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Downregulation of MicroRNA-29-3p Following
Percutaneous Coronary Intervention:
An Implication of YY1/IRAK1 Pathway in the
Post-Vascular Injury Inflammation

Yunying Zhou,™ Yong Yang,”” Lang Hong," Liang Shao,” Hengli Lai,* Fangxin Zhu" and Jianyun Lan’

This study explored the expression of microRNA (miR)-29b-3p following percutaneous coronary intervention (PCl)
and the implication of its downstream Yin Yang 1 (YY1)/interleukin (IL)-1 receptor-associated kinase 1 (IRAK1)
pathway in post-vascular injury inflammation. Blood samples were collected for analysis of plasma miR-29b-3p
from patients with acute coronary syndrome before surgery, 1 day after PCI, and 30 days after PCI. Lipopolysaccharide
(LPS)-treated human coronary artery endothelial cells (HCAECs) were transfected with miR-29b-3p mimic/inhibitor
or YY1 shRNA and underwent viability tests. Enzyme-linked immunosorbent assay was performed to detect the
levels of soluble vascular cell adhesion molecule-1 (sVCAM-1), IL-1f, IL-6, and tumor necrosis factor (TNF)-a in
serum and cell culture supernatant. Dual-luciferase reporter and RNA/chromatin immunoprecipitation were used
to confirm the targeting relationships among miR-29b-3p, YY1, and IRAK1. A rat model of intraluminal injury of the
common femoral artery was established to address the role of miR-29b-3p and relevant mechanisms. miR-29b-3p
was lowly expressed, and sVCAM-1, IL-1f3, IL-6, and TNF-a were upregulated 1 day after PCl and 24 h after LPS
treatment. miR-29b-3p overexpression or YY1 knockdown alleviated LPS-induced inflammatory responses and
improved the viability of HCAECs. miR-29b-3p inhibition aggravated LPS-induced inflammatory injury in HCAECs.
miR-29b-3p bound to YY1 mRNA and inhibited the expression of YY1 protein. YY1 bound to the IRAK1 promoter
and activated the transcription of IRAK1. Upregulation of miR-29b-3p suppressed the inflammatory response after
intraluminal injury of the common femoral artery in rats. In conclusion, dysregulation of the YY1/IRAK1 pathway
via miR-29b-3p downregulation may be implicated in post-vascular injury inflammation.
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In China, cardiovascular disease (CVD) contributes
to 40% of all deaths, and its epidemiology is associated
with an increasing burden of atherosclerotic CVD.! Acute
coronary syndrome (ACS) is a set of myocardial ischemic
conditions that result from imbalances between oxygen
supply and demand, consequently leading to unstable
angina, non-ST-elevation myocardial infarction, and ST-
elevation myocardial infarction.” Rupture of vulnerable
atherosclerotic plaque releases thrombogenic materials
into the blood and induces thrombus that provokes the
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Abbreviations

ACS Acute coronary syndrome

Ago2 Anti-human argonaute-2

CCK-8 Cell counting kit-8

ChiP Chromatin immunoprecipitation

CvD Cardiovascular disease

ELISA Enzyme-linked immunosorbent assay

GAPDH Glyceraldehyde 3-phosphate dehydrogenase

HCAECs Human coronary artery endothelial cells

H&E Hematoxylin-eosin

IA/MA Intimal area/medial area

1gG Immunoglobulin G

IL-1 Interleukin-1

IL-1B Interleukin-1beta

IL-6 Interleukin-6

IRAK1 Interleukin-1 receptor-associated kinase 1

LPS Lipopolysaccharide

miRNAs MicroRNAs

NC Negative control

PCI Percutaneous coronary intervention

gRT-PCR Quantitative reverse transcription polymerase
chain reaction

RIP RNA immunoprecipitation

RIPA Radioimmunoprecipitation assay

sVCAM-1 Soluble vascular cell adhesion molecule-1

TNF-a Tumor necrosis factor-a.

YY1l Yin Yang 1

ischemic characteristics of ACS.? Percutaneous coronary
intervention (PCl) has been the most common therapeu-
tic method for managing coronary artery stenosis over
the past few decades.® However, the implanted stent may
cause damage to the vessel wall and result in increased
serum levels of inflammatory factors, which is associ-
ated with adverse cardiovascular events post PCI.
MicroRNAs (miRNAs) are short RNAs of 19 to 25 nu-
cleotides that can post-transcriptionally silence genes
involved in functional interaction pathways.® Mature
miRNAs are guided to the 3’ end of mMRNAs through base
pairing, which induces subsequent gene silencing by
destabilizing or translationally repressing the target mRNA.”
A previous study reported a decrease in the expression
of plasma miR-126 in ACS patients at 72 h post PCl, which
was correlated with increases in the expression of the
inflammatory markers high-sensitive C-reactive protein
and vascular cell adhesion molecule-1 (VCAM-1).2 To
date, there is scarce evidence regarding the involvement

of miRNAs in PCl-induced short-term inflammation. miR-
29b-3p has been reported to be upregulated in myocar-
dial ischemia/reperfusion injury after PM2.5 exposure
and to promote myocardial inflammation and apoptosis
by regulating the phosphoinositide 3-kinase pathway.9
However, it is unknown whether miR-29b-3p regulates
cardiac inflammatory responses following PCI.

