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Downregulation of microRNA-221-3p promotes
angiogenesis of lipoprotein(a)-injured endothelial
progenitor cells by targeting silent information regulator 1
to activate the RAF/MEK/ERK signaling pathway
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Abstract. The present study aimed to investigate the role
of microRNA (miR)-221-3p in endothelial progenitor cells
(EPCs) treated with lipoprotein(a) [LP(a)]. EPCs were identi-
fied using immunofluorescence assays and miR-221-3p levels
were measured using reverse transcription-quantitative PCR.
EPC migration was detected using Transwell assays, prolifera-
tion was measured by staining with 5-ethynyl-2'-deoxyuridine
and adhesion was assessed by microscopy. Flow cytometry
was used to measure apoptosis and protein expression was
detected using western blotting. A dual-luciferase reporter
assay was used to confirm the target interactions. The prolif-
eration, migration, adhesion and angiogenesis of EPCs were
decreased, and apoptosis was increased after treatment with
LP(a). These effects were weakened by transfection with
miR-221-3p inhibitor. The negative effects of LP(a) on EPCs
were also weakened by overexpression of silent informa-
tion regulator 1 (SIRT1). Inhibition of the RAF/MEK/ERK
signaling pathway blocked the effects of SIRT1 overexpression.
In conclusion, miR-221-3p inhibitor transfection activated the
RAF/MEK/ERK signaling pathway through SIRT1, promoted
the proliferation, migration, adhesion and angiogenesis of
EPCs, and reduced apoptosis.

Introduction

With an aging population and unhealthy lifestyles becoming
more prevalent, the incidence and mortality rates of cardiovas-
cular and cerebrovascular diseases are increasing. Globally,
the mortality rate of cardiovascular diseases increased
by 18.7% between 2010 and 2020 (1,2). The pathological

Correspondence to: Dr Xiaolei Zhang, Department of Basic
Medicine, Jiangsu College of Nursing, 9 Science and Technology
Avenue, Huai'an, Jiangsu 223005, P.R. China

E-mail: zxl_8008@126.com

Key words: endothelial progenitor cells, lipoprotein(a),
microRNA-221-3p, silent information regulator 1, RAF/MEK/ERK

processes of a number of cardiovascular diseases, such as
atherosclerosis (AS) (3), chronic heart failure (4) and hyper-
tension (5), are closely related to endothelial dysfunction.
This dysfunction, which includes impaired angiogenesis and
vascular repair defects, is crucial in the progression of AS (6).
Endothelial progenitor cells (EPCs) are immature endothelial
cells in the peripheral blood circulation that have the potential
for vascular regeneration and repair (7,8). EPCs are released
from the bone marrow or other sources into the peripheral
blood circulation, where they participate in angiogenesis
through proliferation, migration and adhesion, or induce
paracrine effects (9,10). Several clinical trials have reported
that the expression levels and degree of differentiation of
EPCs in patients with AS are lower than those in healthy indi-
viduals (11-13). AS stimulates the mobilization of EPCs in the
bone marrow, mediates the regeneration of endothelial cells
and repairs damaged tissues (14). Thus, EPCs serve vital roles
in cardiovascular diseases.

Lipoprotein(a) [LP(a)] is formed by the covalent binding
of low-density lipoprotein-like particles to apolipoprotein(a)
through disulfide bonds (15). High LP(a) levels are an inde-
pendent risk factor for cardiovascular diseases (16). LP(a)
levels vary substantially in the population, and these differ-
ences are mainly controlled by genetics, which account for
70-90% of the variation in LP(a) levels (17). Notably, LP(a)
affects cardiovascular disease by promoting smooth muscle
cell proliferation, inhibiting plasminogen activation and
exerting pro-inflammatory effects, and these factors are
closely associated with AS (18,19). Additionally, LP(a) is a risk
factor for coronary heart disease and myocardial infarction,
which may cause thrombotic disease (20,21). A prospective
study by Dai er al (22) revealed a positive association between
LP(a) levels and coronary artery disease. The authors reported
that apolipoprotein(a), which is rich in LP(a), can affect the
adhesion of EPCs by inhibiting the expression of P-selectin
glycoprotein ligand-1 in EPCs, thereby inhibiting neovascular-
ization. Therefore, LP(a) may affect cardiovascular diseases by
interfering with the function of EPCs.

