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Background:miR-124 is a brain-enriched microRNA that has been shown to be down-regulated in glioma.
Results:miR-124 inhibits glioma cell invasion and tumorigenicity and reduces neurosphere formation, CD133� cell subpopu-
lation, and stem cell marker expression in part by targeting SNAI2.
Conclusion: Loss of miR-124 enhances the stem-like traits and invasiveness of glioma cells via SNAI2 signaling.
Significance: Therapeutic strategies against glioma can be developed by restoring the level of miR-124.

miR-124 is a brain-enriched microRNA that plays a crucial
role in neural development and has been shown to be down-
regulated in glioma and medulloblastoma, suggesting its possi-
ble involvement in brain tumor progression. Here, we show that
miR-124 is down-regulated in a panel of different grades of gli-
oma tissues and in all of the human glioma cell lines we exam-
ined. By integrated bioinformatics analysis and experimental
confirmation, we identified SNAI2, which is often up-regulated
in glioma, as a direct functional target of miR-124. Because
SNAI2 has been shown to regulate stem cell functions, we exam-
ined the roles of miR-124 and SNAI2 in glioma cell stem-like
traits. The results showed that overexpression of miR-124 and
knockdown of SNAI2 reduced neurosphere formation, CD133�

cell subpopulation, and stem cell marker (BMI1, Nanog, and
Nestin) expression, and these effects could be rescued by re-ex-
pression of SNAI2. Furthermore, enhancedmiR-124 expression
significantly inhibited glioma cell invasion in vitro. Finally, sta-
ble overexpression of miR-124 and knockdown of SNAI2 inhib-
ited the tumorigenicity and invasion of glioma cells in vivo.
These findings reveal, for the first time, that the tumor suppres-

sor activity of miR-124 could be partly due to its inhibitory
effects on glioma stem-like traits and invasiveness through
SNAI2.

Gliomas are the most lethal primary brain tumors derived
from glial tissue. Based on the histopathological and clinical
criteria established by theWorldHealthOrganization, glioblas-
toma belongs to grade IV glioma that originates from poorly
differentiated astrocytes (1). Glioblastoma is themost common
and unfortunately the most aggressive form of brain tumor in
adults. The median survival of patients with glioblastoma is
�15 months despite the advances in surgical resection, radio-
therapy, and chemotherapy. Enormous efforts are being under-
taken toward a holistic understanding of the molecular mech-
anisms responsible for glioblastoma pathogenesis.
Recently, a comprehensive genomic characterization has

defined not only the glioblastoma gene signatures (TP53,
PTEN, CDKN2A, EGF receptor, IDH1, and IDH2) but also the
core signaling pathways (receptor tyrosine kinase/RAS/PI3K,
p53, and RB) that are altered in the majority of glioblastoma
patients (2). In addition, our group has previously identified cell
cycle-related kinase as a novel candidate oncogene in human
glioblastoma (3). Although the somatic alterations in protein-
coding genes that account for glioblastoma progression have
become increasingly clear in recent years, the roles of noncod-
ing genes, particularly microRNAs (miRNAs),5 in glioma
pathogenesis are the focus of studies.
Emerging studies have shown that miRNAs are involved in

the malignant progression of glioma (4–6). miRNAs, a class of
post-transcriptional regulators, are short noncoding RNAs
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(�22nucleotides) that bind to the complementary sequences in
the 3�-UTRs ofmultiplemRNA transcripts, thereby resulting in
the silencing of target genes (7). Because miRNA genes are fre-
quently located at the chromosomal fragile sites of cancer
genomes (8), miRNAs have been considered as novel classes of
oncogenes and tumor suppressors (9). With this in mind, tar-
getingmiRNAs, some of which have dysregulated expression in
glioblastoma, offers great therapeutic potential for improving
the outcome of glioma patients (10, 11).
By miRNAmicroarray analysis, we previously compared the

miRNA expression profiles of normal brain and glioblastoma
tissues from Chinese patients. We functionally characterized
the roles of two dysregulatedmiRNAs, miR-15b andmiR-146b,
in regulating cell cycle progression (12) and inhibiting glioma
cell migration and invasion (13), respectively. Our microarray
data are concordant with other expression profile studies that
reported that miR-124 is significantly down-regulated in glio-
blastoma samples compared with non-tumor brain tissues
(14–16), suggesting that miR-124 may play a critical role in
brain tumorigenesis and progression.
miR-124 is a brain-enriched miRNA that has been broadly

