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Abstract. The modulation of vascular smooth muscle cell 
(VSMc) phenotype during cellular proliferation and migra‑
tion may represent a potential therapeutic approach for 
vascular intimal hyperplasia prevention. However, the precise 
role of this process in VSMc biology and remodeling remains 
unclear. in the present study, western blotting, Pcr, MTT and 
Transwell assays were used to analyze related protein and 
mrna expression, cell viability and cell migration, respec‑
tively. it was demonstrated that mir‑92a modulated VSMcs 
into a synthetic phenotype via the Kruppel‑like factor 4 (KlF4) 
pathway. Targeting microrna (mirna/mir)‑92a in VSMcs 
using a KlF4 inhibitor suppressed the synthetic phenotype 
and inhibited VSMc proliferation and migration. To further 
confirm this finding, the expression levels of miR‑92a were 
measured in patients undergoing coronary artery interven‑
tion. The serum miR‑92a expression levels were significantly 
higher in patients with in‑stent restenosis (iSr) compared with 
those in patients without iSr, whereas KlF4 expression was 
significantly reduced in the non‑iSr group. Bioinformatic 
analysis and promoter‑luciferase reporter assays were used 
to examine the regulatory mechanisms underlying KlF4 
expression. KlF4 was demonstrated to be transcriptionally 
upregulated by mir‑92a in VSMcs. mirna transfection was 
also performed to regulate the level of mir‑92a expression. 
mir‑92a overexpression inhibited VSMc proliferation and 
migration, and also increased the mrna and protein expres‑
sion levels of certain differentiated VSMc‑related genes. 

Finally, mir‑92a inhibition promoted the proliferation and 
migration of VSMcs, which could be reversed using a KlF4 
inhibitor. collectively, these results indicated that the local 
delivery of a KlF4 inhibitor may act as a novel therapeutic 
option for the prevention of iSr.

Introduction

coronary atherosclerotic heart disease (caHd) represents 
the leading cause of death in the global population (1). The 
incidence and prevalence of heart disease is expected to rise 
due to the combination of the rise in obesity and predicted 
worsening of other cardiovascular risk factors in the general 
population (2). With recent advancements in revascularization 
techniques and technologies, percutaneous coronary interven‑
tion (Pci) and stenting have become the most commonly 
performed procedures for the treatment of caHd (3). First 
generation drug‑eluting stents (deSs) such as the cypher™ 
sirolimus eluting stent and Taxus™ paclitaxel eluting stent 
have led to a radical reduction in restenosis (4). However, 
in‑stent restenosis (iSr) remains a significant burden for 
patients undergoing coronary intervention (5). although the 
introduction of deSs has reduced the rate of target lesion 
revascularization (Tlr) when compared with bare metal 
stents (BMSs), 7‑10% of patients continue to require further 
procedures within 5 years of treatment, and ~20% of patients 
need Tlr within 10 years (6,7).

iSr is characterized by platelet aggregation, growth factor 
release, inflammatory cell infiltration, medial smooth muscle 
cell proliferation and migration, and extracellular matrix 
remodeling (8). The vascular response to injury is dependent 
on the type of cells within the vessels and is also medi‑
ated by circulating cells derived from the bone marrow (9). 
understanding the molecular mechanisms underlying the 
physiological healing process and the response to pathological 
restenosis has become the focus for extensive research.

