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Peneciraistin C (Pe-C) is a novel spiroketal compound isolated
from the saline soil derived fungus Penicillium raistrickii. Our pre-
vious study showed that Pe-C exerted a potent cytotoxic effect
on many kinds of cancer cell lines, especially on human lung
cancer A549 cells. Here, we report the anticancer mechanisms of
Pe-C in a variety of lung cancer cells. The results showed that Pe-
C induced caspase-independent autophagic cell death and ele-
vated mitochondrial-derived reactive oxygen species levels. Inter-
estingly, if autophagy was blocked by 3-methyladenine or Atg5
siRNA, Pe-C triggered a shift from autophagic cell death into cas-
pase-dependent apoptotic cell death. In addition, cotreatment
with the antioxidant N-acetyl-L-cysteine or Mito-TEMPO could
effectively reverse the effect of the enhanced reactive oxygen
species production, which in turn almost completely prevented
the cell death induced by Pe-C. Thus, this study provided new
insights into the mechanisms underlying Pe-C-mediated cell
death, which indicated that Pe-C could be a potential drug candi-
date for therapy of lung cancers. (Cancer Sci 2013; 104: 1476–
1482)

L ung cancer is the leading cause of cancer-related death in
men and is second only to breast cancer in women.(1,2) In

China, approximately 60 0000 people suffer from this disease
and consequently die each year. In clinical practice, lung
carcinomas are classified into two major types: non-small-cell
lung cancer and small-cell lung cancer.(3) Chemotherapy is still
an important option in curing or controlling lung cancer.
Although many relatively effective chemotherapeutic agents
have been developed, the cure rate of lung cancer is still low
because of drug resistance. In addition, the side-effects of
chemotherapeutic drugs often hamper the quality of life of
lung cancer patients.(4) Therefore, the discovery of effective
novel molecular targeted therapies for lung cancer is urgently
needed.
Spiroketals are cyclic substructures found in many natural

products that show a wide range of biological activities, such
as antitumor activity, antibacterial activity, and anti-inflamma-
tory effects.(5–8) Peneciraistin C (Pe-C) (Fig. 1) is a novel spi-
roketal compound purified from the fungus Penicillium
raistrickii, isolated from saline soil collected in Bohai Bay in
Zhanhua (Shandong Province, China). In preliminary screening,
Pe-C showed potent cytotoxic activity in many kinds of human
cancer cell lines, especially in human lung cancer A549 cells.(9)

In this study, we report the antitumor activity and the possible
molecular mechanisms of Pe-C in a variety of lung cancer
cells.

Over the past decades, apoptosis induction is the main focus in
the development of new anticancer drugs, so a great number of
studies have been focused on type-I programmed cell death. In
contrast, more and more evidence now shows that autophagic cell
death has emerged as an important mechanism of cancer cell
death induced by anticancer agents.(10–12) The housekeeping role
of autophagy is to protect cells under stressful conditions through
removing misfolded or aggregated proteins, engulfing damaged
organelles such as mitochondria and endoplasmic reticulum. The
autophagic vesicles and their contents are degraded by the cellu-
lar lysosomal system and recycled to sustain cellular metabo-
lism.(13) However, when this process occurs in excess, autophagy
itself becomes cytotoxic and eventually leads to autophagic cell
death.(14) Thus, in addition to apoptotic cell death, the study on
autophagic response is a prospective direction for the develop-
ment of anticancer drugs. Reactive oxygen species (ROS) produc-
tion, especially through the mitochondria, is important for the
regulation for autophagy induction in cancer therapy.(10,15,16)

However, it seems somewhat controversial that ROS is instru-
mental in inducing autophagy under stress conditions.(17–20) In
this regard, it is of interest to determine the role of ROS and auto-
phagy in A549 cell death induced by the novel compound Pe-C.
In the present study, we investigated the mechanism under-

lying the novel compound Pe-C in lung cancer cells. We found
that Pe-C elicited autophagic cell death independent of caspase
activation and apoptosis in a variety of lung cancer cells,
which was mediated by the accumulation of mitochondrial-
derived ROS. However, when autophagy was blocked, Pe-C
triggered a shift from autophagic cell death into caspase-
dependent apoptotic cell death.

