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Abstract: Tumorigenesis research has focused on the roles of deregulated microRNAs for many years. The aberrant 
expression of miR-124 in many tumors has been widely reported, yet its role in glioma formation still needs further 
research. In this study, the expression and mechanisms of miR-124 in glioma development were explored. We 
found that glioma cell lines and tumor tissues demonstrated downregulated miR-124 expression, and that cell pro-
liferation, migration, and invasion were reduced when miR-124 was restored. Furthermore, a bioinformatic analysis 
indicated that Smad2 was a putative target of miR-124, and we confirmed that miR-124 directly targets Smad2 in a 
luciferase reporter assay system. These results indicate that glioma cell growth is suppressed by miR-124 through 
its negative regulation of Smad2 expression. Our findings disclose a critical role of miR-124 in glioma pathogenesis, 
and suggest its potential application for glioma therapy.
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Introduction

Gliomas are characteristically aggressive, and 
are also the most common primary pernicious 
brain tumors diagnosed in adults throughout 
the world. The glioma prognosis remains bleak, 
with a survival period of only 15-17 months fol-
lowing diagnosis. Great progress has been 
reported, however, with the use of chemical 
drug therapy and molecular targets [1-3]. The 
mechanism of glioma development and pro-
gression warrants further exploration, as it 
shows great promise as a target for new thera-
py attempts.

MicroRNAs (miRNAs) are small, noncoding 
RNAs that contain 22 nucleotides and regulate 
gene expression post-transcriptionally through 
binding to various target mRNAs [4-6]. MiRNAs, 
as considerable epigenetic regulators, are 
strongly associated with human diseases pro-
cesses. Several studies have disclosed that 
disordered miRNAs are significantly correlated 
to carcinogenesis and tumor progression [7, 8]. 
Among gliomas, tumor prognosis and progres-

sion have been closely associated with expres-
sion levels of miR-21, miR-105, miR-143, and 
miR-197 [4, 9-11]. MiRNAs disrupt carcinogen-
esis and can serve as oncogene suppressors or 
tumor inhibitors by downregulating expression 
of their target genes [5]. Therefore, exploration 
of disordered miRNA expression levels in glio-
ma might result in the discovery of novel miRNA 
biomarkers and glioma therapy targets [12].

The transforming growth factor-beta (TGF-β) 
superfamily performs a crucial role in embry-
onic development and postnatal tissue and 
organ homeostasis by regulating cell prolifera-
tion, differentiation, and migration [13, 14]. A 
canonical TGF-β signaling is mediated through 
an ordinary linear cascade, which begins with 
TGF-β type I and II ligand-bound receptor activa-
tion [15]. The receptor-activated Smad2 and 
Smad3 are then phosphorylated, and form a 
heterodimer with the common mediator Smads 
(co-Smads) [16]. The resulting heterodimer 
complex then enters into the nucleus and regu-
lates its target genes, with the help of various 
other transcriptional factors [15]. The Smads 
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bind to the 12-O-tetradecanoyl-13-acetate 
responsive element of the promoters of many 
crucial genes that play a major role in tumor 
development [17]. The Smads arguably play a 
critical role in the TGF-β signaling pathway, and 
an exploration of the Smads regulators is criti-
cal to a study of the TGF-β signaling pathway.

In this current study, we explored the downregu-
lation of miR-124 in gliomas, and the overex-
pression of miR-124 inhibited glioma cell pro- 
liferation, migration, and invasion in vitro. 
Moreover, we examined how miR-124 targets 
Smad2 and suppresses its expression at mRNA 
and protein levels. Taken together, we set out to 
confirm that miR-124 functions as a glioma 
suppressor through direct of targeting Smad2 
and through the regulation of the TGF-β signal-
ing pathway, in the hopes that miR-124 can be 
utilized as a potential tumor suppressor in glio-
ma therapy.

Materials and methods

Human tissue specimens

Glioma tissues and normal brain tissues were 
obtained from patients undergoing surgery at 
the Third Affiliated Hospital of Harbin Medical 
University, China. Collected tissues were im- 
mediately snap-frozen and stored at -80°C. 
Informed consent was obtained from each 
patient to approve the use of their tissues for 
research purposes.

Cell lines

The human glioma cell lines U87, U251, U373, 
and T98G were obtained from the American 
Type Culture Collection (ATCC, Rockville, MD). 
These cell lines were maintained in Dulbecco’s 
modified Eagle medium supplemented with 
10% fetal bovine serum and 1% penicillin/
streptomycin (Invitrogen, Grand Island, NY). 
Normal human astrocytes (NHA) cell line was 
obtained from the Lonza group (Lonza, Basel, 
Switzerland) and cultured according to the 
manufacturer’s instructions.

