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Abstract

Objective: This study was to investigate the molecular mechanisms underlying the 27nt-miRNA-mediated regulation of
expression of the endothelial nitric oxide synthase (eNOS) gene.

Methods: Cell lines overexpressing 27nt-miRNA or its mutant were established by transfecting the miRNA expression vector
into the endothelial cells. eNOS mRNA and protein expression were examined by RT-PCR and Western Blotting, respectively.
Luciferase activity reporter system was used to study the target of 27nt-miRNA.

Results: The results showed that overexpression of 27nt-miRNA significantly inhibited eNOS mRNA level and protein
expression, and reduced the eNOS transcriptional efficiency. Such inhibitory effects of 27nt-miRNA were attenuated by the
sequence mutations in 27nt-miRNA. Interestingly, the transcription factor SP-1 expression was reduced by 27nt-miRNA.
Meanwhile, overxpression of SP-1 protein partially restored eNOS expression, and rescued the 27nt-miRNA-mediated
reduction of endothelial cell proliferation. Moreover, certain sites in the SP-1 mRNA were found to be the direct target of
27nt-miRNA by a luciferase reporter system.

Conclusions: These results demonstrate that the 27nt-miRNA suppresses eNOS gene expression and SP-1 expression in
vascular endothelial cells. The 27nt-miRNA directly target to SP-1 mRNA, thereby contributing to proliferation of endothelial
cells.
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Introduction

MicroRNAs (miRNAs) are a group of small non-coding RNAs

identified in a variety of organisms [1,2]. Most miRNAs are

considered as intergenic, located in the noncoding regions between

genes and transcribed by unidentified promoters. However,

another group of noncoding RNAs were discovered in 2003,

and described as intronic miRNAs from the intron regions of gene

transcripts [3]. Initially, introns were thought to be a huge genetic

waste in gene transcripts, since they occupied a large portion of

noncoding sequences in the protein-coding DNA. Recently, the

importance of intronic miRNAs has been recognized by the

findings that intronic miRNAs are structurally and functionally

similar to intergenic miRNAs [4]. Approximately 10–30% of the

spliced introns are exported into cytoplasms, which show a

moderate half-life in the vertebrate cells [5]. Intronic miRNAs are

present in vertebrate cells, and critically involved in the regulation

of host gene expression [6].

The human endothelial nitric oxide synthase (eNOS) gene

(7q35–36), containing 26 exons and 25 introns, is expressed mainly

in endothelial cells [7]. Several polymorphisms have been

described in its genetic structure, including G894T SNP in exon

7, T786C in the promoter, 35 CA repeats in intron 13 and a 27-

nucleotide (27nt) variable number of tandem repeats (VNTR) in

intron 4 [7,8]. Particularly, the 27nt VNTR has been recognized

as a polymorphic genotype linked to cardiovascular diseases such

as atherosclerosis and coronary heart disease, and type-2 diabetes

[9–11]. It was found that the 27nt repeats in the eNOS intron 4

act as a cis-acting regulator of eNOS expression [12,13].

We previously reported that the 27nt VNTR in intron 4 of

eNOS is the origin of intronic miRNAs (termed as 27nt-miRNA)

[14]. We found that this 27nt-miRNA could inhibit eNOS
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expression at the level of protein translation and mRNA

transcription [14,15]. Interestingly, we recently reported that

overexpressed 27nt-miRNA significantly suppressed eNOS ex-

pression and endothelial cell proliferation via inhibition of STAT3

signaling [16], suggesting that some nuclear transcription factors

(TFs) might be involved in regulation of gene expression by the

miRNA.

Several TFs including Sp-1, Ap-1, Ets, and NF-1, have binding

sites in the 59-regulatory region of eNOS gene, and are responsible

for accurate regulation of eNOS gene basal transcription through

two cis elements at 2104/295 and 2144/2115 positions [17].

