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Abstract: TP53 induced glycolysis and apoptosis regulator (TIGAR) knockdown has been suggested to be a feasible 
solution to radiosensitize glioma cells. The mechanisms inside it were not fully understood. In this study, human ma-
lignant glioma cells, A172 and T98G, were treated with TIGAR siRNA and the relationship between TIGAR interfering-
induced radiosensitization and autophagy promotion in irradiated glioma cells was investigated. In order to explore 
whether TIGAR knockdown-promoted autophagy was protective or not, glioma cells were treated with 3-methylad-
enine. It was indicated that inhibition of autophagy diminished the radiosensitizing effect of TIGAR knockdown. 
NADPH content was determined to demonstrate the mechanism of TIGAR interfering-induced autophagy in irradi-
ated glioma cells. It was revealed that N-Acetylcysteine treatment abrogated TIGAR knockdown-induced NADPH 
depletion and inhibited the autophagy activity, while buthionine sulfoximine further increased the autophagy flux 
in cells suffered by TIGAR interfering and irradiation. In conclusion, our data revealed an excessive autophagy was 
induced by TIGAR knockdown in irradiated glioma cells, which was dependent on NADPH depletion.
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Introduction

Gliomas represent 80% of primary malignant 
brain tumors, and are mainly categorized into 
four grades: grade I, grade II, grade III and 
grade IV (glioblastoma) [1]. Glioblastoma is the 
most devastating malignant form of primary 
brain tumors and is extremely difficult to surgi-
cally eradicate. Although radiation therapy has 
benefited a lot of glioma patients, most glio-
blastomas are highly radioresistant and the 
efficacies are still far from satisfactory [2]. As a 
result, it is critical to develop novel therapeutic 
strategies for this disease.

Autophagy or “self-eating” digests proteins and 
functionless cell organelles to reuse [3]. One of 
the major functions of autophagy is maintain-
ing cellular homeostasis [4]. That means dam-

aged or dispensable proteins and organelles 
are removed to make cell survival. On the other 
side, if autophagy is over-activated, it may 
cause much more cell apoptosis or cell death 
[5]. Autophagy has recently emerged as an 
essential mechanism in irradiated human glio-
ma cells to orchestrate cellular response to ion-
izing radiation (IR)-induced DNA damage and 
oxidative stress [6]. 

TP53-induced glycolysis and apoptosis regula-
tor (TIGAR) is a p53-target gene structured and 
functioning as fructose-2, 6-bisphosphatase 
(FBPase-2), which inhibits glycolysis and acti-
vates the pentose phosphate pathway (PPP) [7, 
8]. In vitro analysis showed that TIGAR could be 
upregulated under oxidative stress induced by 
chemo-oxidants [9], nutrient starvation or met-
abolic stress [10], and radiotherapy [11, 12]. 
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TIGAR knockdown was proved to radiosensitize 
both A172 (p53 wild-type) and T98G (p53 mu- 
tant) glioma cells via inhibition of thioredoxin-1 
(TRX1) nuclear translocation and abrogation of 
DNA damage repair process [12]. The central 
mechanism of TIGAR knockdown-induced ra- 
diosensitization of glioma cells might be NADPH 
depletion-induced ROS accumulation.

TIGAR interfering also might up-regulate the 
autophagy activity in cells with nutrient starva-
tion [10]. It was reported that either nutrient 
starvation or metabolic stress could result in a 
strong activation of autophagy, which was sig-
nificantly increased by TIGAR interfering and 
reduced in TIGAR over-expressed cells.

Since TIGAR knockdown could significantly acti-
vate autophagy in cells suffered by oxidative 
stress, we hypothesized that TIGAR interfering-
induced reduction of radioresistance in glioma 
cells may be correlated with autophagy promo-
tion. In this study, we demonstrated the rela-
tionship between the radiosensitization and 
promotion of autophagy activity in glioma cells 
suffered by TIGAR interfering. Moreover, sup-
pression of TIGAR knockdown-promoted auto- 
phagy by pharmacological approach could 
diminish the radiosensitivity of glioma cells, 
which indicated that the autophagy induced by 
both TIGAR knockdown and IR treatment was 
traumatic.

Materials and methods

Cell culture and radiation conditions

Human glioma cell line A172 and T98G were 
cultured in Dulbecco’s Modified Eagle Medium 
with 10% fetal bovine serum (FBS). Cells were 
irradiated with an accelerator for X-ray therapy 
at a dose rate of 1.2 Gray (Gy)/min.

