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Abstract: Glioblastoma (GBM) is the most prevalent malignant primary brain tumor with a very poor
survival rate. Temozolomide (TMZ) is the common chemotherapeutic agent used for GBM treatment.
We recently demonstrated that simvastatin (Simva) increases TMZ-induced apoptosis via the inhibition
of autophagic flux in GBM cells. Considering the role of the unfolded protein response (UPR) pathway
in the regulation of autophagy, we investigated the involvement of UPR in Simva-TMZ-induced
cell death by utilizing highly selective IRE1 RNase activity inhibitor MKC8866, PERK inhibitor
GSK-2606414 (PERKIi), and elF2« inhibitor salubrinal. Simva-TMZ treatment decreased the viability
of GBM cells and significantly increased apoptotic cell death when compared to TMZ or Simva alone.
Simva-TMZ induced both UPR, as determined by an increase in GRP78, XBP splicing, eukaryote
injtiation factor 2« (eIlF20x) phosphorylation, and inhibited autophagic flux (accumulation of LC33-1I
and inhibition of p62 degradation). IRE1 RNase inhibition did not affect Simva-TMZ-induced cell
death, but it significantly induced p62 degradation and increased the microtubule-associated proteins
light chain 3 (LC3)p-II/LC3p3-I ratio in U87 cells, while salubrinal did not affect the Simva-TMZ
induced cytotoxicity of GBM cells. In contrast, protein kinase RNA-like endoplasmic reticulum kinase
(PERK) inhibition significantly increased Simva—-TMZ-induced cell death in U87 cells. Interestingly,
whereas PERK inhibition induced p62 accumulation in both GBM cell lines, it differentially affected
the LC3R-II/LC3B-I ratio in U87 (decrease) and U251 (increase) cells. Simvastatin sensitizes GBM
cells to TMZ-induced cell death via a mechanism that involves autophagy and UPR pathways.
More specifically, our results imply that the IRE1 and PERK signaling arms of the UPR regulate
Simva-TMZ-mediated autophagy flux inhibition in U251 and U87 GBM cells.
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1. Introduction

Glioblastoma multiforme (GBM) is the most common malignant tumor of the central nervous
system (CNS) [1-3]. The tumor is invasive and incurable with poor prognosis and inevitable
recurrences [4,5]. The average survival of GBM patients is about 15 months [6,7]. GBM therapy
comprises surgery, temozolomide (TMZ), radiochemotherapy, and TMZ maintenance chemotherapy [8].
TMZ is administered orally and induces apoptotic cell death due to DNA damage [9].

Statins are FDA-approved mevalonate (MEV) cascade inhibitors that directly inhibit
3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase [10,11]. They reduce cholesterol synthesis
by interfering with the signaling pathways involved in tumorigenesis including intermediates that are
involved in the prenylation small Rho GTPases [12]. Epidemiological studies have shown that the
long-term consumption of statins reduces mortality rates of different types of cancer, including GBM
(it is worth mentioning that in GBM, it reduces the mortality but is not statistically significant) [13,14].
In addition, preclinical studies have confirmed the anticancer, anti-proliferative, and anti-metastatic
properties of statins in several cancers such as myeloma, leukemia, glioma, breast, and prostate
cancer [15-17].

Autophagy, apoptosis, and the unfolded protein response (UPR) play critical roles in determining
the fate of cancer cells before and after chemotherapy [18,19]. These mechanisms play an important
role in the regulation of TMZ chemo-resistance in GBM [20-22]. GBM tumor progression is associated
with increased endoplasmic reticulum (ER) stress due to the high demand for protein folding and
intercellular transport of newly synthesized proteins [23]. Tumor cells utilize several signaling pathways
to restore cellular homeostasis or respond to chemotherapy induced-stress, including macroautophagy
(hereafter autophagy), UPR, ER-associated protein degradation (ERAD), and apoptosis [20].

Autophagy degrades damaged organelles and allows misfolded proteins to be recycled in
response to cellular stress and starvation, thereby suppressing tumor development in the early
stages of cancers, whereas it improves tumor progression at advanced stages of tumor development
via inducing resistance to chemotherapeutic agents [24-28]. The UPR is also activated in response
to the accumulation of unfolded proteins in the ER [29]. The UPR is orchestrated by three ER
transmembrane proteins, activated transcription factor 6 (ATF6), protein kinase RNA-like ER
kinase (PERK), and serine/threonine-protein kinase/endoribonuclease inositol-requiring enzyme
la (IRE1x) [23,30]. Upon activation, UPR signaling may result in cell adaptation to stress or cell death,
depending on cell type, nature of the stress stimulus, and duration and severity of cell stress [21,31].
The UPR has emerged as a therapeutic target for the treatment of cancer, as this pathway is over-activated
in cancer in comparison to healthy, non-proliferative cells [32]. UPR is also involved in the shaping of
tumor microenvironment through an IRE1x-dependent alteration of the tumor cells secretome [33].
As such, targeting IRE1x could serve as a potential therapeutic option in cancers.

We recently reported a close link between autophagy and UPR [34-37]. Others have also reported
crosstalk between autophagy and UPR in different in vitro and in vivo models. Activation of the IRE1
arm regulates autophagy by modulating Beclin-1 protein expression [38,39], whereas PERK induces the
expression of several proteins belonging to the autophagy-related genes (ATG) family, including ATG
3,5,7,10, and 12 [20].

We have recently demonstrated that Simvastatin (Simva) increases TMZ-induced apoptosis via
targeting autophagosome/lysosome fusion in both GBM cell lines and primary GBM patient-derived
cells [40,41]. Considering the role of the UPR pathway in the regulation of autophagy and cell death
pathways [27,36,37,42], our hypothesis was to investigate how UPR is involved in the regulation of
Simva-TMZ combination therapy cell death in GBM cells. For this purpose, we evaluated the effects of
Simva-TMZ on the UPR arms (IRE-1a and PERK) in GBM cells, using highly selective IRE-1x and
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PERK inhibitors. We later assessed how these inhibitors were involved in the regulation of Simva-TMZ
effects on autophagy flux and cell death in GBM cells.

2. Results

2.1. Co-Treatment with Simva-TMZ Increases Mevalonate Caspase Independet Cytotoxicity and Autophagy
Flux Inhibtion in GBM Cells

In our previous investigations, we have shown that Simva-TMZ combination treatment
significantly reduced cell viability in U87 and U251 as compared with Simva and TMZ alone [41].
Briefly, we treated GBM cells (U87 and U251) with TMZ (100 uM), Simva (1 uM for U251 and 2.5 uM
for U87), and mevalonate (2.5 mM) at the 72 h time-point for all of our treatments. We chose these
concentrations based on the initial screening of the cell viability experiments for different concentrations
of these compounds on GBM cells (Figure S1A-F). We selected Simva and the TMZ concentrations in
each cell line based on their cell viability in 72 h (70% < cell viability < 95%), so the single treatment
has toxicity less than 30%. We also selected mevalonate concentration based on its inhibitory effect on
mevalonate cascade and the lowest cytotoxic effects on GBM cells, as previously established by our
team [40,41,43].

Later, we further confirmed that Simva-TMZ co-treatment significantly reduced cell viability in
U87 and U251 as compared with Simva (p < 0.05 and p < 0.0001, respectively) and TMZ alone (p < 0.01
and p < 0.0001, respectively) (Figure S2A,B). Furthermore, co-treatment with mevalonate did not have
any significant effects on the loss of cell viability induced by Simva-TMZ (Figure S2A,B).

We further confirmed that co-treatment with Simva and TMZ induced significant apoptosis in
U87 and U251 cells (22.6% and 34.3%, p < 0.00001) compared with TMZ (7.74% and 21.5%) and Simva
alone (15.7% and 29%) at 72 h, as determined by changes in the sub-G1 DNA content of the cells
(Figure S3A—C). Our observations showed that TMZ single treatment induced significantly lower
apoptosis compared to Simva. Single treatment in both cell lines reflects the different apoptosis
mechanisms of these compounds [40,41]. In both cell lines, mevalonate (2.5 mM) prevented apoptosis
induced by Simva alone and partially inhibited Simva-TMZ-induced apoptosis. It is worth mentioning
that the inhibitory effect of mevalonate on Simva-TMZ-induced apoptosis was far more pronounced
in U87 than in U251 cells. These findings suggest that Simva—TMZ-induced apoptosis is partially
dependent on mevalonate cascade.

We also assessed the protein amount of the autophagy markers, Beclin-1, p62,
and microtubule-associated proteins light chain 3 (LC33)-II in U87 and U251 treated cells at 72 h
(Figure 54). Co-treatment with Simva and TMZ increased Beclin-1 protein amount and induced the
accumulation of p62 and lipidated LC3{3-II compared to the time-matched control. Autophagy flux
refers to the flow of the autophagosome to lysosomes for degradation and usually is detected using
LC3-B lipidation and the degradation of p62 [44]. These findings confirm our recent findings that
Simva-TMZ inhibits autophagic flux in GBM cells [41].

2.2. Co-Treatment with Simva-TMZ Induces UPR in GBM Cells

We also studied the protein amount of GRP78, IRE1, XBP1s, ATF6, elF2«, and phospho-elF2x
(p-elF2x) proteins, which are key markers of the UPR pathway in the GBM cell models upon treatment
with TMZ, Simva, and Simva-TMZ, after 72 h. We also used dithiothreitol (DTT, 10 mM) as a
positive control for UPR induction. We also used time zero control for all experiments to evaluate
the status of UPR at the beginning of the treatments. In both cell lines, Simva-TMZ significantly
increased GRP78, IRE1, XBP-1s, and ATF-6 protein amount compared to treatment with Simva or
TMZ alone. Simva-TMZ co-treatment significantly increased the p-elF2o/elF2« ratio in U87, while it
decreased in U251 compared to Simva and TMZ single treatment (Figure 1, Figures SSA-E and S6A-E).
In addition, Simva-TMZ significantly induced caspase-3 cleavage in parallel to UPR induction in both
cell lines (Figures S5F and S6F). It is worth mentioning that some proteins (e.g., ATF6) showed different
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immunoblotting patterns possibly due to various isoforms or a possible phosphorylated site between
U87 and U251 cells.
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Figure 1. Simvastatin-temozolomide (Simva-TMZ) treatment induces unfolded protein response (UPR)
concomitant with cell death and DNA damage in GBM cells. U87 and U251 cells were treated with TMZ,
Simva, and Simva-TMZ for 72 h as described in the material and methods section. Cells were collected
and lysed. The expression of protein markers of UPR (GRP-78, IRE-1, XBP-1s, ATF6, elF2x, and p-elF2«x)
was determined by immunoblotting. glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used
as the loading control. Simva-TMZ increased the protein amount of GRP-78, IRE-1, and XBP-1s, and it
decreased the ratio of p-elF2x/elF2cc as compared to the time-matched control. Immunoblots are
representative of three different biological replicates.

