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Regulation of capillary tubules
and lipid formation in
vascular endothelial cells
and macrophages via
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microRNA-4306 transfer
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Abstract

Objective: This study aimed to examine regulation of capillary tubules and lipid formation in

vascular endothelial cells and macrophages via extracellular vesicle-mediated microRNA

(miRNA)-4306 transfer

Methods: Whole blood samples (12 mL) were collected from 53 patients, and miR-4306 levels

in extracellular vesicles (EVs) were analyzed by reverse transcription-polymerase chain reaction.

Human coronary artery vascular endothelial cells (HCAECs) and human monocyte-derived

macrophages (HMDMs) were transfected with a scrambled oligonucleotide, an miR-4306

mimic, or an anti-miR-4306 inhibitor. The direct effect of miR-4306 on the target gene was

analyzed by a dual-luciferase reporter assay.

Results: EV-contained miR-4306 released from HMDMs was significantly upregulated in coro-

nary artery disease. Oxidized low-density lipoprotein (ox-LDL)-stimulated HMDM-derived EVs

inhibited proliferation, migration, and angiogenesis abilities of HCAECs in vitro. However, ox-LDL-

stimulated HCAEC-derived EVs enhanced lipid formation of HMDMs. The possible mechanism of
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these findings was partly due to EV-mediated miR-4306 upregulation of the Akt/nuclear factor

kappa B signaling pathway.

Conclusions: Paracrine cellular crosstalk between HCAECs and HMDMs probably supports the

pro-atherosclerotic effects of EVs under ox-LDL stress.
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Introduction

MicroRNAs (miRNAs), which are a class of

small, non-coding RNAs that are approxi-

mately 21 to 25 nucleotides in length, regu-

late translation of mRNA and protein in
plants and animals.1 An increasing body of

evidence indicates that circulating miRNAs

play a pivotal role in cell-to-cell communica-

tion in coronary artery disease (CAD).2

Endothelial release of miR126 bound to

the protein argonaute 2 modulates smooth

muscle gene expression and promotes a pro-

atherogenic phenotype in smooth muscle

cells.3 mRNA regulatory Ago2•miRNA-
223 complexes can be transported by activat-

ed platelets to endothelial cells.4

Extracellular vesicles (EVs) are nanove-

sicles of endocytic origin that are released
from most cell types.5 Circulating EVs

released from erythrocytes, leukocytes, pla-

telets, and endothelial cells carry a multi-

tude of biological information to alter the
pathophysiological processes of CAD.6 EVs

are the main extracellular vehicles for dis-

tinct miRNAs in the circulation.7

In this study, we investigated whether
there is functional transfer of EVs and

EV-derived miRNA-4306 between human

monocyte-derived macrophages (HMDMs)

and human coronary artery vascular endo-
thelial cells (HCAECs).

Methods

Patients

We recruited 53 patients who underwent

diagnostic coronary angiography and were

admitted to our hospital between July 2015

and July 2016. Patients were classified into

three groups as follows. (1) The control

group comprised patients who had

chest pain syndrome with normal coronary

artery findings (n¼ 15). (2) The elective

percutaneous intervention (PCI) group

comprised patients who had PCI

performed within 2 weeks (n¼ 15). (3) The

emergency PCI group comprised

patients who had PCI performed within

12 hours (n¼ 20) (Supplementary Table

1). The PCI groups included patients who

exclusively had effort-related angina with

a positive exercise stress test and at least

one coronary stenosis was detected at angi-

ography with> 70% reduction of the

lumen diameter. Additionally, patients in

the PCI groups had chest pain lasting

for> 30 minutes within 24 hours before

enrollment and a large rise in troponin

I levels. A total of 20 mL of whole

fasting blood samples were collected

from 53 patients. HMDMs from each

donor were immediately isolated from

venous blood and placed in RPMI 1640
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medium. The protocol was approved by the

Ethics Committee of West China Hospital.

Written informed consent was obtained

from each patient.

Cell culture

HCAECs were purchased from the Cell

Bank of the Chinese Academy of Sciences

(Chengdu, China). HMDMs were isolated

from donors. Briefly, monocytes were first

extracted from peripheral blood samples

and then allowed to adhere to cell culture

plates for 4 days in RPMI 1640 medium

(Sigma-Aldrich, St Louis, MO, USA) con-

taining 10% fetal bovine serum (FBS) (Cell

Culture Bioscience, Shanghai, China), 5%

human AB serum (Sigma-Aldrich), antibi-

otics, GlutaMax (Gibco, Grand Island,

NY, USA), and recombinant human mac-

rophage colony-stimulating factor (M-CSF;

PeproTech, Rocky Hill, NJ, USA). The

monocytes were then resuspended in

RPMI 1640 medium containing 10% FBS

and further cultured for 2 days. The cell

culture medium was then replaced with

RPMI 1640 supplemented with 5% FBS

for 1 day.

