Oncotarget, 2017, Vol. 8, (No. 31), pp: 51164-51176

www.impactjournals.com/oncotarget/

Research Paper

The oxido-metabolic driver ATF4 enhances temozolamide
chemo-resistance in human gliomas

Daishi Chen'?, Manfred Rauh3, Michael Buchfelder?, Ilker Y. Eyupoglu! and Nicolai
Savaskan'*

Translational Cell Biology and Neurooncology laboratory at the Department of Neurosurgery, Universitatsklinikum Erlangen
(UKER), Friedrich-Alexander University of Erlangen-Nurnberg (FAU), Erlangen, Germany

2Depar‘cment of Otolaryngology-Head and Neck Surgery, Chinese PLA General Hospital, Beijing, China

3Depar‘cment of Pediatrics and Adolescent Medicine, Universitatsklinikum Erlangen (UKER), Friedrich-Alexander University of
Erlangen-Nurnberg (FAU), Erlangen, Germany

4BIMECON Ent., Berlin, Germany

Correspondence to: Nicolai Savaskan, email: savaskan@gmx.net, nic.savaskan@gmail.com
Keywords: autophagy, ferroptosis, apoptosis, cell death, glutamate

Received: August 25, 2016 Accepted: February 20, 2017 Published: May 09, 2017

Copyright: Chen et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License 3.0 (CC BY 3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

ABSTRACT

Malignant gliomas are devastating neoplasia with limited curative treatment
options. Temozolomide (TMZ, Temcat®, Temodal® or Temodar®) is a first-line treatment
for malignant gliomas but the development of drug resistance remains a major
concern. Activating transcription factor 4 (ATF4) is a critical oxido-metabolic regulator
in gliomas, and its role in the pathogenesis of TMZ-resistance remains elusive. We
investigated the effect of TMZ on human glioma cells under conditions of enhanced ATF4
expression (ATF4°t) and ATF4 knock down (ATF4XP). We monitored cell survival, ATF4
mRNA expression of ATF4 and xCT (SLC7a11) regulation within human gliomas. TMZ
treatment induces a transcriptional response with elevated expression of ATF4, xCT
and Nrf2, as a sign of ER stress and toxic cell damage response. ATF4 overexpression
(ATFA4°E) fosters TMZ resistance in human gliomas and inhibits TMZ-induced autophagy.
Conversely, ATF4 suppression by small interfering RNAs (ATF4X°) leads to increased TMZ
susceptibility and autophagy in comparison to wild type gliomas. ATF4°E gliomas show
reduced cell cycle shift and apoptotic cell death, whereas ATF4*P gliomas reveal higher
susceptibility towards cell cycle rearrangements. Hence, the migration capacity of
ATFA4°F glioma cells is almost not affected by TMZ treatment. In contrast, ATF4X° gliomas
show a migratory stop following TMZ application. Mechanistically, xCT elevation is a
consequence of ATF4 activation and increased levels of xCT amplifies ATF4-induced TMZ
resistance. Our data show that ATF4 operates as a chemo-resistance gene in gliomas,
and the tumor promoting function of ATF4 is mainly determined by its transcriptional
target xCT. Therefore, therapeutic inactivation of ATF4 can be a promising strategy to
overcome chemo-resistance and promote drug efficacy in human gliomas.

INTRODUCTION

Malignant gliomas (abbreviated as gliomas) are
the most lethal primary brain tumors in children and
adults [1]. Gliomas are characterized by their invasive
growth properties and space occupying effects causing
clinical emergency [1, 2, 3]. Moreover, recent advances in
neurooncology uncovered cytotoxic features of malignant
gliomas impacting on brain cell viability. These processes

can affect brain functioning and thereby exacerbating the
space occupying effects and neurological deficits and [10].
The median survival time from diagnosis is approximately
14 months [1, 4]. From those, glioblastomas (GBM; WHO
grade IV) are hallmarked by features as uncontrolled
cellular proliferation, diffuse infiltration, and resistance to
apoptosis and chemotherapy. The current standard-of-care
for GBM patients includes adjuvant temozolomide (TMZ)
treatment as part of the current multimodal approach. This
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treatment strategy is currently the best clinical practice,
however, conferring still a median survival time of only
14.6 months compared with 12.2 months for patients
receiving only radiotherapy [5]. Although temozolomide
(TMZ brand names Temodal® in Europe and Temcad® in the
USA) offers some hope to GBM patients with increasing
progression free and overall survival of few months, a best
5 year survival rate of only 9.8% is currently achieved [1].

TMZ is a small 194 Da lipophilic orally available
molecule with DNA alkylating activity. Converted to
methyltriazen-1-yl-imidazole-4-carboxamide, T™MZ
acts cytotoxic via mispair and futile mismatch repair
loop leading to apoptosis and autophagic cell death
[6, 7]. Evasion of cell death and development of redox
stability is one of the hallmarks of cancers and promotes
tumorigenesis as well as chemo-resistance. Apoptosis is
a common form of programmed cell death that can be
engaged via the intrinsic or extrinsic pathways. Recently,
it has been shown that the glutamate cystine exchanger
xCT (SLC7all) appears to be essential in the process of
chemo-resistance in some cancer cell types [8, 9]. Hence,
since XxCT plays a pivotal role in tumor microenvironment
interactions, i.e. inducing of peritumoral neuronal cell
death and perifocal edema [2, 10], there is a quest for
understanding the regulation of xCT and inhibiting
compounds for this transporter [11, 12].

