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Abstract Malignant gliomas are the most common and

devastating primary brain tumors in adults. The rapid

invasion of tumor cells into the adjacent normal brain tis-

sues is a major cause of treatment failure, yet the mecha-

nisms that regulate this process remain poorly understood.

MicroRNAs have recently emerged as regulators of inva-

sion and metastasis by acting on multiple signaling path-

ways. In this study, we found that miR-622 is significantly

downregulated in glioma tissues and cell lines. Functional

experiments showed that increased miR-622 expression

reduced glioma cell invasion and migration, whereas

decreased miR-622 expression enhanced cell invasion and

migration. Moreover, activating transcription factor 2

(ATF2), an important transcription factor that regulate

tumor invasion, was identified as a direct target of miR-622.

Knockdown of ATF2 using small interefering RNA reca-

pitulated the anti-invasive function of miR-622, whereas

restoring the ATF2 expression attenuated the function of

miR-622 in glioma cells. Furthermore, clinical data indi-

cated that miR-622 and ATF2 were inversely expressed in

glioma specimens. Our findings provide insight into the

specific biological behavior of miR-622 in tumor invasion

and migration. Targeting miR-622/ATF2 axis is a novel

therapeutic approach for blocking glioma invasion.
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Introduction

Malignant gliomas are the most common and aggressive

type of primary brain tumor in adults [1, 2]. Despite recent

advances in standard therapy, including surgical resection

followed by radiation and chemotherapy, the prognosis for

patients with malignant gliomas remains dismal [3, 4]. A

major barrier to effective treatment of gliomas is due to

their highly invasive nature, yet the mechanisms governing

glioma invasion remain poorly understood. [5]. Thus, there

is an urgent need to investigate the novel molecular

mechanisms underpinning glioma cell invasion.

MicroRNAs (miRNAs) are endogenous, small non-

coding RNAs that regulate gene expression by antisense

complementarity to the 30-UTR region of specific

mRNAs [6, 7]. Accumulating evidence suggests that

miRNAs may regulate diverse biological processes such

as cell proliferation, apoptosis, stress resistance, stem cell

maintenance and cell identity [8–10], and aberrant

expression of miRNAs is associated with various types of

cancers, including gliomas [11–17]. Moreover, miRNAs

have been shown to be involved in regulating cancer cell

migration, invasion and metastasis. miR-622 is a novel

member of these miRNAs, which has been characterized

as a tumor suppressor in human cancers by targeting

critical cancer-related pathways. It is shown that miR-

622 could impact the K-Ras signal pathway and enhance

the anticarcinogenic effect of resveratrol [18]. Notably, a

recent study indicated that miR-622 is associated with

tumor metastatic capability in gastric cancers [19].

However, the role of miR-622 in glioma invasion

remains unknown.

In this study, we investigated the expression levels of

miR-622 in glioma specimens and provide the first evi-

dence for a role of miR-622 in glioma invasion and

migration via directly targeting ATF2.

Materials and methods

Human tissue samples

Forty-eight glioma tissue samples were obtained postop-

eratively from the Department of Neurosurgery, First

Affiliated Hospital, Nanjing Medical University. Five

normal brain tissues were collected as negative controls

from epilepsy patients undergoing lobectomy. The histo-

logical features of all of the specimens were confirmed by

pathologists according to the WHO criteria. This study was

reviewed and approved by the Ethical Committee of

Nanjing Medical University, and written informed consent

was obtained from all participants.

Cell culture and transfection

Human glioma cell lines U87, U251, A172, U118 and

LN229 were purchased from American Type Culture

Collection. All cells were maintained in Dulbecco’s mod-

ified eagle’s medium containing 10 % fetal bovine serum

and 1 % penicillin/streptomycin. Normal human astrocytes

(NHAs) were obtained from Lonza (Walkersville, MD,

USA) and cultured according to the manufacturer’s

instruction. miR-622 mimics, negative control (NC) and

anti-miR-622 inhibitor were purchased from GenePharma

(Shanghai, China). siATF2 oligonucleotides and control

siNC were purchased from GenePharma. pcDNA3.1-ATF2

vector was obtained from Sangon Biotech (Shanghai,

China). All the oligonucleotides and plasmids were trans-

fected into cells using Lipofectamine 2000 Transfection

Reagent (Invitrogen, Carlsbad, CA) according to the

manufacturer’s instructions.

