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Abstract Glioblastoma multiforme (GBM) is the most

malignant and common brain tumor; it is aggressive

growth pattern means that GBM patients face a poor

prognosis even when receiving the best available treatment

modalities. In recent years, an increasing number of reports

suggest that the discovery of microRNAs (miRNAs) might

provide a novel therapeutic target for human cancers,

including GBM. One miRNA in particular, microRNA-25

(miR-25), is overexpressed in several cancers, wherein

accumulating evidence indicates that it functions as an

oncogene. However, the function of miR-25 in GBM has

not been totally elucidated. In this study, we demonstrated

that miR-25 was significantly up-regulated in astrocytoma

tissues and glioblastoma cell lines. In vitro studies further

demonstrated that overexpressed miR-25 was able to pro-

mote, while its antisense oligos inhibited cell proliferation

and invasion in U251 cells. Moreover, we identified neu-

rofilament light polypeptide (NEFL) as a novel target

molecule of miR-25. Also of note was the fact that NEFL

was down-regulated with increased levels of miR-25

expression in human astrocytoma clinical specimens. In

addition, via the mTOR signaling pathway, NEFL-siRNA

could significantly attenuate the inhibitory effects of

knockdown miR-25 on the proliferation and invasion of

U251 cells. Overall, our results showed an important role

for miR-25 in regulating NEFL expression in GBM, and

suggest that miR-25 could be a potential target for GBM

treatment.
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Introduction

Glioblastoma multiforme (GBM), the most malignant form

of glioma, is highly aggressive and neurologically

destructive [1]. Thanks to the increasing body of knowl-

edge about this malignancy at genetic and molecular levels,

and the considerable advances in cancer therapy, patient

outcomes have slowly improved over the past decade [1].

Despite this progress, however, the prognosis and survival

rates for patients are still extremely poor [2], and the

average life expectancy of patients diagnosed with GBM is

still only 14 months [3]. Hence, there is an urgent need to

explore novel agents for the treatment of this highly

aggressive disease, as well as to better understand the

molecular and cellular alterations that occur in GBM.

MicroRNAs (miRNAs) are a group of small, non-coding

18- to 25- nucleotide-long RNAs that play important roles

in cancer development by regulating the activities of

specific mRNA targets [4]. They are aberrantly expressed

in many cancers and can exert tumor suppressive or

oncogenic functions [5]. Aberrant expression of miRNAs

in glioblastoma has also been reported, and many miRNAs

have been shown to participate in glioblastoma tumorige-

nesis and/or invasion by targeting oncogenes or tumor

suppressor genes, including miR-96, miR-101, MiR-125a-

5p, miR-128, miR-182, miR-185, and miR-381 [6–15].

These findings indicate that miRNAs may act as another
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kind of important regulator in glioblastoma tumorigenesis,

in addition to the protein-coding genes.

miR-25 was reported as an oncogenic miRNA involved

in many tumor types, such as gastric cancer, prostate

cancer, lung cancer, ovarian cancer, colorectal cancer,

hepatocellular carcinoma, breast cancer, etc. [16–25].

However, the role of miR-25 in glioblastoma tumorigenesis

and the underlying molecular mechanisms by which miR-

25 exerts its functions had remained—until recently—lar-

gely unknown. Here, we demonstrated that miR-25 is

critical in regulating glioblastoma cell proliferation and

invasion and also boosts glioma tumorigenesis. Moreover,

miR-25 was aberrantly significantly up-regulated in astro-

cytoma tissues and cell lines. A mechanistic study revealed

that miR-25 regulated glioblastoma tumorigenesis by

modifying the targets of NEFL via the mTOR signaling

pathway.

Results

miR-25 was overexpressed in human astrocytoma

samples and cell lines

To analyze the expression levels of miR-25 in human

astrocytoma samples, we first profiled miRNA expression

in 44 astrocytoma samples and 20 normal brain tissues

using the quantitative RT-PCR technique. Our analysis

showed that the expression levels of miR-25 were signifi-

cantly higher in the astrocytoma samples compared with

the normal brain tissues (Fig. 1a). Furthermore, we exam-

ined the expression of miR-25 in glioblastoma cell lines.

