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Salinomycin is perhaps the first promising compound that was discovered through high throughput screening in
cancer stem cells. This novel agent can selectively eliminate breast and other cancer stem cells, though the mechanism
of action remains unclear. In this study, we found that salinomycin induced autophagy in human non-small cell lung
cancer (NSCLC) cells. Furthermore, we demonstrated that salinomycin stimulated endoplasmic reticulum stress and
mediated autophagy via the ATF4-DDIT3/CHOP-TRIB3-AKT1-MTOR axis. Moreover, we found that the autophagy
induced by salinomycin played a prosurvival role in human NSCLC cells and attenuated the apoptotic cascade. We
also showed that salinomycin triggered more apoptosis and less autophagy in A549 cells in which CDH1 expression
was inhibited, suggesting that the inhibition of autophagy might represent a promising strategy to target cancer stem
cells. In conclusion, these findings provide evidence that combination treatment with salinomycin and pharmacological
autophagy inhibitors will be an effective therapeutic strategy for eliminating cancer cells as well as cancer stem cells.

Introduction
Salinomycin, a potassium ionophore,1,2 which is extracted from
Streptomyces aibus and previously has been used as a veterinary
drug,3,4 is potentially the first promising compound that has
been screened through high throughput technology based on
the cancer stem cell theory. Salinomycin can selectively target
breast cancer stem cells in vitro and inhibit breast tumor seeding, growth and metastasis in vivo.5 Moreover, salinomycin has
been shown to kill a broad spectrum of transformed cells such as
human colorectal cancer cells.

Many efforts have been made to decipher the molecular
mechanism by which salinomycin induces cell death in cancer
stem cells as well as cancer cells. Previous studies have shown
that salinomycin acts as an effective inhibitor of ATP-binding
cassette (ABC) transporter to overcome multidrug resistance
and suppress the viability of cancer stem cells.6,7 Recent studies
indicate that salinomycin inhibits the WNT-CTNNB1 signaling pathway, which plays a crucial role in stem cell development
and multiple malignancies.8,9 Salinomycin is able to induce an
increase in intracellular reactive oxygen species (ROS) levels,
which contributes to BAX translocation to mitochondria and
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mitochondrial membrane depolarization. This results in cytochrome c release, activation of CASP3 and cleavage of its substrate PARP1, ultimately leading to apoptosis.10 Salinomycin
can elevate intracellular calcium levels via Na+/Ca 2+ exchangers,
resulting in calpain activation and inducing caspase-dependent
apoptosis in human neuronal cells.11 In addition, salinomycin
can increase DNA damage and decrease the expression of antiapoptotic protein CDKN1A, which sensitizes cancer cells to
the apoptotic effects of cytostatic drugs such as etoposide and
doxorubicin.12
However, whether salinomycin induces autophagy, and the
role it plays in cell death in human lung cancer cells, remain
unclear. Our studies show that salinomycin induces apoptosis
in a caspase-dependent manner while simultaneously inducing
autophagy in human NSCLC cells. Macroautophagy (hereafter
referred to as autophagy) is a highly conserved lysosomal degradation pathway in which unnecessary byproducts and damaged
organelles are engulfed into double-membrane vesicles termed
autophagosomes and transported to lysosomes. There, autophagosomes fuse with lysosomes and the inner cargoes are degraded
and recycled. Therefore, autophagy is essential for maintaining
homeostasis and it plays a prosurvival role. In other circumstances, it can stimulate a prodeath signal pathway.13-16 Previous
studies reported that autophagy was regulated by diverse signaling pathways, such as those controlled by class I PtdIns 3-kinaseAKT1 signaling, the mechanistic target of rapamycin (MTOR)
kinase, the response to endoplasmic reticulum (ER) stress and
the energy sensor AMP-activated protein kinase (AMPK).17-20 In
the present study, we demonstrated that salinomycin suppresses
AKT1 activity through ATF4-DDIT3/CHOP-TRIB3-AKT1
axis in human cancer cells after activation of ER stress response,
resulting in MTOR inhibition and autophagy consequently.
Furthermore, autophagy induced by salinomycin plays a cytoprotective role for cell survival in human cancer cells. Based on our
results, we postulate that combination therapy with salinomycin
and pharmacological autophagy inhibitors will be a therapeutic
strategy for killing cancer stem-like cells as well as cancer cells
effectively.
Results
Salinomycin induces autophagy in human cancer cells. To
examine the effects of salinomycin on cell survival in human
cancer cell lines, we treated six human cancer cell lines including
four human NSCLC cell lines A549, H460, Calu-1 and H157,
one human esophageal carcinoma cell line TE3, and 1 human
pancreatic carcinoma cell line PANC-1 with salinomycin at concentrations ranging from 1.25 to 5 μM. We found that salinomycin effectively decreased the survival of the indicated cells in
a dose-dependent manner (Fig. 1A). To determine whether salinomycin induced autophagy, we treated three human NSCLC
cell lines A549, Calu-1 and H157 with salinomycin. The conjugation of the soluble form of MAP1LC3 (MAP1LC3-I) with
phosphatidylethanolamine and conversion to a nonsoluble form
(MAP1LC3-II) is a hallmark of autophagy;21 thus we examined
the expression of MAP1LC3B-II formation. After treatment with
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salinomycin (2.5 μM) at the indicated times or with salinomycin
at the indicated concentrations for 24 h, MAP1LC3B-II levels
increased in all three cell lines in both time-dependent (Fig. 1B),
and dose-dependent manner (Fig. 1C).
