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ABSTRACT
Selecting lncRNAs for directed therapy with bioactive peptides and chemotherapy
drugs may be an effective approach to treating gastric cancer (GC). We show genomescale identification and characterization of differentially expressed lncRNAs in GC
cells treated with a novel anti-cancer bioactive peptide (ACBP) and the chemotherapy
drug oxaliplatin (ASLB). A total of 17,897 lncRNAs were identified through pairwise
comparison, including 2,074 novel lncRNAs. Of those, 1,386 lncRNAs were differentially
expressed (over 1.5-fold change vs. control, q-value < 0.05) in response to ACBP and
ASLB treatment. These included 914 upregulated and 472 downregulated lincRNAs.
Functional annotation of these lncRNAs through Kyoto Encyclopedia of Genes and
Genome (KEGG) pathway analysis revealed they activate metabolic pathways and
protein-binding processes. Moreover, suppression of the DNA replication process
and upregulation of AMP-activated protein kinase (AMPK) signaling in MKN45 cells
exposed to ACBP alone or in combination with ASLB was predicted by hierarchical
clustering analysis. By providing new insight into the transcriptomic effects of ACBP
and ASLB in GC cells, these results provide the first evidence of ACBP inhibition of
lincRNAs and may provide new mechanisms of action for ACBP and ASLB.

Most patients with advanced and metastatic GC are
treated with chemotherapy. Oxaliplatin (ASLB), a thirdgeneration organoplatinum compound, induces antitumor
activity by cross-strand binding of DNA as well as by
blocking DNA synthesis [2]. Cell growth inhibitory effects
from ASLB treatment were observed in many cancer
cell lines and tumors, including those that are primarily
resistant to cisplatin (CDDP) and carboplatin [3, 4]. In
the treatment of GC patients, ASLB is frequently used
because of its lack of nephrotoxicity or its low druginduced ototoxicity [5]. However, the side effects of ASLB
chemotherapy for GC often result in poor quality of life.

INTRODUCTION
Gastric cancer (GC) is one of the major causes of
cancer deaths around the world. In China, the annual
mortality of GC is estimated to be as high as 16 per
100,000 population, with GC the leading cause of death
among malignant tumors [1]. The incidence and mortality
of GC have decreased over the past 50 years with
improvement in surgical methods and chemotherapeutic
treatments. However, GC remains a leading cause of
death, a major economic burden, and a severe hindrance
to patient quality of life.
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Studies have demonstrated that certain natural
bioactive compounds found in food, herbs, and animals
can stimulate the expression of tumor suppressor genes
[6, 7]. Approximately 80% of approved chemotherapeutic
agents and their sources are derived from natural
compounds [7]. Thus, promoting anti-cancer activity
and suppressing side effects by use of biologically
active materials, including bioactive peptides, are ideal
approaches to cancer prevention and potentially to anticancer therapy.
Anticancer bioactive peptide (ACBP), a novel
antitumor agent isolated from goat liver immunized
with human GC extract in our lab, shows significant and
effective inhibition of tumor cell proliferation in GC,
leukemia, nasopharyngeal cancer, and gallbladder cancer
[8–11]. ACBP was identified as a mixture of several
polypeptides with a molecular weight of approximately
8 kDa, including ubiquitin proteases and fatty acid
binding protein. In addition, short-term and long-term
toxicological tests in mice and rats showed ACBP had no
measurable toxicities or side effects that interfere with
normal physiological functions and enzyme metabolism
activities.
The combination of ACBP and chemotherapeutic
activity in GC cells was analyzed in the literature. The
chemotherapeutic agents included 5-FU [12], ASLB
[13], and cisplatin [14]. The MKN45 cells used in our
study are a tumorigenic GC cell line and display the
properties of cancer stem-like cells, such as self-renewal
and proliferating capacity. In addition, MKN45 cells
demonstrated properties of chemo-resistance and radioresistance [15].
Therefore, the combination of ACBP and ASLB
chemotherapy might be a new anti-cancer strategy that
is capable of concurrently suppressing tumor growth
and improving quality of life. Our previous findings
showed that an ACBP and ASLB combination treatment
of MKN45 cells decreases cell proliferation and induces
apoptosis (data not shown). Therefore, we speculate that
ACBP is a promising candidate for GC therapy. However,
the specific mechanism of tumor cell suppression remains
unclear.
Long noncoding RNAs (lncRNAs) are factors
in a broad range of diseases, including human cancers
[16], yet their specific molecular mechanisms are poorly
understood. LncRNAs are hypothesized to control
cellular processes such as proliferation, development,
lineage commitment, immune response, pluripotency, and
differentiation [17]. Studies estimate that approximately
14,880 lncRNAs are present in humans [18]. LncRNAs
have multiple functions in GC carcinogenesis [19].
Therefore, genome-wide identification of aberrantly
expressed coding genes, as well as lncRNAs in the GC
cells, might be crucial steps in understanding lncRNA
function in GC carcinogenesis and might identify
possibilities for personalized GC treatment.
www.impactjournals.com/oncotarget