RNA isolation, qRT-PCR and DNA sequencing

RNA was extracted from cells or tissues using TRIzol

(Invitrogen). First-strand cDNA were synthesized using the

PrimerScriptTM RT Master Mix (TaKaRa). The primer pairs

of ATF2 were 50-GCACAGCCCACATCAGCTATT-30 and

50-GGTGCCTGGGTGATTACAGT-30. Glyceraldehyde

3-phosphate dehydrogenase (GAPDH) mRNA was also

amplified in the same PCR reactions as an internal control

using the primers 50-TGCACCACCAACTGCTTAGC-30

and 50-GGCATGGACTGTGGTCATGAG-30. Total miR-

NAs were isolated using a mirVanaTM miRNA Isolation Kit

(Ambion, CA, USA). qRT-PCR reactions were performed

using TaqMan miRNA assays (Applied Biosystems, CA,

USA). U6 was used for normalization. All the primers used

for miRNA reverse transcription and qRT-PCR were pur-

chased from RiboBio (Guangzhou, China). Relative gene

expression was calculated via 2-DDCt method.

IDH1 codon 132 and IDH2 codon 172 were determined

by direct sequencing in all the cases. Primer sequences

used were: IDH1 (forward): 50-TGTGTTGAGATGGACG

CCTATTTG-30 and IDH1 (reverse): 50-TGCCACCAAC

GACCAAGTC-30, IDH2 (forward) 50-GCCCGGTCTGCC

ACAAAGTC-30, IDH2 (reverse): 50-TTGGCAGACTCCA

GAGCCCA-30. PCR amplification was performed in a total

of 10 lL reaction mixture containing 50 ng of tumor DNA,

1 lL of 109 PCR buffer, 0.8 lL of 10 mM dNTPs,

0.25 lL of each forward and reverse primers, and 0.2 lL

of AmpliTaq Gold PCR Master Mix (Applied Biosystems,

CA, USA). Initial denaturation was performed at 95 �C for
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5 min. This was followed by 35 cycles of amplification

consisting of denaturation at 95 �C for 1 min, annealing at

57 �C for 45 s, and extension at 72 �C for 2 min. Bidi-

rectional sequencing was performed using ABI 3100

sequencer (Applied Biosystems).

Cell proliferation assay

Cells were seeded at 2,000 per well in 96-well plates and

cultured after transfection. Cell proliferation was detected

at the indicated time points using a CCK8 kit (Dojindo

Laboratories) following the manufacturer’s instructions.

All assays were performed in octuplicate and repeated at

least three times. For colony formation assay, 5 9 102 cells

were independently plated onto 60 mm tissue culture

plates. After 10–14 days, visible colonies were fixed with

100 % methanol and stained with 0.1 % crystal violet in

20 % methanol for 15 min. Colony-forming efficiency was

calculated as the number of colonies/plated cells 9 100 %.

In situ hybridization (ISH) and Immunohistochemistry

(IHC)

Paraffin-embedded tissue Sections (3–5 lM thick) were

immunostained. In situ hybridization was performed using

antisense locked nucleic acid (LNA)-modified probes

(Boster, Wuhan, China) according to the manufacture’s

instruction. Oligonucleotide sequences were: LNA-miR-

622, 50-GCTCCAACCTCAGCAGACTGT-30. The ATF2

antibody for IHC was purchased from Abnova (Taiwan,

China). The expression levels of labeling were classified

according to the following grading system: staining extensity

was categorized as 0 (B5 % positive cells), 1 ([5 % and

B25 % positive cells), 2 ([25 % and B50 % positive cells)

or 3 ([50 % positive cells), and staining intensity was cat-

egorized as 0 (negative), 1 (weak), 2 (moderate) or 3 (strong).