Recent evidence indicates that miRNAs are critical to the

expression of TFs [18] or directly target some TFs [19]. We have

observed that the exogenously transfected 27nt miRNA could

enter the nucleus of endothelial cells [14], and nuclear proteins

could bind to the 27nt repeats to enhance eNOS gene expression

[15]. It is intriguing to determine whether TFs directly interact

with intronic 27nt miRNAs, and/or adapt to the intron genotype

polymorphisms during gene transcription initiation and/or

expression. In our previous study [14], three bases (8th–10th) in

the 59-terminal region of 27nt-miRNA were altered and the results

indicated that the 59-terminal region of 27nt-miRNA is important

for its binding to the target genes. In the current study, another

three bases (22nd–24th) in the 39-terminal region of 27nt-miRNA

were mutated to investigate if SP-1 mediates the function of 27nt-

miRNA in proliferation of endothelial cells. We hypothesized that

SP-1 plays an important role in the 27nt-miRNA-mediated down-

regulation of eNOS expression, therefore contributing to regula-

tion of vascular endothelial cell proliferation.

Materials and Methods

Construction of miRNA-expressing Plasmids
The sequence of 27nt repeat in intron 4 of eNOS gene and its

double-length and mutants were used to design the hairpin

miRNA, according to the method described previously [16]. To

investigate the polymorphisms of the miRNAs, we designed a

mutant oligonucleotide with 3 mutations at sites 13, 14, and 15

(Table 1), which located in the center of the 27nt sequence. A loop

of 9 nucleotides (59-UUCAAGACA-39) was used for the produc-

tion of miRNAs. We used 27nt sequence from the Luciferase gene

as control. The plasmids contained a G418 antibiotic selection

marker to allow identification of positively transfected cells, and

subsequent establishment of stable cell lines (referred as stable cell

lines No. 1, 2, and 3 in Table 1). The sequences and orientations of

the inserts were verified by sequencing. The sequence in control

vector had no similarity to the human genome. All the sequences

and the names of plasmids were listed in Table 1.

Cell Culture, Transfection and Establishment of Stable
Cell Lines

Human aortic endothelial cells (HAECs) (Cell Application,

Santiago, CA) were cultured in EBM-2 Bulletkit with 3% FBS.

Primary cells between passage 4 and 10 were used in the

experiments and in the establishment of stable cell lines. For

transfection, cells were grown up to 90% confluence and

transfected with siRNAs or miRNA plasmids with Lipofectamine

2000 (Invitrogen, Calsbad, CA, USA) by incubating with

OptiMem-I media for 4 h. The cells were then transferred into

fresh EBM-2 with 3% FBS. To establish the stable cell lines of

miRNA overexpression, G418 (1 mg/ml; GibcoTM Invitrogen,

Carlsbad, CA, USA) was added into the media 2 days after

transfection with changes of selection medium once a week. The

transfected cells expressing neomycin resistance gene could survive

in the selection media with elimination of the non-transfected cells.

The cells were individually picked 2 weeks later using conventional

cloning techniques for expansion. Passages 2–10 of the stable cell

lines were identified by verifying the miRNA expression with

Northern blotting and in situ hybridization, and used for

experiments.

Real-Time RT-PCR
Total RNA was extracted from the cells with TRIzol reagent

according to the manufacture’s protocol. After treatment with

RNase-free DNase I to remove any genomic DNA contamination,

the mRNAs were reverse-transcribed into cDNAs for real-time

PCR analysis as described [15]. The primers were given in

Table 1. All data were presented as mean 6 SD of three separate

experiments in duplicates.

Nuclear Run-on Assay
Nuclear run-on assays were performed with the method as

described (1). Briefly, nuclei were isolated from the cultured

HAECs, and immediately stored at 280uC until the assay. For

reaction of nuclear run-on transcription, 56106 nuclei were

incubated in a reaction buffer (5 mM Tris?HCl, pH 8.0, 2.5 mM

MgCl2, 150 mM KCl, 2.5 mM each of ATP, GTP, CTP) and

biotin-16-UTP at 30uC for 45 min in a final volume of 60 ml. The

reaction was terminated by adding 1,000 units of RNase-free

DNase and incubating for 10 min at 37uC. The nuclei were then

lysed by lysis buffer containing 10 mM Tris?HCl, 1% SDS, and

5 mM EDTA. Total RNA was then extracted with TRIzol

reagent, precipitated with ethanol, and resuspended in 50 ml of

RNase-free H2O. Biotinylated RNAs were purified and prepared

for quantitative real-time RT-PCR analysis.

