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Profiling of apoptosis- and autophagy-associated molecules in
human lung cancer A549 cells in response to cisplatin treatment
using stable isotope labeling with amino acids in cell culture
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Abstract. Cis-diammine-dichloro-platinum II-based adjuvant
chemotherapy provides an alternative therapy to improve the
survival of patients with lung tumors, especially those with
non-small cell lung cancer (NSCLC). However, drug resistance
is a large clinical problem and its underlying mechanism
remains unclear. In the present study, NSCLC A549 cells
were treated with a low concentration of cisplatin in order to
observe and determine the development of chemoresistance,
via growth curves, colony forming assays and apoptosis
assays. Then the induction of autophagy was examined in
the cisplatin-treated A549 cells with a fluorescence reporter.
Profiled proteins in the cisplatin-treated A549 cells were also
assessed using the stable isotope labeling by amino acids in cell
culture (SILAC) method, and then the differentially expressed
molecules were verified. The results demonstrated that A549
cells became less sensitive to cisplatin [resistant A549 cells
(A549R)] following 20 passages in the medium containing
a low concentration of cisplatin, with less apoptotic cells
post-cisplatin treatment. A549R cells grew more efficiently
in the cisplatin medium, with more colony formation and
more cells migrating across the baseline. In addition, NSCLC
results demonstrated that more autophagy-related proteins
(ATGs) were expressed in the A549R cells. Furthermore, the
western blotting results confirmed this upregulation of ATGs
in A549R cells. In addition, two repeated SILAC screening
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experiments recognized 15 proteins [glucose-regulated
protein, 78 kDa (GRP78), heat shock protein 71, pre-mRNA
processing factor 19, polypyrimidine tract binding protein 1,
translationally controlled tumor protein, Cathepsin D,
Cytochrome c, thioredoxin domain containing 5, MutS
homolog (MSH) 6, Annexin A2 (ANXA2), BRCA2 and
Cyclin dependent kinase inhibitor 1A interacting protein,
MSH2, protein phosphatase 2A 55 kDa regulatory subunit Ba,
Rho glyceraldehyde-3-phosphate-dissociation inhibitor 1 and
ANXAA4] that were upregulated by >1.5-fold in heavy (H)- and
light (L)-labeled A549R cells. In addition, 16 and 14 proteins
were downregulated by >1.5-fold in the H- and L-labeled
AS549R cells, respectively. The majority of the downregulated
proteins were associated with apoptosis. In conclusion,
the present study isolated a cisplatin-resistant human lung
cancer A549 cell clone, with reduced apoptosis and high
levels of autophagy, in response to cisplatin treatment. In
cisplatin-resistant A549R cells, SILAC proteomics recognized
the high expression of GRP78 and other proteins that are
associated with anti-apoptosis and/or autophagy promotion.

Introduction

Lung cancer leads to high levels of cancer morbidity and
cancer-associated mortality worldwide (1). Lung cancers
are clinically classified as non-small-cell lung cancer
(NSCLC; accounts for 80-85% of cases) and small cell
lung cancer (SCLC) (2). Surgical resection is the most
potentially curative therapeutic modality for this disease.
Cis-diammine-dichloro-platinum II-based adjuvant
chemotherapy significantly improves the prognosis of
patients with advanced NSCLC (3), particularly in those
with Stage II-IITA (4,5). However, innate non-sensitiveness
to or acquired resistance to cisplatin is a major challenge in
the management of patients with lung cancer (6,7). Therefore,
the identification of mechanisms underlining cisplatin
chemoresistance in NSCLC is urgently required.

Advances in technology, including DNA sequencing,
reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) and microarray methods, enable the
discovery of predictive markers and the identification
of significant expression at the transcriptional level of
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chemoresistance-associated genes (6,7). In particular, the
profiling by microarray screening is highly effective in
predicting chemotherapeutic sensitivity, with thousands
of genes being simultaneously evaluated (8-10). However,
the relatively low sensitivity and poor lower thresholds of
microarray detection reduce its accuracy; thus, follow-up
quantitative methods are required to confirm the results.

Stable isotope labeling by amino acids in cell culture
(SILAC) is effective in distinguishing the protein profiling
from one group to the other (11-13). Five passages would
transform ~97% of '*C-labeled amino acids in A549 cells
into '*C-labeled amino acids [1-(1/2)° = 97%] and thus, cells
only contain ‘heavy’ proteins (11,13). The incorporation of
stable isotopes facilitates the quantitative recognition of the
differences in expression profiles by tandem mass spectrometry
between the '“C- and “C-labeled A549 cells. SILAC has also
been useful in the identification of cancer biomarkers, and
chemoresistance-associated biomarkers in hepatocellular
carcinoma (14), breast cancer (15) and lung cancer (16,17).

In the present study, a cisplatin-resistant A549 cell clone
(A549R) was isolated from A549 cells post-serial passages
under cisplatin pressure. The differences in proliferation,
apoptosis and autophagy were investigated between A549R
and A549 cells under cisplatin treatment. Then the SILAC
method was utilized to profile A549R specific proteomics
under cisplatin treatment. The results implied that autophagy
may be an important mechanism underlining the cisplatin
resistance of NSCLC A549 cells.