To monitor autophagosome formation, we constructed a
Calu-1 cell line stably expressing the EGFP-MAP1LC3B fusion
gene and designated it as Calu-1-EGFP-MAP1LC3B. We treated
Calu-1-EGFP-MAP1LC3B with 2.5 μM salinomycin for the
indicated times and quantified the EGFP-MAP1LC3B fluorescence. The results showed that the average number of EGFPMAP1LC3B puncta per cell increased in a time-dependent
manner (Fig. 1D). We also treated Calu-1-EGFP-MAP1LC3B
cell line with salinomycin at the indicated concentrations for
24 h and found that the average number of EGFP-MAP1LC3B
puncta per cell increased in a dose-dependent manner (Fig. 1E).
To monitor autophagic flux induced by salinomycin, we
transfected both Calu-1 and Calu-1-EGFP-MAP1LC3B cells
with ATG5 or ATG7 siRNAs to inhibit the expression of ATG5
or ATG7. Then, we measured the conversion of MAP1LC3B-II
in Calu-1 cells and EGFP-MAP1LC3B puncta in Calu-1EGFP-MAP1LC3B cells, respectively. After treatment with
salinomycin (2.5 μM) for 12 h, the results showed that two different siRNAs against ATG5 (#1 and #2) or ATG7 (#1 and #2)
decreased MAP1LC3B-II formation and ATG5 siRNA (#1) or
ATG7 siRNA (#1) significantly and reduced EGFP-MAP1LC3B
puncta (Fig. 2A and B). Furthermore, we cotreated both
Calu-1 and Calu-1-EGFP-MAP1LC3B cells with salinomycin
(2.5 μM) and autophagy inhibitors at different concentrations.
The results demonstrated that coincubation with salinomycin
and 3-MA (10 mM) or LY294002 (10 μM), both of which block
the upstream steps of autophagy, reduced MAP1LC3B-II and
EGFP-MAP1LC3B puncta accumulation (Fig. 2C and D). In
contrast, coincubation with salinomycin (2.5 μM) and bafilomycin A1 (20 nM) or chloroquine (CQ) (3 μM), both of which
block the downstream steps of autophagy, increased conversion
of MAP1LC3B-II and EGFP-MAP1LC3B puncta (Fig. 2E and
F). Collectively, these data confirm that salinomycin induces
autophagy in human NSCLC cells.
Salinomycin induces autophagy via ER stress-dependent
upregulation of ATF4 and DDIT3. Since endoplasmic reticulum (ER) stress is one of the signaling pathways involved in regulation of autophagy,22,23 we hypothesized that ER stress might
play an important role in salinomycin-induced autophagy. To
determine whether salinomycin induces ER stress, we measured
the expressions of ERN1, phospho-EIF2A (p-EIF2A), ATF4 and
DDIT3 proteins that are typically regarded as hallmarks of ER
stress response. We treated indicated human NSCLC cell lines
with (i) salinomycin at the indicated concentrations for 24 h or
(ii) salinomycin (2.5 μM) at the indicated times. We measured
the expression levels of ERN1, p-EIF2A, ATF4 and DDIT3 by
western blot analysis. The levels of the four proteins increased
in both dose-dependent and time-dependent manners (Fig. 3A
and B), suggesting salinomycin activates ER stress in human
NSCLC cells.
ERN1 activates the unconventional splicing of X-box binding protein 1 (XBP1) mRNA in response to ER stress.24,25 The
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Figure 1. Salinomycin induces autophagy in human NSCLC cells. (A) The indicated cells were seeded in 96-well cell culture plates and treated with
1.25 μM, 2.5 μM and 5 μM of salinomycin on the second day. After treatment for another 48 h, the cells were fixed and subjected to estimate the cell
number using the sulforhodamine B assay. (B) A549, Calu-1 and H157 cells were treated with 2.5 μM salinomycin for the indicated times. Levels of
protein expression were analyzed by western blot using antibodies against MAP1LC3B and ACTB. (C) A549, Calu-1 and H157 cells were treated with
the indicated concentrations of salinomycin and incubated for 24 h. Levels of protein expression were analyzed by western blot using antibodies
against MAP1LC3B and ACTB. (D) Calu-1-EGFP-MAP1LC3B cells were treated with 2.5 μM salinomycin for the indicated period of time, and then EGFPMAP1LC3B puncta were quantified. (E) Calu-1-EGFP-MAP1LC3B cells were treated with the indicated concentrations of salinomycin for 24 h, and then
EGFP-MAP1LC3B puncta were quantified. Columns: mean of triplicate treatments; bars: ± SD. The statistical differences between the two treatments
were analyzed by two-sided unpaired Student’s t-tests (*p < 0.05; **p < 0.01; ***p < 0.001).

