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Abstract: This study aims to investigate the role of activator protein 1 (AP-1) in the effects of 27nt-miRNA on expres-
sion of endothelial nitric oxide synthase (eNOS) gene and proliferation of endothelial cells. Cell proliferation was 
analyzed by cell number counting, colony formation assay and MTT assay. Cell migration and invasion was detected 
by transwell assay and invasion assay. Expression of eNOS and AP-1 was measured by real-time RT-PCR (mRNA 
level) and Western blotting (protein level). Luciferase reporter assay was performed to detect the binding of 27nt-
miRNA to AP-1. Overexpression of 27nt-miRNA significantly inhibited endothelial cells proliferation, invasion and mi-
gration in vitro. And, eNOS and AP-1 expression at mRNA and protein levels were down-regulated by overexpression 
of 27nt-miRNA. Interestingly, overexpression of AP-1 protein partially restored eNOS expression and endothelial cell 
proliferation. Furthermore, the luciferase reporter assay demonstrated that AP-1 was a direct target of 27nt-miRNA. 
These data demonstrate that overexpression of 27nt-miRNA inhibits endothelial cell proliferation, invasion, migra-
tion, eNOS expression and AP-1 expression. Moreover, AP-1, a direct target of 27nt-miRNA, reverses the inhibitory 
effects of 27nt-miRNA. Thus, the effects of 27nt-miRNA might be acted through targeting AP-1.

Keywords: 27nt-miRNA, cell proliferation, endothelial nitric oxide synthase, AP-1

Introduction

MicroRNAs (miRNAs) are a kind of naturally 
occurring, small non-coding RNA molecules, 
about 21-25 nucleotides (nt) in length. MiRNAs 
can regulate mRNA translation and degrada-
tion through targeting protein-coding mRNAs 
[1, 2]. Recently, it is shown that angiogenesis is 
also controlled by miRNAs [3, 4]. In addition, 
miRNAs are implicated in the development of a 
variety of important human diseases including 
cancer [5, 6], cardiovascular diseases [7, 8] 
and diabetes [9]. Moreover, miRNAs posttran-
scriptionally regulate the expression of genes 
involved in important cellular processes, includ-
ing differentiation [10], growth [11], and apop-
tosis [12]. Intronic miRNAs, another group of 
non-coding RNAs, were first reported in 2003 
and are from the intron regions of gene tran-
scripts. Currently, more than 90 intronic miR-
NAs have been identified [13, 14]. Intronic miR-

NAs, which are structurally and functionally 
similar to intergenic miRNAs, also play impor-
tant roles in the regulation of host gene expres-
sion [15, 16]. 

It has been shown that nuclear transcription 
factors (TFs) and miRNAs are two large families 
of trans-acting gene regulators in multicellular 
genomes with extensive interactions on gene 
regulation [17, 18]. This dynamic interactive 
mechanism of gene regulation by TFs and miR-
NAs has been supported by a few recent stud-
ies [19-22]. For example, Yeh et al [19] reported 
that miRNA-138 suppressed ovarian cancer 
cell invasion and metastasis by targeting SRY-
related high mobility group box 4 and hypoxia-
inducible factor-1α. Yang et al [22] found that 
miR-16 inhibited glioma cell growth and inva-
sion through suppressing the nuclear factor-
kappaB1/matrix metalloproteinase-9 signaling 
pathway. The endothelial nitric oxide synthase 
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(eNOS) gene plays an important role in the reg-
ulation of endothelial proliferation [23]. The 
intronic 27-ntmiRNA is derived from the 27-base 
pair repeats in intron 4 of eNOS gene. Previously 
we reported that 27nt-miRNA overexpression 
significantly down-regulated eNOS mRNA level 
and protein expression, and decreased the 
eNOS transcriptional efficiency [24, 25]. And, 
we also showed that 27nt-miRNA overexpres-
sion significantly inhibited eNOS expression 
and endothelial cell proliferation via inhibition 
of STAT3 signaling [16] or by a mechanism relat-
ed to the transcription factor SP-1 [26]. These 
results suggest that 27nt-miRNA may regulate 
eNOS expression and endothelial cell prolifera-
tion through targeting TFs. The activator pro-
tein-1 (AP-1), one of the TFs, is reported to be 
involved in the regulation of eNOS expression 
[27, 28]. However, whether AP-1 mediates the 
effect of 27nt-miRNA on eNOS expression and 
endothelial cell proliferation is poorly un- 
derstood.

In this study, we over expressed 27nt-miRNA in 
human endothelial cells and investigated its 
effects on cell growth, invasion, migration and 
colony formation. And, we detected the effects 
of 27nt-miRNA on eNOS and AP-1 expression. 
In addition, the relationship between AP-1 and 
27nt-miRNA was analyzed. Furthermore, the 
role of AP-1 in the effects mediated by 27nt-
miRNA was also assessed.

