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Background. Endoplasmic reticulum (ER) stress results from protein misfolding imbalance and has been postulated as a thera-
peutic strategy. ER stress activates the unfolded protein response which leads to a complex cellular response, including the upre-
gulation of aberrant protein degradation in the ER, with the goal of resolving that stress. O6-methylguanine DNA
methyltransferase (MGMT), N-methylpurine DNA glycosylase (MPG), and Rad51 are DNA damage repair proteins that mediate re-
sistance to temozolomide in glioblastoma. In this work we sought to evaluate whether ER stress-inducing drugs were able to
downmodulate DNA damage repair proteins and become candidates to combine with temozolomide.

Methods. MTT assays were performed to evaluate the cytotoxicity of the treatments. The expression of proteins was evaluated
using western blot and immunofluorescence. In vivo studies were performed using 2 orthotopic glioblastoma models in nude
mice to evaluate the efficacy of the treatments. All statistical tests were 2-sided.

Results. Treatment of glioblastoma cells with ER stress-inducing drugs leads to downregulation of MGMT, MPG, and Rad51. Inhi-
bition of ER stress through pharmacological treatment resulted in rescue of MGMT, MPG, and Rad51 protein levels. Moreover, treat-
ment of glioblastoma cells with salinomycin, an ER stress-inducing drug, and temozolomide resulted in enhanced DNA damage
and a synergistic antitumor effect in vitro. Of importance, treatment with salinomycin/temozolomide resulted in a significant anti-
glioma effect in 2 aggressive orthotopic intracranial brain tumor models.

Conclusions. These findings provide a strong rationale for combining temozolomide with ER stress-inducing drugs as an alternative
therapeutic strategy for glioblastoma.
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Glioblastoma is the most aggressive type of primary brain
tumor. The current standard treatment is surgery and concom-
itant administration of temozolomide (TMZ) and radiotherapy.1

Unfortunately, despite all medical efforts, the median survival
time of patients with glioblastoma is only 14.6 months.2 TMZ is
a DNA-alkylating agent that inserts methyl groups into guanine
and adenine nucleotides.3 It triggers the reparation of DNA or-
chestrated by O6-methylguanine DNA methyltransferase
(MGMT)4 and DNA base excision repair (BER) led by the enzyme
N-methylpurine DNA glycosylase (MPG).5 In the case that the
previous mechanisms are not able to repair those alterations,
the replication will stall or the replication fork will collapse,

resulting in double strand breaks (DSBs). There are several re-
ports that underline the significant role of DSB repair proteins
in determining the sensitivity to TMZ in preclinical models, in-
cluding Rad51. Glioblastoma patients whose MGMT promoter is
methylated have a better prognosis than those with a wild-type
promoter,6 and the overexpression of MPG induces resistance
against TMZ.5 Unfortunately, glioblastoma tumors inexorably
recur after treatment with TMZ, suggesting tumor resistance to
this drug. Therefore, alternative approaches that overcome this
resistance are needed to treat this deadly disease.

Endoplasmic reticulum (ER) stress results from protein misfold-
ing imbalance and has been shown to participate in the
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development of cancer.7 However, it has also opened the door to
development of alternative therapeutic strategies. Indeed, ER
stress-inducing drugs have been useful in cancers such as myelo-
ma.8 ER stress activates the unfolded protein response (UPR),9,10

which leads to a complex cellular response including the upregu-
lation of aberrant protein degradation in the ER, with the goal of
resolving the ER stress.11 A clear example is the ER stress–induced
degradation of Rad51, a DNA repair protein that plays a key role in
the response to radiotherapy.12 This example suggests that other
DNA repair proteins could be modulated by ER stress.