Vascular smooth muscle cells (VSMcs) retain marked 
levels of plasticity during postnatal development and can 
undergo dedifferentiation into a synthetic phenotype (10). 
This process is considered to provide a survival advantage, 
as it permits the efficient repair of the vasculature following 
injury (11). Similar to numerous evolutionarily conserved 
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processes, these properties can also be considered a disadvan‑
tage and predispose patients to various abnormal responses 
after injury, which contribute to restenosis (8). in a previous 
study, chen (12) reported that the recruitment of smooth 
muscle cells into the intima of the vessel wall was a significant 
contributor to atherosclerotic plaque progression. Moreover, 
VSMcs within the medial layer of the vessel wall were then 
activated to migrate and proliferate in response to iSr (12). a 
previous study suggested that the Kruppel‑like factor (KlF) 
family serves a vital role in homeostasis maintenance within 
the body, including in the immune, digestive, respiratory, 
hematopoietic and cardiovascular systems (13). KlF members 
demonstrate variable biological functions and distinct pheno‑
types in different diseases, which mainly result from their 
n‑terminal sequences, which provide unique protein inter‑
action motifs and post‑translational modification sites (14). 
KlF4 is expressed in the vascular wall, which includes 
endothelial cells (ecs) and VSMcs, and has been reported to 
serve a critical role in vascular wall biology. KlF4 confers an 
anti‑inflammatory and vasoprotective phenotype on ECs by the 
inhibition of nF‑κB activation (15). More importantly, it has 
been reported that KlF4 inhibits angiogenesis and endothe‑
lial proliferation by mediating micrornas (mirnas/mirs) 
in VSMcs (14,16). mirnas are a class of novel endogenous 
regulators of gene expression that act at the post‑transcrip‑
tional level. Furthermore, mirnas serve essential roles in 
the regulation of numerous cellular events, including cellular 
proliferation, differentiation and apoptosis (17).

mir‑92a, a member of the mir17‑92 cluster, has been 
reported to be highly expressed in ecs (18). mir‑92a has also 
been reported to serve a potential functional role in VSMcs 
by providing protection against apoptosis induced by oxidative 
stress (19). However, little is known about the role of mir‑92a 
and its associated mechanism of action in the phenotypic 
modulation of VSMcs. in the present study, mir‑92a targeting 
of KlF4 and promotion of VSMc proliferation were evalu‑
ated.

Materials and methods

Aortic VSMC culture. Human aortic VSMcs (ZQ0491) were 
purchased from Shanghai Zhongqiao Xinzhou Biotechnology 
co., ltd. The cells were 3rd generation cells and were cultured 
in dMeM (Gibco; Thermo Fisher Scientific, inc.) supple‑
mented with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) 
and 1% penicillin/streptomycin in a humidified atmosphere 
containing 5% co2 at 37˚C. Cells were grown to 80‑90% 
confluence and passaged at a ratio of 1:3. The cells used in 
the experiments were passaged three to five times before 
use. Kenpaullone (HY‑12302) was used to treat VSMcs at a 
concentration of 5 µM for 6 h.

Cell transfection. The mir‑92a mimic, negative control (nc) 
mimic, mir‑92a inhibitor and nc inhibitor were purchased 
from Guangzhou riboBio co., ltd., and were transfected into 
cells using lipofectamine® 2000 (Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. Briefly, cells 
were seeded in 6‑well plates and transfected to ~80% conflu‑
ence. The related mimic or inhibitor (50 nM) were transfected 
into cells using lipofectamine 2000 in oPTi‑MeM (Gibco; 

Thermo Fisher Scientific, Inc.). The cells were cultured for 
6‑8 h in an incubator at 37˚C, then the transfection medium 
was discarded and cells were cultured with normal medium 
for 24 h at 37˚C before use. The sequences of the miRNAs 
used were as follows: mir‑92a mimic forward (F), 5'‑uau 
uGc acu uGu ccc GGc cuG u‑3' and reverse (r), 5'‑aGG 
ccG GGa caa GuG caa uau u‑3'; mimics nc F, 5'‑uuc 
ucc Gaa cGu Guc acG uTT‑3' and r, 5'‑acG uGa cac 
Guu cGG aGa aTT‑3'; mir‑92a inhibitor, 5'‑aca GGc cGG 
Gac aaG uGc aau‑3'; and mirna inhibitor nc, 5'‑caG 
uac uuu uGu Gua Gua caa ‑3'.