splicing results in the excision of a 26-nucleotide intron, leading to a spliced form that can be identified by the loss of a PstI
restriction site.24 To investigate XBP1 splicing status in salinomycin-treated cells, we treated A549, Calu-1 and H157 with salinomycin at the indicated concentrations for 24 h. XBP1 cDNA
was amplified by PCR with primers encompassing the spliced
sequences of XBP1 and the PCR products were incubated with
PstI. The spliced form of XBP1 (XBP1S) was 447 bp and the
unspliced form of XBP1 (XBP1U) was digested into 290 bp and
183 bp by PstI. The data showed that the levels of XBP1S mRNAs
were increased in a dose-dependent in all three cell lines (Fig.
3C), indicating salinomycin also activated the ERN1-XBP1 ER
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stress response branch in human cancer cells. Moreover, we noted
that two fragments of 290 bp and 183 bp digested from XBP1U
increased after salinomycin treatment. We speculate that salinomycin may enhance the transcription of XBP1 by promoting the
specific transcriptional factor to bind to the XBP1 promoter.
To determine whether salinomycin induces autophagy via ER
stress-mediated ATF4-DDIT3 axis, we transfected Calu-1 cells
with DDIT3 siRNA to inhibit DDIT3 expression. We measured
DDIT3 and MAP1LC3B-II levels after treatment with salinomycin (2.5 μM) for 12 h by western blot. The results demonstrated
that the level of MAP1LC3B-II significantly decreased after salinomycin exposure in DDIT3-knockdown cells compared with
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Figure 2. Salinomycin induces autophagic flux in human NSCLC cells. (A and B) Calu-1 cells were transfected with ATG5 siRNAs (#1 and #2) or ATG7 siRNAs (#1 and #2). 48 h later, cells were treated with 2.5 μM salinomycin or DMSO for 12 h, and then the samples were subjected to western blot analysis.
Calu-1-EGFP-MAP1LC3B cells were transfected with ATG5 siRNA (#1) or ATG7 siRNA (#1). 48 h later, cells were treated with 2.5 μM salinomycin for 12 h,
and then EGFP-MAP1LC3B puncta were quantified. (C) Calu-1 cells were pretreated with 3-MA (10 mM) for 1 h, and then coincubation with salinomycin
(2.5 μM) for another 12 h. Levels of protein expression were analyzed by western blot using antibodies against MAP1LC3B and ACTB. Calu-1-EGFPMAP1LC3B cells were pretreated with 3-MA (10 mM) for 1 h, and then coincubation with salinomycin (2.5 μM) for another 12 h, and then EGFP-MAP1LC3B puncta were quantified. (D) Calu-1 cells were pretreated with LY294002 (10 μM) for 1 h, and then coincubation with salinomycin (2.5 μM) for
another 12 h. Levels of protein expression were analyzed by western blot using antibodies against MAP1LC3B and ACTB. Calu-1-EGFP-MAP1LC3B cells
were pretreated with LY294002 (10 μM) for 1 h, and then coincubation with salinomycin (2.5 μM) for another 12 h, and then EGFP-MAP1LC3B puncta
were quantified. (E) Calu-1 cells were pretreated with bafilomycin A1 (20 nM) for 1 h, and then coincubation with salinomycin (2.5 μM) for another 12
h. Levels of protein expression were analyzed by western blot using antibodies against MAP1LC3B and ACTB. Calu-1-EGFP-MAP1LC3B cells were pretreated with bafilomycin A1 (20 nM) for 1 h, and then coincubation with salinomycin (2.5 μM) for another 12 h, and then EGFP-MAP1LC3B puncta were
quantified. (F) Calu-1 cells were pretreated with CQ (3 μM) for 1 h, and then coincubation with salinomycin (2.5 μM) for another 12 h. Levels of protein
expression were analyzed by western blot using antibodies against MAP1LC3B and ACTB. Calu-1-EGFP-MAP1LC3B cells were pretreated with CQ (3 μM)
for 1 h, and then coincubation with salinomycin (2.5 μM) for another 12 h, and then EGFP-MAP1LC3B puncta were quantified. The average number of
punctate structures per cell was quantified by confocal microscopy. Differences between groups were evaluated by Student’s t-test. Columns: mean of
triplicate treatments; bars: ± SD. The statistical differences between the two treatments were analyzed by two-sided unpaired Student’s t-tests
(*p < 0.05; **p < 0.01; *** p < 0.001).
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Figure 3. Salinomycin induces ER stress in human lung cancer cells. (A) A549, Calu-1 and H157 cells were treated with the given concentrations of
salinomycin for 24 h. Levels of protein expression were analyzed by western blot using antibodies against ERN1, p-EIF2A, ATF4, DDIT3, MAP1LC3B and
ACTB. (B) A549 and Calu-1 cells were treated with salinomycin (2.5 μM) for the indicated period of time. Levels of protein expression were analyzed by
western blot using antibodies against ERN1, p-EIF2A, ATF4, DDIT3, MAP1LC3B and ACTB. (C) XBP1 cDNA was amplified by PCR followed by incubation
with PstI. The products were separated by electrophoresis on a 2% agarose gel and visualized by ethidium bromide staining. Treatment of cells with
1 μM thapsigargin for 24 h was used as a positive control.

control-knockdown cells. The identical results were obtained
when using two different siRNAs against DDIT3 (Fig. 4A).
