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Abstract. The combination of chemotherapeutic modalities
may be more effective in treating gastric cancer compared
with any modality alone. Previous studies have demonstrated
that the combination of anticancer bioactive peptides (ACBP)
and oxaliplatin (OXA) significantly inhibited the growth of the
gastric cancer cell line MKN-45, promoted the apoptosis of
MKN-45 cells,and caused an irreversible arrest of the MKN-45
cell cycle in the G2/M phase. In the present study, an isobaric
tag for relative and absolute quantitation (iTRAQ)-based
quantitative proteomics technique was used to determine the
effect of ACBP-OXA treatment on the proteomics profile
of MKN-45 cells. Notably, a total of 6,210 proteins were
detected. Proteins with a >1.2-fold change in expression
(either up- or downregulation) and P<0.05 were considered
to be differentially expressed. A total of 256 differentially
expressed proteins were identified through alignments with
different groups. Compared with the control group, MKN-45
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cells treated with ACBP, OXA and ACBP-OXA exhibited 17
(10 up- and 7 downregulated), 111 (27 up- and 84 downregu-
lated) and 128 (53 up- and 75 downregulated) differentially
expressed proteins, respectively. Of the 256 differentially
expressed proteins, 6 (TPX2,NUSAP1, TOP2A, YAP, MKi-67
and GPC4) were verified by the parallel reaction monitoring
method, which revealed that TPX2, NUSAPI1, TOP2A, YAP,
MKi-67 and GPC4 expression decreased with ACBP-OXA
treatment. The cellular localization, functional annotation and
biological pathways of differentially expressed proteins were
examined by Gene Ontology and Kyoto Encyclopedia of Genes
and Genomes analysis. The results indicated that ACBP-OXA
may act through the ribosome or the AMP-activated protein
kinase (AMPK) signaling pathway, and the AMPK signaling
pathway may be an important mediator of the inhibitory effects
of ACBP-OXA on MKN-45 gastric cancer cells. In summary,
iTRAQ-based proteomics analysis of the effect of ACBP-OXA
on MKN-45 cells may guide future therapeutic strategies for
gastric cancer. In addition, the present study may help provide
new insights into the therapeutic role of combined ACBP and
OXA in gastric cancer.

Introduction

Gastric cancer is the fourth most common type of cancer and
the second leading cause of cancer-related mortality world-
wide (1). The etiology of gastric cancer is complex and its
clinical symptoms are atypical (2,3). Due to the lack of early
diagnosis, the majority of patients with gastric cancer are at
advanced stage at the time of treatment and have missed the
opportunity to undergo curative surgery. In addition, these
patients are at high risk for local recurrence and distant metas-
tases, and have worse prognosis and survival. Therefore, gastric
cancer is associated with significant disease burden (4-6).

At present, the majority of patients with advanced and
metastatic gastric cancer receive chemotherapy. Oxaliplatin
(OXA) is a third-generation platinum drug that inhibits DNA
replication and transcription. This drug has been widely used
to treat malignant tumors of the gastrointestinal tract (7).
However, the use of OXA as a chemotherapeutic drug is
associated with certain disadvantages. Long-term treatment
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can reduce the initial therapeutic effect of OXA by increasing
the risk of adverse effects and the occurrence of multidrug
resistance (8). Therefore, identifying a new combination
therapy for gastric cancer has become a research hotspot.

Anticancer bioactive peptides (ACBP) are novel antitumor
agents isolated from goat liver that have been found to contain
a mixture of peptides with molecular weights of ~8 kDa,
including ubiquitin proteases and fatty acid-binding proteins.
ACBP do not interfere with normal physiological functions
and enzymatic reactions in vivo. Previous studies have demon-
strated that ACBP effectively inhibit tumor cell proliferation
in the stomach, nasopharynx and gallbladder (9-11).

The combination of ACBP with low-dose cisplatin can
achieve the same therapeutic effect as continuous high-dose
cisplatin treatment, which effectively reduces the dosage of
cisplatin and the possibility of drug resistance (12). Moreover,
the combination of ACBP with OXA inhibits prolifera-
tion, induces apoptosis, and causes an irreversible arrest of
MKN-45 cells in the G2/M phase of the cell cycle. In addition,
ACBP-OXA significantly improves the survival rate and
inhibits the tumor formation ability in vivo (13,14). Therefore,
ACBP-OXA may be used as a new strategy for gastric cancer
treatment (13). However, the mechanisms underlying the
therapeutic effect of ACBP-OXA in gastric cancer have yet to
be fully elucidated.

In the era of post-genomics, proteins, as participants in
life activities and executants of biological functions, have
been widely investigated. High-throughput proteomics
technologies may lead to more accurate identification of
diagnostic and prognostic biomarkers by comprehensively
analyzing the differential expression levels, interactions and
post-translational modifications of proteins. Isobaric tag
for relative and absolute quantitation iTRAQ), as the latest
high-throughput proteomics technique, may be useful for
screening and identifying drug-targeting proteins in cancer
cells (15-17).

MKN-45 is a tumorigenic human gastric cancer cell line
that is resistant to chemotherapy and radiotherapy and exhibits
stem-cell characteristics due to its self-renewal and prolif-
eration abilities (18). In the present study, iTRAQ technology
was used to perform a comprehensive proteomics analysis of
MKN-45 cells treated with a combination of ACBP and OXA.
In addition, bioinformatics and functional analyses, such as
Gene Ontology (GO) annotation, Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis, cluster analysis and
protein-protein interaction (PPI) network analysis, were used
to analyze the proteomics data. Furthermore, the proteomics
results were verified by parallel reaction monitoring (PRM) of
selected target proteins. The results of the present study may
provide a basis for further research on the role of ACBP-OXA
in the treatment of gastric cancer and introduce a basis for
the clinical application of combined ACBP-OXA therapy in
gastric cancer.

