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Abstract. Glioblastoma has a poor prognosis and is one of 
the most lethal types of cancer in the world. TP53 induced 
glycolysis regulatory phosphatase (TIGAR) is upregulated in 
various types of cancer. Therefore, the present study investi-
gated the role of TIGAR in glioblastoma. TIGAR expression 
was measured in glioma samples and cell lines using immu-
nohistochemistry and western blotting. Reduced nicotinamide 
adenine dinucleotide phosphate (NADPH), glutathione, 
malondialdehyde and intracellular reactive oxygen species 
levels were detected to measure oxidative stress in U-87MG 
cells following short hairpin RNA (shRNA)-mediated 
knockdown of TIGAR. Cell viability was determined using 
an MTT assay for TIGAR-overexpression vector- and 
TIGAR-shRNA-transfected U-87MG cells. Apoptosis was 
assessed to evaluate whether TIGAR knockdown sensitized 
cells to the antitumor effects of temozolomide (TMZ). 
Migration, invasion and epithelial-mesenchymal transition 
(EMT) were further assessed using Transwell and western 
blotting assays. A co-immunoprecipitation assay was used 
to detect the interaction between TIGAR and protein kinase 
B (AKT). The results of the present study revealed that 
TIGAR was positively associated with poor survival and 
was upregulated in glioblastoma. TIGAR knockdown signifi-
cantly increased oxidative stress, decreased cell proliferation 
and exacerbated TMZ-induced apoptosis in U-87MG cells. 
Additionally, TIGAR knockdown decreased migration, inva-
sion and EMT, and treatment of TIGAR-shRNA-transfected 
cells with NADPH had no effect on metastasis. In addition, 
TIGAR promoted AKT activation and bound to AKT. In 
conclusion, the present study demonstrated that TIGAR may 

promote glioblastoma growth and progression through oxida-
tion resistance and AKT activation.

Introduction

Glioblastoma is the most common type of malignant brain 
cancer in adults around the world (1). Despite the rapid 
development of surgical techniques and radiotherapy, and the 
widespread use of chemotherapy drugs, such as temozolomide 
(TMZ), glioblastoma continues to be associated with poor 
prognosis, with a 5-year survival rate of 5-13%, along with a 
high recurrence rate (2). Therefore, it is important to explore 
the molecular mechanisms underlying the occurrence and 
progression of glioblastoma, and to identify novel therapeutic 
targets to improve glioblastoma treatment and prognosis.

TP53 induced glycolysis regulatory phosphatase (TIGAR) 
is located on chromosome 12p13.3 and includes six coding 
exons and two p53 binding sites (3). A previous study has 
demonstrated that TIGAR is similar to phosphoglucose muta-
genesis enzyme and has biphosphatase activity to decompose 
fructose 2,6-bisphosphate (FB) (4). FB is the allosteric acti-
vator of phosphofructose kinase (PFK). Therefore, TIGAR 
inhibits PFK activity by decreasing FB and directs metabolic 
flow from glycolysis to the pentose phosphate pathway 
(PPP) (4). The PPP provides phosphate ribose for nucleic 
acid synthesis. Reduced nicotinamide adenine dinucleotide 
phosphate (NADPH), as a byproduct of the PPP, is the main 
reactive oxygen species (ROS) scavenger in cells. Additionally, 
TIGAR is overexpressed in several types of cancer, including 
leukemia (5), lung cancer (6), breast cancer (7), liver cancer (8) 
and colon cancer (9). TIGAR is considered to protect cancer 
cells against ROS-induced apoptosis and to induce DNA 
damage repair (10).

To the best of our knowledge, a role for TIGAR in glioblas-
toma has not been reported. The present study revealed that 
TIGAR was overexpressed in glioblastoma and is a potential 
novel prognostic and migration marker in patients with glio-
blastoma. Additionally, TIGAR decreased oxidative stress in 
glioblastoma cells through PPP-mediated NADPH generation. 
The present study demonstrated that TIGAR knockdown led to 
significant inhibition of proliferation, migration and invasion 
in U-87MG cells in an oxidative stress-independent manner. 
In addition, TIGAR interacted with protein kinase B (AKT) 
and promoted AKT activation. The results of the present study 
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suggested that TIGAR, as an important mediator of glioma 
progression, may be a potential therapeutic target in glioblas-
toma.