Then, we silenced ATF4 expression with ATF4 siRNAs (#1
and #2) and evaluated the levels of DDIT3 and MAP1LC3B-II
expression. After incubation with salinomycin (2.5 μM) for
12 h, the levels of DDIT3 and MAP1LC3B-II also dramatically
decreased in ATF4-knockdown cells compared with controlknockdown cells (Fig. 4B). In addition, we pretreated Calu-1 and
A549 cells with ER stress antagonist 4-phenylbutyrate (4-PBA)
(1 mM) for 30 min followed by incubation with salinomycin
(2.5 μM) for another 12 h and then measured the expressions of
ATF4, DDIT3 and MAP1LC3B-II. This revealed that coincubation with salinomycin and 4-PBA decreased the expressions of
ATF4, DDIT3 and MAP1LC3B-II (Fig. 4C). Thus, salinomycin
induced autophagy via the ATF4-DDIT3 signaling axis. Taken
together, these data demonstrated that salinomycin induces autophagy through activation of ER stress in human NSCLC cells.
Salinomycin induces autophagy via ATF4-DDIT3-TRIB3AKT1-MTOR axis. MTOR acts as a central regulator in
autophagy induction, and AKT1 modulates the activation of
MTOR.26,27 Thus, we investigated whether salinomycin-induced
autophagy occurred via MTOR inhibition. We detected the levels
of phospho-AKT1 (p-AKT1), phospho-RPS6KB1 (p-RPS6KB1)
and phospho-EIF4EBP1 (p-EIF4EBP1) the latter two being
MTORC1 substrates, in three human NSCLC cell lines A549,
Calu-1 and H157. We treated all three cell lines with salinomycin

www.landesbioscience.com

at the indicated concentrations for 24 h, and then measured the
expressions of p-AKT1, p-RPS6KB1 and p-EIF4EBP1 by western
blot analysis. We found that the levels of p-AKT1, p-RPS6KB1
and p-EIF4EBP1 proteins decreased in a dose-dependent manner after salinomycin treatment (Fig. 5A), suggesting that autophagy is induced by salinomycin via AKT1-MTOR inhibition in
human NSCLC cells.
Since DDIT3 may inhibit AKT1 activation by upregulation
of TRIB3 expression,28,29 we treated A549, Calu-1 and H157
cells with salinomycin at the indicated concentrations for 24 h or
treated A549 and Calu-1 cell with salinomycin (2.5 μM) at the
indicated times, then measured the expression of TRIB3. The
upregulation of the TRIB3 occurred in both dose-dependent and
time-dependent manners, which happened after the expression of
DDIT3 and ATF4 (Fig. 5B and C). To investigate whether the
upregulation of TRIB3 is induced via the ATF4-DDIT3 pathway, we silenced DDIT3 with siRNAs and measured the TRIB3
level after treatment with salinomycin (2.5 μM) for 12 h by
western blot. The results demonstrated that the level of TRIB3
significantly decreased after salinomycin exposure in DDIT3knockdown cells compared with control-knockdown cells
(Fig. 5D).
AKT1 is a positive regulator of the MTOR pathway.30
Therefore, we investigated whether AKT1-MTORC1 inhibition by salinomycin occurred through upregulation of TRIB3.
We transfected Calu-1 cells with TRIB3 siRNAs to knock
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Figure 4. Salinomycin induces autophagy via ER stress-evoked ATF4-DDIT3
upregulation. (A) Calu-1 cells were
transfected with control siRNA or DDIT3
siRNAs (#1 and #2) for 48 h and then
treated with salinomycin (2.5 μM) for
12 h. Levels of protein expression were
analyzed by western blot using antibodies against DDIT3, MAP1LC3B and
ACTB. (B) Calu-1 cells were transfected
with control siRNA or ATF4 siRNAs (#1
and #2) for 48 h and then treated with
salinomycin (2.5 μM) for 12 h. Levels of
protein expression were analyzed by
western blot using antibodies against
ATF4, DDIT3, MAP1LC3B and ACTB. (C)
A549 and Calu-1 cells were pretreated
with 4-PBA (1 mM) for 30 min and then
cotreated with salinomycin (2.5 μM) for
another 12 h. Levels of protein expression were analyzed by western blot
using antibodies against ATF4, DDIT3,
MAP1LC3B and ACTB.

down TRIB3 expression, and then we assessed the expression levels of TRIB3, p-AKT1, p-RPS6KB1, p-EIF4EBP1 and
MAP1LC3B-II after 12 h treatment with 2.5 μM salinomycin. In TRIB3-knockdown cells, the expression of p-AKT1,
p-RPS6KB1, and p-EIF4EBP1 recovered after salinomycin
treatment. We observed similar results with two different siRNAs against TRIB3 (Fig. 5E). We also transfected Calu-1 cells
with ATF4 siRNAs to knock down ATF4 expression and then
assessed the levels of DDIT3, TRIB3, p-AKT1, p-RPS6KB1,
p-EIF4EBP1 and MAP1LC3B-II after treatment with 2.5 μM
salinomycin for 12 h. Consistent with our previous results,
ATF4 knockdown reduced the levels of TRIB3, DDIT3 and
MAP1LC3B-II. However, the levels of p-AKT1, p-RPS6KB1,
p-EIF4EBP1 were partially recovered in ATF4-knockdown cells
compared with control-knockdown cells following salinomycin treatment. We discovered similar results with two different
siRNAs against ATF4 (Fig. 5F), indicating the ATF4-DDIT3TRIB3-AKT1-MTOR axis played a critical role in salinomycininduced autophagy in lung cancer cells.
