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brain tumors (14). It is also the most lethal brain tumor, with a 
median survival of 15 months (9,14).

Since 2005, the standard treatment for patients diagnosed 
with GBM consists of surgery followed by daily temozolomide 
(TMZ) and radiotherapy. TMZ is a second-generation imid-

█   INTRODUCTION

Gliomas are a series of malignant brain tumors that 
include glioblastoma (GBM), anaplastic astrocytoma, 
and oligodendroglioma (11). GBM is the most common 

type, accounting for 54% of gliomas and 16% of all primary 
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ABSTRACT

AIM: To elucidate the function of ASK-1 and the role of its modulators in the induction of Temozolamide (TMZ) resistance in glioma 
and the underlying mechanism.   
MATERIAL and METHODS: ASK-1 phosphorylation, the IC50 of TMZ, cell viability, and apoptosis were assessed in the U87 and 
U251 glioma cell lines and the derived TMZ-resistant cell lines U87-TR and U251-TR. We then blocked ASK-1 function, either with 
an inhibitor or by overexpression of multiple ASK-1 upstream modulators, to further explore the role of ASK-1 in TMZ-resistant 
glioma.
RESULTS: TMZ-resistant glioma cells showed high IC50 values of TMZ, high survival, and low levels of apoptosis following the TMZ 
challenge. ASK-1 phosphorylation, but not protein expression, was higher in U87 and U251 cells than in TMZ-resistant glioma cells 
exposed to TMZ. The addition of the ASK-1 inhibitor selonsertib (SEL) resulted in the dephosphorylation of ASK-1 in U87 and U251 
cells after the TMZ challenge. SEL treatment increased the TMZ resistance of U87 and U251 cells, as evidenced by the increased 
IC50 and cell survival rate and low apoptosis rate. Overexpression of some ASK-1 upstream suppressors [Thioredoxin (Trx), protein 
phosphatase 5 (PP5), 14-3-3, and cell division cycle 25C (Cdc25C)] led to various degrees of ASK-1 dephosphorylation and a TMZ-
resistant phenotype in U87 and U251 cells.
CONCLUSION: Dephosphorylation of ASK-1 induced TMZ resistance in human glioma cells, and several ASK-1 upstream 
suppressors, including Trx, PP5, 14-3-3, and Cdc25C, are involved in this phenotypic change induced by dephosphorylation of 
ASK-1.
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azotetrazine prodrug with good bioavailability and tolerance 
that is capable of crossing the blood-brain barrier and dis-
plays mild GBM-inhibiting activity (2,18,19). However, many 
patients with GBM develop TMZ resistance during treatment. 
Thus, owing to either pre-existing intrinsic tumor resistance 
or acquired resistance that develops during treatment, TMZ 
treatment offers only a minimal reduction in median overall 
survival (6). Many cellular signaling pathways, such as the 
sonic hedgehog, notch, and Wnt/β-catenin pathways, are as-
sociated with TMZ resistance in GBM (20,21).

ASK-1 is a MAP3K that activates the JNK and p38 pathways 
(7). Diverse stressors can activate ASK-1, including endo-
plasmic reticulum (ER) and osmotic stresses, heat shock, li-
popolysaccharides, and inflammatory cytokines. ASK-1 plays 
a key role in H2O2-triggered apoptotic cell death (16). ASK-1 
can interact with various molecules in a context-dependent 
manner. However, the role of ASK-1 in the development of 
TMZ resistance in gliomas is not known. In the present study, 
we assessed the role of ASK-1 activation (phosphorylation) 
in TMZ resistance of gliomas. We used a chemical inhibitor 
of ASK-1, selonsertib (SEL), and various upstream suppres-
sors, including protein phosphatase 5 (PP5), thioredoxin (Trx), 
14-3-3, and cell division cycle 25C (Cdc25C), to block ASK-1 
activation to probe the mechanism by which ASK-1 regulates 
TMZ resistance in glioma.

█   MATERIAL and METHODS
Cell Culture and Transfection

Glioma cell lines (U87 and U251) and derived TMZ-resistant 
(TR) glioma cells (U87-TR and U251-TR) were cultivated in 
DMEM supplemented with 10% FBS. Cells cultivated to 50–
70% confluence were transfected using Lipofectamine 2000 
(Invitrogen, Carlsbad, CA, USA). Fresh medium was added 
every 4-6 h. After 48 hours, the transfected cells were used for 
subsequent experiments.

Generation of High-Dose Shock-Triggered TMZ-Resistant 
Model Glioma Cells

Glioma cells in the logarithmic phase were inoculated into a 250 
mL culture flask. At 70%–80% confluence, TMZ was added to 
a final concentration of 5 μg/mL. After 2 h of treatment, the 
medium was replaced, and the surviving cells were inoculated 
into a new flask. When these cells reached 70%–80% 
confluence, they were treated with TMZ as described above. 
This process was repeated until the cell death rate was <5% 
at a TMZ concentration of 0.4–0.5 μg/mL. The obtained TR 
U87 and U251 cell lines were named U87-TR and U251-TR, 
respectively.