MicroRNAs (miRNAs/miRs) are highly conserved RNAs
with lengths ranging between 16 and 25 nucleotides. They can
bind to 3' and 5' untranslated regions (UTRs) of mRNA, coding
regions or promoters, and form an RNA-induced silencing
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complex. The complex can recognize and attach to the target
gene in a complementary or an incomplete complementary
manner, thereby affecting the stability of mRNA, and the trans-
lation of the target mRNA or protein, leading to the negative
regulation of gene and protein expression at the post-tran-
scriptional level (23,24). Numerous studies have reported
that miRNAs regulate angiogenesis by regulating EPCs, thus
serving an essential role in vascular injury repair (25-27).
Ge et al (28) revealed that miR-21 promoted the proliferation
of EPCs and inhibited apoptosis by regulating related target
genes. Another study reported that miR-126 enhanced the
homing and migration of EPCs (29). Angiogenesis and prolif-
eration of EPCs are regulated by miR-150 (30). miR-221-3p,
examined in the present study, is a vascular-related miRNA
that regulates microvascular dysfunction by targeting tissue
inhibitors of metalloproteinase-3, affecting myocardial cell
injury and inhibiting angiogenesis by targeting p57 (31-33).

Although numerous studies have examined miR-221-3p
and EPCs, research specifically exploring the interaction
between miR-221-3p and EPCs in cardiovascular diseases is
lacking. The present study investigated the combined effects
of these two factors on vascular repair.

Materials and methods

Cell culture and modeling. Human umbilical cord
blood-derived EPCs (CP-H181) were purchased from Procell
Life Science & Technology Co., Ltd. Cells were cultured in
EPC growth medium (EGM-2; CC-3162; Lonza Group, Ltd.)
containing 10% FBS (Shanghai ExCell Biology, Inc.), and
growth additive, 100 U/ml penicillin and 100 pg/ml strepto-
mycin (Thermo Fisher Scientific, Inc.) in a 5% CO, incubator
at 37°C. Cells exhibiting healthy growth were collected and
incubated with LP(a) (10 xg/ml; Sigma-Aldrich; Merck KGaA)
in the medium at 37°C for 6 h to simulate EPC injury. An optical
light microscope (Olympus BX51; Olympus Corporation) was
used to observe cellular morphology.

Database screening of targets. The target of miR-221-3p
was screened using PITA and miRanda databases via the
ENCORI database (https://rnasysu.com/encori/), GeneCards
(https://www.genecards.org/), and DisGeNET (https:/www.
disgenet.org/) databases. The binding sites were validated
using the ENCORI database.

Immunofluorescence. Cells were assessed by immunostaining
with antibodies against CD133 (cat. no. ab19898; Abcam) and
VEGFR-2 (cat.no.2479; Cell Signaling Technology, Inc.). EPCs
(1.5x10° cells/well) were seeded into 24-well plates that were
covered with cell sheets. After the cells adhered, the medium
was removed. The cells were fixed with 4% paraformaldehyde
at room temperature for 15 min and then permeabilized with
0.1% Triton X-100 in PBS for 10 min for intracellular antigens
or membrane proteins with internal epitopes. Blocking was
performed with 5% goat serum (Thermo Fisher Scientific,
Inc.) in PBS for 30 min at room temperature. Primary anti-
bodies specific to CD133 and VEGFR-2 were each diluted at
a ratio of 1:200 in blocking solution and cells were incubated
with these overnight at 4°C. After overnight incubation with
the primary antibody, diluted fluorescent secondary antibody

(Alexa Fluor 488 anti-rabbit; cat. no. A11008; Thermo Fisher
Scientific, Inc.) was added at a 1:500 dilution and cells were
incubated for 1 h at room temperature. Images were observed
using fluorescence microscopy and analysis was performed
using ImagelJ (version 1.0; National Institutes of Health).