Autophagy plays a protective role in salinomycin-treated
NSCLC cells. Since autophagy has dual roles in cell survival
and cell death,31,32 we next investigated the role of autophagy
in salinomycin-induced cell death in human NSCLC cells. To
determine whether salinomycin-induced autophagy promotes or
attenuates apoptosis in lung cancer cells, we transfected A549
cells with ATG5 or ATG7 siRNAs to block the expression of
ATG5 and ATG7. We then measured the cleavage of CASP3
and PARP1 after treatment with 5 μM salinomycin for 48 h.
There was a pronounced increase in the cleavage of CASP3
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and PARP1 in ATG5- or ATG7-depleted cells after treatment
with salinomycin, compared with control cells (Fig. 6A). We
also used ATG5 siRNA (#1) and ATG7 siRNA (#1) to knock
down the expressions of ATG5 and ATG7 in A549, Calu-1 and
H157 cells and then treated the cells with salinomycin (5 μM)
for 72 h and measured DNA fragmentation. After treatment
with salinomycin, the amount of DNA fragmentation increased
in ATG5- or ATG7-knockdown cells compared with that in
the control cells (Fig. 6B). Moreover, salinomycin treatment
induced 31.1% apoptosis in ATG5-knockdown cells and 39.5%
apoptosis in ATG7-knockdown cells, whereas it caused only
23.6% apoptosis in control-knockdown cells when evaluated
by ANXA5-PE/7-AAD staining and flow cytometry analysis
(Fig. 6C). Next, we examined the effects of combination treatment
with autophagy inhibitors and salinomycin on cellular apoptosis
in A549 cells. The combination of chloroquine and salinomycin
synergized when compared with each single agent in inducing
apoptosis. For example, chloroquine (3 μM) and salinomycin
(5 μM) alone induced 4.1% and 31.3% of cells undergoing apoptosis, respectively, whereas their combination induced 42% of
cells dying of apoptosis (Fig. 6D). Because salinomycin induces
autophagy via an ER stress-related ATF4-DDIT3 axis, we also
detected cell apoptosis in ATF4-knockdown cells treated with
salinomycin. We knocked down ATF4 expression by siRNA
and then measured the cleavage of CASP3 and PARP1 after
treatment with 5 μM salinomycin in A549, Calu-1 and H157
cells for 48 h. The cleavage of CASP3 and PARP1 in ATF4
depleted cells were augmented after treatment with salinomycin compared with the control cells (Fig. S1A). Furthermore,
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Figure 5. Salinomycin induces autophagy via the ATF4-DDIT3-TRIB3-AKT1-MTOR axis. (A) A549, Calu-1 and H157 cells were treated with the indicated
concentration of salinomycin for 24 h. Levels of protein expression of p-AKT1, p-RPS6KB1, p-EIF4EBP1 and ACTB were measured by western blot
analysis. (B) A549, Calu-1 and H157 cells were incubated with the given concentration of salinomycin for 24 h. Level of protein expression of TRIB3
was measured by western blot analysis. (C) A549 and Calu-1 cells were treated with salinomycin (2.5 μM) for the indicated period of time. Levels of
protein expression were analyzed by western blot using antibodies against ATF4, DDIT3, TRIB3 and ACTB. (D) Calu-1 cells were transfected with control
siRNA or DDIT3 siRNAs (#1 and #2) for 48 h and then treated with salinomycin (2.5 μM) for 12 h. Levels of protein expression were analyzed by western
blot using antibodies against DDIT3, TRIB3 and ACTB. (E) Calu-1 cells were transfected with control siRNA or TRIB3 siRNAs (#1 and #2) for 48 h and
then treated with salinomycin (2.5 μM) for 12 h. Levels of protein expression were measured by western blot analysis using antibodies against TRIB3,
p-AKT1, AKT1, p-RPS6KB1, RPS6KB1, p-EIF4EBP1, MAP1LC3B and ACTB. (F) Calu-1 cells were transfected with control siRNA or ATF4 siRNAs (#1 and #2)
for 48 h and then treated with salinomycin (2.5 μM) for 12 h. Levels of protein expression were measured by western blot analysis using antibodies
against ATF4, DDIT3, TRIB3, MAP1LC3B, p-AKT1, p-RPS6KB1, p-EIF4EBP1 and ACTB.

salinomycin treatment induced 29.17%, 29.6% and 40.68%
in all three ATF4-knockdown cells compared with 18.22%,
20.24% and 25.6% in all three control cells, respectively
(Fig. S1B). Collectively, these data confirmed that autophagy
contributes to protecting cells from salinomycin-induced apoptosis in human NSCLC cells.
