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Decreased miR-92a-3p expression potentially mediates
the pro-angiogenic effects of oxidative stress-activated
endothelial cell-derived exosomes by targeting tissue factor
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Abstract. Angiogenesis is an essential pathological feature
of vulnerable atherosclerotic plaque. Exosome-derived
microRNAs (miRNAs or miRs) have been proven to be impor-
tant regulators of angiogenesis. However, the role of exosomes,
which are secreted by endothelial cells (ECs) under condi-
tions of oxidative stress, in angiogenesis remain unclear. The
present study aimed to investigate the effects and mechanism
of oxidative stress-activated endothelial-derived exosomes in
angiogenesis. Exosomes were isolated from H,O,-stimulated
human umbilical vein ECs (HUVECS; termed Exo™%) by
differential centrifugation and characterized by transmis-
sion electron microscopy, nanoparticle tracking analysis and
western blot analysis. Exo™°2 enhanced HUVEC prolif-
eration, migration and tube formation, as determined by EdU
incorporation assay, scratch wound migration assay and tube
formation assay, respectively. miR-92a-3p was identified as the
predominantly downregulated miRNA in the Exo™2-treated
HUVECs by small RNA sequencing, and the expression of
primary miR-92a (pri-miR-92a-1) was also decreased, as shown
by RT-qPCR. Similarly, the inhibition of miR-92a-3p promoted
angiogenesis in vitro and in vivo. miR-92a-3p overexpression
blocked the pro-angiogenic effects of Exo™2°2 on target ECs.
Tissue factor (TF), a molecule involved in angiogenesis, was
increased in HUVECs in which miR-92a-3p expression was
downregulated, as shown by mRNA sequencing. TF was also
predicted as a target of miR-92a-3p by using the RNAhybrid
program. The overexpression or suppression of miR-92a-3p
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modified TF expression at both the mRNA and protein level, as
measured by RT-qPCR and western blot analysis, respectively.
Luciferase reporter assays suggested that miR-92a-3p inhibited
TF expression by binding to the 3' untranslated region of TF.
On the whole, the findings of the present study demonstrate
that exosomes released from oxidative stress-activated ECs
stimulate angiogenesis by inhibiting miR-92a-3p expression
in recipient ECs, and TF may be involved in the regulatory
effects of miR-92a-3p on angiogenesis.

Introduction

A functionally and structurally intact vascular endothelium is
essential for maintaining the normal function and activity of the
cardiovascular system. Continuous stimulation (e.g., stress, inflam-
mation and hypoxia) can cause vascular endothelial activation and
injury, eventually leading to atherosclerosis (1,2). Angiogenesis,
mainly manifested as endothelial cell (EC) proliferation, migra-
tion and tube formation, is an essential pathological process of
atherosclerosis (3). Understanding the regulatory mechanisms of
angiogenesis during endothelial activation and injury is crucial
for controlling the progression of atherosclerosis.

Exosomes, with a size of 50 to 150 nm, are produced by
most cell types and contain a wide range of functional proteins,
lipids, messenger RNAs (mRNAs) and microRNAs (miRNAs
or miRs) (4). Increasing evidence has indicated that the physio-
logical functions of EC can be regulated by exosomes shed from
various types of cells (5-9). In particular, ECs secrete functional
exosomes, which can in turn affect the physiological behavior
of recipient ECs by delivering miRNAs or proteins (10,11).
In spite of extensive studies, the effects and mechanisms
underlying the communication between vascular ECs during
exosome-mediated angiogenesis remain to be fully elucidated.
As one of the key pathogenetic factors of angiogenesis during
atherosclerosis, oxidative stress can induce angiogenesis via
vascular endothelial growth factor-dependent/independent
signaling pathways (12). However, the role and mechanisms
of exosomes secreted by oxidative stress-stimulated ECs in
angiogenesis remain unclear.
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miRNAs are a class of small non-coding RNAs that
post-transcriptionally suppress gene expression by binding to
the 3' untranslated region (3'UTR) of target mRNAs. Several
miRNAs have been shown to regulate vascular endothelial
function and angiogenesis (13), and miR-92a is most closely
related to these processes (14-19). The overexpression of
miR-92a in ECs has been shown to block angiogenesis by
targeting several pro-angiogenic proteins (14). In the present
study, through high-throughput screening, it was found that
miR-92a-3p was markedly downregulated and was the most
abundant miRNA differentially expressed in ECs treated
with oxidative stress-stimulated EC-derived exosomes. It
was also demonstrated that exosomes shed from oxidative
stress-stimulated ECs enhanced EC proliferation, migration
and angiogenesis by decreasing miR-92a-3p expression in
target ECs. Moreover, it was confirmed that tissue factor (TF)
was a novel target gene of miR-92a-3p, which may mediate the
regulatory role of miR-92a-3p in angiogenesis.

