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Abstract
Cathepsin S (CTSS), which is highly expressed in various malignant tumor cells, has been

proposed to promote tumor progression, migration, and invasion. CTSS inhibition not only

blocks tumor cell invasion and endothelial tube formation but also induces cellular cytotoxic-

ity. In our previous studies, we have observed that CTSS inhibition induces autophagy,

which is responsible for up-regulating xanthine oxidase for early ROS generation and con-

sequent cell death. However, whether the autophagy-regulated early ROS triggers apopto-

sis remains unclear. We conducted a long-term follow-up study to investigate the

relationship between early autophagy and late mitochondria-dependent apoptosis. We

demonstrated that early ROS generation is critical for mitochondria damage and the activa-

tion of intrinsic apoptotic pathway. Attenuating the early ROS level diminished later mito-

chondrial damage and downstream apoptotic signaling. Collectively, mitochondria-

dependent apoptosis is regulated by autophagy-regulated early ROS, which serves as an

early effector that triggers mitochondrial signaling for late apoptosis. The data emphasize

the essential role of autophagy-regulated early ROS in triggering late apoptotic signaling.

Introduction
The cysteine proteases, which represent the major group of cathepsins, have recently been indi-
cated to associate with tumor metastasis and recurrence [1–4]. Cathepsin S, also known as
CTSS, contains an active cysteine residue in the active site for the turnover of intracellular and
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extracellular proteins. In addition to being expressed in antigen-presenting cells [5, 6], CTSS
has recently been reported to be overexpressed in various malignant tumor cells [7–11]. Thus,
CTSS activities have emerged as a potential therapeutic target for cancer treatment. In recent
years, a series of small molecule inhibitors have been developed, and they have shown promis-
ing effects in inhibiting the spread of malignant cells and in promoting tumor cell death [12–
14]. Similarly, targeting CTSS activities by using the specific monoclonal antibody Fsn0503 not
only attenuates tumor invasion and HUVEC tube formation but also elicits strong antibody-
dependent cellular cytotoxicity in tumor cells [15–17].

Autophagy, an evolutionarily conserved process in eukaryotic cells, is initiated with the for-
mation of the phagophore, which expands and grows to engulf the cytosolic components, and
then becomes an autophagosome with an enclosed double-membrane structure [18]. In addi-
tion to homotypically fusing with other autophagosomes, the autophagosome can fuse with ly-
sosomes to form an autolysosome for digestion. Molecularly, autophagosomes is induced by
class III phosphatidylinositol 3-kinase (PI3K), and is tightly regulated by a group of genes
known as autophagy-related genes (ATG). Of these ATGs, the most understood is ATG8, also
called LC3 in mammalian cells. After the initiation of autophagy, the cytosolic form of LC3
(LC3-I) is proteolytically cleaved and lipidated to phosphatidylethanolamine (PE), forming
LC3-II, which translocates rapidly onto the autophagosomal membrane in a punctate distribu-
tion. Thus, lipidated LC3-II is a valuable marker indicating the presence of autophagosomes
and autophagy activation. In addition to its essential quality-control function in cells, autop-
hagy can be activated in different environmental stress conditions, enabling cells to degrade
macromolecules and organelles [19–21]. The degrading process generates free amino acids and
fatty acids that can be recycled to maintain the synthesis of proteins necessary for cell survival.
Therefore, autophagy occurs rapidly in starved cells when metabolic demands increase, but
cannot be immediately supplemented. In addition, autophagy is responsible for the turnover of
aggregated proteins and the removal of damaged organelles such as damaged mitochondria
when cells respond to environmental toxins, chemotherapeutic drugs, and aging. Thus, the ac-
tivation of autophagy is commonly considered a cell survival mechanism.

Although autophagy is typically considered to be a protective mechanism for cell survival,
recent studies have reported different observations, stating that autophagy plays a potential cy-
totoxic role in the cell death process [22–24]. Three major types of cell death exist, as defined
based on morphological and molecular criteria [25]. Apoptotic cell death is characterized by
basic morphologic changes such as cell shrinkage, decreased nuclear size, chromatin condensa-
tion, and DNA fragmentation. The molecular genetic markers for apoptosis include caspase
activation, mitochondria-dependent signaling transduction, and the translocation of phospha-
tidylserine from the cytoplasmic face of the plasma membrane to the cell surface. Necrosis is
another form of cell death characterized by the breakdown of the plasma membrane for the
spillage of cytoplasmic contents, the swelling of cellular organelles, and the release of inflam-
matory cellular contents [26]. Distinct from apoptotic and necrotic cell death, however, the
term “autophagic cell death” remains controversial. It is contradictory but also plausible that
the autophagy-induced excessive degradation of cellular components disrupts the homeostatic
balance between biosynthesis and degradation. Thus, autophagic cell death is often character-
ized by the sustained activation of autophagy in dying cells [27–29].

We recently demonstrated that inhibiting CTSS activities in tumor cells can rapidly induce
autophagy [30] and act as an upstream event for mediating early ROS production through xan-
thine oxidase (XO) [31]. Although this autophagy-regulated ROS may suffice for DNA dam-
age, resulting in cell death, whether CTSS inhibition can trigger cell death via the apoptotic
pathway remains unknown. For this study, we conducted an in-depth examination of the se-
quential order and interrelationships between XO-dependent early ROS generation and
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mitochondrial damage regarding mitochondria-dependent late ROS production (second oxi-
dative burst), caspase-9/-3 signaling cascades, and the intrinsic mitochondrial apoptotic path-
way in cells treated with CTSS inhibitors.

