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Aberrant Expression of microRNA-9 Contributes 
to Development of Intracranial Aneurysm 
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 Background: MiR-9 is reportedly involved with many diseases, such as acute myeloid leukemia and liver oncogenesis. In the 
present study we investigated the molecular mechanism, including the potential regulator and signaling path-
ways, of MYOCD, which is the gene that in humans encodes the protein myocardin.

 Material/Methods: We searched the online miRNA database (www.mirdb.org) with the “seed sequence” located within the 3’-UTR 
of the target gene, and then validated MYOCD to be the direct gene via luciferase reporter assay system, and 
further confirmed it in cultured cells by using Western blot analysis and realtime PCR.

 Results: We established the negative regulatory relationship between miR-9 and MYOCD via studying the relative lucif-
erase activity. We also conducted realtime PCR and Western blot analysis to study the mRNA and protein ex-
pression level of MYOCD between different groups (intracranial aneurysm vs. normal control) or cells treated 
with scramble control, miR-9 mimics, MYOCD siRNA, and miR-9 inhibitors, indicating the negative regulatory re-
lationship between miR-9 and MYOCD. We also investigated the relative viability of smooth muscle cells when 
transfected with scramble control, miR-9 mimics, MYOCD siRNA, and miR-9 inhibitors to validate that miR-9 t 
negatively interferes with the viability of smooth muscle cells. We then investigated the relative contractility of 
smooth muscle cells when transfected with scramble control, miR-9 mimics, MYOCD siRNA, and miR-9 inhibi-
tors, and the results showed that miR-9 weakened contractility.

 Conclusions: Our findings show that dysregulation of miR-9 is responsible for the development of IA via targeting MYOCD. 
miR-9 and its direct target, MYOCD, might novel therapeutic targets in the treatment of IA.
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Background

As a common vascular disease, rupture of intracranial aneu-
rysm (IA) usually leads to subarachnoid hemorrhage (SAH). 
Even though numerous acquired hazards related to IAs have 
been confirmed, heritable conditions are involved in the for-
mation of IAs; however, these syndromes consist of less than 
1% of all intracranial aneurysms in humans [1]. IA rupture re-
sults in SAH, which account for approximately 50% of deaths in 
these cases. IAs are a common vascular disease, with an approx-
imate frequency of unruptured IAs of 2% to 6% among adults, 
and is recognized as a complex disorder associated with envi-
ronmental and genetic risk factors. Known risk factors include 
positive family history, increasing age, hypertension, and smok-
ing [2]. It is difficult to determine how the molecular mechanisms 
evolved. Genomewide genetic association studies, DNA linkage 
studies, and mRNA expression studies based on microarray pro-
vide new ways to explore the molecular mechanisms underlying 
the pathobiology of IAs and identify the genetic risk factors [3].

More and more unruptured aneurysms are being identified be-
cause of advances in diagnostic modalities, but it is unclear if 
they should be treated. When it comes to the necessity of re-
ceiving a surgery for unruptured aneurysms, the surgical mor-
bidity and mortality and natural history should be considered. 
Therefore, it is essential to identify the mechanism underly-
ing aneurysmal rupture. In the beginning, hemodynamic stress 
might play an important role in aneurysm rupture. A tiny lo-
cus in the wall where the normal structure of vasculum van-
ished is commonly found in the unruptured aneurysms dur-
ing surgery. The fragile site might be the precise location for 
rupture, but the mechanism by which the fragility of the an-
eurysmal wall takes place remains unknown. Recent studies 
demonstrated that apoptosis participates in the natural devel-
opmental phase and pathological conditions [4].

