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Abstract. While elimination of the cancer stem cell popula-
tion is increasingly recognized as a key to successful treatment 
of cancer, the high resistance of cancer stem cells to conven-
tional chemoradiotherapy remains a therapeutic challenge. 
O6-methylguanine DNA methyltransferase (MGMT), which 
is frequently expressed in cancer stem cells of glioblastoma, 
has been implicated in their resistance to temozolomide, the 
first-line chemotherapeutic agent against newly diagnosed 
glioblastoma. However, much remains unknown about the 
molecular regulation that underlies MGMT expression and 
temozolomide resistance of glioblastoma cancer stem cells. 
Here, we identified JNK as a novel player in the control of 
MGMT expression and temozolomide resistance of glioblas-
toma cancer stem cells. We showed that inhibition of JNK, 
either pharmacologically or by RNA interference, in stem-like 
glioblastoma cells derived directly from glioblastoma tissues 
reduces their MGMT expression and temozolomide resis-
tance. Importantly, sensitization of stem-like glioblastoma 
cells to temozolomide by JNK inhibition was dependent on 
MGMT expression, implying that JNK controls temozolomide 
resistance of stem-like glioblastoma cells through MGMT 
expression. Our findings suggest that concurrent use of JNK 
inhibitors with temozolomide may be a rational therapeutic 
approach to effectively target the cancer stem cell population 
in the treatment of glioblastoma.

Introduction

Glioblastoma multiforme, the most common primary brain 
tumor in adults, is one of the deadliest of all human cancers 
with a median survival of <2 years at best, even with the 
current standard of care consisting of maximal surgical 
resection followed by radiotherapy with concomitant and 
adjuvant temozolomide (1,2). Early recurrence, which eventu-
ally becomes fatal, is inevitable even after successful initial 
treatment of glioblastoma, for which cancer stem cells are 
now deemed responsible (3,4). Cancer stem cells are a small 
subpopulation of cancer cells comprising a tumor that possess 
stem cell-like properties as well as the capacity to initiate 
a tumor and are often associated with resistance against 
conventional chemo- and radiotherapies (5,6). Elimination of 
the cancer stem cell population by overcoming their therapy 
resistance, therefore, is considered a key to successful manage-
ment of glioblastoma as well as to realization of long-term 
survival of patients with this devastating disease. Although 
it still remains an open question whether or not cancer stem 
cells of glioblastoma are invariably resistant to temozolo-
mide, current literature unanimously indicates that they often 
express O6-methylguanine DNA methyltransferase (MGMT) 
and that MGMT expression is associated with high resistance 
to temozolomide (7). MGMT is a repair enzyme that rapidly 
removes the methyl group attached by temozolomide at the 
O6 position of the guanine residue. As such, MGMT expres-
sion is considered to be a major mechanism for temozolomide 
resistance of glioblastoma, which has indeed been supported 
by a wealth of data from both clinical and basic studies (8-12). 
Thus, the accumulating evidence supports the idea that eluci-
dating how MGMT expression is regulated in cancer stem 
cells of glioblastoma would be a valuable strategy to control 
its expression and, by so doing, render them susceptible to 
temozolomide treatment.

In the present study, we dissected the molecular mecha-
nism of temozolomide resistance using glioblastoma cells 
having cancer stem cell properties (stem-like glioblastoma 
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cells) that were derived directly from glioblastoma patients. 
We found that the JNK pathway is critically involved in the 
temozolomide resistance and MGMT expression of stem-like 
glioblastoma cells that express MGMT. JNK inhibition failed 
to sensitize stem-like glioblastoma cells without MGMT 
expression, suggesting that JNK may contribute to temozolo-
mide resistance of stem-like glioblastoma cells in an MGMT 
expression-dependent manner.