Salinomycin increases sensitivity to apoptosis in human
NSCLC cells in which CDH1 expression is inhibited. Previous
studies have shown that reduction of CDH1 level can induce the
epithelial-mesenchymal transition (EMT) and lead to enrichment
of cancer stem cells.5,33,34 In addition, salinomycin can kill cancer stem cells. Therefore, we hypothesized that salinomycin might
induce less autophagy in which CDH1 expression was inhibited
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and confer sensitivity to cell death. Accordingly, we infected A549
cells with the shCDH1 lentivirus to inhibit CDH1 expression. Cells
infected with shCtrl lentivirus served as control. We treated cells
with salinomycin at the indicated concentrations for 48 h and then
assessed the expressions of MAP1LC3B and the apoptotic proteins
CASP8, CASP3 and PARP1. The results showed that salinomycin
increased the cleaved CASP8, CASP3 and PARP1, but decreased
the MAP1LC3B-II level in A549/shCDH1 cells compared with
A549/shCtrl cells (Fig. 7A). In a similar manner, salinomycin
treatment increased the amount of DNA fragments (Fig. 7B) and
induced 30.5% A549/shCDH1 cells compared with 19.5% A549/
shCtrl cells to undergo apoptosis when measured using ANXA5PE/7-AAD staining and flow cytometry analysis (Fig. 7C).
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Figure 6. Autophagy plays a protective role in salinomycin-treated human NSCLC cells. (A) A549 cells were transfected with control siRNA, ATG5 siRNAs
(#1 and #2) or ATG7 siRNAs (#1 and #2) for 48 h and then treated with salinomycin (5 μM) for another 48 h. Levels of protein expression were measured
by western blot analysis using antibodies against ATG5, ATG7, CASP3, PARP1 and ACTB. (B) A549 cells were transfected with control siRNA, ATG5 siRNA
(#1) or ATG7 siRNA (#1) for 48 h. After treatment with salinomycin (5 μM) for 72 h, cells were measured for DNA fragmentation by ELISA assay. (C) A549
cells were transfected with control siRNA, ATG5 siRNA (#1) or ATG7 siRNA (#1) for 48 h. After treatment with salinomycin (5 μM) for 72 h, cells were stained
with ANXA5-PE/7-AAD and detected by flow cytometry analysis. (D) A549 cells were pretreated with CQ (3 μM) for 1 h, then cotreated with salinomycin
(5 μM) for 72 h and were stained with ANXA5-PE/7-AAD and detected by flow cytometry analysis. Columns: mean of triplicate treatments; bars: ± SD.
The statistical differences between the two treatments were analyzed by two-sided unpaired Student’s t-tests (*p < 0.05; **p < 0.01; *** p < 0.001).

To monitor the changes of EGFP-MAP1LC3B puncta, we
constructed A549/shCDH1 and A549/shCtrl cell lines stably
expressing the EGFP-MAP1LC3B fusion gene and designated
A549/shCDH1-EGFP-MAP1LC3B and A549/shCtrl-EGFPMAP1LC3B, respectively. We treated A549/shCDH1-EGFPMAP1LC3B and A549/shCtrl-EGFP-MAP1LC3B cells with
2.5 μM salinomycin for the indicated times and quantified the
EGFP-MAP1LC3B-positive dots. The results showed that the
average number of puncta per cell was reduced in the A549/
shCDH1-EGFP-MAP1LC3B cell line compared with the A549/
shCtrl-EGFP-MAP1LC3B cell line (Fig. 7D).
Moreover, the levels of ATF4 and DDIT3 were lower in A549/
shCDH1 cells than those in A549/shCtrl cells after salinomycin
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treatment. Accordingly, phosphorylation levels of RPS6KB1 and
EIF4EBP1, which are essential substrates of MTOR, were partially recovered in A549/shCDH1 cells after salinomcyin treatment (Fig. 7A). Together, our data suggest that salinomycin
induces more apoptosis and less autophagy in A549/shCDH1
cells compared with A549/shCtrl cells because MTOR inhibition is alleviated in CDH1-knockdown cells.
To determine whether CDH1 expression influences the sensitivity of cells to salinomycin, we examined the levels of CDH1
in six cell lines by western blot (Fig. S2A) and noted that three
cell lines A549, TE3 and PANC-1 are CDH1 positive and exert
more resistance when treated with 2.5 μM and 5 μM salinomycin
than the other three, Calu-1, H157 and H460, in which CDH1 are
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Figure 7. Salinomycin increases sensitivity to apoptosis in human NSCLC cells in which CDH1 expression is inhibited. (A) A549/shCtrl cells and A549/
shCDH1 cells were treated with salinomycin (5 μM) for 48 h. Levels of protein expression were measured by western blot analysis using antibodies
against CDH1, MAP1LC3B, ATF4, DDIT3, p-RPS6KB1, p-EIF4EBP1, CASP8, CASP3, PARP1 and ACTB. (B) A549/shCtrl cells and A549/shCDH1 cells were
treated with salinomycin (5 μM) for 72 h, then cells were measured for DNA fragmentation by the ELISA assay. (C) A549/shCtrl cells and A549/shCDH1
cells were treated with salinomycin (5 μM) for 72 h, then cells were stained with ANXA5-PE/7-AAD and detected by flow cytometry analysis. (D) A549/
shCtrl-EGFP-MAP1LC3B and A549/shCDH1-EGFP-MAP1LC3B cell lines were treated with salinomycin (2.5 μM) for 12 h. The average number of punctate
structures per cell was quantified by confocal microscopy. Columns: mean of triplicate treatments; bars: ± SD. The statistical differences between the
two treatments were analyzed by two-sided unpaired Student’s t-tests (*p < 0.05; **p < 0.01; *** p < 0.001; ns: no significant difference).

