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Suppression of basal autophagy reduces
lung cancer cell proliferation and enhances
caspase-dependent and -independent apoptosis
by stimulating ROS formation
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Autophagy is a catabolic process involved in the turnover of organelles and macromolecules which, depending on
conditions, may lead to cell death or preserve cell survival. We found that some lung cancer cell lines and tumor samples
are characterized by increased levels of lipidated LC3. Inhibition of autophagy sensitized non-small cell lung carcinoma
(NSCLC) cells to cisplatin-induced apoptosis; however, such response was attenuated in cells treated with etoposide.
Inhibition of autophagy stimulated ROS formation and treatment with cisplatin had a synergistic effect on ROS
accumulation. Using genetically encoded hydrogen peroxide probes directed to intracellular compartments we found
that autophagy inhibition facilitated formation of hydrogen peroxide in the cytosol and mitochondria of cisplatin-treated
cells. The enhancement of cell death under conditions of inhibited autophagy was partially dependent on caspases,
however, antioxidant NAC or hydroxyl radical scavengers, but not the scavengers of superoxide or a MnSOD mimetic,
reduced the release of cytochrome ¢ and abolished the sensitization of the cells to cisplatin-induced apoptosis. Such
inhibition of ROS prevented the processing and release of AIF (apoptosis-inducing factor) and HTRA2 from mitochondria.
Furthermore, suppression of autophagy in NSCLC cells with active basal autophagy reduced their proliferation without
significant effect on the cell-cycle distribution. Inhibition of cell proliferation delayed accumulation of cells in the S phase
upon treatment with etoposide that could attenuate the execution stage of etoposide-induced apoptosis. These findings
suggest that autophagy suppression leads to inhibition of NSCLC cell proliferation and sensitizes them to cisplatin-

induced caspase-dependent and -independent apoptosis by stimulation of ROS formation.

Introduction

Autophagy is a catabolic process that regulates the degradation of
intracellular components in lysosomes. Although autophagy
maintains cell survival under different stress conditions, it has
also been described as a form of non-apoptotic (type II)
programmed cell death. Thus, whether autophagy preserves cell
survival or drives cells to death is not fully understood. Activation
of autophagy has been suggested to promote cell survival by
ensuring metabolic supply or by removing protein aggregates and
abnormal organelles. For instance, the turnover of mitochondria is
thought to be important for the protection of cells from oxidative
stress. Several molecular links between autophagy and apoptosis
have been described. For instance, ATG5, an important
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autophagy-related protein, was shown to be cleaved by calpain,
and the cleavable N-terminal product was able to switch the
autophagic function of ATG5 to proapoptotic by triggering
the release of cytochrome ¢ from mitochondria.” Similarly, the
caspase-mediated cleaved form of the autophagy-related protein
BECN1 can amplify the apoptotic signal by facilitating the
permeabilization of mitochondria.> Furthermore, proteins such as
TP53, the BCL2 family proteins, and DAPk are involved in both
apoptosis and autophagy.*

Various cytotoxic drugs induce autophagy. However, the
inhibition of autophagy may differently regulate the sensitivity
of cells to treatment. Depending on the nature of the inducing
agent or the cell content, autophagy has been shown to promote
survival or to sensitize cells to the death stimulus. For example,
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ATG5-deficient mouse embryonic fibroblasts (MEFs) were more
resistant to cell death induced by H,O, than wild-type fibroblasts.
Nevertheless, the same autophagy-deficient MEFs were more
sensitive to cell death triggered by TNFo.’ Interestingly,
inhibiting autophagy was found to prevent apoptosis in sarcoma
cells following TNFo treatment in combination with NFxB
suppression,® or apoptosis in nontransformed fibroblasts followed
by ER stress.”

Reactive oxygen species (ROS) play an important role in
different types of cell death. Several studies demonstrate the
involvement of autophagy in the degradation and formation of
ROS. For instance, autophagy activation leads to selective
autophagic degradation of catalase, the enzyme involved in
decomposition of hydrogen peroxide.® Suppression of autophagy
by silencing ATG7 and ATGS also blocks ROS accumulation
and inhibits caspase-independent cell death in macrophages.” In
contrast to these studies, it was suggested that loss of autophagy
leads to an accumulation of SQSTMI, ER chaperones and
damaged mitochondria that might be potential substrates of
ROS, and suppresses tumorigenesis.'” Thus, autophagy either
induces ROS formation or is involved in decomposition of
ROS, suggesting that ROS might link autophagy with other
cell death modalities.

Here, we addressed the question of how inhibition of
autophagy affects cell death induced by the therapeutic drugs
etoposide and cisplatin, used as the first line of treatment for
NSCLC. Our results suggest that inhibition of autophagy
facilitates stimulation of ROS formation, leading to sensitization
of cells to cisplatin-mediated apoptosis. Although scavenging of
superoxide did not affect the sensitivity of cells with inhibited
autophagy to cisplatin treatment, apoptosis was completely
blocked when scavengers of hydroxyl radicals or antioxidant
N-acetyl cysteine (NAC) were used. This increase in ROS
facilitated the permeabilization of the mitochondrial outer mem-
brane, followed by the release of cytochrome ¢ and HTRA2,
which subsequently enhanced caspase-dependent apoptosis. The
suppression of autophagy also accelerates the processing and
release of apoptosis-inducing factor (AIF) from mitochondria,
which contributes to caspase-independent cell death. Further-
more, inhibiting autophagy delayed proliferation of NSCLC cells
and progression of cells through the cell cycle. Thus, inhibition of
autophagy must be considered as a new therapeutic approach to
reduce lung cancer proliferation and as a promising strategy for
the sensitization of cells to drug treatment through facilitating
formation of ROS.

