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Abstract. Intracranial aneurysms (IAs) are bulges of blood 
vessels in the cerebral area. The development and progression 
of IAs are associated with the proliferation of vascular smooth 
muscle cells (VSMCs) during phenotypic modulation under 
environmental cues. MicroRNA-29b  (miR-29b) has been 
studied extensively and demonstrated to reduce cell prolifera-
tion in various diseases by binding to the 3'-untranslated region 
(3'-UTR) of a variety of target messenger RNAs (mRNAs), 
thereby inhibiting their translation. The present study aimed 
to investigate the role of miR-29b on the proliferation of 
VSMCs and human umbilical artery smooth muscle cells. The 
results indicated that the overexpression of miR-29b reduced 
cell migration and proliferation. Western blotting results indi-
cated that this effect may be attributed to the attenuation of 
a signaling pathway involving transforming growth factor β 
(TGF-β) and Smad3 proteins. Luciferase assay confirmed the 
binding of miR-29b to TGF-β1 and the knockdown of TGF-β1 
reduced miR-29b inhibitor-induced cell migration. The present 
study indicates that miR-29b downregulates the expression 
of TGF-β1 by targeting the 3'-UTR of its mRNA and modu-
lates cell migration and proliferation via the TGF-β1/Smad3 
signaling pathway.

Introduction

Intracranial aneurysms  (IAs) are pathological dilations of 
blood vessels in the cerebral region (1). They occur when the 
wall of an intracranial vessel becomes weak and forms bulges, 
which are susceptible to rupture. An aneurysm ruptures when 
the wall finally becomes too weak to resist blood pressure and 
this causes subarachnoid hemorrhage (1,2). Surgical treat-
ments such as ligation of the aneurysm neck are available 

for IA patients with unruptured aneurysms (3). However, all 
currently available surgical methods are associated with high 
risks of rupture, which can potentially result in catastrophic 
subarachnoid hemorrhage (3). To date, details of the under-
lying mechanism for the development and progression of IA 
are poorly understood. Due to the severe impacts on patients 
and high risks of the available surgical treatments, a less inva-
sive medical treatment for IA is required.

Phenotypic modulation is a property of smooth muscle 
cells, which refers to the changes in phenotypes that occur in 
response to environmental cues, and includes migration, prolif-
eration and the production of extracellular matrix (4-8). This 
property is profound in vascular smooth muscle cells (VSMCs) 
as they adapt to changes in blood pressure-induced tension and 
damage, and triggers the repair of damage by accelerating cell 
migration and proliferation (4-8). Unfortunately, phenotypic 
modulation also contributes to the progression of a number of 
vascular diseases, since cells are very susceptible to various 
signaling cues from the environment (9). It has been reported 
that phenotypic modulation of smooth muscle cells occurs in 
the early stage before aneurysm formation (4,5). It has also been 
revealed that VSMCs in the cerebral aneurysm wall switch 
to a synthetic phenotype, in comparison with the contractile 
phenotype in normal cerebral arteries (10). A previous study 
has suggested that tumor necrosis factor-α plays a role in such 
phenotype switching, by suppressing the expression of contrac-
tile proteins and promoting the pro-inflammatory/matrix 
remodeling phenotype in cultured VSMCs  (6). However, 
further investigation is required regarding the mechanisms for 
phenotypic modulation in IA.

MicroRNAs (miRNAs/miRs) serve an important role in 
gene regulation, which in turn affects the expression of certain 
proteins. They are short, non-coding, single-stranded RNA 
sequences that are ~22 nucleotides in length (11-13). They act 
as inhibitors for mRNAs by base-pair binding to the 3'-untrans-
lated region (UTR) of the target mRNA, which either prevents 
it from being translated or induces degradation. miRNA has 
been observed to be involved in numerous cardiac diseases, 
including cardiomyocyte hypertrophy, cardiac fibrosis and 
heart failure (11-13). Notably, it also allows the manipulation 
of gene expression in vivo, via the use of miRNA mimics or 
inhibitors (13). A previous study has suggested that miRNAs 
may be important in the development of IA, as 157 miRNAs 
were identified to be differentially expressed in tissues with 
aneurysm (14). Among them, miR-29b is known to be involved 
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in cell proliferation and apoptosis in various diseases (15). 
miR-29b is a member of the miR-29 miRNA family and is 
encoded by the precursor stem sequence pre-miR-29b. Studies 
have previously demonstrated miR-29b to be a potential thera-
peutic agent for cardiac fibrosis (16,17). Furthermore, it has 
also been reported that miR-29b was significantly downregu-
lated in serum samples from patients with IA (18).