As a group of non-coding, small RNAs, miRNA negatively regu-
lates expression of genes by inducing degradation of mRNAs, in-
hibition of translation, and sequenced repression of protein syn-
thesis. About 30% of the encoding genes in the human genome 
are regulated by miRNA in a posttranscriptional manner, which 
bind to the target mRNAs’ 3’untranslated region (3’UTR) prefer-
entially and incorporate into the RNA-induced silencing complex 
(RISC). Then, RISC suppress expression of genes either by inhibit-
ing translation or inducing degradation of mRNAs [5]. Among the 
numerous miRNA-regulated target genes, many are involved in 
biological pathways, such as apoptosis and immune response [6]. 
Phase-specific expression and tissue-specific expression are criti-
cal features of miRNA expression, which might imply that miRNAs 
exert different physiological functions in different tissues [7,8]. 
Some miRNAs have physiological functions in the cardiovascular 
system. For instance, there is an increased level of miR-1 when 
smooth muscle cells (SMC) differentiate, leading to accumulating 

expression level of SMC-specific contractile proteins. miR-133 
serves as the main regulator in the phenotypic switch of vascu-
lar smooth muscle cells in vivo and in vitro [9]. Notably, miR-145 is 
involved in vessel wall thickness, and lack of miR-145 leads to re-
duction of the vessel wall and subsequent SMC hypotrophy [10]. 
There is a downregulation of miR-145 in experimentally induced 
aneurysms, atherosclerosis, and vascular injury [11,12].

Zhang et al. identified many miRNAs that were differentially 
expressed in the smooth muscle cells collected from the pa-
tients with IA compared to those without IA; miR-9 is one of 
those differentially expressed miRNAs [13]. Using the online 
miRNA database, we found that MYOCD is a virtual target of 
miR-9, and MYOCD has been reported to be involved in the 
pathogenesis of IA by regulating the contractility of smooth 
muscle cells [14]. In the present study we explored the rela-
tionship between miR-9 and MYOCD, finding that downreg-
ulation of MYOCD caused by upregulation of miR-9 leads to 
the development of IA.

Material and Methods

Patients and samples

This study comprised 13 IA patients diagnosed through digi-
tal subtraction angiography (DSA). Full-thickness vessel wall 
tissue samples were collected from the ruptured IA patients 
who underwent microsurgical clipping. Ten middle meninge-
al artery segments (with controls matched for sex, age, and 
blood pressure) were obtained during standard neurosurgical 
procedures (traumatic hematoma and tumor resection). Tissue 
samples were snap-frozen in liquid nitrogen and sent directly 
to the laboratory for the following experiments. The study pro-
tocol was approved by the Ethics Committee of Capital Medical 
University, and written informed consent was obtained from 
each patient before the study started.

Real-time polymerase chain reaction

Realtime polymerase chain reaction (PCR) was performed for 
quantification of RNA. In brief, we extracted total RNA from 
culture cells or sample tissues with Trizol reagent column-
purified with RNeasy kit (QIAGEN AG, Basel, Switzerland). 
Complementary DNA (cDNA) was synthesized using the High-
Capacity cDNA Archive kit in accordance with the manufac-
turer’s instructions (Applied Biosystems, Life Technologies, 
Carlsbad, CA). Subsequently, real-time PCR was performed using 
the LightCycler 480 System (Roche Applied Science, Mannheim, 
Germany). The cycler protocol was 5 min at 95°C, 40 cycles of 
15 s at 95°C, 60 s at 60°C, and 5 min at 72°C. Gene of interest 
expression was normalized to the reference genes U6 and b-ac-
tin. Fold expression was calculated using the 2–DDCt method.
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Cell proliferation assay

Cell proliferation was measured by the Cell Counting Kit-8 as-
say (CCK-8) (Dojindo, Kumamoto, Japan). After the same num-
ber of SMCs was seeded for 24 h, cells were transfected with 
miR-9 mimics or MYOCD siRNA or negative control, and incu-
bated in DMEM supplemented with different serum for the 
indicated time. After the treatment, 10 ll CCK-8 solution was 
added to each well, and cells were cultured for 2 h more at 
37°C. After that, the absorbance was read at 450 nm using a 
microplate absorbance reader (Bio-Rad Laboratories, Hercules, 
CA). Cells in the control group were considered 100% viable.

SMC contractile assay

SMC contractile assay was used to determine the contractility 
of SMCs with different treatments, as previously described [13].