Materials and methods

Reagents

Cell culture media EBM-2, fetal bovine serum 
(FBS), OptiMem I, G418 and RNase-free DNase 
were all purchased from Gibco (Invitrogen Co, 
Carlsbad, CA, USA). Plasmid kit, PCR kit, total 

blue tetrazolium (MTT) and dimethyl sulphoxide 
(DMSO) were from Sigma (St. Louis, MO, USA). 
The pCMV6-XL4-AP-1 plasmid was from Ori- 
Gene Technologies, Inc. (Rockville, MD, USA). 
The non-coated membrane (24-well insert; 
pore size, 8 μm) was from BD Biosciences (San 
Jose, CA, USA). QCM™ 24-Well Colorimetric Cell 
Migration Assay Kit and polyvinylidene difluo-
ride (PVDF) membranes were from Millipore 
(Billerica, MA, USA).

Construction of plasmids

For the miRNA plasmid construction, hairpin 
miRNA was designed based on the sequence of 
27nt repeat in intron 4 of eNOS gene as previ-
ously described [29]. A mutant oligonucleotide 
with 3 mutations at sites 13, 14, and 15 of the 
27nt sequence was also designed. A loop of 9 
nucleotides (5’-UUCAAGACA-3’) was used for 
the production of miRNAs. A 27nt sequence 
from the Luciferase gene was used as control. 
The sequences of oligonucleotides were listed 
in Table 1. DNA strands (top and bottom 
strands) encoding pre-miRNAs were synthe-
sized, annealed, and ligated into pEGP-miR vec-
tor. The plasmids constructed were named as 
the wild type 27nt-miRNA (wt-27nt-miR), the 
mutant 27nt-miRNA (mut-27nt-miR) and the 
control plasmid. The correctly constructed plas-
mids were verified by sequencing. The sequence 
in the control plasmid had no similarity to the 
human genome.

For construction of AP-1 luciferase reporter 
plasmids, the wild-type AP-1 (5’-GGTCTAG-3’, 
wt-AP-1) and mutant AP-1 (5’-GCAGTAG-3’, mut-
AP-1) were constructed into pGL3 vector. The 
AP-1 luciferase reporter plasmids were named 
as PGL3-wt-AP-1 and PGL3-mut-AP-1, respec-
tively. The correctly constructed plasmids were 
confirmed by sequencing. 

Table 1. Sequences of oligonucleotides and primers 
used in this study
Name Sequence
control 5’-GTCTGACAGTTACCAATGCTTAATCAG-3’ 
wt-27nt-miR 5’-GAAGTCTAGACCTGCTGCAGGGGTGAG-3’
mut-27nt-miR 5’-GAAGTCTAGACCTGCTGCAGGCCAGAG-3’
eNOS Forward 5’-AGGAACCTGTGTGACCCTCA-3’
eNOS Reverse 5’-CGAGGTGGTCCGGGTATCC-3’
AP-1 Forward 5’-AATGGGCACATCACCACTACAC-3’
AP-1 Reverse 5’-TGCTCGTCGGTCACGTTCT-3’
β-actin Forward 5’-CTGGAACGGTGAAGGTGACA-3’
β-actin Reverse 5’-AAGGGACTTCCTGTAACAATGCA-3’

RNA purification Kit, LipofectamineTM 2000 
Kit, vascular endothelial growth factor 
(VEGF) and secondary antibodies were all 
obtained from Invitrogen Co. (Carlsbad, CA, 
USA). The pEGP-miR vector was from Cell 
Biolabs (San Diego, CA, USA). Dual-Luci- 
ferase® Reporter Assay System and pGL3 
vector were from Promega (Madison, WI, 
USA). Reverse transcription (RT) kit was 
from MBI Fermentas (Hanover, MD, USA). 
Primers, siRNA synthesis kits, anti-eNOS 
antibody and anti-β-actin antibody were 
from Cell Signaling Technology (Boston, MA, 
USA). Anti-AP-1 antibody was from Santa 
Cruz (Santa Cruz, CA, USA). Methylthiazolyl 
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Cell line and cell culture

Human umbilical vein endothelial cells (HU- 
VECs) were obtained from Cell Application 
(Santiago, CA, USA) and cultured in EBM-2 sup-
plemented with 10% FBS and 1% penicillin/
streptomycin. Cells were maintained at 37°C 
with an atmosphere of 5% CO2. 

Cell transfection and establishment of stable 
cell lines with miRNA overexpression

For transfection, when cell confluence reached 
90%, cells were transfected with 50 nM of wt-
27nt-miR, mut-27nt-miR or control plasmid, or 
with pCMV6-XL4-AP-1 by using LipofectamineTM 
2000 according to the manufacturer’s instruc-
tions. After incubating in OptiMem-I media for 4 
h, the cells were then culture in fresh EBM-2 
with 10% FBS. 

For establishment of stable cell lines over-
expressing miRNA, G418 (1 mg/ml) was added 
into the culture media at 2 days after 27nt-miR-
NA transfection. The culture medium supple-
mented with G418 was changed once a week. 
The survived cell colonies were individually 
picked 2 weeks later for expansion. Stable cell 
lines with 2-10 passages were identified by ver-
ifying the miRNA expression with northern 
blotting.

