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ABSTRACT

Atherosclerotic cardiovascular diseases are the leading causes of morbidity and mortality worldwide. In our pre-
vious study, a panel of miRNA including miR-134-5p was deregulated in young acute coronary syndrome (ACS)
patients. However, the roles of these ACS-associated miRNAs in endothelial dysfunction, an early event preceding
atherosclerosis, remain to be investigated. In the present study, human aortic endothelial cells (HAECs) were
treated with 7-ketocholesterol (7-KC) to induce endothelial dysfunction. Following treatment with 20 pg/ml 7-
KC, miR-134-5p was significantly up-regulated and endothelial nitric oxide synthase (eNOS) expression was sup-
pressed. Endothelial barrier disruption was evidenced by the deregulation of adhesion molecules including the
activation of focal adhesion kinase (FAK), down-regulation of VE-cadherin, up-regulation of adhesion molecules
(E-selectin and ICAM-1), increased expression of inflammatory genes (IL1B, IL6 and COX2) and AKT activation.
Knockdown of miR-134-5p in 7-KC-treated HAECs attenuated the suppression of eNOS, the activation of AKT,
the down-regulation of VE-cadherin and the up-regulation of E-selectin. In addition, the interaction between miR-
134-5p and FOXM1 mRNA was confirmed by the enrichment of FOXML1 transcripts in the pull-down miRNA-
MRNA complex. Knockdown of miR-134-5p increased FOXM1 expression whereas transfection with mimic miR-
134-5p decreased FOXML1 protein expression. In summary, the involvement of an ACS-associated miRNA, miR-
134-5p in endothelial dysfunction was demonstrated. Findings from this study could pave future investigations
into utilizing miRNAs as a supplementary tool in ACS diagnosis or as targets for the development of therapeutics.
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INTRODUCTION

Adhesion and aggregation of monocytes
on endothelial cells and the development of
foam cell lesions lead to the formation of ath-
erosclerotic lesions. Rupture of vulnerable
plaque and superimposed thrombosis with or
without distal embolization cause athero-
thrombotic coronary occlusion. Incomplete

coronary occlusion may lead to acute coro-
nary syndromes while complete coronary oc-
clusion will cause acute myocardial infarc-
tion.

Oxidized low-density lipoprotein (0x-
LDL) is one of the major factors in the devel-
opment of atherosclerosis (Cominacini et al.,
2000). Increased level of ox-LDL is found in
atherosclerotic lesions and it is well-estab-
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lished that dyslipidemia-induced dysfunction
of vascular endothelial cells is a critical step
in the early stage of atherosclerosis (Le
Master and Levitan, 2019). Oxysterols, the
products of oxidized cholesterol are formed
either by auto-oxidation, enzymatically or by
both processes. Ox-LDL contains mainly
lysophosphatidylcholine (LPC), lipid ester-
bound aldehydes, 7-ketocholesterol (7-KC),
7a-hydroxycholesterol,  7p-hydroxycholes-
terol, Sa,6a-epoxycholesterol, 5f3,6B-epoxy-
cholesterol, 25-hydroxycholesterol, (25R)-
26-hydroxycholesterol, and cholesta-3,5-
dien-7-one (Bourdon et al., 2000). 7-KC is
one of the most studied pro-inflammatory
oxysterols in atherosclerosis, whereby it has
more atherosclerotic activity than cholesterol
(Ohetal., 2016). In particular, 7-KC has been
reported to (1) disrupt the barrier function of
endothelial cells (Chalubinski et al., 2020),
leading to LDL deposition in the sub-endothe-
lial space, (2) promoting the adhesion and
transmigration of monocytes and leukocytes
(Amaral et al., 2013), and (3) inducing prolif-
eration, migration and cell death of vascular
smooth muscle cells (He et al., 2013; Liao et
al., 2010).

MicroRNAs (miRNAS) are a well-recog-
nized group of short (=22 nucleotides), non-
coding RNAs. The role of miRNAs in gene
regulation was demonstrated to mediate post-
transcriptional downregulation of expression,
translational repression and deadenylation-
dependent decay of messages through par-
tially complementary miRNA target sites in
MRNA untranslated regions (UTR) (Wu et
al., 2006). MiRNAs are expressed and regu-
late many biological functions including tis-
sue development, cell proliferation, cell divi-
sion, cell differentiation, metabolism, apopto-
sis and protein secretion (Kabekkodu et al.,
2018). Perturbation of miIRNA expression
levels is significantly correlated with patho-
logical conditions, diseases of different ori-
gins and malignancies (Kaur et al., 2020).
Disease-associated miRNAs hold promise as
potential targets for the development of novel
miRNA-based diagnostic, prognostic or ther-
apeutic biomarkers (Vavassori et al., 2022).

Next gene sequencing result from our pre-
vious study showed deregulated levels of cir-
culating miR-183-5p, miR-15a-5p, let-7i-5p
and miR-134-5p in patients with acute coro-
nary syndromes compared to healthy controls
(Tong et al., 2018). Elevation of miR-134-5p
was reported with increased calcium deposi-
tion in vascular smooth muscle cells (Choe et
al., 2020) and stimulation of cardiomyocyte
cells apoptosis (Xiao et al., 2019). MiR-134-
5p has been shown to accelerate atherosclero-
sis by promoting lipid accumulation and in-
flammatory responses in macrophages by up-
regulating lipoprotein lipase (Lan et al.,
2016), accounting for its higher (3.5-fold) ex-
pression in peripheral blood mononuclear
cells isolated from unstable angina patients
(Hoekstra et al., 2010). However, its role in
endothelial dysfunction remains unclear. The
present study aimed to investigate the role of
miR-134-5p in 7-KC-mediated endothelial
dysfunction in aortic endothelial cells.

MATERIALS AND METHODOLOGY

Cell culture

Human aortic endothelial cells (HAECs)
were purchased from ScienCell Research La-
boratories (California, USA). HAECs were
maintained at 37 °C in a humidified atmos-
phere of 5% CO- in the air and cultured in
complete endothelial cell medium (ECM; Sci-
enCell Research Laboratories, California,
USA) supplemented with 5 % v/v fetal bovine
serum (FBS), 1 % v/v endothelial cell growth
supplement (ECGS) and 1 % v/v penicillin-
streptomycin. Young HAECS in passages 6 to
9 were used in subsequent experiments.

