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Abstract

The development of novel targeted therapies has become an important research focus for lung cancer treatment. Our
previous study has shown leptomycin B (LMB) significantly inhibited proliferation of lung cancer cells; however, p53 wild
type lung cancer cells were resistant to LMB. Therefore, the objective of this study was to develop and evaluate a novel
therapeutic strategy to sensitize LMB-resistant lung cancer cells by combining LMB and doxorubicin (DOX). Among the
different treatment regimens, pretreatment with DOX (pre-DOX) and subsequent treatment with LMB to A549 cells
significantly decreased the 50% inhibitory concentration (IC50) as compared to that of LMB alone (4.4 nM vs. 10.6 nM,
P,0.05). Analysis of cell cycle and apoptosis by flow cytometry further confirmed the cytotoxic data. To investigate
molecular mechanisms for this drug combination effects, p53 pathways were analyzed by Western blot, and nuclear
proteome was evaluated by two dimensional-difference gel electrophoresis (2D-DIGE) and mass spectrometry. In
comparison with control groups, the levels of p53, phospho-p53 (ser15), and p21 proteins were significantly increased while
phospho-p53 (Thr55) and survivin were significantly decreased after treatments of pre-DOX and LMB (P,0.05). The 2D-
DIGE/MS analysis identified that sequestosome 1 (SQSTM1/p62) had a significant increase in pre-DOX and LMB-treated cells
(P,0.05). In conclusion, our results suggest that drug-resistant lung cancer cells with p53 wild type could be sensitized to
cell death by scheduled combination treatment of DOX and LMB through activating and restoring p53 as well as potentially
other signaling pathway(s) involving sequestosome 1.
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Introduction

Lung cancer continues to be the leading cause of cancer death

worldwide and in the United States [1]. Non-small-cell lung

cancer (NSCLC) remains the predominant form of lung cancer

(about 85% of all lung cancers), among which lung adenocarci-

noma (AC) is the most frequent histologic subtype for all sexes and

races combined [2]. The prognosis of lung cancer is very poor,

with a 5-year survival rate of less than 15% in the United States.

Chemotherapy continues to be the most frequent treatment to

prolong survival and improve quality of life [3,4,5,6].

Cancer chemotherapy has been used successfully in a variety of

circumstances involving malignancies, however, its effectiveness

has often been limited by drug resistance and side effects [7].

Therapies focusing on specific molecule(s)/pathway(s) have the

potential to overcome these limitations [7]. Leptomycin B (LMB)

and/or its derivatives, which can efficiently inhibit nuclear export

by specifically inhibiting chromosome region maintenance 1

(CRM1), has been recognized as a novel class of cancer

therapeutics [8,9,10,11,12]. CRM1, the best characterized nuclear

export receptor, plays an essential role in canonical nuclear export

signal (NES)-dependent nuclear export, including major tumor

suppressor proteins (TSPs) such as p53, FOXO, pRB, p21, p27,

etc., as well as the inhibitor of NF-kB, namely I-kB [9,13]. Recent

studies have reported that CRM1 is expressed at a significantly

higher level in cervical cancer as compared to normal tissue [14]

and could serve as a prognostic factor for ovarian cancer [15] and

osteosarcoma [16]. Our recently published in vitro studies using

normal lung epithelial cells [17] and a bitransgenic mouse model

[18] have suggested that CRM1 plays a critical role in lung cancer

development. In addition, CRM1 was over-expressed in a tobacco

carcinogen-induced lung AC mouse model, and human lung AC

(unpublished data). These findings suggest CRM1 could serve as a

molecular target for cancer treatment, including lung cancer.

LMB is a highly specific and potent inhibitor of CRM1 function

by irreversibly binding with the sulfhydryl group of a Cys residue

near or within the cargo binding domain of CRM1 (alkylating Cys

528) [19,20]. Thus, LMB could prevent cytoplasmic localization

and modulate cancer-specific pathways, such as the inactivation of

important tumor suppressors like p53 [10]. Our recent study

demonstrated that lung AC cell line A549 (p53 wild type) was

more resistant to LMB than other cell lines with the p53 mutant or

null [12]. It is well known that p53 plays an important role in

promoting genomic stability, cell cycle arrest, apoptosis, DNA

repair, and senescence. Studies have suggested that the functions

of wild type p53 on cell growth arrest and DNA repair could
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increase resistance to radio- or chemo- therapeutic agents; it is also

prone to potentiate apoptosis in response to severe DNA damage

[21,22,23]. Therefore, to sensitize lung cancer cell to the

chemotherapeutic effect of LMB, we herein propose a therapeutic

strategy combining LMB with other drugs by inducing severe

DNA damage and p53 activation which could eventually lead to

increased function of p53 in apoptosis rather than in DNA repair.

Doxorubicin (DOX) is a widely used chemotherapeutic agent that

induces apoptosis in various cancer cells through activation of p53.

It has been used in the treatment of a variety of solid tumors.

However, drug resistance in DOX containing regimens is a major

issue which prevents better response rates and cures and

cardiotoxic side effects have been reported in cancer patients

treated with DOX [24,25,26]. Individual treatments of DOX

resulted in a strong resistance in many cancer cell lines including

A549, due to several mechanisms including drug bioavailability

[27,28] or NF-kB activation [29]. If DOX is combined with other

chemotherapeutic drugs, lower doses may be used to not only

reduce side effects, but also increase efficacy [30].

In this study, we sought to revert drug resistance to DOX and/

or LMB in A549 cells via different therapeutic regimens of a co-

treatment of DOX and LMB, as well as evaluate their possible

molecular mechanisms. We found that pretreatment of DOX with

the subsequent treatment of LMB sensitized the drug-resistant

A549 cells to the chemotherapeutic effect of LMB. These changes

might result from the initial activation of p53 by DOX treatment

and consequently CRM1 function blocking by LMB treatment to

accumulate activated p53 in the nuclear compartment. Further-

more, signaling pathways involving molecules other than p53

might also play important roles in promoting therapeutic effects of

the combined treatment of DOX and LMB.

Materials and Methods

Reagents
Doxorubicin (DOX) and dimethylsulfoxide (DMSO) were

purchased from Sigma-Aldrich Co. LLC, St. Louis, MO. LMB

(1 mM) was purchased from LC Labs, Woburn, MA. The stocks

of DOX (10 mg/mL) and LMB were diluted to the required

concentration immediately before use with growth media. 3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)

was purchased from USB Corporation. RPMI-1640 medium,

penicillin/streptomycin, and fetal bovine serum (FBS) were

purchased from Thermo scientific, Logan, UT. Primary antibod-

ies, including p53, phospho-p53 (Ser15), phospho-p53 (Thr55),

p21, sequestosome 1 (SQSTM1/p62), and survivin, were

purchased from Santa Cruz Biotechnology, Santa Cruz, CA.

Primary rabbit polyclonal anti-a-tubulin was purchased from

Abcam, Cambridge, MA. Horseradish peroxidase (HRP)-conju-

gated donkey anti-rabbit IgG and an enhanced chemilumines-

cence (ECL) kit were purchased from GE Healthcare, Piscataway,

NJ. Radioimmunoprecipitation assay (RIPA) lysis buffer was

purchased from Santa Cruz Biotechnology.

Cells and Cell Culture
Human lung adenocarcinoma epithelial cell lines A549 and

NCI-H358 were obtained from American Type Culture Collec-

tion (ATCC). The cells were cultured in RPMI-1640 medium

supplemented with 10% fetal bovine serum (FBS), 50 U/mL

penicillin, and 50 mg/mL streptomycin. The cells were incubated

at 37uC in a humidified incubator with 95% air and 5% CO2 by

volume. Cells were sub-cultured or plated for subsequent

treatment until they approached approximately 80% confluence.

