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MicroRNA-1 promotes apoptosis of cerebral vascular 
smooth muscle cells in intracranial aneurysm  
through targeting Bcl-2
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Abstract: Purpose: The aim of this study was to evaluate whether microRNA-1 (miR-1) facilitates the apoptosis of 
cerebral vascular smooth muscle cell (VSMC) through inhibiting Bcl-2 in the pathogenesis of intracranial aneurysm 
(IA). Methods: The rats in control groups (n=12) received no operation and just normal diet, and the rats in aneu-
rysm group (n=12) received operation and normal diet containing 1% normal saline in order to induce IA. Then, 
the rats were euthanized, their cerebral arteries were dissected for cerebral VSMCs culture, and the regions of 
aneurysmal dilation on the cerebral arteries were dissected for size measurement and miR-1 expression analysis. 
Cerebral VSMCs were transfected with different oligonucleotides and then the relationship between miR-1 and 
Bcl-2 expression in cerebral VSMCs was detected. Luciferase reporter assay was used to investigate the interaction 
between miR-1 and Bcl-2. Cell proliferation was determined through using CCK-8 assay and colony formation as-
say. Cell apoptosis was detected through flow cytometry. Results: The expression levels of miR-1 were dramatically 
up-regulated in the regions of aneurysmal dilation of IA rat models and significantly correlated to the sizes of aneu-
rysms. MiR-1 directly targeted Bcl-2 and down-regulated Bcl-2 expression in cerebral VSMCs. Moreover, we found 
that inhibition of miR-1 greatly suppressed the proliferation ability and promoted the apoptosis of cerebral VSMCs 
through regulating Bcl-2 expression. Conclusion: Our results suggested that miR-1 might be a key molecule in 
regulating cerebral VSMC proliferation and apoptosis through directly down-regulating Bcl-2, revealing that specific 
modulation of miR-1 in cerebral VSMCs served as an effective approach for the treatment of IA.
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Introduction

Intracranial aneurysm (IA), one of the common 
vascular abnormalities with significant neuro-
logical risk, is prevalent in approximately 2%-3% 
of the general population globally (1) with an 
annual risk of rupture around 1% (2). Rupture of 
IA may lead to subarachnoid hemorrhage (SAH), 
which is a life-threatening condition with an 
high mortality rate of around 50% and half of 
the survivors disabled (3). Researchers have 
identified a number of risk factors for the patho-
genesis of IA, including heavy alcohol consump-
tion, high blood pressure, cigarette smoking, 
and positive family history of SAH [1, 4]. IA, like 
other arterial aneurysms, is often character-
ized by the dysregulated apoptosis of vascular 
smooth muscle cells (VSMCs) in the aortic wall 
[5]. However, to date, the detailed molecular 

mechanism that induces cerebral VSMCs apop-
tosis in IA remains to be unclear.

MicroRNAs (miRNAs) are a kind of short (approx-
imately 20~25 nucleotides), non-coding single-
stranded RNAs, which have been proven to play 
a crucial role in post-transcriptional regulation 
of gene expression [6, 7]. MiRNAs play pivotal 
roles in a wide range of biological processes 
such as proliferation, apoptosis, metabolism, 
development, and differentiation [8]. Accumu- 
lating researches demonstrate that miRNA dys-
regulation has been correlated with the aggres-
siveness and progression of several diseases, 
including leukemia, osteoarthritis and asthma 
[9-11]. Additionally, multiple miRNAs, including 
miR-1, miR-153, miR-223 and miR-365, are 
found to be involved in VSMC phenotypes 
through regulating various gene expression [12-
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14], which may play a crucial role in the patho-
genesis of IA.

MicroRNA-1 (miR-1) is found to be down-regu-
lated in a wide variety of human cancers, such 
as breast carcinoma and hepatocellular carci-
noma [15, 16]. More currently, the important 
roles of miR-1 in cardiovascular diseases have 
obtained great attentions, and aberrant expres-
sion of miR-1 has been observed in both IA  
rat models and human IA patients [17, 18]. 
However, relatively little is known about the 
underlying mechanisms of biological function 
of miR-1in IA.

