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Abstract. Glioblastoma multiforme (GBM) is the most deadly 
brain tumor, and it is characterized by extremely poor thera-
peutic response and overall survival. Adjuvant radiotherapy 
remains the standard of care following surgical resection. Thus, 
elucidating the mechanisms conferring radioresistance in GBM 
is extremely urgent. In the present study, miR-96 was demon-
strated to be significantly upregulated in radioresistant GBM 
cells. Knockdown of miR-96 in the radioresistant GBM cells 
T98G elevated the % of apoptotic cells and reduced their clono-
genic formation ability following radiotherapy. By contrast, 
overexpression of miR-96 in the radiosensitive GBM cells 
U87-MG reduced the % of apoptotic cells and increased their 
clonogenic formation ability following radiotherapy. Results 
from phosphorylated-H2A histone family member X (γH2AX) 
foci staining and comet assays revealed that miR-96 enhanced 
the DNA repair processes. Furthermore, miR-96 overexpres-
sion conferred radioresistance by downregulating programmed 
cell death protein 4 (PDCD4). Luciferase assay results revealed 
that miR-96 bound to the 3'UTR of PDCD4 mRNA. Finally, 
U87-MG cells regained radiosensitivity following PDCD4 
overexpression. Taken together, the present is the first study 
to establish that upregulation of miR-96 in GBM cells confers 
radioresistance via targeting PDCD4, which might be a poten-
tial therapeutic target for GBM.

Introduction

Glioblastoma multiforme (GBM) is the most frequently diag-
nosed and most lethal of primary brain tumors. Radiotherapy 
is the major approach to adjuvant therapy for patients with 
GBM (1). Extensive, diffuse parenchymal invasion results 
in the failure of surgical resection  (2). It has long been 
recognized that GBMs are heterogeneous in their radiation 
response and the degree of radiosensitivity is believed to be 
related to intrinsic and extrinsic properties of the tumor cell 
population (3-5). The effects and underlying mechanisms of 
radioresistance have yet to be fully clarified.

The impairment of microRNA (miRNA) regulation is one 
of the key mechanisms in GBM pathogenesis, as well as prog-
nosis (6-9). miR-96 was demonstrated to be overexpressed in 
several types of cancer (10-13), and to promote cancer progres-
sion by increasing the activity of essential molecular pathways, 
such as KRAS proto-oncogene (14-18). In addition, miR-96 
promotes chemo- or radioresistance by downregulating rever-
sion inducing cysteine-rich protein with kazal motifs (RECK) 
in esophageal cancer (19). However, the association of miR-96 
with GBM and with its radioresistance properties remains 
unclear.

Programmed cell death protein 4 (PDCD4) was initially 
demonstrated to be upregulated during apoptosis, which subse-
quently suppresses tumorigenesis (20,21). Downregulation of 
PDCD4 expression is closely associated with the progression 
of a number of tumors, including GBM (22), and other solid 
tumors (23-26). Furthermore, low PDCD4 expression levels 
correlate with poor outcomes in patients with GBM (27). The 
downregulation of PDCD4 in GBM is partly due to epigenetic 
silencing secondary to 5'cytosine-phosphate-guanine island 
methylation (28). Overexpression of miR-21 has been reported 
to target PDCD4 mRNA for degradation (29,30). Although 
several studies have examined PDCD4 in glioma, the detailed 
molecular mechanisms underlying the role of PDCD4 in GBM 
remain poorly understood.

In the present study, miR-96 was demonstrated to be 
significantly upregulated in radioresistant GBM cells. 
Overexpression of miR-96 in the radiosensitive GBM cells 
U87-MG reduced radiosensitivity, while knockdown of 
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miR-96 in the radioresistant GBM cells T98G increased 
radiosensitivity. Further study revealed that miR-96 bound to 
the 3' untranslated region (3'UTR) of PDCD4 mRNA, and that 
PDCD4 overexpression in leads to reversion of radiosensitivity. 
Altogether, the present findings established that upregulation 
of miR-96 in GBM cells confers radioresistance partially via 
targeting PDCD4, which might be a potential therapeutic 
target.