Cell proliferation assay

Endothelial cells stably expressing 27nt-miRNA 
were seeded at a concentration of 2 × 103 
cells/well in 96-well plates and were cultured 
for 7 days. At day 1, day 2, day 3, day 4, day 5, 
day 6 and day 7 of culture, cells were collected 
by trypsinization and the cell numbers were 
determined using a hemocytometer. 

Colony formation assay

For the colony formation assay, endothelial 
cells stably expressing 27nt-miRNA were seed-
ed at a density of 1 × 103 cells/well in 6 cm 
petri dish. After incubation for 15 days, cells 
were fixed with methanol and stained with 0.1% 
crystal violet. Visible colonies were counted. 
Triplicate wells were measured for each group. 
The experiment was repeated three times. 

MTT assay

Cell proliferation was determined using MTT 
assay as previously described [30]. Briefly, cells 

stably expressing 27nt-miRNA were seeded at 
a density of 2 × 104 cells/well in 96-well plates. 
After 24 h incubation, the culture medium was 
replaced with serum-free medium. After cultur-
ing with serum-free medium for 24 h, the cells 
were treated with VEGF (10 ng/ml) for 24 h. 
Then cells were transfected with pCMV6-XL4-
AP-1. At 24 h after transfection, 100 μl MTT 
(0.5 mg/ml) was added to each well and incu-
bated at 37°C for 4 h. The culture supernatant 
was carefully removed to avoid disruption of 
the formazan crystals and 150 μl DMSO was 
added to solubilize the crystals. The absor-
bance of viable cells was measured at 570 nm 
using a microplate reader (Cell Application, San 
Diego, CA, USA). The relative cell number was 
calculated based on A570 value.

In vitro migration and invasion assays

For transwell migration assays, cells were tran- 
sfected with 50 nM plasmids of wt-27nt-miR, 
mut-27nt-miR or control plasmid. At 24 h after 
transfection, 2 × 105 cells were plated in the 
top chamber with the non-coated membrane. 
For invasion assays, migration of cells was 
assessed using the QCM™ 24-Well Colorimetric 
Cell Migration Assay Kit according to the manu-
facturer's instructions [31]. Briefly, at 24 h post-
transfection with wt-27nt-miR, mut-27nt-miR or 
control plasmid (50 nM each), 5 × 104 cells 
were plated in the top chamber with a non-
coated membrane. In both assays, cells in the 
top chamber were cultured in medium without 
serum, and medium supplemented with 10% 
FBS was used as a chemoattractant in the 
lower chamber. The cells were incubated for 24 
to 36 h. Cells that did not migrate or invade 
through the pores were removed by a cotton 
swab. To minimize the bias, at least three ran-
domly selected fields were quantified using × 
100 magnification. The number of migrated or 
invaded cells was counted and the fold change 
was calculated. The experiment was repeated 
three times.

Real-time RT-PCR analysis

Total RNA was extracted from the stable cells 
expressing 27nt-miRNA or those transfected 
with pCMV6-XL4-AP-1 plasmid using the TRIzol 
method. The quality and quantity of the RNA 
samples were assessed by standard electro-
phoresis and spectrophotometric methods. 
RNase-free DNase I was used to remove any 



AP-1 mediates the effect of 27nt-miRNA

288 Am J Transl Res 2015;7(2):285-297

genomic DNA contamination. The RNAs were 
then reverse-transcribed into cDNA and real-
time RT-PCR analysis was performed as previ-
ously described [32]. The following procedure 
was used: initial denaturation at 95°C for 2 
min, followed by 30 cycles of denaturation at 
95°C for 30 s, annealing at 55°C for 30 s and 
extension at 72°C for 45 s. The amplified prod-
ucts were identified by 1.5% agarose gel elec-
trophoresis and β-actin was used as an internal 
control. The 2-ΔΔCT method was used to calcu-
late the mRNA expression levels. Relative lev-

AP-1 and wt-27nt-miR, or with pGL3-mut-AP-1 
and wt-27nt-miR. Cells co-transfected with con-
trol plasmid and pGL3-wt-AP-1 or with control 
plasmid and pGL3-mut-AP-1 were used as con-
trol. After incubation for 36 h, the luciferase 
activity was detected.

Statistical analyses

SPSS 16.0 (SPSS, Chicago, IL, USA) was used 
for statistical analysis. All data were expressed 
as mean ± standard deviations (SD) of three 

Figure 1. Cell proliferation and colony formation analysis. A. Endothelial cells 
stably transfected with the control plasmid and the plasmids expressing the 
wt-27nt miR and mut-27nt miR were seeded at a concentration of 2 × 103 
cells/well in 96-well plates and then were counted at day 1 to day 7 of culture. 
Proliferation curve of cells was generated based on cell numbers. B and C. 
Endothelial cells stably transfected with the control plasmid and the plas-
mids expressing the wt-27nt miR and mut-27nt miR were seeded at a con-
centration of 1 × 103 cells/well in 6 cm petri dish and incubated for 15 days 
for colony formation. Representative images and quantitative results were 
shown. Data were shown as means ± SD of three independent experiments. 
Compared with control group, *P < 0.01; Compared with mut-27nt miR group, 
#P < 0.01.

els of eNOS mRNA and AP-1 
mRNA were calculated based 
on the levels of the internal 
control. The sequences of 
the primers used were listed 
in Table 1.