MiRNAs and siRNA transfection

Negative control (NC) miRNAs and miR-124 
mimics (mimics) were purchased from Gene- 
Pharma (Shanghai, China). The cells were trans-
fected with NC and mimics using Lipofecta- 

mine 2000 (Invitrogen, USA), following the man-
ufacturer’s protocol. Transfection efficiency 
was monitored by qRT-PCR.

Plasmids construction

Human Smad2 3’-untranslated region (UTR), 
containing putative miR-124 binding sites, was 
amplified by polymerase chain reaction (PCR) 
from human genomic DNA. Fragments were 
double digested with restricted enzyme NotI 
and XbaI, and then cloned into pRL-TK (Pro- 
mega). MiR-124 binding sequences in the 
Smad2 luciferase reporter were mutated using 
KOD-Plus-Mutagenesis Kit (SMK-101, Toyobo). 
Smad2 cDNA was amplified by RT-PCR using 
the whole RNA extracted from U87 and cloned 
into 3× Flag-pCMV 12.0, the expression vector. 
Mature miR-124 sequences were cloned into 
the retroviral vector pSuper-puro. Retroviral 
miR-124 or control vector (ctrl) plasmids were 
transfected into the phoenix cells and the 
supernatant were harvested 48 h post-trans-
fection. For infection, U87 cells were incubated 
for 16 h at 37°C with filtered viral supernatants 
supplemented with polybrene (8 µg/ml). Stable 
cell lines were established using puromycin 
selection. Cells with restored expression of 
miR-124 were designated as U87miR-124; the 
respective control cells infected with siRNA 
control vectors were designated as U87siRNA 
control.

Luciferase reporter gene assays

The 3’-UTR of Smad2 containing the putative 
binding site of miR-124 was amplified and sub-
cloned into pGL3 luciferase promoter vector 
(Promega, Madison, WI, USA). The vector was 
co-transfected with miR-124 mimics into 
HEK293T cells for 48 h. The cells were harvest-
ed and relative luciferase activity was detec- 
ted using a dual-luciferase reporter assay kit 
(Promega), according to the manufacturer’s 
instructions. All experiments were performed at 
least three times.

Quantitative real-time polymerase chain reac-
tion (qRT-PCR)

Total RNA was isolated from tissues and cell 
lines using the miRNeasy Mini Kit (Qiagen). The 
miRNA Q-PCR Detection Kit (GeneCopoeia) was 
used for quantification of miRNA levels accord-
ing to the manufacturer’s protocol. For quantifi-
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cation of PRMT1 mRNA levels, the RT reactions 
were conducted with the RevertAid TM H Minus 
First Strand cDNA Synthesis Kit (Fermentas). 
QRT-PCR was performed using an ABI 7900 
System (Bio-Rad). RNU6B and β-actin were 
used as normalizing controls for miRNA and 
mRNA quantification, respectively. The 2-ΔΔCt 
method was employed to calculate the relative 
expression levels. The primers were as follows: 
MiR-124, forward primer: 5’-ACACTCCAGCTG- 
GGTAAGGCACGCGGTGA-3’, and reverse primer: 
5’-TGGTGTCGTGGAGTCG-3’; Smad2, forward 
primer: 5’-CCGACACACCGAGATCCTAAC-3’, and 
reverse primer: 5’-GAGGTGGCGTTTCTGGAATA- 
TAA-3’. 

Western blotting analysis

Whole cell extracts were prepared with a cell 
lysis reagent (Sigma-Aldrich, St. Louis, MO, 
USA) according to the manual, and then, the 
protein was quantified by a BCA assay (Pierce, 
Rockford, IL, USA). The protein samples were 
then separated by SDS-PAGE (10%) and detect-
ed by western blot, using polyclonal (rabbit) 
anti-Smad2 (Santa Cruz Bio-technology, Santa 
Cruz, CA, USA). Goat anti-rabbit IgG (Pierce, 
Rockford, IL, USA) secondary antibody conju-
gated to horseradish peroxidase and ECL 
detection systems (SuperSignal West Femto, 
Pierce) were used for detection.

MTT assay 

The 3-(4,5-dimethylthiazal-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay was used to 
estimate cell viability. Briefly, cells were plated 
at a density of 1×104 cells per well in 96-well 

A wound healing assay was used to assess cell 
migration ability. U87 cells were cultured in a 
six-well plate for 24 h and transfected with miR-
124 or siRNA control, and then maintained for 
48 h until confluency was reached. A wound 
was created by manually scraping the cell 
monolayer with a 200-μl pipette tube, and the 
floating cells were removed with two phos-
phate-buffered saline washes. Cell migration 
was photographed at 48 h.

