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Abstract MicroRNAs (miRNAs) are small noncoding

RNAs that take part in diverse biological processes by

suppressing target gene expression. Elevated expression of

miR-21 has been reported in many types of human cancers.

Radiotherapy is a standard adjuvant treatment for patients

with glioblastoma. However, the resistance of glioblastoma

cells to radiation limits the success of this treatment. In this

study, we found that miR-21 expression was upregulated in

response to ionizing radiation (IR) in U251 cells, which

suggested that miR-21 could be involved in the response of

U251 cells to radiation. We showed that a miR-21 inhibitor

enhanced IR-induced glioblastoma cell growth arrest and

increased the level of apoptosis, which was probably

caused by abrogation of the G2-M arrest induced by IR.

Further research demonstrated that the miR-21 inhibitor

induced the upregulation of Cdc25A. Taken together, these

findings suggest that miR-21 inhibitor can increase IR-

induced growth arrest and apoptosis in U251 glioblastoma

cells, at least in part by abrogating G2-M arrest, and that

Cdc25A is a potential target of miR-21.
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Introduction

Glioblastoma multiforme is the most common type of all

brain tumors and is almost always fatal. Despite the recent

advances in therapeutic strategies, such as surgical resec-

tion and adjuvant radiotherapy and chemotherapy, the

median survival time of glioblastoma multiforme patients

is less than 1 year from diagnosis [1]. New classes of

treatment modalities, such as molecular target-directed

therapies, are urgently needed. Understanding the molec-

ular pathogenesis of glioblastoma may lead to improved

conventional or novel therapeutics.

MicroRNAs (miRNAs) are evolutionarily conserved

noncoding RNAs, 18 to 26 nucleotides long, that nega-

tively regulate the expression of target genes by interacting

with complementary sites in the 30-untranslated region

(UTR) of the gene. They control a diverse range of bio-

logical processes, including cell differentiation, prolifera-

tion, and apoptosis [2]. One of these microRNAs, miR-21,

is overexpressed in human cancers such as breast cancer,

liver cancer, pancreatic cancer, colorectal cancer, and

glioblastoma [3]. Chan et al. [4] found that miR-21 is an

antiapoptotic factor in human glioblastoma cells. Further-

more, miR-21 knockdown disrupts glioma growth and

displays synergistic cytotoxicity with S-TRAIL in in vivo

xenografts of U87 cells [5]. At present, miR-21 is con-

sidered to be a new oncogene that targets several tumor

suppressor genes [6]. However, its mechanism of action is
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largely unknown, and the precise role(s) of miR-21 in

cancer remains to be defined.

The G2 checkpoint is a key guardian of the cancer

cell genome, and cells depend on the G2 checkpoint for

repair of DNA damage. Because abrogation of the G2

checkpoint prevents cells from repairing DNA damage

and forces apoptosis, it has emerged as an attractive

therapeutic target for anticancer therapies such as

radiation [7]. The cell division cycle 25 (Cdc25) family

of proteins, which contain highly conserved domains for

dual-specificity phosphatases, dephosphorylate and

activate cyclin-dependent kinase complexes. Three iso-

forms, Cdc25A, Cdc25B, and Cdc25C, have been

identified in mammalian cells [8]. Damage caused by

ionizing radiation and other DNA-damaging agents

leads to activation of ataxia-telangiectasia-mutated

(ATM) and ATR (ATM and Rad3-related) kinases,

which then activate the checkpoint transducer kinases

Chk1 and Chk2. The activation of Cdc25A by Chk-1

initiates the multistep process of ubiquitin-mediated

proteasomal degradation and leads to cell-cycle arrest.

At present, Cdc25A is thought to be the main p53-

independent mechanism responsible for cell-cycle arrest

or delay in the G1, S, and G2 phases of the cell cycle

[9] (additional Fig. 1).

We herein describe our detection of the expression of

miR-21 after c-irradiation. We discuss our investigation of

the influence of a combination of IR and an miR-21

inhibitor on the growth and apoptosis of the glioblastoma

cell line, U251. We also discuss the possible molecular

mechanisms.