We tested a panel of three brain cell lines, including one

cell line derived from normal human astrocytes (NHA) as

control. The results showed that miR-25 was overexpressed

in the glioblastoma cell lines U251, LN229, and U87

(Fig. 1b). This evidence indicated that miR-25 may be

involved in glioblastoma tumorigenesis.

The expression of miR-25 could affect

the proliferation and invasion of glioblastoma cells

In order to explore the biological significance of miR-25 in

glioblastoma tumorigenesis, we up- (Fig. 2a) or down-

regulated (Fig. 2b) the expression of miR-25 in U251 cells.

We then investigated the effect of miR-25 on the prolif-

eration of U251 cells using a CCK-8 assay (Fig. 2c, d). As

shown in Fig. 2c, when compared to control group cells,

miR-25 overexpression by transfected with miR-25 mimics

significantly increased the proliferation of U251 cells at

24 h post-transfection. Similarly, when miR-25 in U251

cells was knocked down using a miR-25 inhibitor, cell

proliferation was inhibited at 24 h post-transfection when

compared with control group cells (Fig. 2d). Next, a

wound-healing assay, clonogenic assay, and a matrigel

chamber invasion assay were performed. The wound-

healing assay was used to detect the impact of miR-25 on

cell motility. Overexpressed miR-25 promoted the migra-

tion and motility of U251 cells (Fig. 2e). Additionally,

targeted inhibition of miR-25 with the miRNA inhibitor

reduced the migration and motility of U251 cells(Fig. 2f).

The clonogenic assay and matrigel chamber invasion assay

also showed similar results. As shown in Fig. 2g, i, com-

pared with that of the negative control, overexpressed miR-

25 promotes cell colony formation and invasion in U251

cells (p\ 0.001). Furthermore, knockdown of miR-25

could constrain cell colony formation (Fig. 2h) and inva-

sion (Fig. 2j). These data provide strong evidence that

knockdown of miR-25 could inhibit the proliferation,

migration, and invasion in U251 cells, while overexpres-

sion of miR-25 could increase cell proliferation, migration,

and invasion.

Fig. 1 miR-25 was overexpressed in human glioma tumor samples

and cell lines. a qRT-PCR analysis showing that expression of miR-

25 is increased in astrocytomas as compared with that in the normal

brain tissues. b qRT-PCR analysis showing that expression of miR-25

is increased in glioblastoma cell lines as compared with that in the

normal human astrocytes (NHA). The data represent the mean ± SDs

of 3 replicates. ***p\ 0.001
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NEFL is a new target molecule of miR-25

As shown in Fig. 3a, the miRNA target prediction program

TargetScan6.2 was used to identify miR-25 interaction

sites in the 30-UTR of NEFL. Therefore, HEK293 and

U251 cells were co-transfected with the wild-type (WT) or

mutation-type (MT) NEFL luciferase reporter vector,

together with miR-25 or the negative control miR-NC, for

24 h. Luciferase activity was significantly reduced in cells

transfected with WT NEFL and miR-25, but not in the cells

transfected with MT NEFL and miR-25 (Fig. 3b). We

further determined the expression of NEFL by using

Quantitative real-time (qRT) PCR (Fig. 3c) and western

blotting analysis (Fig. 3d) in U251 cells. As shown in

Fig. 3c and d, the expression of the NEFL mRNA and

protein was down-regulated in miR-25-treated U251 cells

but was increased in miR-25 knockdown cells. The previ-

ous study showed that NEFL binds to TSC1 and stabilize

the TSC1/2 complex [26]. Down-regulation of NEFL has

been shown to lead to abnormal activation of the mTOR

pathway [27]. Moreover, NEFL sensitizes glioblastoma

cells to TMZ by inhibiting the mTOR pathway [13].

