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Abstract. Forkhead box protein subfamily P (FOXP) 1 has an 
important role in the control of gene transcription and is also 
reported to function as a tumor suppressor. The aim of the 
present study was to explore the regulatory mechanisms of 
atherosclerosis by investigating the function of microRNA‑206 
(miR‑206) and the regulatory association between miR‑206 and 
its potential target gene, FOXP1, in vascular smooth muscle 
cells (VSMCs). Bioinformatics tools were utilized to identify 
FOXP1 as a target of miR‑206. Luciferase reporter analysis was 
used to confirm this relationship and to identify the miR‑206 
binding site in the FOXP1 3'‑untranslated region. It was demon-
strated that the relative survival rate of VSMCs was suppressed 
by miR‑206 compared with scramble controls. Furthermore, 
reduced expression of miR‑206 in atherosclerosis tissue samples 
was observed, and the mRNA and protein expression levels of 
FOXP1 were upregulated in atherosclerosis tissue samples, 
both compared with the controls, indicating a negative correla-
tion between miR‑206 and FOXP1. Additionally, when treated 
with miR‑206 mimics, the relative survival rate of VSMCs 
was notably reduced, which was rescued by overexpression 
of FOXP1. These findings increased the understanding of the 
regulatory role of miR‑206 in atherosclerosis in VSMCs via 
targeting the FOXP1 gene; therefore, intervention with miR‑206 
as a therapeutic technique may be a strategy for atherosclerosis 
treatment in the future. 

Introduction

Cardiovascular disease (CVD) is one of the leading causes 
of mortality worldwide, and was responsible for ~31.9% of 

all mortality in 2010 (1). In the last 20 years, CVD mortality 
rates have decreased; however, these rates are predicted to 
increase again as a result of global increases in diabetes and 
obesity. Additionally, the prevalence of CVD has increased 
in developing countries, due to the acquisition of a western-
ized lifestyle, which is likely to contribute to the suspected 
increase in CVD mortality rates (2). Atherosclerosis can lead 
to myocardial infarction, cerebrovascular accident and periph-
eral vascular disease, and is now identified as an inflammatory 
disorder of medium and large arteries. Factors related to the 
development of atherosclerosis include high plasma choles-
terol levels and hypertension (3).

As highly differentiated muscle cells, vascular smooth 
muscle cells (VSMCs) comprise the medial layer of the vessel 
wall, and they control blood pressure via the contraction and 
relaxation of vessels. VSMCs may have an important role 
in atherogenesis by actively participating in the control of 
vascular remodeling and plaque stabilization (4). Induced by 
various factors, the aberrant proliferation of VSMCs has been 
confirmed to be critical in the pathogenesis of cardiovascular 
diseases, such as pulmonary artery hypertension, post‑angio-
plasty restenosis, vein graft failure and atherosclerosis (5,6). 
Distinguishing them from many terminal differentiated 
cells, VSMCs have the potential of phenotypic switching, 
meaning VSMCs are capable of transferring between prolifer-
ative‑synthetic and quiescent‑contractile phenotypes, initiated 
by changes in the local environment (7,8).

MicroRNA (miRNA) are small, endogenous, non‑coding 
regulatory molecules of 20‑22 nucleotides in length. They are 
able to regulate gene expression at the posttranscriptional level 
by binding to the 3'‑untranslated region (UTR) of messenger 
RNA (mRNA) (8). The involvement of miRNA in the pathogen-
esis of various human diseases, including cancer, inflammatory 
diseases and cardiovascular diseases (9‑13), has been widely 
investigated. Multiple miRNA are known to control the 
different phases of atherogenesis (14); they have an important 
role in the proliferation and differentiation of VSMCs under 
pathological or physiological conditions, as well as modulating 
both adaptive and innate immune responses within VSMCs, 
influencing every step of atherogenesis from plaque formation 
to destabilization and rupture (15). Although many miRNA 
have been linked to atherosclerosis, this association has only 