Western Blotting
Cells were washed, harvested, and prepared for Western

blotting as described [15]. A total of 30 mg of proteins were

separated using 8% SDS-PAGE and transferred to a nitrocellulose

membrane. The membrane was then incubated with the primary

antibodies against eNOS (Cell Signaling Technology, Boston,

MA,USA, 1:1000), SP-1(Santa Cruz, CA, USA, 1:1000), Ap-1

(ABZOOM, Dallas, TX, USA, 1:1000), and actin (Cell Signaling

Technology, Boston, MA,USA, 1:5000) in the 5% non-fat milk in

TBST at room temperature for 1 hr, followed by exposure to a

goat anti-rabbit or anti-mouse secondary antibody (Cell Signaling

Technology, Boston, MA,USA,) conjugated with horseradish

Table 1. Sequences of oligonucleotides used in this study.

Name Sequences Cell lines

Control (Cont) 59-GTCTGACAGTTACCAATGCTTAATCAG -39 1

wt-27nt-miR 59-GAAGTCTAGACCTGCTGCAGGGGTGAG -39 2

mut-27nt-miR 5-GAAGTCTAGACCTGCTGCAGGCCAGAG -39 3

eNOS_forward 59-AGGAACCTGTGTGACCCTCA-39

eNOS_reverse 59-CGAGGTGGTCCGGGTATCC-39

Sp-1_forward 59-AGGTGCACCAGCTTCCAGGCCTG-39

Sp-1_reverse 59-CCAGGTCCATGAAGGCCAAGTTG-39

b-actin _forward 59-CTGGAACGGTGAAGGTGACA-39

b-actin _reverse 59-AAGGGACTTCCTGTAACAATGCA-39

Note: The underlined letters indicated mutated sites.
doi:10.1371/journal.pone.0070658.t001

A miRNA Regulates eNOS Expression

PLOS ONE | www.plosone.org 2 August 2013 | Volume 8 | Issue 8 | e70658



peroxidase. Signals of the immunoreactive bands were visualized

using the ECL detection system (Invitrogen, Calsbad, CA, USA).

Statistical Analyses
All data were expressed as mean 6 SEM of three separate

experiments unless specified otherwise. Independent Student’s t-

test was used for comparisons between groups. One-way ANOVA

was applied for multiple group comparisons with post hoc

Bonferroni correction for multiple comparisons using SPSS 12.0

for Windows (SPSS, Chicago, USA). The differences were

considered statistically significant when p,0.05.

Results

Intronic 27nt miRNA Significantly Inhibits eNOS
Expression in Endothelial Cells

To test whether the 27nt miRNA influences eNOS expression

at both the mRNA and protein levels, endothelial cells were

transfected with the 27nt miRNA plasmid or the control for

24 hrs, then the RNA and protein were isolated and analyzed by

RT-PCR and Western Blotting, respectively. As shown in Fig. 1A,

eNOS mRNA levels (measured by RT-PCR) were significantly

decreased by 72.0% (0.2860.05 vs. 1.0060.10, P,0.01) and

41.0% (0.5960.07 vs 1.0060.10, P,0.05) by wt-27nt-miRNA

and mut-27nt-miRNA, respectively, when compared with control

(cont). The extent of the eNOS mRNA decrease by wt-27nt

miRNA was significantly greater than mut-27nt miRNA

(0.2860.05 vs. 0.5960.07, P,0.01), suggesting that mutation of

miRNA decreases its ability to inhibit eNOS expression.

Consistent with the changes in the mRNA levels, eNOS protein

expression was decreased by 86.0% (0.1460.05 vs. 1.0060.10,

P,0.01) and 53.0% (0.4760.06 vs. 1.0060.10, P,0.01) by wt-

27nt-miRNA and mut-27nt-miRNA), compared with the control,

respectively (Fig. 2B). The inhibitory effect of mut-27nt-miRNA

on eNOS protein expression was significantly less than the wt-

27nt-miRNA (0.4760.06 vs. 0.1460.05, P,0.01). These results

suggest that the intronic 27nt miRNA significantly inhibits eNOS

expression in endothelial cells.