The transforming growth factor β (TGF-β) family is a 
group of proteins that are known to regulate cell differentia-
tion, with TGF-β1 being the most abundant isoform (19-20). 
The main function of TGF-β is to bind to its receptor protein, 
the TGF-β receptor, which essentially causes the phosphoryla-
tion of Smad3 (18). Phosphorylated Smad (Smad2 and Smad3) 
proteins eventually form a complex that translocates into 
the nucleus and activates a number of transcription factors 
responsible for cell differentiation and migration (20). Notably, 
bioinformatics analysis was performed in the present study to 
predict potential miR-29b binding targets, where screening 
conducted in the present study revealed that TGF-β1 is one of 
the potential targets of miR-29b. Therefore, it was speculated 
that miR-29b affects cell migration in IA by targeting the 
TGF-β/Smad pathway. The present study aimed to investigate 
the role of miR-29b in the phenotypic modulation of VSMC 
in patients with IA and its potential underlying mechanisms, 
in order to facilitate the search for potential therapeutic treat-
ments for patients with IA.

Materials and methods

Cell culture. Human umbilical artery smooth muscle cells 
(HUASMCs; cat. no. BH-X005; https://www.biomart.cn/
infosupply/67539695.htm?from=search_2) were purchased 
from Shanghai Bohu Biotechnology Co., Ltd. and cultured 
in Dulbecco's modified Eagle's medium (DMEM; Hyclone; 
GE Healthcare Life Sciences), supplemented with 10% fetal 
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), 
50 U/ml penicillin G and 250 µg/ml streptomycin (Gibco; 
Thermo Fisher Scientific Inc.) at 37˚C with 5% CO2 in an 
incubator. VSMCs (cat. no. DC740; https://www.biomart.
cn/infosupply/48373937.htm?from=search_1) were obtained 
from Shanghai Zeye Biotechnology Co., Ltd. and cultured in 
DMEM supplemented with 10% FBS at 37˚C with 5% CO2 
in an incubator. When the cell density reached >80%, cells 
were washed twice with sterilized PBS. Then, 0.25% trypsin 
was used to dissociate cell-to-cell contacts until cells appeared 
detached, followed by trypsin inactivation by the addition of 
complete medium (DMEM supplemented with 10% FBS). 
The suspended cells were gently pipetted into a centrifuge 
tube and collected by centrifugation (157 x g, 5 min) at room 
temperature. Lastly, the supernatant was removed, and cells 
were re-suspended in complete medium with 10% FBS for 
further experiments.

Cell transfection. The oligonucleotides miR-29b mimic 
(5 '-UAGCACCAUUUGAAAUCAGUGUU-3 '), mimic 
NC (5 '-GAAUGCUGGUUUUCAUAUGGUAGA-3 '), 
miR‑29b-specific inhibitor (5'-AACACUGAUUUCAAAUG 
GUGCUA-3') and the corresponding negative control 
inhibitor (5'-CAGUACUUUUGUGUAGUACAA-3') were 
purchased from Sigma-Aldrich; Merck KGaA. I total, 1 µg 

miR-29b mimic, miR-29b inhibitor or the corresponding 
negative control was transfected into HUASMCs and VSMCs 
via Lipofectamine® 2000 (Thermo Fisher Scientific, Inc.). 
Following transfection (24 h) with the miR-29b mimic, treat-
ment with TGF-β1 at a final concentration of 1 µg/ml was 
performed. After transfection for 6 h at 37˚C with 5% CO2, 
cells were collected for further experimentation.

