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Abstract

Chemotherapy is an important option for the treatment of various cancers including lung cancer. However, tumor
resistance towards cytotoxic chemotherapy has become more common. It has been reported that autophagy is one of the
processes contributing to this resistance. In the present study, we found that the anti-cancer drug 5-fluorouraci(5-FU) could
induce autophagy in A549 cells. 5-FU treatment could lead to the conversion of LC3 I/II, the up-regulation of Beclin-1, the
down-regulation of p62 and the formation of acidic vesicular organelles (AVOs) in A549 cells. Pre-treatment of cancer cells
with 3-MA or siAtg7 could enhance 5-FU-induced apoptosis through the activation of caspases, and the caspase inhibitor z-
VAD-fmk rescued the cell viability reduction. Furthermore, the inhibition of autophagy also stimulated ROS formation and
scavenging of ROS by antioxidant NAC inhibited caspase-3 activity, prevented the release of cyt-c from mitochondria and
eventually rescued cancer cells from 5-FU-mediated apoptosis. These results suggest that 5-FU-elicited autophagic response
plays a protective role against cell apoptosis and the inhibition of autophagy could sensitize them to 5-FU-induced caspase-
dependent apoptosis through the stimulation of ROS formation.
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Introduction

Lung cancer is one of the most common malignancies in the

world and the leading cause of cancer-related death in many

countries. Approximate 85% of lung cancer cases belong to non-

small-cell lung cancer (NSCLC) [1,2]. Chemotherapy is an

important option in curing or controlling lung cancer. 5-

fluorouracil (5-FU), which exerts its anticancer effects through

the inhibition of thymidylate synthase and the incorporation of its

active metabolites into RNA and DNA so as to influence the uracil

metabolism and eventually lead to apoptosis in the cancer cell [3].

In the past decades, 5-FU-based combination therapies are

standard treatments for many patients diagnosed with various

malignant tumors, including NSCLC [4–6]. However, along with

its usage, resistance to 5-FU has become common and has been

recognised as a reason for many cancers therapy failure [7,8].

Therefore, many attempts have been carried out in order to

reduce the resistance and enhance its therapeutic effectiveness.

Although many aggressive therapies, such as new drugs combined

with 5-FU, have improving patients survival, the effect of these

therapies remains far from satisfactory at present. It is conse-

quently desirable to find more appropriate therapeutic opportu-

nities for NSCLC. Herein, we report the induction of autophagy

by 5-FU in human NSCLC A549 cells.

Over the past decades, apoptosis induction has been the major

consideration in anti-cancer drug development. However, cancer

cells trigger multiple pathways to escape from apoptosis [1].

Recently, autophagy has been widely studied in cancer therapy. In

addition to its housekeeping role in removing misfolded or

aggregated proteins, clearing damaged organelles and eliminating

intracellular pathogens, autophagy has multiple physiological and

pathophysiological functions in cancer therapy. Many studies have

focused on the relationship between autophagy and tumour

pathogenesis, development and treatment. However, autophagy

seems to play a paradoxical role in cancer cell survival and death.

In chemotherapy, when cells encounter some anti-cancer drugs,

autophagy is induced to protect cancer cells against apoptosis for

cell survival. Therefor autophagy is recognized as a cytoprotective

process [7,9–11]; Meanwhile, Recent studies have shown that the

inhibition of autophagy induces lowered apoptotic level, therefore,

autophagy participates in the upregulation of apoptosis [12,13];

Furthermore, like apoptosis, autophagy is also an alternative route

of programmed cell death, called type-II programmed cell death

[14–16]. Presumably, the role of autophagy may depend on the

type of tumor and stimuli, the stage of tumorigenesis and apoptotic

status in tumor cells. Appropriate modification of autophagy,

inhibition of cytoprotective autophagy to enhance the apoptosis of

tumor cells in response to anti-cancer agents might improve the
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effects of chemotherapy [9]. Thus, in addition to apoptotic

response, the study of autophagy is a prospective direction for the

development of anti-cancer drugs.