We comprehensively analyzed the transcriptome
of MKN45 cells treated with ACBP and ASLB, either
alone or in combination, in the genome-wide scale by
next-generation RNA sequencing (RNA-seq), a method
that provides increased sensitivity, with the capacity to
detect low-copy transcripts, novel transcripts, lncRNAs,
and splice isoforms. In addition, we described changes in
lncRNAs, investigated the relation between differentially
expressed lncRNAs and mRNAs, and determined the
biological processes and pathways that facilitate GC cell
suppression by ACBP or ASLB or both to identify the
regulatory molecules.

RESULTS
Genome-wide identification of differentially
expressed LncRNA in MKN45 GC cells
We applied a computational approach and stepwise
filtering procedures (Figure 1) to identify high-confidence
lncRNAs from the RNA-seq cohort, with a focus on novel
lncRNAs that have not been previously annotated. Twelve
MKN45 GC cell samples exposed to ACBP and ASLB,
alone or in combination, were analyzed [16]. Thus, 79
million to 106 million raw reads and 39 million to 53
million clean reads per sample were obtained. The clean
reads were then aligned to an hg38 reference genome by
TopHat software (http://ccb.jhu.edu/software/tophat/index.
shtml) and assembled by Cufflinks software (http://coletrapnell-lab.github.io/cufflinks/) to identify the known
and novel transcripts on the basis of various filter criteria
(Figure 2). The proportion of mapped reads identified
was more than 80% of total reads sequenced, of which
the uniquely mapped reads were approximately 75% to
84%. Subsequently, the mapped reads were classified by
HTSeq software, and most of them were protein-coding
transcripts from each sample. We used the Coding-NonCoding-Index (CNCI), Coding Potential Calculator (CPC),
Pfam-scan (PFAM), and phylogenetic codon substitution
frequency (phyloCSF) tools to remove potential coding
transcripts. A total of 17,897 lncRNAs were identified
from RNA-seq, of which 2,074 lncRNAs were novel
compared with the human genome assembly GENCODE_
V22 database (Figure 3A). The number of noncoding
RNAs identified by each tool is shown in Figure 3B. To
identify the differentially expressed genes (DEGs) among
the different exposed groups, the level of transcripts was
calculated by Cuffdiff software (http://cole-trapnell-lab.
github.io/cufflinks/cuffdiff/index.html). The expected
number of fragments per kilobase of transcript sequence
per million base pairs sequenced (FPKM) values were
calculated to screen for differentially expressed RNAs. As
a result, FPKM box plots and density distribution showed
that the transcripts expression pattern of four kinds of
exposed cells were similar (Figure 4A). We observed a
correlated expression relation in each two samples with
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Figure 1: Schematic diagram of the methodology utilized for discovery and characterization of LncRNAs and mRNAs
in this study.

Figure 2: Schematic of the process of lncRNA screening.
www.impactjournals.com/oncotarget
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Figure 3: The Venn diagrams of identified lncRNA. (A) The total number of lncRNAs identified compared with the Gencode v22
data set. (B) The number of lncRNAs identified by each tool.