Materials and methods

Cell culture. The human gastric cancer cell line MKN-45 was
purchased from the Cell Resource Center, Institute of Basic
Medical Sciences, Chinese Academy of Sciences, Peking Union
Medical College. Cell culture was performed at the Clinical
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Medical Research Center of the Inner Mongolia Medical
University. MKN-45 cells were cultured in RPMI-1640
medium (Invitrogen; Thermo Fisher Scientific, Inc.) with
10% fetal bovine serum (FBS; HyClone; GE Healthcare Life
Sciences) and 1% penicillin-streptomycin (Invitrogen; Thermo
Fisher Scientific, Inc.) and maintained in a humidified CO,
incubator at 37°C. MKN-45 is a poorly differentiated human
gastric adenocarcinoma cell line, and 90% of MKN-45 cells
exhibit stem cell characteristics (19).

Extraction and purification of bioactive peptides. Extraction
and purification of bioactive peptides were performed as previ-
ously reported (20). Additionally, the optimal concentration of
20 pug/ml bioactive peptides was determined and selected for
the treatment of MKN-45 cells (10,11).

Cell treatment. OXA was purchased from Jiangsu Aosaikang
Pharmaceutical Co., Ltd. and dissolved in DMSO as a stock
solution. The yield of cultured MKN-45 cells in the laboratory
was 1x10° cells/ml. After being cultured for 24 h, 20 pg/ml of
induced ACBP, 15 ug/ml OXA, and a combination of 10 zg/ml
induced ACBP and 7.5 pg/ml OXA were added to the cell
culture medium. The negative control group was treated with
phosphate-buffered saline (PBS). PBS is a phosphate buffer,
which acts as a dissolving protective agent, does not affect
cell growth and causes no damage to cells (11,21,22). After
36 h of incubation with all three treatments, the cells were
collected for further analysis (13,20,23). All experiments were
performed in triplicate.

Protein extraction. Following addition of an appropriate
amount of SDT-lysis buffer, the cells were ultrasonicated
at 80 W for 10 repeated cycles, which included sonication
for 10 sec, pausing for 15 sec, and boiling for 15 min. The
supernatants of the cell lysates were collected after centrifu-
gation at 14,000 x g for 40 min. Proteins were quantified by
the bicinchoninic acid assay. The samples were transferred
to a dispensing pack and stored at -80°C. Three biological
replicates were performed for each group (24).

SDS-PAGE. Protein samples (20 pug) were mixed with 5X
loading buffer and boiled for 5 min. Subsequently, SDS-PAGE
was conducted on a 12.5% (v/w) polyacrylamide gel. Three
biological replicates were performed for each group.

Filter-aided sample preparation. Protein sample solution
(30 pl) was mixed with DTT to a final concentration of 100 mM
and then boiled for 5 min. After cooling to room temperature,
200 pl of UA buffer was added and the mixture was trans-
ferred to a 10-kDa ultrafiltration centrifuge tube. Following
centrifugation at 14,000 x g for 15 min at 37°C, the filtrate was
discarded. This step was repeated once. The tube was supple-
mented with 100 ul TAA buffer (100 mM IA A in UA), followed
by shaking at 4,000 x g for 1 min at 37°C. Subsequently, the
mixture was incubated in the dark for 30 min at room tempera-
ture, and then centrifuged at 14,000 x g for 15 min. Following
addition of 100 ul UA buffer, centrifugation was performed
at 14,000 x g for 15 min. This step was repeated twice. Next,
the tube was loaded with 100 ul of 10-fold diluted dissolu-
tion buffer and centrifuged at 14,000 x g for 15 min. This step
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was repeated twice. After loading with 40 ul trypsin buffer
(4 pg trypsin in 40 ul dissolution buffer), the tube was shaken
at 4,000 x g for 1 min and incubated for 16-18 h at 37°C. Then,
the tube was substituted with a new collecting tube, which
was centrifuged at 14,000 x g for 15 min. Following addition
of 40 ul of 10-fold diluted dissolution buffer, the filtrate was
collected after centrifugation at 14,000 x g for 15 min. The
peptides were desalted with a C18 cartridge and redissolved
with 40 pl dissolution buffer after lyophilization. Finally, the
peptide samples were quantified by measuring absorbance
at 280 nm (OD,,) (24).

iTRAQ labeling. Peptides (~100 pg) in each group were labeled
with the iTRAQ Labeling Kit (AB SCIEX Co.) according to
the manufacturer's instructions. Three biological replicates
were performed for each group.

Strong cation-exchange chromatography fractionation. The
labeled peptides of each group were mixed and fractionated
using an AKTA Purifier 100 (GE Healthcare). Buffer A
(pH 3.0) containing 10 mM KH,PO, and 25% ACN was used
as the mobile phase. Buffer B (pH 3.0) containing 10 mM
KH,PO,, 500 mM KCl and 25% CAN was used as the eluent.
Subsequently, the column was equilibrated with buffer A. The
peptide samples were then separated by the column at a flow
rate of 1 ml/min. The linear gradient of buffer B was from
0 to 8% in 22 min, 8 to 52% in 25 min and 52 to 100% in
3 min, maintained at 100% for 8 min, and then reset to 0%. The
elution profile was monitored by UV absorbance at 214 nm.
Finally, the fractions were collected every 1 min and desalted
using a C18 cartridge.

High-performance liquid chromatography (HPLC). All
samples were separated using an HPLC system Easy nLC at
a nanoliter flow rate. Buffer A was a 0.1% formic acid-water
solution, whereas buffer B was a 0.1% formic acid-84%
acetonitrile-water solution. The column was equilibrated with
95% buffer A. Samples loaded in the autosampler were trans-
ferred onto the loading column (Acclaim PepMap100, 100 ym
x2 cm, nanoViper C18; Thermo Fisher Scientific, Inc.) and then
separated by an analytical column (EASY-Column, 10 cm,
ID 75 ym, 3 um, C18-A2; Thermo Fisher Scientific, Inc.) at a
flow rate of 300 nl/min. The linear gradient of buffer B was
from O to 35% in 50 min, 35 to 100% in 5 min, and maintained
at 100% for 5 min.

