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Abstract: MiRNAs play crucial roles in abnormal proliferation and invasion of VSMCs. However, the roles and mecha-
nisms of miRNAs in VSMCs are not fully understood. In our study, we demonstrated that PDGF-BB and serum in-
duced proliferation of VSMCs led to the upregulation of miR-541. We also showed that overexpression of miR-541 
promoted VSMC proliferation and invasion. In addition, Interferon regulatory factor 7 (IRF7) was found to be a po-
tential target of miR-541 and upregulation of IRF7 could inhibit VSMC proliferation. Restored expression of miR-541 
promoted IRF7-inhibited VSMCs proliferation. In conclusion, these findings suggest that inhibitors targeting miR-541 
or its specific downstream molecules may be therapeutic strategy for VSMC growth-related diseases.
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Introduction

Vascular smooth muscle cells (VSMCs) exhibit 
quiescent status under normal conditions with-
in adult blood vessels, proliferating at a very 
low rate [1-3]. However, unlike skeletal and car-
diac muscle cells which consist of terminally 
differentiated cells, VSMCs keep remarkable 
plasticity and can undergo phenotypic switch-
ing under certain circumstances [4]. Proli- 
feration of VSMCs following vascular injury con-
tributes to the pathogenesis of intimal hyper-
plasia and atherosclerosis [5]. In response to 
vascular injury, VSMCs can release various 
growth factors and cytokines, including EGF, 
leptin, FGF-2, interleukin-1, PDGF, and angio-
tensin II. and exhibit increased rate of prolifera-
tion and migration [7, 8]. However, the molecu-
lar mechanisms in VSMCs proliferation and its 
association with atherosclerosis and resteno-
sis are still unclear.

MicroRNAs (MiRNAs) are endogenous, small, 
noncoding RNAs that control gene expression 
post-transcriptionally  through binding to com-
plementary sequences in their 3’ untranslated 
regions (3’UTR) [9-11]. MiRNAs are key regula-

tors in almost all cellular functions such as pro-
liferation, differentiation, apoptosis, develop-
ment, and carcinogenesis [12-15]. Deregulated 
miRNA is reported to be associated with many 
diseases such as leukemia, inflammation, can-
cers, diabetes, and heart diseases [16-20]. 
Increasing evidences have suggested that miR-
NAs play crucial roles in proliferation-related 
diseases, especially in VSMCs proliferation [21, 
22]. Various miRNAs, such as let-7d, miR-21, 
miR-490-3p, miR-365, miR-153 and miR-223, 
are involved in VSMC phenotype and neointima 
formation [4, 8, 23-25]. MiR-21, miR-142-5p, 
and miR-146a were proved to promote VSMC 
growth through targeting different molecules, 
such as c-Ski, B cell translocation gene 3 
(BTG3), and KLF4, respectively [24, 26, 27]. 
However, the function of miR-541 in VSMCs 
function is still unknown.

In this study, miR-541 increased VSMCs prolif-
eration and invasion via a direct interaction 
with the 3’UTR of IRF7. In addition, miR-541 
was significantly upregulated in proliferating 
VSMCs induced by PDGF-BB. Inhibitors of miR-
541 or its specific downstream molecules may 
be a potencial therapeutic target for VSMC 
growth-related diseases.
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Materials and methods

Ethics statement 

All experimental protocols were approved by 
the Clinical Research Ethics Committee of the 
Second Xiangya Hospital.

Cell culture and transfection

The VSMCs were obtained from Cascade 
Biologics (Portland, OR) and cultured in the rec-
ommended conditions supplemented with fetal 
bovine serum (FBS). All other chemicals and 
reagents were obtained from Sigma unless oth-
erwise specified. The miR-541 mimics, inhibi-
tors, scramble and control pcDNA-IRF7 and 
Empty vector were synthesized by GenePharma 
(Shanghai, China) and then transfected into the 
VSMCs. All cell transfections were introduced 
by DharmaFECT1 Reagent (Dharmacon, TX, 
USA) in accordance with the manufacturer’s 
protocol.