Isolation and characterization of EVs

HMDMs and HCAECs were exposed to

100 mg/mL oxidized low-density lipoprotein

(ox-LDL) for 12 hours, followed by centri-

fugation at 400� g for 5 minutes. The cells

were ultracentrifuged at 2000� g for

20 minutes to remove cellular debris. After

washing of the EV pellets with phosphate-

buffered saline at 110,000� g for 2 hours,

the supernatant was ultracentrifuged at

110,000� g for 2 hours at 4�C. Protein con-

tent of the EVs was used to normalize for

EV quantity between experiments using the

Pierce microplate bicinchoninic acid protein

assay kit (Thermo Fisher Scientific, USA,

Rockford, IL, USA). The activation status

and origin of the EV fractions were detected

by flow cytometry. EVs from HMDMs or

HCAECs were labelled with CD45-FITC

or CD31-FITC. The samples were then

detected cytofluorometrically using a flow

cytometer (BD Biosciences, San Jose,

CA, USA).

Fluorescence labelling of EVs

and microscopy

Cultured HMDMs or HCAECs were

labelled with DiI-C16 for 30 minutes. The

supernatant was collected and centrifuged

to isolate EVs. Human monocyte-EVs

(HM-EVs/endothelial cell-EVs (EC-EVs)

in the medium were incubated with

HCAECs or HMDMs. After incubation

for 12 hours, HMDMs or HCAECs were

washed, fixed, and observed by microscopy

(Olympus, Tokyo, Japan).
For electron microscopy, the EV pellet

was placed in a droplet of 2.5% glutaralde-

hyde in phosphate-buffered saline at a pH

of 7.2 and fixed overnight at 4�C. The sam-

ples were then embedded in 10% gelatin

and fixed in glutaraldehyde at 4�C and cut

into several blocks (<1 mm3). The samples

were dehydrated for 10 minutes for each

step in increasing concentrations of alcohol

(30%, 50%, 70%, 90%, 95%, and 100%

� 3). Samples were embedded in pure,

fresh Quetol-812 epoxy resin and polymer-

ized at 35�C for 12 hours, 45�C for

12 hours, and 60�C for 24 hours.

Ultrathin sections (100 nm) were cut using

a Leica EM UC7 ultra-microtome (Leica

Microsystems, Beijing, China) and post-

stained with uranyl acetate for 10 minutes

and with lead citrate for 5 minutes at room

temperature before observation with a

FEI Tecnai T20 transmission electron

microscope equipped with a Gatan

UltraScan 894 CCD (Thermo Fisher

Scientific, Waltham, MA, USA), operated

at 120 kV.
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Bromodeoxyuridine incorporation assay

HMDM proliferation was evaluated using

a 5-Bromo-20-deoxy-uridine Labelling

and Detection Kit II (Roche, Basel,

Switzerland) according to the manufac-

turer’s instructions and manual cell count-

ing. The absorbance of cells was detected by

a microplate reader at 405 nm with a refer-

ence measurement at 490 nm. Absorbance

(A 405 nm-A 490 nm) values representing

cell proliferation ability were compared

among treatments.

Transwell migration assay

The migration ability of HMDMs was mea-

sured in a Transwell Chamber (6.5 mm,

Costar; Sigma-Aldrich). MicroRNA

(mimics or inhibitor), vascular endothelial

growth factor A (VEGFA) small interfering

RNA, HCAEC-derived EVs, and/or their

respective controls were transfected into

HMDMs. Transfected cells were cultured

in Dulbecco’s modified Eagles medium

(DMEM) supplemented with 0.5% serum

for 24 hours and harvested by trypsiniza-

tion. An aliquot (250,000 cells/200 mL) of

the cells in serum-free DMEM was dis-

pensed into the transwell inserts (8-mm

pore size) that were precoated with 0.5%

gelatin (G1393; Sigma-Aldrich), and

DMEM (600 mL) with 20% FBS was

placed in the lower chamber. The

transwell plates were incubated at 37�C in

a 5% CO2 incubator for 18 to 24 hours.

Cells remaining on the upper surface of

the filter membrane (nonmigrant) were

gently scraped off with a cotton swab.

Images of migrant cells were captured by

a photomicroscope (BX51; Olympus).

Cell migration was quantified by blind

counting of the migrated cells on the

lower surface of the membrane, with five

fields per chamber.

Capillary tube formation assay

Briefly, at least 30 minutes before the exper-

iment, each well of a 24-well plate was

coated with 100 mL of Matrigel (BD

Biosciences) at 37�C. HCAECs were pre-

treated in the presence of HMDM EVs

(20 mg of total protein per well) or a saline

solution in starvation medium at 37�C for

24 hours. HCAECs were seeded onto the

plated Matrigel at a concentration of

1� 105 cells/well, and each treatment was

repeated in three wells. After 6 hours,

images of formation of capillary-like struc-

tures were examined under a light micro-

scope (Olympus) at 200� magnification.