Each sample was examined separately and scored by two

pathologists. Cases with discrepancies in the scores were

discussed to reach a consensus.

Invasion assay

Invasion was examined using 24-well BD Matrigel inva-

sion chambers (BD Biosciences) according to the manu-

facturer’s instructions. 2 9 104 cells were seeded in the

upper well of the invasion chamber in DMEM without

serum. The lower chamber well contained DMEM sup-

plemented with 10 % FBS to stimulate invasion. After

incubation for 24 h, non-invading cells were removed from

the top well with a cotton swab while the bottom cells were

fixed with 100 % methanol, and stained with 0.1 % crystal

violet, and photographed in three independent 109 mag-

nification fields.

Wound healing assay

About 3 9 105 cells were seeded in 6-well dishes and an

incision was made in the central area of the confluent

culture to create an artificial wound. Images of the wound

area were captured by microscope (Leica, Wetzlar, Ger-

many) 24 h after injury.

Luciferase reporter assay

The putative binding sites of miR-622 and its homologous

mutation sites in the 30-UTR region of ATF2 mRNA were

amplified and cloned into pGL3-contral luciferase reporter

plasmid (Invitrogen, Carlsbad, CA). The pRL vector con-

stitutively expressing Renilla luciferase was used to nor-

malize for trasfection efficiency. Luciferase activity was

measured using the Dual-Luciferase Reporter Assay Sys-

tem (Promega, Madison, USA).

Western-blot assay

Cells were lysed in RIPA buffer, and equal amounts of

protein were separated by 10 % SDS-PAGE followed by

electrotransfer onto a polyvinylidene difluoride membrane

(Millipore, MA, USA). The membranes were blocked for

1 h with 5 % nonfat milk and then incubated at room

temperature with primary antibodies, followed by incuba-

tion with a horseradish peroxidase-conjugated secondary

antibody. The bound antibodies were detected by using the

enhanced chemiluminescence method (Amersham Biosci-

ences, Uppsala, Sweden). GAPDH was used as an internal

control. ATF2 and GAPDH primary antibodies were pur-

chased from Bethyl Laboratories (TX, USA).

Statistical analysis

Data were analyzed via one-way analysis of variance

(ANOVA) for 3-group comparisons and two tail student’s

t-tests for 2-group comparisons, using SPSS 13.0 soft

package. Differences were considered statistically signifi-

cant at p \ 0.05.

Results

miR-622 is decreased in glioma tissues and cell lines

To explore the expression and significance of miR-622 in

glioma, we initially measured the expression of miR-622 in

48 glioma (Grade I 7; Grade II 8; Grade III 15; Grade IV

18) and five normal brain tissues using qRT-PCR. The

clinicopathologic characteristics are summarized in Sup-

plementary Tables 1 and 2. As shown in Fig. 1a, miR-622
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expression was significantly decreased in glioma speci-

mens, especially in GBM, compared with norma brain

tissues. To further confirm this, we analyzed the expression

of miR-622 in different grades of glioma using ISH

staining. Consistently, the results showed a reduction of

miR-622 in the glioma tissues compared with normal brain

tissues (Fig. 1c, d). Moreover, we assessed the expression

levels of endogenous miR-622 in five glioma cell lines

(U87, U251, A172, U118 and LN229) and normal human

astrocytes (NHAs). miR-622 expression levels in all five

glioma cell lines were much lower than those in the NHAs

(Fig. 1b). Together, these results suggest that miR-622 was

reduced in glioma samples and cell lines.