Interleukin (IL)-1 receptor-associated kinases (IRAKs)
are intracellular kinases participating in Toll-like recep-
tor and IL-1 signaling pathways that regulate immune
and inflammatory responses.'® The overexpression of
miR-142-3p has been shown to alleviate myocardial in-
jury and inflammation following coronary microembo-
lization (a common complication of PCI) partially by in-
hibiting the expression of IRAK1; moreover, a lower pla-
sma level of miR-142-3p has been reported in ACS pa-
tients with no-reflow after primary PCL.™ These findings
show that IRAK1 is a potential regulator of post-PCl in-
flammatory responses. A previous study found that IL-13
increased the abundance of transcription factor Yin Yang
1 (YY1) in cardiac myocytes and also induced YY1 phos-
phorylation to enhance the DNA binding activity of YY1,"
suggesting a positive correlation between YY1 and IRAK1.
Moreover, YY1 has been identified as a target of miR-
29b in angiotensin ll-stimulated muscle atrophy."® The-
refore, we speculated that miR-29b-3p might regulate
inflammatory responses via YY1/IRAK1.

ACS is characterized by vascular inflammation dur-
ing which endothelial cells enhance the attachment and
migration of immune cells to the arterial wall via up-
regulated adhesion molecules.” In this study, we mea-
sured the serum levels of soluble VCAM-1 (sVCAM-1)
and inflammatory cytokines in ACS patients after PCI.
The function and action mechanism of miR-29b-3p in
post-vascular injury inflammation were studied in in-
flammatory human coronary artery endothelial cells
(HCAECs) in vitro and in a rat model of intraluminal injury
of the common femoral artery.

MATERIALS AND METHODS
Clinical samples

This study involved 85 patients with ACS who planned
to undergo PCI (34 males and 51 females with an average

age of 65.14 + 4.12 years) and 50 control patients with
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normal coronary arteries (24 males and 26 females with an
average age of 64.14 + 5.52 years) at a local hospital. All
ACS patients were diagnosed with acute myocardial infarc-
tion by coronary angiography and showed no significant
differences in gender and age (p > 0.05). Patients with
cardiomyopathy, autoimmune diseases, diabetes, severe
infections, malignant tumors or severe liver/kidney dysfunc-
tion were excluded from this study. Blood samples were col-
lected and used under the approval of the ethics committee
of the local hospital and after written informed consent
had been obtained from all patients or their families.

Cell culture

HCAECs were purchased from the American Type
Culture Collection (Manassas, VA, USA) and cultured in
10% fetal bovine serum-Dulbecco’s modified Eagle me-
dium (Thermo Fisher Scientific, Wilmington, DE, USA)
with 5% CO, at 37 °C. Adherent cells were subcultured
and dissociated with 0.25% trypsin (HyClone, Logan, UT,
USA). Cells in the logarithmic growth phase were har-
vested for experiments.

Cell transfection

miR-29b-3p mimic (50 nM), miR-29b-3p inhibitor
(100 nM), YY1 shRNA (sh-YY1; 2 ng), IRAK1 overexpres-
sion vector (oe-IRAK1; 2 ug), and negative controls (mi-
mic NC, inhibitor NC, sh-NC, and oe-NC) (GenePharma,
Shanghai, China) were delivered by Lipofectamine 2000
reagent (Invitrogen, Carlsbad, CA, USA) into HCAECs 48
h before other in vitro experiments.

Cell counting kit-8 (CCK-8) assay

HCAECs in the logarithmic growth phase were seeded
at 1 x 10* cells per well in a 96-well plate and precul-
tured for 24 h before transfection. Forty-eight hours af-
ter transfection, the cells were incubated with 10 uL of
CCK-8 reagent (CK04; Dojindo, Kumamoto, Japan) at 37
°C for 3 h. Absorbance at 450 nm was measured by a
microplate reader.

Quantitative reverse transcription polymerase chain
reaction (qRT-PCR)

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was
used for isolation of total RNA. cDNA was synthesized
using reverse transcription kits (Takara, Tokyo, Japan) and
mixed with SYBR Green Mix (Roche Diagnostics, India-
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napolis, IN, USA). The cDNA (3 duplicates per sample)
was amplified by thermal cycling (10 s, 95 °C; 45 cycles
of 5sat 95 °C, 10 s at 60 °C, and 10 s at 72 °C; 5 min, 72
°C) on a LightCycler 480 Instrument (Roche Diagnostics).
Relative expression changes of target genes were an-
alyzed by the 2**“ method. Primers of target genes and
reference genes (glyceraldehyde 3-phosphate dehydro-
genase [GAPDH] and U6) are shown in Table 1.

Western blotting

Total protein was isolated from samples lysed with
radioimmunoprecipitation assay (RIPA) buffer (Beyo-
time, Shanghai, China) and quantified using bicinchoni-
nic acid kits (Beyotime). Proteins were mixed with load-
ing buffer (Beyotime) and heated in boiling water for 3
min. Protein electrophoresis was started at 80 V for 30
min and continued at 120 V for 1-2 h after bromophenol
blue reached the separation gel. Separated proteins were
transferred onto a membrane in an ice bath at 300 mA
for 60 min. The membrane was rinsed for 1-2 min and
immersed in blocking buffer at room temperature for 60
min. After that, the membrane was incubated with anti-
bodies against GAPDH (5174S, 1:1000; Cell Signaling
Technology, Danvers, MA, USA), YY1 (ab109237, 1:1000;
Abcam, Cambridge, MA, USA), IRAK1 (ab180747, 1:1000;
Abcam), IL-13 (ab254360, 1:1000; Abcam), IL-6 (ab9324,
1:1000; Abcam), and tumor necrosis factor (TNF)-a
(ab205587, 1:1000; Abcam) on a shaking bed at room
temperature for 60 min. After rinsing (3 x 10 min), the
membrane was subjected to 60 min of incubation with
secondary antibody (horseradish peroxidase-labelled
goat anti rabbit immunoglobulin G [IgG], 1:5000; Com-