Results

Autophagy in lung cancer cells and its activity upon treatment
with cisplatin and etoposide. Our previous data, and the results
presented in Figure 1A, have shown that lung cancer cell lines and
human lung adenocarcinomas are characterized by different levels
of basal autophagy activity."' To explore the role of autophagy in
the sensitivity of lung cancer cells to treatment, the present study
was performed using two NSCLC cell lines, U1810 and A549,
which respond differently to conventional therapeutic drugs. The
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basal level of autophagy in these cells was examined by confocal
microscopy using immunostaining of autophagosomes with an
LC3 antibody and lysosomes with Lysotracker Red. U1810 cells
contain a significant number of autophagosomes; however,
autophagosomes were not detected in A549 cells (Fig. 1B). The
higher basal autophagy in U1810 cells was also confirmed
biochemically by measuring the lipidation of autophagy-related
LC3 protein and the expression of SQSTMI protein in these cell
lines (Fig. 1C). Two drugs, cisplatin and etoposide, which are
used as the first line of therapy for lung cancer, were selected in
order to understand the role of autophagy in the sensitivity of
NSCLC cells to treatment. To determine the effect of cisplatin
and etoposide on the activation of autophagy, cells were treated
with different concentrations of these drugs. Twenty-four hours of
treatment had a negligible effect on macroautophagy in both
U1810 and A549 cells (Fig. 1D). Formation of autophagosomes
in A549 cells was also not detectable by immunocytochemistry
(Fig. 1E). However, inhibition of lysosomal degradation with
chloroquine (50 uM, 3 h) in cells treated with cisplatin (7.5 pM)
or etoposide (2.5 pM) for 36h showed accumulation of lipidated
form of LC3, indicating that autophagic flux in A549 cells was
active and comparable to basal level of autophagy in these cells
(Fig. 1F) Thus, the level of basal autophagy was present and
maintained active in cells upon treatment with etoposide or
cisplatin. Therefore, we decided to investigate whether the
inhibition of autophagy affects the sensitivity of NSCLC to
treatment with these drugs.

Inhibition of autophagy sensitizes NSCLC to cisplatin-
mediated cell death. First, to examine whether the inhibition of
autophagy sensitizes NSCLC cells to either etoposide or cisplatin,
cells were treated with these compounds in combination with an
inhibitor of autophagy: either 3-methyladenine or chloroquine
(Fig. 2A). Treatments with these drugs, either alone or in
combination, did not significantly affect the expression of the
autophagy-related proteins ATG5-12, ATG7, BECN1 and LC3.
An accumulation of LC3-II was observed upon treatment with
chloroquine, indicating that autophagic flux was efficiently
blocked. Interestingly, combining the treatment of U1810 cells
with an autophagy inhibitor and cisplatin had a synergistic effect
on activation of CASP3 and PARP1 cleavage, however, the
inhibition of autophagy in the cells treated with etoposide did not
result in marked changes in the level of active caspase-3 or cleaved
PARP1. Importantly, the suppression of autophagy weakened the
execution stages of apoptosis in another NSCLC cell line (A549),
also treated with etoposide (Fig. S1A). To validate the observa-
tions that inhibition of autophagy differentially affects cell
sensitivity to the studied drugs, we assessed the outcome of
etoposide and cisplatin on U1810 cells, with basal or suppressed
autophagy, using Annexin V-FITC and PI staining. The number
of AV- and AV/Pl-positive cells significantly increased in
cisplatin-treated samples in which autophagy was suppressed.
However, apoptotic cell death was attenuated when etoposide was
used in combination with the inhibitor of autophagy (Fig.2B;
Fig. S1B and C). To examine the kinetics of the sensitization of
cells to cisplatin-induced apoptosis, the cells were treated for
different periods of time with the drugs in combination with the
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Figure 1. Autophagy in lung cancer cell lines and its activity upon treatment with cisplatin and etoposide. (A) Different level of LC3 lipidation

in lung carcinoma cell lines and human lung adenocarcinomas. (B) Co-staining with LC3 antibody and Lysotracker Red shows significant numbers

of autophagosomes in U1810 cells fused with lysosomes. (C) Expression of SQSTM1 protein and lipidation of LC3 in A549 and U1810 cells detected
by immunoblotting. (D) Expression of LC3 in U1810 and A549 cells treated (24 h) with cisplatin (7.5 or 60 uM) or etoposide (2.5 and 20 puM).

(E) Immunocytochemical detection of autophagosome formation in A549 cells treated (24 h) with cisplatin (7.5 uM) or etoposide (2.5 pM). (F) Autophagic
flux in A549 cells treated (36 h) with etoposide (2.5 M) or cisplatin (7.5 uM). Cells were treated with chloroquine (CQ, 50 uM) 3 h before collecting

the samples and accumulation of LC3-Il was measured by immunoblotting.

inhibitor of autophagy. The level of autophagy was analyzed
by immunoblotting using antibodies to LC3 protein, and
caspase-dependent apoptosis was evaluated by PARP1 cleavage
(Fig. 2C). U1810 cells with high basal level of lipidated LC3

responded well to the combined treatment even at 12 h; however,
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inhibition of autophagy in A549 cells sensitized them to cisplatin
after a longer time period. A significant effect due to autophagy
inhibition on cisplatin-mediated apoptosis in A549 cells was
observed even using a relatively low dose of the drug (7.5 pM)
(Fig. S1D). Thus, inhibitors of autophagy sensitize NSCLC cells
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Figure 2. The inhibitors of autophagy sensitize NSCLC cells to cisplatin-induced apoptosis and attenuate the cell death induced by etoposide.

