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Salinomycin induces endoplasmic reticulum stress-mediated
autophagy and apoptosis through generation of reactive
oxygen species in human glioma US87MG cells
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Abstract. Salinomycin is a polyether ionophore antibiotic
that has recently been shown to induce cell apoptosis in
human cancer cells displaying multiple mechanisms of drug
resistance. In the present study, we explored the impact of
salinomycin on the apoptosis and autophagy as well as the
correlation between those effects and endoplasmic reticulum
(ER) stress molecular mechanisms in human glioma US7MG
cells. Apoptosis, autophagy and reactive oxygen species (ROS)
were analyzed using flow cytometry. In addition, expression
levels of apoptosis-, autophagy- and ER stress-related proteins
were determined by western blotting. The results showed that
salinomycin induced apoptosis, ER stress and autophagy in
glioma cancer cell lines. In addition, salinomycin also induced
ROS generation, and the ROS scavenger N-acetyl-L-cysteine
was found to inhibit the salinomycin-induced apoptosis, ER
stress and autophagy. The inhibition of ER stress with 4-phen-
ylbutyric acid depressed salinomycin-induced apoptosis and
autophagy. Salinomycin increased the expression of autophagy
marker protein, LC3B, and accumulation of acidic vesicular
organelles. Furthermore, pre-treatment with the autophagy
inhibitor 3-methyladenine showed potential in increasing
the apoptosis rate induced by salinomycin in the US§7MG
cells. Taken together, these results revealed that salinomycin
induced apoptosis and autophagy via ER stress mediated by
ROS, suggesting that ER stress by salinomycin plays a dual
function in both promoting and suppressing cell death.
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Introduction

Salinomycin, a carboxylic polyether ionopore isolated from
Streptomyces albus,has been used extensively as an agricultural
antibiotic to prevent coccidiosis in poultry. Recent studies have
shown that salinomycin displays potent antitumor activities in
different types of cancer cells, including colorectal cancer (1),
hepatocellular carcinoma (2), endometrial (3) and prostate
cancer (4), and osteosacoma cells (5). However, there are few
studies on its effect on glioma cancer cells (6). Gliomas are
the most primary prevalent and aggressive form of intracranial
tumors affecting adults 40-60 years of age (7,8). Despite multi-
disciplinary treatments including surgery, chemotherapy and
radiotherapy, it has a poor prognosis with a median survival of
less than 15 months (9). Moreover, although chemotherapy has
been used most extensively in glioma cancer patients and has
contributed to substantial improvement in the survival rate,
it was ultimately confirmed to be ineffective owing to severe
toxicity, the incapacity of many drugs to cross the blood-brain
barrier and high levels of drug resistance (10).

Reactive oxygen species (ROS) are normal byproducts of
numerous cellular processes, such as mitochondrial metabo-
lism and protein folding. The balance of redox homeostasis is
regulated by two major cellular antioxidant systems, including
the glutathione and the thioredoxin system, which plays a
crucial role in cellular viability and function (11,12). In contrast,
overproduction of ROS disrupts the intracellular redox balance
and exerts oxidative stress on cancer cells that can ultimately
cause cell senescence or death (13). ROS play an important
role in the determination of cell death or survival (14). Recent
studies have shown that endoplasmic reticulum (ER) stress has
a dual function; either promotion of cell survival or triggering
of cell death depending on an imbalance between ER protein
folding load and capacity (15). ER has two key roles in eukary-
otic cells, namely protein processing and intracellular calcium
storage. ER stress is triggered under various physiological and
pathological conditions, such as exposure to chemotherapeutic
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agents and accumulation of unfolded proteins (16). However,
accumulation of misfolded proteins in the ER lumen causes ER
stress to initiate the expression of chaperones and proteins and
several folding enzymes. While moderate ER stress promotes
cell survival and enhances chemotherapeutic resistance,
severe stress leads to cell apoptosis (17). Moreover, unfolded
protein response signaling may activate autophagy to clear
the accumulated misfolded proteins from the ER lumen (18).
Autophagy is an intercellular process for catabolic degrada-
tion to maintain cellular homeostasis during metabolic stress
and it is involved in the formation of autophagosomes, which
are further fused with lysosomes to form acidic vesicular
organelles including autolysosomes. Since cancer cells often
exhibit defective autophagic capacities, autophagic cell death is
considered as a tumor suppressor. However, emerging evidence
indicates that autophagy is not only a death pathway, but also a
survival pathway exploited by cancer cells to endure metabolic
stress (19). In addition, the inhibition of autophagy leads to
apoptotic cell death as a result of the failure to adapt to stress.
Therefore, autophagy inhibitors are also considered as an
attractive strategy to enhance the sensitivity of cancer cells to
anticancer drugs by manipulating the autophagic process (20).
In the present study, we observed that salinomycin induced
autophagy and apoptosis in glioma U87MG cells. These
processes were regulated through a dual function of ER stress:
cell survival and cell death. In addition, ER stress responses
were regulated by upstream ROS. In addition, pharmacological
inhibition of autophagy enhanced salinomycin-mediated apop-
tosis, suggesting a new approach for glioma cancer therapy.