Effect of miRNAs on the Efficiency of eNOS Transcription
in vitro

To evaluate the effect of variant miRNA duplexes on eNOS

transcription efficiency in vitro, the nuclei of endothelia cells were

isolated and the nuclear run-on assay was performed. Nuclei were

isolated from HAECs without plasmid transfection, and used to

establish the basal level of eNOS transcription efficiency that was

measured as relative eNOS mRNA levels over b-actin. As shown

in Fig. 2, the eNOS transcriptional efficiency was significantly

decreased by wt-27nt miRNA or mut-27nt miRNA in a dose-

dependent manner. When the concentrations of 27nt miRNA was

increased to 10, 50, 100, and 200 nM, the eNOS mRNA levels

were significantly decreased by 33.2% (0.66560.051 vs

0.99560.122, P,0.05), 54.0% (0.45460.058 vs 0.98660.110,

P,0.01), 60.7% (0.38260.062 vs 0.97360.106, P,0.01), and

64.7% (0.35260.056 vs 0.99660.102, P,0.01) as compared with

control, respectively. At the same concentrations, the mut-27nt

miRNA also reduced eNOS mRNA levels by 22.5%

(0.77160.078 vs 0.99560.122, P,0.05), 37.7% (0.614 vs

0.98660.110 P,0.01), 42.2% (0.56260.065 vs 0.97360.106,

P,0.01), and 47.1% (0. 52760.054 vs 0.99660.102, P,0.01) as

compared with control, respectively. These results suggest that the

mut-27nt miRNA was less potent in suppressing eNOS transcrip-

Figure 1. Intronic 27nt miRNA significantly inhibits eNOS expression. HAECs were transfected with different miRNA plasmids. Total RNAs
and proteins were isolated from the cells and analyzed by RT-PCR (A) and Western blotting (B), respectively. cont, cells transfected with control
plasmid; wt-27nt-miR, cells transfected with plasmid expressing wild-ytpe 27-nt-miRNA; mut-27nt-miR, cells transfected with plasmid expressing
mutant 27-nt-miRNA.*, P,0.05, **, P,0.01 vs control by independent Student’s t test.
doi:10.1371/journal.pone.0070658.g001
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tional efficiency than wt-27nt miRNA. The control, which is 27nt

RNA complementary sequence to the coding sequence of

luciferase gene, did not change the eNOS transcription efficiency

as expected (Fig. 2).

SP-1 Expression is Negatively Regulated by miRNA
Because the 27nt miRNA decreases the transcriptional efficacy

of eNOS in vitro as determined by the nuclear run-on assay, we

continued to test whether the miRNA affects the expression of

nuclear transcription factor SP-1, which is a positive regulator in

eNOS transcription. We analyzed the SP-1 mRNA level and

protein expression in the cell lines transfected with the control

plasmid, wt-27nt-miRNA, or mut-27nt-miRNA. As showed in

Fig. 3 A, SP-1 mRNA levels were decreased in cells transfected

with plasmids expressing wt-27nt miRNA by 48.7% (0.51360.066

vs 1.00060.079, P,0.01) and in cells transfected with plasmids

expressing mut-27nt miRNA by 32.4% (0.67660.051 vs

1.00060.079, P,0.01) compared with control, respectively. We

also analyzed the protein expression by Western Blotting.

Compared with control, SP-1 protein expression was significantly

decreased by 74.7% (0.25360.063 vs 1.00060.105) and 48.2%

(0.51860.082 vs 1.00060.105) by wt-27nt miRNA and the mut-

27nt miRNA, respectively (Fig. 3B). These results suggested that

SP-1 mRNA level and protein expression were inhibited by 27nt

miRNA.

SP-1 may be a Direct Target of 27nt-miRNA
Considering that SP-1 mRNA level is reduced in the cell line

transfected with the 27nt miRNA, we speculated that SP-1 mRNA

is the target of 27nt miRNA. Through computational prediction,

we found that sequence 59-TCACCCC-39at 7443–7449 bases of

SP-1 mRNA (Genbank accession NM_138473.2) is matched to

the sequence 59-GGGGTGA-39 within 27nt miRNA. In order to

investigate if SP-1 is one target gene of the miRNA, we

constructed luciferase-reporter plasmids that contain the wt (59-

TCACCCC-39, pGL3-SP1-wt) or mutant (59-TGTGCCC-39,

pGL3-SP1-mut) segment of SP-1 mRNA (7386–7596 base,

Genbank accession NM_138473.2), which were inserted within

the 39-UTR of the luciferase construct, respectively. The wt or

mutant reporter plasmid was co-transfected into normal endothe-

lial cells along with the 27nt miRNA or the control.