Invasion assay

Cell invasion capability was examined by tran-
swell invasion assay. Cells were cultivated to 
80% confluence on 12-well transwell invasion 
chamber plates then observed for 24 h. All 
experiments were performed in triplicate. The 
number of cells invading across the membrane 
were counted under a light microscope.

Statistical analysis

Data are expressed as mean ± SD and ana-
lyzed by Student’s t-test. Compared with 
respective controls, P values of <0.05 were 
considered statistically significant.

Results

MiR-124 expression in glioma tissues and cells

We first employed qRT-PCR to detect miR-124 
levels in glioma tissues. As shown in Figure 1A, 
the expression level of miR-124 was markedly 
downregulated in glioma tissues compared 
with normal brain tissues. To determine the 
importance of the decreased miR-124 expres-
sion in glioma, we analyzed the relationship 

Figure 1. Expression of miR-124 in glioma tissues and cells. A. MiR-124 ex-
pression in glioma tissues and normal brain tissues. Error bars represent 
± S.E. and *P<0.01 versus normal brain tissues. B. MiR-124 expression in 
glioma (U87, U251, U373, and T98G) and normal human astrocyte (NHA) 
cells. Error bars represent ± S.E. and *P<0.01 versus NHA cells.

plates. After exposure to spe-
cific treatment, the cells were 
incubated with MTT at a final 
concentration of 0.5 mg/ml 
for 4 h at 37°C. After removal 
of the medium, 150 mM 
DMSO solution was added to 
dissolve the formazan crys-
tals. The absorbance was 
read at 570 nm using a multi-
well scanning spectrophotom-
eter reader. Cells in the con-
trol group were considered 
100% viable.

Migration assay
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between miR-124 levels and the clinicopatho-
logical features of glioma tumor patients. For 
this purpose, the complete set of 84 different 
grade glioma samples were divided into three 
categories based on miR-124 levels: (1) “low”, 
values lower than or equal to the 25th percen-
tile, (2) “medium”, values falling between the 
25th and 75th percentile, and (3) “high”, values 
higher than or equal to the 75th percentile. 

According to the RT-PCR results, “low” mRNA 
levels of miR-124 were detected in 21 (25%) 
glioma patients, “medium” miR-124 levels in 
40 (47.6%) patients, and “high” miR-124 levels 
in 23 (27.4%) glioma patients. As shown in 
Table 1, we found a significant positive relation-
ship between miR-124 levels and low tumor 
malignancy (P<0.001). This suggests that miR-
124 is negatively associated with glioma pro-
gression. MiR-124 levels were also associated 
with patient age (P<0.001), but not gender 
(P>0.05, Table 1). 

Real-time PCR analysis showed that the expres-
sion level of miR-124 was markedly downregu-
lated in four of the glioma cell lines (U87, U251, 
U373, and T98G), in comparison with the 
expression levels in the NHA cell line (Figure 
1B). Taken together, these results indicate that 
miR-124 may be a tumor inhibitor in the pro-
gression of glioma.

MiR-124 inhibited proliferation, invasion, and 
migration of glioma cells

To further verify the antitumor role of miR-124 
in U87 cells, we then performed rescue experi-

ments. The transient transfection of miR-124 
mimics was used to restore miR-124 expres-
sion in glioma cells. As shown in Figure 2A, the 
expression level of miR-124 was greatly 
increased by miR-124 mimics. To further char-
acterize the functional importance of miR-124 
in glioma progression, we examined its effect 
on the proliferation and invasion of glioma cells 
using the MTT and transwell invasion assays. 
The results showed that miR-124 mimics 
decreased the proliferation of glioma cells 
(Figure 2B). Similar results were observed in 
invasion (Figure 2C) and migration (Figure 2D) 
assays of glioma cells. These findings demon-
strate that miR-124 inhibits glioma cell prolif-
eration and invasion in vitro.

MiR-124 directly targets Smad2 in glioma

Two miRNA target prediction websites, www.
microRNA.org and TargetScan, demonstrated 
that the 3’-UTR of Smad2 mRNA contains a 
conserved miR-124-binding site (Figure 3A). To 
confirm this prediction and verify whether 
Smad2 is a direct target of miR-124, a dual-
luciferase reporter system was employed by co-
transfection of miR-124 and luciferase reporter 
plasmids containing the wild-type or mutated 
3’UTR of Smad2 (the latter bearing deletions of 
the putative miR-124 target sites). Co-trans- 
fection of miR-124 mimics suppressed the 
luciferase activity of the reporter containing 
wild-type Smad2 3’UTR sequence by dual-lucif-
erase reporter assay; however, miR-124 mim-
ics did not have any effect on luciferase activity 
when target cells were transfected with mutat-