Materials and methods

Cell culture. The human GBM cell lines U87-MG (TCHu138) (31), 
U251-MG (TCHu58), A172 (TCHu171) (purchased from the 
Type Culture Collection of the Chinese Academy of Sciences, 
Shanghai, China) and T98G (CRL-1690) (purchased from 
ATCC, Manassas, VA, USA) were cultured in Dulbecco's modi-
fied Eagle's medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS) (both from Invitrogen; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) and maintained in a 
humidified atmosphere with 5% carbon dioxide at 37˚C. Of note, 
there is a misidentification issue regarding the U87-MG cells. 
This cell line is likely to be a bone fide human glioblastoma cell 
line of unknown origin (31). Although the origin of the U87-MG 
cell line is unknown, the U87-MG cells are most probably also a 
glioblastoma cell line; thus, we considered that the use of this cell 
line would not affect our experimental results regarding GBM.

Western blot analysis. Total proteins (30 µg) which were 
extracted using RIPA lysis and extraction buffer (Thermo Fisher 
Scientific, Inc.) and quantified by BCA assay were subjected to 
8-10% SDS-polyacrylamide gel electrophoresis and transferred 
onto Hybond ECL membranes (GE Healthcare Life Sciences, 
Shanghai, China). The membranes were blocked for 1 h at 
room temperature in blocking buffer (5% skim milk in TBS-T) 
and then incubated with antibodies targeting PDCD4 (1:500; 
cat. no. 12587-1-AP; Proteintech Group, Inc., Chicago, IL, 
USA) or β-actin (1:500; Abcam, Cambridge, MA, USA) over-
night at 4˚C. After washing with TBS-T, the membranes were 
incubated with horseradish peroxidase-conjugated anti-rabbit 
or anti-mouse antibody (1:10,000; cat. no. AQ132P, AQ127P; 
Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for 2 h at 
room temperature. Immunoreactive proteins were captured by 
enhanced chemiluminescence (ECL) (cat. no. WBKLS0500; 
EMD Millipore, Billerica, MA, USA). Quantity One analysis 
software version 4.6.9 (Bio-Rad Laboratories, Inc., Hercules, 
CA, USA) was used to quantify the relative band intensities 
from western blot images.

Reverse transcription-quantitative polymerase chain reaction 
(RT-qPCR). Total RNA was extracted using TRIzol reagent 
(Thermo Fisher Scientific, Inc.). An equal amount of total RNA 
was used for first-strand cDNA synthesis using oligo(dT) primer 
and M-MLV Reverse Transcriptase XL (Promega Corporation, 
Madison, WI, USA). The synthesized first-strand of cDNA 
(2 µl) was used for each PCR. The primers used were as follows: 
hsa-miR-96, 5'-TTTGGCACTAGCACATTTTTGCT-3'; 
PDCD4, forward, 5'-CCAAAGGGAAGGTTGCTGGATAG-3' 
and reverse, 5'-CCACCTCCTCCACATCATA CAC-3'. SYBR-
Green PCR Master Mix (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) was used for qPCR reactions. GAPDH was used 

as a loading control [primer, 5'-CATGGCCTTCCGTGTTC 
CTA-3' (forward) and 5'-GCGGCACGTCAGATCCA-3' 
(reverse)]. The qPCR cycling conditions consisted of initial 
denaturation for 3 min at 95˚C, followed by 45 cycles of 95˚C 
(10 sec) for denaturation and 58˚C (45 sec) for annealing/exten-
sion combined, and data were acquired at the end of the 
annealing/extension phase using a Roche Lightcycler  480 
machine (Roche, Basel, Switzerland). Melt curve analysis was 
performed at the end of each run between 58-95˚C. Data were 
analyzed using Microsoft Excel 2013 (Microsoft Corporation, 
Redmond, WA, USA). The 2-ΔΔCq relative quantification method 
was used to analyze quantitative RT-qPCR data using the house-
keeping gene GAPDH for normalization (32).

Lentiviral vector-mediated gene knockdown or overexpression. 
The oligo sequences for has-miR-96 overexpression were: 
forward, 5'-CCGCTCGAGAGAGCAGAGACAGATCCAC 
GAG-3' and reverse, 5'-CGGGATCCCACAGCAGCTGAGCC 
AGATGG-3'. The oligo sequences for has-miR-96 knockdown 
were: forward, 5'-GATCCGACGGCGCTAGGATCATCAA 
CCCAACAGCAAAAATGTGCatctTAGTGCCAAACAAGT 
ATTCTGGTCACAGAATACAACAGCAAAAATGTGCatct 
TAGTGCCAAACAAGATGATCCTAGCGCCGTCtttttTg-3' 
and reverse, 5'-aattcAaaaaaGACGGCGCTAGGATCATCTTG 
TTTGGCACTAagatGCACATTTTTGCTGTTGTATTCTGT 
GACCAGAATACTTGTTTGGCACTAagatGCACATTTTTG 
CTGTTGGGTTGATGATCCTAGCGCCGTCg-3'.

