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Inhibition of autophagy by 3-MA potentiates cisplatin-induced
apoptosis in esophageal squamous cell carcinoma cells
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Abstract Cisplatin (DDP)-based adjuvant chemotherapy

is widely used for the treatment of esophageal cancer.

However, DDP resistance has become more common and

thus new approaches are required to be explored. Cisplatin

was used to induce autophagy in the human esophageal

cancer cell line, EC9706 cells, and the effect of autophagy

on the survival of EC9706 cells was investigated using an

autophagy inhibitor 3-MA. Cell viability was measured by

CCK8 assay. Apoptosis and cell cycle were detected by

flow cytometry. Monodansylcadaverine (MDC) was used

to detect autophagy. Western blotting assay was used to

investigate the molecular changes that occurred in the

course of treatment. DDP inhibited cell proliferation,

induced cell death and cell cycle arrest at S phage. More-

over, autophagy was activated through class III PI3K

pathway. The expression of autophagy-related Beclin1 and

LC3-I was up-regulated and part of LC3-I was converted

into LC3-II. However, after the combination treatment of

3-MA and DDP, the cell inhibitory rate increased; the

apoptosis rate and the numbers of cells in S phase also

increased. Furthermore, the accumulation of autophagic

vacuoles was decreased; the expression of Beclin1 and

LC3 was significantly down-regulated and the release of

cytochrome c was decreased. DDP-induced apoptosis in

EC9706 cells can be enhanced by the inhibitor of autoph-

agy, 3-MA. Autophagy might play a role as a self-protec-

tive mechanism in DDP-treated esophageal cancer cells,

and its inhibition could be a novel strategy for the adjuvant

chemotherapy of esophageal cancer.
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Introduction

Esophageal squamous cell carcinoma (ESCC) is one of the

most prevalent malignant tumors in developing countries,

especially in China [1]. Several studies have shown sur-

vival benefits of platinum-based chemotherapy followed by

radical esophagectomy. Good and bad effects of chemo-

therapy depend on the level of tumor sensitivity to che-

motherapeutic drugs. However, it is reported that cells of

ESCC have developed resistance to chemotherapeutic

drugs, thus resulting in a decrease in the 5-year survival

rate for ESCC [2]. Some evidence indicates that cisplatin

not only can kill cells through the induction of apoptosis

but also induce cell death by nonapoptotic forms of cell

death [3]. The significance of nonapoptotic cell death in

chemotherapy and the mechanisms by which it is induced

remain unclear now. Provided that cancer cells cannot

survive in the face of apoptosis, it would be viable if

therapeutic agents could kill cancer cells of anti-apoptosis

by other means.

Autophagy is a cellular self-catabolic process where

cellular components are engulfed and trafficked to lyso-

somes for proteolytic degradation [4]. The main function of

autophagy is to maintain quality control for proteins and

organelles in order to enhance survival under conditions of

scarcity or starvation. The autophagic process has received

increased attention after the recognition that it represents a

novel form of cell death, autophagic cell death (type II
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programmed cell death), distinct from apoptosis and

necrosis [5]. Autophagy has been proved as a self-defense

mechanism activated in response to stressful stimuli, such

as exposure to chemo-radiotherapy [6, 7]. However,

autophagy may also result in cell death, if it proceeds to

completion. Nevertheless, more and more studies have

indicated the importance of autophagy in the cancer

development and progression, and the role and relationship

of autophagy and apoptosis in cancer cells are still unclear

and indicate more complex than ever thought.

Previous study suggested that the protein level of

Beclin1 (the autophagy-related gene) was higher in ESCC

tissue than that in normal tissue [8]. In present study, we

investigated the role of autophagy in the apoptotic cell

death induced by DDP on EC9706 cells, detected molec-

ular changes that occurred with the addition of 3-MA and

examined the changes occurring during the apoptosis

process.