Transfection and vector construction

MicroRNAs (mimics or inhibitors)

(Invitrogen, Carlsbad, CA, USA) and

small interfering RNAs were transfected

using Lipofectamine 2000 (Invitrogen).

Lentiviral expression constructs of miR-

4306 and negative control lentiviruses

(Invitrogen) were purchased. VEGFA

expression by lentivirus was constructed

by inserting the VEGFA open reading

frame into the pLenti6.3 vector

(Invitrogen). Lentiviral infection was per-

formed according to the manufacturer’s

instructions.

Plasmid construction and luciferase assay

The DNA sequence of the entire human

VEGFA 30-UTR was amplified by polymer-

ase chain reaction (PCR). The amplified

DNA sequences were inserted into the

p-MIR-report plasmid (Sangon Biotech,

Shanghai, China). For luciferase reporter

assays, 293T cells were cotransfected with

an individual reporter gene (pmiR-Luc-

VEGFA-WT, pmiR-Luc-VEGFA-MUT1,

or pmiR-Luc-VEGFA-MUT2), a control,

or miR-4306 mimics using TransIT-X2

transfection reagent (Invitrogen).
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The pGL4.74(hRluc/TK) plasmid, a
control luciferase plasmid, and the
pGL4.32(luc2P/NF-jB-RE/Hygro) plas-
mid (Invitrogen) were transfected using
Lipofectamine 2000 reagent (Sangon
Biotech). A Renilla plasmid (Invitrogen)
was used as an internal control for all trans-
fection assays. After transfection for
48 hours, the activities of luciferase and
Renilla were tested using a standard proto-
col (Sangon Biotech).

RNA isolation and quantitative reverse
transcription-PCR

Total RNA isolation from HM-EVs and
EC-EVs was performed using TRIzol
reagent (Invitrogen), and isolation from
the supernatant fraction was performed
using an mirVana PARIS kit (Invitrogen).
A total of 1 mg of RNA was reversely
transcribed into cDNA (TaKaRa
Biotechnology Ltd., Dalian, China) after
DNase I treatment (Invitrogen).
MicroRNA-4306 was detected by quantita-
tive reverse transcription (qRT)-PCR using
a miScript Primer Assay kit and SYBR
Green (Qiagen, Dusseldorf, Germany).
Small nuclear RNA U6 (RNU6) was used
as a reference gene with the following pri-
mers: RNA U6 primers, forward – 5′-CT
CGCTTCGGCAGCACA-3′ and reverse–
5′-AACGCTTCACGAATTTGCGT-3′;
and miR-4306 RT primer, 5′-
CTCAACTGGTGTCGTGGAGTCGGC
AATTCAGTTGAGGGTACAGA-3′. The
forward primer 5′-GCCGAGAAGCUGC
UUAGUGU-3′ and reverse primer 5′-
CTCAACTGGTGTCGTGGA-3′ were
also used. The following program was
used: 10 minutes of initial denaturation
and enzyme activation at 95�C, followed
by 40 cycles composed of 15 s at 95�C,
15 s at 60�C for annealing, and 15 s at
72�C for elongation. Subsequently, for the
melting curve, a program of 5 s at 95�C, 1 s
at 25�C, 15 s at 70�C, and 1 s at 95�C was

used. During the qRT-PCR assays, a no

reverse transcriptase control sample was

used to evaluate PCR amplification of con-

taminating genomic DNA. Each experi-

ment was conducted three times. The

relative gene expression was quantified

using the 2�ΔΔCt method.8

Western blotting analysis

Total protein extracts were isolated from

the cell suspension. Proteins from each

sample were separated by sodium dodecyl

sulfate-polyacrylamide gel electrophoresis

and were transferred onto a nitrocellulose

membrane (Millipore, Bedford, MA,

USA). Proteins were tested by primary anti-

bodies against VEGFA (Santa Cruz

Biotechnology, Santa Cruz, CA, USA),

Akt (Cell Signaling Technology, Danvers,

MA, USA), phospho-Akt (Cell Signaling

Technology), glyceraldehyde-3-phosphate

dehydrogenase (Cell Signaling

Technology), and the appropriate horserad-

ish peroxidase-conjugated secondary anti-

bodies. Proteins were visualized with the

Enhance chemiluminescence kit (Thermo

Fisher Scientific). Quantitative data were

analyzed by Image-pro Plus analysis soft-

ware (Chicago, IL, USA).

Cholesterol content analysis

HMDMs were stained with oil red O

(ORO) and hematoxylin following a rou-

tine procedure. HMDMs with a lipid drop-

let area of more than the width of the

nucleus were defined as ORO-

positive (OROþ).
The components of lipoprotein, free cho-

lesterol (FC), and total cholesterol (TC) in

high-performance liquid chromatography

were recorded continuously over time.