Real-time cell proliferation analysis
Real-time cell growth kinetics of 7-KC-
treated HAECs were monitored using XCEL-
Ligence Real-Time Cell Analyzer (Agilent
Technologies, California, USA) as previously
described (Wong et al., 2017). The measure-
ment of cell growth is based on increasing
electrical impedance as the number of ad-
hered cells on the electronic plate (E-plate)
surfaces increases, whereas decreased net ad-
hesion due to smaller cell morphology and
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reduced cell number lower the electrical im-
pedance. The impedance values are expressed
as Cell Index (CI). Briefly, 50 pL of cell-free
culture medium was added to each well of E-
plate 96 and background reading was rec-
orded. A cell suspension of 50 pL at a cell
density of 5.0 x 10° cells/well was then added
into each well of E-plate 96 (Agilent Technol-
ogies, California, USA). When the cells en-
tered the logarithmic growth phase, the cells
were serum-starved for 6 hours prior to the
treatment with 5, 10 and 20 pg/mL of 7-KC
(Sigma-Aldrich, St. Louis, USA) and moni-
tored for another 24 hours. The last Cl meas-
urement before the addition of 7-KC is desig-
nated as the reference time point (trer). The ClI
at reference time point (t) was recorded (Cl-
ref). Calculation of normalized CI (NCly) at
any time point after the addition of 7-KC was
performed by dividing the cell index at the
time point after 7-KC addition (Cly) by the cell
index at the reference time point (Clyrer).

NCIli=Cl/ Clires

NClt is the NCI at timepoint t, Cltis the
cell index of 7-KC-treated cells at time point
t, and Clreris the cell index at the reference
time point trer (last measurement before 7-KC
addition).

Endothelial nitric oxide synthase (eNOS)
activation in HAECs

Briefly, HAECs were seeded into 6-well
plates at cell density of 1.5 x 10° cell/well and
incubated overnight. HAECs were subjected
to serum starvation for 6 hours prior to the
treatment with 5, 10 and 20 pg/mL of 7-KC
for another 24 hours. Calcium ionophore
A23187 (Sigma-Aldrich, St. Louis, USA) at
2.5 UM was added onto the 7-KC-treated or
vehicle control HAECs for another 1 hour to
stimulate the phosphorylation of eNOS. Fol-
lowing treatment, the cells were washed twice
with pre-chilled 1X phosphate buffered saline

(PBS) buffer and collected for total protein
extraction.

Protein extraction and immunoblotting
analysis

Total cellular protein was extracted using
radioimmunoprecipitation assay (RIPA) Ly-
sis Buffer System (Santa Cruz Biotechnol-
ogy, Texas, USA) which was supplemented
with 1 % v/v phenylmethyl-sulfonyl fluoride
(PMSF) solution, 1 % v/v sodium orthovana-
date solution and 1 % v/v protease inhibitor
cocktail solution. The cell lysates were incu-
bated on ice for 30-60 minutes prior to cen-
trifugation at 15,000 x g for 30 minutes at
4 °C. Lastly, supernatant containing the pro-
tein lysates were collected and kept at -20 °C
until further use. An equal amount of protein
lysates was prepared in 5X sample buffer
which contained 250 mM Tris-HCI (pH 6.8),
10 % SDS, 50 % v/v glycerol, 5 % B-mercap-
toethanol, 0.1 % bromophenol. The protein
lysates were separated by electrophoresis on
7.5 % to 10 % sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE)
and then electro-transferred onto polyvinyli-
dene fluoride (PVDF) membrane (Merck Mil-
lipore, Massachusetts, USA). The PVDF
membrane was then blocked and probed with
respective primary antibodies overnight at
4 °C (Table 1). Next, the PVDF membrane
was washed and incubated with horseradish
peroxidase-conjugated secondary antibodies.
The protein-antibodies complexes were then
visualized using the Enhanced Chemilumi-
nescence Western Blotting Detection Kit
(Cytiva Life Sciences, Amersham, UK). Den-
sitometry analysis of the protein bands was
performed using Quantity One software (Bio-
Rad Laboratories, California, USA). Please
refer to Supplementary data for all raw im-
munoblot images and protein intensities.
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Table 1: Details of antibodies used in immunaoblotting analysis

Protein name Molecular Host origin  Catalog Manufacturer
weight (kDa number
Phosphorylated eNOS 130 Rabbit ab184154 Abcam
(p-eNQS) (S1177)
eNOS 140 Mouse 610297 BD Biosciences
Phosphorylated FAK 125 Rabbit 13009 Cell Signaling
(p-FAK) (Tyr397) Technology
FAK 125 Rabbit 8556 Cell Signaling
Technology
Phosphorylated Src 60 Rabbit 6943 Cell Signaling
(p-Src) (Tyr416) Technology
B-catenin 92 Rabbit 8480 Cell Signaling
Technology
VE-cadherin 130 Goat sc-6458 Santa Cruz
Biotechnologies
ICAM-1 90 Mouse sc-8439 Santa Cruz
Biotechnologies
E-selectin 115 Mouse sc-137054 | Santa Cruz
Biotechnologies
Phosphorylated AKT 60 Rabbit 4060 Cell Signaling
(p-AKT) (Serd73) Technology
AKT 60 Rabbit 9272 Cell Signaling
Technology
FOXM1 89 Rabbit ab137647 BD Biosciences
Actin 43 Mouse sc-56459 Santa Cruz
Biotechnologies
GAPDH 37 Mouse sc-365062 Santa Cruz

Quantitative reverse transcription
polymerase chain reaction (QRT-PCR)
validation of miRNA and mRNA
expression levels