Materials and Methods

Cell cultures and Chemicals
The OEC-M1 cells, derived from a human oral epidermoid carcinoma, were established and
provided by Dr. Ching-Liang Meng [32, 33]. OEC-M1 cells were maintained in RPMI1640
(Gibco) supplemented with 10% fetal bovine serum, 100 U/mL of penicillin, and 100 μg/mL of
streptomycin at 37°C in an atmosphere comprising 95% air and 5% CO2. The CTSS inhibitor
6r was synthesized and provided by Professor Chun-Cheng Lin at the Department of Chemis-
try, National Tsing Hua University, Hsinchu, Taiwan. The Z-FL-COCHO (ZFL) was purchased
from Calbiochem (#219393). The 3-methyladenine (3-MA, #M9281), 2',7'-dichlorofluorescin
diacetate (DCFH-DA, #D6883), allopurinol (#A8003), CCCP (#C2759), chloroquine (CQ,
#C6628), and bafilomycin A1 (BAF, #B1793) were purchased from Sigma. The JC-1 (#T3168)
and MitoSOX Red (#M36008) were purchased fromMolecular Probes. CytoPainter MitoGreen
(#ab176830) was obtained from abcam.

Antibodies
Antibodies against Bax (#5023), Caspase-3 (#9662), Caspase-9 (#9502), COX-IV (#4844),
SQSTM1/p62 (#5114), and LC3B (#3868) were purchased from Cell Signaling Technology. Anti-
bodies against ACTIN (#MAB1501) and cytochrome c (#556433) were obtained fromMillipore
and BD Pharmingen, respectively. The primary antibody against LC3 (#L7543) was obtained
from Sigma. Anti-xanthine oxidase (#sc-20991) antibodies were acquired from Santa Cruz.

Western blot analysis
In brief, analyzed cells were collected by conducting centrifugation at 800 x g for 5 min at 4°C,
washed twice with ice-cold PBS, and resuspended in a lysis buffer (Sigma, #C2978) containing
0.5 mM PMSF, 1 mM Na3VO4, and 1X protease inhibitor cocktail (Roche, #04693116001).
After 10 min of incubation at 4°C, the samples were sonicated and centrifuged at 14 000 rpm
for 10 min. The protein concentration was analyzed using the BCA Protein Assay Kit (Pierce,
#23225). An equal amount of proteins were subjected to standard sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE), and were then transferred onto PVDF mem-
branes. After blocking with tris-buffered saline (TBS) containing 5% nonfat milk powder, the
membranes were probed with primary antibodies, as described individually in the figure leg-
ends. The blotted membranes were subsequently washed twice with TBST (TBS containing
0.1% of Tween 20) for 10 min. The membrane-bound primary antibodies were visualized using
secondary antibodies conjugated with horseradish peroxidase (Santa Cruz). The chemilumi-
nescent signal was visualized using Western Lightning Plus ECL (Perkin Elmer) with an appro-
priate time of exposure to X-ray films.

Flow cytometric analysis of apoptosis by Annexin V-propidium iodide
double staining
Apoptotic cells were stained and analyzed using the FITC Annexin V Apoptosis Detection Kit
(BD Pharmingen, #556547), according to the manufacturer’s instructions. In brief, the cells
were treated with inhibitors for a set time, washed twice with ice-cold PBS, and subsequently
resuspended in a 1X Binding Buffer. The 1 x 105 cells were transferred into a new tube and
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stained with FITC Annexin V and propidium iodide (PI) at 25°C in the dark. After 15 min of
incubation, 400 μL of the 1X Binding Buffer was added into each tube, which was subsequently
analyzed by flow cytometry. For each assay, 10 000 cells were collected and analyzed using BD
FACSCalibur with Cell Quest software for acquisition and analysis. The results obtained in this
study are presented as the mean ± SD in triplicate.

TUNEL assays for apoptosis detection
TUNEL analysis was performed according to the manufacturer’s instructions (Roche,
#11684795910). In brief, the cultured cells were cultivated on CultureSlides (BD Biosciences)
and treated with inhibitors for a set time. The cells were subsequently washed 3 times with ice-
cold PBS and fixed in a freshly prepared fixation solution (4% paraformaldehyde). After 10
min of fixation, the cells were washed twice with PBS and permeabilized in a freshly prepared
permeabilization solution (0.1% Triton X-100, 0.1% sodium citrate) for 10 min. Afterward, the
cells were incubated with a TUNEL reaction mixture for 60 min at 37°C in a humidified atmo-
sphere in the dark. After washing twice with PBS, the samples were mounted using a ProLong
antifade reagent (Molecular Probes, #36934) and were imaged using a Leica DMI 4000B
microscope.

Assessment of autophagy activation by immunodetection
Cells were grown on CultureSlides (BD Biosciences) and exposed (or not) to 20 μM of 6r or
ZFL for 24 h. To detect autophagic vacuoles, the cells were subsequently incubated with 0.05
mM of monodansylcadaverine (MDC) in PBS at 37°C for 10 min. Afterward, the cells were
washed with ice-cold PBS, and the fluorescence intensities were obtained immediately using a
Leica DMI 4000B microscope. For the immunodetection of LC3 puncta, the specimens were
fixed with 4% paraformaldehyde, washed with ice-cold PBS, permeabilized with Triton X-100,
blocked with 1% BSA, and subsequently incubated with the LC3 primary antibody (Cell signal-
ing, #3868) for an additional 16 h. Bound antibodies were visualized by incubating the speci-
mens with anti-rabbit secondary antibodies (Molecular Probe, #21207) for 2 h. To visualize the
nuclei, DAPI was employed as a counterstain.