2.3. IRE-1a RNase Inhibition Does Not Impact the Effects of Simva, TMZ, or Simva—TMZ on Cell Viability of
GBM Cells

We treated GBM cells with different doses of the selective IRE-lx RNase inhibitor,
MKC8866 (10-80 uM) for 48 and 72 h (Figure 2A,B). MKC8866 decreased the viability of U251
and U87 cells (80 pM, p < 0.0001 and 30 uM, p < 0.001, respectively) at 72 h compared to the
time-matched control. In addition, our results showed that MKC8866 (30 uM) inhibited IRE1-1x
RNase activity as determined by a decrease in XBP-1s protein levels upon treatment with Simva-TMZ
(Figure 3A—C) and by qPCR upon treatment with Simva or Simva-TMZ (Figure 3D,E) in both cell lines.
The treatment of cells with either Simva or TMZ alone moderately reduced XBP-1 mRNA expression in
U87 cells, which was further reduced for Simva but normalized to control levels for TMZ by MKC8866.

Next, we evaluated if the IRE-1/XBP-1 axis is involved in the Simva-mediated sensitization of GBM
cells to TMZ-induced cell death at 72 h to correlate investigate the possible regulation of autophagy
flux via IRE-1/XBP-1. We inhibited IRE-1 RNase activity using MKC8866 (30 pM) and treated U87
and U251 cells with Simva, TMZ, or Simva-TMZ for 72 h. As shown in Figure 2C,D, IRE-1«x RNase
inhibition did not affect Simva-, TMZ-, or Simva-TMZ-induced cell death in either cell line. As shown
in Figure 2EF, IRE-1a RNase inhibition did not affect Simva-, TMZ-, or Simva-TMZ-induced apoptosis
in either cell line.
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Figure 2. Inositol-requiring enzyme 1 (IRE1«) RNase inhibition does not affect Simva-TMZ-induced
cell death. (A,B) U87 and U251 cells were treated with different concentrations of MKC8866 (IRE-1
RNAse inhibitor; 10, 20, 30, 40, and 80 uM) for 48 and 72 h, and cell viability was evaluated by
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) (MTT) assay. Control cells were
treated with the solvent (DMSO) for each time point. MKC8866 significantly reduced cell viability
in U87 (30 uM; 48 h, p < 0.05, 72 h, p < 0.001), (40 uM; 48 h, p < 0.05, 72 h, p < 0.0001), (80 uM; 48 h,
p <0.001, 72 h, p < 0.0001) and U251 (80 uM; 48 h, p < 0.05, 72 h, p < 0.0001) cells. (C,D) U87 and U251
cells were pretreated with MKC8866 (30 uM) for 4 h and subsequently co-treated with TMZ, Simva,
or Simva-TMZ for 72 h. Cell viability was measured by MTT assay. MKC8866 did not significantly
change Simva-, TMZ-, or Simva-TMZ-induced cell death in glioblastoma (GBM) cells. (E,F) U87 and
U251 cells were pretreated with MKC8866 (30 uM) for 4 h and subsequently co-treated with TMZ, Simva,
or Simva—-TMZ for 72 h. Apoptosis was measured by Nicoletti assay. MKC8866 did not significantly
change Simva-, TMZ-, or Simva-TMZ-induced apoptosis in GBM cells. Findings are expressed as the
mean + SD of three independent experiments for MTT assay (15 replicates) and three independent
replicates for Nicoletti assay **** p < 0.0001). NS; not significant.
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Figure 3. Simva-TMZ treatment induces IRE1 activation in GBM cells. (A) U87 and U251 cells were
pretreated with MKC8866 (30 1M, 4 h), followed by co-treatment with TMZ, Simva, or Simva-TMZ
for 72 h. XBP-1s protein levels were determined by Western blot analysis; GAPDH was used as the
loading control. Simva-TMZ induced XBP-1 splicing in GBM cells, which was inhibited by MKC8866.
(B,C) Densitometric analysis of the Western blot bands confirmed that Simva-TMZ significantly
(p < 0.0001) induced XBP-splicing in an IRElx-dependent manner. (D,E). U87 and U251 cells were
pretreated with MKC8866 (30 1M, 4 h) and then co-treated with TMZ, Simva, or Simva-TMZ for 72 h,
after which and XBP-1s mRNA expression was measured by real-time PCR. In line with the effects
on protein amount, Simva-TMZ significantly (p < 0.0001) induced XBP splicing, which was inhibited
by MKC8866. The data are expressed as the mean + SD of three independent experiments ** p < 0.01,
#** p < 0.001; **** p < 0.0001).

2.4. Inhibition of IRE-1a RNase Activity Regulates the Effect of Co-Treatment with Simva and TMZ on
Autophagic Flux Inhibition without Affecting the Overall Cytotoxic Effect

Co-treatment with Simva and TMZ reduced autophagy flux in U87 and U251 cells (as shown in
Figure 54), and MKC8866 inhibited these effects (Figure 4A-G). In particular, MKC8866 dramatically
reduced the level of Beclin-1 and p62 induced by Simva-TMZ in both cell lines (p < 0.0001, Figure 4A-G),
suggesting that degradation of the autophagosome is regulated by the IRE1-XBP1s pathway. However,
MKC8866 did not affect the Simva—TMZ-induced increase in the LC3-BII/LC3-BI ratio in U87 cells,
while it significantly increased the ratio in U251 cells in the presence of Simva. These findings



Cells 2020, 9, 2339 7 of 24

indicate that in the presence of Simva-TMZ, IRE1-1-XBPs inhibition does not change the production of
autophagosomes in U87 cells, but it increases autophagosome formation in U251 cells. As MKC8866
did not affect Simva-TMZ-induced cell death in U87 and U251 cells, we concluded that XBP-1 splicing
is involved in the Simva-TMZ-mediated inhibition of autophagy flux, but it does not affect the cytotoxic
effects of Simva-TMZ. This means that the IRE1/XBP-1 arm is functionally insignificant in the cytotoxic
effects of Simva-TMZ in GBM cells.
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Figure 4. Simva-TMZ modulates the autophagy machinery via the IRE-1 pathway. (A) After
pretreatment with MKC8866 (30 uM, 4 h), U87 and U251 cells were co-treated with TMZ, Simva,
or Simva-TMZ for 72 h. The protein levels of Beclin-1, p62, LC3B-II, and LCB-I were determined
by immunoblotting. Simva-TMZ induced an inhibition of autophagy flux (accumulation of p62
and LC3pB-II) in GBM cells. In Simva-TMZ-treated cells, MKC8866 increased p62 and Beclin-1
degradation, while it differentially affected the LC33-II/LC3[3-I ratio; GAPDH was used as loading
control. Densitometric analysis of the Western blot bands confirmed that Simva-TMZ significantly
induced Beclin-1 and p62 accumulation in both U87 and U251 cells (p < 0.0001), which was markedly
prevented in the presence of MKC8866 (B,C,E,F). In addition, MKC8866 increased the LC33-II/LC3[3-I
ratio in Simva-TMZ-treated U251 cells (p < 0.0001) (G), whereas it did not change LC33-II/LC3[3-I in
U87 cells (p < 0.0001) (D). The data are shown as the mean + SD from three independent experiments
(*p <0.05; ** p < 0.01, *** p < 0.001; **** p < 0.0001).
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2.5. PERK Inhibition Regulates the Effect of Co-Treatment with Simva—TMZ on Autophagy Flux in U87 and

U251 Cells and Increased Simva—TMZ-Induced Cell Death in U87 Cells

With the exception of the lowest dose tested (1 uM) in U87 cells, incubation with the PERK
inhibitor GSK-2606414 (PERKi) (1-20 uM) for 72 h had significant cytotoxic effects on GBM cells
(Figure 5A,B). Based on these results, 5 uM was used for further experimentation as it is the lowest

concentration inducing a near-maximum effect on cell viability.
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Figure 5. Protein kinase RNA-like endoplasmic reticulum kinase (PERK) inhibition further reduces cell
viability in Simva-TMZ-treated U87 cells but not in U251 cells. (A,B) GBM cells (U87 and U251) were
treated with different concentrations of PERK inhibitor GSK-2606414 (PERKi) (1, 5, 10, and 20 uM) for
48 and 72 h, after which cell viability was assessed by MTT assay. Controls were treated with the solvent
(DMSO). The PERKIi induced significant cell death at all concentrations in both cell lines, except for 1 uM
in U87 cells. (C,D) U87 and U251 were pretreated with 5 uM PERKi for 30 min and then co-treated with
TMZ, Simva, and Simva-TMZ for 72 h; cell viability was measured by MTT assay. GSK-2606414 (PERKi)
significantly increased Simva-TMZ-induced cell death in U87 cells (p < 0.0001), but was without effect
in Simva-TMZ-treated U251 cells. (E,F) U87 and U251 were pretreated with 5 uM PERKi for 30 min
and then co-treated with TMZ, Simva, and Simva-TMZ for 72 h; apoptosis was measured by Nicoletti
assay. GSEK-PERK inhibition did not significantly change Simva-TMZ-induced apoptosis in both cell
lines. Data are expressed as the means + SD of 15 replicates from three independent experiments for
MTT assay and three independent replicates for Nicoletti assay (* p < 0.05; ** p< 0.01, *** p < 0.001,
4 p < 0.0001).
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We carried out a dose-response of PERKi (1-20 uM) for 72 h and selected 5 uM for further
experiments. We pretreated cells with PERKi (5 uM, 30 min) and then co-treated with Simva, TMZ,
and Simva-TMZ for 48 and 72 h. PERK inhibition did not change the cytotoxic effect of Simva-TMZ in
U251 cells, whereas it further reduced cell viability in Simva—TMZ-treated U87 cells (Figure 5C,D).
Our apoptosis assay showed that Simva—TMZ co-treatment with PERKi did not significantly change
Simva-TMZ-induced apoptosis (Figure 5E,F). Inmunoblotting data revealed that the PERKi blocked the
basal kinase activity of PERK and suppressed elF2« phosphorylation (p < 0.0001). Co-treatment with
Simva-TMZ by itself significantly reduced the p-elF2a/elF2« ratio, which was not further decreased
by the PERKi in either cell line (Figure 6A-C).
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Figure 6. PERK inhibition does not change the p-elF2ct/elF2« ratio in Simva-TMZ-treated cells. (A) U87
and U251 were pretreated with PERKi (5 uM, 30 min) and then co-treated with Simva-TMZ for 72 h.
The protein levels of elF2«c and p-elF2x were determined using immunoblotting; GAPDH was used as
a loading control. (B,C) Densitometric analysis of the immunoblots showed that Simva-TMZ by itself
significantly reduced the p-elF2x/elF2« ratio, which was not further decreased by the PERKi in either
cell line. Of note, control levels of p-eIF2« were significantly decreased by the PERKi as well. The data
are expressed as the means + SD of three independent experiments ** p < 0.01; **** p < 0.0001).
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We also investigated the role of PERK in the Simva-TMZ-mediated inhibition of autophagy flux
in U87 and U251 cells (Figure 7). The PERK:i significantly inhibited p62 degradation (p < 0.0001) in
both cell lines, while the LC33-1I/LC3f3-I ratio was decreased in U87 (p < 0.0001) and increased in
U251 (p < 0.0001) cells. These findings indicate that PERKi decreased autophagosome formation
(LC3B-II/LC3B-I) in U87 cells, induced autophagosome formation (more flux inhibition) in U251 cells,
increased Simva-TMZ-induced cell death in U87 cells; thus, we conclude that the PERKIi effect on
Simva-TMZ-induced cell death might be related to autophagic flux.
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Figure 7. PERK inhibition differentially affects autophagy flux in U87 and U251 cells treated with
Simva-TMZ. (A) U87 and U251 cells were pretreated GSK PERK inhibitor (5 uM, 30 min) and then
co-treated with Simva-TMZ as described for 72 h. The protein levels of p62, LC33-1II, and LC(3-I were
determined by immunoblotting. Simva-TMZ induced an inhibition of autophagy flux (accumulation of
p62 and LC33-II) in GBM cells. The PERKi decreased p62 degradation (autophagosome degradation)
in both U87 and U251 cells, while it increased the LC33-II/LC33-I ratio in U251 cells and decreased it in
U87 cells. GAPDH was used as a loading control. (B-E) Densitometric analysis of the Western blot
bands to quantify p62 and LC33-II/LC33-I protein amount. Data are expressed as the mean + SD of
three independent experiments (** p < 0.01; *** p < 0.0001).
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2.6. Phospho-eIF2a Phosphatase Inhibitor Did Not Change Simva-TMZ-Induced Cell Death in U87
and U251 Cells