Materials and methods

Cell culture

The human glioblastoma U251 cells were maintained in an

incubator at 37�C and 5% CO2 in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10% fetal

bovine serum (FBS), 100 units/ml penicillin, and 100 lg/ml

streptomycin (Invitrogen), and routinely passaged at

2-day intervals. The cells were exposed to IR at room

temperature using a Gammacell instrument (Gammacell

40 Exactor, Canada) that can provide a dose rate of

0.81 Gy/min. The cells were exposed for 12 min 21 s to a

dose of 10 Gy and for 24 min 42 s to a dose of 20 Gy. The

cells were divided into five groups: an untreated group,

miR-21 inhibitor group, IR group, IR? inhibitor negative

control group, and IR? miR-21 inhibitor group. The U251

cells were transfected with a miR-21 inhibitor 48 h before

IR treatment.

Trypan blue dye exclusion assay

The viability of cell populations in each group was eval-

uated by the trypan blue dye exclusion assay. Following all

treatments, cells were harvested with trypsin/ethylenedia-

minetetraacetic acid (EDTA), suspended in phosphate-

buffered saline (PBS), and mixed with an equal amount of

0.4% trypan blue stain (Invitrogen). The number of cells

excluding trypan blue, representing viable cells, was then

counted. The cells were counted in four different fields, and

the number of viable cells was calculated as percentage of

the total cell population. The count for untreated cells was

considered to be 100%.

Isolation of miRNA and real-time RT-PCR

Total RNA was extracted using the miRNeasy Kit

(Qiagen). For the SYBR Green-based real-time reverse

transcription-polymerase chain reaction (RT-PCR) assays,

the miScript PCR System (Qiagen) was used. All primers

and probes for the miR-21 and RNU6B endogenous con-

trols for the SYBR green miRNA assays were purchased

from Qiagen. The expression of mature miRNAs was

determined by real-time PCR, performed according to the

manufacturer’s instructions. Relative miRNA expression

was calculated via the 2-DDCt method [10].

Transfections

The miR-21 inhibitor and inhibitor negative control were

purchased from Qiagen. The cells were transfected using

the Lipofectamine 2000 reagent (Invitrogen) when cells

were 50% confluent. Transfection complexes prepared

according to the manufacturer’s instructions were added

directly to the U251 cells at a final oligonucleotide con-

centration of 75 nmol/l. The transfection medium was

replaced 8 h posttransfection.

Caspase-3 and caspase-7 activity

For detection of caspase-3 and caspase-7 activation, the

cells were plated on 96-well plates in triplicate wells for

each condition, transfected, and exposed to 20 Gy IR 48 h

posttransfection. The detection of caspases was performed

using the Caspase-Glo 3/7 Assay (Promega) 24 h later

according to the manufacturer’s instructions.

Cell-cycle analysis

U251 cells were transfected as described above and

exposed to 20 Gy IR for 24 h. The cells were then tryp-

sinized and fixed with ice-cold 70% ethanol overnight at
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4�C. After extensive washing, the cells were resuspended

in PBS containing 50 lg/ml PI (Sigma-Aldrich) and 50 lg/ml

RNaseA (Sigma-Aldrich), incubated for 1 h at room

temperature, and analyzed using a FACScalibar instrument

(Becton-Dickinson, San Jose, CA, USA). The cell-cycle

phase distribution was analyzed with the use of the ModFit

LT 3.1 software program (Verity Software House, Topsham,

ME, USA).

