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Abstract
Nedaplatin, a cisplatin analog, was developed to reduce the toxicity of cisplatin, whereas

it can be cross-resistant with cisplatin in some circumstances. This study aimed to investi-

gate the role of autophagy in nedaplatin induced cell death in cisplatin-resistant nasopha-

ryngeal carcinoma cells. Here, we showed that HNE1/DDP and CNE2/DDP cells were

resistant to nedaplatin-induced cell death with reduced apoptotic activity. Nedaplatin treat-

ment resulted in autophagosome accumulation and increased expression of LC3-II,

indicating the induction of autophagy by nedaplatin in HNE1/DDP and CNE2/DDP cells.

Inhibition of autophagy by Bafilomycin A1 (Baf A1) and 3-Methyladenine (3-MA) remarkably

enhanced the antitumor efficacy of nedaplatin in HNE1/DDP and CNE2/DDP cells, suggest-

ing that the resistance to nedaplatin-induced cell death was caused by enhanced autop-

hagy in nedaplatin-resistant NPC cells. Additionally, Baf A1 enhanced reactive oxygen

species (ROS) generation and apoptosis induced by nedaplatin in HNE1/DDP cells. Mech-

anistically, nedaplatin treatment caused activation of ERK1/2 and suppression of Akt/

mTOR signaling pathways. While inhibition of ERK1/2 by MEK1/2 inhibitor, U0126, could

reduce the expression of LC3-II in nedaplatin-resistant NPC cells. Furthermore, suppres-

sion of ROS could inhibit nedaplatin-induced ERK activation in HNE1/DDP cells, indicating

that ROS and ERK were involved in nedaplatin-induced autophagy. Together, these find-

ings suggested that autophagy played a cytoprotective role in nedaplatin-induced cytotoxic-

ity of HNE1/DDP and CNE2/DDP cells. Furthermore, our results highlighted a potential

approach to restore the sensitivity of cisplatin-resistant nasopharyngeal cancer cells to

nedaplatin in combination with autophagy inhibitors.
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Introduction
Nasopharyngeal carcinoma (NPC) is a type of cancer arising from the epithelial cells that line
the nasopharynx. NPC is considered to be a rare cancer globally, whereas it is endemic in the
southeastern Asia, particularly in Southern China [1]. The current standard treatment for
patients with stage I nasopharyngeal cancer is radiotherapy (RT) alone, and those with stage
II-IVB disease are treated with concurrent chemoradiotherapy [2]. Although cisplatin-based
chemotherapy is the first-line treatment for locoregionally advanced nasopharyngeal carci-
noma [3,4], the clinical application of cisplatin has been limited due to its toxicity and acquired
resistance developed during the therapy. Nedaplatin is the second generation of platinum com-
plex, which was developed to reduce toxicities, such as nephrotoxicity and gastrointestinal tox-
icity, commonly seen in cisplatin-treated patients [5]. Nedaplatin-based chemotherapy is an
effective and safe treatment for patients with locoregionally advanced nasopharyngeal carci-
noma [6–8]. However, it has been documented that nedaplatin was cross-resistant with cis-
platin in the L1210/CDDP leukemia mode [9]. Acquired resistance to antitumor drugs is a
major cause of cancer relapse and cancer-related mortality. Therefore, approaches to enhance
the sensitivity of NPC to chemotherapies have generated a great deal of interests.

Autophagy is a highly conserved cellular process by which cytoplasmic components are
sequestered in autophagosomes and delivered to lysosomes for degradation [10]. Autophagy is
essential for survival, differentiation, development, and homeostasis in eukaryotic cells. Dysre-
gulation of autophagy contributes to a number of diseases, including cancer [11]. However, the
role of autophagy in cancer is characterized by double-edged sword. Autophagy can promote
tumor suppression during cancer initiation. Conversely, it can be tumor-promoting in estab-
lished cancers [12]. Since autophagy is substantially activated in cancer cells, it may involve
in drug resistance by facilitating cancer cell survival during metabolic stresses caused by anti-
cancer agents [13]. For instance, upregulation of autophagy resulted in resensitization of
H460/cis cells (cisplatin-resistant lung cancer cells) to cisplatin-induced cell death [14]. How-
ever, conflicting evidence showed that inhibition of autophagy resensitized SKOV3/DDP cells
(cisplatin-resistant ovarian cancer cells) to cisplatin [15]. Moreover, the relationship between
autophagy and drug-resistance is intricate since there exist some common regulatory elements,
including ROS [16,17], PI3K/Akt/mTOR pathway and ERK pathway [18].

Nevertheless, it is still unclear whether autophagy is involved in nedaplatin-induced cell
death in cisplatin-resistant NPC cells.

In this study, we presented evidences demonstrating that nedaplatin was cross-resistant
with cisplatin. Meanwhile, autophagy was induced in HNE1/DDP cells and CNE2/DDP after
they were exposed to nedaplatin. Suppression of autophagy significantly enhanced apoptosis,
ROS generation and growth inhibition induced by nedaplatin. Moreover, the Akt/mTOR
and ERK1/2 signaling pathways were involved in autophagy induced by nedaplatin. Taken
together, our results revealed that targeting autophagy promoted the antitumor effect of neda-
platin in cisplatin-resistant NPC cells. Our results may lead to the development of nedaplatin
in combination with autophagy inhibitors as a potential therapy regime for NPC with cross-
resistance of nedaplatin and cisplatin.

Materials and Methods

Regents and Chemicals
Cisplatin was purchased from Gejiu Bio-pharmaceutical Co., Ltd (Yunnan, China). Nedaplatin
was purchased from Aosaikang Pharmaceutical Co., Ltd (Jiangsu, China), Baf A1 and 3-MA
were purchased from Sigma (St Louis, MO, USA). Cyto-ID Autophagy Detection Kit was
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purchased from Enzo Life Sciences, Inc (Farmingdale, NY, USA). Apoptosis Detection Kit was
purchased from BD Biosciences (Franklin Lakes, NJ, USA). Obtained from Beyotime Institute
of Biotechnology (Haimen, Jiangsu Province, China) were 20,70-dichlorodihydrofluorescein
diacetate (DCFH-DA) and N-acetyl-L-cysteine (NAC).Antibodies of human LC3, Beta-actin,
The MEK1/2 inhibitor U0126,Phospho-mTOR (Ser2448), Cleaved Caspase-3,Phospho-p44/42
MAPK(Erk1/2)(Thr202/Tyr204) and p44/42 MAPK(Erk1/2) were purchased from Cell Signal-
ing Technology (Danvers, MA, USA). Obtained from Epitomics (Burlingame, CA, USA) were
the Anti-p70 S6 Kinase Phospho (pS371) and PARP-1 Phospho(p116/p85). Obtained from
MR Biotech (Shanghai, China) were the secondary antibodies horseradish peroxidase (HRP)-
conjugated goat anti-mouse and anti-rabbit immunoglobulin G. All the other antibodies were
obtained from Sigma (St Louis, MO, USA).