Treatment of U87 and U251 cells with the phospho-elF2o phosphatase inhibitor (salubrinal;
1-20 uM), for 48 and 72 h, had significant cytotoxicity (except for 1 and 5 uM for 48 h in U87 cells,
Figure 8A,B). Next, cells were pretreated with salubrinal (15 uM) for 30 min before treatment with
TMZ, Simva, or Simva-TMZ. There was no detectable effect of salubrinal on the cytotoxicity of any of
the co-treatments (Figure 8C,D). We also measured apoptosis, and the cytotoxic results were confirmed
(Figure 8E,F). Inmunoblotting data revealed that in combination with Simva—-TMZ, salubrinal increased
elF2x phosphorylation and the p-elF2/elF2« ratio (p < 0.0001) in both cell lines (Figure 9A-C).
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Figure 8. p-elF2a phosphatase inhibition does not affect the cytotoxicity of Simva-TMZ in GBM
cells. (A,B) U87 and U251 cells were treated with different concentrations of p-e[F2x phosphatase
inhibitor (salubrinal; 1, 5, 10, and 20 uM) for 48 and 72 h. Controls were treated with the solvent
(DMSO). Salubrinal induced significant cell death in both cell lines, except for 1 uM in U87 cells in 48 h.
(C,D) U87 and U251 cells were pretreated with salubrinal (15 uM, 30 min) and then co-treated with
Simva, TMZ, or Simva-TMZ for 72 h; cell viability was measured by MTT assay. Salubrinal had no
significant effects on Simva-, TMZ-, or Simva-TMZ-induced cell death in either cell line. (E,F) U87 and
U251 cells were pretreated with salubrinal (15 uM, 30 min) and then co-treated with Simva, TMZ,
or Simva-TMZ for 72 h; apoptosis was measured by Nicoletti assay. Salubrinal had no significant
effects on Simva-, TMZ-, or Simva-TMZ-induced apoptosis in either cell line. Data are expressed as the
means + SD of 15 replicates from three independent experiments for MTT assay and three independent
replicates for Nicoletti assay (* p < 0.05; ** p < 0.01, *** p < 0.001, **** p < 0.0001).
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Figure 9. p-elF2 phosphatase inhibition increases the p-elF2«/elF2« ratio in Simva-TMZ treated
in GBM cells. (A) U87 and U251 cells were pretreated with salubrinal (15 uM, 30 min) followed by
co-treatment with Simva-TMZ for 72 h. Cell lysates were collected, and the p-elF2«/elF2x protein
amount ratios were determined using immunoblotting; GAPDH was used as a loading control.
(B,C) Densitometric analysis of the Western blot bands shows that salubrinal significantly (p < 0.0001)
increased the p-elF2«/elF2«ratio with Simva-TMZ treatment. Data are expressed as the means + SD of
three independent experiments (** p < 0.01, **** p < 0.0001).

3. Discussion

In the present study, we showed that co-treatment of Simva with TMZ (Simva-TMZ) increased the
sensitivity of GBM cells to TMZ-induced cell death, which occurred concomitantly with UPR induction
and autophagic flux inhibition. According to our current findings, Simva-TMZ significantly decreased
cell viability in a mevalonate independent fashion and increased apoptotic cell death, which could
(only) partially be inhibited by mevalonate. Therefore, we conclude that Simva probably sensitizes
GBM cells to TMZ-induced cell death through cellular pathways independent of HMG-CoA inhibition
and the mevalonate cascade.

The results of the MTT and the apoptotic flow cytometry assays for Mev-Simva-TMZ were
not consistent. Based on MTT data, the cytotoxic effect of Simva-TMZ could not be restored by
mevalonate, while propidium iodide (PI) analysis revealed that mevalonate could partially inhibit
the effect of combined treatment. This controversy points to some limitations of the MTT method.
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First, although the tetrazolium-based MTT assay is a standard cell viability assay, reports are indicating
the interference of such components during the staining process; second, the enzymatic conversion of
formazan crystals is (merely) sensitive to metabolic rate [45-47]. Therefore, the findings of the current
study suggested that co-treatment with Simva and TMZ induced cell death through pathways partially
dependent on mevalonate cascade; however, pleiotropic mechanisms beyond the mevalonate cascade
are likely more dominantly involved in the cytotoxic effects of Simva-TMZ.

UPR is a defense mechanism against misfolded and aggregated proteins [48] and is orchestrated by
three ER membrane sensors, ATF6, PERK, and IRE-1, which become inactive by binding to GRP78 (Bip).
UPR is connected to apoptotic cell death via different intermediates, including C/EBP homologous
protein (CHOP), phorbol-12-myristate-13-acetate-induced protein 1 (NOXA), c-Jun N-terminal kinase
(JNK), and caspase-4 and caspase-12 [36,49,50]. Autophagy is also responsible for the degradation
and removal of damaged organelles and misfolded proteins [51-53]. The term autophagic flux refers
to the degradation activity of the autophagy pathway through the formation of the phagophore and
engulfment of its p62-tagged cargo inside to form autophagosomes [41,54,55]. Autophagy and UPR
pathways are similar to double-edged swords in anticancer treatment; low levels of activation are
protective, while higher levels augment cell coping mechanisms and induce cell death [20,56-58].

Previously, we showed that Simva-TMZ induced cell death in GBM cells by autophagic
flux inhibition in a cholesterol-independent manner, since the addition of mevalonate, cholesterol,
farnesyl pyrophosphate, or geranylgeranyl pyrophosphate had no significant effects [41]. In the current
study, co-treatment with Simva-TMZ induced UPR and inhibited autophagy flux in U87 and U251 cells.
It increased the GRP78, ATF-6, and IRE-1 protein amount, as well as the XBP-1s (mnRNA and protein)
level, while it decreased the p-elF2«/elF2« ratio downstream of phospho-PERK, compared with the
time-matched controls.

It has been suggested that the UPR can be exploited in two ways to target cancer cells [22,59]:
(1) target each arm of UPR individually to induce cell death directly or (2) exacerbate the whole cascade
to make cells (more) susceptible to chemotherapies. There are some contradictory reports on the effects
of the statins on UPR. It can inhibit [60] or activate [12] UPR and ER stress, whereas other studies
report no effects at all of the statins on these pathways [61]. Evidently, it appears that statins exert
differential ER stress responses, depending on cell type and the nature, magnitude, and duration of
stress [36]. Our observation that Simva-TMZ treatment induced an increase in the protein amount
of IRE-1, ATF6, and PERK (indicative of UPR change) is in line with research in mouse macrophage
RAW264.7 cells and bone marrow-derived macrophages (BMDM), suggesting that statins (lovastatin
and fluvastatin) upregulate the canonical UPR targets GRP78, ATF6, and XBP1, but not ATF4 and
CHOP [12]. In addition, in human atrial fibroblasts, Simva increases the level of IRE-1, BiP/GRP7S,
and cleavage of ATF6, phosphorylation of PERK, XBP1 splicing, and nuclear accumulation of ATF4
and ATF6 [12].

To investigate the mechanisms of cell death and determine which signaling arm(s) of the
UPR were most affected, we used pharmacological inhibitors of PERK (PERKi), IRE-1oc RNase
(MKC8866), and p-elF2x phosphatase (salubrinal). In the presence and absence of these inhibitors,
we evaluated the effects of Simva—TMZ on cell viability and the protein levels of downstream
transcription factors (XBP-1s and p-elF2o/elF2a ratio). Our findings revealed that Simva-TMZ induced
the IRE-1 signaling arm and increased the level of XBP-1s, while MKC8866 failed to prevent or inhibit
the cytotoxic effect of Simva—TMZ. These findings indicate that other possible mechanisms are involved
in Simva-TMZ-induced cell death in GBM cells and that although IRE-1« RNase inhibition modulates
Simva-TMZ-induced signaling, it does not affect the overall cytotoxic effects.

Confirming findings from previous studies, we showed that Simva-TMZ inhibited autophagy
flux [41,62,63]; we demonstrate here for the first time that this is dependent on the IRE1-XBP-1s axis
(as MKC-8866 inhibited the Simva—TMZ effect). To our surprise, the cytotoxic effect of Simva-TMZ
was not affected by MKC8866. In our previous work, we found that Simva-TMZ likely triggered GBM
cell death via the inhibition of autophagy flux; however, our current findings show that the prevention
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of autophagy flux inhibition using MKC8866 was not able to inhibit Simva-TMZ-induced cell death
in GBM cells. A recent study showed that Coxsackievirus B3 autophagy induction in HeLa cells is
dependent on UPR arms as an inhibition of PERK, IRE1, or ATF6 significantly decreased autophagy
induction [64]. Researchers also showed that kaempferol (a flavonoid) induced autophagy cell death
through the IRE1 pathway in gastric cancer [65]. Caffeine induces autophagy in hepatic stellate
cells via IRE1 induction, and IRE1 knockdown in these cells decreases caffeine-induced autophagy
flux [66]. Furthermore, UPR transmembrane receptors, PERK and IRE1, modulate p62 gene regulation
in HCT116 cells [67], and IREL1 is linked to autophagy regulation after tunicamycin-induced ER stress
in MCF-7 and MDA-MB-231 cell lines [68]. Interestingly, Huntington’s disease has been associated
with autophagy flux inhibition via IRE1 activation, demonstrating the role of IRE1 in the regulation of
autophagy flux in neural cells [69]. Overall, we can conclude that the regulation of autophagy (flux)
via IRE1 highly depends on stimulus and cell type. In addition, it appears that even though IRE1
regulates autophagy flux, it might not contribute to the overall functional outcome, defining it as more
of a fine-tuning mechanism. Whether this calls into question the functional contribution of autophagy
flux to cell death in GBM cells warrants further investigation.