Dil uptake and lectin binding assay. To confirm EPCs, cells
were assessed for the uptake of Dil Ac-LDL (L.3484; Thermo
Fisher Scientific, Inc.) and binding of FITC-ulex europaeus
agglutinin-1 (UEA-1) (L32476; Thermo Fisher Scientific, Inc.).
Cells were plated on the sterile glass slides in 24-well culture
plates (1.5x10° cells/well) for culture. After two washes with
PBS, 10 ug/ml Dil-AcLDL was added to culture for 4 h with
5% CO, at 37°C. Cells were washed with PBS twice and then
fixed in 4% paraformaldehyde for 30 min at room tempera-
ture, and incubated with 80 yg/ml UEA-1 for 1 h under the
same culture conditions. The cell slides were then subjected
to nuclear staining with DAPI (Thermo Fisher Scientific, Inc.)
for 5 min at room temperature. The slides were sealed with an
anti-fade mounting medium containing an anti-fluorescence
quenching agent (ProLong Gold Antifade Mountant; Thermo
Fisher Scientific, Inc.). The functional characteristics of EPCs
were detected by fluorescence microscopy. Red or green fluo-
rescence of cells suggested uptake of Dil-AcLDL or binding
of UEA-1, respectively; double-positive fluorescence of cells
indicated the presence of EPCs. Images were observed using
fluorescence microscopy and analysis was performed using
Image] (version 1.0; National Institutes of Health).

Cell transfection. EPCs treated with LP(a) were grouped and
transfected with miR-221-3p mimics/negative control (NC)
mimic (miR10000278-1-5; Guangzhou RiboBio Co., Ltd.)
and miR-221-3p inhibitors/NC inhibitor (miR20000278-1-5;
Guangzhou RiboBio Co., Ltd.) using Lipofectamine® 2,000
(Invitrogen; Thermo Fisher Scientific, Inc.). The nucleic acids
were used at a final concentration of 50 nM. For the transfec-
tion process, cells were incubated with the transfection reagent
and nucleic acids at 37°C for 6 h, after which the medium was
replaced with fresh culture medium. Similarly, EPCs were trans-
fected with the pc-SIRT1 overexpression vector [pcDNA3.1(+);
accession no. NM_012238.5; General Biotech (Anhui) Co.,
Ltd.] using Lipofectamine® 2000 at a final concentration of
1 pg plasmid DNA per well. The cells were incubated with the
transfection reagent and plasmid DNA at 37°C for 6 h, followed
by replacement with ordinary medium. After transfection, the
cells were cultured in ordinary medium for 24 h before subse-
quent experiments. The transfection efficiency was assessed
by reverse transcription-quantitative PCR (RT-qPCR). The
sequences were as follows: hsa-miR-221-3p inhibitor, GAA
ACCCAGCAGACAAUGUAGCU; NC inhibitor, UCUACU
CUUUCUAGGAGGUUGUGA; hsa-miR-221-3p mimic
guide strand, AGCUACAUUGUCUGCUGGGUUUC and
complementary strand, GAAACCCAGCAGACAAUGUAG
CU; and NC mimic guide strand, UCACAACCUCCUAGA
AAGAGUAGA and complementary strand, UCUACUCUU
UCUAGGAGGUUGUGA.

RT-gPCR analysis. EPCs were lysed and RNA samples were
extracted using the RNA Extraction kit (Shanghai Yuduo
Biotechnology Co., Ltd.). cDNA was synthesized using
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the iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories,
Inc.) with reverse transcriptase, buffer, ANTPs and primers
provided by the manufacturer. Reverse transcription was
performed at 42°C for 30 min and then 85°C for 5 min to
inactivate the reverse transcriptase. PCR was performed using
the CFX96™Real-Time PCR Detection System (Bio-Rad
Laboratories, Inc.). The reaction conditions were as follows:
Initial denaturation at 94°C for 5 min, followed by 40 cycles of
94°C for 20 sec, 55°C for 20 sec and 72°C for 20 sec. The SYBR
Green dye used for detection was purchased from Bio-Rad
Laboratories, Inc. The primers were purchased from General
Biotech (Anhui) Co., Ltd. Their sequences were as follows:
miR-221-3p forward, 5-AACACGCAGCTACATTGTCTG-3'
and reverse, 5'-GTCGTATCCAGTGCAGGGT-3"; U6 forward,
5'-GGAACGATACAGAGAAGATTAGC-3' and reverse,
5'-CTTCACGAATTTGCGTGTC-3"; silent information
regulator 1 (SIRT1) forward, 5'-AAGTTGACTGTGAAGCTG
TACG-3' and reverse, 5"TGCTACTGGTCTTACTTTGAG
GG-3"; and GAPDH forward, 5-~AGAAGGTGGTGAAGC
AGGCGTC-3' and reverse, 5-AAAGGTGGAGGAGTGGGT
GTCG-3'. U6 and GAPDH were used as the reference genes.
U6 was used as an internal reference for miRNA expression
analysis and GAPDH was used as an internal reference for
mRNA expression analysis. The relative expression levels
were quantified using the 244°4 method (34).