Upregulation of microRNA‑206 induces apoptosis 
of vascular smooth muscle cells and decreases risk 

of atherosclerosis through modulating FOXP1
TAO XING1,  LIXIN DU2,  XIANBO ZHUANG2,  LIYONG ZHANG1,  JIHENG HAO3  and  JIYUE WANG3

Departments of 1Neurosurgery and 2Neurology, Liaocheng People's Hospital; 3Department of 
Neurosurgery, Brain Hospital of Liaocheng, Liaocheng, Shandong 252000, P.R. China

Received August 20, 2015;  Accepted December 9, 2016

DOI: 10.3892/etm.2017.5071

Correspondence to: Professor Xianbo Zhuang, Department 
of Neurology, Liaocheng People's Hospital, 45 Huashan Road, 
Liaocheng, Shandong 252000, P.R. China
E‑mail: endarterectomyzh@163.com

Key words: microRNA‑206, vascular smooth muscle cells, 
apoptosis, atherosclerosis, forkhead box protein subfamily P



XING et al:  miRNA-206 IS INVOLVED IN THE PATHOGENESIS OF ATHEROSCLEROSIS4098

been repeatedly reported for some miRNA, including miR‑21, 
‑146a, ‑150 and ‑155 (16,17).

Forkhead Box P1 (FoxP1) was first identified by 
Shu et al (18), which was considered a glutamine rich factor 
that belongs to the FoxP subfamily of the fox‑transcription 
factors. Bot et al (19) suggested that FoxP1 modulates collagen 
synthesis and proliferation of smooth muscle cell through 
downstream target of transforming growth factor (TGF)‑β. 
FoxP1 levels may also be associated with interleukin‑2, ‑4 and 
‑10 expression, which are involved in plaque stability (19).

In the present study, four miRNA (miR‑206, ‑125a, ‑876 
and ‑183) that have previously been reported to be differentially 
expressed in atherosclerosis (20) were selected. Screening was 
performed to compare their ability to affect the proliferation 
of VSMCs with the control. It was demonstrated that miR‑206 
was able to substantially suppress the proliferation of VSMCs 
via targeting forkhead box protein subfamily P (FOXP) 1.

Materials and methods

Ethics statement. All patients involved in the present study 
provided their written informed consent. The present study 
was approved by the Ethics Committee of Liaocheng People's 
Hospital (Liaocheng, China).

Patient samples. A total of 22 human atherosclerotic plaques 
were collected from patients (age, 67.63±7.23 years; males, 
15; females, 7) who received endarterectomy to reduce 
the long‑term risk of stroke, and 20 normal control tissue 
samples were obtained from patients (age, 65.45±5.43 years; 
males, 12; females, 8) who received coronary artery bypass 
surgery in Liaocheng People's Hospital. All patients included 
in the present study were clinically asymptomatic. Following 
surgery, all tissue samples were flash‑frozen in liquid nitrogen 
and, subsequently, stored at ‑80˚C until the experiments were 
conducted.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. RNA isolated from tissue samples were 
subjected to an RNeasy kit (Qiagen China Co., Ltd., Shanghai, 
China) and an miRNeasy Mini kit (Qiagen China Co., Ltd.) 
to isolate miRNA and mRNA, respectively according to the 
manufacturer's instructions. A SYBR Green Master Mix 
kit and a miRCURY LNA Universal RT microRNA PCR 
kit (both Exiqon, Vedbæk, Denmark) for cDNA synthesis 
were utilized to perform RT‑qPCR for miRNA and mRNA 
in accordance with the manufacturer's protocols. The 
following primers were used: miR‑206, forward 5'‑CCA​
AAG​CGG​AGT​CTC​GCA​T‑3' and reverse 5'‑GCC​TAG​CAT​
CTT​GCT​TAG​CTC‑3'; miR‑125a, forward 5'‑TTG​CTC​CAG​
CAG​GGT​AAC​TG‑3' and reverse 5'‑GTG​GTC​GAG​AAG​
CTT​GTG​TGA‑3'; miR‑876, forward 5'‑ACC​TGC​ACC​CGA​
TTC​ACA​G‑3' and reverse 5'‑TGG​CAG​CTC​CAT​ACT​GAC​
CA‑3'; miR‑183, forward 5'‑GAG​AAT​TGT​GGC​GTC​AAG​
TCA‑3' and reverse 5'‑CAG​GTA​TGT​TTT​CCA​GTG​CTC​C‑3'; 
FOXP1, forward 5'‑CAG​CGA​AAC​CAC​GAA​AAG​AAG​‑3'  
and reverse 5'‑GGTCCACCTCTGTTAGTGATA‑3'; and 
β‑actin: Forward 5'‑CAGCAAAGAAGGACACGAAAC‑3' 
and reverse 5'‑ACCGGGGATTATTCCTTCTGA‑3. RT‑qPCR 
for four miRNA (miR‑206, ‑125a, ‑876 and ‑183) and FOXP1 