The PERKi did not change Simva-TMZ-induced cell death in U251 cells, but it increased
Simva-TMZ cytotoxicity in U87 cells and decreased p62 degradation in both cell lines. In addition,
the PERKi increased the LC3-3-II/LC3-3-I ratio in U251 cells but decreased it in U87 cells. These findings
show that PERK differentially regulates autophagy flux in U251 and U87 cells. Although its role in
autophagosome degradation appears similar in both cell lines, its contribution to autophagosome
formation is clearly different. Our results imply that the Simva-TMZ-mediated inhibition of autophagy
flux and (subsequent) induction of cell death is connected to the PERK pathway in U87 cells but not in
U251 cells. Recently, it has been shown that apoptosis and autophagy induced by sterol regulatory
element-binding proteins are related to PERK and UPR in osteosarcoma cells [70]. Therefore, it is
possible that in U87 cells, Simva—TMZ-induced cell death is regulated via autophagy and UPR and
connected to sterol regulatory element-binding proteins. Interestingly, chemoresistance in chordoma
was shown to be related to PERK-autophagy crosstalk, and it was suggested that targeting this pathway
could potentially overcome chemoresistance in these cells [71]. Seneca valley virus infection-induced
autophagy is connected to UPR via the PERK and ATF6 arms, which shows the connection of autophagy
to UPR in different cellular stress responses [71]. ATG proteins (ATG5, ATG7, and ATG5/ATG7 together)
are involved in the regulation of autophagy, ER stress, and apoptosis through PERK signaling in
chondrocytes; PERK has emerged to act as a hub to connect these three vital signaling pathways [72].

Based on our results, the Simva-TMZ combination decreases cell viability and the p-elF2x/elF2ox
ratio, strongly suggesting inhibition of the PERK arm. Co-treatment with PERKi could not change this
potential effect. This suggests that the cell death mechanism of Simva-TMZ might be independent of
inhibition of the PERK kinase activity at this dose and time point. Salubrinal co-treated with Simva-TMZ
in GBM cells increased the ratio of p-elF2«/elF2«, as is to be anticipated with a phosphatase inhibitor,
without any effects on the cell viability. It appears that although Simva-TMZ affects the e-IF2«
phosphatase activity, this pathway is not involved in Simva-TMZ-induced cell death.

U87 and U251 cells are different cell lines from point of view of p53 status. U87 is p53 wild type,
and U251 is p53 mutant. They were both sensitive to TMZ treatment [73,74]. Based on several previous
investigations, glioma cell lines that did not express a functional p53 were more sensitive to TMZ
treatment [75-77]. Our apoptotic flow cytometry results indicate that TMZ induces cell death in U87
and U251 (7.74% and 21.5%, respectively), which could relate to p53 status in these cells.

P53 regulates UPR and autophagy pathway-related proteins [26,78]. In cancer, a mutated p53
decreases autophagy and favors the proliferation of tumor cells. Accumulating evidence shows that p53
plays a dual role in the control of autophagy [79]. On one hand, nuclear p53 can induce autophagy by
trans-activating autophagy-inducing genes. On the other hand, cytoplasmic p53 may act as a repressor
of autophagy [79]. Therefore, the difference between U251 and U87 in autophagy flux inhibition via
Simva and Simva-TMZ could be correlated to the difference of p53 between these two cell lines.
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Based on several recent studies, p53 mutant cancer cells have higher levels of IRE1, and the
activation of XBP1 was induced in the absence of stress and activation and contributes to higher
malignancy and the aggressive phenotype of the tumors [80]. It addition, it has been reported that p53
is involved in the regulation of cellular homeostasis during the UPR [81]. Therefore, a difference in
UPR between U87 and U251 in the presence of Simva-TMZ treatment could be correlated to the p53
status in these cells.

As shown in the Scheme 1, Simva sensitizes GBM cells to TMZ-induced cell death via complex
mechanisms, involving both autophagy and UPR. Co-treatment increases the GRP78, IRE-1, XBP-1s,
and cleaved caspase-3 protein amount, as well as the protein amount of Beclin-1, p62, and LC33-II,
and it decreases the p-elF2x/elF2«x ratio. Our findings show that although Simva-TMZ activates IRE1
RNase, inhibition of this arm does not have any effect on Simva-TMZ-induced cell death. On the
other hand, Simva-TMZ-induced cell death changes the activity of the PERK-UPR arm in both U87
and U251 cells, but the inhibition of PERK only affects Simva-TMZ-induced cell death in U87 cells.
Unequivocally, our results demonstrate the existence of an intricate connection involving IRE1 and
PERK between UPR and autophagy in our in vitro GBM models. Above all, our current investigation
highlights the potential for the use of statins in combination with a chemotherapeutic agent in the
treatment of GBM. The current investigation showed that Simva-TMZ combination therapy induced
UPR response in GBM cells, but it is not involved in its cytotoxic and apoptotic effects on GBM cells.
Interestingly, our results showed that UPR inhibition inhibited the effect of Simva-TMZ on autophagy
flux inhibition, but it did not change Simva-TMZ-induced cell death and apoptosis in GBM cells.
It shows that Simva sensitizes GBM cells to TMZ-induced apoptosis via a complex mechanism beyond
simple apoptosis, autophagy, and UPR crosstalk together and potentially depends on some unknown
Simva pleiotropic effect and needs further investigations. Currently, our team has done the in vivo
flank model of GBM (using U251 cells in immune-compromised mice) and was able to show that Simva
significantly potentiates the anti-tumor effect of TMZ in a flank model. The application of statin as
potential adjuvant chemotherapy needs critical in vitro, in vivo, and clinical investigation in the future,
and we need further clinical trials to address this issue.
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Scheme 1. Simva-TMZ co-treatment induces UPR in GBM cells. It initiated IRE1ox RNase activity and
PERK activation. Activation of these arms of UPR induces Simva-TMZ inhibition of autophagy flux in
GBM cells.

4. Materials and Methods

4.1. Reagents and Drugs

Temozolomide (CAS Number: 85622-93-1), simvastatin (CAS Number: 79902-63-9), mevalonate
(CAS Number: 674-26-0), propidium iodide (CAS Number: 25535-16-4), 3-(4,5-dimethyl-2-thiazolyl)
-2,5-diphenyl-2H-tetrazolium bromide) (MTT) (CAS Number: 298-93-1), PERKi (PERK kinase activity
inhibitor, GSK2606414, CAS 1337531-89-1), and salubrinal (phosphor-elF2« phosphatase inhibitor,
CAS 304475-63-6) were purchased from Sigma-Aldrich Co. (Oakville, ON, Canada). MKC8866
(IRE1 RNase inhibitor) was provided by MannKind company (Los Angeles, CA, USA).

Rabbit and mouse primary antibodies against human, such as p-H2A.X, GRP78, IRE-1, ATF-6,
XBP-1s, e-IF2«, P-e-IF2«, caspase-3, Beclin-1, LC33-1I, and p62 were purchased from Cell Signaling
Technology Co. (Beverly, MA, USA). GAPDH was obtained from Santa Cruz Biotechnology Inc.
(Dallas, Texas, USA) and secondary antibodies, anti-rabbit IgG (whole molecule), and anti-mouse
immunoglobulin G (IgG) (Fab specific), conjugated with a peroxidase enzyme, were purchased from
Sigma-Aldrich (Oakville, ON, Canada).
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The enhanced chemiluminescence (ECL) Western blot (high sensitivity) substrate kit (ab133406)
was acquired from Abcam (Cambridge, MA, USA). RNA extraction reagent, BIOZOL (Zhejiang, China),
the cDNA synthesis kit Thermo Fisher Scientific (Winnipeg, MB, Canada), and SYBR Green QPCR
master mix were purchased from Applied Biosystems (Waltman, MA, USA). The bicinchonic acid
(BCA) protein assay kit was obtained Thermo Fisher Scientific (Winnipeg, MB, Canada).

4.2. Cell Lines, Culture, and Treatment

We obtained the human glioblastoma cell lines, U87 (p53 wild type) and U251 (p53 mutant), from
the Bonyakhteh Company (Bonyakhteh, Tehran, Iran). We used cells in passages 3-6 for all experiments
and bought fresh and authenticated cell lines from the company after 6 passages. The cells were
cultured in Dulbecco’s Modified Eagle’s Medium high-glucose, high glutamine (DMEM) (Bio Idea,
Tehran, Iran), supplemented with 10% Fetal Bovine Serum (FBS) (Gibco™; Cat #: 16000044) and 1%
penicillin-streptomycin (Gibco, (Waltman, MA, USA), and maintained in a humidified incubator under
95% air and 5% CO, at 37 °C.

4.3. MTT Assay

MTT assay was used to measure the viability of cells under different experimental conditions.
The effect of Simva (0-20 uM), TMZ (0-1000 uM), and mevalonate (0-500 mM) on GBM viability were
evaluated at different time points (24-96 h). The effect of MKC8866 (0-80 uM), PERKi (0-20 uM),
and salubrinal (0-20 uM) on GBM on cell viability were assessed at 48 and 72 h. After determining
the optimum treatment dose for mevalonate (2.5 mM), GSK-PERK (5 uM), salubrinal (15 uM),
and MKCC8866 (30 uM), we evaluated the Simva-mediated sensitization of GBM cells to TMZ-induced
cell death and the role of UPR herein. U251 and U87 cells were seeded in 96-well plates (5000 cells
per well) and treated after reaching 40% confluency. We pretreated U251 and U87 cells with Simva
(1 and 2.5 um, respectively) for 4 h and then co-treated them with TMZ (100 uM) for 72 h. To assess
the role of mevalonate, cells were pretreated with mevalonate (2.5 mM) for 4 h before treatment with
Simva and then co-treated with TMZ for 72 h. MTT assays were performed as described previously.
Briefly, we added 20 uL MTT to each well at the predetermined time points. We removed all the
medium after 3 h and added 200 uL DMSO. Finally, after 20 min incubation, the absorbance was read
at 570 nm [37,82]

4.4. Evaluation of Cell Death by Flow Cytometry

Cell death was evaluated using the Nicoletti method [83,84]. Briefly, U251 and U87 cells were
cultured in 6-well plates in the presence of the least toxic dose of Simva (1 and 2.5 uM, respectively,
based on MTT assay results). After incubating cells with Simva for 4 h, 100 uM TMZ was added
(without changing the media), and cells were kept under these treatment conditions (Simva-TMZ)
for 72 h. We will call this the procedure for our experimental protocol (OEP). To assess the effect of
mevalonate, GBM cells were pretreated with 2.5 uM mevalonate (MEV) for 3 h before OEP. After 72 h,
the cells were detached, and pellets were re-suspended in a hypotonic PI lysis buffer (0.1% Triton
X-100, 1% sodium citrate, 0.5 mg/mL RNase A and 40 pug/mL propidium iodide) and incubated for
30 min at 37 °C. The apoptotic dead nuclei were defined by flow cytometry as a sub-G1 population.
All calculations were made in 10,000-event count.

4.5. Immunoblotting

The protein assay, sample preparation, and SDS-PAGE electrophoresis were performed as described
in our previous investigations [41,85-87]. Briefly, the cells were harvested and lysed with NP-40 lysis
buffer. Based on the type of protein, 10-30 pg of total protein was subjected to electrophoresis on
SDS-PAGE gels (15% for MW 60 KD and lower, and 10% for MW > 60 KD), and separated proteins
were transferred to 0.2 pm nitrocellulose membranes (Bio-Rad; #1620112). After overnight blocking
(5% fat-free milk), the membranes were incubated with primary antibodies (P-H2A (Ser 139), GRP7S,
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IRE-1, ATF-6, XBP-1s, e-IF2«x, p-elF2x (Ser 51), caspase-3, Beclin-1, LC33-1I, p62, and GAPDH) overnight
at 4 °C. Antibodies were used in dilutions according to the manufacturer’s protocol. After incubation
with suitable secondary antibodies for 90 min at room temperature, the membranes were incubated
with enhanced chemiluminescence (ECL) reagents (Abcam, Cambridge, MA, USA) and developed
by the ChemiDoc™ MP imaging system (Bio-Rad, Hercules, CA, USA). The intensity of blots was
measured by Image Lab densitometry software, and all bands were normalized to the GAPDH protein
amount to correct for marginal deviations in protein loading.