Materials and methods

Cell line and cell culture

A poorly differentiated ESCC cell line EC9706 was

obtained from the State Key Laboratory of Molecular

Oncology, Chinese Academy of Medical Sciences (Beijing,

China). The cells were cultured in RPMI-1640 medium

(Gibco, Rockville, USA) containing 10% fetal bovine

serum (FBS) (Hyclone Laboratories, Logan, USA), 100 U/

mL penicillin, and 100 lg/mL streptomycin at 37�C in the

presence of 95% air, 5% CO2 with medium changes every

2 days. Cells in the mid-log phase were used in the

experiments. The cells were divided into three groups:

control, DDP, and DDP plus 3-MA groups. After 24 h, the

culture medium were replaced with fresh medium con-

taining none (control group), DDP (DDP group), and the

combination (DDP plus 3-MA group). EC9706 cells were

treated with 1.5 mg DDP (IC50 = 1.44 ± 0.15 mg) and/or

5 mM 3-MA for 24 h.

Chemicals and reagents

Cisplatin (DDP) was purchased from Shandong Qilu Phar-

maceutical Product Factory, Jinan, China. 3-MA (Sigma)

was used as an inhibitor of autophagy. 3-MA (100 mg) was

dissolved in phosphate-buffered saline (PBS) to make a

100 mM stock solution and kept at room temperature. The

future dilution was made in RPMI-1640 medium to obtain

the required concentration. Monodansylcadaverine (MDC,

Sigma) was used to detect autophagy.

Cell cytotoxicity assay by cell counting kit-8

Cells were seeded at 5 9 103 per well onto flat-bottomed

96-well culture plates. On the day of measuring the growth

rate of EC9706 cells, 100 lL of spent medium was

replaced with an equal volume of fresh medium containing

10% CCK8 (WST-8, Dojindo Laboratories, Tokyo, Japan).

Cells were incubated at 37�C for 1 h, and the absorbance of

the solution was finally determined at 450 nm using micro-

plate spectrophotometer. Cell inhibitory rate was calcu-

lated according to the following formula: Cell inhibitory

rate (%) = [1-A450 (sample)/A450 (control)] 9 100.

Detection of apoptosis and cell cycle by flow cytometry

Apoptotic cells were detected by flow cytometry. Cells

harvested were washed twice with cold PBS and resus-

pended in PBS. After adding 5 lL of AnnexinV-FITC

solution and 5 lL of PI solution according to the instruc-

tions of AnnexinV-FITC Apoptosis Detection Kit (KeyGen

Biotechnology, Nanjing, China), cells were incubated for

15 min at room temperature in the dark. Then, the cells

were analyzed on a flow cytometry system (FACScan,

Becton–Dickinson, San Jose CA, USA). Data were ana-

lyzed using Cell Quest software (Bection Dickinson). Cell

cycle analysis was performed with the ethanol-fixed cells

resuspended in 1 mL PBS with 40 lg PI and 100 lg of

RNase A for 30 min at 37�C. Samples were then subjected

to analysis of their DNA contents by flow cytometer

system.

Analysis of autophagy

A fluorescent compound, MDC, has been proposed as a

special tracer for autophagic vacuoles [9]. The autophagic

vacuoles were labeled with MDC by incubating cell growth

on cover-slips with 0.05 mmol/l MDC in PBS at 37�C for

1 h. After incubation, cells were washed three times with

PBS and immediately analyzed by fluorescence micros-

copy using an inverted microscope (Nikon Eclipse TE 300,

Germany) equipped with a filter system (excitation wave-

length 380 nm, emission filter 525 nm). Cell number was

counted to normalize the measurement, and the percentage

of MDC incorporation in cells was calculated.