ATF4 is a member of the CREB/ATF transcription
factor family, is ubiquitously expressed in human
organs and can be activated in response to various
stress signals, including anoxia, hypoxia, endoplasmic
reticulum stress, amino acid deprivation, and oxidative
stress [13, 14]. The stress-induced expression of ATF4
causes adaptive responses in cells through regulating
the expression of target genes involved in amino acid
synthesis, differentiation, metastasis, angiogenesis,
and drug resistance [15, 16, 17]. Moreover, increased
expression of ATF4 has been reported to go along with the
malignancy in human tumor pathologies [18, 19]. Thus,
the upregulated expression of ATF4 is thought to facilitate
tumor progression. Mechanistically, transcription of many
essential genes involved in tumor cell proliferation are
regulated by ATF4 [18, 20, 21]. However, there are various
effector genes induced by ATF4 [22, 23], whereas it has not
yet elucidated which of them are operational for malignant
transformation, tumor progression and therapy resistance.

In this study, we investigated the temozolomide
effects on human gliomas with concomitant ATF4
expression. Further, we analyzed candidate genes which
drive ATF4-dependent chemotherapeutic resistance. In
the present study we unraveled ATF4 as a key promoter
for temozolomide resistance. Moreover, fostered ATF4
expression increases tumor migration which is almost not
affected by TMZ treatment. Interestingly, the ATF4-induced
chemo-resistance can be attenuated by xCT inhibition.
Thus, our results indicate that ATF4 acts as a driver of
cellular chemo-resistance via augmnented xCT expression.

RESULTS

TMZ up-regulates activating transcription factor
4 (ATF4) and xCT in glioma cells

First, we investigated the expression levels of
ATF4 in primary astrocytes and human glioma cell lines.
Immunoblot analyses revealed that both human glioma
cell lines U87 and U251 show increased ATF4 protein
levels compared to non-transformed primary astrocytes
(Figure 1A). To determine the contribution of ATF4 to the
TMZ resistance of human gliomas, we next investigated
the gene expression response following TMZ application.
Increased ATF4, Nrf2 and xCT expression levels were
detected in human glioma cells subsequently TMZ
treatment for 48 h. The RT-PCR results revealed that
TMZ at concentrations of 50 uM, 100 uM, and 150 uM
markedly increased ATF4, Nrf2 and xCT mRNA levels
(Figure 1B). These data indicate that TMZ increases ATF4
and xCT expression levels as part of the cellular stress
response (Figure 1B).

ATF4 expression levels correlate with TMZ
resistance

To investigate the association between resistance to
TMZ and ATF4 expression in glioma cells, we inhibited
ATF4 expression by applying ATF4 specific shRNAs
and created ATF4 overexpression by transfecting with
vector containing ATF4 wildtype cDNA. We detected
the expression levels of ATF4 in ATF4-modulated glioma
cells by real time PCR (Figure 1C). ATF4-modulated
U87 and U251 cells were seeded at a number of 3 x 10°
cells in 96-wells plate overnight prior drug application.
Following the next day we treated cells with TMZ for
3 days at concentrations of 50 to 150 uM in order to
investigate the correlation between ATF4 expression
and TMZ sensitivity. The sensitivity of glioma cells to
TMZ was significantly increased following ATF4 siRNA
knockdown (Figure 1D, 1E). At 100 uM to 150 pM
concentration of TMZ, 40% and 30% reduction in cell
viability were observed in ATF4%P U87 and ATF4¥P U251
cells, respectively. ATF4°E cells were more resistant to
TMZ compared to controls (Figure 1D, 1E). Noteworthy,
cell proliferation of ATF4°E cells was solely reduced at
higher concentrations of TMZ (Figure 1E).

Impact of ATF4 on TMZ-induced cell death

To observe whether ATF4 is responsible for TMZ-
induced cell death in glioma cells, we analyzed cell death
by propidium iodide (PI) staining after TMZ treatment.
This cell death analysis demonstrated that dead cells
increased with elevating TMZ dosage revealing significant
differences between the ATF4°F cells and ATF4*P U87 cells
(Figure 2A-2C). ATF4*P U87 cells were more susceptible
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Figure 1: ATF4 induces TMZ resistance in glioma cells. (A) Western blot analysis of ATF4 expression in human primary astrocytes,
U87 WT (wild type) cells and U251 WT (wild type) cells. (B) U87 WT cells were subjected to TMZ in a series of concentrations as indicated
for 48 h, then ATF4, Nrf2 and xCT mRNA levels were evaluated by RT-PCR. n =3, ***P <(.001 compared with con (untreated) using one-
way ANOVA. CU87 and U251 cells were transfected with ATF4 cDNA and shRNAs as described in Material and methods. ATF4 mRNA
was quantified by real time RT-PCR using the AACT method with GAPDH. D, ATF4°E and ATF4*° U87 and U251 cells were subjected
to TMZ for 3 days in a series of concentrations as indicated. The cell survival was measured by MTT assay. E, After treatment with TMZ
for 3 days, the total number of vital cells was monitored. n > 8 per group. Statistical analysis was performed by unpaired Student’s test,
*P<0.05, **P <0.01, ***P <0.001, ctrl (peGFP-N1) versus ATF4-GFP or ctrl shRNA versus ATF4 shRNA.
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to TMZ compared to ATF4°U87 cells (Figure 2A, 2C).
Moreover, clinically relevant concentrations of TMZ
(100 uM) increased significantly the portion of apoptotic
cells in ATF4XP U87 cells compared with ATF4°F cells, as
assayed by flow cytometry with annexin V and 7-AAD
double staining (Figure 2D, 2E).