4.6. Inhibition of Specific UPR Signaling Arms (PERK & IRE1)

We used MKCB8866, a PERK], and salubrinal to investigate the role of UPR in the regulation
of Simva-TMZ-induced cell death in GBM cells. To determine the effective doses of the inhibitors,
we treated GBM cells with 1-20 uM GSK-PERK, 1-20 uM salubrinal, and 10-80 uM MKC8866 for 72 h,
and evaluated spliced XBP-1 (XBP-1s), e-IF2«, p-elF2« by immunoblotting. After identifying inhibitor
concentration with close to the maximal effects of each inhibitor, we used these concentrations to assess
the role of UPR in the regulation of Simva-TMZ-induced cell death.

4.7. Quantitative Real-Time PCR

Total RNA was isolated from 1 x 10° cells (U87 and U251) by the BIOZOL, and RNA
was converted to cDNA by the cDNA synthesis kit based on the manufacturer’s instructions.
Quantitative real-time PCR was carried out using the SYBR Green PCR Master Mix with the following
set of primers: GAPDH (as an internal control) forward, 5'-CGACCACTTTGTCAAGCTCA-3’, reverse,
5-AGGGGTCTACATGGCAACTG-3’, and XBP-1s forward, 5'-TGCTGAGTCCGCAGCAGGTG-3'
and reverse, 5'-GCTGGCAGGCTCTGGGGAAG-3'. The data were analyzed by 7500 Software v 2.0.1.
The relative expression level of the XBP-1s gene was calculated by the 2722t formula.

4.8. Statistical Analysis

Descriptive statistics, including mean + SD, were calculated first. Inferential statistics (i.e., one-or
two-way Analysis of Variance (ANOVA)) were determined thereafter. Finally, a Bonferroni’s post hoc
test was used to detect the statistical significance of differences (p-value < 0.05) by GraphPad Prism
software v. 6.0. All experiments were performed in at least 3 different biological replicates.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/11/2339/s1,
Figure S1: Cytotoxic effects of mevalonate (MEV), temozolomide (TMZ) and simvastatin (Simva) in GBM cells.
U87 and U251 cells were treated with different concentrations of (A,B) mevalonate (1-500 mM), (C,D) TMZ
(25-1000 M), and (E,F) Simva (1-20 M), after which cell viability was assessed by MTT assays at different time
points (24-96 h). Control samples were treated with the solvent (DMSO for Simva and TMZ or methanol for
MEV). Data are shown as mean + SD of 15 replicates from three independent experiments (* p < 0.05; ** p < 0.01,
*** p <0.001, **** p < 0.0001), Figure S2: Mevalonate does not prevent Simva-TMZ-induced cell death in GBM
cell lines. U87 and U251 cells were pretreated with MEV (2.5 mM, 3 h) then co-treated with Simva, TMZ,
and Simva-TMZ for 72 h. Control samples were treated with solvent (DMSO for Simva and TMZ or methanol
for MEV). MTT assaywas performed to evaluate cell viability (A,B). Simva and TMZ co-treatment significantly
decreased cell viability as compared to control, Simva and TMZ treatment alone in both cell lines. As anticipated,
MEYV fully prevented the effects of Simva on cell viability, but it failed to affect Simva-TMZ-mediated cytotoxicity.
Data are shown as mean + SD of 15 replicates from three independent experiments (* p < 0.05; ** p < 0.01,
*** p <0.001, *** p < 0.0001), Figure S3: Mevalonate partially inhibits Simva-TMZ-induced cell death in GBM cells.
After pre-treatment with MEV (2.5 mM, 3 h), U87 and U251 cells were co-treated with Simva, TMZ, and Simva-TMZ
for 72 h. Cell Death was determined by the propidium iodide Nicoletti assay. Simva-TMZ co-treatment significantly
increased apoptosis compared to the corresponding control, Simva, and TMZ treatment alone (A). MEV almost
completely inhibited Simva-induced apoptosis and partially prevented Simva-TMZ-induced apoptosis in h GBM
cells (B,C). Data are representative of three independent experiments and presented as mean +SD (* p < 0.05;
**p < 0.01, ** p < 0.001), Figure S4: Simva and TMZ co-treatment induces autophagy flux inhibition in GBM
cells. (A) U87 and U251 cells were treated, with Simva, TMZ, or Simva-TMZ for 72 h. Cells were edlysedand
proteins were extracted. Autophagy-related proteins (Beclin-1, p62, LC3[3) were detected using immunoblotting.
Simva-TMZ co-treatment inhibited the autophagic flux (as indicated by p62 accumulation and an increase of
LC3p-1I/ LC3B-I ratio) in GBM cells. (B-G) Densitometric quantification of Beclin-1, p62, and LC3f3 protein levels
from immunoblots in U87 and U251 cells (normalized to GAPDH as loading control). Simva-TMZ co-treatment


http://www.mdpi.com/2073-4409/9/11/2339/s1

Cells 2020, 9, 2339 19 of 24

decreased degradation of p62, and increased Beclin-1 expression and the LC33-II/ LC33-I ratio in GBM cells.
The data are shown as the mean + SD from three independent experiments (* p < 0.05; ** p < 0.01, *** p < 0.001;
**** p < 0.0001), Figure S5: Simva-TMZ-induced UPR in U87 cells. Densitometric analysis of the immunoblot
bands of various protein markers of UPR (GRP-78, IRE-1, XBP-1s, ATF6, and p-elF2aelF2« ratio) in U87 cells
(normalized to GAPDH as loading control.) Simva-TMZ significantly induced UPR, apoptosis and DNA damage
in these cells (p < 0.0001). The data are shown as the mean + SD from three independent experiments (* p < 0.05;
**p <0.01, ** p <0.001; *** p < 0.0001), Figure S6: Simva-TMZ-induced UPR in U251 cells. Densitometric analysis
of the immunoblot bands of various protein markers of UPR (GRP-78, IRE-1, XBP-1s, ATF6, and p-elF2a/elF2o
ratio) in U251 cells (normalized to GAPDH as loading control). Simva-TMZ significantly induced UPR, apoptosis
and DNA damage in these cells (p < 0.0001). The data are shown as the mean + SD from three independent
experiments (* p < 0.05; ** p < 0.01, *** p < 0.001; **** p < 0.0001).
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Abbreviations

AMPK AMP-activated protein kinase;
ATF4 activating transcription factor 4;
ATF-6 activated transcription factor 6;
ATG autophagy-related protein;

CHOP C/EBP homologous protein;

elF2«x eukaryote initiation factor 2c;

ER endoplasmic reticulum;

ERAD ER-associated protein degradation;
GBM glioblastoma;

GGPP geranylgeranyl pyrophosphate;
GRP78 glucose-related peptide 78 kD;
hATF human atrial fibroblasts;
HMG-CoA hydroxy-3-methyl-glutaryl-CoA;
IRE1 inositol-requiring enzyme 1;

JNK c-Jun N-terminal kinase;

LC3 microtubule-associated proteins light chain 3;
MEV mevalonate;

MPG methylpurine DNA glycosylase;
OEP our experimental protocol;

PERK protein kinase RNA-like ER kinase;
PERKi PERK kinase activity inhibitor;
Simva simvastatin;

™Z temozolomide;

UPR unfolded protein response;

XBP-1s x-box binding protein-1 spliced;
References

1. Rulseh, A.M.; Vymazal, J. Whole brain apparent diffusion coefficient measurements correlate with survival
in glioblastoma patients. J. Neuroncol. 2020, 146, 157-162. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s11060-019-03357-y
http://www.ncbi.nlm.nih.gov/pubmed/31797235

Cells 2020, 9, 2339 20 of 24

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Ostrom, Q.T.; Gittleman, H.; Liao, P.; Vecchione-Koval, T.; Wolinsky, Y.; Kruchko, C.; Barnholtz-Sloan, J.S.
CBTRUS statistical report: Primary brain and other central nervous system tumors diagnosed in the United
States in 2010-2014. Neuro Oncol. 2017, 19, v1-v88. [CrossRef] [PubMed]

Samiei, E.; Seyfoori, A.; Toyota, B.; Ghavami, S.; Akbari, M. Investigating Programmed Cell Death and Tumor
Invasion in a Three-Dimensional (3D) Microfluidic Model of Glioblastoma. Int. J. Mol. Sci. 2020, 21, 3162.
[CrossRef] [PubMed]

Sharifzad, F; Yasavoli-Sharahi, H.; Mardpour, S.; Fakharian, E.; Nikuinejad, H.; Heydari, Y.; Mardpour, S.;
Taghikhani, A.; Khellat, R.; Vafaei, S.; et al. Neuropathological and genomic characterization of
glioblastoma-induced rat model: How similar is it to humans for targeted therapy? ]. Cell. Physiol.
2019, 234, 22493-22504. [CrossRef]

Sharifzad, F.,; Mardpour, S.; Mardpour, S.; Fakharian, E.; Taghikhani, A.; Sharifzad, A.; Kiani, S.; Heydarian, Y.;
Los, M.].; Azizi, Z.; et al. HSP70/IL-2 Treated NK Cells Effectively Cross the Blood Brain Barrier and Target
Tumor Cells in a Rat Model of Induced Glioblastoma Multiforme (GBM). Int. J. Mol. Sci. 2020, 21, 2263.
[CrossRef]

Ostrom, Q.T.; Bauchet, L.; Davis, E.G.; Deltour, L; Fisher, J.L.; Langer, C.E.; Pekmezci, M.; Schwartzbaum, J.A.;
Turner, M.C.; Walsh, K.M. The epidemiology of glioma in adults: A “state of the science” review. Neuro Oncol.
2014, 16, 896-913. [CrossRef]

Sayegh, E.T.; Kaur, G.; Bloch, O.; Parsa, A.T. Systematic review of protein biomarkers of invasive behavior in
glioblastoma. Mol. Neurobiol. 2014, 49, 1212-1244. [CrossRef]

Stupp, R.; Mason, W.P; van den Bent, M.].; Weller, M.; Fisher, B.; Taphoorn, M.].; Belanger, K.; Brandes, A.A;
Marosi, C.; Bogdahn, U.; et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma.
N. Engl. ]. Med. 2005, 352, 987-996. [CrossRef]

Moghadam, A.R.; da Silva Rosa, S.C.; Samiei, E.; Alizadeh, J.; Field, J.; Kawalec, P; Thliveris, J.;
Akbari, M.; Ghavami, S.; Gordon, ].W. Autophagy modulates temozolomide-induced cell death in alveolar
Rhabdomyosarcoma cells. Cell Death Discov. 2018, 4, 52. [CrossRef]

Likus, W.; Siemianowicz, K.; Bienk, K.; Pakula, M.; Pathak, H.; Dutta, C.; Wang, Q.; Shojaei, S.; Assaraf, Y.G.;
Ghavami, S.; et al. Could drugs inhibiting the mevalonate pathway also target cancer stem cells?
Drug Resist. Updat 2016, 25, 13-25. [CrossRef]