As shown in Fig. 4A, the 27nt miRNA significantly decreased

the activity when co-transfected with the wt reporter plasmid,

compared with control (0.9360.05 vs 1.6260.07, P,0.01).

Meanwhile, the SP-1 mutant reporter plasmid abolished 27nt

miRNA -mediated decrease in luciferase activity (1.6360.05 vs

1.5960.06, P = 0.19). These results suggest that 27nt miRNA

suppresses SP-1 by directly binding to SP-1 mRNA. Therefore,

SP-1 may be a direct target of 27nt miRNA.

To determine if eNOS gene is directly regulated by 27nt

miRNA, luciferase-reporter plasmids that contain the sequence of

eNOS gene within the 39-UTR of the luciferase construct were

constructed. The eNOS plasmids were transfected into normal

endothelial cells along with 27nt miRNA or the control. As shown

in Fig. 4B, 27nt miRNA only slightly affected, if any, the activity

when compared with control (1.4760.04 vs 1.3860.07, P.0.05).

These results suggest that 27nt miRNA may not direct target the

eNOS gene.

The 27nt miRNA-reduced Endothelial Cell Proliferation
and eNOS Expression are Rescued by Sp-1

We have previously reported that 27nt miRNA can inhibit

vascular endothelial cell proliferation [16]. Because the SP-1

expression was inhibited by the 27nt miRNA, we wondered if the

negative regulation of 27nt miRNA on SP-1 would be related to

the endothelial cell proliferation stimulated by vascular endothelial

growth factor (VEGF). In this experiment, the cell lines with the

27nt miRNA expression were co-transfected with SP-1 plasmid,

then the eNOS mRNA and protein, as well as the cell proliferation

were analyzed.

As shown in Fig. 5A and 5B, under the condition of VEGF

stimulation, SP-1 overexpression led to increases in levels of eNOS

mRNA and protein by 44.2% (0.93260.098 vs 0.64660.067,

P,0.01) and 136.9% (0.96260.102 vs 0.40660.061, P,0.01),

Figure 2. Effect of miRNAs on eNOS transcription efficiency in vitro. The nuclei of HAECs were isolated and prepared for the nuclear run-on
transcription reaction to determine the eNOS transcription efficiency (the relative mRNA levels of eNOS and b-actin) in the presence of different
miRNAs with RT-PCR. The concentrations of the miRNA oligonucleotides, wt-27nt-miRNA or mut-27nt-miRNA, are 0, 10, 50, 100, or 200 nM. Cont, cells
transfected with control plasmid; wt-27nt-miR: cells transfected with plasmid expressing wild-ytpe 27-nt-miRNA; mut-27nt-miR: cells transfected with
plasmid expressing mutant 27-nt-miRNA. *, P,0.05; **, P,0.01 vs control (n = 3).
doi:10.1371/journal.pone.0070658.g002
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respectively, when compared with the 27nt miRNA treatment

alone.

As expected, the reduced cell proliferation (response to VEGF)

by the 27nt miRNA was rescued by SP-1 co-transfection by

178.4% (142.0612.0 vs 51.066.0, P,0.01) compared with 27nt

miRNA alone condition (Fig. 5C). These results indicate that the

decreased SP-1 expression might be responsible for 27nt miRNA-

Figure 3. Sp-1 expression is negatively regulated by miRNA. The stable endotheial cell lines transfected with the wild-type 27-nt-miRNA,
mutant 27-nt-miRNA, or the control plasmids were used for analysis of Sp-1 expression. Sp-1 mRNA and protein were measured by RT-PCR and
Western Blotting, respectively. Cont, cells transfected with control plasmid; wt-27nt-miR: cells transfected with plasmid expressing wild-type 27-nt-
miRNA; mut-27nt-miR: cells transfected with plasmid expressing mutant 27-nt-miRNA. *, P,0.05; **, P,0.01 vs control (n = 3).
doi:10.1371/journal.pone.0070658.g003