Western blot analysis

Cells were harvested from cultured dishes and were lysed

for 20 min in cold lysis buffer. Cell extracts were collected

and centrifuged at 12,000 rpm for 5 min. Total proteins

(20 lg) from whole cell lysates were boiled for 5 min in 19

SDS buffer, resolved by 12% SDS–PAGE, and then elec-

trotransferred to nitrocellulose membranes (Amersham,
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Uppsala, Sweden) by a semi-dry transferor. After the

electrophoretic transfer, the membrane was blocked over-

night at 4�C and after blocking, membranes were incubated

for 1 h with primary antibodies at recommended concen-

tration. The antibodies for Beclin1, LC3, and b-actin were

purchased from Santa Cruz Technologies. Also, anti-class

III PI3K and anti-cytochrome c were purchased from

Abcam Technologies and Cell Signaling Technologies,

respectively. Then, the membranes were incubated with

horseradish peroxidase-conjugated secondary antibodies

(anti-rabbit or anti-mouse IgG) (Santa Cruz). The blots were

developed using enhanced chemiluminescence (Amersham

Biosciences, Piscataway NJ, USA) and developed on

Kodak X-omat LS film (Eastman Kodak Company, New

Haven CT, USA). Densitometry was performed with Kodak

ID image analyses software (Eastman Kodak Company).

Measurement of cytochrome c release

Mitochondria and cytosol fractions were prepared by dif-

ferent centrifugation. Adherent and floating cells were col-

lected and suspended in cold buffer (250 mM sucrose,

1 mM EDTA, 50 mM Tris–HCl pH 7.5 supplemented with

1 mM PMSF, 1 lg/mL leupeptin, 1 lg/mL pepstatin A,

5 lg/mL aprotinin, and 5 mM DTT). Then, cells were

mechanically lysed using a Dounce cell homogenizer

(Sigma) and centrifuged at 1000 g for 10 min at 4�C to

remove nuclei and unbroken cells. Then, the fraction enri-

ched with mitochondria (heavy membrane fraction) was

pelleted by centrifugation at 10,000 g for 20 min at 4�C.

Finally, the supernatant was centrifuged further at 100,000 g

for 1 h at 4�C to remove the light membrane portion, so as to

get the cytosol fraction.

Statistical analysis

All data represent at least three independent experiments

and are expressed as means ± SD. For statistical analysis,

Student’s t-test was used as appropriate. An association

was considered significant when the exact significant level

of the test was P \ 0.05.

Results

Cell death in ESCC cells induced by DDP treatment

After EC9706 cells were treated with DDP at the indicated

concentrations for 48 h, cell inhibitory rate was examined by

CCK8 assay. As shown in Fig. 1a, EC9706 cell growth was

effectively inhibited by DDP in a dose- and time-dependent

manner, and the IC50 for 48 h of DDP treatment in EC9706

cells was 1.44 ± 0.15 mg. Based on this result, we used

1.5 mg of DDP for 48 h in EC9706 cells for further

experiments.

DDP-induced EC9706 cell death is enhanced by 3-MA

treatment

Next, the changes of EC9706 cell death were assessed

using DDP with or without 3-MA.Cells were divided into

three groups: control (no treatment), DDP (treated with

1.5 mg DDP), and combination (treated with both of

1.5 mg DDP and 5 mM 3-MA). In the DDP and 3-MA

group, the inhibitory rate of EC9706 cell increased faster

than in the DDP group. After treatment for 24 h, the

combination drove 57.3% of the cells to death, a 26.1%

increase compared with the rate of cell death in the DDP

group (Fig. 1b). This result suggests that 3-MA can

enhance DDP-induced cell death in ESCC cells.

3-MA is one of the most widely used inhibitor of

autophagy, and many studies have indicated that autophagy

can play an important role in the response of cancer cells to

chemotherapeutics. Then, we detected changes of autoph-

agy activity by observing the fluorescence of MDC, which

has been known as a specific marker for autophagic

Fig. 1 a EC9706 cells were incubated with different concentrations

of DDP for 24 and 48 h. Cell inhibitory rate was measured with

CCK8 assay. b 3-MA enhances DDP-induced EC9706 cell death.