miR-622 suppresses glioma cell invasion, migration

and growth

A recent study has reported that miR-622 is associated with

tumor metastatic capability in human cancers [19]. To

examine whether miR-622 could regulate glioma cell

invasion and migration, we performed in vitro gain-of-

function analysis by overexpressing miR-622 with a len-

tiviral vector in U87 and U251 cells. qRT-PCR analysis

verified that miR-622 was remarkably increased in cells

transfected with miR-622 mimics compared to the scram-

ble control (Fig. 2a). Transwell invasion assays were per-

formed on the miR-622-transduced cells. We found that

ectopic expression of miR-622 significantly reduced the

invasion of U87 and U251 in transwell assays with ma-

trigel (Fig. 2b, c). Moreover, the wound healing assay was

carried out to demonstrate the function of miR-622 on

glioma cell migration. Overexpression of miR-622 mark-

edly suppressed the migration of U87 and U251 cells

(Fig. 2d, e). By contrast, depleting endogenous miR-622

with antisense oligonucleotides increased the invasion and

migration of U87 and U251 cells (Fig. 2a–e). Parallel

experiments were performed in A172, U118 and LN229

cells, and similar trends were observed (Supplementary

Fig. 1 miR-622 is decreased in

glioma tissues and glioma cell

lines. a Comparison of miR-622

levels among normal brain

tissues (NBTs) and different

pathological grades of gliomas

using qRT-PCR analysis.

*p \ 0.05; ***p \ 0.001.

b qRT-PCR analysis of miR-

622 in normal human astrocytes

(NHAs) and a series of glioma

cell lines. *p \ 0.05;

**p \ 0.01. c In situ

hybridization and

immunohistochemistry staining

analysis of miR-622 levels and

ATF2 protein levels in the tissue

microarray contained 48

primary glioma specimens and

five normal brain tissues.

d e Semi-quantitative

expression analysis of miR-622

and ATF2 levels in the tissue

microarray. *p \ 0.05;

**p \ 0.01
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Figs. 1, 2). Furthermore, we examined the effect of miR-

622 on proliferation and observed that forced expression of

miR-622 in U87 and U251 cells induced inhibition of cell

growth (Supplementary Fig. 3a, b). Collectively, these

results suggest that miR-622 may suppress glioma cell

invasion, migration and growth in vitro.

miR-622 downregulates ATF2 through interaction

with its 30-untranslated region

To explore the underlying molecular mechanism by which

miR-622 suppresses glioma cell invasion and migration,

we searched for miR-622 targets using three algorithms,

including TargetScan, miRanda, and miRGen. We found

that ATF2, an important transcriptional factor relating to its

positive roles in cancer cell invasion and.

Metastasis [20], was a putative target of miR-622. To

determine whether ATF2 is a direct target of miR-622, we

cloned the 30-UTR fragments of ATF2 containing the

potential miR-622 binding sites or mutant binding sites into

a luciferase construct (Fig. 3a). A remarkable reduction of

luciferase activity upon miR-622 transfection was observed

in U87 and U251 cells when the ATF2 plasmid containing

wild-type 30-UTR was present (Fig. 3b). However, muta-

tions in the potential miR-622 binding sites in the ATF2 30-
UTR abrogated this suppressive function of miR-622.

Fig. 2 miR-622 suppresses glioma cells invasion and migration

in vitro. a qRT-PCR analysis of the expression level of miR-622 in

U87 and U251 cells transfected with miR-622 mimics, miR-NC, anti-

miR-622 oligonucleotide, or anti-miR-NC. *p \ 0.05; **p \ 0.01.

b Representative images of transwell invasion assay using U87 and

U251 cells stably expressing miR-622 or mi-NC or transiently

transfected with the miR-622 inhibitor or NC. c The quantification of

transwell invasion assay is shown. *p \ 0.05; **p \ 0.01; d Repre-

sentative images of wound healing assay using U87 and U251 cells

stably expressing miR-622 or mi-NC or transiently transfected with

the miR-622 inhibitor or NC inhibitor. e The quantification of wound

healing assay is shown.*p \ 0.05; **p \ 0.01
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Moreover, western blot analysis showed that the ectopic

expression of miR-622 substantially suppressed ATF2

expression in U87 and U251 cells (Fig. 3c). In contrast,

depleting endogenous miR-622 with anti-miR-622 oligo-

nucleotides enhanced the expression of ATF2 in the two

glioma cells (Fig. 3c). Taken together, these results sug-

gested that ATF2 is a bona fide target of miR-622.