Cholesterol ester (CE) was calculated by

subtraction of FC from TC. Briefly,

HMDMs were sonicated and lysed and pro-

teins and triglycerides were removed from
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HMDM lysates. FC was extracted after
being dissolved in a solution of isopropanol

and n-hexane (1:4, V/V). TC was obtained

from an aliquot sample that was treated
with cholesterol esterase. Samples were dis-

solved in a mobile phase containing aceto-
nitrile: isopropanol: n-heptane (52: 35: 12,

V/V). A chromatography system (VARIAN
Prostar 210; Carlsbad, CA, USA) was used

to analyze TC and FC levels.

Statistical analysis

All data were analyzed using SPSS for
Windows, Version 16.0 (SPSS Inc.,

Chicago, IL, USA). The data are presented
as the mean� standard deviation of three

independent experiments. Analysis of vari-

ance was used for comparisons. A value of
p< 0.05 was considered significant.

Results

Patients’ characteristics

The mean (standard deviation) age of the

patients was 60.2� 10.2 years and 54%
were men and 46% were women.

HM-EVs from patients with CAD

show a reduced capacity for promoting

angiogenesis in HCAECs compared

with those from controls

To examine whether HMDMs secrete EVs
that are taken up by HCAECs, a predomi-

nant population of EVs derived from
HMDMs (HM-EVs) with leukocyte glyco-

protein CD45 surface expression was found
to be of monocyte origin by flow cytometry

(Figure 1A). Confocal analysis showed that

the HCAECs took up membrane-labelled
EVs (Figure 1B-a, b). Electron microscopy

showed that the separated EVs appeared as
a cluster of vesicles of 30 to 100 nm in diam-

eter and were swallowed by HCAECs
(Figure 1C-a, b).

Proliferation, migration, and angiogenesis

capabilities of HCAECs treated with HM-

EVs that were isolated from patients with

CAD were compared with those from the

control group (Figure 2A–D, E-d–f, F-e–g).

Proliferation of HCAECs that were treated

with HM-EVs isolated from patients who

had emergency PCI and those with elective

PCI was significantly attenuated compared

with those from the control group (p< 0.05

and p< 0.01, respectively, Figure 2A-B). The

migration rates of HCAECs that were

treated with HM-EVs isolated from patients

who had emergency PCI and those with elec-

tive PCI were significantly lower than those

from the control group (p< 0.05 and

p< 0.05, respectively, Figure 2C, 2E-d–f).

Tube formation of HCAECs that were

treated with HM-EVs isolated from patients

who had emergency PCI and those with elec-

tive PCI was significantly suppressed com-

pared with those from the control group

(p< 0.05 and p< 0.01, respectively, Figure

2D, 2F-e–g). Furthermore, HM-EVs from

patients with emergency PCI showed a sig-

nificantly reduced capacity for promoting

angiogenesis in HCAECs compared with

those from patients with elective PCI

(Figure 2D, F-e–g, p< 0.05). We also

observed that expression of HM-EV-

derived miR-4306 was higher in patients

with CAD compared with the control

group (p< 0.05). Moreover, miR-4306

showed higher levels in HM-EVs from

patients with emergency PCI than in those

from patients with elective PCI

(Figure 1D, p< 0.05).

EVs from ox-LDL-stimulated HMDMs

reduce proliferation, migration, and

capillary tubule formation of HCAECs by

upregulation of nuclear factor kappa B

To determine the effects of HM-EVs on

HCAEC activation, HCAECs were incu-

bated with ox-LDL-stimulated HM-EVs.
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We found that proliferation, migration, and

angiogenesis abilities of HCAECs treated

with ox-LDL-stimulated HM-EVs were

attenuated compared with those treated

with HM-EVs from unstimulated

HMDMs (Figure 2A–D, E-a–c, F-a–c).

We further tested whether HM-EVs had

an effect on activity of a nuclear factor

kappa B (NF-jB)-dependent luciferase

reporter. We found that ox-LDL-

stimulated HM-EVs to HCAECs increased

basal and ox-LDL-stimulated activity of

the reporter (Figure 3A). We then assessed

whether the effects of HM-EVs could be

repeated by inhibiting NF-jB signaling.

Induction of proliferation, migration, and

capillary tubule formation in ox-LDL-

stimulated HCAECs was enhanced by the

IjB kinase (IKK) inhibitor 2-[(aminocar-

bonyl)amino]-5-[4-fluorophenyl]-3-thiophe-

necarboxamide (TPCA-1) (Supplementary

Figure 1).