Western blot analysis

Proteins from each group of cells were extracted with

NP40 cell lysis buffer (50 mM Tris, pH 7.4, 250 mM

NaCl, 5 mM EDTA, 50 mM NaF, 1 mM Na3VO4, 1%

NP40, 0.02% NaN3). One-dimensional sodium dodecyl

sulfate (SDS)-polyacrylamide gel electrophoresis was

performed with a corresponding gel concentration using

the discontinuous buffer system of Laemmli (Bio-Rad

Laboratories, Richmond, CA, USA). The electrophoresed

proteins were transferred to polyvinylidene difluoride

membranes and subjected to an immunoblot analysis

with antibodies against Cdc25A (1/200; Santa Cruz

Biotechnology, Santa Cruz, CA, USA). The reaction was

detected with the enhanced chemiluminescence reagents

(Amersham Life Science, Arlington Heights, IL, USA)

according to the manufacturer’s protocol. The mem-

branes were reblotted with anti-actin Ab-5 (1:5000; BD

Bioscience) after washing to check the equal loading of

the gel.

Statistical analysis

All tests were done using the SPSS Graduate Pack 11.0

statistical software package (SPSS, Chicago, IL, USA).

Descriptive statistics, including the means and SE, with

one-way analysis of variance (ANOVA) and two-way

ANOVA, were used to determine whether there were sig-

nificant differences. P \ 0.05 was considered significant.

Results

IR induces upregulation of miR-21 expression

in U251cells

To investigate whether the expression of miR-21 changes

after IR, miR-21 expression of U251 cells at different time

points after 10 Gy c-irradiation was analyzed by RT-PCR

(Fig. 1). Expression of miR-21 was enhanced at the 3-, 6-,

and 12-h time points after 10 Gy c-irradiation (P \ 0.05).

The enhanced miR-21 expression in IR-treated U251 cells

suggested that miR-21 may play an important role in the

response to radiation of U251 cells.

A miR-21 inhibitor augmented IR-induced U251 cell

growth arrest

U251 cells were transfected with a miR-21 inhibitor

complementary to mature miR-21. RT-PCR analysis

revealed that the miR-21 inhibitor effectively reduced the

expression level of miR-21 at 48 and 72 h after transfection

(Fig. 2a). To examine whether miR-21 knockdown influ-

ences IR-induced GBM cell growth arrest, U251 cells were

transfected with the miR-21 inhibitor for 48 h and treated

with 20 Gy radiation 24 h later. The trypan blue dye

exclusion assay was performed to evaluate the U251 cell

viability using a hemocytometer 24 h after IR treatment.

Treatment with the miR-21 inhibitor led to a decrease in

cell viability induced by IR. In addition, compared with the

untreated group, a decrease in cell viability was observed

in the miR-21 inhibitor group, which is in agreement with a

previous report [11] (Fig. 2b).

The miR-21 inhibitor augmented IR-induced U251

apoptosis

Members of the cysteine aspartic acid-specific protease

(caspase) family play key effector roles in apoptosis in

mammalian cells, including glioblastoma cells [12, 13].

Activation of caspases-3 and -7 after radiation or miR-21

inhibitor treatment was investigated with a caspase-3/7

activity assay. Cells treated by radiation alone showed a

significant increase in caspase-3/7 activation (P \ 0.01),

and treatment with the miR-21 inhibitor alone also

increased caspase-3/7 activation (P \ 0.05). However,

caspase-3/7 activity in cells treated with radiation ? miR-21

inhibitor was increased about 39% (P \ 0.01) compared

Fig. 1 Ionizing radiation (IR)-stimulated microRNA 21 (miR-21)

expression in the U251 human glioblastoma cell line. MiR-21

quantitative polymerase chain reaction (PCR) in U251 cells at various

time points after IR exposure (10 Gy) showed upregulation of miR-21

after IR treatment (*P \ 0.05). Results are described as fold increase

compared with nonirradiated U251 cells. Each data point represents

the average of three independent experiments
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with cells treated with IR alone or with IR? control

(Fig. 3). These results suggested that the miR-21 inhibitor

could significantly increase the apoptosis level induced by

IR in the U251 glioblastoma cells.

