NC group. Exo-NC, exosomes derived from BMMSCs transfected with NC-mimic; Exo-miR-126, exosomes derived from microRNA-126

overexpressing bone marrow mesenchymal stem cells

\.\Mine

( nucleus )

Se
e 6
BMMSCs CX
(Donor cells) e ©

HUVECs

(Recipient cells)

PI3K/Akt pathway.34 Correspondingly, our present study demon-
strated that after incubation with Exo-miR-126, the expression
level of PIK3R2 was down-regulated, while the level of Akt phos-
phorylation was up-regulated in HUVECs. PIK3R2 was reported to
inhibit the angiogenesis of endothelial cells by suppressing growth
factor signalling via the PI3K/Akt pathway.’® In our present study,
to further verify the effect of PIKBR2 on HUVECsS, cell proliferation,
migration and angiogenesis were detected by silencing PIK3R2 in
HUVECs. The results demonstrated that the proliferation, migration
and angiogenesis of HUVECs in the si-PIK3R2 group were signifi-
cantly increased relative to those in the si-NC group. These results
collectively suggested that Exo-miR-126 can promote angiogenesis
by suppressing PIK3R2 to activate the PI3K/Akt signalling pathway
in HUVECs (Figure 7). In a recent study, exosomes derived from
MSCs loaded with miR-126 accelerated angiogenesis and neurogen-
esis, inhibited apoptosis and promoted functional recovery after spi-
nal cord injury, which was consistent with the findings of our current
study.” Additionally, in line with our findings, exosomes secreted
by CD34+ peripheral blood mononuclear cells were demonstrated
to deliver miR-126 to endothelial cells to facilitate angiogenesis.”*
Finally, a valid mouse model of skin defect was established to in-
terrogate the pro-angiogenic potential of Exo-miR-126,2%%2 and as
expected, the local administration of miR-126 modified exosomes
accelerated wound healing by promoting newly formed capillaries.
Currently, a number of pro-angiogenic miRNAs have been iden-
tified to affect neovascularization, however, the delivery of such
miRNAs to target tissues to promote blood vessel formation re-
mains challenging. Recent delivery configurations using exosomes
and miRNAs have provided new insights for tissue regeneration, in-

cluding angiogenesis. miRNAs such as miR-126 can regulate a broad

Angiogenesist

FIGURE 7 (Graphical abstract)
Exosomes secreted from BMMSCs
carrying miR-126 promoted the
angiogenesis of HUVECs by down-
regulating PIK3R2 to activate the PI3K/
Akt signalling pathway. BMMSCs,

bone marrow mesenchymal stem cells;
HUVECs, human umbilical vein endothelial
cells; PIK3R2, phosphoinositol-3 kinase
regulatory subunit 2

range of ‘natural’ mRNA targets and may therefore prove more effi-
cient for fine-tuning angiogenesis. Thus, a series of in vitro and in vivo
studies were conducted to test and verify our previous hypothesis,
and the results obtained from the current study indicate that exo-
somes derived from miR-126 overexpressing BMMSCs represent a
promising strategy in the promotion of angiogenesis related to re-
generative medicine. More importantly, manipulation of miR-126
levels in exosomes may prove therapeutic in a vast number of tissue
regeneration scenarios (such as bone regeneration) of which angio-

genesis is a critical component.

5 | CONCLUSION

Our encouraging results showed that exosomes derived from miR-
126 overexpressing BMMSCs promoted the proliferation, migra-
tion and angiogenesis of HUVECs by regulating PI3K/Akt signalling
pathway, and accelerated revascularization and wound healing in
vivo. These provided evidence suggest that BMMSC-derived ex-
osomes combined with miR-126 appear to be an appealing strategy
for therapeutic angiogenesis and carry potential therapeutic signifi-
cance. More importantly, the key findings of present study stretch
our current understanding of exosomes, indicating that exosomes
hold promise as vectors of therapeutic agents for the treatment of

related diseases.

ACKNOWLEDGEMENT

This work was supported by the National Key Research and
Development Project (2018YFE0114200) and the National Natural
Science Foundation of China (81771349).



ZHANG ET AL.

CONFLICT OF INTEREST
The authors confirm that there are no conflicts of interest.