Materials and methods

Reagents, cell culture, cisplatin-resistant clone selection and
treatment. Human NSCLC A549 cells were purchased from
American Type Culture Collection (Manassas, VA, USA) and
were cultured in Dulbecco's modified Eagle's medium (DMEM,;
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
supplemented with 10% fetal bovine serum (FBS; Invitrogen;
Thermo Fisher Scientific, Inc.) at 37°C, under 5% CO,. For
the selection of cisplatin-resistant clone, A549 (A549R) cells
were seeded in 12-well plates (Corning Incorporated, Corning,
NY, USA), with <200 cells per well, and were then incubated
at 37°C for 3-5 days with 1 uM cisplatin (Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany). The larger cell colonies
were picked and propagated with DMEM + 10% FBS. Another
9 passages of selection were performed via colony forming
assays with 1 uM cisplatin treatment, which were followed
by a further 10 passages of selection with 2 yM cisplatin
treatment. For A549R selection, A549 cells were cultured with
1 uM cisplatin for 5 passages (without selection/purification of
larger colonies), and then larger colonies were isolated after
each passage for a further 5 passages with 1 yM cisplatin.
A similar selection process was performed for the isolation
of colonies following treatment with 2 yM cisplatin. For the
stability examinations, A549R cells were cultured for an
additional 20 passages in DMEM without cisplatin, then the
colony forming and growth assays were performed; A549R
cells prior to serial passaging were used as the control cells.
For heavy (H)- or light (L)-Lysine labeling experiments,
A549 or A549R cells were cultured serially for 5 passages
in SILAC™ DMEM (Thermo Fisher Scientific, Inc.)
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supplemented with 10% FBS without Lysine, which was then
respectively supplemented with *C¢H,N,O,-Lysine-HCL
(H-labeled) or *C¢H,N,0,-Lysine-HCL (L-labeled). A total
of 10 uM cisplatin was added to each group of cells, which
were incubated for 24 h at 37°C with 5% CO, in a T75 cell
flask. For SILAC proteomics analysis, ~1x10” H- or L-labeled
AS549R/A549 cells with 80-90% confluence were collected for
further analysis.

L- or H-labeled A549/A549R cells were collected and
washed four times with 10 ml ice-cold phosphate-buffered
saline (PBS) and counted. A total of 1x10” L- or H-labeled
cells were lysed with 0.5% 4-Nonylphenol Ethoxylate
(Santa Cruz Biotechnology, Inc., Dallas, TX, USA) containing
1.1 uM pepstatin A (Sigma-Aldrich; Merck KGaA) on ice for
30 min. Nuclei and other organelles were removed following
centrifugation at 5,000 x g for 10 min at 4°C. The supernatant
protein samples were transferred to fresh tubes and then the
protein concentration was quantified with a Bicinchoninic
Acid protein assay (Thermo Fisher Scientific, Inc.). For SILAC
analysis, the H- and L-labeled protein samples were mixed in
aratio of 1:1; the remaining samples were stored at -80°C prior
to subsequent use.

Colony forming, cell proliferation and migration assays.
For the colony forming assay, ~200 A549 or A549R cells
were seeded in 12-well plates and incubated at 37°C with
DMEM containing 0 or 10 #M cisplatin for 3-5 days. The
cell colonies were stained at room temperature with 0.005%
crystal violet for 10 min and observed with a UVP imaging
system (UVP; LLC, Phoenix, AZ, USA). The colony number
and size were quantified, respectively. To generate the growth
curves of A549 or A549R cells, 10° cells were incubated
with DMEM containing 0 or 10 yM cisplatin for 0, 24, 48 or
72 h at 37°C, under 5% CO,. Then the cell number in each
group was counted with the Olympus BX60 light microscope
(Olympus Corporation, Tokyo, Japan). For the cell migration
assay, A549 or A549R cells were cultured in 25 cm cell
dishes with DMEM + 10% FBS to ~85% confluence, and
were then scratched with a cell scratcher (Costar; Corning
Incorporated). Cells were cultured for a further 24 h at 37°C
with DMEM + 10% FBS, containing 2 uM cisplatin. The
number of cells that crossed the baseline was then counted as
the number of migrating cells using the Olympus BX60 light
microscope (Olympus Corporation).

Fluorescence-activated cell sorting (FACS) can flow analysis
of apoptotic cells. A total of 1x10° A549 or A549R cells were
treated at 37°C with or without 10 M cisplatin for 24 h; then
cells in each group were collected for flow cytometry analysis
with a Annexin V-fluorescein isothiocyanate (FITC)/prop-
idium iodide (PI) Apoptosis Detection kit (Abcam, Cambridge,
UK). A549 or A549R cells were trypsinized with 0.125%
trypsin and then suspended in 1 ml binding buffer, to which
10 ul Annexin V-FITC and 10 ul PI were added successively
for incubation at room temperature in the dark for 15 min.
The number of apoptotic cells was then determined using
a FACScan flow cytometer (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) and analyzed using FlowJo version 10
(FlowJo LLC, Ashland, OR, USA).
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Imaging of autophagic puncta with green fluorescence protein
(GFP)-light chain (LC)-3 reporter. For the imaging of autophagic
vesicles (puncta), A549 or A549R cells were transfected with
a GFP-LC3 reporter plasmid (1 g per well of a 12-well plate;
Biovector Science Laboratory, Beijing, China) for 6 h using
Lipofectamine 3000™ (Invitrogen; Thermo Fisher Scientific,
Inc.). Fresh DMEM containing 2% FBS was added to the cells,
which were then treated with or without 10 M cisplatin at 37°C
for 24 h. Treatment with 3 uM Rapamycin (Sigma-Aldrich; Merck
KGaA) was taken as the positive autophagy induction control, and
blank A549 or A549R cells (cells transfected with the GFP-LC3
reporter plasmid only) with fresh DMEM containing 2% FBS
was used as the blank control. A total of 5 nM 3-methyladenine
(BMA; an autophagy inhibitor; Sigma-Aldrich; Merck KGaA)
was utilized to inhibit cisplatin-induced autophagy in A549 or
AS549R cells via treatment for 24 h at 37°C. Autophagic puncta
were imaged and counted by confocal laser microscopy, and
analyzed using FluoView software version 5.0 (both from
Olympus Corporation).

Protein digestion, identification and quantification. The mixed
H-/L-labeled protein sample was added into sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
loading buffer and incubated in pre-boiled water for 3 min.
Proteins were then separated by electrophoresis with 12%
SDS-PAGE (as described below) and stained with Coomassie
Brilliant Blue at 26°C for 3 h. The whole gel lane was sliced into
40 pieces according to Sun et al (18). The excised sections were
homogenized and de-stained twice with a 1:1 ratio of 50 mM
Tris acetonitrile and 50 mM ammonium bicarbonate solution
(both from Sigma-Aldrich; Merck KGaA). The extraction
of tryptic peptides from the gel was sequentially performed
with 5% Trifluoroacetate (Beijing Chemical Co., Ltd., Beijing,
China) in the microwave oven at 750 W for 8 min, and with
2.5% Trifluoroacetate and with 50% Tris acetonitrile in the
microwave oven at 750 W for 8 min. The extracts were pooled
and dried completely by centrifugal lyophilization.