(A) Activation of CASP3, cleavage of PARP1 and expression of BECN1, ATG7, ATG5-12 and LC3 in U1810 cells treated (24 h) with cisplatin (Cpl, 15 uM)
or etoposide (Et, 2.5 pM) alone or in combination with either inhibitors of autophagy 3-methyladenine (3MA, 5 mM) or chloroquine (CQ, 50 uM).

(B) Annexin V/ PI staining of U1810 cells treated (24 h) with cisplatin (15 M) or etoposide (2.5 M) alone, or in combination with 3-methyladenine.
(C) Time-course analysis of PARP1 cleavage, expression of LC3 in A549 and U1810 cells treated with cisplatin (15 pM), 3-methyladenine (5 mM),

to cisplatin and to some extend attenuate the cell death induced
by etoposide.

Autophagy inhibition delays cell proliferation and the cell
cycle progression. To explore the mechanism underlying the
influence of autophagy inhibition on the cell death induced by
etoposide and cisplatin, autophagy was suppressed via silencing of
the autophagy-related gene A7G7, which is important for LC3
and ATG5-ATGI12 ubiquitin-like conjugation systems. ATG7
expression was depleted by more than 80% in the siRNA-
transfected cells (Fig. 3A). The efficiency of autophagy inhibition
was confirmed by staining autophagosomes with an LC3 antibody
(Fig. 3B). This inhibition was associated with a decrease in the
level of lipidated LC3 protein and an increase in the expression of
the autophagic substrate SQSTMI1 in the cells with silenced
ATGY7 (Fig.3A). Since the effect of some drugs is cell-cycle
dependent and, considering that autophagy is a catabolic process,
we suggest that inhibition of autophagy might affect cell
proliferation, presumably by supplying nutrients and, therefore,
facilitate the progression of cells through the cell cycle. Indeed,
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our data showed that the inhibition of autophagy affects
proliferation of NSCLC cells (Fig.3C and D). The effect of
autophagy inhibition on cell growth was also confirmed using a
clonogenic assay (Fig. 3E).

To explain the difference in response of NSCLC cells to cisplatin
and etoposide, we considered their targeting effects on cells. Both
of these drugs interact with DNA; however, the precise molecular
mechanism of their action on DNA differs. The cell death induced
by etoposide is dependent on the cell cycle progression, since it
inhibits the activity of topoisomerase II, an enzyme that is
essential for progression through the S phase. Although detailing
the molecular mechanisms concerning how autophagy inhibition
influences cell proliferation requires further investigation, our
results showed that inhibition of autophagy attenuates accumula-
tion of cells in the S phase, leading to a reduction in cell death after
treatment with etoposide (Fig. 3F; Fig. S2A and B). This suggests
that due to delay in the entry of cells into the S phase, the effect of
the S-phase-specific drug etoposide could be attenuated. However,
no significant changes in the cell cycle distribution of U1810
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Figure 3. The inhibition

of autophagy delays the
growth and progression

of cells through the cell cycle.
(A) Inhibition of autophagy
in U1810 cells transfected
with siRNA targeting ATG7.
Autophagy was detected

by measurement of

the expression level of
SQSTM1 and conversion

of LC3-| to LC3-Il proteins,

or (B) using immunostaining
of autophagosomes with LC3
antibody. (C) Autophagy
inhibition delays the growth
of U1810 cells. The cells were
incubated (24 h) with
scrambled or ATG7-targeting
siRNAs. The cells were plated
in 6-well plates and counted
48h after seeding. The bars
represent a fold increase in
the number of seeded cells.
(D) Suppression of autophagy
inhibits cell proliferation.
U1810 cells were plated

in 96-well plates and MTS
assay was performed 96h
after seeding. (E) Suppression
of autophagy inhibits colony
formation in U1810 cells.
Autophagy was suppressed
using siRNA targeting ATG?.
The cells were grown in
6-well plates and five days
after fixed and stained with
crystal violet. (F) The cell cycle
analysis of U1810 cells with
basal or suppressed auto-
phagy was performed after
treatment with cisplatin

(15 uM), or etoposide

(2.5 uM). The filled blue
histogram represents the cells
transfected with scrambled
siRNA and the green histo-
gram corresponds to the cells
with suppressed autophagy.
Statistical significance:

*p < 0.05

cells with basal or suppressed autophagy treated with cisplatin were
found (Fig.3F). Thus, suppression of autophagy reduces cell
proliferation and therefore can be proposed as a new therapeutic
target for the treatment of lung carcinomas.

Inhibition of autophagy sensitizes NSCLC cells to caspase-

dependent and -independent apoptosis. The effect of autophagy

inhibition on sensitization of NSCLC cells to cisplatin-mediated

apoptosis was studied in cells in which autophagy was suppressed
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by silencing ATG7 (Fig.4A). Caspase-3-like activity in the also validated by an increase in the level of cleaved PARPI
cisplatin-treated cells with inhibited autophagy was significandy  (Fig. 4A). To explore whether cell death is dependent on caspases,
higher than in cells treated with cisplatin alone. This activity was  the activity of these enzymes was blocked using the pan-caspase
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Figure 4. For figure legend, see page 1038.
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Figure 4 (See previous page). The inhibition of autophagy sensitizes the cells to caspase-dependent and -independent apoptotic cell death induced
by cisplatin. (A) U1810 cells with basal or siRNA-mediated suppressed autophagy were pretreated (1 h) with DMSO or pan-caspase inhibitor zZVAD-fmk
(10 M) and were then treated with cisplatin (15 uM). The level of autophagy was measured by the detection of expression of SQSTM1 and LC3 proteins
by western blot and the efficiency of effector caspases inhibition was proved by the detection of PARP1 cleavage and (B) a caspase activity assay.