negative (Fig. 1A). In addition, we transfected TE3 and PANC-1
cells with CDH1 siRNA to inhibit CDH1 expression and then
measured CDH1, CASP3, PARP1 and MAP1LC3B-II levels after
salinomycin (5 μM) for 48 h by western blot. The results demonstrated that the levels of cleaved CASP3 and PARP1 significantly increased after salinomycin exposure in CDH1-knockdown
cells compared with control cells and the level of MAP1LC3B-II
decreased inversely (Fig. S2B). In a similar manner, salinomycin
treatment induced 28.9% TE3/siEcad cells or 35.3% PANC-1/
siEcad cells compared with 16.3% TE3/siCtrl cells or 19.8%
PANC-1/siCtrl cells to undergo apoptosis respectively (Fig. S2C).
The results indicated that salinomycin increased sensitivity to
apoptosis in human cancer cells in which CDH1 expression was
inhibited.
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Discussion
Salinomycin, a potassium ionophore, is the first drug reported to
selectively eliminate breast cancer stem cells in vitro and inhibit
breast tumor seeding, growth and metastasis in vivo effectively,5
though the molecular mechanism remains unclear. Many efforts
have been made to decipher the molecular mechanism by which
salinomycin induces cell death in cancer stem cells as well as cancer cells. We, for the first time, demonstrated that salinomycin
induces autophagy in human lung cancer cells.
Autophagy is one of the key mechanisms to degrade and recycle
damaged and harmful cellular components to mediate metabolic
adaptation and maintain energy homeostasis under the integrated
stress response.20 Our data demonstrated that salinomycin is able
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to stimulate the conversion of MAP1LC3B-I to MAP1LC3B-II
and increase the number of EGFP-MAP1LC3B puncta in lung
cancer cells. In addition, we examined whether salinomycin
could induce the autophagic flux in cancer cells. Cotreatment
with salinomycin and autophagy inhibitors, such as 3-MA and
LY294002, or genetic inhibition of autophagy by knocking
down either the ATG5 or ATG7 gene decreased MAP1LC3B-II
formation and reduced EGFP-MAP1LC3B puncta. In contrast,
coincubation with salinomycin and autophagy inhibitors, such
as bafilomycin A1 or chloroquine, increased MAP1LC3B-II formation and EGFP-MAP1LC3B puncta, indicating salinomycin
induces autophagy in human lung cancer cells.
The endoplasmic reticulum is an organelle in which synthesis, folding and maturation of proteins occur. Growing evidence
indicates that the ER may act as a source of the membrane of
autophagosomes.35,36 ER stress activates the unfolded protein
response (UPR), which initiates the inhibition of protein translation through phosphorylation of EIF2A.37 The phosphorylation
of EIF2A stimulates the selective translation of transcription
factors NUPR1, ATF4, and DDIT3 as well as the pseudokinase TRIB3.38,39 The pseudokinase TRIB3 inhibits the AKT1MTORC1 axis to stimulate autophagy. Actually, many anticancer
compounds (e.g., some derivatives of indole-3-carbinol) have
been reported to act primarily via ER stress induction.40-42 In
our study, we demonstrated that salinomycin could upregulate ER stress-related proteins such as phospho-EIF2A, ATF4,
DDIT3 in both a time-dependent and dose-dependent manner
in human NSCLC cells. Furthermore, using RNA interference
against ATF4 or DDIT3 and inhibitors of ER stress in combination with salinomycin, we confirmed that the EIF2A-ATF4DDIT3 axis was the crucial mediator of salinomycin-induced
autophagy. Moreover, our data demonstrated that salinomycin
reduces activation of AKT1 as well as its downstream substrate
MTOR. Taken together, we speculate that salinomycin upregulates DDIT3 due to an ER stress response and, in turn, induces
TRIB3 expression, which consequently inhibits AKT1 activation
and MTORC1, leading to autophagy.
The role of autophagy in cancer cells highly depends on cell
types and inducers.24,39 In our study, we investigated the relationship between autophagy and apoptosis in salinomycin-treated
NSCLC cells and we found that when combined with salinomycin, apoptosis was enhanced upon ATG5 and ATG7 depletion or in autophagy inhibitor-treated cells, which suggests that
autophagy contributes to promoting cell survival in salinomycintreated human NSCLC cells.
Emerging evidence has shown that the induction of the EMT
can lead to acquisition of cancer stem cells, and CDH1 inhibition
by shCDH1 vector induced the EMT and resulted in enrichment
of cells with stem cell-like traits.5 Interestingly, we confirmed
here that salinomycin increased apoptosis but reduced autophagy
in A549 cells in which CDH1 expression was silenced. These
data may provide an explanation why salinomycin is able to kill
migratory cancer stem cells.
In summary, in the present study, we demonstrated that
salinomycin induces autophagy via ER stress response, which
plays a protective role for cell survival in human NSCLC cells.
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Prior studies have indicated that autophagy suppression may be
a therapeutic strategy for cancer treatment.24,43 We predict that
combination treatment with salinomycin and pharmacological
autophagy inhibitors will be an effective therapeutic strategy
since it can induce cell death not only in migratory cancer stem
cells but also in cancer bulk cells.