Materials and methods

Cells and cell culture. Human umbilical vein ECs (HUVECsS)
and 293 cells were purchased from the Shanghai Institutes
for Biological Sciences (CAS). HUVECs were cultured
in endothelial cell medium (ECM) supplemented with
5% fetal bovine serum (FBS), 1% endothelial cell growth
supplement (ECGS), penicillin (100 U/ml) and streptomycin
(100 mg/ml) (Sciencell, Inc.). When HUVEC confluency
reached approximately 70-80%, FBS in ECM was replaced
by 5% exosome-free FBS (System Biosciences) and HUVECs
were stimulated with or without 100 uM H,0, for 24 h to
produce exosomes. HUVECsS incubated with exosomes were
all cultured in basal medium (without FBS). 293 cells were
cultured in Dulbecco's modified Eagle's medium (DMEM)
containing 10% FBS, penicillin (100 U/ml) and streptomycin
(100 pg/ml). All the cells were cultured in a 5% CO, incubator
at 37°C (Thermo Fisher Scientific, Inc.).

miRNA transfection. HUVECs at 70-80% confluency were
transfected with miR-92a-3p inhibitor (66.7 nM), miR-92a-3p
mimic (40.0 nM), a negative control (NC) inhibitor or NC
mimic (Suzhou Genepharma Co., Ltd.), respectively, using
Lipofectamine 2000 (2.7 ug/ml for inhibitor, 1.3 xg/ml for
mimic) (Invitrogen; Thermo Fisher Scientific, Inc.). The
sequences of miR-92a-3p/NC mimic or inhibitor were as
follows: miR-92a-3p inhibitor, 5'-"ACAGGCCGGGACAAG
UGCAAUA-3"; miR-92a-3p mimic, 5'-UAUUGCACUUGU
CCCGGCCUGU-3' and 5-AGGCCGGGACAAGUGCAA
UAUU-3"; NC inhibitor, 5'-CAGUACUUUUGUGUAGUA
CAA-3'; NC mimic, 5-UUCUCCGAACGUGUCACGUTT-3'
and 5-ACGUGACACGUUCGGAGAATT-3". Following 24
or 48 h of transfection, the cells were harvested or further
treated with exosomes according to the different experimental
purposes.

Exosome isolation. Endothelial exosomes in the conditioned
medium were isolated by differential centrifugation, as previ-
ously described (20). The medium was centrifuged at 300 x g
for 10 min, 2,000 x g for 10 min and 10,000 x g for 30 min
at 4°C. The supernatant was then filtered through a 0.22-ym
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filter (EMD Millipore) to remove cellular debris, followed by
ultracentrifugation at 100,000 x g and 4°C for 70 min (WX+
Ultra series; Thermo Fisher Scientific, Inc.). The exosome
pellets were washed with phosphate-buffered saline (PBS),
followed by a second ultracentrifugation at 100,000 x g and
4°C for 70 min, after which the exosomes were resuspended in
PBS and stored at -80°C.

Transmission electron microscopy. Exosome morphology was
observed using a transmission electron microscope (TEM). A
total of 20 ul of samples were dropped onto a carbon-coated
grid, which was then baked at 60°C for 5 min using a polymer-
izer (ZB-J0010; Beijing Zhongxing Bairui Technology Co.,
Ltd.). The excess liquid was absorbed using filter paper. The
grid was subsequently stained with 2% tungstophosphoric acid
for 5 min. Following 2 washes with distilled water, the grid
was baked again at 60°C and visualized using a TEM at 80 kV
(JEM-1400; Jeol, Ltd.).

Nanoparticle tracking analysis. The particle size of the
exosomes was analyzed by nanoparticle tracking analysis
(NTA) using ZetaView PMX110 (Particle Metrix GmbH) in
the size mode. Exosome samples were diluted to the working
range (109-10° particles/ml) of the detecting system with PBS.
The video of the Brownian motion of particles was captured
at 11 positions and the particle size was measured using
ZetaView 8.02.28 software.

Exosome labeling. Exosomes were labeled with the red fluo-
rescent dye, PKH26, according to manufacturer's instructions
with minor modifications (Sigma-Aldrich; Merck KGaA) (20).
A total of 2 ug of exosomes were rapidly mixed with 1 ml
of PKH26 solution (PKH26 dye: Diluent C, 1:50 dilution).
Following 5 min of incubation at 37°C, 5 ml of whole ECM
medium containing 5% exosome-free FBS were added to
terminate the labeling reaction. The labeled exosomes were
washed with PBS and centrifuged at 100,000 x g and 4°C
for 1 h. Exosome pellets were resuspended in 200 ul of PBS.
Subsequently, the labeled exosomes were added to HUVECs
and incubated for 12 h in a 5% CO, incubator at 37°C (Thermo
Fisher Scientific, Inc.) . Following incubation, the HUVECs
were washed twice and fixed with 4% paraformaldehyde at
room temperature for 15 min. The cells were washed 3 times
and treated with 0.2% Triton X-100 at 37°C for 15 min.
Following 2 more washes, the cells were stained with 10 pg/ml
of 4,6 diamidino-2-phenylindole (DAPI) for 5 min and then
imaged under a confocal laser scanning microscope (Leica
TCS SP5, Leica Microsystems GmbH).