was conducted using a HotStart‑IT SYBR Green qPCR Master 
Mix with UDG (2X) (Affymetrix, Inc., Santa Clara, CA, USA) 
and a DNA Engine Opticon 2 Real‑Time Cycler (MJ Research, 
Inc., Waltham, MA, USA). Subsequently, the 2‑ΔΔCq method 
was used to quantify the expression levels of each miRNA or 
mRNA (18). Experiments were repeated at least three times: 
β‑actin was the internal reference gene.

Cell culture and oligonucleotide transfection. Human 
aortic VSMCs (Lonza, Inc., Allendale, NJ, USA) were 
cultured in Dulbecco's Modified Eagle's medium (DMEM; 
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
supplemented with 10% fetal bovine serum (FBS) (Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA). Cells were incubated 
at 37˚C in an atmosphere containing 5% CO2. Mimics for 
four miRNA (miR‑206, ‑125a, ‑876 and ‑183) were purchased 
from Ambion (Thermo Fisher Scientific, Inc.) and transfec-
tion was performed using Lipofectamine 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufac-
turer's protocol.

Construction of FOXP1 plasmid. The coding sequence of 
FOXP1 was amplified using PCR and inserted into pcDNA3.0 
(Invitrogen; Thermo Fisher Scientific, Inc.). PCR amplifica-
tion was performed as follows: 94˚C for 3 min, followed by 
30 cycles of 94˚C for 40 sec, 56˚C for 45 sec and 72˚C for 
60  sec, followed by terminal elongation. A DNA Engine 
Opticon 2 Real‑Time Cycler (MJ Research, Inc.) and Taq 
DNA Polymerase (Invitrogen; Thermo Fisher Scientific, Inc.) 
were used. Insertion accuracy was confirmed via direct Sanger 
sequencing. The construct was subsequently transfected into 
VSMCs using Lipofectamine 2000.

CCK‑8 assay. A cell counting kit‑8 (CCK‑8; Sigma‑Aldrich; 
Merck Millipore, Darmstadt, Germany) assay was used to 
measure the proliferation of cells. Accordingly, 24 h subse-
quent to producing equal numbers of VSMCs, the cells 
were transfected with either the miR‑206 mimic, or both the 
miR‑206 mimic and the FOXP1 plasmid. Following transfec-
tion, DMEM was used to incubate the cells. Subsequently, 10 µl 
of the CCK‑8 solution was added to each well where cells were 
cultured for 2 h at the end of CCK‑8 treatment. Subsequently, 
the absorbance value was measured at a wavelength of 450 nm 
using a microplate absorbance reader to confirm the number 
of viable cells.