Mass spectrometry (MS) identification. HPLC-fractionated
samples were subjected to MS using a Q-Exactive mass spec-
trometer (Thermo Fisher Scientific, Inc.). The parameters used
in MS were as follows: Detection mode, positive ion; analysis
time, 60 min; scanning range of parent ion, 300-1,800 m/z;
MSI resolution, 70,000 at 200 m/z; AGC target value, 3.0x10°5;
first-order maximum IT, 10 msec; dynamic exclusion, 10 msec;
The mass-to-charge ratios of peptides and their fragments
were recorded. Ten fragmentographies were acquired from
MS2 scans. MS2 activation type, higher energy collisional
dissociation (HCD); isolation window, 2 m/z; resolution,
17,500 at 200 m/z; microscans, 1; second-order maximum IT,
60 msec; normalized collision energy, 30 eV; and underfill
ratio, 0.1%.
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Proteomics data analysis. The raw MS data were extracted
from RAW files. Mascot version 2.2 (Matrix Science) and
Proteome Discoverer version 1.4 (Thermo Electron) were used
for molecular identification and quantitative analysis. The
MS data were analyzed with the UniProt protein database.
Carbamidomethylation of cysteines, iTRAQ labeling at the
N-term and lysine side-chain amino groups were set as the
fixed modifications, while the oxidation of methionine and
iTRAQ4plex (Y) was set as a variable modification. The false
discovery rate for each peptide was adjusted to 1%, and the
minimum peptide length was specified to 6. In addition, the
enzyme specificity was set to trypsin, and up to two missed
cleavages were allowed. Mass tolerance was set as 20 ppm for
precursor ions and 0.1 Da for fragment ions.

Functional GO annotation. GO annotation of the target
proteins was conducted by Blast2GO (25), which consisted
of four steps: i) Sequence alignment (BLAST), ii) GO entry
extraction mapping, iii) GO annotation, and iv) data augmenta-
tion. First, the target proteins were aligned against the specific
protein sequence database using the localized sequence align-
ment tool NCBI BLAST+ (ncbi-blast-2.2.28+-win32.exe), and
the first 10 aligned sequences with an E-value <le-3 were
retained for subsequent analysis. Next, Blast2GO Command
Line was used to extract the GO entries related to the target
protein sets and the aligned proteins or homologous proteins
with high sequence identity (database version: go_201608.
obo, www.geneontology.org). During the annotation process,
Blast2GO Command Line annotated the target proteins
with the GO entries extracted from the mapping process
based on the sequence similarity between the targeted and
aligned proteins, the reliability of GO entry sources, and the
structure of the GO-directed acyclic graph. Following annota-
tion, the conserved motifs that matched with target proteins
were searched against the EBI database using InterPro Scan
to improve the annotation efficiency. Functional informa-
tion related to the motifs was obtained and annotated to
the target protein sequences. ANNEX was used to enhance
the annotation information, and a link between different
GO categories was established to improve the accuracy of GO
annotations.

KEGG pathway annotation. KO (KEGG Orthology) in
the KEGG database is a classification system for genes and
their products. Orthologous genes with similar functions are
grouped with their products on the same pathway, and a KO
(or K) tag was assigned for their interaction. KO classification
was performed on the target protein sequences by BLAST
against the KEGG GENES database using KEGG Automatic
Annotation Server software. Additionally, the details on the
pathways associated with target protein sequences were
obtained according to the KO classification.

Cluster analysis of protein sequences. For clustering analysis,
the quantitative information of the target protein set was first
normalized to the [-1, 1] interval. Next, Cluster 3.0 software
(http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm)
was used to classify the two dimensions of the sample and
protein expression (distance algorithm, Euclidean; connec-
tion, Average linkage) simultaneously. Finally, a hierarchical
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Figure 1. Experimental process. Experimental design for the quantitative proteomics analysis, the experiment was divided into four groups (control, ACBP,
OXA, ACBP-OXA), and proteins were extracted from three independent biological replicates per treatment. Extracted proteins were prepared via FASP and
labeled with iTRAQ reagents. The labeled peptides were separated by SCX chromatography, and fractions were analyzed by reversed-phase LC-MS/MS.
All data were analyzed by bioinformatics tools from different aspects. ACBP, anticancer bioactive peptides; OXA, oxaliplatin; SCX, strong cation exchange;
LG, liquid chromatography; MS, mass spectrometry; FASP, filter-aided sample preparation.

clustering heat map was constructed using Java TreeView
software, version 3.0 (http:/jtreeview.sourceforge.net).

Network analysis of protein-protein interactions (PPI). Gene
symbols obtained from the database of target protein sequences
were used to investigate the direct and indirect interactions
between target proteins and experimental evidence via the
IntAct database (http://www.ebi.ac.uk/intact/main.xhtml).
CytoScape version 3.2.1 (http://www.cytoscape.org/) and
String database (https://string-db.org/) were used to generate
the PPI network and analyze the network topologies.

PRM acquisition. To verify the protein expression levels
obtained by iTRAQ analysis, the expression levels of selected
proteins were quantified by LC-PRM-MS analysis (26).
Briefly, peptides were prepared according to the iTRAQ
reagents protocol. An AQUA stable isotope peptide was
spiked in each sample as an internal standard reference. For
desalting purposes, tryptic peptides were loaded into C18
stage tips on an Easy nL.C-1200 system prior to reversed-phase
chromatography. A LC gradient of acetonitrile ranging from
5 to 35% in 45 min was used. PRM analysis was performed
using a Q-Exactive Plus mass spectrometer. The optimization
of collision energy, charge state and retention times for the
most significantly regulated peptides was conducted by unique
peptides with the highest intensity and confidence. A full MS
scan was carried out in a positive ion mode mass spectrometer

with 70,000 resolution (at 200 m/z), an AGC target value of
3.0x10°°, and a maximum ion injection time of 250 msec.
Then, 20 PRM scans were performed at 35,000 resolution
(at 200 m/z), an AGC target value of 3.0x10°¢ and a maximum
injection time of 200 msec. The targeted peptides were isolated
using a 2 Thomson (Th) window. Peptide fragmentation was
induced by higher-energy collisional dissociation (HCD)
at a normalized collision energy of 27. The raw proteomics
data were analyzed with Skyline software, version 19.1
(MacCoss Lab, University of Washington) (27), where the
signal intensities for the identified peptide sequences were
relatively quantified and normalized with a reference standard.