Materials and methods

Reagents. Bovine serum albumin (BSA), NADPH 
(cat. no. ST360), dichloro-dihydro-fluorescein diacetate 
(DCFH-DA; cat. no. S0033-1) and rabbit immunoglobulin G 
(IgG; cat. no. A7016) were purchased from Beyotime Institute of 
Biotechnology. Fetal bovine serum (FBS) was purchased from 
Thermo Fisher Scientific, Inc. Lipofectamine® 2000 reagent was 
purchased from Invitrogen (Thermo Fisher Scientific, Inc.). The 
GTVisin™ anti-mouse/anti-rabbit immunohistochemical anal-
ysis kit was purchased from Gene Company, Ltd. Anti-TIGAR 
(cat. no. sc-166290; 1:1,000 dilution), anti-B cell lymphoma 
2 (Bcl2; cat. no. sc-509; 1:1,000 dilution), anti-Bcl2-asso-
ciated X protein (BAX; cat. no. sc‑20067; 1:1,000 dilution), 
anti-α-smooth muscle actin (α-SMA; cat. no. sc-53142; 1:1,000 
dilution), anti-E-cadherin (cat. no. sc-71009; 1:1,000 dilu-
tion), anti-N-cadherin (cat. no. sc-59987; 1:1,000 dilution), 
anti-Snail (cat. no. sc-271977; 1:1,000 dilution), anti-Vimentin 
(cat. no. sc-80975; 1:1,000 dilution) and HRP-conjugated goat 
anti-mouse IgG (m-IgGκ BP-HRP; cat. no. sc-516102; 1:4,000 
dilution) were purchased from Santa Cruz Biotechnology, 
Inc. Anti-phosphoinositide 3-kinase (PI3K; cat. no. ab191606; 
1:1,000 dilution) and anti-phosphorylated (p)-PI3K p85 α 
(cat. no. ab182651; 1:1,000 dilution) were obtained from 
Abcam. Anti-AKT (cat. no. 4685; 1:1,000 dilution), anti-p-AKT 
(Ser473; cat. no. 4060; 1:1,000 dilution), anti-β-Actin 
(cat. no. 3700; 1:3,000 dilution) and HRP-conjugated goat 
anti-rabbit IgG (cat. no. 7074; 1:4,000 dilution) antibodies, as 
well as a mouse IgG control (cat. no. 5415), rabbit IgG control 
(cat. no. 3900) and radioimmunoprecipitation assay (RIPA) 
buffer (cat. no. 9806), were purchased from Cell Signaling 
Technology, Inc. Dimethyl sulfoxide (DMSO), isopropanol, 
ethanol and chloroform were purchased from Sinopharm 
Chemical Reagent Co., Ltd.

Cell culture. The human glioblastoma cell lines LN-18, 
LN-229, U-87MG, U-251MG and SNB-19 were purchased 
from the Shanghai Institute of Biochemistry and Cell 
Biology and were authenticated by short tandem repeat 
profiling. The U‑87MG American Type Culture Collection 
cell line used in the present study is most likely a glio-
blastoma cell line, but of unknown origin. The cells were 
cultured in Dulbecco's Modified Eagle's medium (DMEM, 
Gibco; Thermo Fisher Scientific, Inc.) without any anti-
biotics, supplemented with 10% FBS (Hangzhou Sijiqing 
Bio‑engineering Material Co.) at 37˚C in a humidified 
atmosphere with 5% CO2.

RNA interference and transfection. A total of 2x104 U-87MG 
cells were infected with 4 µl of 1x109 viral particles of 
LV-TIGAR-short hairpin RNA (shRNA; 5'-GAT TAG CAG 
CCA GTG TCT TAG-3') or negative control (nc)-shRNA 
(5'-TTA CCG AGA CCG TAC GTAT-3'), which were synthe-
sized by Shanghai GenePharma Co., Ltd. After 2 days, the 
transfected cells were selected for using DMEM containing 
2 µg/ml puromycin in subsequent experiments.

pcDNA3.1 and pcDNA3.1-TIGAR (human) were purchased 
from Cyagen Biosciences, Inc. A total of 1.8x105 U-87MG cells 
in 6-well plates were transfected with 2 µg of either plasmid 
using 4 µl of Lipofectamine® 2000, and complete medium was 
added to the cells 6 h after transfection. After further culturing 
for 36 h, subsequent experiments were performed. For TIGAR 
dependent AKT activation, 1.8x105 U-87MG cells in 6-well 
plates were transfected with 1, 2 or 3 µg pcDNA3.1-TIGAR 
using 4 µl of Lipofectamine® 2000, and complete medium was 
added to the cells 6 h after transfection. After a further 36 h, 
cells were lysed, and AKT and p-AKT were detected using 
western blot assay.