Small RNA sequencing analysis. Following 24 h of incuba-
tion with exosomes, HUVECs were collected and total
RNA were extracted using the miRNeasy Mini kit (Qiagen,
Inc.). NEBNext® Multiplex Small RNA Library Prep Set for
Illumina® (New England Biolabs, Inc.) was used to generate
the sequencing library according to the manufacturer's instruc-
tions. Briefly, NEB 3' SR adaptors were ligated to the 3' end of
small RNA and SR RT Primer hybridized to the excessive 3'
SR adaptor. The 5' adapters were then ligated to the 5' ends of
small RNA. M-MuLV Reverse Transcriptase (RNase H) was
used to synthesize the first-strand cDNA. LongAmp Taq 2X
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Master Mix, SR Primer for illumina and index (X) primer were
used for PCR amplification. The PCR products corresponding
to 140-160 bp were enriched to generate the cDNA library.
Library quality was assessed on an Agilent 2200 system with
DNA High Sensitivity Chips. The clustering of index-coded
samples was carried out on a cBot Cluster Generation System
using the TruSeq SR Cluster kit v3-cBot-HS (Illumina, Inc.)
following the manufacturer's instructions. The sequencing
(for 50-base read length) of cDNA library was performed
on an Illumina Hiseq 2500. The clean data were obtained
by trimming adaptor sequences and removing low-quality
reads. The small RNA tags were aligned using Bowtie and
mapped to the human genome reference (version: GRCh38
NCBI). miRBase20.0 was used as reference to obtain known
miRNAs. Software mirdeep2 and miREvo were integrated
to identify novel miRNAs. Differentially expressed miRNAs
were analyzed using the DESeq R package (1.8.3). miRNAs
with a P-value <0.05 were considered to exhibit a significant
differential expression. miRNAs with similar expression
pattern were clustered and displayed as a heatmap.

Messenger RNA (mRNA) sequencing analysis. HUVECs
were transfected with miR-92a-3p inhibitor for 48 h and
then total RNA were isolated using the miRNeasy Mini kit
(Qiagen, Inc.). The NEBNext® Ultra™ Directional RNA
Library Prep kit for Illumina® (New England Biolabs, Inc.)
was used to generate the sequencing library according to the
manufacturer's instructions. Briefly, mRNA was fragmented
into 150-200 bp using divalent cations at 94°C for 8 min.
The cleaved mRNA fragments were reverse-transcribed into
first-strand cDNA, and the fragments were end repaired and
ligated with indexed adapters. Target bands were harvested
through AMPure XP Beads (Beckman Coulter, Inc.). The
products were purified and enriched by PCR to generate the
final cDNA libraries and quantified by Agilent 2200. The
tagged cDNA libraries were pooled in equal ratio and used for
150 bp paired-end sequencing in a single lane of the Illumina
HiSeqXTen. To obtain clean data, raw reads were processed by
removing the adaptor sequences, reads with >5% ambiguous
bases and low-quality reads containing >20% of bases with
qualities of <20. The sequencing data were aligned to human
genome (version: GRCh38 NCBI) using the hisat2 algorithm.
HTseq was used to count gene and the reads per kilobase per
million mapped reads (RPKM) method was used to determine
gene expression. Differentially expressed genes were analyzed
using the DESeq?2 algorithm with a fold change of >1.5 or <0.5,
a P-value <0.05 and a false discovery rate of <0.05.

Reverse transcription-quantitative PCR (RT-qgPCR). Total
RNA was isolated from the HUVECS or exosomes using the
miRNeasy Mini kit (Qiagen, Inc.). miRNA-specific stem-loop
primers and the TagMan MicroRNA Reverse Transcription kit
(Applied Biosystems, Inc.) were used for the amplification of
mature miRNAs. The expression level of mature miR-92a-3p
was normalized to the expression levels of RNU6B in HUVECs
and synthetic C. elegans miR-39 (cel-miR-39) (10 fmol/sample)
(Qiagen, Inc.) in exosomes, respectively. The ImProm-II™
Transcription System and GoTaq 2-Step RT-qPCR System
(Promega Corporation) were used for TF amplification. The TF
expression level was normalized to the expression of GAPDH.
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The sequences of the primers were as follows: TF forward,
5-GCCAGGAGAAAGGGGAAT-3' and reverse, 5'-CAGTGC
AATATAGCATTTGCAGTAGC-3'; GAPDH forward, 5-GAG
TCAACGGATTTGGTCGT-3' and reverse, 5'-GACAAGCTT
CCCGTTCTCAG-3'". The amplifications were performed as
previously described (21). For the quantification of primary
miR-92a, the levels of pri-miR-92a-1 and pri-miR-92a-2 were
measured using the High Capacity cDNA Reverse Transcription
kit (Applied Biosystems, Inc.), TagMan Pri-miRNA assays
(pri-miR-92a-1 assay ID: Hs03302603_pri, pri-miR-92a-2
assay ID: Hs03295977_pri) and TagMan Gene Expression
Master Mix (Applied Biosystems, Inc.) according to the
manufacturer's instructions. The amplification conditions were
pre-incubation at 95°C for 10 min, followed by 40 cycles of 95°C
for 15 sec and 60°C for 1 min. The results were normalized to
the expression of GAPDH (TagMan assay ID: Hs02758991_g1).
gPCR was performed on an Applied Biosystems system (ViiA7)
and all data are expressed as 2244 (22).