5-Ethynyl-2'-deoxyuridine (EdU) assay. EPCs were stained
with EdU at 37°C for 2 h and fixed in 4% paraformaldehyde
at room temperature for 15 min. After fixation, the cells were
stained with DAPI for 10 min at room temperature. Cells were
stained with 1X Apollo reaction cocktail (Guangzhou RiboBio
Co., Ltd.) at room temperature for 30 min before incuba-
tion with Hoechst 33342 (Thermo Fisher Scientific, Inc.) at
room temperature for 10 min. EPCs were imaged using a
fluorescence microscope (Leica Microsystems GmbH). Image
analysis was performed using ImagelJ (version 1.0; National
Institutes of Health).

Transwell assay. EPCs (1x10%) were seeded in the upper
chamber of a Transwell insert (8 ym pore size; Corning,
Inc.) that was pre-coated with Matrigel (Corning, Inc.).
For precoating, Matrigel was diluted to 1 mg/ml in cold
serum-free medium and plates were incubated at 37°C for
1 h. After precoating, the medium was removed and the EPCs
were plated in the upper chamber with serum-free EPC growth
medium (EGM-2; CC-3162; Lonza Group, Ltd.) at 37°C.
Complete EPC growth medium containing 10% FBS was
plated in the lower chamber, and cells were incubated at 37°C
in a 5% CO, incubator for 48 h. After 48 h, the EPCs in the
upper chamber were removed, and invading EPCs in the lower
chamber were fixed with 100% methanol at room temperature
for 10 min and then stained with 0.1% crystal violet solution
(Sigma-Aldrich; Merck KGaA) at room temperature for
20 min. The EPCs were counted using a light microscope
(Leica Microsystems GmbH).

Flow cytometry. Death of EPCs was detected by labeling with
FITC and PI using a TransDetect® Annexin V-FITC/PI Kit
(TransGen Biotech Co., Ltd.). For this assay, 1x10° cells per well
were plated in a 6-well plate. To each well, 5 ul Annexin V-FITC
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and 5 ul PI were added, and cells were cultured in the dark
for 15 min at room temperature. Measurements were taken
using a NovoCyte Advanteon B4 Flow Cytometer (Agilent
Technologies, Inc.) and NovoSampler Q software (version 1.0;
Agilent Technologies, Inc.). The percentage of apoptotic cells
(%) was calculated as follows: Early apoptotic cells (%) + late
apoptotic cells (%).

Adhesion assay. Monolayers of HUVECs obtained from The
Cell Bank of Type Culture Collection of The Chinese Academy
of Sciences (serial no. GNHu39) were prepared 48 h before
the assay and seeded onto 24-well plates (2x10° cells per well).
HUVECs were cultured in Endothelial Cell Growth Medium
(EGM-2; Lonza Group, Ltd.) supplemented with 10% FBS
(Shanghai ExCell Biology, Inc.) and 1% penicillin-streptomycin
(Thermo Fisher Scientific, Inc.). The cells were incubated at
37°C in a 5% CO, atmosphere. For the preparation of HUVEC
monolayers, HUVECs were seeded onto 24-well plates at a
density of 2x10° cells per well and allowed to form a confluent
monolayer over 48 h. For the adhesion assay, HUVECs were
pretreated with 1 ng/ml tumor necrosis factor-a (PeproTech,
Inc.) for 12 h. EPCs labeled with 1x10° CM-Dil (CellTracker™
CM-Dil; Invitrogen; Thermo Fisher Scientific, Inc.) were added
to each well. The labeling of EPCs with CM-Dil was performed
at 37°C for 30 min. After labeling, the EPCs were added to
each well and incubated for 3 h at 37°C. Unattached cells were
gently removed with phosphate buffered saline and adherent
EPCs were fixed with 4% paraformaldehyde at room tempera-
ture for 15 min. For nuclear staining, cells were incubated
with DAPI (Thermo Fisher Scientific, Inc.) at a concentration
of 1 ug/ml at room temperature for 10 min. An inverted fluo-
rescence phase-contrast microscope imaging analysis system
was used for observation. Blue stains (DAPI) indicated nuclear
staining and pink stains (CM-Dil) indicated cell adhesion.