Cell culture and transfection

SMCs grown in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum, penicillin/streptomycin, 
and glutamine at 37°C in a humidified atmosphere with 5% 
CO2. SMCs were transfected with small interfering RNAs (siR-
NAs) in 12-well plates at a density of 100 000 or 130 000 cells 
per well. Transfections were performed with Dharmafect1 (GE 
Dharmacon, Lafayette, CO) according to the manufacturer’s rec-
ommendations. For plasmid transfection, SMCs were seeded 
in 12-well plates at a density of 120 000 cells per well. After 
24 h, transfections were performed with Fugene HD (Promega, 
Madison, WI), according to the manufacturer’s instructions.

Luciferase assays

3’UTR of MYOCD was amplified and inserted into psiCHECK-2, 
and the predicted binding site sequence was mutated using 
a mutagenesis kit (Stratagene). SMCs were seeded in 12-well 
plates at a density of 120 000 cells per well 24 h prior to trans-
fection. Cells were cotransfected with 100 ng of psiCHECK-2 
+ MYOCD3’UTR (wild-type or mutant) and 100 nmol/L miR-
9 mimics with Lipofectamine 2000 (Invitrogen) according to 
the manufacturer’s instructions. In all cases, expression levels 
were normalized to a constitutively expressed firefly luciferase 
gene in psiCHECK-2. At 48 h after transfection, firefly lucifer-
ase and Renilla luciferase activities were measured consecu-
tively with a dual-luciferase reporter system and a luminom-
eter (Promega). Each experiment was performed in triplicate.

Western blot analysis

In brief, protein levels of sample tissues or culture cell were de-
termined using Bradford dye (Bio-Rad Laboratories, Hercules, 
CA, USA). For Western blot analysis, 10-mg aliquots of total 

protein were isolated by SDS-PAGE (12%) and transferred to ni-
trocellulose membranes (GE Healthcare Bio-Sciences, Pittsburgh, 
PA) in NuPAGE transfer buffer (Invitrogen Life Technologies) 
containing 10% methanol. The membranes were blocked then 
probed with specific primary antibodies for 2 h and secondary 
antibody for another 2 h.Antibodies used in this study were: 
anti-MYOCD antibody (1:2000, SCBT, Santa Cruz, CA) and an-
ti-b-actin antibody (1:10000, SCBT, Santa Cruz, CA). Blots were 
visualized with the ECL Chemiluminescence Detection System 
(GE Healthcare Bio-Sciences).

Statistical analyses

SPSS version 19.0 software (IBM, Chicago, IL) was used for 
data processing. In vitro data were analyzed using the un-
paired Student t-test or one-way ANOVA. P<0.05 were con-
sidered statistically significant.

Results

MYOCD was virtual target of miR-9

MiR-9 has been reported to be involved with many diseases, 
such as acute myeloid leukemia and liver oncogenesis. In or-
der to understand the role of MiR-9 in intracranial aneurysm, 
we used online miRNA target prediction tools to search for the 
regulatory gene of miR-9, and consequently identified MYOCD 
as the candidate target gene of miR-9 in smooth muscle cells 
with the ‘seed sequence’ in the 3’UTR (Figure 1).To validate the 
regulatory relationship between miR-9 and MYOCD, we also 
conducted luciferase activity reporter assay in smooth mus-
cle cells, and found that only the luciferase activity from the 
cells cotransfected with miR-9 and wild-type MYOCD 3’UTR 
decreased significantly Figure 2), while cells cotransfected 
with miR-9 and mutant MYOCD 3’UTR were comparable com-
pared with scramble control (Figure 2). The results confirmed 
that MYOCD was a validated target of miR-9 in smooth mus-
cle cells. To further determine the modulatory relationship be-
tween miR-9 and MYOCD, we analyzed the correlation between 

Figure 1.  MYOCD as the candidate target gene of miR-9 in 
smooth muscle cells with the ‘seed sequence’ in the 
3’UTR.

hsa-miR-9 5’-UCUUUGGUU- AUCUAGGUGUAUGA-3

Wt-MYOCD 3’-AGAAA CCAAAUAGUUUUUUCUGUU-5’

hsa-miR-9 5’-UCUUUGGUU- AUCUAGGUGUAUGA-3

Mt-MYOCD 3’-AAGCCGGAGUAGUUUUUUCUGUU-5’
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the expression level of miR-9 and MYOCD mRNA among the 
tissues (n=24); as shown in Figure 3, they had a negative reg-
ulatory relationship (r=–05148, p<0.05).