Ahmadi, M.; Amiri, S.; Pecic, S.; Machaj, F,; Rosik, J.; Los, M.].; Alizadeh, J.; Mahdian, R.; da Silva Rosa, S.C.;
Schaafsma, D.; et al. Pleiotropic effects of statins: A focus on cancer. Biochim. Biophys. Acta Mol. Basis Dis.
2020, 1866, 165968. [CrossRef] [PubMed]

Chen, J.-C.; Wu, M.-L.; Huang, K.-C.; Lin, W.-W. HMG-CoA reductase inhibitors activate the unfolded
protein response and induce cytoprotective GRP78 expression. Cardiovasc. Res. 2008, 80, 138-150. [CrossRef]
Gaist, D.; Hallas, J.; Friis, S.; Hansen, S.; Serensen, H. Statin use and survival following glioblastoma
multiforme. Cancer Epidemiol. 2014, 38, 722-727. [CrossRef] [PubMed]

Nielsen, S.F; Nordestgaard, B.G.; Bojesen, S.E. Statin use and reduced cancer-related mortality. N. Engl.
J. Med. 2012, 367, 1792-1802. [CrossRef] [PubMed]

Boudreau, D.M.; Yu, O.; Johnson, J. Statin use and cancer risk: A comprehensive review. Expert Opin.
Drug Saf. 2010, 9, 603-621. [CrossRef] [PubMed]

Altwairgi, A.K. Statins are potential anticancerous agents (review). Oncol. Rep. 2015, 33, 1019-1039.
[CrossRef]

Shojaei, S.; Alizadeh, J.; Thliveris, J.; Koleini, N.; Kardami, E.; Hatch, G.; Xu, F; Hombach-Klonisch, S.;
Klonisch, T.; Ghavami, S. Statins: A new approach to combat temozolomide chemoresistance in glioblastoma.
J. Investig. Med. 2018, 66, 1083-1087. [CrossRef] [PubMed]

Hetz, C.; Papa, ER. The unfolded protein response and cell fate control. Mol. Cell. 2018, 69, 169-181.
[CrossRef]

Green, D.R.; Levine, B. To be or not to be? How selective autophagy and cell death govern cell fate. Cell 2014,
157, 65-75. [CrossRef]

Senft, D.; Ze’ev, A.R. UPR, autophagy, and mitochondria crosstalk underlies the ER stress response.
Trends Biochem. Sci. 2015, 40, 141-148. [CrossRef]

Pefiaranda-Fajardo, N.M.; Meijer, C.; Liang, Y.; Dijkstra, B.M.; Aguirre-Gamboa, R.; den Dunnen, W.F,;
Kruyt, EA. ER stress and UPR activation in glioblastoma: Identification of a noncanonical PERK mechanism
regulating GBM stem cells through SOX2 modulation. Cell Death Dis. 2019, 10, 1-16. [CrossRef] [PubMed]


http://dx.doi.org/10.1093/neuonc/nox158
http://www.ncbi.nlm.nih.gov/pubmed/29117289
http://dx.doi.org/10.3390/ijms21093162
http://www.ncbi.nlm.nih.gov/pubmed/32365781
http://dx.doi.org/10.1002/jcp.28813
http://dx.doi.org/10.3390/ijms21072263
http://dx.doi.org/10.1093/neuonc/nou087
http://dx.doi.org/10.1007/s12035-013-8593-5
http://dx.doi.org/10.1056/NEJMoa043330
http://dx.doi.org/10.1038/s41420-018-0115-9
http://dx.doi.org/10.1016/j.drup.2016.02.001
http://dx.doi.org/10.1016/j.bbadis.2020.165968
http://www.ncbi.nlm.nih.gov/pubmed/32927022
http://dx.doi.org/10.1093/cvr/cvn160
http://dx.doi.org/10.1016/j.canep.2014.09.010
http://www.ncbi.nlm.nih.gov/pubmed/25455652
http://dx.doi.org/10.1056/NEJMoa1201735
http://www.ncbi.nlm.nih.gov/pubmed/23134381
http://dx.doi.org/10.1517/14740331003662620
http://www.ncbi.nlm.nih.gov/pubmed/20377474
http://dx.doi.org/10.3892/or.2015.3741
http://dx.doi.org/10.1136/jim-2018-000874
http://www.ncbi.nlm.nih.gov/pubmed/30368483
http://dx.doi.org/10.1016/j.molcel.2017.06.017
http://dx.doi.org/10.1016/j.cell.2014.02.049
http://dx.doi.org/10.1016/j.tibs.2015.01.002
http://dx.doi.org/10.1038/s41419-019-1934-1
http://www.ncbi.nlm.nih.gov/pubmed/31534165

Cells 2020, 9, 2339 21 of 24

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Hombach-Klonisch, S.; Mehrpour, M.; Shojaei, S.; Harlos, C.; Pitz, M.; Hamai, A.; Hoshyar, R. Glioblastoma
and chemoresistance to alkylating agents: Involvement of apoptosis, autophagy, and unfolded protein
response. Pharm. Ther. 2018, 184, 13—41. [CrossRef]

Urra, H.; Dufey, E.; Avril, T.; Chevet, E.; Hetz, C. Endoplasmic reticulum stress and the hallmarks of cancer.
Trends Cancer 2016, 2, 252-262. [CrossRef]

Flynn, A.L.; Schiemann, W.P. Autophagy in breast cancer metastatic dormancy: Tumor suppressing or tumor
promoting functions? J. Cancer Metastasis Treat. 2019, 5, 43. [PubMed]

Kimmelman, A.C. The dynamic nature of autophagy in cancer. Genes Dev. 2011, 25, 1999-2010. [CrossRef]
[PubMed]

Ghavami, S.; Mutawe, M.M.; Sharma, P; Yeganeh, B.; McNeill, K.D.; Klonisch, T.; Unruh, H.; Kashani, H.H.;
Schaafsma, D.; Los, M.; et al. Mevalonate cascade regulation of airway mesenchymal cell autophagy and
apoptosis: A dual role for p53. PLoS ONE 2011, 6, €16523. [CrossRef] [PubMed]

Shojaei, S.; Suresh, M.; Klionsky, D.]J.; Labouta, H.I.; Ghavami, S. Autophagy and SARS-CoV-2 infection:
Apossible smart targeting of the autophagy pathway. Virulence 2020, 11, 805-810. [CrossRef] [PubMed]
Alizadeh, J.; Shojaei, S.; Sepanjnia, A.; Hashemi, M.; Eftekharpour, E.; Ghavami, S. Simultaneous Detection
of Autophagy and Epithelial to Mesenchymal Transition in the Non-small Cell Lung Cancer Cells.
Methods Mol. Biol. 2019, 1854, 87-103. [CrossRef]

Hsu, S.-K.; Chiu, C.-C.; Dahms, H.-U.; Chou, C.-K.; Cheng, C.-M.; Chang, W.-T.; Cheng, K.-C,;
Wang, H-M.D.; Lin, I. Unfolded protein response (UPR) in survival, dormancy, immunosuppression,
metastasis, and treatments of cancer cells. Int. ]. Mol. Sci. 2019, 20, 2518. [CrossRef]

Sureda, A.; Alizadeh, ]J.; Nabavi, S.F.; Berindan-Neagoe, I.; Cismaru, C.A.; Jeandet, P.; Los, M.].; Clementi, E.;
Nabavi, S.M.; Ghavami, S. Endoplasmic reticulum as a potential therapeutic target for covid-19 infection
management? Eur. J. Pharm. 2020, 882, 173288. [CrossRef]

Mehrbod, P.; Ande, S.R.; Alizadeh, J.; Rahimizadeh, S.; Shariati, A.; Malek, H.; Hashemi, M.; Glover, KK.M.;
Sher, A.A.; Coombs, K.M.; et al. The roles of apoptosis, autophagy and unfolded protein response in
arbovirus, influenza virus, and HIV infections. Virulence 2019, 10, 376-413. [CrossRef]

Suh, D.H.; Kim, M.-K,; Kim, H.S.; Chung, H.H.; Song, Y.S. Unfolded protein response to autophagy as a
promising druggable target for anticancer therapy. Ann. N. Y. Acad. Sci. 2012, 1271, 20. [CrossRef] [PubMed]
Logue, S.E.; McGrath, E.P; Cleary, P.; Greene, S.; Mnich, K.; Almanza, A.; Chevet, E.; Dwyer, RM,;
Oommen, A.; Legembre, P; et al. Inhibition of IRE1 RNase activity modulates the tumor cell secretome and
enhances response to chemotherapy. Nat. Commun. 2018, 9, 3267. [CrossRef]

Ghavami, S.; Yeganeh, B.; Zeki, A.A.; Shojaei, S.; Kenyon, N.J.; Ott, S.; Samali, A.; Patterson, J.; Alizadeh, J.;
Moghadam, A.R.; et al. Autophagy and the unfolded protein response promote profibrotic effects of
TGF-betal in human lung fibroblasts. Am. . Physiol Lung Cell. Mol. Physiol. 2018, 314, L493-L504. [CrossRef]
[PubMed]

Yeganeh, B.; Rezaei Moghadam, A.; Alizadeh, J.; Wiechec, E.; Alavian, S.M.; Hashemi, M.; Geramizadeh, B.;
Samali, A.; Bagheri Lankarani, K.; Post, M.; et al. Hepatitis B and C virus-induced hepatitis: Apoptosis,
autophagy, and unfolded protein response. World ]. Gastroenterol. 2015, 21, 13225-13239. [CrossRef]
[PubMed]

Ghavami, S.; Yeganeh, B.; Stelmack, G.L.; Kashani, H.H.; Sharma, P.; Cunnington, R.; Rattan, S.; Bathe, K;
Klonisch, T.; Dixon, LM.; et al. Apoptosis, autophagy and ER stress in mevalonate cascade inhibition-induced
cell death of human atrial fibroblasts. Cell Death Dis. 2012, 3, €330. [CrossRef] [PubMed]

Ghavami, S.; Sharma, P; Yeganeh, B.; Ojo, O.0.; Jha, A.; Mutawe, M.M.; Kashani, H.H.; Los, M.].; Klonisch, T.;
Unruh, H; et al. Airway mesenchymal cell death by mevalonate cascade inhibition: Integration of autophagy,
unfolded protein response and apoptosis focusing on Bcl2 family proteins. Biochim. Biophys. Acta 2014, 1843,
1259-1271. [CrossRef] [PubMed]

Moon, S.Y.; Kim, H.S.; Nho, KW, Jang, Y], Lee, SK. Endoplasmic reticulum stress induces
epithelial-mesenchymal transition through autophagy via activation of c-Src kinase. Nephron Exp. Nephrol.
2014, 126, 127-140. [CrossRef] [PubMed]