Reactive oxygen species(ROS) play an important role in a

variety of cellular programs during physiological as well as

pathological conditions. When produced in moderate amounts,

ROS act as signaling molecules in signal transduction pathways to

regulate cell growth, differentiation, survival, inflammation and

the immune response [17]. On the other hand, when excessively

produced, they share the ability to inflict oxidative damage to vital

biological molecules, like DNA, lipids and proteins, which alters

their functionality and causes impairment of cellular integrity [18].

In the past years, mounting evidence indicates that ROS are

implicated in autophagy induction in cancer therapy [19–21],

suggesting that ROS play a crucial role in response to cancer

therapeutics, deregulation of ROS formation is associated with

cancer initiation, progression and drug resistance.

In this study, we investigated the mechanism underlying the

anti-cancer effects of 5-FU in A549 lung carcinoma. We found

that 5-FU induced autophagy in A549 cells and the inhibition of

autophagy could lead to the enhancement of 5-FU-mediated

apoptosis. Furthermore, we demonstrated the mechanism that

autophagy inhibition sensitized cell to apoptotic cell death was by

increasing the formation of ROS that eventually facilitated the

release of cytochrome c from mitochondria, which subsequently

enhanced caspase-dependent apoptosis.

Materials and Methods

Cell culture
The human NSCLC cells A549 were obtained from the Type

Culture Collection of the Chinese Academy of Sciences(Shanghai,

China). The cells were cultured with RPMI-1640 medium (Gibco,

Carlsbad, CA, USA) supplemented with 10% foetal bovine serum

and antibiotics (100 U/ml penicillin and 100 mg/ml streptomycin)

at 37uC under a humidified atmosphere of 95% air and 5% CO2.

Cells in the logarithmic phase of growth were used in this study.

Chemical Reagents and antibodies
5-FU, 3-MA, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphnyl-2H-tetra-

zolium bromide (MTT), 5,59,6,69-tetrachloro-1,19,3,39-tetraethyl-

benzimidazolyl carbocyanine iodide (JC-1) and 5-(and 6)-carboxy-

2979-dichlorodihydrofluorescein diacetate (DCFDA) were all

purchased from Sigma-Aldrich (St. Louis, MO, USA). Anti-LC3,

anti-Beclin1, anti-p62, anti-cytochrome c, anti-cleaved caspase9,

anti-cleaved caspase8, anti-cleaved caspase3 and anti-cleaved

PARP antibodies were purchased from Cell Signaling Technology

(Danvers, MA, USA). Anti-actin antibody and the second

antibodies were obtained from Santa Cruz Biotechnology(CA,

USA).

Cell viability assay
Cell viability was determined by MTT assay. Cells were seeded

in 96-well flat bottom microtiter plates at a density of 16104 cells/

ml with 100 mL per well, incubated for 24 h and then exposed to

the indicated concentrations of 5-FU for the indicated times. After

treatment, 20 ml MTT solution (5 mg/ml) was added to each well

and incubated in a humidified 5% CO2 atmosphere at 37uC for

4 h. The crystals were then dissolved in 100 ml dimethyl sulfoxide/

well. The absorbance of the solution was measured at 490 nm with

a microtiter plate reader (Bio-Tek ELX800). Cell viability was

calculated according to the following formula: Cell viabili-

ty(%) = A490 (sample)/A490 (control)6100. At least three repli-

cates were performed for each treatment.

Immunofluorescence for LC3
The level of LC3 was examined using an immunofluorescence

assay according to our previous report [22]. Briefly, A549 cells

were seeded on glass coverslips. After treatment with 5-FU

(10 mM) for 48 h in the presence or absence of 3-MA (5 mmol/L),

cells were fixed with 4% paraformaldehyde for 15 min. After

fixation, the cells were permeabilized with 0.5% Triton X-100 for

30 min and then blocked with 2% BSA for 1 h at room

temperature. After blocking, cells were incubated with anti-

LC3(1:400 diluted in BSA buffer) antibody at 4uC overnight and

then reacted with fluorescein isothiocyanate (FITC)-conjugated

goat anti-rabbit IgG(1:100 diluted in BSA buffer) for 1 h at 37uC.

