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Abstract. Glioblastoma (GBM) is the predominant and most 
fatal type of brain tumor in adults. The prognosis of GBM 
remains poor despite advances in surgery, chemotherapy and 
radiotherapy. It is common that patients with GBM exhibit 
innate or acquired resistance to temozolomide (TMZ), a stan-
dard chemotherapeutic agent for GBM, and a previous report 
demonstrated that miRNA-233 (miR-223) promotes the growth 
and invasion of GBM cells by targeting tumor suppressor 
paired box 6 (PAX6). The present study explored the effect of 
TMZ on miR-223/PAX6 signaling in addition to the effect of 
miR-223/PAX6 signaling on TMZ chemoresistance in human 
GBM cells. Luciferase reporter assays confirmed that miR‑223 
directly targets PAX6 through binding to its 3'-untranslated 
region. TMZ reduced the expression level of miR-223 in a 
concentration-dependent manner in U251 and U118 GBM 
cells, which led to increased expression of PAX6. miR-223 
and/or PAX6 were overexpressed and knocked down in U251 
and U118 cells, and the half maximal inhibitory concentration 
(IC50) of TMZ and cell proliferation under TMZ treatment 
were used as measures of TMZ chemoresistance. The results 
demonstrated that overexpression of miR-223 in GBM cells 
markedly decreased TMZ-induced inhibition of cell prolif-
eration and increased TMZ IC50, which could be abolished by 
overexpression of PAX6. On the other hand, knocking down 
miR‑223 in GBM cells with antagomir significantly enhanced 
the inhibitory effect of TMZ on GBM cell proliferation and 
decreased the TMZ IC50, which could be abolished by knock-
down of PAX6. In conclusion, the present study demonstrated 

that TMZ inhibits GBM cell proliferation by inhibiting the 
expression of miR-223, which leads to increased expression 
of tumor suppressor PAX6. Overexpression of miR-223 
increases TMZ chemoresistance, while inhibition of miR-223 
with antagomir markedly decreases TMZ chemoresistance 
in GBM cells. The present study provided novel insight into 
the molecular mechanisms underlying the pharmacological 
effects, in addition to the chemoresistance, of TMZ for GBM. 

Introduction

Glioblastoma multiforme (GBM) is the most malignant type 
of primary adult brain tumor (1). Patients with GBMs have 
a median survival of only 12-15 months (2). Surgery with 
maximum feasible resection, radiotherapy and treatment 
with alkylating agent temozolomide (TMZ) are standard 
treatments for GBM (3). The rapid growth and high rate of 
recurrence of GBM make surgical resection non-curative and 
leads to poor prognosis of this disease (4). Although TMZ has 
been identified to improve the survival rates of patients with 
GBM, a majority experience disease progression within one 
year (3). Therefore, it is important to identify ways to promote 
the efficacy of TMZ for GBM.

Paired box 6 (PAX6), a transcription factor critical for 
the development of the brain, is additionally expressed in 
the adult brain (5). Previous studies have demonstrated that 
PAX6 functions as a tumor suppressor that markedly limits 
the growth of GBM cells (6). The expression level of PAX6 
reportedly is inversely correlated with the tumorigenicity and 
invasion of GBM cell lines and is significantly reduced in 
GBMs (7,8).

MicroRNAs (miRNAs) are small non-coding RNA 
molecules (containing ~22 nucleotides) that function in RNA 
silencing and post-transcriptional regulation of gene expres-
sion. miRNAs normally cleave mRNA by base-pairing to 
the 3'-untranslated region (UTR) of the target genes (9). 
Previously, it has been identified that miRNAs are involved 
in the progression and chemoresistance of numerous types 
of cancer, including GBM (10,11). Previous studies have 
suggested that miRNAs may be important regulators of the 
therapeutic efficacy of TMZ for GBMs (12-14).
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The present study aimed to investigate the potential inter-
action among TMZ, PAX6 and miRNAs in GBM cells and 
assess its impact on GBM cell proliferation for, to the best of 
our knowledge, the first time.

