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Abstract

Background: Glioblastoma multiforme (GBM), the most common form of brain cancer with an average survival of
less than 12 months, is a highly aggressive and fatal disease characterized by survival of glioma cells following initial
treatment, invasion through the brain parenchyma and destruction of normal brain tissues, and ultimately resistance
to current treatments. Temozolomide (TMZ) is commonly used chemotherapy for treatment of primary and recurrent
high-grade gliomas. Nevertheless, the therapeutic outcome of TMZ is often unsatisfactory. In this study, we sought to
determine whether eEF-2 kinase affected the sensitivity of glioma cells to treatment with TMZ.
Methodology/Principal Findings: Using RNA interference approach, a small molecule inhibitor of eEF-2 kinase,
and in vitro and in vivo glioma models, we observed that inhibition of eEF-2 kinase could enhance sensitivity of
glioma cells to TMZ, and that this sensitizing effect was associated with blockade of autophagy and augmentation of
apoptosis caused by TMZ.
Conclusions/Significance: These findings demonstrated that targeting eEF-2 kinase can enhance the anti-glioma
activity of TMZ, and inhibitors of this kinase may be exploited as chemo-sensitizers for TMZ in treatment of malignant
glioma.
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Introduction

Glioblastoma multiforme (GBM) is a common and highly
aggressive form of malignant brain tumor. The lethality of this
malignancy is mainly due to the high invasiveness and high
proliferation of glioma cells. The current strategy for the
treatment of GBM is general palliative treatment, including
standard chemotherapy, surgical palliative resection and focal
radiotherapy [1]. Nevertheless, GBM often exhibits a high
resistance to chemotherapy and radiotherapy. For instance,
temozolomide (TMZ), an alkylating agent often used in
conjunction with radiotherapy in treatment of GBM [2], displays
limited efficacy in many cases. A recent study reported that
60-75% of patients with glioblastoma derived no benefit from

treatment with TMZ [3,4]. For patients with recurrent anaplastic
gliomas, more than 50% of patients failed with TMZ treatment
[3]. It has been known that cellular resistance to TMZ involves
alterations of DNA repair pathways and factors, including the
DNA repair protein O6-methylguanine-DNA methyltransferase
(MGMT) [5], DNA mismatch repair (MMR) system [6], and the
alkylpurine-DNA-N-glycosylase (APNG; also known as DNA
methylpurine-N-glycosylase [MPG]) [7]. In addition, several
kinases such as protein kinase C (PKC), protein kinase A
(PKA) and calcium/calmodulin-dependent protein kinase II
(CaMK II) are also known to contribute to malignant
phenotypes of GBM [8–10]. We have been investigating the
roles and implications of eukaryotic elongation factor-2 kinase
(eEF-2 kinase, also known as Ca2+/calmodulin-dependent
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protein kinase III), a critical enzyme that controls protein
translation and is up-regulated in glioma and several other
types of human cancer [11–13]. We and others reported that
through various pathways and mechanisms, the expression
and activity of eEF-2 kinase favors glioma cell survival and
invasion [11,14,15] and modulates sensitivity of tumor cells to
therapeutic agents such as deoxyglucose [16], velcade and
curcumin [17], MK-2206 [18], and Trail [19]. In this study, we
determined the effects of targeting eEF-2 kinase on the anti-
glioma efficacy of TMZ, and found that combined treatment of
TMZ with an inhibitor of eEF-2 kinase could achieve better
therapeutic outcome.

Materials and Methods

Reagents and antibodies
Temozolomide and dimethyl sulfoxide (DMSO) were

purchased from Sigma (St Louis, MO); 1-Hexadecyl- 2-
methyl-3-(phenylmethyl)-1H-imi-dazolium iodide (NH125) was
obtained from Tocris Bioscience (St. Louis, MO); the antibodies
to phospho-eEF2, eEF-2, casepase-3, PARP, and LC3B, were
purchased from Cell Signaling Technology (Danvers, MA);
rabbit polyclonal anti-eEF2 kinase antibody was obtained from
Novus Biologicals (Littleton, CO); p62 was purchased from
Enzo Life Sciences (Plymouth

Meeting, PA); β-actin antibody was obtained from Santa
Cruz Biotechnology Inc (Santa Cruz, CA); eEF-2 kinase-siRNA
and control siRNA were synthesized by Shanghai Gene-
Pharma Co. (Shanghai, China); the Cell Counting Kit-8
(CCK-8) was purchased from DojinDo Molecular Technologies,
Inc. (Rockville, MA); the Annexin V-FITC apoptosis detection
kit and Matrigel were purchased from BD Biosciences (San
Diego, CA); the Pierce BCA Protein Assay Kit was obtained
from Thermo Scientific Corp (Hudson, New Hampshire);
oligofectamine reagent was purchased from Invitrogen Corp
(Carlsbad, CA); other Western blot reagents were obtained
from Bio-Rad Laboratories (Hercules, CA). All cell culture
products were purchased from Invitrogen Corp.