Flow cytometric analysis of the mitochondrial membrane potential
The mitochondrial membrane potential was determined using JC-1, which accumulates as ag-
gregates inside the mitochondria with red fluorescence, but is localized outside the mitochon-
dria in a monomeric state with green fluorescence. For positive control, cells were incubated
with CCCP for 10 min to disrupt the membrane potential. After drug treatment, the cells were
trypsinized, washed twice with ice-cold PBS, and suspended in 1 mL of a preheated medium
containing JC-1 (5 μg/mL) for 30 min at 37°C in the dark. The red and green fluorescence in-
tensity was quantified using a FACSVantage flow cytometric analyzer (Becton Dickinson
FACSCalibur). For each assay, 10 000 events were collected and analyzed. The results obtained
in this study are presented as the mean ± SD in triplicate.

Analysis of free radical production
Intracellular ROS production was measured as previously described [31]. The ROS elevation
was determined using DCFH-DA or MitoSOX, and the fluorescent intensity was quantified by
using flow cytometry. In brief, the cells were seeded onto 6-cm culture plates and allowed to
grow overnight to reach an approximate confluence. After treatment with cathepsin S inhibi-
tors or with other pharmacological inhibitors for the indicated times, the cells were further

Connective Evidence between Autophagy and Apoptosis

PLOS ONE | DOI:10.1371/journal.pone.0128045 June 1, 2015 4 / 20



incubated with 25 μM of DCFH-DA or 5 μM of MitoSOX at 37°C in a CO2 incubator for 30
min. The cultured cells were washed, trypsinized, neutralized, and resuspended in appropriate
amounts of PBS. The fluorescence intensity was quantified using a FACSVantage flow cyto-
metric analyzer (BD FACSCalibur). For each analysis, 10 000 events were analyzed. The results
obtained in this study are presented as the mean ± SD in triplicate. To monitor mitochondrial
ROS production, CytoPainter MitoGreen and MitoSOX were used to label mitochondria and
mitochondria-specific ROS, respectively. After 24 h of 6r treatment, the cells were further incu-
bated with CytoPainter MitoGreen (at 1:1000 ratio) and 5 μM of MitoSOX red at 37°C in a
CO2 incubator for 30 min. Cells were washed twice with PBS and live cell imaging was immedi-
ately performed by Leica DMI 4000B microscope with appropriate, filters and lasers.

Preparation of mitochondrial and cytosolic fractions
Mitochondrial and cytosolic fractions were prepared according to the manufacturer’s instruc-
tions (G-Biosciences, #786–022). In brief, the cells were treated with or without inhibitors for a
set time, washed twice with ice-cold PBS, and subsequently resuspended in 500 μL of ice-cold
SubCell Buffer-I. After homogenizing the cells by using the Dounce homogenizer, the lysates
were transferred into a microcentrifuge tube. The Dounce homogenizer was washed with an ad-
ditional 200 μL of ice-cold SubCell Buffer-I and pooled together. To obtain a 1X final concentra-
tion of SubCell Buffer-II, 350 μL of 3X SubCell Buffer‐II was added to the solution, mixed well,
and then centrifuged in a tube at 800 x g for 10 min to pellet the nuclei. The supernatant was
transferred to a new tube and centrifuged at 12 000 x g for 20 min to pellet the mitochondria.
The supernatant (cytosolic fraction) was transferred to a new tube and stored at -80°C. The pel-
let containing the mitochondria was washed with an additional 500 μL of 1X SubCell Buffer‐II
and then resuspended in a 1X lysis buffer. The protein concentrations of the mitochondrial and
cytosolic fractions were further analyzed using the BCA Protein Assay Kit (Pierce, #23225).

Silencing xanthine oxidase genes by specific siRNA
The XO-specific siRNAs (sc-41691) and non-targeting siRNA (scramble control, sc-37007)
were all purchased from Santa Cruz. The silencing approach was performed by using Lipofeca-
mine RNAiMAX reagent (Invitrogen) in Opti-MEM, according to the manufacturer’s instruc-
tions. Briefly, cells grown on 6-well culture plates were transfected with a well-optimized
siRNA mixture, which contained a siRNA duplex and 7.5 μL of transfection reagent, yielding
200 μL of the transfection medium (final siRNA concentration of 25 nM). After 5 h of transfec-
tion, the media were aspirated and replaced with 2 mL of fresh RPMI containing 10% FBS for
further culturing for 24 h.

Nuclear size counting
After cells were treated with 6r for indicated time points, the cells were fixed with 4% parafor-
maldehyde, stained with DAPI, and subsequently imaged using a Leica DMI 4000B micro-
scope. The counting of DAPI-stained nuclei was performed colorimetrically and the individual
size of nuclei was further calculated by using the software Image-Pro. Nuclear area was defined
as the area within the outlined nuclear perimeter.

Statistical analyses
Statistical analysis was performed using Student’s t test. The results are expressed as the
means ± SD. In this study, the P values are represented by asterisks �P< 0.05, ��P< 0.01,
and ���P< 0.001. A P value< 0.05 was considered statistically significant.
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Results

