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Abstract Cisplatin-based chemotherapy frequently

resulted in acquired resistance of cancer cells. The under-

lying mechanism of such resistance is not fully understood

especially the involvement of autophagy and autophagic

cell death. This study thus investigated whether an alter-

ation in autophagy could be responsible for cisplatin

resistance in the long-term exposure lung carcinoma cells.

The cisplatin resistant clone (H460/cis) of H460 cells was

established by exposing the cells with gradually increasing

concentrations of cisplatin until chemoresistance acquisi-

tion was elucidated by MTT, Hoechst 33342 staining

and comet assays. Degree of autophagosome formation and

level of LC3 marker were evaluated by acridine orange and

western blot analysis, respectively. H460/cis cells exhib-

ited irregular shape with *3-fold resistant to cisplatin-

induced apoptosis compared with H460 cells. Proteins

analysis for LC3 indicated that the levels of LC3 in resis-

tant cells were significantly lower than those in H460 cells.

Moreover, autophagosome formation detected by acridine

orange staining was dramatically reduced in the resistant

cells, suggesting the role of autophagy in attenuating of

cisplatin-induced cell death. Further, co-treatment of cis-

platin with autophagy inducer, trifluorperazine, could

resensitize H460/cis cells to cisplatin-induced cell death.

Our findings reveal the novel mechanisms causing cisplatin

resistance in lung carcinoma cells after long-term drug

exposure regarding autophagy.
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Introduction

The widely prescribed cisplatin-based chemotherapy has

been accepted to be one of the most effective therapeutic

approaches for the treatment of many solid tumors; however,

acquired drug resistance developed during the therapy has

become important obstacle and reduced the survival rate of

patients. Based on the concept that the better understanding

in molecular basis of such resistance, the more specific and

effective strategy could be obtained, researches investigating

about the molecular alteration in resistant cancer cells have

garnered increasing attention recently.

Likewise, the cellular self-eating machinery termed

‘‘autophagy’’ is in the great interest, and was reported to be

associated with several cellular processes including cell

death and detoxification. Role of autophagy in affecting

cancer cell, live and death, is still in controversial [1–3].

There were some data supporting that autophagy induction

could gain benefit for cancer treatment. For example, res-

veratrol could induce autophagy and resulted in tumor

growth arrest in ovarian cancer [4], as well as the treatment

of tamoxifen, which targets the estrogen receptor, also

induced autophagic cell death in breast cancer cells [5].

However, there was a conflicting evidence indicating that
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autophagy could promote tumor cell survival and restrict

necrosis, inflammation, and could induce tumorigenesis in

mouse kidney epithelial (iBMK) cells [6]. Somehow,

autophagy also acts as a cytoprotective mechanism pro-

tecting DNA damaging effects of Temozolomide and

Etoposide in several malignant glioma cell lines [7]. Thus,

autophagic process affects differently depending on cell

types and particular agents.

Long-term chemotherapeutic exposure is required for

the effective cancer therapy. Cisplatin exposure has been

long known to result in cisplatin resistance in many can-

cers. Although it is known that the chemotherapeutic

resistance results from the blockage of apoptotic process,

utilizing of alternative cell-death pathways in cancer

treatment becomes the point of interest. Autophagy can

cause cell death in subsequence of strong detrimental

stimuli. Besides, the mechanism in regulation of cisplatin

resistance regarding autophagy is still far from clear. This

study thus investigated the molecular alteration of

autophagy in that resistant H460/cis cells generated by

long-term cisplatin exposure. We demonstrated herein for

the first time that the cell exposure to cisplatin could adapt

cell death machinery toward inhibition of autophagy and

consequently reduced their sensitivity to cisplatin-induced

apoptosis. As microtubule-associated protein 1 light chain

3 (MAP1LC3) or LC3 is recognized as the marker of

autophagy, we also found that the ratio of LC3 type II to I

also decreased in H460/cis cells. Moreover, addition of an

autophagic inducer trifluorperazine (TFP) to cisplatin-

treated H460/cis cells could sensitize the cells to cisplatin-

mediated death. Thus, our results revealed that such

adaptation during cisplatin exposure was regard to

autophagy downregulation, which these findings should

facilitate the strategy in resistant cancer treatment.