Patient sample collection and inclusion criteria. The Second 
affiliated Hospital of Jiaxing university (Jiaxing, china) 
provided blood samples from patients with caHd after Pci. 
The details of the patients (age range, 45‑79 years) [iSr (n=20) 
and non‑iSr (n=20)] are presented in Table i. The blood 
samples were frozen at ‑80˚C and stored until RNA extrac‑
tion. Written informed consent was provided by each patient. 
all experimental protocols were approved by The Second 
Affiliated Hospital of Jiaxing University (institutional review 
board protocol number: JXeY‑2021JX083). Patients who 
visited the Second Affiliated Hospital of Jiaxing University 
between January 1, 2021, and June 31, 2022, were included. 
The inclusion criteria were as follows: i) an age of 18‑80 years; 
ii) patient received a DES during the first PCI; iii) patient 
received chlorine treatment with 75 mg/day clopidogrel and 
100 mg/day aspirin; iv) coronary angiography was followed 
up for 10‑12 months; v) arterial embolism or acute myocardial 
infarction were excluded in patients with complete occlusion; 
and vi) cardiac function grades i‑iii. exclusion criteria were 
as follows: i) age <18 or >80 years; ii) myocardial infarction 
during treatment; iii) failure to take medication regularly for 
a long time (≥3 months); and iv) cardiac function grade IV. 
ISR was defined as stenosis of ≥50% in the stent segment and 
≥5 mm at the stent edge during follow‑up coronary angiog‑
raphy after PCI; non‑ISR was defined as <5 mm in the stent 
segment and <5 mm at the edge of the stent during follow‑up 
coronary angiography, with diameter stenosis <50%.

Western blotting. riPa buffer containing protease inhibitors 
(Beyotime institute of Biotechnology) was used to extract 
the total protein from cells. For each sample, 30 µg protein 
(measured with a bicinchoninic acid protein assay kit) was 
added per lane, separated on 10% gels using SdS‑PaGe and 
transferred onto a 0.45‑µm PVdF membrane. after blocking 
with 5% non‑fat milk at 37˚C for 2 h, the membrane was incu‑
bated separately at 4˚C overnight with antibodies as follows: 
SMMHc antibody (1:500; cat. no. 18569‑1‑aP), α‑SMa 
antibody (1:1,500; cat. no. 14395‑1‑aP), osteopontin (oPn) 
polyclonal antibody (1:500 dilution; cat. no. 25715‑1‑aP) and 
GaPdH polyclonal antibody (1:8,000, cat. no. HrP‑60004) 
(all ProteinTech Group, inc.). The following day, the PVdF 
membrane was washed three times with 0.1% Tween 20 
(TBST) containing 5% bovine serum albumin and incubated 
with goat anti‑rabbit HrP (1:2,000; cat. no. SaB90200; 
Frdbio Bioscience & Technology) and goat anti‑mouse HrP 
(1:8,000; cat. no. SaB90100, Frdbio Bioscience & Technology) 
secondary antibodies for 2 h at room temperature. The blots 
were visualized using ecl reagents (cat. no. P0018S; Beyotime 
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institute of Biotechnology). The semi‑quantitative analysis of 
protein bands was performed using imageJ software V1.8.0 
(national institutes of Health).

Reverse transcription‑quantitative PCR (RT‑qPCR) assay. 
Total rna from patients' blood was extracted using Trizol® 
reagent (invitrogen; Thermo Fisher Scientific, inc.) and 
reverse transcription was performed at 42˚C for 2 min, 37˚C 
for 15 min and 85˚C for 5 sec to obtain the first strand of 
complementary dna using a PrimeScript® rT reagent kit 
(Takara Biotechnology co., ltd.). qPcr was performed using 
2X SYBr Green Master Mix (cat. no. S2014; uS everbright 
Inc.). The thermocycling conditions were as follows: 95˚C 
for 30 sec, 15 sec at 95˚C and 60 sec at 60˚C for 45 cycles. 
all mrna and mirna expression levels were normalized 
to GaPdH or u6, respectively, using the 2‑∆∆Cq method (20). 
The primer sequences used were as follows: α‑SMa F, 3'‑TGT 
Tcc aGc cGT ccT Tca Tc‑5' and r, 3'‑GGG aGc caa aGc 
aGT GaT cT‑5'; SMMHc F, 3'‑cGa aGG GcT TGa aTG 
aGG aGT‑5' and r, 3'‑GcT Tcc Tcc caa GGa GcT GTa 
T‑5'; oPn F, 3'‑GaG Gaa aaG GaG acc cTT cca‑5' and 
r, 3'‑TGa aaa cTT cGG TTG cTG Gc‑5'; KlF4 F, 3'‑aTG 
cTc acc cca ccT TcT Tc‑5' and r, 3'‑cTT ccc cTc TTT 
GGc TTG GG‑5'; mir‑92a, 3'‑TaT aTc TaT TGc acT TGT 
ccc G‑5'; mir‑125b, 3'‑Tcc cTG aGa ccc Taa cTT GTG 
a‑5'; mir‑26a, 3'‑Gcc GaG TTc aaG Taa Tcc aGG a‑5’; 
mir‑214, 3'‑TGc cTG TcT aca cTT GcT GTG c‑5'; mir‑199a, 
3'‑ccc aGT GTT caG acT acc TGT Tc‑5'; mir‑9, 3'‑Gcc 
GaG TcT TTG GTT aTc TaG cT‑5'; mir‑559, 3'‑TcG Gca 
GGT aaa GTa aaT aTG‑5'; mir‑100, 3'‑aac ccG TaG aTc 
cGa acT TGT G‑5'; u6 F, 3'‑cTc GcT TcG Gca Gca ca‑5' 
and r, 3'‑aac GcT Tca cGa aTT TGc GT‑5'; and GaPdH 
F, 3'‑aca GTc aGc cGc aTc TTc TT‑5' and r, 3'‑Gac Tcc 
Gac cTT cac cTT cc‑5'. The mir‑125b, mir‑26a, mir‑214, 
mir‑199a, mir‑559 and mir‑100 downstream primers were 
universal primers provided in a customized kit [General 
Biology (anhui) co., ltd.].