Table 1. Primer sequences

Name of primer Sequences (5'-3')

miR-29b-3p-F ACACTCCAGCTGGGTAGCACCATTTCA
miR-29b-3p-R TGGTGTCGTGGAGTCG

Ue6-F CTCTCGCTTCGGCAGCACA

U6-R ACGCTTCACGAATTTGCGT

IRAK1-F CAGTTCGCCGCCCTGAT

IRAK1-R CTGGAAAAGCTGGGGAGAGG

YY1-F TCAGACAAGTCACGTCAGGC

YY1-R CTCCATGTGTCACCTCCCAC

GAPDH-F ACTAGGCGCTCACTGTTCTC

GAPDH-R TCGCCCCACTTGATTTTGGA

F, forward; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
IRAK1, Interleukin-1 receptor-associated kinase 1; miR, microRNA;
R, reverse; U6, small nuclear RNA U6; YY1, Yin Yang 1.
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Win Biotech, Beijing, China) at room temperature. Pro-
tein expression was visualized with color developing so-
lution and detected by a chemiluminescence imaging
system (Bio-Rad, Hercules, CA, USA).

Dual-luciferase reporter assay

The StarBase database (http://starbase.sysu.edu.cn/)
was used to predict the binding sites between YY1 and
miR-29b-3p. Wild-type and mutant binding sequences
of YY1 (WT-YY1 and MUT-YY1) were synthesized and se-
parately inserted into pGL3-Promoter vectors (Promega,
Madison, WI, USA). The vectors together with miR-29b-
3p mimic (30 nM) or mimic NC (30 nM) were delivered
into HEK293T cells (Shanghai Sixin Biotechnology Co.,
Ltd., Shanghai, China). The JASPAR database (http://
jaspar.genereg.net/) was used to predict the binding
sites between YY1 and IRAK1. Wild-type and mutant se-
qguences (WT-IRAK1 and MUT-IRAK1) of the predicted
YY1-binding site on IRAK1 promoter were separately
cloned into pGL3-Basic vectors (Promega) and cotrans-
fected with YY1 overexpression plasmids or correspond-
ing NC into HEK293T cells. The activity of Firefly lucifer-
ase and Renilla luciferase (internal control) was mea-
sured by a fluorescence detector (Promega). This assay
was independently repeated three times.

RNA immunoprecipitation (RIP)

A RIP kit (Millipore, Burlington, MA, USA) was used
for this assay. HCAECs were washed with precooled pho-
sphate-buffered saline and lysed with an equal volume
of RIPA buffer (P0O013B; Beyotime) in an ice bath for 5
min. The lysate was centrifuged at 14,000 rpm at 4 °C for
10 min. One part of the supernatant was taken as the in-
put and the other was incubated with antibodies. Mag-
netic beads (50 uL) were washed, resuspended in 100 pL
of RIP Wash Buffer, and incubated with 5 ug of rabbit
anti-human argonaute-2 (Ago2) (1:50, ab186733, Ab-
cam, Cambridge, MA, USA) or IgG (1:100, ab172730,
Abcam) at room temperature for 30 min. The bead-anti-
body complex was washed, resuspended in 900 pL of RIP
Wash Buffer, and incubated with 100 pL of the super-
natant at 4 °C overnight. The complex was washed 3
times and collected on a magnetic grate.

Chromatin immunoprecipitation (ChiP)
HCAECs were treated with 1% formaldehyde for

DNA-protein crosslinking. Extracted DNA was sonicated
into 200-1000 bp fragments and incubated with 60 pL of
Protein G magnetic beads at 4 °C (1 h) to remove non-
specific antibodies. The mixture was centrifuged at 6,500
rpm for 1 min. Supernatant was incubated with 4 pg of
YY1 antibody or normal rabbit IgG antibody on a shaker
at 4 °C overnight. The antibody-chromatin complex was
incubated with 60 pL of Protein G magnetic beads at 4
°C for 1 h and centrifuged at 6,500 rpm for 1 min. The
bead complex was incubated with 100 puL of eluant at
room temperature for 15 min and centrifuged at 6,500
rpm for 1 min. Supernatant was transferred into an empty
centrifuge tube and reached a total amount of 200 ug
before de-crosslinking and DNA purification. DNA pre-
cipitated by YY1 antibody was used as a template to am-
plify the predicted YY1-binding site of IRAK1 promoter. A
ChIP analysis kit (Wanlei Biotech Co., Ltd., Shenyang,
China) was used for this assay. IRAK1-forward primer:
CTCCTGGTAACAGCCCTGC; IRAK1-reverse primer: GACTC
ACTTCCCCTTCGAGC (350 bp).

Enzyme-linked immunosorbent assay (ELISA)

Serum was separated from 2 ml of blood by centri-
fugation and refrigerated in aliquots at -20 °C. ELISA kits
(R&D Systems, Minneapolis, MN, US) were used to mea-
sure the concentrations of sVCAM-1, IL-1f, IL-6, and
TNF-o in serum and cell culture supernatant.

Wire-induced femoral artery injury

The animal experiments were performed in strict ac-
cordance with the guidelines of the Institutional Animal
Care and Use Committee of the local hospital. Male Wi-
star rats (8 weeks old) from Beijing Huafukang Biotechno-
logy Co., Ltd. (Beijing, China) were housed in a standard
laboratory environment (21 + 1 °C; 45-55% humidity; 12
h light/12 h dark) with free access to food and water. The
rats were randomly divided into 3 groups (n = 6 per group):
sham group (sham-operated), injury group (with intra-
luminal injury of the common femoral artery), and miR-
29b-3p agomir group (given tail vein injection of miR-
29b-3p agomir [GenePharma] 3 days before modeling).