Bcl-2 was initially found through its involvement 
in B-cell lymphomas, where it was up-regulated 
during induced apoptosis and down-regulated 
in many diseases, including cancers and car-
diovascular diseases [19, 20]. Through per-
forming bioinformatic analysis, it has been 
demonstrated that Bcl-2 contains a miR-1 bind-
ing site. In rats with myocardial ischemia/reper-
fusion injury, it has been indicated that knock-
down of miR-1 directly up-regulates Bcl-2 ex- 
pression, which eventually leads to increased 
apoptotic cell death [21]. Therefore, we hypoth-
esized that aberrant high expression of miR-1 
might be significantly correlated to the suppres-
sion of IA through inhibiting Bcl-2 in cerebral 
VSMCs.

Accordingly, in the present article, we aimed to 
investigate the effect and mechanism of miR-1 
in the pathogenesis of IA. We hope our results 
will provide a better understanding of the role 
of cerebral VSMCs apoptosis in the pathogen-
esis of IA and a potential strategy for IA patients 
in the future.

Materials and methods 

Induction of experimental intracranial aneu-
rysms

A total of 24 adult male healthy specific patho-
gen-free Sprague-Dawley (SD) rats with weight 
approximately 220-250 g, were purchased 
from Shanghai Laboratory Animal Center Co. 
Ltd. (Shanghai, China). The animals were ran-
domly divided into two groups, including control 
group (n=12) receiving no operation and nor-
mal diet, and aneurysm group (n=12) receiving 
ligation on the left common carotid artery and 
the posterior branches of both renal arteries at 

the same time with a nylon thread. After the 
operation, 1% normal saline was added in the 
drinking water to improve hypertension degree. 
All these procedures were performed to trigger 
IA formation by increasing hemodynamic stress 
[22]. At three months after aneurysm induction, 
the systemic blood pressures (SBP) of rats 
were investigated through the tail-cuff method 
(Softron, Beijing, China) with rats kept in a con-
tainer without anesthesia.

Animal care and trials in this research were per-
formed following the guidelines on the care and 
use of laboratory animals, and all protocols 
were approved by the Committee on the Ethics 
of Animal Experiments. All efforts were made to 
minimize suffering.

Tissue preparation and cell culture

Three months after the induction, all animals 
were euthanized with a lethal dose of pentobar-
bital sodium (100 mg/kg). Cerebral blood ves-
sels from rats were dissected and stripped 
from their brains through a surgical micro-
scope. The samples from the circles of Willis in 
the control group and from the regions of aneu-
rysmal dilation on left posterior communicating 
artery in aneurysm group were obtained. The 
aneurysmal sizes, calculated as the mean of 
the maximal longitudinal diameter (MLD), were 
measured to evaluate the pathological changes 
occurring in aneurysmal walls.

The tissues of the circles of Willisin control 
group were carefully cut into small pieces 
(about 1 mm3), and attached to the wall of 100  
ml culture bottle for 2 h before cultured in 
Dulbecco’s Modified Eagle’s Medium (DMEM, 
Sigma-Aldrich, St. Louis, USA) containing 10% 
fetal bovine serum (FBS, Gibco Co., USA), 100 
U/ml penicillin, and 100 μg/ml streptomycin. 
Cultures were maintained at 37°C in a humidi-
fied 95% air and 5% CO2 atmosphere. All the 
cerebral VSMCs obtained here were applied for 
the experiments from passage 3 to 6.

Transfection

MiR-1 mimic, miR-1 inhibitor, scramble control 
and pcRNA3.1-Bcl-2 were chemically synthe-
sized and purified through high-performance 
liquid chromatography (Gene Pharma, Shang- 
hai, China). VSMCs were transfected with  
these oligonucleotides through using Lipofec- 
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tamine2000 (Invitrogen, CA, USA) at a final con-
centration of 50 nM. At 4 h post-transfection, 
the cells were then transferred into fresh 
DMEM.