Cell culture
Cisplatin-sensitive nasopharyngeal cancer cell lines CNE2, HNE1 and its cisplatin-resistant
clone HNE1/DDP were purchased from the Central Laboratory of Xiangya School of Medicine,
Central South University. CNE2/DDP cell lines were kindly provided by the Department of
Hematology, Zhujiang Hospital, Southern Medical University. Cells were cultured in RPMI-
1640 medium (Invitrogen, San Diego, CA, USA) supplemented with 10% heat-inactivated fetal
bovine serum (Invitrogen, San Diego, CA, USA), 2 mM L-glutamine, 100 U/mL penicillin,
100 μg/mL streptomycin in a humidified incubator at 37°C and 5% CO2. Besides, cisplatin-
resistant HNE1/DDP and CNE2/DDP cells were maintained in RPMI-1640 10% fetal bovine
serum medium medium containing 1 μg/mL cisplatin to maintain resistance.

Cell viability assay
Cellular viability was measured by MTT cytotoxicity assay. Briefly, cells were plated at 6×103

(HNE1 and HNE1/DDP) and 1×104 (CNE2 and CNE2/DDP) per well and cultured for 24 h.
After that, cells were treated with various concentrations of cisplatin or nedaplatin with or
without autophagy inhibitors for 48 h. Cells were incubated with MTT (0.5 mg/mL) for 4 h at
37°C. After the supernatant was carefully removed, 100 μL of dimethylsulphoxide was added
and the absorbance of the solution was measured at a wavelength of 570 nm.

Apoptosis assay
Cell apoptosis was detected by Annexin VFITC/PI Detection Kit (BD Biosciences, San Diego,
CA, USA) according to manufacturer’s instructions. After exposure to different experimental
conditions for 48 h, HNE1/DDP cells were harvested, washed twice with cold PBS, and resus-
pended in binding buffer at a concentration of 1×106 cells/mL. Then, the cells were incubated
with annexin V-FITC and PI for 15 min in the dark according to the manufacturer's protocol.
Afterwards, samples were analyzed by flow cytometry using Calibur flow cytometer (Becton-
Dickinson, Fullerton, CA, USA).

Transmission electron microscopy
After designated treatment, HNE1/DDP cells were fixed with 2% glutaraldehyde in 0.1 M PBS
(pH 7.3) for 2 h at 4°C and washed extensively with 0.1 M cacodylate buffer including 0.1%
CaCl2. Samples were fixed in 0.1 M cacodylate buffer containing 0.1% CaCl2 for 30 min and
then dehydrated through a graded series of ethanol and polymerized at 60°C for 48h. After
being cut by ultracut microtome, the sections were stained with uranyl acetate and lead citrate.
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Subsequently, a JEM 1230 transmission electron microscope (JEOL, USA) was used to examine
the section samples at a voltage of 60 kV.

Western blot analysis
After treatment with indicated condition, cells were harvested and washed with cold phos-
phate-buffered saline (PBS) and then incubated in Cell Lysis Buffer (Beyotime Biotchnology,
China) in ice for at least 20 min. The lysates were centrifuged at 12,000×g for 10 min and the
supernatants were collected. Protein concentrations were measured by the bicinchoninic acid
(BCA) method. Equivalent amount of protein was run on SDS-PAGE gels and subsequently
electro-transferred to polyvinylidene fluoride (PVDF) membranes. Membranes were blocked
with 5% BSA for 1 h at room temperature, and then incubated overnight at 4°C with primary
antibodies, followed by incubation with secondary antibodies at room temperature for 2 h. the
protein signals were developed using an enhanced chemiluminescent detection kit (Pierce,
Rockford, IL, USA).

Confocal Microscopy
Cells were seeded in cell culture dishes with glass bottoms and allowed to recover overnight.
After treatment with 6 μg/ml nedaplatin for 0 h and 24 h, the cells were disposed with Cyto-ID
Autophagy Detection Kit according to the manufacturer’s protocol. Briefly, after being stained
with Cyto-ID Green dye and Hoechst 33342 for 30 min, cells were washed and re-suspended
with 1x Assay Buffer and immediately analyzed with an Olympus fluorescence microscope. As
a positive control, cells were treated with 500 nM of Rapamycin for 4 h and disposed with the
same procedures.

Measurement of intracellular ROS
Intracellular ROS was determined by a fluorometric assay (DCF-DA assay). HNE1/DDP cells
were seeded in 96-well microplates at the density of 6×103 cells/well and grown for 24 h. After
cells were treated with nedaplatin with or without NAC, U0126 and Baf A1 for the indicated
time periods, HNE1/DDP cells were loaded with 10 μMDCFH-DA for 20 min at 37°C, and
the generation of ROS was determined using Tecan M1000 Multi-Mode Microplate Reader
(TECAN, Switzerland) with the excitation and emission wavelengths set at 488 and 525 nm.
Relative DCF fluorescence intensity of treated cells was expressed as a percentage of control (as
100%).

Statistics analysis
Data were expressed as means ± S.D. Statistics analysis was carried out with GraphPad Prism
5. Comparisons between two treatment groups were performed using Student’s t test (two-
tailed) and One-way Anova, and p< 0.05 was considered to be statistically significant.

Results

HNE1/DDP and CNE2/DDP cells show resistance to nedaplatin-induced
cell death
To assess whether cisplatin-resistant NPC cells would resist to nedaplatin-induced cell death,
both cisplatin-sensitive nasopharyngeal cancer cells and cisplatin-resistant NPC cells were
treated with nedaplatin at increasing doses for 48 h. In a parallel set of experiment, the cells
(HNE1, CNE2, HNE1/DDP and CNE2/DDP) were treated with cisplatin for comparison. As
shown in Fig 1A and 1B and S1 Fig, both nedaplatin and cisplatin induced dose-dependent cell
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death of HNE1 and CNE2 cells with IC50 (2.75±0.37 μg/ml for nedaplatin vs. 2.83±0.25 μg/ml
for cisplatin, 1.49±0.20 μg/ml for nedaplatin v.s. 1.24±0.15 μg/ml for cisplatin, respectively). In
contrast, the cisplatin-resistant HNE1/DDP and CNE2/DDP cells were less sensitive to neda-
platin-induced cell death with the IC50 of 6.74±0.58 μg/ml and 7.86±0.73 μg/ml, which was
similar to its IC50 for cisplatin (6.02±0.72 μg/ml and 6.21±0.58 μg/ml, respectively). These
results were in line with previous observation, indicating that nedaplatin was cross-resistant
with cisplatin [19]. Since previous study showed that nedaplatin induced tumor cell death
through induction of apoptosis [20], we reasoned that the resistance to nedaplatin was most
likely due to a lack of apoptosis [21]. To test our hypothesis, we treated HNE1 and HNE1/DDP
cells with nedaplatin and analyzed the level of cleaved form of caspase 3, a typical marker for
apoptotic cell death. As shown in Fig 1C, nedaplatin treatment significantly promoted the

Fig 1. HNE1/DDP cells were resistant to nedaplatin-induced cell death. (A&B) HNE1 cells and HNE1/DDP cells were treated with the indicated
concentrations of nedaplatin (A) or cispaltin (B) for 48 h. Cell viability was determined by MTT assay at the wavelength of 570 nm. Data are mean ± SD from
five independent experiments. *p<0.05, **p<0.01 and ***p<0.0001 compared to HNE1 cells. (C) Western blot analysis for the expression of cleaved
caspase 3 protein in HNE1 and HNE1/DDP cells treated with the indicated concentrations of nedaplatin for 48 h. (D) Western blot analysis for the expression
of cleaved caspase 3 protein in HNE1 and HNE1/DDP cells treated with 6.0 μg/ml nedaplatin as indicated time.

doi:10.1371/journal.pone.0135236.g001
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cleavage of caspase 3 in HNE1 cells, while no obvious cleavage caspase 3 could be detected in
nedaplatin-treated HNE1/DDP cells. Moreover, time-course experiment showed that nedapla-
tin-induced cleavage of caspase 3 in HNE1/DDP cells was delayed by 24 hours compared to
HNE1 cells. (Fig 1D). These results indicated that cisplatin-resistant NPC cells (HNE1/DDP
and CNE2/DDP cells) were resistant to nedaplatin.