Figure 4. Sp-1 is a direct target of 27-nt-miRNA. (A) Luciferase-reporter plasmids were constructed by inserting the wt (59-TCACCCC-39, pGL3-
SP1-wt)or mutant (59-TGTGCCC-39, pGL3-SP1-mut) segment of SP-1 mRNA containing 27nt-miRNA-matched sequence. (B) Luciferase-reporter
plasmids were constructed by inserting the eNOS sequence into the vector. The wt or mutant reporter plasmid was co-transfected into normal
endothelial cells along with 27 miRNA or negative control. The normalized luciferase activity in the control group was set as relative luciferase activity.
All data are representative of three independent experiments. cont, cells transfected with control plasmid; wt-27nt-miR, cells transfected with plasmid
expressing wild-ytpe 27-nt-miRNA. **, P,0.01 vs control (n = 3).
doi:10.1371/journal.pone.0070658.g004

A miRNA Regulates eNOS Expression

PLOS ONE | www.plosone.org 5 August 2013 | Volume 8 | Issue 8 | e70658



mediated reduction of eNOS expression, and related to the

regulation of endothelial cell proliferation by miRNA.

Discussion

In endothelial cells, the eNOS mRNA levels were decreased by

27-nt miRNA expression, and such inhibitory effects were reversed

by treatment with VEGF [14]. The level of 27nt miRNA could be

reduced by VEGF or mevastatin in these endothelial cells [14].

Three major findings are described in this study. First, we have

shown that 27nt-miRNA derived from the 27nt repeat in intron 4

of eNOS inhibited its host gene expression at the level of

transcription. Second, we have shown that nuclear transcription

factor SP-1 was a direct target of 27nt-miRNA. There was a

possible interaction between intronic miRNAs and SP-1 in the

regulation of eNOS expression. Finally, we have shown that 27nt-

miRNA could inhibit both eNOS and SP-1 expression, and SP-1

rescues the 27nt-miRNA-induced reduction of vascular endothe-

lial cell proliferation. As we expected, our results suggested that the

sequence of 27nt in intron-4 could be a specific critical target for

the regulation of eNOS gene expression. To our knowledge, this is

the first time it has been reported that an intronic miRNA

regulating its host gene expression, which is related to the positive

nuclear transcription factor SP-1 in human gene.

The polymorphic miRNA was designed by mutation on the 13,

14, and 15th necleotide that located in the center of the 27-nt-

miRNA sequence for two reasons. First, mutations at the 59- and

39-terminal regions need to be avoided since these regions are

responsible for sequence-specific recognition and functional

execution for miRNA-mediated gene silencing, respectively.

Second, the 10th nucleotide in mature miRNA is usually the

binding site for Argonautes protein, and is at the center of a

regular 21-nt miRNA. It was found that the mutant 27nt-miRNA

had decreased inhibitory effect on eNOS transcripts in vitro as

compared with wild-type ones. This phenomenon was also

observed in the stable cell lines in vivo. These data suggested that

the intronic miRNA regulated host gene expression in a sequence-

specific manner. Because most TFs function is DNA motif-

dependent, and the 27nt-miRNA inhibited eNOS at transcrional

level in nuclear, it is reasonable to speculate that TFs might be

involved in the 27nt-miRNA-mediated inhibition of eNOS

transcription.