Corazzari, M.; Rapino, F,; Ciccosanti, F; Giglio, P.; Antonioli, M.; Conti, B.; Fimia, G.M.; Lovat, PE;
Piacentini, M. Oncogenic BRAF induces chronic ER stress condition resulting in increased basal autophagy
and apoptotic resistance of cutaneous melanoma. Cell Death Differ. 2015, 22, 946-958. [CrossRef]


http://dx.doi.org/10.1016/j.pharmthera.2017.10.017
http://dx.doi.org/10.1016/j.trecan.2016.03.007
http://www.ncbi.nlm.nih.gov/pubmed/31431926
http://dx.doi.org/10.1101/gad.17558811
http://www.ncbi.nlm.nih.gov/pubmed/21979913
http://dx.doi.org/10.1371/journal.pone.0016523
http://www.ncbi.nlm.nih.gov/pubmed/21304979
http://dx.doi.org/10.1080/21505594.2020.1780088
http://www.ncbi.nlm.nih.gov/pubmed/32567972
http://dx.doi.org/10.1007/7651_2017_84
http://dx.doi.org/10.3390/ijms20102518
http://dx.doi.org/10.1016/j.ejphar.2020.173288
http://dx.doi.org/10.1080/21505594.2019.1605803
http://dx.doi.org/10.1111/j.1749-6632.2012.06739.x
http://www.ncbi.nlm.nih.gov/pubmed/23050960
http://dx.doi.org/10.1038/s41467-018-05763-8
http://dx.doi.org/10.1152/ajplung.00372.2017
http://www.ncbi.nlm.nih.gov/pubmed/29074489
http://dx.doi.org/10.3748/wjg.v21.i47.13225
http://www.ncbi.nlm.nih.gov/pubmed/26715805
http://dx.doi.org/10.1038/cddis.2012.61
http://www.ncbi.nlm.nih.gov/pubmed/22717585
http://dx.doi.org/10.1016/j.bbamcr.2014.03.006
http://www.ncbi.nlm.nih.gov/pubmed/24637330
http://dx.doi.org/10.1159/000362457
http://www.ncbi.nlm.nih.gov/pubmed/24863135
http://dx.doi.org/10.1038/cdd.2014.183

Cells 2020, 9, 2339 22 of 24

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

Shojaei, S.; Alizadeh, J.; Thliveris, J.; Koleini, N.; Kardami, E.; Hatch, G.; Xu, F; Hombach-Klonisch, S.;
Klonisch, T.; Ghavami, S. 08 Inhibition of autophagy by mevalonate pathway inhibitors, a new therapeutic
approach to sensitize glioblastoma cells to temozolomide induced apoptosis. Can. J. Neurol. Sci. 2018, 45,
S1-S2. [CrossRef]

Shojaei, S.; Koleini, N.; Samiei, E.; Aghaei, M.; Cole, LK.; Alizadeh, J.; Islam, M.I; Vosoughi, A.R.;
Albokashy, M.; Butterfield, Y.; et al. Simvastatin increases temozolomide-induced cell death by targeting the
fusion of autophagosomes and lysosomes. FEBS ]. 2020, 287, 1005-1034. [CrossRef] [PubMed]

Dastghaib, S.; Kumar, P.S.; Aftabi, S.; Damera, G.; Dalvand, A.; Sepanjnia, A.; Kiumarsi, M.; Aghanoori, M.R.;
Sohal, S.S.; Ande, S.R.; et al. Mechanisms Targeting the Unfolded Protein Response in Asthma. Am. |. Respir.
Cell Mol. Biol. 2020, in press. [CrossRef]

Sheikholeslami, K.; Ali Sher, A.; Lockman, S.; Kroft, D.; Ganjibakhsh, M.; Nejati-Koshki, K.; Shojaei, S.;
Ghavami, S.; Rastegar, M. Simvastatin induces apoptosis in medulloblastoma brain tumor cells via mevalonate
cascade prenylation substrates. Cancers 2019, 11, 994. [CrossRef] [PubMed]

Klionsky, D.J.; Abdelmohsen, K.; Abe, A.; Abedin, M.].; Abeliovich, H.; Acevedo Arozena, A.; Adachi, H.;
Adams, CM.; Adams, PD.; Adeli, K ; et al. Guidelines for the use and interpretation of assays for monitoring
autophagy (3rd edition). Autophagy 2016, 12, 1-222. [CrossRef] [PubMed]

Wang, X.J.; Xia, Y.; Liu, L.; Liu, M.; Gu, N.; Guang, H.; Zhang, F. Comparison of MTT assay, flow cytometry,
and RT-PCR in the evaluation of cytotoxicity of five prosthodontic materials. |. Biomed. Mater. Res. B
Appl. Biomater. 2010, 95, 357-364. [CrossRef]

Van Tonder, A.; Joubert, AM.; Cromarty, A.D. Limitations of the 3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyl-2H-tetrazolium bromide (MTT) assay when compared to three commonly used cell enumeration
assays. BMC Res. Notes 2015, 8, 47. [CrossRef]

Emami, A.; Shojaei, S.; da Silva Rosa, S.C.; Aghaei, M.; Samiei, E.; Vosoughi, A.R.; Kalantari, F.; Kawalec, P.;
Thliveris, J.; Sharma, P; et al. Mechanisms of simvastatin myotoxicity: The role of autophagy flux inhibition.
Eur. |. Pharm. 2019, 862, 172616. [CrossRef]

Madden, E; Logue, S.E.; Healy, S.J.; Manie, S.; Samali, A. The role of the unfolded protein response in cancer
progression: From oncogenesis to chemoresistance. Biol. Cell 2019, 111, 1-17. [CrossRef]

Sovolyova, N.; Healy, S.; Samali, A.; Logue, S.E. Stressed to death—Mechanisms of ER stress-induced cell
death. Biol. Chem. 2014, 395, 1-13. [CrossRef]

Gupta, S.; Giricz, Z.; Natoni, A.; Donnelly, N.; Deegan, S.; Szegezdi, E.; Samali, A. NOXA contributes to the
sensitivity of PERK-deficient cells to ER stress. FEBS Lett. 2012, 586, 4023-4030. [CrossRef]

Brun, P; Tarricone, E.; Di Stefano, A.; Mattiuzzo, E.; Mehrbod, P.; Ghavami, S.; Leonardi, A. The regulatory
activity of autophagy in conjunctival fibroblasts and its possible role in vernal keratoconjunctivitis. J. Allergy
Clin. Immunol. 2020, 17, 1390-1402. [CrossRef]

McAlinden, K.D.; Kota, A.; Haghi, M.; Ghavami, S.; Sharma, P. Pharmacologic Inhibition of Vacuolar
H(+)ATPase Attenuates Features of Severe Asthma in Mice. Am. J. Respir. Cell Mol. Biol. 2020, 62, 117-120.
[CrossRef] [PubMed]

McAlinden, K.D.; Deshpande, D.A.; Ghavami, S.; Xenaki, D.; Sohal, S.S.; Oliver, B.G.; Haghi, M.; Sharma, P.
Autophagy Activation in Asthma Airways Remodeling. Am. ]. Respir. Cell Mol. Biol. 2019, 60, 541-553.
[CrossRef] [PubMed]

Antonioli, M.; Di Rienzo, M.; Piacentini, M.; Fimia, G.M. Emerging mechanisms in initiating and terminating
autophagy. Trends Biochem. Sci. 2017, 42, 28-41. [CrossRef] [PubMed]

Golbabapour, S.; Bagheri-Lankarani, K.; Ghavami, S.; Geramizadeh, B. Autoimmune Hepatitis and Stellate
Cells; an Insight into the Role of Autophagy. Curr. Med. Chem. 2019. [CrossRef]

Lee, A.S.; Hendershot, L.M. ER stress and cancer. Cancer Biol. Ther. 2006, 5, 721-722. [CrossRef] [PubMed]
Li, X,; Zhang, K; Li, Z. Unfolded protein response in cancer: The physician’s perspective. J. Hematol. Oncol.
2011, 4, 8. [CrossRef]

Yeganeh, B.; Jager, R.; Gorman, A.; Samali, A.; Ghavami, S. Induction of autophagy: Role of endoplasmic
reticulum stress and unfolded protein response. In Autophagy: Cancer, Other Pathologies, Inflammation,
Immunity, Infection, and Aging; Hayat, M., Ed.; Elsevier: Amsterdam, The Netherlands, 2015; Volume 7,
pp- 91-101.

Healy, S.J.; Gorman, A.M.; Mousavi-Shafaei, P; Gupta, S.; Samali, A. Targeting the endoplasmic
reticulum-stress response as an anticancer strategy. Eur. J. Pharm. 2009, 625, 234-246. [CrossRef]


http://dx.doi.org/10.1017/cjn.2018.255
http://dx.doi.org/10.1111/febs.15069
http://www.ncbi.nlm.nih.gov/pubmed/31545550
http://dx.doi.org/10.1165/rcmb.2019-0235TR
http://dx.doi.org/10.3390/cancers11070994
http://www.ncbi.nlm.nih.gov/pubmed/31319483
http://dx.doi.org/10.1080/15548627.2015.1100356
http://www.ncbi.nlm.nih.gov/pubmed/26799652
http://dx.doi.org/10.1002/jbm.b.31723
http://dx.doi.org/10.1186/s13104-015-1000-8
http://dx.doi.org/10.1016/j.ejphar.2019.172616
http://dx.doi.org/10.1111/boc.201800050
http://dx.doi.org/10.1515/hsz-2013-0174
http://dx.doi.org/10.1016/j.febslet.2012.10.002
http://dx.doi.org/10.1016/j.jaci.2020.03.013
http://dx.doi.org/10.1165/rcmb.2019-0141LE
http://www.ncbi.nlm.nih.gov/pubmed/31891310
http://dx.doi.org/10.1165/rcmb.2018-0169OC
http://www.ncbi.nlm.nih.gov/pubmed/30383396
http://dx.doi.org/10.1016/j.tibs.2016.09.008
http://www.ncbi.nlm.nih.gov/pubmed/27765496
http://dx.doi.org/10.2174/0929867326666190402120231
http://dx.doi.org/10.4161/cbt.5.7.3120
http://www.ncbi.nlm.nih.gov/pubmed/16880733
http://dx.doi.org/10.1186/1756-8722-4-8
http://dx.doi.org/10.1016/j.ejphar.2009.06.064

Cells 2020, 9, 2339 23 of 24

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

Zhao, H.; Liao, Y.; Minamino, T.; Asano, Y.; Asakura, M.; Kim, J.; Asanuma, H.; Takashima, S.; Hori, M.;
Kitakaze, M. Inhibition of cardiac remodeling by pravastatin is associated with amelioration of endoplasmic
reticulum stress. Hypertens. Res. 2008, 31, 1977-1987. [CrossRef]

Schweitzer, M.; Mitmaker, B.; Obrand, D.; Sheiner, N.; Abraham, C.; Dostanic, S.; Chalifour, L.E. Atorvastatin
mediates increases in intralesional BAX and BAK expression in human end-stage abdominal aortic aneurysms.
Can. |. Physiol. Pharmacol. 2009, 87, 915-922. [CrossRef]

Zhu, Z.; Zhang, P.; Li, N.; Kiang, KM.Y.; Cheng, S.Y.; Wong, V.K.-W,; Leung, G.K.-K. Lovastatin enhances
cytotoxicity of temozolomide via impairing autophagic flux in glioblastoma cells. BioMed Res. Int. 2019,
2019, 2710693. [CrossRef]

Liu, T.; Zhang, J.; Li, K.; Deng, L.; Wang, H. Combination of an Autophagy Inducer and an Autophagy
Inhibitor: A Smarter Strategy Emerging in Cancer Therapy. Front. Pharm. 2020, 11, 408. [CrossRef]

Luo, X.N.; Yao, H.L.; Song, J.; Song, Q.Q.; Shi, B.T.; Xia, D.; Han, J. Coxsackievirus B3 Infection Triggers
Autophagy through 3 Pathways of Endoplasmic Reticulum Stress. Biomed. Environ. Sci. 2018, 31, 867-875.
[CrossRef]