Salinomycin (SLM) was identified from a chemical screening
as a promising anticancer agent due to its potent cytotoxic ef-
fect against cancer stem cells.13 SLM induces ER stress and, de-
pending on the model, triggers autophagy or apoptosis.14 – 18

In this work we set out to evaluate whether drugs that induce
ER stress could enhance TMZ antitumor effect through inhibition
of key DNA repair proteins. Our data showed that treatment with
ER stress-inducing drugs such as SLM resulted in the downregu-
lation of MGMT, MPG, and Rad51 involved in TMZ resistance.
Combination of TMZ with SLM led to enhanced DNA damage
and in turn increased cell death. Moreover, the combination of
SLM/TMZ resulted in a significant antiglioma effect in vitro and
in vivo. This combination provides a strong rationale for develop-
ing new therapeutic strategies for glioblastoma patients based
on the combination of TMZ with ER stress-inducing drugs.

Methods

Cell Lines and Culture Conditions

The adult glioma brain tumor stem cell (BTSC) lines GSC23,
GSC11, GSC7-2, GSC2-27, GSC5-22, GSC2, GSC231, GSC7-11,
GSC10-6, GSC11-28, GSC229, and U87 MG were kindly provided
by Dr Lang (Department of Neurosurgery; MD Anderson Cancer
Center). The U87 MG, U373 MG, U251 MG, and T98G cell lines
were obtained from the American Type Culture Collection. The
pediatric cell line SF188 was kindly provided by Dr Jones (Insti-
tute of Cancer Research). BTSCs were cultured as neurospheres.
The neurospheres were maintained in Dulbecco’s modified Ea-
gle’s/F12 medium (1:1, vol/vol) supplemented with B27 (both
from Thermo Fisher Scientific), basic fibroblast growth factor,
and epidermal growth factor (20 ng/mL; Sigma-Aldrich) ac-
cording to the procedures described elsewhere.19 Attached
cell cultures were maintained in Dulbecco’s modified Eagle’s/
F12 medium (1:1, vol/vol) supplemented with 10% fetal bovine
serum (Thermo Fisher Scientific). Finally, all the cell lines were
grown in a humidified atmosphere of 5% CO2 at 378C.

Reagents

Where indicated, cells were treated with SLM, tunicamycin,
4-phenylbutyrate (PBA) (Sigma-Aldrich), and TMZ (Department
of Pharmacy, University Hospital of Navarra). Each of these re-
agents was resuspended according to the manufacturer’s
instructions.

Immunoblotting Analysis

After the indicated treatments, total cell proteins were extract-
ed on ice with lysis buffer (1% Tween in phosphate buffered

saline) in the presence of freshly added proteases and phos-
phatase inhibitors. Protein concentration was determined
using the Bradford method. A total of 40 mg/lane protein ex-
tract was separated by Tris/glycine sodium dodecyl sulfate–
polyacrylamide gel electrophoresis and transferred to nitrocel-
lulose membrane (Bio-Rad Laboratories). Blots were incubated
with the following antibodies: P62 (Sigma-Aldrich), binding
immunoglobulin protein (BIP), protein kinase-like ER kinase
(PERK), phospho-PERK, MPG, MGMT, phospho – eukaryotic
translation initiation factor 2a (eIF2a), phospho – histone
H2A.X, Rad51, mutS homolog (MSH)2, mutL homolog
(MLH)1, MSH6 (Cell Signaling Technology), and MGMT (Santa
Cruz Biotechnology). As housekeeping proteins we used glyc-
eraldehyde 3-phosphate dehydrogenase (Abcam), growth
factor receptor bound protein 2 (BD Transduction Laborato-
ries), and a-tubulin (Sigma-Aldrich). Amersham’s enhanced
chemiluminescence protocol (PerkinElmer) was used to
develop membranes.

X-box Binding Protein 1 Splicing Detection

Total RNA was extracted from cells using Trizol, as described
by the manufacturer (Life Technologies). Standard PCR was
performed and XBP1u (unspliced) and XBP1s (spliced) tran-
scripts were amplified with Amplitaq gold (Applied Biosystems).
Primers were described previously by Mahoney (forward
5′-CCTTGTAGTTGAGAACCAGG-3′, reverse 5′-GGGGCTTGGTATA-
TATGTGG-3′).20 PCR products were separated in a 10% poly-
acrylamide gel.