investigated in physiological neural development (17, 18).
However, despites a few studies showing thatmiR-124 is signif-
icantly down-regulated in glioma and medulloblastoma and
thatmiR-124 inhibits the proliferation of glioblastoma cells (16,
19, 20), the roles of miR-124 in central nervous system neopla-
sia have largely remained unexplored. Here, we investigated the
critical role of miR-124 in glioma. We found that miR-124 is
frequently down-regulated in both glioma tissues and cell lines.
We also demonstrated that miR-124 inhibits glioma stem-like
traits and invasiveness and identified SNAI2 as a direct target of
miR-124 that mediates the inhibition of these processes.

EXPERIMENTAL PROCEDURES

Cell Lines and Human Tissue Samples—Human glioma cell
lines (U87, U118, U138, U373, SW1088, SW1783, and CCF-
STTG1) were purchased from American Type Culture Collec-
tion (Manassas, VA). U87, U373, U138 and CCF-STTG1 cells
were cultured in minimal essential medium, U118 cells in
DMEM, and SW1088 and SW1783 cells in Leibovitz’s L-15
medium (Invitrogen). All media were supplemented with 10%
FBS, 100 units/ml penicillin, and 100 �g/ml streptomycin (all
from Invitrogen). Archival frozen human glioma tissue samples
and non-glioma patient samples were obtained from the
Department of Surgery of The University of Hong Kong.
The use of these archival tissues in this study was approved by
the Ethics Committee of The University of Hong Kong.
RNA Extraction, Real-time Quantitative RT-PCR, and Semi-

quantitative RT-PCR—Total RNA was extracted using TRIzol
reagent (Invitrogen). The isolated total RNA was polyadeny-
lated and reverse-transcribed for two-step quantitative
RT-PCR (qRT-PCR) using the NCodeTM miRNA first-strand
synthesis and qRT-PCR kits (Invitrogen) according to the
manufacturer’s instructions. The sequence-specific forward
primers for mature miR-124 and the U6 internal control were
5�-GCGGTGAATGCCAAAAA-3� (17 bp, GC� 47.07%,Tm �
54.1 °C) and 5�-CGCAAGGATGACACGCAAATTCGT-3�,
respectively. For the analysis of mRNA expression, first-strand

cDNAwas reverse-transcribed using the SuperScript II reverse
transcriptase kit (Invitrogen). The primers usedwere as follows:
SNAI2, 5�-ATTCGGACCCACACATTACC-3� (forward) and
5�-GGTTTTGGAGCAGTTTTTGC-3� (reverse) (21); BMI1,
5�-AATCCCCACCTGATGTGTGT-3� (forward) and 5�-
GCTGGTCTCCAGGTAACGAA-3� (reverse) (22); Nanog, 5�-
CTAAGAGGTGGCAGAAAAACA-3� (forward) and 5�-CTG-
GTGGTAGGAAGAGTAAAGG-3� (reverse) (23); and Nestin,
5�-GGCAGCGTTGGAACAGAGGT-3� (forward) and 5�-
CATCTTGAGGTGCGCCAGCT-3� (reverse) (24). The levels
of miR-124 or other mRNAs were detected by qRT-PCR or
semiquantitative RT-PCR according to our previously de-
scribed protocols (13).
Establishment of Glioblastoma Stable Cell Lines—One day

before transfection, U87 or U373 cells were seeded onto 6-well
plates at�60% confluence. Cells were transfected with pLL3.7-
miR-124 precursor or pLKO.1-shSNAI2 plasmid (Addgene,
Cambridge, MA) or cotransfected with pLL3.7-miR-124 and
pBabePuro-SNAI2, which lacks the 3�-UTR of SNAI2 (Add-
gene) using FuGENEHD transfection reagent (Roche Diagnos-
tics) in the absence of antibiotic. After 48 h, cells were subcul-
tured to 10% confluence in medium containing 1 �g/ml
puromycin (Sigma). When all cells in the non-transfected con-
trol culture were killed, antibiotic-resistant clones were picked
andpassaged inmediumcontaining half of the concentration of
puromycin as in the first round of selection. The expression of
miR-124 and SNAI2 was confirmed by real-time qRT-PCR.
In Vitro Matrigel Invasion Assay—Cell invasiveness was