Materials and Methods
Cell lines and cell culture. All cell lines used in this study
were obtained from the American Type Culture Collection.
A549 cell line was recently authenticated in Microread Gene
Technology by STR analysis. The cells were maintained in
RPMI 1640 medium (Sigma-Aldrich, R6504) supplemented
with 5% (v/v) fetal bovine serum (FBS) (SAFC® Global,
12003C) at 37°C in a humidified atmosphere of 5% CO2 and
95% air. Cells were treated with salinomycin (Sigma-Aldrich,
S4526), 3-methyladenine (3-MA) (Sigma-Aldrich, M9281),
LY294002 (Sigma-Aldrich, L9908), bafilomycin A1 (SigmaAldrich, B1793), chloroquine (CQ) (Sigma-Aldrich, C6628)
and 4-phenylbutyrate (4-PBA) (Sigma-Aldrich, SML0309),
among which 3-MA was dissolved in water; salinomycin,
LY294002, bafilomycin A1, CQ and 4-PBA were dissolved in
DMSO. The control cells were treated with DMSO only. The
incubation times and concentrations of agents are stated in the
figure legends.
Establishment of stable cell lines overexpressing EGFPMAP1LC3B. The coding region of the EGFP-MAP1LC3B fusion
gene was amplified by PCR using EGFP-MAP1LC3B plasmid as
the template, which was obtained from Addgene. Lentivirus production in 293FT cells was performed as previously described.44
Calu-1 cells were infected with EGFP-MAP1LC3B lentivirus
and the stable transfectant Calu-1-EGFP-MAP1LC3B was established as previously described.44
Establishment of stable cell lines knocking down CDH1.
A549 cells expressing either control shRNA (shCtrl) or CDH1
shRNA (shCDH1) were generated by infection with lentivirus
encoding the pLKO.1-shCtrl and pLKO.1-shCDH1 plasmid,
respectively. Lentivirus production in 293FT cells and the stable
transfectants A549/shCtrl and A549/shCDH1 were established
as previously described.44
Western blot analysis. Preparation of whole-cell protein
lysates and the procedures for the western blot were previously
described.45 Primary antibodies against MAP1LC3B (2775),
ATG5 (2630), ATG7 (2631), CASP8 (9746), PARP1 (9542),
ERN1 (3294), phospho-EIF2A (3398), phospho-RPS6KB1
(9205), phospho-EIF4EBP1 (9451, Cell Signaling Technology),
ATF4 (Santa Cruz, sc-200), phospho-AKT1 (Abcam, ab66138)
were used in our study.
RNA preparation and XBP1 splicing assay. Total RNAs from
cultured cells were prepared with TRIzol Reagent (Invitrogen,
15596-018). The cDNA was reverse transcribed from 2 μg of
total RNA with oligo (dT) using a Transcriptor First Strand
cDNA Synthesis Kit (Roche Applied Science, 04896866001).
XBP1 cDNA was amplified by PCR with PrimeSTAR Max
DNA Polymerase (Takara, DR045S). PCR was then performed
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using the sense primer 5'-AAA CAG AGT AGC AGC TCA
GAC TGC-3' and antisense primer 5'-TCC TTC TGG GTA
GAC CTC TGG GAG-3' encompassing the spliced sequences
of human XBP1. The fragments were further digested by PstI
(Takara, D1073A) at 37°C for 1 h, then were separated by electrophoresis on a 2% agarose gel (Lonza, 50002) and visualized by
ethidium bromide staining.
siRNA transfections. siRNAs were synthesized by
GenePharma (Shanghai, China). The transfection of siRNA was
conducted as previously described.45 ATF4 #1 and ATF4 #2 siRNAs target the sequences 5'-TCC CTC AGT GCA TAA AGG
A-3' and 5'-GCC TAG GTC TCT TAG ATG A-3',46 respectively.
DDIT3 #1 and DDIT3 #2 siRNAs target the sequences 5'-GCC
TGG TAT GAG GAC CTG C-3' and 5'-AAG AAC CAG CAG
AGG UCA CAA-3',46 respectively. ATG5 #1 and ATG5 #2 siRNAs target the sequences 5'-CCT TTG GCC TAA GAA GAA
A-3' and 5'-CAT CTG AGC TAC CCG GAT A-3'. ATG7 #1
and ATG7 #2 siRNAs target the sequences 5'-GGA GTC ACA
GCT CTT CCT T-3' and 5'-CAG CTA TTG GAA CAC TGT
A-3', respectively.
Cell survival assay. Cells were seeded in 96-well cell culture
plates and treated with salinomycin at the indicated concentrations on the second day. After treatment for another 48 h, the
cells were fixed and subjected to estimating the cell number using
the sulforhodamine B assay as previously described.47
Apoptosis assays. Apoptosis was evaluated by the ANXA5PE/7-AAD apoptosis detection kit purchased from BD
Biosciences (11774425001) following the manufacturer’s
instructions. Caspase activation was detected by western blot.
Cytoplasmic histone-associated DNA fragments of apoptotic cells were measured by enzyme-linked immunosorbent
assay (Cell Death Detection ELISA Plus kit; Roche Molecular
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