Cell Viability Assay
Cell viability was evaluated using the MTT assay as previously

described [17]. Briefly, cells were plated at 56103 cells per well in

96-well plates. Based on the cytotoxicity of DOX or LMB

observed in this study and previous reports [9,12,26,31,32,33],

0.5 nM LMB or 0.5 mM DOX was selected for co-treatment or

pretreatment. The cells were treated with the following: 1) DOX

alone (0–5 mM) for 24 and 48 h; 2) LMB alone (0–10 nM) for 24

and 48 h; 3) co-treatment of 0.5 nM LMB and DOX (0–5 mM)

simultaneously (DOX+LMB (0.5 nM)) for 24 and 48 h; 4) co-

treatment of 0.5 mM DOX and LMB (0–10 nM) simultaneously

(LMB+DOX (0.5 mM)) for 24 and 48 h; 5) pretreatment of

0.5 nM LMB for 24 h (pre-LMB) and subsequent DOX (0–5 mM)

for 48 h (pre-LMB+DOX); and 6) pretreatment of 0.5 mM DOX

for 24 h (pre-DOX) and subsequent LMB (0–5 nM) for 48 h (pre-

DOX+LMB). Ethanol (EtOH, 0.1%) was used as the vehicle

control for LMB. Three hours before the end of each time point,

15 mL of MTT (10 mg/mL) was added to each well and incubated

at 37uC. At each time point, when purple precipitate was clearly

visible under the microscope, 100 mL of 100% DMSO was added

to all wells and cell viability was determined by measuring

absorbance at 570 nm (reference wavelength = 630 nm) using a

SpectraMax Plus Spectro-photometer (Molecular Devices, Sunny-

vale, CA). Six replicates at each concentration and time point were

analyzed. Experiments were performed independently in tripli-

cate. Vehicle-treated controls and blanks were incubated in the

same plate under the same conditions. Fractional absorbance was

calculated by using the following formula: % cell viability = mean

absorbance in test wells/mean absorbance in control wells 6100.

Analysis of Cell Cycle and Apoptosis by Flow Cytometry
Cells were first given pretreatment of 0.5 mM DOX for 24 h

and then were treated with LMB for additional 48 h. Therefore,

the cells were harvested after a total of 72 h of treatment. Based on

the cell viability assay, a total of 6 groups of A549 cells with

different treatments were analyzed, including control, 0.5 mM

DOX (pre-DOX), 1 nM LMB (LMB1), pre-DOX and 1 nM

LMB (pre-DOX+LMB1), 5 nM LMB (LMB5), and pre-DOX and

5 nM LMB (pre-DOX+LMB5). For cell cycle analysis, a total of

26105 cells from each treatment group were collected and fixed in

70% ethanol for more than 24 h at 4uC. Cells were stained with

Guava Cell Cycle Reagent (Millipore) and run on a Guava

EasyCyteTM Flow Cytometer (Millipore). A total of 56103 events

were counted, and the percentage of cells in the pre-G1, G0/G1,

S, and G2/M phases of the cell cycle were determined using

GuavaSoft software (Millipore). For apoptosis analysis, ViaCount

assay was performed to determine viable and dead cells. In brief,

the cell suspension (56105 cells/mL) was mixed with Guava

ViaCount reagent (Millipore), and the mixture was incubated at

room temperature for 5 minute to stain cells. The stained cell

samples were run on a Guava EasyCyteTM Flow Cytometer

(Millipore). A total of 56103 events were counted and data were

acquired using Guava ViaCount software (Millipore). Each sample

was run in triplicate and each experiment was repeated three

times.

Western Blot
The same 6 treatment groups of A549 cells as described in the

flow cytometry were analyzed for Western blot. Cells in each

group were lysed in RIPA lysis buffer on ice. The lysates were

sonicated and then centrifuged at 13,0006 g for 5 min at 4uC to

collect the supernatant. Protein concentrations were measured

using the Bio-Rad Bradford protein assay. A total of 30 mg of

protein per sample was separated by 12% SDS-polyacrylamide gel

Combination Therapy of LMB and DOX
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electrophoresis (SDS-PAGE) and then transferred to polyvinyli-

dene fluoride (PVDF) membranes. The immobilized proteins were

then incubated overnight at 4uC in blocking buffer containing 3%

nonfat dry milk in 16 phosphate buffered saline (PBS) and 0.1%

Tween 20 (16 PBST). After blocking, the membranes were

probed with the primary antibody for 1 h. Antibody binding was

detected with donkey anti-rabbit IgG-HRP at a dilution of 1:1,000

for 1 h at room temperature. After a brief incubation with ECL,

the signals on membranes were exposed to X-ray films (Fujifilm

Corporation, Tokyo). Relative densitometric digital analysis of

protein bands were determined using Quantity One software (Bio-

Rad) and normalized by the intensity of the housekeeping gene (a-

Tubulin, 1:10,000 dilution) for each sample.

Effects of DOX and LMB on Nuclear Protein Profile
To evaluate the effects of DOX and LMB on proteins besides

those in the p53 pathway, a gel-based proteomic approach, two

dimensional-difference gel electrophoresis (2D-DIGE), was first

performed to investigate nuclear protein profiles after LMB

treatment. Protein spots showing major changes were identified by

liquid chromatography mass spectrometry (LC/MS/MS) and

confirmed by Western blot. Changes in protein(s) were further

evaluated in cells with combined treatment of DOX and LMB by

Western blot.

Nuclear Protein Extraction. For proteomic analysis, nuclear

proteins were extracted following the protocols as described by Lu et

al [34]. In brief, based on our previous study [12], A549 or NCI-

H358 cells, treated with vehicle control (0.1% EtOH) or 20 nM

LMB for 24 h (in duplicate), were rinsed with ice-cold PBS,

harvested, and suspended in ice-cold Buffer A containing 10 mM

tris-HCl (pH: 7.4, Bio-Rad), 8 M Urea (Bio-Rad), 4% (w/v) 3-[(3-

cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS,

Bio-Rad), 0.5 mM ethylenediaminetetraacetic acid (EDTA, Bio-

Rad), 2.5 mM MgCl2 (EMD Chemicals, Gibbstown, NJ), 0.5 mM

PMSF (Santa Cruz Biotechnology), 16 protease inhibitor cocktail

(Roche, Basel, Switzerland), and 1% (v/v) NP-40 (USB Corporation,

Cleveland, OH). The mixture was homogenized with a 21-gauge

needle, followed by centrifuging the homogenate at 7006 g for

10 min at 4uC to precipitate the nuclei. The cytoplasmic extracts in

supernatants were collected and pellets were resuspended in 1 mL of

ice-cold Buffer B (20 mM tris-HCl, pH 8.5 and 16 protease

inhibitor cocktail), sonicated on ice, and mixed with 0.737 g urea,

0.267 g thiourea, and 0.07 g (w/v) CHAPS. After incubation on ice

for 1 h, supernatants containing nuclear extracts were collected by

centrifugation at 100,0006g for 1 h at 4uC. Protein concentrations

were measured by the Bradford assay (Bio-Rad). The quality of

nuclear extraction was determined, and the identified protein was

confirmed by Western blots. a-tubulin (present in cytoplasm) and

histone 3 (present in nucleus) were used to validate and confirm the

purity of protein fractions.

2D-DIGE. Nuclear protein extractions for 2D-DIGE were

run as previously described [35]. In brief, nuclear protein

extractions from A549 or NCI-H358 cells with or without LMB

treatment (in duplicate) were reversely labeled with Cy3 and Cy5,

respectively (GE Healthcare). Tubes containing 50 mg of each

sample were combined with 1 mL of diluted Cy3 or Cy5

(400 pmol/mL in N,N-dimethylformamide, Sigma). After

centrifugation, the mixture was left on ice for 30 min without

light exposure. Thereafter, the reaction was stopped by the

addition of 1 mL of 10 mM lysine (Sigma) and placement of

samples on ice for 10 min in the dark. Samples (containing 100 mg

proteins) labeled with Cy3 and Cy5, were diluted to 300 mL by

adding 2D rehydration buffer (BioRad) consisting of 8 M urea,

0.5% CHAPS, 10 mM dithiothreitol (DTT, Bio-Rad), 0.2%

biolytes ampholyte, and trace bromophenol blue. Samples were

then applied to 17-cm immobilized linear pH 3–10 gradient (IPG)

strips (BioRad) for overnight rehydration. Isoelectric focusing was

conducted at 250 V for 20 min, gradually increased to 10,000

within 2.5 h, and held at 10,000 V for a total of 50,000 Voltage

hours (Vh). IPG strips were subsequently equilibrated with buffer I

(6 M urea, 2% SDS, 375 mM tris-HCl (pH 8.8), 20% glycerol,

130 mM DTT, and trace bromophenol blue) and buffer II (6 M

urea, 2% SDS, 375 mM Tris-HCl, 20% glycerol, 135 mM

iodoacetamide, and trace bromophenol blue). Proteins were then

separated with 12% SDS-PAGE gels and visualized using a

Typhoon Trio Imager (GE Healthcare) at excitation wavelengths

of 532 and 633 nm for Cy3 and Cy5, respectively. Images were

manipulated and analyzed by DeCyder and ImageQuant software

(GE Healthcare); protein intensity differences were calculated for

each spot on every gel.