assessed with using BioCoat Matrigel invasion chambers (BD
Biosciences). Stable cells (5 � 104) resuspended in 500 �l of
serum-free medium were seeded into the rehydrated insert.
Medium with 10% FBS was added to the lower chamber as
chemoattractant. After 22 h of incubation at 37 °C, non-invading
cells on the upper surface of the Matrigel membrane were gently
removedwith a cotton-tipped swab. After fixingwith 100%meth-
anol, staining with 1% toluidine blue (Sigma), and rinsing twice
with distilled water, the stained invasive cells on the lower surface
of the membrane were photographed under an inverted light
microscope (�40 objective) and quantified bymanual counting in
three randomly selected areas. This experiment was performed in
triplicate in three independent experiments.
Western Blotting—Cell or tissue lysates were harvested for

immunoblot analysis according to our previously described
protocol (12). Goat polyclonal antibodies against human
SNAI2 (1:400 dilution; D-19, sc-10437) and GAPDH (1:2500
dilution; FL-335, sc-25778) were bought from Santa Cruz Bio-
technology (Santa Cruz, CA).
Dual-Luciferase Reporter Assay—The 3�-UTR sequence of

SNAI2 predicted to interact with miR-124 or a mutated
sequence with the predicted target sites was synthesized and
inserted into theXbaI and FseI sites of the pGL3-Control vector
(Promega, Madison,WI). These constructs were named pGL3-
SNAI2-wt and pGL3-SNAI2-mut. For reporter assay, U87 cells
were plated onto 24-well plates and transfected with 100 ng of
pGL3-SNAI2-wt or pGL3-SNAI2-mut and 50 nM pLL3.7-miR-
124 or pLL3.7-miR-control vector using FuGENE HD. The
Renilla luciferase vector pRL-SV50 (5 ng; Promega) was also
cotransfected to normalize the differences in transfection effi-
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ciency. After transfection for 48 h, cells were harvested and
assayed with the Dual-Luciferase reporter assay system (Pro-
mega) according to the manufacturer’s instructions. Transfec-
tion was repeated three times in triplicate.
Neurosphere Formation Assay—Single cells (1 � 104) were

plated onto a 6-well ultra-low attachment plate (Corning,
Corning, NY) in serum-free DMEM/F-12 supplemented with
10 ng/ml basic fibroblast growth factor, 20 ng/ml epidermal
growth factor, 0.4% bovine serum albumin, and B-27 supple-
ment (1:50 dilution; Invitrogen). After 2–3weeks of culture, the
number of neurospheres (diameter � 40 �m) was manually
counted in three randomly selected fields at a magnification
of �40 under an inverted microscope. This assay was per-
formed in triplicate in three independent experiments.
Flow Cytometry—Stable glioma cells or neurosphere cells

(1 � 106) were resuspended in 100 �l of staining buffer (eBio-
science, San Diego, CA) containing 1% FBS and placed on ice
for 20min to block Fc receptors. After incubation with primary
phycoerythrin-conjugated anti-human CD133 antibodies
(eBioscience) for another 45 min on ice in the dark, the cells
were washed twice with 1 ml of ice-cold staining buffer and
centrifuged at 400� g for 5min at 4 °C. Cells resuspended in 0.5
ml of 2% formaldehyde fixation buffer were analyzed using a
FACSCalibur flow cytometer and CellQuest software (BD Bio-
sciences). All flow cytometry results were obtained from two
independent experiments performed in triplicate.
Tumor Xenografts in Nude Mice—Following our previous

protocol (3), glioma tumor xenografts were established in
female BALB/c athymic mice by subcutaneous injection of sta-
ble U87-124, U87-shSNAI2, or U87-124-SNAI2 cells or their
respective control cells (1.5 � 106) into the back flanks of the
mice (n � six mice per group). Tumor size was measured
weekly for 6 weeks. Paraffin sections of tumors were subjected
to standard H&E staining. This animal study was approved by
theDepartment ofHealth of theGovernment of theHongKong
Special Administrative Region and by the Committee on the
Use of Live Animals in Teaching and Research of The Univer-
sity of Hong Kong.
Statistical Analysis—Experimental data are presented as the

mean � S.D. All statistical analyses were performed using Stu-
dent’s two-tailed t test (SPSS 12.0, SPSS Inc., Chicago, IL). Differ-
ences were considered to be statistically significant at p � 0.05.