Induction of autophagy by nedaplatin in NPC cells
Autophagy occurs at low basal levels in all cells and is rapidly up-regulated when cell faces
stress. The ability of autophagy to promote cell survival during metabolic stress may promote
resistance to cytotoxic therapy [22]. To assess whether nedaplatin induced autophagy in NPC
cells, we initially examined the accumulation of autophagosomes by transmission electron
microscopy (TEM). As shown in Fig 2A, nedaplatin-treated HNE1/DDP cells showed numer-
ous cytosolic autophagic vacuoles with clearly double-layered membrane structures compared
with untreated cells. Since autophagosome was recognized as characteristic double membrane
vacuolar structures containing cytoplasmic contents [23], our results indicated that nedaplatin
might induce autophagosome accumulation in HNE1/DDP cells. To confirm the TEM result,
nedaplatin-treated HNE1/DDP cells were incubated with autophagic vacuoles specific marker,
Cyto-ID, for 30 min and fixed for confocal fluorescence microscopy analysis. As shown in Fig
2B, treatment of HNE1/DDP cells either with nedaplatin or autophagy inducer, rapamycin,
resulted in a substantial increase in autophagosomes in the cells. Similar results were discov-
ered in nedaplatin-treated HNE1 and CNE2/DDP cells (S2E and S2F Fig).

Microtubule-associated protein light chain 3 (LC3) is a well-established protein marker for
monitoring autophagy process [24]. Increased LC3-II level and LC3-II/LC3-I ratio indicate the
occurrence of autophagy [17]. Consistent with the results of morphological studies, nedaplatin
induced time- and dose-dependent increase in LC3-II levels in HNE1, HNE1/DDP and CNE2/
DDP cells (Fig 2C and 2D, S2A–S2D Fig).

Taken together, these results suggested that autophagy was activated by nedaplatin in NPC
cells.

Inhibition of autophagy enhances cytotoxic effect of nedaplatin in
cisplatin-resistant NPC cells
Given that nedaplatin-treated HNE1/DDP and CNE2/DDP cells exhibited significant autopha-
gic activity, we further tested whether enhanced autophagy was associated with the cell death
resistance in response to nedaplatin. Baf A1 inhibits autophagy by blocking the fusion of autop-
hagosome and lysosome and leads to significant elevation of LC3-II expression. Western blot
analysis revealed that the addition of Baf A1 to nedaplatin significantly enhanced LC3-II
expression in HNE1/DDP cells when compared to the cells treated with nedaplatin alone (Fig
3A), while treatment with Baf A1 alone did not affect the growth of HN1/DDP cells (data not
shown). Interestingly, inhibition of autophagy by Baf A1 substantially potentiated nedaplatin-
induced cell death (Fig 3B). Similar results were obtained in CNE2/DDP cells (S3D and S3E
Fig). To understand the role of autophagy in nedaplatin-induced apoptosis, apoptotic rate of
HN1/DDP cells was determined after they were co-incubated with nedaplatin and Baf A1.
Compared with the cells treated with nedaplatin alone, HNE1/DDP cells treated with both
nedaplatin and Baf A1 exhibited significant increases in apoptotic rate (Fig 3C) as well as the
protein levels of cleaved caspase 3 and cleaved PARP (Fig 3D). Moreover, another autophagy
inhibitor 3-MA was used to confirm these results, which could block autophagy initiation and
lead to the decrease in LC3-II level. As illustrated in S3A–S3C Fig, inhibition of autophagy

Targeting Autophagy Potentiated the Antitumor Effect of Nedaplatin

PLOS ONE | DOI:10.1371/journal.pone.0135236 August 19, 2015 6 / 16



Fig 2. Autophagy was induced by nedaplatin in HNE1/DDP cells. (A) Nedaplatin induced formation of autophagosomes. HNE1/DDP cells were either
untreated or treated with 6.0 μg/ml of nedaplatin for 48 h. A magnified view of the electron photomicrograph shows a characteristic autophagosome. (B)
HNE1/DDP cells were treated with 6.0 μg /ml of nedaplatin for 24 h or with 500 nM of rapamycin for 4 h, and then the cells were stained with Cyto-ID Green

Targeting Autophagy Potentiated the Antitumor Effect of Nedaplatin

PLOS ONE | DOI:10.1371/journal.pone.0135236 August 19, 2015 7 / 16



autophagy dye and analyzed by confocal microscopy. (C) Immunoblot analysis of LC3-I/II levels. HNE1/DDP cells were treated with 6.0 μg/ml nedaplatin for
12, 24, and 48 h. (D) Immunoblot analysis of LC3-I/II levels. HNE1/DDP cells were treated with nedaplatin for 48 h at 0, 1.5, 3.0 and 6.0 μg/ml.

doi:10.1371/journal.pone.0135236.g002

Fig 3. Inhibition of autophagy enhanced nedaplatin-induced apoptosis and suppression of cell growth in HNE1/DDP cells. (A) HNE1/DDP cells were
incubated with 6.0 μg/ml nedaplatin for 48 h, in the presence or absence of Baf A1 (5 nM) for 48 h, and the levels of LC3-I/II were detected by western blot. (B)
HNE1/DDP cells were untreated or treated with nedaplatin at indicated concentrations in the absence or presence of Baf A1 (5 nM) for 48h. The cell viability
was determined by MTT assay at the wavelength of 570 nm. Data are mean ± SD from five independent experiments. ***p<0.001 compared to nedaplatin
only. (C) HNE1/DDP cells were treated with 6.0 μg/ml with or without Baf A1 (5 nM) for 48 h and then analyzed by FACS after PI and FITC-annexin V staining.
(D) HNE1/DDP cells were incubated with or without 6.0 μg/ml of nedaplatin in the presence or absence of the autophagy inhibitors Baf A1 for 48 h. The whole
protein was extracted, and PARP, cleaved PARP and cleaved caspase 3 were analyzed byWestern blot.

doi:10.1371/journal.pone.0135236.g003
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using 3-MA significantly enhanced nedaplatin-induced cell death and caspase 3 cleavage in
HNE1/DDP cells.

Taken together, these results suggested that inhibition of autophagy could enhance nedapla-
tin-induced apoptotic activity and cell death of cisplatin-resistant NPC cells.