Materials and methods

Cell culture and reagents

Human non-small cell lung cancer cells H460 (NCI-H460)

cells were obtained from the American Type Culture

Collection (Manassas, VA, USA) was cultured in RPMI

1640 containing 10% fetal bovine (Hyclone, Cramlington,

UK), 1% penicillin and streptomycin (Gibco, Carlsbad,

CA, USA) in a humid atmosphere of 5% CO2 at 37�C.

H460 cells were grown, and cisplatin (Sigma, St. Louis,

MO, USA) was then added to the medium at gradually

increasing concentrations starting from 0.33 lM (0.1 lg/

ml) until the concentration reached 4.67 lM (1.4 lg/ml).

During continuous exposure to cisplatin, culture medium

was replaced with freshly prepared medium containing

cisplatin at indicated concentrations every 3 days and

maintained in that concentration for at least two passages

[8, 9]. Cell population survived when concentration reach

4.67 lM was named H460/cis cells.

Determination of cisplatin cytotoxicity

H460 cells and H460/cis cells were harvested with trypsin

and resuspended in a final concentration of 1 9 105 cells/ml.

200 ll of cell suspension was distributed evenly into 96-well

cell culture plate. After 24 h of incubation, various concen-

trations of cisplatin were added to cells and further incubated

for 24 h. After incubation period, cell viability is determined

by MTT assay [10, 11]. In brief, 100 ll of 0.4 mg/ml MTT

(Sigma, St. Louis, MO, USA) was added into each well and

further incubated for 4 h. Formazan crystals were dissolved

in 100 ll DMSO. The absorbance of formazan solution is

quantified by Microplate reader at 570 nm. Concentration of

cisplatin at IC50 was calculated by CurveExpert 1.3.

For apoptosis detection

Cells were stained with 10 lM Hoechst 33342 (Sigma, St.

Louis, MO, USA), and the fluorescent dye stained in cells

was visualized by a fluorescence microscope. Cells that

displayed intensely condensed and/or fragment nuclei

stained by Hoechst 33342 were considered as apoptotic cells.

Comet single cell gel electrophoresis systems

Cells were trypsinized and suspended in 1% low melting

agarose. Then, they were spread on a microscope slide pre-

coated with 0.8% of normal melting agarose. After letting the

low melting agarose dry, slides were placed in a lysis solu-

tion (2.5 M NaCl, 0.1 M EDTA, 10 mM Tris-base pH 10,

1% Triton X-100, and 10% DMSO) for 60 min at 4�C

(protected from light). Then, slides were equilibrated in

electrophoresis buffer (0.3 M NaOH, 1 mM EDTA,

pH [ 13), and were run in a horizontal electrophoresis

chamber at 700 mA 25 V for 5 min. Slides were washed

with Tris buffer pH 7.5 and fixed with absolute MeOH for

5 min [12, 13]. Finally, slides were stained with SYBRgreen.

The pictures of unwind DNA taken under inverted fluores-

cence microscope were analyzed by CometScore v1.5 for tail

length, %DNA in tail, tail moment, and olive moment

parameters. More than 70% in each parameter, compared

with untreated control, was considered as the cut-off point of

toxicity and apoptosis cell death.

Qualitative and quantitative analysis of autophagosome

formation

Cells were harvested, centrifuged at 1,200 rpm for 5 min,

washed with PBS twice, resuspended in 1 lM acridine
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orange (AO, Sigma, St. Louis, MO, USA), and incubated

for 17 min [14, 15]. Autophagosome formation was qual-

itatively detected by fluorescence inverted-microscope

(IX51 Olympus, Japan). Moreover, AO fluorescence

intensity was also measured by flow cytometry (BD

FACSCalibur, CA, USA).