PRM screening. To validate the results of MS, 6 differentially
expressed proteins (TPX2, NUSAP1, TOP2A, YAP, MKi-67
and GPC4) were selected for PRM analysis. The criteria for
the validation of proteomics data were as follows: i) Potential
biological functions and significant differential expression;
ii) the number of peptide fragments detected by LC-MS/MS
was >1; and iii) novel oncoproteins that were decreasingly
expressed in MKN-45 cells after treatment with ACBP-OXA
compared with ACBP or OXA treatment alone.

Statistical analysis. Student's t-test was used to analyze
the statistical software SPSS (version 22, IBM Corp.).
Data are expressed as means + standard deviation of three
independent biological replicates. A P-value of <0.05



B2 SPANDIDOS
@ PUBLICATIONS

ONCOLOGY REPORTS 43: 201-217, 2020

205

A Protein sequence coverage distribution

Number of proteins
600 800 1000 1200
| | | |

400
1

200
|

0
|

l.ﬂ

10-15
15-20
20-25
25-30
30-35

13

Protein sequence coverage (%)

w

Percentage of peptides (%)

C)
,_

I-D

11-13

13-15
15-17

Peptide length distribution

w

—

o

—

3 I
~—
|
o

§ & 88

- o o L B

17-19

Length of peptides in amino acids

Figure 2. Quality control validation of protein data. (A) Protein mass distribution of all identified proteins. (B) Protein length distribution of all identified

peptides.

was considered to indicate statistically significant differ-
ences (Tables II, III, SIT and SIII).

Results

LC-MS/MS. In the present study, the iTRAQ technique was
applied to analyze the proteomics profile of MKN-45 cells
treated with a combination of ACBP and OXA. The entire
experimental procedure is illustrated in Fig. 1. A total of
6,210 proteins were detected (Table SI). Quality control of
protein data revealed that the molecular mass of proteins fell
in the range of 5-100 kDa (Fig. 2A), and the majority of the
peptides were ~7-15 amino acids in length (Fig. 2B), which
appeared to be similar to the known properties of tryptic
peptides.

Compared with the control group, MKN-45 cells treated
with ACBP, OXA and ACBP-OXA exhibited 17 (10 up- and
7 downregulated), 111 (27 up- and 84 downregulated) and
128 (53 up- and 75 downregulated) differentially expressed
proteins, respectively (Tables I and SII). Proteins with a
>1.2-fold change in expression (either up- or downregulation)
and P<0.05 were considered to be differentially expressed.
The protein expression remained unchanged in the ACBP-
or OXA-treated cells by the best screening criteria for
the differentially expressed proteins (>1.2-fold change in
expression and P<0.05). However, in ACBP-OXA-treated
cells, the protein expression changed or changed in the
opposite direction compared with the ACBP- or OXA-treated
groups. According to the criteria mentioned above, a total of
77 differentially expressed proteins were subjected to further
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Table I. Protein quantification in MKN45 cells treated by
ACBP alone, OXA alone, and combined ACBP-OXA.

Comparison Protein
between groups Upregulation Downregulation count
OXAvs.C 27 84 111
ACBPvs.C 10 7 17
ACBP-OXAvs.C 53 75 128

ACBP, anticancer bioactive peptides; OXA, oxaliplatin; C, control.

screening (Table II). Of these 77 proteins, 40 were signifi-
cantly upregulated and 37 were significantly downregulated.
Specifically, the top 5 differentially upregulated proteins were
hemopexin, vitamin D-binding protein, fatty acid-binding
protein, a-fetoprotein and a-2-macroglobulin, whereas the
top 5 differentially downregulated proteins were ribosome
biogenesis protein BRX1, dedicator of cytokinesis protein 6,
targeting protein for Xklp2, DNA topoisomerase 2-a and
proliferation marker protein Ki-67.

PRM analysis of the target peptides. To improve the accuracy
of protein identification, the PRM mode was first used to
specifically monitor the peptide sequences of 6 target proteins
in mixed samples. The mixed samples were repeatedly tested
3 times using LC-PRM/MS, and the PRM data were analyzed
by Skyline software, version 19.1 (MacCoss Lab, University
of Washington). The results demonstrated that the 6 target
proteins had credible peptides. The corresponding peptides
were selected for PRM quantitative analysis. The 3-time
repeated tests of LC-PRM/MS stably detected 10 candidate
peptides of the 6 target proteins, with a relative standard devia-
tion of ~12%. These results support that PRM is an accurate
method for the quantification analysis of peptides (Table SIII).
Three daughter ions of the most abundant and consecutive
peptides were selected for different analyses, such as quantita-
tive analysis at the protein and peptide levels, data calibration
and biostatistical analysis (Table SIV). First, the peak area of
the daughter ion was integrated to obtain the original peak
area of peptides. Second, the peak area of the internal stan-
dard peptide was labeled with heavy isotopes for correction
purposes. The relative expression levels of each peptide in all
samples were then measured. Finally, the mean relative expres-
sion level of the target peptide was calculated and statistically
analyzed (Table SV).

Quantitative expression analysis of the target proteins. Based
on the corresponding peptide fragments, the differences in
the relative expression level of target proteins were further
calculated in different samples. In other words, the mean
ratios of multiple peptides were calculated (Table III). The
LC-PRM/MS results revealed that quantitative information
of target peptide fragments was obtained for all samples.
Subsequently, the target proteins and peptide fragments were
subjected to relative quantitative analysis by adding heavy
isotope-labeled peptide fragments. The results demonstrated
that differential protein expression was observed among
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the 6 target proteins. Notably, the protein expression levels
were significantly decreased in MKN-45 cells treated with
ACBP-OXA, but not cells treated with ACBP or OXA alone.

Bioinformatics analysis. All differentially expressed proteins
detected by MS were further analyzed using bioinformatics
methods.