RESULTS

miR-124 Is Down-regulated in Human Glioma Tissues and
Cell Lines—To explore the functional role ofmiR-124 in glioma
carcinogenesis, we first analyzed the expression of miR-124 in
27 cases of glioma patient samples and 20 cases of non-glioma
patient samples, which included two non-tumor brain tissues,
by real-time qRT-PCR. Compared with non-glioma brain tis-
sues, the expression of miR-124 was significantly lower by
�2-fold in all glioma samples examined (Fig. 1A). Concurrent
with this finding, remarkable down-regulation of miR-124
could also be observed in various glioma cell lines (Fig. 1B). Of
note, according to a previous study that characterized the inva-
sive property of these cell lines (25), miR-124 expression was
lower in highly invasive glioma cells (U87, U118, U138, and
U373) than in glioma cells with low invasiveness (SW1088,

SW1783, andCCF-STTG1) (Fig. 1B). These results suggest that
the decrease in miR-124 expression may account for glioma
carcinogenesis and its invasive propensity.
SNAI2 Is a Direct Target of miR-124—To elucidate the

molecular mechanisms by which miR-124 inhibits glioblas-
toma cell invasion, we predicted its downstream targets using
five prediction algorithms: TargetScan, miRDB, DIANA-mi-
croT, miRNAMap, and miRNAviewer. Among the candidate
target genes that were commonly predicted by all five algo-
rithms, eight genes had been shown to be down-regulated by
miR-124 in microarray analysis (Table 1) (26). LAMC1 and
PTBP1 have been reported as targets of miR-124 in neural
development (27, 28).
In this study, we specifically focused on SNAI2, a member of

the Snail family of zinc finger transcription factors, because it
has been implicated in epithelial-mesenchymal transition and
tumor metastasis (29–31). To determine whether SNAI2 is a
downstream target of miR-124, we detected the expression of
SNAI2 in our established glioblastoma cell lines stably overex-

FIGURE 1. Expression of miR-124 in human glioma tissue samples and cell
lines. miR-124 expression was measured by real-time qRT-PCR. A, relative
expression level of miR-124 in glioma samples and non-tumor brain tissues. B,
miR-124 expression in seven glioma cell lines. The invasiveness of these cell
lines was shown according to the data of de Ridder et al. (25). The expression
of miR-124 in glioma tissues and cell lines was significantly lower than that in
non-tumor tissues (p � 0.05).
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pressing miR-124. qRT-PCR analysis showed that the SNAI2
mRNA level was significantly reduced in U87-124 and U373-
124 cells (Fig. 2A). By transient transfection, overexpression of
miR-124 in U87 cells also down-regulated the endogenous
mRNA and protein expression of SNAI2 (Fig. 2B).
To validate that SNAI2 is indeed directly targeted by miR-

124, we investigated whether miR-124 recognizes the 3�-UTR
of SNAI2 mRNA by Dual-Luciferase reporter assay. According
to the predicted target sites from TargetScan (Fig. 2C), we
cloned the wild-type 3�-UTR fragment containing these pre-
dicted sites into the pGL3 luciferase reporter vector (pGL3-
SNAI2-wt). Another 3�-UTR fragment with four nucleotides

mutated within each seed region was also cloned as a control
(pGL3-SNAI2-mut).We found in U87 cells that transfection of
pLL3.7-miR-124 significantly suppressed the luciferase activity
of the pGL3-SNAI2-wt vector by 30% (Fig. 2D). By contrast, the
repressive effect of pLL3.7-miR-124 on luciferase activity was
abrogated by mutations in the pGL3-SNAI2-mut vector, con-
firming SNAI2 as a direct downstream target of miR-124.
Neurospheres Have Down-regulated miR-124 Levels, En-

riched CD133� Subpopulation, and Up-regulated Stem Cell
Marker Expression—SNAI2 has been shown to control key
aspects of stem cell function in human and mouse (30); there-
fore, we speculated that miR-124, as a negative regulator of