Cell lines and culture
The human glioma cell lines U251 and LN229 were originally

purchased from the Cell Bank of Shanghai Institutes for
Biological Sciences (Shanghai, China). The normal human
astrocyte cell line, SVGp12, was originally purchased from The
American Type Culture Collection (ATCC);  we obtained this
cell line  from Dr. James Connor (Penn State College of
Medicine). The glioma cells and SVGp12 cells were cultured in
DMEM supplemented with 10% fetal bovine serum, 100
units/mL penicillin, and 100 µg/mL streptomycin. Cells were
maintained at 37°C in a humidified atmosphere containing 5%
CO2 and 95% air.

siRNA transfection and drug treatment
siRNA targeting eEF-2 kinase and a control siRNA were

synthesized by Shanghai Gene-Pharma Co. (Shanghai,
China). For transfection, cells in the exponential phase of
growth were plated in 60-mm tissue culture dishes at

5×105cells per dish, grown for 24 h, and then transfected with
siRNA using Oligofectamine and OPTI MEMI-reduced serum
medium (Invitrogen). Transfection of siRNA was performed
according to the manufacturer’s protocol.

NH125 was reconstituted in DMSO (0.5 mmol/L) as a stock
solution; temozolomide was reconstituted in DMSO (100
mmol/L) as a stock solution. LN229 and U251 cells were
treated with various concentrations of TMZ in the presence or
absence of NH125 (0.5μM), or with or without silencing of
eEF-2 kinase expression.

Cell viability assay
Cell viability was measured by CCK-8 assay. Briefly, LN229

and U251 cells were plated in 96-well plates (5×103 cells/well)
and subjected to different treatments. Following a 24h
incubation at 37°C in a humidified atmosphere containing 5%
CO2/95% air, 5μl of CCK-8 reagent was added to the cells. The
plates were read at 450 nm on a multiscan plate reader after a
2h incubation.

Colony-formation assay
LN229 and U251 cells subjected to different treatments were

plated in 35-mm tissue culture dishes. Following incubation at
37°C in a humidified atmosphere containing 5% CO2/95% air
for 10 days, cells were stained with 1% methylene blue in 50%
methanol and colonies (>50 cells) were counted.

Wound healing assay
Cellular ability to migrate was measured by a wound

migration assay. Briefly, LN229 and U251 cells were plated
onto 6-well tissue culture plates (5×105/well) and cultured in
medium containing 10% FBS to nearly confluent monolayers.
Cell monolayers were then carefully wounded using a 10μL
sterile pipette tip, and any cellular debris was removed by
washing with PBS. The wounded monolayers were then
subjected to the drug treatments. At the end of treatments, the
cells were photographed using a phase-contrast microscope
(Nikon) and analyzed for the distance migrated by the leading
edge of the wound at 0 and 24h. The experiments were
performed in triplicate wells and repeated at least three times.

Transwell Invasion assay
Cell ability to invade was measured by a transwell invasion

assay in modified Boyden chambers with filter inserts with 8-
μm pores in 24-well plates (Corning, Tewksbury, MA ). as
described previously [15].

Western blot analysis
Fifty µg of protein diluted in NuPAGE-sample buffer

containing reducing reagents were denatured at 95°C for 5 min
and electrophoretically separated by 10-15% sodiumdodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Proteins were transferred onto nitrocellulose membranes and
the membranes were blocked in 5% BSA/TBST for an hour at
room temperature. The blots were probed with the respective
antibodies. Protein signals were analyzed using a computer-
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assisted image Odyssey Western Blot analysis system and the
Image J gel analysis software.

Annexin V -FITC staining
Annexin V staining was performed using the Annexin V-FITC

apoptosis detection kit (Sigma, St Louis, MO), according to the
manufacturer’s instructions. The cells positive for Annexin V-
FITC and/or PI were analyzed using a BD FACS flow
cytometer (San Diego, CA).

Animal study
Six-week-old male BALB/c nude mice were used for

intracerebral implantation of glioma cells. LN229 cells (1 ×105

cells in 15 μL of DMEM medium) were injected into the brains
at 4 mm depth under anesthesia with chloralic hydras (4%,
2mL/kg, i.p.). Three days after inoculation, the mice were
randomly divided into 4 groups (15 mice per group).
Treatments were begun on day 4, according to the following
regimens: TMZ groups: 8 mg/kg, i.p., on days 1-10; NH125, 1
mg/kg on days 1, 3, 5, 7, 9 and 11. Control groups: 0.5%
DMSO in saline, on the identical schedule. Animal body weight
and physical signs were monitored daily during the
experiments. The mice were housed in a temperature-
controlled and light-controlled environment. On day 17, the
mice were euthanized, and the brains were fixed in 10%
buffered formalin, embedded in paraffin and then stained with
hematoxylin-eosin (H&E) and TUNEL staining kits. The slides
were photographed using a phase-contrast microscope. All
animal experiments were performed according to the protocols
approved by the Institutional Animal Care and Use Committee
of Soochow University.