Inhibition of CTSS activities by 6r and ZFL induce apoptotic and
autophagic hallmarks
We first examined whether the pharmacological inhibition of CTSS by 6r induces cell cytotox-
icity accompanied by apoptosis and autophagy. As shown in Fig 1A, cell shrinkage was ob-
served in 24 h of treatment with 6r. The morphology of the cells and the average size of the
nucleus before the 12-h treatment with 6r remained unchanged. However, a significant reduc-
tion in nuclear size was observed after 24 h of treatment with 6r (Fig 1B, P = 4 x 10–5 compared
with 12 h of treatment). To validate the morphological changes associated with apoptosis, we
further examined apoptotic cell death by conducting Annexin V/PI double staining. In this
analysis, cells with single-positive Annexin V staining were considered early apoptotic cells,
whereas cells with single-positive PI staining were considered necrotic cells. As shown in Fig
1C, no increase in Annexin V single-positive cells occurred before 12 h of treatment with 6r.
However, the number of apoptotic cells (Annexin V single-positive) increased significantly
after 24 h of treatment with 6r (P = 2 x 10–6). The apoptotic signaling pathway ends at the
point of the execution phase with the activation of executive caspase-3 [34]. In parallel, there-
fore, apoptotic hallmarks were examined by determining the amount of cleaved caspase-3 in
cells. As shown in Fig 1D (left panel), no cleaved form of caspase-3 was observed in cells before
12 h of treatment with 6r. A substantially cleaved form of caspase-3 was observed in cells after
exposure to 6r for 24 h. To further determine whether 6r-induced apoptosis was a consequence
of CTSS inhibition, a complementing rescue experiment was performed. Cells with or without
CTSS overexpression were treated with 6r for 24 h and then subjected to Western blotting anal-
ysis for caspase-3 activation. As shown in the right panel of Fig 1D, increased amount of
cleaved caspase-3 was observed in vector-transfected cells after 24 h treatment of 6r. In con-
trast, the level of cleaved caspase-3 reduced in CTSS-overexpression cells after 24 h of treat-
ment with 6r, indicating the observed effects of 6r are indeed results of CTSS inhibition.
Additionally, CTSS inhibition-induced apoptotic cell death was corroborated by TUNEL as-
says. As shown in Fig 1E, increased TUNEL intensities were observed after exposure to 6r for
24 h. Moreover, treating cells with another CTSS inhibitor, ZFL, also showed increased
TUNEL intensities. These results suggested that the prolonged pharmacologic inhibition of
CTSS by 6r can induce apoptosis.

We then examined whether autophagy continued to exist in these apoptotic cells after pro-
longed 6r treatment. Autophagic hallmarks were first determined using western blotting for
LC3-II accumulation. As shown in Fig 2A, the amounts of LC3-II increased in as early as 2 h
and incessantly in cells even after 24 h of exposure to 6r. Similarly, treating cells with another
CTSS inhibitor, ZFL, for 24 h caused an incremental increase of LC3-II. To further confirm
autophagic flux in 6r-targeted OEC-M1 cells, monitoring autophagic degradation of p62/
SQSTM1 was performed. As shown in Fig 2B, decreased p62 level and increased LC3-II
amount were observed in 6r-treated cells. Furthermore, co-treatment with chloroquine (CQ)
or baflilomycin A1 (BAF) led to an increase in both p62 and LC3-II level, supporting p62 deg-
radation and LC3-II increment primarily through the autophagic flux. In addition, autophago-
somal vacuoles, another autophagy marker, were determined using the autofluorescent drug
MDC [35]. As shown in Fig 2C, small and few MDC-labeled vacuoles were observed in
DMSO-treated control cells, indicating basal autophagy. However, increased sizes and num-
bers of autophagosomal vesicles were observed after 24 h of CTSS inhibition by either 6r or
ZFL, indicating that prolonged CTSS inhibition caused a large accumulation of autophagoso-
mal vesicles in cells. Furthermore, 6r- or ZFL-induced persistent autophagy was corroborated
by directly immunostaining the formation of LC3 puncta structures. As shown in Fig 2D, the
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Fig 1. Inhibition of CTSS activities induces apoptotic hallmarks. (A) After OEC-M1 cells were incubated with DMSO or 20 μM of the CTSS inhibitor 6r for
the indicated time points, the cells were fixed with 4% paraformaldehyde, and stained with DAPI. The cell morphology and nucleus were monitored under a
phase-contrast and a fluorescent microscope, respectively. Merged images are shown. (B) Cells were treated with 20 μM of 6r at different times. Nuclei were
stained with DAPI, and images were taken using the fluorescent microscope. Relative nuclear sizes were analyzed using the Image Pro Plus software.
Nuclear area was defined as the area within the outlined nuclear perimeter. Differences were found to be statistically significant at ***P < 0.001. (C) Time-
course analysis of apoptosis during 6r treatment. Cells were exposed to 20 μM of 6r at the indicated time points, harvested, and stained with Annexin V and
PI, as described in the materials and methods section. The numbers of apoptotic cells were quantified using flow cytometry. Data shown in the below panel
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are representative of 3 independent experiments. Differences were found to be statistically significant at **P < 0.01 and ***P < 0.001. (D) Left panel: Cells
were treated with 20 μM of 6r for various durations, and cleaved caspase-3 fragments were analyzed through western blotting. The upper panel indicates
short-term exposure of the blot. ACTIN was shown as an internal control for semiquantitative loading in each lane. Right panel: After OEC-M1 cells were
transfected with pCMV vector or pCMV-CTSS for 24 h, cells were subsequently treated with 20 μM of 6r for additional 24 h. Compared to vector control cells,
cells with increased CTSS expression showed reduced caspase-3 activation upon 6r treatment. (E) Representative images of a TUNEL assay in cells treated
with 20 μM of 6r or ZFL for 24 h. Apoptotic cells display TUNEL-positive nuclei stained green.