Materials and methods

Reagents and antibodies. SP600125 and temozolomide were 
purchased from Calbiochem (La Jolla, CA, USA) and LKT 
Laboratories, Inc. (St. Paul, MN, USA), respectively, and were 
dissolved in dimethylsulfoxide (DMSO) to prepare 50 mM 
stock solutions. Anti-c-Jun (no. 9165) and anti-phospho-c-Jun 
(Ser 63) (no. 9261) antibodies were purchased from Cell 
Signaling Technology, Inc. (Beverly, MA, USA). Anti-β-actin 
(A1978) was from Sigma (St. Louis, MO, USA). Anti-JNK1 
(sc-474) and anti-JNK2 (sc-7345) were from Santa Cruz 
Biotechnology, Inc. (Santa Cruz, CA, USA). Anti-MGMT 
(ab39253) was purchased from Abcam (Cambridge, UK).

Cell culture. Patient-derived stem-like glioblastoma cells used 
in this study (GS-Y01, GS-Y03, GS-NCC01 and TGS01) were 
directly established from glioblastoma tissues in accordance 
with protocols approved by the Institutional Review Boards 
of the institutions where they were established. The establish-
ment and characterization of the stem-like glioblastoma cells 
have been described (13-15). The cells were maintained under 
the monolayer stem cell culture condition reported previously 
(14,15).

Temozolomide treatment and live/dead cell assays. 
Throughout this study, for temozolomide treatment, cells were 
exposed to 50 µM temozolomide for 4 h, after which they were 
cultured in the absence of temozolomide until being subjected 
to analyses. In each set of treatment, cells were examined for 
their viability at the end of pretreatment (i.e., SP600125 treat-
ment and/or knockdown of JNK and/or MGMT), and an equal 
number of viable cells were used for subsequent temozolo-
mide/control treatment. Live and dead cells were identified 
by their ability and inability to exclude vital dyes [trypan 
blue and propidium iodide (PI)], respectively. Unless other-
wise specified, both adherent and non-adherent cells in the 
dishes were collected, and after centrifugation, re-suspended 
in phosphate-buffered saline (PBS). The cell suspension was 
then mixed with an equal volume of PBS containing trypan 
blue (0.4% w/v, final concentration, 0.2%) and examined 
under a phase-contrast microscope using a hemocytometer. 
The percentage of dead cells was defined as 100 x the number 
of dead cells / (the number of viable cells + the number of 
dead cells). Alternatively, cells were incubated in situ with PI 
(1 µg/ml) and Hoechst 33342 (10 µg/ml) for 10 min at 37˚C 
in the CO2 incubator, to stain dead cells and the cell nuclei, 
respectively. Then the numbers of PI- and Hoechst-positive 
cells were scored under a fluorescence microscope (CKX41; 
Olympus, Tokyo, Japan), and the percentage of PI-positive 
cells (dead cells) against Hoechst-positive cells (total cells) 
was determined.

Colony formation assay. For colony formation, cells were 
seeded at a low, colony-forming density (5x103 cells per 60-mm 
dish) and cultured for ~4 weeks. The cells were then fixed with 
formaldehyde (4% v/v) followed by staining with crystal violet 
(0.1% w/v). Colonies [consisting of 8 or more cells (progenies) 
derived from a single cell] were counted using a microscope.

Gene silencing by siRNA. siRNAs against human JNK1 
(HSS108547), JNK2 (HSS108550), MGMT (HSS106519) and 
Stealth RNAi™ siRNA negative control duplexes (Medium 
GC Duplexes no. 2) were purchased from Invitrogen Life 
Technologies (Carlsbad, CA, USA). Transfection of siRNAs 
was performed using Lipofectamine RNAiMAX (Invitrogen 
Life Technologies) according to the manufacturer's instruc-
tions.

Immunoblot analysis. Cells were washed with ice-cold PBS 
and lysed in the RIPA buffer [10 mM Tris-HCl (pH 7.4), 
0.1% SDS, 1% sodium deoxycholate, 150 mM NaCl, 1 mM 
EDTA, 1.5 mM Na3VO4, 10 mM NaF, 10 mM sodium 
pyrophosphate, 10 mM sodium β-glycerophosphate and 
1% protease inhibitor cocktail set III (Calbiochem)]. After 
centrifugation for 10 min at 14,000 x g at 4˚C, the supernatants 
were recovered as the cell lysates, and the protein concentra-
tion of the cell lysates was determined by the BCA protein 
assay kit (Pierce Biotechnology, Inc., Rockford, IL, USA). Cell 
lysates containing equal amounts of protein were separated 
by SDS-PAGE and transferred to a polyvinylidene difluoride 
membrane. The membrane was probed with a primary anti-
body and then with an appropriate HRP-conjugated secondary 
antibody according to the protocol recommended by the 
manufacturer of each antibody. Immunoreactive bands were 
visualized using Immobilon Western Chemiluminescent HRP 
Substrate (Millipore, Billerica, MA, USA).