A mobile phase of 90 min at a flow rate of 300 nl/min was
performed to separate each peptide mixture sample from the
sliced gel, which were then subjected analysis with a Linear Trap
Quadruple-Fourier Transform (LTQ-FT) mass spectrometer
(Thermo Fisher Scientific, Inc.), which was equipped with a
nanospray source and Agilent 1100 high-performance liquid
chromatography system (Agilent Technologies, Inc., Santa Clara,
CA, USA). The peptide eluent was introduced directly to an
LTQ-FT mass spectrometer via electrospray ionization. Positively
identified proteins were considered when at least two reliable
peptides were matched and a protein score >64 was observed.
The false positive rate of identified peptides was calculated as the
ratio of total peptide hits in the reverse database to the number
of peptide hits in the forward database above the same threshold.
Identified proteins were quantified by SILAC-specific software
(MSQuant 1.4.1; msquant.sourceforge.net) and inspected
manually. Peptide abundances were calculated as ratios of the
areas of the mono-isotopic peaks of the H-labeled versus the
L-labeled peptides, and the protein ratios were calculated from
the average of all quantified peptides of it.

Western blotting. Nuclear and cytosol fractions of the protein
samples were isolated from A549 or A549R cells using a
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Nuclear/Cytosol Fractionation kit (BioVision, Inc., Milpitas,
CA, USA) and then a protease inhibitor (Sigma-Aldrich;
Merck KGaA) was added. The concentration of each protein
sample was determined using a BCA Protein Assay Reagent
kit (Pierce; Thermo Fisher Scientific, Inc.), according to the
manufacturer's instructions. Proteins (8 yg/lane) were separated
by 12% SDS-PAGE and transferred to anitrocellulose membrane
(EMD Millipore, Billerica, MA, USA) in order to separate the
proteinsineach sample by molecular weight. Then the membrane
was blocked with 2% bovine serum albumin (Sigma-Aldrich;
Merck KGaA) at 4°C overnight, and then incubated with the
rabbit or mouse anti-human LC3 (cat. no. sc-28266; 1:500),
autophagy-related protein (Atg) 7 (cat. no. sc-517310; 1:500) or
[-actin primary antibodies (cat. no. sc-517582; 1:1,000; all from
Santa Cruz Biotechnology, Inc.) for 2 h at room temperature
(26°C). Membranes were then incubated with horseradish
peroxidase (HRP)-conjugated anti-rabbit secondary antibodies
[bovine anti-rabbit immunoglobulin G (IgG)-HRP: cat.
no. sc-2379, 1:1,000; or bovine anti-mouse IgG-HRP: cat.
no. sc-2380, 1:1,000; Santa Cruz Biotechnology, Inc.] for 1 h
at room temperature (26°C). Membranes were washed 4 times
with 1X PBS-Tween-20 (0.1% final concentration) prior to
each incubation. The antigen-antibody binding was visualized
with Enhanced chemiluminescence (Thermo Fisher Scientific,
Inc.) using the UVP BioSpectrum 500 imaging system (UVP,
LLC, Phoenix, AZ, USA) and ImageJ version 1.43b (National
Institutes of Health, Bethesda, MD, USA).

Gene ontology (GO) analysis. GO analyses were performed
using DAVID 6.7 (david.ncifcrf.gov/). Apoptosis- and
autophagy-associated genes were selected for analysis when
the P-value of the correlation was <0.05.

Statistical analysis. SPSS 16.0 software (SPSS, Inc., Chicago,
IL, USA) was utilized for statistical analysis. Quantitative
results were presented as the mean + standard error of 3 or
4 repeated experiments. Statistical differences were analyzed
with Student's t-test or one-way analysis of variance with
Tukey's post hoc test. P<0.05 was considered to indicate a
statistically significant difference.

Results

Acquisition of cisplatin resistance in human lung cancer
A549 cells following serial passages with cisplatin treatment.
Cisplatin-resistant human lung cancer A549 cells (A549R cells)
were obtained following serial passages under 1 yM cisplatin
(5 blind passages, then purification for another 5 passages) and
then 2 uM cisplatin (5 blind passages, then purification for
another 5 passages) treatment via colony forming assays. As
indicated in Fig. 1A, a phenotype with a larger colony size of
A549 cells was obtained (2.75+0.48 vs. 1.32+0.26; P<0.001).
The level of proliferation in A549R cells was significantly higher
than that of A549 cells, under treatment with 10 #M cisplatin
for 24, 48 or 72 h (P<0.05, P<0.01 or P<0.001; Fig. 1B). Colony
formation results also confirmed the difference in the level of
proliferation between A549R and A549 cells (Fig. 1C). The
colony number (Fig. 1D) and colony size (Fig. 1E) were greater
in A549R cells post-treatment with 10 M cisplatin (P<0.05
or P<0.001). In addition, a migration assay was performed for
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Figure 1. Isolation and determination of cisplatin-resistant human lung cancer A549 cells. (A) Colony forming assay for A549 cells, which were treated with
1 uM cisplatin, then the colony with the greatest size was selected for another colony forming assay: 10 rounds of the selection under 1 M cisplatin treatment
were followed by another 10 rounds of selection under 2 uM cisplatin treatment. (B) Growth curve of A549 cells and the cisplatin-resistant A549R cells with or
without 10 zM cisplatin treatment. “P<0.01 and “"“P<0.0001 vs. the corresponding 0 zM cisplatin group. (C-E) Colony forming assay (C) of A549 and A549R
cells with or without 10 #M cisplatin treatment, (D) the colony number and (E) the colony size were quantified for each group of cells. (F) Migration assay for
A549 and A549R cells with 2 M cisplatin treatment (magnification, x20). (G) Migrated A549 and A549R cells were quantified. Results are presented as the
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mean =+ standard error of independent experiments. "P<0.05, “P<0.01 and

A549 and A549R cells in the presence of 2 M cisplatin. It
was demonstrated in Fig. 1F and G that more cells crossed the
baseline in the A549R cell group (P<0.01). Taken together, the
results indicate that cisplatin resistance was acquired in A549
cells post 10 passages under cisplatin treatment.