Dual-luciferase reporter assay. The Dual-Luciferase Reporter
assay (Promega Corporation) was performed in EPCs.
PGL3-SIRT1-3'UTR wild-type (Wt; sequence, 5'-UACUUC
CUGUGGACAUGUAGCA-3") and PGL3-SIRT1-3'UTR
mutant (Mut; sequence, 5'-AGUCGUCUAAUCAUCUUC
GAGG-3') were purchased from General Biotech (Anhui)
Co., Ltd. Cells were seeded into 24-well plates at a conflu-
ence of 60-70%. Following overnight incubation, cells
were co-transfected with miR-221-3p mimics or NC, and
PGL3-SIRT1-3'UTR Wt or PGL3-SIRT1-3'UTR Mut, using
Lipofectamine 2000. The firefly and Renilla luciferase activi-
ties were determined using a dual-luciferase reporter assay
at 48 h after transfection. Luciferase activity was measured
at a wavelength of 560 nm using an xMark™ Microplate
Absorbance Spectrophotometer (Bio-Rad Laboratories, Inc.).
Renilla luciferase activities were used as an internal control.
All experiments were performed in triplicate.

Angiogenesis assay. EPCs were starved for 18 h before
seeding 6,000 cells/well in an angiogenesis 96-well microplate
pre-coated with reduced growth factor basement membrane
matrix (Geltrex; Thermo Fisher Scientific, Inc.). Control
cells (untreated cells) were replaced with EPCs treated with
LP(a), LP(a) + NC inhibitor, LP(a) + miR-221-3p inhibitor,
LP(a) + pc-NC, LP(a) + pc-SIRT1 or LP(a) + pc-SIRT1 +
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CH5126766 [EPCs were first transfected with pc-SIRT]I,
followed by treatment with LP(a), and then treated with
CH5126766 (1 uM at 37°C for 24 h)] according to the different
subgroups, to assess their effect on angiogenesis. The cells
were incubated at 37°C with 5% CO, for 16 h, and images
were captured under a light microscope (Leica Microsystems
GmbH) to monitor the formation of tubular structures.

Western blot analysis. Proteins were extracted using RIPA
buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS) supplemented with
protease and phosphatase inhibitors (Roche Applied Science).
Protein concentrations were determined using a BCA Protein
Assay Kit (Thermo Fisher Scientific, Inc.) and 30 pg of protein
was loaded per lane. Proteins extracted from EPCs were
resolved using 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. The resolved proteins were transferred
to a polyvinylidene fluoride membrane (MilliporeSigma),
which was blocked with 5% non-fat dry milk in Tris-buffered
saline with 0.1% Tween 20 at room temperature for 1 h.
The membrane was then incubated with primary antibodies
specific to SIRT1 (1:1,000; ab110304; Abcam), RAF (1:1,000;
ab200653; Abcam), p-RAF (1:1,000; ab112053; Abcam),
MEK (1:5,000; 11049-1-AP; Proteintech Group, Inc.),
p-MEK (1:5,000; 11049-1-AP; Proteintech Group, Inc.),
ERK (1:2,000; 66192-1-Ig; Proteintech Group, Inc.), p-ERK
(1:4,000; 28733-1-AP; Proteintech Group, Inc.) and GAPDH
(1:3,000; CL488-60004; Proteintech Group, Inc.) at 4°C
overnight, followed by incubation with a secondary antibody
corresponding to each primary antibody [mouse secondary
antibody conjugated with HRP (1:10,000; SA00001-1;
Proteintech Group, Inc.) or rabbit secondary antibody
conjugated with HRP (1:10,000; SA00001-2; Proteintech
Group, Inc.)] at room temperature for 2 h. Analysis was
performed using an ECL system (Thermo Fisher Scientific,
Inc.). Image analysis was performed using ImagelJ (version 1.0;
National Institutes of Health).

Statistical analysis. All data were analyzed using GraphPad
software (version 8.0; Dotmatics) and are presented as the
mean + standard deviation. Experiments were repeated three
times (n=3). An unpaired Student's t-test was used to compare
the differences between two groups, while differences among
multiple groups were analyzed using one-way ANOVA with
the Tukey post hoc test. P<0.05 was considered to indicate a
statistically significant difference.