The intraluminal injury of the common femoral ar-
tery was caused by three passages of an angioplasty guide
wire with a diameter of 0.25 mm (Advanced Cardiovas-
cular Systems, Santa Clara, CA, USA) as previously de-
scribed.” A groin incision was made, and the femoral ar-
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tery was temporarily clamped at the level of the inguinal
ligament. An arteriotomy was performed on the profunda
branch, and the guidewire was inserted. The clamp was
removed, and the wire was pushed to the aortic bifurca-
tion and pulled back. After removal of the wire, the ar-
teriotomy site was ligated. The arteries of the rats from
the sham group were separated, temporarily clamped,
opened, and ligated, without any passages of wires. The
rats were sacrificed 7 days later, and the femoral arteries
were collected (some were cryopreserved at -80 °C for
gRT-PCR and western blotting, and the others were paraf-
fin-embedded for hematoxylin-eosin [H&E] staining).

H&E staining

H&E staining was used to evaluate vascular morpho-
logical changes. Femoral artery tissues were fixed and
embedded in paraffin. Paraffin-embedded tissues were
transverse-sectioned into 5 um slices and then stained
with H&E (Solarbio, Beijing, China) based on standard
protocols. The stained sections were observed under an
OLYMPUS BX53 light microscope (Tokyo, Japan). The
structure of the artery wall was divided by the inner and
outer elastic membranes. The H&E-stained images were
imported into Image-Pro plus 5.0 image analysis soft-
ware. The outer and inner elastic membranes and the
lumen were accurately outlined with a mouse. Intimal
and lumen areas were measured and intimal area/me-
dial area (IA/MA) ratios were calculated to reveal the
severity of intimal hyperplasia.

Statistical analysis

Data were analyzed by GraphPad Prism 7.0 and pre-
sented as mean * standard deviation. The cell experi-
ments were repeated thrice. The t test was used to com-
pared differences between two sets of data. One-way
analysis of variance was used to compare differences
among multiple groups. Tukey’s test was used for post
hoc multiple comparisons. Differences were considered
significant if p < 0.05.

RESULTS
Low expression of plasma miR-29b-3p one day after
PCI

The 85 patients with ACS and 50 healthy controls
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with normal coronary arteries underwent fasting blood
tests. For each participant, 10 ml of cubital venous blood
was taken each time. The ACS patients were sampled
before PCl, 1 day after PCI, and 30 days after PCI. The
PCR tests showed that the expression of plasma miR-
29b-3p was reduced 1 day after PCl compared to the ex-
pression before PCI (Figure 1, p < 0.05). Moreover, the
results of ELISA showed that the serum levels of sSVCAM-
1, IL-1B, IL-6, and TNF-a were increased 1 day after PCI
compared to the levels before PCI (Table 2, p < 0.05).
There were no significant differences in the expression
of plasma miR-29b-3p or the serum levels of sVCAM-1,
IL-1B, IL-6, and TNF-a between the patients sampled 30
days after PCl and controls. These results indicated that
the levels of miR-29b-3p and inflammatory molecules
were significantly affected on the first day after PCl and
returned to normal 30 days after PCI.

HCAEC model of inflammatory injury

To explore the function and action mechanism of
miR-29b-3p in post-vascular injury inflammation, we
treated HCAECs with 1 ug/ml lipopolysaccharide (LPS)
for 24 h to establish an inflammatory injury model. LPS
treatment reduced the expression of miR-29b-3p in
HCAECs (Figure 2A, p < 0.05), increased the levels of
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Figure 1. Low expression of plasma microRNA (miR)-29b-3p one day
after percutaneous coronary intervention (PCl). Note: Quantitative re-
verse transcription polymerase chain reaction (QRT-PCR) was used to de-
tect the expression of plasma miR-29b-3p before PCl, 1 day after PCl,
and 30 days after PCl. The data were expressed as mean + standard de-
viation. Two groups were compared by student’s t-test. * p < 0.05, com-
pared with the before group.
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Table 2. Enzyme-linked immunosorbent assay for detecting sVCAM-1, IL-1f3, IL-6, and TNF-c. in patient serum

Group sVCAM-1 (ng/L) IL-1P (ng/L) IL-6 (ng/L) TNF-a (ng/L)
Before 428.49 +17.74 26.37+3.21 152.33 £21.89 23.16 £1.32
After-1d 564.28 £22.13%* 37.22 £ 2.65* 245.97 + 31.64%* 38.32+2.01%
After-30d 397.17 £18.32 19.52 £3.01 90.87 + 26.86 16.15+1.82
Control 378.35+15.54 18.32 +£2.32 99.43 +£32.11 15.65+2.17

Note: The data were expressed as mean * standard deviation. Differences between two groups were compared by student’s t-test.

* p < 0.05, compared with the before group.

IL, interleukin; sVCAM-1, soluble vascular cell adhesion molecule-1; TNF, tumor necrosis factor.

sVCAM-1, IL-1B, IL-6, and TNF-a. in culture supernatant
(Table 3, p < 0.05), and impaired the viability of HCAECs
(Figure 2B, p < 0.05). These data were consistent with
the clinical findings and indicated successful establish-
ment of a cellular model of inflammatory injury.