Materials and methods

Cells lines and reagents. U251 and U118 human GBM cell 
lines were purchased from the Cell Center of Peking Union 
Medical University (Beijing, China) and American Type 
Culture Collection (ATCC; Manassas, VA, USA), respec-
tively. Human PAX6-short hairpin RNA (shRNA) plasmid 
(sc-36195-SH), control shRNA plasmid (sc-108060), mouse 
monoclonal anti-PAX6 (AD2, 35) (sc-53108) and mouse 
monoclonal anti-β-actin (C4) (sc-47778) antibodies were 
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, 
CA, USA). miR-223 mimic and miR-223 antagomir  
[a 20‑O‑methyl (20‑OMe) modified antisense oligonucleotide 
5'-GGGGUAUUUGACAAACUGACA-3'] were purchased 
from Shanghai GenePharma Co., Ltd. (Shanghai, China). 
Lipofectamine 2000 transfection reagent was purchased 
from Life Technologies (Thermo Fisher Scientific, Inc., 
Waltham, MA, USA). The bromodeoxyuridine (BrdU) 
Cell Proliferation ELISA kit (colorimetric; ab126556) 
was purchased from Abcam (Cambridge, MA, USA) and 
the dual-luciferase reporter assay system was purchased 
from Promega Corp. (Madison, WI, USA). Human full 
length PAX6 cDNA clone (SC109551) was purchased from 
OriGene Technologies, Inc. (Beijing, China) and subcloned 
into pcDNA 3.1 expression vector (Life Technologies; 
Thermo Fisher Scientific, Inc.). The PAX6‑3'UTR‑luciferase 
reporter was generated by subcloning human PAX6 3'-UTR 
into the psiCheck2 vector (Promega Corp.) downstream 
of the Renilla luciferase gene. miRNAs potentially able to 
suppress PAX6 expression were selected using TargetScan 
prediction software version 6.0 (www.targetscan.org). TMZ 
and all chemicals of reagent grade were purchased from 
Sigma-Aldrich (Merck Millipore, Darmstadt, Germany). 
TMZ was dissolved in dimethyl sulfoxide at a stock concen-
tration of 100 mM and stored at ‑20˚C.

Transfection. Plasmids, miR-223 mimic and antagomir were 
respectively transfected into cells using Lipofectamine 2000 
transfection reagent (Life Technologies; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions. 
The cells were subject to analysis 48 h after transfection.

Western blot analysis. Cells were lysed with a hypotonic 
buffer containing 2% Nonidet-P and a protease inhibitor 
cocktail (Sigma-Aldrich; Merck Millipore) by sonication three 
times for 3 sec on ice. The supernatant obtained after centrifu-
gation at 2,000 x g for 15 min at 4˚C was used for protein 
concentration determination by the Coomassie blue method 
and for subsequent steps. Equal amounts of protein (5 µg) for 
each sample were separated using a 10% SDS-polyacrylamide 
gel and blotted onto a polyvinylidene difluoride microporous 
membrane (EMD Millipore, Billerica, MA, USA). Membranes 
were incubated for 1 h at room temperature with a 1:1,000 
dilution of the primary antibody and then washed and revealed 
using incubation with bovine anti-mouse secondary antibody 