The miR-21 inhibitor abrogates IR-induced G2-M arrest

in U251 cells by increasing CD25A

DNA damage induced by IR always causes G2-M arrest,

and this G2-M arrest may be involved in the radiosensi-

tivity of the cells. We assessed the effects of the miR-21

inhibitor on radiotherapy (RT)-induced G2-M arrest. U251

cells transfected with the miR-21 inhibitor (48 h) were

treated with c-radiation (20 Gy); cells were then incubated

for an additional 24 h and harvested for flow cytometry

(FCM) analysis. As reported previously [14], U251 cells

exposed to IR exhibited G2-M arrest. We found that the

miR-21 inhibitor significantly inhibited the IR-induced

G2-M arrest of U251 cells (Fig. 4a).

Cdc25A has been shown to regulate the G2-M transition,

and its downregulation is involved in establishing the G2-M

checkpoint following c-irradiation [8, 15]. To determine

whether Cdc25A is involved in the abrogation of the IR-

induced G2-M arrest by the miR-21 inhibitor, we evaluated

the Cdc25A expression levels of each group. The Cdc25A

level decreased following radiation in both the blank con-

trol group and negative control cells compared with

untreated cells, but the Cdc25A level was increased in the

IR ? miR-21 inhibitor cells. Furthermore, an increase in

the Cdc25A level was also noted in the miR-21 inhibitor

group compared to the untreated group (Fig. 4b). These

results suggest that miR-21 participates in IR-induced gli-

oma cell-cycle modulation either directly or indirectly

through targeting Cdc25A.

Discussion

Radiotherapy is a standard adjuvant treatment for patients

with glioblastoma. However, the resistance of glioblastoma

cells to irradiation limits the success of this treatment [16].

MiR-21, which is significantly augmented in glioblastoma,

has been demonstrated to be an important oncogene that

targets several tumor suppressor genes and regulates tumor

cell proliferation, apoptosis, and invasion [6]. However, the

relationship between irradiation and miR-21 in glioblas-

toma has not yet been elucidated.

In this study, we first exposed cells to c-irradiation and

investigated the level of miR21 expression. We observed

Fig. 2 miR-21 inhibitor augmented IR-induced U251 cell growth

arrest. a miR-21 inhibitor reduced the miR-21 level in U251 cells.

The histogram shows relative miR-21 expression. A significant

difference between the miR-21 inhibitor group (48 and 72 h) and

untreated group or control (NC) oligonucleotide group is indicated by

*(P \ 0.01). b The trypan blue dye exclusion assay assessed the

viability of U251 cells. The miR-21 inhibitor augmented the IR-

induced decrease in U251 cell viability. Significant differences

between the IR group and untreated group or the miR-21 inhibitor

group are indicated by *(P \ 0.05). Significant differences between

the IR? miR-21 inhibitor group and the IR group or the IR ? NC

group are indicated by ^(P \ 0.05)

Fig. 3 Effects of miR-21 inhibition on caspase-3/7 activity in IR-

treated U251 cells. U251 cells were treated with miR-21 inhibitor

before IR for 48 h, followed by 20 Gy c-irradiation for 24 h. Caspase-

3/7 activity was measured by the Caspase-Glo 3/7 assay kit. The miR-

21 inhibitor group showed an increase in caspase 3/7 activity

compared with the untreated group (*P \ 0.05). Compared with

untreated and negative control groups, an increase in caspase-3/7

activity was observed in the IR group (**P \ 0.01); the IR? miR-21

inhibitor group showed increased caspase-3/7 activity compared to

both IR and IR ? NC groups (^^P \ 0.01). Data are means of

triplicate experiments
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the expression of miR-21 was enhanced after this treatment

in U251 cells. Therefore, we hypothesized that miR-21 is

likely to be involved in the radiation response of U251 cells

and that it might influence the resistance of U251 cells to

radiation. After confirming this hypothesis, we showed that

the miR-21 inhibitor enhanced RT-induced GBM cell

growth arrest and apoptosis level in the U251 cells. Also,

the miR-21 inhibitor abrogated IR-induced G2-M arrest in

these cells, and we demonstrated that modulation of

Cdc25A expression appears to be involved in the molecular

mechanism underlying this effect.