Lentiviral vectors for human miR-96 overexpression or 
knockdown, and for PDCD4 overexpression, were constructed 
by Hanyin Co. (Shanghai, China). The recombinant lentivirus 
and the negative control (NC) lentivirus (Hanyin Co.) were 
prepared and titered to 109 transfection U/ml. To obtain the 
stable cell line, U87-MG cells were seeded in 6-well dishes at a 
density of 2x105 cells/well. The cells were then infected with the 
same titer virus with 8 µg/ml polybrene on the following day. 
The efficiency of knockdown or overexpression was confirmed 
at 48 h post-infection using RT-qPCR. Approximately 72 h 
post-infection, the culture medium was replaced with selection 
medium containing 4 µg/ml puromycin. The cells were then 
cultured for at least another 14 days. The puromycin-resistant 
cells were amplified in medium containing 2 µg/ml puromycin 
for seven to nine days and then transferred to a medium without 
puromycin.

Cell apoptosis analysis. Apoptosis was determined by 
translocation of phosphatidylserine to the cell surface using 
an Annexin V-fluorescein isothiocyanate (FITC) and prop-
idium iodide (PI) apoptosis detection kit (BD Biosciences, 
Franklin Lakes, NJ, USA). Cells were treated with 0 or 6 Gy 
radiation. Then the cells were harvested and washed twice 
in cold PBS, and resuspended in Annexin V-FITC and PI 
solution for 30 min in the dark. Cell apoptosis was analyzed 
using CellQuest Pro software version 5.1; BD Biosciences).
Fluorescence was detected with an excitation wavelength of 
480 nm.

Colony formation assay. Cells were treated with 0 or 6 Gy 
radiation prior to the colony formation assay. Briefly, 1 ml of 
0.8% agar (low melting point agarose) was added to each well 
(6-well plate) and allowed to set as the base agar. Then, cells 
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were trypsinized, and 500 cells (0.5 ml) were seeded per well. 
For plating, 0.5 ml pre-warmed DMEM with 20% FBS and 
0.5 ml 0.8% agar was added to tubes with cells. The mixture 
was gently mixed, and 1  ml was added to each group in 
triplicate. The assay was incubated at 37˚C in a humidified 
incubator for 10 to 14 days. Wells were stained with 1 ml of 
0.005% crystal violet for 1 h prior to counting colonies under 
a dissecting microscope.

Immunofluorescent staining of phosphorylated-H2A histone 
family member X (γH2AX) foci. Cells were grown and treated 
on chamber slides at a concentration of 105 cells/ml. After incu-
bation for 12 h, the cells were irradiated with 0 or 6 Gy. At the 
indicated time points following radiation, the cells were fixed 
with 2% paraformaldehyde for 15 min at room temperature and 
permeabilized with 1% Triton X-100 for 5 min on ice. The primary 
antibody (anti-γH2AX; JBW301; Upstate Biotechnology, Inc., 
Lake Placid, NY, USA) was added at a dilution of 1:500 in 
1% bovine serum albumin (BSA) and incubated for 1 h at room 
temperature. The FITC-conjugated secondary antibody (cat. 
no. 115-095-003; goat anti-mouse immunoglobulin G; Jackson 
ImmunoResearch Laboratories, Inc., West Grove, PA, USA) was 
added at a 1:100 dilution in 1% BSA for 1 h at room temperature. 
The cells were treated with 1 µg/ml of DAPI in PBS for 30 min 
in the dark. The coverslips were mounted with anti-fade solution 
(VectaShield; Vector Laboratories, Inc., Burlingame, CA, USA), 
and the slides were examined using a fluorescent microscope 
(Leica Microsystems GmbH, Wetzlar, Germany). Images were 
captured at x400 magnification (5 fields were evaluated per slide 
per group and the average per field was calculated) and analyzed 
using ImageJ software (National Institutes of Health, Bethesda, 
MD, USA).