RT-PCR. Total RNA was extracted with TRIzol (Invitrogen 
Life Technologies). Total RNA was reverse-transcribed into 
cDNA using PrimeScript™ 1st strand cDNA Synthesis kit 
(Takara, Tokyo, Japan) according to the manufacturer's 
instructions. Amplification was performed with cycles of 97˚C 
for 30 sec, 55˚C for 30 sec, and 72˚C for 1 min in a thermal 
cycler (Takara PCR Thermal Cycler Dice). PCR cycles were 
30 for MGMT and 25 for β-actin. RT-PCR analysis was 
performed with the following primers: MGMT (forward: 
5'-GCTGGAGCTGTCTGGTTGTGAG, reverse: 5'-GCGC 
GGCTTTGGGGTTGC), β-actin (forward: 5'-CCCATGCCA 
TCCTGCGTCTG, reverse: 5'-CGTCATACTCCTGCTTG 
CTG).

Statistical analysis. Results are expressed as the means ± SD, 
and differences were compared using the 2-tailed Student's 
t-test. P-values <0.05 were considered statistically significant 
and indicated with asterisks in the figures.

Results

SP600125, a JNK inhibitor, sensitizes stem-like glioblastoma 
cells with MGMT expression to temozolomide. We have 
previously demonstrated that the JNK pathway is commonly 
activated in stem-like glioblastoma cells compared to their 
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differentiated counterparts and that the JNK activity is required 
for the maintenance of the stemness/tumor-initiating capacity 
of stem-like glioblastoma cells (14). Since cancer stem cells 
are in general associated with chemo- and radio-resistance 
(6), we wondered if JNK also has a role in determining their 
sensitivity/resistance against temozolomide, the current chemo-
therapeutic agent of choice in the treatment of glioblastoma 
(16). To address this question, we used stem-like glioblastoma 
cells derived directly from glioblastoma patients and asked 
whether the cytotoxic effect of temozolomide on these stem-
like glioblastoma cells would be modulated by treatment with 
SP600125, a chemical inhibitor of JNK. We first tested the 

idea using GS-Y03 stem-like glioblastoma cells, which express 
MGMT and are virtually refractory to clinically relevant 
concentrations (~50 µM) of temozolomide (Fig. 1A and C-F; 
see also Fig. 3). When GS-Y03 cells pretreated with SP600125 
were exposed to temozolomide at 50 µM and collected 3 days 
after the temozolomide treatment to determine their viability, 
we found that SP600125 pretreatment significantly increased 
the proportion of dead cells after temozolomide treatment, 
while SP600125 pretreatment alone caused only marginal 
increase in the proportion of dead cells (Fig. 1A). Since fragile 
dead cells could be lost during the cell collection procedure, 
we also stained dead cells in situ with a fluorescent vital dye 

Figure 1. SP600125 sensitizes stem-like glioblastoma cells with MGMT expression to temozolomide. (A-D) GS-Y03 and TGS01 stem-like glioblastoma cells 
pretreated with or without SP600125 (SP, 20 µM for GS-Y03, 30 µM for TGS01) for 3 days were subsequently treated with or without temozolomide (TMZ, 
50 µM) for 4 h and then cultured in the absence of TMZ for 3 days. Then the numbers of viable and dead cells (left panel) as well as the percentage of dead 
cells (right panel) were determined for GS-Y03 cells (A) and TGS01 cells (B). Alternatively, the cells were subjected to cell death analysis using propidium 
iodide (PI). Representative fluorescence images of Hoechst- (upper rows) and PI- (lower rows) positive cells (C), as well as the percentage of PI-positive cells 
(dead cells) relative to Hoechst-positive cells (total cells) (D) are shown. (E and F) GS-Y03 cells pretreated with or without SP600125 (20 µM) for 3 days were 
subjected to colony formation assay with or without temozolomide treatment (TMZ, 50 µM for 4 h). An  image of a representative experiment (E) and the 
number of colonies (F) are presented. In (A), (B), (D) and (F), the values in the graphs represent means ± standard deviations of three independent experiments. 
*P<0.05 [note that the numbers of viable cells are compared in the left panels of (A) and (B)].