The expression patterns of miRNAs that are influenced

by cancer treatments, such as chemotherapy or radiother-

apy, are increasingly being recognized. The expression of

miRNAs may differ depending on cell type, postradiation

time, and radiation dose in normal endothelial cells and

tumor cells [17–20]. MiR21, which has been demonstrated

to be an oncogene, had been reported to be upregulated

after irradiation in various cell types [20–22]. In this study,

we found that miR-21 expression was upregulated in

response to irradiation. These results led us to surmise that

miR-21 was involved in the response to radiation, includ-

ing apoptosis and cell-cycle arrest.

According to the previous reports, G2-M arrest plays a

protective role in cells in response to DNA-damaging

agents, including temozolomide (TMZ)-induced cytotox-

icity, and abrogation of the G2 checkpoint sensitized cells

to TMZ [23, 24]. Morgan et al. [25] recently showed that

abrogation of the G2 checkpoint and inhibition of

homologous recombination repair contributed to radiosen-

sitization in pancreatic cancer. Furthermore, inhibiting the

constitutive activation of cell-cycle checkpoints and

reversing the cell-cycle blockade had been demonstrated to

sensitize CD133? glioma stem cells to IR and chemo-

therapy [26]. Our present data showed that miR21 knock-

down augmented RT-induced GBM cell growth arrest and

apoptosis. Interestingly, we observed that the miR-21

inhibitor abrogated IR-induced G2-M arrest. These results

may support the view that abrogation of the checkpoint by

the miR21 inhibitor is associated with an increase in the

number of cells that die because of premature entry into

mitosis. MiR-21 appears to target multiple tumor-sup-

pressive pathways, and inhibition of miR-21 has been

observed to induce proliferation arrest and apoptosis in

glioblastoma cells [6, 22]. In this study, we also showed

that a miR-21 inhibitor induced cell growth arrest and

apoptosis, leading to increased radiosensitivity.

Recent studies showed convincing evidence that

Cdc25A is a critical regulator of the cell-cycle checkpoint

in response to DNA damage caused by IR, oxidative stress,

and other DNA-damaging agents [9]. Wang et al. [27]

demonstrated that microRNA-21 negatively regulated

Cdc25A and cell-cycle progression in colon cancer cells. In

addition, Cdc25A was found to be a target of miR-16 and

the response to UV-induced DNA damage [21]. Our data

indicated that miR-21 knockdown increased the Cdc25A

level. These observations may indicate that the important

cell-cycle regulator, Cdc25A, is subject to modulation by

Fig. 4 The miR-21 inhibitor abrogated IR-induced G2-M arrest in

U251 cells and increased Cdc25A expression. a U251 cells were

transfected with miR-21 inhibitor 48 h before exposure to 20 Gy c-

irradiation. After 24 h, cells were harvested for cell-cycle analysis by

FACS. IR induced a significant increase in the number of U251 cells

in the G2/M phase (**P \ 0.01). G2-M arrest was partly reversed in

the IR ? miR-21 inhibitor group compared with IR and IR ? NC

groups (^^P \ 0.01). b Cell treatments as described in a. Expression

of Cdc25A in each group of cells was detected by Western blot

analysis. Increase in Cdc25A expression was observed in the

IR ? miR-21 inhibitor group compared with the IR and IR ? NC

groups. Cdc25A expression was also increased in the miR-21

inhibitor group, compared with the untreated group. Data are means

of triplicate experiments
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miRNAs, although the Cdc25A activities are tightly regu-

lated by multiple mechanisms during cell-cycle progres-

sion [8]. On the other hand, as U251 cells are p53 mutant

cells, the regulation of Cdc25A by miR21 seems to be

independent of tumor suppressor p53.

In summary, we have herein shown that miR21

expression increased in response to IR in U251 cells, and

that miR21 knockdown augmented RT-induced GBM cell

growth arrest and apoptosis. Furthermore, such an effect

may be partly caused by a reduction in G2-M cell-cycle

accumulation as a result of direct or indirect modulation of

the Cdc25A level.
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