doi:10.1371/journal.pone.0128045.g001

Fig 2. Autophagy is uninterruptedly up-regulated in CTSS-inhibiting cells. (A) The OEC-M1 cells were treated with 20 μM of 6r or ZFL for the indicated
times. Autophagy activation was evaluated with the detection of Lipidated LC3-II accumulation. The amount of loading proteins was assessed with anti-
ACTIN antibodies. (B) Autophagy inhibition by CQ or BAF suppressed 6r-induced p62 degradation. The relative band intensities are shown. (C) The
inhibition of CTSS by 6r or ZFL induced the autophagic vacuolization of MDC-labeled vesicles. After treatment with 20 μM of 6r or ZFL for 24 h, the cells were
further incubated with MDC for 10 min, and immediately analyzed using fluorescent microscopy. (D) The visualization of autophagosomes by LC3 puncta
formation in CTSS-inhibiting cells. Cells were treated with 20 μM of 6r or ZFL for 24 h, and then processed for immunofluorescence by using an antibody
against the LC3 protein. Aggregated LC3 proteins appeared as puncta structures in cells.

doi:10.1371/journal.pone.0128045.g002
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numbers of LC3 immunopositive dot-like structures (red dots) increased significantly in either
6r- or ZFL-treated cells. Overall, these results show that, after prolonged CTSS inhibition by ei-
ther 6r or ZFL, the cells concurrently displayed apoptotic and autophagic hallmarks.

CTSS inhibition by 6r induces the second oxidative burst from
mitochondria
In our previous study [31], early ROS rapidly generated from autophagy-regulated XO but not
from the mitochondria in 6r-treated cells. To investigate whether prolonged early ROS genera-
tion is sufficiently harmful to cause mitochondrial damage and subsequently induce the second
oxidative burst from the mitochondria, we dissected the time-course ROS generation by using
a general ROS indicator, DCFH-DA, and a mitochondria-specific ROS indicator, MitoSOX
Red. Intracellular ROS generation was first measured using DCFH-DA, which was cleaved by
intracellular esterases to form DCFH, and then oxidized by cellular radicals to form fluorescent
DCF. Consistent with our previous report, 6r rapidly induced early ROS production within 4 h
(Fig 3A). Remarkably, a second oxidative burst (an approximate 90% increment) was observed
in cells after 24 h of treatment with 6r compared with 4 h of treatment with 6r. To further ex-
amine whether the second oxidative burst originated in the mitochondria, we used MitoSOX
Red, a probe of mitochondrial superoxide production in living cells, to determine mitochon-
dria-derived ROS generation. As shown in Fig 3B, compared with the control cells, the relative
fluorescent signal of MitoSOX Red remained unaltered (P = 0.11) in cells after 4 h of treatment
with 6r. However, an approximate 104% increment of MitoSOX red fluorescence was detected
in cells after 24 h of treatment with 6r compared with cells that underwent 4 h of treatment
with 6r. Overall, the results suggested that 6r quickly induced early ROS generation from XO
(�4 h), whereas prolonged 6r treatment (�24 h) triggered the second oxidative burst from the
mitochondria. Next, we determined the localization of MitoSOX fluorescence in cells. As
shown in Fig 3C, the cytosolic location of the MitoSOX signal was observed. In addition, Mito-
SOX Red fluorescence was colocalized with mitochondria, which labeled by CytoPainter
MitoGreen.

CTSS inhibition by 6r induces mitochondrial damage
During mitochondria-dependent apoptosis, mitochondrial damage accompanies mitochondri-
al depolarization and the release of apoptotic factors for triggering the activation of the down-
stream apoptotic signaling pathway. The cationic dye 5,5',6,6'-tetrachloro-1,1',3,3'-
tetraethylbenzimidazolylcarbocyanine iodide (JC-1) is widely used to detect the mitochondrial
membrane potential in the early stage of apoptosis [36, 37]. Therefore, we examined changes to
the mitochondrial membrane potential in 6r-treated cells by using JC-1 staining. In living cells,
JC-1 localizes to the cytoplasm in green fluorescent monomeric form. In the presence of polar-
ized mitochondria, JC-1 exhibits potential-dependent accumulation in the mitochondria as
polymeric forms (JC-1 aggregation) and emits red fluorescence. Therefore, decreased mitochon-
drial membrane potential results in the decreased aggregation of JC-1 in the mitochondria, ac-
companied by decreased red fluorescent intensities. In this study, the mitochondrial uncoupler
carbonyl cyanide 3-chlorophenylhydrazone (CCCP) was used as a positive control. As shown in
Fig 4A, the addition of CCCP effectively dissipates the mitochondrial membrane potential. How-
ever, the mitochondrial membrane potential remained unaltered in cells treated with 6r for less
than 4 h. Furthermore, the pattern of the red fluorescence of JC-1 apparently shifted in cells after
24 h of treatment with 6r compared with the DMSO-treated control cells (Fig 4B), indicating the
loss of the mitochondrial membrane potential. A dysfunction of the mitochondrial membrane
not only causes increments in mitochondrial membrane permeabilization and ROS leakage but
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also facilitates the release of cytochrome c [38]. In addition, the Bax protein was reported to form
a proteolipid pore in the mitochondrial outer membrane to allow cytochrome c release frommi-
tochondria [39, 40]. Thus, we examined whether 6r treatment triggers Bax translocation into the
mitochondria and the release of cytochrome c to the cytosol. Our data showed that increment of
Bax was observed in the mitochondrial fractions after 24 h of exposure with 6r. Moreover, the
level of cytosolic cytochrome c increased in a concentration-dependent manner after 24 h of
treatment with 6r (Fig 4C). During mitochondria-dependent apoptosis, the activation of cas-
pase-9 subsequently occurred, thereby triggering a caspase signaling cascade. Thus, caspase-9 ac-
tivation was assessed by referencing an increase in the level of its cleaved forms. As shown in Fig
4D, 6r treatment raised the levels of cleaved caspase-9. Overall, these observations indicate that