Immunofluorescence Analysis

Glioblastoma cells were cultured on glass coverslips and fixed
with methanol. Samples were blocked in phosphate buffered
saline/fetal bovine serum 10%. Cells were then incubated
with antibodies directed against phospho-H2A.X (Abcam),
LAMP1 (lysosomal-associated membrane protein 1), and ca-
thepsin B (Merck) for 1 h at room temperature. Afterward, sam-
ples were incubated with secondary antibodies: Alexa Fluor
594, monkey anti-rabbit (Thermo Fisher Scientific), immuno-
globulin G–fluorescein isothiocyanate, and goat anti-mouse
(Santa Cruz Biotechnology). The coverslips were mounted with
mounting medium with DAPI (4′,6′-diamidino-2-phenylindole;
Vector Laboratories). Finally, the fluorescence signals were visu-
alized and digital images were obtained using a fluorescence
microscope (Zeiss Axioplan 2ie).

Cell Viability Assay

Cell lines were seeded at a density of 5×103 cells per well in a
96-well plate. Twenty-four hours later, the cells were treated
with SLM or TMZ at concentrations ranging from 1×1029 M to
1×1023 M. Five days later, cell viability was assessed as previ-
ously described21 by MTT assay (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide; Sigma-Aldrich). Half-maximal
inhibitory concentration (IC50) value was calculated with Cal-
cuSyn software (Biosoft), and the results were graphed
with GraphPad Prism software. All of the experiments were
performed 3 times, with each treatment administered in
quintuplicates.
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Animals

Athymic mice were obtained from Harlan Laboratories. Mice
were maintained at the Centro de Investigación Medica Apli-
cada (Pamplona) in specific pathogen-free conditions and fed
standard laboratory chow. The study was approved by the
committee of bioethics of our institution. GSC11 or GSC23
human glioma stem cells (5×105 and 2.5×105, respectively)
were engrafted into the caudate nucleus of athymic mice
using a guide-screw system as previously described.22 Mice re-
ceived 2 intratumoral injections of SLM (0.5 mg/animal) per
week in a total of 5 administrations. Temozolomide (7.5 mg/
kg) was administered intraperitoneally during 5 days every 28
days for 2 cycles.

Immunohistochemical Analysis

The paraffin-embedded sections of the mice brains were
immunostained for antibodies specific for MGMT (Santa Cruz
Biotechnology), caspase 3, and pH2A.X (both from Cell Signal-
ing Technology). Anti-mouse biotinylated secondary antibody
(1:150; Sigma-Aldrich) was applied for 40 min at room temper-
ature followed by peroxidase-conjugated streptavidin (40 min,
1:50; Sigma-Aldrich). Five representative images from each sec-
tion were taken at 400×magnification using the Zeiss Axio Im-
ager M1 microscope. For each photograph, positive nucleated
cells were counted by Fiji software V1.48q; results were ob-
tained calculating the positive signal versus the negative signal
inside the tissue.

Statistical Analysis

The results are expressed as mean+SD. Comparisons were
made using parametric and nonparametric 2-tailed Student’s
t-tests with GraphPad Prism software. Survival in different treat-
ment groups was compared using the log-rank test.

Results

Salinomycin Triggers Endoplasmic Reticulum Stress in
Glioblastoma Cell Lines

First, to elucidate whether SLM induces ER stress in our model,
we performed a time-dependent experiment in SF188 cells
treated with SLM. This experiment allowed us to assess the ef-
fect of SLM treatment on the kinetics of several ER stress sen-
sors. PERK and BIP levels were increased at 24 h and remained
elevated up to 48 h; thapsigargin (Thg)23 was used as positive
control. Levels of activating transcription factor 4 were in-
creased upon treatment and up to 48 h, supporting a main-
tained activation of the PERK-mediated UPR branch (Fig. 1A).
In order to assess the possibility that other cellular mecha-
nisms could be activated, we evaluated the autophagy markers
LC3 lipidation and p62.24 Interestingly, even though we ob-
served an increase in the lipidation of LC3I to LC3II after SLM
treatment that was time dependent, the levels of p62 re-
mained constant, suggesting an aberrant flux of autophagy
(Fig. 1A).15