In-gel Digestion. The 2D gels were stained with SYPRO-

RUBY (Bio-Rad). Spots of interest were isolated using a spot

picker, and placed into a 0.5 mL Eppendorf tube for trypsin

digestion on a ProGest (Genomic solutions) workstation [35]. In

brief, gel plugs were washed with diH2O, and treated with

acetonitrile (ACN) for 15 min. The gel pieces were rehydrated

with 10 mM DTT and 0.1 M ammonium bicarbonate

(NH4HCO3) for 30 min at 60uC in water bath. Following

shrinkage again with ACN, a solution containing 55 mM

iodoacetamide (Bio-Rad) and 0.1 M NH4HCO3 was added for

20 min without light exposure, then replaced by 0.1 M

NH4HCO3 for 15 min. The gel plugs were subsequently washed

in 0.1 M NH4HCO3 for 5 min, while adding an equal volume of

ACN for 5 min. After repeating the wash step twice, the gel pieces

were dehydrated by ACN, and then dried for 30 min. Individual

gel pieces were rehydrated in digestion buffer containing 12.5 ng/

mL trypsin (Promega), 40 mM NH4HCO3, and 10% ACN at

37uC for 4 h. Formic acid was added to stop the reaction and the

supernatant was analyzed directly.

LC/MS/MS Identification. Trypsinized peptides were

analyzed by nano LC/MS/MS on a ThermoFisher LTQ

Orbitrap XL. In brief, 30 mL of hydrolysate was loaded onto a

5 mm675 mm ID C12 (Jupiter Proteo, Phenomenex) vented

column at a flow-rate of 10 mL/min. Gradient elution was

conducted on a 15 cm by 75 mm ID C12 column at 300 nL/

min. A 30 min gradient was employed. The mass spectrometer

was operated in a data-dependent mode, and the six most

abundant ions were selected for MS/MS. Mass spectrometry

results were searched using Mascot (www.matrixscience.com).

Samples were processed in the Scaffold algorithm using DAT files

generated by Mascot. Parameters for LTQ Orbitrap XL data

require a minimum of 2 peptide matches per protein with

minimum probabilities of 90% at the protein level.

Statistical Analyses
Factorial ANOVA was performed to test the effects of DOX

and/or LMB concentrations and incubation times on cell viability.

Probit analysis was used to calculate the 50% inhibitory

concentrations (IC50s). For the data obtained from flow

cytometry, the average cell percentages were calculated and

statistical significance was determined via one-way ANOVA and

post hoc tests. For the protein expression levels among control,

pre-DOX, LMB1, pre-DOX+LMB1, LMB5, and pre-

DOX+LMB5, one-way ANOVA and Tukey’s post hoc tests were

used to compare densitometric intensity of individual samples

between groups. For 2D-DIGE, image analysis was carried out

with DeCyder software (GE Healthcare) and ImageMaster

software. For DeCyder software, the Differential In-Gel Analysis

Combination Therapy of LMB and DOX
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(DIA) module was used to process a pair of images from a single

gel, and perform spot detection and quantification. The Biological

Variation Analysis (BVA) was employed to calculate ratios

between samples and controls by performing a gel-to-gel matching

of the pair of spot maps from each gel. The spots with more than a

two-fold change in reverse-labeled duplicated experiments as

compared with controls were considered as target proteins. All

analyses were performed using SPSS software (SPSS, Inc.,

Chicago, IL, USA) and differences with P,0.05 were considered

statistically significant.

Results

Cytotoxicity of DOX or LMB
The MTT assay was performed to determine cell viability at

each time point. As shown in Figure 1A and 1B, both DOX and

LMB significantly inhibited cell proliferation of A549 in a dose-

and time- dependent manner (P,0.001). The IC50s of DOX and

LMB at 48 h were 2.2 mM and 10.6 nM, respectively (Table 1).

Similarly, both DOX and LMB significantly inhibited cell

proliferation of NCI-H358 in a dose- and time- dependent

manner (P,0.001, Figure S1A and S1B).

Cytotoxicity of Co-treatment of DOX and LMB
Similar to DOX or LMB groups, DOX+LMB (0.5 nM) or

LMB+DOX (0.5 mM) inhibited A549 proliferation in a dose- and

time- dependent manner (P,0.001, Figure 1A and 1B). However,

the simultaneous treatments of DOX+LMB (0.5 nM) or

LMB+DOX (0.5 mM) did not change the cytotoxic effects on

A549 cells as compared to DOX alone or LMB alone at both 24

and 48 h (P.0.05, Figure 1A and 1B). The IC50s of DOX+LMB

(0.5 nM) and LMB+DOX (0.5 mM) at 48 h were 2.1 mM and

10.4 nM, respectively (Table 1). Similarly, the simultaneous

treatments of DOX+LMB (0.5 nM) or LMB+DOX (0.5 mM) did

not change the cytotoxic effects on NCI-H358 cells as compared to

DOX alone or LMB alone at both 24 and 48 h (P.0.05, Figure

S1A and S1B).

Cytotoxicity of pre-LMB+DOX or pre-DOX+LMB
As shown in Figure 1C, pretreatment of 0.5 nM LMB did not

boost the cytotoxic effects of DOX on A549 cells at 48 h as

compared with DOX alone (P.0.05). The IC50s at 48 h of pre-

LMB+DOX and DOX alone were 2.8 and 2.2 mM, respectively

(Table 1). However, the pretreatment of 0.5 mM DOX signifi-

cantly increased the cytotoxic effect of LMB on A549 cells at 48 h

(P,0.05, Figure 1D). The IC50 at 48 h of pre-DOX+LMB was

4.4 nM, which was significantly lower than that of LMB alone

(10.6 nM, P = 0.037, Table 1). Furthermore, either pre-LMB or

pre-DOX did not improve the cytotoxic effects of DOX or LMB

on NCI-H358 cells (P.0.05, Figure S1C and S1D).

Effects of DOX and LMB on Cell Cycle and Apoptosis
Cell proliferation inhibition could be the result of either cell

cycle arrest or apoptosis, thus these two aspects were further

examined by flow cytometry analysis of A549 cells after LMB and

DOX treatment. The cell cycle analysis revealed that the

percentage of cells in G2/M were 15.160.4, 26.962.8, 22.76

1.0, 22.964.2, 22.562.8, and 18.661.3 in the control, pre-DOX,

LMB1, pre-DOX+LMB1, LMB5, and pre-DOX+LMB5, respec-

tively (Table 2). Pre-DOX, LMB1, pre-DOX+LMB1, LMB5, and

pre-DOX+LMB5 all resulted in an accumulation in the G2/M

phase versus control (P,0.05, Figure 2 and Table 2). In addition,

the cell cycle analysis revealed that the percentage of cells in pre-

G1 were 5.462.2, 9.062.1, 8.262.0, 18.667.1, 10.264.7, and

27.562.8 in the control, pre-DOX, LMB1, pre-DOX+LMB1,

LMB5, and pre-DOX+LMB5, respectively (Table 2). Pre-

DOX+LMB1 and pre-DOX+LMB5 resulted in a definitive

accumulation in the pre-G1 phase versus not only control but

also LMB alone (P,0.01, Figure 2 and Table 2). Analysis of

apoptosis revealed that LMB treatment significantly induced cell

apoptosis (P,0.01, Table 2). Apoptosis was further increased after

cells were co-treated with pre-DOX and LMB compared with

LMB alone (P,0.01, Table 2). The percentage of apoptotic cells

were 13.261.6, 15.862.6, 19.262.4, 27.160.6, 22.464.0, and

29.662.1 in the control, pre-DOX, LMB1, pre-DOX+LMB1,

LMB5, and pre-DOX+LMB5, respectively (Table 2).