Materials and Methods

Cell culture. Human lung cancer cells A549, H446, H661,
and the human normal lung epithelial cell BEAS-2B were
obtained from the Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). The lung cancer cells
were cultured with RPMI-1640 medium supplemented with
10% FBS; the BEAS-2B cells were cultured in M199 medium
supplemented with 20% high quality FBS and 2 lL ⁄mL
epidermal growth factor at 37°C under a humidified
atmosphere of 95% air and 5% CO2.

Chemical reagents and antibodies. Peneciraistin C was
isolated from the saline soil-derived fungus P. raistrickii.(9)

3-Methyladenine (3-MA), wortmannin (WM), caspase inhibitor
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(z-VAD-fmk and Q-vd-OPh), N-acetyl-L-cysteine (NAC),
acridine orange (AO), and chloromethyl-2’,7’-dichlorofluores-
cein diacetate (CM-H2-DCFDA) were all purchased from
Sigma-Aldrich (St. Louis, MO, USA). Anti-LC3, anti-Atg5,
anti-p62, anti-cleaved caspase-9, anti-cleaved caspase-3, and
anti-cleaved poly(ADP-ribose) polymerase (PARP) antibodies
were purchased from Cell Signaling Technology (Danvers,
MA, USA). Anti-actin antibody, secondary antibodies, and the
specific mitochondria-targeting antioxidant (Mito-TEMPO)
were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA, USA).

Cell viability assay. Cell viability was determined by MTT
assay as previously described.(19) Briefly, different kinds of
cells were seeded in 96-well flat bottom microtiter plates for
24 h. After treatment, 20 lL MTT solution (5 mg ⁄mL) was
added to each well and incubated for 4 h. The crystals were
then dissolved in 100 lL DMSO ⁄well. Absorbance was
recorded at a wavelength of 490 nm with a microtiter plate
reader (Bio-Tek ELX800, Winooski, VT, USA). At least three
replicates were carried out for each treatment.

Determination of cell death and apoptosis. After treatment,
cells were harvested and stained with Trypan blue, then counted
with a hemocytometer. For cell cycle analysis, treated cells were
harvested, fixed in 70% ethanol overnight at 4°C, then cells were
washed with PBS and stained with propidium iodide working
solution (Beyotime, Shanghai, China) for 30 min in the dark at
37°C. Then the sub-G1 peaks in the DNA histogram were ana-
lyzed with a flow cytometer. Next, for detection of early apopto-
tic cell death, cells were stained with FITC-labeled annexin V
(BD Pharmingen, San Diego, CA, USA) according to the manu-
facturer’s instructions. The resulting fluorescence was detected
by flow cytometry with CellQuest analysis software (BD Bio-
sciences, San Jose, CA, USA).

Detection of acidic vesicular organelles. After treatment, cells
were stained with 1 lM AO for 15 min at 37°C in the dark,
then washed twice with PBS. Images of AO staining were
visualized immediately using a fluorescence microscope. To
quantify the fluorescence intensity of AO, other cells were
stained with 1 lM AO in PBS at 37°C for 15 min, the cells
were harvested, washed, and resuspended in 200 lL PBS, then
analyzed by flow cytometry assay. The fluorescence intensity
of AO was analyzed with CellQuest software.

Transmission electron microscopy. After treatment, cells were
harvested and fixed in 2.5% glutaraldehyde at 4°C overnight.
After washing, cells were postfixed with 1% OsO4 for 1.5 h.
After dehydration with an ethanol series and propylene oxide
at 4°C, cells were embedded in epoxy resin for section. The
ultrathin sections were doubly stained by uranyl acetate and
lead citrate. The data were analyzed by transmission electron
microscopy.

Caspase activity assay. The activity of caspase-3, -8, and -9
was measured using commercially available caspase colorimet-
ric assay kits (Beyotime). Briefly, after treatment, cells were
harvested by centrifugation at 600 g for 5 min at 4°C. The cell

pellets were resuspended in lysis buffer and left on ice for
15 min. Then the lysates were centrifuged at 16 000g for
15 min at 4°C and the supernatant was collected for caspase-3,
-8, and -9 activity assays according to the kits’ instructions.

Measurement of intracellular ROS production. The intracellu-
lar ROS levels were measured using the fluorescent dye 2′,7′-
dichlorodihydrofluorescein diacetate (DCF-DA). Briefly, the
treated cells were collected, washed, and incubated with
10 lM DCF-DA for 30 min in the dark. The stained cells
were analyzed using a flow cytometer with CellQuest analysis
software.