Fig 3. Prolonged inhibition of CTSS by 6r causes a second oxidative burst from themitochondria. (A) Cells were incubated with 20 μM of 6r for the
indicated times, and intracellular ROS levels were detected using DCFH-DA, and were quantified through flow cytometry. The data represent the mean ± SD
of 3 independent experiments. (B) After treatment with 20 μM of 6r for the indicated times, elevated mitochondria-generated ROS were identified using
MitoSOX, and were quantified using flow cytometry. The data represent the mean ± SD of 3 independent experiments. Differences were found to be
statistically significant at *P < 0.05, **P < 0.01, and ***P < 0.001. N.S. denotes no significant difference. (C) Cells were treated with 20 μM of 6r for 24 h, and
then labelled with CytoPainter MitoGreen and MitoSOX red. Yellow color in the merged figure denotes mitochondria that are actively producing ROS.

doi:10.1371/journal.pone.0128045.g003
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Fig 4. CTSS inhibition by 6r causesmitochondrial damage. (A) The mitochondrial membrane potential was determined using JC-1, and was quantified
using flow cytometry. Cells were treated with 20 μM of 6r for 4 h, and then stained with JC-1 for 30 min. The JC-1 aggregated form exhibited red fluorescence,
indicating high membrane potential, whereas the JC-1 monomer form exhibited green fluorescence, indicating the collapse of membrane potential. CCCP
was used as a positive control. Differences were found to be statistically significant at **P < 0.01. N.S. denotes no significant difference. (B) The inhibition of
CTSS by 6r for 24 h induced the collapse of the mitochondrial membrane potential. Differences were found to be statistically significant at *P < 0.05. (C) Cells
were exposed to 6r at the indicated concentrations for 24 h. Mitochondrial and cytosolic fractions were prepared as described in the materials and methods
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CTSS inhibition induced by 6r causes mitochondrial damage and activates the mitochondria-
dependent apoptotic signaling pathway.

Early ROS is responsible for subsequent mitochondrial damage and the
triggering of the mitochondrial apoptotic signaling pathway
The XO-dependent early ROS were visible as early as during mitochondrial damage and the
mitochondrial apoptotic signaling cascade. This observation implied that XO-generated early
ROS in 6r-treated cells can act as a positive effector to cause mitochondrial damage and subse-
quently trigger mitochondria-dependent apoptotic cell death. To examine the upstream role of
early ROS in downstream mitochondrial apoptotic signaling, an XO-specific inhibitor, allopu-
rinol, was used to attenuate early ROS generation in 6r-treated cells. As shown in Fig 5A, the
level of 6r-induced early ROS decreased when cells were pretreated with 200 μM of allopurinol.
Remarkably, the level of 6r-induced mitochondrial membrane depolarization was effectively
reduced when allopurinol was applied to reduce the level of early ROS (Fig 5B). In addition, at-
tenuating early ROS generation with allopurinol also reduced the level of mitochondria-depen-
dent late ROS generation, which was determined using MitoSOX Red (Fig 5C). We further
investigated whether reducing the level of early ROS can subsequently suppress the transloca-
tion of Bax and the release of cytochrome c. As shown in Fig 5D, cells treated with allopurinol
alone did not result in the translocation of the Bax protein into the mitochondria or the release
of cytochrome c to the cytoplasm. Instead, 6r treatment increased the levels of the translocation
of Bax and the release of cytochrome c. Importantly, the levels of 6r-induced Bax translocation
and cytochrome c release were suppressed following allopurinol treatment. Collectively, these
experiments showed that 6r-induced early ROS is responsible for subsequent mitochondrial
damage and mitochondria-dependent late ROS generation.

The release of cytochrome c initiates the intrinsic apoptotic signaling pathway through cas-
pase-9/-3 activation [41]. To evaluate whether early ROS generation played a crucial role in
triggering apoptosis via the intrinsic mitochondrial pathway, we examined the caspase-9/-3
signaling cascade by using western blotting. As shown in Fig 6A, 6r-induced caspase-9 activa-
tion was weakened when allopurinol was applied to reduce the upstream early ROS level. In ad-
dition, the level of caspase-3 activation in 6r-treating cells consistently decreased. To further
confirm if XO is the upstream effector in 6r-induced caspase-9/-3 activation, XO was silenced
by specific siRNA and the caspase-9/-3 activation was assessed using western blotting. Suppres-
sion of XO was established 24 h after siRNA transfection and the effect was maintained for up
to 48 h (Fig 6B). Next, the 6r-induced caspase-9/-3 activation was assessed in both scramble-
and XO-silencing cells. In consistent to the results of allopurinol treatment (Fig 6A), 6r-in-
duced caspase-9/-3 activation was attenuated when cells were transfected with XO siRNA (Fig
6C). Because a reduction in the upstream early-ROS level was observed to attenuate the down-
stream activation of the caspase-9/-3 signaling pathway, early ROS can be considered responsi-
ble for triggering apoptosis. Thus, we further determined and quantified the numbers of
apoptotic cells in cells treated with 6r in the presence or absence of allopurinol. Our data
showed that the increased number of apoptotic cells in 6r-treated cells decreased when cells
were co-treated with allopurinol (Fig 6D). Collectively, these experiments indicated that 6r-in-
duced early ROS generation acts as an early executor to activate mitochondria-dependent sig-
naling, which subsequently leads to apoptosis.