Western Blot Analyses of p53, Phospho-p53 (Ser15),
Phospho-p53 (Thr55), p21, and Survivin Protein
Expression after DOX and LMB Treatment

Expression levels of p53, phospho-p53 (Ser15), and p21 (a

downstream target of p53) were significantly increased in cells

treated with pre-DOX+LMB than those of controls and showed a

significant dose-response effect (Figure 3A). The relative protein

expression levels of p53 (arbitrary units) were 0.0260.00,

0.0360.00, 0.0760.00, 0.1360.03, 0.4560.01, and 0.4460.00

in the control, pre-DOX, LMB1, pre-DOX+LMB1, LMB5, and

pre-DOX+LMB5, respectively (Figure 3B, P,0.05, LMB1 vs.

control; P,0.01, pre-DOX+LMB1, LMB5, or pre-DOX+LMB5

vs. control). The relative protein expression levels of phospho-p53

(Ser15) (arbitrary units) were 0.0660.00, 0.0660.00, 0.1360.03,

0.1560.01, 0.2160.01, and 0.7760.04 in the control, pre-DOX,

LMB1, pre-DOX+LMB1, LMB5, and pre-DOX+LMB5, respec-

tively (Figure 3B, P,0.05, LMB5 vs. control; P,0.01, pre-

DOX+LMB5 vs. control). Furthermore, the up-regulation of

phospho-p53 (Ser15) in pre-DOX+LMB5 was significant com-

pared with the LMB5 group (P,0.01). Relative protein expression

levels of p21 (arbitrary units) were 0.2960.08, 0.6960.01, 0.856

0.09, 1.0760.03, 1.1460.08, and 1.5760.02 in the control, pre-

DOX, LMB1, pre-DOX+LMB1, LMB5 and pre-DOX+LMB5,

respectively (Figure 3B, P,0.01, pre-DOX, LMB1, pre-DOX+
LMB1, LMB5, and pre-DOX+LMB5 vs. control). Furthermore,

the up-regulation of p21 in pre-DOX+LMB5 was significant

(P,0.05) compared with the LMB5 group.

Contrary to p53, phospho-p53 (Ser15), and p21 expression levels,

phospho-p53 (Thr55) and survivin (another downstream target of

p53) expression levels were significantly and dose dependently

decreased in cells treated with pre-DOX+LMB compared to those

of controls (Figure 3A). The relative protein expression levels of

phospho-p53 (Thr55) (arbitrary units) were 0.6760.06, 0.5660.01,

0.6560.01, 0.5760.00, 0.5660.01, and 0.4260.00 in the control,

pre-DOX, LMB1, pre-DOX+LMB1, LMB5, and pre-DOX+
LMB5, respectively (Figure 3B, P,0.01, pre-DOX+LMB5 vs.

control). The relative protein expression levels of survivin (arbitrary

units) were 0.2860.02, 0.2360.03, 0.2360.05, 0.1460.01,

0.1260.05, and 0.0860.00 in the control, pre-DOX, LMB1, pre-

DOX+LMB1, LMB5, and pre-DOX+LMB5 treated groups,

respectively (Figure 3B, P,0.05, pre-DOX+LMB5 vs. control).

Effects of DOX and LMB on Nuclear Protein Profile
Nuclear Protein Extraction. Purity of the nuclear and

cytoplasmic proteins was tested using Western blot analysis with

anti-histone 3 and anti-a-tubulin. Majority of a-tubulin was found

only in the cytoplasmic fraction from A549 and NCI-H358 cells;

histone 3 was found only in the nuclear fraction from A549 and

NCI-H358 cells, suggesting that the preparation was enriched for

nuclear proteins (Figures 4A and S2A).
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Figure 1. Cytotoxic effects of DOX and LMB on A549 cells. A, Cytotoxic effects of DOX alone and DOX+LMB on cell viability of A549 cells as
determined by the MTT assay. Data are expressed as the percentage by comparing to vehicle control for DOX and LMB (0.5 nM) for DOX+LMB. Values
are represented as means 6 SD, n = 6. B, Cytotoxic effects of LMB alone and LMB+DOX on cell viability of A549 cells as determined by the MTT assay.
Data are expressed as the percentage by comparing to vehicle control for LMB and DOX (0.5 mM) for LMB+DOX. Values are means 6 SD, n = 6. C,
Cytotoxic effects of DOX alone and pre-LMB+DOX on cell viability of A549 cells at 48 h as determined by the MTT assay. Data are expressed as the
percentage by comparing to vehicle control for DOX and pre-LMB for pre-LMB+DOX. Values are means 6 SD, n = 6. D, Cytotoxic effects of LMB alone
and pre-DOX+LMB on cell viability of A549 cells at 48 h as determined by the MTT assay. Data are expressed as the percentage by comparing to
vehicle control for LMB and pre-DOX for pre-DOX+LMB. Values are means 6 SD, n = 6. Experiments performed in triplicate yielded similar results.
doi:10.1371/journal.pone.0032895.g001
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2D-DIGE. Approximately 1,000 protein spots were detected

in nuclear extractions of A549 cells. Duplicate DIGE gels with

reverse label were run and showed more than 99% between-gel

reproducibility. From these detected spots, 13 spots showed more

than or equal to two-fold increase in LMB-treated A549 cells, out

of that 5 spots with the highest changes had almost the same

molecular weight (MW, approximate 60 kDa) but different

isoelectric point (PI), suggesting the possibility of post-

translational modifications (PTMs) of the same protein

(Figure 4B). On the other hand, among the approximate 1,000

protein spots detected in nuclear extraction of NCI-H358 cells, no

proteins spots showed significant changes (Figure S2B).

Protein Identification by LC/MS/MS and Western Blot

Analysis of SQSTM1. Among the total 13 spots of interest, only

3 spots were visible by SYPRO-RUBY staining. The visible spots

were among the earlier 5 spots with the same MW but different PI

and had the highest changes. They were identified as SQSTM1 by

LC/MS/MS. For instance, there were 9 matched peptides (27%

sequence coverage) from the LC/MS/MS for the spot with the

most hits (Figure 4C). To confirm and validate the results of 2D-

DIGE/MS, Western blot analysis was performed. The expression

of SQSTM1 in LMB-treated A549 cells was significantly increased

in comparison with control cells in both nucleus and cytoplasm of

Table 1. Cytotoxicity of DOX and LMB on A549 cells.

Treatment 1 Treatment 2 IC50s

DOX at different
concentrations (0–5 mM)

None 2.2 mM

0.5 nM LMB simultaneously 2.1 mM

0.5 nM LMB 24 h earlier 2.8 mM

LMB at different
concentrations (0–5 nM)

None 10.6 nM

0.5 mM DOX simultaneously 10.4 nM

0.5 mM DOX 24 h earlier 4.4 nM*

*P,0.05 in comparison to LMB alone or LMB+0.5 mM DOX simultaneously.
doi:10.1371/journal.pone.0032895.t001

Figure 2. Flow cytometry analyses of cell cycle and apoptosis in A549 cells after DOX and LMB treatment. Representative histograms of
cell cycle analyses in DOX and LMB-treated A549 cells. Control, pre-DOX, LMB1, pre-DOX+LMB1, LMB5, and pre-DOX+LMB5 were harvested and
labeled with Guava Cell Cycle Reagent (Millipore) and analyzed by flow cytometry (pre-G1, G0/G1, S, and G2/M). The y-axis shows the number of cells
counted and the x-axis shows an increasing amount of Guava Cell Cycle Reagent incorporation/cell (left to right). Experiments performed in triplicate
yielded similar results. LMB1: 1 nM LMB, LMB5: 5 nM LMB.
doi:10.1371/journal.pone.0032895.g002
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cells (Figure 4D). However, SQSTM1 in LMB-treated NCI-H358

cells was not changed in both nucleus and cytoplasm of cells

(Figure S2C).