Western blot analysis. HUVECs or exosome samples were
lysed using a RIPA buffer (Solarbio, Inc.) and then centri-
fuged at 12,000 x g and 4°C for 15 min. The supernatant was
collected and the protein concentration was measured using
the bicinchoninic acid (BCA) protein assay kit (Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions.
A total of 10-20 ug of proteins were separated on a 10%
SDS-polyacrylamide gel and electrophoretically transferred
to PVDF membranes (EMD Millipore). The membranes were
incubated with one of the following primary antibodies: TF
(1:1,000; cat. no. 551478S, Cell Signaling Technology, Inc.),
GAPDH (1:2,000; cat. no. sc-32233; Santa Cruz Biotechnology,
Inc.), Flotillin-1 (1:200; cat. no. sc25506; Santa Cruz
Biotechnology, Inc.), GM130 (1:250; cat. no. 610822,
BD Biosciences), Lamin A/C (1:500; cat. no. sc-7292; Santa
Cruz Biotechnology, Inc.) and Tom20 (1:500; cat. no. sc-17764,
Santa Cruz Biotechnology, Inc.) at 4°C overnight and were
then incubated with HRP-conjugated goat-anti-rabbit (1:2,000;
cat. no. sc-2004, Santa Cruz Biotechnology, Inc.) or mouse
(1:4,000 for GAPDH or 1:2,000 for the rest, cat. no. sc-2005;
Santa Cruz Biotechnology, Inc.) IgG secondary antibodies at
room temperature for 2 h. The membranes were visualized
using an enhanced-chemiluminescence system (Thermo
Fisher Scientific, Inc.). The bands were quantified using Image
J 1.52a software. The expression level of TF was normalized
to that of GAPDH.

EdU incorporation assay. Proliferating HUVECs were
identified using the Click-iT Plus EdU Imaging kit (Life tech-
nologies; Thermo Fisher Scientific, Inc.). Following co-culture
with exosomes or transfection with miRNA inhibitor, the
HUVECs were incubated with 10 xM EdU for 16 h, fixed with
4% paraformaldehyde for 15 min at room temperature and
washed with PBS containing 3% bovine serum albumin (BSA).
The cells were then treated according to the following steps:
20 min in 0.5% Triton X-100, 30 min in the Click-iT Plus
reaction cocktail, and 30 min in 5 pg/ml of Hoechst 33342
at room temperature. Cell images were captured using an
Olympus IX70 microscope (Olympus Corporation). The ratio
of EdU-positive cells to total cells was analyzed by counting
approximately 1,000 cells in several randomly selected fields.
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Scratch wound migration assay. The assessment of HUVEC
migration was performed as previously described (23). A
confluent layer of HUVECS in 24-well plates was scratched
with a sterile 10-ul1 tip and the detached cells were removed by
washing with PBS. The adherent cells were then incubated with
5 pg/ml exosomes for 20 h before cell migration was captured
using a Leica DM IL LED microscope (Leica Microsystems
GmbH) and quantified by measuring the size of recovered area
using ImageJ 1.52a software.

Tube formation assay. Matrigel Matrix Growth Factor
Reduced (BD Biosciences) (300 ul/well) was coated on 24-well
plates and incubated at 37°C for 30 min. Approximately 8x10*
HUVECs/well were then seeded onto the gel and cultured in
FBS-free ECM for 20 h to allow tube formation. Tube forma-
tion was observed using a Leica DM IL LED microscope
(Leica Microsystems GmbH). The averages of the total number
of branching points and total number of loops in 4 representa-
tive fields were analyzed using ImageJ 1.52a software.

In vivo Matrigel plug assay. A total of 8 female, 8-week-old,
BALB/c nude mice (Charles River Laboratories, Inc.) were used
in this study. All the mice were housed in specific pathogen-free
conditions under a controlled temperature (23+3°C), humidity
(60+15%) and 12 h dark/light cycle, with sterile rodent chow
and water provided ad libitum. The mice were kept in specific
pathogen-free grade filter-top cages and infectious diseases
were not detected. Following transfection with miR-92a-3p
inhibitor or NC inhibitor for 48 h,the HUVECSs were mixed with
Matrigel Matrix High Concentration (BD Biosciences) at ratio
of 1:1 (V:V). Subsequently, 1 ml of mixture containing 1x107
HUVECs was subcutaneously injected into the dorsal surface
of each nude mouse (n=4/group) using a 25-gauge needle. After
2 weeks, the mice were euthanized by an intraperitoneal injec-
tion of an overdose of pentobarbital (120 mg/kg). The Matrigel
plugs were harvested, transferred to ice-cold PBS and embedded
in OCT compound. Serial 5-ym-thick sections were cut and
stained with anti-CD31 antibody (1:100; cat. no. ab28364,
Abcam) at 4°C overnight. The sections were observed under
a Jenoptik fluorescence microscope. A representative surface
of blood vessels was analyzed by analyzing the CD31-positive
region (24). The animal experimental protocol was approved
by Peking University People's Hospital Ethics Committee
(approval no. 2016PHCQ072).