We next facilitated the microtubule-associated
protein 1 light-chain 3 (LC3) as a reliable marker for
undergoing autophagic processes. Noteworthy, ATF4KP
U87 cells showed increased diffuse distribution of the
microtubule-associated protein 1 light-chain 3 (LC3) puncta
three days after TMZ treatment (Figure 3). In contrast, LC3
puncta were undetectable in ATF4°F U87 cells, indicating
ATF4 inhibits TMZ-induced autophagy in glioma cells
(Figure 3). Additionally, ATF4°F U87 cells display a
polyplastic shape and are significantly bigger than ATF4XP
U87 cells. Conversely, ATF4%P U87 cells are generally
smaller and show a spindle-like phenotype with maximal
two membrane extensions in contrast to controls (Figure 3).

Effects of elevated ATF4 on TMZ-induced G2/M
arrest in glioma cells

To analyze the TMZ-induced cell death in glioma
cells, we monitored the cell cycle profile in ATF4°F and
ATF4XP cells using 7-AAD (Figure 4). Noteworthy, 100 uM
TMZ induced increased G2/M arrest in glioma cells in a
concentration-dependent manner after 3 days of treatment.
The cytometric profile also confirmed that ATF4°F cells
show a greater cell population in S-phase and reduced
numbers of cells in the sub GO-phase and G2/M-phase in
comparison with controls and ATF4*P cells (Figure 4A, 4B).

ATF4 promotes glioma cell migration

As we demonstrated that TMZ adversely affects
glioma cell proliferation and survival, we further explored the
contribution of ATF4 to migration and invasion under control
conditions and after TMZ treatment. Therefore, glioma cells
were cultured in a 3D sphenoid formation matrix and treated
with 100 uM of TMZ for 1, 2, and 3 days (Figure 5A, 5B).
Following 100 pM TMZ treatment, ATF4°E cells migrated
significantly faster than control cells as well as ATF4*P cells
(Figure 5). Noteworthy, the observed effects were most
prominent on day 3 (Figure 5B). Conversely, ATF4%P cells
showed slow migration activity when compared to controls
without TMZ treatment (Figure 5A, 5B). Furthermore,
glioma cell mobility was significantly suppressed following
TMZ treatment (Figure 5). Altogether, these results evidence
that ATF4 is a potent promoter for glioma proliferation and
glioma cell motility.

ATF4 modulates the amino acids secretion of gliomas

To identify the role of XCT in the ATF4-triggered
resistance to TMZ, we evaluated the secretome of glioma

cells for extracellular glutamate and cystine levels. Upon
administration of 100 uM TMZ, glutamate release was
significantly reduced in ATF4XP U87 cells (Figure 6A).
In contrast, extracellular glutamate levels were almolst
equal between ATF4°F U87 cells and controls (Figure 6A).
Similarly, ATF4°F U87 cells maintained higher levels of
cystine uptake (lower levels of extracellular cystine) in
comparison to controls as well as ATF4XP cells (Figure 6A,
middle panel). In addition, TMZ-inducible xCT transporter
activity in ATF4 knockdown cells was significantly
reduced (Figure 6A, right panel).

In fact, cystine is a key source for glutathione
synthesis. Depletion of ATF4 has been shown to cause
low levels of glutathione synthesis [24], whereas increased
levels of glutathione and consequently a high ROS level
has been shown to be involved in drug resistance. We
found evidence for these results since xCT expression
levels dropped in glioma cells after TMZ treatment
(Figure 6B). Western blot analysis indicated that xCT
levels were higher in ATF4°F U87 cells than that in
ATF4XP U7 cells as well as in controls (Figure 6B).

The elevated levels of xCT in ATF4°F cells as
given in Figure 6B, prompted us to determine whether
xCT causally linked with chemo-resistance in gliomas.
Noteworthy, xCT expression in ATF4¥P cells significantly
reversed the effects of TMZ-induced cytotoxicity and
made these cells more chemo-resistant (Figure 6C).
Conversely, knockdown of xCT mRNA partially increased
the sensitivity of the ATF4°F cells to TMZ-induced cell
death (Figure 6C). Thus, our data demonstrate that ATF4
is involved in the regulation of xCT and this pathway
modulates TMZ resistance in gliomas. (Figure 7).

DISCUSSION

Here we investigated the role of the transcription
factor ATF4 in TMZ-induced cell death. ATF4 as a oxido-
metabolic driver targeting xCT is an auspicious clinically
relevant drug target, as XCT is crucial for glutathione
homeostasis and cell survival [2, 25, 26]. In this study,
we demonstrate that ATF4 is efficient in counteracting the
anti-cancer drug TMZ, leading to chemoresistance. We
found that ATF4 overexpressing tumors are in particular
resistant to state-of-the-art multimodal chemotherapeutics
for gliomas.

Here, we hypothesized that ATF4 inhibition,
although not fully lethal for glioma cells, can weaken the
cellular resistance mechanisms against TMZ. The rationale
for this assumption is based on the essential function of
xCT in glutathione homeostasis.