Results

Identification of EPCs. Imaging of EPCs revealed that the
cells were adherent 72 h after isolation (Fig. 1A). In addition,
cells could take up Dil and bind to lectin (Fig. 1B), and highly
expressed CD133 and VEGFR-2 (Fig. 1C). The collective
results confirmed that the cells were EPCs (35,36).

Effects of miR-221-3p on proliferation, migration, apoptosis,
adhesion and angiogenesis of EPCs treated with LP(a).
Compared with those in the control group, the expression
levels of miR-221-3p in EPCs were significantly increased
after LP(a) treatment but decreased after the addition of

A o

24 h

72h

B Dil UEA-1

Merged

C cDpi33 VEGFR-2

Figure 1. (A) Morphological observation of EPCs. Scale bar, 200 ym.
(B) Detection of Dil uptake (red) and lectin binding (green) by
immunofluorescence staining (original magnification, x40; scale bar, 50 ym).
(C) Immunofluorescence detection of EPC surface markers VEGFR-2 and
CDI133 (original magnification, x40; scale bar, 50 ym). EPC, endothelial
progenitor cell; UEA-1, ulex europaeus agglutinin-1.

miR-221-3p inhibitor (Figs. 2A and S1A). EdU staining
indicated that EPC proliferation was weakened by LP(a)
treatment. However, these effects were reversed following
miR-221-3p inhibitor transfection (Fig. 2B). In addition,
LP(a) treatment significantly reduced the migration of EPCs
and increased their apoptosis, whereas miR-221-3p inhibitor
transfection attenuated the effect of LP(a) (Fig. 2C and D).
The adhesion and angiogenesis of EPCs were weakened after
LP(a) treatment; however, miR-221-3p inhibitor transfection
abrogated this weakening (Fig. 2E and F).

miR-221-3p directly targets SIRTI. The targets of miR-221-3p
were screened using the PITA, miRanda, GeneCards and
DisGeNET databases, and SIRT1 was identified because
it serves an important regulatory role in angiogenesis (37)
(Fig. 3A). The binding site of miR-221-3p on SIRT1 was identi-
fied using the ENCORI database (Fig. 3B). After confirming
that the mimics could effectively increase miR-221-3p levels,
the targeting relationship between miR-221-3p and SIRT1 was
verified using a dual-luciferase reporter assay (Figs. 3C and D,
and S1B). RNA and protein expression levels of SIRT1 were
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Figure 2. (A) Reverse transcription-quantitative PCR detection of miR-221-3p expression. (B) EdU staining detection of cell proliferation. Scale bar, 20 pym.
(C) Transwell assay detection of migration of EPCs. Scale bar, 50 gm. (D) Flow cytometry detection of apoptosis of EPCs. (E) Adhesion of EPCs in vitro.
Scale bar, 20 ym. (F) Effect of miR-221-3p inhibitor transfection on angiogenesis of EPCs treated with LP(a). Scale bar, 50 ym. “P<0.01, ““*P<0.001. Control,
normal untreated cells; EdU, 5-ethynyl-2'-deoxyuridine; EPC, endothelial progenitor cell; hpf, high-power field; LP(a), lipoprotein(a); miR, microRNA;
NC, negative control.

significantly decreased by LP(a) treatment but increased after in EPCs were significantly reduced after LP(a) treatment.
miR-221-3p inhibitor transfection (Fig. 3E and F). The levels were increased following transfection with the

SIRT1 overexpression plasmid (Figs. 4A and S1C). Compared
Effects of SIRTI on proliferation, migration, apoptosis,  with the control group, cell proliferation and migration were
adhesion and angiogenesis of EPCs treated with LP(a). decreased after LP(a) treatment, and LP(a) + pc-SIRT]1 treat-
Compared with those in the control group, the levels of SIRT1  ment restored cell migration and invasion to a certain extent
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Figure 3. (A) Screening of target genes of miR-221-3p using the PITA, miRanda, GeneCards and DisGeNET databases. (B) Prediction of the binding site of
miR-221-3p on SIRT1 using the ENCORI database. (C) Efficiency of miR-221-3p mimics transfection was detected by RT-qPCR. (D) Dual-luciferase activity
assay of the binding of miR-221-3p to SIRT1. (E) RT-qPCR detection of the RNA expression levels of SIRT1. (F) Western blot analysis of the protein expres-
sion levels of SIRT1. “*P<0.001. Control, normal untreated cells; LP(a), lipoprotein(a); miR/miRNA, microRNA; Mut, mutant; NC, negative control; ns, not
significant; RT-qPCR, reverse transcription-quantitative PCR; SIRT1, silent information regulator 1; WT, wild-type.