(C) U1810 cells were transfected with scrambled or siRNA-targeting ATG7, and were then pretreated (1 h) with ZVAD-fmk (10 pM) followed by cisplatin
administration (15 uM, 24 h). Cell death was measured by annexin V/Pl-staining. The number of apoptotic/secondary necrotic cells is shown as the sum
of annexin V-positive and annexin V/PI double-positive cells. (D) The effect of autophagy inhibition on the distribution of cytochrome ¢, HTRA2 and AIF

in the cytosolic and membrane fractions of U1810 cells treated with cisplatin. (E) The effect of autophagy inhibition on mitochondrial membrane
potential in U1810 cells treated with cisplatin. The cells were treated (24 h) with cisplatin and MMP was assessed by TMRE staining. (F) Activation

of CASP9 in cells with basal and suppressed autophagy. U1810 cells were treated (24 h) with cisplatin and the active form of CASP9 was detected
by immunoblotting. (G) The effect of autophagy inhibition on cell death induced by different concentrations of cisplatin (7.5-30 pM). U1810 cells were
treated (24 h) with cisplatin and cell death was measured by Annexin V/Pl-staining. Statistical significance: *p < 0.05-untreated or treated cells
transfected with scrambled siRNA in comparison to the untreated control (or same cell treatment) transfected with siRNA targeting ATG7.

inhibitor, zZVAD-fmk (10 pM). At this concentration caspase-3-
like activity and specific cleavage of its substrate PARP1 were
completely blocked (Fig.4A and B). However, apoptotic cell
death measured by Annexin V/PI staining was only partially
inhibited (Fig. 4C). Previous studies from our group showed that
the activation of caspases was not sufficient to trigger apoptotic
cell death in NSCLCs and, instead, suggested the importance of
caspase-independent apoptosis driven by AIF.'> Therefore, the
impact of inhibited autophagy on the cisplatin-mediated release of
AIF was investigated using cell fractionation. The results we
obtained revealed that inhibition of autophagy in cisplatin-treated
cells led to a drastic increase in the accumulation of cytochrome ¢,
HTRA2 and AIF in the cytosol (Fig.4D). Silencing of AIF
reduced the number of Annexin V-positive cells (Fig. S3A),
indicating the contribution of AIF to this type of cell death. The
effect on mitochondria was also confirmed by a drop in mito-
chondrial membrane potential and activation of caspase-9
(Fig. 4E and F). In addition, we found that the effect of auto-
phagy inhibition on apoptotic cell death was more pronounced
when the concentration of cisplatin increased (Fig. 4G).
Inhibition of autophagy stimulates ROS formation, which
facilitates mitochondrial membrane permeabilization and is
required for cisplatin-mediated apoptosis in NSCLC cells.
Eatlier work by our group demonstrated the importance of
ROS in the release of AIF from mitochondria.’® Therefore, we
decided to analyze whether inhibition of autophagy could
stimulate the generation of ROS. Autophagy was suppressed in
cells by siRNAs targeting ATG7 and BECN1 and ROS formation
was measured using dihydroethidine and dihydrorhodaminel23
staining (Fig. 5A; Fig.S3B). We found that inhibitdon of
autophagy stimulated the formation of ROS and treatment of
the cells with cisplatin had a synergistic effect on the generation
of ROS when autophagy was suppressed (Fig. 5B). Since the level
of ROS was elevated in cells with suppressed autophagy, we
further analyzed whether the inhibition of ROS influenced
cisplatin-mediated cell death. For this purpose, ROS formation
was inhibited by N-acetyl cysteine and apoptosis was measured
using the Annexin V-binding assay (Fig.5C). This experiment
showed that sensitization of the cells to cisplatin-induced cell
death was completely blocked by preventing ROS formation.
Finally, we investigated whether the inhibition of ROS affected
caspase activity and influenced the release of AIF. Indeed,
scavenging of ROS in cells with genetically inhibited autophagy

1038 Autophagy

prevented the release of cytochrome ¢, HTRA2 and the processing
and release of AIF from mitochondria, and rescued them from
cisplatin-mediated apoptosis (Fig. 5D and E).