Overexpression of miR-29b-3p downregulated YY1
and reduced HCAEC inflammation

miR-29b-3p was predicted by StarBase to have bind-
ing sites for YY1 mRNA (Figure 3A). Compared with the
transfection of mimic NC, the transfection of miR-29b-3p

&
g 15+ S0 % Control
§ = LPS
i =
£ o 2 1,51
‘5 1.0 e Q
[e]
g . 1
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£ 0.5 =
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o [ ] ]
2
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K] Control  LPS 24H 48H 72H
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Figure 2. Human coronary artery endothelial cell (HCAEC) model of in-
flammatory injury. Note: HCAECs were treated with 1 ug/ml lipopoly-
saccharide lipopolysaccharide (LPS) for 24 h. (A) Quantitative reverse
transcription polymerase chain reaction (qRT-PCR) was used to detect
the expression of microRNA-29b-3p in HCAECs. (B) Cell counting kit-8
(CCK-8) was used to detect the viability of HCAECs. The data were ex-
pressed as mean + standard deviation. The two groups of data were
compared by student’s t-test. Each experiment was repeated 3 times. *

p < 0.05, compared with the control group.

mimic together with YY1-WT instead of YY1-MUT signifi-
cantly reduced relative luciferase activity in the dual-lu-
ciferase reporter assay (Figure 3B, p < 0.05). Compared
with 1gG antibody, Ago2 antibody significantly pulled
down miR-29b-3p and YY1 mRNA (Figure 3C, p < 0.05).
The results of these two experiments validated the bind-
ing relationship between miR-29b-3p and YY1 mRNA.
We transfected LPS-treated HCAECs with miR-29b-
3p mimic, mimic NC, miR-29b-3p inhibitor or inhibitor
NC to investigate the effect of miR-29b-3p expression on
HCAEC inflammation. The expression of miR-29b-3p was
successfully promoted or inhibited in HCAECs (Figure
3D, p < 0.05). The overexpression of miR-29b-3p down-
regulated YY1 and IRAK1, while inhibition of miR-29b-3p
upregulated these two proteins in HCAECs (Figure 3E-F,
p < 0.05). Moreover, the levels of sVCAM-1, IL-18, IL-6,
and TNF-o were reduced (Table 4, p < 0.05) and the via-
bility of HCAECs was enhanced (Figure 3G, p < 0.05) in
the presence of miR-29b-3p mimic; opposite results were
observed in the presence of miR-29b-3p inhibitor.

YY1 stimulated HCAEC inflammation by promoting
IRAK1 transcription

Information on the University of California Santa Cruz
database showed that YY1 was a transcription factor of
IRAK1 (Figure 4A). YY1 was predicted by JASPAR to have
binding sites for IRAK1 promoter (Figure 4B). Compared

Table 3. Enzyme-linked immunosorbent assay for detecting sVCAM-1, IL-1p, IL-6, and TNF-ca. in cell culture supernatant

Group sVCAM-1 (ng/L) IL-1PB (ng/L) IL-6 (ng/L) TNF-a (ng/L)
Control 341.65+13.33 18.87 £2.80 101.62 £ 22.78 16.09 £ 3.09
LPS 483.83 + 15.53%* 35.28 +3.12* 230.04 £29.01* 32.64+2.87*

Note: Human coronary artery endothelial cells were treated with 1 pug/ml LPS for 24 h. The data were expressed as mean +
standard deviation. Differences between two groups were compared by student’s t-test. * p < 0.05, compared with the control

group.

IL, interleukin; LPS, lipopolysaccharide; sVCAM-1, soluble vascular cell adhesion molecule-1; TNF, tumor necrosis factor.
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Figure 3. Overexpression of microRNA (miR)-29b-3p downregulates Yin Yang 1 (YY1) and reduces human coronary artery endothelial cell (HCAEC)
inflammation. Note: (A) StarBase predicted the binding sites between microRNA (miR)-29b-3p and YY1. (B) Dual-luciferase reporter assay was per-
formed to verify the binding relationship between miR-29b-3p and YY1. (C) RNA immunoprecipitation (RIP): quantitative reverse transcription poly-
merase chain reaction (qQRT-PCR) was used to detect the levels of miR-29b-3p and YY1 mRNA in the complexes pulled down by anti-immunoglobulin G
(lgG) and anti-argonaute-2 antibodies. HCAECs were treated with lipopolysaccharide and transfected with miR-29b-3p mimic, mimic negative control
(NC), miR-29b-3p inhibitor or inhibitor NC: (D-E) gRT-PCR was used to detect the expression of miR-29b-3p (D), YY1 and interleukin-1 receptor-associ-
ated kinase 1 (IRAK1) (E) in HCAECs; (F) western blotting was used to detect YY1 and IRAK1 proteins in HCAECs; (G) cell counting kit-8 (CCK-8) was
used to detect the viability of HCAECs. The data were expressed as mean * standard deviation. Two groups were compared by student’s t-test. Each
experiment was repeated 3 times. * p < 0.05, compared with the IgG, mimic NC or inhibitor NC group.