The nucleus were stained with 1 mmol/L DAPI (Sigma-Aldrich)

for 5 min. Then LC3 puncta and stained nucleus were detected

under a fluorescence microscope and merged(Olympus, Japan).

Detection of acidic vesicular organelles (AVOs)
To quantify the development of AVOs, A549 cells were seeded

in 24-well flat bottom microtiter plates at a density of 16104 cells/

ml with 1 mL per well and incubated for 24 h. After treatment

with 10 mM 5-FU for 48 h in the presence or absence of 3-MA

(5 mmol/L), cells were stained with 1 mM acridine orange at 37uC
in the dark for 15 min, then washed twice with PBS. Images of AO

staining were visualized immediately using fluorescence micro-

scope. To quantify the number of acidic vesicles in the treated

cells, other cells were seeded into 6-well plates. After staining with

AO in PBS at 37uC for 15 min, the cells were harvested, washed

twice in PBS and resuspended in 200 ml PBS, then analyzed by

flow cytometry assay. Green (500–550 nm, FL1 channel) and red

(.650 nm, FL3 channel) fluorescence, which was illuminated with

blue (488 nm) light excitation, was measured using flow cytometer

with CellQuest analysis software (Becton Dickinson).

Apoptosis detection by flow cytometry
The detection was performed by the AnnexinV-FITC Apoptosis

Detection Kit(BD Biosciences, San Diego, USA). Breifly, Cells

were seeded in 6-well plates and incubated for 24 h and then

exposed to 10 mM 5-FU for 48 h in the presence or absence of 3-

MA (5 mmol/L). After treatment, approximately 16106 cells were

harvested, washed twice in PBS, and then stained with Annexin V-

FITC and PI according to the manufacturer’s instructions. The

resulting fluorescence was detected by flow cytometry with

CellQuest analysis software.

Mitochondrial Membrane Potential (MMP) Analysis
The values of mitochondrial membrane potential were deter-

mined by flow cytometry using JC-1 staining according to the

manufacturer’s instructions. Briefly, the treated-cells were col-

lected, washed with PBS, and incubated with 10 mM JC-1 for

30 min at 37uC in the dark. The positive cells were then detected

by flow cytometer with CellQuest analysis software.

Measurement of reactive oxygen species (ROS)
ROS levels were determined using the fluorescent marker 29,79-

dichlorodihydrofluorescein diacetate (DCFH-DA). Briefly, the

treated-cells were trypsinized, washed and incubated with

10 mM DCFH-DA for 30 min in the dark, and the intensity of

fluorescence was followed by flow cytometer with CellQuest

analysis software.

Measurement of Cytochrome c Release
The mitochondria fraction and cytosol fraction was prepared by

different centrifugation as Jie Li, MD described [3]. Briefly, the
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treated-cells were harvested and washed twice with PBS, then were

resuspended in a sucrose buffer (250 mM sucrose, 1 mM EDTA,

50 mM Tris-HCl pH 7.5 supplemented with 1 mM PMSF, 1 mg/

mL leupeptin, 1 mg/mL pepstatin A, 5 mg/mL aprotinin, and

5 mM DTT) on ice for 30 min. The cells were homogenized and

then centrifuged at 1000 g for 10 min at 4uC to remove Nuclei

and unbroken cells. The mitochondria fraction was then pelleted

by centrifugation at 10,000 g for 20 min at 4uC. The supernatant

was centrifuged further at 100,000 g for 60 min at 4uC to get the

cytosol fraction.

Caspase activity assay
The activity of caspases-3 was measured using commercially

available caspase colorimetric assay kits (Beyotime, China). Briefly,

after the treatment with indicated agents, A459 cells were

harvested and washed with PBS by centrifugation at 600 g for

5 min at 4uC. The cell pellets were resuspended in lysis buffer and

left on ice for 15 min. The lysates were centrifuged at 160,000 g

for 10 min at 4uC and the supernatant was collected for caspase 3

activity assay in the lysis buffer containing Ac-DEVD–pNA

according to the kits’ instructions. The concentration of pNA

was measured at 405 nm with a microtiter plate reader, which

used as an indicative of caspase 3 activity.