Therefore, we hypothesized that the abnormal expression

of miR-25 leads to mTOR pathway change via targeting of

NEFL.

To test this hypothesis, we examined the status of the

mTOR pathway and the effects of altered NEFL expression

in U251 cell lines by overexpression of miR-25 (Fig. 3d).

Consistent with our hypothesis, mTOR pathway activity

was inhibited upon NEFL up-regulation. The phosphory-

lation of p70S6 k, a critical downstream substrate of acti-

vated mTOR and known indicator of an active mTOR

pathway, was then analyzed in U251 cells (Fig. 3d).

Restoration of NEFL expression by knockdown of miR-25

suppressed p70S6 k phosphorylation in U251 cells (Fig. 3d

right), whereas down-regulation of NEFL expression by

miR-25 resulted in increased phosphorylation of p70S6 k

in U251 cells (Fig. 3d left). Then, we measured the

expression levels of NEFL in normal brain tissues and

astrocytoma samples. RT-qPCR assays showed that NEFL

expression was significantly decreased in the astrocytoma

samples (n = 44) when compared with the normal brain

tissues (n = 20) (Fig. 3e). Because NEFL is a target

molecule of miR-25, we also determined the correlation

between NEFL and miR-25 in astrocytoma samples. We

found an inverse correlation between the expression of

Fig. 2 The expression of miR-25 could affect the proliferation and

invasion of glioblastoma cells. a qRT-PCR analysis showing that

expression of miR-25 is significantly increased in U251 cells upon

miR-25 mimic transfection. b qRT-PCR analysis showing that

expression of miR-25 is significantly decreased in U251 cells upon

miR-25 inhibitor transfection. c CCK8 assay showing the increased

proliferation of U251 cells transfected with miR-25 mimics. d CCK8

assay showing the reduced proliferation of U251 cells transfected

with miR-25 inhibitor. e Overexpression of miR-25 promotes tumor

cell migration, as determined by in vitro wound-healing assays.

f Knockdown miR-25 inhibits tumor cell migration, as determined by

in vitro wound-healing assays. g Colony formation assay showing the

promoted cellular colony formation after U251 cells were transfected

with miR-25 mimics. h Colony formation assay showing the reduced

cellular colony formation after U251 cells were transfected with miR-

25 inhibitor. i Matrigel chamber invasion assay showing promoted

invasion of U251 cells after being transfected with miR-25 mimics.

j Matrigel chamber invasion assay showing reduced invasion of U251

cells after being transfected with miR-25 inhibitor. The data represent

the mean ± SDs of 3 replicates. *p\ 0.05, **p\ 0.01,***p\ 0.001
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miR-25 and the level of NEFL mRNA in the astrocytoma

samples (Spearman’s correlation, r = -0.639) (Fig. 3f),

but not in normal tissues (Spearman’s correlation,

r = 0.150) (Fig. 3g). These results indicate that NEFL is a

novel target of miR-25, and the abnormal expression of

miR-25 leads to mTOR pathway change via targeting of

NEFL.

NEFL-siRNA reverses the inhibitory effects

of knockdown miR-25 in U251 cells via activating

mTOR pathway

To further evaluate the contribution of NEFL to the bio-

logical effects of miR-25, we assessed the impact of NEFL

knockdown by RNA interference. As shown in Fig. 4a,

knockdown miR-25 with antisense oligos increased the

expression of NEFL, and decreased the expression of

phosphorylated p70S6 K, but not the total p70S6 K. When

transfected with NEFL-siRNA to inhibit the expression of

NEFL, the expression level of phosphorylated p70S6 K

was reduced. These results indicated that miR-25 promoted

the activation of the mTOR pathway by targeting NEFL.