First, xCT is central to the cellular cystine import in
exchange to glutamate export which becomes reduced to
cysteine and is mainly required for glutathione production
[2, 27]. Thus, xCT is at the center stage for glutathione-
dependent redox regulation and glutamate homeostasis.
Second, xCT is the main glutamate exchanger in brain
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Figure 2: TMZ induces cell death in an ATF4-dependent manner. (A and B) ATF4°F and ATF4XP U87 cells were treated
with TMZ at indicated concentrations for 3 days. Cell death was demonstrated by propidium iodide (PI) staining. Scale bar represents
100 um. n > 3 per group. Statistical analysis was performed by unpaired Student’s test. ***P < 0.001, ctrl (peGFP-N1) versus ATF4-GFP
or ATF4 shRNA versus ctrl shRNA. (C) Visualization of ATF4°F and ATF4XP U87 cells treated with TMZ for 3 days. Scale bar represents
100 um. (D) Cell death analysis was performed by flow cytometer with 7-AAD (late apoptosis) and Annexin V (early apoptosis) staining.
(E) Quantification of apoptotic cell death in ATF4°F and ATF4%P U87 cells treated with TMZ. n = 3 per group. Statistical analysis was

performed by unpaired Student’s test. **P < 0.01, ***P < 0.001, ctrl versus ATF4-GFP or ctrl shRNA versus ATF4 shRNA; #*P < 0.001,
ATF4-GFP versus ATF4 shRNA.
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cancer cells thereby creating a glutamate-rich neurotoxic
microenvironment [12]. Interestingly, other glutamate
transporters such as EAAT1 and EAAT2 are silenced
in brain cancer and high abundant system Xc- (xCT)
activity results in a net balance shift towards extracellular
glutamate release. Increased glutamate levels are thought
to be central in advantages of glioma growth progression
and invasion. Inhibition of glutamate release via ATF4
inhibition in fact disturbs tumor proliferation. Conversely,
xCT overexpression can override the effects of ATF4-
silencing, indicating its downstream key position in this
signalling scenario.

Our data have been confirmed in independent studies:
It has been demonstrated in various cancer types including
malignant gliomas that ATF4 is a valid anti-cancer target.
First, the redox master regulator ATF4 is abundantly

expressed in glioblastoma specimens and cell lines [28].
Second, inhibition of ATF4 can induce cancer cell death in
some cancer cells such as osteosarcoma, lymphomas and
epithel cell derived tumors [17, 20, 29, 30].

On the other side TMZ-based chemotherapy is
currently standard drug in brain tumor therapy [31, 32].
TMZ is conceptually used as a cytotoxic agent in an uni-
or multimodal therapy scheme [31, 32]. Further, TMZ
provides a survival benefit in a subset of patients with
high grade gliomas and provides the primarily palliative
treatment for the vast majority of patients. However,
the increase in median survival of newly diagnosed
glioblastomas treated with TMZ and radiotherapy is only
2.5 months compared with radiotherapy alone [1]. In
addition, approximately one of five patients treated with
TMZ develops clinically significant toxicity or acquired

Treatment with 100 yM TMZ

ctrl

Hoechst

0
ATF4

E KD
ATF4

Figure 3: ATF4 counteracts TMZ-induced autophagy in glioma cells. Representative images display actin (red), LC3 (yellow)
and nuclei (blue). Autophagic vacuoles were monitored 72 h after 100 uM TMZ treatment. Increased autophagic signs were found in ATFXP

gliomas. Scale bar represents 50 pm.
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chemo-resistance, which can leave further treatment
unsafe [33]. This situation indicates that TMZ is only a
modestly effective chemotherapy calling for additional
strategies. In line with this situation it would be the
multicytotoxic strategy using ATF4 and xCT inhibitors
for increasing the efficacy of already established standard
chemotherapeutic agents. One such strategy could mean to
target specifically ATF4.

There is evidence that TMZ actions are independent
of the glutathione homeostasis and cystine/cysteine redox
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MATERIALS AND METHODS

Cell culture

Human U87 and U251 malignant glioblastoma
multiforme cells were obtained from ATCC/LGC-2397
(Wesel, Germany). Cells were cultured in Dulbecco’s
modified Eagle medium (Biochrom, Berlin, Germany)
containing 10% fetal bovine serum (Biochrom,
Berlin, Germany) with 100 U/ml penicillin, 100 pg/ml
streptomycin (Biochrom, Berlin, Germany) and 1%
L-glutamine (Gibco/Invitrogen, California, USA). Cells
were cultured at 37°C with 5% CO, and saturated humidify.

Chemicals

Temozolomide (TMZ) was purchased from Sigma-
Aldrich (Taufkirchen, Germany). Temozolomid was solved
under sterile conditions in dimethylsulphoxide (DMSO)
at a concentration of 300 mM. 7-Aminoactinomycin (7-
AAD) was purchased from Life Technologies (Darmstadt,
Germany). Annexin V/7AAD Apoptosis Detection kit was
purchased from BD Biosciences (Heidelberg, Germany).
Propidium lodide (PI) and RNAase were purchased
from Sigma-Aldrich (Taufkirchen, Germany). Rotifect
was obtained from Roth (Karlsruhe, Germany). Goat
polyclonal to xCT antibody was purchased from Santa
Cruz (Heidelberg, Germany). Rabbit polyclonal to LC3,
mouse monoclonal to GAPDH antibody and Alexa Fluor®
IgG secondary antibody was purchased from abcam
(Cambridge, UK). Polyclonal rabbit to phalloidin and
7-Aminoactinomycin (7-AAD) was purchased from Life
Technologies (Darmstadt, Germany).