Western blotting

Cells were harvested with trypsinization, and then washed

twice with PBS. Cells were incubated with ice-cold lysis

buffer (50 mM Tris pH 7.4, 100 mM NaCl, 2 mM EDTA,

1% sodium deoxycholate, 0.1% SDS, 1% Triton X-100,

2 mM Na3VO4 and complete mini-cocktail protease inhib-

itors) for 30 min at 4�C. After centrifugation at 15,000 rpm

for 15 min, supernatants were collected [16]. Samples con-

taining 30 lg of proteins were denatured, loaded, and sep-

arated on 12% SDS-polyacrylamide gel electrophoresis

(SDS-PAGE). Protein bands were transferred to PVDF

membranes, and blocked for 1 h at room temperature with

5% skim milk in TBST (10 mM Tris–HCl, pH 7.5, 100 mM

NaCl, 0.01% tween20). The membranes were immunoblot-

ted with rabbit polyclonal LC3 antibody (1:500, Abcam:

Cambridge, MA, USA). To assure equivalent protein loaded,

the membranes are simultaneously incubated with mouse

monoclonal b-actin antibody (1:3,000, Abcam: Cambridge,

MA, USA). Membranes were washed three times with

TBST, incubated with HRP-conjugated rabbit IgG second-

ary antibody (1:3,000, Abcam: Cambridge, MA, USA) for

1 h at room temperature and washed extensively before

detection. Protein bands were visualized using an enhanced

chemiluminescence Western blot analysis system (Pierce,

Rockford, IL, USA), and quantified the protein bands using

ImageJ 1.43u software (NIH, USA).

Statistical analysis

All results from three or more independent experiments

were expressed in mean ± SEM. Statistical differences

between means were determined using analysis of variance

(ANOVA) and post hoc test. P \ 0.05 was selected to

reflect significance.

Results

Exposure to gradually increasing concentrations

of cisplatin rendered H460 cells resist to cisplatin-

mediated death

Cisplatin exposure during chemotherapy is likely to force

cancer cell adaptation for acquired drug resistance. Cis-

platin resistant clone of lung carcinoma H460 cells was

generated by continuous exposure to stepwise increasing

concentrations of cisplatin starting from 0.33 lM until

reaching 4.67 lM over a period of 12 months. After

establishment of H460/cis cells, we characterized cell

death in response to cisplatin treatment (0.1–1,000 lM) in

these cells comparing with those parental H460 cells. Cell

viability assay revealed that percentage of cell survival of

H460 and H460/cis cells decreased in dose-dependent

manner. At 100 lM of cisplatin, the percentage of cell

viability in both cells showed significantly difference

(Fig. 1a). H460/cis cells exhibited *2.4 times more

resistant than H460 cells (P \ 0.001) with the 50%

inhibitory concentrations (IC50) of cisplatin in H460 and

H460/cis were 37.6 ± 0.7 lM and 90.7 ± 4.4 lM,

respectively (Fig. 1b). It was noteworthy noting that

under phase-contrast microscopy, H460 cells had an

irregular shape and enlargement in size of the cells

comparing to the parental H460 cells (Fig. 1c). Further,

we evaluated mode of cell death in response to cisplatin.

Both cisplatin resistant and sensitive cells were treated

with cisplatin at the concentration of 40 lM, and Hoechst

33342 and propidium iodide (PI) staining were accessed.

After 24 h of cisplatin treatment, H460 cells underwent

apoptotic cell death *20% as determined by the increase

in number of cells with intense blue fluorescence and

chromatin condensation (Fig. 2a, b). Meanwhile, only 7%

apoptosis could be detected in H460/cis cells (Fig. 2a, b).