FIGURE 2. SNAI2 is a direct downstream target of miR-124. A, the level of SNAI2 expression in stable U87 and U373 cells with miR-124 overexpression was
analyzed by real-time qRT-PCR. NC refers to the non-treated cells. B, RT-PCR and Western blot (WB) analyses of SNAI2 expression in pLL3.7-miR-control- and
pLL3.7-miR-124-transfected U87 cells at 48 h post-transfection. GAPDH was used as an internal control. C, three predicted target sequences of miR-124 within
the 3�-UTR of SNAI2 mRNA. Several nucleotides within the seed region were mutated in the 3�-UTR of SNAI2. hsa refers to Homo sapiens. D, effect of miR-124
on SNAI2 expression by luciferase reporter assay. The data were normalized to the ratio of firefly and Renilla luciferase activities measured at 48 h post-
transfection. Values represent the mean � S.D. from three independent transfection experiments. *, p � 0.05 compared with the pLL3.7-miR-control group.

TABLE 1
Predicted targets of miR-124

Gene symbol Gene name Ref.

Predicted targets of miR-124a
CHSY1 Chondroitin sulfate synthase 1
EYA4 Eyes absent homolog 4
LAMC1 Laminin, gamma 1 (formerly LAMB2) 27
LRRC1 Leucine-rich repeat-containing 1
PTBP1 Polypyrimidine tract-binding protein 1 28
PTPN12 Protein-tyrosine phosphatase, non-receptor type 12 47
SNAI2 Snail homolog 2 39
TARBP1 TAR (HIV-1) RNA-binding protein 1

Other reported targets of miR-124b
ACTL6A Actin-like 6A (also known as BRG1-associated factor, BAF53A) 48
CDK6 Cyclin-dependent kinase 6 16
ITGB1 Integrin, beta 1 27
SCP1 Small C-terminal domain phosphatase 1 49
SLC16A1 Solute carrier family 16, member 1 19
SOX9 SRY (sex-determining region Y)-box 9 17

a Eight genes were commonly predicted by TargetScan, miRDB, DIANA-microT, miRNAMap, and miRNAviewer and were down-regulated by miR-124 as detected by previ-
ous microarray profiling (26).

b Another six experimentally validated targets of miR-124 are shown for reference.
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SNAI2, may control the stem-like traits of the glioma cell sub-
population. We assessed the self-renewal ability of glioblas-
toma cells by means of neurosphere formation, which is con-
sidered a hallmark of cancer stem-like cells. When culturing in
the presence of suitable factors, U87 cells formed typical neu-
rospheres (U87-spheres) after 2–3weeks (Fig. 3A). Flow cytom-
etry analysis showed that the neurospheres had an enriched
subpopulation of CD133� cells compared with parental cells
(Fig. 3B), indicative of the induction of stem-like cell traits. In
addition, qRT-PCR revealed that miR-124 was down-regu-
lated in U87-spheres, with its downstream target SNAI2 up-
regulated (Fig. 3C). Importantly, several stem cell markers,
BMI1 (22),Nanog (32), andNestin (33), were all up-regulated
in U87-spheres. These results suggest that miR-124 may play
an important role in regulating the stem-like traits of glioma
cells.
miR-124 Restricts Stem-like Properties of Glioma Cells via

SNAI2—To better understand the potential role of miR-124
and SNAI2 in controlling the stemness of glioma cells, we ana-
lyzed the neurosphere-forming ability, CD133� cell popula-
tion, and stem cell marker expression in our established stable
cells with miR-124 overexpression, SNAI2 suppression, or

SNAI2 re-expression. In the sphere formation assay, overex-
pression of miR-124 and knockdown of SNAI2 significantly
reduced the number of neurospheres (Fig. 4A). By contrast,
constitutive expression of SNAI2 mRNA, which is resistant to
miR-124 inhibition, partly restored the neurosphere-forming
ability of miR-124-overexpressing cells. This was confirmed by
the results obtained from flow cytometry analysis of CD133�

cells, in which overexpression of miR-124 and knockdown of
SNAI2 resulted in loss of the CD133� cell subpopulation, and
this loss could be compensated by SNAI2 re-expression (Fig.
4B). In addition, the expression of BMI1, Nanog, and Nestin
stem cell markers were down-regulated by miR-124 overex-
pression and SNAI2 knockdown and rescued by SNAI1 resto-
ration (Fig. 4C). These results collectively indicate thatmiR-124
limits the in vitro stem-like characteristics of glioma cells by
targeting SNAI2.
miR-124 Inhibits Glioblastoma Cell Invasion in Vitro—