Western blotting

The cells stably expressing 
27nt-miRNA or cells trans-
fected with pCMV6-XL4-AP-1 
plasmid were collected and 
lysed on ice for 30 min with 
lysis buffer. Proteins were 
separated by 8% SDS-PAGE 
and transferred to PVDF me- 
mbrane. The membrane was 
then incubated with the pri-
mary antibodies against eN- 
OS (1:1000), AP-1 (1:1000), 
and β-actin (1:5000) in 5% 
non-fat milk in TBST at room 
temperature for 1 h. After 
washing for three times, the 
membrane was incubated wi- 
th secondary antibodies at 
room temperature for 1 h. 
The membrane was devel-
oped using the enhanced 
chemiluminescence plus rea- 
gent.

Luciferase-reporter assay

Luciferase activity was mea-
sured using the dual lucifer-
ase assay system (Promega) 
according to the manufactur-
er’s instructions. Briefly, cells 
were seeded in 6-well plates 
at a concentration of 2 × 106 
cells/well. Then cells were 
co-transfected with pGL3-wt-
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independent experiments unless otherwise 
specified. A two-tailed Student’s t-test was 
used for the comparison of differences between 
two independent groups. One-way ANOVA was 
to compare the differences among multiple 
groups and post hoc Bonferroni correction was 
conducted for multiple comparisons. P < 0.05 
was considered to indicate a statistically signifi-
cant difference.

Results

Overexpression of 27nt-miRNA inhibits the 
growth of endothelial cells

To determine the effect of 27nt-miRNA overex-
pression on endothelial cell growth, cell prolif-
eration curve was generated. Endothelial cells 
stably expressing 27nt-miRNA were seeded 
and cell number was counted on day 1 to day 7. 

Figure 2. Cell migration and invasion analysis. For transwell migration assay, cells were seeded at a concentration of 
2 × 105. For invasion assay, cells were seeded at a concentration of 5 × 104. The cells were incubated for 24 to 36 h. 
A. Representative images were shown. Magnification: × 100. B. Quantitative results were shown. Data represented 
the fold change in migration/invasion as compared with the migration/invasion of control group. Compared with 
control, *P < 0.01. Compared with mut-27nt-miR, #P < 0.01.
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As shown in Figure 1A, on day 1 and day 2, no 
difference was found in cell number among the 
three groups of wt-27nt miR, mut-27nt miR and 
control. From day 3 to day 7, the cell number in 
wt-27nt miR group was significantly lower than 
that in control group (0.10 ± 0.01) x 106 vs. (1.0 
± 0.10) x 106 on day 3, (0.40 ± 0.04) x 106 vs. 
(1.60 ± 0.12) x 106 on day 4, (0.60 ± 0.05) x 
106 vs. (2.20 ± 0.20) x 106 on day 5, (0.90 ± 
0.07) x 106 vs. (3.40 ± 0.35) x 106 on day 6, 
(1.80 ± 0.16) x 106 vs. (4.60 ± 0.42) x 106 on 
day 7) (P < 0.01). The cell number in mut-27nt 
miR group was (0.40 ± 0.04) x 106 on day 3, 
(0.80 ± 0.05) x 106 on day 4, (1.00 ± 0.10) x 
106 on day 5, (1.50 ± 0.12) x 106 on day 6 and 
(2.30 ± 0.20) x 106 on day 7. Compared with 
control group, mut-27nt miR group had signifi-
cantly lower levels of cell number from day 3 to 
day 7 (P < 0.01). However, the cell number in 
mut-27nt miR group was significantly higher 
than that in wt-27nt miR group from day 3 to 
day 7 (P < 0.01). 

To further verify the inhibitory effect of 27nt-
miRNA overexpression on endothelial cell 
growth, colony formation assay was performed. 

hibits endothelial cell invasion and migration 
in vitro

To investigate the effects of 27nt-miRNA over-
expression on cell invasion and migration, cell 
migration and invasion assays in vitro were 
conducted. Representative and quantitative 
results were shown in Figure 2A and 2B, 
respectively. The fold change was calculated by 
normalizing the number of migrated or invaded 
cells to those in the corresponding control 
group. For the cell migration assay, the fold 
change of migrated cells was significantly 
decreased by 55.0% in wt-27nt miR group (0.45 
± 0.04 vs. 1.00 ± 0.10, P < 0.01) and by 43.0% 
(0.57 ± 0.05 vs. 1.00 ± 0.10, P < 0.01) in mut-
27nt miR group, respectively, compared with 
control group. Meanwhile, the fold change of 
migrated cells was significantly decreased by 
26.7% in wt-27nt miR group (0.45 ± 0.04 vs. 
0.57 ± 0.05, P < 0.01), compared with the mut-
27nt miR group. These results suggest that 
overexpression of 27nt miRNA significantly sup-
presses the cell migration, while mutation in 
the 27nt miRNA could partly reverse this effect. 