TFs and miRNAs are two large families of trans-acting gene

regulators in multicellular genomes with extensive interactions on

gene regulation [20,21]. Because most genes in genomes are not

controlled by a single trans-acting factor, a model of inter- and

intra-combinatorial regulation by TFs and miRNAs has been

proposed as a mechanism for regulating gene expression [22]. This

dynamic interactive mechanism of gene regulation by TFs and

miRNAs has been supported by a few recent observations

[18,19,23,24]. In the present study, we focused on SP-1 for two

reasons. First, SP-1 has binding sites in the 59 regulatory regions of

eNOS gene, and showed a positive effect on eNOS expression

[25]; second, the sequence 59-TCACCCC-39at 7443–7449 bases

of SP-1 mRNA (Genbank accession NM_138473.2) is matched to

the sequence 59-GGGGTGA-39 within 27nt miRNA. Since the

27nt-miRNA is derived from eNOS transcripts, we hypothesized

that the intronic miRNA and SP-1 shared the transcriptional

Figure 5. miRNA-reduced endothelial cell proliferation and eNOS expression are rescued by transient SP-1 expression. The cellswere
transfected with 27nt miRNA alone or together with the SP-1 plasmid. The eNOS mRNA and protein, as well as the cell proliferation were analyzed.
cont, cells transfected with control plasmid; wt-27nt-miR: cells transfected with plasmid of wild-ytpe 27-nt-miRNA; wt-27nt-miR+Sp-1: cells co-
transfected with plasmids of wild-ytpe 27-nt-miRNA and SP-1. **, P,0.01 vs wt-27nt-miR alone (n = 3).
doi:10.1371/journal.pone.0070658.g005
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machinery for eNOS transcription. In other words, it would be

reasonable to speculate that the intronic miRNA and Sp-1

interactively regulate eNOS expression.

The common nuclear locations of both TFs and the 27ntin-

tronic miRNA increases the likelihood of their interactions. The

27ntmiRNA has been shown to be able to enter the nucleus by

transfection [14] or via reverse transportation [26]. As predicted,

our data showed that miRNA overexpression substantially

suppressed eNOS expression in association with decreased levels

of SP-1. Furthermore, the effect of SP-1 on regulation of eNOS

expression was associated with mutation-polymorphisms of

miRNA. Using a luciferase activity reporter system, we found

that a segment of SP-1 mRNA is the direct target of the 27nt-

miRNA. Our data strongly suggest that SP-1 positively, while the

27nt-miRNA negatively, regulates eNOS expression. These effects

of the 27nt-miRNA were, at least in part, sequence-specific

dependent. In other words, SP-1 and the intronic miRNA might

be the two opposite factors to keep balance of eNOS expression

regulation under normal physiological condition, i.e, SP-1 is

positive, while 27nt miRNA is negative for the eNOS expression.

These findings provided a novel mechanistic paradigm on the

regulation of host gene expression by intronic miRNA and TFs.

Proliferation of vascular endothelial cells plays important role in

a variety of biological or pathological process, including cardio-

vascular diseases, such as atherosclerosis and restenosis after

angioplasty [27,28]. Multiple targeting genes have been identified

during endothelial cell proliferation [29–32]. Recently several

reports have shown that miRNAs play an important role in

regulation of vascular endothelial cell proliferation or apoptosis

[33–35]. More recently, increasing data showed that miRNAs can

affect cell proliferation by targeting TFs in cancer or embryonic

stem cells [36–40]. Our previous work also showed that the

intronic miRNA could regulate endothelial cell proliferation via

inhibiting STAT3 signaling pathway [16]. In the current study, we

further confirmed the 27nt-miRNA is involved in the regulation of

endothelial cell proliferation, while the restoration of SP-1 could

rescue the 27nt-miRNA-mediated reduction of endothelial cell

proliferation. These results suggest that the intronic miRNA and

SP-1 regulate eNOS expression and endothelial cell proliferation.

The 4aa genotype (4x 27 repeats) of eNOS was recognized to be a

protective for cardiac syndrome X [41]. We therefore proposed

that mutation in the 27 bp repeats could be another type of the

polymorphism of the eNOS gene, by which the eNOS expression

might be increased due to the mutant 27nt miRNA. It has been

well known that eNOS expression is a key factor related to

cardiovascular diseases. The mutation of 27 bp in the intron 4 will

lead to less inhibition of eNOS expression, leading to increased

basic release of nitric oxide, consequently being beneficial to

promotion of vascular relaxing in condition of hypertension. In

summary, we have demonstrated that the 27nt intronic miRNA

from intron 4 plays an important role in the regulation of eNOS

gene expression. The effect of miRNAs on eNOS expression

occurred at both the mRNA and transcription levels, and at least

in part through targeting SP-1. The present study provides a novel

approach to identifying the potential molecular targets that

regulate the expression of disease-associated human genes with

polymorphic intron-derived miRNA.
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