Next, to evaluate the ability of SLM25 and Thg23 to induce ER
stress in glioma, we treated SF188, T98G, and U251 MG cell
lines with both drugs at dosages where cell viability was over

80% (data not shown) during 48 h. The upregulation of BIP pro-
tein levels after treatment with either drug suggested a general
UPR activation as a consequence of ER induction. We observed
that both agents induced phosphorylation of PERK (Thr981)
and eIF2a (Ser51), thus indicating the activation of the PERK
signaling pathway,7 which is one of 3 UPR branches.26 Interest-
ingly we observed that PERK protein levels were upregulated in
cells treated with SLM compared with Thg-treated cells, per-
haps suggesting a more potent cellular response (Fig. 1B and
Supplementary Fig. S1A). Finally, treatment with either drug re-
sulted in the splicing of the transcription factor XBP1,27 indicat-
ing the activation of inositol-requiring enzyme 1,28 another
important mediator of the UPR (Fig. 1C and Supplementary
Fig. S1B).

These results showed that both Thg and SLM were able to
induce ER stress and the ensuing UPR response in glioblastoma
cell lines. The capacity of SLM to induce a maintained ER stress
signal that triggered a strong and maintained UPR response led
us to choose this drug over a conventional ER stress-inducing
drug such as Thg to perform the mechanistic studies.

ER Stress Downmodulates MGMT, MPG, and Rad51 in
Glioblastoma Cells

First, we screened the status of several proteins involved in the
response to TMZ (MGMT, MPG, Rad51, and the mismatch repair
[MMR] proteins MSH2, MSH6, and MLH1) in a battery of glio-
blastoma cell lines (Fig. 2A and Supplementary Table S1).
MPG, Rad51, MSH2, and MSH6 were expressed in the majority
of the cell lines evaluated. Since the role of the MMR protein
in the TMZ response has been related to mutations of these
proteins rather than protein levels, we chose to further in-
vestigate the role of ER stress in MGMT, MPG, and Rad51.
SLM treatment of glioblastoma cells (SF188, T98G, NSC11,
and NSC23) resulted in a pronounced downregulation of
MGMT, MPG, and Rad51 levels (Fig. 2B and Supplementary
Fig. S2A),5,6 suggesting that SLM could sensitize cells to TMZ.
Since NSC11 does not express MGMT, we did not observe any
differences in that cell line in that specific protein (Fig. 2A and
Supplementary Fig. S2A). Of importance, treatment of glio-
blastoma cells with the ER stress-inducing drugs Thg and tuni-
camycin29 resulted in the downregulation of MGMT, MPG, and
Rad51 proteins (Fig. 2C). These results point toward a common
mechanism of protein degradation mediated by ER stress. To
uncover a putative direct role of ER stress in the downregula-
tion of MPG and MGMT protein levels, we treated the cells with
the ER stress inhibitor PBA.30 Importantly, cotreatment of glio-
blastoma cells with SLM and PBA led to BIP downregulation
and reestablishment of MGMT, MPG, and Rad51 protein levels
(Fig. 2D). We observed similar results for the SF188 cell line
cotreated with Thg and PBA. Addition of PBA rescued the ex-
pression of MPG and MGMT proteins (Supplementary Fig. S2B).
These data point toward a direct role of ER stress and the UPR
response in the downregulation of these protein levels.