RNA extraction and qRT-PCR

The mRNA levels of miR-1 and Bcl-2 were inves-
tigated through conducting quantitative reverse 
transcription polymerase chain reaction (qRT-
PCR). Total RNA extraction from the tissues and 
cultured cells were conducted using a TRIzol 
reagent kit (Life Technologies, Inc., Rockville, 
MD, USA) according to the company’s specifica-
tions. Then total RNA was reverse transcribed 
to cDNA using the M-MLV Reverse Transcription 
system (Takara, Dalian, China). Then qRT-PCR 
reactions were carried out using a preheated 
7500 RT-PCR System (Applied Biosystems, 
Carlsbad, USA) with SYBR-Green detection and 
the following rat-specific primers, which are 
listed as follows: miR-1, 5’-acactccagctggggt-
gtggaatgta-3’ (forward), 5’-tggtgtcgtggagtcg-3’ 
(reverse); Bcl-2, 5’-cgactttgcagagatgtcca-3’ 
(forward), 5’-atgccggttcaggtactcag-3’ (reverse); 
U6, 5’-cgcttcggcagcacatatactaaaattggaac-3’ 
(forward), 5’-gcttcacgaatttgcgtgtcatccttgc-3’ 
(reverse); GADPH, 5’-gatattgttgacatcaatgac-3’ 
(forward), 5’-ttgattttggagggatctcg-3’ (reverse). 
The relative expression level of miR-1 was nor-
malized to U6, and the relative expression level 
of Bcl-2 mRNA was normalized to GAPDH. The 
data were analyzed by 2-ΔΔCt method.

Luciferase dual-reporter assays

VSMCs were seeded in a 96-well plate at 70% 
confluence. After 24 hours, cells were trans-
fected with miR-1 mimic, miR-1 inhibitor, or 
scramble control. Cells were co-transfected 
with the wildtype (WT) or mutant (MUT) 
3’-untranslated region (3’-UTR) of Bcl-2 mRNA. 
Cells were collected 48 hours after transfec-
tion, and Firefly and renilla luciferase activities 
were measured with a Dual-Luciferase Reporter 
System (Promega).

Cellular proliferation analysis

Cell proliferation was investigated through 
using Cell Counting Kit-8 (CCK-8, DOJINDO, 
Kumamoto, Japan) in accordance to the manu-
facturer’s instructions. The cells were cultured 
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. The OD values were read at a wavelength 
of 450 nm using a plate reader (Thermo 
Scientific, Watertown, USA).

Colony formation assay

Colony formation assays were conducted 
through using six-well plates coated with 0.5 
mL bottom soft agar mixture (DMEM/F12, 20% 
FBS, 0.6% soft agar). After the bottom layer  
had solidified, the cerebral VSMCs were mixed 
with top agar (DMEM/F12, 20% FBS, 0.3% soft 
agar), and seeded into each well (3 wells for 
each concentration). Plates were incubated for 
one week until colonies were large enough to 
be visualized. Colonies were stained with 0.1% 
crystal violet for 10 min and counted.

Cellular apoptosis analysis

For cellular apoptosis assay, the cerebral 
VSMCs were seeded into 6-well plates. After 48 
h, the VSMCs were harvested, and the apopto-
sis rates were determined using an Annexin 
V-FITC/PI Apoptosis Detection Kit following the 
manufacturer’s protocols. Apoptosis cells were 
examined and quantified by a FACS can flow 
cytometer (Becton Dickinson, San Jose, CA). 