AUTHOR CONTRIBUTION

Xijing He: Funding acquisition (supporting); Investigation (equal);
Project administration (supporting); Supervision (supporting);
Writing-review & editing (equal). Lei Zhang: Conceptualization
(lead); Methodology (lead); Writing-original draft (lead). Pengrong
Ouyang: Conceptualization (equal); Methodology (equal); Writing-
original draft (equal). Gaole He: Data curation (equal); Formal
analysis (equal). Xiaowei Wang: Data curation (equal); Formal
analysis (equal). Defu Song: Data curation (equal); Writing-original
draft (equal). Yijun Yang: Resources (equal); Supervision (equal);
Writing-review & editing (equal). Lei Zhang and Pengrong Ouyang:
Study design; research performance and paper writing. Gaole He
and Xiaowei Wang: Data analyses. Defu Song: Contribution to
drafting the manuscript. Yijun Yang: Manuscript revision. Xijing
He: Supervision of the experiments; manuscript revision; and
approval of manuscript. All authors: Approval of final submitted
manuscript.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from
the corresponding author upon reasonable request.

ORCID
Lei Zhang https://orcid.org/0000-0003-0671-0110
REFERENCES

1. Eming SA, Martin P, Tomic-Canic M. Wound repair and regen-
eration: mechanisms, signaling, and translation. Sci Transl Med.
2014,6:265sr6.

2. Liu LY, He JL, Huang Y, et al. The Golgi apparatus in neuroresto-
ration. Journal of Neurorestoratology. 2019;7:116-128.

3. Mathew SA, Naik C, Cahill PA, et al. Placental mesenchymal stromal
cells as an alternative tool for therapeutic angiogenesis. Cell Mol Life
Sci. 2020;77:253-265.

4. Frohlich LF. Micrornas at the interface between osteogenesis and
angiogenesis as targets for bone regeneration. Cells. 2019;8:121.

5. HaM, Kim VN. Regulation of microRNA biogenesis. Nat Rev Mol Cell
Biol. 2014;15:509-524.

6. MaZL,Hou PP, Li YL, et al. MicroRNA-34a inhibits the proliferation
and promotes the apoptosis of non-small cell lung cancer H1299
cell line by targeting TGFBR2. Tumour Biol. 2015;36:2481-2490.

7. FlyntAS, Lai EC. Biological principles of microRNA-mediated regula-
tion: shared themes amid diversity. Nat Rev Genet. 2008;9:831-842.

8. Amerizadeh F, Khazaei M, Maftouh M, et al. miRNA targeting an-
giogenesis as a potential therapeutic approach in the treatment of
colorectal cancers. Curr Pharm Des. 2018;24:4668-4674.

9. Kir D, Schnettler E, Modi S, Ramakrishnan S. Regulation of angio-
genesis by microRNAs in cardiovascular diseases. Angiogenesis.
2018;21:699-710.

10. Tiwari A, Mukherjee B, Dixit M. MicroRNA key to angiogenesis
regulation: miRNA biology and therapy. Curr Cancer Drug Targets.
2018;18:266-277.

11. Zhang D, Li Z, Wang Z, et al. MicroRNA-126: a promising bio-
marker for angiogenesis of diabetic wounds treated with

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

WILEY- -2

negative pressure wound therapy. Diabetes Metab Syndr Obes.
2019;12:1685-1696.

Fish JE, Santoro MM, Morton SU, et al. miR-126 regulates angio-
genic signaling and vascular integrity. Dev Cell. 2008;15:272-284.
Barutta F, Bruno G, Matullo G, et al. MicroRNA-126 and micro-/
macrovascular complications of type 1 diabetes in the EURODIAB
Prospective Complications Study. Acta Diabetol. 2017;54:133-139.
Rawal S, Munasinghe PE, Shindikar A, et al. Down-regulation
of proangiogenic microRNA-126 and microRNA-132 are early
modulators of diabetic cardiac microangiopathy. Cardiovasc Res.
2017;113:90-101.

Zhang J, Sun XJ, Chen J, et al. Increasing the miR-126 expres-
sion in the peripheral blood of patients with diabetic foot ulcers
treated with maggot debridement therapy. J Diabetes Complications.
2017;31:241-244.

Zhang Y, Wang Z, Gemeinhart RA. Progress in microRNA delivery. J
Control Release. 2013;172:962-974.