Ox-LDL-stimulated HCAEC-derived

extracellular vesicles (EC-EVs)

promote HMDM lipid accumulation

by upregulation of NF-jB

In flow cytometry, surface expression of

glycoprotein CD61 on isolated EVs from

HCAEC culture medium showed the vascu-

lar endothelial cell origin of these

Figure 1. EVs from patients’ HMDMs were taken up by HCAECs. (A) Representative flow cytometry
analyses of the EV population derived from HMDMs. (B) Fluorescently-labelled EVs entering HCAECs.
Fluorescently-labelled HM-EVs were incubated with HCAECs for 0 (a) or 12 hours (b) at 37�C. Original
magnification, �100; scale bar, 50 mm. (C) Electron microscopy shows that HCAECs (a, b) engulf HM-EVs
(arrows). (D) Levels of miR-4306 in HM-EVs in control patients, elective patients, and emergency patients
(n¼ 4). *p< 0.05, **p< 0.01. EV: extracellular vesicle; HM: human monocyte; HMDMs: human monocyte-
derived macrophages; HCAECs: human coronary artery vascular endothelial cells; miRNA: microRNA.
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EVs (Figure 4A-a, b). We then marked EC-
EVs with DiI-C16 and tested the
localization of fluorescent EC-EVs in
HMDMs after incubation (Figure 4B-c,
d). Under electron microscopy, isolated
EVs were approximately 50 to 300 nm in

size and were engulfed by HMDMs
(Figure 4C-c, d).

To examine the effects of EC-EVs on
HMDM lipid accumulation, we directly
viewed the lipoprotein content in HMDMs
when treated with 100 mg/mL ox-LDL in the

Figure 2. HM-EVs inhibited proliferation, migration, and capillary tubule formation of HCAECs. HCAECs
treated with saline, non-ox-LDL-stimulated HM-EVs, ox-LDL-stimulated HM-EVs, and HM-EVs from control
patients, patients with emergency PCI, or patients with elective PCI who underwent bromodeoxyuridine
incorporation assays (A), cell counting (B), transwell analysis (C, E), or capillary tube formation assay (D, F).
Scale bar, 100 mm (n¼ 4). *p< 0.05, **p< 0.01, þp< 0.05, þþp< 0.01. EV: extracellular vesicle; HM: human
monocyte; EV: extracellular vesicle; ox-LDL: oxidized low-density lipoprotein; PCI: percutaneous inter-
vention; HCAECs: human coronary artery vascular endothelial cells.
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presence of EVs isolated from HCAECs
by ORO staining. Lipid droplets
increased when HMDMs were treated with
100 mg/mL ox-LDL alone (Supplementary

Figure 2A, B, D, p< 0.01 versus no
ox-LDL treatment). Lipid droplets in
HMDMs treated with EC-EVs that were
isolated from ox-LDL-stimulated HCAECs

Figure 3. HM-EVs (A) and EC-EVs (B) stimulated by ox-LDL enhanced ox-LDL-stimulated activity of the
NF-jB-dependent luciferase reporter (n¼ 3). *p< 0.05. EV: extracellular vesicle; HM: human monocyte;
ox-LDL: oxidized low-density lipoprotein; NF-jB: nuclear factor kappa B.

Figure 4. EVs from cells were taken up by target cells. (A) Representative flow cytometry analyses of the
EV population derived from (a) HMDMs activated with 100 mg/mL ox-LDL or (b) HCAECs activated with
100 mg/mL ox-LDL. (B) Fluorescently-labelled EVs entering target cells. Fluorescently-labelled HM-EVs/EC-
EVs were incubated with HCAECs/HMDMs for 0 (a, c) or 12 hours (b, d) at 37�C. Original magnification,
�100; scale bar, 50 mm. (C) Electron microscopy shows that HCAECs (a, b)/HMDMs (c, d) engulf HM-EVs/
EC-EVs (arrows) (n¼ 4). EV: extracellular vesicle; HM: human monocyte; HMDMs: human monocyte-
derived macrophages; ox-LDL: oxidized low-density lipoprotein; HCAECs: human coronary artery vascular
endothelial cells.
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(ox-LDL-stimulated EC-EVs) were signifi-

cantly higher compared with those

treated with HM-EVs that were

isolated from unstimulated HCAECs

(Figure 5A-a–c, p< 0.01). Similar trends

were observed in OROþ cells (Figure 5B,

p< 0.01). Moreover, we examined the effects

of EC-EVs on lipid levels in HMDMs that

were exposed to ox-LDL using high-

performance liquid chromatography. We

observed significantly higher FC, CE, and

TC levels in HMDMs in the presence of

ox-LDL-stimulated EC-EVs compared with

those from unstimulated EC-EVs (Table 1,

all p< 0.05).
We also found that HMDMs exposed

to EC-EVs promoted basal and

ox-LDL-stimulated activity of the NF-kB-

dependent luciferase reporter (Figure 3B,

both p< 0.05). Lipid accumulation in

HMDMs exposed to ox-LDL was inhibited

by the IKK inhibitor TPCA-1 compared

with those treated with ox-LDL alone

(Supplementary Figure 2, Supplementary

Table 2, p< 0.05).