Dual‑luciferase reporter assay. The relative luciferase activity 
was detected using a dual‑luciferase assay Kit (cat. no e190; 
Promega corporation). a bioinformatics analysis performed 
using TargetScan 7.1 (https://www.targetscan.org/vert_71/) 
demonstrated that KlF4 contained an mir‑92a binding site 
at the 3'‑untranslated region (3'‑uTr). The mutant 3'‑uTr of 
KLF4 was amplified using the pGL3/Luc‑KLF4 3'‑UTR as 
a template and cloned downstream of the pGl3/luc vector 
(Shanghai GenePharma co., ltd.). VSMcs were seeded into 
96‑well plates and co‑transfected with either 100 nM mir‑92a 
mimic or nc and 2 µg pGl3/luc‑KlF4 3'‑uTr or mutant 
3'‑uTr using lipofectamine 2000 reagent (Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. The 
relative luciferase activity was determined 48 h later based on 
the ratio of the luciferase activity of firefly luciferase to that 
of Renilla luciferase. luciferase intensity was assessed using 
the dual luciferase reporter 1000 assay System (Promega 
corporation).

MTT assay. VSMcs transfected with mir‑92a mimic or inhib‑
itor were seeded into 96‑well plates with an adjusted density 
of 7,000 cells per well and cultured at 37˚C under 5% CO2 for 
24, 48, 72 or 96 h. next, MTT (MilliporeSigma) diluted in 
DMEM was added to the medium, with a final concentration 
of 5 mg/ml in each well for a further 4 h. The supernatant was 
carefully removed and dimethyl sulfoxide (200 µl) was added 
to each well. The suspension was placed in the dark for 2 h 
at room temperature, after which the absorbance was quanti‑
fied at 570 nm using an absorbance reader (Thermo Fisher 
Scientific, Inc.).

Transwell migration assays. cellular migration was assessed 
using Transwell chambers with a pore size of 8 µm (corning, 
Inc.). Briefly, following transfection with an miR‑92a mimic 
or mir‑92a inhibitor, 1x105 VSMcs were added to the upper 
chamber in serum‑free dMeM medium and the low chamber 
was filled with culture medium containing 10% FBS and 

Table i. Baseline characteristics of the study subjects.