TIGAR knockdown

Small-interfering RNA (siRNA) sequence (5’-GC- 
AGCAGCTGCTGGTATAT-3’) was synthesized as 
an antisense, and a scramble sequence (5’-TT- 
ACCGAGACCGTACGTAT-3’) was synthesized as 
a negative control. siRNAs were transfected 
using LipofectamineTM 2000 (Invitrogen, Carls- 
bad, CA).

Vector construction, transfection and TIGAR 
overexpression

TIGAR was cloned using the following primers: 
5’-GCAGGTACCATGGCTCGCTTCGCTCTG-3’ (se- 

nse) and 5’-GCACTCGAGTTAGCGAGTTTCAGTC- 
AGTCC-3’ (antisense), then subcloned into pc- 
DNA3.1 vector (Invitrogen) to create pcDNA3.1-
TIGAR. The recombination plasmid was trans-
fected using LipofectamineTM 2000 (Invitrogen, 
Carlsbad, CA). And the transfection efficiency 
was determined by Western blot assay 48 h 
post-transfection.

Clonogenic survival assay

Twenty-four hours after transfection, cells were 
plated in triplicate into six-well plates. Plates 
were irradiated 24 hours after plating. Fourteen 
days after IR, cells were fixed and stained with 
Giemsa. Colonies consisting of more than 50 
cells were counted as a single colony. 

Western blot analysis

The cells were harvested and lysed on ice. 
Then, the cell lysates were centrifuged at 
12,000 rpm for 15 min. Identical amounts of 
protein (60 µg) from each sample were loaded 
and run on 12% SDS-PAGE gels and transferred 
to PVDF membranes (Millipore, Billerica, MA, 
USA) by Semi-Dry Electrophoretic Transfer (Bio-
Rad, US). After membrane blocking with 5% 
non-fat milk in Tris-buffered saline with 0.1% 
Tween 20 (TBST) at room temperature for 1 h, 
the membranes were incubated with specific 
primary antibodies at 4°C overnight.

Fluorescent LC3 plasmid transfection

A172 glioma cells were transfected with a pEX-
GFP-LC3 expressing plasmid (GenePharma, 
Shanghai, China) by Lipofectamine 2000 
Reagent. The formation of green fluorescence 
protein (GFP)-LC3 punctate structures was 
examined using a Leica DM IL LED microscope 
(Leica Microsystems, Wetzlar, Germany).

NADPH analysis

NADPH content was detected by NADP/NADPH 
quantitation kit (Biovision, Milpitas, CA) accord-
ing to the manufacture’s introduction.

Statistical analysis

Results are expressed as means ± standard 
error in independent experiments. Differences 
among samples were analyzed with the one-
way ANOVA. A p value less than 0.05 were con-
sidered statistical significant.
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Results

TIGAR expression is up-regulated by ionizing 
radiation

As shown in Figure 1A, both TIGAR and (Ser-15) 
phosphorylated p53 were increased in irradiat-
ed A172 cells. TIGAR expression was enhanced 
in 1-4 h post-IR while phosphorylated p53 was 
up-regulated earlier than TIGAR activation in 
0.5 h post-IR. However, in mutant-p53 (M237I) 
expressing T98G glioma cells, there was no 
IR-induced TIGAR expression in 0.5-48 h post-
IR. Real-time PCR analysis showed that, in 
A172 cells, TIGAR mRNA level went up in 1-4 h 
post-IR, which indicated an increased tran-
scriptional activity of TIGAR (Figure 1B). While 
no up-regulation of p53 mRNA was observed in 
irradiated A172 glioma cells.

TIGAR interfering diminishes the radioresis-
tence of glioma cells and promotes IR-induced 
autophagy

In order to determine whether the up-regulation 
of TIGAR transcription was benefit for irradiated 
glioma cells or not, A172 glioma cells were suf-
fered by TIGAR siRNA 48 h before IR. Western 
blot assay revealed a significant inhibition of 
TIGAR expression in TIGAR siRNA transfected 
glioma cells (Figure 2A). Clonogenic assay illus-
trated that the survival fraction of A172 cells 
was notably decreased by TIGAR abrogation at 
2-8 Gy X-ray irradiation (Figure 2A). The TIGAR-
abrogation effect on the radiosensitivity of 

T98G cells showed the same pattern as that of 
A172 cells.