Clustering analysis. Hierarchical clustering results are
presented as heat maps, where the red color indicates
upregulation and the green color downregulation. All samples
were classified into four categories: C1-C3, ACBP1-ACBP3,
OXA1-OXA3 and ACBP-OXAI-ACBP-OXA3. It was
observed that the proteins may be divided into two categories
via vertical comparison. The differential changes in protein
expression between ACBP-OX A-treated MKN-45 cells and the
control group are shown in Fig. 3. In addition, the differentially
expressed proteins were significantly altered in ACBP-treated
and OXA-treated MKN-45 cells (Figs. S1 and S2, respectively)
compared with the control group, suggesting the rationality
of differential expression patterns of selected target proteins.
Therefore, clustering analysis may be used to assess the
reasonability of screening differentially expressed proteins,
e.g., whether changes in the expression levels of these target
proteins can indicate the therapeutic effect of biological agents
on cancer cells.

GO function annotation and analysis. GO is a functional
classification system that provides a set of dynamically
updated standardized vocabulary to describe the properties of
genes and gene products based on three different perspectives:
i) The involved biological process, ii) molecular function and
iii) cellular component. Differentially expressed proteins in
ACBP- (n=17), OXA- (n=111) and ACBP-OXA-treated cells
(n=128) exhibited a total of 734, 2,295 and 2,402 functional
annotations, respectively (Tables SVI-SVIII). Similarly, the
protein functions predicted from secondary GO enrichment
analysis were divided into three categories: i) Molecular func-
tion, ii) cellular component and iii) the involved biological
process. Each protein contained at least one functional GO
annotation. Furthermore, GO functional annotations of
differentially expressed proteins were compared between the
four groups. Compared to the control group, 17 differentially
expressed proteins in the ACBP group tended to be located at
the macromolecular complex and were closely associated with
catalytic activity, protein-binding and nucleic acid-binding
transcription factor activity. These proteins were involved
in cellular processes, metabolic processes and responses to
stimuli (Fig. 4). The 111 differentially expressed proteins of
the OXA group were found in the nucleus and cytosolic part
and were associated with structural molecule activity. These
proteins participated in diverse biological processes, such
as metabolic processes, cellular component organization or
biogenesis and localization (Fig. 5). The 128 differentially
expressed proteins in the ACBP-OXA group were located in
the nucleolus, membrane-enclosed lumen and organelle part
and were involved in catalytic activity and structural molecule
activity, which can affect signaling, cellular component orga-
nization or biogenesis and negative regulation of biological
processes, indicating that the combination of two drugs exerts
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Table II. Optimized differentially expressed proteins between groups.
Fold change

Protein ID Protein (ACBP-OXA/C) P-value
Q8IZZ8 Antithrombin (fragment) 1.33 0.0012
B778Q4 Hemopexin 2.54 0.00126
D6RBIJ7 Vitamin D-binding protein 2.81 0.0016
Q96RG4 Insulin receptor substrate 2 insertion mutant (fragment) 1.3 0.0018
ESRIK7 LYR motif-containing protein 2 1.23 0.0045
ASMW49 Fatty acid-binding protein 4.8 0.0053
Q99988 Growth/differentiation factor 15 142 0.0054
Q9BWT3 Poly(A) polymerase gamma 1.32 0.0055
AOAO087WVAS Testis-expressed sequence 2 protein 1.39 0.0056
Q8TB52 F-box only protein 30 1.33 0.0066
Q7Z6E9 E3 ubiquitin-protein ligase RBBP6 1.21 0.0066
QOP1Y5 Calmodulin-regulated spectrin-associated protein 3 1.24 0.008
B3KRB7 Inhibitor of kappa light polypeptide gene enhancer in B-cells, 1.45 0.008

kinase beta
QI9ULR3 Protein phosphatase 1H 1.29 0.009
B4DQK1 Autophagy-related protein 7 1.22 0.0179
Q5T985 Inter-alpha-trypsin inhibitor heavy chain H2 1.74 0.02
060701 UDP-glucose 6-dehydrogenase 1.21 0.02
Q5T440 Putative transferase CAF17 1.27 0.022
Q53RD8 Putative uncharacterized protein LOC84524 (fragment) 1.37 0.023
Q5T123 SH3 domain-binding glutamic acid-rich-like protein 3 1.26 0.023
Q15125 3-beta-hydroxysteroid-Delta(8), Delta(7)-isomerase 142 0.024
I3L1D4 RNA-binding protein fox-1 homolog 1 (fragment) 1.23 0.025
B4DMX4 Alpha-fetoprotein 2.03 0.025
P48506 Glutamate-cysteine ligase catalytic subunit 1.25 0.026
P01023 Alpha-2-macroglobulin 23 0.027
A0A024R172 Leukotriene B4 12-hydroxydehydrogenas 1.22 0.028
B4DTK6 RNA polymerase I-specific transcription initiation factor RRN3 1.24 0.028
I3L2L5 Mapk-regulated corepressor-interacting protein 1 1.27 0.028
FO6KPG5 Albumin (fragment) 2.94 0.029
B3KM35 Beta-1 4-galactosyltransferase 4 1.27 0.031
B4E1VO0 Lactotransferrin 1.68 0.034
B7Z8R6 AMBP protein 2.11 0.039
B772S5 Thioredoxin reductase 1 1.22 0.038
PO7477 Trypsin-1 1.24 0.039
Q5HYDO Putative uncharacterized protein DKFZp686M0619 (fragment) 1.2 0.041
Q9BW34 EEF1D protein (fragment) 1.28 0.041
015173 Membrane-associated progesterone receptor component 2 1.21 0.04
H7C5E8 Serotransferrin (fragment) 2.02 0.042
P09669 Cytochrome c oxidase subunit 6C 1.22 0.044
Q71UMS 40S ribosomal protein S27-like 1.79 0.046
P46013 Proliferation marker protein Ki-67 0.076 0.0008
QI9H3K6 BolA-like protein 2 0.79 0.0009
P16402 Histone H1.3 0.809 0.0016
B4DMI9 Discs large homolog 7 0.8 0.0048
D3YTBI 60S ribosomal protein L32 (fragment) 0.8 0.005
H3BQH3 Kelch domain-containing protein 4 (fragment) 0.744 0.0079
B3KMT5 SGT]1 protein 0.81 0.009
P63218 Guanine nucleotide-binding protein G(1)/G(S)/G(O) 0.8 0.009
QI9Y3U8 60S ribosomal protein L36 0.8 0.009
P11388 DNA topoisomerase 2-alpha 0.78 0.114
POCJ79 Zinc finger protein 888 0.77 0.012


https://www.spandidos-publications.com/10.3892/or.2019.7406

208 XU et al: PROTEOMICS ANALYSIS OF THE EFFECT OF COMBINED ACBP AND OXA ON GASTRIC CANCER CELLS

Table II. Continued.