Effects of DOX and LMB on SQSTM1 Protein

Expression. Western blot analysis was performed to analyze

SQSTM1 protein expression level (Figure 4E). The relative

protein expression levels of SQSTM1 (arbitrary units) were

0.0860.01, 0.1360.06, 0.1060.02, 0.1060.02, 0.9560.02 and

1.0960.10 in the control, pre-DOX, LMB1, pre-DOX+LMB1,

LMB5 and pre-DOX+LMB5, respectively (Figure 4E). The up-

regulations of SQSTM1 in LMB5 and pre-DOX+LMB5 treated

cells were significant compared with control cells (P,0.001). In

addition, SQSTM1 was slightly but not significantly higher in pre-

DOX+LMB5 than that of LMB5 alone.

Discussion

LMB and/or its derivatives have been recognized as a novel

class of cancer therapeutics through highly specific and potent

inhibition of CRM1, a NES-dependent nuclear exporter

[8,9,10,11,12,19,20]. Our previous study found that LMB could

significantly inhibit cell proliferation of various lung AC cell lines

compared to normal lung epithelial cells [12]. However, A549 cells

(with p53 wild type) were more resistant to doses that were

effective in other lung AC cell lines and the IC50 of LMB on A549

was close to that of normal lung epithelial cells. Combination

chemotherapy could increase the therapeutic efficacy, decrease

toxicity to normal cells with lower dosage, and minimize or delay

the development of drug resistance. DOX is another cancer

therapeutic drug, however, lung AC cells with p53 wild type, such

as A549 cells, are resistant to this drug [28]. Due to DOX’s specific

molecular activity including p53 up-regulation and/or activation

mediated apoptosis [24,26,31], it was used in this study to test its

efficiency in combination with LMB treatment to sensitize the

drug resistance of A549 to the chemotherapeutic effect of LMB.

Our results for the first time report increased drug efficacy from

the combined therapy of an initial DOX treatment and

subsequent LMB treatment in A549 cells, but not in p53 null

NCI-H358 lung AC cells. The findings of this study also revealed

that simultaneous treatment of LMB and DOX, or pretreatment

of LMB with subsequent treatment of DOX was not effective in

A549 cells (similar in p53 null NCI-H358 lung AC cells). These

results indicate that pretreatment with DOX is required for

chemotherapeutic inhibition of lung AC cells and the interaction

between DOX and LMB is highly schedule dependent. Further-

more, our results reveal that the molecular mechanisms involving

p53 activation and other signaling protein(s)/pathway(s) involving

sequestosome 1 could be the pre-requisite trigger to the observed

effectiveness of combination therapy.

As expected, we found that both DOX and LMB have

significant inhibitory effects on A549 cells in a dose- and time-

dependent manner. The IC50 value of DOX observed in this

study was comparable to previous reports that showed IC50s of 1–

5 mM in A549 cells [32,36]. Among the four regimens tested, only

pre-DOX treatment could boost the cytotoxic effect of LMB, in

which the IC50 decreased more than 2-fold. The total duration of

sequential treatment of pre-DOX+LMB or pre-LMB+DOX was

72 h that includes 24 h of pretreatment and subsequent 48 h of

co-exposure. The doses chosen for pre-LMB or pre-DOX did not

show significant cytotoxic effects to A549 cells at 24–72 h.

Nevertheless, the sequential treatment data were analyzed by

using pre-LMB or pre-DOX as controls with their respective

durations of exposure to exclude the potential cytotoxic effects

from pre-LMB or pre-DOX. In addition, co-treatment of LMB

and DOX for 72 h did not boost the cytotoxic effects of either

LMB or DOX for both A549 and H358 cells (data not shown).

Results from flow cytometry analysis further validated the

cytotoxicity data. Both DOX and LMB treatment decreased the

fraction of cells in G0/G1 and S phases while they increased the

fraction of cells in G2/M phases, suggesting G2/M arrest of

DOX/LMB-treated A549 cells. These observations are consistent

with previous findings of DOX induced predominant G2 arrest

[37] and LMB producing reversible G1 and G2 arrest [38].

Interestingly, although the number of cells in G2/M phase was not

changed in cells treated with pre-DOX and LMB compared to

LMB alone, the number of cells at pre-G1 phase was significantly

increased in A549 cells treated with pre-DOX and LMB

compared to LMB alone. Furthermore, the number of apoptotic

cells was also significantly increased in cells treated with pre-DOX

and LMB compared to LMB alone. Together, these data suggest

pre-DOX treatment enhanced or facilitated the effect of LMB on

mitotic arrest. Individual treatments by DOX itself caused

predominantly G2/M arrest while pre-DOX and LMB induced

predominantly apoptosis. In addition, apoptosis increased with

increasing concentrations of LMB.

DOX is generally classified as a topoisomerase II inhibitor that

induces DNA double-strand breaks. DOX, although not frequent-

ly used in recent lung cancer protocols but commonly used to treat

other cancers such as leukemias, lymphomas, as well as other solid

tumors [29,33,39]. The cellular response to DNA damage, which

Table 2. Effects of DOX and LMB on cell cycle and apoptosis of A549 cells.

Cell Cycle (%) Apoptosis (%)

Pre-G1 G0/G1 S G2/M

Control 5.462.2 74.562.9 5.060.9 15.160.4 13.261.6

Pre-DOX 9.062.1 61.661.7** 2.560.7** 26.962.8** 15.862.6

LMB1 8.262.0 66.661.5** 2.560.1** 22.761.0** 19.262.4**

Pre-DOX+LMB1 18.667.1**## 57.262.8**## 1.260.1**# 22.964.2** 27.160.6**##

LMB5 10.264.7 65.061.7** 2.360.3** 22.562.8** 22.464.0**

Pre-DOX+LMB5 27.562.8**## 52.561.9**## 1.560.2**# 18.661.3*# 29.662.1**##

*P,0.05 in comparison to control;
**P,0.01 in comparison to control.
#P,0.05 in comparison to LMB alone;
##P,0.01 in comparison to LMB alone.
doi:10.1371/journal.pone.0032895.t002
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Figure 3. Western blot analyses of protein expression in A549 cells after DOX and LMB treatment. A, Effects of pre-DOX+LMB treatment
on the protein expression of p53, phospho-p53 (Ser15), phospho-p53 (Thr55), p21, and survivin in A549. Cells were treated with 0.5 mM DOX 24 h
before treatment with LMB (1 nM or 5 nM). After 48 h LMB treatment, cells were harvested for Western blot analysis to determine protein levels. Blots
were also probed for a-tubulin to confirm equal protein loading. B, The relative protein intensities of p53, phospho-p53 (Ser15), phospho-p53 (Thr55),
p21, and survivin as compared with the intensity of a-tubulin. The intensity of each band was quantified using Quantity One software. Data are
means 6 SD, n = 3. The experiments were conducted in triplicate. LMB1: 1 nM LMB; LMB5: 5 nM LMB; *, P,0.05 compared to control; **, P,0.01
compared to control; #, P,0.05, compared to LMB5; ##, P,0.01, compared to LMB5.
doi:10.1371/journal.pone.0032895.g003
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includes nuclear accumulation of p53, has been studied extensively

using DOX [33]. Thus, the better understanding of the

combination effects of DOX with other potential targeted

chemotherapies, such as LMB, will lead a significant clinical

milestone which can eventually overcome drug resistance. Our

previous study has also suggested that p53 signaling pathway was

activated after LMB treatment in A549 cells [12]. p53 can be

activated through post-translational modifications such as phos-

phorylation, as well as subcellular localization. The phosphoryla-

tion sites have been identified at multiple locations on both N-

terminus and C-terminus of p53 [40]. It is recognized that an early

critical event in the stabilization and activation of p53 in response

to genotoxicity is the phosphorylation of Ser15 through activation

of ATM in response to DNA damage [41]. In the present study,

Western blot data demonstrated that LMB was very effective in

induction of both total p53 and p53 phosphorylation at Ser15

compared to the control. In addition, phospho-p53 at Ser15 was

increased in cells treated with pre-DOX and LMB (5 nM)

compared to LMB (5 nM) alone. Nuclear export of p53 is

mediated by CRM1; this can be abrogated by LMB [9,11,12].