characteristic non‑iSr (n=20) iSr (n=20) P‑value

age, yearsa 61.75±8.43 66.32±8.42 0.099
Sex (male), n 15 15 ‑
BMi, kg/m2a 23.55±1.43 23.94±1.28 0.374
History of smoking, n 9 10 ‑
drinking history, n 6 7 ‑
diabetes (type 2), n 6 6 ‑
Hypertension, n 11 12 ‑
Hyperlipidemia, n 3 4 ‑
Tc, mg/dla 70.75±31.17 78.65±24.37 0.385
TG, mg/dla 29.24±6.53 30.11±7.19 0.694
Hdl‑c, mg/dla 19.66±6.06 21.02±5.40 0.465
ldl‑c, mg/dla 34.63±14.68 38.23±15.31 0.459

aMean ± standard deviation. iSr, in‑stent restenosis; BMi, body mass index; Tc, total cholesterol; TG, triglyceride; Hdl‑c, high density 
lipoprotein‑cholesterol; ldl‑c, low density lipoprotein‑cholesterol.
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incubated at 37˚C. After 0, 24, 48, 72 or 96 h, the insert 
membranes were fixed using chilled methanol and stained 
using 0.5% crystal violet at room temperature. The number of 
invading cells was counted under an inverted light microscope 
and imaged.

Statistical analysis. results are presented as the mean ± stan‑
dard deviation or n data. Statistical analysis was performed 
using SPSS version 13.0 (SPSS, inc.) and GraphPad Prism 
8.0 (GraphPad Software, inc.). imageJ software 6.0 (national 
institutes of Health) was used to perform image analysis. 
The statistical significance of the differences between groups 
was calculated using one‑way analysis of variance followed 
by Tukey's post hoc test, or using a two‑tailed unpaired 
Student's t‑test. P<0.05 was considered to indicate a statisti‑
cally significant difference. Bioinformatics (http://starbase.
sysu.edu.cn/index.php) was used to analyze the relationship 
between mir‑92a and KlF4. Pearson's correlation was used 
to analyze the linear relationship between mir‑92a and KlF4. 
all experiments were repeated three times unless otherwise 
stated.

Results 

Association between miR‑92a and KLF4 in patients with ISR. 
To assess the mirna expression levels in iSr and non‑iSr 
patients, rT‑qPcr was used to assess the expression levels 
of certain serum mirnas of interest in blood samples from 
iSr and non‑iSr patients. in the preliminary experiment, 
certain existing mirnas were used to assess the difference 
between iSr and non‑iSr groups, which demonstrated 
that the expression levels of mir‑125b, mir‑26a, mir‑214, 
miR‑9, miR‑559, miR92a and miR‑100 were significantly 
different. The results demonstrated that mir‑92a was the 
mirna with the greatest difference between the iSr and 
non‑iSr groups (Fig. 1a); therefore, it was used in subse‑
quent experiments. Further experiments demonstrated that 
the expression levels of miR‑92a were significantly lower 
in the patients with iSr (n=20) compared with the control 

(non‑iSr) patients (n=20) (Fig. 1B). However, as presented 
in Table i, the comorbidities and lipid level combined 
indices in non‑ISR and ISR groups were not significantly 
different. a schematic representation of the current study is 
shown in Fig. S1. These results indicated that mir‑92a was 
downregulated in iSr.

miR‑92a promotes KLF4 expression by targeting its 3'‑UTR. 
Previous studies have reported that KlF4 is an antiprolifera‑
tive regulator of VSMcs (21). in the present study, to elucidate 
whether KlF4 was a direct target of mir‑92a, a bioinformatics 
approach was used to search for a potential mir‑92a matching 
site in the KlF4 3'‑uTr (Fig. 2a). The level of KlF4 was 
upregulated in the iSr group (Fig. 2B). a luciferase reporter 
assay was used to determine the interaction between KlF4 
and miR‐455‑5p (Fig. 2C). It was also demonstrated that 
miR‑92a levels were significantly inversely associated with 
the mrna expression level of KlF4 in patients with iSr, as 
demonstrated using a Pearson's correlation model (Fig. 2d). 
This suggested that this mirna served an important role in 
the regulation of gene expression.

miR‑92a contributes to cerebral VSMC synthetic pheno‑
type switching. To evaluate whether mir‑92a modulated 
the VSMc phenotype, the mrna and protein expression 
levels of contractile and synthetic protein markers in cere‑
bral VSMcs were assessed in the present study. in both 
mature and normal blood vessels, VSMcs possess a highly 
quiescent and contractile phenotype that is associated with 
high levels of contractile marker proteins, such as α‑smooth 
muscle actin (α‑SMa) and smooth muscle myosin heavy 
chain (SMMHc) (22). in atherosclerosis and arterial reste‑
nosis, VSMcs can change to a dedifferentiated, proliferative 
and migratory phenotype via the downregulation of the 
gene expression of VSMc contractile markers and via the 
upregulation of oPn synthetic protein expression (23,24). 
First, the level of miR‑92a was confirmed after transfection 
with mir‑92a mimic or inhibitor (Fig. 3a). compared with 
those in the nc group, the mrna and protein expression 