Protein extraction and western blotting 

To extract proteins, the cells were lysed in RIPA 
buffer (Beyotime, Jiangsu, China) containing 
protease inhibitor cocktail (Beyotime). The total 
protein concentration from the collected cells 
was determined using the BCA protein assay 
kit. The same amount of protein was separated 
via 10% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE), and trans-
ferred to polyvinylidene difluoride (PVDF) mem-
branes (Millipore). The membranes were 
blocked with Tris-buffered saline containing 
0.05% Tween 20 (TBS-T) and 5% skim milk for 1 
hr at room temperature. After blocking, the 
membranes were washed twice with TBS-T and 
incubated in the appropriate primary antibod-
ies overnight at 4°C. On the next day, the mem-
branes were washed three times with TBS-T for 
5 min and were incubated for 1 hr at room tem-
perature in a horseradish peroxidase (HRP)-
conjugated secondary antibody. After washing 
the membranes, the data were visualized using 
an ECL system, and the band intensities were 
quantified using ImageJ software.
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Statistical analysis

All statistical analysis of this research was per-
formed using SPSS 17.0 statistical software 
(SPSS Inc., Chicago, USA) and presented by 
Graph PAD prism software (GraphPad Software, 
Inc., US). Two-tailed unpaired Student’s t-tests 
were used for statistical evaluation of the data. 
P<0.05 was regarded to indicate a statistically 
significant result in this research.

Results

The expression of miR-1 is up-regulated in the 
aneurysmal dilation

The SBP of rats were investigated through the 
tail-cuff method, and as shown in Figure 1A, 
compared with control group, the SBP of aneu-
rysm group increased significantly at 3 mon- 
ths after aneurysm induction (P<0.05). Three 
months after aneurysm induction, aneurysm 
formation could be obviously observed in aneu-
rysm group with the mean values of the MLD of 
34.8 ± 2.9 μm (Figure 1B). As shown in Figure 
1C, according to qRT-PCR results, there was a 
significantly difference in the expression levels 
of miR-1 between the samples from aneurys-
mal dilation in aneurysm group and the circles 
of Willis in control group (P<0.05). In addition, 

significant correlation was detected between 
the MLD of aneurysms and the expression lev-
els of miR-1 in aneurysm group (P<0.05, Figure 
1D).

miR-1 down-regulates Bcl-2 in VSMCs in vitro

We determined whether transfection of VSMCs 
with miR-1 mimic or miR-1 inhibitor could affect-
Bcl-2 expression. The expression levels of 
miR-1 were greatly up-regulated in miR-1 mim-
ic-transfected VSMCs, and significantly down-
regulated in miR-1 inhibitor-transfected VSMCs 
(P<0.05, Figure 2A). However, co-transfection 
with Bcl-2 inhibitor could not reverse the lower 
expression of miR-1 inmiR-1 inhibitor-transfect-
ed VSMCs. As shown in Figure 2B and 2C, 
down-regulation of endogenous miR-1 with 
miR-1 inhibitor led to a significant increase in 
Bcl-2 mRNA and protein levels compared to the 
control according to qRT-PCR and western blot-
ting results (all P<0.05). In contrast, there was 
a significant decrease in Bcl-2 mRNA andpro-
tein levels in miR-1 mimic-transfected VSMCs 
(all P<0.05). 

MiR-1 targets Bcl-2 in VSMCs

Next we aimed to find the target genes of miR-1 
through performing a bioinformatic screen in 