RNA isolation and quantitative real-time re-
verse transcription-PCR

Total RNA was extracted from the cells using 
Trizol reagent (Invitrogen, Calsbad, CA, USA) 
according manufacturer’s instructions. Relative 
transcript levels of mRNA or miRNA were 
detected using the iQ5 Real-Time PCR Detection 
System (Bio-Rad, California, USA). The real-time 
PCR reaction was composed of 1x SYBR Green 
fluorescent dye (Takara, Dalian, China), 1 μl for-
ward primers (10 μM), 1 μl reverse primers (10 
μM), 1x qPCR mix, 1 μl cDNA. The sequences of 
the specific primers are shown in Table S1. 
GAPDH or U6 was used as an internal control 
for mRNA or miRNA respectively.

Cell proliferation and cell invasion assay 

Cell proliferation was detected using CCK-8 
(DOJINDO, Kumamoto, Japan) following to the 
manufacturer’s instructions. The cells were cul-

Figure 1. miR-541 was up-regulated by PDGF-BB and FBS in VSMCs. A. The CCK8 proliferation assay has shown that 
PDGF-BB can induce the VSMCs proliferation. B. qRT-PCR analysis was performed to the levels of miR-541 in VSMCs 
after PDGF-BB treatment. PDGF-BB can enhance the expression of miR-541. U6 snRNA was used as internal con-
trol. C. The CCK8 proliferation assay has shown that (fetal bovine serum) FBS can induce the VSMCs proliferation. 
D. qRT-PCR was performed to the levels of miR-541 in VSMCs after PBS treatment. FBS can enhance the expression 
of miR-541. U6 snRNA was used as internal control. *p<0.05, and **p<0.01, *** p<0.001.
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Figure 2. Overexpression of miR-541 promoted the proliferation of VSMCs. A. qRT-PCR analysis of miR-541 in VSMCs 
upon transfection of miR-541 mimics. The expression of miR-541 in VSMCs transfected with miR-541 mimics was 
up-regulated. U6 snRNA was used as internal control. B. The CCK8 proliferation assay has shown that miR-541 
overexpression can induce the VSMCs proliferation. C. qRT-PCR analysis of miR-541 in VSMCs upon transfection of 
miR-541 inhibitor. The expression of miR-541 in VSMCs transfected with miR-541 inhibitors was down-regulated. U6 
snRNA was used as internal control. D. The CCK8 proliferation assay has shown that miR-541 downregulation can 
inhibit the VSMCs proliferation. E. qRT-PCR analysis of PCNA in VSMCs upon transfection of miR-541 mimics, inhibi-
tor, scramble or control. F. Western blot analysis of PCNA in VSMCs upon transfection of miR-541 mimics, inhibitors, 
or scramble or control. *p<0.05, and **p<0.01, *** p<0.001.
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tured for 24, 48 and 72 h. The supernatant was 
removed, and 100 μl of DMEM/F12 medium 
containing 10 μl of CCK-8 was added to each 
well for incubating until visual color conversion 
occurred. The optical density (OD) values were 
read at 450 nm. Transwell (BD Sciences) coat-
ed with matrigel was used to measure cell inva-
sion. Cells were cultured in medium without 
serum in the upper chamber and medium con-
taining 10% FBS was added in the lower cham-
ber. After 24 hours, cells that were not invaded 
through medium were removed and the inserts 
were stained with crystal violet (0.2%), photo-
graphed and counted.

Dual luciferase assays

Cells were co-transfected with the reporter con-
struct (0.4 μg) of Luciferase Reporter Vectors 
control vector (0.2 μg), and miR-541 or scram-
ble. After 24 h of post-transfection, cells were 
harvested and assayed with Dual Luciferase 
Assay (Promega, WI, USA) following the manu-
facturer’s protocol. Firefly luciferase value was 
normalized to Renilla luciferase activity values, 
and the ratio of Firefly/Renilla was reported. 