Table 4. Enzyme-linked immunosorbent assay for detecting sVCAM-1, IL-1f, IL-6, and TNF-c. in cell culture supernatant

Group sVCAM-1 (ng/L) IL-1P (ng/L) IL-6 (ng/L) TNF-a (ng/L)
Mimic NC 491.55+21.11 33.76 +2.99 228.33+27.12 30.96 + 1.43
miR-29b-3p mimic 323.89 +20.32* 17.54 + 2.95* 96.97 + 28.47* 15.32 + 1.65*
Inhibitor NC 501.43 +20.29 32.65+2.53 232.87 +25.32 31.15+1.33
miR-29b-3p inhibitor 622.49 + 18.94" 48.23 +3.16" 312.43 +£29.19% 43.65+2.01"

Note: Human coronary artery endothelial cells were treated with lipopolysaccharide and transfected with miR-29b-3p mimic, mimic
NC, miR-29b-3p inhibitor or inhibitor NC. The data were expressed as mean + standard deviation. Differences between two groups
were compared by student’s t-test. * p < 0.05, compared with the mimic NC group; # p < 0.05, compared with the inhibitor NC

group.
IL, interleukin; miR, microRNA; NC, negative control; sVCAM-1, soluble vascular cell adhesion molecule-1; TNF, tumor necrosis factor.
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with the transfection of empty vectors, the transfec-
tion of YY1 overexpression plasmids together with
IRAK1-WT instead of IRAK1-MUT significantly increased
relative luciferase activity in the dual-luciferase re-
porter assay (Figure 4C, p < 0.05). The results of ChIP
assay showed that YY1 antibody pulled down IRAK1
promoter in HCAECs (Figure 4D, p < 0.05). The results
of these two experiments validated the binding rela-
tionship between YY1 and IRAK1 promoter. YY1 was
knocked down by shRNA in HCAECs (Figure 4E-F, p <
0.05). Knockdown of YY1 inhibited the levels of IRAK1
mRNA and protein (Figure 4E-F, p < 0.05), reduced the
levels of sVCAM-1, IL-183, IL-6, and TNF-a. (Table 5, p <
0.05), and promoted the viability of HCAECs (Figure

4G, p < 0.05).

miR-29b-3p regulated HCAEC inflammation via the
YY1/IRAK1 axis

To ascertain regulation of the YY1/IRAK1 axis by miR-
29b-3p in LPS-stimulated inflammatory response of
HCAECs, we delivered miR-29b-3p mimic together with
oe-IRAK1 into LPS-treated HCAECs. Compared with the
miR-29b-3p mimic + oe-NC group, the miR-29b-3p mimic +
oe-IRAK1 group exhibited increases in the levels of IRAK1
mRNA and protein, but there were no significant differ-
ences in the expression of miR-29b-3p and YY1 (Figure
5A-B, p < 0.05). More importantly, the miR-29b-3p mimic +
oe-IRAK1 group showed higher levels of sVCAM1, IL-1f3,
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Figure 4.

Yin Yang 1 (YY1) stimulates human coronary artery endothelial cell (HCAEC) inflammat:on by promoting interleukin-1 receptor-associated

kinase 1 (IRAK1) transcription. Note: (A) YY1 was predicted by the University of California Santa Cruz database to be a transcription factor of IRAK1.
(B) JASPAR predicted the binding sites between YY1 and IRAK1 promoter. Dual-luciferase reporter assay (C) and chromatin immunoprecipitation
(ChIP) (D) were performed to verify the binding relationship between YY1 and IRAK1 promoter. HCAECs were treated with lipopolysaccharide and
transfected with shRNA negative control (sh-NC) or shRNA targeting YY1 (sh-YY1): (E) Quantitative reverse transcription polymerase chain reaction
(qRT-PCR) was used to detect the expression of YY1 mRNA and IRAK1 mRNA in HCAECs; (F) western blotting was used to detect YY1 and IRAK1 pro-
teins in HCAECs; (G) cell counting kit-8 (CCK-8) was used to detect the viability of HCAECs. The data were expressed as mean + standard deviation.
Two groups were compared by student’s t-test. Each experiment was repeated 3 times. * p < 0.05, compared with the vector, immunoglobulin G

(IgG), or sh-NC group.
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Table 5. Enzyme-linked immunosorbent assay for detecting sVCAM-1, IL-1f, IL-6, and TNF-c. in cell culture supernatant

Group sVCAM-1 (ng/L) IL-1B (ng/L) IL-6 (ng/L) TNF-a (ng/L)
sh-NC 474.86 + 11.65 33.73+1.89 222.86 +£12.80 30.65+2.21
sh-YY1 310.78 £10.13* 16.92 £ 1.31* 87.43+12.42* 15.28 +1.89*

Note: Human coronary artery endothelial cells were treated with lipopolysaccharide and transfected with sh-NC or sh-YY1. The data

were expressed as mean + standard deviation. Differences between two groups were compared by student’s t-test. * p < 0.05,

compared with the sh-NC group.

IL, interleukin; NC, negative control; sh, shRNA; sVCAM-1, soluble vascular cell adhesion molecule-1; TNF, tumor necrosis factor.
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Figure 5. MicroRNA (miR)-29b-3p mitigates human coronary artery

endothelial cell (HCAEC) inflammation via the Yin Yang 1 (YY1)/inter-
leukin-1 receptor-associated kinase 1 (IRAK1) axis. Note: Lipopolysac-
charide-treated HCAECs were transfected with miR-29b-3p mimic +
negative control overexpression vector (oe-NC) or miR-29b-3p mimic +
IRAK1 overexpression vector (oe-IRAK1). (A) Quantitative reverse tran-
scription polymerase chain reaction (QRT-PCR) was used to detect the
expression of miR-29b-3p, YY1 mRNA, and IRAK1 mRNA in HCAECs; (B)
western blotting was used to detect YY1 and IRAK1 proteins in HCAECs;
(C) cell counting kit-8 (CCK-8) was used to detect the viability of HCAECs.
The data were expressed as mean + standard deviation. The two groups
of data were compared by student’s t-test. Each experiment was re-
peated 3 times. * p < 0.05, compared with the miR-29b-3p mimic +
oe-NC group. GAPDH, glyceraldehyde 3-phosphate dehydroge.