Figure 1. mirna expression levels in iSr patients. (a) reverse transcription‑quantitative Pcr was used to assess the expression levels of mir‑125b, mir‑26a, 
mir‑214, mir‑199a, mir‑9, mir‑559, mir‑92a and mir‑100. *P<0.05 vs. non‑ISR. (B) miR‑92a expression levels were significantly lower in ISR patients (n=20) 
than in control patients without iSr (n=20). each point represents the mir‑92a expression from an individual patient. *P<0.05. mirna/mir, microrna; 
iSr, in‑stent restenosis. 
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levels of α‑SMA and SMMHC were significantly lower in the 
mir‑92a inhibitor group (Fig. 3B, c and e‑G). However, the 
mRNA and protein expression levels of OPN were signifi‑
cantly higher in the mir‑92a inhibitor group compared with 
those in the nc (Fig. 3d and H). collectively, these results 
demonstrated that mir‑92a could promote VSMc pheno‑
typic modulation.

miR‑92a promotes VSMC phenotypic modulation. To evaluate 
the functional effects of mir‑92a, VSMcs were transfected 
with an mir‑92a mimic or inhibitor for 24 h and assessed 
using MTT and Transwell migration analysis. The results 
demonstrated that compared with the nc, treatment with an 
mir‑92a inhibitor could significantly increase cell prolif‑
eration, whereas the mir‑92a mimic significantly reduced 
proliferation compared with the nc (Fig. 4a). Furthermore, 
the number of migrating cells was markedly increased after 
treatment with the mir‑92a inhibitor compared with the 
number in the nc group (Fig. 4B).

Kenpaullone (HY‑12302) promotes synthetic phenotype 
switching in cerebral VSMCs. We hypothesized that 
KlF4 may partially mediate the effects of mir‑92a on 
VSMcs. HY‑12302 is a small molecule inhibitor of KlF4, 

which is used in conjunction with mir‑92a inhibitors in 
functional assays involving VSMcs. in the present study, 
VSMcs demonstrated significantly increased expression 
of the synthetic gene, oPn, following transfection with an 
miR‑92a inhibitor, and significantly decreased expression 
of the contractile genes (α‑SMa and SMMHc) at both the 
mrna (Fig. 5a‑c) and protein (Fig. 5d‑G) expression levels 
compared with the nc. These results demonstrated that 
treatment with the mir‑92a inhibitor promoted a phenotypic 
alteration in VSMcs from differentiated to de‑differen‑
tiated cells. Moreover, treatment with the KlF4 inhibitor, 
HY‑12302, significantly antagonized the de‑differentiation 
response of VSMcs to the mir‑92a inhibitor at the mrna 
and protein expression levels (Fig. 5).

HY‑12302 partially abrogates the migration and proliferation 
of VSMCs. The MTT and Transwell migration assays were 
used to evaluate the VSMc cell proliferation and migration 
capabilities of each group. The KlF4 inhibitor, HY‑12302, 
significantly abrogated the accelerated cellular proliferation 
induced by treatment with the mir‑92a inhibitor. Furthermore, 
treatment with HY‑12302 combined with the mir‑92a inhib‑
itor was demonstrated to markedly reduce cellular migration 
compared with the mir‑92a inhibitor group (Fig. 6).