Thr55 is another important phosphorylation site for p53 function

because of its location at the amino acid 43–63 residues of p53 that

contain an apoptotic and growth suppression domain [42,43]. In

other studies, inhibition of Thr55 phosphorylation of p53 restored

its nuclear localization and sensitized cancer cells to DNA damage

[44]; the phosphorylation of Thr55 led to p53 degradation and a

decrease in G1 arrest of the cell cycle [45]. The decreased

phospho-p53 (Thr55) after pre-DOX and LMB treatment

observed in this study was in agreement with these previous

findings and was further confirmed by data on cell viability and

Figure 4. Nuclear proteome profiling in A549 cells after DOX and/or LMB treatment. A, Western blot of nuclear and cytoplasmic protein
extractions from A549; a-tubulin served as an internal control for cytoplasmic proteins, and histone 3 served as a control for nuclear proteins. B, 2D-
DIGE analyses of nuclear proteins in A549 cells and 3D views of SQSTM1 in A549 cell with vehicle control or LMB treatment. Nuclear proteins treated
with LMB or vehicle control were labeled with Cy3 (green channel) and Cy5 (red channel), respectively. Nuclear proteins were separated based on
isoelectric point (PI, horizontal axis) and molecular weight (MW, vertical axis). Approximately 1,000 protein spots were detected in nuclear extractions
of A549 cells. Spots labeled with red color indicate decreased expression after LMB treatment, while spots labeled with green color indicate increased
expression after LMB treatment (left panel). Magnification of 5 protein spots (right upper panel) and 3D view of vehicle control and LMB treated (right
bottom panel) (identified by LC/MS/MS as sequestosome 1 (SQSTM1/p62)). C, Protein sequence and tandem mass spectrometry identification of
SQSTM1. The MS/MS fragmentation spectrum (obtained after trypsin digestion) of AYLLGKEDAAR for SQSTM1 is shown. The resultant MS/MS data
were processed using Mascot. D, Western blot analysis of SQSTM1 in cytoplasm and nucleus of A549 cells after LMB treatment. E, Effects of LMB alone
or pre-DOX+LMB treatment on protein expression of SQSTM1 in A549 cells. The relative protein intensity of SQSTM1 was compared with the intensity
of corresponding a-tubulin. The intensity of each band was quantified using Quantity One software. Data are means 6 SD. Experiments were
conducted in triplicate. LMB1: 1 nM LMB; LMB5: 5 nM LMB; **, P,0.001 compared to control.
doi:10.1371/journal.pone.0032895.g004
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cell cycle/apoptosis. Data from ours and other published studies

have shown that LMB could increase the activation/stabilization/

nuclear accumulation of p53 by blocking its nuclear export

through CRM1 [9,12,46,47,48,49,50]. This could further lead to

the increased expression of p53 downstream target genes, such as

p21 [12,49,50]. It has also been reported that phosphorylated

Ser15 of p53 localized in the nucleus [51]. Moreover, consistent

with these previous findings, we also observed the p53 and

phospho-p53 (Ser15) accumulated in the nuclear compartment

after LMB treatment as determined by western blot analysis using

nuclear/cytoplasmic protein fractions from A549 cells (data not

shown). Besides LMB, DOX treatment could also induce nuclear

accumulation of p53 [31,52,53]. Taken together, these evidences

suggested that the superior cytotoxic effect of pre-DOX+LMB

could be attributed to nuclear accumulation of p53. In addition,

our results of p53 expression also suggest that phosphorylation on

Ser15 and Thr55 sites of p53 may cooperatively regulate the

stability of p53 and thereby more effectively activate p53 in

response to DOX and LMB treatment. The treatment regimen of

pretreatment of DOX and LMB, but not DOX and LMB

simultaneously or pretreatment of LMB and subsequent DOX,

could induce and activate p53 in the function of apoptosis rather

than DNA repair that led to the drug sensitization of A549 cells.

The regulation of protein expression of p53 target genes

involved in cell growth suppression and apoptosis was also

observed after DOX and LMB treatment. For example, p21, a

downstream target of p53, was elevated at the protein level after

DOX and LMB treatment, especially in cells treated with pre-

DOX and LMB. This elevated level of p21 could result in

hypophosphorylation of the Rb protein, which in turn binds with

E2F transcription factor and subsequently blocks the cell cycle

[54,55]. Besides p53, survivin expression was significantly

repressed after LMB treatment, especially when pretreatment of

DOX was applied before LMB. Survivin, a member of the

inhibitor of apoptosis family of proteins, is negatively regulated by

wild type p53 and plays an important role in regulation of both

apoptosis and cell division [56]. Survivin repression caused by

DNA damage may decide whether the damaged cells would die

before DNA repair is accomplished by activating the p53-

dependent G2/M checkpoint [57]. Moreover, nuclear export of

p21 and survivin is CRM1-mediated [58,59]. Thus, LMB may

directly or indirectly modulate the expression of p21 and survivin.

Collectively, the elevated level of p21 and repression of survivin

were consistent with the cytotoxicity, cell cycle/apoptosis, and p53

activation after DOX and LMB treatment. The combined therapy

of an initial DOX treatment (for activation of p53) and subsequent

LMB treatment (for blocking CRM1 function to increase and

accumulate activated steady-state level of p53 in the cellular

nucleus) might be one reason for the increased effectiveness.

SQSTM1 (p62) had been identified by a proteomic approach

using 2D-DIGE and MS as a possible new protein(s)/pathway(s)

that could be targeted by LMB treatment in p53 wild type A549

cells but not p53 null NCI-H358 cells. SQSTM1 was first

described in 1995 as a phosphotyrosin-independent ligand of the

src homology 2 (SH2) domain of the lymphoid-specific src family

tyrosine kinase p56Ick [60]. SQSTM1 was recently shown to be

continuously shuttled between the cytoplasm and nucleus at a high

rate [61]. This process is regulated by several mechanisms, such as

self-interaction, polymerization, phosphorylation, aggregation,

and binding to ubiquitinated targets [61]. In fact, nuclear

accumulation of SQSTM1 was observed in Hela cells treated

with LMB [62]. Alternatively, SQSTM1 was shown to be a

negative regulator of the ras signaling pathway [60]. Since A549

contains K-ras mutation, the increase and nuclear accumulation of

SQSTM1 in A549 cells after LMB treatment might further

inactivate functional K-ras that resulted in cell growth inhibition.

Until recently, the function of SQSTM1 in the nucleus has been

rarely addressed. It has been suggested that nuclear SQSTM1

could be directly associated with chromatin [62], or play a role in

regulating gene transcription [63]. SQSTM1 has been reported to

interact with p53; the accumulation of SQSTM1 could slow the

clearance of short lived ubiquitin-proteasome system specific

substrates, such as p53 [64]. Nuclear accumulation of proteins as

observed in LMB-treated A549 cells, especially when pre-DOX

was added, suggests that DOX and LMB may lead to nuclear

sequestration of CRM1 cargo proteins, such as SQSTM1, in

regulating cell growth/proliferation/apoptosis.

In summary, the present study found that combination therapy

of pretreatment with DOX followed by LMB treatment

significantly increased the efficacy of LMB through p53 and

potentially other molecular pathways involving sequestosome 1.

Future studies of other molecular mechanisms as well as CRM1

mutations/instability/integrity are necessary to further elucidate

the usefulness of LMB and/or its derivatives for clinical

application. Nevertheless, our data have essential predictive and

therapeutic implications that could provide a promising basis for

preclinical and/or clinical trials on lung cancer treatment.

Supporting Information

Figure S1 Cytotoxic effects of DOX and LMB on NCI-
H358 cells. A, Cytotoxic effects of DOX alone and DOX+LMB

on cell viability of NCI-H358 cells as determined by the MTT

assay. Data are expressed as the percentage by comparing to

vehicle control for DOX and LMB (0.5 nM) for DOX+LMB.

Values are represented as means 6 SD, n = 6. B, Cytotoxic effects

of LMB alone and LMB+DOX on cell viability of NCI-H358 cells

as determined by the MTT assay. Data are expressed as the

percentage by comparing to vehicle control for LMB and DOX

(0.5 mM) for LMB+DOX. Values are means 6 SD, n = 6. C,

Cytotoxic effects of DOX alone and pre-LMB+DOX on cell

viability of NCI-H358 cells at 48 h as determined by the MTT

assay. Data are expressed as the percentage by comparing to

vehicle control for DOX and pre-LMB for pre-LMB+DOX.