Western blot analysis. After treatment, cells were harvested
and lysed. An equal amount of protein was separated by SDS-
PAGE (12–16%) and transferred to PVDF membranes. After
blocking with 5% non-fat dried milk for 1 h, the membrane
was incubated with the desired primary antibodies (dilution
1:1000) overnight at 4°C. Then the immunoreactive bands
were visualized by enhanced chemiluminescence using HRP-
conjugated IgG secondary antibodies.

RNA interference. For downregulation of Atg5 gene expres-
sion, Atg5 siRNA was purchased from Invitrogen (Carlsbad,
CA, USA). Transient transfections of siRNA were carried out
using Lipofectamine 2000 (Invitrogen), according to the manu-
facturer’s protocol. After 48 h of transfection, A549 cells were
treated with Pe-C for an additional 48 h. Then cell lysates
were subjected to immunoblotting, cell viability, and apoptosis
analysis.

Immunofluorescence analysis. After treatment, cells were
fixed with 4% paraformaldehyde for 15 min. The cells were the
permeabilized with 0.5% Triton X-100 for 30 min and blocked
with 2% BSA for 1 h. After blocking, cells were incubated
with anti-LC3 (1:400) antibody at 4°C overnight then reacted
with FITC-conjugated goat anti-rabbit IgG (1:100) for 1 h at
37°C. The nuclei were stained with 1 lM DAPI for 5 min.
Then LC3 puncta and stained nuclei were detected under a flu-
orescence microscope and merged (Olympus, Tokyo, Japan).

Statistical analysis. All data are expressed as the mean � SD.
Group comparisons were carried out using Student’s t-test, and
multiple groups were carried out using SPSS 10.0 software
(SPSS Inc., Chicago, IL, USA). P < 0.05 is considered statisti-
cally significant.

Results

Peneciraistin C induces caspase-independent non-apoptotic cell
death in lung cancer cells. As shown in Figure 2(a), Pe-C had a
slight effect on normal human lung epithelial BEAS-2B cells,
however, it significantly induced growth inhibition and cell
death in a time- and dose-dependent manner in the three tumor
cell lines after 24 and 48 h of treatment. The IC50 values of
Pe-C in A549, H446, and H661 cells were 3.2, 6.8 and
4.6 lM, respectively, after 48 h of treatment. To determine
whether the cytotoxicity of Pe-C was apoptosis-related, A549,
H446, and H661 cells were pretreated with the pan-caspase
inhibitors z-VAD-fmk and Q-vd-OPh. As shown in Figure 2(b)
and Figure S1, pretreatment with z-VAD-fmk and Q-vd-OPh
significantly abrogated the cell death in response to 5-fluoro-
uracil (5-FU) in A549 cells. In contrast, z-VAD-fmk and Q-
vd-OPh both failed to protect the three tumor cells from death
caused by Pe-C. These results suggested that Pe-C, unlike 5-
FU, induced cell death in a caspase-independent manner.
To further confirm whether the cell death induced by Pe-C
was due to apoptosis, the activities of caspase-3, -8, and -9
and PARP were examined by spectrophotometric method or
immunoblot analysis (Fig. 2c, Fig. S2), with 5-FU as the posi-
tive control. Consistently, Pe-C showed no noticeable effect on
the activities of these caspase substrates in A549 cells. Similar
results were observed for H446 and H661 cells (data not
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Fig. 1. Chemical structure of peneciraistin C.
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shown). The effects of Pe-C on sub-G1 apoptotic fraction were
also examined by flow cytometry in A549 cells (Fig. 2d).
Treatment with Pe-C did not result in an obvious increase of
the sub-G1 phase, whereas, as expected, a significant increase
of the sub-G1 fraction was observed after 5-FU treatment.
These results indicate that Pe-C-induced tumor cell death is
not associated with the caspase-dependent apoptotic signaling
cascade.