OKADA et al:  JNK CONTROL OF MGMT EXPRESSION IN STEM-LIKE GLIOBLASTOMA CELLS594

Hoechst 33342. Although it turned out that SP600125 pretreat-
ment alone somewhat increased cell death when examined by 
this method, cell death was further increased by exposing cells 
to temozolomide after SP600125 pretreatment, whereas temo-
zolomide alone had no cell death-increasing effect on GS-Y03 
cells (Fig. 1C and D). Thus, the results of the two cell death 
assays consistently suggested that SP600125 renders GS-Y03 
cells, which are otherwise highly resistant to temozolomide, 
sensitive to the chemotherapeutic agent. We then wished to 
determine whether SP600125 actually augments the suppres-
sive effect of temozolomide on clonogenic survival, instead 
of simply changing the time kinetics of cell death, i.e., just 
letting cell death occur at earlier time-points that would other-
wise occur at later time-points. To address this question, we 
conducted the colony formation assay. SP600125 pretreatment 
of GS-Y03 cells alone efficiently inhibited colony formation, 
most likely because SP600125 caused a proliferation block 
associated with differentiation. However, colony forma-
tion was further inhibited when GS-Y03 cells were exposed 
to temozolomide after SP600125 pretreatment, whereas 
temozolomide alone had no discernible inhibitory effect on 

colony formation (Fig. 1E and F). The results of the colony 
formation assay thus indicated that SP600125 efficiently 
suppresses clonogenic survival of stem-like glioblastoma 
cells in combination with temozolomide. Intriguing enough, 
whereas we obtained essentially similar results (i.e., sensitiza-
tion to temozolomide by SP600125 pretreatment) from TGS01 
and GS-Y01 cells that express MGMT (17,18) (Fig. 1B and D; 
data not shown for GS-Y01), we observed no such effect of 
SP600125 on another patient-derived stem-like glioblastoma 
cell line GS-NCC01, which do not express MGMT (Fig. 2; 
Fig. 3A and F). In GS-NCC01 cells, temozolomide exposure 
alone caused substantial cell death consistent with the lack 
of MGMT expression, and SP600125 pretreatment failed 
to increase cell death either alone or in combination with 
temozolomide (Fig. 2A and B). In line with the results of the 
cell death assay, temozolomide exposure alone almost totally 
eliminated colony formation, and we saw no further decrease 
in colony formation by SP600125 pretreatment (Fig. 2C). 
Together, these results suggest that SP600125 may specifically 
sensitize MGMT-expressing, temozolomide-resistant stem-
like glioblastoma cells to temozolomide treatment.

Inhibition of MGMT expression in stem-like glioblastoma 
cells by SP600125. Since SP600125 specifically sensitized 
stem-like glioblastoma cells with MGMT expression to temo-
zolomide, we next asked whether SP600125 did so through 
modulation of the expression and/or activity of MGMT. To 
this end, we first examined the effect of SP600125 on the 
mRNA expression of MGMT in stem-like glioblastoma cells. 
The results indicated that GS-Y01, GS-Y03 and TGS01 but not 
GS-NCC01 cells express detectable levels of MGMT mRNA, 
which were significantly decreased after 3-day pretreatment 
with SP600125 (Fig. 3A). The time course analysis using 
GS-Y03 cells revealed that MGMT mRNA gradually declined 
over 3 days during the SP600125 pretreatment period (Fig. 3B). 
Consistent with the change of the mRNA level, the SP600125 
pretreatment also decreased the expression of the MGMT 
protein, with some time lag compared to that of mRNA 
(Fig. 3C). Further analysis showed that SP600125 inhibited 
both JNK activity (as monitored by phospho-c-Jun expression) 
and MGMT protein expression at 10 µM or higher concentra-
tions (Fig. 3D). Inhibition of MGMT protein expression by 
SP600125 was similarly demonstrated in TGS01 and GS-Y01 
cells (Fig. 3E; data not shown for GS-Y01). We also confirmed 
that GS-NCC01 cells do not express MGMT protein and that 
SP600125 does inhibit the JNK activity in GS-NCC01 cells, 
excluding the possibility that the lack of sensitization effect is 
due to failure of SP600125 to inhibit JNK in GS-NCC01 cells 
(Fig. 3F).