Inhibition of ATF2 is involved in the reduced invasive

capability of miR-622 overexpression

Previous studies have suggested that ATF2 plays a key role

in modulating invasion and migration of human cancers

[21, 22]. To examine the effect of ATF2 on glioma cell

invasion and migration, U251 cells were infected with

lentiviral constructs containing siRNA against ATF2 or the

negative control (Fig. 4a). Downregulation of ATF2

repressed the invasion and migration of U251 cells

(Fig. 4b–e). Of note, the reduced invasive capacity of

ATF2 knockdown mediated by siRNA was similar to those

of ectopic miR-622 expression, suggesting that

downregulation of ATF2 might be a mechanism of the

reduction of invasion and migration ability of miR-622 in

glioma cells. To test this hypothesis, we co-transfected

U251 cells with miR-622 and ATF2 plasmid (without 30-
UTR) (Fig. 4f). Both transwell assay and wound healing

assay indicated that restoration of ATF2 expression could

partially abrogate miR-622-mediated suppression of cell

invasion and migration (Fig. 4g–j). Moreover, the

increased invasion and migration capability were rescued

by suppression of ATF2 in miR-622-depleted cells

(Fig. 5a–e). These results further support the notion that

ATF2 is a direct and functional target of miR-622.

miR-622 and ATF2 are inversely expressed in glioma

specimens

To address the clinical significance of the miR-622-ATF2

interaction in gliomas, we performed immunohistochem-

istry using the tissue microarrays contained 48 glioma

specimens and five normal brain tissues. Immunohisto-

chemistry staining revealed that ATF2 was significantly

Fig. 3 ATF2 is a direct target

of miR-622. a Predicted miR-

622 target sequence in wild-type

and mutant (red) ATF2-30-UTR.

b Luciferase assay of the

indicated cells transfected with

pGL3-ATF2-30-UTR-WT or

pGL3- ATF2-30-UTR-mutant

reporter with miR-622 mimic.

**p \ 0.01. c Western blot

analysis of lysates from miR-

NC-transfected, miR-622-

transfected, anti-miR-NC-

treated or anti-miR-622-treated

U87 and U251 cells probed with

ATF2 antibody. GAPDH served

as the loading control
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higher in glioma tissues than in non-tumor brain tissues

(Fig. 1c, e). Moreover, statistical analysis revealed that

ATF2 expression was inversely correlated with miR-622

expression in glioma specimens (Supplementary Table 3).

Taken together, these results suggest that ATF2 is elevated

in glioma tissues and that its enhancement is correlated

with reduced miR-622.

Discussion

The invasion of malignant glioma cells into regions of the

normal brain is a major cause for the dismal prognosis of

malignant gliomas, but the underlying mechanisms remain

incompletely understood [23]. Recent studies have reported

that miRNAs play a critical role in invasion and metastasis

of human cancers, including gliomas. In the present study,

we investigated the biological role of miR-622 in human

glioma invasion and migration.

Previous studies have suggested that miR-622 is sig-

nificantly decreased in lung cancer and working as a tumor

suppressor via targeting K-ras [18]. Moreover, it has been

reported that miR-622 has been associated with aggres-

siveness and metastasis in gastric cancers [19]. In this

study, we analyzed the expression of miR-622 in several

glioma cell lines and NHAs using qRT-PCR. miR-622

expression was significantly decreased in all tested glioma

cell lines compared with NHAs. Furthermore, the results

obtained from clinical glioma tissues showed that miR-622

was downregulated in glioma specimens. Subsequently, we

showed that restoration of miR-622 caused a significant

reduction in cell migration and invasion abilities, sug-

gesting it functions as a tumor suppressor and is involved

in glioma invasion.