Luciferase reporter assay. Luciferase reporter assay was
performed as previously described (21). The sequence
(1,284 bp) of TF 3'UTR containing the miR-92a-3p binding
site was synthesized and cloned into a Firefly luciferase
reporter plasmid pMIR-REPORT™ (Ambion; Thermo
Fisher Scientific, Inc.). To construct the mutant plasmid, the
predicted target nucleotides of miR-92a-3p in TF 3'UTR were
changed to opposite bases. 293 cells were co-transfected with
0.06 pmol/ul of miRNA mimic, 0.3 ng/ul of Firefly luciferase
reporter plasmid, as well as 0.01 ng/ul of Renilla luciferase as
the control (pRLTK; Promega Corporation). Following 24 h
of transfection, the luciferase activity was measured using the
Dual Luciferase Assay System (Promega Corporation). Each
measured value of Firefly luciferase activity was normalized
to that of Renilla luciferase activity.
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Statistical analysis. The data are presented as the means + stan-
dard error of the mean (SEM). The Student's t-test was used to
compare differences between 2 groups, and one-way ANOVA
followed by Tukey's post hoc test was used to compare differ-
ences among multiple groups. A two-sided value of P<0.05
was considered to indicate a statistically significant difference.
Prism 5.0 was used for all statistical analyses.

Results

Characterization and internalization of exosomes derived
from ECs. To obtain exosomes from oxidative stress-stimu-
lated ECs, HUVECsSs were cultured in ECM containing 5% of
exosome-free FBS and treated with 100 uM of H,0, (these
exosomes were termed Exo™0?), The control exosomes were
obtained from HUVECs without H,O, stimulation (these
exosomes were termed Exo *"). Following 24 h of incubation,
the conditioned medium was collected and the exosomes were
isolated. The results of NTA revealed that the particle size
distribution of the exosomes was 50-140 nm in both groups
(Fig. 1A); TEM analysis revealed the cup-shaped appearance
of the exosomes (Fig. 1B). The results of western blot analysis
demonstrated that the exosomes (marker, flotillin 1) (10,25)
were not contaminated with Golgi (marker, GM130), nuclear
(marker, Lamin A/C) and mitochondrial (marker, Tom20)
substances (Fig. 1C).

To examine the uptake of exosomes by recipient ECs,
exosomes were labeled with PKH26 and incubated with
HUVECs. Confocal laser scanning microscopic analysis
revealed that the PKH26-labled exosomes were efficiently
internalized by the HUVECsS (Fig. 1D).

Oxidative stress-induced ECs promote EC proliferation,
migration and angiogenesis. EAU incorporation assay,
scratch wound migration assay and tube formation assay were
performed to examine the effects of exosomes released by
oxidative stress-stimulated ECs on the proliferation, migration
and angiogenesis of recipient ECs, respectively. For the EQU
incorporation assay, the HUVECs were incubated with 5 zg/ml
exosomes (Exo™92 or Exo™®"). Following 48 h of incubation,
HUVECs were treated with 10 xM EdU for 16 h. The prolif-
erating cells were incorporated with EdU (green) and nuclei
were stained with Hoechst 33342 (blue). HUVEC proliferation
was increased by 1.2-fold by Exo™2°? compared with that by
Exo " (Fig. 2A and B). For scratch wound migration assay,
the HUVECs were scratched and incubated with exosomes for
20 h. HUVEC migration was enhanced by 1.5-fold by Exo™02
compared with that by Exo®" (Fig. 2C and D). For tube forma-
tion assay, the HUVECs were treated with exosomes for 24 h
and then seeded in the Matrigel, and endothelial networks
could be observed after 20 h. The numbers of total branching
points and loops increased by 1.3- and 1.6-fold, respectively, as
compared to the control (Fig. 2E-G).

miR-92a-3p expression is inhibited by Exo29? in recipient
ECs. To explore whether miRNAs mediate the effects of
Exo0™92 on recipient ECs, miRNAs differentially expressed
in Exo™02- and Exo“*"-treated HUVECs were identified by
small RNA sequencing. Following 24 h of incubation with
exosomes, total RNA was extracted from the HUVECs. The
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Figure 1. Characterization and internalization of exosomes derived from HUVECs. (A) Particle size distribution of endothelial exosomes measured by
nanoparticle tracking analysis. The size of most particles was 50-140 nm. (B) The appearance of exosomes analyzed by a transmission electron microscope.
Bars, 100 nm. (C) The purity of exosomes assessed by western blot analysis for exosomes (Flotillin 1), nuclear (Lamin A/C), mitochondrial (Tom20) and Golgi
(GM130) marker proteins. (D) The uptake of PKH26-labeled exosomes by HUVECS observed using confocal laser scanning microscopy (PKH26 in red, DAPI
in blue). Bars, 75 pm. Exo ", exosomes derived from HUVECs without H,0, stimulation; Exo™2°2, exosomes derived from HUVECs stimulated with H,0,

for 24 h; HUVECSs, human umbilical vein endothelial cells.

results indicated the presence of 12 miRNAs differentially
expressed between the 2 groups (Fig. 3A and Table SI).
Among the 12 miRNAs, miR-92a-3p was the most abundant
and has been reported to play a key role in regulating angio-
genesis (13). Therefore, miR-92a-3p was selected for further
validation by RT-qPCR. The results revealed that miR-92a-3p
expression was decreased by 40% in the Exo™292-treated
HUVECSs compared with that in the Exo“°"-treated group
(Fig. 3B). Furthermore, to reveal the cause for the decrease in
miR-92a-3p expression in recipient HUVECsS, the expression
of primary miR-92a (pri-miR-92a-1 and pri-miR-92a-2) in
HUVECs co-cultured with exosomes was detected by RT-PCR.
The results revealed that pri-miR-92a-1 expression was
decreased by 20% (Fig. 3C) in the Exo™%2-treated HUVECs
compared with that in the control, and pri-miR-92a-2 was
almost undetectable (data not shown) in both groups. Taken
together, these results suggested that the Exo™%2-mediated
stimulation of EC proliferation, migration and angiogenesis
may be achieved via the inhibition of miR-92a-3p in recipient
cells.