RNA interference (RNAi) and transfection. For a further 
knockdown experiment of TGF-β1 mRNA, a small inter-
fering RNA (siRNA) targeting TGF-1 (si-TGF-β1: 5'-GCAU 
CUCACUCAUGUUGAUGGUCUA-3') was custom synthe-
sized by Invitrogen (Thermo Fisher Scientific, Inc.). A 
non-specific scrambled siRNA (si-control: 5'-UUCUCCG 
AACGUGUCACGUTT-3'; MDbio, Inc.) was used as a control. 
Si-TGF-β1 and si-control were each transfected into VSMCs 
with the Lipofectamine® 2000 (Thermo Fisher Scientific, Inc.). 
The final siRNA concentration was 50 nM, depending on the 
optimal test. After transfection for 48 h, cells were collected 
for the following experiments.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR). Total RNA was extracted from cells using 
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.) 
according to manufacturer's protocol. Relative expression 
of miR-29b in each group was measured by qPCR using 
a One-Step SYBR® PrimeScript™ RT-PCR kit II (Takara 
Bio., Inc.) according to the manufacturer's protocol 3 days 
after infection. The reverse transcription conditions were 
as follows: 37˚C for 60  min; 85˚C for 5  min and 4˚C for 
5 min. The qPCR reaction thermocycling conditions were 
as follows: Initial denaturation at 95˚C for 1 min, followed 
by 40 cycles of 95˚C for 10  sec and 55˚C for 50  sec. The 
expression level of miR-29b was normalized by U6, whilst the 
level of TGF-β1 was normalized to GAPDH using the 2-ΔΔCq 

method (21). The sequences for primers used for RT-qPCR 
were: miR-29b forward, 5'-UAGCACCAUUUGAAAUC-3' 
and reverse,  5 '-AACGCTTCACGAATTTGCGT-3 '; 
TGF-β1 forward, 5'-CAATTCCTGGCGATACCTCAG-3' 
and reverse, 5'-GCACAACTCCGGTGACATCAA-3'; U6 
forward, 5'-GCTTCGGCAGCACATATAC-3' and reverse, 
5'-AACGCTTCACGAATTTGCGT-3'; GAPDH forward, 
5'-GTCAACGGATTTGGTCTGTATT-3' and reverse, 5'-AG 
TCTTCTGGGTGGCAGTGAT-3'.

Cell viability. A total of 9,000 cells/well was used for each 
set, following which MTT assay was performed using an 
MTT Cell Growth assay kit (Sigma-Aldrich; Merck KGaA) 
by following the manufacturer's protocol. DMSO was used to 
dissolve the purple formazan crystals. The OD490 absorbance 
values for the samples were measured using a plate reader.

Transwell migration assay. A Transwell Migration assay 
ELISA kit (Thermo Fisher Scientific, Inc.) was used to 
evaluate cell migration in the different groups of VSMCs and 
HUASMCs. The migration assay was performed by adding 
200 µl suspended cell sample (4x108 cells/l) to the upper 
chamber and 500  µl DMEM with 10%  FBS to the lower 
chamber, followed by incubation for 48 h at room temperature. 
The medium from the upper chamber was then discarded, 
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and cells on the upper surface of the membrane were cleared 
away using a swab. Cells on the lower surface of the membrane 
were then fixed for 10 min using 4% paraformaldehyde at 
room temperature and stained with 0.1% crystal violet solu-
tion at room temperature for 10 min. The membranes were 
subsequently stained and viewed under a light microscope 
(magnification, x20) for cell counting, from images taken from 
five visual fields per chamber.

Luciferase reporter assay. TargetScan 7.2 (http://www.
targetscan.org) used to predict potential binding targets of 
miR-29b. The wild-type (WT) or mutant (mut) 3'-UTR of 
TGF-β1 was cloned into the pGL3 luciferase reporter vector 
(Shanghai GeneChem Co., Ltd.). The corresponding mutant 
sequence was designed to be identical to that of miR-29b to 

prevent sequence-specific binding. The pGL3-TGF-WT or 
pGL3-TGF-mut plasmid (1  µg cDNA) was co-transfected 
with miR-29b mimic (20 pmol RNA) into cultured VSMCs A 
firefly-Renilla dual luciferase assay was performed on samples 
48  h after transfection to determine luciferase activities, 
using a Dual-Luciferase® Reporter assay system (Promega 
Corporation) following the manufacturer's protocol. Results 
were detected using a Synergy 2™ Microplate Reader (BioTek 
Instruments, Inc.).