conjugated with horseradish peroxidase conjugate (1:5,000; 
Santa Cruz Biotechnology, Inc.; cat. no. sc-2371) at room 
temperature for 1 h. Peroxidase was observed using a GE 
Healthcare ECL kit (RPN2235; GE Healthcare Life Sciences, 
Shanghai, China). Three independent experiments were 
performed.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). RNA was prepared from cells using TRIzol 
reagent and cDNAs were synthesized using SuperScript II 
reverse transcriptase (Invitrogen; Thermo Fisher Scientific, 
Inc.). RT-qPCR was performed on an ABI-Prism 7700 
Sequence Detection system, with use of the fluorescent dye 
SYBR-Green Master Mix (Applied Biosystems, Thermo 
Fisher Scientific, Inc., Beijing, China) as described by the 
manufacturer. The results were normalized against that of the 
reference gene glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) in the same sample. The primers used were as 
follows: Human PAX6, 5'-AGA CAC AGC CCT CAC AAA C-3' 
(forward) and 5'-ATC ATA ACT CCG CCC ATTC-3' (reverse); 
human GAPDH, 5'-GAC TCA TGA CCA CAG TCC ATGC-3' 
(forward) and 5'-AGA GGC AGG GAT GAT GTT CTG-3' 
(reverse). The PCR reaction mixture contained 12.5 µl 
SYBR‑Green Master Mix (Thermo Fisher Scientific, Inc.), 
500 ng template cDNA, forward and reverse primers (0.25 µM 
each) and 12 µl nuclease‑free water (Thermo Fisher Scientific, 
Inc.). The thermocycling conditions were as follows: 20 sec at 
95˚C; followed by 40 cycles of 5 sec at 95˚C and 30 sec at 
60˚C. Each experiment was repeated three times in duplicate.

Luciferase assay. Cells were transfected with the 
human PAX6-3'UTR-luciferase reporter plasmid using 
Lipofectamine 2000 transfection reagent (Life Technologies; 
Thermo Fisher Scientific, Inc.) and then cultured for 48 h. 
Luciferase assays were performed with the Dual-Luciferase 
Reporter Assay system (Promega Corp.) according to the 
manufacturer's instructions. Each experiment was repeated 
three times in duplicate.

BrdU cell proliferation assay. Cells were cultured at 2x105 cells 
per well in 96-well tissue culture plates and treated with TMZ 
(400 µmol/l) for 48 h at 37˚C. Cell proliferation was measured 
at 48 h with a colorimetric BrdU Cell Proliferation ELISA kit 
(Abcam) (15,16). BrdU was added 4 h before the end of the 
incubation period. The cells were then fixed, the DNA was 
denatured, and BrdU content was assessed using a monoclonal 
anti-BrdU antibody following the manufacturer's instruc-
tions (Abcam). Cell proliferation was presented as the optical 
density values at 450 nm. Each experiment was repeated three 
times in duplicate.

TMZ chemosensitivity assay. Cells were plated in duplicate in 
96-well plates at a density of 5,000 cells per well. Transfection 
of plasmids, miR-223 mimic and antagomir were performed 
6 h later. After 24 h of incubation, the medium was replaced 
by fresh medium with or without various concentrations (0.1, 
0.15, 0.20, 0.25, 0.3, 0.5, 1.0, 1.5, 3.0, 6.0 or 15.0 mM) of TMZ 
(Sigma-Aldrich; Merck Millipore). Then cell viability was 
assayed 72 h later using a modified MTT assay as previously 
described (17). The half maximal inhibitory concentration 
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(IC50) values were defined as the concentrations resulting in a 
50% reduction in growth compared with control cell growth.

Statistical analysis. Statistical analyses were performed with 
SPSS for Windows, version 10.0 (SPSS Inc., Chicago, IL, 
USA). All data values were expressed as the mean ± standard 
deviation. Comparisons of the means among multiple groups 
were performed with one-way analysis of variance followed 
by post hoc pairwise comparisons using Tukey's tests. A 
two-tailed P<0.05 was considered to indicate a statistically 
significant difference.

Results

TMZ induces expression of PAX6 in GBM cells. To examine 
the effect of TMZ on the expression of PAX6 in GBM cells, 
human U251 and U118 GBM cells were treated with TMZ 
in increasing concentrations (100, 200 or 400 µM) for 48 h. 
As presented in Fig. 1, TMZ in the concentration range of 
100-400 µM increasingly augmented the protein and mRNA 
levels of PAX6 in U251 and U118 cells within 48 h of treat-
ment. The results indicate that TMZ induces the expression of 
PAX6 in GBM cells.