JNK knockdown inhibits MGMT expression and sensitizes 
stem-like glioblastoma cells to temozolomide. To definitively 
establish that JNK is actually involved in the regulation of the 
MGMT expression and temozolomide resistance of stem-like 
glioblastoma cells, we knocked down JNK and examined its 
effect on these parameters. To achieve effective reduction in 
the JNK activity, we introduced into GS-Y03 and TGS01 cells 
a combination of siRNAs against JNK1 and JNK2. Successful 
knockdown of JNK1 and JNK2 resulted in reduced expres-
sion of phospho-c-Jun, and also caused decreased MGMT 

Figure 2. Failure of SP600125 to promote temozolomide-induced cell death 
in stem-like glioblastoma cells lacking MGMT expression (GS-NCC01 
cells). (A and B) GS-NCC01 stem-like glioblastoma cells pretreated with or 
without SP600125 (SP, 20 µM) for 3 days were subsequently treated with 
or without temozolomide (TMZ, 50 µM) for 4 h and then cultured in the 
absence of TMZ for 3 days. Then, the numbers of viable and dead cells (left 
panel) as well as the percentage of dead cells (right panel) were determined. 
Alternatively, the cells were subjected to cell death analysis using prop-
idium iodide (PI). The percentage of PI-positive cells (dead cells) relative 
to Hoechst-positive cells (total cells) (B) are shown. (C) GS-NCC01 cells 
pretreated with or without SP600125 (SP, 20 µM) for 3 days were subjected 
to colony formation assay with or without temozolomide treatment (TMZ, 
50 µM for 4 h), and the number of colonies was determined. In (A-C), the 
values in the graphs represent means ± standard deviations of three indepen-
dent experiments.
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expression in parallel with the reduced JNK activity (Fig. 4A). 
The stem-like glioblastoma cells were then examined for 
their sensitivity to temozolomide in the presence and absence 
of JNK knockdown. Whereas temozolomide exposure alone 
in the absence of JNK knockdown did not have a significant 
impact on cell viability, the proportion of dead cells was 
substantially increased when cells were exposed to temo-
zolomide after JNK knockdown (Fig. 4B-E). In line with the 
results of the cell death assay, JNK knockdown cells formed 
apparently less colonies after temozolomide exposure in the 
colony formation assay, in contrast to the control cells which 
formed colonies quite efficiently irrespective of temozolomide 
exposure (Fig. 4F and G). In conjunction with the results of the 
analyses using SP600125, these results demonstrate that JNK 
plays a critical role in the maintenance of the MGMT expres-
sion and temozolomide resistance of stem-like glioblastoma 
cells.

MGMT-dependent contribution of JNK to temozolomide 
resistance of stem-like glioblastoma cells. So far, we have 
demonstrated that JNK plays a role in the maintenance of 
the MGMT expression and temozolomide resistance of stem-
like glioblastoma cells that express MGMT. We then wished 

to ask whether downregulation of MGMT expression is the 
mechanism for the JNK inhibition-mediated sensitization of 
stem-like glioblastoma cells to temozolomide. To determine 
whether the sensitization effect of JNK inhibition is dependent 
on MGMT expression, we examined the impact of MGMT 
knockdown on the temozolomide-sensitizing effect of JNK 
inhibition. In the control experiment, GS-Y03 cells transfected 
with a control siRNA were treated with or without temozolo-
mide in the absence or presence of SP600125 pretreatment. 
Consistent with the earlier results, under this experimental 
condition, SP600125 inhibited MGMT expression and sensi-
tized the cells to temozolomide (Fig. 5A and B). In sharp 
contrast, when the cells were transfected with a siRNA against 
MGMT to knockdown MGMT expression, the cells became 
sensitive to temozolomide alone (compare siMGMT and 
siMGMT+TMZ) and the temozolomide-sensitizing effect of 
SP600125 pretreatment was lost under this condition (compare 
siMGMT+TMZ and siMGMT+SP+TMZ) (Fig. 5A and B). 
Unexpectedly, SP600125 pretreatment promoted cell death 
when combined with MGMT knockdown, the reason for 
which remains currently unknown. Nevertheless, the obser-
vation that SP600125 pretreatment no longer promoted 
temozolomide-induced cell death in MGMT knockdown 