Figure 3. Analysis of eNOS expression. The eNOS expression at mRNA and protein 
level was detected by real-time RT-PCR and Western blotting analysis, respective-
ly. A. Quantitative real-time RT-PCR results. B. Quantitative (left panel) and repre-
sentative (right panel) Western blotting results. Three independent experiments 
were performed. Data were expressed as means ± SD. Compared with control, *P 
< 0.01. Compared with mut-27nt-miR, #P < 0.01.

After incubation for 15 
days, cells were stained 
with 0.1% crystal violet. 
Representative morphol-
ogy of colonies was sh- 
own in Figure 1B. Then, 
the relative colony num-
bers were calculated ba- 
sed on the colony num-
bers of the control group. 
As shown in Figure 1C, 
compared with control, 
the relative colony num-
bers in wt-27nt miR group 
was significantly decre- 
ased by 55.0% (0.45 ± 
0.04 vs. 1.00 ± 0.10, P < 
0.01) and by 42.0% (0.58 
± 0.05 vs. 1.00 ± 0.10, P 
< 0.01) in mut-27nt miR 
group, respectively. The- 
se results suggest that 
overexpression of 27nt-
miRNA inhibits the grow- 
th of endothelial cells in 
vitro.

Overexpression of 27nt-
miRNA significantly in-
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For the cell invasion assay, compared with con-
trol group, the fold change of invaded cells was 
significantly decreased by 52.0% in wt-27nt 
miR group (0.48 ± 0.05 vs. 1.00 ± 0.10, P < 
0.01) and by 47.0% (0.53 ± 0.06 vs. 1.00 ± 
0.10, P < 0.01) mut-27nt miR group, respective-
ly. No difference was found between wt-27nt 
miR and mut-27nt miR groups. These results 
demonstrate that overexpression of 27nt-miR-
NA inhibits the invasion ability of endothelial 
cells in vitro.

Overexpression of 27nt-miRNA significantly 
inhibits eNOS mRNA and protein levels in the 
endothelial cells

To determine whether the 27nt-miRNA influenc-
es eNOS expression, real-time RT-PCR and We- 
stern blotting was performed to detect eNOS 
expression at mRNA level and protein level, 
respectively. The quantitative real-time RT-PCR 
results were shown in Figure 3A. Compared 
with control group, eNOS mRNA expression 
level was significantly decreased by 76.0% in 
wt-27nt miR group (0.24 ± 0.05 vs. 1.00 ± 0.10, 
P < 0.01) and by 44.0% (0.56 ± 0.07 vs. 1.00 ± 
0.10, P < 0.01) in mut-27nt miR group, respec-
tively. Meanwhile, the eNOS mRNA level in wt-

± 0.04, P < 0.01), suggesting that the inhibitory 
effect of wt-27nt miR on eNOS protein expres-
sion is significantly higher than that of mut-27nt 
miR. These data indicate that 27nt-miRNA over-
expression suppresses eNOS expression at 
mRNA and protein levels in endothelial cells 
and the effect of wt-27nt miR is more effective 
than its mutant allele.

Overexpression of 27nt-miRNA significantly 
inhibits AP-1 mRNA and protein levels in the 
endothelial cells

To detect AP-1 expression at mRNA level and 
protein level after 27nt-miRNA overexpression, 
real-time RT-PCR and Western blotting were 
conducted. The results were shown in Figure 4. 
In Figure 4A, AP-1 mRNA level was significantly 
decreased by 56% (0.44 ± 0.02 vs. 1.00 ± 
0.09, P < 0.01) in wt-27nt miR group, while 
decreased by 37% (0.63 ± 0.05 vs. 1.00 ± 
0.09, P < 0.01) in mut-27nt miR group, com-
pared with control, respectively. Further, com-
pared with cells transfected with mut-27nt miR, 
AP-1 mRNA level in wt-27nt miR group was sig-
nificantly lower than that in mut-27nt miR group 
(0.44 ± 0.02 vs. 0.63 ± 0.05, P < 0.01), sug-
gesting that miRNA mutation only partially 

Figure 4. Analysis of AP-1 expression. The AP-1 expression at mRNA and protein 
level was detected by real-time RT-PCR and Western blotting analysis, respec-
tively. A. Quantitative real-time RT-PCR results. B. Quantitative (left panel) and 
representative (right panel) Western blotting results. Three independent experi-
ments were performed. Data were expressed as means ± SD. Compared with 
control, *P < 0.01. Compared with mut-27nt-miR, #P < 0.01.

27nt miR group was sig- 
nificantly lower than that  
in mut-27-ntmiRNA group 
(0.24 ± 0.05 vs. 0.56 ± 
0.07, P < 0.01), suggesting 
that wt-27nt miR is more 
effective in inhibiting eNOS 
transcription. 