Fold change

Protein ID Protein (ACBP-OXA/C) P-value
B3KQT6 Tetraspanin-13 0.81 0.012
B2RA70 Tyrosine-protein kinase 0.82 0.015
Q5T7U1 General transcription factor 3C polypeptide 5 0.81 0.015
A8YQF4 MHC class I antigen (fragment) 0.71 0.017
Q15397 Pumilio homolog 3 0.799 0.018
P50914 60S ribosomal protein L14 0.82 0.019
G5E9A6 Ubiquitin carboxyl-terminal hydrolase 11 0.74 0.02
P39023 60S ribosomal protein L3 0.83 0.002
P31350 Ribonucleoside-diphosphate reductase subunit M2 0.8 0.02
MOROFO 408 ribosomal protein S5 (fragment) 0.82 0.025
QO6NO75 Molybdate-anion transporter 0.82 0.026
Q8TDD1 ATP-dependent RNA helicase DDX54 0.74 0.031
060287 Nucleolar pre-ribosomal-associated protein 1 0.81 0.031
CI9KO025 60S ribosomal protein L35a (fragment) 0.82 0.031
QIULWO Targeting protein for Xklp2 0.79 0.032
AOAOAOMRWG6 Nucleolar protein 6 0.79 0.033
Q92876 Kallikrein-6 0.77 0.033
A8KS800 Homo sapiens brix domain containing 1 0.79 0.038
P60604 Ubiquitin-conjugating enzyme E2 0.77 0.038
A8K7A2 Cell division cycle associated 8 0.81 0.044
S4R456 408 ribosomal protein S15 (fragment) 0.78 0.04
A8K4B4 Homo sapiens nucleolar and spindle associated protein 1 0.8 0.04
075487 Glypican-4 0.76 0.04
AOA087WXM6 60S ribosomal protein L17 (fragment) 0.81 0.04
Q8TDNG6 Ribosome biogenesis protein BRX1 homolog 0.73 0.04
Q96HPO Dedicator of cytokinesis protein 6 0.73 0.04

The proteins listed above did not exhibit differences in expression between the ACBP- and OXA-treated groups. ACBP, anticancer bioactive

peptides; OXA, oxaliplatin; C, control.

Table III. Target protein expression quantity analysis.

ACBP- Ratio_ TTEST_
Protein ACBP_ OXA_ OXA_ Ratio_ ACBP- Ratio_ TTEST_ ACBP- TTEST_
name C _mean mean mean mean ACBP/C OXA/C OXA/C ACBP/C OXA/C OXA/C
TPX2 0.0488 0.0992 0.0251  0.0922 2.03 0.52 1.89 0.00679 0.09427 0.16063
NUSAPI1 0.0335 0.1656 0.0205 0.0661 4.95 0.61 1.97 0.00040 031784  0.20261
TOP2A 0.1362 0.2487 0.1210  0.1476 1.83 0.89 1.08 0.04032 0.76786  0.84153
YAP 0.0637 0.1024 0.0590 0.1546 1.61 093 243 0.13889 0.87597 0.19902
MKi-67 0.0356 0.0950 0.0289  0.0456 2.66 0.81 1.28 0.00272 0.56360 0.57830
GPC4 0.4369 0.6705 04233  0.4868 1.53 0.97 1.11 0.15360 0.94407 0.82274

complementary and synergistic therapeutic effects on gastric
cancer cells (Fig. 6).

KEGG pathway analysis. Candidate proteins regulate complex
pathological and physiological processes through interaction
and intercoordination with other proteins. KEGG pathway

analysis was conducted to identify the key signaling pathways
and related regulatory processes underlying the therapeutic
effects of ACBP, OXA and ACBP-OXA (Tables SIX-XI).
The identified signaling pathways in the ACBP group were
associated with glycosylation biosynthesis, steroid hormone
synthesis, mineral element absorption and cell cycle, among
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Figure 3. Cluster analysis of differential level proteins between ACBP-OXA
and the control. The colors indicate the differential protein levels, which
increase successively from green to dark red. Increased levels of proteins are
indicated in red, and decreased levels are marked in green. ACBP, anticancer
bioactive peptides; OXA, oxaliplatin.

others (Fig. 7). KEGG signaling pathways in the OXA
group were associated with cancer-related signaling path-
ways, adhesions, transcriptional error regulation in cancer,
RNA transcription, ECM-receptor activation and PI3-AKT
signaling, among others (Fig. 8). The KEGG signaling
pathway in the ACBP-OXA group was associated with ribo-
somes, cancer-related signaling pathways, chemokines, PPAR
and AMPK, among others (Fig. 9).

PPI network analysis. Direct interaction patterns between
differently expressed proteins can be beneficial for extracting
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important information on target proteins. As shown in Fig. 10,
the yellow color indicates the differentially expressed target
proteins, and the blue color represents the proteins that inter-
acted with these differentially expressed target proteins. In
addition, PPI analysis revealed the connectivity degree of the
protein interactions. A high connectivity degree may be more
indicative of a protein complex. Through intergroup compar-
ison between the ACBP-OXA and control groups (Fig. S3), it
was demonstrated that TPX2 (Fig. 10A), TOP2A (Fig. 10B),
MKi-67 (Fig. 10C) and GPC4 (Fig. 10D) exhibited a high
degree of connectivity, which was located at the center of the
network.