In addition, A549R cells were cultured in DMEM without
cisplatin for an additional 20 passages. It was indicated in
Fig. 2A-C that there was no marked difference in growth
efficiency between A549R and A549 cells.

Reduced apoptosis induction by cisplatin in the
cisplatin-resistant A549R cells. To confirm the difference in the
sensitivity to cisplatin between A549R and A549 cells, apoptosis
induction of either A549R or A549 cells, post-treatment with

P<0.001, as indicated. ns, not significant.

10 uM cisplatin for 24 h was examined by flow cytometry
analysis following staining with the Annexin V-FITC/PI
Apoptosis Detection kit. As presented in Fig. 3A-D, in contrast
to the A549 (Fig. 3A) or A549R (Fig. 3B) cells without cisplatin
treatment, treatment with 10 xM cisplatin for 24 h induced
significantly high levels of apoptosis in A549 and A549R cells
(P<0.001; Fig. 3C-E). Furthermore, there were less apoptotic
cells in the A549R group (Fig. 3D and E) than in the A549 group
following 10 #M cisplatin treatment (P<0.05; Fig. 3C and E).
Therefore, these results confirmed resistance in A549R cells
to cisplatin.

Autophagy induction by cisplatin in A549R cells. Autophagy
has been supported by more studies as one of mechanisms
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Figure 2. Growth determination of cisplatin-resistant or -sensitive A549 cells
without cisplatin treatment. (A) Colony forming assay for the A549 or AS49R
cells, without cisplatin treatment. (B) The colony size was quantified for each
group of cells. (C) Growth curve of A549 or AS549R cells without cisplatin
treatment. Results are presented as the mean =+ standard error of independent
experiments. ns, not significant.

underlining the chemoresistance of lung cancer cells (19,20).
Firstly in the present study, autophagy-specific acidic
vesicular organelles (AVOs) in A549R or A549 cells were
observed under a fluorescence microscope with a GFP-LC3
reporter. When compared with the blank A549 or A549R
cells, 10 xM rapamycin induced significantly high levels of
AVOs (P<0.01 or P<0.001; Fig. 4A and B). Notably, the 10 uM
cisplatin treatment also induced significant levels of AVOs in
A549 and A549R cells (P<0.01 or P<0.001). In addition, this
induction could be inhibited by the autophagy inhibitor 3MA
in the two types of cells (P<0.01). Furthermore, more AVOs
were induced by cisplatin in A549R cells, than in A549 cells
(P<0.01; Fig. 4B).

Western blotting was also performed to examine
the expression of autophagy-associated genes in the
cisplatin-treated A549 or A549R cells. Fig. 4C demonstrated
that rapamycin and cisplatin induced a high level of LC3-I to
LC3-II conversion and a high expression of Atg7 in A549 and
AS549R cells, both of which were inhibited by 3MA treatment.
In addition, a greater LC3-1I/LC3-I ratio and increased Atg7
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Figure 3. Flow cytometry analysis of apoptosis in A549 and A549R cells fol-
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isothiocyanate; PI, propidium iodide; ns, not significant.

expression were observed in the cisplatin-treated A549R cells
when compared with the cisplatin-treated A549 cells.

General proteomics information by SILAC in the
cisplatin-treated A549R cells. To recognize the discriminating
protein profile underlining cisplatin resistance in A549R
cells, a SILAC method was adopted to quantify the cellular
response to cisplatin treatment in either A549 or A549R cells.
The general technological process of SILAC is presented
in Fig. 5A. The “C4H,,N,0,-Lysine-HCL (L-labeled) A549R
cells (Fig. 5B) or the *C¢H,,N,0,-Lysine-HCL (H-labeled)
AS549R cells (Fig. 5C) were respectively utilized to quantify
the responsive protein profile to cisplatin, with H-labeled or
L-labeled A549 cells as control. To examine the quality of
each procedure, cellular proteins were separated by 12%
SDS-PAGE. As shown in Fig. 6A, protein bands were equally
distributed in the H- or L-labeled A549R or A549 cells.
The general difference in proteomics between A549R and
A549 cells were summarized in Fig. 6B: Total of 1,161+152
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Figure 6. General information and gradient distribution of the cellular proteins in the heavy medium-cultured A549 or A549R cells following cisplatin treat-
ment. (A) SDS-PAGE analysis of the heavy medium-cultured A549 and the heavy medium-cultured A549R cells following treatment with 10 M cisplatin
for 24 h. (B) General information regarding the proteomic results in the H/L-labeled A549/A549R cells following treatment with 10 M cisplatin for 24 h.
(C) Gradient distribution of the H-labeled A549R cells to L-labeled A549 cells following treatment with 10 yM cisplatin. (D) Gradient distribution of the
L-labeled A549R cells to H-labeled A549 cells following treatment with 10 #M cisplatin. H-, heavy; L-, light; Std, standard deviation.

quantitative peptides, and 357+36 proteins were induced by
cisplatin (10 xM) between A549R and A549 cells.