Representative and quanti-
tative Western blotting re- 
sults were shown in Figure 
3B. Consistent with the 
changes in the mRNA lev-
els, eNOS protein level was 
decreased by 84.0% (0.16 
± 0.02 vs. 1.00 ± 0.07, P < 
0.01) in wt-27nt miR group 
and by 55.0% (0.45 ± 0.04 
vs. 1.00 ± 0.07, P < 0.01) 
in mut-27ntmiR group, co- 
mpared with control, res- 
pectively (Figure 3B). Me- 
anwhile, the eNOS protein 
level in wt-27nt miR group 
was significantly lower than 
that in mut-27-nt miRNA 
group (0.16 ± 0.02 vs. 0.45 
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inhibits the transcriptional expression of AP-1. 
Consistently, AP-1 protein level was significant-
ly decreased by 66% (0.34 ± 0.03 vs. 1.00 ± 
0.10, P < 0.01) in wt-27nt miRNA group and by 
43% (0.57 ± 0 .05 vs. 1.00 ± 0.10, P < 0.01) in 
mut-27nt miRNA group, respectively, compared 
with the control (Figure 4B). Compared with wt-
27nt miRNA group, AP-1 protein level in mut-
27nt miRNA group was significantly increased 
by 67.6% (0.34 ± 0.03 vs. 0.57 ± 0 .05, P < 
0.01). These results show that overexpression 
of 27nt-miRNA significantly inhibits AP-1 mRNA 

and protein levels in the endothelial cells and 
that the effect of wt-27nt miR is more effective 
than mut-27nt miRNA.

The 27nt-miRNA directly binds to AP-1 mRNA

To determine whether AP-1 is a target gene of 
27nt miRNA in endothelial cells, the wild type 
(pGL3-wt-AP-1) or mutant (pGL3-mut-AP-1) 
reporter plasmid was co-transfected into nor-
mal endothelial cells along with the 27nt miRNA 
or the control. Luciferase activity was mea-
sured after treatment. As shown in Figure 5, in 
cells transfected with wide type AP-1, the lucif-
erase activity was significantly decreased by 
44.9% in wt-27nt miR group (0.84 ± 0.05 vs. 
1.52 ± 0.06, P < 0.01), compared with control. 
Meanwhile, in cells transfected with mutant 
AP-1, the luciferase activity did not significantly 
change in wt-27nt miR group (1.57 ± 0.07) com-
pared with control (1.62 ± 0.08). These results 
suggest that 27nt miRNA suppresses AP-1 by 
directly binding to AP-1 mRNA. Therefore, AP-1 
is a direct target of 27nt miRNA.

The inhibitory effect of 27nt-miRNA on endo-
thelial cell proliferation is reversed by AP-1

We previously reported that VEGF played an 
important role in regulating eNOS expression 
and endothelial cell proliferation [33]. To inves-
tigate whether AP-1 is involved in the effect of 
27nt-miRNA on endothelial cell proliferation, 
cell proliferation was measured by MTT after 
VEGF treatment and transfection of wt-27nt 
miR and AP-1. As shown in Figure 6, cell prolif-
eration was up-regulated by VEGF incubation. 
In the control cells, proliferation of cells after 
treatment with VEGF (235.0 ± 15.0) was 
increased by 113.6% than those without VEGF 
treatment (110 ± 8.0) and the difference was 
significant (P < 0.01). However, in cells trans-
fected with wt-27nt-miR, there was no signifi-
cant difference in cell proliferation between 
cells with VEGF treatment and those without 
VEGF treatment. In cells transfected with wt-
27nt-miR and AP-1, the proliferation of cells 
with VEGF treatment was significantly increased 
by 102.6% (158.0 ± 9.0 vs. 78.0 ± 6.0, P < 
0.01), compared with those without VEGF treat-
ment. This data indicate that cell proliferation 
stimulated by VEGF is also inhibited by 27nt 
miRNA. After VEGF treatment, compared with 
control (235.0 ± 15.0), proliferation of cells 
transfected with wt-27nt-miR (68.0 ± 7.0) was 

Figure 5. Analysis of 27nt miRNA binding to 3’UTR of 
AP-1 mRNA by luciferase reportor assay. The reporter 
plasmid (pGL3-wt-AP-1 and pGL3-mut-AP-1) was co-
transfected into endothelial cells with wt-27nt-miR or 
control plasmid. The relative luciferase activity was 
calculated based on the luciferase activity in the con-
trol group. Compared with control, *P < 0.01.

Figure 6. Analysis of endothelial cell proliferation 
after VEGF stimulation and AP-1 transfection. Endo-
thelial cells were stimulated with or without VEGF for 
24 h. Then cell proliferation of cells transfected with 
wt-27nt-miR and wt-27nt-miR+AP-1 was analyzed 
by MTT assay. In control group, compared to control 
cells without VEGF treatment, ΔP < 0.01. In wt-27nt-
miR+AP-1 group, compared to cells without VEGF 
treatment, ※P < 0.01. Compared to control cells 
with VEGF treatment, *P < 0.01. Compared to cells 
in wt-27nt-miR+AP-1 group with VEGF treatment, #P 
< 0.01.
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significantly decreased by 71.0% (P < 0.01) and 
proliferation of cells transfected with wt-27nt-
miR and AP-1 (158.0 ± 7.0) was significantly 

compared with that without VEGF treatment. In 
cells transfected with wt-27nt-miR and AP-1, 
eNOS mRNA level with VEGF treatment was sig-