ROS plays an essential role in nedaplatin-induced autophagy and cell
growth inhibition
Previous report has demonstrated that ROS played an important role in cisplatin-induced cell
death [25]. To explore whether nedaplatin treatment induced ROS generation in HNE1/DDP
cells, we applied DCFH-DA, a well-established compound to detect and quantify intracellular
generated ROS. Our results showed that treatment of nedaplatin for 12 h did not lead to obvi-
ous change of ROS level in HNE1/DDP cells (Fig 4A). The lack of ROS production in response
to nedaplatin stimulation may be caused by up-regulation of autophagy in HNE1/DDP cells,
since there was evidence to demonstrate that ROS accumulation was suppressed by autophagy
[26]. To test this idea, HNE1/DDP cells were treated with autophagy inhibitor, BafA1, and the
level of ROS production in response to nedaplatin stimulation was measured. As shown in Fig
4B, in the presence of autophagy inhibitor, BafA1, nedaplatin resulted in 2.78-fold ROS pro-
duction in HNE1/DDP cells over nedaplatin alone treated cells. To further verify that ROS con-
tributed to nedaplatin-induced cell killing effect, HNE1/DDP cells were pretreated with an
antioxidant, NAC. In the presence of NAC, ROS level in HNE1/DDP cells was significantly
reduced (Fig 4C). Previous studies showed that autophagy was induced under oxidative stress
[27,28]. Consistently, we found that pretreatment with NAC remarkably reduced LC3-II con-
version (Fig 4D), indicating that NAC could block nedaplatin-induced autophagy. Further, the
combination of nedaplatin with NAC could rescue HNE1/DDP cells from nedaplatin-induced
cell death (Fig 4E). These results indicated that accumulation of ROS played a critical role in
the resensitization of HNE1/DDP cells to nedaplatin-induced cell death under conditions of
suppressed autophagy.

Involvement of PI3K/Akt/mTOR and ERK1/2 signaling pathways in
nedaplatin-induced autophagy
Our result demonstrated that inhibition of mTOR by rapamycin induced autophagy in HNE1/
DDP cells (Fig 2B), suggesting that PI3K/Akt/mTOR may be involved in nedaplatin-induced
autophagy in HNE1/DDP cells. To test this speculation, HNE1/DDP cells were treated with
nedaplatin, and the phosphorylation of key components of PI3K/Akt/mTOR pathway includ-
ing Akt, mTOR, p70S6K and, 4E-BP1 were examined by western blotting analysis. As shown
in Fig 5A and 5B, nedaplatin treatment caused a time- and does-dependent inhibition of phos-
phorylation of AKT, mTOR, p70S6K and 4E-BP1, which was consistent with previous reports
showing that autophagy was suppressed by activated PI3K/Akt/mTOR signaling pathway
[29,30]. Additionally, Sustained ERK activity that occured in tumors has been shown previ-
ously to have prosurvival effect by contributing to autophagy [31]. To test whether ERK was
involved in nedaplatin-induced autophagy, HNE1/DDP cells were treated with nedaplatin, and
phosphorylation of ERK was examined by Western blot analysis. As illustrated in Fig 5C and
5D, nedaplatin induced a time- and does-dependent increase in phospho-ERK1/2 in HNE1/
DDP cells. Phosphorylation of ERK1/2 occured 12 hours after nedaplatin treatment and sus-
tained until 48 hours after the treatment. Inhibition of ERK1/2 phosphorylation by MEK1/2
inhibitor, U0126, blocked nedaplatin-induced increase in LC3-II level (Fig 5E), indicating that
nedaplatin-induced autophagy was mediated by MEK/ERK1/2 signaling pathway.
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Fig 4. Suppression of ROS production inhibited nedaplatin-induced cell death. (A) HNE1/DDP cells were incubated with varied concentrations of
nedaplatin for 12 h. Then, the samples were prepared as described in Materials and Methods. All data are expressed as means ± SD from five independent
experiments. *p< 0.05. (B) HNE1/DDP cells were incubated with 6.0 μg/ml nedaplatin in the presence or absence of Baf A1 for 6 h. Then, the cells were
treated as described in A. (C) HNE1/DDP cells were treated with 6.0 μg/ml nedaplatin for 12 h in the absence or presence of NAC (10 mM). The cells were
treated as described in A. *p<0.05. (D) The LC3 I/II levels were examined by western blot after the nedaplatin treatment with or without of NAC (10 mM) for 48
h. (E) HNE1/DDP cells were treated with 6.0 μg/ml nedaplatin for 48 h in the absence or presence of NAC (10 mM). The cell viability was determined as
described in Materials and Methods. Data are mean ± SD from five independent experiments. ***p<0.001 compared to nedaplatin only.

doi:10.1371/journal.pone.0135236.g004
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In addition, inhibiting ERK could rescue Akt and mTOR inhibition induced by nedaplatin,
suggesting potential relationship between ERK and Akt/mTOR signaling pathways in HNE1/
DDP cells (S4A Fig). It was reported that ROS could regulate AMPK/ERK signaling pathway
[32,33]. The current study indicated that inhibiting ERK could not significantly change ROS
generation, while inhibiting ROS generation could obviously inhibit nedaplatin-induced ERK
activation in HNE1/DDP cells (Fig 5F and S4B Fig). Consistent with the previous finding [34],
our data suggested that ROS generation might be the upstream of ERK pathway in HNE1/
DDP cells.

Fig 5. Akt/mTOR and ERK signaling pathways were involved in nedaplatin-induced autophagy in HNE1/DDP cells. (A) HNE1/DDP cells were treated
with different concentrations of nedaplatin for 48 h. Levels of pAkt, pmTOR, pP70S6K, and p4E-BP1 were detected by western blot. (B) HNE1/DDP cells
were treated with 6.0 μg/ml nedaplatin as indicated times. Levels of pAkt, pmTOR, pP70S6K, and p4E-BP1 were detected by western blot. (C) HNE1/DDP
cells were treated with different concentrations of nedaplatin for 48 h. Protein extracts were analyzed using Erk1/2 and phospho-Erk1/2 (Thr202/Tyr204) by
western blot. (D) HNE1/DDP cells were treated with 6.0 μg/ml nedaplatin as indicated times. Protein extracts were analyzed using Erk1/2 and phospho-Erk1/
2(Thr202/Tyr204) by western blot. (E) HNE1/DDP cells were treated with 6.0 μg/ml nedaplatin for 48 h with or without the pretreatment of U0126 (20 μM) for
2h. Protein extracts were examined byWestern blot using LC3 I/II and phospho-Erk1/2 (Thr202/Tyr204) antibodies. (F) The phospho-Erk 1/2 (Thr202/
Tyr204) levels were examined by western blot after the nedaplatin treatment with or without of NAC (10 mM) for 48 h.

doi:10.1371/journal.pone.0135236.g005
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Taken together, these results suggested that suppression of Akt/mTOR and activation of
ERK1/2 signaling pathways were involved in nedaplatin-induced autophagy in HNE1/DDP cells.