Figure 4: Correlation of expression patterns in each sample. The box plots (A) and density distribution (B) show the expression
feature of transcripts in each sample. (C) Calculated Pearson correlation coefficients distribution between each two samples.
www.impactjournals.com/oncotarget
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Pearson correlation coefficient > 0.8 (Figure 4B). This
result suggested that the RNA-seq data from each sample
were reliable and could be used for further analysis.
In general, lncRNA is a cis-acting element in
mRNA expression [20]. Therefore, the genes with
100 kb up-adjacent or down-adjacent to differentially
expressed lncRNAs were predicted to be their transcripts.
The function of the lncRNAs was then predicted by
their possible gene transcripts by application of Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses. The differentially
expressed lncRNAs from the cells exposed to ACBP
and ACPB in combination with ASLB were clustered
together and were different from cells exposed to ASLB
alone and from the untreated control cells (Figure 5).
This result shows that the lncRNAs that promote GC
cell suppression by ACBP treatment might be different
from the lncRNAs that promote suppression of GC
cells treated by ASLB, suggesting different mechanisms
underlying GC cell suppression by ACBP and ASLB. The
hierarchical analysis showed that “acute-phase response”
and “acute inflammatory response” biological processes
were downregulated in the GC cells treated with ACBP
and ASLB, alone or in combination (Figure 5). The
upregulated lncRNAs linked to suppressed GC cells with
different exposure protocols were mainly correlated with
transcription processes and located in the nucleosome
(Figure 5). This result indicates that transcription-related
lncRNAs are an important factor in the suppression of
MKN45 GC cells exposed to either ACBP or ASLB.
KEGG analysis indicated that metabolic pathways were
utilized in the cell suppression by ACBP and ASLB.
To further enhance the data reliability, we selected
10 differentially expressed transcripts (8 lncRNAs and
2 mRNAs) in which 5 were annotated by their genes
(CTD-2270P14.2, RP11-218M22.1, LINC01183, CTD3014M21.1, and CH17-373J23.1) and 3 were identified
as novel for quantitative real-time PCR (RT-qPCR)
analysis in MKN45 cells with different exposure protocols
(Supplementary Table 1). The selected lncRNAs were
differentially expressed in at least one comparison group.
The RT-qPCR results showed that the expression pattern
of these genes was consistent with the RNA-seq findings
(Figure 6). These results suggest that the bio-computation
prediction on ASLB-responsible and ACBP-responsible
transcripts is reliable.

300 bp, which is consistent with lncRNA characteristics
[20] (Figure 7C). We also found that the identified
lncRNAs were more conserved than mRNAs (Figure 8).
Furthermore, the chromosome distributions of lncRNAs
identified from three differentially treated cells and
untreated control cells were determined, and most reads
were distributed in chromosomes 1 and 2 (Supplementary
Figure 1).

Global changes in the lncRNA response to ACBP
in MKN45 cells
To elucidate global changes in transcript abundance
in MKN45 GC cells in response to ACBP treatment,
lncRNA expression profiling was analyzed. As shown
in Figure 5, the lncRNA expression patterns between
ACBP-treated cells and untreated control cells were
different, according to the hierarchical clustering analysis.
In total, 473 lncRNA transcripts were identified as
differentially expressed (>1.5-fold change) in ACBPtreated cells when the q-value (adjusted P-value) was <
0.05 (Figure 9B). Among them, 174 and 299 transcripts
were up-expressed and down-expressed in the ACBPtreated cells, respectively (Figure 9B). The 10 most
upregulated and annotated lncRNA transcripts were
RP11-775C24.4, RP11-65J21.3, MIR22HG, CTD2270P14.1, MIR4697HG, SHANK3, CTC-205M6.5,
RP11-50I19.2, TINCR, and RP11-29G8.3 (q-value <
0.05; Supplementary Table 2). The 10 most downregulated
lncRNAs in ACBP treated cells were RP11-6F2.5, RP111008C21.2, RP11-150O12.3, RP11-553L6.5, RP11245D16.4, H1FX-AS1, LHFPL3-AS2, RP11-61J19.5,
LINC01183, and CTC-573N18.1 (q-value < 0.05;
Supplementary Table 2). In addition, 36 novel lncRNAs
were identified as differentially inhibited in the ACBPtreated cells (Supplementary Table 2).
GO analysis found that many differentially
expressed genes (DEGs) were predicted to be localized in
the nucleus and had protein-binding capacity, which were
classified by cellular component and molecular function
terms, respectively (Figure 10A). In addition, these DEGs
were linked to the nitrogen compound metabolic process
and the organic cellular compound metabolic process.
KEGG analysis showed that viral carcinogenesis and
protein processing in the endoplasmic reticulum (ER)
were factors in the MKN45 cell growth suppression by
ACBP (Figure 10B).
To determine the specific pathway of ACBP
inhibition of MKN45 cell growth, the DEGs in the 100kb range in the lncRNAs with >2-fold changes were
analyzed by KEGG. The DEGs were all downregulated
in ACBP-treated cells (q-value < 0.05) and linked to the
cytokine-cytokine interaction pathway, the T cell receptor
pathway, chemokine signaling, and the NF-kappa B,
TNF, and PPAR signaling pathways. The result indicated
that the suppressed expression of DEGs might be the