Comet assay. Cells grown in 100 mm3 dishes were irradiated 
with 0 or 6 Gy. At the specified times, the cells were suspended 
at a concentration of 1x105 cells/ml and combined with melted, 

low-melting point agarose at a 1:10 ratio and transferred onto 
a Comet slide (both from Trevigen, Inc., Gaithersburg, MD, 
USA). The slides were placed at 4˚C for 30 min before being 
immersed in Lysis Solution (Trevigen, Inc.) for 1 h at 4˚C. 
Then, the slides were run on an horizontal electrophoresis 
apparatus for 10 min at 20 V. PI (BD Biosciences) was added 
to the slides. The slides were visualized using a fluorescent 
microscope at x400 magnification (Leica Microsystems 
GmbH; 5 fields were evaluated per slide per group). The Olive 
tail moment (OTM) was recorded for each cell.

Luciferase assay. A reporter vector containing the 3'UTR 
of the human PDCD4 gene was cloned into the pmirGLO 
vector (Promega Corporation). The putative miR-96 binding 
elements in the 3'UTR region was mutated by site-directed 
mutagenesis. U87-MG or T98g cells (2.5x105  cells) were 
seeded onto a 24-well dish and, the next day, were transfected 
with the reporter and effector constructs using the FuGENE 
HD transfection reagent (Roche Applied Science), according 
to the manufacturer's instructions. miR-96 mimics or inhibi-
tors were transfected as well. After 48 h, a luciferase assay was 
performed using the Dual-Luciferase Reporter Assay System 
(Promega Corporation). Normalization was carried out by 
comparison to Renilla luciferase activity.

Statistical analysis. Data were presented as mean ± standard 
error of the mean. A Tukey test was conducted for multiple 
comparisons in conjunction with one way analysis of vari-
ance. All statistical analyses were performed using SPSS for 
Windows v.17.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was 
considered to indicate a statistically significant difference.

Results

miR-96 is significantly upregulated in radioresistant GBM 
cells. The microarray data downloaded from NCBI (GSE25631) 

Figure 1. miR-96 is significantly upregulated in radioresistant GBM cells. (A) Heatmap of miRNA expression in normal tissues (n=5) and GBM tissues (n=5). 
(B) Relative miR-96 expression levels in GBM cell lines U87-MG, U251-MG, A172 and T98g. GBM, glioblastoma multiforme.
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and analyzed using Cluster 3.0 software revealed that miR-96 
expression was upregulated in GBM tissues compared to 
normal tissues (Fig. 1A). Therefore, the miR-96 expression 
was further analyzed in an array of GBM cell lines (U87-MG, 
U251-MG, A172 and T98g), which have been reported to have 
varying radiosensitivity (30). As illustrated in Fig. 1B, the 
T98g cells contained the highest levels of miR-96 expression, 
while the expression levels of miR-96 in U87-MG cells was 
significantly decreased, indicating that miR-96 levels might be 
associated with the radiosensitivity status of GBM cells.

Knockdown of miR-96 in radioresistant T98G cells increases 
apoptosis and reduces proliferation following radiotherapy. 
To investigate the function of miR-96 in GBM radiosensitivity, 
a stable miR-96-knockdown T98g cell line was constructed 
using lentivirus. As presented in Fig. 2A, miR-96 was efficiently 
silenced in miR-96-KD cells compared with the negative 
control infected cells (NC). Results from apoptosis assay for 
these cells following 6-Gy radiation treatment revealed that 
miR-96 silencing in T98g cells increased the % of apoptotic 
cells compared with the control group  (Fig.  2B  and  C). 
Furthermore, a clonogenic formation assay revealed that 
miR-96 knockdown reduced the clonogenic formation ability 
of the T98g cells following radiotherapy compared with the 
control group (Fig. 2D and E). Taken together, these results 
indicated that knockdown of miR-96 in radioresistant T98G 
cells increased the % of apoptotic cells and reduced their 
clonogenic formation ability following radiotherapy.