Statistical analysis
Student’s t-test was used for direct comparison; the one-way

analysis of variance (ANOVA) with the post-test was used for
multiple comparisons. The statistical significance limit was set
at p < 0.05.

Results

Combined treatment with TMZ and eEF-2 kinase
inhibitors more strongly reduces the growth of glioma
cells

To evaluate whether inhibition of eEF-2 kinase would
enhance the cytotoxicity of TMZ, we selected a sub-maximal
doses of TMZ (100μM) and the eEF-2 kinase inhibitor, NH125,
or eEF-2 kinase-targeted siRNA. We observed that combined
treatment of TMZ with an eEF-2 kinase-targeted siRNA (Figure
1A) or the eEF-2 kinase inhibitor NH125 (0.5μM) (Figure 1B)
significantly increased the growth-inhibitory effect of TMZ on
the human glioma cell lines LN229 and U251, as compared
with treatment with TMZ alone. The glioma cells transfected
with the eEF-2 kinase-targeted siRNA showed a 70%–80%
(LN229) and 85-90% (U251) reduction in eEF-2kinase protein
expression at 60h after transfection, as compared with the cells
transfected with a non-targeting siRNA (Figure 1C). LN229 and
U251 cells treated with NH125 (0.5μM) showed a significant

decrease in the activity of eEF-2 kinase, as reflected in a time-
dependent reduction in the level of phospho-eEF2 protein, as
compared with the cells treated with vehicle (Figure 1D). Long-
term clonogenic assay showed the similar synergistic effect of
eEF-2 kinase inhibitors with TMZ on inhibition of tumor cell
growth and proliferation (Figure S1). The combination of TMZ
with NH125 did not cause cytotoxicity in the normal human
astrocytes, SVGp12 (Figure S2).

Combined treatment with TMZ and eEF-2 kinase
inhibitors more effectively inhibits the migration and
invasion of glioma cells

We also determined the effects of co-treatment of TMZ with
eEF-2 kinase inhibitors on migration and invasion of glioma
cells using wound healing assay and transwell matrigel
invasion assay, respectively. As shown in Figure 2, inhibition of
eEF-2 kinase by either siRNA (Figure 2A and Figure 2B) or
NH125 (Figure 2C and Figure 2D) could strengthen the
inhibitory effect of TMZ on wound healing in U251 and LN229
cells. Figure 3 shows that the invasive potentials of U251 and
LN229 cells were also more effectively suppressed by the co-
treatment of TMZ with either an eEF-2 kinase-targeted siRNA
(Figure 3A, Figure 3C and Figure 3E) or the eEF-2 kinase
inhibitor, NH125 (Figure 3B, Figure 3D and Figure 3F), as
compared with that in the cells treated with TMZ alone.

Inhibiting eEF-2 kinase blocks autophagy activated by
TMZ in glioma cells

TMZ is known to activate autophagy in glioma cells [20], and
we previously showed that inhibition of eEF-2 kinase blunted
autophagy induced by various stresses [11,16,18]. Thus, we
asked whether autophagy modulation is involved in the
synergistic action of TMZ and eEF-2 kinase inhibitors against
tumor cells. In these experiments, LN229 and U251 cells were
treated with the indicated concentration of TMZ for 24h in the
presence or absence of the eEF-2 kinase-targeted siRNA or
NH125. At the end of treatment, autophagy was examined by
Western blot analysis of the autophagy markers, LC3-II and
p62, and by microscopic observation of the GFP-LC3 punctum
formation. We found that inhibition of eEF-2 kinase by either
siRNA or NH125 blocked the activation of TMZ-induced
autophagy in both of LN229 (Figure 4A, Figure 4B and Figure
4E) and U251 (Figure 4C, Figure 4D and Figure 4E) cells, as
evidenced by decreases in LC3-II level (Figure 4A and Figure
4C) and in GFP-LC3 punctum number (Figure 4B, Figure 4D
and Figure 4E), and an increase in p62 level (Figure 4A and
Figure 4C). These results suggest that suppression of the
TMZ-induced autophagy by eEF-2 kinase inhibition may
contribute to the greater cytotoxicity resulting from co-treatment
of TMZ and the inhibitors of the kinase.