Control (no treatment), DDP (treated with 1.5 mg of DDP), DDP plus

3-MA (treated with both 5 mM of 3-MA and 1.5 mg of DDP) for

24 h. a P \ 0.05 compared with control group
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vacuoles [10]. In addition, the DDP treatment also induced

an autophagic response in ESCC cells (Fig. 2). The number

of autophagic vacuoles stained by MDC in the DDP group

was much higher than in the control. With the addition of

3-MA, the number of vacuoles was lower than in the DDP

group. The quantification result of MDC incorporated into

cells indicated that there was a 1.56-fold increase in the

DDP group compared with the control and that 3-MA

decreased by 1.08-fold (Fig. 2).

Apoptosis has been reported to be associated with the

effect of chemotherapeutic drugs in ESCC cells. We used

AnnexinV-FITC and propidium iodide (PI) staining assay

to observe the apoptotic cell death and cell cycle pro-

gression in DDP-treated ESCC cells. As illustrated in

Fig. 3, compared with the DDP group, the apoptosis rate of

the EC9706 cells that were co-treated with 3-MA signifi-

cantly increased from 19.76 to 29.12% (P \ 0.05) and the

percentage of cells in S phase increased from 36.80 to

44.50% (P \ 0.05), which was accompanied by a decrease

in cells at G0/G1 phase (P \ 0.05).

To obtain clues as to the mechanism by which DDP

induces autophagy, western blot analysis was performed.

The cytochrome c and the mitochondria play a central role

in inducing the cell to begin the process of the programmed

cell death, apoptosis [11]. Thus, we examined the release

of cytochrome c from mitochondria into cytosol. The

treatment alone caused translocation of cytochrome c from

mitochondria to the cytosol and 3-MA caused an increase of

cytochrome c release in ESCC cells (Fig. 4). Beclin-1 is

a Bcl-2-interacting protein that promotes autophagy, asso-

ciated with inhibition of cellular proliferation and tumori-

genesis [12]. As shown in Fig. 5, DDP significantly

up-regulated the expression of Beclin-1. However, after the

addition of 3-MA, the increase in protein Beclin1 was

inhibited. Microtubule-associated protein light chain 3(LC3)

is another commonly used molecular marker to assess

autophagy. LC3 occurs in two forms in cells; cytoplasmic

LC3-I and lipidated LC3-II, which is associated with

Fig. 2 3-MA inhibits the increased autophagy induced by DDP. The

autophagic vacuoles were observed with MDC. In the DDP group, the

autophagic vacuoles were increased in EC9706 cells compared with

control group, which was counteracted by 3-MA. a P \ 0.05 com-

pared with control group

Fig. 3 3-MA increases DDP-

induced apoptotic cell death and

cell cycle arrest at S phase.

Photographs (a, b, c) are the

flow cytometry results of the

control group, DDP group, and

DDP?3-MA group,

respectively. Compared with the

DDP group, the apoptosis rate

of the EC9706 cells that were

co-treated with 3-MA

significantly increased from

19.76 to 29.12% (P \ 0.05),

and the percentage of cells in S

phase increased from 36.80 to

44.50% (P \ 0.05), which was

accompanied by a decrease in

cells at G1 phase (P \ 0.05)
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autophagosomal membranes and forms cytoplasmic speck-

les [13]. So LC3-II is localized to preautophagosomes and

autophagosomes, making this protein an autophagosomal

marker [14]. Thus, LC3 antibody was able to recognize both

the upper LC3-I band and the lower LC3-II. After a 24-h

incubation with DDP, the LC3-I protein level was signifi-

cantly increased, which indicated that DDP up-regulated the

expression of LC3-I and part of LC3-I was converted into

LC3-II. However, after the addition of 3-MA, compared with

the DDP group, no significant alteration in the expression of

LC3-I was found, but the conversion of LC3-I to LC3-II was

significantly decreased.