Taken together, these results indicated that SLM induces a
potent ER stress response followed by the activation of the
UPR, leading to the downregulation of key proteins involved in
the response to TMZ. Moreover, they suggested that ER stress
drugs could be good candidates to combine with TMZ.
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Combination of SLM and TMZ Results in an Increase in
DNA Damage

Next, we evaluated the effect of SLM/TMZ combination treat-
ment on the expression of MGMT, MPG, and Rad51 in several
glioblastoma cell lines (GSC11, GSC23, SF188, and T98G). As ex-
pected, combination treatment resulted in the downregulation
of the levels of these proteins in glioblastoma cell lines (Fig. 3A
and Supplementary Fig. S3A). Cells treated with the combination
SLM/TMZ displayed elevated levels of pH2A.X, which suggested
DNA damage (Supplementary Fig. 3B). In addition, we observed
in the combination an aberrant flux of autophagy, as shown by
the steady levels of p62 and LC3 lipidation. Interestingly, we ob-
served a significant increase in the amount of cells showing
DNA damage compared with that induced by TMZ, as shown
by the significant increase in the intensity and number of cells
displaying the pH2A.X signal (Fig. 3B and C and Supplementary
Fig. S3C).

Combination of SLM and TMZ Leads to a Synergistic In
vitro Antiglioma Effect

Next, we performed viability assays to evaluate the impact of
either treatment on glioblastoma cells. As we expected, the
combination SLM/TMZ presents an enhanced antitumor effect
compared with either drug alone (Fig. 4A), as shown by their
IC50 values (Supplementary Table S1). To confirm the the exis-
tence of cell death after the combination treatment in several
glioblastoma cell lines, we used trypan blue exclusion as an al-
ternative marker. We observed that the data obtained with the
MTT analyses correlated with those results observed with the
trypan blue exclusion (Fig. 4A and Supplementary Fig. S4A), in-
dicating the validity of the MTT data.

Overall, combination treatment IC50 values were at least
one logarithm lower than SLM alone (Fig. 4A; Supplementary
Table S1). To analyze the possible synergistic interactions be-
tween SLM and TMZ, we used the isobologram analysis.31 In

Fig. 1. SLM induces a potent and maintained UPR in glioma cells. (A) Time-dependent kinetics of the SLM-induced UPR response. SF188 cells were
incubated with SLM (0.1 mM) and collected at the indicated times. Cells treated with Thg for 10 h were used as an ER stress positive control.
Samples were analyzed by western blot for activating transcription factor 4 (ATF4), BIP, pPERK and PERK, p62, and LC3 lipidation. a-Tubulin was
used as loading control. (B) SLM and Thg induce the UPR response in glioblastoma cell lines. SF188 or T98G cells were incubated with either SLM
(0.1 mM) or Thg (0.1 mM) and collected at 48 h or 4 h, respectively. Samples were analyzed by western blotting for PERK, pPERK, BIP, and
phospho-eIF2a. GRB2 was used as the loading control. (C) SF188 or T98G cells were incubated with either SLM (0.1 mM) or Thg (0.1 mM) and
collected at 48 h. XBP1 splicing was assessed with conventional PCR. XBP1u (unspliced, 488 bp) and XBP1s (spliced, 418 bp). Shown are
representative western blots of 3 independent experiments.
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almost all the tests, the combination index values (Supplemen-
tary Table S1) were under 0.7, indicating a clear synergism.

In summary, these data reveal the synergistic antitumor ef-
fect of the SLM/TMZ combination. Our data suggest that this

therapeutic effect could be mediated by the inhibitory effect
of SLM-induced ER stress on key DNA repair proteins, resulting
in increased DNA damage due to the incapability of the cells to
cope and repair this damage and thereby leading to cell death.