Western blot analysis
A549 cells, incubated with the respective conditions, were

harvested and lysed. An equal amount of protein was separated by

SDS-PAGE (5–15%) and transferred to PVDF membranes. The

blotted membranes were blocked with 5% skim milk for 1 h and

then incubated with the desired primary antibodies (dilution

1:1000) overnight at 4uC. Then the immunoreactive bands were

visualised by enhanced chemiluminescence using horseradish

peroxidase-conjugated IgG secondary antibodies. To quantify

equal loading, membrane was reprobed with b-actin antibody.

Examination of autophagosome by TEM
A549 cells were fixed in 2.5% glutaraldehyde at 4uC overnight,

and postfixed with 1% OsO4 for 1.5 h. Then cells were stained

with 70% ethanol saturated with uranyl acetate, followed by

gradient dehydration with ethanol-acetone, and finally embedded

in epoxy resin for section. The ultrathin sections were doubly

stained by uranyl acetate and lead citrate and analyzed by

transmission electron microscopy(TEM)

RNA interference of Atg7
Atg7 RNA interference was accomplished by transfecting A549

cells with the Atg7-targeted siRNA and the Universal Control

siRNA(Invitrogen; 100 pmol/well). Short oligo-RNAs were trans-

fected using Lipofectamine 2000 (Invitrogen) according to the

manufacturer’s protocol. After 24 h transfection, cells were treated

with 5-FU for an additional 48 h. Then cells were collected and

cell lysates were subjected to immunoblotting of Atg7,LC3 and

PARP. Cells were also processed for cell viability and apoptosis

analysis.

Figure 1. Effect of 5-FU on the viability and morphological
changes of A549 cells. (A) Cell viability was determined by MTT assay
after treatment with different concentrations of 5-FU for 24 h and 48 h.
IC50 was calculated by IC50 software program. (B) Morphological
changes was observed after treating cells with 10 mmol/L 5-FU for 48 h
by Inverted microscope(Olympus, Japan). All data are representative of
at least three independent experiments.
doi:10.1371/journal.pone.0056679.g001

Figure 2. Induction of autophagy in A549 cells by 5-FU
treatment. A549 cells were treated with 10 mmol/L 5-FU for different
time as indicated, then the autophagosomes and the autophagic levels
were detected. (A) The formation of autophagosomes in treated cells
were checked by TEM. (B)LC3, Beclin-1 and p62 were examined by
western blot. b-actin was a loading control. All data are representative
of at least three independent experiments.
doi:10.1371/journal.pone.0056679.g002
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Figure 3. The effect of 3-MA on cell autophagy. Cells were pretreated with 5 mmol/L 3-MA for 1 h before exposure to 10 mmol/L 5-FU for 48 h,
then acridine orange was used to stain AVOs, the fluorescence-activated cells were analyzed by flow cytometry (A). After treatment the cells were
stained with acridine orange for AVO observation. The cells were visualized under a red filter fluorescence microscope(B). TO quantification of cells
developing AVO in A549 cells, the percentage of developed AVOs was calculated based on the results of fluorescence-activated cell sorting assay(C).
Fluorescent microscope by immunofluorescence staining for LC3 in the treated-A549 cells(D). Western blot analysis was carried out to detect LC3
protein levels. Blots were re-proved with anti-b-actin as a loading control(E). All data are representative of at least three independent experiments.
doi:10.1371/journal.pone.0056679.g003

Autophagy Inhibition Promotes Apoptosis

PLOS ONE | www.plosone.org 4 February 2013 | Volume 8 | Issue 2 | e56679



Statistical analysis
The results are expressed as the mean 6 SD (n$3). Statistical

analysis between the two groups was calculated using Student’s t-

test, and multiple groups were performed by SPSS 10.0 software

program. P,0.05 was considered statistically significant.