PAX6 is critical for the inhibitory effect of TMZ on GBM cell 
proliferation. To explore the functional role of PAX6 in the 
inhibitory effect of TMZ on GBM cell proliferation, PAX6 was 

overexpressed and knocked down in U251 and U118 cells. As 
presented in Fig. 2, transfection of the cells with a PAX6 expres-
sion vector increased the protein level of PAX6 by ~2.4-fold 
in U251 cells and 4.7-fold in U118 cells. On the other hand, 
transfection of the cells with PAX6-shRNA plasmids knocked 
down the protein level of PAX6 by ~60% in U251 cells and 
70% in U118 cells. The proliferation of U251 and U118 cells 
with or without TMZ (400 µM) treatment was measured after 
this. BrdU cell proliferation assays demonstrated that 48 h of 
TMZ treatment significantly inhibited GBM cell proliferation 
in both U251 and U118 cells (Fig. 3). Overexpression of PAX6 
increased the inhibitory effect of TMZ on GBM cell prolif-
eration; on the other hand, knockdown of PAX6 abolished the 
inhibitory effect of TMZ on GBM cell proliferation (Fig. 3). 

Figure 1. Effect of TMZ on expression of PAX6 in GBM cells. The (A) protein 
and (B) mRNA levels of PAX6 were determined with western blot analysis 
and reverse transcription-quantitative polymerase chain reaction in U251 
(left panel) and U118 (right panel) GBM cells treated with the indicated 
concentrations of TMZ for 48 h. β-actin blotting was used as a loading 
control in western blot analysis. Density of the PAX6 blot was normalized 
against that of the β-actin blot to obtain a relative blot density, which was 
then expressed as fold changes to that of the untreated cells (designated as 1). 
The mRNA level of PAX6 was also expressed as fold changes to that of the 
untreated cells (designated as 1). *P<0.05 vs. untreated. TMZ, temozolomide; 
PAX6, paired box 6; GBM, glioblastoma multiforme.

Figure 2. Overexpression and knockdown of PAX6 in GBM cells. (A) In U251 
(left panel) and U118 (right panel) GBM cells, the protein levels of PAX6 were 
determined by western blot analysis in control cells, cells transfected with 
the empty pcDNA3.1 plasmid and cells transfected with the PAX6 expression 
vector. (B) In U251 (left panel) and U118 (right panel) GBM cells, the protein 
levels of PAX6 were determined with western blot analysis in control cells, 
cells transfected with Con-shRNA and cells transfected with PAX6-shRNA 
plasmids. β-actin blotting was used as a loading control. Density of the PAX6 
blot was normalized against that of the β-actin blot to obtain a relative blot 
density, which was then expressed as fold changes to that of control cells 
(designated as 1). *P<0.05 vs. control. PAX6, paired box 6; GBM, glioblas-
toma multiforme; Con, control; shRNA, short hairpin RNA.
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The results suggest that PAX6 is an essential mediator of the 
inhibitory effect of TMZ on GBM cell proliferation.

TMZ inhibits expression of miR‑223, which targets PAX6 
in GBM cells. Next the TargetScan prediction software was 
employed to analyze the 3'-UTR of the PAX6 gene, which 
revealed that miR-223, miR-590-3p, miR-190, miR-190b and 
miR-7 would be most likely to target PAX6. As presented 
in Fig. 4A, TMZ (100-400 µM) concentration-dependently 
reduced the expression of miR-223 in U251 and U118 cells 
in a concentration-dependent manner within 48 h of treat-
ment. Compared with that of miR-223, the expression levels 
of miR-590-3p, miR-190, miR-190b and miR-7 were not as 
significantly regulated by TMZ in GBM cells (data not shown). 
Thus, the interaction among TMZ, PAX6 and miR-223 in 
GBM cells was further explored. To demonstrate a direct 
interaction between miR-223 and PAX6, the 3'-UTR of the 
PAX6 gene was inserted downstream of the Renilla lucif-
erase gene in the psiCheck2 vector to generate a wild type 
(wt)-PAX6-3'UTR-luciferase reporter. Meanwhile, the poten-
tial binding sequence for miR-223 in the 3'-UTR of the PAX6 
gene, as predicted by TargetScan, was mutated to generate 
a mut-PAX6-3'UTR-luciferase reporter (Fig. 4B). U251 

and U118 cells were co-transfected with miR-223 mimic or 
antagomir together with either the wt-PAX6-3'UTR-luciferase 
reporter or the mut-PAX6-luciferase reporter. As presented in 
Fig. 4C and D, compared with the scrambled control, miR-223 
mimic and antagomir decreased and increased the luciferase 
activity of the wt-PAX6-3'UTR respectively, however did not 
affect that of the mut-PAX6-3'UTR reporter. This suggests that 
miR-223 could suppress the expression of PAX6 by directly 