Luciferase reporter assays. The full length of the 3'UTR 
of FOXP1 was amplified and cloned into an miR‑reporter 
construct (Ambion; Thermo Fisher Scientific, Inc.). 
Subsequently, the potential miR‑206 binding site in the 3'UTR 
of FOXP1 was replaced with its complementary sequence 
using site‑directed mutagenesis (210518; Stratagene; Agilent 
Technologies, Inc., Santa Clara, CA, USA). For the luciferase 
assay, 100 ng/ml of the wild‑type or mutant miR‑reporter 
construct was co‑transfected with the 100 nM miR‑206 mimics 
into VSMCs using Lipofectamine 2000. Following 36 h, cells 
were lysed and 50 µl of the lysate was utilized for β‑Gal assay 
(BioVision, Inc., Milpitas, CA, USA) and 10 µl (2X) was used 
for the luciferase assay. Assays were conducted according to 
the manufacturer's protocol.
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Western blot analysis. Following homogenization of the tissue 
samples or the cultured cells, proteins were extracted with an 
extraction buffer composed of radioimmunoprecipitation assay 
buffer, protease inhibitor cocktail and phosphatase inhibitor 
cocktail (Calbiochem; Merck Millipore). Total proteins were 
quantified by the Bradford method (21). Proteins (30 µg) were 
separated by 10% SDS‑PAGE and subsequently transferred to 
a nitrocellulose membrane (Merck Millipore). For blocking, 
5% skimmed milk was used to block the membrane for 2 hat 
37˚C and phosphate‑buffered saline was utilized to wash the 
membrane for 5 min. Membranes were incubated overnight 
with primary antibodies against FOXP1 or β‑actin (1:5,000 
dilution; Abcam, Cambridge, UK) or rabbit β‑actin (1:12,000 
dilution; ab8227; Abcam) at 4˚C overnight. Subsequently the 
membrane was incubated with horseradish peroxidase‑linked 
secondary antibodies (1:15,000 dilution; ab7090; Abcam) at 
37˚C for 2 h. Following this, the membrane was treated with 
enhanced chemiluminescent reagent (Amersham ECL detec-
tion system; GE Healthcare Life Sciences, Chalfont, UK). An 
Electrochemiluminescence Plus Western Blotting Detection 
System (GE Healthcare Bio‑Sciences, Pittsburgh, PA, USA) 
was used to detect the bound antibodies and high performance 
chemiluminescence film (GE Healthcare Bio‑Sciences) was 
used to detect the chemiluminiscent signals in accordance 
with the manufacturer's recommendation. Protein expression 
was normalized to β‑actin and quantified by densitometry. 
ImageJ software (version 1.37) (National Institutes of Health; 
Bethesda, MD, USA) was utilized to quantify the expression 
level of FOXP1.

Statistical analysis. Statistical analysis was performed using 
SPSS 16.0 (SPSS Inc, Chicago, IL, USA). Normal distribution 
of data was tested using the Shapiro‑Wilk test. If a normal 
distribution was not confirmed, the Mann‑Whitney U test 
was used to examine differences between groups. If a normal 
distribution was confirmed, Student's t‑test or one‑way anal-
ysis of variance was used to compare the parameter between 
two or more groups, respectively. Categorical variables were 
compared using the Chi‑square test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

miR‑206 suppresses the survival of VSMCs. To explore the 
pathogenesis of atherosclerosis, the survival rate of VSMCs 
transfected with several candidate miRNA that were previ-
ously reported to be differentially expressed in atherosclerosis 
(including miR‑206, ‑125a, ‑876 and ‑183) (22), was inves-
tigated. Results demonstrated that miR‑206 was the only 
miRNA that was able to significantly suppress the growth of 
the VSMCs. A significantly reduced survival rate was observed 
in comparison with the other miRs (P<0.05; Fig. 1), indicating 
that miR‑206 may be the one miRNA out of the four miRNA 
investigated that suppresses the survival of VSMCs.

miR‑206 targets the conserved 3'UTR of FOXP1. Due to the 
evident effect of miR‑206 upon VSMC survival rates, it was 
hypothesized that the downstream miR‑206 target genes may be 
associated with the control of cell proliferation. Bioinformatics 
tools (TargetScan; http://www.targetscan.org/vert_71) were 

utilized to identify the potential target genes of miR‑206. Two 
putative target sites (820‑826 and 3447‑3455) in the 3'UTR of 
the FOXP1 gene were identified as potential binding sites for 
miR‑206 (Fig. 2), indicating that FOXP1 may be a target of 
miR‑206.