Autophagy is considered to play an important 
role in the response of radiation therapy. To 
examine whether autophagy was induced by 
TIGAR inhibition and/or IR treatment in A172 
glioma cells, western blot analysis was per-
formed to show the conversion of LC3-I (18 
kDa) to LC3-II (16 kDa). As shown in Figure 2B, 
LC3-II expression in A172 cells was up-regulat-
ed by IR exposure alone. Meanwhile, p62 
expression was decreased in 12-24 h post 8-Gy 
irradiation and went up to the basal level in 48 
h post-IR, which also revealed an IR-induced 
autophagy in A172 glioma cells. TIGAR knock-
down further enhanced the ratio of LC3-II to 
LC3-I in 12- 24 h post-IR (Figure 2C). Contrarily, 
TIGAR over-expression diminished the LC3-II 
level in A172 cells being irradiated (Figure 2C), 
and the expression of p62 was significantly up-
regulated by TIGAR transfection. Fluorescent 
assay using LC3 plasmid transfection illustrat-
ed that, the percentage of GFP-LC3-positive 
cells displaying GFP puncta which indicated the 
autophagy activity was increased by IR treat-
ment. TIGAR interfering further increased the 
GFP puncta while TIGAR over-expression 
decreased it (Figure 2D).

TIGAR abrogation-induced radiosensitization 
of glioma cells is related with the traumatic 
autophagy

In order to examine the relationship between 
TIGAR interfering-promoted radiosensitization 

Figure 1. Ionizing radiation results in TIGAR activity in glioma cells. A: A172 and T98G cells were irradiated by 8 
Gy IR and IR-induced TIGAR and (Ser-15) phosphorylated p53 expression was examined by Western blot. B: A172 
glioma cells were treated with 8 Gy IR, and the mRNA levels of TIGAR and p53 were determined by real-time PCR.
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and autophagy in irradiated glioma cells, A172 
or T98G cells were co-treated with IR and 

3-methyladenine (3-MA) which could block 
autophagosome formation via the inhibition of 

Figure 2. TIGAR interfering radiosensitizes glioma cells and promotes IR-induced cell autophagy. A: Cells were trans-
fected with TIGAR siRNA for 48 h and TIGAR expression was examined by Western blot. Clonogenic survival of cells 
transfected with scramble siRNA and TIGAR siRNAs 48 h before IR were investigated after a range of radiation 
doses. *P < 0.05, scramble siRNA vs TIGAR siRNA. B: A172 cells were exposed to 8 Gy IR, and then expressions of 
p62 and LC3 at indicated time post IR were determined by Western blot. C: Cells were transfected with TIGAR siRNA 
(left panel) or pcDNA3.1-TIGAR (right panel) 48 h before IR. Western blot was performed to indicate p62 and LC3 
protein levels in response to 8 Gy IR. D: A172 cells are transfected with GFP-LC3 plasmid, and then treated with 8 
Gy of X-ray and/or TIGAR siRNA or pcDNA3.1-TIGAR. Representative photos show the formation of punctate LC3.
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phosphatidylinositol 3-kinases (PI3K) [13]. 
Clonogenic assay revealed that 3-MA could sig-
nificantly diminish the radiosensitization effect 
of TIGAR knockdown in both A172 and T98G 
glioma cells (Figure 3A). Western blot assay 
showed that both IR-induced autophagy and 
TIGAR-promoted autophagy in irradiated glio-
ma cells were notably blocked by 3-MA treat-
ment (Figure 3B). These results above indicat-
ed that when glioma cells were suffered from 
TIGAR abrogation, IR-induced autophagy 
seemed to be unfavorable for cloning forming 
efficiency, which indicated an excessive and 
traumatic autophagy induced by TIGAR interfer-
ing in irradiated glioma cells. 

TIGAR knockdown-induced excessive autoph-
agy was dependent on the disruption of the 
pro-oxidant-antioxidant balance

TIGAR functions to inhibit glycolysis and acti-
vates the pentose phosphate pathway (PPP) 
which increases NADPH generation under oxi-
dative stress. And TIGAR knockdown was 
proved to aggravate IR-induced oxidative stress 

in glioma cells [12]. In this study, the NADPH 
content in A172 glioma cells treated with IR 
and/or TIGAR abrogation was determined. As 
shown in Figure 4A, radiation treatment could 
decrease the NADPH content in A172 glioma 
cells to about 70% of the original level. TIGAR 
knockdown further aggravated the oxidative 
stress of the irradiated A172 cells. While the 
NADPH content was further abrogated by BSO 
(right panel) and rescued by NAC (left panel) co-
incubation. Western blot revealed that the 
autophagy activity was negatively correlated 
with the NADPH level in A172 glioma cells being 
irradiated. NAC treatment could inhibit the 
autophagy activity of glioma cells suffered by 
TIGAR interfering and IR (Figure 4B), while BSO 
further promoted autophagy in A172 cells.