Figure 4. Effect of TMZ on expression of miR-223 and effect of miR-223 
on PAX6 3'-UTR luciferase reporter in GBM cells. (A) miR-223 levels were 
determined in U251 (left panel) and U118 (right panel) GBM cells treated 
with the indicated concentrations of TMZ for 48 h. *P<0.05 vs. untreated. 
(B) miR-223 binding sequence in wt-PAX6-3'UTR-luciferase reporter and 
mutated sequence in mut-PAX6-3'UTR-luciferase reporter. (C) Luciferase 
activities were measured in U251 (left panel) and U118 (right panel) GBM 
cells co-transfected with miR-223 mimic and the PAX6 3'-UTR luciferase 
reporter with wt-PAX6 or mut-PAX6 miR223-binding sequences. Cells 
co-transfected with SCR instead of miR-223 mimic were used as the control. 
The luciferase activity was expressed as fold changes to that of cells co-trans-
fected with SCR (designated as 1). (D) Luciferase activities were measured 
in U251 (left panel) and U118 (right panel) GBM cells co-transfected with 
miR-223 antagomir and PAX6 3'-UTR luciferase reporter with wt-PAX6 
or mut-PAX6 3'-UTR sequence. Cells co-transfected with SCR instead of 
miR-223 antagomir were used as the control. The luciferase activity was 
expressed as fold changes to that of cells co-transfected with SCR (desig-
nated as 1). *P<0.05 vs. SCR. TMZ, temozolomide; PAX6, paired box 6; 
UTR, untranslated region; GBM, glioblastoma multiforme; miR, miRNA; 
wt, wild type; mut, mutated; SCR, scrambled control.

Figure 3. Effect of PAX6 on proliferation of GBM cells. (A) In U251 (left 
panel) and U118 (right panel) GBM cells, cell proliferation was measured 
with a microplate reader-based BrdU cell proliferation ELISA kit in cells 
transfected with the empty pcDNA3.1 plasmid and cells transfected with the 
PAX6 expression vector with or without TMZ treatment (400 µM) for 48 h. 

Cell proliferation was shown in OD values at 450 nm. aP<0.05 vs. pcDNA3.1; 
bP<0.05 vs. PAX6; cP<0.05 vs. TMZ + pcDNA3.1. (B) In U251 (left panel) 
and U118 (right panel) GBM cells, cell proliferation was measured with a 
microplate reader-based BrdU cell proliferation ELISA kit in cells trans-
fected with Con-shRNA and cells transfected with PAX6-shRNA plasmids 
with or without TMZ treatment (400 µM) for 48 h. Cell proliferation was 
presented as the OD values at 450 nm. aP<0.05 vs. Con-shRNA; bP<0.05 
vs. PAX6-shRNA; cP<0.05 vs. TMZ + Con-shRNA. PAX6, paired box 6; 
GBM, glioblastoma multiforme; TMZ, temozolomide; OD, optical density; 
Con, control; shRNA, short hairpin RNA.
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binding to the 3'-UTR of the PAX6 gene. RT-qPCR assays 
demonstrated that miR-223 mimic and antagomir decreased 
and increased the mRNA levels of PAX6, respectively, in 
U251 and U118 cells (Fig. 5), confirming that miR‑223 targets 
PAX6 in GBM cells.