For the mRNA and miRNA expression
study, total RNA containing miRNA was iso-
lated from HAECs using miRNeasy Mini Kit
(QIAGEN Inc., Hilden, Germany) according
to the manufacturer’s instruction. Briefly, the
cells in wells or flasks were washed twice
with pre-chilled 1X PBS. The monolayer cells
were lysed using QIAzol Lysis Reagent with
scrapper. The cell lysates collected were fur-
ther homogenized by vortexing for 1 minute
and mixed vigorously with chloroform. The
mixture was then centrifuged at 12,000 x g for
15 minutes at 4 °C. After centrifugation, the
top aqueous layer containing RNAs was
transferred to a new microcentrifuge tube be-
fore precipitating with 100 % ethanol. Next,
the solution was passed through RNeasy Mini
spin column and washed 3 rounds with buffer

Biotechnologies

RWT and RPE. Finally, RNAs retained with
small RNA species was eluted using RNase-
free water and kept in -20 °C. The purity and
yield of total RNA were determined using
NanoDrop 2000 (Thermo Fisher Scientific,
Massachusetts, USA). For quantification of
mIiRNA expression, total RNA was reverse-
transcribed using a TagMan miRNA Reverse
Transcription Kit (Applied Biosystems,
Thermo Fisher Scientific, CA, USA) accord-
ing to the manufacturer’s instructions. Re-
verse transcription was performed under the
following parameters: incubation at 16 °C for
30 minutes, followed by 42 °C for 30 minutes
and 85 °C for 5 minutes. Validated TagMan
miRNA  primers (Applied Biosystems,
Thermo Fisher Scientific, CA, USA) for miR-
183-5p (Assay ID: 002269), miR-134-5p (As-
say ID: 001186), miR-15a-5p (Assay ID:
000389), let-7i-5p (Assay ID: 002221) were
used for qRT-PCR. U6 snRNA (Assay ID:
001973) served as reference RNA for
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normalization of data. The mixture of cDNA
and PCR reaction mix containing the vali-
dated Tagman miRNA primers were initially
denatured at 95 °C for 20 seconds, followed
by 40 cycles of denaturation at 95 °C for 1
second and both annealing and extension at
60 °C for 20 seconds respectively using
StepOnePlus Real-Time PCR System (Ap-
plied Biosystems, Thermo Fisher Scientific,
CA, USA).

For quantification of mRNA expression,
cDNA was reverse-transcribed from total
RNA wusing the High-Capacity RNA-to-
cDNA kit (Applied Biosystems, Thermo
Fisher Scientific, CA, USA). The mixture of
RNA samples and reverse transcription reac-
tion mix were incubated in a thermal cycler
for 60 minutes at 37 °C, followed by 5
minutes at 95 °C. Subsequently, real-time
PCR amplification was performed using
PowerUp SYBR Green Master Mix (Thermo
Fisher Scientific, Massachusetts, USA) and
respective primers (Table 2; Integrated DNA
Technologies Inc., lowa, USA) to determine
the gene expressions of CAMP responsive el-
ement binding protein 1 (CREBL1), forkhead
box M1 (FOXM1), lysine-specific demethyl-
ase 2A (KDM2A), cyclooxygenase-2 (COX2),
interleukin-1p (IL1B) and interleukin-6 (IL6)
in HAECs. Glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) (Qiagen QuantiTECT
Primer Assay ID: Hs_ GAPDH_1 SG) served
as a housekeeping gene. The mixture of
cDNA samples and PCR reaction mix were
first held for 2 minutes at 50 °C and 2 minutes
at 95 °C for UDG and DNA polymerase acti-
vation. The mixture was then subjected to 40
cycles of denaturation for 15 seconds at 95 °C
and both annealing and extension for 1 minute
at 60 °C. Cycle threshold (Ct) values were ob-
tained after completion of amplifications and
Ct values were normalized to GAPDH. Data
analysis was performed using the 244¢
method (Livak and Schmittgen, 2001). Logs-
transformed normalized relative quantity
which represents the expression of target
miRNAs was used to plot graphs.

Table 2: Primer pairs sequence utilized in mMRNA
gRT-PCR analysis

Gene Primer sequence
Symbol
CREB1 For- 5-CCAAACTAGCAGTGGG-
ward CAGTATATT-3'
Re-  5-GGTACCATT-
verse GTTAGCCAGCTGTATT-3'
FOXM1 For- 5-AGTAG-
ward TGGGCCCAACAAATTCAT-3'
Re-  5-CTTTTGG-
verse CATCATAGCTGGTTTG-3'
KDM2A For- 5-CTCCCTTGAGCTT-
ward GGTTCTG-3'
Re-  5-AATCCACTTGGGTAG-
verse CAACG-3'
COX2 For- 5-GAATGGGGTGATGAG-
ward CAGTT-3'
Re-  5-CAGAAGGGCAGGATA-
verse CAGC-3'
IL1B For- 5-GGCTTACAGTGG-
ward CAATGAGG-3'
Re-  5-TCCATGGCCACAACAA-
verse CTGA-3'
IL6 For- 5-GACAGCCACTCAC-
ward CTCTTCA-3'

Re-  5-TTCAC-
verse CAGGCAAGTCTCCTC-3'

miRNA knockdown in HAECs

MIRNA knockdown was performed by
transfecting the cells with a short hairpin in-
hibitor. Transfection with miR-134-5p inhib-
itor (Dharmacon Inc., Horizon Discovery,
Waterbeach, UK) was initiated 24 hours after
HAECs were seeded onto 6-well plates (seed-
ing density of 1.5 x 10° cells per well) or T25
flasks (seeding density of 4.2 x 10° cells per
flask). MIRNA hairpin inhibitor Negative
Control #2 (Dharmacon Inc., Horizon Dis-
covery, Waterbeach, UK) was used as a non-
targeting inhibitor control in miRNA inhibi-
tion experiments. After 6 hours of transfec-
tion, 5 % of FBS was added to the medium
and the cells were incubated for an additional
18 hours. The cells were replenished with
fresh complete ECM medium 24 hours post-
transfection. Finally, the transfected cells
were harvested for total RNAs and protein
isolation at 24- and 48-hour post-transfection.
Meanwhile, transfected cells were treated
with 7-KC for another 24 hours. Following
transfection, the cells were washed twice with
pre-chilled 1X PBS and collected for total
RNA and protein extraction.
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miRNA biotin-pull down assay