To further explore the source of ROS that mediates cisplatin-
induced cell death, we studied formation of H,O, in different
intracellular compartments using genetically encoded fluorescent
indicators directed to cytosol and mitochondria. Inhibition of
autophagy in combination with cisplatin treatment leads to an
increase in cytosolic and mitochondrial H,O, within 8-16 h
(Fig. 6A; Movies 1 and 2). Next, to determine which type of
ROS is important, we utilized scavengers of superoxide and
hydroxyl radicals. Since previously it was suggested that
accumulation of damaged mitochondria might be a source of
ROS in cells with suppressed autophagy, two inhibitors of
mitochondrial respiration, rotenone and antimycin A, were used
to stimulate formation of superoxide by mitochondrial complexes
I and III (Fig. S4A). An increase in superoxide formation was
detected already within 3 h and observed up to 24 h after cell
treatment. However, such ROS stimulation was not capable of
sensitizing cells to cisplatin (Fig. S4B). Furthermore, scavengers of
superoxide or the MnSOD mimetic MnTBAP did not prevent
cisplatin-mediated cell death (Fig. 6B). Therefore, in the next set
of experiments we utilized thiourea and potassium iodide, two
compounds that might potentially be used as hydroxyl radical
scavengers. The results we obtained showed that these reagents
efficiently scavenge the hydroxyl radicals induced in vitro
(Fig. 6C). Pretreatment of cells with scavengers of hydroxyl
radicals prevented the outer mitochondria membrane permeabi-
lization (Fig. 6D), and efficiently blocked apoptosis, suggesting a
critical role for hydroxyl radicals in sensitization of cells to
cisplatin under conditions of suppressed autophagy (Fig.GE).
Thus, such increases in mitochondrial and cytosolic H,O,, a
source of hydroxyl radicals, is proposed as the mechanism which
allows autophagy inhibition to contribute to drug-mediated
apoptotic cell death.

Discussion

The high level of basal autophagy in some parts of tumors, or the
large-scale activation of autophagy in tumor cells upon chemo-
and radio-therapy, makes this area of research attractive to those
attempting to modulate autophagy in order to increase the
sensitivity of cancer cells to treatment. In tumors, autophagy often
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Figure 5. The inhibition of autophagy stimulates ROS formation which is required for sensitization of NSCLC cells to cisplatin-induced apoptosis.

(A) ROS formation in U1810 cells transfected with scrambled or ATG7-targeting siRNA. Forty-eight hours after transfection ROS formation was measured
using dihydrorodamine 123 and dihydroethidium probes, as described in the Materials and Methods. (B) The effect of autophagy inhibition on ROS
formation in U1810 cells. Cells were transfected with scrambled or ATG7-targeting siRNAs followed by treatment with cisplatin (15 uM, 24 h). (C) U1810
cells with basal or suppressed autophagy were pretreated (1 h) with N-acetyl-cysteine (10 mM) and then incubated with cisplatin (15 pM, 24 h).

Cell death was measured by Annexin V/PI staining and (D) the CASP3-like activity assay was performed as described in the Materials and Methods.
(E) The effect of the antioxidant NAC on cisplatin-mediated release of cytochrome ¢ and AIF from mitochondria in U1810 cells with suppressed
autophagy. Cells were treated as described in (C). Statistical significance: *p < 0.05.

localizes to hypoxic regions prior to angiogenesis where it supports
tumor cell survival."* Since cancer cells frequently carry defects in
their apoptotic machinery, autophagy can sustain tumor survival
for weeks in conditions of deprivation."” Interestingly, although
autophagy supports tumor cell survival, some tumors have a
mono-allelic loss of chromosome 17921, which is where BECN1
is located. As a result, some tumor types, such as breast and

ovarian carcinomas, are characterized by suppressed autophagy.'®

www.landesbioscience.com

Autophagy

Here, we focused on investigating the role of autophagy in the
sensitivity of NSCLCs to conventional therapeutic drugs. Since
the level of autophagy was relatively high in some NSCLC cell
lines, and autophagy was still active in cells treated with cisplatin
and etoposide, we were interested in understanding the effect of
inhibiting autophagy on drug sensitivity.

The results obtained demonstrate that, depending on
the treatment, inhibition of autophagy could enhance the
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Figure 6. The scavengers of hydroxyl radicals prevent cisplatin-mediated cell death in NSCLC cells with suppressed autophagy. (A) Detection of H,0,
formation in cytosolic and mitochondrial compartments of U1810 cells treated with cisplatin (15 M) alone or in combination with chloroquine (50 uM).
Representative single cells that responded to treatment from different live cell imaging experiments are shown. (B) The effect of the MnSOD mimetic
MnTBAP and scavengers of superoxide Tempol and Trolox on cisplatin-mediated cell death in U1810 cells with suppressed autophagy. Autophagy was
suppressed in U1810 cells using siRNA targeting ATG7 and 48 h after transfection cells were pretreated for 1 h with Trolox (200 pM), Tempol (0.5 mM)
or MnTBAP (25 uM) followed by treatment with cipslatin (15 pM, 24 h). (C) Thiourea and potassium iodide efficiently scavenge hydroxyl radicals in vitro.
(D) The scavengers of hydroxyl radical potassium iodide (5 mM) and thiourea (1 mM) prevent the release of cytochrome ¢ and processing of AIF in U1810
cells treated with cisplatin (15 pM, 24 h). Cells were pretreated for 1 h with the scavengers of hydroxyl radicals followed by treatment with cisplatin.
(E) The effect of hydroxyl radical scavengers on cell death induced by cisplatin in U1810 cells with basal or suppressed autophagy. Cells were treated as
described in (D). Statistical significance: *p < 0.05.
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pro-apoptotic effect of cisplatin and to some extent attenuate the
cytotoxic effect of etoposide. It is known that one of the main
molecular targets of these drugs is DNA. However, the
mechanism of their interaction with DNA differs. For instance,
cisplatin induces the formation of DNA adducts and is believed to
kill cells in different phases of the cell cycle. In contrast, etoposide
intercalates into the DNA molecule and induces DNA double-
strand breaks (DSBs) by inhibiting topoisomerase II, the enzyme
that forms transient DNA DSBs during the replication of DNA."
Bearing this in mind, we supposed that the different effects of
autophagy inhibition on drug-mediated apoptosis might be
related to the influence of the former on the cell cycle progression.
In previous studies it has been suggested that autophagy
contributes to the cell cycle by regulation of the expression of
proteins involved in specific cell cycle checkpoints,'® or perhaps
by providing the energy and nutrients that are essential for cell
growth and division."” We showed that inhibiting autophagy in
NSCLCs could influence their proliferation and thus delay the
progression of cells through the cell cycle, suggesting that
inhibition of cell proliferation affects the sensitivity of the cells
to cell cycle-specific drugs. For instance, inhibition of autophagy
in etoposide-treated NSCLC cells delayed their entry into the S
phase and therefore the pro-apoptotic effect of this drug was
weakened. Interestingly, although siRNA-mediated inhibition of
autophagy delayed NSCLC cell growth, it did not significantly
affect the cell cycle distribution. Our previous observations
demonstrated the presence of autophagy in all stages of the cell
cycle."” Given this, it might be speculated that autophagy is an
important process which is required for the progression of cells
through all phases of the cell cycle. Since U1810 cells, similar to a
number of other lung cancer cells, do not express the cell cycle
regulator p53, we suggest that short-term suppression of
autophagy delays progression through the cell cycle, rather than
arresting them in a specific phase of the cell cycle. Since
autophagy is a catabolic process, involving degradation of
macromolecules including proteins and lipids, it has an important
role as a supplier of the substrates essential for NSCLC cell
growth. Thus, the suppression of autophagy affecting NSCLC cell
proliferation may be a useful strategy for the treatment of lung
carcinomas.