Cell viability. U-87MG/NC cells, U-87MG/sh-TIGAR 
cells and U-87MG cells transfected with pcDNA3.1 or 
pcDNA3.1-TIGAR were seeded into a 96-well culture plate at 
a density of 3x104 cells/well. Cell proliferation was measured 
at 24, 48, 72 and 96 h. MTT (1 mg/ml dissolved in PBS; 
100 µl/well; Sigma-Aldrich; Merck KGaA) was added, and 
the cells were cultured for 4 h at 37˚C prior to adding 100 µl 
DMSO. The absorbance was determined using a multiplate 
reader (SpectraMax 190; Molecular Devices, LLC) at a wave-
length of 570 nm. For temozolomide (TMZ)-induced cellular 
toxicity, cells were treated with 100 µM of TMZ (Selleck, 
cat. no. S1237) for 24 h and apoptosis was detected using 
western blotting.

Colony formation assay. U-87MG/NC, U-87MG/sh-TIGAR 
cells, U-87MG/pcDNA3.1 and U-87MG/pcDNA3.1-TIGAR 
cells (200 cells/well) were plated into a 6-well plate and 
cultured for 14 days at 37˚C. The media were then removed, 
and cells were fixed with 4% paraformaldehyde at room 
temperature for 10 min and stained with 1% crystal violet in 
2% ethanol at room temperature for 20 min. Visible colonies 
were counted by eye.

Western blotting assay. Total protein was extracted from 
whole cell lysates using RIPA buffer, and the protein concen-
tration was measured using a bicinchoninic acid assay. The 
protein samples (30 µg/lane) were separated by 12.5% 
SDS-PAGE. Proteins were transferred to polyvinylidene 
difluoride membranes (EMD Millipore) at 300 mA for 
90 min. Subsequently, the membranes were blocked at room 
temperature for 1 h with Tris-buffered saline containing 0.1% 
Tween-20 (TBST) and 5% dry milk and incubated overnight 
with primary antibodies at 4˚C. Membranes were washed 
three times with TBST and incubated for 2 h with secondary 
antibodies at room temperature. After washing for three times 
with TBST, blots were detected using enhanced chemilu-
minescence (ECL) reagents (Thermo Fisher Scientific, Inc) 
and captured by a Luminescent Image Analyzer LAS-3000 
(Fujifilm Holdings Corporation), and the optical densities of 
antibody‑specific bands were analyzed using ImageJ version 
1.37 (National Institutes of Health).

Co‑immunoprecipitation (Co‑IP). Cells were harvested by 
centrifugation at 500 x g for 5 min at 4˚C and lysed in RIPA 
lysis buffer for 30 min. Following centrifugation at 13,000 x g 
for 15 min 4˚C, the 1/10 volume of supernatant was collected 
as input, the 1/2 volume of remaining supernatant was 
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incubated with 1 µg anti-TIGAR (1:200 dilution) or anti-AKT 
(1:100 dilution) antibody and 40 µl 50% protein A/G agarose 
slurry at 4˚C overnight. The other remaining supernatant was 
incubated with 1 µg control IgG (1:200 dilution) and 40 µl 
50% protein A/G agarose slurry at 4˚C overnight. The protein 
A/G agarose was recovered by centrifugation at 3,000 x g for 
5 min at 4˚C and washed four times with ice‑cold lysis buffer. 
Proteins were eluted with 2x loading buffer by boiling for 
10 min and subjected to immunoblot analysis according to the 
aforementioned western blotting assay.

ROS, NADPH, glutathione (GSH) and malondialdehyde 
(MDA) detection. Intracellular ROS were determined using 
DCFH-DA. A total of 4x105 cells were washed with 0.01 M 
PBS and incubated with 20 µM DCFH‑DA at 37˚C for 30 min. 
The cells were visualized using an inverted fluorescence 
microscope (magnification, x20; Olympus Corporation), and 
their fluorescence intensity was measured via fluorescence 
spectrometry (Spectra MaxGemini; Molecular Devices 
LLC). An NADPH detection kit (cat. no. ECNP-100) was 
obtained from BioAssay Systems, and GSH (cat. no. S0053) 
and MDA (cat. no. S0131) were purchased from Beyotime 
Institute of Biotechnology. The NADPH level, GSH content 
and MDA level were measured according to the manufac-
turers' protocols.

Migration and invasion. A Transwell plate (Costar; Corning 
Inc.) with an 8-µm pore insert was utilized to measure migra-
tion and invasion. DMEM containing 10% FBS (0.6 ml) was 
added to the lower chamber. A total of 5x104 U-87MG/nc or 
U-87MG/sh-TIGAR cells in serum-free DMEM were directly 
added to the upper chamber and incubated at 37˚C for 12 h 
for the migration assay. To measure invasion, 100 µl diluted 
Matrigel (1 mg/ml; BD Biosciences) in serum-free cold 
DMEM was placed in the upper chamber and in the lower 
chamber, DMEM containing 15% FBS was added, and the 
cells were incubated at 37˚C for 4 h to allow it to set. A 
total of 5x104 U-87MG/nc or U-87MG/sh-TIGAR cells in 
serum-free DMEM were added directly to the upper chamber 

and incubated at 37˚C for 24 h. Cells in the lower chamber 
were fixed with 4% paraformaldehyde at room temperature 
for 10 min and stained with 1% crystal violet in 2% ethanol 
at room temperature for 20 min. The numbers of cells in 
the lower chamber were counted under a light microscope 
(magnification, x20). At least five fields were analyzed per 
section.