Emerging evidence has suggested that cancer stem-like cells
may possess higher invasive activity compared with mesenchy-
mal and differentiated cancer cells. In light of the above obser-
vation that miR-124 expression is inversely associated with the
invasiveness of glioma cells, we hypothesized that miR-124
inhibits glioma cell invasion. To test this hypothesis, we estab-
lished stable U87 and U373 glioblastoma cell lines that overex-
press miR-124. The overexpression of miR-124 in U87-124 and
U373-124 cells was first confirmed by qRT-PCR (Fig. 5A).
Matrigel invasion assay revealed that miR-124 overexpression
significantly restrained U87-124 and U373-124 cells from
invading through the Matrigel membrane (Fig. 5B), suggesting
that miR-124 inhibits glioblastoma cell invasion in vitro.
SNAI2 IsUp-regulated inGlioma andRecuesmiR-124-inhib-

ited Glioblastoma Cell Invasion—SNAI2 is barely detectable in
adult human brain tissues. Previous gene expression profile
analysis showed that the SNAI2 expression level is significantly
higher in primary glioblastoma than in thewhitematter of non-
neoplastic brain tissue (30, 34). However, the pathological sig-
nificance of SNAI2 in glioma is still unclear. To explore the
potential role of SNAI2 in glioma, we detected the expression of
SNAI2 in a panel of glioma tissue and non-glioma patient sam-
ples and seven glioma cell lines. In line with the abovemen-
tioned profile analysis, semiquantitative RT-PCR andWestern
blot analyses revealed that both themRNAand protein levels of
SNAI2were significantly up-regulated in glioma cell lines com-
pared with noncancerous brain tissues (Fig. 6A). Concurrent
with this finding, compared with non-glioma brain tissues, the
expression of SNAI2 was significantly higher by �2-fold in all
glioma samples examined (Fig. 1A).
Because SNAI2 is a direct target ofmiR-124, we hypothesized

that miR-124 inhibits glioma cell invasion via SNAI2. To this
end, we examined the role of SNAI2 in glioma cell invasion by
loss-of-function and gain-of-function studies. We used short
hairpin RNA targeting SNAI2 mRNA to specifically suppress
the expression of SNAI2 in U87 cells (Fig. 6B). Stable knock-
down of endogenous SNAI2 expression resulted in dramatic
inhibition of glioblastoma cell invasion (Fig. 6C), consistent
with the effect of miR-124 overexpression (Fig. 5B). To test
whether miR-124 acts through SNAI2 to inhibit glioblastoma
cell invasion, we reintroduced SNAI2 lacking the 3�-UTR into

FIGURE 3. Expression of miR-124 and stem cell markers in neurospheres.
A, image of a typical neurosphere (U87-spheres) derived from its parental U87
cells (magnification �40). B, flow cytometry analysis of the CD133� cell pop-
ulation in parental U87 cells and U87-spheres. PE, phycoerythrin. C, analysis of
expression of miR-124, SNAI2, and stem cell markers (BMI1, Nanog, and Nes-
tin) in U87-spheres by real-time qRT-PCR. mRNA levels in U87 cells were nor-
malized to 1. *, p � 0.05; **, p � 0.01 compared with U87 cells.
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U87-124 cells such that the ectopic SNAI2 mRNA was refrac-
tory to miR-124. Restoration of the SNAI2 level in this stable
cell line (U87-124-SNAI2) was confirmed by qRT-PCR analysis
(Fig. 6B).We demonstrated byMatrigel invasion assay that res-

toration of SNAI2 significantly abrogated the inhibition of glio-
blastoma cell invasion by miR-124 (Fig. 6C). These results sug-
gest that miR-124 inhibits glioblastoma cell invasion by
targeting SNAI2.