Construction of plasmids carrying genes of the
target proteins

The full-length complementary DNA (cDNAs)
of ATF4 (human ATF4 GenBank accession no.
NM 001675.4) was amplified from DNA templates
(pRK7_ATF4 vector) using the following primer pairs:
oligo sequences for the ATF4 construct are sense 5'-GAA
GAT CTG ATG ACC GAG ATG AGC TTC CTG-3 and
antisense 5-CCG GAA TTC GGA ACT CTC TTC TTC
CCC CT-3. These PCR products were cloned and ligated
into the Bgl II-EcoR I site of the peGFP-N1 vector
(Takara, Heidelberg, Germany).

Construction of shRNA plasmids

To minimize the off-target effects of RNAI, three 19-
mer short interfering RNAs were chosen for targeting the
human ATF4 gene according to the critera of Ui-Tei et al.
The selected ATF4 shRNAs and scrambled sequences with
no homology to any known human genes were synthesized
and ligated into the Bgl II/Hind III sites of pSuperGFP-

neo plasmid (OligoEngine, Seattle, Washington, USA)
according to the manufacture’s instruction.

Cell transfection

U87 and U251 cells were transfected with ATF4-
peGFP-N1 construct, ATF4 shRNAs expression constructs
and empty vectors (control, crtls) using Lipofection
with Roti-Fect (Roth) according to the manufacture’s
instruction. After 5 days, the culture medium was refreshed
containing 700 pg/ml Geneticin sulfate 418 (G418; Sigma,
St.Louis, USA) for antibiotic selection. After three weeks
of culturing with selected antibiotics, survival-transfected
cells were collected. Stabled-transfected cells were
maintained in 500 pg/ml Geneticin sulfate 418.

Cell viability assays

Cells were seeded onto 96-well plates (8000
cells/100 pl per well) and were allowed to attach
overnight. Then cells were treated with 50,100 and
150 uM TMZ for 3 days. Cell viability was assessed using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-  tetrazolium-
bromide (MTT, 5 mg/ml in phosphate-buffered saline; Roth,
Karlsruhe, Germany) for 2-3 h. Afterwards, the formazan
crystals were lysed with 100 pl acidic isopropanol and the
absorbance of the obtained solutions was determined at 570
nm using TECAN F50 (Crailsheim, Germany) software.

Real time PCR analysis

Cells were collected and re-suspended in 200 pl
PBS. Total RNA out of cells was extracted using High
Pure RNA Isolation Kit (Roche, Mannheim, Germany)
following the manual’s instruction. RNA concentration
was determined by NanoVue™ Plus Spectrophotometer
(GE Healthcare, UK). cDNA synthesis was performed
with the ¢cDNA DyNAmo Kit ((Thermo Scientific,
Germany). RT-PCR was performed with the SYBR Green
PCR master mix (Thermo Scientific, Germany). Primers
for ATF4, sense 5-GGT TCT CCA GCG ACA AGG-3,
antisense 5-TCT CCA ACA TCC AAT CTG TCC-3; Nrf2:
sense 5-TCT GAC TCC GGC ATT TCA CT-3, antisense
5-GGC ACT ATC TAG CTC TTC CA-3; xCT, sense 5-CCC
AGA TAT GCA TCG TCC TT-3, antisense 5-GCA ACC
ATG AAG AGG CAT G T-3; GAPDH, sense 5-GAA GG
TGA AGG TCG GAG TCA-3, antisense 5-TGG AAG ATG
GTG ATG GGA TT-3. ATF4, xCT and GAPDH primers for
RT-PCR were purchased from metabion international AG
(Germany). Real time cycling parameters: initial activation
step (95°C, 15 min), cycling step (denaturation 94°C, 15
s; annealing at 56°C or 60°C, 30 s; and finally extension
for 72°C, 30 s X40 cycles), followed by a melting curve
analysis to confirm specificity of the PCR using Light
Cycler 480 (Roche, Germany). The Ct value was corrected
by Ct reading of corresponding GAPDH as control.
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Western blotting

Cells were lysed with NP40 buffer containing 5 mM
NaF and a protease inhibitor cocktail (Roche, Basel,
Switzerland). After quantification with the NanoVue™
Plus Spectrophotometer (GE Healthcare, UK), samples
were mixed with 4x loading buffer and 10x NuPAGE®
Sample Reducing Agent (Invitrogen, California, USA).
Equal amounts of protein lysates were loaded and separated
by 10-12% SDS-NuPage gel (Invitrogen, CA, USA) and
electrophoresis was performed in MOPS-buffer, transferred
to polyvinylidene difluoride (PVDF) membranes (Roth,
Karlsruhe, Germany). Membranes were blocked in Tris-
buffered saline (pH7.4) with 1% Tween-20 (TBST) with
2% Magic block and 10% Top block (Lubio science,
Luzern, Switzerland) for 20 min, and then hybridized with
antibodies against xCT (1:1000) and GAPDH (1:2000)
in 5% BSA-TBST overnight at 4°C. Following 3% for
5 min washes in TBST, the membrane was incubated with
HRP-conjugated secondary antibodies (1:3000) at room
temperature for 1 h. Detection was performed with ECL
plus kit (GE-healthcare, Solingen, Germany).