Immunohistochemistry. Immunohistochemistry was used to 
detect TIGAR expression levels in surgical resections of glio-
blastoma tissues collected from 15 male patients (45-55 years 
old) first diagnosed and admitted to Hunan Cancer Hospital 
and The Affiliated Cancer Hospital of Xiangya School of 
Medicine (Changsha, China) between January 2018 and 
May 2018. The use of glioblastoma samples was approved 
by the Ethics Committee of Hunan Cancer Hospital and 
Affiliated Cancer Hospital of Xiangya School of Medicine 
(no. 20180104). Written informed consent was obtained from 
all patients prior to enrollment.

The glioblastoma sections were fixed in 4% parafor-
maldehyde for 2 days at room temperature followed by 
paraffin‑embedding. From the embedded tissue, 5‑µm thick 
sections were cut and deparaffinized in dimethylbenzene, 
rehydrated in ethanol solutions of 100, 95, and 70% ethanol, 
and subsequently washed in PBS for 10 min each. Antigen 
retrieval was performed at 95˚C for 20 min, followed by 
washing with PBS for three times and blocking with 3% 
BSA for 1 h at room temperature. Sections were incubated 
with an anti-TIGAR antibody (1:100 dilution) at room 
temperature for 2 h, and the slides were washed three times 
with PBS and incubated with components of the GTVisin™ 
anti-mouse/anti-rabbit immunohistochemical analysis kit, 
according to the manufacturer's protocols. Glioblastoma 
tissues and paired normal-appearing tissues in sections were 
confirmed by Pathology department. Images were captured 
under a light microscope (magnification, x20). At least five 
fields were analyzed per section and quantify staining was 
analyzed using ImageJ version 1.37 (National Institutes of 
Health)

Figure 1. TIGAR is overexpressed in glioblastoma tissues and is associated with poor survival. (A) Immunohistochemical staining of TIGAR indicated that, 
compared with adjacent normal tissues, TIGAR was overexpressed in glioblastoma tissues. Scale bar, 200 µm in replicate images and 50  µm in enlarged 
image. (B) Quantitative analysis of TIGAR staining between normal and tumor tissues (n=15). (C) Protein lysates prepared from five human glioblastoma cell 
lines were immunoblotted with anti-TIGAR antibody, and TIGAR was revealed to be overexpressed in U-87MG cells. (D) Kaplan-Meier analysis of overall 
survival in patients with brain cancer (GSE4412-GPL96) with high or low TIGAR mRNA expression revealed that high expression levels of TIGAR were 
associated with shorter survival times. These data were obtained from PrognoScan. Data in panel B are expressed as the mean ± standard deviation. TIGAR, 
TP53 induced glycolysis regulatory phosphatase.
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Bioinformatics. Kaplan-Meier survival analysis between 
TIGAR high expression and low expression in glioma was 
carried out. Overall survival time based on GSE4412-GPL96 
dataset in PrognoScan was performed on PrognoScan 
(http://dna00.bio.kyutech.ac.jp/PrognoScan/) (11). A total of 
74 patients were divided into TIGAR high expression group 
(n=36) and TIGAR low expression group (n=38) and Cox 
P-value (P=0.007189) was generated automatically.

Statistical analysis. Experimental data are expressed as the 
mean ± standard deviation of at least three independent experi-
ments. Statistical analyses were performed using SPSS v18.0 
statistical software (SPSS, Inc.). Paired or unpaired Student's 
t-test were used to compare the significance between two 
paired groups and two independent groups respectively, and a 
one-way ANOVA followed by a post-hos Tukey's test was used 
to determine the significance between three or more indepen-
dent groups. P<0.05 was considered to indicate a statistically 
significant difference.

Results

TIGAR is overexpressed in glioblastoma tissues and positively 
associated with poor prognosis. It has been reported that TIGAR 
is upregulated in several types of tumor (5-9). To determine 
whether TIGAR was upregulated in glioblastoma, glioblastoma 
sections were obtained and subjected to immunohistochem-
istry. As shown in Fig. 1A and B, TIGAR was significantly 
overexpressed in glioblastoma tissues compared with paired 
normal-appearing tissues. TIGAR expression in glioblastoma 
cell lines, including LN-18, LN-229, U-87MG, U-251MG 
and SNB-19, was detected. The results revealed that TIGAR 
was overexpressed in U-87MG cells (Fig. 1C). Furthermore, 
PrognoScan-based Kaplan-Meier survival analysis (11) revealed 
an association between elevated TIGAR expression levels and 
shorter surv]ival duration in the 74 patients with glioblastoma 
from the database. (Fig. 1D). These results indicated that TIGAR 
was overexpressed in glioblastoma, and that its expression was 
negatively associated with survival time.