PI staining assay provided the information that less

necrotic cells could be observed in both H460 and H460/

cis cells (Data not shown). Further, our results obtained

from comet assay indicated that, H460/cis had fewer

apoptosis characteristics than those of H460 cells

(Fig. 3a, b).

Cisplatin exposure suppressed autophagosome

formation in lung cancer cells

Autophagy has garnered increasing attention recently since

autophagy plays a key role in either cellular detoxify

mechanism or cell death determination [5]. We thus tested

whether the reduction of cell viability in response to cis-

platin in H460/cis cells involved autophagy. Since

autophagy associated with cellular machinery in auto-

phagosome formation, AO dye, a specific autophagosome

indicator [14, 15, 17] was used. H460 and H460/cis cells

were stained with 1 lM of AO for 17 min, and auto-

phagosome was visualized under fluorescence inverted

microscope. As shown in Fig. 4a, H460/cis cells exhibited

lower in both AO intensity and a number of intracellular

AO-positive spots, than those of H460 cells. We further

quantified the presence of autophagosome by subjecting

the stained cell to flow cytometer with FACS analysis. The

consistent results were obtained and indicated that the
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degree of autophagy in H460/cis cells were noticeably

diminished that in H460 cells (Fig. 4b, c).

To date, the transformation of microtubule-associated

protein 1 light chain 3 (MAP1LC3 or LC3) protein from

the native cytosolic form of LC3 (LC3-I) to membrane-

bound lapidated (LC3-II) is recognized as an important

process of autophagosome formation [16, 17]. The pro-

portion of LC3-II conversion is used as an indicator of

autophagy activity. We confirmed the decrease of auto-

phagosome formation during the process of H460/cis cells

establishment by western blot analysis detecting LC3-I and

LC3-II levels. As shown in Fig. 4d, the ratio of LC3-II

conversion was dramatically decreased in a time-dependent

manner. The degree of autophagy in H460/cis cells was

*47% compared with that of parental H460 cells. Toge-

ther our results indicated for the first time that the adap-

tation of lung carcinoma cells in response to cisplatin

exposure involved alteration in cellular autophagy level.

Reduction of autophagosome was responsible

for cisplatin resistance in H460 cells

Since H460/cis cells exhibited significantly less autophagic

activity, we further tested whether such reduction was

associated with cisplatin resistance. TFP, a known auto-

phagic inducer, was used to induce autophagosome

Fig. 1 The characteristics of

cisplatin resistant H460/cis cells

compared with their parental

H460 cells. H460/cis cells were

established by culturing in the

gradually increasing

concentration of cisplatin,

starting from 0.33 lM (0.1 lg/

ml) until reaching the

concentration of 4.67 lM

(1.4 lg/ml). For determination

of cisplatin cytotoxicity, cells

were treated with various

concentrations of cisplatin and

incubated for 24 h. Then, cell

viability was determined by

MTT assay and calculated as the

percentage of cell viability

compared with the control

untreated cells (a). Each value is

the mean ± SEM of four

independent experiments and

each was experimented in five

wells. The differences between

groups were determined by

analysis of variance (ANOVA)

and post hoc test. *P \ 0.05

compared with the same

concentration of cisplatin in

H460 cells. The IC50 values of

cisplatin in both cells were also

calculated by CurveExpert 1.3

(b). Each value is the

mean ± SEM of four

independent experiments.

**P \ 0.001 as determined by

Student’s unpaired two-tailed

t test compared with the IC50

value in H460 cells. Moreover,

phase-contrast microscopy

showed the enlargement of cell

size of H460/cis cells compared

with H460 cells (c). Scale bars
were 100 lm
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formation in these cells. H460 and H460/cis cells were co-

treated with TFP at the concentration of 5 lM and cisplatin

at the concentration of 40 lM, and then cell viability was

evaluated by MTT assay. When treatment of cells with

TFP alone showed neither toxic nor proliferative effect on

these cells (data not shown), the co-treatment of cisplatin

and TFP in H460/cis cells exhibited significantly sensitized

H460/cis cells to cisplatin-induced cytotoxicity compared

with cisplatin-treated control (Fig. 5). On the contrary, the

additional TFP in cisplatin treatment had no augmentative

effect in H460 cells.