Inhibition of eEF-2 kinase augments the TMZ-induced
apoptosis in glioma cells

As suppression of autophagy is often accompanied by
activation of apoptosis, we next measured and compared
apoptosis in the glioma cells treated with TMZ alone or with
both of TMZ and eEF-2 kinase inhibitors. We found that
silencing of eEF-2 kinase expression or treatment with NH125
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remarkably augmented the TMZ-activated apoptosis in LN229
and U251 cells, as demonstrated by the increases in the
amounts of cleaved caspase-3 and PARP (Figure 5A and
Figure 5B), and in Annexin V staining (Figure 5C and Figure
5D). These experiments provide further evidence for the
therapeutic potential of targeting eEF-2 kinase in reinforcing
the cytocidal effects of TMZ.

Effect of the combinatorial treatment with TMZ and
NH125 on glioma growth in vivo

To evaluate the in vivo therapeutic benefit of the combined
treatment of TMZ with the eEF-2 kinase inhibitor NH125, we
utilized an intracranial xenograft model of LN229 glioma cells.
In these experiments, the tumor-bearing mice were either
treated with vehicle, TMZ (8mg/kg) or NH125 (1mg/kg) alone,
or a combination of TMZ and NH125. Figure 6A shows that

TMZ and NH125 alone had tumor-inhibitory effects as
compared with the vehicle. However, combination of TMZ and
NH125 caused a greater inhibition of tumor growth than TMZ or
NH125 alone (Figure 6A). The HE staining photograph of
glioma specimens showed that this co-treatment did not fully
eradicate tumors but delayed the growth of the glioma (Figure
6A). Figure 6B shows that, as compared with NH125 or TMZ
mono-therapy, co-administration of TMZ with NH125 produced
a better survival benefit. TUNEL staining of the tumor
specimens demonstrated that the numbers of cells positive for
TUNEL staining were higher in the combination of TMZ and
NH125 group than that in the TMZ group (Figure 6C),
indicating that this combination induces more apoptotic cell
death.

Figure 1.  Effect of co-treatment with TMZ and eEF-2 kinase inhibitors on growth of glioma cells.  (A) Human glioma cell lines
LN229 and U251 with or without silencing of eEF-2 kinase expression were plated in 96-well plates (5×103/well) and treated with
TMZ (100 μM) at 37°C for 24 h; (B) LN229 and U251 cells were plated in 96-well plates (5×103/well) and treated with TMZ (100 μM)
in the presence or absence of 0.5μM of NH125 at 37°C for 24 h. Cell viability was measured by CCK-8 assay. (C) LN229 and U251
cells were transfected with an eEF-2 kinase-targeted siRNA or a non-targeting control siRNA (NT control). At different time points,
expression of eEF-2 kinase was analyzed by Western blot,. β-actin was used as a loading control. (D) LN229 and U251 cells were
treated with NH125 (0.5μM) or vehicle for various periods of time. At the end of treatment, the level of phospho-eEF2 (Thr56) was
examined by western blot. β-actin was used as a loading control. Each bar represents mean ± SD of triplicate determinations;
results shown are the representative of three identical experiments; data are expressed as the percentage of the controls. ** p <
0.01.
doi: 10.1371/journal.pone.0081345.g001
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Discussion

Although TMZ is commonly used in treatment of GBM, the
therapeutic outcome is often unsatisfactory, due to various
causes and mechanism. Strategies and approaches to
reinforcing the antitumor efficacy of TMZ will make this drug

more useful and beneficial to patients with malignant glioma. In
this study, we explored whether targeting eEF-2 kinase, an
enzyme critical in regulation of protein synthesis, could impact
the effectiveness of TMZ. Our results showed that inhibiting
eEF-2 kinase could strengthen the inhibitory effects of TMZ on
growth, proliferation, migration and invasion of glioma cells

Figure 2.  Effect of co-treatment with TMZ and eEF-2 kinase inhibitors on migration of glioma cells.  (A and B) LN229 and
U251 cells were transfected with an eEF-2 kinase-targeted siRNA or a non-targeting control siRNA (NT control), and then plated in
6-well tissue culture dishes (5×105/well). An injury line was made on the confluent monolayer of cells and then treated with the
indicated concentration of TMZ at 37°C for 24 h. (C and D) LN229 and U251 were plated in 6-well tissue culture plates (5×105 /well).
When cells were confluent, an injury line was made on the monolayer of cells and treated with the indicated concentration of TMZ in
the presence or absence of NH125(0.5μM) at 37°C for 24h. Cell migration was observed with a light microscope and imaged at 0
and 24 h. Width of the lines was measured and the mean ± SD from three independent experiments were shown. * p < 0.05, ** p <
0.01, vs Control/ NT control; # p < 0.05, ## p <0.01, vs NH125 or eEF-2 kinase siRNA; & p <0.05, && p <0.01, vs TMZ.
doi: 10.1371/journal.pone.0081345.g002
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(Figure 1, Figure 2, Figure 3 and Figure 6). We further
demonstrated that the enhanced antitumor activity of TMZ
resulting from inhibition of eEF-2 kinase were associated with
suppression of autophagy and promotion of apoptosis (Figure 4
and Figure 5).