FIGURE 4. Effects of miR-124 and SNAI2 on glioma cell stem-like traits in vitro. A, neurosphere formation assay. The bar graph indicates the number of
neurospheres (mean � S.D.) generated after 2–3 weeks of single-cell culture. B, flow cytometry analysis of CD133� cell distribution in established stable cells.
PE, phycoerythrin. C, qRT-PCR analysis of BMI1, Nanog, and Nestin stem cell markers. The expression in U87-control cells was arbitrarily set to 1.

FIGURE 5. Effect of miR-124 overexpression on glioma cell invasion. A, qRT-PCR analysis of miR-124 levels in U87 and U373 cells stably overexpressing
miR-124 or plasmid controls. NC refers to the non-treated cells. B, Matrigel invasion assay. The bar graphs indicate the mean number of invaded cells � S.D.
counted in three randomly selected fields under a microscope (magnification, �40). *, p � 0.05; **, p � 0.01 compared with control cells.
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FIGURE 6. Expression of SNAI2 and its role in glioma cell invasion. A, RT-PCR and Western blot (WB) analyses of SNAI2 expression in seven glioma cell lines and two
non-tumor brain tissues (N1 and N2). B, relative expression level of SNAI2 in glioma samples and non-tumor brain tissues. SNAI2 expression was measured by qRT-PCR.
C, qRT-PCR analysis of miR-124 and SNAI2 levels in stable U87-124 cells re-expressing SNAI2 that lacks the 3�-UTR (left panel) and in U87 cells stably suppressing
endogenous SNAI2 expression by SNAI2 shRNA (right panel). NC refers to the non-treated cells. D, in vitro Matrigel invasion assay in U87-124 cells with reintroduced
SNAI2 and in U87 cells with SNAI2 knockdown. Quantification of invaded cells (mean�S.D.) in three randomly selected fields (magnification,�40) is shown. *, p �0.05;
**, p � 0.01 compared with control cells.
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Stable Overexpression of miR-124 and Knockdown of SNAI2
Suppress Tumorigenicity and Invasiveness of Glioblastoma
Cells in Vivo—To substantiate the roles of miR-124 and SNAI2
in regulating glioma cell stem-like traits, we assessed the effects
of miR-124 overexpression and SNAI2 knockdown on tumor
initiation and growth in vivo. U87-124, U87-shSNAI2, and
U87-124-SNAI2 cells and their respective control cells were
inoculated into the back flanks of nude mice by subcutaneous
injection. At 42 days post-injection, the mean volumes of
tumors generated from U87-124 and U87-shSNAI2 cells were
significantly smaller than those originating from the U87-miR-
control and U87-shControl cells, respectively (Fig. 7, A and B).
U87-124-SNAI2 cells with SNAI2 re-expression produced
tumors of significantly larger sizes compared with U87-124-
control cells. Further H&E staining of glioma xenografts indi-
cated that U87-124 cells with miR-124 overexpression or U87-
shSNAI2 cells with SNAI2 knockdown were less invasive than
their control counterparts (Fig. 7C). By contrast, U87-124-
SNAI2 cells re-expressing SNAI2 could invade non-tumor tis-
sues. These data on in vivo tumorigenicity and invasiveness
support the effects of miR-124 in suppressing the stem-like
traits and invasion of glioma cells via SNAI2.

DISCUSSION

Cancer stem cells have recently been identified in human
glioma (35, 36). These cells are self-renewable and highly
tumorigenic and can be enriched by sorting for the expression
of the surface marker CD133. Several signaling pathways
important for glioma stem cell self-renewal have also been
delineated. These include the bone morphogenetic protein,
Hedgehog (Hh), Notch, andWnt pathways (37). Recently, miR-
128 has been shown to target the BMI1 oncogene/stem cell
renewal factor and inhibit glioma proliferation and self-renewal
(38), highlighting the roles of miRNAs in regulating the cancer
stem cell subpopulation and thereby the stemness of glioma
cells.
On the basis of our previous miRNA microarray analysis,

which revealed a significant down-regulation in glioblastoma
patient samples, we chosemiR-124 for detailed investigation in
this study. We observed that miR-124 is commonly down-reg-
ulated in glioma tissues and cell lines compared with non-neo-
plastic brain tissues. This expression pattern is consistent with
previous reports showing a decreased expression level of miR-
124 in anaplastic astrocytoma, glioblastoma (16), and medullo-
blastoma (19). We further demonstrated that miR-124 inhibits
glioblastoma cell stemness and invasion both in vitro and in
vivo. These results suggest that the down-regulation ofmiR-124
in glioblastomamay impair its inhibitory effect on glioma stem-
like traits and cell invasion, thereby leading to the uprising of
invasive growth.
To elucidate the molecular mechanism by which miR-124