TMZ/miR‑223 signaling inhibits GBM cell proliferation 
through inducing expression of PAX6. The above observa-
tions indicate that TMZ inhibits the expression of miR-223, 
which targets PAX6 in GBM cells. To explore the effect of 
TMZ/miR-223/PAX6 signaling on GBM cell proliferation, it 
was first examined how TMZ/miR‑223 signaling would regu-
late the expression of PAX6 in GBM cells. In the absence of 
TMZ treatment, compared with scrambled control, miR-223 
mimic decreased the expression of PAX6 by approximately 
60% in U251 cells and 70% in U118 cells, while miR-223 
antagomir increased the expression of PAX by approximately 
2.1-fold in U251 cells and 2.7-folds in U118 cells (Fig. 6). In 
the presence of TMZ treatment (400 µM for 48 h), compared 
with scrambled control, miR-223 mimic decreased the expres-
sion of PAX6 by approximately 45% in U251 cells and 75% in 
U118 cells, while miR-223 antagomir increased the expression 
of PAX by approximately 2.5-fold in U251 cells and 3.5-fold in 
U118 cells (Fig. 6). Regardless of TMZ treatment, overexpres-
sion and knockdown of PAX6 respectively abolished the effects 

of miR-223 mimic and antagomir (Fig. 6). In the presence of 
TMZ treatment (400 µM for 48 h), compared with the controls, 
miR-223 mimic increased proliferation by approximately 
1.3-fold in U251 cells and 1.6-fold in U118 cells, while miR-223 
antagomir decreased proliferation by approximately 30% in 
U251 cells and 43% in U118 cells (Fig. 7). Overexpression and 
knockdown of PAX6, respectively, abolished the effects of 
miR-223 mimic and antagomir (Fig. 7).

Inhibition of miR‑223/PAX6 signaling increases TMZ chemo‑
resistance in GBM cells. To explore the effect of inhibition of 
miR-223/PAX6 signaling on TMZ chemoresistance in GBM 
cells, TMZ IC50 values were examined. A higher IC50 value 
was considered to correspond with clinical chemoresistance to 
TMZ. U251 and U118 GBM cells were plated in 96-well plates. 
Transfection of plasmids, miR-223 mimic and antagomir were 
performed 6 h later. After 24 h of incubation, the medium was 
replaced by fresh medium with or without various concentra-
tions of TMZ, and cell viability was assayed 72 h later. As 
presented in Fig. 8, the TMZ IC50 values in U251 and U118 
cells were 240 and 970 µM, respectively; miR-223 mimics 
increased the TMZ IC50 to 2,549 and 8,900 µM, respectively, 
which was abolished by overexpression of PAX6. On the other 
hand, inhibiting miR-223 with antagomir decreased TMZ IC50 

to 45 and 170 µM in U251 and U118 cells, respectively, which 
was abolished by knockdown of PAX6 (Fig. 8).

Discussion

GBM is a fatal adult brain tumor (18), and the prognosis of 
GBM remains poor despite advances in surgery, chemotherapy 
and radiotherapy (2,4). It is common that patients with GBM 
show innate or acquired resistance to TMZ, a standard 
chemotherapeutic agent for GBM (3). PAX6 is reported as an 
independent prognostic marker for GBM (5). There is accu-
mulating evidence that PAX6 functions as a tumor suppressor 
and suppresses growth of GBM cells (6). A recent study has 
demonstrated that miR-223 promotes the growth and inva-
sion of GBM cells by targeting PAX6 (8). The present study 
confirms that miR‑223 directly targets PAX6 in GBM cells. 
Nevertheless, the highlight of the present study is providing 
the first evidence that TMZ inhibits the proliferation of GBM 
cells by increasing the expression of PAX6 through inhibiting 
miR-223. In addition, it demonstrates that inhibiting miR-223 
can markedly decrease TMZ chemoresistance in GBM cells, 
suggesting that miR-223/PAX6 signaling could be a potential 
target for overcoming TMZ chemoresistance in GBM.

In the present study, two GBM cell lines (U251 and U118) 
were used as the cell models. In both cell lines, TMZ concentra-
tion-dependently decreased the expression of miR-223, which 
led to increased expression of PAX6 and decreased prolif-
eration of GBM cells. The TMZ/miR-223/PAX signaling axis 
provides novel insight into the pharmacological mechanisms 
of TMZ. The molecular mechanism underlying TMZ-induced 
inhibition of miR-223 requires further investigation.