Materials and methods

Reagents and antibodies. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltertrazolium bromide (MTT), N-acetyl-L-cysteine
(NAC), 3-methyladenine (3-MA), 4-phenylbutyric acid
(4-PBA),6-diamidino-2-phenylindole dihydrochloride (DAPI),
2'-7'-dichlorodihydrofluoresceine diacetate (DCFH-DA)
and salinomycin were purchased from Sigma Chemical Co.
(St. Louis, MO, USA). Annexin V-FITC apoptosis detection
kit was purchased from BD Biosciences (San Jose, CA, USA).
The WesternBright ECL kit was purchased from Advansta,
Inc. (Menlo Park, CA, USA). Antibodies against Bip, pro-
caspase-3, CHOP, Irela, LC3B and f-actin were purchased
from Cell Signaling Technology (Beverly, MA, USA).

Cell lines and culture. Human glioma U887MG cells were
obtained from the American Type Culture Collection
(ATCC; Manassas, VA, USA). The US87MG cells were
cultured in Dulbecco's modified Eagle's medium minimal
(DMEM) supplemented with 10% fetal bovine serum (FBS)
and 100 U/ml of penicillin and 100 pg/ml of streptomycin (all
from WelGENE Inc., Daegu, Korea). Cells were cultured in a
humidified atmosphere with 5% CO, at 37°C.

Cellviability.Cell viability was measured using the MTT assay.
Cells were seeded and treated with various concentrations
of salinomycin for 24 or 48 h. After salinomycin treatment,
1 mg/ml of MTT was added to each well and incubated for 3 h
at 37°C. Then, the medium was removed and MTT-formazan
complex was dissolved in dimethyl sulfoxide. Absorbance was
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observed at 570 nm using the VERSA ,, microplate reader
(Molecular Devices, Toronto, Canada). Cell viability was
determined as the relative percentage of treated cells to the
untreated cells by comparing optical densities.

Morphological changes. Nuclear morphological changes were
measured by fluorescence microscopy. Cells were incubated
in the absence or presence of salinomycin for 48 h. The cells
were fixed with 4% paraformaldehyde, and then stained with
1 mg/ml of DAPI solution for 10 min. After washing, the cells
were observed under fluorescence microscopy (Axio Imager;
Zeiss, Jena, Germany).

Annexin V/PI double staining. Apoptotic cells were assessed
by an Annexin V-FITC staining kit. Briefly, the US7MG cells
were treated with various concentrations of salinomycin for
48 h and then were washed with phosphate-buffered saline
(PBS). Collected cells were mixed in 100 ul of 1X Annexin
binding buffer. After Annexin V/PI double staining for
20 min, cells were analyzed by flow cytometry (FACSCalibur;
Becton-Dickinson, Franklin Lakes, NJ, USA). The apoptotic
cells were calculated using Cell Quest Pro software on Mac®
OS 9 (Becton-Dickinson).

ROS generation. ROS were measured using DCFH-DA
fluorescent dye. The cells were cultured in a 6-well plate at a
density of 2.5x10*/well. After treatment with salinomycin for
24 or 48 h, the cells were incubated with 10 M of DCFH-DA
at 37°C for 30 min. After the cells were harvested, the intensity
of fluorescence was measured using flow cytometry and calcu-
lated using Cell Quest Pro software on Mac® OS 9.

Acidic vesicular organelle detection. To detect acidic vesicular
organelles, the cells were cultured in a 6-well plate at a density
of 2.5x10%/well. After treatment with 4 uM of salinomycin for
48 h, cells were stained with 1 M acridine orange for 30 min.
The stained cells were analyzed by flow cytometry and calcu-
lated using Cell Quest Pro software on Mac® OS 9.