Discussion
Cisplatin-based chemotherapy has showed potent anti-NPC efficacy, providing significant sur-
vival benefit for patients over the decades. However, the acquired resistance and serve toxicity
of cisplatin limited its application in clinic. Nedaplatin, a second-generation of cisplatin analog,
has similar anticancer potencies with significantly fewer side effects, especially less nephrotoxi-
city and gastrointestinal reaction [35,36]. It has been used as a substitute for cisplatin for the
treatment of locoregionally advanced NPC. However, due to cross-resistance with cisplatin,
nedaplatin is limited for clinical application and efficacy. In this study, we investigated the
potential role of autophagy in nedaplatin-induced cell death in cisplatin-resistant HNE1/DDP
cell line. Autophagy is functional at low levels in normal tissues, but is upregulated in settings
of metabolic stress, such as nutrient depletion and the presence of apoptosis activators [37,38].
Recent studies have revealed that cisplatin induced autophagy in cancer cells [39] and the up-
regulation of autophagy in multi-drug resistance cells allowed cancer cells to survive during
chemotherapy stress [40]. In this study, Our current study showed that HNE1/DDP cells and
CNE2/DDP were resistant to nedaplatin-induced cell death. Furthermore, several standard
experiments for detecting autophagy, including transmission electron microscopy, confocal
microscopy and Western blot analysis, were conducted to demonstrate that autophagy was
induced in nedaplatin-treated HNE1/DDP and CNE2/DDP cells. In fact, autophagy is a dou-
ble-edged sword in cancer therapy. In some cases, autophagy served as a protective mechanism
to mediate drug resistance phenotype during anti-cancer therapy. For instance, in drug-resis-
tant esophageal squamous carcinoma cells, suppression of autophagy markedly enhanced
5-FU-induced cell killing [41]. However, co-treatment of cisplatin with trifluorperazie, a well-
known autophagic inducer, overcomed the resistance of the H460/cis cells [13], suggesting the
cytotoxic role of autophagy. In this study, we found that Baf A1 and 3-MA inhibited autophagy
and greatly sensitized HNE1/DDP and CNE2/DDP cells to nedaplatin-induced cell death
through the enhancement of apoptosis. These results were consistent with previous report [41]
and thus suggested that autophagy was an important survival mechanism for HNE1/DDP
cells.

Generally, ROS plays an important role in different types of cell death. Recent study showed
that the increase in ROS could overcome the cisplatin-resistance in lung cancer cells [42]. Our
data demonstrated that treatment with nedaplatin alone slightly enhanced ROS generation in
HNE1/DDP cells. Furthermore, we showed that inhibition of autophagy significantly increased
the intracellular ROS level in HNE1/DDP cells, which was supported by previous findings
showing that inhibition of autophagy resulted in augment of ROS accumulation in other types
of cancer cells [43]. Moreover, pretreatment with NAC decreased autophagy and ROS induced
by nedaplatin and rescued tumor cells from the cytotoxic effects of nedaplatin, suggesting that
accumulation of ROS was an important mechanism in the resensitization of HNE1/DDP cells
to nedaplatin.

In addition, we also observed that the levels of phosphorylated Akt, mTOR, p70S6K and
4E-BP1 were significantly decreased in nedaplatin-treated HNE1/DDP cells. Consistent with
our findings, previous studies showed that the Akt/mTOR/p70S6K/ pathway was a negative
regulator of autophagy [44]. However, the ERK1/2 pathway positively regulated autophagy
[45]. In the current study, ERK1/2 activation appeared to contribute to nedaplatin-induced
autophagy, because inhibition of MEK/ERK1/2 signaling pathway attenuated nedaplatin–trig-
gered autophagy. Moreover, elimination of ROS by NAC significantly attenuated the activation
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of ERK, indicating that ROS acted as a early mediator in regulating ERK pathway. Together,
our results suggested that nedaplatin induced autophagy through activation of MEK/ERK1/2
and suppression of PI3K/Akt/mTOR signaling pathways concurrently.

Accumulating evidence suggested that autophagy was an important reason for cancer resis-
tance. A recent study reported that higher level of autophagy in melanomas patients showed
lower response rate to BRAF inhibitor [46], suggesting closely relationship between autophagy
and cancer resistance in clinic. Moreover, high expression of Beclin-1 was reported to be corre-
lated with poor prognosis of NPC patients [47], indicating that autophagy was closely associ-
ated with resistance of NPC in clinical. These findings suggested the potential application of
modulating autophagy in NPC treatment.

In conclusion, we demonstrated that nedaplatin induced significant autophagy in cisplatin-
resistant NPC cells. Importantly, inhibition of autophagy enhanced the sensitivity of cisplatin-
resistant NPC cells to nedaplatin. Moreover, autophagy was associated with ROS accumulation
and the activation of apoptosis, ERK and Akt/mTOR/p70S6K/4E-BP1 pathway in cisplatin-
resistant NPC cells. Our results suggested that autophagy played a crucial role in the nedapla-
tin-resistance in the HNE1/DDP cells and further highlighted a potential approach to restore
the sensitivity of acquired therapy-resistant NPCs to chemotherapies by a combination of
nedaplatin with autophagy inhibitors.

Supporting Information
S1 Fig. CNE2/DDP cells was resistance to nedaplatin. (A) CNE2 cells and CNE2/DDP cells
were treated with the indicated concentrations of cisplatin for 48 h. The cell viability was deter-
mined by MTT assay at the wavelength of 570 nm. (B) CNE2 cells and CNE2/DDP cells were
treated with the indicated concentrations of nedaplatin for 48 h. The cell viability was deter-
mined by MTT assay at the wavelength of 570 nm.
(TIF)

S2 Fig. Autophagy was induced by nedaplatin in HNE1 and CNE2/DDP cells. (A) Immuno-
blot analysis of LC3-I/II levels. HNE1 cells were treated with 6.0 μg/ml nedaplatin for 12, 24,
and 48 h. (B) Immunoblot analysis of LC3-I/II levels. HNE1 cells were treated with nedaplatin
for 48 h at 0, 1.5, 3.0 and 6.0 μg/ml. (C) Immunoblot analysis of LC3-I/II levels. CNE2/DDP
cells were treated with 6.0 μg/ml nedaplatin for 12, 24, and 48 h. (D) Immunoblot analysis of
LC3-I/II levels. CNE2/DDP cells were treated with nedaplatin for 48 h at 0, 1.5, 3.0 and 6.0 μg/
ml.(E) HNE1 cells were treated with 6.0 μg /ml of nedaplatin for 24 h or with 500 nM of rapa-
mycin for 4 h, and then the cells were stained with Cyto-ID Green autophagy dye and analyzed
by confocal microscopy. (F) CNE2/DDP cells were treated with 6.0 μg /ml of nedaplatin for 24
h or with 500 nM of rapamycin for 4 h, and then the cells were stained with Cyto-ID Green
autophagy dye and analyzed by confocal microscopy.
(TIF)