IL-6, and TNF-o. (Table 6) and lower cell viability (Figure 5C,
p < 0.05) than the miR-29b-3p mimic + oe-NC group, indi-
cating that miR-29b-3p reduced the inflammatory re-
sponse of HCAECs through the YY1/IRAK1 axis.

Upregulation of miR-29b-3p suppressed the
inflammatory response after intraluminal injury of
the common femoral artery in rats

We then tested the role of miR-29b-3p and relevant
mechanisms within endothelial cells in a rat model of
wire-induced femoral artery injury. miR-29b-3p was down-
regulated and YY1 and IRAK1 were upregulated in the
femoral artery tissues of rats with wire injury; miR-29b-
3p agomir treatment increased the expression of miR-
29b-3p and decreased the expression levels of YY1 and
IRAK1 in injured rats (Figure 6A-B, p < 0.05). The intima
was thickened with an increased IA/MA ratio and the lu-
men area was narrowed in rats with wire injury, which
was ameliorated by the upregulation of miR-29b-3p (Fig-
ure 6C, p < 0.05). Western blot experiments also showed
that the levels of IL-1B, IL-6, and TNF-o. were increased
in the femoral artery tissues of rats with wire injury; how-
ever, the levels of the inflammatory factors were sup-
pressed by upregulation of miR-29b-3p (Figure 6D, p <
0.05).

Table 6. Enzyme-linked immunosorbent assay for detecting sVCAM-1, IL-1p, IL-6, and TNF-c. in cell culture supernatant

Group sVCAM-1 (ng/L) IL-1p (ng/L) IL-6 (ng/L) TNF-a (ng/L)
miR-29b-3p mimic + oe-NC 344.86 +8.16 15.53+1.74 98.06 £11.42 13.95+3.01
miR-29b-3p mimic + oe-IRAK1 460.78 + 10.13* 26.88+1.41* 217.73 £11.81* 29.06 +1.47*

Note: Human coronary artery endothelial cells were treated with lipopolysaccharide and transfected with miR-29b-3p mimic + oe-

NC or miR-29b-3p mimic + oe-IRAK1. The data were expressed as mean + standard deviation. Differences between two groups

were compared by student’s t-test. * p < 0.05, compared with the miR-29b-3p mimic + oe-NC group.

IL, interleukin; miR, microRNA; NC, negative control; oe, overexpression; sVCAM-1, soluble vascular cell adhesion molecule-1; TNF,

tumor necrosis factor.
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Upregulation of microRNA (miR)-29b-3p suppresses inflammatory response after intraluminal injury of the common femoral artery in

rats. Note: (A) Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was used to detect the expression of miR-29b-3p, Yin Yang 1
(YY1) mRNA, and interleukin (IL)-1 receptor-associated kinase 1 (IRAK1) mRNA in femoral artery tissues; (B) western blotting was used to detect YY1
and IRAK1 proteins in femoral artery tissues; (C) the intimal and lumen areas of femoral arteries and the intimal area/medial area ratios; (D) western
blotting was used to detect IL-1, IL-6, and tumor necrosis factor-a. in femoral artery tissues. Each group had 6 rats. The data were expressed as
mean + standard deviation. One-way analysis of variance was used for the group comparisons, followed by Tukey’s multiple comparisons test. * p <
0.05, compared with the sham or injury group. GAPDH, glyceraldehyde 3-phosphate dehydroge; TNF, tumor necrosis factor.

DISCUSSION

PCl is applied in approximately 60% of patients with
ACS and reduces myocardial infarction and deaths.'® De-
spite advances in devices and technologies, PCl is associ-
ated with adverse periprocedural events such as coro-
nary perforation, abrupt vessel closure, device embo-
lization, stent deformation and rotational atherectomy
burr entrapment that can, in some cases, lead to hemo-
dynamic compromise or even death.’” Vascular inflam-
mation plays a central role in response to vascular injury
after PCl and is linked to subsequent adverse clinical
events.'® Timely management of vascular inflammation
is essential for improving post-PCl outcomes. The find-
ings of this study indicate that the overexpression of

miR-29b-3p can reduce LPS-induced inflammatory re-
sponses of HCAECs and inflammation post wire-induced
femoral artery injury by inhibiting the YY1-dependent
transcription of IRAK1.

In this study, we first measured the expression of
plasma miR-29b-3p and the serum levels of sVCAM-1,
IL-1B, IL-6, and TNF-a in ACS patients before surgery, 1
day after and 30 days after PCI. The expression of pla-
sma miR-29b-3p was decreased and the serum levels of
these inflammatory factors were increased 1 day after
PCI. A cellular model of inflammatory injury was estab-
lished by treating HCAECs with LPS for 24 h. LPS is a ma-
jor component of the outer surface of Gram-negative
bacteria and a potent activator of cells in the immune
and inflammatory systems, including endothelial cells.
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Atherosclerosis is an inflammatory arterial disease in-
volving endothelial cells, and it can be caused by chronic
or recurring low LPS.” LPS-stimulated HCAECs may act
as inflammatory cells, thereby directly promoting the
progression of congestive heart failure and coronary ar-
tery disease.?’ Since there is no established cellular mo-
del simulating post-PCl inflammation, we chose to ex-
plore the relationship between miR-29b-3p and inflam-
mation in a LPS-induced cellular model. The expression
of miR-29b-3p was inhibited in LPS-treated HCAECs as
expected. The overexpression of miR-29b-3p reduced the
secretion of sVCAM-1, IL-1B, IL-6, and TNF-a and en-
hanced the viability of LPS-treated HCAECs. Inhibition of
miR-29b-3p caused adverse experiment results.