Fig. 2. ER stress downmodulates the DNA repair proteins MGMT, MPG, and Rad51 in glioma cells. (A) The indicated glioma cell lines were collected
and MSH2, MLH1, MSH6, Rad51, MGMT, and MPG protein levels were evaluated by western blot. (B) SF188 and T98G cells were incubated with SLM
(0.1 mM). Samples were collected at the indicated times, and MPG, MGMT, Rad51, and BIP expression levels were analyzed by western blotting. (C)
Treatment of glioma cells with ER stress-inducing drugs results in the downregulation of MGMT, MPG, and Rad51. SF188 or T98G cells were
incubated with the ER stress inducers Thg or tunicamycin (Tuni) at the indicated concentrations. The levels of MPG, MGMT, Rad51, and BIP
expression were analyzed by western blotting. (D) Treatment of glioma cells with PBA rescues the MGMT and MPG protein levels. SF188 or T98G
cells were incubated with SLM, PBA, or both agents. The levels of MPG, MGMT, Rad51, and BIP expression were analyzed by western blotting. In all
the panels we used, GRB2 was the loading control. Shown are representative western blots of 3 independent experiments.
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Fig. 3. Combination of SLM and TMZ results in an increase in DNA damage. (A) GSC11 and GSC23 cells were incubated with SLM, TMZ, or both at the
indicated concentrations. Cells were collected 48 h later, and the levels of Rad51, MPG, and MGMT expression were analyzed by western blot.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as loading control. Shown is a representative western blot of 3 independent
experiments. (B) GSC23 and GSC11 cells were incubated at the indicated concentrations. DNA damage was assessed 48 h later using
immunofluorescence against pH2A.X. Representative micrographs are shown. (C) Quantification of the DNA damage induced by the
combination TMZ/SLM in glioma cell lines. Phospho-H2A.X–positive cells were quantified and presented as the percentage in comparison with
cells treated with vehicle only (untreated cells). Data are presented as the mean+SD of 3 independent experiments.
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Combination of SLM and TMZ Results in a Significant
Antitumoral Effect In vivo

To evaluate the antitumor effect of the combination treatment
in vivo, we used an orthotopic intracranial model using the ag-
gressive BTSC lines GSC11 and GSC23. SLM is delivered by Pgp
(permeability glycoprotein), a transporter protein overex-
pressed in the blood–brain barrier, and thus its penetration
into the brain is limited.32 To ensure drug delivery and reduce
unwanted toxicities, we chose to administer SLM intratumor-
ally. The schedule for SLM (0.02 mg/kg) was one dose every 3
days for a total of 6 administrations; TMZ (7.5 mg/kg) was ad-
ministered intraperitoneally 5 days every 21 days.

Survival curves showed that neither drug alone provided a
survival advantage for these mice. Combination treatment re-
sulted in a significant increase in the overall median survival
(P , .001 and P¼ .03 for GSC11 and GSC23, respectively) and
led to long-term survivors (Fig. 5A). Staining with hematoxylin
and eosin revealed very aggressive tumors. In the case of
GSC11, the tumors infiltrated the brain parenchyma and invad-
ed the contralateral hemisphere. Importantly, the long-term
survivor in the combination treatment was tumor free. In re-
gard to GSC23, the tumors were also very aggressive and led
to a long-term survivor that, in this case, presented a small
tumor (Fig. 5B). With the purpose of studying the molecular

mechanisms of the treatment in vivo, we performed a short ex-
periment with GSC11 at 20 days. Animals treated with either
SLM or TMZ alone showed positive pH2A.X staining, but the dif-
ference was not statistically significant, which suggested limit-
ed effectiveness of the drugs themselves. In contrast, their
combination induced a significant increase in pH2A.X staining,
which indicated increased DNA damage (Fig. 5C). Moreover,
combination-treated animals displayed a significant increase
in caspase 3 staining compared with either treatment alone, in-
dicating a possible death by apoptosis (Fig. 5D). Finally, our data
allowed us to propose a model that summarized our findings
(Fig. 6).

In summary, our data have provided clues regarding the
antiglioma efficacy and the molecular underpinning of the
SLM/TMZ treatment combination. Moreover, these findings pro-
vide a strong rationale for combining TMZ with ER stress-induc-
ing therapies to treat patients with glioblastoma and warrant
further studies.