Peneciraistin C induces autophagic features in lung cancer cells.
As it seemed that Pe-C-induced cell death lacked the charac-
teristics of classical apoptotic cell death, we sought to deter-
mine whether it could induce cell death through autophagy.
First, we examined the effect of Pe-C on the levels of acidic
vesicular organelles (AVOs), a typical method for monitoring
autophagy,(21) by staining tumor cells with AO. As shown in
Figure 3(a), Pe-C induced AVO formation in a dose-dependent
manner in A549 cells. When treated with 3–6 lM Pe-C for
48 h, A549 cells showed a large number of fluorescent vesicles
in the cytoplasm, whereas only a few fluorescent vesicles were
observed in the control group. To quantify the AVO fractional
volume after Pe-C treatment, flow cytometric analysis was car-
ried out. The data indicated that Pe-C elicited AVO develop-
ment in a time-dependent manner in A549 cells (Fig. 3c).
Subsequently, transmission electron microscopy was used to
further determine the formation of autophagosomes in Pe-C
treated cells (Fig. 3b). Treatment of A549 cells with 3–6 lM
Pe-C for 48 h caused the accumulation of numerous autopha-
gic vacuoles, which showed autophagosome and ⁄or autolysos-
omal characteristics, whereas only a few vacuoles were
observed in the control cells. To further examine the induction

of autophagy by Pe-C, we assessed the effects of Pe-C on the
levels of LC3, Atg5, and p62, which are all autophagy-specific
markers.(22) The immunoblot analysis revealed that Pe-C treat-
ment led to the drastic conversion of LC3 I ⁄ II, the upregula-
tion of Atg5, and the downregulation of p62 in a
time-dependent manner in A549 cells (Fig. 3d). In addition,
Pe-C was also found to induce drastic conversion of LC3-I to
LC3-II in other lung cancer cells, including H446 and H661
cells (Fig. 3e). All of the findings clearly indicate that Pe-C
induces an autophagic response in lung cancer cells.

Autophagy inhibition converts Pe-C-induced cell death to
caspase-dependent apoptotic cell death. To confirm the contri-
bution of autophagy induced by Pe-C, we analyzed the impact
of autophagy blockade on Pe-C-induced cell death using 3-MA
and WM, a well-known inhibitor of early stages of the auto-
phagic process.(10) As expected, Pe-C treatment resulted in a
significant increase of LC3-II expression in A549 cells,
whereas this increased level of LC3-II was markedly attenu-
ated in the presence of 3-MA or WM (Fig. 4a). Surprisingly,
the cell viability measured by MTT assay showed that pretreat-
ment with 3-MA or WM led to an inconspicuous inhibition of
Pe-C-induced cell death in A549 cells (Fig. 4b). Given that
autophagy and apoptosis are closely interrelated because major
players of both pathways cross-talk to each other,(23–25) we
thought that autophagic cell death might be switched to
apoptotic cell death under the condition of autophagy
inhibition. Indeed, we found that pretreatment of 3-MA or
WM significantly increased the population of sub-G1 phase
apoptotic cells (Fig. 4c). More importantly, pretreatment of the
cells with 3-MA or WM dramatically increased the activity of

(a)

(b)

(d)(c)

Fig. 2. Peneciraistin C (Pe-C) induces caspase-independent non-apoptotic cell death in three lung cancer cell lines. (a) A549, H446, H661, and
BEAS-2B cells were treated with indicated concentrations of Pe-C for 24 and 48 h. Cell viabilities were determined by MTT assay. The IC50 value
was calculated by an IC50 software program. (b) A549, H446, and H661 cells were treated with indicated concentrations of Pe-C and 5-fluoroura-
cil (5-FU) in the absence (–) or presence of pan-caspase inhibitor z-VAD-fmk (100 lM) for 48 h. The percentage of cell death was quantified by
Trypan blue staining. (c) A549 cells were treated with indicated concentrations of Pe-C or 5-FU for the indicated times. The activity of caspase-3,
-8, and -9 was measured by a microplate reader at 405 nm. (d) A549 cells were treated with indicated concentrations of Pe-C or 5-FU for 24 and
48 h. Cells were stained with propidium iodide and analyzed by flow cytometry. Data represent results of at least three independent experi-
ments.
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caspase-3 in response to Pe-C (Fig. 4d). Such typical apoptosis-
related events were barely detected in the Pe-C alone treatment
group, suggesting that the inhibition of autophagy shifted Pe-C-
induced autophagic cell death to caspase-dependent apoptotic cell
death.
To further assess the functional relationship between

autophagy and apoptosis in response to Pe-C treatment, we
next determined whether the downregulation of Atg5 gene
expression by siRNA could also convert Pe-C-induced
autophagic cell death into apoptotic cell death. Consistently,
immunoblot analysis revealed that knockdown of Atg5 mark-
edly induced the formation of the active forms of cleaved
capase-9 and caspase-3, and resultant cleavage of PARP
(Fig. 5a, fourth line), which are well-known apoptotic hall-