Figure 7. Analysis of eNOS expression after VEGF stimulation and AP-1 transfec-
tion. Endothelial cells were stimulated with or without VEGF for 24 h. Then eNOS 
expression at mRNA level and protein level in cells transfected with wt-27nt-miR 
and wt-27nt-miR+AP-1 was measured by real-time RT-PCR and Western blot-
ting analysis, respectively. A. Quantitative real-time RT-PCR results. B. Quantita-
tive Western blotting results. C. Representative Western blotting results. Three 
independent experiments were conducted and data were expressed as means 
± SD. In control cells, compared to cells without VEGF treatment, ΔP < 0.01. In 
wt-27nt-miR group, compared to cells without VEGF treatment, ☆P < 0.01. In wt-
27nt-miR+AP-1 group, compared to cells without VEGF treatment, ※P < 0.01. 
Compared to control cells with VEGF treatment, *P < 0.01. Compared to cells in 
wt-27nt-miR+AP-1 group with VEGF treatment, #P < 0.01.

decreased by 32.8% (P < 
0.01). Compared with ce- 
lls transfected with wt-
27nt-miR (68.0 ± 7.0), 
proliferation of cells tra- 
nsfected with wt-27nt-
miR and AP-1 (158.0 ± 
7.0) was significantly in- 
creased by 113.4% (P < 
0.01). These results sh- 
owed that the AP-1 res-
cued the effect of 27nt-
miRNA on endothelial cell 
proliferation, suggesting 
that 27nt-miRNA might 
regulate endothelial cell 
proliferation through tar-
geting AP-1. 

The eNOS expression 
inhibited by 27nt-miRNA 
are rescued by AP-1

To assess whether AP-1 
is involved in the effect of 
27nt-miRNA on eNOS ex- 
pression, eNOS expres-
sion at protein and mRNA 
level was detected by re- 
al-time RT-PCR and We- 
stern blotting, respective-
ly, after VEGF treatment 
and transfection of wt-
27nt miR and AP-1. The 
quantitative results of re- 
al-time RT-PCR were sh- 
own in Figure 7A. In the 
control cells, expression 
level of eNOS mRNA in 
cells with VEGF treatment 
was significantly incre- 
ased by 38.9% (1.32 ± 
0.10) compared with that 
in cells without VEGF 
treatment (0.95 ± 0.08) 
(P < 0.01). In cells trans-
fected with wt-27nt-miR, 
eNOS mRNA level with 
VEGF treatment was sig-
nificantly increased by 
173.9% (0.63 ± 0.06 vs. 
0.23 ± 0.02, P < 0.01), 



AP-1 mediates the effect of 27nt-miRNA

294 Am J Transl Res 2015;7(2):285-297

nificantly increased by 108.9% (0.94 ± 0.07 vs. 
0.45 ± 0.05, P < 0.01), compared with that 
without VEGF treatment. However, after VEGF 
stimulation, eNOS mRNA level was decreased 
by 47.9% (0.63 ± 0.06 vs. 1.32 ± 0.10, P < 
0.01) in 27nt-miR group and by 28.9% in 27 nt-
miR plus AP-1 group (0.94 ± 0.07 vs. 1.32 ± 
0.10, P < 0.01), compared with control. In- 
terestingly, eNOS mRNA level was increased by 
49.2% (0.94 ± 0.07 vs. 0.63 ± 0.06, P < 0.01) 
in 27 nt-miR plus AP-1 group, compared with 27 
nt-miR group, suggesting that Ap-1 could partly 
reverse the effect of 27nt-miR.

To further analyze whether the AP-1 mediates 
the effect of 27nt-miR on eNOS protein expres-
sion, Western blotting was performed. The qu- 
antitative and representative Western blotting 
results were shown in Figure 7B and 7C, 
respectively. In control group, compared with 
cells without VEGF treatment (1.05 ± 0.09), the 
eNOS protein level in cells with VEGF treatment 
was significantly increased by 18.1% (1.24 ± 
0.11) (P < 0.01). In cells transfected with wt-
27nt-miR, the eNOS protein level with VEGF 
was significantly increased by 31.4% (0.46 ± 
0.04 vs. 0.35 ± 0.03, P < 0.01) than that with-
out VEGF treatment. In cells transfected with 
wt-27nt-miR and AP-1, the eNOS protein level 
after VEGF treatment was significantly 
increased by 31.4% (0.89 ± 0.07 vs. 0.46 ± 
0.05, P < 0.01), compared with that without 
VEGF treatment. Under the condition of VEGF-
treatment, the eNOS protein level was deceased 
by 62.9% (0.46 ± 0.04 vs. 1.24 ± 0.11, P < 
0.01) in 27nt miR group and by 27.4% (0.89 ± 
0.07 vs. 1.24 ± 0.11, P < 0.01) in 27nt miR plus 
AP-1 group, respectively, compared with con-
trol. Additionally, the eNOS protein level was 
significantly increased by 93.5% (0.89 ± 0.07 
vs. 0.46 ± 0.04, P < 0.01) in 27nt miR plus AP-1 
group, compared with 27nt miR group. These 
data indicate that AP-1 could, at least in part, 
reverse the inhibitory effect of 27nt-miRNA on 
eNOS expression at both mRNA and protein 
expression levels.