To verify whether FOXP1 is a direct target gene of 
miR‑206 and to determine the exact miR‑206 binding site on 
the FOXP1 gene, two wild‑type FOXP1 3'UTR segments, and 
two different mutants (wild‑type site 820‑826 and mutated site 
3447‑3455, defined as Mutant1 in Fig. 2; mutated site 820‑826 
and wild‑type site 3447‑3455, defined as Mutant2 in Fig. 2) 
of the FOXP1 3'UTR segments were cloned into different 
miR‑luciferase reporter constructs. Following treatment with 
miR‑206 in the luciferase reporter assay, cells co‑transfected 
with plasmids containing the Mutant2 FOXP1 3'UTR segments 
exhibited similar luciferase activity when compared with the 
scramble controls (Fig. 3). In contrast, cells co‑transfected 
with Mutant1 of the FOXP1 3'UTR segments demonstrated 
significantly reduced relative luciferase activity compared 
with the scramble controls, and exhibited no significant differ-
ences with cells co‑transfected with wild‑type FOXP1 3'UTR 
segments (P<0.05; Fig. 3). This indicated that miR‑206 down-
regulated FOXP1 expression by targeting the 820‑826 putative 
binding site on FOXP1 3'UTR segments.

FOXP1 expression is downregulated by miR‑206 in athero‑
sclerosis tissues. To explore the mechanism by which miR‑206 
influences the development of atherosclerosis via targeting 
the predicted target FOXP1 gene, the mRNA expression 
level of miR‑206 among the 22 atherosclerosis samples and 
the 20 control samples was investigated. It was demonstrated 
that expression of miR‑206 was markedly suppressed in the 
atherosclerosis samples compared with control samples 
(Fig. 4). Additionally, RT‑qPCR and western blot analysis were 
performed separately on atherosclerosis groups and control 
groups to investigate the regulatory association between 
miR‑206 and FOXP1. This revealed significantly increased 
mRNA/protein expression levels of FOXP1 among atheroscle-
rosis tissue samples compared with the normal control samples 
(P<0.05; Fig. 5A and B, respectively), indicating the negatively 
correlated relationship between miR‑206 and FOXP1.

FOXP1 overexpression has a potential rescue effect upon 
miR‑206. To explore the regulatory relationship between 

Figure 1. Relative survival rate of VSMCs transfected with four different 
miR‑mimics. Survival rate of VSMCs was reduced by transfection with 
miR‑206 when compared with other miRs. *P<0.05 vs. miR‑125a, ▲P<0.05 
vs. miR‑876, #P<0.05 vs. miR‑183. VSMCs, vascular smooth muscle cells; 
miR, microRNA.
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miR‑206 and FOXP1 in vitro, the mRNA and protein expres-
sion levels of FOXP1 in VSMCs treated with miR‑206 mimics 
were investigated. Marked decreases in protein expression 
(Fig.  6A) and significant decreases in mRNA expression 
levels of FOXP1 (P<0.05; Fig. 6B) were detected among the 
miR‑206 mimics treatment group compared with the scramble 
controls. To perform the rescue test, recombinant plasmids 
expressing the complete coding sequence of the FOXP1 gene 
were constructed and, subsequently, transfected into cells 
treated with miR‑206 mimics. The viability of the VSMCs 
transfected with the scramble control, the miR‑206 mimics 
and the miR‑206 mimics with the FOXP1‑expressing plasmid 
was determined. miR‑206 transfection significantly decreased 
(P<0.05) the survival rate of the VSMCs compared with the 
control, while overexpression of FOXP1 almost reversed the 

survival decrease induced by miR‑206 (Fig. 7), indicating that 
the miR‑206 decreases VSMC viability and this is, at least 
partially, mediated by the target of miR‑206, FOXP1.