marks. Such typical apoptotic hallmarks were observed only in
cells cotreated with siAtg5, not in Pe-C alone treated cells
(Fig. 5a, third and fourth lines). The effectiveness of siAtg5 on
Pe-C-induced autophagy was confirmed by the reduction of
LC3-II and Atg5 protein levels (Fig. 5a, fourth line). Similarly,
downregulation of Atg5 gene expression significantly increased
the proportion of early phase apoptotic cells, as the population
of annexin V-positive cells increased from 3.21% to 29.36%
(Fig. 5b). In addition, Atg5 knockdown also led to barely
reduction of cell death induced by Pe-C (Fig. 5c). However,
knockdown of Atg5 markedly increased the sub-G1 fraction
(Fig. 5d). Moreover, pretreatment with Z-VAD-fmk, a pan-cas-
pase inhibitor, succeeded in inhibiting Pe-C-induced cell death
and effectively reduced the sub-G1 apoptotic fraction after

(a)

(b)

(d)(c)

(e)

Fig. 3. Induction of autophagy in a variety of
human lung cancer cells in response to peneciraistin
C (Pe-C). (a, b) A549 cells were treated with
indicated concentrations of (Pe-C) for 48 h.
(a) Treated cells were stained with acridine orange
(AO) and visualized under a red filter fluorescence
microscope. (b) Formation of autophagosomes in
treated cells was checked by transmission electron
microscopy. Scale bar = 1 lM. (c, d) A549 cells were
treated with 3 lM Pe-C for the indicated times.
(c) Treated cells were stained with AO, then the
fluorescence intensity was analyzed by flow
cytometry. (d) After treatment, whole cell extracts
were subjected to immunoblotting with anti-LC3,
anti-Atg5, and anti-p62 antibodies. (e) H446 and
H661 cells were treatedwith indicated concentrations
of Pe-C for 48 h. The LC3-I ⁄ LC3-II levels were
determined as described in (d).

(a) (b)

(d)(c)Fig. 4. Blockage of autophagy converts
peneciraistin C (Pe-C)-induced cell death to apoptotic
cell death. A549 cells were pretreated with 3-
methyladenine (3-MA, 5 mM) or wortmannin (WM,
100 nM) for 1 h, followed by 3 lM Pe-C for the
indicated times. (a) After treatment for 48 h, whole
cell lysates were separated by SDS-PAGE, then
immunoblotting was carried out using anti-LC3
antibody. (b) Cell viabilities were analyzed by MTT
assay. (c) Sub-G1 cell cycle phase was analyzed using
flow cytometry. (d) Caspase-3 activity was measured
by amicroplate reader at 405 nm.
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knockdown of Atg5 in A549 cells (Fig. 5c,d). All of these find-
ings clearly suggest that inhibition of autophagy causes a shift
from autophagic cell death to apoptosis in response to Pe-C.

Mitochondrial-derived ROS production plays an essential role
in Pe-C-induced cell death. Next, we investigated the mecha-
nisms leading to cell death by Pe-C. Recently, mounting evi-
dence has indicated that ROS were involved in autophagy
induction in cancer therapy.(16,26) To investigate whether intra-
cellular ROS levels were increased in Pe-C-treated A549 cells,
the treated cells were stained with CM-H2-DCFDA, a cell-
permeable fluorescence dye that reacts to a broad spectrum of
ROS. As shown in Figure 6(a,b), ROS levels were clearly
increased after Pe-C treatment in a time-dependent manner,
and such increase was efficiently attenuated when the cells
were pretreated with NAC, a broad-spectrum antioxidant. Sur-
prisingly, the elevated ROS levels were also significantly

weakened by Mito-TEMPO, a mitochondria-targeting antioxi-
dant with superoxide and alkyl radical scavenging properties
(Fig. 6b). To examine whether the enhanced ROS production
played an important role in Pe-C-induced cell death, A549
cells were pretreated with NAC or Mito-TEMPO. The result
indicated that pretreatment with antioxidant NAC or Mito-
TEMPO almost completely prevented the cell death induced
by Pe-C (Fig. 6c). Interestingly, when the autophagy induced
by Pe-C was blocked using siAtg5, the results were consistent
with Figure 6(a–c) (Fig. S3). These data indicated that ROS
production induced by Pe-C played a key role in autophagy
and apoptosis. Finally, we investigated whether the inhibition
of ROS influenced LC3 expression. Indeed, scavenging of
ROS by NAC or Mito-TEMPO dramatically decreased the
LC3 level in response to Pe-C (Fig. 6d). These results clearly
indicate that ROS production induced by Pe-C, presumably