Discussion

Our previous study has demonstrated the main 
mechanisms of TIGAR abrogation-induced 
radiosensitivity of glioma cells. TIGAR silencing 
disturbed the pro-oxidant-antioxidant balance 
and depleted the NADPH content in irradiated 

Figure 3. TIGAR abrogation induces excessive autophagy in irradiated glioma cells. A: A172 and T98G glioma cells 
were transfected with scramble or TIGAR siRNA 48 h before IR. Then cells were exposed to a range of radiation 
doses as indicated, with or without 3-MA (10 mM) co-treatment for 24 h, and clonogenic assay was performed. *P 
< 0.05. B: A172 (left panel) and T98G (right panel) glioma cells treated with TIGAR siRNA or 3-MA (10 mM) were 
irradiated by 8-Gy X-ray. Expressions of p62 and LC3 were detected by Western blot 24 h post-IR.
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glioma cells, which made thioredoxin-1 (TRX1) 
over-oxidized and IR-induced TRX1 nuclear 
translocation inhibited. Since reduced TRX1 
played an important role in nuclear signal trans-
duction for DNA damage repair, the inhibition of 
TRX1 nuclear translocation significantly post-
poned the DNA repair process and radiosensi-
tized glioma cells [12].

In this study, IR-induced TIGAR over-expression 
was determined by Western blot in A172 glioma 
cells. Ser-15 phosphorylated p53 expression 
was also observed, which indicated an inhibi-
tion of p53 degradation and activation of p53 
by ATM/ATR/DNA-PK mediated DNA damage 
signal transduction [14, 15]. Real-time PCR 
analysis revealed that TIGAR mRNA was up-
regulated in 1-4 h post-IR, indicating an 
increase of transcriptional activity of TIGAR. 
The results above demonstrated that, the tran-
scriptional factor p53 was activated by ionizing 
radiation, which increased the transcriptional 
activity of TIGAR thus enhanced TIGAR expres-
sion in A172 glioma cells. However, in p53-
mutant (M237I) T98G glioma cells, there was 

no increase in TIGAR expression post-IR. Clo- 
nogenic assay revealed that, TIGAR interfering 
could diminish the radioresistence of both 
A172 and T98G cells, indicating even the basal 
level of TIGAR was essential for cell survival in 
glioma cells being irradiated.

The p62 protein recognizes cellular waste and 
functionless cell organelles, which is then scav-
enged by a sequestration process known as 
self-eating or autophagy [16]. During the 
autophagy process, LC3 system is important 
for transport and maturation of the autophago-
some [17]. Once an autophagosome has 
matured, it fuses its external membrane with 
lysosomes to degrade the waste inside it [18]. 
In this study, both p62 and the ratio of LC3 II/
LC3 I were determined by Western blot. Ionizing 
radiation enhanced the LC3 II/LC3 I ration 
while decreased p62 expression in 12-24 h 
post-IR, indicating an increase of autophagy in 
A172 glioma cells. TIGAR knockdown further 
promoted the autophagy activity of irradiated 
A172 cells, while TIGAR over-expression signifi-
cantly inhibited IR-induced autophagy.

Figure 4. TIGAR knockdown-induced excessive autophagy in irradiated glioma cells is dependent on NADPH deple-
tion. Glioma cells were transfected with TIGAR siRNA 48 h before IR. Then cells were exposed to 8 Gy irradiation and 
NAC (left) or BSO (right) treatment for 1 h. A: Cellular NADPH production was measured 1 h post-IR. *P < 0.05. B: 
The expressions of LC3 and p62 protein were determined by Western blot 24 h post IR. 
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In order to discover whether TIGAR knockdown 
and IR induced autophagy in glioma cells was 
traumatic or not, a common specific inhibitor  
of autophagic/lysosomal degradation called 
3-methyladenine (3-MA) was used to block 
autophagy. Expression of both LC3 and p62 
revealed an inhibition of autophagy in glioma 
cells treated with 3-MA. Since 3-MA could only 
diminish the radiosensitivity of glioma cells 
treatment with TIGAR abrogation, it was con-
cluded that TIGAR knockdown induced exces-
sive autophagy which made more cell death.

Finally, to demonstrate the mechanism of TI- 
GAR interfering-induced excessive autophagy 
in irradiated glioma cells, N-Acetyl Cysteine 
(NAC) was used to abrogate TIGAR knockdown-
induced NADPH depletion in irradiated glioma 
cells. Buthionine sulfoximine (BSO) which 
reduced levels of glutathione was used to fur-
ther disturb the pro-oxidant-antioxidant bal-
ance of irradiated glioma cells. Surprisingly, the 
autophagy level indicated by the expression of 
p62 and LC3 was negatively correlated with the 
NADPH level whenever TIGAR was abrogated or 
not. 

As a result, it could be concluded that TIGAR 
interfering-induced excessive autophagy in irra-
diated glioma cells might be dependent on the 
NADPH depletion and disturbance of the pro-
oxidant-antioxidant balance.
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