miR-92a-3p overexpression blocks the effects of Exo™2°? on
recipient ECs. To investigate whether miR-92a-3p is involved
in the effects of Exo™9 on target ECs, miR-92a-3p expression
was increased by transfecting the cells with miR-92a-3p mimic

(miR-92a-3p-m) for 24 h prior to the addition of exosomes.
The results of RT-qPCR revealed that miR-92a-3p expression
was significantly upregulated (Fig. 4H). EdU incorporation
assay, scratch wound migration assay and tube formation assay
were performed after incubating the HUVECs with exosomes
for 24 h. Compared with Exo™®" (group, NC-m + Exo ") (set
as 1), Exo™92 (group, NC-m + Exo™29?) promoted HUVEC
proliferation (1.3-fold) (Fig. 4A and B), migration (1.6-fold)
(Fig. 4C and D) and angiogenic capacity (total branching
points, 1.6-fold; number of loops, 2.5-fold) (Fig. 4E-G).
The above-mentioned effects induced by Exo™°? were all
abrogated by the overexpression of miR-92a-3p (group,
miR-92a-3p-m + Exo ™) (Fig. 4A-G). These results indicated
that downregulated expression of miR-92a-3p mediated the
role of Exo™2°2 in promoting endothelial proliferation, migra-
tion and angiogenesis.

Inhibition of miR-92a-3p induces angiogenesis. To
further determine the role of miR-92a-3p in angiogenesis,
miR-92a-3p expression was directly inhibited by trans-
fecting the HUVECs with miR-92a-3p inhibitor for 48 h.
The decreased expression of miR-92a-3p induced EC prolif-
eration (1.2-fold) (Fig. S1IA and B), migration (2.0-fold)
(Fig. SIC and D) and angiogenesis in vitro (total branching
points, 1.7-fold; number of loops, 2.8-fold) (Fig. SA-C).
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Figure 2. Effects of exosomes on HUVEC proliferation, migration and angiogenesis. HUVECs were incubated in FBS-free medium containing 5 pg/ml
Exo™©2 or Exo“*". (A) HUVEC proliferation was measured by EdU incorporation assay and (B) quantified by counting the percentage of EdU-positive cells
in total cells. Proliferating cells were incorporated with EAU (green) and nuclei were stained with Hoechst 33342 (blue); n=3. (C) Cell migration was assessed
by scratch wound migration assay and (D) quantified by measuring the scratch closure area; n=4. (E) In vitro angiogenesis was analyzed by tube formation
assay and quantified by measuring the total number of (F) branching points and (G) loops; n=3. Magnification, x100. "P<0.05, “P<0.01 vs. Exo™*". Exo™®",
exosomes derived from HUVECs without H,0, stimulation; Exo2%2, exosomes derived from HUVECs stimulated with H,O, for 24 h; HUVECs, human

umbilical vein endothelial cells.

Moreover, the in vivo Matrigel plug assay revealed that
in vivo blood vessel formation was enhanced by 1.5-fold in
the miR-92a-3p inhibitor group (Fig. 5D-F). Taken together,
these results further indicated that Exo™2°2 promoted angio-
genesis by decreasing miR-92a-3p expression in recipient
HUVECs.

miR-92a-3p inhibits TF expression in ECs. To identify the
targets of miR-92a-3p involved in angiogenesis, differentially
expressed genes were identified in HUVECs transfected for

48 h with miR-92a-3p inhibitor or NC-inhibitor. The results
identified 197 differentially expressed mRNAs, among
which 91 mRNAs were upregulated (Fig. S2). In addi-
tion, 4,167 targets of miR-92a-3p were predicted using the
RNAhybrid program (26), including 21 upregulated genes
that were also identified by mRNA sequencing (Fig. S2 and
Table I). Among the genes closely related to angiogenesis,
TF (F3) was most significantly upregulated.

To determine whether TF is a novel target of miR-92a-3p,
gain- and loss-of-function experiments were performed by
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umbilical vein endothelial cells.

transfecting HUVECsS for 48 h with miR-92a-3p mimic or
inhibitor, respectively. The results of RT-qPCR revealed that
miR-92a-3p was successfully overexpressed (Fig. 6A) or inhib-
ited (Fig. 6C). Accordingly, the upregulation of miR-92a-3p
inhibited TF expression by 30% at the mRNA level (Fig. 6A)
and by 33% at the protein level (Fig. 6B), whereas the down-
regulation of miR-92a-3p increased TF expression by 6.4-fold
at the mRNA level (Fig. 6C) and by 1.6-fold at the protein
level (Fig. 6D).

TF is a direct target of miR-92a-3p. To examine whether
miR-92a-3p acts directly on TF 3'UTR, 2 luciferase reporter
plasmids containing wild-type (TF-luci-WT) or mutant TF
3'UTR (TF-luci-MUT) (Fig. 6E) were constructed. The results
of luciferase activity assay revealed that miR-92a-3p inhibited
the luciferase activity of TF-luci-WT constructs by approxi-
mately 20% (Fig. 6F), but failed to decrease the luciferase
activity of TF-luci-MUT (Fig. 6F).