Western blotting. VSMCs and HUASMCs were lysed using RIPA 
buffer (Beyotime Institute of Biotechnology). Protein quantifi-
cation was measured by performing bicinchoninic acid assay 
(Beyotime Institute of Biotechnology). Proteins were extracted 
(30 µg) followed by separation using 10% SDS-PAGE and 

Figure 1. Effect of miR-29b on cell migration and proliferation after transfection with miR-29b mimic or inhibitor. (A) miR-29b mRNA expression levels 
in HUASMCs analyzed by RT-qPCR. (B) Cell growth of HUASMCs evaluated by MTT assay. (C) Cell migration of HUASMCs tested by Transwell assay. 
(D) miR-29b mRNA expression levels in VSMCs analyzed by RT-qPCR. (E) Cell growth of VSMCs evaluated by MTT assay. (F) Cell migration of VSMCs 
tested by Transwell assay. *P<0.05 vs. control (n=6). HUASMCs, human umbilical artery smooth muscle cells; miR, microRNA; RT-qPCR, reverse transcrip-
tion-quantitative PCR; VSMCs, vascular smooth muscle cells.
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then transferred onto a polyvinylidene difluoride membranes. 
The membrane was then blocked with 5% fat-free dry milk 
for 2 h at room temperature, followed by overnight incubation 
with mouse anti-TGF-β1 (cat. no. sc-130348), phosphorylated 
(p)-Smad3 (cat. no. sc-517575), Smad3 (cat. no. sc-101154) 
or GAPDH (cat.  no.  sc-32233) primary antibodies (1:500; 
Santa Cruz Biotechnology, Inc.) at 4˚C. Next, the membrane 
was incubated with horseradish peroxidase-conjugated goat 
anti-mouse IgG secondary antibody (1:6,000; cat. no. 7076; 
Cell Signaling Technology, Inc.) for 2 h at room temperature. 
Protein expression was then detected by enhanced chemilu-
minescence (ECL) using Immobilon ECL Ultra Western HRP 
substrate (EMD Millipore) and quantified using Quantity One 
software 4.6 (Bio-Rad Laboratories, Inc.).

Statistical analysis. SPSS version 16.0 statistics software 
(SPSS, Inc.) was used for statistical analysis throughout this 
study. All statistical results are presented as the mean ± stan-
dard deviation. The data analysis between multiple groups 
was based on one-way analysis of variance, followed by 
the Student-Newman-Keuls post hoc tests (three groups) or 
Bonferroni post hoc tests (>3 groups). Two-way ANOVA with 
Bonferroni post hoc test were performed when comparing the 
MTT results. P<0.05 was considered to indicate a statistically 
significant difference.

Results

miR-29b affects cell proliferation and migration. To investi-
gate the effect of miR-29b on cell proliferation and migration, 
HUASMCs and VSMCs were infected with miR-29b mimic, 
miR-29b inhibitor and their respective controls. The transfec-
tion efficiency was evaluated by RT-qPCR and the results 
confirmed that miR-29b was upregulated by miR-29b mimic 
and downregulated by miR-29b inhibitor significantly in both 

HUASMCs (Fig. 1A; P<0.05) and VSMCs (Fig. 1D; P<0.05) 
compared with the respective control. Regarding the role 
of miR-29b, MTT (Fig. 1B and E; P<0.05) and Transwell 
migration assays (Fig. 1C and 1F; P<0.05) indicated that the 
upregulation of miR-29b via the incorporation of miR-29b 
mimic significantly suppressed cell proliferation and migra-
tion compared with the control, whereas downregulation of the 
miRNA using the miR-29b inhibitor significantly increased 
these properties.