Values are means 6 SD, n = 6. D, Cytotoxic effects of LMB alone

and pre-DOX+LMB on cell viability of NCI-H358 cells at 48 h as

determined by the MTT assay. Data are expressed as the

percentage by comparing to vehicle control for LMB and pre-

DOX for pre-DOX+LMB. Values are means 6 SD, n = 6.

Experiments performed in triplicate yielded similar results.

(TIF)

Figure S2 Nuclear proteome profiling in NCI-H358 cells
after DOX and/or LMB treatment. A, Western blot of

nuclear and cytoplasmic protein extractions from NCI-H358; a-

tubulin served as an internal control for cytoplasmic proteins, and

histone 3 served as a control for nuclear proteins. B, 2D-DIGE

analyses of nuclear proteins in NCI-H358 cells with vehicle control

or LMB treatment. Nuclear proteins treated with LMB or vehicle

control were labeled with Cy3 (green channel) and Cy5 (red

channel), respectively. Nuclear proteins were separated based on

isoelectric point (PI, horizontal axis) and molecular weight (MW,

vertical axis). Approximately 1,000 protein spots were detected in

nuclear extractions of NCI-H358 cells. Spots labeled with red

color indicate decreased expression after LMB treatment, while

spots labeled with green color indicate increased expression after

LMB treatment. C, Western blot analysis of SQSTM1 in

cytoplasm and nucleus of NCI-H358 cells after LMB treatment.

(TIF)

Combination Therapy of LMB and DOX

PLoS ONE | www.plosone.org 10 March 2012 | Volume 7 | Issue 3 | e32895



Acknowledgments

We thank Dr. Todd Anderson from Texas Tech University for editing the

manuscript.

Author Contributions

Conceived and designed the experiments: CL CS EC KS WG. Performed

the experiments: CL CS. Analyzed the data: CL CS KS WG. Contributed

reagents/materials/analysis tools: WG. Wrote the paper: CL CS EC KS

WG.

References

1. AmericanCancerSociety (2011) Cancer Facts & Figures 2011.

2. Cetin K, Ettinger DS, Hei YJ, O’Malley CD (2011) Survival by histologic

subtype in stage IV nonsmall cell lung cancer based on data from the

Surveillance, Epidemiology and End Results Program. Clin Epidemiol 3:

139–148.

3. Carbone DP, Felip E (2011) Adjuvant therapy in non-small cell lung cancer:

future treatment prospects and paradigms. Clin Lung Cancer 12: 261–271.

4. Coory M, Gkolia P, Yang IA, Bowman RV, Fong KM (2008) Systematic review

of multidisciplinary teams in the management of lung cancer. Lung Cancer 60:

14–21.

5. Mercadante S, Vitrano V (2010) Pain in patients with lung cancer:

pathophysiology and treatment. Lung Cancer 68: 10–15.

6. Provencio M, Sanchez A, Gasent J, Gomez P, Rosell R (2009) Cancer

treatments: can we find treasures at the bottom of the sea? Clin Lung Cancer 10:

295–300.

7. Dempke WC, Suto T, Reck M (2010) Targeted therapies for non-small cell lung

cancer. Lung Cancer 67: 257–274.

8. Adachi Y, Yanagida M (1989) Higher order chromosome structure is affected by

cold-sensitive mutations in a Schizosaccharomyces pombe gene crm1+ which

encodes a 115-kD protein preferentially localized in the nucleus and its

periphery. J Cell Biol 108: 1195–1207.

9. Kudo N, Wolff B, Sekimoto T, Schreiner EP, Yoneda Y, et al. (1998)

Leptomycin B inhibition of signal-mediated nuclear export by direct binding to

CRM1. Exp Cell Res 242: 540–547.

10. Mutka SC, Yang WQ, Dong SD, Ward SL, Craig DA, et al. (2009)

Identification of nuclear export inhibitors with potent anticancer activity in

vivo. Cancer research 69: 510.

11. Nishi K, Yoshida M, Fujiwara D, Nishikawa M, Horinouchi S, et al. (1994)

Leptomycin B targets a regulatory cascade of crm1, a fission yeast nuclear

protein, involved in control of higher order chromosome structure and gene

expression. J Biol Chem 269: 6320–6324.

12. Shao C, Lu C, Chen L, Koty PP, Cobos E, et al. (2011) p53-Dependent

anticancer effects of leptomycin B on lung adenocarcinoma. Cancer Chemother

Pharmacol 67: 1369–1380.

13. Wang W, Budhu A, Forgues M, Wang XW (2005) Temporal and spatial control

of nucleophosmin by the Ran-Crm1 complex in centrosome duplication. Nat

Cell Biol 7: 823–830.

14. van der Watt PJ, Maske CP, Hendricks DT, Parker MI, Denny L, et al. (2008)

The Karyopherin proteins, Crm1 and Karyopherin beta1, are overexpressed in

cervical cancer and are critical for cancer cell survival and proliferation.

Int J Cancer 124: 1829–1840.

15. Noske A, Weichert W, Niesporek S, Roske A, Buckendahl AC, et al. (2008)

Expression of the nuclear export protein chromosomal region maintenance/

exportin 1/Xpo1 is a prognostic factor in human ovarian cancer. Cancer 112:

1733–1743.

16. Yao Y, Dong Y, Lin F, Zhao H, Shen Z, et al. (2009) The expression of CRM1

is associated with prognosis in human osteosarcoma. Oncol Rep 21: 229–235.

17. Chen L, Shao C, Cobos E, Wang JS, Gao W (2010) 4-(Methylnitro-Samino)-1-

(3-Pyridyl)-1-Butanone Induces Crm1-Dependent P53 Nuclear Accumulation In

Human Bronchial Epithelial Cells. Toxicol Sci 116: 206–215.

18. Chen L, Moore JE, Samathanam C, Shao C, Cobos E, et al. (2011) CRM1-

dependent p53 nuclear accumulation in lung lesions of a bitransgenic mouse

lung tumor model. Oncol Rep 26: 223–228.

19. Cook A, Bono F, Jinek M, Conti E (2007) Structural biology of nucleocyto-

plasmic transport. Annu Rev Biochem 76: 647–671.

20. Ossareh-Nazari B, Bachelerie F, Dargemont C (1997) Evidence for a role of

CRM1 in signal-mediated nuclear protein export. Science 278: 141–144.

21. Clarke AR, Purdie CA, Harrison DJ, Morris RG, Bird CC, et al. (1993)

Thymocyte apoptosis induced by p53-dependent and independent pathways.

Nature 362: 849–852.

22. Kuerbitz SJ, Plunkett BS, Walsh WV, Kastan MB (1992) Wild-type p53 is a cell

cycle checkpoint determinant following irradiation. Proc Natl Acad Sci U S A

89: 7491–7495.

23. Lowe SW, Ruley HE, Jacks T, Housman DE (1993) p53-dependent apoptosis

modulates the cytotoxicity of anticancer agents. Cell 74: 957–967.

24. Aas T, Børresen AL, Geisler S, Smith-Sørensen B, Johnsen H, et al. (1996)

Specific P53 mutations are associated with de novo resistance to doxorubicin in

breast cancer patients. Nature Medicine 2: 811–814.

25. Kojima K, Konopleva M, Samudio IJ, Shikami M, Cabreira-Hansen M, et al.

(2005) MDM2 antagonists induce p53-dependent apoptosis in AML: implica-

tions for leukemia therapy. Blood 106: 3150.

26. Wang S, Konorev EA, Kotamraju S, Joseph J, Kalivendi S, et al. (2004)

Doxorubicin induces apoptosis in normal and tumor cells via distinctly different

mechanisms. intermediacy of H(2)O(2)- and p53-dependent pathways. J Biol

Chem 279: 25535–25543.

27. Riganti C, Miraglia E, Viarisio D, Costamagna C, Pescarmona G, et al. (2005)

Nitric oxide reverts the resistance to doxorubicin in human colon cancer cells by

inhibiting the drug efflux. Cancer Res 65: 516–525.