Moreover, we also inhibited autophagic inductive

effects of TFP in H460/cis cells with 3-methyladenine (3-

MA), the specific phosphatidylinositol-3 kinase (PI3K)

class III which regulated autophagic activity [17]. The

introduction of 3-MA at the concentration of 200 lM could

reverse sensitizing effect of autophagic inducer and cell

viability in response to the treatment was increased to

approximately the same level of that in cisplatin-treated

alone as shown in Fig. 5. These suggested that the acquired

resistance of H460/cis cells resulting from long-term

exposure to cisplatin at least partly involved the machinery

of cell in suppression of autophagy.

Discussions

Acquired resistance to chemotherapy is a major hindrance

to the success of cancer treatment. Understanding the

underlying mechanisms by which tumors become resistant

Fig. 2 The apoptotic nucleus

morphology stained with

Hoechst 33342 dye. The cells

were treated with 40 lM of

cisplatin for 24 h. Then cells

were washed twice with PBS

and added new media with

10 lM of Hoechst 33342. The

nucleus morphology of H460

cells and H460/cis cells in

cisplatin treatment and control

were taken under fluorescence

microscope (a). The pictures

shown were one each from five

independent experiments. The

living cells showed the normal

bright blue nuclei and the

apoptotic cells showed the

condensed intensive bright blue

nuclei. Scale bars were 200 lm.

The percentage of apoptotic cell

death was determined (b). Each

value is the mean ± SEM of

five independent experiments.

At least two hundred of cells

were counted for one

experiment. *P \ 0.05,

**P \ 0.001 as determined by

Student’s unpaired two-tailed

t test compared with control

each cell. #P \ 0.05 as

determined by Student’s

unpaired two-tailed t test

compared with apoptotic cell

death in H460 cells
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to a particular agent is key to identifying new drugs or

combination regimens. For cisplatin, an effective agent,

using worldwide for the treatment of various cancers,

including lung cancer. For the best treatment outcome, it

has to be administrated repetitively. However, its thera-

peutic efficacy is limited due to the initiation of acquired

resistance. The mechanisms of cisplatin resistance appear

to be multifactorial and believed to process through 4 main

pathways which are a change of drug transportation, an

increase of drug detoxifying systems, a modification in

DNA repairing machinery, and alteration in the apoptotic

cell death pathways [18–21].