Figure 3. SP600125 inhibits MGMT expression in stem-like glioblastoma cells. (A) The indicated stem-like glioblastoma cells treated with or without SP600125 
(SP, 30 µM for TGS01, 20 µM for the others) for 3 days were subjected to RT-PCR analysis of MGMT mRNA expression. (B) GS-Y03 cells treated with or 
without SP600125 (20 µM) for the indicated time periods were subjected to RT-PCR analysis of MGMT mRNA expression. (C) GS-Y03 cells treated without 
(0 day) or with SP600125 (20 µM) for the indicated time periods (1-3 days) were subjected to immunoblot analysis of the indicated proteins. (D) GS-Y03 cells 
treated with the indicated concentrations of SP600125 for 3 days were subjected to immunoblot analysis of the indicated proteins. (E and F) TGS01 (E) and 
GS-NCC01 (F) cells treated with SP600125 (30 µM for TGS01, 20 µM for GS-NCC01) for 3 days were subjected to immunoblot analysis of the indicated 
proteins.
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Figure 4. JNK knockdown inhibits MGMT expression and sensitizes stem-like glioblastoma cells to temozolomide. (A) The indicated stem-like glioblastoma 
cells were transiently transfected with a combination of siRNAs against JNK1 and JNK2 (siJNK1/2) or with a control siRNA (siControl). After 4 days, 
the transfected cells were subjected to immunoblot analysis for the expression of the indicated proteins. (B-E) The indicated stem-like glioblastoma cells 
transiently transfected with the indicated siRNAs for 4 days were subsequently treated with or without temozolomide (TMZ, 50 µM) for 4 h and cultured 
in the absence of TMZ for 3 days thereafter. Then, the numbers of viable and dead cells (left panel) as well as the percentage of dead cells (right panel) 
were determined for GS-Y03 cells (B) and TGS01 cells (C). Alternatively, the cells were subjected to cell death analysis using propidium iodide (PI). 
Representative fluorescence images of Hoechst- (upper rows) and PI- (lower rows) positive cells (D), as well as the percentage of PI-positive cells (dead cells) 
relative to Hoechst-positive cells (total cells) (E) are shown. (F and G) GS-Y03 cells transiently transfected with a combination of siRNAs against JNK1 
and JNK2 (siJNK1/2) or with a control siRNA (siControl) for 4 days were then subjected to colony formation assay with or without temozolomide treatment 
(TMZ, 50 µM for 4 h). An image of a representative experiment (F) and the number of colonies (G) are presented. In (B), (C), (E), and (G), the values in 
the graphs represent means ± standard deviations of three independent experiments. *P<0.05 [note that the numbers of viable cells are compared in the left 
panels of (B) and (C)].
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cells supports the idea that the temozolomide-sensitizing 
effect of JNK inhibition is lost upon MGMT knockdown. 
Finally, to rule out the possibility that the siRNA against 
MGMT cancelled the sensitizing effect of SP600125 in an 
MGMT-independent manner, we conducted a similar experi-
ment using GS-NCC01 cells that do not express MGMT. 
The results indicated GS-NCC01 cells remained equally 
sensitive to temozolomide either in the absence or presence 
of SP600125 pretreatment irrespective of whether or not 
MGMT was knocked down (Fig. 5C and D). Collectively, 
these findings suggest that regulation of MGMT expression 
is a mechanism by which JNK contributes to temozolomide 
resistance of stem-like glioblastoma cells.