We previously reported that inhibition of eEF-2 kinase could
render tumor cells more sensitive to AKT inhibitors [18], growth
factor antagonists [21], ER stressors [17], metabolic stress [11]
and glycolytic inhibitors [16], through modulating autophagy, a
cellular process that can either promote cell survival or cell
death. A more recent study confirms and provides further
evidence for the role of eEF-2 kinase in protecting cells from
nutrient deficiency and in conferring tumor cell adaptation to
metabolic stress [22]. These findings suggest that eEF-2
kinase may act as an energy sensor and provides a protective
mechanism against energy stress. Because TMZ is known to
induce autophagy [20], we sought to determine whether

inhibiting eEF-2 kinase could suppress the TMZ-induced
autophagy and impact the efficacy of this chemotherapeutic
drug. Similar to our previous studies, we found that inhibiting
eEF-2 kinase by RNAi or chemical inhibitor can sensitize
glioma cells to TMZ. We believe that this is due to the
properties of eEF-2 kinase as a general regulator of protein
synthesis and energy metabolism. Autophagy activation is now
appreciated as a protective mechanism to cope with various
types of stresses including therapeutic stress. Our results
showing that inhibiting eEF-2 kinase-mediated autophagy
enhanced cytotoxicity of TMZ further supports the pro-survival
role of autophagy in cells stressed with therapeutic insults. In
this study, we tested the effects of NH125, a small molecule
inhibitor highly selective for eEF-2 kinase, as compared to
other kinases such as protein kinase A, protein kinase C and
calmodulin kinase II [23]. We observed in this study that NH125
shows good synergistic effects with TMZ against glioma both in

Figure 3.  Effect of co-treatment with TMZ and eEF-2 kinase inhibitors on invasion of glioma cells.  (A) LN229 and U251 cells
transfected with an eEF-2 kinase-targeted siRNA or a non-targeting control siRNA (NT control) were plated onto 6-well plates
(5×105/well) and treated with the indicated concentration of TMZ; (B) LN229 and U251 cells were plated onto 6-well plates (5×105/
well) and treated with the indicated concentration of TMZ in the presence or absence of NH125 (0.5μM). At the end of treatment,
same amount of cells (1×105/well) were seeded on the upper chamber of transwell coated with Matrigel. Twenty-four hour later, the
number of cells migrated into the lower chambers were fixed with ice-cold methanol, stained with crystal violet, and then imaged and
counted and under a microscope (C and D). (E and F) The transwell chambers were fixed with 33% ice-cold acetic acid, vibrated
and read in a microplate reader at an wavelength of 570 nm (E and F). *p < 0.05, **p < 0.01, vs Control/NT control; # p <0.05, ## p
<0.01, vs NH125 or eEF-2K siRNA; &p < 0.05, && p <0.01, vs TMZ.
doi: 10.1371/journal.pone.0081345.g003
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Figure 4.  Effect of inhibiting eEF-2 kinase on the TMZ-induced autophagy activation in glioma cells.  LN229 (A and B) and
U251 (C and D) cells were treated with the indicated concentration of TMZ for 24h in the presence or absence of silencing of eEF-2
kinase expression or in the presence or absence of NH125. At the end of treatment, the levels of p62 and LC3-II were determined
by Western blot. β-actin was used as a loading control (A and C). GFP-LC3 punctum formation was observed by microscopy. (E)
Quantitation of the GFP-LC3 puncta was performed by counting 20 cells for each sample, and average numbers of puncta per cell
were shown.
**p < 0.01, t-test. Each bar represents mean ± SD of triplicate determinations; results shown are the representative of three identical
experiments.
doi: 10.1371/journal.pone.0081345.g004
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Figure 5.  Effect of inhibiting eEF-2 kinase on the TMZ-induced apoptosis in glioma cells.  LN229 and U251 cells were treated
with the indicated concentration of TMZ for 24 h in the presence or absence of silencing of eEF-2 kinase expression or in the
presence or absence of NH125. At the end of treatment, apoptosis was determined by Western blot of cleaved PARP and
caspase-3 (A and B) and by cytometric analysis of Annexin V staining (C and D). β-actin was used as a loading control. **p < 0.01,
t-test. Each bar represents mean ± SD of triplicate determinations; results shown are the representative of three identical
experiments.
doi: 10.1371/journal.pone.0081345.g005
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vitro and in vivo. Nevertheless, we recognize that, although
inhibiting eEF-2 kinase by NH125 can sensitize glioma cells to
TMZ, the combination of the two agents could not cure the
tumor-bearing mice. This is likely because that the regimen or
dosages of the treatment was not optimal, or the amount of
NH125 in the cerebral spinal fluid (CSF) was not enough.
However, this “proof of concept” study provides an impetus for
further investigation of eEF-2 kinase inhibitors as sensitizers of
TMZ in treatment of malignant glioma. Development of better
and more effective inhibitors of eEF-kinase should help
facilitate this process.