Figure 2. TIGAR attenuates oxidative stress through NADPH in U-87MG glioma cells. U-87MG cells were infected with NC-TIGAR or sh-TIGAR, and 
were cultured for >2 weeks in the presence of puromycin (2 µg/ml) prior to further experiments. (A) TIGAR expression was measured using western blot 
assay. Ratios of (B) NADPH/NADP+ and (C) GSH/GSSG were measured in U-87MG/NC cells and U-87MG/sh-TIGAR cells. (D) MDA contents were 
measured in U-87MG/NC, U-87MG/sh-TIGAR, NADPH-pretreated U-87MG/NC and U-87MG/sh-TIGAR cells. (E) Intracellular ROS levels in U-87MG/NC, 
U‑87MG/sh‑TIGAR, NADPH‑pretreated U‑87MG/NC and U‑87MG/sh‑TIGAR cells were monitored using DCFH‑DA under a fluorescence microscope. 
Scale bar, 20  µm. (F) Intracellular ROS levels in U-87MG/NC, U-87MG/sh-TIGAR, NADPH-pretreated U-87MG/NC and U-87MG/sh-TIGAR cells were 
determined using DCFH-DA on a microplate reader. The histogram shows the mean ROS production. Data of the triple experiments are presented as the 
means ± standard deviation. *P<0.05 vs. NC-TIGAR group according to an unpaired t-test/one-way analysis of variance. GSH, glutathione; GSSG, oxidized 
glutathione; MDA, malondialdehyde; NADP+, nicotinamide adenine dinucleotide phosphate; NADPH, reduced NADP+; NC, negative control shRNA; ROS, 
reactive oxygen species; sh, short hairpin RNA; TIGAR, TP53 induced glycolysis regulatory phosphatase.
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TIGAR maintains NADPH to alleviate oxidative stress in 
U‑87MG cells. It has been reported that TIGAR promotes 
NADPH generation through PPP (3). The ratio of NADPH to 
NADP+ in TIGAR-knockdown U-87MG cells was measured. 
As shown in Fig. 2A, TIGAR content was decreased in 
TIGAR-knockdown cells. As shown in Fig. 2B, TIGAR knock-
down significantly decreased NADPH content. Glutathione 
reductase catalyzes the NADPH-driven reduction of oxidized 
glutathione (GSSG) to GSH (12). Therefore, the ratio of GSH 
to GSSG was measured in TIGAR-knockdown U-87MG cells. 
The conversion of GSH from GSSG was significantly reduced 
in TIGAR-knockdown cells (Fig. 2C). NADPH and GSH are 
involved in cellular antioxidant responses. Levels of MDA (13), 
a byproduct of nonenzymatic lipid peroxidation and a principal 
marker of oxidative stress, were assessed. It has been reported 
that NADPH addition can protect against DNA damage in 
TIGAR-knockdown cells (14). Similarly, in the present study, it 
was observed that TIGAR knockdown significantly increased 
MDA levels in groups without NADPH treatment, and NADPH 
inhibited MDA content in TIGAR-knockdown U-87MG cells 
compared with negative control U-87MG cells although these 
changes were not significant (Fig. 2D). Additionally, TIGAR 
knockdown increased intracellular ROS in U-87MG cells 

compared with the negative control U-87MG cells, as detected 
by higher fluorescence following incubation with DCFH‑DA. 
The elevated ROS levels in TIGAR-knockdown U-87MG cells 
were attenuated by the addition of NADPH (Fig. 2E and F). 
These results suggested that TIGAR maintained the NADPH 
level to protect U-87MG cells from oxidative stress.