Upregulation of anti-apoptosis and autophagy-associated
proteins in cisplatin-treated A549R cells via SILAC
screening. Among the upregulated proteins in the H-labeled
AS549R cells, there were 23 proteins with expression that was
>1.5-fold greater than in the L-labeled A549 cells (Fig. 6C). In
particular, 15 proteins, including glucose-regulated protein,
78 kDa (GRP78), heat shock protein 71 (HSP71), heteroge-
neous nuclear ribonucleoprotein Al (ROA1) and pre-mRNA
processing factor 19 (PRP19), had increased expression by
>2-fold in the H-labeled A549R cells when compared with
the L-labeled A549 cells (Table I). In another repeated experi-
ment with L-labeled A549R cells and H-labeled A549 cells,
there were 18 proteins recognized also with expression that
was >1.5 fold greater (Fig. 6D; Table II). GO analysis indicated
that the majority of the upregulated proteins were involved in
anti-apoptosis, DNA repair and autophagy (Tables I and II).
In addition, the two repeated experiments demonstrated that
15 proteins [GRP78, HSP71, PRP19, polypyrimidine tract
binding protein 1 (PTBP1), translationally controlled tumor
protein (TCTP), Cathepsin D (CATD), Cytochrome ¢ (CYC),
thioredoxin domain containing 5 (TXNDS5), MutS
homolog 6 (MSH6), Annexin A2 (ANXAZ2), RCA2 and

Cyclin dependent kinase inhibitor 1A interacting protein
(BCCIP), MSH2, protein phosphatase 2A 55 kDa regulatory
subunit Ba (PP2AB), Rho glyceraldehyde-3-phosphate-disso-
ciation inhibitor 1 (GDIR1) and ANXA4)] were repeatedly
upregulated by >1.5-fold greater in H- and L-labeled A549R
cells (Tables I and II).

Downregulation of apoptosis-associated proteins in
cisplatin-treated A549R cells. In addition, there were 26 and
22 proteins that were downregulated >1.5-fold in the H- and
L-labeled A549R cells, respectively, when compared with the
L- and H-labeled A549 cells (Tables I and II). It was indicated
in Table I that there were 16 proteins that were downregulated
by >1.5-fold in H-labeled A549R cells when compared with
L-labeled A549 cells. In another experiment, 14 proteins were
revealed to be downregulated in L-labeled A549R cells when
compared with the H-labeled A549 cells (Table II). Notably,
the majority of the downregulated proteins were associated
with apoptosis. In particular, 5 proteins [tumor necrosis
factor receptor superfamily member 10B (TR10B), ubiquitin
specific peptidase 17 (U17LO), SHB, PKN2, MTCHI) were
downregulated in H- and L-labeled A549R cells; all of these
proteins were involved in apoptotic processes or signaling.
Therefore, apoptosis-associated proteins were downregulated
in cisplatin-treated A549R cells.
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Table I. Proteins with >1.5-fold change (H/L) in expression levels in A549R cells when compared with A549 cells.

Accession Fold
no. Uniprot ID Protein name (H/L) GO term name in biological pathway
P11021" GRP78 78 kDa glucose-regulated 3.57  Anti-apoptosis, calcium ion binding,
protein (bip) enzyme binding, misfolded protein binding
Q9UMS4*  PRP19 Pre-mRNA-processing factor 19 3.28  DNA repair, ubiquitin-ubiquitin
ligase activity
P13693" TCTP Translationally-controlled 3.12  Anti-apoptosis in response to DNA damage
tumor protein (TCTP)
P08107" HSP71 Heat shock 70 kDa protein 1A/1B  2.75  Anti-apoptosis, cellular response to oxidative stress,
negative regulation of cell death
P09651 ROA1 hnRNP core protein Al (hnRNP A1) 2.7 mRNA processing, negative regulation of
telomere maintenance via telomerase
P26599" PTBP1 Polypyrimidine tract-binding 2.63  mRNA processing, mRNA splicing,
protein 1 (hnRNP I) via spliceosome
P0O8758 ANXAS Annexin A5 (Annexin V) 2.58  Anti-apoptosis, calcium-dependent
phospholipid binding
P07339" CATD Cathepsin D 2.56  Autophagic vacuole assembly, protein catabolic
process, proteolysis
Q04760 LGUL Lactoylglutathione lyase 243  Anti-apoptosis, regulation of transcription
(Aldoketomutase) by RNA polymerase 11
Q01081 U2AFI Splicing factor U2AF 35 kDa 2.37  mRNA processing, mRNA splicing,
subunit via spliceosome, RNA export from nucleus
P99999" CYC Cytochrome C 2.31  Cellular respiration, cellular response to oxidative
stress, intrinsic apoptotic signaling pathway
Q8NBSY* TXNDS5 Thioredoxin domain-containing 2.25  Anti-apoptosis, protein folding, response to
protein 5 endoplasmic reticulum stress
P14625 ENPL Heat shock protein 90 kDa f3 2.12  Anti-apoptosis, RNA binding, unfolded
member 1 (GRP-94) protein binding
P52701 MSH6 DNA mismatch repair protein 2.1 DNA damage response, methylated histone binding,
Msh6 (hmsh6) mismatched DNA binding
P07355" ANXA2 Annexin A2 (Annexin II) 201  Skeletal system development, phosphatidylinositol-
4 5-bisphosphate binding, phospholipase A2
inhibitor activity
Q9P287" BCCIP BRCA2 and CDKNIA- 1.94  DNA repair, regulation of cyclin-dependent protein
interacting protein serine/threonine kinase activity
P43246 MSH2 DNA mismatch repair protein 1.83  Mismatch repair, intrinsic apoptotic signaling
Msh2 (hmsh2) pathway in response to DNA damage by p53
class mediator
Q16531 DDB1 DNA damage-binding protein 1 1.74  Nucleotide-excision repair, DNA damage response,
(DDB p127 subunit) detection of DNA damage
P13073 COX41 Cytochrome C oxidase subunit 4 1.71  Response to nutrient, mitochondrial electron
isoform 1 (COX IV-1) transport, Cytochrome C to oxygen
P62714° PP2AB Serine/threonine-protein 1.69  Protein amino acid dephosphorylation, apoptotic
phosphatase 2A catalytic subunit 3 mitochondrial changes, negative
isoform (PP2A-f3) regulation of Ras protein signal,
response to endoplasmic reticulum stress
P52565 GDIR1 Rho GDP-dissociation inhibitor 1 1.67  Anti-apoptosis, regulation of Rho protein signal
(Rho GDI 1) transduction and of small GTPase mediated signal
transduction
P62805 H4 Histone H4 1.56  Negative regulation of megakaryocyte differentiation
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Table I. Continued.
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Accession Fold
no. Uniprot ID Protein name (H/L) GO term name in biological pathway
P09525 ANXA4  Annexin A4 (Annexin IV) 1.51  Aanti-apoptosis, negative regulation of NF-xB
transcription factor activity
Q15833 STXB2 Syntaxin-binding protein 2 0.66  Cellular response to interferon-gamma,
protein transport
QINZIT* MTCH1 Mitochondrial carrier homolog 1 0.66  Activation of cysteine-type endopeptidase
activity, apoptotic process
060218 AKIBA Aldo-keto reductase 0.64  Aldo-keto reductase (NADP) activity,
family 1 member B10 geranylgeranyl reductase activity
QOWX57"  U17LO Ubiquitin-specific-processing 0.63  Apoptotic process, protein deubiquitination involved
protease 17 in ubiquitin-dependent protein catabolic process
P11498 PYC Pyruvate carboxylase, mitochondrial ~ 0.63  Biotin binding, identical protein binding,
biotin metabolic process
P10909 CLUS Clusterin 0.61  Chaperone binding, positive regulation of
apoptotic process
Q16513" PKN2 Serine/threonine-protein kinase N2 0.59  Apoptotic process, cell adhesion, cell cycle
and cell division
QI9HBU6 EKI1 Ethanolamine kinase 1 0.56  ATP binding, ethanolamine kinase activity,
phosphatidylethanolamine biosynthetic process
Q9GZU2 PEG3 Paternally-expressed gene 3 protein ~ 0.53  Apoptotic process, nucleic acid binding
095140 MFN2 Mitofusin-2 0.53  GTP binding, apoptotic process, macroautophagy
014763" TR10B TRAIL receptor 2 0.52  Receptor for the cytotoxic ligand TNFSF10/TRAIL,
the adapter molecule FADD recruits caspase-8
to the activated receptor
Q96544 PRPK EKC/KEOPS complex 0.47  ATP binding,p53 binding, protein
subunit TP53RK serine/threonine kinase activity
10J062 PANOI1 Proapoptotic nucleolar protein 1 0.47  Positive regulation of apoptotic process,
regulation of protein stability
Q15464" SHB SH2 domain-containing 0.46  Apoptotic process, cell differentiation,
adapter protein B SH3/SH2 adaptor activity
QO96FX8 PERP P53 apoptosis effector related 0.45 Notch signaling pathway, positive regulation of
to PMP-22 proteolysis, regulation of apoptotic process
P26447 S10A4 Protein S100-A4 0.38  Epithelial to mesenchymal transition, positive