S3 Fig. Inhibition of autophagy enhanced nedaplatin-induced growth inhibition in HNE1/
DDP and CNE2/DDP cells. (A) HNE1/DDP cells were incubated with 6.0 μg/ml nedaplatin
for 48 h, in the presence or absence of 3-MA (1.5 mM) for 48 h, and the levels of LC3-I/II were
detected by western blot. (B) HNE1/DDP cells were untreated or treated with nedaplatin at
indicated concentrations in the absence or presence of 3-MA (1.5 mM) for 48h. The cell viabil-
ity was determined by MTT assay at the wavelength of 570 nm (n = 5, means±SD, ���p<0.001
vs. each respective nedaplatin group). (C) HNE1/DDP cells were incubated with or without
6.0 μg/ml of nedaplatin in the presence or absence of the autophagy inhibitors 3-MA (1.5 mM)
for 48 h. The whole protein was extracted, and PARP, cleaved PARP and cleaved caspase-3
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were analyzed by western blot. (D) CNE2/DDP cells were incubated with 6.0 μg/ml nedaplatin
for 48 h, in the presence or absence of Baf A1 (10 nM) for 48 h, and the levels of LC3-I/II were
detected by western blot. (E) CNE2/DDP cells were untreated or treated with nedaplatin at
indicated concentrations in the absence or presence of Baf A1 (10 nM) for 48h. The cell viabil-
ity was determined by MTT assay at the wavelength of 570 nm (n = 5, means±SD, ��p<0.01,
���p<0.001 vs. each respective nedaplatin group).
(TIF)

S4 Fig. The effect of ERK on Akt/mTOR and ROS in HNE1/DDP cells treated with neda-
platin. (A) HNE1/DDP cells were treated with 6.0 μg/ml nedaplatin for 48 h with or without
the pretreatment of U0126 (20 μM) for 2 h. Levels of pAkt, pmTOR were detected by western
blot. (B) HNE1/DDP cells were incubated with 6.0 μg/ml nedaplatin in the presence or absence
of U0126 (20 μM) for 12 h. Then, the samples were prepared as described in the “Materials and
methods” section. All data are expressed as means ± SD of five independent experiments.
(TIF)

S1 Original. Original for PLOS ONE.
(ZIP)

Acknowledgments
We thank Baolong Wang for his help with performing the experiments.

Author Contributions
Conceived and designed the experiments: SZ DJ. Performed the experiments: ZL JL LL DN.
Analyzed the data: QT JW JF. Contributed reagents/materials/analysis tools: ZL CL. Wrote the
paper: ZL JL JF.

References
1. Jia WH, Qin HD. (2012) Non-viral environmental risk factors for nasopharyngeal carcinoma: a system-

atic review. Semin Cancer Biol. 22: 117–126. doi: 10.1016/j.semcancer.2012.01.009 PMID: 22311401

2. Lee AW, Lin JC, NgWT. (2012) Current management of nasopharyngeal cancer. Semin Radiat Oncol.
22: 233–244. doi: 10.1016/j.semradonc.2012.03.008 PMID: 22687948

3. Al-Sarraf M, Pajak TF, Cooper JS, Mohiuddin M, Herskovic A, (1990) Ager PJ. Chemo-radiotherapy in
patients with locally advanced nasopharyngeal carcinoma: a radiation therapy oncology group study. J
Clin Oncol. 8: 1342–1351. PMID: 2199621

4. Al-Sarraf M, LeBlanc M, Giri PG, Fu KK, Cooper J, Vuong T, et al. (1998) Chemoradiotherapy versus
radiotherapy in patients with advanced nasopharyngeal cancer: phase III randomized Intergroup study
0099. J Clin Oncol. 16: 1310–1317. PMID: 9552031

5. Sasaki Y, Tamura T, Eguchi K, Shinkai T, Fujiwara Y, Fukuda M, et al. (1989) Pharmacokinetics of (gly-
colate-0,0')-diammine platinum (II), a new platinum derivative, in comparison with cisplatin and carbo-
platin. Cancer Chemother Pharmacol. 23: 243–246. PMID: 2647312

6. Zheng J, Wang G, Yang GY, Wang D, Luo X, Chen C, et al. (2010) Induction chemotherapy with neda-
platin with 5-FU followed by intensity-modulated radiotherapy concurrent with chemotherapy for locore-
gionally advanced nasopharyngeal carcinoma. Jpn J Clin Oncol. 40: 425–431. doi: 10.1093/jjco/
hyp183 PMID: 20085903

7. Xu J, He X, Cheng K, GuoW, Bian X, Jiang X, et al. (2014) Concurrent chemoradiotherapy with neda-
platin plus paclitaxel or fluorouracil for locoregionally advanced nasopharyngeal carcinoma: Survival
and toxicity. Head Neck. 36:1474–1480. doi: 10.1002/hed.23487 PMID: 23996842

8. Peng PJ, Ou XQ, Chen ZB, Liao H, Peng YL, Wang SY, et al. (2013) Multicenter phase II study of cape-
citabine combined with nedaplatin for recurrent and metastatic nasopharyngeal carcinoma patients
after failure of cisplatin-based chemotherapy. Cancer Chemother Pharmacol. 72: 323–328. doi: 10.
1007/s00280-013-2203-0 PMID: 23728706

Targeting Autophagy Potentiated the Antitumor Effect of Nedaplatin

PLOS ONE | DOI:10.1371/journal.pone.0135236 August 19, 2015 14 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135236.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135236.s005
http://dx.doi.org/10.1016/j.semcancer.2012.01.009
http://www.ncbi.nlm.nih.gov/pubmed/22311401
http://dx.doi.org/10.1016/j.semradonc.2012.03.008
http://www.ncbi.nlm.nih.gov/pubmed/22687948
http://www.ncbi.nlm.nih.gov/pubmed/2199621
http://www.ncbi.nlm.nih.gov/pubmed/9552031
http://www.ncbi.nlm.nih.gov/pubmed/2647312
http://dx.doi.org/10.1093/jjco/hyp183
http://dx.doi.org/10.1093/jjco/hyp183
http://www.ncbi.nlm.nih.gov/pubmed/20085903
http://dx.doi.org/10.1002/hed.23487
http://www.ncbi.nlm.nih.gov/pubmed/23996842
http://dx.doi.org/10.1007/s00280-013-2203-0
http://dx.doi.org/10.1007/s00280-013-2203-0
http://www.ncbi.nlm.nih.gov/pubmed/23728706


9. Lebwohl D, Canetta R. (1988) Clinical development of platinum complexes in cancer therapy: an histor-
ical perspective and an update. Eur J Cancer. 34(10): 1522–1534.

10. Guan JL, Simon AK, Prescott M, Menendez JA, Liu F, Wang F, et al. (2013) Autophagy in stem cells.
Autophagy. 9: 830–849. doi: 10.4161/auto.24132 PMID: 23486312

11. Levine B, Kroemer G. (2008) Autophagy in the pathogenesis of disease. Cell. 132: 27–42. doi: 10.
1016/j.cell.2007.12.018 PMID: 18191218

12. Bhutia SK, Mukhopadhyay S, Sinha N, Das DN, Panda PK, Patra SK, et al. (2013) Autophagy: cancer's
friend or foe. Adv Cancer Res. 118: 61–95. doi: 10.1016/B978-0-12-407173-5.00003-0 PMID:
23768510

13. White E. (2012) Deconvoluting the context-dependent role for autophagy in cancer. Nat Rev Cancer.
12: 401–410. doi: 10.1038/nrc3262 PMID: 22534666

14. Sirichanchuen B, Pengsuparp T, Chanvorachote P. (2012) Long-term cisplatin exposure impairs autop-
hagy and causes cisplatin resistance in human lung cancer cells. Mol Cell Biochem. 364: 11–18. doi:
10.1007/s11010-011-1199-1 PMID: 22278384