In summary, the results of this study provide experimental
evidence for the effectiveness of combined treatment with TMZ
and eEF-2 kinase inhibitors in treating glioma, and suggest that
this approach may be worth further exploring as a therapeutic
strategy against malignant brain tumor.

Supporting Information

Figure S1.  Effect of co-treatment with TMZ and eEF-2
kinase inhibitors on clonogenecity of glioma cells. LN229
(A) or U251 (B) cells were treated with 100 µM of TMZ for 24 h
in the presence or absence of silencing of eEF-2 kinase
expression or in the presence or absence of NH125; sixty h
later, the cells were plated in 35-mm cell culture dishes and
incubated for 10 days at 37°C in a humidified atmosphere
containing 5% CO2/95% air. At the end of incubation, colonies
were stained with 1% methylene blue in 50% methanol for 30
min, washed with water, and colonies counted. The bars are
the mean ± S.D. of triplicate determinations; results shown are
the representative of three identical experiments. * p < 0.05,** p
< 0.01.
(TIF)

Figure S2.  Effect of TMZ, NH125 or co-treatment with TMZ
and NH125 on viability of normal human astrocytes.

Figure 6.  Effect of the combinatorial treatment with TMZ and NH125 on glioma growth mouse in an intracranial xenograft
model.  The human glioma LN229 cells were implanted into the anesthetized nude mice (5×106 cells/per site) through a burr hole
on the skulls. Three days later, the inoculated mice were divided into four groups (10 mice per group) and subjected to different
treatments: (1) Control groups receive appropriate vehicles (0.5% DMSO in PBS); (2) TMZ (8 mg/kg) on days 1- 10, i.p.; (3) NH125
(1 mg/kg) on days 1, 3, 5, 7, 9 and 11, i.p.; (4) TMZ plus NH125. (A) HE staining of the paraffin sections of the tumor xenografts. (B)
The survival curves of the tumor-bearing mice. Median survival (days): vehicle: 21days; NH125: 25 days; TMZ: 28 days; TMZ
+NH125: 31 days. The pooled-variance two-tailed t-test showed p <0.05 for TMZ+NH125 vs TMZ. (C) TUNEL staining of the
paraffin sections of the tumor xenografts.
doi: 10.1371/journal.pone.0081345.g006
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 Normal human astrocytes, SVGp12, were treated with 100 μM
of TMZ for 48 h in the presence or absence of NH125 (0.5 μM).
At the end of treatment, cell viability was measured by MTT
assay. Each bar represents mean ± S.D. of triplicate
determinations; results shown are the representative of three
identical experiments.
(TIF)

Author Contributions

Conceived and designed the experiments: YZ JMY. Performed
the experiments: XYL L. Zhang L. Zhou YJR WQY. Analyzed
the data: JPW BC. Contributed reagents/materials/analysis
tools: ZJM JRW. Wrote the manuscript: YZ JM.

References

1. Van Meir EG, Hadjipanayis CG, Norden AD, Shu HK, Wen PY et al.
(2010) Exciting new advances in neuro-oncology: the avenue to a cure
for malignant glioma. CA Cancer J Clin 60: 166-193. doi:10.3322/caac.
20069. PubMed: 20445000.

2. Warren KE, Gururangan S, Geyer JR, McLendon RE, Poussaint TY et
al. (2012) A phase II study of O6-benzylguanine and temozolomide in
pediatric patients with recurrent or progressive high-grade gliomas and
brainstem gliomas: a Pediatric Brain Tumor Consortium study. J
Neurooncol 106: 643-649. doi:10.1007/s11060-011-0709-z. PubMed:
21968943.

3. Chamberlain MC (2010) Temozolomide: therapeutic limitations in the
treatment of adult high-grade gliomas. Expert Rev Neurother 10:
1537-1544. doi:10.1586/ern.10.32. PubMed: 20925470.

4. Yust-Katz S, Liu D, Yuan Y, Liu V, Kang S, et al. (2013) Phase 1/1b
study of lonafarnib and temozolomide in patients with recurrent or
temozolomide refractory glioblastoma. Cancer. 2013 Apr 30. doi:
10.1002/cncr.28031. [Epub ahead of print]

5. Esteller M, Garcia-Foncillas J, Andion E, Goodman SN, Hidalgo OF et
al. (2000) Inactivation of the DNA-repair gene MGMT and the clinical
response of gliomas to alkylating agents. N Engl J Med 343:
1350-1354. doi:10.1056/NEJM200011093431901. PubMed: 11070098.