Figure 2. mir‑92a promotes KlF4 expression by targeting its 3'‑uTr. (a) The binding site for mir‑92a was located at nucleotides 674‑681 of the Homo sapiens 
KlF4 mrna 3'‑uTr. (B) The mrna expression level of KlF4 was higher in iSr patients (n=20) than in control subjects without iSr (n=20). **P<0.01. 
(c) VSMcs were co‑transfected with mir‑92a or mir‑nc and pGl3‑KlF4‑wt or mutant pGl3‑KlF4‑mt. after 24 h, luciferase activity was assessed. 
**P<0.01. n=3 for each group. (d) mir‑92a expression levels were negatively associated with KlF4 mrna expression levels in iSr patients. mir, microrna; 
uTr, untranslated region; KlF4, Kruppel like factor 4; VSMc, vascular smooth muscle cell; wt, wild‑type; mt, mutant; iSr, in‑stent restenosis. 
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Discussion

revascularization remains the cornerstone for the manage‑
ment of patients with caHd. although Pci and metal scaffold 

insertion, known as stenting, has become the preferred method 
for the restoration of vessel patency, up to 30% of patients will 
gradually experience a re‑narrowing of the lumen caused 
by neointima formation, which results in a condition known 

Figure 3. mir‑92a contributes to cerebral VSMc synthetic phenotype switching. (a) The expression level of mir‑92a in VSMcs transfected with an mir‑92a 
mimic or inhibitor. (B‑d) mrna and (e‑H) western blotting of VSMc contractile and synthetic markers. *P<0.05 and **P<0.01; n=3. mirna/mir, microrna; 
VSMc, vascular smooth muscle cell; nc, negative control; α‑SMa, α‑smooth muscle actin; SMMHc, smooth muscle myosin heavy chain; oPn, osteopontin.
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as iSr (25). descriptive histological studies reported that 
ISR involved an influx of inflammatory cells subsequent to 
the appearance of synthetic SMCs and myofibroblasts that 
produced an abundant extracellular matrix (ecM) (26,27). 
In response to vascular injury, growth factors and inflamma‑
tory stimuli, VSMcs can switch from a quiescent ‘contractile’ 
phenotype into an active ‘synthetic’ phenotype (28). Fully 
differentiated or mature VSMcs have been reported to exhibit 
the contractile phenotype, with characteristics of a very low 

rate of proliferation and the expression of certain contrac‑
tile proteins, such as SMMHc, α‑SMa and calponin (29). 
Moreover, while the proteins are all necessary for contractile 
functionality, upon vascular injury (such as caused by angio‑
plasty or bypass surgery), VSMcs can de‑differentiate from 
the contractile phenotype to a highly synthetic phenotype (30). 
This new phenotype is characterized by higher proliferation 
and migration rates, enhanced ecM component produc‑
tion and decreased VSMC‑specific markers (31). Synthetic 
VSMcs migrate and proliferate, and their accumulation over 
time leads to the formation of the neointima (32,33). as such, 
the inhibition of inflammation in VSMCs may represent an 
important step in limiting vascular injury‑triggered stenosis in 
a clinical scenario. consistent with this hypothesis, the present 
study demonstrated significantly increased mRNA and protein 
expression levels of VSMc synthetic proteins and proliferation 
in the presence of mir‑92a mimics. These results demonstrated 
that mir‑92a was a positive regulator of the VSMc synthetic 
phenotype in vitro. The first limitation of the present study 
was that certain existing mirnas previously purchased by the 
research group were used to assess the difference between iSr 
and non‑iSr, and that these 8 mirna had a marked difference 
in iSr and non‑iSr samples; therefore, the effect of mir‑92a 
in iSr was demonstrated accidentally.

KlF4 serves an important role in a number of vascular 
diseases and is expressed by a range of cell types involved 
in vascular disease development, including VSMcs (34). 
one previous study reported KlF4 as a transcriptional target 
that could modulate VSMc differentiation (35). although 
KlF4 is not typically expressed in differentiated VSMcs 
in vivo, it is transiently induced in VSMcs following vascular 
injury (36). The present study demonstrated that the protein 
expression level of KLF4 expression was significantly higher 
in iSr patients, whereas the levels of mir‑92a expression were 
significantly lower. Other information about the comorbidi‑
ties and the lipid level combined indices in non‑iSr and iSr 
was evaluated; however, there were no significant differences 
between these two groups (Table i). Qiu and Sun (37) reported 
that the number of lesions, MalaT1 expression level, diabetes, 
n‑terminal pro‑brain natriuretic peptide and high sensitivity 
c‑reactive protein were independent risk factors for iSr, in 
95 patients with coronary heart disease who presented to 
The Second Hospital of Shandong university (Jinan, china); 
however, the data from the present study only demonstrated 
that mir‑92a and KlF4 expression were associated with iSr. 
it could be hypothesized that this difference may be due to 
the lack of different geographical cases. Furthermore, the 
evaluation of more cases from different areas could more 
comprehensively reflect the differences in relevant indicators 
between iSr patients and non‑iSr patients, which was the 
second limitation of the present study.