15. Yu H, Su J, Xu Y, Kang J, Li H, Zhang L, et al. (2011) p62/SQSTM1 involved in cisplatin resistance in
human ovarian cancer cells by clearing ubiquitinated proteins. Eur J Cancer. 47: 1585–1594. doi: 10.
1016/j.ejca.2011.01.019 PMID: 21371883

16. Tonino SH, van Laar J, van Oers MH, Wang JY, Eldering E, Kater AP. (2011) ROS-mediated upregula-
tion of Noxa overcomes chemoresistance in chronic lymphocytic leukemia. Oncogene. 30: 701–713.
doi: 10.1038/onc.2010.441 PMID: 20935673

17. Sciarretta S, Volpe M, Sadoshima J. (2014) NOX4 regulates autophagy during energy deprivation.
Autophagy. 10: 699–701. doi: 10.4161/auto.27955 PMID: 24492492

18. Holohan C, Van Schaeybroeck S, Longley DB, Johnston PG. (2013) Cancer drug resistance: an evolv-
ing paradigm. Nat Rev Cancer. 13: 714–726. doi: 10.1038/nrc3599 PMID: 24060863

19. Fukuda M, Ohe Y, Kanzawa F, Oka M, Hara K, Saijo N. (1995) Evaluation of novel platinum complexes,
inhibitors of topoisomerase I and II in non-small cell lung cancer (NSCLC) sublines resistant to cisplatin.
Anticancer Res. 15:393–398. PMID: 7763011

20. Friesen C, Fulda S, Debatin KM. (1999) Cytotoxic drugs and the CD95 pathway. Leukemia. 13: 1854–
1858. PMID: 10557062

21. Friesen C, Fulda S, Debatin KM. (1997) Deficient activation of the CD95 (APO-1/Fas) system in drug-
resistant cells. Leukemia. 11: 1833–1841. PMID: 9369415

22. Holohan C, Van Schaeybroeck S, Longley DB, Johnston PG. (2013) Cancer drug resistance: an evolv-
ing paradigm. Nat Rev Cancer. 13: 714–726. doi: 10.1038/nrc3599 PMID: 24060863

23. Ouyang L, Shi Z, Zhao S, Wang FT, Zhou TT, Liu B, et al. (2012) Programmed cell death pathways in
cancer: a review of apoptosis, autophagy and programmed necrosis. Cell Prolif. 45: 487–498. doi: 10.
1111/j.1365-2184.2012.00845.x PMID: 23030059

24. Klionsky DJ, Abdalla FC, Abeliovich H, Abraham RT, Acevedo-Arozena A, Adeli K, et al. (2012) Guide-
lines for the use and interpretation of assays for monitoring autophagy. Autophagy. 8: 445–544. PMID:
22966490

25. Marullo R, Werner E, Degtyareva N, Moore B, Altavilla G, Ramalingam SS, et al. (2013) Cisplatin
induces a mitochondrial-ROS response that contributes to cytotoxicity depending on mitochondrial
redox status and bioenergetic functions. PLOSONE. 8: e81162. doi: 10.1371/journal.pone.0081162
PMID: 24260552

26. Mathew R, Karp CM, Beaudoin B, Vuong N, Chen G, Chen HY, et al. (2009) Autophagy suppresses
tumorigenesis through elimination of p62. Cell. 137: 1062–1075. doi: 10.1016/j.cell.2009.03.048
PMID: 19524509

27. Chen Y, Gibson SB. (2008) Is mitochondrial generation of reactive oxygen species a trigger for autop-
hagy?. Autophagy. 4: 246–248. PMID: 18094624

28. Bhogal RH, Weston CJ, Curbishley SM, Adams DH, Afford SC. (2012) Autophagy: a cyto-protective
mechanism which prevents primary human hepatocyte apoptosis during oxidative stress. Autophagy.
8: 545–558. doi: 10.4161/auto.19012 PMID: 22302008

29. Saiki S, Sasazawa Y, Imamichi Y, Kawajiri S, Fujimaki T, Tanida I, et al. (2011) Caffeine induces apo-
ptosis by enhancement of autophagy via PI3K/Akt/mTOR/p70S6K inhibition. Autophagy. 7: 176–187.
PMID: 21081844

30. Botta G, Passaro C, Libertini S, Abagnale A, Barbato S, Maione AS, et al. (2012) Inhibition of autophagy
enhances the effects of E1A-defective oncolytic adenovirus dl922-947 against glioma cells in vitro and
in vivo. HumGene Ther. 23: 623–634. doi: 10.1089/hum.2011.120 PMID: 22475378

Targeting Autophagy Potentiated the Antitumor Effect of Nedaplatin

PLOS ONE | DOI:10.1371/journal.pone.0135236 August 19, 2015 15 / 16

http://dx.doi.org/10.4161/auto.24132
http://www.ncbi.nlm.nih.gov/pubmed/23486312
http://dx.doi.org/10.1016/j.cell.2007.12.018
http://dx.doi.org/10.1016/j.cell.2007.12.018
http://www.ncbi.nlm.nih.gov/pubmed/18191218
http://dx.doi.org/10.1016/B978-0-12-407173-5.00003-0
http://www.ncbi.nlm.nih.gov/pubmed/23768510
http://dx.doi.org/10.1038/nrc3262
http://www.ncbi.nlm.nih.gov/pubmed/22534666
http://dx.doi.org/10.1007/s11010-011-1199-1
http://www.ncbi.nlm.nih.gov/pubmed/22278384
http://dx.doi.org/10.1016/j.ejca.2011.01.019
http://dx.doi.org/10.1016/j.ejca.2011.01.019
http://www.ncbi.nlm.nih.gov/pubmed/21371883
http://dx.doi.org/10.1038/onc.2010.441
http://www.ncbi.nlm.nih.gov/pubmed/20935673
http://dx.doi.org/10.4161/auto.27955
http://www.ncbi.nlm.nih.gov/pubmed/24492492
http://dx.doi.org/10.1038/nrc3599
http://www.ncbi.nlm.nih.gov/pubmed/24060863
http://www.ncbi.nlm.nih.gov/pubmed/7763011
http://www.ncbi.nlm.nih.gov/pubmed/10557062
http://www.ncbi.nlm.nih.gov/pubmed/9369415
http://dx.doi.org/10.1038/nrc3599
http://www.ncbi.nlm.nih.gov/pubmed/24060863
http://dx.doi.org/10.1111/j.1365-2184.2012.00845.x
http://dx.doi.org/10.1111/j.1365-2184.2012.00845.x
http://www.ncbi.nlm.nih.gov/pubmed/23030059
http://www.ncbi.nlm.nih.gov/pubmed/22966490
http://dx.doi.org/10.1371/journal.pone.0081162
http://www.ncbi.nlm.nih.gov/pubmed/24260552
http://dx.doi.org/10.1016/j.cell.2009.03.048
http://www.ncbi.nlm.nih.gov/pubmed/19524509
http://www.ncbi.nlm.nih.gov/pubmed/18094624
http://dx.doi.org/10.4161/auto.19012
http://www.ncbi.nlm.nih.gov/pubmed/22302008
http://www.ncbi.nlm.nih.gov/pubmed/21081844
http://dx.doi.org/10.1089/hum.2011.120
http://www.ncbi.nlm.nih.gov/pubmed/22475378