Western blotting. Whole extracts were prepared by incu-
bating the cells in lysis buffer [150 mM NaCl, 10 mM Tris
(pH 7.4), 5 mM EDTA (pH 8.0), 1% Triton X-100, 1 mM
PMSF, 20 pg/ml aprotinin, 50 pg/ml leupeptin, I mM benzi-
dine, 1 mg/ml pepstatin, 8 mM sodium pyrophosphate and
20 mM f-glycerophosphate]. Forty micrograms of proteins
was electrophoretically separated using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis on 8-15% gel
and transferred to a polyvinylidene fluoride membrane.
After blocking with TBS-T buffer [20 mM Tris (pH 7.4),
150 mM NacCl, 0.1% Tween-20] containing 5% skim milk,
the membranes were incubated with primary or secondary
antibodies. The membranes were then washed with TBS-T
buffer and visualized with enhanced chemiluminescence
(ECL) western blot analysis detection reagents. The density
of each band was determined using a fluorescence scanner
(LAS 3000) and analyzed with Multi Gauge V3.0 software
(both from Fuji Film, Tokyo, Japan).

Measurement of caspase-3 activity. For detection of caspase-3
activation, a caspase-3 colorimetric assay kit (R&D Systems
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Figure 1. Salinomycin induces apoptosis. (A) Cell viability. US7MG cells were treated with the indicated doses of salinomycin for 24 or 48 h. (B) Detection
of morphological changes. U§7MG cells were treated with 4 uM salinomycin for 48 h. Nuclear morphological changes were assessed using fluorescence
microscopy after DAPI staining at room temperature for 10 min (magnification, x1,200). (C) Apoptosis analysis. Data are presented as mean + SD (n=3 in
each group); ““p<0.001 vs. the untreated group.
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Figure 2. Salinomycin induces apoptosis via reactive oxygen species (ROS) in U§7MG cells. (A) Levels of intracellular ROS. U87MG cells were treated with
4 uM salinomycin for 24 or 48 h. ROS were determined with fluorescence dye DCFH-DA by flow cytometry. (B) Levels of intracellular ROS. (C) Apoptosis
analysis. (D) Expression of apoptosis-related proteins. (E) Caspase-3 activity. The U87MG cells were treated with 4 yM salinomycin for 48 h with or without
pre-treatment for 1 h with 5 mM N-acety-1-cysteine (NAC). Caspase-3 activity was detected by caspase-3 colorimetric assay kit. Data are presented as
mean = SD (n=3 in each group); "p<0.05, ““p<0.001 vs. the untreated group.

Inc., Minneapolis, MN, USA) was used according to the (Ac-DEVD-pNA), and then, incubated at 37°C for 4 h in the
manufacturer's protocol. Equal amounts of protein (220 ug)  dark. The absorbance of the released pNA was measured at
were resuspended in reaction buffer containing substrate 405 nm using an ELISA reader.
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Figure 3. Salinomycin induces endoplasmic reticulum (ER) stress via ROS in U87MG cells. (A) Expression of ER stress-related proteins. US7MG cells were
treated with salinomycin for the indicated times. (B) Expression of ER stress-related proteins. (C) Apoptosis analysis. (D) Expression of apoptosis-related pro-
teins. (E) Caspase-3 activity. The US7MG cells were treated with 4 M salinomycin for 48 h with or without pre-treatment for 1 h with 2 mM 4-phenylbutyric
acid (4-PBA). Caspase-3 activity was detected using the caspase-3 colorimetric assay kit. (F) Expression of ER stress-related proteins. The US7MG cells were
treated with 4 uM salinomycin for 48 h with or without pre-treatment for 1 h with 5 mM NAC. Data are presented as mean = SD (n=3 in each group); "p<0.05,

“*p<0.001 vs. the untreated group.

Statistical analysis. All experiments were repeated at least
three times. Unless otherwise stated, data are expressed as
the mean + SD. Comparison of the experimental groups to the
control values was carried out by ANOVA. Results were statis-
tically significant at p<0.05 or p<0.001 vs. the untreated group.

Results

Salinomycin induces apoptosis through generation of ROS
in US7MG cells. Salinomycin significantly decreased the
cell viability of US7MG cells in a dose- and time-dependent
manner (Fig. 1A). The 50% inhibitory concentration after
48 h of treatment with salinomycin was ~4 yM. Salinomycin
caused a reduction in cell volume, nuclear condensation and
an increase in non-adherent cells (Fig. 1B). In order to quan-
tify salinomycin-induced apoptosis, Annexin V-PI double
staining was performed. The percentage of apoptotic cells
was increased in the salinomycin-treated cells, compared with
the percentage in the control group (Fig. 1C). These results
showed that salinomycin inhibited cell viability and induced
apoptotic cell death in the US7MG cells.