HM-EVs/EC-EVs transfer miRNA-4306

to target HCAECs/HMDMs

Several independent approaches were used

to confirm that miR-4306 could be trans-

ferred directly to HCAECs and HMDMs.

First, we observed markedly higher miR-

4306 levels in HCAECs and HMDMs

Figure 5. Effect of EC-EVs on cellular cholesterol content in HMDMs exposed to 100 mg/mL ox-LDL.
HMDMs were treated with saline, non-ox-LDL-stimulated EC-EVs, ox-LDL-stimulated EC-EVs, and ox-LDL-
stimulated EC-EVs plus miR-4306 inhibitor (anti-miR-4306). Intracellular lipid droplets were observed by
ORO staining. Lipid droplets were stained red and nuclei were stained blue (A). OROþ cells were counted.
(B) The number of OROþ cells in each group. Scale bar, 100 mm (n¼ 4). *p< 0.05, **p< 0.01. EC-EVs:
endothelial cell-extracellular vesicles; HMDMs: human monocyte-derived macrophages; ox-LDL: oxidized
low-density lipoprotein; miRNA: microRNA; ORO: oil red O.
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after incubation with the HM-EVs or EC-

EVs for 12 hours compared with before

incubation (Figure 6A, B, p< 0.01).

Additionally, with increasing EV concen-

trations, a dose-dependent increase in

miR-4306 in HCAECs and HMDMs was

observed (Figure 6A, B, both p< 0.01).

We then knocked down miR-4306 expres-

sion in HCAECs and HMDMs, which

resulted in significantly lower miR-4306

levels in HM-EVs and EC-EVs

(Supplementary Figure 3A, p< 0.01;

Supplementary Figure 4A, p< 0.01).

Additionally, pre-miR-4306 levels in recipi-

ent HCAECs and HMDMs were not

altered by incubation with either HM-EVs

or EC-EVs (Figure 6A, B). This finding

indicated that the increase in miR-4306

level in cells was not due to de novo

microRNA biosynthesis, but was directly

derived from delivery by EVs. We also pre-

treated HCAECs and HMDMs with the

Figure 6. MicroRNA-4306 in EVs was transferred between HCAECs and HMDMs. (A, B) Kinetics of
mature miR-4306 and pri-miR-4306 expression after treatment of HCAECs/HMDMs with 0, 10, 20, and
40 mg/mL HM-EVs/EC-EVs. (n¼ 4). (C, D) HM-EV/EC-EV-dependent induction of miR-4306 was resistant to
Act D pretreatment of HCAECs/HMDMs. Expression of TNF-a, a short-lived transcript, was reduced in Act
D-treated cells (n¼ 4). *p< 0.05. EV: extracellular vesicle; HCAECs: human coronary artery vascular
endothelial cells; HM: human monocyte; HMDMs: human monocyte-derived macrophages; miRNA:
microRNA; EC: endothelial cell; Act D: actinomycin D; TNF-a: tumor necrosis factor-a.

Table 1. Effect of EC-EVs or miR-4306 on TC, FC, and CE in HMDMs exposed to 100 mg/mL ox-LDL.

(mg/dL) Control Unstimulated EC-EVs Stimulated EC-EVs miRNA control miR-4306

TC 155.3� 24.4 165.1� 38.9 225.6� 76.2*,# 195.39� 58.1 267.42� 32.1þ

FC 141.3� 15.6 149.5� 25.9 231.1� 19.5*,# 72.65� 29.8 139.42� 12.8þ

CE 123.1� 28.7 119.3� 35.4 193.1� 25.7**,# 49.58� 19.5 126.31� 31.2þþ

Data represent mean� standard deviation (n¼ 3). *p< 0.05, **p< 0.01 versus control (HMDMs exposed to oxidized

low-density lipoprotein plus saline); #p< 0.05 versus unstimulated EC-EVs; þp< 0.05, þþp< 0.01 versus miRNA control.

FC: free cholesterol; TC: total cholesterol; CE: cholesterol ester; HMDMs: human monocyte-derived macrophages;

EC-EVs: endothelial cell-extracellular vesicles; miRNA: microRNA.
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transcriptional inhibitor actinomycin D and
found that induction of miR-4306 was not
changed by actinomycin D treatment

(Figure 6C, D). This finding indicated that
the HM-EV/EC-EV-mediated induction of

miR-4306 did not require transcription.

miR-4306 derived from ox-LDL-

stimulated HM-EVs inhibits capillary

tubule formation of HCAECs through the
VEGFA/Akt/NF-jB signaling pathway

We found significantly higher HM-EV-

contained miR-4306 levels after HMDM
activation with ox-LDL compared with
baseline (p< 0.01, Supplementary Figure

3b). We then assessed whether miR-4306
can inhibit the proliferation, migration,

and angiogenesis of HCAECs. HCAECs
were transfected with miR-4306 mimics
(Supplementary Figure 3C). We found

that overexpression of miR-4306 only
slightly suppressed (non-significant) prolif-

eration and migration of HCAECs
(Supplementary Figure 5A–D). However,
capillary tubule formation of HCAECs

was markedly inhibited by miR-4306
mimics (p< 0.01 versus miRNA control,

Figure 7A, B). HM-EVs plus transfection
with the miR-4306 inhibitor abolished the
inhibitory effects of HM-EVs on capillary

tubule formation of HCAECs (Figure 2D,
p< 0.05; Figure 2F-d, p< 0.01).