Taken together, the present study revealed a novel proan-
giogenic mechanism between ECs mediated by oxidative
stress-stimulated endothelial exosomes by inhibiting the
expression of miR-92a-3p in target ECs (Fig. 7).

Discussion

Various types of pathological stimulation can lead to vascular
endothelial activation and injury. Activated or injured ECs
release characteristic extracellular vesicles (EVs), including
exosomes, microvesicles and apoptotic bodies. The content of
exosomes may partly depend on the stimuli and the state of
donor cells, which can exert distinct biological effects on target
cells (4). The roles of non-EC-derived EVs in angiogenesis
have previously been investigated (3), whereas the regulation
of endothelial exosomes in angiogenesis remains to be fully
determined.

The present study aimed to investigate the role of
exosomes shed by oxidative stress-activated ECs in angio-
genesis. It was found that the exosomes derived from
oxidative stress-activated ECs promoted EC proliferation,
migration and angiogenesis, which were mediated by the
downregulation of miR-92a-3p in recipient ECs. Moreover,
TF, a procoagulant and proangiogenic gene (27), was identi-
fied as a novel target of miR-92a-3p, and may be involved
in the role of activated endothelial exosomes in promoting
angiogenesis.
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Figure 4. Blocking effects of upregulated miR-92a-3p on Exo™*22-stimulated HUVEC proliferation, migration and angiogenesis. HUVECs were incubated in
FBS-free medium containing 5 gg/ml Exo™2°2 or Exo“*" following the addition of miR-92a-3p mimic (miR-92a-3p-m) or NC mimic (NC-m). (A) Cell prolif-
eration was determined by EdU incorporation assay and (B) quantified by counting the percentage of EdU-positive cells in total cells; n=3. (C) Cell migration
was assessed by scratch wound assay and (D) quantified by measuring the scratch closure area; n=3. (E) In vitro angiogenesis was analyzed by tube formation
assay and quantified by measuring the total number of (F) branching points and (G) loops; n=4. (H) The miR-92a-3p level in HUVEC was detected by
RT-qPCR; n=3. Magnification, x100. "P<0.05, “P<0.01 vs. NC-m + Exo™®"; “P<0.05, #P<0.01 vs. NC-m + Ex0o™2°2, Ex0o“*", exosomes derived from HUVECs
without H,0, stimulation; Exo™2°2, exosomes derived from HUVECs stimulated with H,0, for 24 h; HUVECs, human umbilical vein endothelial cells.

Several studies have revealed the signaling transfer and
proangiogenic effects of exosomes between non-ECs and
ECs (5-9). As regards EC-to-EC communication, it has
been reported that exosomes isolated from ECs cultured in

exosome-free medium or stimulated by interleukin-3 can
promote angiogenesis (10,11). Similarly, it was observed in
the present study that H,0,-activated endothelial exosomes
were effectively taken up by target ECs and led to an



1894

A NC-i

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 46: 1886-1898, 2020

miR-92a-3p-i

w
o
5

-
o
1

Total branching points
(fold of NC-i)
°

0.5
0.0 T
NC-i miR-92a-3p-i
D NC-i

E NC-i

4.0 1
C 3.5 ¥
g_? 3.04
=2 % 2.54
9 5 2.0 4
2 = 1 5
Eg !
E 1.04
0.5 1
0‘0 L}
NC-i miR-92a-3p-i
miR-92a-3p-i
miR-92a-3p-i =
% = 2.0
2 () dk
8515
€o
? 8
T > 1.0{ ——
%%
25
+ © 0.5+
o D
S8
0.0

NC-i miR-92a-3p-i
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(E) Neovessels in Matrigel plugs were assessed by immunofluorescence staining of CD31, and (F) quantified by analyzing CD31-positive surface area of blood
vessels in each field. “P<0.01 vs. NC-I; n=4/group. HUVECs, human umbilical vein endothelial cells.

enhanced cell proliferation, migration and angiogenesis.
Although the exosomes isolated from ECs exposed to
different stimuli and in a different state exerted similar
effects, the mechanisms reported in these studies differ. The
exosomes isolated from ECs cultured in an exosome-free
medium promoted angiogenesis by suppressing the expres-
sion of ataxia telangiectasia mutated (ATM) via transferring
miR-214 into recipient ECs. Endothelial exosomes gener-
ated in response to interleukin-3 stimulation enhanced
angiogenesis by delivering miR-126-3p and pSTATS into

recipient ECs, leading to the activation of the pro-angiogenic
pathway and the suppression of antiangiogenic signal mole-
cules (10,11). Herein, it was confirmed that the exosomes
isolated from H,0,-activated ECs stimulated angiogenesis
by decreasing miR-92a-3p expression in recipient cells. The
effect was similar to that observed with the direct inhibition
of miR-92a-3p in ECs observed in the present study and
other studies (14-18). Conversely, a recent study reported
that endothelial microvesicles (100-1,000 nm in size), which
were derived from ECs exposed to oxidized low-density
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Table I. Potential targets of miR-92a-3p in HUVECs.