(Fig. 4B and C). In addition, SIRT1 overexpression reduced
apoptosis following LP(a) treatment (Fig. 4D). Cell adhesion
assay data revealed that overexpression of SIRT1 significantly
attenuated the inhibition of EPC adhesion by LP(a)(Fig. 4E).
However, SIRT1 overexpression increased EPC angiogenesis
after LP(a) treatment (Fig. 4F).

Effect of SIRTI on proliferation, migration, apoptosis, adhesion
and angiogenesis of EPCs treated with LP(a) involves activation
of the RAF/MEK/ERK signaling pathway. To further explore
how SIRT]1 regulates EPCs, the protein levels of phosphorylated
(p-)RAF, RAF, p-MEK, MEK, p-ERK and ERK were exam-
ined. LP(a) treatment significantly decreased the protein
levels of p-RAF, p-MEK and p-ERK, and overexpression of
SIRT1 attenuated the inhibitory effect of LP(a). CH5126766
is a MEK-RAF inhibitor (38) that inhibited the expression of
p-RAF, p-MEK and p-ERK proteins (Fig. 5A). Compared with
SIRT1-overexpressing EPCs, CH5126766 treatment reduced
EPC proliferation and migration (Fig. 5B and C), increased
apoptosis (Fig. 5D), attenuated adhesion of EPCs (Fig. 5E) and
decreased angiogenesis (Fig. S5F).

Discussion

In the present study, EPCs were purchased from Procell
Life Science & Technology Co., Ltd., and their identity was
confirmed using fluorescence microscopy. To simulate EPC
injury, cells were treated with LP(a) and miR-221-3p inhibitor
transfection was used to inhibit the expression of miR-221-3p.
Proliferation, migration, adhesion and angiogenesis of EPCs
were decreased, while apoptosis was increased after LP(a)
treatment. However, the effect of LP(a) on EPCs could be weak-
ened by miR-221-3p inhibitor transfection. Bioinformatics
analysis identified the gene encoding SIRT1 as a target gene
of miR-221-3p. The negative effects of LP(a) on EPCs could
be weakened by SIRT1 overexpression, affecting various
functions such as proliferation, migration, invasion, apoptosis,
adhesion and angiogenic capabilities. Therefore, we hypoth-
esized that miR-221-3p regulated EPCs via SIRT1 expression.
Furthermore, the present study examined the downstream
proteins RAF, MEK and ERK, and revealed that the inhibition
of the RAF/MEK/ERK signaling pathway blocked the effect
of SIRT1 overexpression. Therefore, we hypothesized that
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SIRT1, silent information regulator 1.

miR-221-3p activated the RAF/MEK/ERK signaling pathway
by targeting SIRT1, and affected the proliferation, migration,
apoptosis, adhesion and vascularization ability of EPCs treated
with LP(a).

EPCs are integral to the maintenance and repair of vascular
endothelial cells and serve a crucial role in angiogenesis and
endothelial recovery (39,40). Morishita et al (41) demon-
strated that EPCs could differentiate into mature endothelial
cells, and induced angiogenesis and vascular repair during
myocardial ischemia and vascular injury. EPCs also secrete

angiogenesis-related factors and regulate vascular tension, cell
adhesion, thrombus resistance and inflammation (42,43). LP(a)
treatment increases the risk of cardiovascular diseases, such
as myocardial infarction and stroke (44). In the present study,
LP(a) treatment reduced the proliferation, migration, adhesion
and angiogenesis of EPCs, and increased apoptosis.

Vascular cell-specific miRNAs are crucial regulators
of angiogenesis and vascular repair (45). They influence
vascular homeostasis by regulating the functioning of EPCs.
For example, miR-93-5p promotes angiogenesis by enhancing
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VEGF expression (46), miR-34a supports endothelial
differentiation (47), and miR-126 improves migration and
tube formation of EPCs, and inhibits apoptosis (48,49). In the
present study, transfection of miR-221-3p inhibitor mitigated
the adverse effects of LP(a) on EPCs, restored proliferation,
migration, adhesion and angiogenesis, and reduced apop-
tosis. These findings suggest that miR-221-3p negatively
affected EPCs.