Western Blotting (WB)

Cells were lysed to obtain total proteins, which were then 
separated by electrophoresis. The separated proteins were 
transferred onto polyvinylidene fluoride (PVDF) membranes. 
Nonspecific binding was blocked with 5% skim milk for 
120 min. The membranes were incubated with primary and 
secondary antibodies for the indicated times. Bands were 
detected, and the grey values were analyzed.

Cell Survival Assay

Cell survival was assessed using the CCK-8 assay according 
to the manufacturer’s instructions. Briefly, cells were 
inoculated into 96-well plates, CCK-8 (10 μl) was added, and 
the cells were incubated for 2 h at 37 °C. Then, the optical 
density at 450 nm (OD450) was measured using a microplate 
reader (Infinite M200, Tecan, Switzerland). The half inhibitory 
concentration (IC50) of TMZ was determined.

Flow Cytometry

Cell apoptosis was evaluated by flow cytometry (FCM) using 
an Annexin V-FITC/PI apoptosis kit (BD Pharmingen™). Cells 
were suspended in a binding buffer (20 µL) and incubated with 
annexin V-FITC (10 µL) and PI (5 µL). The apoptosis rate was 
measured using FCM.

Data Analysis

Data are means ± standard deviation. The t-test and one-
way analysis of variance (ANOVA) were used to analyze the 
differences between two groups and three or more groups, 
respectively. Statistical significance was set at p<0.05.

█   RESULTS
Levels of Phosphorylated ASK-1 were Reduced in U87-
TR and U251-TR Cells

To assess ASK-1 activation in TR U87 and U251 glioma cells, 
TR glioma model cells were established. The IC50 of TMZ was 
determined for the parental cell lines and the TR model cells. 
The TMZ IC50 was markedly higher in the TR glioma cells 
than in the parental cell lines, which is characteristic of TMZ 
resistance (Figure 1A). Cell survival was evaluated following 
the challenge with 500 μg/mL TMZ. The results showed that 
TMZ significantly reduced cell survival; however, relative 
to the parental cells, the numbers of surviving U87-TR and 
U251-TR cells were higher (Figure 1B). Cell death following 
TMZ treatment was assessed using FCM. TMZ treatment 
induced significant apoptosis in U87 and U251 cells, whereas 
TMZ treatment only alleviated apoptosis in the TR cell lines 
(Figure 1C). These data show that the TR model cell lines were 
successfully established.

To elucidate ASK-1 activation in TR cells, WB was used to 
measure ASK-1 expression and phosphorylation in U87 and 
U251 cells and the derived TR cell lines. The results showed 
that ASK-1 expression levels were not different in all four cell 
lines, with or without TMZ treatment. However, TMZ treatment 
increased ASK-1 phosphorylation levels in the parental 
glioma cells. Interestingly, following TMZ treatment, ASK-1 
phosphorylation levels were lower in the TR glioma cell lines 
than in the parental cells (Figure 1D).

Reduction of ASK-1 Phosphorylation Induced by SEL 
Treatment Increased the TMZ Resistance of Glioma Cells

We hypothesized that dephosphorylation of ASK-1 may 
bolster TMZ resistance in glioma cells. Thus. we used an ASK-
1 inhibitor, SEL (10), to block the phosphorylation of ASK-1 in 
glioma cells. We found that co-administration of SEL and TMZ 
ameliorated the phosphorylation of ASK-1 (Figure 2).
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We subsequently determined the IC50 of TMZ and assessed 
cell survival and apoptosis under high doses of TMZ in cells 
co-treated with SEL and TMZ. Co-treatment with SEL and 
TMZ markedly enhanced the IC50 value of TMZ in U87 and 
U251 cells compared to the value in cells treated with TMZ 
alone (Figure 3A). Cell viability was also increased in glioma 
cells co-treated with SEL and TMZ compared to the viability of 
cells treated with TMZ alone (Figure 3B). In addition, apoptosis 
of TMZ-exposed glioma cells was reduced by SEL treatment 
(Figure 3C). These data suggest that the dephosphorylation of 
ASK-1 induces TMZ resistance in glioma cells.

Multiple Pathway-Dephosphorylated ASK-1 Increased 
the TMZ Resistance of Glioma Cells

Several studies have demonstrated that ASK-1 is activated 
via various pathways and several modulators can lead to the 
dephosphorylation of ASK-1, including Trx (1), PP5 (12), 14-3-
3 (23), and Cdc25C (3). We hypothesized that ASK-1 may act 
as the central protein in the TMZ resistance of glioma cells. 
To test this hypothesis, we overexpressed Trx, PP5, 14-3-3, 
and Cdc25C in the glioma cells, which was confirmed by WB 
(Figure 4).