31. Corcelle E, Djerbi N, Mari M, Nebout M, Fiorini C, Fénichel P, et al. (2007) Control of the autophagy
maturation step by the MAPK ERK and p38: lessons from environmental carcinogens. Autophagy. 3:
57–59. PMID: 17102581

32. Weinberg F, Hamanaka R, Wheaton WW,Weinberg S, Joseph J, Lopez M, et al. (2010)Mitochondrial
metabolism and ROS generation are essential for Kras-mediated tumorigenicity. Proc Natl Acad Sci U
S A. 107(19): 8788–93. doi: 10.1073/pnas.1003428107 PMID: 20421486

33. Son Y, Cheong YK, Kim NH, Chung HT, Kang DG, Pae HO. (2011) Mitogen-Activated Protein Kinases
and Reactive Oxygen Species: How Can ROS Activate MAPK Pathways. J Signal Transduct. 2011:
792639. doi: 10.1155/2011/792639 PMID: 21637379

34. Kano G, Almanan M, Bochner BS, Zimmermann N. (2013) Mechanism of Siglec-8-mediated cell death
in IL-5-activated eosinophils: role for reactive oxygen species-enhanced MEK/ERK activation. J Allergy
Clin Immunol. 132(2): 437–45. doi: 10.1016/j.jaci.2013.03.024 PMID: 23684072

35. Alberto ME, Lucas MF, Pavelka M, Russo N. (2009) The second-generation anticancer drug Nedapla-
tin: a theoretical investigation on the hydrolysis mechanism. J Phys Chem B. 113: 14473–14479. doi:
10.1021/jp9056835 PMID: 19778071

36. Kawai Y, Taniuchi S, Okahara S, Nakamura M, GembaM. (2005) Relationship between cisplatin or
nedaplatin-induced nephrotoxicity and renal accumulation. Biol Pharm Bull. 28: 1385–1388. PMID:
16079479

37. Amaravadi RK, Yu D, Lum JJ, Bui T, Christophorou MA, Evan GI, et al. (2007) Autophagy inhibition
enhances therapy-induced apoptosis in a Myc-induced model of lymphoma. J Clin Invest. 117: 326–
336. PMID: 17235397

38. Rosenfeldt MT, Ryan KM. (2009) The role of autophagy in tumour development and cancer therapy.
Expert Rev Mol Med. 11: e36. doi: 10.1017/S1462399409001306 PMID: 19951459

39. Guo XL, Li D, Hu F, Song JR, Zhang SS, DengWJ, et al. (2012) Targeting autophagy potentiates che-
motherapy-induced apoptosis and proliferation inhibition in hepatocarcinoma cells. Cancer Lett. 320:
171–179. doi: 10.1016/j.canlet.2012.03.002 PMID: 22406827

40. Kong D, Ma S, Liang B, Yi H, Zhao Y, Xin R, et al. (2012) The different regulatory effects of p53 status
on multidrug resistance are determined by autophagy in ovarian cancer cells. Biomed Pharmacother.
66: 271–278. doi: 10.1016/j.biopha.2011.12.002 PMID: 22564245

41. O'Donovan TR, O'Sullivan GC, McKenna SL. (2011) Induction of autophagy by drug-resistant esoph-
ageal cancer cells promotes their survival and recovery following treatment with chemotherapeutics.
Autophagy. 7: 509–524. PMID: 21325880

42. Wangpaichitr M, Wu C, You M, Maher JC, Dinh V, Feun LG, et al. (2009) N',N'-Dimethyl-N',N'-bis(phe-
nylcarbonothioyl) Propanedihydrazide (Elesclomol) Selectively Kills Cisplatin Resistant Lung Cancer
Cells through Reactive Oxygen Species (ROS). Cancers (Basel). 1: 23–38.

43. Hou J, Han ZP, Jing YY, Yang X, Zhang SS, Sun K, et al. (2013) Autophagy prevents irradiation injury
and maintains stemness through decreasing ROS generation in mesenchymal stem cells. Cell Death
Dis. 4: e844. doi: 10.1038/cddis.2013.338 PMID: 24113178

44. Rubinsztein DC, Codogno P, Levine B. (2012) Autophagy modulation as a potential therapeutic target
for diverse diseases. Nat Rev Drug Discov. 11: 709–730. doi: 10.1038/nrd3802 PMID: 22935804

45. Shinojima N, Yokoyama T, Kondo Y, Kondo S. (2007) Roles of the Akt/mTOR/p70S6K and ERK1/2 sig-
naling pathways in curcumin-induced autophagy. Autophagy. 3: 635–637. PMID: 17786026

46. Ma XH, Piao SF, Dey S, McAfee Q, Karakousis G, Villanueva J, et al. (2014)Targeting ER stress-
induced autophagy overcomes BRAF inhibitor resistance in melanoma. J Clin Invest. 124:1406–17.
doi: 10.1172/JCI70454 PMID: 24569374

47. Wan XB, Fan XJ, Chen MY, Xiang J, Huang PY, Guo L, et al. (2010) Elevated Beclin 1 expression is
correlated with HIF-1alpha in predicting poor prognosis of nasopharyngeal carcinoma. Autophagy.
6:395–404. PMID: 20150769

Targeting Autophagy Potentiated the Antitumor Effect of Nedaplatin

PLOS ONE | DOI:10.1371/journal.pone.0135236 August 19, 2015 16 / 16

http://www.ncbi.nlm.nih.gov/pubmed/17102581
http://dx.doi.org/10.1073/pnas.1003428107
http://www.ncbi.nlm.nih.gov/pubmed/20421486
http://dx.doi.org/10.1155/2011/792639
http://www.ncbi.nlm.nih.gov/pubmed/21637379
http://dx.doi.org/10.1016/j.jaci.2013.03.024
http://www.ncbi.nlm.nih.gov/pubmed/23684072
http://dx.doi.org/10.1021/jp9056835
http://www.ncbi.nlm.nih.gov/pubmed/19778071
http://www.ncbi.nlm.nih.gov/pubmed/16079479
http://www.ncbi.nlm.nih.gov/pubmed/17235397
http://dx.doi.org/10.1017/S1462399409001306
http://www.ncbi.nlm.nih.gov/pubmed/19951459
http://dx.doi.org/10.1016/j.canlet.2012.03.002
http://www.ncbi.nlm.nih.gov/pubmed/22406827
http://dx.doi.org/10.1016/j.biopha.2011.12.002
http://www.ncbi.nlm.nih.gov/pubmed/22564245
http://www.ncbi.nlm.nih.gov/pubmed/21325880
http://dx.doi.org/10.1038/cddis.2013.338
http://www.ncbi.nlm.nih.gov/pubmed/24113178
http://dx.doi.org/10.1038/nrd3802
http://www.ncbi.nlm.nih.gov/pubmed/22935804
http://www.ncbi.nlm.nih.gov/pubmed/17786026
http://dx.doi.org/10.1172/JCI70454
http://www.ncbi.nlm.nih.gov/pubmed/24569374
http://www.ncbi.nlm.nih.gov/pubmed/20150769