According to the miRBase Target
database (http://www.mirbase.org), we spec-

ulated that VEGFA was a target gene of
miR-4306. To identify direct repression of

VEGFA by miR-4306, the VEGFA 30UTR
was cloned into a luciferase reporter plasmid
and the resulting plasmid was transfected

into 293T cells combined with or without
treatment with miR-4306. Luciferase report-

er activity was significantly lower following
incubation with miR-4306 compared with

miRNA control (p< 0.05, Figure 8A).
VEGFA protein expression in HCAECs

transfected with the miR-4306 mimic or
incubated with HM-EVs was significantly
lower compared with that in controls

(Figure 8B, D, both p< 0.01). Moreover,
we found that VEGFA protein levels in

HCAECs treated with HM-EVs from
patients with CAD were significantly lower

than those in controls (Figure 8C, p< 0.05).
VEGFA plays a role in promoting PI3K/

Akt-dependent EC angiogenesis.8 We con-
structed a VEGFA lentiviral expression

vector without 30-UTR and infected
HCAECs. VEGFA expression was restored

after VEGFA lentiviral infection
(Figure 8D). Akt signaling pathway activa-
tion was decreased after miR-4306

Figure 7. miR-4306 inhibited angiogenesis in vitro and in vivo. (A, B) miR-4306 inhibited capillary tubule
formation of HCAECs. **p< 0.01. miRNA: microRNA; HCAECs: human coronary artery vascular endo-
thelial cells.
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overexpression. However, miR-4306-

mediated inactivation of the Akt signaling

pathway was inhibited by VEGFA without

30-UTR (Figure 8D). Additionally,

enhancement of NF-jB signaling by HM-

EVs could be abolished by transfecting

HM-EV-treated cells with the miR-4306

inhibitor (Figure 4A).

miR-4306 derived from ox-LDL-stimulated

EC-EVs enhances lipid accumulation

of HMDMs by upregulation of the

Akt/NF-jB signaling pathway

HCAEC-released miR-4306 levels were sig-

nificantly higher after HCAECs were acti-

vated with ox-LDL compared with control

EVs (p< 0.01, Supplementary Figure 4B).

We found that miR-4306-transfected cells

were more capable of forming foam cells

compared with cells in the control group

(p< 0.01, Supplementary Figure 4C; Figure

9A, B; Table 2). Transfection with the miR-

4306 inhibitor could partly abolish enhance-

ment of lipid accumulation in HMDMs

treated with EC-EVs (Figure 5A, B).
Overexpression of miR-4306 in HMDMs

upregulated the Akt signaling pathway and

NF-jB activity (Figure 9C, p< 0.01 versus

the lentivector group; Figure 3B, p< 0.05

versus the ox-LDL group). At the same

time, transfection with the miR-4306 inhib-

itor abrogated the improvement in NF-kB

signaling in cells treated with EC-EVs

(Figure 3B).

Discussion

In the current study, we observed that HM-

EV-derived miRNA-4306 expression was

Figure 8. Exogenous miR-4306 delivered by HM-EVs inhibited the VEGFA/Akt signaling pathway in
HCAECs. (A) Luciferase activity was analyzed in HEK293 cells 48 hours after transfection. *p< 0.01 versus
pGL3-VEGFA 30-UTR-WT. (B) Protein levels of VEGFA in HCAECs after transfection with miR-4306 mimics
or HM-EVs. (C) VEGFA protein levels in HMDMs incubated with HM-EVs from patients with elective PCI or
patients with emergency PCI. (D) Western blot analysis of VEGFA, (p) Akt, and Akt in HCAECs. HCAECs
were cotransduced with lenti-miR-4306, lenti-miR-4306 plus lenti-VEGFA, or a control oligonucleotide
(n¼ 4). HM-EVs: human monocyte-extracellular vesicles; VEGFA: vascular endothelial growth factor A;
HMDMs: human monocyte-derived macrophages; PCI: percutaneous intervention; HCAECs: human coro-
nary artery vascular endothelial cells.
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significantly upregulated in CAD.

Stimulation by ox-LDL in HM-EV-

derived miR-4306 inhibited the angiogene-

sis ability of HCAECs in vitro. However,

ox-LDL-stimulated EC-EV-derived miR-

4306 enhanced lipid formation in HMDMs.
EVs are released in biological fluids

under basal conditions and in pathological

settings. Circulating levels of EVs of differ-

ent cellular origins are increased in cardio-

vascular diseases and in various conditions

associated with cardiovascular risk,9 includ-

ing smoking,10 dyslipidemia,11 diabetes

mellitus,12 and hypertension.13 Consistent

with these results, we found that HM-EV

levels were significantly increased in CAD.