section, and were subjected to western blot analysis for cytochrome c, Bax, ACTIN, and COX-IV. ACTIN and COX-4 were used as the internal control for
cytosolic and mitochondrial fractions, respectively. (D) Cells were treated with 6r for the indicated concentrations, and cleaved caspase-9 fragments were
analyzed with western blotting. ACTIN was shown as an internal control for semiquantitative loading in each lane.

doi:10.1371/journal.pone.0128045.g004
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Discussion
To date, “autophagic cell death” has been vaguely defined. No definite markers are available for
determining or characterizing autophagic cell death. Most studies have demonstrated that cy-
totoxic stimuli cause autophagic cell death because autophagic markers are observed in these
dying cells. Moreover, the inhibition of autophagy can reduce the final death rate or delay cell
death [22–24]. Nevertheless, the term of “autophagic cell death” remains controversial because

Fig 5. CTSS inhibition-induced early ROS is responsible for mitochondrial damage and the second oxidative burst. (A) For the inhibition of XO-
generated early ROS, cells were pretreated with 200 μM of allopurinol for 1 h and cotreated with 20 μM of 6r for an additional 4 h. The intracellular cellular
ROS level was determined using DCFH-DA and was quantified by flow cytometry. The data represent the mean ± SD of 3 independent experiments.
Differences were found to be statistically significant at *P < 0.05 (B) After pretreatment with 200 μM of allopurinol for 1 h and cotreatment with 20 μM of 6r for
an additional 24 h, the mitochondrial membrane potential was determined using JC-1 and quantified by flow cytometry. The data represent the mean ± SD of
3 independent experiments. Differences were found to be statistically significant at *P < 0.05 (C) Reducing the XO-generated early ROS level by allopurinol
attenuated mitochondria-specific ROS generation. After pretreatment with 200 μM of allopurinol for 1 h and cotreatment with 20 μM of 6r for 24 h, the
mitochondria-specific ROS level was determined using MitoSOX and quantified by flow cytometry. (D) Allopurinol treatment reduces Bax translocation and
cytochrome c release in 6r-treated cells. Cells were pretreated with 200 μM of allopurinol for 1 h, and then cotreated with 20 μM of 6r for 24 h. Mitochondrial
and cytosolic fractions were prepared and subjected to western blot analysis for cytochrome c, Bax, ACTIN, and COX-IV.

doi:10.1371/journal.pone.0128045.g005
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whether extensive autophagy in these dying cells is a contributor to cell death and/or the initia-
tor for the induction of the death executor is unclear. It is conceivable that constitutive autop-
hagy may trigger cell death because of a massive degradation of organelles that are necessary
for cells. However, the positive contribution of autophagy toward cell death has not been

Fig 6. CTSS inhibition-induced early ROS contributes to mitochondria-dependent apoptotic signaling. (A) Allopurinol treatment reduced 6r-induced
caspase-9/-3 activation. Cells with and without allopurinol pretreatment were incubated with 20 μM of 6r for 24 h, and subjected to western blot analysis for
detecting cleaved caspase-9 and caspase-3. (B) Inhibition of XO expression by siRNA silencing approach. Cells transfected only with RNAiMax was used as
a negative control (siNC) and transfected with scramble negative siRNA was used as a scramble control (siSC). (C) Reducing the expression of XO by siRNA
decreased 6r-induced caspase-9/-3 activation. After 48 h of siRNA knockdown of XO, cells were treated with 20 μM of 6r for 24 h and the levels of cleaved
caspase-9/-3 were assessed by western blotting. (D) Allopurinol treatment reduced the number of 6r-induced apoptotic cells. After pretreatment with
allopurinol for 1 h and cotreatment with 6r for 24 h, the numbers of apoptotic cells were determined by Annexin V/PI double staining and quantified by flow
cytometry. Differences were found to be statistically significant at *P < 0.05.

doi:10.1371/journal.pone.0128045.g006
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identified. In our previous studies, we have observed that the inhibition of CTSS activities can
rapidly induce autophagy for early ROS generation [31]. Early ROS was identified to be gener-
ated from XO but not from mitochondria, and was found to be harmful for triggering final cell
cytotoxicity. In this study, we performed a long-term follow-up analysis and observed that
autophagy was quickly induced before 2 h of treatment with 6r and was uninterruptedly up-
regulated even after 24 h of CTSS inhibition (Fig 2A). Although the harmful early ROS was
quickly visible within 4 h of CTSS inhibition induced by 6r (Fig 3A), no apoptotic morphology
or markers were detected. After only 24 h of treatment with 6r, the cells began to exhibit the ap-
optotic hallmarks including cell shrinkage, decreased nuclear size, increased Annexin V and
TUNEL staining, and caspase-3 activation (Fig 1). These observations prompted us to conduct
an in-depth investigation into whether XO-generated early ROS can act as a crucial early effec-
tor for late mitochondrial damage, subsequently leading to the activation of the mitochondrial
apoptotic pathway.

In the present study, we found an accumulation of LC3-II in cells after prolonged 6r treat-
ment. However, one can argue that defective autophagy rather than activated autophagy was
induced in 6r-treated OEC-M1 cells. Thus, it is obligatory to determine the autophagic flux in
6r-treated OEC-M1 cells by examining the level of p62/SQSTM, which specially turned over
within lysosomes. In addition, autophagic flux was confirmed by using BAF and CQ, which in-
hibit the late degradation stage of autophagy. Co-treatment with BAF or CQ effectively inhib-
ited p62 degradation and also induced a higher accumulation of LC3-II compared with merely
6r-treated cells. These data clearly confirm that the autophagic flux was activated in 6r-treated
OEC-M1 cells.