ATF2 is one of 16 members of the ATF and CREB

group of bZIP transcription factors which contribute to

multiple cellular functions, such as cell cycle, proliferation,

and invasion [24]. ATF2 contains Sp1 elements and a

CRE-like element in promoter region -50 to ?90 that is

essential for basal promoter activity. Recently, ATF2 has

been implicated in a transcriptional response leading to

tumor cell migration, invasion and progression. Moreover,

b Fig. 4 Knockdown of ATF2 is involved in the miR-622-induced

inhibition of glioma cell invasion and migration. a Western blot

analysis of ATF2 expression in U251 cells after knockdown of ATF2.

GAPDH served as the loading control. b Representative images of

transwell invasion assay with U251 cells transfected with siATF2 or

siNC. c The quantification of transwell invasion assay is shown.

**p \ 0.01. d The quantification of wound healing assay is

shown.*p \ 0.05. e Representative images of wound healing assay

using U251 cells transfected with siATF2 or siNC. f The rescue

experiment was performed by introducing pcDNA3.1-ATF2 or Mock

(empty vector, pcDNA3.1) in the presence or absence of ectopic miR-

622 or miR-NC expression in U251 cells. Western blot analysis of

ATF2 in the indicated cells. GAPDH was used as the loading control.

g, h Transwell invasion assay of the above cells were analyzed.

Columns are the average of three independent experiments.

*p \ 0.05, **p \ 0.01. i, j Wound healing assay of the above cells

were analyzed. Columns are the average of three independent

experiments. *p \ 0.05

Fig. 5 ATF2 is involved in the

miR-622 inhibition-induced

increased invasion and

migration of glioma cells. a The

rescue experiment was

performed by introducing

siATF2 or siCtrl in the presence

or absence of miR-622 inhibitor

or control inhibitor in U251

cells. Western blot analysis of

ATF2 in the indicated cells.

GAPDH was used as the loading

control. b, c Transwell invasion

assay of the above cells were

analyzed. Columns are the

average of three independent

experiments. *p \ 0.05,

**p \ 0.01. d, e Wound healing

assay of the above cells were

analyzed. Columns are the

average of three independent

experiments. **p \ 0.01
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ATF2 is crucial for MMP-2 promoter activity as well as

induction of invasive and migrative phenotypes in breast

epithelial cells [22]. However, whether ATF2 is involved

in glioma invasion remains unknown. In our study, we

demonstrated that ATF2 is upregulated in glioma tissues.

Knockdown of ATF2 by siRNA significantly suppresses

the invasion and migration potentials of glioma cell lines,

which is similar with the role of miR-622 overexpression.

Furthermore, exogenous expression of miR-622 in glioma

cells downregulated the expression of ATF2 protein.

Additionally, luciferase reporter assays revealed that miR-

622 could directly target the 30-UTR of ATF2 mRNA.

Finally, ATF2-induced cell migration and invasion were

reversed by miR-622. Our findings establish a functional

connection between miR-622 and ATF2, and confirm that

miR-622 functions as an anti-invasive miRNA in glioma

cells by targeting ATF2.

In conclusion, our study demonstrates, for the first time,

the role of miR-622 in suppressing glioma invasion and

migration mediated by ATF2. Moreover, miR-622

expression inversely correlates with ATF2 in glioma

patients. Our findings reveal that loss of miR-622 conse-

quences in gaining expression of oncogene ATF2, which in

turn favors glioma invasion. This novel miR-622/ATF2

axis provides new insight into the mechanisms underlying

glioma invasion, and targeting miR-622/ATF2 may be a

potential therapeutic strategy for the treatment of patients

with malignant gliomas.
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