The association between miRNA and po-
tential target MRNA was investigated using
the biotinylated miIRNA-mRNA complex
pull-down assay. The formed miRNA-mRNA
complex was isolated using magnetic strep-
tavidin-conjugated beads through the binding
of biotin and streptavidin. The efficiency of
transfection of biotinylated miRNA mimic in
HUVECs has been previously optimized in
the laboratory (Wong et al., 2017) and the
HUVECs model enables the investigation of
physiological and pathological impacts of
various stimuli as it closely resembles human
vascular endothelium (Medina-Leyte et al.,
2020). Therefore, this protocol was used in
the present study. Briefly, transfection with
biotinylated miR-134-5p (bi-miR-134-5p)
mimic or biotinylated C. elegans miR-67 (bi-
cel-miR-67) mimic (Dharmacon Inc., Hori-
zon Discovery, Waterbeach, UK) was initi-
ated 24 hours after HUVECs were seeded
onto T25 flasks (seeding density of 4.2 x 10°
cells per flask). Cells transfected with bi-cel-
miR-67 mimic served as non-targeting con-
trol. Dynabeads MyOne Streptavidin T1
(Invitrogen, Thermo Fisher Scientific, Massa-
chusetts, USA) were washed thoroughly us-
ing washing buffer (10 nM Tris-HCI, pH7.5;
1 mM EDTA, pH 8; 2 M NaCl) and blocked
in blocking buffer [NP-40 lysis buffer; 1
mg/mL BSA,; 500 pg/mL yeast tRNA (Am-
bion, Invitrogen, Thermo Fisher Scientific,
Massachusetts, USA)] at 4°C for 2 hours. The
transfected cells were washed twice with pre-
chilled 1X PBS and harvested by re-suspend-
ing with NP-40 lysis buffer [50 mM Tris-HCI,
pH 8.8; 1 % NP-40; 150 mM NaCl; 50 U/mL
RNaseOUT (Invitrogen, Thermo Fisher Sci-
entific, Massachusetts, USA)]. The cytoplas-
mic lysate was isolated by centrifugation at
10,000 x g for 10 minutes at 4 °C. In the
meantime, the blocked Dynabeads were
washed using NP-40 lysis buffer and re-sus-
pended in 100 uL of NP-40 lysis buffer.
Dynabeads and cytoplasmic mixture were
further incubated at 4 °C for 4-5 hours on a
rotating mixer for target mMRNA capture. The

pull-down RNA (RNA bound to the beads)
was isolated using RNeasy Mini Kit (QI-
AGEN Inc., Hilden, Germany) according to
the manufacturer’s RNA clean-up protocol.
Enrichment ratio of pull-down lysate was cal-
culated using the equation: Enrichment ratio
= (Bi-miR-134-5p mimic PD/Bi-cel-miR-67
mimic PD)/(Bi-miR-134-5p mimic input/Bi-
cel-miR-67 mimic input), where PD is the ab-
breviation for pull-down.

Statistical analysis

Data are shown as the means + standard
error of means (SEM). Statistical analysis was
performed with Student’s t-test or one-way
analysis of variance (ANOVA) with Tukey’s
multiple comparison test using GraphPad
Prism version 5.0 (GraphPad Software, Cali-
fornia, USA), where applicable. The statisti-
cal significance of differences was accepted at
p<0.05.

RESULTS

The effect of 7-KC treatment on endothelial
cells

Endothelial dysfunction represents an
early stage in the development of atheroscle-
rosis and coronary artery disease. To establish
endothelial dysfunction in vitro, endothelial
cells were exposed to 7-KC, a primary oxys-
terol associated with atherosclerosis. Briefly,
HAECs underwent 6-hour serum starvation,
followed by incubation with increasing con-
centrations of 7-KC (5, 10 and 20 pg/mL).
The growth kinetics of HAECs were closely
monitored for an additional 24 hours. The
real-time cell growth profile demonstrated a
dose-dependent inhibition of HAECs growth
by 7-KC (Figure 1A; Supplement 1). Notably,
treatment with 10 and 20 pg/mL of 7-KC re-
sulted in significant growth inhibition, reduc-
ing cell growth by approximately 15 % and
50 %, respectively after 24 hours (Figure 1A;
Supplement 1). All three concentrations of 7-
KC were subsequently employed in further
experiments to investigate the role of mMiRNA
in endothelial dysfunction.
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Figure 1: 7-KC induces endothelial dysfunction in HAECs. (A) Sub-confluent HAECs were serum
starved for 6 hours (hr) prior to the treatment with a range of concentrations (5, 10 and 20 pg/mL) of 7-
KC for 8, 16 and 24 hr. The growth kinetics of 7-KC-treated HAECs was monitored in real-time using
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XCELLigence Real-Time Cell Analyzer. The impedance values were recorded and expressed as Cell
Index. Data are expressed as means + SD of triplicate wells. (B) Representative immune-blot images
and densitometry analysis of phosphorylated eNOS [p-eNOS (S1177)] in 7-KC-treated HAECs with or
without stimulation of A23187. A23187 is an activator of eNOS phosphorylation. Actin served as a load-
ing control. Representative immune-blot images and densitometry analysis of (C) p-Src (Tyr416), p-FAK
(Tyr397), p-catenin, VE-cadherin, (D) E-selectin and ICAM-1 in 7-KC-treated HAECs. GAPDH and actin
served as loading control. (E) Logz transformation of fold change of COX2, IL1B, and IL6 in HAECs
treated with various concentrations of 7-KC for 24 hours. The expression of each mRNA was normalized
to GAPDH. Data are shown as the means = SEM of at least three independent experiments. Statistical
analysis was performed using one-way ANOVA with Tukey’s multiple comparison test and statistical
significance is denoted as *, p<0.05, **, p<0.01, ***, p<0.001 compared to vehicle control without

A23187; #, p<0.05 compared to HAECs treated with A23187 alone.