28. Sung JM, Cho HJ, Yi H, Lee CH, Kim HS, et al. (2008) Characterization of a

stem cell population in lung cancer A549 cells. Biochem Biophys Res Commun

371: 163–167.

29. Mi J, Zhang X, Rabbani ZN, Liu Y, Reddy SK, et al. (2008) RNA aptamer-

targeted inhibition of NF-kappa B suppresses non-small cell lung cancer

resistance to doxorubicin. Mol Ther 16: 66–73.

30. Outomuro D, Grana DR, Azzato F, Milei J (2007) Adriamycin-induced

myocardial toxicity: new solutions for an old problem? Int J Cardiol 117: 6–15.

31. Lee TK, Lau TC, Ng IO (2002) Doxorubicin-induced apoptosis and

chemosensitivity in hepatoma cell lines. Cancer Chemother Pharmacol 49:

78–86.

32. Song X, Liu X, Chi W, Liu Y, Wei L, et al. (2006) Hypoxia-induced resistance

to cisplatin and doxorubicin in non-small cell lung cancer is inhibited by

silencing of HIF-1alpha gene. Cancer Chemother Pharmacol 58: 776–784.

33. Swift LP, Rephaeli A, Nudelman A, Phillips DR, Cutts SM (2006) Doxorubicin-

DNA adducts induce a non-topoisomerase II-mediated form of cell death.

Cancer Res 66: 4863–4871.

34. Lu J, Suzuki T, Satoh M, Chen S, Tomonaga T, et al. (2008) Involvement of

aldolase A in X-ray resistance of human HeLa and UV(r)-1 cells. Biochem

Biophys Res Commun 369: 948–952.

35. Shao C, Chen L, Lu C, Shen CL, Gao W (2011) A gel-based proteomic analysis

of the effects of green tea polyphenols on ovariectomized rats. Nutrition 27:

681–686.

36. You J, Hu FQ, Du YZ, Yuan H (2008) Improved cytotoxicity of doxorubicin by

enhancing its nuclear delivery mediated via nanosized micelles. Nanotechnology

19: 255103.

37. Blagosklonny MV (2002) Sequential activation and inactivation of G2

checkpoints for selective killing of p53-deficient cells by microtubule-active

drugs. Oncogene 21: 6249–6254.

38. Yoshida M, Nishikawa M, Nishi K, Abe K, Horinouchi S, et al. (1990) Effects of

leptomycin B on the cell cycle of fibroblasts and fission yeast cells. Exp Cell Res

187: 150–156.

39. Ogura M (2001) [Adriamycin (doxorubicin)]. Gan To Kagaku Ryoho 28:

1331–1338.

40. Meek DW (1998) Multisite phosphorylation and the integration of stress signals

at p53. Cell Signal 10: 159–166.

41. Abraham RT (2001) Cell cycle checkpoint signaling through the ATM and

ATR kinases. Genes Dev 15: 2177–2196.

42. Zhu J, Zhou W, Jiang J, Chen X (1998) Identification of a novel p53 functional

domain that is necessary for mediating apoptosis. J Biol Chem 273:

13030–13036.

43. Walker KK, Levine AJ (1996) Identification of a novel p53 functional domain

that is necessary for efficient growth suppression. Proc Natl Acad Sci U S A 93:

15335–15340.

44. Cai X, Liu X (2008) Inhibition of Thr-55 phosphorylation restores p53 nuclear

localization and sensitizes cancer cells to DNA damage. Proc Natl Acad Sci U S A

105: 16958–16963.

45. McVean M, Xiao H, Isobe K, Pelling JC (2000) Increase in wild-type p53

stability and transactivational activity by the chemopreventive agent apigenin in

keratinocytes. Carcinogenesis 21: 633–639.

46. Freedman DA, Levine AJ (1998) Nuclear export is required for degradation of

endogenous p53 by MDM2 and human papillomavirus E6. Mol Cell Biol 18:

7288–7293.

47. Lain S, Midgley C, Sparks A, Lane EB, Lane DP (1999) An inhibitor of nuclear

export activates the p53 response and induces the localization of HDM2 and

p53 to U1A-positive nuclear bodies associated with the PODs. Exp Cell Res

248: 457–472.

48. Lain S, Xirodimas D, Lane DP (1999) Accumulating active p53 in the nucleus

by inhibition of nuclear export: a novel strategy to promote the p53 tumor

suppressor function. Exp Cell Res 253: 315–324.

49. Lecane PS, Kiviharju TM, Sellers RG, Peehl DM (2003) Leptomycin B

stabilizes and activates p53 in primary prostatic epithelial cells and induces

apoptosis in the LNCaP cell line. Prostate 54: 258–267.

50. Smart P, Lane EB, Lane DP, Midgley C, Vojtesek B, et al. (1999) Effects on

normal fibroblasts and neuroblastoma cells of the activation of the p53 response

by the nuclear export inhibitor leptomycin B. Oncogene 18: 7378–7386.

51. Zhang Y, Xiong Y (2001) A p53 amino-terminal nuclear export signal inhibited

by DNA damage-induced phosphorylation. Science 292: 1910–1915.

Combination Therapy of LMB and DOX

PLoS ONE | www.plosone.org 11 March 2012 | Volume 7 | Issue 3 | e32895



52. Esrig D, Elmajian D, Groshen S, Freeman JA, Stein JP, et al. (1994)

Accumulation of nuclear p53 and tumor progression in bladder cancer.
N Engl J Med 331: 1259–1264.

53. Sardao VA, Oliveira PJ, Holy J, Oliveira CR, Wallace KB (2009) Doxorubicin-

induced mitochondrial dysfunction is secondary to nuclear p53 activation in
H9c2 cardiomyoblasts. Cancer Chemother Pharmacol 64: 811–827.

54. el-Deiry WS, Tokino T, Velculescu VE, Levy DB, Parsons R, et al. (1993)
WAF1, a potential mediator of p53 tumor suppression. Cell 75: 817–825.

55. Lohr K, Moritz C, Contente A, Dobbelstein M (2003) p21/CDKN1A mediates

negative regulation of transcription by p53. J Biol Chem 278: 32507–32516.
56. Li F, Altieri DC (1999) Transcriptional analysis of human survivin gene

expression. Biochem J 344 Pt 2: 305–311.
57. Ikeda M, Okamoto I, Tamura K, Satoh T, Yonesaka K, et al. (2007) Down-

regulation of survivin by ultraviolet C radiation is dependent on p53 and results
in G(2)-M arrest in A549 cells. Cancer Lett 248: 292–298.

58. Knauer SK, Kramer OH, Knosel T, Engels K, Rodel F, et al. (2007) Nuclear

export is essential for the tumor-promoting activity of survivin. FASEB J 21:
207–216.

59. Turner JG, Sullivan DM (2008) CRM1-mediated nuclear export of proteins and

drug resistance in cancer. Curr Med Chem 15: 2648–2655.

60. Park I, Chung J, Walsh CT, Yun Y, Strominger JL, et al. (1995)

Phosphotyrosine-independent binding of a 62-kDa protein to the src homology

2 (SH2) domain of p56lck and its regulation by phosphorylation of Ser-59 in the

lck unique N-terminal region. Proc Natl Acad Sci U S A 92: 12338–12342.

61. Pankiv S, Lamark T, Bruun JA, Øvervatn A, Bjørkøy G, et al. (2010)

Nucleocytoplasmic shuttling of p62/SQSTM1 and its role in recruitment of

nuclear polyubiquitinated proteins to promyelocytic leukemia bodies. Journal of

Biological Chemistry 285: 5941.

62. Geetha T, Wooten MW (2002) Structure and functional properties of the

ubiquitin binding protein p62. FEBS Lett 512: 19–24.

63. Rachubinski RA, Marcus SL, Capone JP (1999) The p56(lck)-interacting protein

p62 stimulates transcription via the SV40 enhancer. J Biol Chem 274:

18278–18284.

64. Tasdemir E, Chiara Maiuri M, Morselli E, Criollo A, D’Amelio M, et al. (2008)

A dual role of p53 in the control of autophagy. Autophagy 4: 810–814.

Combination Therapy of LMB and DOX

PLoS ONE | www.plosone.org 12 March 2012 | Volume 7 | Issue 3 | e32895