(a) (b)

(d)(c)

Fig. 5. Effect of Atg5 siRNA on cell autophagy
and apoptosis. A549 lung cancer cells were
transfected with Atg5-targeted siRNA (si ATG5) or
control siRNA (si Control) for 48 h, then stimulated
with peneciraistin C (Pe-C, 3 lM) for 48 h.
(a) Whole cell lysates were prepared and separated
by SDS-PAGE, then subjected to immunoblotting
using indicated antibodies. (b) Cells were stained
with FITC-labeled annexin V and analyzed by flow
cytometry. (c) Cells were treated with Pe-C in the
absence or presence of z-VAD-fmk (Z-VAD). The cell
death rate was measured by Trypan blue staining.
(d) Sub-G1 cell cycle phase was determined with
flow cytometry in the absence or presence of
z-VAD-fmk. cl, cleaved; PARP, poly(ADP-ribose)
polymerase.

(a) (b)

(d)

(c)

Fig. 6. Mitochondrial-derived reactive oxygen species (ROS) production plays an essential role in peneciraistin C (Pe-C)-induced autophagic cell
death. (a) A549 cells were treated with 3 lM Pe-C for the indicated time, then ROS generation was detected using chloromethyl-2′,7′-dichloroflu-
orescein diacetate (CM-H2-DCFDA, 10 lM) by flow cytometry. Data were processed with CellQuest software and analyzed by densitometry.
(b) A549 cells were treated with Pe-C (3 lM) in the absence (–) or presence of antioxidants N-acetyl-L-cysteine (NAC, 10 mM) or Mito-TEMPO
(100 lM) for 12 h; CM-H2-DCFDA was added 30 min before end of treatment. The ROS levels were detected with a flow cytometer and data
were analyzed as described in (a). (c, d) A549 cells were treated with Pe-C (3 lM) in the absence (–) or presence of antioxidants NAC (10 mM) or
Mito-TEMPO (100 lM) for 48 h. (c) Cell viabilities were determined by MTT assay. (d) Cells were fixed for immunofluorescence staining with anti-
LC3 antibody and observed under a fluorescence microscope.

1480 doi: 10.1111/cas.12253
© 2013 Japanese Cancer Association



through mitochondria, plays a major role in promoting auto-
phagy and subsequent cell death.

Discussion

In this study, we provided novel evidence that Pe-C, isolated
from saline soil-derived fungus P. raistrickii, activated auto-
phagic cell death, which was fundamentally different from
apoptosis induced by 5-FU in human lung cancer cells. We
proposed that autophagic cell death, rather than apoptosis, was
a possible mechanism for Pe-C-induced cytotoxicity. As is
well known, the relationship between autophagic and apoptotic
cell death is controversial. The two may coexist, cooperate, or
antagonize each other to balance death versus survival signal-
ing.(27,28) Our results indicated that Pe-C induced cell death
with autophagic features, such as increased levels of AVOs,
the conversion of LC3 I ⁄ II, the upregulation of Atg5, and the
downregulation of p62, but not with the caspase-dependent
apoptotic characteristics (Figs 2,3). Interestingly, when cells
were cotreated with 3-MA or WM, the well-known autophagy
inhibitor, or Agt5 siRNA, an essential component for auto-
phagosome formation,(29,30) there was hardly any protective
effect on Pe-C-induced cell death in A549 cells. Furthermore,
it was found that pretreatment of 3-MA ⁄WM or Agt5 siRNA
significantly increased the population of sub-G1 phase or
annexin V-positive apoptotic cells and markedly induced the
formation of the active forms of cleaved capase-9 and caspase-
3, and resultant cleavage of PARP in response to Pe-C
(Figs 4,5). In short, it is possible that the Pe-C-induced lung
cancer cell death may include both apoptotic and autophagic
cell death. These cancer cells preferentially undergo autopha-
gic cell death instead of apoptosis in response to Pe-C, which
can be turned to apoptosis when the autophagic cell death
pathway is limited.
Next, we investigated the underlying upstream regulatory