TIGAR promotes proliferation and inhibits apoptosis in 
U‑87MG cells. To test the effect of TIGAR in glioblastoma, 
U-87MG cells were transfected with pcDNA3.1-TIGAR, and 
viability rates were measured. As shown in Fig. 3A-B, TIGAR 
content was overexpressed after transfection, and TIGAR over-
expression significantly increased U‑87MG cell viability, and 
the numbers of cell clones in TIGAR-overexpressing U-87MG 
cells were higher than in control U-87MG cells (Fig. 3C). The 
viability of TIGAR-knockdown U-87MG cells was measured, 
and cell viability was decreased in TIGAR-knockdown 
U-87MG cells. To ascertain whether the decreased viability of 
TIGAR knockdown cells was associated with oxidative stress, 
exogenous NADPH was added. The results revealed that added 
NADPH did not increase cell viability in TIGAR-knockdown 
U-87MG cells (Fig. 3D). Additionally, the formation of cell 
clones was inhibited in TIGAR-knockdown U-87MG cells, 

Figure 3. Effect of TIGAR on viability and apoptosis in U-87MG glioma cells. (A) TIGAR content was increased after transfection. (B) Overexpression 
of TIGAR promoted viability in U-87MG cells, as measured by am MTT assay (n=5). (C) Cells (200) transfected with pcDNA3.1 and pcDNA3.1-TIGAR 
were seeded into 6-well plates and cultured for 14 days. Colony formation was detected using crystal violet staining. The colony number was counted (n=3). 
Scale bar, 5 mm. (D) NADPH treatment of TIGAR-knockdown U-87MG cells had no effect on viability (n=5). (E) NADPH treatment of TIGAR-knockdown 
U‑87MG cells had no effect on colony formation (n=3). Scale bar, 5 mm. (F) NADPH (20 µM) addition decreased the expression levels of BAX protein and 
increased Bcl2 protein expression in 100 µM TMZ-treated TIGAR knockdown U-87MG cells. β-actin was used as an internal control. Bar graphs depict 
semi‑quantitative analysis of Bcl2 and BAX expression (n=3). Data are expressed as the means ± standard deviation. *P<0.05, **P<0.01 vs. pcDNA3.1 or 
NC‑TIGAR. BAX, Bcl2‑associated X protein; Bcl2, B cell lymphoma 2; NADPH, reduced nicotinamide adenine dinucleotide phosphate; NC, negative control 
shRNA; OD, optical density; sh, short hairpin RNA; TIGAR, TP53 induced glycolysis regulatory phosphatase; TMZ, temozolomide.
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and additional NADPH did not promote cell growth (Fig. 3E). 
TMZ-based therapy is the standard of care for patients with 
glioblastoma, and resistance to TMZ in glioblastoma is a 
universal phenomenon (15). TIGAR knockdown promoted the 
TMZ‑induced decrease in Bcl2 and increase in BAX protein 
expression levels, which was indicative of an increase in apop-
tosis. Furthermore, NADPH significantly alleviated apoptosis 
in the TMZ-treated U-87MG cells and TIGAR-knockdown 
U-87MG cells (Fig. 3F). The results indicated that TIGAR 
promoted viability, and decreased TMZ-induced apoptosis 
through NADPH-mediated antioxidative activity in U-87MG 
cells.

TIGAR promotes metastasis in U‑87MG cells. Glioblastoma 
is an aggressive intracranial tumor (16). The number of migra-
tory cells in the Transwell assay was significantly lower in 
TIGAR-knockdown U-87MG cells, and addition of NADPH 
did not promote cell migration (Fig. 4A). Additionally, 
the number of invasive cells was significantly reduced in 
TIGAR-knockdown U-87MG cells; addition of NADPH 
failed to promote cell invasion in U-87MG cells (Fig. 4B). 
The migration and invasion of cancer cells are associated with 
the epithelial-mesenchymal transition (EMT) (17). Therefore, 
expression levels of EMT indicators, including N-cadherin, 

snail, E-cadherin, α-SMA and vimentin, were assessed. As 
shown in Fig. 4C, significantly increased E-cadherin, and 
decreased N-cadherin, α-SMA, snail and vimentin expression 
levels were observed in TIGAR-knockdown cells, indicating 
that metastasis was decreased in TIGAR-knockdown U-87MG 
cells. Notably, the addition of NADPH had no effect on the 
metastasis of TIGAR-knockdown U-87MG cells, which high-
lighted the pro-metastatic effect of TIGAR beyond NADPH 
production in glioblastoma.

TIGAR promotes AKT phosphorylation and interacts with 
AKT in U‑87MG cells. The PI3K/AKT signaling pathway 
is activated in glioblastoma (18). The activation of AKT 
promotes cancer growth and metastasis and inhibits autophagy 
and apoptosis (19). Therefore, PI3K/AKT activation was 
assessed in TIGAR-knockdown and TIGAR-overexpressing 
U‑87MG cells. As shown in Fig. 5A, no significant differ-
ences between total PI3K and p‑PI3K levels were identified 
in TIGAR-knockdown and TIGAR-overexpressing U-87MG 
cells compared with their respective controls, whereas p-AKT 
was significantly decreased in TIGAR‑knockdown cells and 
increased in overexpressing cells. To determine whether 
TIGAR promoted AKT activation in U-87MG cells, TIGAR 
was transfected into U-87MG cells in a dose-dependent 