Western blotting analysis 

Western blot analysis was carried out using 
standard protocols [30]. Proteins were sepa-
rated by 12% SDS-PAGE. Subsequently, pro-

teins were transferred to PVDF membranes 
(Amersham, Buckinghamshire, UK), which were 
blocked with non-fat dried milk (5%) for 2 h. 
Then they were incubated overnight with anti-
PCNA antibody or anti-IRF7 antibody (Abcam, 
England) at 1:2000 dilutions; anti-GAPDH anti-
body (Proteintech, Chicago, USA) at 1:50,000 
dilution., The membranes were washed with 
TBST and then incubated with goat anti-rabbit 
antibody (1:5000 dilutions, zsgb-bio, Beijing, 
China) for 2 h. Protein levels of GAPDH were 
used as loading controls.

Statistical analysis 

Statistics were analyzed using SPSS 17.0. Data 
are presented as the mean ± standard devia-
tion. Either an analysis of variance (ANOVA) or 
Student’s t-test was used for statistical analy-
sis. α=0.05 (two-side) was set as the statistical 
significance level. Each experiment was per-
formed at least three times.

Results

MiR-541 was upregulated by PDGF-BB and 
FBS in VSMCs

The CCK8 assay showed that PDGF-BB (20 ng/
ml) enhanced VSMCs proliferation (Figure 1A) 
and induced miR-541 expression (Figure 1B). 
We also confirmed that FBS could induce the 

Figure 3. Overexpression of miR-541 promoted the invasion of VSMCs. A. Invasion analysis of VSMCs after treat-
ment with miR-541 mimics, inhibitors or scramble or control. B. The relative ratio of invasive cells per field is shown, 
*p<0.05, **p<0.01, and ***p<0.001.
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VSMCs proliferation (Figure 1C) and miR-541 
expression (Figure 1D).

Overexpression of miR-541 promoted the pro-
liferation of VSMCs

MiR-541 expression was increased in VSMCs 
transfected with miR-541 mimics (Figure 2A), 

and decreased in VSMCs transfected with miR-
541 inhibitor (Figure 2B). The CCK-8 prolifera-
tion assay showed that the growth rate of 
VSMCs was enhanced in cells transfected with 
miR-541 mimics compared with cells transfect-
ed with scramble mimics or untreated (Figure 
2C). Meanwhile, miR-541 inhibitor inhibited the 
VSMCs proliferation (Figure 2D). The prolifera-

Figure 4. miR-541 targets IRF7 in VSMCs. A. Schematic representation of IRF7 3’UTR showing the putative miR-
541 target site. B. Relative luciferase activity of the indicated IRF7 reporter construct in VSMCs is shown. Firefly 
luciferase values were normalized to Renilla luciferase activity and plotted as relative luciferase activity. C. RT-PCR 
analysis was performed to examine the effects of miR-541 mimic on IRF7 expression in VSMCs. Ectopic expression 
of miR-541 significantly decreased IRF7 transcripts. GAPDH was used as internal control. D. Western blotting was 
performed to examine the effect of miR-541 mimic on the expression of IRF7. GAPDH was also detected as a load-
ing control. E. Inhibition of miR-541 promoted the protein expression of IRF7. F. RT-PCR analysis was performed to 
examine the effects of miR-541 inhibitor on IRF7 expression in VSMCs. ***p<0.001.
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tive effect of miR-541 was further confirmed by 
Western blot and qRT-PCR of PCNA, a well 
known cell proliferation marker. As shown in 
Figure 2E and 2F, there was an increase in the 
mRNA and protein of PCNA in the group trans-
fected with miR-541 mimics compared with the 
scrambled group or untreated group. 