Immunofluorescence staining

A total of 1 x 10° cells/well were seeded onto sterile
glass coverslips. After 72 h treatment with 100 uM TMZ,
cells were fixed using 4% paraformaldehyde (PFA), and
then incubated with a rabbit polyclonal anti-LC3 (1:500)
antibody overnight. Cells were washed twice with PBS,
incubated for an additional 1 h with Alexa Fluor®647 anti-
rabbit IgG antibody (1:1,000), then stained with phalloidin
(1:500) and counterstained Hoechst 33258 (1:10,000).
Coverslips were mounted on slides with Immu-Mount
(Thermo scientific, Massachusetts, USA). Images were
taken by an Axio Observer with the Zen Software (Zeiss,
Oberkochen, Germany).

Three dimensional spheroid migration assay

100,000 cells per spheroid were packaged in 100 pl
mixture with 32% methylcellulose solution and 68% culture
medium. Cell packages were dropped on the petri dishes and
reversely cultured under standard humidified conditions (37°C,
5% CO,) for 12 h so that the package is stereoscopic with all
the cells aggregate to the top and formed spheroid. Afterwards
the spheroid was moved to the 48-well plate and kept culturing
with medium. After 12 hours, the spheroid attached to the
bottom of the well and the cells migrate, and the pictures of
spheroids were taking on the time points day 1, day 2, day 4
and day 6 by Olympus IX71 microscope, and the cells growth
area of the spheroid were measured by Image J software.

Cell death analysis by 7-AAD and annexin V assay

Glioma cells were treated with TMZ at indicated
concentration for 3 days, and then harvested by

trypsinization and pelleted by centrifugation. Cells were re-
suspended in 100 pl Annexin binding buffer with 5 ul FITC
Annexin V and 5 pul 7-AAD (BD Biosciences, Germany) for
15 min at room temperature in the dark. After incubation,
cells were transferred to FACS tubes and analyzed by Flow
Cytometer BD FACSCanto II (BD Bioscience, Heidelberg,
Germany). A minimum of 10,000 cells were counted and
analyzed per condition. Analyses were carried out with the
FlowJo Software 7.6 (Ashland, Oregon, USA).

Cell cycle analysis

200,000 glioma cells/well were seeded overnight in
6-well dishes (Corning Life Sciences, Germany). The next
day, cells were treated with TMZ for 72 h. Cells and media
supernatant were collected, washed with PBS and then
fixed with 70% ethanol solution overnight at 4°C. Fixed
cells were washed twice with PBS solution and afterwards
resuspended in Hypotonic lysis buffer (0.1% sodium citrate,
0.1% Triton X100, 100 pg/ml RNAse) for 20 min. Cell cycle
analyses were performed within 2 h after adding 7-AAD
(7-aminoactinomycin D, Molecular Probes, Invitrogen,
Darmstadt, Germany) by Flow Cytometer BD FACSCanto
II (BD Bioscience, Heidelberg, Germany). Analyses were
carried out with FlowJo Software 7.6. A minimum of 10,000
cells were counted and analyzed per condition.

Metabolic assays

The release of amino acids from glioma cells
into the extracellular medium were detected using high
performance liquid chromatography (HPLC). For TMZ
treatment experiments, 400,000 cells/well were seeded
overnight into 6-well dishes (Corning).The next day, cells
were incubated in glutamine-free DMEM (Biochrom AG,
Berlin, Germany/Sigma) with indicated concentration
of TMZ for 24 h. The supernatants were collected and
measured by using. Amino acids were analyzed by ion-
exchange chromatography and post-column ninhydrin
derivatization technique using a fully automated amino
acids analyzer (Biochrom 30+, Laborservice Onken,
Griindau, Germany). For the amino acid analysis,
100 pl of sample was deproteinised with 100 ul of 10%
sulphosalicylicacids. Afterwards, 20 pl of this supernatant
was then loaded by the autosampler into a cation-exchange
resin-filled column.

Statistical analysis

Data are expressed as mean =+ s.d. taken from at
least three independent experiments, and compared with
two-sided unpaired Student s-test or Mann-Whitney
test where appropriate. One-way ANOVA was used for
comparisons of more than two groups. When the ANOVA
was significant, post hoc testing of differences between
groups was performed using LSD test. A P-value < 0.05
was considered statistically significant.

www.impactjournals.com/oncotarget

Oncotarget



Authors’ contributions

N.E.S. & D.C. designed and conceived the study.
N.E.S. & L.Y.E. supervised the study. D.C. performed
all experiments. M.R. performed the mass spectrometry
analysis. D.C. performed the quantitative AA analysis.
Data analysis and evaluation was conducted by D.C.
and critically discussed with all authors. NES wrote
the manuscript in conjunction with D.C. All authors
contributed to the preparation of the final manuscript and
lent shape to the final paper. D.C.performed the present
work in fulfillment of the requirements for obtaining the
degree Dr. med. at the Friedrich-Alexander University of
Erlangen-Niirnberg (FAU).

ACKNOWLEDGMENTS AND FUNDING

We thank Shengbao Wang, Tina Sehm, Eduard
Yakubov, Zheng Fan (now at ETH Zurich, Switzerland)
and Ali Ghoochani of the Translational Cell Biology &
Neurooncology lab for valuable comments on this study
and helpful suggestions. Christiane Miihe and Johannes
Kornhuber (Department of Psychiatry, Erlangen,
Germany) are gratefully acknowledged for providing
assistance with the digital qRT-PCR procedure. D.C.
holds a grant from the China Scholarship Council (CSC:
201308110471). This study was funded by intramural
funding of the Universititsklinikum Erlangen and the
Staedler Stiftung to N.E.S.