Activators of autophagy, such as lithium, or inhibitors of
autophagy, such as the antimalarial drug chloroquine, are used in
the clinical setting. As a cytoprotective mechanism, autophagy was
shown to be involved in the degradation of damaged organelles or
protein aggregates,”® and modulation of autophagy was reported
to enhance the efficiency of chemotherapeutic drugs. Our data
demonstrate that inhibition of autophagy sensitizes NSCLC cells
to cisplatin-induced apoptosis, which is in line with previous
findings showing that the inhibition of autophagy might enhance
the ability of the drugs to induce apoptosis in tumor cells.
Pharmacological inhibitors of autophagy have been shown to
sensitize cells to a wide range of cytotoxic stimuli including
radiation therapy,” TRAIL,”* the tyrosine kinase receptor
inhibitor imatinib,” and a DNA-damaging drug temozolomide.**
However, the molecular mechanisms of this sensitization to
treatment were not studied. Interestingly, activation of autophagy
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followed by blocking of lysosomal degradation (late stages of
autophagy) was shown to be detrimental to cancer cell survival
and provides a rational therapeutic approach to enhancing the
anticancer efficacy of PtdIns3K—Akt pathway inhibition.”® The
inhibition of autophagy significantly enhanced tumor regression
and delayed the recurrence of a Myc-induced model of lymphoma
following administration of cytotoxic chemotherapy, providing
evidence supporting the use of autophagy inhibitors in combina-
tion with conventional therapy to induce apoptosis in human
cancers.”® Thus, combining agents that disrupt autophagy with
HDAC inhibitors was suggested as a promising approach to
treat imatinib-refractory patients who find conventional therapy
ineffective.

What is the mechanism of sensitization of NSCLC to apoptosis
induced by cisplatin? It has previously been shown that the
inhibition of autophagy could block ROS accumulation in 1929
mouse fibroblasts by the selective degradation of catalase.® In
contrast to these findings, our results demonstrate that inhibition
of autophagy leads to an increase in ROS formation and that
treatment with cisplatin has a synergistic effect on ROS
accumulation in NSCLC cells. Although the level of ROS
induced by the suppression of autophagy did not kill cells per se,
this level of ROS was required for the sensitization of NSCLC
cells to cisplatin-induced apoptosis. Indeed, scavenging of ROS
rescued the cells from the harmful effect of autophagy inhibition
on cisplatin administration. The involvement of autophagy in the
oxidative stress response remains incompletely established,
however, the accumulation of protein aggregates in cells with
suppressed autophagy could contribute to ROS production.'
Another possibility involves the inhibition of elimination of
damaged mitochondria. It has been suggested that the presence
of mutant Parkin, a multiprotein E3 ubiquitin ligase complex,
which in turn is part of the ubiquitin-proteasome system which
mediates the targeting of proteins for degradation, increases
oxidative stress and sensitizes cells to death induced by different
insults.”” Recent publications have shown a direct link between
Parkin and mitochondria. Parkin is specifically recruited to
impaired mitochondria and activates the process of mito-
phagy."*** Our studies demonstrate that neither stimulation of
mitochondrial superoxide nor scavengers of superoxide affect the
sensitivity of NSCLC cells to cisplatin. Previously, an increase in
mitochondrial superoxide has been proposed as a mechanism
involved in cell sensitization to autophagy inhibition,** however,
we have shown that a mitochondrial SOD mimetic or inhibitors
of mitochondrial complex I and III (stimulation of mitochondrial
superoxide), did not affect sensitivity of NSCLC cells to cisplatin,
indicating the role of other forms or sources of ROS. Our data
suggest that the accumulation of cytosolic and mitochondrial
H,O, is induced by combined treatment with cisplatin and
inhibitors of autophagy, and that hydroxyl radicals play an
important role in this sensitization process. It is likely that
cytosolic ROS may facilitate activation of proapoptotic proteins,
such as BAX, which subsequently leads to permeabilization of the
mitochondrial membrane.