Discussion

miR‑206 is a functional miRNA in both physiological and 
pathological conditions. As a differentiation‑related miRNA, 
miR‑206 has been demonstrated to have a crucial role in the 
process of cellular differentiation. A study by Dey et al (23) 
demonstrated that differentiation and proliferation of 
myoblasts was modulated by miR‑206 through its direct target, 
PAX7. A study by Anderson et al (24) identified miR‑206 
as a key regulator of osteoblast differentiation, by inhibiting 
the expression of the connexin‑43 gene. Jalali et  al  (25) 
demonstrated that miR‑206 may be a potential regulator of 
the differentiation and proliferation of VSMCs in pulmo-
nary arterial hypertension. As an anti‑oncogenic miRNA, 
miR‑206 has been demonstrated to inhibit both tumorigenesis 
and tumor progression. A study by Song et al (26) exhibited 
that miR‑206 is a pro‑apoptotic activator of cell death that 
is associated with the regulation of Notch3 function and, 
thus, the suppression of tumor growth. In various types of 
cancer, miR‑206 demonstrates decreased regulation (27,28). 
By inhibiting the expression of Notch3 protein, miR‑206 
overexpression in HeLa cancer cells increases apoptosis (29). 
When compared with controls, decreased expression levels 
of miR‑206 in mice with pulmonary hypertension induced by 
hypoxia has been demonstrated in experiments in vivo.

On the foundation of previous evidence, the role of miR‑206 
in modulating the differentiation, proliferation and apoptosis 
of VSMCs in vitro was investigated. In the present study, the 
survival rates of VSMCs transfected with several candidate 
microRNA, which were previously reported to be differen-
tially expressed in atherosclerosis (including miR‑206, ‑125a, 
‑876 and ‑183) (20), were investigated. miR‑206 was identified 

Figure 2. Two possible target sequences for microRNA‑206 in the FOXP1 
3'UTR and their mutants. miR, microRNA; UTR, untranslated region; Mut1, 
mutant 1; Mut2, mutant 2; FOXP1, forkhead box protein subfamily P.

Figure 3. Luciferase activity of vascular smooth muscle cells transfected with 
plasmids containing the two wild‑type FOXP1 3'UTR binding segments or plas-
mids expressing one mutant and one wild‑type of each of the binding segments 
(mut1 and mut2). Cells transfected with plasmids containing segments of mut2 
FOXP1 3'UTR/wild‑type FOXP1 3'UTR exhibited no significant difference 
in the relative luciferase activity compared with the blank/scramble controls. 
In contrast, cells transfected with plasmids containing segments of wild‑type 
FOXP1 3'UTR/Mut1 FOXP1 3'UTR demonstrated significantly decreased 
levels of relative luciferase activity compared with the blank/scramble controls 
*P<0.05 vs. blank control. #P<0.05 vs. scramble control. UTR, untranslated 
region; mut1, mutant 1 (wild‑type site 820‑826 and mutated site 3447‑3455); 
mut2, mutant 2 (mutated site 820‑826 and wild‑type site 3447‑3455); FOXP1, 
forkhead box protein subfamily P.

Figure 4. Expression levels of miR‑206 in atherosclerosis and control 
samples. Expression of miR‑206 was significantly reduced in atherosclerosis 
tissue samples compared with the controls. Horizontal line represents the 
standard deviation. *P<0.05 vs. control. miR, microRNA.
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as the only miRNA, out of the four miRNA investigated, that 
could markedly suppress the growth of VSMCs. Furthermore, 
bioinformatics tools were utilised to identify FOXP1 as a target 
of miR‑206 and luciferase reporter analysis was performed to 
confirm this relationship. Luciferase reporter analysis revealed 
that the binding site for miR‑206 was in the 3'UTR of FOXP1. 
A negatively correlated relationship between miR‑206 and 
FOXP1 was confirmed by the observation that expression 
of miR‑206 was suppressed in the atherosclerosis samples, 
whereas mRNA/protein expression levels of FOXP1 were 
upregulated, compared with control samples.

Figure 6. (A) Western blot analysis of FOXP1 protein in VSMCs transfected 
with miR‑206. Results indicated that VSMCs transfected with miR‑206 
mimics presented a faint band of FOXP1 protein compared with the scramble 
controls. (B) Western blot analysis of VSMCs transfected with miR‑206 
mimics and of VSMCs transfected with miR‑206 mimics along with FOXP1. 
Results indicated that cells co‑transfected with miR‑206 mimics and FOXP1 
expressing recombinants exhibited a thicker/darker band compared with 
cells transfected with miR‑206 mimics only. (C) Reverse transcription‑quan-
titative polymerase chain reaction results of mRNA expression level of 
FOXP1 in VSMCs transfected with miR‑206 mimics. Results indicated a 
significantly decreased FOXP1 mRNA expression level in cells treated with 
miR‑206 mimics compared with the scramble controls *P<0.05 vs. scramble 
control. VSMCs, vascular smooth muscle cells; miRNA, microRNA; mRNA, 
messenger RNA; FOXP1, forkhead box protein subfamily P.