6. Johannessen TC, Bjerkvig R, Tysnes BB (2008) DNA repair and cancer
stem-like cells--potential partners in glioma drug resistance? Cancer
Treat Rev 34: 558-567. doi:10.1016/j.ctrv.2008.03.125. PubMed:
18501520.

7. Agnihotri S, Gajadhar AS, Ternamian C, Gorlia T, Diefes KL et al.
(2012) Alkylpurine-DNA-N-glycosylase confers resistance to
temozolomide in xenograft models of glioblastoma multiforme and is
associated with poor survival in patients. J Clin Invest 122: 253-266.
doi:10.1172/JCI59334. PubMed: 22156195.

8. do Carmo A, Balça-Silva J, Matias D, Lopes MC (2013) PKC signaling
in glioblastoma. Cancer Biol Ther 14: 287-294. doi:10.4161/cbt.23615.
PubMed: 23358475.

9. Feng H, Hu B, Vuori K, Sarkaria JN, Furnari FB et al. (2013) EGFRvIII
stimulates glioma growth and invasion through PKA-dependent serine
phosphorylation of Dock180. Oncogene: ([MedlinePgn:]) PubMed:
23728337.

10. Yang BF, Xiao C, Roa WH, Krammer PH, Hao C (2003) Calcium/
calmodulin-dependent protein kinase II regulation of c-FLIP expression
and phosphorylation in modulation of Fas-mediated signaling in
malignant glioma cells. J Biol Chem 278: 7043-7050. doi:10.1074/
jbc.M211278200. PubMed: 12496285.

11. Wu H, Yang JM, Jin S, Zhang H, Hait WN (2006) Elongation factor-2
kinase regulates autophagy in human glioblastoma cells. Cancer Res
66: 3015-3023. doi:10.1158/0008-5472.CAN-05-1554. PubMed:
16540650.

12. Serfass L, Van Herpen C, Saghatchian M (2007) Molecular targets and
cancer therapeutics. Eur J Cancer 43: 1494-1495. PubMed: 18027408.

13. Ryazanov AG, Shestakova EA, Natapov PG (1988) Phosphorylation of
elongation factor 2 by EF-2 kinase affects rate of translation. Nature
334: 170-173. doi:10.1038/334170a0. PubMed: 3386756.

14. Chen Y, Matsushita M, Nairn AC, Damuni Z, Cai D et al. (2001)
Mechanisms for increased levels of phosphorylation of elongation
factor-2 during hibernation in ground squirrels. Biochemistry 40:
11565-11570. doi:10.1021/bi010649w. PubMed: 11560506.

15. Zhang L, Zhang Y, Liu XY, Qin ZH, Yang JM (2011) Expression of
elongation factor-2 kinase contributes to anoikis resistance and
invasion of human glioma cells. Acta Pharmacol Sin 32: 361-367. doi:
10.1038/aps.2010.213. PubMed: 21278783.

16. Wu H, Zhu H, Liu DX, Niu TK, Ren X et al. (2009) Silencing of
elongation factor-2 kinase potentiates the effect of 2-deoxy-D-glucose
against human glioma cells through blunting of autophagy. Cancer Res
69: 2453-2460. doi:10.1158/0008-5472.CAN-08-2872. PubMed:
19244119.

17. Cheng Y, Ren X, Zhang Y, Shan Y, Huber-Keener KJ et al. (2013)
Integrated regulation of autophagy and apoptosis by EEF2K controls
cellular fate and modulates the efficacy of curcumin and velcade
against tumor cells. Autophagy 9: 208-219. doi:10.4161/auto.22801.
PubMed: 23182879.

18. Cheng Y, Ren X, Zhang Y, Patel R, Sharma A et al. (2011) eEF-2
kinase dictates cross-talk between autophagy and apoptosis induced
by Akt Inhibition, thereby modulating cytotoxicity of novel Akt inhibitor
MK-2206. Cancer Res 71: 2654-2663. doi:
10.1158/0008-5472.CAN-10-2889. PubMed: 21307130.

19. Zhang Y, Cheng Y, Zhang L, Ren X, Huber-Keener KJ et al. (2011)
Inhibition of eEF-2 kinase sensitizes human glioma cells to TRAIL and
down-regulates Bcl-xL expression. Biochem Biophys Res Commun
414: 129-134. doi:10.1016/j.bbrc.2011.09.038. PubMed: 21945617.

20. Kanzawa T, Germano IM, Komata T, Ito H, Kondo Y et al. (2004) Role
of autophagy in temozolomide-induced cytotoxicity for malignant glioma
cells. Cell Death Differ 11: 448-457. doi:10.1038/sj.cdd.4401359.
PubMed: 14713959.

21. Cheng Y, Li H, Ren X, Niu T, Hait WN et al. (2010) Cytoprotective
effect of the elongation factor-2 kinase-mediated autophagy in breast
cancer cells subjected to growth factor inhibition. PLOS ONE 5: e9715.
doi:10.1371/journal.pone.0009715. PubMed: 20300520.