TMZ IC50 was employed as a measure of TMZ chemo-
resistance in GBM cells. An increased IC50 was considered 
to correspond with clinical chemoresistance to TMZ. 
Overexpression and inhibition of miR-223, respectively, 
decreased and increased the expression of PAX6, which 

Figure 5. Effect of miR-223 on the mRNA level of PAX6 in GBM cells. 
(A) In U251 (left panel) and U118 (right panel) GBM cells, the mRNA levels 
of PAX6 were determined with RT-qPCR in control cells, cells transfected 
with scrambled control (SCR), and cells transfected with miR-223 antagomir. 
(B) In U251 (left panel) and U118 (right panel) GBM cells, the mRNA levels 
of PAX6 were determined by RT-qPCR in control cells, cells transfected with 
SCR and cells transfected with miR-223 mimic. The mRNA level of PAX6 
was expressed as fold changes to that of control (designated as 1). *P<0.05 
vs. control. PAX6, paired box 6; GBM, glioblastoma multiforme; RT-qPCR, 
reverse transcription-quantitative polymerase chain reaction; SCR, scram-
bled control; miR, miRNA.
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markedly altered TMZ IC50 by ~1 order of magnitude in GBM 
cells. In the presence of TMZ, miR‑223 antagomir significantly 
enhanced TMZ-induced inhibition on GBM cell proliferation 
and decreased TMZ chemoresistance, suggesting that inhibi-
tion of miR-223 may be a potential novel strategy to enhance 
the therapeutic effects of TMZ on GBM. The effects of 
miR-223 antagomir was respectively abolished and enhanced 
by knockdown and overexpression of PAX6, confirming that 
miR-223 promotes GBM resistance to TMZ predominantly by 

downregulating PAX6, or miR-223 antagomir decreases TMZ 
chemoresistance by upregulating PAX6.

miR-223 is a highly conserved miRNA, that was origi-
nally identified to be crucial for myeloid differentiation of 
progenitor cells (19). The expression levels of miR-223 are 
reportedly decreased in chronic lymphocytic leukemia (CLL) 
and could predict treatment-free survival and overall survival 
for CLL (20). It is also commonly repressed in hepatocel-
lular carcinoma (21). A previous study has demonstrated that 

Figure 6. Effect of TMZ/miR-223 signaling on the protein level of PAX6 in GBM cells. In (A) U251 and (B) U118 GBM cells with or without TMZ treat-
ment (400 µmol/l) for 48 h, the protein levels of PAX6 were determined with western blot analysis in cells transfected with SCR (lanes 1 and 6), cells 
transfected with miR-223 mimic (lanes 2 and 7), cells transfected with miR-223 antagomir (lanes 3 and 8), cells co-transfected with miR-223 antagomir and 
PAX6-shRNA (lanes 4 and 9) and cells co-transfected with miR-223 mimic and PAX6 (lanes 5 and 10). β-actin blotting was used as a loading control. Density 
of the PAX6 blot was normalized against that of the β-actin blot to obtain a relative blot density, which was then expressed as fold changes to that of cells 
transfected with SCR without TMZ treatment (designated as 1). aP<0.05 vs. SCR; bP<0.05 vs. miR-223; cP<0.05 vs. miR-223 antagomir; dP<0.05 vs. miR-223 
antagomir + PAX6-shRNA. TMZ, temozolomide; miR, miRNA; PAX6, paired box 6; GBM, glioblastoma multiforme; SCR, scrambled control; shRNA, short 
hairpin RNA.
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miR-223 inhibits non-small cell lung cancer cell prolif-
eration and invasion, suggesting that it functions as a tumor 
suppressor (22). On the other hand, miR-223 is upregulated 
in bladder cancer (23) and esophageal squamous cell carci-
noma (24), and it has been identified to promote tumor cell 
proliferation and invasion in gastric cancer and GBM (8,25). 
In this study, it is demonstrated that miR-223 antagonizes 

the inhibitory effects of TMZ on GBM cells by inhibiting 
the expression of PAX6. Taken together, the observations 
suggest that miR-223 likely serves a dual role in cancer 
malignancy and chemoresistance, depending on tissue 
specificity, and possibly, tissue‑specific expression of PAX6. 
Due to the fact that PAX6 is expressed in the eye, brain and 
pancreas in healthy adults (5), the exploration of the role of 