CONFLICTS OF INTEREST

The authors declare no competing financial conflict
of interests.

REFERENCES

1.  Eylipoglu IY, Buchfelder M, Savaskan NE. Surgical
resection of malignant gliomas-role in optimizing patient
outcome. Nat Rev Neurol. 2013; 9:141-51.

2. Savaskan NE, Eyupoglu IY. xCT modulation
gliomas: relevance to energy metabolism and tumor

Ann Anat. 2010;

in

microenvironment normalization.
192:309-313.

3.  Hambardzumyan D, Bergers G. Glioblastoma: Defining
Tumor Niches. Trends Cancer. 2015; 1:252-65.

4. Omuro A, DeAngelis LM. Glioblastoma and other
malignant gliomas: a clinical review. JAMA. 2013;
310:1842-50.

5. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B,
Taphoorn MJ, Belanger K, Brandes AA, Marosi C,
Bogdahn U, Curschmann J, Janzer RC, Ludwin SK, et al,
and European Organisation for Research and Treatment
of Cancer Brain Tumor and Radiotherapy Groups, and
National Cancer Institute of Canada Clinical Trials Group.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Radiotherapy plus concomitant and adjuvant temozolomide
for glioblastoma. N Engl J Med. 2005; 352:987-96.

Sehm T, Fan Z, Ghoochani A, Rauh M, Engelhom T,
Minakaki G, Dorfler A, Klucken J, Buchfelder M,
Eyiipoglu IY, Savaskan N. Sulfasalazine impacts on ferroptotic
cell death and alleviates the tumor microenvironment and
glioma-induced brain edema. Oncotarget. 2016; 7:36021-33.
doi: 10.18632/oncotarget.8651.

Bak DH, Kang SH, Choi DR, Gil MN, Yu KS, Jeong JH,
Lee NS, Lee JH, Jeong YG, Kim DK, Kim DK, Kim JJ,
Han SY. Autophagy enhancement contributes to the synergistic
effect of vitamin D in temozolomide-based glioblastoma
chemotherapy. Exp Ther Med. 2016; 11:2153-62.

Dai L, Cao Y, Chen Y, Kaleeba JA, Zabaleta J, Qin Z.
Genomic analysis of xCT-mediated regulatory network:
identification of novel targets against AIDS-associated
lymphoma. Oncotarget. 2015; 6:12710-22. doi: 10.18632/
oncotarget.3710.

Huang Y, Dai Z, Barbacioru C, Sadée W. Cystine-glutamate
transporter SLC7A11 in cancer chemosensitivity and
chemoresistance. Cancer Res. 2005; 65:7446-54.
Savaskan NE, Heckel A, Hahnen E, Engelhorn T, Doerfler A,
Ganslandt O, Nimsky C, Buchfelder M, Eyiipoglu IY. Small
interfering RNA-mediated xCT silencing in gliomas inhibits
neurodegeneration and alleviates brain edema. Nat Med.
2008; 14:629-32.

Robert SM, Sjodin H, Fink MP, Aneja RK. Preconditioning
with high mobility group box 1 (HMGBI1) induces
lipoteichoic acid (LTA) tolerance. J Immunother. 2010;
33:663-71.

Savaskan NE, Fan Z, Broggini T, Buchfelder M, Eyiipoglu I'Y.
Neurodegeneration and the Brain Tumor Microenvironment.
Curr Neuropharmacol. 2015; 13:258-65.

Singleton DC, Harris AL. Targeting the ATF4 pathway
in cancer therapy. Expert Opin Ther Targets. 2012;
16:1189-202.

Harding HP, Novoa I, Zhang Y, Zeng H, Wek R,
Schapira M, Ron D. Regulated translation initiation controls
stress-induced gene expression in mammalian cells. Mol
Cell. 2000; 6:1099-108.

Blais JD, Filipenko V, Bi M, Harding HP, Ron D,
Koumenis C, Wouters BG, Bell JC. Activating transcription
factor 4 is translationally regulated by hypoxic stress. Mol
Cell Biol. 2004; 24:7469-82.

Bi M, Naczki C, Koritzinsky M, Fels D, Blais J, Hu N,
Harding H, Novoa I, Varia M, Raleigh J, Scheuner D,
Kaufman RJ, Bell J, et al. ER stress-regulated translation
increases tolerance to extreme hypoxia and promotes tumor
growth. EMBO J. 2005; 24:3470-81.

Zeng H, Zhang JM, Du Y, Wang J, Ren Y, Li M, Li H,
Cai Z, Chu Q, Yang C. Crosstalk between ATF4 and MTA1/
HDACI1 promotes osteosarcoma progression. Oncotarget.
2016; 7:7329-42. doi: 10.18632/oncotarget.6940.

Ye J, Kumanova M, Hart LS, Sloane K, Zhang H, De
Panis DN, Bobrovnikova-Marjon E, Diehl JA, Ron D,

www.impactjournals.com/oncotarget

51175

Oncotarget



19.

20.

21.

22.

23.

24.

25.

26.

217.

Koumenis C. The GCN2-ATF4 pathway is critical for
tumour cell survival and proliferation in response to nutrient
deprivation. EMBO J. 2010; 29:2082-96.

Dey S, Sayers CM, Verginadis II, Lehman SL, Cheng Y,
Cerniglia GJ, Tuttle SW, Feldman MD, Zhang PJ, Fuchs SY,
Diehl JA, Koumenis C. ATF4-dependent induction of heme
oxygenase 1 prevents anoikis and promotes metastasis.
J Clin Invest. 2015; 125:2592—-608.