Subsequent studies showed the effect of NEFL knockdown

on anti-miR-25-dependent cell proliferation and invasion

in U251 cells (Fig. 4b–d). These data indicated that down-

regulation of NEFL expression could significantly attenu-

ate the inhibitory effect of miR-25 inhibitor on cell

proliferation and invasion, suggesting that the down-regu-

lated miR-25 inhibits the proliferation and invasion of

U251 cells through the NEFL-mediated mTOR pathway.

Discussion

GBM is characterized by high genetic heterogeneity and

infiltrative brain invasion patterns. Over the last decade,

accumulated evidence has shown that miRNAs play an

important role in relevant molecular and cellular mecha-

nisms governing GBM tumorigenesis [28]. Due to their

small size and influence in a broad range of biological

processes, miRNAs are very attractive therapeutic targets

for GBM.

miR-25 is one of the most overexpressed miRNAs in a

number of profiling experiments designed for the detection

of miRNAs dysregulated in human cancers [16–25, 29]. Li

et al. reported that miR-25 promoted gastric cancer

migration, invasion, and proliferation by directly targeting

transducer of ERBB2 and 1 and correlated with poor sur-

vival [17]. In ovarian cancer, miR-25 promotes cell pro-

liferation and motility by targeting LATS2 [18]. Up-

regulation of miRNA-25 in colorectal cancer and hepato-

cellular carcinoma was associated with patient poor prog-

nosis [20, 29]. The present profile data further confirmed an

increased expression of miR-25 both in astrocytoma

Fig. 3 NEFL is a direct target of miR-25. a Schematic of the

interaction sites of miR-25 in the 30-UTRs of NEFL. b Luciferase

assays of HEK293 and U251 cells co-transfected with pMIR-

REPORT- WT/MT 30-UTR NEFL and miR-25 or the negative

control, as indicated. c qRT-PCR analysis showing the mRNA level

of NEFL after miR-25 mimics or inhibitor was transfected into U251

cells for 24 h. miR-25 down-regulated the mRNA level of NEFL.

d Western blot analysis showing the protein expression of NEFL,

p-p70S6 K, and p70S6 K after the miR-25 mimics or inhibitor was

transfected into U251 cells for 48 h. miR-25 decreased the protein

expression of NEFL and p-p70S6 K; GAPDH was used as a loading

control. e qRT-PCR analysis showing that the mRNA level of NEFL

was significantly reduced in astrocytoma tissues compared to normal

brain tissues. f Spearman’s correlation analysis was used to determine

the correlation between the expression levels of NEFL and miR-25 in

human astrocytomas; Spearman’s correlation, r = -0.639 (n = 44).

g Spearman’s correlation analysis was used to determine the

correlation between the expression levels of NEFL and miR-25 in

human normal brain tissue; Spearman’s correlation, r = 0.150

(n = 20). The data represent the mean ± SDs of 3 replicates.

***p\ 0.001
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samples and in cell lines. Furthermore, our in vitro studies

revealed that overexpression of miR-25 promoted cell

proliferation, migration, and invasion in U251 cells; simi-

larly, knockdown miR-25 inhibited the proliferation,

migration, and invasion. Therefore, our study indicates that

miR-25 might be an oncogene in the progression of GBM.

NEFL is located on chromosome 8p21, which has been

identified as a genetic locus frequently affected by both

Fig. 4 NEFL-siRNA reverses the inhibitory effects of knockdown

miR-25 in U251 cells. a Western blot analysis showing the protein

expression level change of NEFL, phosphorylated p70S6 K, and total

p70S6 K cells with the miR-25 inhibitor or NEFL-siRNA transfected

in U251. b CCK8 assay showing the proliferation of U251 cells

transfected with miR-NC or miR-25 inhibitor was forced to repress

the expression of NEFL. The results showed that transfected miR-25

inhibitor decreased the proliferation of U251 cells. NEFL-siRNA

attenuates the inhibitory effects of miR-25 inhibitor to U251 cells.