Recent research has shown that anticancer drugs induce
apoptosis, in part, by triggering ROS generation (4). To observe
whether salinomycin produces ROS, the intracellular ROS level
was determined with the fluorescent dye DCFH-DA. The ROS
production was time-dependently increased after salinomycin
treatment (Fig. 2A). However, the salinomycin-induced ROS
production was reversed by the ROS scavenger NAC (Fig. 2B).
Therefore, we observed whether the salinomycin-induced apop-
tosis is associated with ROS production. Pre-treatment with
NAC recovered salinomycin-induced apoptosis (Fig. 2C) and
rescued expression of apoptosis-related proteins, such as
pro-caspase-3 and PARP (Fig. 2D). Furthermore, consistent
with western blot analysis, salinomycin-induced caspase-3
activation was reversed by NAC (Fig. 2E). Taken together,
ROS induced by salinomycin regulated apoptotic cell death in
the US7MG cells.

Salinomycin induces ER stress-mediated apoptosis in US7TMG
cells. The misfolded proteins induced ER stress to restore protein
homeostasis and apoptotic cell death ensues when the stress is
prolonged. Recent research revealed that apoptosis is induced
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Figure 4. Salinomycin induces autophagy in U§7MG cells. (A) Expression of LC3B and caspase-3 protein. (B) Detection of acidic vesicular organelles (AVOs).
UBTMG cells were treated with salinomycin for the indicated times. (C) Detection of AVOs. (D) Detection of morphological changes. Acridin orange-stained
cells were measured using fluorescence microscopy (magnification, x1,200). (E and F) Expression of LC3B protein. US87MG cells were treated with 4 M
salinomycin for 48 h with or without pre-treatment for 1 h with 1 mM 3-methyladenine (3-MA) or 5 nM bafilomycin A1l. Data are presented as mean + SD (n=3

in each group); ““p<0.001 vs. the untreated group.

via stimulation of ER stress in glioma cells (6,21). To investigate
the ER stress pathway involved in salinomycin-induced apop-
tosis, we examined the expression levels of ER stress-related
proteins (Irela, Bip and CHOP) by western blot analysis.
Salinomycin increased the expression of Irela, Bip and CHOP
in a time-dependent manner (Fig. 3A). However, addition
of the ER stress inhibitor, 4-PBA, resulted in suppression of
these proteins (Fig. 3B). We observed the relationship between
ER stress and apoptosis using 4-PBA. As shown in Fig. 3C,
salinomycin-induced apoptosis was also significantly blocked
by 4-PBA, which was confirmed by suppression of the activa-
tion of caspase-3 and expression of PARP (Fig. 3D and E). In
addition, we observed the relationship between ROS produc-
tion and ER stress responses in regards to apoptosis. As shown
in Fig. 3F, ER stress-related proteins were also suppressed by
NAC. These results indicated that ER stress plays a crucial role
in the upstream pathway of salinomycin-induced apoptosis and
is regulated by ROS generation in US7MG cells.

Salinomycin induces ER stress-mediated autophagy in
US7MG cells. Programmed cell death (apoptosis) is mainly
regulated by the autophagy pathway (22). However, autophagy