Overexpression of miR-541 promoted the inva-
sion of VSMCs

The invasiveness was dramatically increased in 
cells transfected with miR-541 mimics com-
pared with the scramble group and control 
group cells. Meanwhile, the invasiveness was 

Figure 5. Overexpression of IRF7 can inhibit VSMCs proliferation. A. qRT-PCR analysis was performed to the levels of 
IRF7 in VSMCs after PDGF-BB treatment. PDGF-BB can inhibit the expression of IRF7. GAPDH was used as internal 
control. B. qRT-PCR analysis was performed to the levels of IRF7 in VSMCs after FBS treatment. FBS can inhibit the 
expression of IRF7. GAPDH was used as internal control. C. Western blotting was performed to examine the effects 
of pcDNApcDNA-IRF7 on the expression of IRF7. GAPDH was also detected as a loading control. D. The CCK8 prolif-
eration assay has shown that IRF7 can inhibit the VSMCs proliferation. E. IRF7 overexpression depressed the PCNA 
mRNA expression. GAPDH was used as internal control. F. IRF7 overexpression inhibited the PCNA protein expres-
sion. GAPDH was also detected as a loading control. *p<0.05, ** p<0.01, and ***p<0.001. 
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decreased transfected in cells transfected with 
miR-541 inhibitor (Figure 3A and 3B).

MiR-541 targeted IRF7 in VSMCs

The alignment of miR-541 and the 3’-UTR of 
IRF7 was shown of Figure 4A. Forced expres-
sion of miR-541 remarkably reduced luciferase 
activity of reporter gene with wild type, but not 
mutant IRF7 3’UTR, indicating that miR-541 
directly targeted IRF7 3’UTR (Figure 4B). 
Overexpression of miR-541 could reduce the 
mRNA and protein expression of IRF7 (Figure 
4C and 4D). Meanwhile, inhibition of miR-541 
could promote the mRNA and protein expres-
sion of IRF7 (Figure 4E and 4F).

Overexpression of IRF7 inhibited VSMCs prolif-
eration

PDGF-BB (20 ng/ml) or FBS could inhibit IRF7 
expression (Figure 5A and 5B). Western blot 
data showed that pcDNA-IRF7 enhanced the 

IRF7 protein expression (Figure 5C). Overex- 
pression of IRF7 inhibited the VSMCs prolifera-
tion (Figure 5D). As shown in Figure 5E and 5F, 
there was a decrease in the mRNA and protein 
of PCNA in the group transfected with pcDNA-
IRF7 compared with the control group or 
untreated group. 

Restoration of miR-541 promoted IRF7-inhibit-
ed VSMCs proliferation 

When miR-541 mimic and pcDNA-IRF7 were 
cotransfected into VSMCs, miR-541 expression 
significantly enhanced the IRF7-inhibited 
VSMCs proliferation (Figure 6B and 6C). More- 
over, overexpression of miR-541 enhanced the 
IRF7-inhibited the expression of PCNA in the 
VSMCs (Figure 6C and 6D). 

Discussion

MiRNAs are a class of small RNAs that regulate 
gene expression. Increasing research suggests 

Figure 6. Restoration of miR-541 promoted IRF7-inhibit-
ed VSMCs proliferation. A. The cell growth in VSMCs co-
transfected with either miR-541 mimic or scramble and 
pcDNA-IRF7 or pcDNAempty vector using CCK-8 prolifera-
tion assay. B. The mRNA expression of PCNA in VSMCs co-
transfected with either miR-541 mimic or scramble and 
pcDNA-IRF7 or pcDNA empty vector using qRT-PCR analy-
sis. GAPDH was used as internal control. C. The protein 
expression of PCNA in VSMCs co-transfected with either 
miR-541 mimic or scramble and pcDNA-IRF7 or pcDNA 
empty vector using western blot analysis. GAPDH was also 
detected as a loading control. *p<0.05, ** p<0.01,
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that deregulated miRNAs play important roles 
in abnormal VSMC proliferation and migration 
[7, 31]. Abnormal proliferation of VSMCs is 
associated with various diseases, such as 
restenosis and atherosclerosis [21]. In our 
study, the expression of miR-541 was increased 
in the PDGF-BB and FBS induced VSMCs. 
Moreover, overexpression of miR-541 promot-
ed the VSMCs proliferation and invasion by 
directly targeting IRF7. Furthermore, forced of 
IRF7 expression could inhibit VSMCs prolifera-
tion. Restoration of miR-541 promoted IRF7-
inhibited VSMCs proliferation. 