mechanisms leading to cell death by Pe-C. Recent evidence has
indicated that ROS production, especially through the mitochon-
dria, is important for regulating autophagy and apoptosis in
response to chemotherapy-induced stress.(31–33) However, it
seems somewhat controversial that ROS is favorable for induc-
ing autophagy under stress conditions. For instance, inhibition of
autophagy by thymidine analogues led to accumulation of ROS
production and increased apoptosis.(34) In contrast, ApoG2
induced autophagy through ROS-dependent manners in human

hepatocellular carcinoma cells, and inhibition of ROS-mediated
autophagy by antioxidant NAC potentiated ApoG2-induced
apoptosis and cell killing.(35) These data showed that ROS for-
mation was either involved in autophagy activation or was
included in autophagy inhibition. Thus, it is of interest to deter-
mine the role of ROS and autophagy ⁄ apoptosis in Pe-C-induced
cell death. Our study found that ROS accumulated dramatically
after Pe-C treatment (Fig. 6a), and the blocking of this ROS
accumulation with antioxidant NAC almost completely blocked
the Pe-C-induced autophagy and subsequent cell death (Fig. 6b–
d). Interestingly, the elevated ROS levels were also significantly
weakened by Mito-TEMPO (Fig. 6b), the mitochondria-target-
ing antioxidant, and autophagic cell death was almost com-
pletely prevented by Mito-TEMPO (Fig. 6c,d). In blockage of
autophagy induced by Pe-C, ROS levels were almost unaffected,
however, treatment with the antioxidant NAC or Mito-TEMPO
could inhibit ROS accumulation and subsequent cell death com-
pletely (Fig. S3). These results indicate that ROS accumulation
is presumably derived from mitochondria after Pe-C treatment,
and this ROS production plays a key role in progression to cell
death.
Taken together, our findings suggest that Pe-C-induced cell

death in human lung carcinoma cells is mediated by caspase-
independent autophagic cell death, and mitochondrial ROS
production plays a major role in promoting autophagy and sub-
sequent cell death. Moreover, our study unveils novel aspects
of interplay between apoptosis and autophagy underlying the
cytotoxic action of Pe-C, and offers a potential drug candidate
for treatment of refractory lung cancers that are resistant to
caspase-independent apoptosis.
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Supporting Information

Additional supporting information may be found in the online version of this article:

Fig. S1. Peneciraistin C (Pe-C) induces caspase-independent non-apoptotic cell death in three lung cancer cell lines. A549, H446, and H661 cells
were treated with indicated concentrations of Pe-C or 5-fluorouracil (5-FU) in the absence or presence of pan-caspase inhibitor (Q-vd-OPh,
100 lM) for 48 h. The percentage of cell death was quantified by Trypan blue staining.

Fig. S2. Peneciraistin C (Pe-C) does not induce caspase activation in A549 lung cancer cells. A549 cells were treated with indicated concentra-
tions of Pe-C or 5-fluorouracil (5-FU) for 48 h. The activated caspase-3, caspase-9 and poly(ADP-ribose) polymerase (PARP) were measured by
immunoblot analysis. cl, cleaved.

Fig. S3. Reactive oxygen species (ROS) production induced by peneciraistin C (Pe-C) plays an essential role in the case of apoptosis. A549 lung
cancer cells were transfected with Atg5-targeted siRNA (si ATG5) and the control siRNA (si Control) for 48 h. (a) After transfection, A549 cells
were treated with 3 lM Pe-C for the indicated time, then ROS generation was detected using chloromethyl-2′,7′-dichlorofluorescein diacetate
(CM-H2-DCFDA, 10 lM) by a flow cytometer. (b) After transfection, A549 cells were treated with Pe-C (3 lM) in the absence (–) or presence
of antioxidants N-acetyl-L-cysteine (NAC, 10 mM) or Mito-TEMPO (100 lM) for 12 h. CM-H2-DCFDA was added 30 min before end of treat-
ment. The ROS levels were detected with a flow cytometer. (c) After transfection, A549 cells were treated with Pe-C (3 lM) in the absence (–)
or presence of antioxidants NAC (10 mM) or Mito-TEMPO (100 lM) for 48 h. Cell viabilities were determined by MTT assay.
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