regulation of I-kB kinase/NF-«B signaling

Accession numbers marked with an asterisks (*) are those that are affected by either up- or downregulation. GO, Gene Ontology;

H, heavy-labeled; L, light-labeled.

Discussion

Cisplatin-based combinations of cytotoxic chemotherapy
are the primary form of lung cancer chemotherapy as it
significantly improves lung cancer patient outcomes (3,4,21,22).
Approximately 30% of patients with stage IV NSCLC are
responsive to cisplatin-based, two-drug combination treatment,
and >95% patients live >3 years (22,23). Even for patients with
SCLC, their initial response rates to cisplatin combination are
higher, at 50- 80%. However, almost all lung cancers are either
initially or ultimately resistant to the current chemotherapy

drugs,including cisplatin (22,23).In the present study,a NSCLC
cell clone, A549, was chosen as a cell model to evaluate the
sensitivity/resistance of lung cancer cells to cisplatin. Notably,
serial passages of A549 cells under 1-2 uM cisplatin treatment
gave rise to the cisplatin-resistant phenotype of A549 cells.
A549 colonies with a larger size were manually enriched via
colony forming assay. The results of growth curve, colony
formation and migration assays confirmed that the A549R
cells with the cisplatin-resistant phenotype grew and migrated
more efficiently under cisplatin treatment than wild-type A549
cells. In addition, cisplatin-induced apoptosis was significantly
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Table II. Proteins with >1.5-fold change (L/H) in expression levels in A549R cells when compared with A549 cells.

Accession no. Uniprot ID Protein name Fold (L/H) GO term name biological pathway
P11021° GRP78 78 kDa glucose-regulated 2.87 Anti-apoptosis, calcium ion binding, enzyme
protein (bip) binding, misfolded protein binding
P43246 MSH2 DNA mismatch repair protein 2.75 Mismatch repair, intrinsic apoptotic
Msh?2 (hmsh2) signaling pathway in response to DNA
damage by p53 class mediator
P26599" PTBPI Polypyrimidine tract-binding 2.7 mRNA processing, mRNA splicing,
protein 1 (hnRNP I) via spliceosome
P07339" CATD Cathepsin D 2.67 Autophagic vacuole assembly, protein
catabolic process, proteolysis
Q8NBSY” TXND5  Thioredoxin domain- 2.6 Anti-apoptosis, protein folding, response
containing protein 5 to endoplasmic reticulum stress
P13693" TCTP Translationally-controlled 2.58 Anti-apoptosis in response to DNA damage
tumor protein (TCTP)
QI9Y3F4 STRAP  Serine-threonine kinase 2.52 mRNA processing, negative regulation of
receptor-associated protein pathway-restricted SMAD protein phosphorylation
QIUMS4” PRP19 Pre-mRNA-processing factor 19 2.46 DNA repair, ubiquitin-ubiquitin ligase activity
P61224 RAPIB  Ras-related protein Rap-1b 203 Cell proliferation, positive regulation
of ERK1 and ERK?2 cascade
P08107" HSP71 Heat shock 70 kDa 1.89 Anti-apoptosis, cellular response to oxidative
protein 1A/1B stress, negative regulation of cell death
P52701" MSH6 DNA mismatch repair 1.76 DNA damage response, methylated histone
protein Msh6 (hmsho6) binding, mismatched DNA binding
P09525 ANXA4  Annexin A4 (Annexin IV) 1.73 Anti-apoptosis, negative regulation of NF-«B
transcription factor activity
P99999° CYC Cytochrome C 1.72 Cellular respiration, cellular response to oxidative
stress, intrinsic apoptotic signaling pathway
P62714% PP2AB Serine/threonine-protein 1.69 Protein amino acid dephosphorylation,
phosphatase 2A catalytic apoptotic mitochondrial changes,
subunit {3 isoform (PP2A-f3) negative regulation of Ras protein signal,
response to endoplasmic reticulum stress
P52565 GDIRI1 Rho GDP-dissociation 1.67 Anti-apoptosis, regulation of Rho protein
inhibitor 1 (Rho GDI 1) signal transduction and of small GTPase
mediated signal transduction
Q01130 SFRS2 Serine/arginine-rich splicing 1.58 mRNA processing, mitotic cell cycle,
factor 2 (Protein PR264) mRNA export from nucleus
P07355" ANXA?2  Annexin A2 (Annexin II) 1.53 Skeletal system development,
phosphatidylinositol-4,5-bisphosphate binding,
phospholipase A2 inhibitor activity
Q9P287" BCCIP BRCA2 and CDKNI1A- 1.51 DNA repair, regulation of cyclin-dependent
interacting protein protein serine/threonine kinase activity
000194 RB27B Ras-related protein Rab-27B 0.66 GTP binding, myosin V binding, protein
domain specific binding
QOWX57" U17LO  Ubiquitin-specific-17 0.66 Apoptotic process, protein deubiquitination
processing protease involved in ubiquitin-dependent protein
catabolic process
094804 STK10 Serine/threonine-protein 0.64 Regulation of apoptotic process, regulation of