can independently act upon apoptotic signaling pathways, thus
we determined the autophagy level after salinomycin treat-
ment in the US7MG cells. Increased expression of autophagy
marker protein LC3B and apoptosis marker caspase-3 were
observed in a time-dependent manner (Fig. 4A). The forma-
tion of acidic vesicular organelles (AVOs), autophagy-related
lysosomal structures, was also increased, as determined using
vital staining with acridine orange (23) (Fig. 4B). However,
the formation of AVOs was suppressed by pre-treatment with
3-MA, an inhibitor of autophagosome formation or bafilo-
mycin Al, an inhibitor of lysosome formation (Fig. 4C). These
results indicated that salinomycin induced autophagic flux
in the U87MG cells, as confirmed by acridin orange-stained
cells with co-treatment of 3-MA or bafilomycin Al (Fig. 4D).
As shown in Fig. 4E, salinomycin also increased autophagic
marker protein LC3B, which was blocked in the presence of
3-MA. However, addition of the lysosome inhibitor bafilo-
mycin Al resulted in further accumulation of LC3B as
compared to cells treated with the single agent (Fig. 4F). These
results indicated that salinomycin induced autophagic flux in
the U87MG cells, which was recovered by co-treatment of
3-MA and enhanced with bafilomycin Al.
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Salinomycinregulates apoptosis through autophagyin US7TMG
cells. To address the role of autophagy against salinomycin-
induced apoptosis, the percentage of apoptotic cells and
expression of apoptosis-related proteins were determined.
Pre-treatment with 3-MA enhanced the salinomycin-induced
apoptosis (Fig. 5A), resulting from reduced pro-caspase-3 and
accumulation of cleaved PARP in the US7MG cells (Fig. 5B).
Furthermore, salinomycin induced caspase-3 activation
enhanced by 3-MA (Fig. 5C). In addition, we also observed
that the formation of AVOs and expression of LC3B were
suppressed by the pre-treatment of NAC (Fig. 5D and E),
which indicated the regulation of autophagy by ROS. Next,
to observe the relationship between ER stress and autophagy,
4-PBA as an ER stress inhibitor was applied. As shown in
Fig. SF, the formation of AVOs was significantly blocked by
4-PBA, leading to recovered expression of LC3B (Fig. 5G).

p<0.001 vs. the untreated group.

These results demonstrated that autophagy flux caused a delay
in salinomycin-induced apoptosis in the US7TMG cells, which

was regulated by ER stress responses mediated from upstream
ROS.

Discussion

Autophagy is an intracellular metabolic system in eukaryotic
cells, in which autophagosomes fuse with lysosomes and
degrade intracellular materials to maintain cell homeo-
stasis (24). It function in a protective role from drug-induced
cell death (25). Autophagy inhibits apoptosis by promoting cell
survival or induces cell death by cooperating with apoptosis
signaling (26). Apoptosis and autophagy are interrelated and
undergo crosstalk. Due to its pro-survival function, autophagy
makes cancer cells resistant to chemotherapy, radiotherapy
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or anti-angiogenic therapy. It is tightly regulated by several
conserved autophagy proteins. Inhibition of autophagy has
been widely recognized to improve the efficacy of anticancer
agents (27). Anticancer compounds may affect cellular redox
reactions through accumulation of intracellular ROS (28,29),
which in turn induce apoptosis and autophagy (30).
Accumulating evidence indicates that apoptosis is also regu-
lated by ER stress (6,21). ER is a key organelle with protein
processing, intracellular calcium storage, as well as signaling
regulation functions in eukaryotic cells (31).

Although the anticancer effects of salinomycin have been
established in a variety of preclinical studies using many
different cancer types, there are few studies on the effects
of salinomycin on glioma cancer cells (6). In the present
study, salinomycin showed potent cytotoxic and apoptotic
effects in human glioma U87MG cells. We found that the
level of intracellular ROS was increased after salinomycin
treatment and antioxidant NAC rescued the apoptosis level.
In addition, salinomycin stimulated the expression of ER
stress-related proteins, including Irela, Bip and CHOP.
Indeed, salinomycin-induced apoptosis was suppressed
by ER stress inhibitor, 4-PBA, in the US§7MG cells. These
results suggest that apoptosis may be regulated via ER
stress signaling. Moreover, NAC suppressed the expression
of Irela, Bip, CHOP and LC3B and the formation of AVOs.
Therefore, salinomycin induced ER stress and autophagy by
promoting ROS generation, resulting in cellular apoptosis. In
addition, salinomycin induced an increased autophagic level
by causing increased expression of LC3B and accumulation of
AVOs in the US7MG cells. These phenomena were recovered
by autophagy inhibitor 3-MA, which resulted in increased
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apoptosis. In addition, suppression of ER stress using 4-PBA
inhibited the salinomycin-induced autophagy, as confirmed by
reduction in LC3B and AVO formation. This indicated that
autophagy was regulated through the ER stress responses
induced by salinomycin.

In conclusion, we demonstrated that salinomycin induced
apoptosis through the ROS-mediated ER stress signaling
pathway, which was protected by ER stress-mediated
autophagy (Fig. 6). As salinomycin has the potential as a
chemotherapeutic agent for human glioma cancer cells, future
pre-clinical studies are warranted to confirm its usefulness as
a clinical drug candidate for glioma cancer treatment. In addi-
tion, blocking of ER stress responses could be a useful strategy
to target cancer cell resistance to chemotherapies.
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