MitoSOX is a good hydroethidine-based indicator for mitochondrial superoxide measure-
ment by selectively targeting to mitochondria. Once in the mitochondria, MitoSOX is preferen-
tially oxidized by mitochondrial radicals and exhibits red fluorescence. However, it is possible
that MitoSOX could be oxidized by other radicals outside of mitochondria in the presence of
DNA [42]. To address this concern, it is necessary to examine whether the detected fluorescent
MitoSOX signal was localized in mitochondria. As expected, the MitoSOX signal was observed
in the cytosol but not in the nucleus, excluding the possible artifacts of nuclear localization of
the oxidation products. Additionally, the fluorescent MitoSOX was fully colocalized with mito-
chondria, as visualized with CytoPainter MitoGreen, confirming that mitochondrial ROS was
generated after prolonged 6r treatment.

The mitochondrial signaling pathway that initiates apoptosis involves different environ-
mental stress that damages the mitochondria and induces intracellular signaling cascades [34].
The Bcl-2 family of proteins tightly controls and regulates mitochondrial apoptotic signaling
by governing the mitochondrial membrane permeability [43]. Bax, the first identified proapop-
totic member of the Bcl-2 protein family, has been reported to translocate from the cytosol to
the mitochondria following the exposure of cells to apoptotic stresses [44]. Activated Bax then
forms a proteolipid pore in the mitochondrial outer membrane to allow cytochrome c release
from mitochondria. This process also facilitates proton leakage and ultimately leads to a mito-
chondria-dependent oxidative burst. The release of cytochrome c can promote the formation
of apoptosomes, which recruit and activate the caspase-9/-3 signaling cascade [41]. In this
study, we observed increased mitochondrial levels of Bax protein in 6r-treated cells accompa-
nied by the release of cytochrome c, the decrement of mitochondrial membrane potential, and
consequently the activation of caspase-9/-3 signaling pathway. However, whether early ROS
generated from autophagy-regulated XO can act as an early effector for triggering apoptosis, or
if it is merely an intermediate event that occurs parallel to autophagic/apoptotic cell death re-
mains unclear. Remarkably, reducing XO-generated early ROS by allopurinol not only reduced
6r-induced mitochondrial damage but also attenuated downstream caspase-9/-3 activation. As
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Fig 7. Conclusionmodel of autophagy-regulated early ROS in the connection between death
autophagy and apoptosis. In CTSS-targeting cells, autophagy is quickly activated to regulate XO for the
first oxidative burst (early ROS generation). The harmful early ROS can subsequently act as an early effector
to for triggering Bax activation and subsequently causing cytochrome c release, and mitochondrial
membrane depolarization for the second oxidative burst. Consequently, these factors act as death executors
for the triggering of mitochondria-dependent apoptosis. Thus, these dying cells simultaneously display mixed
autophagic and apoptotic hallmarks. When upstream autophagy and/or early ROS level are attenuated,
mitochondria-dependent apoptotic signaling cascades diminish.

doi:10.1371/journal.pone.0128045.g007
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concerns about the specificity of allopurinol, a complementary biochemical molecular ap-
proach was also performed. Consistently, reducing XO expression by siRNA also attenuates
6r-induced caspase-9/-3 activation (Fig 6D). These data indicate that early ROS is not an inter-
mediate event that occurs parallel with 6r-induced autophagic/apoptotic cell death. Instead,
autophagy-regulated early ROS is a crucial early effector for late mitochondrial damage and for
the activation of the mitochondrial apoptotic pathway.

The number of apoptotic cells induced by 6r treatment decreased by approximately 60% in
the presence of an XO inhibitor, allopurinol (Fig 6D). The incomplete prevention of apoptosis
by allopurinol may be explained by amplified enzymatic kinetics. Although reducing the early
ROS level by using allopurinol can attenuate caspase-3 activation, a small amount of caspase-3
was still activated (Fig 6A). A small amount of activated caspase-3 may be sufficient to induce
apoptotic cell death along its enzymatic pathway. Moreover, the harmful characteristics of
early ROS may be another critical cause for the failure of allopurinol in the complete preven-
tion of apoptosis. This assumption is derived from our previous work, which demonstrated
that early ROS is harmful and can cause DNA damage within 4 h [31]. In addition, XO-gener-
ated ROS was recently reported to be sufficient for causing DNA double-strand breaks in ciga-
rette smoke-induced lung injury [45]. In response to DNA damage, cells may trigger the DNA
repair system for cell survival. If this fails, the cells can activate caspase-3-independent apopto-
sis through caspase-2, the only caspase in the nucleus [46, 47]. Thus, the harmful early ROS
not only damages the mitochondria for triggering the mitochondria-dependent apoptotic path-
way but also damages cellular DNA through the activation of mitochondria-independent
apoptosis.

In summary, our findings demonstrated that XO-generated early ROS is a primary event for
the connection between autophagic and apoptotic cell death. Following CTSS inhibition by 6r,
early ROS is generated from autophagy-regulated XO, and is harmful because it acts as an early
effector for triggering Bax activation. Increased Bax translocation to mitochondria was accom-
panied by the disruption of mitochondrial membrane potential and cytochrome c releasing.
Consequently, these factors act as cytotoxic death executors that trigger mitochondria-depen-
dent cell death or intrinsic apoptotic cell death (Fig 7). Thus, inhibiting autophagy (which acts
as an upstream event) or reducing the early ROS level (early effector) can attenuate subsequent
mitochondrial damage and eventually lower the final death rate (autophagic/apoptotic cell
death). Thus, our findings provide innovative connective evidence between death autophagy
and apoptosis, showing that mitochondria-dependent apoptosis is triggered by autophagy-reg-
ulated early ROS derived from XO in cancer cells treated with CTSS inhibitors.
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