The present study demonstrated that the mirna expres‑
sion level of miR‑92a was significantly negatively associated 
with the KlF4 protein expression level. collectively, the 
data from the present study indicated that KlF4 was a direct 
target of miR‑92a. This suggested that specific mediation 
of the VSMc‑mir‑92a‑KlF4 pathway may represent an 
effective therapeutic option by which iSr can be mitigated 
in the clinic. mirnas are a class of non‑coding small 
rna molecules that serve an important role in regulating 

Figure 4. mir‑92a promotes VSMc phenotypic modulation. (a) VSMc 
proliferation was evaluated using an MTT assay in VSMcs transfected with an 
mir‑92a mimic or inhibitor. *P<0.05 vs. mimic nc; #P<0.05 vs. inhibitor nc. 
(B) VSMc migration was assessed using a Transwell assay in VSMcs trans‑
fected with an mir‑92a mimic or inhibitor. **P<0.01. mir, microrna; VSMc, 
vascular smooth muscle cell; nc, negative control; od, optical density. 
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Figure 6. VSMc proliferation and migration is abrogated by KlF4 inhibition. (a) The suppressive effect elicited by the mir‑92a inhibitor on cellular prolifera‑
tion was alleviated by HY‑12302. cell proliferation was monitored at 0, 24, 48, 72 and 96 h using an MTT assay. *P<0.05 vs. inhibitor nc; #P<0.05 vs. mir‑92a 
inhibitor. (B) representative results of the Transwell plates demonstrating the effects of the mir‑92a inhibitor and HY‑12302 on VSMc migration compared 
with the inhibitor nc. VSMc, vascular smooth muscle cell; nc, negative control; mir, microrna; od, optical density. 

Figure 5. HY‑12302 abrogates mir‑92a inhibitor‑induced VSMc de‑differentiation. (a‑c) relative mrna expression levels of α‑SMa, SMMHc and oPn. 
(d) Western blotting was used to assess the protein expression levels of contractile proteins (α‑SMa and SMMHc) and oPn synthetic protein expression. 
(E‑G) Semi‑quantified relative protein expression levels of α‑SMa, SMMHc and oPn. **P<0.01; n=3. mir, microrna; α‑SMa, α‑smooth muscle actin; 
SMMHc, smooth muscle myosin heavy chain; oPn, osteopontin; nc, negative control.
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post‑transcriptional gene expression. in the majority of 
cases, mirnas interact with the 3'‑uTr of target mrnas 
to inhibit gene translation or induce mrna degradation (38). 
Moreover, mir‑92a has been reported to be an oncogene in 
numerous different forms of tumors (39). it was also reported 
that mir‑92a was a negative regulator of endothelial function 
and angiogenesis (40); however, data from the present study 
demonstrated that mir‑92a was a positive regulator of the 
synthetic phenotype in VSMcs, functioning by modulation 
of KlF4. The third limitation of the present study was that 
the relevant disease model was not established in animal 
experiments in vivo to further investigate the effect of the 
mir‑92a‑KlF4 pathway on iSr treatment, which is some‑
thing that should be evaluated in the future.

in conclusion, the present study demonstrated that the 
VSMc‑mir‑92a‑KlF4 pathway could mediate the negative 
regulation of VSMc differentiation in iSr. Since vascular 
injury induces KlF4 expression and activation, mir‑92a over‑
expression or treatment with a KlF4 inhibitor (HY‑12302) 
could protect against injury‑induced VSMc polarization. 
These effects may be attributed to increased contractile 
protein expression in VSMcs and the inhibition of prolifera‑
tion and migration. Given that the expression levels of mir‑92a 
were significantly reduced in ISR patients, the results of the 
present study provide an important mechanistic foundation to 
therapeutically target iSr using a KlF4 inhibitor.
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