inhibits glioma stem-like traits and cell invasion, we identified
SNAI2 as a direct and functional target of miR-124. While we
were preparing this manuscript, SNAI2 was shown to be a spe-
cific target of miR-124 during cell migration for embryoid body
formation (39). SNAI2 is a neurogenic transcription factor
belonging to the Snail family of zinc finger transcription factors.
Several studies have indicated the critical role of SNAI2 in epi-
thelial-mesenchymal transition and cell survival. SNAI2 down-
regulation by RNA interference can facilitate apoptosis and
inhibit invasive growth in neuroblastoma preclinical models
(40). In agreement with the report by Scrideli et al. (34), we
found that, in contrast to down-regulation of miR-124, SNAI2
is frequently up-regulated in glioma tissues and cell lines.
Moreover, knockdown of SNAI2 inhibits glioma cell invasion,
whereas restoration of SNAI2 significantly rescues miR-124-
inhibited glioma cell invasion. These findings indicate that
miR-124 inhibits glioma cell invasion by repressing SNAI2
post-transcriptionally.
Given that SNAI2 controls several key aspects of stem cell

function, such as cancer stem cell properties in human and
mouse (29–31), we provided evidence that miR-124 inhibits
glioma cell stem-like traits by targeting SNAI2. This conclusion
was based on both in vitro and in vivo assays, in whichmiR-124
overexpression and SNAI2 knockdown reduce neurosphere
formation, CD133� cell population, stem cell marker expres-
sion, and tumorigenicity of glioma cells in a xenograft mouse
model. In addition, re-expression of SNAI2 abolishes this inhi-
bition, strongly suggesting that miR-124 inhibits glioma cell
stem-like traits by targeting SNAI2.

FIGURE 7. Effects of miR-124 and SNAI2 on tumorigenicity and glioma cell
invasion in vivo. A, representative images of nude mice (n � 6) subcutane-
ously injected with stable glioma cells overexpressing miR-124 (upper panel),
suppressing SNAI2 (middle panel), and re-expressing SNAI2 (lower panel).
B, tumor volumes. *, p � 0.05. C, H&E staining of tumor tissues. The arrows
indicate the invasion of glioma cells into non-tumor tissues (magnification,
�40).
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Invasive growth is a defining hallmark of high-grade gliomas
that greatly affects the survival of patients (41). Increasing stud-
ies have shed light on the mechanisms by which glioma cells
infiltrate normal brain. Glioma invasion is a multistep process
that involves detachment from the tumor mass, remodeling of
the extracellular matrix, and migration of glioma cells (42, 43).
Several factors, including CD44, neural cell adhesionmolecule,
cadherins, integrins, matrix metalloproteinases, and the EGF
receptor, have been shown to mediate these processes (42, 44).
In addition, noncodingmiRNAs have recently been reported to
play a fundamental role in glioma invasion. For example, we
(13) and others (45) have shown that miR-146b inhibits,
whereas miR-21 promotes, glioma cell invasion, respectively.
More recently, our collaborators also demonstrated an impor-
tant role ofmiR-124 in the regulation of invasion andmetastasis
of hepatocellular carcinoma cells aggressiveness by repressing
ROCK2 andEZH2 (46). Identifying the factors andmechanisms
associated with glioma invasion provides a better understand-
ing of themolecular pathways that lead to the invasive progres-
sion of glioma.
This work demonstrates the functions of miR-124 in inhib-

iting the stem-like traits and invasive propensity of glioma cells.
miR-124 controls these phenotypes via one of its downstream
targets, SNAI2. In view of its frequent down-regulation in glio-
blastoma, it is likely that brain-enriched miR-124 may not only
be important for neural development but may also serve as a
putative tumor suppressor miRNA that prevents glioma carci-
nogenesis by inhibiting the stem-like traits and invasiveness.
Our results open up a new avenue for elucidating themolecular
mechanism of glioma cell invasion and developing therapeutic
strategies against glioma by restoring the level of miR-124 and
suppressing SNAI2.
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