HuangJH, XuY, Yin XM, et al. Exosomes derived from miR-126-mod-
ified MSCs promote angiogenesis and neurogenesis and at-
tenuate apoptosis after spinal cord injury in rats. Neuroscience.
2020;424:133-145.

Shi J, Duan J, Gong H, Pang Y, Wang L, Yan Y. Exosomes from
miR-20b-3p-overexpressing stromal cells ameliorate calcium oxa-
late deposition in rat kidney. J Cell Mol Med. 2019;23:7268-7278.
Shen H, Yao X, Li H, et al. Role of exosomes derived from miR-133b
modified MSCs in an experimental rat model of intracerebral hem-
orrhage. J Mol Neurosci. 2018;64:421-430.

Chen CY, Rao SS, Ren L, et al. Exosomal DMBT1 from human
urine-derived stem cells facilitates diabetic wound repair by pro-
moting angiogenesis. Theranostics. 2018;8:1607-1623.

Goodarzi P, Larijani B, Alavi-Moghadam S, et al. Mesenchymal stem
cells-derived exosomes for wound regeneration. Adv Exp Med Biol.
2018;1119:119-131.

Keshtkar S, Azarpira N, Ghahremani MH. Mesenchymal stem
cell-derived extracellular vesicles: Novel frontiers in regenerative
medicine. Stem Cell Res Ther. 2018;9:63.

Kalluri R, LeBleu VS. The biology, function, and biomedical applica-
tions of exosomes. Science. 2020;367:eaau6977.

Borger V, Bremer M, Ferrer-Tur R, et al. Mesenchymal stem/stromal
cell-derived extracellular vesicles and their potential as novel im-
munomodulatory therapeutic agents. Int J Mol Sci. 2017;18:1450.
Konala VB, Mamidi MK, Bhonde R, et al. The current landscape of
the mesenchymal stromal cell secretome: A new paradigm for cell-
free regeneration. Cytotherapy. 2016;18:13-24.

Rani S, Ryan AE, Griffin MD, et al. Mesenchymal stem cell-derived
extracellular vesicles: toward cell-free therapeutic applications. Mol
Ther. 2015;23:812-823.

Gu X, LiY, Chen K, et al. Exosomes derived from umbilical cord mes-
enchymal stem cells alleviate viral myocarditis through activating
AMPK/mTOR-mediated autophagy flux pathway. J Cell Mol Med.
2020;18:7515-7530. [published online ahead of print].

Qu Y, Zhang Q, Cai X, et al. Exosomes derived from miR-181-5p-
modified adipose-derived mesenchymal stem cells prevent liver fi-
brosis via autophagy activation. J Cell Mol Med. 2017;21:2491-2502.
Marote A, Teixeira FG, Mendes-Pinheiro B, et al. MSCs-derived
exosomes: cell-secreted nanovesicles with regenerative potential.
Front Pharmacol. 2016;7:231.

Che Y, Shi X, Shi Y, et al. Exosomes derived from miR-143-over-
expressing MSCs inhibit cell migration and invasion in human
prostate cancer by downregulating TFF3. Mol Ther Nucleic Acids.
2019;18:232-244.

JinZ,Ren J, Qi S. Human bone mesenchymal stem cells-derived exo-
somes overexpressing microRNA-26a-5p alleviate osteoarthritis via
down-regulation of PTGS2. Int Inmunopharmacol. 2020;78:105946.


https://orcid.org/0000-0003-0671-0110
https://orcid.org/0000-0003-0671-0110

2162
22 | wiLEy

32.
33.

34.

35.

36.
37.
38.

39.

40.

41.

42.

43.

ZHANG ET AL.

Hu Y, Rao SS, Wang ZX, et al. Exosomes from human umbilical
cord blood accelerate cutaneous wound healing through miR-21-
3p-mediated promotion of angiogenesis and fibroblast function.
Theranostics. 2018;8:169-184.

Yuan L, Liu Y, Qu Y, et al. Exosomes derived from microR-
NA-148b-3p-overexpressing human umbilical cord mesenchy-
mal stem cells restrain breast cancer progression. Front Oncol.
2019;9:1076.

Du W, Zhang K, Zhang S, et al. Enhanced proangiogenic potential
of mesenchymal stem cell-derived exosomes stimulated by a nitric
oxide releasing polymer. Biomaterials. 2017;133:70-81.