In the autophagic pathways, there are two main molecular

regulation mechanisms, phosphatidylinositol 3-kinase

(PI3K)/protein kinase B (Akt)/mTOR (the mammalian tar-

get of rapamycin) and class III PI3K signal transduction

pathways. In the process of autophagy, the complex of

Beclin-1/class III PI3K-dependent autophagy has an impor-

tant function in mediating the localization of other autoph-

agy-related proteins to the preautophagosomal membrane

[15]. We then detected the expression of PI3K III proteins

during our experiment. As illustrated in Fig. 5, there was a

significant up-expression of PI3K III protein after DDP

treatment. However, after the addition of 3-MA, the increase

in protein PI3K III was inhibited. These results suggest that

DDP may induce autophagy through the activation of class

III PI3K pathway in the cells. The data above indicate that

autophagy is also involved in the cell response to DDP

treatment and an inhibitor of autophagy could enhance the

apoptotic cell death induced by DDP. From a clinical

application, autophagy inhibitor may sensitize ESCC cells

to DDP-based chemotherapy.

Discussions

Cisplatin (DDP) is a clinically highly relevant anticancer

drug used for the treatment of esophageal cancer. The

major mechanism underlying its antitumor activity has

been ascribed to the induction of DNA damage by platinum

compounds [16]. In our experiment, we found that DDP

could induce EC9706 cells to death (Fig. 1a), and this cell

death included apoptotic cell death (Fig. 3). At present,

drugs inducing apoptosis remain the main chemothera-

peutic agents in medical oncology [17]. Although cisplatin-

based chemotherapy has shown promising effects with

Fig. 4 Effect of 3-MA on the cytochrome c release by DDP

treatment. The mitochondria (M) and the cytosol (C) fractions were

isolated and subjected to immunoblotting for the detection of

cytochrome c. In the right graphs, C/(C ? M) was calculated and

presented as mean ± SEM from three independent experiments to

represent the extent of the release of cytochrome c from mitochondria

(M) to cytosol (C)

Fig. 5 The expression of

autophagy-related proteins.

Beclin1 and PI3K III were up-

regulated in the DDP group, and

3-MA counteracted the up-

regulation of Beclin1 and PI3K

III. LC3-I and LC3-II were also

up-regulated in the DDP group.

After co-treatment with 3-MA,

LC3-I decreased and the

conversion of LC3-I to LC3-II

was also reduced. a P \ 0.05

compared with control group
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various types of carcinomas including ESCC, acquired

resistance to chemotherapy has been one of the most

important clinical problems [18, 19]. Therefore, it is still an

urgent need to explore new therapeutic strategies.

3-MA is a classical specific inhibitor of autophagy. It

stops autophagy at the sequestration step in mammalian

cells through inhibiting class III PI3K without markedly

affecting protein synthesis or ATP levels [20, 21]. Some

evidence has shown that 3-MA can enhance the effect of

chemotherapeutic drugs by triggering apoptosis in several

cancer cells. In human prostate cancer cells, 3-MA exac-

erbated the release of cytochrome c to cytosol and then

increased PC-3 cell apoptosis induced by sulforaphane [22].

In human colon cancer cells, sulforaphane-induced WiDr

cell death was also increased by 3-MA treatment [23]. In

our experiment, we observed that in EC9706 cells, the cell

death induced by the combination of DDP and 3-MA was

obviously higher than DDP alone (Fig. 1b). Thus, this result

suggests that 3-MA enhances DDP-induced EC9706 cell

death and that inhibition of autophagy improves chemo-

therapeutic effect of DDP in ESCC cells. Autophagy is a

cellular pathway involved in protein and organelle degra-

dation. Autophagy principally serves an adaptive role to

protect organisms against diverse pathologies, including

infections, cancer, neurodegeneration, aging, and heart

disease [4]. Recently, several reports have indicated that

autophagy is readily induced in response to stressful stimuli,

such as metabolic stress [24, 25] and exposure to anticancer

drugs [26–28]. So it is believed that autophagy has an

important role in tumorigenesis and progression.