Results

5-FU inhibits cell proliferation in A549 cells
In order to investigate 5-Fluorouracil’s potential cell growth

inhibition in A549 cells, the effect of 5-FU treatment on cells was

examined with a MTT assay. As shown in Fig. 1A, 5-FU (0–

200 mM) produced a dose- and time- dependent reduction in A549

cell growth. The IC50 for 48 h of 5-FU treatment in A549 cells

was 10.3260.69 mM. Based on the result, 10 mM of 5-FU for 48 h

in A549 cells was used for further experiments. In addition,

morphological changes also indicated that 5-FU treatment

decreased cell density. Interestingly, 5-FU-treated cells did not

emerge very obvious apoptotic characters but many vacuoles in

the cytoplasm (Fig. 1B). This prompted us to examine whether 5-

FU induced autophagy was also included in lung cancer cells.

5-FU induces autophagy in A549 cells
Subsequently, transmission electron microscopy was used to

check the formation of autophagosomes in 5-FU treated cells. As

shown in Figure 2A, treatment with 5-FU for 6–48 h caused the

accumulation of autophagic vacuoles, which exhibited autophago-

some and/or autolysosomal characteristics, whereas only a few

vacuoles were observed in control cells. Autophagy-specific

markers LC3, Beclin-1 and p62 were also used to examine the

autophagic levels and the autophagic flux in this process by

immunoblot analysis. As shown in Fig. 2B, the up-regulation of

Beclin-1, the down-regulation of p62 and the conversion of LC3 I/

II demonstrated increasing formation of autophagosomes in a

time-dependent manner in A549 cells.

Next, In order to further prove the autophagy induced by 5-FU,

we introduced 3-MA, which is a popular inhibitor of autophagy

[3]. 5 mM 3-MA was added to A549 cells for 1 h prior to 5-FU

exposure. Cells were divided into four groups: control (no

treatment), 3-MA(treated with 3-MA), 5-FU (treated with 5-FU),

and combination (treated with both of 5-FU and 3-MA). Flow

cytometry was performed after staining cells with acridine orange

for the quantification of AVOs. Results showed that the number of

acidic vesicles in 5-FU group increased obviously, which was

inhibited by 3-MA, confirming the induction of autophagy (Fig. 3A

and C). Similar results were also obtained on fluorescence

microscopic examination. As shown in Fig. 3B, A549 cells treated

with 5-FU for 48 h displayed a large number of fluorescent vesicles

in the cytoplasm, whereas only few of fluorescent vesicles were

observed in control group, 3-MA group and combination group.

Figure 4. 3-MA increases the apoptotic cell death induced by 5-FU. Cells were pretreated with 5 mmol/L 3-MA for 1 h before exposure to
10 mmol/L 5-FU for 48 h. (A) The cell viability was measured with an MTT assay. Data represent means of four independent experiments. (B) Cell death
rate was analyzed by the Annexin V assay by flow cytometry as described in the Materials and methods. (C) Cell lysates were prepared and subjected
to immunoblotting with antibodies to caspase-9, caspase-8, caspase-3, PARP, and b-actin. All data are representative of at least three independent
experiments.
doi:10.1371/journal.pone.0056679.g004
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Additionally, LC3 immunofluorescence and immunoblot were

also performed. Fluorescence microscopy revealed the punctate

distribution of LC3 fluorescence enhanced in 5-FU group

(Fig. 3D). Western blot also indicated that the expression of LC3

in combination group partly reverted to the original state, at the

same time, reflecting the effective inhibiting effect of 3-MA

(Fig. 3E). These results proved that autophagy was induced in 5-

FU-treated A549 cells. Therefore, we decided to investigate

whether the inhibition of autophagy affects the sensitivity of A549

cell to 5-FU treatment.