Thus, here we show that impaired autophagy stimulates ROS
formation upon treatment with cisplatin and scavengers of
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hydroxyl radicals, or antioxidant NAC, significantly reduces
apoptosis, suggesting that accumulation of ROS is an important
mechanism in the sensitization of cells to apoptosis under
conditions of suppressed autophagy. Furthermore, the apoptotic
response to cisplatin treatment in NSCLC cells with impaired
autophagy is, to some extent, dependent on caspases and also
involves the activation of the caspase-independent pathway. Both
these death signaling pathways implicate mitochondria. Inhibiting
autophagy facilitates the release of cytochrome ¢, HTRA2 and the
processing and release of AIF from mitochondria. Thus, it can be
concluded that inhibition of autophagy could enhance the killing
efficiency of the drug by increasing the formation of ROS that
eventually facilitates the release of cytochrome ¢, HTRA2 and AIF
from mitochondria and, subsequently, activates cell death.

Materials and Methods

Cell culture and treatments. Human lung carcinoma A549
(ATCC, CCL-185), H661 (ATCC, HTB-183), H157 (ATCC,
CRL-5802), H1299 (ATCC, CRL-5803), H69 (ATCC, HTB-
119), H82 (ATCC, HTB-175), H1417 (ATCC, CRL-5869),
H2171 (ATCC, CRL-5929) and U1906 and U1810 cell lines
(both from the collection at the Uppsala University, Sweden),
were cultured in RPMI 1640 (Sigma, R0883) with 10% fetal calf
serum (FCS; GIBCO, 10270), 2 mM glutamine (GIBCO,
25030), penicillin (100 pg/ml)/ streptomycin (100 pg/ml)
(GIBCO, 15140). Cells were seeded 24 h before treatment for
the indicated time period with 2.5-20 pM etoposide or 7.5—
60 UM cisplatin (both from Bristol Myers). The inhibitors of
autophagy chloroquine (50 pM; Sigma, C-6628) or 3-methyl-
adenine (5 mM, Sigma; M9281) were added simultaneously with
the drugs. The pan-caspase inhibitor z-VAD-fmk (10 pM,
Enzyme Systems Products, FK109), ROS scavengers N-acetyl
cysteine (10 mM, Sigma, A9165), Trolox (Sigma, 238813),
Tempol (Sigma, T7263) were added 1 h prior to treatment.
Clinical material. Surgically resected specimens were collected
from patients with lung adenocarcinomas at the Clinical
Oncology Research Institute, N.N. Blokhin Russian Cancer
Research Center during the period 2007-2009. After surgical
removal the tumor specimens were frozen and stored in liquid
nitrogen. All patients signed informed consent forms according
to the legal institutional guidelines and ethical permission. The
tumor clinic morphological stages were determined according
to the standard tumor TNM classification systems of the
International Union Against Cancer (edition 7).
Immunoblotting. Cells were lysed in RIPA buffer (25 mM
TrissHCl pH 8, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS), supplemented with protease inhibitor
cocktail (Roche, 04693159001). For preparation of the cytosolic
fraction, cells were incubated for 5 min in a buffer containing
250 mM sucrose, 70 mM KCl and 100 pg/ml digitonin
(Calbiochem, 300410) in PBS (GIBCO, 20012), and then
pelleted for 5 min at 7000 X g. The supernatant that contained
the cytosolic fraction was collected. The pellet was washed in the
same buffer and lysed in RIPA buffer (mitochondrial fraction).
The protein concentration was determined using the BCA protein

1042 Autophagy

assay (Pierce, 23223). The samples were mixed with Laemmli
buffer, boiled for 5min, subjected to SDS-PAGE and blotted onto
nitrocellulose membrane (Bio-Rad, 162-0115), which was
blocked for 1 h with 5% non-fat milk in PBS and probed
with primary antibodies diluted in PBS containing 2% BSA
(Sigma, A3059) and 0.05% Tween-20 (Sigma, P1379). The
following antibodies were used: mouse anti- SQSTM1 (Santa
Cruz Biotechnology, 28359), goat anti-AIF (Santa Cruz
Biotechnology, 9416), rabbit anti-TOMM40 (Santa Cruz
Biotechnology, 11414), rabbit anti-ATG7 (Cell Signaling
Technology, 2631), rabbit anti-BECN1 (Cell Signaling Techno-
logy, 3738), rabbit anti-ATG5 (Cell Signaling Technology,
2630), mouse anti-cleaved PARP1 (Cell Signaling Technology,
9546), rabbit ant-GAPDH (Trevigen, 2275-PC-100), rabbit
anti-actin (Sigma, A2060), rabbit ant-HTRA2 (R&D Systems,
AF1458), mouse anti-cytochrome ¢ (BD PharMingen, 559027)
and rabbit anti-LC3 (MBL, PMO036). The recognized proteins
were detected using horseradish peroxidase-labeled secondary
antibodies: anti-goat IG, anti-mouse IgG (Pierce, 31430), anti-
rabbit IgG (Pierce, 31460) and an enhanced chemiluminescence
kit (Amersham, RPN2209).

Caspase activity assay. Cells were washed with ice-cold PBS,
resuspended in 25 pl of PBS and after lysis in liquid nitrogen were
loaded onto a microtiter plate. CASP3 substrate DEVD-AMC
(50 uM, Peptide Institute, Osaka) was added and fluorescence
was detected in a Fluoroscan II plate reader (Labsystems) using
355 nm excitation and 460 nm emission wavelengths. Fluorescent
units were converted to pmols of released AMC and, subse-
quently, related to the amount of protein in each sample. Finally,
caspase activity was expressed as a fold-increase compared with the
appropriate control.