Figure 4. Effect of TIGAR on migration, invasion and epithelial-mesenchymal transition in U-87MG glioma cells. U-87MG/NC and U-87MG/sh-TIGAR cells 
were stimulated with NADPH for 24 h, and 5x104 cells in serum-free medium were seeded into the upper chamber of Transwell for 12 h. (A) Migration and 
(B) invasion were decreased in TIGAR-knockdown cells, and NADPH addition had no effect on migration and invasion in TIGAR-knockdown U-87MG cells 
(n=3). Scale bar, 50 µm. (C) Knockdown of TIGAR increased E-cad, and decreased N-cad, α-SMA, Snail and vimentin protein expression. Added NADPH 
had no effect on the expression of these proteins. Bar graphs depict semi-quantitative analysis of western blotting for each protein (n=3). *P<0.05, **P<0.01 
vs. NC-TIGAR group. Data are presented as the means ± standard deviation. α-SMA, α-smooth muscle actin; E-cad, epithelial cadherin; NADPH, reduced 
nicotinamide adenine dinucleotide phosphate; N-cad, neural cadherin; NC, negative control; sh, short hairpin RNA; TIGAR, TP53 induced glycolysis regula-
tory phosphatase.
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manner. The present study demonstrated that p-AKT/AKT 
markedly increased as TIGAR expression increased (Fig. 5B). 
Additionally, Co-IP was performed to verify the interaction 
between TIGAR and AKT. As shown in Fig. 5C, TIGAR inter-
acted with AKT in U-87MG cells. These results indicated that 
TIGAR promoted AKT activation and interacted with AKT in 
glioblastoma.

Discussion

Glioma is a type of tumor that occurs in the brain, and 75% 
of gliomas are astrocytomas (20). Glioblastoma represents the 
highest grade of astrocytoma, and the overall 5-year survival 
rate is only 5% (21). Furthermore, glioblastoma is associated 
with migration, invasion and chemotherapy resistance (22).

TMZ, a second-generation oral alkylating agent that 
causes DNA damage via methylation of the O(6) position of 
guanine, is commonly used to treat human malignant glioma. 
O(6)-methylguanine-DNA methyltransferase mitigates 
the effectiveness of TMZ and has been used as a marker to 
predict the efficacy of TMZ treatment (23). In addition, DNA 
damage response activates p53. However, the high incidence 
of TP53 mutations leads to p53 loss the function to prevent 
tumor formation in cancers (24). As a well-known tumor 
suppressor, the prevailing function of p53 is the transcrip-
tional control of target genes that regulate numerous cellular 
processes, including the cell cycle, apoptosis, autophagy and 
metabolism (25). TMZ treatment induces p53 activation and 
subsequent upregulation of p21, Noxa and BAX (26).

As a downstream target protein of p53, TIGAR expression 
is dependent on p53, whereas p73, p63, hypoxia inducible 
factor 1 and Sp1 transcription factor also promote TIGAR 
expression (27,28). A number of studies have demonstrated that 
chemotherapy is accompanied by increased TIGAR expres-
sion, and TIGAR-derived NADPH protects cancer cells from 
chemotherapy-induced damage (29,30). Additionally, nuclear 
localized TIGAR exhibits antioxidant properties, and provides 
ribose-5-phosphate for DNA repair following epirubicin treat-
ment (31). TIGAR is localized in the cytoplasm, endoplasmic 
reticulum, and the mitochondrial membrane and matrix. In 
addition to nuclear translocation, TIGAR may translocate to 
mitochondria under hypoxia in cancer (28). Following cerebral 
ischemia reperfusion in mice, increased levels of TIGAR are 
observed in the mitochondrial membrane and matrix, where 
TIGAR maintains the mitochondrial membrane potential 
under oxidative stress conditions (32). Therefore, effects of 
TIGAR beyond oxidation resistance, and the cellular distribu-
tion of TIGAR, require further investigation.

The PI3K/AKT signaling pathway serves an important role 
in the occurrence and development of tumors. This pathway 
can be activated by various factors, including platelet-derived 
growth factor, epidermal growth factor and insulin-like 
growth factor, to promote cell proliferation, differentiation, 
adhesion and migration, and inhibit apoptosis. Tumor biology 
studies have mainly concentrated on Class IA PI3K, which 
is composed of a heterodimer comprising a p110 catalytic 
subunit and a p85 regulatory subunit (33,34). PI3K binds to the 
upstream tyrosine receptor kinase via the SH2 region of p85, 