NO plays an important role in regulating
vascular function and pathophysiology and
the production of NO is regulated by activa-
tion of eNOS. Endothelial dysfunction is
characterized by diminished NO availability,
which can result from a decrease in eNOS ex-
pression or impaired eNOS activation. To in-
vestigate the effect of 7-KC on the induction
of endothelial dysfunction, A23187, a cal-
cium ionophore was used to stimulate the
phosphorylation of eNOS in HAECs.
A23187, acting as an eNOS activator, signifi-
cantly increased the expression of phosphor-
ylated eNOS at Serl177 in HAECs when
compared to untreated control (Figure 1B,
lane 2 versus lane 1; Supplement 2). How-
ever, prior exposure of HAECs to 7-KC for 24
hours at 20 pg/mL but not 5 and 10 pg/mL,
significantly inhibited the elevation of phos-
phorylated eNOS (Ser1177), in the presence
of A23187 (Figure 1B, lane 8 versus lane 2;
Supplement 2). The inactivation of eNOS,
hence, indicates endothelial dysfunction in-
duced by 7-KC.

To further assess 7-KC-induced endothe-
lial dysfunction, the expressions of endothe-
lial adhesion and adherens junction proteins
were examined. Phosphorylation of focal ad-
hesion kinase (FAK) at Tyr397 and Src at
Tyr416 leads to the dissociation of -catenin
from VE-cadherin and internalization of VE-
cadherin, resulting in intercellular gap for-
mation and an increase in endothelial perme-
ability (Chen et al., 2012). Treatment with 20
pug/mL 7-KC significantly increased the pro-
tein expression level of p-FAK (Tyr397), p-
Src (Tyr416) and p-catenin but down-

regulated the expression of adherens junction
protein, VE-cadherin in HAECs (Figure 1C;
Supplement 3). On the other hand, the expres-
sions of endothelial adhesion proteins, E-se-
lectin and intercellular adhesion molecule 1
(ICAM-1) increased significantly by treat-
ment of 20 pg/mL of 7-KC (Figure 1D; Sup-
plement 4). E-selectin and ICAM-1 were ex-
pressed by activated endothelial cells and play
an important role in mediating endothelial-
leukocyte adhesion (Gimbrone and Garcia-
Cardefia, 2016). Furthermore, the exposure to
7-KC resulted in a significant elevation of
MRNA expression of COX2 and pro-inflam-
matory cytokines such as IL1B and IL6 (Fig-
ure 1E). Elevated expression of IL-1p and IL-
6 is positively correlated with endothelial per-
meability (Alsaffar et al., 2018; Puhlmann et
al., 2005), whereas the expression of COX-2
has been implicated in inflammation and is
believed to contribute to the development of
atherosclerosis (Burleigh et al., 2002). Collec-
tively, these results indicate the stimulation of
endothelial damage upon treatment of 7-KC
in HAECs. Hence, treatment of HAECs with
20 pg/mL of 7-KC was used to establish the
endothelial dysfunction model in subsequent
experiments.

AKT activation in 7-KC-induced
endothelial dysfunction in HAECs
Numerous studies have documented the
activation of AKT signaling by ox-LDL, in-
cluding 7-KC in endothelial cells (Liao et al.,
2010; Zhu et al., 2021). Treatment of 7-KC
increased the protein level of p-AKT at
Ser473 dose-dependently in HAEC after 24
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hours (Figure 2A; Supplement 5). Particu-
larly, 10 and 20 pg/mL of 7-KC significantly
up-regulated the expression of p-AKT
(Ser473) in HAECs (Figure 2A, lane 3 and 4;
Supplement 5). The up-regulation of p-AKT
(Ser473) by treatment of 20 pg/mL of 7-KC
was attenuated in the presence of 1 and 10 pM
AKT inhibitor VII (Figure 2B, lane 4 and 6
versus lane 2; Supplement 6). This result con-
firmed the involvement of AKT activation in
the induction of endothelial dysfunction by 7-
KC in HAECs.
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Up-regulation of miR-134-5p by 7-KC
treatment in endothelial cells

A panel of deregulated miRNAs (miR-
134-5p, miR-15a-5p, let-7i-5p and miR-183-
5p) was identified in ACS patient plasma
(Tong et al., 2018), hence the expression lev-
els of these miRNAs were further investigated
in 7-KC-induced endothelial dysfunction
model. MiR-134-5p was significantly up-reg-
ulated by 2.4-fold following 24-hour treat-
ment with 20 pg/mL 7-KC in HAECs,
whereas the expression levels of miR-183-5p,
miR-15a-5p and let-7i-5p showed no signifi-
cant changes in 7-KC-treated HAECs (Figure
3). Subsequently, the involvement of miR-
134-5p in endothelial dysfunction was further
investigated.
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Figure 2: 7-KC treatment activates AKT in HAEC. Representative immune-blot images and densi-
tometry analysis of phosphorylated AKT [p-AKT (Ser473)] in HAECs treated with (A) 7-KC-treated alone
or (B) in the presence of AKT inhibitor VII. GAPDH served as a loading control. Data are shown as the
means + SEM of three independent experiments. Statistical analysis was performed using one-way
ANOVA with Tukey’s multiple comparison test and statistical significance is denoted as *, p<0.05, **,
p<0.01 compared to its respective untreated control; ##, p<0.01 compared to HAECs treated with 7-KC

alone.
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Figure 3: The expressions of target miRNAs in 7-KC-treated HAECs. Logz transformation of nor-
malized relative quantity of (A) miR-134-5p, (B) miR-183-5p, (C) miR-15a-5p and (D) let-7i-5p in 7-KC-
treated HAECSs. The expression of target miRNAs was normalized to U6 snRNA. Data are shown as the
means + SEM of three independent experiments. Statistical analysis was performed using one-way
ANOVA with Tukey’s multiple comparison test and statistical significance is denoted as *, p<0.05 com-

pared to its respective untreated control.