Discussion

Approximately 700 kinds of miRNAs have been 
found in human tissues since the discovery of 
the first miRNA in 1993 [34, 35]. It has been 
reported that miRNAs play an important role in 
regulating diverse cellular processes including 
proliferation, apoptosis, migration and invasion 

[30, 36]. Dysregulation of miRNAs affects nor-
mal cell growth and development, leading to a 
variety of disorders such as human cancer, dia-
betes and cardiovascular diseases [37, 38]. In 
order to investigate the function of miRNA, it is 
very important to elucidate its functional tar-
gets. This usually involves analysis of changes 
in target proteins following either a gain or loss 
of function of the specific miRNA. In this study, 
we over-expressed 27nt-miRNA in endothelial 
cells and investigated its effects. We found that 
overexpression of 27nt-miRNA significantly in- 
hibited growth, invasion and migration of endo-
thelial cells in vitro. And, overexpression of 
27nt-miRNA inhibited eNOS and AP-1 expres-
sion at both mRNA and protein levels in endo-
thelial cells. Additionally, AP-1 was a direct tar-
get of 27nt-miRNA. Furthermore, the effects of 
27nt-miRNA on endothelial cell proliferation 
and eNOS expression were reversed by AP-1. 

Recently, the inhibitory role of 27nt-miRNA in 
endothelial cell proliferation and eNOS expres-
sion has been demonstrated [16, 24-26]. In 
this study, we found that after transfection with 
wild type 27nt-miRNA, endothelial cell prolifera-
tion was significantly inhibited and eNOS ex- 
pression was significantly decreased. And, th- 
ese effects were partially rescued in cells 
transfected with mutant 27nt-miRNA. There- 
fore, our results further confirmed the inhibito-
ry effects of 27nt-miRNA on endothelial cell 
proliferation and eNOS expression. Further- 
more, overexpression of wild type 27nt-miRNA 
inhibited invasion and migration of endothelial 
cells. Although mutant 27nt-miRNA also inhib-
ited invasion and migration of endothelial cells, 
its inhibitory effect was significantly lower than 
that of wide type 27nt-miRNA. These results 
suggest that 27nt-miRNA might be involved in 
carcinogenesis of endothelial cells. The mecha-
nism underlying the effects of 27nt-miRNA on 
cell invasion and migration needs to be further 
elucidated.

It is reported that miRNAs can regulate the 
expression of TFs [39, 40]. Consistently, in the 
present study, we found that the mRNA and 
protein expression of AP-1 was inhibited by 
27nt-miRNA overexpression. And, this inhibition 
was alleviated when cells were transfected with 
mutant 27nt-miRNA. Furthermore, the lucifer-
ase reporter analysis showed that AP-1 mRNA 
was the direct target of the 27nt-miRNA. More 
recently, studies have shown that in cancer or 
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diabetes cells, miRNAs can regulate cell prolif-
eration by targeting TFs [41, 42]. Meanwhile, 
results from our previous studies also provided 
further evidence that 27nt-miRNA could regu-
late endothelial cell proliferation via inhibiting 
STAT3 signaling pathway or the transcription 
factor SP-1 [16, 26]. Additionally, AP-1 is in- 
volved in the regulation of eNOS expression 
[27, 28]. Thus, we hypothesize that in addition 
to STAT3 signaling pathway and SP-1, AP-1 may 
also be one of the mechanisms underlying the 
effects of 27nt-miRNA.

To further verify this hypothesis, we introduced 
AP-1 into endothelial cells with 27nt-miRNA 
overexpression. And, to stimulate endothelial 
cell proliferation and eNOS expression, cells 
were treated with VEGF. Then, endothelial cell 
proliferation and eNOS expression was ana-
lyzed. The results showed that VEGF stimulated 
proliferation of endothelial cells and expression 
of eNOS. However, these effects of VEGF were 
inhibited by 27nt-miRNA overexpression, which 
further confirmed the inhibitory effect of 27nt-
miRNA. Interestingly, after co-expressing AP-1 
with 27nt-miRNA in endothelial cells, cell num-
ber and eNOS expression level was significantly 
increased. This data indicate that AP-1 revers-
es the inhibitory effects of 27nt-miRNA on 
endothelial cell proliferation and eNOS expres-
sion. Therefore, we suppose that AP-1 medi-
ates the suppressive effects of 27nt-miRNA on 
endothelial cell proliferation and eNOS ex- 
pression. 

In conclusion, we showed that upregulation of 
27nt-miRNA played an important role in the 
regulation of AP-1 and eNOS at both the mRNA 
and protein levels and reduced endothelial cell 
proliferation, invasion and migration. And, the 
27nt-miRNA directly bound to AP-1. Further- 
more, transfection of AP-1 reversed the inhibi-
tory effects of 27nt-miRNA. These results sug-
gest that 27nt-miRNA may exert its effects 
through targeting AP-1. 
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