Autophagy inhibition enhances 5-FU-induced apoptotic
cell death

First, to examine whether the inhibition of autophagy sensitizes

A549 cells to 5-FU-induced cell death, the effect of treatment was

examined with MTT assay (Fig. 4A). In the combination group,

the viability of A549 cells decreased faster than in the 5-FU group,

the combination group drove 65.75% of the cells to death, about a

39.28% increase over that in the 5-FU group. Although the cell

viability in the 3-MA group also decreased, the extent was not

significant. These results indicated that 3-MA enhances 5-FU-

induced cell death in A549 cells. Next, to validate the observation

that inhibition of autophagy affects cell sensitivity to 5-FU,

Annexin V–FITC and PI staining was performed. Flow cytometic

analysis showed that the number of AV- and AV/PI-positive cells

significantly increased in combined treatment group than 5-FU-

only treatment group (Fig. 4B). To further confirm this, the

executioners, caspase-8, caspase-9, caspase-3 and PARP were then

examined. In 5-FU-treated groups, they were all cleaved into their

specific active forms, and the activity in the 5-FU-treated cells with

inhibited autophagy was significantly higher than in cells treated

with 5-FU alone (Fig. 4C).

The role of autophagy in the 5-FU-mediated cytotoxicity was

further studied by knocking down the Atg7 expression using

siRNA. As shown in Fig. 5, the expression of Atg7 was markedly

suppressed in A549 cells transfected with Atg7 siRNA but not

those with Control siRNA (Fig. 5A). Accordingly, cells transfected

with Atg7 siRNA showed reduced level of LC3-II accumulation

Figure 5. Inhibition of autophagy by Atg7 siRNA increases the apoptotic cell death to 5-FU. Cells were transfected with Atg7-targeted
siRNA and the Control siRNA for 24 h before exposure to 10 mmol/L 5-FU for 48 h. (A) Cell lysates were prepared and subjected to immunoblotting
with antibodies to LC3, Atg7, PARP, and b-actin. (B) Cell viability was measured using MTT assay. (C) Apoptotic cell death was analyzed by the
Annexin V/PI assay. All data are representative of at least three independent experiments.
doi:10.1371/journal.pone.0056679.g005
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and increased level of clPARP after 5-FU treatment (Fig. 5A). In

addition, the cytotoxic effect of 5-FU was significantly increased by

blocking Atg7 expression and the pancaspase inhibitor z-VAD-

fmk rescued the cell death (Fig. 5B). Similarly, the degree of

apoptosis induced by 5-FU was also enhanced when knocking

down the Atg7 expression and z-VAD-fmk reduced the cell

apoptosis significantly (Fig. 5C). As summarized in Fig. 5,

knockdown of Atg7 also accelerate the apoptosis induced by 5-

FU. These results were consistent with using 3-MA, which

demonstrate that autophagy induced by 5-FU plays a protective

role of tumor cells against apoptosis, and blockade of autophagy

subsequently enhanced the apoptosis through the activation of

caspases in A549 cells.

Changes of mitochondrial membrane potential and
release of cytochrome c from mitochondria

Previous studies showed that the activation of caspases was

driven by cyt-c through intrinsic mitochondrial apoptotic pathway

[23,24]. Therefore, the impact of inhibited autophagy on the 5-

FU-mediated release of cyt-c from mitochondria into cytosol was

investigated using cell fractionation. The results we obtained

revealed that inhibition of autophagy in 5-FU-treated cells led to a

drastic increase in the accumulation of cytochrome c in the cytosol

(Fig. 6A). The effect on mitochondria was also confirmed by a

drop in mitochondrial membrane potential. As shown in Fig. 6B,

inhibition of autophagy in 5-FU-treated cells induced an obvious

decrease of mitochondrial membrane potential. These data

suggest that loss of mitochondrial membrane potential might be

required for 5-FU combined 3-MA induced cyt-c release into

cytosol, which later triggered the activation and cleavage of

caspases and resulted cell apoptosis.

Inhibition of autophagy stimulates ROS formation, which
is required for 5-FU-mediated apoptosis in A549 cells

Recently, several reports provided evidence for the involvement

of reactive oxygen species (ROS) in the induction of autophagy

and apoptosis and demonstrated the importance of ROS in the

release of cyt-c from mitochondria [25,26]. Therefore, we decided

to analyze whether inhibition of autophagy could stimulate the

generation of ROS in 5-FU-treated A549 cells. The treated-cells

were stained with chloromethyl-29,79-dichlorofluorescein diacetate

(CM-H2-DCFDA), a cell permeable fluorescence dye that reacts

to a broad spectrum of ROS. As shown in Figure 7A, ROS levels

were increased obviously in the cells treated with 5-FU combined

with 3-MA compared to 5-FU alone by flow cytometry, and such

increase was efficiently attenuated when the cells were pretreated

with 10 mM N-acetyl cysteine(NAC) for 1 h. Since the level of

ROS was elevated in cells with suppressed autophagy, we further

analyzed whether the inhibition of ROS influenced 5-FU-

mediated cell death. For this purpose, ROS formation was

inhibited by NAC and apoptosis was measured by flow cytometry.