Knockdown of miR-134-5p attenuated
7-KC-induced endothelial dysfunction

The involvement of miR-134-5p in 7-KC-
induced endothelial dysfunction was investi-
gated through a loss-of-function approach, by
silencing miR-134-5p in HAECs using the
miR-134-5p hairpin inhibitor or negative in-
hibitor control. Transfection of 50 nM miR-
134-5p inhibitor into HAECs significantly
down-regulated the level of miR-134-5p by 3-
fold and 1.9-fold compared to the mock con-
trol in HAECSs, at 24-hours and 48-hours post-
transfection, respectively (Figure 4A). MiR-
134-5p-knockdown HAECs were further
treated with 7-KC for 24 hours. Treatment of
7-KC at 20 pg/mL retained the ability to in-
crease p-AKT (Ser473) expression in HAECs
transfected with negative inhibitor (Figure
4B, lane 4 versus lane 1, and Figure 4C, 4™

bar versus 1% bar). Conversely, upon transfec-
tion with miR-134-5p inhibitor, there was no
significant change in the expression level of
p-AKT (Ser473) in cells treated with 20
ug/mL 7-KC, compared to untreated miR-
134-5p knockdown HAECs (Figure 4B, lane
8 versus lane 5, and Figure 4C, 8" bar versus
5t bar). Additionally, in HAECs transfected
with negative inhibitor, 7-KC significantly
down-regulated VE-cadherin expression level
compared to untreated non-targeting control
HAECs (Figure 4B, lane 4 versus lane 1, and
Figure 4C, 4" bar versus 1% bar). However,
upon the knockdown of miR-134-5p in
HAECs through miR-134-5p inhibitor, there
was no significant change in the VE-cadherin
level in cells treated with 20 pg/mL of 7-KC
compared to its respective untreated cells
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Figure 4: Transfection of miR-134-5p inhibitor attenuated 7-KC-induced endothelial dysfunction
in HAECs. (A) Logz transformation of the normalized relative quantity of miR-134-5p in HAECs 24- and
48-hour (hr) post-transfection. The mock sample was HAECs treated with 0.1 % transfection reagent
without miR-134-5p inhibitor. The negative inhibitor served as a non-targeting control. The expression
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of miR-134-5p was normalized to U6 snRNA. HAECs were first transfected with 50 nM of negative
inhibitor or miR-134-5p inhibitor for 24 hours and continued with 7-KC treatment for another 24 hours.
(B) Representative immuno-blot images and (C) densitometry analysis of phosphorylated AKT [p-AKT
(Ser473)], total AKT, VE-cadherin and E-selectin in 7-KC-treated miR-134-5p knockdown HAECs was
demonstrated. (D) Representative immuno-blot images and densitometry analysis of p-eNOS (S1177)
in 7-KC-treated miR-134-5p knockdown HAECs. A23187 was used to stimulate the phosphorylation of
eNOS. The negative control inhibitor served as a non-targeting control. GAPDH served as a loading
control. Data are shown as the means + SEM from three independent experiments. Statistical analysis
was performed using one-way ANOVA with Tukey’s multiple comparison test and statistical significance
is denoted as *, p<0.05, ***, p<0.001 compared to its respective mock sample or untreated control; #,
p<0.05 compared to negative inhibitor transfection-HAECs treated with 20 ug/mL of 7-KC; ¢, p<0.05

compared to respective A23187 alone sample. ns indicates not significant.

(Figure 4B, lane 8 versus lane 5, and Figure
4C, 8" bar versus 5" bar) or 20 pg/mL of 7-
KC-treated non-targeting control cells (Fig-
ure 4B, lane 8 versus lane 4, and Figure 4C,
8" bar versus 4" bar). Similarly, 20 pg/mL of
7-KC significantly increased the expression
of endothelial leukocyte protein, E-selectin in
HAECs transfected with negative inhibitor,
compared to its respective untreated cells
(Figure 4B, lane 4 versus lane 1, and Figure
4C, 4™ bar versus 1% bar), however the up-
regulated E-selectin expression was signifi-
cantly decreased in the presence of miR-134-
5p inhibitor in HAECs (Figure 4B, lane 8 ver-
sus lane 4, and Figure 4C, 8™ bar versus 4™
bar). Raw immunoblot images and protein in-
tensities for Figure 4B and 4C are available in
Supplementary 7.

In the absence of miR-134-5p inhibitors,
A23187 induced activation of eNOS (Figure
4D, lane 2 versus lane 1; Supplement 8), how-
ever, pre-treatment of 7-KC significantly sup-
pressed the expression of p-eNOS (S1177) in-
duced by A23187 in HAECs (Figure 4D, lane
3 versus lane 2; Supplement 8). Whereas in
HAECs transfected with miR-134-5p inhibi-
tor, the knockdown of miR-134-5p sup-
pressed phosphorylation of eNOS induced by
A23187 and resulted in an insignificant
change in p-eNOS (S1177) level compared to
its respective untreated cells (Figure 4D, lane
5 versus lane 4; Supplement 8). Moreover,
treatment with 7-KC at 20 pg/mL resulted in
no significant change in the expression of p-
eNOS (S1177) upon stimulation by A23187
in the miR-134-5p-knockdown HAECs (Fig-
ure 4D, lane 6 versus lane 5; Supplement 8).

Taken together, these results suggest that
miR-134-5p modulates the expressions of the
mediators of endothelial dysfunction in
HAECs and its knockdown compromised this
modulatory effect.