Figure 5. TIGAR promotes AKT activation and interacts with AKT in U-87 glioma cells. (A) U-87MG cells were infected with sh-TIGAR to downregulate 
TIGAR expression or transfected with pcDNA3.1-TIGAR to increase TIGAR expression. PI3K, p-PI3K, AKT and p-AKT were measured in U-87MG/NC, 
U-87MG/sh-TIGAR, U-87MG/pcDNA3.1 and U-87MG/pcDNA3.1-TIGAR cells. TIGAR promoted the phosphorylation of AKT. β-actin was used as an 
internal control. Bar graphs depict semi-quantitative analysis of protein expression levels. (B) U-87MG cells cultured in 6-well plates were transfected with 
1, 2 or 3 µg pcDNA3.1-TIGAR. TIGAR promoted the phosphorylation of AKT in a dose dependent manner, which was assessed using western blotting. Bar 
graphs depict semi‑quantitative analysis for p‑AKT and TIGAR. (C) Physical interactions between TIGAR and AKT in U‑87MG cells were confirmed using 
a co-immunoprecipitation assay. Bar graph depicts semi-quantitative analysis for TIGAR and AKT when compared with the IgG group. Data of the triple 
experiments are presented as the means ± standard deviation. *P<0.05, **P<0.01 vs. NC-TIGAR or pcDNA3.1. AKT, protein kinase B; Ctrl, control; IgG, 
immunoglobulin G; NC, negative control; p, phosphorylated; PI3K, phosphoinositide 3-kinase; sh, short hairpin RNA; TIGAR, TP53 induced glycolysis 
regulatory phosphatase.
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causing activation of PI3K. Additionally, PI3K is activated 
by G protein-coupled receptor (GPCR)-activated Ras upon 
stimulation with the GPCR ligand cyclic adenosine mono-
phosphate (35). Once PI3K is activated, its activated substrates 
phosphatidylinositol (PI) 4,5-bisphosphate (PI(4,5)P2) and 
PI (3,4,5)-trisphosphate (PIP3) act as second messengers to 
activate and form a signaling cascade complex, leading to the 
phosphorylation of AKT.

PI3K phosphorylates AKT at Thr308 and Ser473 to 
activate AKT. PI3K catalyzes the phosphorylation of PI 
4-phosphate and PI(4,5)P2 at their third positions, and converts 
them into PI(3,4)P2 and PIP3 to recruit AKT (36). AKT can 
be directly activated by PI(3,4)P2. However, PIP3 activates 
phosphoinositide-dependent kinase (PDK)-1 to phosphory-
late AKT at Thr308, and AKT is further phosphorylated at 
Ser473 and fully activated in the presence of PDK-2. The 
tumor suppressor PTEN reverses the transformation of PI(4,5)
P2 to PIP3 in the PI3K/AKT pathway, and maintains a low 
level of PIP3, thereby inhibiting the phosphorylation of AKT. 
Additionally, it has been confirmed that mammalian target 
of rapamycin complex 2 (mTORC2) phosphorylates AKT at 
Ser473, and that this modification requires PIP3 (37).

Activated AKT is involved in the occurrence and devel-
opment of glioblastoma; the PI3K-AKT-mTOR pathway 
is frequently activated in glioblastoma to regulate cancer 
survival (38). Additionally, AKT contributes to glioblastoma 
formation through the recruitment of existing mRNAs to 
polysomes (39). The direct and indirect inhibition of AKT 
activity promotes apoptosis and suppresses glioblastoma 
growth (40,41).

Due to the small sample size, the association between 
TIGAR expression and survival time could not be calculated 
for the patients included in the present study; therefore, the 
association was analyzed using PrognoScan. As TIGAR is 
overexpressed in glioblastoma, the role of TIGAR in oxidative 
stress was investigated. NADPH levels decreased and ROS 
indicators increased in the TIGAR-knockdown U-87MG glio-
blastoma cell line. Furthermore, cell viability, TMZ-induced 
apoptosis, migration, invasion and EMT were investigated in 
TIGAR-knockdown U-87MG cells. The results demonstrated 
that TIGAR-mediated antioxidative effects inhibited apop-
tosis but did not affect viability, migration, invasion or EMT. 
In addition, TIGAR promoted AKT phosphorylation in a 
dose-dependent manner and interacted with AKT in U-87MG 
cells. It has been reported that PFK/FB4, an enzyme similar 
to TIGAR, phosphorylates nuclear receptor coactivator 3 at 
Ser857 to enhance its transcriptional activity and promote 
breast cancer growth and metastasis (42). The manner in 
which TIGAR, as a phosphatase, promotes AKT phosphoryla-
tion requires further investigation.

In conclusion, the results of the present study demon-
strated that TIGAR inhibited apoptosis and promoted 
proliferation, migration and invasion in glioblastoma through 
NADPH-mediated antioxidative effects and activation of 
AKT. Therefore, TIGAR may be considered as a potential 
therapeutic target in glioblastoma.
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