Discussion

Cancer stem cells are now increasingly recognized as a critical 
therapeutic target in cancer treatment. Since cancer stem cells 
are often associated with inherent resistance against conven-
tional chemo- and radio-therapies, overcoming their therapy 

resistance is among the most important issues in cancer 
therapeutics (3,4). In the case of glioblastoma, cancer stem 
cells are frequently, albeit not always, resistant to temozolo-
mide, the standard chemotherapeutic agent for the treatment 
of glioblastoma (7). Accumulating evidence indicates that 
temozolomide-resistant glioblastoma cancer stem cells are 
associated with increased MGMT expression (8-12), and we 
and others have indeed demonstrated that MGMT expression 
is responsible for the temozolomide resistance of glioblastoma 
cancer stem cells (12,18). Thus, the evidence suggests that 
therapies targeting MGMT expression/activity in combina-
tion with temozolomide would be a rational strategy to treat 
temozolomide-resistant glioblastoma cancer stem cells, and 
also underscores the necessity of dissecting the mechanism 
of MGMT regulation in glioblastoma cancer stem cells. In 
this regard, we have previously demonstrated that the MAPK 
pathway regulates MGMT expression in stem-like glioblas-
toma cells through the MDM2-p53 axis (18). Only recently, 
the BMP2-HIF1-α, mGlu3-PI3K/NF-κB, and ZEB1-c-MYB 
pathways have been implicated in the regulation of MGMT 

Figure 5. MGMT expression-dependent sensitization of stem-like glioblastoma cells to temozolomide by SP600125. (A) GS-Y03 cells transiently transfected 
with either a siRNA against MGMT (siMGMT) or a control siRNA (siControl) for 24 h were treated with or without 20 µM SP600125 for 3 days and then 
subjected to immunoblot analysis of the indicated proteins. (B) GS-Y03 cells transiently transfected with either a siRNA against MGMT (siMGMT) or a 
control siRNA (siControl) for 24 h were treated with or without SP600125 (20 µM) for 3 days. The cells were then further treated with or without temozolomide 
(TMZ, 50 µM) for 4 h and cultured in the absence of TMZ thereafter. The numbers of viable and dead cells (left panel) as well as the percentage of dead 
cells (right panel) were determined 3 days after the TMZ treatment. (C) GS-NCC01 cells transiently transfected with the indicated siRNAs for 24 h were 
treated with or without SP600125 (20 µM) for 3 days and then subjected to immunoblot analysis of the indicated proteins. (D) GS-NCC01 cells transiently 
transfected with the indicated siRNAs for 24 h were treated with or without SP600125 (20 µM) for 3 days. The cells were then further treated with or without 
temozolomide (TMZ, 50 µM) for 4 h and cultured in the absence of TMZ thereafter. The numbers of viable and dead cells (left panel) as well as the percentage 
of dead cells (right panel) were determined 3 days after the TMZ treatment. In (B) and (D), the values in the graphs represent means ± standard deviations of 
three independent experiments.
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expression in glioma stem cells (19-21). While these pathways 
are expected to become attractive candidates for therapeutic 
targeting to overcome temozolomide resistance of glioblas-
toma cancer stem cells, apparently, the information is still 
limited and much remains unknown regarding the MGMT 
regulation in glioblastoma cancer stem cells.

Herein, we have provided lines of evidence that JNK 
is involved in the maintenance of MGMT expression and 
temozolomide resistance of stem-like glioblastoma cells. 
Both pharmacological and genetic inhibition of JNK resulted 
in decreased MGMT expression and reduced temozolomide 
resistance of otherwise temozolomide-resistant stem-like 
glioblastoma cells with MGMT expression. Significantly, JNK 
inhibition-mediated sensitization of stem-like glioblastoma 
cells to temozolomide did not occur in cells without MGMT 
expression (either originally lacking MGMT expression or 
after MGMT knockdown). Thus, to our knowledge, this 
is the first study to demonstrate the critical role of the JNK 
pathway in MGMT-dependent temozolomide resistance of 
stem-like glioblastoma cells. Intriguingly, an earlier report 
showed that SP600125 sensitized serum-cultured U87 cells to 
temozolomide (22). Given that U87 is a human glioblastoma 
cell line widely known to be sensitive to temozolomide due 
to lack of MGMT expression (23-25), the mechanism for the 
temozolomide-sensitizing effect of SP600125 in that study was 
most likely MGMT-independent and therefore distinct from 
the one proposed in the present study. Moreover, since JNK 
inhibition in the study was done solely by use of SP600125 
known to have well-characterized off-target effects (26-28), it 
could even be possible that the sensitizing effect of SP600125 
in U87 cells was JNK-independent. It needs to be emphasized 
here, however, that the results of our study do not necessarily 
exclude the possibility that JNK could also contribute to temo-
zolomide resistance independently of MGMT.