Identification of FOXML as the potential
target gene of miR-134-5p

To identify the potential target gene of
miR-134-5p, the mRNA expressions of sev-
eral validated targets such as CREB1 (Yang et
al., 2020), FOXM1 (Wei et al., 2020), and
KDM2A (Li et al., 2020), were determined by
gRT-PCR from the total RNA of HAECs
treated with 7-KC for 24 hours. Treatment of
HAECs with 20 pg/mL 7-KC resulted in a
significant up-regulation of CREB1 and
KDM2A mRNA expressions by 2-fold and the
down-regulation of FOXM1 by 2-fold (Figure
5A). In contrast, FOXM1 was up-regulated by
1.6-fold in HAECs transfected with miR-134-
5p inhibitor compared to those transfected
with negative inhibitor (Figure 5B), indicat-
ing that miR-134-5p modulates FOXML. Pre-
vious studies have validated FOXM1 as a
MRNA target of miR-134-5p using a lucifer-
ase reporter (Wei et al., 2020). Here we used
a biotinylated miRNA-mRNA complex pull-
down assay to validate the association be-
tween miR-134-5p and FOXML1. Following
the transfection of bi-miR-134-5p in HU-
VECs, an enrichment of FOXM1 mRNA by
1.5-fold was obtained in the pull-down
MIRNA-mRNA complex compared to those
transfected with bi-cel-miR-67 (Figure 5C).
This result suggests the potential of FOXM1
as a target gene of miR-134-5p. Translation
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repression of the target gene post-transcrip-
tionally or degradation of target mRNA by
miRNA leads to a down-regulation of the cor-
responding protein. Immunoblot in Figure 5D
demonstrated significant down-regulation of
FOXML1 protein expression by 1.5-fold in
HUVECs transfected with bi-miR-134-5p
mimic compared to those HUVECs trans-
fected with bi-cel-miR-67 (Figure 5D; Sup-
plement 9). The predicted core binding se-
guence was analyzed using the online algo-
rithm RNA22 v2 (Miranda et al., 2006). A

5p to the 3’-UTR of FOXML1 at the seed re-
gion indicates the strong interaction between
the miRNA and its target mRNA (Figure 5E).
The heteroduplex between miR-134-5p and
FOXML1 scored a folding energy of -21.30
Kcal/mol (Figure 5E). The greater the nega-
tive folding energy value, the stronger the
binding stability between the target mRNA
and the miRNA binding sites (Alves et al.,
2009). Collectively, these results revealed the
interaction between miR-134-5p and FOXM1
in 7-KC-induced endothelial dysfunction in

perfect complementary binding of miR-134- HAECs.
(A) [ Untreated control (©)
O 5 pg/mL 7-KC 5 = 20-
3 10 pg/mL 7-KC 5ET .
— [ 20 pg/mL 7-KC 23
g g 1.5 . ek 5 ; 1.54 [1
E <5 10 SE
T 20 < E 40 — —
ST o5 T o JE——
B3 83
5 2 o001 gﬁ 0.5
EZ2S SE
o 0.5 =
£§2 X 2 00 ; ;
g %2 10 e L Bi-cel-miR-67  Bi-miR-134-5p
- T“; 1.5 (D) mimic (50 nM) mimic (50 nM)
=" Ccres1 FOXM1 KDM2A S L.
= 15- z c 0=
(B) 23 £8 23
-3 = T 8
o o E T2 Eo
< 1.0q 5 8 $E EE
g2 " g_gm- mME BE
TE o 2 E ek
£3: i 1 FOXM1 |
S22 s $2 s (89 kDa)
s = x o
% xs ;% GAPDH s
L > 2o
§ s 8 00 ] T S <00 ; "
- - o T T o
wPc Bi-cel-miR-67 Bi-miR-134-5p
S = mimic (50 nM) mimic (50 nM)
- @
5 -0.5-
c Negative MiR-134-5p (E)
inhibit inhibit
(50 M) (50 nv) FOXM13 UTR 5 CCCAGACTGCCTCACTCAGTCACA 3

LEE T o T
3’ GGGGAGACCAGUUGGUCAGUGU 5

seed region

miR-134-5p

Folding energy =-21.30 Kcal/mol

Figure 5: Identification of FOXM1 as a potential target gene of miR-134-5p. (A) Log: transformation
of normalized relative quantity of CREB1, FOXM1 and KDM2A in HAECs treated with various concen-
trations of 7-KC for 24 hours. (B) Logz transformation of normalized relative quantity of FOXML1 in
HAECs transfected with 50 nM miR-134-5p inhibitor for 24 hours. The negative inhibitor served as a
non-targeting control. (C) Enrichment ratio of FOXM1 normalized to GAPDH following magnetic bead
pull-down of miR-134-5p-mRNA complex from HUVECSs transfected with 50 nM biotinylated miR-134-
5p (bi-miR-134-5p) mimic. Biotinylated C. elegans miR-67 (bi-cel-miR-67) mimic served as a non-tar-
geting control. The expression of FOXM1 was normalized to GAPDH. (D) Densitometry analysis and
representative immuno-blot images of FOXM1 in HUVECSs transfected with 50 nM bi-miR-134-5p or bi-
cel-miR-67. (E) The predicted core binding sequence and folding energy of miR-134-5p in the 3-UTR
of FOXM1 by RNA22 v2. The solid line represents standard base pairing and strong interactions. The
expression of each mRNA was normalized to GAPDH. GAPDH served as a loading control in immuno-
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blotting analysis. Data are shown as the means + SEM from three independent experiments. Statistical
analysis was performed using Student’s t-test or one-way ANOVA with Tukey’s multiple comparison test
and statistical significance is denoted as *, p<0.05, **, p<0.01, *** p<0.001 compared to respective

untreated control or non-targeting control.

DISCUSSION

Early alterations in endothelial function,
including elevated plasma levels of soluble
vascular adhesion molecules and increased
vascular permeability, have been observed
before the formation of atherosclerotic
plaques in apolipoprotein E/low-density lipo-
protein receptors (LDLR)-deficient mice (Bar
etal., 2019). Using 7-KC-induced endothelial
dysfunction as a study model, the present
study demonstrated that miR-134-5p is in-
volved in endothelial dysfunction. Results
showed that 7-KC triggered endothelial
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damage through the attenuation of eNOS ac-
tivation by calcium ionophore A23187, acti-
vation of FAK, down-regulation of adherens
junction protein VE-cadherin, as well as up-
regulation of vascular adhesion proteins such
as ICAM-1 and E-selectin in HAECs upon
24-hour treatment (Figure 6). VE-cadherin
plays an important role in adherens junction
formation, angiogenesis, and maintaining en-
dothelial barrier and wvascular integrity
(Gavard and Gutkind, 2008; Giannotta et al.,
2013). VE-cadherin recruits p120-catenin and
B-catenin or plakoglobin (Dejana and Giam-
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Figure 6: Schematic diagram of the effects of miR-134-5p in 7-ketocholesterol (7-KC)-induced
endothelial dysfunction and disruption of endothelial barrier. Treatment of 7-KC suppressed eNOS
activation, induced phosphorylation of focal adhesion kinase (FAK) at Tyr397, up-regulated (3-catenin,
down-regulated VE-cadherin, up-regulated adhesion molecules (ICAM-1 and E-selectin), as well as
induced AKT activation. Increased expression of miR-134-5p was observed in 7-KC-treated endothelial
cells. The interaction between miR-134-5p and FOXM1 mRNA was demonstrated in the present study.