c Cloning formation assay showing the reduced cellular cloning

formation after U251 cells were transfected with miR-NC or miR-25

inhibitor was forced to repress the expression of NEFL. The results

showed that transfected miR-25 inhibitor decreased the cloning

formation of U251 cells. NEFL-siRNA attenuates the inhibitory

effects of miR-25 inhibitor to U251 cells. d Matrigel of chamber

invasion assay showing reduced invasion U251 cells after being

transfected with miR-NC or miR-25 inhibitor was forced to repress

the expression of NEFL. The results showed that transfected miR-25

inhibitor decreased the invasion of U251 cells. NEFL-siRNA

attenuates the inhibitory effects of miR-25 inhibitor to U251 cells.

The data represent the mean ± SDs of 3 replicates. Asterisks indicate

a significant difference compared to the miR-NC ? siR-NC group,

Number sign indicates a significant difference compared to the miR-

25 inhibitor ? siR-NEFL group. *p\ 0.05, **p\0.01, ***p\ 0.001,

#p\ 0.05, ##p\ 0.01, ###p\ 0.001
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heterozygous and homozygous deletions in a variety of

common human cancers, including prostate cancer [30],

breast cancer [31, 32], and head and neck cancer (HNC)

[27, 33]. NEFL, a potential tumor suppresser [30, 31, 33],

is associated with resistance to chemosensitivity. Re-ex-

pression of NEFL in HNC significantly increases the sen-

sitivity of the cells to the drug [27]. Overexpression of

NEFL significantly suppressed the proliferation and inva-

sion of U251 cells and enhanced the chemosensitivity of

glioblastoma cells to TMZ [13].

Generally, miRNAs are believed to function in vivo by

binding to the characteristic binding sites in the targets’ 30-
UTRs [4]. Furthermore, our data revealed that NEFL was a

direct target of miR-25, and miR-25 down-regulated NEFL

by binding to the 30-UTR of NEFL mRNA; In addition, our

results showed that miR-25 and NEFL were inversely cor-

related in human astrocytoma samples and normal brain

tissues, which further confirmed that NEFL was a target

gene of miR-25 and targeted by miR-25 for repression in

glioblastoma cells. NEFL is an inhibitor of the mTOR

pathway [26]. Up-regulation of NEFL by knockdown of

miR-25 can increase expression of phosphorylated p70S6 K

to activate the mTOR pathway. Down-regulation of NEFL

could significantly attenuate the inhibitory effects of

knockdown miR-25 on the proliferation, migration, and

invasion of U251 cells via activation of the mTOR pathway.

LATS2 and ERBB2 were also the direct targets of miR-25

[17, 18, 34]. LATS2 is a tumor suppressor gene of gastric

adenocarcinoma (GAC) [34], malignant mesothelioma [35],

ovarian cancer [18], breast cancer [36], non-small cell lung

cancer [37], and prostate cancer [36]. Down-regulation of

LATS2 promoted the growth and motility of cancer cells

[35, 38]. In GAC cells and ovarian cancer, miR-25 regulated

proliferation and invasion by targeting LATS2 [18, 34].

However, the role of LATS2 in glioblastoma tumorigenesis

and the underlying molecular mechanisms had remained

largely unknown. ERBB2, a known proto-oncogene, is

located at the long arm of human chromosome 17 (17q12)

[39], and overexpression of ERBB2 is a negative prognostic

factor in anaplastic astrocytomas [40]. However, the rela-

tionship between miRNA and ERBB2 in GBM is remained

largely unknown. So here we did not focus on the rela-

tionship between miR-25 and LATS2 or ERBB2.

In summary, we found that miR-25 was overexpressed

in human astrocytoma samples and cell lines. Through

knockdown and overexpression studies, we found that

miR-25 promoted GBM cell proliferation and invasion.

Moreover, miR-25 expression is inversely related with

NEFL in human astrocytoma samples. miR-25 represses

the activation of the mTOR pathway by targeting NEFL

and inhibits GBM cell proliferation and invasion. Our data

suggest that miR-25 could be a potential therapeutic agent

for GBM.