Discussion

The conventional single-agent chemotherapeutic approach may
not be effective in treating gastric cancer (28,29). Combination
therapy has obvious advantages in terms of enhancing the
efficacy of chemotherapeutic drugs, minimizing multidrug
resistance in cancer cells and preventing the potential adverse
effects resulting from overdose and long-term use of a single
drug. In recent years, exploring new combination therapies for
treating gastric cancer has become a focus of research (30).

OXA is a third-generation platinum-based chemotherapy
drug that has been widely used for gastrointestinal malig-
nancies. However, its long-term use may lead to multidrug
resistance and irreversible alterations in cancer cells, thus
reducing the efficacy of the treatment (31). Thus, current
clinical research has been focusing on finding novel anticancer
drugs with higher efficiency, lower toxicity and improved
targeting ability. Previous studies have reported that ACBP
combined with chemotherapy drugs (e.g., cisplatin and OXA)
can inhibit the proliferation of MKN-45 cells, promote apop-
tosis and induce G2/M phase arrest (13,20). However, the
mechanisms underlying the inhibitory effects of ACBP and
chemotherapeutic drugs on cell growth remain largely unclear.
Several studies have reported that disordered protein expres-
sion is commonly found in various types of cancer, including
gastric cancer. Hence, there is an urgent need to identify novel
diagnostic biomarkers and new therapeutic targets for the
treatment of gastric cancer.

In the post-genomic era, proteins have been proposed as
the main regulators of biological functions. A high-throughput
screening of the proteome expression patterns in cells, tissues
and organs can further improve the reliability of disease diag-
nosis and prognosis prediction and accurately reflect the actual
changes in the body compared to candidate protein expres-
sion. Therefore, to identify the key regulators and underlying
mechanisms of action of combined ACBP and OXA in the
inhibition of gastric cancer cell proliferation, iTRAQ tech-
nology was used to detect the proteomics profile of MKN-45
cells treated with ACBP and/or OXA.

The present study systematically identified and analyzed
the differential proteome expression of the gastric cancer
cell in response to combined treatment with ACBP and
OXA. The ACBP-OXA, OXA and ACBP treatment groups
exhibited 128, 111 and 17 differentially expressed proteins,
respectively, compared with the control group. The protein
expression patterns analyzed by PRM were consistent with
the iTRAQ proteomics data, indicating that the proteomics
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Figure 4. GO analyses of protein functions in ACBP-treated MKN-45 cells. GO functional annotations of 17 differentially expressed proteins in the
ACBP-treated group compared with the control group. The 17 differentially expressed proteins were classified into biological processes, molecular functions
and cellular components; GO, Gene Ontology; ACBP, anticancer bioactive peptides.

results of iTRAQ were reliable and may be used for further
analysis. Moreover, our findings demonstrated that the number
of differentially expressed proteins in the combination therapy
group was higher compared with that in either single-drug
therapy group. Thus, these differentially expressed proteins
may be used as important biomarkers for evaluating the
therapeutic effect of ACBP-OXA on gastric cancer, and guide
future strategies for treating gastric cancer. The present study
revealed the important molecular mechanism underlying the
role of combined ACBP and OXA in the treatment of gastric
cancer.

Through GO annotation and KEGG pathway analysis,
the specific regulatory mechanisms and signal transduction
pathways during the process of ACBP-OXA treatment were
identified, providing new insights into the development of
gastric cancer and suggesting potential therapeutic strategies.
GO functional annotation revealed a total of 128 differ-
entially expressed proteins in the ACBP-OXA treatment
group compared with the control group. These differentially
expressed proteins are mainly found in the nucleus and the
membrane-enclosed lumen, and can influence signaling,

cellular component organization or biogenesis and negative
regulation of biological processes. In addition, the results indi-
cate that these two drugs exert complementary and synergistic
effects, and their combination affects biological processes
such as growth inhibition and metabolic processes. In addi-
tion, KEGG pathway analysis revealed that the signaling
pathways in the ACBP-OXA treatment group were enriched
in ribosomes, cancer-associated signaling pathways, chemo-
kines, PPAR and AMPK, among others. Enriched signaling
pathways are involved in the growth and metabolism of gastric
cancer cells. Ribosomes are involved in protein translation,
which is the key to regulating intracellular protein synthesis.
KEGG analysis revealed that a total of 19 differentially
expressed proteins in the ACBP-OXA treatment group regu-
late ribosome-related pathways, and may regulate intracellular
protein synthesis, protein localization and protein transport in
gastric cells. Furthermore, the ACBP treatment group exhib-
ited significant differences in the regulatory mechanisms of
gastric cancer cells compared with the OXA treatment group.
The enrichment results of the AMPK metabolic pathway were
consistent with those of IncRNA in MKN-45 cells treated with
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Figure 5. GO analyses of protein functions in OXA-treated MKN-45 cells. GO functional annotations of 111 differentially expressed proteins in the
OXA-treated group compared with the control group. The 111 differentially expressed proteins were classified into biological processes, molecular functions

and cellular components. GO, Gene Ontology; OXA, oxaliplatin.

ACBP-OXA (20), suggesting a close relationship between the
two. The AMPK signaling pathway mainly regulates cell
metabolism and plays a key role in the regulation of cell energy
homeostasis. ACBP-OXA may regulate the homeostasis and
energy metabolism of gastric cancer cells by regulating the
AMPK signaling pathway. Therefore, ACBP-OXA holds
great promise for treating gastric cancer and its actions may
be mediated via the AMPK signaling pathway. Furthermore,
the cell cycle process was enriched in ACBP-treated MKN-45
cells, which is consistent with our previous report on cell
cycle arrest in cancer cells treated with ACBP. The growth
inhibition of gastric cancer cells was further supported by the
findings that ACBP-OXA regulates cellular metabolism by
modulating the AMPK signaling pathway. Taken together, the
identified differentially expressed proteins exhibited a similar
expression trend with the proteomics expression patterns vali-
dated through PRM analysis. Of note, the proteins selected
from the ACBP-OXA group exhibited lower expression levels
compared with the ACBP, OXA and control groups.