Tanabe M, Izumi H, Ise T, Higuchi S, Yamori T,
Yasumoto K, Kohno K. Activating transcription factor 4
increases the cisplatin resistance of human cancer cell lines.
Cancer Res. 2003; 63:8592-95.

Igarashi T, Izumi H, Uchiumi T, Nishio K, Arao T,
Tanabe M, Uramoto H, Sugio K, Yasumoto K, Sasaguri Y,
Wang KY, Otsuji Y, Kohno K. Clock and ATF4 transcription
system regulates drug resistance in human cancer cell lines.
Oncogene. 2007; 26:4749-60.

Kilberg MS, Shan J, Su N. ATF4-dependent transcription
mediates signaling of amino acid limitation. Trends
Endocrinol Metab. 2009; 20:436—43.

Zhao E, Ding J, Xia Y, Liu M, Ye B, Choi JH, Yan C,
Dong Z, Huang S, Zha Y, Yang L, Cui H, Ding HF. KDM4C
and ATF4 Cooperate in Transcriptional Control of Amino
Acid Metabolism. Cell Reports. 2016; 14:506-19.

Harding HP, Zhang Y, Zeng H, Novoa I, Lu PD, Calfon M,
Sadri N, Yun C, Popko B, Paules R, Stojdl DF, Bell JC,
Hettmann T, et al. An integrated stress response regulates
amino acid metabolism and resistance to oxidative stress.
Mol Cell. 2003; 11:619-33.

Savaskan NE, Seufert S, Hauke J, Trénkle C, Eytipoglu IY,
Hahnen E. Dissection of mitogenic and neurodegenerative
actions of cystine and glutamate in malignant gliomas.
Oncogene. 2011; 30:43-53.

Tsuchihashi K, Okazaki S, Ohmura M, Ishikawa M,
Sampetrean O, Onishi N, Wakimoto H, Yoshikawa M,
Seishima R, Iwasaki Y, Morikawa T, Abe S, Takao A, et al.
The EGF Receptor Promotes the Malignant Potential of
Glioma by Regulating Amino Acid Transport System xc(-).
Cancer Res. 2016; 76:2954-63.

Briggs KJ, Koivunen P, Cao S, Backus KM, Olenchock BA,
Patel H, Zhang Q, Signoretti S, Gerfen GJ, Richardson AL,
Witkiewicz AK, Cravatt BF, Clardy J, Kaelin WG Jr.

28.

29.

30.

31.

32.

33.

34.

35.

Paracrine Induction of HIF by Glutamate in Breast Cancer:
EgIN1 Senses Cysteine. Cell. 2016; 166:126-39.

Weatherbee JL, Kraus JL, Ross AH. ER stress in
temozolomide-treated glioblastomas interferes with DNA
repair and induces apoptosis. Oncotarget. 2016; 7:43820-34.
doi: 10.18632/oncotarget.9907.

Saveljeva S, Cleary P, Mnich K, Ayo A, Pakos-Zebrucka K,
Patterson JB, Logue SE, Samali A. Endoplasmic reticulum
stress-mediated induction of SESTRIN 2 potentiates cell
survival. Oncotarget. 2016; 7:12254-66. doi: 10.18632/
oncotarget.7601.

Rajesh K, Krishnamoorthy J, Gupta J, Kazimierczak U,
Papadakis Al, Deng Z, Wang S, Kuninaka S, Koromilas AE.
The elF2a serine 51 phosphorylation-ATF4 arm promotes
HIPPO signaling and cell death under
stress. Oncotarget. 2016; 7:51044-58. doi:
oncotarget.10480.

Stupp R, Taillibert S, Kanner AA, Kesari S, Steinberg DM,
Toms SA, Taylor LP, Lieberman F, Silvani A, Fink KL,
Barnett GH, Zhu JJ, Henson JW, et al. Maintenance
Therapy With Tumor-Treating Fields Plus Temozolomide
vs Temozolomide Alone for Glioblastoma: A Randomized
Clinical Trial. JAMA. 2015; 314:2535-43.

Venur VA, Peereboom DM, Ahluwalia MS. Current
medical treatment of glioblastoma. Cancer Treat Res. 2015;
163:103-15.

Messaoudi K, Clavreul A, Lagarce F. Toward an effective
strategy in glioblastoma treatment. Part I: resistance

oxidative
10.18632/

mechanisms and strategies to overcome resistance of
glioblastoma to temozolomide. Drug Discov Today. 2015;
20:899-905.

Zanotto-Filho A, Braganhol E, Klatke K, Figueird F,
Terra SR, Paludo FJ, Morrone M, Bristot 1J, Battastini AM,
Forcelini CM, Bishop AJ, Gelain DP, Moreira JC.
Autophagy inhibition improves the efficacy of curcumin/
temozolomide combination therapy in glioblastomas.
Cancer Lett. 2015; 358:220-31.

Sehm T, Rauh M, Wiendieck K, Buchfelder M,
Eyiipoglu 1Y, Savaskan NE. Temozolomide toxicity
operates in a XCT/SLC7all dependent manner and is
fostered by ferroptosis. Oncotarget. 2016; 7:74630—47. doi:
10.18632/oncotarget.11858.

www.impactjournals.com/oncotarget

51176

Oncotarget