The term of ‘‘autophagy’’ becomes a great interest in

cancer research field nowadays. In order to comprehend the

involvement of autophagy on cisplatin resistance in non-

small cell lung carcinoma, we established the resistant non-

small cell lung carcinoma H460 cells by exposing the cells

with continuous administration of cisplatin. As the results

of cell viability assay, H460/cis cells could not undergo

cell death in cisplatin treatment at IC50 concentration. This

means that apoptotic cell death pathway or type I pro-

grammed cell death was blocked in these cells (Figs. 1, 2,

3). Autophagy is the process of cell components degrada-

tion itself through the machinery of lysosome, which turns

to be the cause of cell death [22–24]. However, in certain

conditions autophagy resulted in an increasing survival of

cells in response to death stimuli and the different out-

comes are likely to depend on cell types, agents used, and

condition of treatment [1–7]. The protective role of

autophagy was presented in several previous studies. When

autophagy was induced by death stimuli, its function was

most likely trended to facilitate cell survival. On the con-

trary, we found that treatment of the cells with barely toxic

dose of cisplatin for relatively long time could result in a

decrease of autophagy that plays an opposite role on cell

survival. Importantly, such reductions of autophagy in

H460/cis cells detected by AO-cell staining and western

blot analysis of LC3 (Fig. 4d) was concomitant with the

Fig. 3 The nucleus

morphology in comet single cell

gel electrophoresis. Cells were

treated with 40 lM of cisplatin

for 24 h, and then were

harvested by trypsinization and

embedded in low-melting

agarose on normal melting

agarose-precoated microscope

slide. The nucleus membrane

were lysed and run in

electrophoresis for 5 min. The

nuclear DNA was stained with

SYBRgreen and visualized

under fluorescence microscope

(a). The DNA fragmentation

was analyzed by CometScore

v1.5 for tail length, % DNA in

tail, tail moment, and olive

moment parameters (b). Values

are mean ± SEM of three

independent experiments.

*P \ 0.05 compared with

control of each cell
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decrease response to cisplatin-mediated cells death

implying that the autophagy could be responsible for cis-

platin-induced resistance in these cells.

Previous reports have indicated that long-term cisplatin

treatment also resulted in Bcl-2 overexpression [9, 25–29].

Moreover, Bcl-2 protein has been shown to act as a negative

inhibitor of autophagy [27–32] via its interaction with Be-

clin 1 [33]. Consistent with above mentions, our results

showed that H460/cis cells exhibited higher level of Bcl-2

than that of parental H460 cells (data not shown) with

reduced autophagy. Taken together, not only did the present

study indicate for the first time that long-term exposure of

lung carcinoma cells to cisplatin resulted in autophagic

reduction, but also supported the previous observation that

Bcl-2 protein acted as a negative regulator for autophagy as

well as apoptosis. Furthermore, we found that addition of

autophagic inducer TFP to H460/cis cells could reverse the

resistance of the cells to cisplatin-mediated apoptosis

(Fig. 5). Co-treatment of cisplatin and TFP could reduce

percentage of H460/cis cell viability back to the level of

Fig. 4 The degree of

autophagosome formation in

H460 cells and H460/cis cells.

The cell was staining with

acridine orange (AO) for

17 min and the fluorescent

intensity was visualized by

fluorescence inverted

microscopy (a) and by flow

cytometer (b). The degree of

autophagy was determined by

the geometric means of AO

fluorescence intensity in H460

cells and H460/cis cells (c).

Values are mean ± SEM of five

independent experiments.

**P \ 0.001 as determined by

Student’s unpaired two-tailed

t test, compared with control

H460 cells. As the lipidated

LC3-II protein is the marker of

autophagy, the levels of LC3-I

and II protein were quantified

by western blotting (d). H460/

cis cells were collected during

transformation process at 1, 2, 4,

6, and 12 months. Cell lysate

was separated on 12% SDS-

PAGE. The results were

represented of one of three

independent experiments. The

relative ratio of LC3-II

conversion normalized with

b-actin

Fig. 5 The reverse effects of autophagic inducer and inhibitor in

cisplatin treatment in H460/cis cells. Either sub-toxic concentration

trifluoperazine at the concentration of 5 lM or 3-MA at the

concentration of 200 lM was co-incubated with cisplatin 40 lM.

Cytotoxicity of co-treatment was analyzed by MTT assay. Values are

mean ± SEM of three independent experiments. *P \ 0.05 com-

pared with their cisplatin-treated cells. #P \ 0.05 compared to their

cisplatin and trifluoperazine co-treated cells
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parental H460 cells. This finding has strengthened the pos-

sibility that long-term cisplatin exposure renders cells

resisting to the drug via autophagy-dependent mechanism.

In summary, the present study reported herein that long-

term exposure to cisplatin led to cisplatin resistance in lung

carcinoma H460 cells and lowered autophagy level. These

observations inferred that long-term exposure to cisplatin

caused acquired drug resistance through the mechanism

involving autophagy reduction. Therefore, upregulation of

autophagy may be a useful adjuvant approach for treatment

cancer to prevent resistance in further therapy.
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