Studies in recent years have shown that miR-29b-3p
is a vascular regulator. The overexpression of miR-29b-
3p has been shown to inhibit the osteogenic differentia-
tion of vascular smooth muscle cells and alleviate vas-
cular calcification by directly reducing the expression of
matrix metalloproteinase 22122 Moreover, the overex-
pression of miR-29b-3p has been shown to suppress the
viability and mobility of human umbilical artery smooth
muscle cells by targeting cell division cycle 7-related
protein kinase.”®> The downregulation of miR-29b-3p has
also been found in coronary sinus blood of patients with
heart failure and to be correlated with elevated left ven-
tricular filling pressure.24 Transcoronary concentration
gradients of miR-29b-3p have been significantly corre-
lated with overall atherosclerotic plaque burden and
shown predictive value for thin-cap fibroatheromas.*®
miR-29b-3p has exhibited regulatory effects on osteoar-
thritis,26 ischemic inflammation,27 and particulate mat-
ter-induced inflammatory response,”® but its role in vas-
cular inflammation is as yet poorly understood.

In the present study, the overexpression of miR-
29b-3p reduced the expression of YY1 and IRAK1 in LPS-
treated HCAECs, and the mRNA of YY1 was demonst-
rated to have binding sites for miR-29b-3p. Knockdown of
YY1 suppressed the secretion of sVCAM-1, IL-1f, IL-6,
and TNF-a and strengthened the viability of LPS-treated
HCAECs. YY1 is a transcription factor ubiquitously ex-
pressed in mammalian cells and has both transcriptional
activation and repression ability.”’ miR-544 has been
shown to activate the transcription of ten-eleven trans-
location 2 by inhibiting the expression of YY1 and there-
fore promoting the anti-oxidative and angiogenic abili-
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ties of human amniotic epithelial cell-derived endothe-
lial cell-like cells; moreover, transplantation of induced
endothelial cell-like cells in which miR-544 was overex-
pressed has been shown to significantly reduced oxida-
tive stress and plaque deposits in atherosclerotic mice.*®
These findings indicate that YY1 plays a significant role
in atherosclerosis and regulates vascular endothelial cell
inflammation.

In this study, the knockdown of YY1 decreased the ex-
pression of IRAK1 in LPS-treated HCAECs, indicating that
YY1 is an activator of the transcription of IRAK1. IRAK1 is a
well-characterized pro-inflammatory molecule. Disturbed
flow has been shown to promote NCK adaptor protein
1-dependent IRAK1 activation and therefore provoke en-
dothelial activation and atherogenic inflammation.* In ad-
dition, miR-146a-5p has been shown to reduce the expres-
sions of IRAK1 and adhesion molecules to protect human
aortic endothelial cells from high glucose-induced inflam-
matory injury.*? Dendritic cell-derived exosomal miR-146a
has been shown to reduce the adhesion and inflamma-
tion of exosome-stimulated human umbilical vein endo-
thelial cells by inhibiting the expression of IRAK1.*

This study provides the first evidence that miR-29b-
3p suppresses LPS-induced inflammatory response of
HCAECs, and demonstrates the involvement of YY1-me-
diated transcription of IRAK1 in this process. Previous
studies have only described miR-29b-3p as a vascular re-
gulator and also a regulator of inflammation in other
disease conditions, but have not elucidated the specific
role of miR-29b-3p in vascular inflammation. The YY1/
IRAK1 axis is not a novel finding, but this is the first time
that it has been shown to be regulated by miR-29b-3p in
LPS-induced inflammatory response of HCAECs. More-
over, our in vivo data showed that the upregulation of
miR-29b-3p suppressed the inflammatory response af-
ter intraluminal injury of the common femoral artery in
rats. The experimental results of this study may, at least
in part, elucidate the mechanisms of post-vascular in-
jury inflammation and provide therapeutic targets. After
validation by sufficient clinical trials, miR-29b-3p could be
applied to the surface of stents to control inflammatory
response, thereby reducing adverse events after PCI.
Moreover, the findings about miR-29b-3p may help to
develop personalized medicine for cardiovascular events.

Despite the clinical implications, this study is pri-
marily an experimental work and needs more clinical re-
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search to evaluate the findings. First, LPS-induced HCAEC
inflammation may partially mimic atherogenic injury, but
it is still far from mechanical vascular injury. Therefore,
the experimental data should be carefully considered
before further validation. A large amount of basic and
clinical research should be conducted to determine whe-
ther the results of cell culture can be transferred one-
to-one to humans. Second, the clinical sample size of
this study is small. Studies with more clinical data are
needed to further verify the correlations between the
expression levels of miR-29b-3p and inflammatory fac-
tors after PCI. It would also be interesting to investigate
the miR-29b-3p expression according to the type and
complexity of PCl, level of coronary artery disease, pre-
sence or absence of non-reflow etc. Third, a follow-up
study is required to analyze the relationships between
different plasma levels of miR-29b-3p and the incidence
of end-point events (e.g. cardiac death, myocardial in-
farction, and readmission for PCI) in ACS patients after
PCI. Fourth, although the in vitro data clearly demon-
strated that miR-29-3p repressed the YY1/IRAK1 path-
way and subsequent inflammatory mediators, how vas-
cular injury downregulates miR-29-3p expression and
whether vascular inflammation itself also downregulates
miR-29-3p levels is unknown.
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