Overexpression of miR-96 in radiosensitive U87-MG cells 
inhibits apoptosis and increases proliferation following 

radiotherapy. To further clarify the function of miR-96 in 
GBM radiosensitivity, a stable miR-96-overexpressing (OE) 
U87-MG cell line was constructed using lentivirus. As 
presented in Fig. 3A, miR-96 was efficiently overexpressed 
in miR-96-OE U87-MG cells compared with negative 
control (NC). An apoptosis assay for these cells following 
6-Gy treatment demonstrated that miR-96 overexpression 
in U87-MG cells reduced the % of apoptotic cells compared 
with the control group (Fig. 3B and C). In addition, a clono-
genic formation assay revealed that miR-96 overexpression 
increased the clonogenic formation ability of the U87-MG 
cells following radiotherapy compared with the control 
group (Fig. 3D and E). Altogether, these results indicated that 
overexpression of miR-96 in the radiosensitive U87-MG cells 
reduced the % of apoptotic cells and increased their clono-
genic formation ability following radiotherapy.

Knockdown of miR-96 in radioresistant T98G cells inhibits 
DNA repair following radiotherapy. The ability to repair 
DNA double-strand breaks (DSBs) induced by radiation is 
highly associated with radiotherapy. As a classic marker of 
DSBs, the induction of γH2AX nuclear foci was examined in 
the present study. T98g control and T98g miR-96-KD cells 
were irradiated (0 or 6 Gy). Compared with the control cells, 
the number of γH2AX foci was significantly increased in the 
T98g miR-96-KD cells (Fig. 4A and B). These data suggest 
that T98g miR-96-KD cells are less able to perform DNA 
repair following irradiation. As an additional measure of the 
effects of miR-96 on radiation-induced DSBs, a comet assay 
was performed. For the comet assay, cells were treated with 0 
or 6 Gy of radiation and collected at 0 and 3 h. As illustrated 

Figure 2. Knockdown of miR-96 in radioresistant T98G cells increases apoptosis and reduces proliferation following radiotherapy. (A) Relative miR-96 levels 
in T98g cells with or without miR-96 knockdown. (B) Representative plots and (C) quantification of flow cytometry analysis of cell apoptosis in T98g-NC and 
T98g-miR-96-KD cells treated with 6 Gy radiation. (D) Representative images and (E) quantification of clonogenic formation assay of T98g-NC and T98g‑miR-
96-KD cells treated with 0 or 6 Gy radiation. All experiments were repeated three times. NC, negative control; KD, knockdown; PI, propidium iodide.
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Figure 3. Overexpression of miR-96 in radiosensitive U87-MG cells inhibits apoptosis and enhances proliferation following radiotherapy. (A) Relative miR-96 
levels in U87-MG cells with or without miR-96 overexpression. (B) Representative plots and (C) quantification of flow cytometry analysis of cell apoptosis in 
U87-NC and U87-miR-96-OE cells treated with 6 Gy radiation. (D) Representative images and (E) quantification of clonogenic formation assay of U87-NC and 
U87-miR-96-OE cells treated with 0 or 6 Gy radiation. All experiments were repeated three times. NC, negative control; OE, overexpression; PI, propidium iodide.

Figure 4. Knockdown of miR-96 in radioresistant T98G cells inhibits DNA repair following radiotherapy. (A) Representative images and (B) quantification of 
γH2AX immunostaining in T98g-NC and T98g-miR-96-KD cells treated with 0 or 6 Gy radiation. (C) Representative images and (D) quantification of comet 
assay in T98g-NC and T98g-miR-96-KD cells treated with 0 or 6 Gy radiation. All experiments were repeated three times. γH2AX, phosphorylated-H2A 
histone family member X; NC, negative control; KD, knockdown; n.s., not significant.
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in Fig. 4C and D, the OTM was significantly increased in the 
T98g miR-96-KD cells compared with the control cells. Taken 
together, these data suggest that knockdown of miR-96 in the 
radioresistant T98G cells reduced their DNA repair ability 
following radiotherapy.