Figure 8. Effect of miR-223/PAX6 signaling on TMZ chemoresistance in 
GBM cells. (A) U251 and (B) U118 GBM cells were plated into 96-well 
plates. Transfection of plasmids, miR-223 mimic and antagomir were 
performed 6 h later. After 24 h of incubation, the medium was replaced 
by fresh medium with or without various concentrations of TMZ, and cell 
viability was assayed 72 h later. The half maximal inhibitory concentrations 
(IC50) of TMZ were determined in NC cells, cells transfected with SCR, cells 
transfected with miR-223 mimic, cells transfected with miR-223 antagomir, 
cells co-transfected with miR-223 antagomir and PAX6-shRNA and cells 
co-transfected with miR-223 mimic and PAX6. aP<0.05 vs. NC and SCR; 
bP<0.05 vs. miR-223. miR, miRNA; PAX6, paired box 6; TMZ, temozolo-
mide; NC, normal control; SCR, scrambled control.

Figure 7. Effect of TMZ/miR-223/ PAX6 signaling on proliferation of GBM 
cells. In (A) U251 and (B) U118 GBM cells with TMZ treatment (400 µM) 
for 48 h, cell proliferation was measured at 48 h of culture with a microplate 
reader-based BrdU cell proliferation ELISA kit in cells transfected with 
SCR, cells transfected with the empty pcDNA3.1 plasmid, cells transfected 
with Con-shRNA, cells transfected with miR-223 mimic, cells transfected 
with miR-223 antagomir, cells transfected with PAX6, cells transfected with 
PAX6-shRNA, cells co-transfected with miR-223 mimic and PAX6 and cells 
co-transfected with miR-223 antagomir and PAX-shRNA. Cell proliferation 
was indicated by OD values at 450 nm. aP<0.05 vs. controls (SCR, pcDNA3.1 
and Con-shRNA); bP<0.05 vs. miR-223; cP<0.05 vs. miR-223 antagomir; 
dP<0.05 vs. PAX6; eP<0.05 vs. PAX6-shRNA; fP<0.05 vs. miR-223 + PAX6. 
TMZ, temozolomide; miR, miRNA; PAX6, paired box 6; GBM, glioblas-
toma multiforme; SCR, scrambled control; Con, control; shRNA, short 
hairpin RNA; OD, optical density.
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miR-223/PAX6 signaling in the pathogenesis and chemoresis-
tance of retinoblastoma and pancreatic cancer besides GBM 
may be beneficial.

Similar to that of several other solid tumor types, GBM 
is considered to be driven by a small sub-population of cells 
known as glioma stem cells (26). miR-223 reportedly func-
tions as an essential regulator of human embryonic stem cell 
differentiation (27). Previous studies have indicated that PAX6 
serves an important role in maintaining retinal stem cell 
properties (28) and is overexpressed in cancer stem-like cells 
in retinoblastoma (29), suggesting that PAX6 may be closely 
involved in maintenance of cancer stem cells. Thus, the exami-
nation of the role of miR-223/PAX6 signaling in the biology 
and chemoresistance of glioma stem cells may be beneficial 
in future studies.

In conclusion, the present study demonstrates that TMZ 
inhibits GBM cell proliferation by inhibiting the expression 
of miR-223, which leads to increased expression of tumor 
suppressor PAX6. While overexpression of miR-223 increases 
TMZ chemoresistance, inhibition of miR-223 with antagomir 
markedly decreases TMZ chemoresistance in GBM cells. 
The present study provides novel insight into the molecular 
mechanisms underlying the pharmacological effects and 
chemoresistance of TMZ for GBM.
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