Recent study has shown that miR-541 is down-
regulated in cardiomyocytes treated by angio-
tensin II (Ang-II) and overexpression of miR-541 
decreases the hypertrophic phenotype upon 
Ang-II treatment in cellular models [32]. MiR-
541 is proved to be the target of microphthal-
mia-associated transcription factor (MITF), 
which can negatively regulate the expression of 
miR-541. Another study reported that Her2 and 
Erk1/2 might be the targets of miR-541 in 
breast cancer cells [33]. Here, our results show 
that the expression of miR-541 is upregulated 
in the VSMCs induced by PDGF-BB and FBS. 
Moreover, enforced expression of miR-541 pro-
motes the VSMCs proliferation and invasion. 
The proliferation of VSMCs is an important 
event in the pathogenesis of vascular diseases. 
It is characterized by intimal thickening that is 
commonly seen in restenosis after vein graft-
ing, atherosclerosis, vascular rejection, and 
coronary intervention. However, the roles of 
miR-541 in the proliferation of VSMCs remain 
unknown.  

IRF7 is a protein first isolated as a transcrip-
tional factor binding to the Epstein-Barr virus 
BamHI Q promoter. It is predominantly ex- 
pressed in lymphoid cells and participates in 
innate and adaptive immunity [34, 35]. IRF7 is 
an IFN-inducible transcription factor necessary 
for IFN-stimulated gene (ISG) induction by IFNs 
[36]. When activated by phosphorylation, IRF7 
translocates from the cytoplasm to the nucleus 
to induce target gene expression by binding to 
the promoter regulatory elements [37]. IRF7 is 
not expressed in cells normally, but it can be 
induced by various cytokines, such as IFN-a, 
the STAT pathway, double-stranded RNA, or 
viral infection [38]. Huang et al. reported that 
IRF7 expression was decreased in response to 
carotid injury and that IRF7 inhibited VSMC pro-

liferation and neointima formation [39]. Al- 
though IRFs displayed opposite changes in 
their expression in different studies, they led to 
a similar effect on VSMC proliferation in 
response to vascular injury [39]. IRF7 can tar-
get PCNA and lead to a similar effect on VSMC 
proliferation [39]. IRF7 plays important roles in 
neointima formation after wire injury through 
different mechanisms, indicating that the IRFs 
are crucial regulators in the neointima forma-
tion [39]. In our study, expression levels of IRF7 
were significantly inhibited in miR-541-overex-
pressed cells. We also demonstrated that over-
expression of IRF7 inhibited the VSMC prolifer-
ation. Moreover, restoration of miR-541 promot- 
ed IRF7-inhibited VSMCs proliferation. 

In conclusion, our study identified miR-541 as 
an activator of VSMC proliferation by regulating 
IRF7. MiR-541 expression was upregulated in 
proliferating VSMCs induced by PDGF-BB. In 
addition, miR-541 promoted VSMC prolifera-
tion and invasion by inhibiting IRF7, suggest- 
ing that miR-541 inhibitor can be potential  
therapeutic target for VSMC growth-related 
diseases.
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Table S1. Primer sequence
Name Sequence (5’-3’)
miRNA reverse transcription prime
    miRNA-541 ATGTATGAGTGCAGGTCGGAGGTAT 

TCTCACTATAAGACTCAGCC
    U6 snRNA AAAATATGGAACGCTTCACGAATTTG
Real-time PCR primer sequence
    miRNA-541 AAGACGTACTCAGGCCATGTCC

GACCCAAATGTCGCAGTCAG
    U6 snRNA CTCGCTTCGGCAGCACATATACT

ACGCTTCACGAATTTGCGTGTC
    GAPDH AATGGGCAGCCGTTAGGAAA

TGAAGGGGTCATTGATGGCA
    PCNA TCCTTTGGTGGGCACCTAAGACCTG
    IRF7 TGATGGTTGAGGTCGTTCCTTGATG

ATATCTCACGTGACCGAGGA
AGCTGATGGTGCTGGAAGTC