The diagram was drawn using BioRender.
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pietro, 2012) and through its cytoplasmic do-
main, bridges cadherin multimers to the actin
cytoskeleton via actin-binding proteins such
as a-catenin, vinculin and epithelial protein
lost in neoplasm (Eplin). Activation of FAK
and Src plays an important role in mediating
vascular hyperpermeability (Guo et al., 2020).
Vascular endothelial growth factor A
(VEGFA) promotes FAK activation, resulting
in phosphorylation of B-catenin at Y142, This
phosphorylation is associated with the disso-
ciation of VE-cadherin/B-catenin and subse-
quent disruption of endothelial cell junction
and increased endothelial permeability (Chen
et al., 2012). Increased expression of ICAM-
1 and E-selectin in 7-KC-treated HAECs is in
agreement with those reported in a study,
whereby the up-regulation of adhesion mole-
cules expression promotes the interaction of
leukocytes and endothelial cells (Tani et al.,
2018).

Several studies reported the activation of
the AKT signaling pathway in endothelial
cells induced by ox-LDL, particularly 7-KC
and low shear stress (Zhang et al., 2017; Zhu
etal., 2021). The protein kinase AKT is a ma-
jor hub for several signal transduction path-
ways through its ability to phosphorylate nu-
merous downstream targets directly involved
in various cellular processes including prolif-
eration, cell survival, and metabolism which
is critical for vascular remodeling (Yu et al.,
2015). AKT1 is a well-established major ki-
nase for eNOS-S1177 phosphorylation
(Zhang et al., 2022). A recent study revealed
that AKT activation at Thr308, but not at
Ser473 regulates p-eNOS S1177 and de-
creases NO production in HUVECs under
physiological conditions (Liang et al., 2021).
This finding supports the observation of the
present study where treatment of 7-KC signif-
icantly induced AKT activation (at Ser473) in
HAECs without the activation of eNOS activ-
ity. In addition, the protective role of AKT
phosphorylation at Serine 473 has also been
reported to improve endothelial function ex-
perimentally in endothelial cells as well as hy-
pertensive and diabetic murine models (Gao
etal., 2017; Wu et al., 2020).

The present study also demonstrated the
association of miR-134-5p and AKT-Ser473
phosphorylation in endothelial damage in-
duced by 7-KC in HAECs (Figure 6). The in-
volvement of miR-134-5p in mitogen-acti-
vated protein kinases (MAPK) and phospho-
inositide 3-kinase (PI3K)/AKT signaling
were reported in renal cell carcinoma, glio-
blastoma, and myocardial ischemia model
(Xiao et al., 2019; Zhang et al., 2014). Inhibi-
tion of miR-134-5p attenuated (1) the 7-KC-
induced phosphorylation of AKT (Ser473),
(2) deregulation of VE-cadherin and E-selec-
tin, and (3) ceased the inhibition effects of 7-
KC on eNOS activation stimulated by cal-
cium ionophore A23187 in HAECs. The in-
teraction between FOXM1 and miR-134-5p
was demonstrated by the enrichment of
FOXM1 mRNA in miRNA-mRNA complex
pulled down by biotinylated-miR-134-5p
mimic. FOXM1 is known as a pro-oncogene,
protein encoded by this gene is a transcription
activator involved in the regulation of cell
proliferation and differentiation. Association
between miR-134-5p and FOXM1 was
demonstrated previously in inhibiting epithe-
lial-mesenchymal transition (EMT) in non-
small cell lung cancer cells (NSCLC) (Li et
al., 2017) and modulating cancer cell differ-
entiation and progression (Wei et al., 2020).
Similarly, the critical role of FOXM1 was de-
scribed in endothelial cells in the restoration
of endothelial barrier function and endothelial
repair by transcriptionally activating f-
catenin expression (Mirza et al., 2010), as
well as the promotion of endothelial-to-mes-
enchymal (EndMT) induced by transforming
growth factor-pB (TGF- B) through Smad2/3
and binds to Snail promoter (Song et al.,
2019). Endothelial cells undergo EndMT
when stimulated by ox-LDL, oxidative stress,
hypoxia, low shear stress and inflammation,
which promotes disruption of VE-cadherin
and disassembly of adherens junctions. This
ultimately leads to the impairment of endothe-
lial integrity and promotes plaque calcifica-
tion, thinning of the fibrous cap and plaque
instability (Libby et al.,, 2019; Xu and
Kovacic, 2023). Furthermore, the decreased
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expression of VE-cadherin may be attributed
to the action of phosphorylated FAK, leading
to the dissociation of VE-cadherin/B-catenin
complexes. Moreover, the up-regulation of -
catenin could be the result of the rescue mech-
anism or a negative feedback mechanism of
FOXM1 (Mirzaetal., 2010) in facilitating the
re-annealing of the endothelial adherens junc-
tion following exposure 7-KC.

In summary, the present study has demon-
strated the initiation of endothelial damage by
7-KC in concomitant with elevation of miR-
134-5p level in endothelial cells. Knockdown
of miR-134-5p diminished 7-KC-induced
eNOS inactivation, AKT activation, down-
regulation of VE-cadherin and up-regulation
of E-selectin in endothelial cells.
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