Determination of expression patterns of miR-9 and MYOCD 
in tissues with different groups

The tissues of 2 different groups (IA, n=13; normal groups, 
n=11) were used to further explore the impacts on the inter-
action between miR-9 and MYOCD 3’UTR. Using realtime PCR, 
we found the expression of miR-9 was increased in IA group 
(Figure 4A) compared with the normal group, while the expres-
sion of MYOCD mRNA (Figure 4B) decreased in the IA group 
compared with the normal group; the expression of MYOCD 
protein (Figure 4C) was measured by densitometry analysis; we 
found it decreased in the IA group compared with the normal 
group. To further validate the hypothesis of the negative regu-
latory relationship between miR-9 and MYOCD, we investigated 
the mRNA/protein expression level of MYOCD of smooth mus-
cle cells. We transfected the smooth muscle cells with scram-
ble control, miR-9 mimics, MYOCD siRNA, and miR-9 inhibitors. 

As shown in Figure 5, the MYOCD protein (upper panel) and 
mRNA expression level (lower panel) of smooth muscle cells 
treated with miR-9 mimics and MYOC siRNA were apparent-
ly lower than in the scramble control, while cells treated miR-
9 inhibitors were apparently higher than in the scramble con-
trol, validating the negative regulatory relationship between 
miR-9 and MYOCD.

MiR-9 and MYOCD interfered with viability of smooth 
muscle cells

We also investigated the relative viability of smooth muscle cells 
when transfected with scramble control, miR-9 mimics, MYOCD 
siRNA, and miR-9 inhibitors. Cells transfected with miR-9 in-
hibitors showed evidently upregulated viability (Figure 6) com-
pared with the scramble controls, while cells transfected with 
miR-9 mimics and MYOCD siRNA showed comparably lower 
viability, indicating miR-9 negatively interfered with the via-
bility of smooth muscle cells, while MYOCD positively inter-
fered with the viability of smooth muscle cells.

Figure 2.  Luciferase activity reporter assay was conducted to 
verify MYOCD as the direct target gene of miR-9.
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MiR-9 and MYOCD interfered with the contractility of 
smooth muscle cells

We then investigated the relative contractility of smooth mus-
cle cells when transfected with scramble control, miR-9 mimics, 
MYOCD siRNA, and miR-9 inhibitors. When transfected with 
miR-9 mimics and MYOCD siRNA, the contractility of smooth 
muscle cells was lower, while cells transfected with miR-9 in-
hibitors showed comparably higher contractility. The results 
indicated miR-9 weakened contractility and MYOCD enhanced 
contractility.

Discussion

MiRNAs have been reported to be functionally involved in 
many cellular activities, including contractility of SMCs. For 

example, miR-1 expression could be induced by SRF in cardio-
myocytes and miR-1 has a significant influence on skeletal and 
cardiac muscle cells differentiation and proliferation [15,16]. 
MiR-1 targets histone deacetylase 4 to promote differentia-
tion of cardiomyocytes [15]. The overexpression of miR-1 tar-
gets Hand2 to reduce the ventricular cardiomyocytes’ prolif-
eration in the development of heart [16]. Notably, miR-133 
together with miR-1 participate in the regulation of sarcomer-
ic actin organization in skeletal muscle of zebrafish by target-
ing actin-binding and actin-related proteins of muscle [17]. 
The arrhythmogenesis might be promoted by miR-1’s bind-
ing to connexin 43, inwardly correcting B56a, a unit of protein 
phosphatase 2A regulatory and Kir2.1, a subunit of Kþ chan-
nel [18,19]. In this study, we used online miRNA target predic-
tion tools to search for the regulatory gene of miR-9, and con-
sequently identified MYOCD as the candidate target gene of 
miR-9 in smooth muscle cells with the ‘seed sequence’ in the 
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3’UTR. Furthermore, we conducted luciferase reporter assay, 
and found that only the luciferase activity from the cells co-
transfected with miR-9 and wild-type MYOCD 3’UTR decreased 
significantly, while cells cotransfected with miR-9 and mutant 
MYOCD 3’UTR were comparable compared with scramble con-
trol. The results confirmed that MYOCD was a validated target 
of miR-9 in smooth muscle cells.