The present study demonstrated that downregulation of the
targeting protein for xenopus kinesin-like protein 2 (TPX2)
may be an important factor for promoting cell cycle arrest

and apoptosis in gastric cancer cells after treatment with
ACBP-OXA. TPX2 is a novel oncogene found in several types
of cancer, and its overexpression is strongly associated with
poor prognosis. TPX2 recruits other mitosis-related factors
to activate spindle assembly and maintain the structural
stability of the spindle (32-34). Thus, TPX2 appears to be a key
mediator of cell mitosis. The binding of TPX2 to Aurora A can
trigger the conformation change of Aurora A kinase, in which
the N-terminus of TPX?2 binds to Aurora A to activate and
stabilize its kinase activities. In addition, TPX2 can prevent
the premature degradation of Aurora A kinase and promote
the local connection of Aurora A kinase with microtubules.
The induction of Aurora A kinase activity may interfere with
the DNA damage detection sites in the G2/M phase of the cell
cycle, and the loss of genetic integrity may promote tumor cell
proliferation and accelerate cancer progression (35-38). These
observations are consistent with our findings that ACBP-OXA
significantly induces G2/M phase arrest in MKN-45 cells.
Therefore, it may be inferred that TPX?2 is among the research
priorities for combination therapy.

In addition, we found that the expression levels of the
NUSAPI, TOP2A, YAP, MKi-67 and GPC4 proteins were
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Figure 6. GO analyses of protein functions in ACBP-OXA-treated MKN-45 cells. GO functional annotations of 128 differentially expressed proteins in the
ACBP-OXA-treated group compared with the control group. The 128 differentially expressed proteins were classified into biological processes, molecular
functions and cellular components. GO, Gene Ontology; ACBP, anticancer bioactive peptides; OXA, oxaliplatin.

significantly reduced in the ACBP-OXA group compared with
the control group.

Nucleolar spindle-associated protein 1 (NuSAP1) is a
microtubule-binding protein that ensures normal cell division
and plays an important role in spindle assembly. In recent
years, it has been found that NuSAP1 is overexpressed in
several cancers and is significantly associated with tumor
invasiveness (39-41). DNA topoisomerase 2-a. (TOP2A) protein
expression is closely associated with the proliferation rate of
tumor cells. It has been considered a predictive biomarker
for cancer development and represents a major target for
chemotherapeutic drugs (42,43). TOP2A plays key roles in
chromosome segregation, pairing, concentration, structure
formation and alteration of DNA supercoiled structure (44).

Yes-associated protein 1 (YAP), a member of the SCr
kinase family, is highly expressed in tumor cells and appears
to be a promising chemotherapeutic target (45). Studies have
shown that YAP protein overexpression promotes the prolifer-
ation and metastasis of tumor cells. Thus, it is of great clinical
significance in the early diagnosis of cancer (46-48). The
proliferation marker protein Ki-67 (MKi-67) antigen has been
widely used as a cell proliferation protein biomarker, which is

specifically expressed in the nucleus during the cell cycle (GI,
S, G2 and M phases), but not in the resting (GO) phase (49).
MKi-67 is the only protein whose expression pattern is closely
associated with cell proliferation and the cell-division cycle,
and is considered the best marker for discriminating prolif-
erating, quiescent and apoptotic cell populations. An increase
in the MKi-67 proliferation index is often associated with
clinical deterioration in cancer patients. Moreover, it has been
reported to be of value in predicting the survival of cancer
patients and tumor recurrence (50-53). Glypican-4 (GPC4)
is a member of the heparin proteoglycan family that plays a
key role in regulating cell proliferation and differentiation. In
addition, GPC4 has been shown to regulate cell migration (54).
A previous study reported that a GPC4 gene polymorphism
(rs1048369) is closely associated with the development of
gastric cancer (55).

Notably, TPX2, TOP2A, MKi-67 and GPC4 are collec-
tively found centrally in the PPI network. Therefore, our
data indicate that these differentially expressed proteins can
provide important proteomics information regarding the
mechanisms of action of combination therapy in treating
gastric cancer. The iTRAQ technique was applied to analyze
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Figure 9. KEGG analyses of protein functions in ACBP-OXA-treated MKN-45 cells. KEGG database pathway annotation was performed on 128 differentially
expressed proteins in the ACBP-OXA-treated group compared with the control group. KEGG, Kyoto Encyclopedia of Genes and Genomes; ACBP, anticancer

bioactive peptides; OXA, oxaliplatin.

the proteomics profile of MKN-45 cells treated with ACBP
and OXA, identify the specific target proteins, and determine
the effect of ACBP-OXA inhibition on MKN-45 gastric
cancer cells. Taken together, these results may provide new
insights into the therapeutic role of combined ACBP and OXA
in gastric cancer.

In conclusion, the iTR AQ-based proteomics data and PRM
analyses presented herein may help elucidate the proteomics
profile of MKN-45 cells treated with ACBP and OXA. These
data may also improve our understanding of the molecular
mechanisms involved in these processes. Six differentially
expressed proteins (i.e., TPX2, NUSAPI1, TOP2A, YAP,
MKi-67 and GPC4) were found to be significantly decreased
in MKN-45 cells treated with ACBP-OXA. KEGG indicated
that the AMPK signaling pathway may be one of the important
ways through which ACBP-OXA inhibits MKN-45gastric
cancer cells. PPI analyses indicated that TPX2, TOP2A,
MKi-67 and GPC4 exhibited a high degree of connectivity,
which was located at the center of the network. These differen-
tially expressed proteins may be the key to the inhibitory effect
of ACBP-OXA on MKN-45 cells, and indicate the potential
molecular mechanisms underlying this effect. The limita-
tion of the present study was the screening of differentially
expressed proteins by in vitro experiments. In future studies,
in vivo and in vitro experiments must be combined to further

analyze the role and mechanism of ACBP-OXA from different
perspectives and in a complementary manner.
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