Discussion
In this work we uncover ER stress-inducing drugs as good can-
didates to combine with TMZ for the treatment of glioblastoma.
One consequence of ER stress is the activation of the UPR.9,10

Fig. 4. Combination of SLM and TMZ induces a synergistic antiglioma effect. (A) The indicated glioma cell lines were incubated with either
increasing doses of SLM or TMZ (1023 M to 1029 M) or SLM at a dose of 0.1 mM and increasing doses of TMZ (1023 M to 1029 M). Seven days
after treatment began, cell viability was assessed using MTT assays. The results are expressed as mean values+SD from 3 independent
experiments and are represented as cell viability relative to nontreated cells (¼100%).
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There is much evidence in the literature showing that cancer
cells present abnormally elevated UPR levels.33 In the context
of glioblastoma, several studies observed augmented BIP

levels, a key mediator of the UPR, compared with healthy tissue
cells. Moreover, higher BIP expression was correlated with a
shorter survival.34 – 36 Mostly, the data published suggest a

Fig. 5. Combination treatment of SLM and TMZ results in a significant antitumor effect in vivo. (A) Kaplan–Meier survival curve analysis for overall
survival in treated athymic mice bearing intracranial xenograft tumors originated by GSC11 or GSC23 cell lines. The P-values were determined using
the log-rank test; the values represent a comparison of survival rates associated with the different treatments given to the mice. (B) Hematoxylin
and eosin staining of the brains of animals treated with the indicated drugs. (C) Animals were treated with SLM, TMZ, or both and sacrificed 20 d
after implantation. Left panel: tissue sections were incubated with anti-pH2A.X antibody (diluted 1:100). Representative photomicrographs are
shown. Right panel: quantification of positive cells. Positive signals were counted by Fiji software V1.48q and represented as the percentage
in comparison with nontreated animals. Bars represent the mean+SD of 5 snaps for every brain (N¼ 3 brains). (D) Animals were treated
with SLM, TMZ, or both and sacrificed 20 d after implantation. Left panel: tissue sections were incubated with anti–caspase 3 antibody
(diluted 1:100). Representative photomicrographs are shown. Right panel: quantification of positive cells was done as above. Scale bars in (C)
and (D)¼ 100 mM.
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protective role of UPR for cancer cells, even though it could in-
duce cell death too if a certain threshold is trespassed.26 An in-
teresting hypothesis proposed by Wang and Kaufman33 is that
interfering with basal UPR signaling in cancer cells (either up or
down) will result in an antitumor effect. We opted to increase
the UPR signaling as a strategy to induce cell death with en-
couraging results. However, other authors have shown that
the inhibition of mitochondrial function and ER stress enhanced

TMZ-induced apoptotic cell death in glioma37 with good thera-
peutic results, at least in vitro. These 2 works exemplified the
Wang–Kaufman theory.

One important consequence of the UPR in our model was
the downregulation of the DNA repair proteins. DNA damage in-
duced by TMZ results in the activation of a complex DNA repa-
ration mechanism including MGMT, the BER system, MMR, and
the homologous recombination (HR) system38 (Fig. 6). We test-
ed MGMT, MPG, and Rad51 as representative executors of the
tolerance displayed by glioblastoma cells to TMZ.5,39 – 41 The
fact that cells treated with ER stress-inducing drugs showed re-
duced or absent expression of these proteins suggested a gene-
ral mechanism mediated by UPR triggering agents. We could
not rule out at this point that other DNA damage proteins, in-
cluding the MMR proteins, could be affected too.