Figure 1. Characteristics of IA rat models. A. The SBP of rats. B. The MLD of aneurysms of rats. C. Relative expres-
sion levels of miR-1. D. Correlation between the MLD of aneurysms and the expression levels of miR-1. SBP: sys-
temic blood pressure. MLD: maximal longitudinal diameter. Data are means ± SD.
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order to further investigate its function. We 
analyzed the 3’-UTR binding site prediction  
in Target Scan (http://www.targetscan.org/). 
Bcl-2 was chosen for further experiment, 
because the complementary sequence of 
miR-1 could be found in the 3’-UTR of Bcl-2 
mRNA, as shown in Figure 3A. To assess 
whether miR-1 could directly alter the expres-
sion level of Bcl-2, a fragment of the 3’-UTR of 
Bcl-2 mRNA (WT3’-UTR) containing the putati- 
ve miR-1 binding sequence (or the mutant 
sequence, MUT3’-UTR), was cloned into a lucif-
erase reporter vector. Cerebral VSMCs were 
then transfected with the WT or MUT3’-UTR of 
Bcl-2 and miR-1 mimic or inhibitor. As shown in 
Figure 3B, the luciferase expression decreased 
when the WT 3’-UTR and miR-1 were co-trans-
fected, while the MUT 3’-UTR had no effect on 
luciferase activity. Moreover, co-transfection of 
VSMCs with the WT3’-UTR and miR-1 inhibitor 

increased the luciferase expression. Collec- 
tively, these results indicate that Bcl-2 is a 
direct target of miR-1.

MiR-1 inhibits proliferation and promotes 
apoptosis of VSMCs

To further investigate the relationship between 
miR-1 and other phenotypes of cerebral VSMCs 
in vitro, such as cell proliferation and apopto-
sis, CCK-8 assay, colonyformation assay and 
flow cytometry were subsequently performed. 
The results of CCK-8 assay showed that over-
expression of miR-1 suppressed the prolifera-
tion of cerebral VSMCs, and down-regulation of 
miR-1 enhanced the proliferation (P<0.05, 
Figure 4A), and co-transfection with pcRNA3.1-
Bcl-2 could reverse the low proliferation ability 
of miR-1 mimic-transfected cerebral VSMCs. 
The results of CCK-8 assay showed that overex-

Figure 2. Expression levels of miR-1 and Bcl-2 in cerebral VSMCs after transfection. A. Expression levels of miR-1 
revealed by qRT-PCR. B. Expression levels of Bcl-2 mRNA revealed by qRT-PCR. C. Expression levels of Bcl-2 protein 
determined by western blotting assay. Data are means ± SD.

Figure 3. Bcl-2 is a target of miR-1. A. Prediction result of TargetScan: Bcl-2-3’-UTR-containing reporter constructs 
of miR-1. B. Relative luciferase activities in cerebral VSMCs. Data are means ± SD.
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pression of miR-1 inhibited the colonies effi-
ciencies of cerebral VSMCs, and down-regula-
tion of miR-1 facilitated the colonies efficien-
cies (Figure 4B), and co-transfection with 
pcRNA3.1-Bcl-2 could reverse the low colonies 
efficiencies of miR-1 mimic-transfected cere-
bral VSMCs. In addition, after transfection with 
miR-1 mimic, the number of apoptotic cerebral 
VSMCs increased significantly, and the num- 
ber of apoptotic cerebral VSMCs dramatically 
decreased after transfection with miR-1 inhibi-
tor (P<0.05, Figure 4C). Co-transfection with 
pcRNA3.1-Bcl-2 could reverse the higher apop-
tosis rates of miR-1 mimic-transfected cerebral 
VSMCs. These results suggest that miR-1 inhi- 
bits proliferation and promotes apoptosis of 
cerebral VSMCs.

Discussion

Aneurysm is a kind of vasculature structural 
abnormalities demonstrated as a bulging or out 

pouching of the vessel wall. Although in the 
past several decades, aneurysm treatment has 
achieved significant progress, but the mortality 
rate still remains high with approximately 40%-
50%. miRNAs, classified as a kind of small non-
coding RNA molecules with important roles in 
regulating various cellular functions, are always 
found to be aberrantly expressed in many dis-
eases, including IA [23, 24]. Our data demon-
strated that miR-1 expression was significantly 
increased in the aneurysmal dilation of IA rat 
models, which was consistent with the previous 
studies [17].