Genomic features of lncRNA
Generally, lncRNAs are shorter in length and less
conserved than protein-coding transcripts, and lncRNAs
are expressed at lower levels [20]. In our study, we found
that the exon number and length of identified lncRNAs
were comparatively shorter than mRNA transcripts
(Figure 7A and 7B). In addition, the open reading frame
(ORF) length in most identified lncRNAs was shorter than
www.impactjournals.com/oncotarget
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Figure 5: A hierarchical heat map of differentially expressed lncRNAs with transformed expression fold values by GO (A)
and KEGG (B) analyses.
www.impactjournals.com/oncotarget
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consequence of or essential for the MKN45 cell death by
ACBP treatment.

ASLB-treated cells, including 173 upregulated and 116
downregulated lncRNAs (q-value < 0.05, >1.5-fold change)
(Supplementary Table 2). The number of identified lncRNAs
was fewer than the number identified in other exposure
protocols. Most of the differentially expressed lncRNAs were
also found to localize in the nucleus and participate in the
DNA-dependent transcription and transport processes and
function in the catalytic activity, protein binding, and other
important signaling pathways by GO prediction (Figure

Transcriptomic lncRNA response to ASLB
To understand the mechanism of MKN45 cell death by
treatment with the chemotherapy drug ASLB, the lncRNA
transcript expressions were analyzed by RNA-seq. A total
of 289 differentially expressed lncRNAs were detected in

Figure 6: The qPCR confirmation results show consistency with the RNA-seq data. Note: * indicates P < 0.05; ** indicates
significant difference (P < 0.01); # indicates P > 0.05.

Figure 7: Genomic features of predicted lncRNAs and mRNAs. (A) Exon number distribution. (B) Length distribution. (C) Orf
length distribution.
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11A). KEGG analyses revealed viral carcinogenesis in
ASLB-induced MKN45 cell death (Figure 11B). Compared
with the lncRNAs identified from ACBP-treated cells, the
number of differentially expressed lncRNAs was lower
in ASLB-treated cells. This result indicates that fewer
transcripts are eliminated by ASLB-induced GC cell death,
and the mechanism for cell suppression might be different for
ACBP and ASLB treatments.

upregulated and 472 downregulated lncRNAs (>1.5-fold,
q < 0.05). We observed that the number of differentially
expressed lncRNAs identified from the combination
treatment was higher than the number identified from
ACBP and ASLB monotherapy, indicating that combination
treatment disrupts more lncRNAs in GC cell death.
Pathway analyses by GO and KEGG were used to reveal
the pathways within differentially expressed transcripts.
Differentially expressed lncRNA transcripts were mainly
localized in the nucleus and in membrane-bound organelles,
and were enriched in biological processes such as metabolic
pathways, molecular function of protein, ion binding, and
catalytic enzyme activity (Figure 12).