The consequence of a decrease in MGMT protein levels is the
accumulation of methyl groups at the O6-guanine. At the same
time, there is an accumulation of methyl groups in N7-guanine
and N3-adenine, leading to the accumulation of DSBs38 due to
the reduced expression and thus function of MPG protein (in-
cluded in the BER system38). Altogether the inhibition of
MGMT and MPG by ER stress drugs in combination with TMZ ac-
tion leads to an increment of DSBs in glioblastoma cells. Finally
Rad51, a relevant protein implicated in the restoration of
DSBs,42 is downregulated by the UPR too, leaving the cells prac-
tically crippled to repair the DSB errors, resulting in an incre-
ment of cell death.41

The exact contribution of the different repair systems to the
resistance of glioblastoma cells to TMZ remains unknown. Ge-
netic mutations found in different members of the MMR system
result in altered functionality of this complex. In accordance
with this, low levels of MLH1 and PMS2 (postmeiotic segrega-
tion increased 2) (proteins of the MMR system38) are associated
with TMZ resistance,43 indicating that downregulation of the
MMR system could be unfavorable in patients with glioblasto-
ma. Nevertheless, in the context of our work, the observed in
vivo and in vitro antitumor effect suggests the high therapeutic
benefit of a UPR induction combined with TMZ. On the other
hand, it has been published by Agnihotri and colleagues44

how ataxia telangiectasia mutated regulates MPG and pro-
motes therapeutic resistance to alkylating agents in pediatric
and adult brain tumors. Using ER stress as a clinical tool
could be an attractive strategy, especially in a tumor resistance
context mediated by MGMT and the BER system. In this line of
thinking, ER stress has been shown to sensitize cancer cells to
radiotherapy by downregulating Rad51 levels, a key protein in
the HR pathway, through the ubiquitin-proteosome system.12

Whether in our model MGMT and MPG are degraded in the
same way needs to be elucidated. In any case, our study re-
veals possible synergies between ER stress-inducing agents
and DNA-damaging drugs.

Even though SLM has shown a formidable cytotoxicity in
vitro, unfortunately it presents several therapeutic disadvan-
tages, such as unfavorable blood–brain barrier permeability32

and elevated toxicity (data not shown). The utilization of ER
stress-inducing drugs with better pharmacokinetic profiles
emerges as an interesting strategy against glioblastoma.

We were surprised to observe that neither treatment alone
nor combined with TMZ provided a survival benefit to the ani-
mals, especially SLM, which displayed a strong antiglioma

Fig. 6. Hypothetical proposed model. In physiological conditions, TMZ
will be quickly converted into methyldiazonium. This compound has
alkylating activity capable of methylating the O6 position of guanine
and the N7 position of guanine followed by the N3 position of
adenine. Repair mechanisms are different based on the position
where the methyl group has been inserted. O6-meG is repaired by the
MGMT enzyme. In case the DNA damage exceeds repair capacity of the
MGMT, a futile cycle starts, led by the MMR system, which results in DSB
in the DNA. If this damage exceeds the capacity of the HR system to
repair the cell, it will enter into apoptosis and die. If the methylation
is inserted in the N7-meG or N3-meA, the BER system will try to
ameliorate this damage and the MPG proteins play an important role
here. Again, if the BER system is surpassed, the DNA will accumulate
DSBs that if not repaired by the HR system will induce cell death. ER
stress-inducing drugs will induce the downregulation of MGMT, MPG
(BER system), and Rad51 (HR system), sensitizing the cells to the
action of TMZ.
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effect in vitro. Poor diffusion of this drug or a low concentration
leading to a protective UPR could have caused that effect;
therefore, additional studies are needed to clarify this point.
On the other hand, drug combination exhibited a significant an-
titumor effect, which supported the idea of the synergistic an-
titumor effect observed in vitro. SLM could be stripping the cells
from the protective effect of MGMT, MPG, and Rad51, thereby
sensitizing them to the cytotoxic effect of TMZ and in turn in-
creasing cell death and mediating the antitumor effect that
we observed in our model.

Our data have provided clues regarding the antiglioma effi-
cacy and the molecular underpinning of the SLM/TMZ treat-
ment combination. Our findings provide a strong rationale for
combining TMZ with ER stress-inducing drugs to treat patients
with glioblastoma and warrant further studies.

Supplementary Material
Supplementary material is available at Neuro-Oncology Journal
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