Figure 1: Phosphorylation of ASK-1 was reduced in TMZ-resistant glioma cell lines. A) IC50 value of TMZ in U87 and U251 glioma 
cell lines, and their TMZ-resistant (TR) derivative lines. B) The survival rate of glioma cells with or without 500 μg/mL TMZ treatment, 
as assessed by the CCK-8 assay. C) The apoptosis rate of cells with or without TMZ treatment as determined by flow cytometry.                       
D) Phosphorylation of ASK-1 in glioma cells as evaluated by western blotting. * p<0.05, ** p<0.01, *** p<0.001.
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We then explored the involvement of Trx, PP5, 14-3-3, and 
Cdc25C in TMZ resistance in gliomas regulated by ASK-1. 
Overexpression of Trx, PP5, 14-3-3, and Cdc25C reduced the 
IC50 of TMZ in glioma cells (Figure 5A). The reduction in the 
viability of TMZ-treated glioma cells was partially reversed by 
overexpression of Trx, PP5, 14-3-3, and Cdc25C to different 
degrees (Figure 5B). Overexpression of Trx, PP5, 14-3-3, and 
Cdc25C also reduced the proportion of apoptotic TMZ-treated 
U87 and U251 cells (Figure 5C). Collectively, our data indicate 
that Trx, PP5, 14-3-3, and Cdc25C increase TMZ resistance in 
glioma cells by dephosphorylating ASK-1.

█   DISCUSSION
TMZ, an alkylating agent, induces double-strand breaks in 
DNA and subsequent apoptosis of glioma cells. Long-term 
use of TMZ during tumor treatment may lead to acquired 
drug resistance, which is a major problem (22). However, the 
mechanism underlying TMZ resistance in GBM is unknown. 

Figure 2: Administration of the ASK-1 inhibitor selonsertib reduced 
ASK-1 phosphorylation in TMZ-treated glioma cells. Glioma cells 
were treated with TMZ (500 μg/mL) and/or selonsertib (SEL; 500 
μg/mL) for 48 h. Phosphorylation of ASK-1 in glioma cells was 
examined by western blotting.

Figure 3: Administration of SEL increased TMZ resistance in glioma cells. Glioma cells were treated with TMZ (500 μg/mL) and/or SEL 
(100 μg/mL) for 48 h. A) IC50 values of TMZ in U87 and U251 glioma cell lines and their derived TMZ-resistant (TR) cell lines. B) The 
survival rate of glioma cells with or without 500 μg/mL TMZ treatment as assessed by the CCK-8 assay. C) The apoptosis rate of cells 
with or without TMZ treatment as determined using flow cytometry. * p<0.05, ** p<0.01, *** p<0.001.
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ASK-1 belongs to the MAP3K family and modulates the 
JNK and p38 MAPK pathways. Owing to its pleiotropic 
functions and wide expression, ASK-1 activity is strictly 
controlled through complex molecular mechanisms, including 
dimerization and phosphorylation. In response to various cell 
stresses, including bacterial and viral infections, endoplasmic 
reticulum stress, reactive oxygen species, calcium influx, and 
inflammatory signals, ASK-1 is activated via homodimerization 
and subsequent autophosphorylation. Phosphorylated ASK-

In the present study, we found that ASK-1 phosphorylation 
in U87 and U251 glioma cells was elevated following TMZ 
treatment. Compared to the levels in parental cells, ASK-1 
phosphorylation was markedly reduced in TR glioma cells; 
thus, ASK-1 might play an important role in gliomas. In our 
study, blocking phosphorylation of ASK-1 increased the IC50 
of TMZ, restored cell viability, and reduced apoptosis in TMZ-
exposed U87 and U251 cells.

Figure 5: Overexpression of Trx, PP5, 14-3-3, and Cdc25C increased TMZ resistance in glioma cells. Glioma cells were transfected 
with Trx, PP5, 14-3-3, and Cdc25C for 24 h and then treated with TMZ for 48 h. A) TMZ IC50 values in U87 and U251 glioma cells and 
their derived TMZ-resistant (TR) cell lines. B) The survival rate of glioma cells with or without 500 μg/mL TMZ treatment as assessed by 
the CCK-8 assay. C) The apoptosis rate of cells with or without TMZ treatment as determined using flow cytometry. *p<0.05, **p<0.01, 
***p<0.001 vs. TMZ + Empty group.

Figure 4: Overexpression of Trx, PP5, 14-3-3, and Cdc25C reduced ASK-1 phosphorylation in TMZ-treated glioma cells. Glioma cells 
were transfected with Trx, PP5, 14-3-3, and Cdc25C for 24 h and then treated with 500 μg/mL TMZ for 48 h. Phosphorylation of ASK-1 
in the transfected and treated glioma cells was examined by western blotting.
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