Figure 5. (A) Expression levels of FOXP1 mRNA in atherosclerosis and control samples. Expression levels of FOXP1 mRNA in VSMCs were upregulated 
in atherosclerosis tissue samples compared with controls. (B) Relative density of FOXP1 protein bands produced in western blot analysis from VSMCs from 
atherosclerosis and control samples. Horizontal lines represent the standard deviation *P<0.05 vs. control. Expression levels of FOXP1 protein in VSMCs were 
upregulated in atherosclerosis tissue samples compared with controls. mRNA, messenger RNA; VSMCs, vascular smooth muscle cells. FOXP1, forkhead box 
protein subfamily P.

Figure 7. Survival rate of VSMCs transfected with miR‑206 mimics and 
with miR‑206 mimics plus FOXP1 expression plasmids. Relative survival 
rate of VSMCs transfected with miR‑206 mimics was significantly reduced 
compared with the scramble controls, and the VSMCs co‑transfected with 
miR‑206 mimics along with FOXP1 expression plasmids exhibited no signif-
icant differences when compared with the scramble controls *P>0.05 vs. 
scramble control. VSMCs, vascular smooth muscle cells; miR, microRNA; 
FOXP1, forkhead box protein subfamily P.
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FOXP1, a member of the FOXP subfamily of the 
FOX‑transcription factors, was identified in a study by 
Shu et al (18) as a glutamine rich transcription factor, detect-
able in a wide variety of fetal and adult tissue cell types. 
Additionally, the expression of FOXP1 has been detected in 
several malignant neoplasms, including B‑cell lymphomas 
and prostate cancer (30). FOXP1 has been reported to be 
involved in the control of differentiation and proliferation of 
cardiac muscle cells, and differential effects of FOXP1 on 
the early and late stage of cardiac development have been 
demonstrated (31). Different types of cells in atherosclerotic 
lesions express FOXP1, which is a downstream target of 
TGF‑β (19). FOXP1 is predominantly expressed by smooth 
muscle cells  (19) in atherosclerotic plaques. The role of 
FOXP1 in some other cell types relevant to atherosclerosis 
has been studied (32); however, its effect on VSMCs remains 
largely unknown.

In the present study, it was hypothesized that FOXP1 
may be a downstream target of miR‑206, and its regulatory 
effect on the proliferation of VSMCs may be mediated by its 
downstream effectors such as fibroblast growth factor and 
TGF‑β (33). In the present study, miR‑206 transfection mark-
edly decreased the survival rate of VSMCs compared with the 
controls. However, the overexpression of FOXP1 in VSMCs 
treated with miR‑206 almost restored the survival rates, indi-
cating that the survival‑suppressing effect of miR‑206 is, at 
least partially, mediated by its target, FOXP1.

In conclusion, the present study has provided a mechanistic 
model that may demonstrate the role of miR‑206 and FOXP1 in 
the development of atherosclerotic plaques. It was demonstrated 
that the miR‑206/FOXP1 pathway is functionally involved in 
the control of the proliferation of VSMCs. These results suggest 
that miR‑206 inhibits the expression of FOXP1, resulting 
in decreased viability and increased apoptosis of VSMCs. 
Decreased levels of miR‑206 release the physiologically‑inhib-
ited expression of FOXP1, resulting in the increased expression 
of FOXP1 and, thereby, activation of the downstream TGF‑β 
signalling pathway. High mRNA/protein expression levels of 
FOXP1 were detected in atherosclerosis samples compared 
with controls; therefore, miR‑206 may be a protective factor in 
atherosclerosis by inhibiting the expression of FOXP1. FOXP1 
may be a potential target for the treatment and/or prevention 
of acute cardiovascular events and atherosclerotic plaque  
formation.
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