Materials and methods

Human tissue samples

Human astrocytoma samples and normal brain tissues were

obtained from the Department of Neurosurgery, Xiangya

Hospital, Hunan, China. This study was approved by the

hospital institutional review board, and written informed

consent was obtained from all patients. All the protocols

were reviewed by the Joint Ethics Committee of the Cen-

tral South University Health Authority and performed

following national guidelines. Tissue samples were col-

lected at surgery, immediately frozen in liquid nitrogen,

and stored until total RNAs or proteins were extracted.

Cell culture

NHA and Human glioblastoma cell lines (U87MG, U 251,

and LN229) and Human Embryonic Kidney (HEK) 293

cells were maintained in DMEM medium with high glu-

cose and sodium pyruvate, supplemented with 10 % fetal

bovine serum and antibiotics (100 units/ml penicillin and

100 mg/ml streptomycin). Cells were incubated at 37 �C in

a humidified atmosphere of 5 % CO2 in air.

RNA oligoribonucleotides and antibodies

The control RNA mimics, miR-25 mimics, control miRNA

inhibitor, miR-25 inhibitor, and NEFL-siRNA were all

obtained from GenePharma (Shanghai, China). The RNA

oligoribonucleotide was transfected at a working concen-

tration of 100 nM using Lipofectamine RNAiMAX reagent

(Invitrogen) according to the manufacturer’s instructions.

The miR-25 mimics sequence is 50-CAUUGCACUUGU-
CUCGGUCU GA-30. The control RNA mimics sequence is

50-UCACAACCUCCUAGAAAGAGU AGA-30. The miR-

25 inhibitor sequence is 50-CAUUGCACUUGUCUCGG
UC UGA-30. The control miRNA inhibitor sequence is 50-
UUUGUACUACACAAAAG UACUG-30. The target

sequence of the NEFL-siRNA is 50-GUCCUACUACACC
AG CCAUTT-30. Antibodies against p70S6 K (#9202) and

phospho-p70S6 K (#9204) were purchased from Cell Sig-

naling Technology (Beverly, MA, USA). Antibodies

against NEFL (sc-20012) were from Santa Cruz Biotech-

nology (Santa Cruz, CA, USA); antibodies against GAPDH

(B661104-0001) were from sangon biotech(Sangon Bio-

tech, shanghai, China). The detail information is as fol-

lows: (1) p70S6 K antibody: rabbit monoclonal antibody;

molecular weight: 70KD; using range 1:2000 (WB). (2)

phospho-p70S6 K antibody: rabbit monoclonal antibody;

molecular weight: 70KD; using range 1:1000 (WB). (3)

NEFL antibody: mouse monoclonal antibody; molecular

weight: 66KD; using range 1:500 (WB). (4) GAPDH
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antibody: mouse monoclonal antibody; molecular weight:

36KD; using range 1:3000 (WB).

RNA extraction, reverse transcription, and real-time

PCR analysis

Total RNAs were isolated from harvested cells or human

tissues with Trizol reagent according to the manufacturer’s

instruction (Invitrogen, CA, USA). RNAs were reverse

transcribed using the PrimeScriptTM RT-PCR Kit (Takara).

Real-time PCR reactions were performed using SYBR

Premix DimerEraser (Takara, Dalian, China). Human

GAPDH or U6 snRNA was used as an endogenous control

for mRNA or miRNA detection, respectively. Expression

of each gene was quantified by measuring Ct values and

normalized using the 2-DDct method relative to U6 snRNA

or GAPDH. Primers used for miR-25 real-time PCR are

forward, 50-TCTGGTCTCCCTCACAG GAC-30; reverse,

50-CATGGGTCGCCTACTCAC-30. Primers used for

NEFL qRT- PCR are forward, 50-CTGGAAATCGAAG-
CATGCCG-30; reverse, 50-CGCCTTCC AAGAGTTTCCT

GT-30.