Cell apoptosis is featured by shrinkage, cyto-
plasmic membrane blebbing, chromatin con-
densation, DNA fragmentation and finally cell 
destruction. VSMCs apoptosis is one of the 
critical cellular events for vascular develop-
ment in a variety of human vascular diseases, 
including IA [5, 25]. Previous studies indicated 
that apoptosis of VSMCs was significantly 

Figure 4. MiR-1 inhibits proliferation and promotes apoptosis of cerebral VSMCs through suppressing Bcl-2. A. Pro-
liferation curve of cerebral VSMCs detected by CCK-8 assay. B. Colony formation detection of cerebral VSMCs in soft 
agar. C. The apoptosis rate of cerebral VSMCs investigated by flow cytometry.
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increased and expression of the caspase-3 
gene was up-regulated in human intracranial 
aneurysms [5]. Among several microRNAs relat-
ed to cell apoptosis, miR-1 is one of the miRNAs 
verified to be involved in the regulation of 
VSMCs phenotypes [12]. In the present study, 
we identified that down-regulation of miR-1 sig-
nificantly facilitated cerebral VSMCs prolifera-
tion and colonies efficiencies, while VSMC 
apoptosis is greatly promoted by overexpres-
sion of miR-1.

MiRNAs cannot directly exert their biological 
functions. They bind to the 3’-UTRs of target 
genes and suppress gene expression through 
degrading the target mRNA or inhibiting its 
translation. Through performing bioinformatic 
analysis, miR-1 is found to directly target sev-
eral mRNAs, including Bcl-2 [26], Hsp90aa1 
[27] and IGF1 [12]. MiR-1 has been shown to 
elicit post-transcriptional gene regulation in 
several diseases through interactions with 
Bcl-2 mRNA and other targets. The critical roles 
of Bcl-2 in regulating cell proliferation, apopto-
sis, and invasion have been well established. 
For example, Bcl-2 can inhibit cell apoptosis ini-
tiation by various stimuli, including neurotroph-
ic factor, cytotoxic cytokines and calcium iono-
phores [28, 29]. Yang et al. [30] revealed that 
Bcl-2 is an essential regulator of VSMCs apop-
tosis and proliferation in various human cardio-
vascular diseases. Current reports also indicat-
ed that the decreased Bcl-2 expression in vari-
ous diseases is associated to up-regulation of 
different miRNAs including miR-1 [21, 31]. But, 
to our knowledge, there are still few studies 
focused on the interaction of miR-1 and Bcl-2 in 
the pathogenesis of IA formation. In order to 
investigate the effect of miR-1 on Bcl-2 in cere-
bral VSMCs in vitro, miR-1 was down-regulated 
by miR-1 mimic and was up-regulated by miR-1 
inhibitor in this research. We found that Bcl-2 
could be down-regulated in cerebral VSMCs 
with overexpressed miR-1, but overexpression 
of Bcl-2 could not obviously influence miR-1 
expression. However, overexpressed Bcl-2 co- 
uld reverse the aberrant proliferation and apop-
tosis ability in VSMCs transfected with miR-1 
mimic. Taken together, these results indicated 
that Bcl-2 might be a downstream signal of 
miR-1 regulating cerebral VSMCs phenotypes. 
Therefore, from the clinical viewpoint, high 
expression of miR-1 and low expression of Bcl-2 
might be regarded as a risk factor for IA 
pathogenesis.

The present research used an experimentally 
induced IA rat models which is sufficiently simi-
lar to human IA. To sum up, we found that miR-1 
might function as an IA promotor, and the sig-
nificant up-regulation of miR-1 could promote 
aberrant VSMCs apoptosis and the pathogene-
sis of IA formation via the posttranscriptional 
suppression of the direct miR-1 target, Bcl-2. 
Based on our experimental findings, we specu-
late that miR-1/Bcl-2 single pathway would con-
tribute to a better understanding of the underly-
ing mechanisms involved in IA with aberrant 
cerebral VSMCs proliferation and apoptosis 
ability, as well as the development of new ther-
apeutic methods for various vascular diseases 
in the future.
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