kinase 10

mitotic cell cycle, signal transduction
by protein phosphorylation
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Accession no. Uniprot ID Protein name Fold (L/H) GO term name biological pathway
060656 UDI19 UDP-glucuronosyltransferase 1-9  0.62 Glucuronosyltransferase activity, negative
regulation of cellular glucuronidation
Q16513" PKN2 Serine/threonine-protein 0.62 Apoptotic process, cell adhesion,
kinase N2 cell cycle and cell division
Q16222 UAPI UDP-N-acetylhexosamine 0.6 Carbohydrate binding, UDP-
pyrophosphorylase N-acetylglucosamine diphosphorylase activity
Q16539 MK14 Mitogen-activated 0.59 Apoptotic process, DNA damage checkpoint,
protein kinase 14 intracellular signal transduction
P62308 RUXG Small nuclear 0.58 RNA binding, histone mRNA metabolic process,
ribonucleoprotein G mRNA splicing, RNA splicing
Q07812 BAX Apoptosis regulator BAX 0.58 Apoptotic mitochondrial changes,
apoptotic process, DNA damage response
QINZIT* MTCH1  Mitochondrial carrier 0.56 Activation of cysteine-type endopeptidase
homolog 1 activity, apoptotic process
Q15464" SHB SH2 domain-containing 0.55 Apoptotic process, cell differentiation,
adapter protein B SH3/SH2 adaptor activity
014763 TR10B  TRAIL receptor 2 0.53 Receptor for the cytotoxic ligand
TNFSF10/TRAIL, the adapter molecule FADD
recruits caspase-8 to the activated receptor
Q16890 TPD53 Tumor protein D53 0.49 G2/M transition of mitotic cell cycle source,
positive regulation of apoptotic signaling
pathway and of JNK cascade
Q9H4P4 RNF41 E3 ubiquitin-protein 0.47 Autophagy, extrinsic apoptotic signaling

ligase NRDP1

pathway, negative regulation of cell proliferation

Accession numbers marked with an asterisks (*) are those that are affected by either up- or downregulation. GO, Gene Ontology;

H, heavy-labeled; L, light-labeled.

decreased in A549R cells when compared with A549 cells.
Taken together, A549R cells were less responsive to cisplatin.

Marked improvements have been achieved in the past few
decades in our understanding of lung cancer biology (24,25).
The identification of driver oncogenes in lung cancers has
led to a change in cancer treatments. Some studies have
provided greater understanding regarding the mechanisms
underlying chemotherapy sensitivity/resistance and the
associated biomarkers of lung cancer (26-30). Deregulated
mesenchymal-epithelial transition (31) and reduced
apoptosis induction (32) have been indicated to underlie the
chemoresistance in lung cancer. Autophagy is a self-protective
mechanism to guarantee basic energy supply under
nutrition-deficient conditions, such as starvation (33). The
cytoprotective mechanism of autophagy against chemotherapy
has also been recognized in lung cancer cells (33) and
other types of cancers (9,15,34,35). Thus, autophagy has
been highlighted as one of the mechanisms underlying the
chemoresistance of NSCLC. In the present study, autophagy
induction by cisplatin was observed in A549 and A549R
cells, and could be inhibited by the autophagy inhibitor, 3MA.
Notably, a significantly higher level of autophagy was observed
in A549R cells when compared with A549 cells. This implies

that autophagy may contribute to the cisplatin-resistance
phenotype of A549R cells.

Proteomics has been widely utilized to profile, screen
and identify specific phenotype- or genotype-associated
biomarkers (36,37). In recent years, SILAC has stood out
when distinguishing the proteomics from one group to
another, such as in cancer biomarker discovery (11,13)
and in the identification of chemoresistance-associated
biomarkers (16). In the present study, two rounds of SILAC
procedures were performed with paired groups of H-labeled
A549R cells and L-labeled A549 cells, or with paired groups
of L-labeled A549R cells and H-labeled A549 cells. A total
of 1,161+£152 quantitative peptides and 357+36 proteins were
induced by cisplatin (10 zM) between A549R and A549 cells.
A total of 344421 proteins were confirmed by two or more
peptides. In addition, among the 23 proteins with 1.5-fold
greater expression in the H-labeled A549R cells and the
18 proteins with 1.5-fold greater expression in the L-labeled
AS549R cells, there were 15 proteins that were repeated in the
2 rounds of experiments. On the other hand, there were 17
and 15 proteins that were downregulated in H- and L-labeled
AS549R cells, respectively. Particularly, the downregulation
of apoptosis-associated proteins, including TR10B, U17LO,
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Table III. Involvement of upregulated proteins in anti-apoptosis and autophagy promotion in human lung cancer and other types

of cells.
Anti-apoptosis Autophagy promotion

UniProt ID Author, year Cell type Ref. Author, year Cell type Ref.