Annexin V/ PI staining. Annexin V/PI double staining was
performed using an Annexin-V-FLUOS Staining Kit (Roche
Applied Science, 11988549001) according to the manufacturer’s
protocol. The cells were analyzed by flow cytometry (FACScan,
Becton Dickinson) and the data were evaluated using Cell Quest
software.

Mitochondrial membrane potential. Cells were washed in
PBS, incubated for 20 min at 37°C with 25 nM of tetramethyl-
thodamine ethyl ester perchlorate (TMRE, Molecular Probes,
T-669) in PBS and subsequently analyzed by flow cytometry
(FACScan, Becton Dickinson).

Measurement of ROS generation. Cells were trypsinized,
resuspended in PBS and stained with 10 pM dihydroethidium
(10 min at 37°C) (Molecular probes, D-1168) or 10 uM
dihydrorodamine 123 (10 min at 37°C) (Molecular probes,
D-23806). Ethidium or rhodamine 123 fluorescence intensity
resulting from dihydroethidium and dihydrorodamine 123
oxidation were measured using a FACScan flow cytometer
(Becton-Dickinson). FL2 (ethidium) or FL1 (rhodamine 123)
fluorescence was collected in each experiment by gating and
acquiring the cell population.

The hydroxyl radical scavenging properties of thiourea and
potassium iodide were studied using aminophenyl fluorescein
(1-10 pM, APF, Cayman Chemical Company, 10157) probe.
For this purpose, hydroxyl radicals were induced in a chemical
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reaction in which iron (II) sulfate (50 puM) interacts with
hydrogen peroxide (50 puM). Thiourea (50 pM) or potassium
iodide (1 mM) was applied to the reaction mixture to scavenge the
hydroxyl radicals. The fluorescence of oxidized APF probe was
collected in a Fluoroscan II plate reader (Labsystems) using
485 nm excitation and 538 nm emission wavelengths.

Cell cycle analysis. Cells were washed twice in PBS, fixed in
70% ice-cold ethanol for at least 12 h and stored at +4°C until
analysis. Fixed cells were washed twice in PBS, incubated for 1 h
in PBS containing 50 pg/ml RNase A (Boehringer, 109169) and
then stained for 20 min with 50 pg/ml Pl-solution (Sigma,
P4170) in PBS. Analysis was performed using a flow cytometer
(FACScan, Becton Dickinson) and the data were evaluated using
ModFit and Cell Quest software.

RNA interference. Cells were seeded in 100 mm Petri dishes at
final density 1.5 X 10° cells in growth media without antibiotics.
Non-targeting pool (ON-TARGETplus Non-targeting Pool,
D-001810-10-05,  Dharmacon), anti- BECNI1 (ON-
TARGETplus SMARTpool, L-034478-00-0005, Dharmacon),
anti-ATG7 (ON-TARGETplus SMARTpool, L-020112-00-
0005 Dharmacon) or  anti-AlF (ON-TARGETplus
SMARTpool, L-011912-00-0005, Dharmacon) siRNAs were
diluted in 200 pl of OPTI-MEM (Gibco, 51985) and mixed
with 15 pl of INTERFERin siRNA Transfection Reagent
(Polyplus-transfection, 409-10). After 10 min incubation the
complexes were added to the cells. The final concentration of
siRNA in the medium was 50 nM. Twenty-four hours after
transfection the cells were trypsinized and seeded in 6-well plates
or 60 mm dishes. The desired treatments were administered 24 h
after cell seeding.

Immunofluorescence microscopy. Cells were grown on cover-
slips. LysoTracker (Molecular Probes, 1L7528) was added for
20 min to a final concentration of 100 nM and the cells were then
washed with PBS and fixed for 20 min with 4% paraformalde-
hyde (Sigma, P-6148) at RT. The cells were permeabilized for
15 min in digitonin (100 pg/ml) and incubated for 1 h at RT
with primary rabbit anti-LC3 (MBL, PM036, 1:2000) antibody
diluted in PBS supplemented with 1% BSA. Then the cells were
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rinsed with PBS and incubated with AlexaFluor488-conjugated
donkey anti-rabbit IgG secondary antibodies (Molecular Probes,
A21206, 1:500) for 60 min at RT. Nuclei were counterstained
with Hoechst 33342 (10 pg/ml, Molecular Probes, H3570) by
5 min incubation at RT. After washing with PBS, slides were
mounted in Vectashield mounting medium (Vector Laboratories,
H-1000) and examined under a Zeiss LSM 510 META confocal
laser scanner microscope (Zeiss).

Live cell imaging. Live cell imaging was performed according
to the protocol described by Belousov et al.”> Briefly, cells were
transfected with pHyPer-dMito and pHyPer-cyto fluorescent
probes directed to mitochondria and cytosol (kindly provided by
Dr. Belousov, Moscow, Russia), two days before desired
treatments were applied. The oxidized form of the HyPer probes
was exited using the 488-nm argon laser and the green fluorescent
signal was detected at 505-550 nm using a Zeiss LSM 510
META confocal laser scanner microscope with the time series
speed of one frame every 10 min.

Statistical analysis. All the results are expressed as means + SE.
Statistical evaluation was performed using nonpaired t-tests.
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