Despite present controversies on the exact role of

autophagy in the process of tumor generation and pro-

gression, either by promoting cell survival or contrarily by

inducing cell death, it is certainly an intricate target for

cancer therapy [29, 30]. As expected, treatment of EC9706

cells in the DDP group resulted in increased formation of

autophagic vacuoles, as well as up-regulation of Beclin1

protein, induction of LC3-I, and recruitment of processed

LC3-II to autophagosomes, which are the typical features

of autophagy induction, compared with the control group

(Figs. 2, 5). Indeed, autophagy induced by anticancer drugs

in cancer cells was often observed [31]. Autophagy might

serve as a protective response through degrading damaged

proteins or organelles by anticancer treatments; and its

inhibition can enhance the effect of anticancer treatment

(Fig. 1b). Furthermore, we found that, in ESCC cells, 3-MA

inhibited the increase of autophagy induced by DDP

(Figs. 2, 5) and improved DDP-induced apoptosis by

increasing the release of cytochrome c and the number of

cells in S phase (Figs. 3, 4). Bafilomycin A1, a vacuolar type

H?-ATPase inhibitor, which suppresses autophagy by pre-

venting acidification of lysosomes, was also used to inhibit

cancer cell growth and increase apoptotic cell death in

various cancer cells induced by irradiation or chemotherapy

[7, 32]. Therefore, we suppose that autophagy inhibitors

might sensitize ESCC cells to DDP chemotherapy by

improving the rate of apoptotic cell death induced by DDP or

by converting the autophagic process to an apoptotic

process.

In the formation of autophagosomes, there are two main

signal transduction pathways, PI3K/Akt/mTOR and class

III PI3K pathway. The Beclin 1/PI3K-III complex is

involved in the formation of autophagosomes and initiation

of autophagy [15]. Meanwhile, 3-MA, the specific inhibitor

of autophagy, is known to target the class III PI3K through

competition for adenosine triphosphate (ATP) binding in

the active site of its kinase domain and inhibit the auto-

phagic vesicle formation [33]. We found that 3-MA could

inhibit the increase of PI3K III protein induced by DDP

treatment (Fig. 5). Thus, it is possible that DDP-induced

autophagy was activated through the class III PI3K path-

way. These findings are supported by similar reports that

inhibition of autophagy induced by overexpression of mda-

7/interleukin-24 can strongly augment the antileukemia

activity in vitro and in vivo [34].

On the other hand, autophagy induction in response to

anticancer drugs not only represents a survival mechanism

by counteracting the effects of treatment on cancer cells

but also can potentially result in tumor cell death, which is

also called autophagic cell death—type II programmed cell

death(PCD), when autophagy exceeds the safe threshold

[35]. Otherwise, it has been demonstrated that rapamycin

can exert its antitumor effect on malignant glioma cells by

inducing autophagy through inhibiting mTOR-signaling

pathways [36, 37]. The data above suggest that autophagy

may have different effects in different ways in different

cancer cells lines at different stages of tumorigenesis and

progression. It also appears to have different responses to

anticancer drug-induced stress.

In conclusion, we show that DDP-induced apoptosis in

EC9706 cells is enhanced by the inhibitor of autophagy,

3-MA, through activation of class III PI3K pathway,

release of cytochrome c and S cell cycle arrest. Moreover,

we also find that cell death induced by DDP is increased

when autophagy is inhibited. These results provide evi-

dence that inhibition of autophagy may be an effective way

to improve the chemotherapy of anticancer agents. These

findings suggest that autophagy inhibitor should be inves-

tigated as a potential novel chemotherapeutic agent for the

adjuvant treatment of human ESCC.
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