To investigate the regulatory mechanism of miR-221-3p,
bioinformatics analysis was used to identify its target genes.
This analysis identified the SIRT1 gene as the target. SIRT1
is a regulatory factor with histone deacetylase activity in
yeast transcription (50). It is involved in hypertensive heart
disease, cardiomyopathy and cardiovascular aging, and serves
a protective role in the cardiovascular system (51,52). SIRT1 is
crucial for EPC function (53). Li et al (54) found that SIRT1
promoted the migration and proliferation of EPCs. In the
present study, miR-221-3p inhibitor transfection increased
SIRT1 RNA and protein levels after LP(a) treatment. In
LP(a)-treated EPCs, SIRT1 overexpression reduced the nega-
tive effects of LP(a) by restoring the proliferation, migration,
adhesion and angiogenesis of cells, while reducing apoptosis.
The present study further examined the RAF/MEK/ERK
signaling pathway, a key component of the mitogen-activated
protein kinase pathway (55). The RAF/MEK/ERK pathway
promotes the angiogenesis of EPCs (56) and its inhibition
weakens the proliferation of EPCs (57). The RAF/MEK inhib-
itor CH5126766 significantly blocked the effects of SIRT1
in LP(a)-treated EPCs, indicating that SIRT1 acted via the
RAF/MEK/ERK signaling pathway. Future research should
explore and verify this regulatory axis to enhance the under-
standing of EPC-mediated angiogenesis. In future studies,
the effects of SIRT1 overexpression on the expression levels
of miR-221-3p should be further explored, and the effects
of LP(a) + miR-221-3p inhibitor + CH5126766 (MEK-Raf
inhibitor) on the RAF/MEK/ERK signaling pathway should
be discussed, in order to comprehensively understand the
regulatory mechanisms involved.

The present study suggested that the miR-221-3p/
SIRT1/RAF/MEK/ERK signaling pathway serves an
important role in the proliferation, migration, adhesion and
angiogenesis of EPCs. However, the specific mechanism of
the miR-221-3p/SIRT1/RAF/MEK/ERK signaling pathway in
inflammation and oxidative stress in EPCs is not fully under-
stood, and future studies could further explore this area. SIRT1
is known for its role in regulating inflammation and oxidative
stress through various signaling pathways (58). In the present
study, miR-221-3p inhibitors could significantly increase
SIRT1 expression levels of LP(a)-treated EPCs, which may lead
to changes in their protective effects against inflammation and
oxidative stress. Therefore, we hypothesized that miR-221-3p
may indirectly promote inflammation and oxidative stress
by inhibiting SIRT1. Alcendor et al (59) demonstrated that
SIRT1 served an anti-inflammatory and antioxidant role by
inhibiting NF-«kB and regulating antioxidant enzymes through
deacetylation. The RAF/MEK/ERK signaling pathway serves
a key role in regulating cell proliferation and stress response,
and its activation can either promote cell survival or lead
to excessive inflammation and oxidative stress (60). The
miR-221-3p/SIRT1/R AF/MEK/ERK signaling pathway serves
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a complex and interwoven role in regulating inflammation
and oxidative stress. The interactions within this pathway
collectively determine the cellular response to these condi-
tions. Future studies should delve deeper into the interactions
among miR-221-3p, SIRT1, RAF, MEK and ERK to better
understand these processes and develop novel therapies.

The present study did not include a control group treated
with inhibitor alone [without LP(a)] because the primary
focus was on the effects of miR-221-3p and SIRTI in
LP(a)-injured EPCs. The aim of the present study was to
investigate the functional regulation of these factors under
the specific pathological condition of LP(a) injury. Including
such a control treated with inhibitor alone [without LP(a)] was
not within the scope of the present study and was not deemed
essential for addressing the main research question. Future
studies may consider exploring the effects of miR-221-3p
inhibitors on normal EPCs to provide a more comprehensive
understanding.

Insummary,the present study demonstrated thatmiR-221-3p
inhibitor transfection activated the RAF/MEK/ERK signaling
pathway via SIRT1, and promoted the proliferation, migration,
adhesion and angiogenesis of EPCs, while reducing apoptosis.
The findings suggested miR-221-3p and SIRT1 as novel thera-
peutic targets for cardiovascular diseases.
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