As shown in Figure 7B, the sensitization of cells to 5-FU-induced

cell apoptosis was completely blocked by preventing ROS

formation. Finally, we investigated whether the inhibition of

ROS influenced the caspase activity and the release of cyt-c.

Indeed, scavenging of ROS inhibited caspase-3 activity, prevented

the release of cyt-c from mitochondria, and rescued A549 cells

from 5-FU-mediated apoptosis (Fig. 7C and D). These results

clearly indicated that the generation of ROS play a major role in

regulating cell death in response to 5-FU.

Discussion

In lung cancer, chemotherapy is widely used to cure and extend

postoperative survival in patients. 5-fluorouracil (5-FU) is effec-

tively used as a drug in the treatment of a variety of human

cancers, including lung cancer. The major mechanism underlying

its antitumor activity has been ascribed to the interference of DNA

and RNA synthesis. In the past decades, apoptosis induction by 5-

FU has been the major consideration in cancer therapy [27–29].

Recently, autophagy has been extensively observed in 5-FU

treatment [3,7,30–32]. In our study, we found that 5-FU could

inhibit A549 cell proliferation obviously (Fig. 1A), which included

cell autophagy and apoptotic cell death (Fig. 2,3,4 and 5). Our

results also showed that both LC3-II and Beclin1, which have

been deemed the marker of autophagy [33], was significantly

increased after 5-FU treatment in A549 cells accompanied by

down-regulation of p62 expression (Fig. 2B). Meanwhile, the

increasing formation of autophagosomes and/or autolysosomal

with time detected by TEM (Fig. 2A) and the increased formation

of characteristic AVOs in cytoplasmic provided another two

evidence (Fig. 3A–C). All these results indicated that autophagy

was induced by 5-FU.

Autophagy is an intracellular bulk degradation system that is

found ubiquitously in eukaryotes, which is responsible for the

degradation of most long-lived proteins and some organelles.

Cytoplasmic constituents, including organelles, are sequestered

into double-membraned autophagosomes and then fuse with

lysosomes to form autolysosomes where their contents are

degraded. The degraded products are recycled to the cytoplasm

for reuse [34]. Autophagy is stimulated in response to external

stressors and internal needs to maintain cellular metabolism as well

as survival. Nevertheless, autophagy may also result in cell death

called ‘‘autophagic cell death’’ (Programmed Cell Death Type II)

through excessive self-digestion and degradation of essential

cellular constituents under certain circumstances [18,35]. Recent-

Figure 6. Effect of 3-MA on the cytochrome c release and MMP
change by 5-FU treatment. Cells were treated as in Fig. 3. (A)The
mitochondria and the cytosol fractions were isolated as described in the
Materials and methods, and then were subjected to immunoblotting for
the detection of cytochrome c. (B)The MMP change was assessed by JC-
1 staining by flow cytometry as described in the Materials and methods.
All data are representative of at least three independent experiments.
doi:10.1371/journal.pone.0056679.g006
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ly, a growing body of evidence indicates the role of autophagy in

cancer propagation and in response to therapy. However, in

cancer chemotherapy, autophagy seems to play a conflicting role,

probably promoting or inhibiting apoptosis, in cancer cell survival

and death [9]. In order to investigate the contribution of

autophagy in the process of 5-FU-induced A549 cell apoptosis,

we used autophagy inhibitor 3-MA, a specific inhibitor of the

early-stage autophagic process, in this study. As expected, 3-MA

inhibited 5-FU-induced autophagy (Fig. 3). Autophagy inhibition

enhanced 5-FU-induced cell apoptosis through caspases activation

in A549 cells (Fig. 4). To further clarify the role of autophagy in 5-

FU-induced A549 cell death, we used Atg7 siRNA to knock down

Atg7 and evaluated the role of autophagy more directly.