Overexpression of miR-96 in radiosensitive U87-MG cells 
enhances DNA repair following radiotherapy. Next, the induc-
tion of γH2AX nuclear foci was examined in U87-miR‑96-OE 
cells. The negative control and U87-miR-96-OE cells were 
irradiated (0 or 6 Gy). Compared with the control cells, the 
number of γH2AX foci was significantly reduced in the 
U87-miR-96-OE cells (Fig. 5A and B). These data indicated 
that U87-miR-96-OE cells had an increased DNA repair ability 
following radiation. In addition, a comet assay was performed 
after the cells were treated with 0 or 6 Gy of radiation and 
collected at 0 and 3 h. As presented in Fig. 5C and D, the 
OTM was significantly reduced in the U87-miR-96-OE cells 
compared with the controls cells. Taken together, these data 
suggest that overexpression of miR-96 in the radiosensitive 

U87-MG cells enhanced their DNA repair ability following 
radiotherapy.

miR-96 suppresses the expression of PDCD4 in GMB cells. 
In order to clarify the molecular mechanisms of miR-96 in 
GBM radiosensitivity, the potential target genes of miR-96 
were analyzed. As illustrated in Fig. 6A, the 3'UTR of the 
PDCD4 gene contains miR-96 binding sequences using 
miRanda software (33). A luciferase assay was performed in 
order to confirm that PDCD4 is a direct target of miR-96. The 
luciferase assay results revealed that miR-96 mimics signifi-
cantly inhibited the luciferase activity of the reporter vector, 
but did not suppress the luciferase activity of a mutant vector, 
suggesting that miR-96 directly binds to the 3'UTR of the 
PDCD4 mRNA (Fig. 6B). Furthermore, the mRNA expres-
sion levels of PDCD4 were analyzed in U87-miR-96-OE 
cells. Compared with negative control cells, mRNA expres-
sion of PDCD4 was significantly reduced in U87-miR-96-OE 
cells (Fig. 6C). By contrast, mRNA expression of PDCD4 was 
significantly increased in T98g-miR-96-KD cells compared 

Figure 5. Overexpression of miR-96 in radiosensitive U87-MG cells enhances DNA repair following radiotherapy. (A) Representative images and (B) quantifi-
cation of γH2AX immunostaining in U87-NC and U87-miR-96-OE cells treated with 0 or 6 Gy radiation. (C) Representative images and (D) quantification of 
comet assay in U87-NC and U87-miR-96-OE cells treated with 0 or 6 Gy radiation. All experiments were repeated three times. γH2AX, phosphorylated-H2A 
histone family member X; NC, negative control; OE, overexpression.
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with the negative control cells  (Fig.  6D). Results from 
western blot analysis confirmed these results at the protein 
level (Fig. 6E and F). These data demonstrated that miR-96 
suppressed the expression of PDCD4 in GMB cells.

PDCD4-overexpressing U87-MG cells regain radiosensi-
tivity. To discover whether miR-96-mediated radioresistance 
occurred through targeting PDCD4, a  stable PDCD4-
overexpressing cell lines was constructed in U87-miR-96-OE 

Figure 6. miR-96 suppresses the expression of PDCD4 in glioblastoma cells. (A) Schematic representation of the 3'UTR of the human PDCD4 gene and its pre-
dicted binding site for miR-96. Nucleotides in red font [PDCD4‑3'UTR (1103-1136 bp)-mut] were mutated as a control for the luciferase assay. (B) Luciferase 
reporter assay for the miR-96 activity on the PDCD4 3'UTR. (C) Relative PDCD4 mRNA levels in U87-MG cells with or without miR-96 overexpression. 
(D) Relative PDCD4 mRNA levels in T98g cells with or without miR-96 knockdown. (E) Western blot analysis of PDCD4 protein levels in U87-MG cells with 
or without miR-96 overexpression. (F) Western blot analysis of PDCD4 protein levels in T98g cells with or without miR-96 knockdown. PDCD4, programmed 
cell death protein 4; UTR, untranslated region; wt, wild-type; mut, mutant; NC, negative control; OE, overexpression; KD, knockdown.

Figure 7. PDCD4-overexpressing U87-miR-96-OE cells regain radiosensitivity. (A) Western blot analysis of PDCD4 protein levels in U87-miR-96-OE cells 
with or without PDCD4 overexpression. (B) Representative plots and (C) quantification of flow cytometry analysis of cell apoptosis in U87-miR-96-OE-NC 
and U87-miR-96-OE-PDCD4 OE cells treated with 6 Gy radiation. (D) Representative images and (E) quantification of clonogenic formation assay of 
U87‑miR‑96-OE-NC and U87-miR-96-OE-PDCD4 OE cells treated with 6 Gy radiation. All experiments were repeated three times. PDCD4, programmed 
cell death protein 4; OE, overexpression; NC, negative control; PI, propidium iodide.
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cells. As illustrated in Fig. 7A, PDCD4 was efficiently over-
expressed in U87-miR-96-OE cells compared with negative 
control. An apoptosis assay for these cells following 6-Gy 
treatment demonstrated that PDCD4 overexpression 
in U87-miR-96-OE cells increased the % of apoptotic 
cells compared with the control group  (Fig.  7B  and  C). 
Furthermore, a clonogenic formation assay revealed that 
PDCD4 overexpression in U87-miR-96-OE cells reduced 
their clonogenic formation ability following radio-
therapy (Fig. 7D and E).