Table 1. Association between miR-124 expression and clinicopathological variables of the glioma 
patients
Variables Number of cases miR-124 mRNA level p-value

Low, n (%) Medium, n (%) High, n (%)
Overall 84 21 (25) 40 (47.6) 23 (27.4)
Age (Years) <0.001
    ≤50 43 23 (53.5) 14 (32.6) 6 (13.9)
    >50 41 18 (27.9) 22 (53.6) 1 (2.5)
Gender 0.784
    Male 45 14 (31.1) 23 (51.1) 8 (17.8)
    Female 43 12 (27.9) 18 (41.8) 13 (30.3)
Pathological grade (WHO) <0.001
    Grade I 12  0 (0) 8 (66.7) 4 (33.3)
    Grade II 13  6 (46.1) 5 (38.5) 2 (15.4)
    Grade III 24 11 (45.8) 10 (41.7) 3 (12.5)
    Grade IV 35 19 (54.3) 14 (40.0) 2 (5.7)
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ed Smad2 (Figure 3B). The 
Smad2 protein level was ma- 
rkedly reduced in U87 cells 
transfected with miR-124 mi- 
mics (Figure 3C). These data 
suggest that Smad2 may be a 
direct functional target of miR-
124 in glioma. Increased lev-
els of Smad2 restored miR-
124 and reduced U87 cell 
proliferation (Figure 3D), inva-
sion (Figure 3E), and migra-
tion (Figure 3F).

Discussion

Various studies have suggest-
ed that deregulated miRNAs 
play an important role in vari-
ous human cancers, including 
glioma. Identifying the miR-
NAs that are essential to halt-
ing glioma progression and 
their targets may provide pr- 
omising therapeutic opportu-
nities [10-12]. In this study, 
we demonstrated that miR-
124 is a tumor suppressor 
that inhibits the proliferation 
and invasion of glioma via tar-
geting Smad2.

MiR-124 has been classified 
as a tumor suppressor in sev-
eral types of human cancers 
[18, 19]. Previous research 
has shown that miR-124 is 
abundantly expressed in nor-
mal brain tissue [20], is in- 
volved in embryonic neuronal 
differentiation [21], and is an 
important regulator of adult 
neurogenesis in the subven-
tricular zone stem cell niche 
[22]. The present study deter-
mined that miR-124 expres-
sion is downregulated in hu- 
man glioma tissues and nega-
tively correlated with the pa- 
thological grade of glioma. 
Furthermore, the in vitro study 
revealed that miR-124 resto-
ration inhibited glioma cell 

Figure 2. Effect of miR-124 in glioma cells on proliferation, invasion, and 
migration. (A) QRT-PCR analysis revealed the effects of miR-124 mimics on 
the expression level of miR-124. (B) MTT assays (B) and transwell assays (C) 
revealed the invasion ability of U87 cell transfected with miR-NC and miR-
124. (D) MiR-124 inhibited cell migration as determined by wound healing 
assay. Data are the mean ± SD of duplicates from a representative of three 
independent experiments. *P<0.01 vs. NC group.
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proliferation and invasion, illustrating its role as 
a tumor suppressor.

Smad2 is a pivotal transducer of the TGF-β 
pathway and plays complex and contradictory 
roles during tumorigenesis [23]. Accumulating 

evidence suggests that abnormal Smad2 
expression is closely associated with a variety 
of human cancers, including bladder [24], ovar-
ian [25], cervical [26] and colorectal [27] can-
cer. Smad2 must be strictly controlled to ensure 
the normal growth of cells. Our study identified 

Figure 3. Smad2 is the direct target of miR-124 in glioma. A. Sequence alignment of miR-124 and 3’UTR of Smad2 
using targetscan.org. B. Luciferase reporter assay with co-transfection of wild-type or mutant Smad2 and miR-124 
mimics or miR-control in U87 cells. C. Western blot analysis revealed the effects of miR-124 mimics on the expres-
sion level of Smad2. D. Extra Smad2 restored miR-124 levels and reduced U87 cell proliferation. E. Invasion. F. 
Migration. Error bars represent ± S.E. and *P<0.01 versus negative control (NC).
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Smad2 as a new target gene of miR-124, which 
halts glioma progression by regulating its prolif-
eration, invasion, and migration. 

In conclusion, our results demonstrated that 
miR-124 is downregulated in gliomas and this 
dysfunction plays a critical role in the growth 
and invasion of glioma cells. Smad2 is a direct 
target of miR-124 and the overexpression of 
miR-124 downregulates the expression of 
Smad2 proteins and mRNA simultaneously. Our 
results indicate that miR-124 functions as a 
tumor suppressor miRNA through the downreg-
ulation of Smad2, and shows great potential as 
a target in the gene therapy of glioma.
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