GRP78 Sun et al, 2012; Lung cancer (28,29) Kim eral,2012; Lung cancer (27.46)
Ahmad et al, 2014 Xie et al, 2016

PRPI19 Lu et al, 2007 Other (39) - NR /

TCTP Du et al, 2017, Lung cancer (2643)  Chen et al, 2014, Other 44 .47)
Rho et al, 2011 Bonhoure er al, 2017

HSP71 Tian et al, 2013 Other (45) - NR /

PTBP1 Takai et al, 2017 Other (48) Li et al, 2016; Takai et al, 2017  Other (33.48)

CATD Wille et al, 2004, Lung cancer (37.49) Oliveira et al,2015; Other (50,51)
Li et al, 2004 Hah et al,2012

CYC Chen et al, 2015; Lung cancer (52-54) Lietal,2016; Lung cancer  (38.,55)
Moravcikova et al, 2014, Kaminskyy et al,2012
Lee et al, 2015

TXNDS5S Lee et al, 2010 Other (34) - NR /

MSH6 Yu et al, 2017, Lung cancer  (30,56)  Khnizhnik ef al, 2013; Other 40,57)
Habiel et al, 2017 Zanotto-Filo et al, 2015

ANXA2 Dassah et al, 2014; Lung cancer (36,58) Wang et al, 2017, Lung cancer  (58.,59)
Wang et al, 2017 Chen et al, 2017

BCCIP Xuetal, 2017 Lung cancer (60) - NR /

MSH?2 Zhang et al, 2016; Lung cancer (41,61) Zeng et al, 2007; Other (42,62)
Terry et al, 2015 Zeng et al, 2007

PP2AB Huang et al, 2004; Other (63,64) Banreti et al, 2012; Other (65,66)
Shtrichman et al, 2000 Ogura et al, 2010

GDIR1 - NR / - NR /

ANXA4 Yao et al, 2016; Lung cancer  (67,68) - NR /

Nagappan et al, 2016

‘Other’, indicates different types of cells to lung cancer cells; NR, not reported; GRP78, glucose-regulated protein, 78 kDa; HSP71, heat shock protein 71; PRP19,
pre-mRNA processing factor 19; PTBP1, polypyrimidine tract binding protein 1; TCTP, translationally controlled tumor protein; CATD, Cathepsin D; CYC,
Cytochrome ¢; TXNDS, thioredoxin domain containing 5; MSH2/6, MutS homolog 2/6; ANXA2/4, Annexin A2/4; BCCIP, RCA2 and Cyclin dependent kinase

inhibitor 1A interacting protein; PP2AB, protein phosphatase 2A 55 kDa regulatory subunit Ba; GDIR1, Rho glyceraldehyde-3-phosphate-dissociation inhibitor 1.

SHB, PKN2 and MTCHI1, was observed in the two types of
labeling experiments. These downregulated proteins may be
involved in mitochondrial dysfunction, the cell response to
stress, nuclear acid damage and finally in apoptosis induction.
Exposure of any of the two proapoptotic domains of MTCH1
on the surface of mitochondria is sufficient for the induction
of apoptosis in a B-cell lymphoma-2 (Bcl-2)-associated
X/Bcl-2 antagonist/killer-independent manner (38). SH2
domain-containing adapter protein B (SHB) has been
indicated to be involved in the Fyn related Src family tyrosine
kinase-SHB signaling pathway, and regulates cell survival,
differentiation and proliferation (39). The possible roles of
U17LO, PKN2 and TR10B were not clear up until now.

GO analysis indicated that the majority of the proteins
regulated apoptosis (26,28,29,40-43), DNA damage
repairing (43-46) and other biological pathways. The effect of
anti-apoptosis and autophagy promotion was also identified

for these proteins in human lung cancer cells and other
types of cells. GRP78 antagonizes apoptosis and positively
regulates autophagy in human NSCLC cells via the adenosine
monophosphate-activated protein kinase-mammalian target
of rapamycin signaling pathway (28,29). TCTP also inhibits
apoptosis by binding to p53 in lung carcinoma cells (26,47,48).
The anti-apoptosis effect of HSP71 was also recognized in
azacytidine-treated myeloma cells (49). Given the importance
of anti-apoptosis and autophagy in chemotherapy resistance
in cancer, the present study summarized the involvement of
all of the 15 upregulated proteins in H- and L-labeled A549R
cells in anti-apoptosis and/or autophagy promotion (Table III).
It was indicated that the majority of these proteins were closely
associated with anti-apoptosis and/or autophagy promotion
in lung cancers or in other types of cancers. In addition, the
majority of proteins that directly regulate autophagy were
upregulated by <1.5-fold, though autophagy was significantly
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different in the two groups of A549 cells, which may be due to
the difference in sensitivity among SILAC and other methods.

However, the detailed signaling pathways underlying such
chemoresistance in A549R cells were not clear. In particular,
though proteins such as GRP78, HSP71, PRP19, PTBP1, TCTP,
CATD, CYC, TXNDS5, MSH6, ANXA2, BCCIP, MSH2,
PP2AB, GDIR1 and ANXA4 were significantly deregulated in
AS549R cells, the association of each molecule with autophagy
or directly with chemoresistance requires further investigation.

In conclusion, the present study isolated a cisplatin-resistant
human lung cancer A549 cell clone, with reduced apoptosis
and high levels of autophagy, in response to cisplatin treatment.
SILAC proteomics recognized the high expression of GRP78
and other proteins that were associated with anti-apoptosis
and/or autophagy promotion in cisplatin-resistant A549R cells.
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