Western blotting

Cells were washed with ice-cold PBS buffer, scraped from

the dishes, and centrifuged at 1200 rpm, 4 �C for 15 min.

Cell lysates were prepared using RIPA buffer supple-

mented with protease inhibitors (100 mM Tris (pH 7.4),

150 mM NaCl, 5 mM EDTA, 1 % Triton X-100, 1 %

deoxycholate acid, 0.1 % SDS, 2 mM phenylmethylsul-

fonyl fluoride, 1 mM sodium orthovanadate, 2 mM DTT,

2 mM leupeptin, and 2 mM pepstatin). The supernatants

were collected, and protein concentration was determined

using a BCA assay (Thermo, USA). Tumor tissues from

humans were grinded into powder in liquid nitrogen with

RIPA buffer, and the total tissue proteins were extracted as

described above. Aliquots of protein lysates were frac-

tionated by SDS-PAGE, transferred to a PVDF membrane

(Merck Millipore,Germany), and subjected to

immunoblotting analysis according to the manufacturer’s

instruction. ECL Detection System (Merck Millipore,

Germany) was used for signal detection.

Luciferase reporter assay

The 30-UTR of NEFL was synthesized and annealed, then

inserted into the MluI and HindIII sites of pMIR-reporter

luciferase vector (Ambion) downstream of the stop codon

of the gene for luciferase. For its mutagenesis, the

sequences complementary to the binding site of miR-25 in

the 30-UTR (NEFL:GTGCAAT) were replaced by

CACACAA. These constructs were validated by

sequencing. The cells were seeded into a 24-well plate for

luciferase assay. After being cultured overnight, cells were

co-transfected with the wild-type or mutation-type plasmid,

pRL-TK plasmid, and equal amounts of miR-25 or miR-

NC; the pRL-TK control vector was transfected as a con-

trol. Luciferase assays were performed 24 h after trans-

fection using the Dual Luciferase Reporter Assay System

(Promega, WI, USA). Firefly and Renilla reniformis luci-

ferase activities were measured 30 s later. Experiments

were performed in three independent replicates.

Cell viability assay

Cell viability was determined by the CCK8 assay. Briefly,

2000 cells/well were seeded into 96-well plates and were

treated by miRNA, and cell absorption was measured using

a CCK8 kit (Beyotime Institute of Biotechnology, Jiangsu,

China) according to the manufacturer’s instruction at dif-

ferent indicated time points. Data were from three separate

experiments with four replications each time.

Matrigel chamber invasion assay

Invasion assay was determined using 24-well BD Matrigel

invasion chambers (Corning Inc., Corning, NY) in accor-

dance with the manufacturer’s instructions. 2 9 104 cells

were seeded per well in the upper well of the invasion

chamber in DMEM with 0.1 % serum, the lower chamber

well contained DMEM supplemented with 10 % FBS to

stimulate cell invasion. After incubation for 24 h, non-in-

vading cells were removed from the top well with a cotton

swab, while the bottom cells were fixed with 4 %

paraformaldehyde, stained with 0.1 % crystal violet, and

photographed in three independent fields for each well.

Three independent experiments were conducted in triplicate.

Wound-healing assay

Cells were cultured until they reached 90 % confluence in

6-well plates. Cell layers were scratched using a 10 lL tip

to form wounded gaps, washed with PBS twice, and cul-

tured. The wounded gaps were photographed at different

time points and analyzed by measuring the distance of

migrating cells from five different areas for each wound.

Statistical analysis

All experiments were performed three times, and data were

analyzed with GraphPad Prism 5 (La Jolla, CA, USA). The

correlation between miR-25 expression and NEFL levels in

tumor tissues was analyzed using Spearman’s rank test.

Differences between the variables of the groups were tested

using the Student’s t test or one-way ANOVA, using the
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SPSS 15.0 program. A p-value of\ 0.05 was considered to

indicate a statistically significant result.
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