Gene Fold change (miR-92a-3p-i vs. NC-i)  FDR
TNFRSF9 3.5 4.1E-05
NCOA7 19 5.5E-11
TNFAIP2 3.7 0.0E+00
IL1IR1 1.6 1.2E-02
NUAK?2 23 8.2E-13
INSR 1.6 2.2E-04
GUCY1A3 2.7 4 9E-11
F3 (TF) 7.0 0.0E+00
AQP1 1.8 1.5E-04
C2CD4A 130 0.0E+00
SOD2 20 1.3E-12
SLC16A7 2.0 4.0E-03
SPAST 1.6 1.3E-03
SGPP2 11.6 2.8E-05
CX3CL1 6.7 0.0E+00
TRAF1 1.6 5.5E-03
TNIP3 49 3.4E-09
C8orf4 22 2.7E-12
ZC2HCIA 23 1.5E-02
ICAM1 2.5 1.2E-15
CD83 2.1 2.8E-04

Predicted target genes of miR-92a-3p with a fold change of >1.5 and
FDR of <0.05 are shown. FDR, false discovery rate; miR-92a-3p-i,
miR-92a-3p inhibitor; NC-i, NC inhibitor; HUVECs, human umbilical
vein endothelial cells.

lipoprotein (oxLDL) stimulation, promoted angiogenesis by
transferring upregulated miR-92a-3p to recipient cells (19).
The controversial role of miR-92a-3p in regulating angio-
genesis may change depending on the experimental model
and condition.

In previous findings on cell-to-cell communications,
the dysregulation of miRNAs in recipient cells has been
found to be usually caused by the delivery of miRNAs
from donor cells. In addition, intercellular protein transfer
can regulate the activity of specific signal pathways in
recipient cells (28). In the present study, it was found that
the decreased expression of miR-92a-3p in Exo™°2-treated
HUVEC may be attributed to the transcriptional inhibi-
tion of miR-92a-3p, which may be caused by the cargo in
exosomes. The potential active molecules or signaling path-
ways involved in this process warrant further investigation.
miR-9-5p has also been reported to be closely associated
with angiogenesis (29-32). In the small RNA sequencing
data of the present study, miR-9-5p was significantly upreg-
ulated in Exo™°>-treated HUVECsS. It was also found that
miR-9-5p expression was increased in both H,0,-stimulated
HUVEC and their exosomes (data not shown). These results
suggested that miR-9-5p, delivered by Exo™-induced
ECs, may also be involved in the regulation of the biological
effects on target HUVECs, and the molecular mechanisms
of miR-9-5p upregulation differ from those of miR-92a-3p
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downregulation in HUVECs caused by Exo™°2 exposure.
miR-9-5p and miR-92a-3p may synergistically regulate EC
angiogenesis induced by Exo™92, and this hypothesis is
still under investigation.

There are multiple known mRNA targets of miR-92a in
regulating cell proliferation, migration and angiogenesis,
such as Kruppel-like factor 2 (KLF2) (33), KLF4 (15),
integrin subunit alpha5 (ITGAS5) (14,17) and sirtuin 1 (17).
The mRNA expression profiles obtained in the present study
suggested that 91 of 197 differently expressed genes were
markedly upregulated by the inhibition of miR-92a-3p in
target ECs. A to9tal of 21 of the 91 genes were candidate
targets of miR-92a-3p predicted by the RNAhybrid program.
Among these 21 genes, TF is not only an initiator of blood
coagulation, but also an activator of angiogenesis, and may
mediate the effects of miR-92a-3p observed in the present
study. There are 2 natural isoforms of TF, membrane-bound
full-length (fI)TF and soluble alternatively spliced (as)TF.
Both isoforms have been found to affect cell proliferation,
migration and angiogenesis (27). It has been reported that
the inhibition of miR-19a and miR-126 promoted fITF and
asTF synthesis in EC (34). fiITF has been shown to indirectly
promote angiogenesis via the induction of proangiogenic
factor expression by the FVIla/protease-activated receptors
(PAR)-2 dependent signaling (35), whereas asTF has been
reported to directly increase the proangiogenic activity of
EC independently of the PAR-2 signaling via integrin liga-
tion (36). In the present study, TF was found as a new target
of miR-92a-3p by gain and loss of function assays and lucif-
erase reporter assays.

There are some limitations to the present study. The
present study did not i) validate the pro-angiogenic effect
of oxidative stress-activated endothelial exosomes through
in vivo experiments; ii) determine the molecules or signaling
pathway, inducing the downregulation of miR-92a-3p in target
EC incubated with oxidative stress-activated endothelial
exosomes; iii) clarify the synergistically proangiogenic role of
miR-9-5p from oxidative stress-activated endothelial exosomes
and miR-92a-3p in target ECs. These questions remain to be
investigated in future studies.

In conclusion, the findings of the present study provide
new mechanistic insight into the regulation of angiogen-
esis. In response to oxidative stress, exosomes are released
from ECs and convey potentially proangiogenic signals to
target ECs, eventually leading to a decreased miR-92a-3p
expression and subsequent angiogenesis. Moreover, TF may
mediate the biological effects of miR-92a-3p on ECs. Finally,
this study revealed a pro-angiogenic mechanism in ECs
mediated by the suppression of miR-92a-3p expression via
oxidative stress-stimulated endothelial exosomes (Fig. 7).
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