We also found that EV levels in ox-LDL-

stimulated HMDMs and HCAECs were

markedly higher compared with basal

levels. Although miRNA profiles of EVs

are significantly different from those of

their maternal cells,7 we observed that

high expression of miR-4306 was decreased

in HCAECs and HMDMs when exposed to

ox-LDL. This finding suggests that the

same miRNAs can be present in similar

proinflammatory situations, regardless of

the cells of origin.
Recent studies have indicated that EVs

isolated from healthy individuals or EVs

released under normal in vitro conditions

have no effects on cellular function.14,15

Our results are in agreement with these pre-

vious reports. The angiogenesis abilities of

HCAECs and lipid formation of HMDMs

did not change when cells were cocultured

with EVs from unstimulated cells or from

control individuals. Our results indicated

that EVs from ox-LDL-stimulated

HMDMs dramatically inhibited prolifera-

tion, migration, and capillary tubule

formation of HCAECs. However, HM-

EV-contained miR-4306 suppressed the

angiogenesis abilities of HCAECs. The

effect of factors other than HM-EV-

derived miR-4306 on proliferation and

migration of HCAECs cannot be excluded.

Indeed, most vesicle isolation procedures

Figure 9. miR-4306 promoted cellular lipid accumulation in vitro and in vivo. (A, B) miR-4306 enhanced lipid
accumulation in HMDMs. Scale bar, 100 mm. (C) miR-4306 upregulated Akt activity in HCAECs (n¼ 5–6 per
group). **p< 0.01. miRNA: microRNA; HMDMs: human monocyte-derived macrophages; HCAECs: human
coronary artery vascular endothelial cells.
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that concentrate proteins together with
vesicles and subsequent affinity separation
have shown that different patterns of
miRNAs are associated with either vesicles
or with the protein fraction.16,17

Additionally, Cavallari et al.18 reported
that human serum-derived EVs from
healthy blood donors affected vascular
remodeling and prevented muscle damage
in acute hind limb ischemia. In our study,
EVs were from patients with or without
CAD. Serum-derived EVs are heteroge-
neous because of their differing cells of
origin (platelets, endothelial cells, or mono-
cytes/leukocytes). Platelets are major sour-
ces of serum-derived EVs in the peripheral
bloodstream and approximately two thirds
of serum-derived EVs are derived from pla-
telets.19 Serum-derived EVs from various
cells might play different roles in the
same disease.

EVs are present not only near the acti-
vated parental cell, but also readily circulate
in the vasculature. Both mechanisms allow
for signaling not only to neighboring cells,
but also to cells at a remarkable distance
from their donor cell origin.20 Our study
showed that in vitro, EVs from ox-LDL-
stimulated HMDMs suppressed prolifera-
tion, migration, and capillary tubule
formation of HCAECs. However, EVs
from ox-LDL-stimulated HCAECs sup-
pressed lipid accumulation in HMDMs.
Further analysis showed that EV-
contained miR-4306 played a vital role in
this process. We speculate that there is bidi-
rectional exchange of genetic information
between HMDMs and HCAECs through
EVs transferring selected patterns
of miRNAs.

EVs play an important role in patho-
physiological processes of atherosclerosis
by accelerating plaque formation, intravas-
cular calcifications, unstable plaque rup-
ture, and thrombus formation.6 Hutter
et al.21 reported that ox-LDL intensely
induced VEGF production in monocytes

and markedly elevated tube formation in
cocultured endothelial cells. Our findings
suggest that the mechanism for capillary
tubule and lipid formation in vascular
ECs and macrophages is partly due to
miR-4306 regulating the VEGFA/Akt/NF-
jB signaling pathway. EVs of various cel-
lular origins can induce foam cell formation
by enhancing lipid and cholesterol accumu-
lation in macrophages.22 Foam cell
formation could be mediated by SR-A
and low-density lipoprotein receptor-1 by
facilitation of uptake of modified lipids.23

We found that ox-LDL-stimulated EC-
EV-derived miR-4306 enhanced lipid accu-
mulation of HMDMs by upregulation of
the Akt/NF-jB signaling pathway.

Conclusions

In summary, our study shows that EVs
from ox-LDL-stimulated HMDMs inhibit
capillary tubule formation of HCAECs
and EVs from ox-LDL-stimulated
HCAECs promote lipid accumulation in
HMDMs. The possible mechanism of
these findings is partly due to miR-4306
upregulation of the Akt/NF-jB signaling
pathway during this process. This paracrine
cellular crosstalk between HCAECs and
HMDMs probably supports the pro-
atherosclerotic effects of EVs under ox-
LDL stress.
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