22. Leprivier G, Remke M, Rotblat B, Dubuc A, Mateo AR et al. (2013) The
eEF2 kinase confers resistance to nutrient deprivation by blocking
translation elongation. Cell 153: 1064-1079. doi:10.1016/j.cell.
2013.04.055. PubMed: 23706743.

23. Arora S, Yang JM, Kinzy TG, Utsumi R, Okamoto T et al. (2003)
Identification and characterization of an inhibitor of eukaryotic
elongation factor 2 kinase against human cancer cell lines. Cancer Res
63: 6894-6899. PubMed: 14583488.

Effect of eEF-2K on TMZ Efficacy against Glioma

PLOS ONE | www.plosone.org 10 November 2013 | Volume 8 | Issue 11 | e81345

http://dx.doi.org/10.3322/caac.20069
http://dx.doi.org/10.3322/caac.20069
http://www.ncbi.nlm.nih.gov/pubmed/20445000
http://dx.doi.org/10.1007/s11060-011-0709-z
http://www.ncbi.nlm.nih.gov/pubmed/21968943
http://dx.doi.org/10.1586/ern.10.32
http://www.ncbi.nlm.nih.gov/pubmed/20925470
http://dx.doi.org/10.1002/cncr.28031
http://dx.doi.org/10.1056/NEJM200011093431901
http://www.ncbi.nlm.nih.gov/pubmed/11070098
http://dx.doi.org/10.1016/j.ctrv.2008.03.125
http://www.ncbi.nlm.nih.gov/pubmed/18501520
http://dx.doi.org/10.1172/JCI59334
http://www.ncbi.nlm.nih.gov/pubmed/22156195
http://dx.doi.org/10.4161/cbt.23615
http://www.ncbi.nlm.nih.gov/pubmed/23358475
http://www.ncbi.nlm.nih.gov/pubmed/23728337
http://dx.doi.org/10.1074/jbc.M211278200
http://dx.doi.org/10.1074/jbc.M211278200
http://www.ncbi.nlm.nih.gov/pubmed/12496285
http://dx.doi.org/10.1158/0008-5472.CAN-05-1554
http://www.ncbi.nlm.nih.gov/pubmed/16540650
http://www.ncbi.nlm.nih.gov/pubmed/18027408
http://dx.doi.org/10.1038/334170a0
http://www.ncbi.nlm.nih.gov/pubmed/3386756
http://dx.doi.org/10.1021/bi010649w
http://www.ncbi.nlm.nih.gov/pubmed/11560506
http://dx.doi.org/10.1038/aps.2010.213
http://www.ncbi.nlm.nih.gov/pubmed/21278783
http://dx.doi.org/10.1158/0008-5472.CAN-08-2872
http://www.ncbi.nlm.nih.gov/pubmed/19244119
http://dx.doi.org/10.4161/auto.22801
http://www.ncbi.nlm.nih.gov/pubmed/23182879
http://dx.doi.org/10.1158/0008-5472.CAN-10-2889
http://www.ncbi.nlm.nih.gov/pubmed/21307130
http://dx.doi.org/10.1016/j.bbrc.2011.09.038
http://www.ncbi.nlm.nih.gov/pubmed/21945617
http://dx.doi.org/10.1038/sj.cdd.4401359
http://www.ncbi.nlm.nih.gov/pubmed/14713959
http://dx.doi.org/10.1371/journal.pone.0009715
http://www.ncbi.nlm.nih.gov/pubmed/20300520
http://dx.doi.org/10.1016/j.cell.2013.04.055
http://dx.doi.org/10.1016/j.cell.2013.04.055
http://www.ncbi.nlm.nih.gov/pubmed/23706743
http://www.ncbi.nlm.nih.gov/pubmed/14583488

	Inhibition of Elongation Factor-2 Kinase Augments the Antitumor Activity of Temozolomide against Glioma
	Introduction
	Materials and Methods
	Reagents and antibodies
	Cell lines and culture
	siRNA transfection and drug treatment
	Cell viability assay
	Colony-formation assay
	Wound healing assay
	Transwell Invasion assay
	Western blot analysis
	Annexin V -FITC staining
	Animal study
	Statistical analysis

	Results
	Combined treatment with TMZ and eEF-2 kinase inhibitors more strongly reduces the growth of glioma cells
	Combined treatment with TMZ and eEF-2 kinase inhibitors more effectively inhibits the migration and invasion of glioma cells
	Inhibiting eEF-2 kinase blocks autophagy activated by TMZ in glioma cells
	Inhibition of eEF-2 kinase augments the TMZ-induced apoptosis in glioma cells
	Effect of the combinatorial treatment with TMZ and NH125 on glioma growth in vivo

	Discussion
	Supporting Information
	Author Contributions
	References