Overexpression of miR-29b suppresses the TGF-β/Smad3 
signaling pathway in HUASMCs and VSMCs. The expression 
levels of TGF-β1 and Smad3 were analyzed in all sample 
groups by western blotting. The results indicated that overex-

Figure 2. Overexpression of miR-29b suppresses the TGF-β/Smad3 signaling pathway in HUASMCs and VSMCs. (A) Western blot analysis of TGF-β, Smad3 
and GAPDH in HUASMCs transfected with miR-29b mimic or miR-29b inhibitor. (B) Western blot analysis TGF-β, p-Smad3, Smad3 and GAPDH in VSMCs 
transfected with miR-29b mimic or miR-29b inhibitor. *P<0.05 vs. control (n=6). HUASMCs, human umbilical artery smooth muscle cells; miR, microRNA; 
p, phosphorylated; TGF-β, transforming growth factor β; VSMCs, vascular smooth muscle cells.

Figure 3. miR-29b inhibits the TGF-β1/Smad3 signaling pathway by directly 
targeting TGF-β1. (A) Sequence of the binding sites of miR-29b on the 
3'-UTR of TGF-β1 predicted using TargetScan. (B) Significantly lower lucif-
erase activity was observed with the wild-type TGF-β1 sequence compared 
with the control and mutant. *P<0.05 vs. EV (n=6). EV, empty vector; miR, 
microRNA; mut, mutant; TGF-β1, transforming growth factor β1; 3'-UTR, 
3'-untranslated region; WT, wild-type.
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pression of miR-29b significantly suppressed the expression of 
TGF-β1 and decreased the phosphorylation of Smad3, whereas 
inhibition of miR-29b significantly increased TGF-β1 expres-
sion and Smad3 phosphorylation compared with the controls 
(Fig. 2; P<0.05). These effects were observed in HUASMCs 
(Fig. 2A) and VSMCs (Fig. 2B). This suggests that miR-29b 
functions by inhibiting the TGF-β/Smad3 pathway.

miR-29b may inhibit the TGF-β/Smad3 signaling pathway by 
directly targeting the TGF-β1 gene. TargetScan analysis found 
that miR-29b had a sequence complementary to the 3'UTR of 
TGF-β1 mRNA. To investigate whether TGF-β1 is the direct 
target of miR-29b, a Dual-luciferase assay was performed 
using the putative binding site of miR-29b in the 3'-UTR of 
TGF-β1 as presented in Fig. 3A. The results indicated that 

luciferase activity was significantly lower for the WT 3'-UTR 
of TGF-β1 compared with the EV control (Fig. 3B; P<0.05), 
whereas the mutant version showed no change in luciferase 
response. This provides evidence that miR-29b targets TGF-β1 
by directly binding to its 3'-UTR.

Knockdown of TGF-β1 reverses miR-29b inhibition-induced 
increases in cell viability and migration. To further examine 
the role of the TGF-β/Smad3 pathway in the miR-29b-induced 
reduction of cell viability, miR-19b inhibitor was transfected 
into VSMCs with or without TGF-β1 siRNA. Reduction of the 
expression level of TGF-β1 following transfection with TGF-β1 
siRNA was confirmed by RT-qPCR (Fig.  4A). As shown 
in Fig. 4B and C, TGF-β1 siRNA significantly suppressed 
miR-29b inhibitor-induced increases in cell viability and 

Figure 4. Inhibition of TGF-β1 attenuated the cell migration induced by miR-29b inhibition. (A) Expression level of TGF-β1 in VSMCs transfected with or 
without TGF-β1 detected by RT-qPCR. (B) MTT assay of VSMCs transfected with miR-29b inhibitor with or without TGF-β1 siRNA. (C) Transwell assay 
of VSMCs transfected with miR-29b inhibitor with or without TGF-β1 siRNA. (D) MTT assay of VSMCs transfected with miR-29b mimic with or without 
TGF-β1 treatment. (E) Transwell assay of VSMCs transfected with miR-29b mimic with or without TGF-β1 treatment. *P<0.05 vs. control, n=6. Ctrl, control; 
miR, microRNA; mut, mutant; siRNA, small interfering RNA; NC, negative control; TGF-β1, transforming growth factor β1; VSMCs, vascular smooth muscle 
cells; WT, wild-type.
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migration. Furthermore, miR-29b mimic was transfected into 
VSMCs with or without TGF-β1 treatment (Fig. 4D). The 
MTT and migration assay results in Fig. 4D and E show that 
miR-29b mimic significantly suppressed cell viability and 
migration, and the TGF-β1 treatment significantly reversed 
this effect.