As far as DNA repair is concerned, the number of γH2AX 
foci was significantly elevated in the PDCD4‑overexpressing 
U87-miR-96-OE cells compared with the control 
group (Fig. 8A and B). These data indicated that the PDCD4-
overexpressing U87-miR-96-OE cells were less able to perform 
DNA repair. For the comet assay, cells were treated with 0 or 
6 Gy of radiation and collected at 0 and 3 h. As presented 
in Fig. 8C and D, the OTM was significantly increased in 
the PDCD4-overexpressing U87-miR-96-OE cells compared 
with the control cells. Altogether, these results indicated that 
PDCD4 overexpression reversed the effects of miR-96 on the 
radiosensitivity of U87-MG cells.

Discussion

The current GBM treatment standards include maximal resec-
tion followed by radiotherapy with concomitant and adjuvant 
therapies (32). Despite these aggressive therapeutic regimens, the 
majority of patients suffer recurrence due to molecular heteroge-
neity of GBM (33). A number of genes associated with radiotherapy 
response have been investigated, including isocitrate dehydro-
genase mutations, 1p19q deletion, O-6-methylguanine-DNA 
methyltransferase promoter methylation, and epidermal growth 
factor receptor variant III amplification (34-37). Besides these 
mechanisms, resistance to radiotherapy involves cancer stem 
cells (38). In the present study, miR-96 was demonstrated to be 
significantly upregulated in radioresistant GBM cells, indicating 
that miR-96 might be a novel biomarker for radiotherapy response 
in GBM. In addition to miR-96, we previously reported that 
inhibitor of DNA binding 1 affects the efficacy of radiotherapy in 
GBM (39). The underlying molecular mechanisms of radioresis-
tance are very complex and need further investigation.

miR-96 has multiple functions in tumor progression. 
Upregulation of miR-96 reduces the susceptibility of 
esophageal cancer cells to chemotherapy or radiotherapy (19). 

Figure 8. Overexpression of PDCD4 in U87-miR-96-OE cells inhibits DNA repair following radiotherapy. (A) Representative images and (B) quantification 
of γH2AX immunostaining in U87-miR-96-OE-NC and U87-miR-96-OE-PDCD4 OE cells treated with 0 or 6 Gy radiation. (C) Representative images and 
(D) quantification of comet assay in U87-miR‑96-OE-NC and U87-miR-96-OE-PDCD4 OE cells treated with 0 or 6 Gy radiation. All experiments were repeated 
three times. PDCD4, programmed cell death protein 4; OE, overexpression; γH2AX, phosphorylated-H2A histone family member X; NC, negative control.
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Consistently, the present results revealed that overexpression 
of miR-96 in radiosensitive GBM cells reduced radiosensi-
tivity. By contrast, knockdown of miR-96 in radioresistant 
GBM cells enhanced their radiosensitivity. Thus, upregulated 
miR-96 promotes radioresistance in glioblastoma cells, and 
targeting miR-96 might be a novel strategy in GBM treatment.

PDCD4 is a potential tumor suppressor gene in GBM by medi-
ating apoptosis, which may in turn result in the resistance of GBM 
cells against chemotherapy or radiation (40). Downregulation of 
PDCD4 is associated with a poor prognosis. miRNAs, such as 
miR-21 and miR-183, target PDCD4 (6,30,41). In this study, the 
importance of miR-96 was revealed by microarray analysis of 
clinical samples, where miR-96 was demonstrated to be upregu-
lated in GBM cases compared with normal tissues  (Fig. 1). 
However, the potential cooperation between miR-96 and miR-21 
remains unclear and needs further investigation. The present 
study was the first study to demonstrate that upregulated miR-96 
promotes radioresistance in glioblastoma cells via targeting 
PDCD4. All these findings suggest that miR-96 might be a 
potential therapeutic target for GBM.
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