We have demonstrated in this study that JNK plays a role 
in the control of MGMT expression in stem-like glioblastoma 
cells, but the molecular pathway connecting JNK to MGMT 
expression remains to be determined. Although MGMT 
could be regulated at the protein level as exemplified by 
STAT3-mediated regulation of MGMT (29), our data clearly 
indicate that JNK regulation of MGMT expression occurs at 
the mRNA level, suggesting that JNK likely contributes to 
MGMT expression through promotion of its transcription. 
To date, a number of transcription factors and complexes, 
such as Sp1, AP-1, c-Myc, HIF1-α, c-Myb, and NF-κB, have 
been reported to directly bind and activate the MGMT gene 
promoter (20,21,30-33). Among these factors and complexes, 
Sp1 and c-Myc, let alone AP-1 which is a jun/fos heterodimer, 
may be of particular interest in that they are direct targets of 
JNK-mediated phosphorylation and activation. Earlier reports 
indicated that JNK maintains the stability of the Sp1 protein 
through phosphorylation at Thr278/739 (34,35). Another report 
demonstrated that JNK enhances the pro-apoptotic activity 
of c-Myc through phosphorylation at Ser62/71 (36). Whether 
and how JNK is connected with those and other transcription 
factors/complexes, either directly or indirectly, is an intriguing 
issue that still needs to be addressed.

While future studies are expected to shed light on the 
detailed molecular mechanism underlying JNK-mediated 
control of MGMT expression and temozolomide resistance in 

stem-like glioblastoma cells, JNK would nonetheless remain 
superior as a therapeutic target to any of the possible targets 
that would be newly identified in future studies, because 
JNK is a key molecule that stands at the ‘crossroads’ of the 
molecular pathways governing stemness and chemoresistance. 
We have previously demonstrated that JNK plays an essen-
tial role in the maintenance of the stem cell properties and 
tumor-initiating capacity of stem-like glioblastoma cells and 
that systemic administration of SP600125 as a monotherapy 
effectively deprives their self-renewal and tumor-initiating 
capacities in vivo (14). As such, the data of our previous 
study alone would have suggested use of JNK inhibitor as a 
maintenance monotherapy after the completion of the initial 
chemoradiotherapy, for the purpose of targeting glioblas-
toma cancer stem cells that have evaded chemoradiotherapy. 
However, now that we have demonstrated that a JNK inhibitor 
inhibited the temozolomide resistance of glioblastoma cancer 
stem cells along with their stemness, there is a rationale for 
concomitant use of a JNK inhibitor and temozolomide for 
the treatment of glioblastoma. Such a combinational use of a 
JNK inhibitor and temozolomide is also of value in another 
perspective, because temozolomide would kill and irreversibly 
eliminate glioblastoma cancer stem cells that have undergone 
differentiation and lost the capacity to initiate tumors as a 
result of JNK inhibitor treatment but may not necessarily be 
without the risk of recovering their stem cell properties and 
tumor-initiating capacity (37). Thus, JNK is a highly beneficial 
molecular target to control the stemness and chemoresistance 
of glioblastoma cancer stem cells at the same time and 
therefore will remain an attractive therapeutic target to treat 
glioblastoma cancer stem cells.

In conclusion, we have demonstrated in this study that 
JNK contributes to the MGMT expression and temozolomide 
resistance of stem-like glioblastoma cells. Together with the 
known critical role of JNK in the maintenance of the stemness 
of stem-like glioblastoma cells (14,38), our current findings 
provide a molecular rationale for combining JNK inhibitors 
with temozolomide to effectively target glioblastoma stem 
cells. The therapeutic significance of such combination treat-
ment will be tested in future preclinical and clinical studies.
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