Consistent with the results using 3-MA, transfection of Atg7

siRNA effectively inhibited LC3-II accumulation, increased

clPARP production and enhanced the apoptotic cell death

induced by 5-FU in A549 cells (Fig. 5). These results suggest that

autophagy might play a role as a self-protective mechanism in 5-

FU-treated A549 cells and its inhibition may enhance the

therapeutic efficacy of 5-FU in the treatment of lung cancer.

However, what is the mechanism of autophagy inhibition

sensitizes A549 cell to apoptotic cell death induced by 5-FU? At

present, a number of evidence indicates that ROS productions,

especially through the mitochondria, are important regulators for

autophagy and apoptosis. For instance, the inhibition of autoph-

agy by silencing ATG7 and BECN1 facilitates the stimulation of

ROS formation, leading to the sensitization of cells to cisplatin-

mediated apoptosis in NSCLC [26]. The inhibition of autophagy

with agents such as HCQ, hinders the autophagic protective effect

and increases dysfunctional mitochondria and ROS production in

prostate cancer cells [36]. In contrast to these studies, suppression

of autophagy by silencing ATG7 and ATG8 blocks ROS

accumulation and inhibits caspase-independent cell death in

macrophages [37]. ROS accumulates after cucurbitacin treatment

in Hela cells, and the blocking of this ROS accumulation with two

antioxidants NAC and Mito-TEMPO almost completely block the

cucurbitacin-induced autophagy and subsequent cell death [38].

In this regard, it is of interest to determine the role of ROS and

autophagy in 5-FU-induced A549 cell apoptosis. Our results

demonstrated that the inhibition of autophagy led to an increase in

ROS formation and the blocking of this ROS accumulation with

antioxidant NAC almost completely blocked the 5-FU-induced

apoptotic cell death (Fig. 7A and B), suggesting that the

accumulation of ROS is an important mechanism in the

sensitization of cells to apoptosis under conditions of suppressed

autophagy. Furthermore, scavenging of ROS inhibited caspase-3

activity and prevented the release of cyt-c from mitochondria

(Fig. 7C and D), which indicated that the apoptotic response to 5-

FU treatment in A549 cells with inhibition of autophagy is, to

some extent, dependent on the caspase-dependent intrinsic

apoptotic pathway. This conclusion was also supported by Fig. 6

and Fig. 5B and C. These results were consistent with an earlier

study that autophagy inhibition could enhance the killing

efficiency of cisplatin by increasing the formation of ROS that

eventually facilitated the permeabilization of the mitochondrial

outer membrane, followed by the release of cytochrome c, which

Figure 7. Inhibit autophagy by 3-MA stimulates ROS formation which is required for sensitization of A549 cells to 5-FU-induced
apoptosis. Cells were pretreated with 10 mM NAC for 1 h prior to 10 mmol/L 5-FU (48 h) treatment in the presence or absence of 3-MA. (A)The ROS
generation was detected using DCFDA by a flow cytometer. Data were processed with the CellQuest software and analyzed by densitometry. (B)Cell
death was measured by Annexin V/PI staining. (C)Caspase-3 activity assay was performed as described in the Materials and Methods. (D)The cyt-c
level in cytosol fraction was detected by immunoblotting. All data are representative of at least three independent experiments.
doi:10.1371/journal.pone.0056679.g007
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subsequently enhanced caspase-dependent apoptosis in NSCLC

[26].

In conclusion, our results in A549 cells suggest that 5-FU-

induced autophagy might function as a resistance mechanism

against apoptotic cell death. Inhibition of autophagy could be a

novel strategy for the adjuvant chemotherapy of lung cancer.

Furthermore, we demonstrate that the enhancement of apoptosis

induced by inhibiting autophagy is regulated by ROS generation,

suggesting that regulation of ROS generation and autophagy

could provide a powerful strategy to overcome therapy resistance

in lung cancer.
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