Zhang J, Guan J, Niu X, et al. Exosomes released from human in-
duced pluripotent stem cells-derived MSCs facilitate cutaneous
wound healing by promoting collagen synthesis and angiogenesis. J
Transl Med. 2015;13:49.

Xiong Y, Chen L, Yan C, et al. Circulating exosomal miR-20b-5p in-
hibition restores Wnt9b signaling and reverses diabetes-associated
impaired wound healing. Small. 2020;16:€1904044.

Hata K, Watanabe Y, Nakai H, et al. Expression of the vascular en-
dothelial growth factor (VEGF) gene in epithelial ovarian cancer: an
approach to anti-VEGF therapy. Anticancer Res. 2011;31:731-737.
Sessa R, Seano G, di Blasio L, et al. The miR-126 regulates angiopoi-
etin-1 signaling and vessel maturation by targeting p85p. Biochim
Biophys Acta. 2012;1823:1925-1935.

Folkman J. Angiogenesis: an organizing principle for drug discov-
ery? Nat Rev Drug Discov. 2007;6:273-286.

Hosseinpour S, He Y, Nanda A, et al. MicroRNAs involved in the
regulation of angiogenesis in bone regeneration. Calcif Tissue Int.
2019;105:223-238.

Gray WD, French KM, Ghosh-Choudhary S, et al. Identification
of therapeutic covariant microRNA clusters in hypoxia-treated
cardiac progenitor cell exosomes using systems biology. Circ Res.
2015;116:255-263.

Zhang Z, Yang J, Yan W, et al. Pretreatment of cardiac stem cells
with exosomes derived from mesenchymal stem cells enhances
myocardial repair. J Am Heart Assoc. 2016;5:e002856.

Ren S, Chen J, Duscher D, et al. Microvesicles from human adi-
pose stem cells promote wound healing by optimizing cellular
functions via AKT and ERK signaling pathways. Stem Cell Res Ther.
2019;10:47.

44,

45.

46.

47.

48.

49.

50.

51.

Bjarge IM, Kim SY, Mano JF, et al. Extracellular vesicles, exosomes
and shedding vesicles in regenerative medicine - a new paradigm
for tissue repair. Biomater Sci. 2017;6:60-78.

Kim M, Kim G, Hwang DW, et al. Delivery of high mobility group
Box-1 siRNA using brain-targeting exosomes for ischemic stroke
therapy. J Biomed Nanotechnol. 2019;15:2401-2412.

Wang S, Aurora AB, Johnson BA, et al. The endothelial-specific mi-
croRNA miR-126 governs vascular integrity and angiogenesis. Dev
Cell. 2008;15:261-271.

Li SN, Li P, Liu WH, et al. Danhong injection enhances angiogenesis
after myocardial infarction by activating MiR-126/ERK/VEGF path-
way. Biomed Pharmacother. 2019;120:109538.

Jiang B, Tang Y, Wang H, et al. Down-regulation of long non-coding
RNA HOTAIR promotes angiogenesis via regulating miR-126/SCEL
pathways in burn wound healing. Cell Death Dis. 2020;11:61.

Ueki K, Fruman DA, Yballe CM, et al. Positive and negative roles of
p85a and p85p regulatory subunits of phosphoinositide 3-kinase in
insulin signaling. J Biol Chem. 2017;292:5608.

Zernecke A, Bidzhekov K, Noels H, et al. Delivery of microRNA-126
by apoptotic bodies induces CXCL12-dependent vascular protec-
tion. Sci Signal. 2009;2:ra81.

Mocharla P, Briand S, Giannotti G, et al. AngiomiR-126 expression
and secretion from circulating CD34(+) and CD14(+) PBMCs: role
for proangiogenic effects and alterations in type 2 diabetics. Blood.
2013;121:226-236.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Zhang L, Ouyang P, He G, et al.
Exosomes from microRNA-126 overexpressing mesenchymal
stem cells promote angiogenesis by targeting the PIK3R2-
mediated PI3K/Akt signalling pathway. J Cell Mol Med.
2021;25:2148-2162. https://doi.org/10.1111/jcmm.16192



https://doi.org/10.1111/jcmm.16192