Kim, TW,; Lee, S.Y.; Kim, M.; Cheon, C.; Ko, 5.G. Kaempferol induces autophagic cell death via
IRE1-JNK-CHOP pathway and inhibition of G9a in gastric cancer cells. Cell Death Dis. 2018, 9, 875.
[CrossRef] [PubMed]

Li, Y,; Chen, Y,; Huang, H.; Shi, M.; Yang, W.; Kuang, J.; Yan, J. Autophagy mediated by endoplasmic
reticulum stress enhances the caffeine-induced apoptosis of hepatic stellate cells. Int. J. Mol. Med. 2017, 40,
1405-1414. [CrossRef] [PubMed]

Deegan, S.; Koryga, I; Glynn, S.A.; Gupta, S.; Gorman, A.M.; Samali, A. A close connection between the PERK
and IRE arms of the UPR and the transcriptional regulation of autophagy. Biochem. Biophys. Res. Commun.
2015, 456, 305-311. [CrossRef] [PubMed]

Cheng, X,; Liu, H.; Jiang, C.C.; Fang, L.; Chen, C.; Zhang, X.D.; Jiang, Z.W. Connecting endoplasmic reticulum
stress to autophagy through IRE1/JNK/beclin-1 in breast cancer cells. Int. ]. Mol. Med. 2014, 34, 772-781.
[CrossRef]

Lee, H.; Noh, ].Y;; Oh, Y;; Kim, Y.; Chang, ] W.; Chung, C.W.; Lee, S.T.; Kim, M.; Ryu, H.; Jung, Y.K. IRE1 plays
an essential role in ER stress-mediated aggregation of mutant huntingtin via the inhibition of autophagy flux.
Hum. Mol. Genet. 2012, 21, 101-114. [CrossRef]

Hu, Q.; Mao, Y,; Liu, M.; Luo, R;; Jiang, R.; Guo, E. The active nuclear form of SREBP1 amplifies ER stress and
autophagy via regulation of PERK. FEBS . 2020, 287, 2348-2366. [CrossRef]

Hou, L.; Dong, J.; Zhu, S.; Yuan, E; Wei, L.; Wang, J.; Quan, R.; Chu, J.; Wang, D.; Jiang, H.; et al. Seneca
valley virus activates autophagy through the PERK and ATF6 UPR pathways. Virology 2019, 537, 254-263.
[CrossRef]

Zheng, W.; Xie, W.; Yin, D.; Luo, R.; Liu, M.; Guo, F. ATG5 and ATG7 induced autophagy interplays with
UPR via PERK signaling. Cell Commun. Signal. 2019, 17, 42. [CrossRef]

Chen, L.; Zhang, J.; Han, L.; Zhang, A.; Zhang, C.; Zheng, Y.; Jiang, T.; Pu, P; Jiang, C.; Kang, C. Downregulation
of miR-221/222 sensitizes glioma cells to temozolomide by regulating apoptosis independently of p53 status.
Oncol. Rep. 2012, 27, 854-860. [PubMed]

Kawtharani, Z. The Antitumor Effect of the Atypical Retinoid ST1926 in Human Glioblastoma. Master’s Thesis,
American University of Beirut, Beirut, Lebanon, 2020.

Roos, W.; Batista, L.; Naumann, S.; Wick, W.; Weller, M.; Menck, C.; Kaina, B. Apoptosis in malignant glioma
cells triggered by the temozolomide-induced DNA lesion O 6-methylguanine. Oncogene 2007, 26, 186-197.
[CrossRef] [PubMed]

Blough, M.D.; Beauchamp, D.C.; Westgate, M.R.; Kelly, ].J.; Cairncross, J.G. Effect of aberrant p53 function on
temozolomide sensitivity of glioma cell lines and brain tumor initiating cells from glioblastoma. J. Neuro Oncol.
2011, 102, 1-7. [CrossRef] [PubMed]

Lee, S.Y. Temozolomide resistance in glioblastoma multiforme. Genes Dis. 2016, 3, 198-210. [CrossRef]
Ghavami, S.; Mutawe, M.M.; Schaafsma, D.; Yeganeh, B.; Unruh, H.; Klonisch, T.; Halayko, A.J]. Geranylgeranyl
transferase 1 modulates autophagy and apoptosis in human airway smooth muscle. Am. J. Physiol. Lung
Cell. Mol. Physiol. 2012, 302, L420-L428. [CrossRef]


http://dx.doi.org/10.1291/hypres.31.1977
http://dx.doi.org/10.1139/Y09-085
http://dx.doi.org/10.1155/2019/2710693
http://dx.doi.org/10.3389/fphar.2020.00408
http://dx.doi.org/10.3967/bes2018.115
http://dx.doi.org/10.1038/s41419-018-0930-1
http://www.ncbi.nlm.nih.gov/pubmed/30158521
http://dx.doi.org/10.3892/ijmm.2017.3145
http://www.ncbi.nlm.nih.gov/pubmed/28949381
http://dx.doi.org/10.1016/j.bbrc.2014.11.076
http://www.ncbi.nlm.nih.gov/pubmed/25475719
http://dx.doi.org/10.3892/ijmm.2014.1822
http://dx.doi.org/10.1093/hmg/ddr445
http://dx.doi.org/10.1111/febs.15144
http://dx.doi.org/10.1016/j.virol.2019.08.029
http://dx.doi.org/10.1186/s12964-019-0353-3
http://www.ncbi.nlm.nih.gov/pubmed/22075712
http://dx.doi.org/10.1038/sj.onc.1209785
http://www.ncbi.nlm.nih.gov/pubmed/16819506
http://dx.doi.org/10.1007/s11060-010-0283-9
http://www.ncbi.nlm.nih.gov/pubmed/20593219
http://dx.doi.org/10.1016/j.gendis.2016.04.007
http://dx.doi.org/10.1152/ajplung.00312.2011

Cells 2020, 9, 2339 24 of 24

79.

80.

81.

82.

83.

84.

85.

86.

87.

Tasdemir, E.; Chiara Maiuri, M.; Morselli, E.; Criollo, A.; D’Amelio, M.; Djavaheri-Mergny, M.; Cecconi, F.;
Tavernarakis, N.; Kroemer, G. A dual role of p53 in the control of autophagy. Autophagy 2008, 4, 810-814.
[CrossRef]

Namba, T.; Chu, K.; Kodama, R.; Byun, S.; Yoon, KW.; Hiraki, M.; Mandinova, A.; Lee, S.W. Loss of
P53 enhances the function of the endoplasmic reticulum through activation of the IRE1a/XBP1 pathway:.
Oncotarget 2015, 6, 19990. [CrossRef]

Fusee, L.T.S.; Marin, M.; Fahraeus, R.; Lopez, I. Alternative Mechanisms of p53 Action During the Unfolded
Protein Response. Cancers 2020, 12, 401. [CrossRef]

Alizadeh, J.; Glogowska, A.; Thliveris, J.; Kalantari, F.; Shojaei, S.; Hombach-Klonisch, S.; Klonisch, T.;
Ghavami, S. Autophagy modulates transforming growth factor beta 1 induced epithelial to mesenchymal
transition in non-small cell lung cancer cells. Biochim. Biophys. Acta 2018, 1865, 749-768. [CrossRef]
Hashemi, M.; Ghavami, S.; Eshraghi, M.; Booy, E.P,; Los, M. Cytotoxic effects of intra and extracellular zinc
chelation on human breast cancer cells. Eur. J. Pharm. 2007, 557, 9—-19. [CrossRef]

Ghavami, S.; Asoodeh, A.; Klonisch, T.; Halayko, A J.; Kadkhoda, K.; Kroczak, T.J.; Gibson, S.B.; Booy, E.P.;
Naderi-Manesh, H.; Los, M. Brevinin-2R(1) semi-selectively kills cancer cells by a distinct mechanism, which
involves the lysosomal-mitochondrial death pathway. J. Cell. Mol. Med. 2008, 12, 1005-1022. [CrossRef]
[PubMed]

Ghavami, S.; Mutawe, M.M.; Hauff, K; Stelmack, G.L.; Schaafsma, D.; Sharma, P.; McNeill, K.D.; Hynes, T.S.;
Kung, S.K.; Unruh, H.; et al. Statin-triggered cell death in primary human lung mesenchymal cells involves
p53-PUMA and release of Smac and Omi but not cytochrome c. Biochim. Biophys. Acta 2010, 1803, 452-467.
[CrossRef] [PubMed]

Gupta, S.S.; Zeglinski, M.R,; Rattan, S.G.; Landry, N.M.; Ghavami, S.; Wigle, ].T.; Klonisch, T.; Halayko, A.J.;
Dixon, .M. Inhibition of autophagy inhibits the conversion of cardiac fibroblasts to cardiac myofibroblasts.
Oncotarget 2016, 7, 78516-78531. [CrossRef] [PubMed]

Ghavami, S.; Eshraghi, M.; Kadkhoda, K.; Mutawe, M.M.; Maddika, S.; Bay, G.H.; Wesselborg, S.; Halayko, A.J.;
Klonisch, T.; Los, M. Role of BNIP3 in TNF-induced cell death-TNF upregulates BNIP3 expression.
Biochim. Biophys. Acta 2009, 1793, 546-560. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.4161/auto.6486
http://dx.doi.org/10.18632/oncotarget.4598
http://dx.doi.org/10.3390/cancers12020401
http://dx.doi.org/10.1016/j.bbamcr.2018.02.007
http://dx.doi.org/10.1016/j.ejphar.2006.11.010
http://dx.doi.org/10.1111/j.1582-4934.2008.00129.x
http://www.ncbi.nlm.nih.gov/pubmed/18494941
http://dx.doi.org/10.1016/j.bbamcr.2009.12.005
http://www.ncbi.nlm.nih.gov/pubmed/20045437
http://dx.doi.org/10.18632/oncotarget.12392
http://www.ncbi.nlm.nih.gov/pubmed/27705938
http://dx.doi.org/10.1016/j.bbamcr.2009.01.002
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Co-Treatment with Simva-TMZ Increases Mevalonate Caspase Independet Cytotoxicity and Autophagy Flux Inhibtion in GBM Cells 
	Co-Treatment with Simva–TMZ Induces UPR in GBM Cells 
	IRE-1 RNase Inhibition Does Not Impact the Effects of Simva, TMZ, or Simva–TMZ on Cell Viability of GBM Cells 
	Inhibition of IRE-1 RNase Activity Regulates the Effect of Co-Treatment with Simva and TMZ on Autophagic Flux Inhibition without Affecting the Overall Cytotoxic Effect 
	PERK Inhibition Regulates the Effect of Co-Treatment with Simva–TMZ on Autophagy Flux in U87 and U251 Cells and Increased Simva–TMZ-Induced Cell Death in U87 Cells 
	Phospho-eIF2 Phosphatase Inhibitor Did Not Change Simva-TMZ-Induced Cell Death in U87 and U251 Cells 

	Discussion 
	Materials and Methods 
	Reagents and Drugs 
	Cell Lines, Culture, and Treatment 
	MTT Assay 
	Evaluation of Cell Death by Flow Cytometry 
	Immunoblotting 
	Inhibition of Specific UPR Signaling Arms (PERK & IRE1) 
	Quantitative Real-Time PCR 
	Statistical Analysis 

	References