It is believed that MYOCD represses SMC proliferation by in-
dependent mechanisms. First and foremost, MYOCD inter-
feres with binding of p65 DNA to reduce the activity of target 
genes, which are mediated by p65 [20]. Secondly, Has-miR-1 
reduces the expression of kinase PIM-1, which can promote 
proliferation of SMCs in vivo and in vitro, leading to inhibi-
tion of SMC proliferation [21,22]. The low Has-miR-1 expres-
sion level in tissues and vascular SMCs and MYOCD can in-
duce expression of has-miR-1 in cultured bladders or SMCs of 
rat bladder in vivo to reduce the expression of connexin 43 
(GJA1) [21,23,24]. Other mechanisms also participate in the 
cell cycle inhibition induced by MYOCD. For instance, MYOCD 
induces calponin expression, which can inhibit SMC prolif-
eration [25,26]. In the present study, we collected the tissue 
samples of 2 different groups (IA, n=13; normal group, n=11), 
and found the expression of miR-9 increased in the IA group 
(Figure 4A) compared with the normal group, while the expres-
sion of MYOCD mRNA (Figure 4B) decreased in the IA group 
compared with the normal group.

We chose MYOCD and miR-9 as a model system because: 1) 
miR-9 was reported to be differentially expressed in IA SMCs 
in comparison to the normal control [27]; 2) it has been con-
firmed that MYOCD is essential in the process of enhancing 
contractility of vessels by expressing a unique group of sig-
naling molecules, contractile agonist receptors, and contractile 
proteins to fulfill the task [28,29]; 3) delicate expression level 
change of MYOCD was critical in determining percentage of 
survival and IA was demonstrated by the IA mouse model [30]; 
and 4) partial or complete loss of MYOCD can lead to dramat-
ic deceleration of IA in the IA mouse model [13].

It’s reported that myocardin plays a key role in differentiation 
of SMC lineage and vasculogenesis. Elevated expression level of 
MYOCD increases contractile proteins of smooth muscle, lead-
ing to development of contractility of smooth muscle [31,32]. 
When vascular injury occurs, differentiated SMCs experience 
a unique phenotype transformation known as transforming 
from a quiescent contractile state to a proliferative synthet-
ic state [33,34]. The progress of IA initiation is accelerated by 
proliferative phenotyping; the size of new layers of intramural 
thrombi mediated by apposition remarkably increased within 
the vessel wall. In aneurysm pathogenesis, frequent subad-
ventitial hemorrhages from the new vasa vasorum might be 
a risk factor; consequently, it is believed that IA is a prolifer-
ative disorder of the vessel wall resulting from extravascular 
activity [35,36]. In the present study, we investigated the rel-
ative viability and contractility of smooth muscle cells when 
transfected with scramble control, miR-9 mimics, MYOCD siR-
NA, and miR-9 inhibitors. Cells transfected with miR-9 inhib-
itors showed evidently upregulated viability and contractility 
when compared with the scramble controls, while cells trans-
fected with miR-9 mimics and MYOCD siRNA showed compa-
rably lower viability and contractility, indicating miR-9 nega-
tively interfered with the viability and contractility of smooth 
muscle cells.

Conclusions

These findings show that dysregulation of miR-9 is responsi-
ble for the development of IA via targeting MYOCD. miR-9 and 
its direct target, MYOCD, might be a novel therapeutic targets 
in the treatment of IA.
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