Discussion

The role of miR-29b has been investigated extensively in 
the past decade, due to the fact that its expression is known 
to be altered in many cancer and diseased cells compared 
with normal cells (16,19,22,23). These studies suggest that its 
major effects include the suppression of cell proliferation and 
migration, which serve an important role in cancer-associated 
studies. The present study sought to identify potential targets 
for miR-29b using TargetScan. TGF-β1 was identified as one 
of the targets of miR-29b, and is known to induce VSMC 
proliferation and synthesis of extracellular matrix through 
the Smad3 signaling pathway (24). TGF-β1 is activated by 
binding to transmembrane kinase receptors, which phosphory-
late Smad3 for downstream signaling (25,26). One possible 
signaling pathway of Smad3 is the upregulation of monocyte 
chemoattractant protein-1, which is known to serve an impor-
tant role in angiogenesis and tumor progression by stimulating 
VSMC migration, and is overexpressed in tumor cells (27,28). 
In addition, miR-29b has been identified to have a protective 
role in cardiac fibrosis, whereby thickening of heart valves 
occurs due to the proliferation of vascular muscle cells, by 
targeting the TGF-β/Smad3 signaling pathway (16,29,30). The 
present study investigated the involvement of miR-29b in the 
TGF-β/Smad3 signaling pathway in VSMCs and HUASMCs, 
as well as the underlying mechanism.

Results from migration assays in the present study clearly 
demonstrated that the overexpression of miR-29b suppressed 
the viability and migration of VSMCs and HUASMCs, while 
suppression of its expression exhibited the reverse effect. 
This is consistent with the previous finding that miR-29b is 
significantly downregulated in the VSMCs of patients with 
IA (19). Furthermore, the present study demonstrated that 
miR-29b overexpression reduces the expression of TGF-β1 
and phosphorylation of Smad3, while miR-29b downregula-
tion has the opposite effect in VSMCs and HUASMCs. The 
luciferase assay suggested that miR-29b targets the 3'-UTR of 
TGF-β1, which in turn reduces the expression of TGF-β1 and 
suppresses the TGF-β/Smad3 signaling pathway, thus reducing 
cell viability and migration. For further validation, changes in 
cell migration were monitored while the expression of TGF-β1 
was manipulated. This was achieved by either providing a 
TGF-β1 treatment to increase its level, or transfecting with 
an siRNA that interferes with the translation of TGF-β1. For 
the cells with increased viability due to miR-29b inhibition 
and hence overexpressed TGF-β, the TGF-β1 siRNA partially 
reversed the effect. Furthermore, with miR-29b mimic, where 
miR-29b was upregulated, TGF-β expression was reduced 
and viability was reduced, the addition of TGF-β1 treatment 
increased proliferation. These findings are consistent with the 
proposed mechanism.

Overall, the results indicated the potential role of miR-29b 
in IA. Inhibition of miR-29b in the VSMCs is responsible 

for the overexpression of TGF-β, which may promote cell 
proliferation and migration via the TGF-β/Smad3 signaling 
pathway. Increased rates of cell proliferation and migration 
are important aspects in the switch to the synthetic pheno-
type  (31). In response to a changing environment, such as 
vascular injury, this phenotype would promote cell growth and 
the synthesis of extracellular matrix, which helps in vascular 
repair. Unfortunately, this property is also the main contributor 
in the progression of IA (32,33). The present study has shown 
that these effects can be suppressed in vitro by transfecting 
cells with miR-29b mimic to upregulate miR-29b, or by the 
suppression of TGF-β1 by transfecting cells with siRNA to 
interfere with its translation. These results provide a possible 
approach for a less-invasive treatment for patients with IA. 
However, further investigation of the expression of miR-29b in 
VSMCs from patients with IA is required in order to explore 
the upstream gene regulation for miR-29b.
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