Transcriptomic lncRNA response to the
combination of ASLB and ACBP in MKN45 cells
Because ACBP and ASLB combination treatment
in MKN45 GC cells decreases cell proliferation and
induces apoptosis, we elucidated the mechanism and
analyzed the transcriptomic changes in the MKN45 cells
in response to the combination of ASLB and ACBP. As
shown in Figure 9A, 1,386 lncRNAs were identified in
the cells exposed to combination treatment, including 914

Carcinogenesis-related lncRNAs with aberrant
expression in differentially exposed cells
Studying the aberrantly expressed lncRNAs that
activate signaling pathways might deepen our understanding

Figure 8: Conservation of predicted protein-coding transcripts and lncRNAs.

Figure 9: Differentially expressed lncRNA transcripts identified in ACBP (B), ASLB (C) alone, and combined ACBP and ASLB (A)
treated MKN45 GC cells (over 1.5-fold changes, q-value <0.05).
www.impactjournals.com/oncotarget
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of the occurrence and development of GC and provide new
insights for further therapy. We analyzed the aberrantly
expressed lncRNAs from different exposed MKN45 cells.
The annotated lncRNA HOX transcript antisense RNA
(HOTAIR), previously reported to be highly expressed in
many cancers, including GC [21], was downregulated in
MKN45 cells treated with combined ACBP and ASLB
compared with untreated control cells (4.3-fold changes,
P < 0.05). HOTAIR expression decreased 5.6-fold in the
ACBP and ASLB combination-treated cells compared with
HOTAIR expression in ASLB-treated cells (Supplementary
Table 3). However, HOTAIR expression was not significantly
different in ACBP-treated or ASLB-treated cells when
compared with other exposure protocols. This result
suggests that suppression of HOTAIR by ACBP and ASLB
combination treatment in MKN45 cells might inhibit tumor

cell growth in a synergistic manner, or, potentially, HOTAIR
downregulation is the consequence of transcriptomic
expression change induced by the inhibition of MKN45 cell
growth. These data also indicate that HOTAIR might be a
factor in GC cell death induced by combined ACBP and
ASLB exposure, but might not be a factor in ACBP-induced
GC cell death. In addition, the expression of metastasisassociated lung adenocarcinoma transcript 1 (MALAT-1)
lncRNA, which is significantly over-expressed in various
cancers [22], was found to be upregulated with 1.58-fold
change (Supplementary Table 3, P < 0.05) in combined
ACBP and ASLB treated cells compared with untreated
control cells, and MALAT-1 was not detected in other cells
by different exposure protocols. Similarly, lncRNA H19,
which has been reported to be upregulated in diverse human
cancers [23], was highly expressed in ACBP and ASLB

Figure 10: GO (A) and KEGG (B) analyses of lncRNA functions in ACBP-treated MKN45 cells.
www.impactjournals.com/oncotarget
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treated cells (2.04-fold change, P < 0.05, Supplementary
Table 3). Long intergenic noncoding RNA 152 (LINC00152)
was found to be downregulated in ACBP-treated, ASLBtreated, and combination-treated cells (Supplementary
Table 3). The expression of the above lncRNAs reported in
GC development showed different patterns, suggesting that
HOTAIR and LINC00152 expressions are suppressed and
both might promote MKN45 cell death in ACBP and ASLB
combination therapy.
Furthermore, the gastric carcinoma high expressed
transcript 1 (GHET1) was downregulated in combined
ACBP and ASLB treated cells compared with untreated
control cells and ASLB-treated cells (4.9-fold and
3.6-fold, respectively, q < 0.05, Supplementary Table
3). However, GHET1 was not detected with altered

expression in ACBP-treated or ASLB-treated cells. The
downregulation of GHET1 in combination-treated GC
cells suggested that ACBP and ASLB synergistically
suppressed GHET1 expression and subsequently acted
in tumor cell proliferation. In addition, the expression
level of the MIR210 host gene (MIR210HG), which is
considered a diagnostic biomarker for glioma [24] was
significantly downregulated in combined ACBP and ASLB
treated cells when compared with other singly treated
cells and untreated control cells (Supplementary Table
3). The miR-17-92a-1 cluster host gene (MIR17HG),
which is downregulated in GC [25], was found to
be highly expressed in combined ACBP and ASLB
treated cells when compared with the other treatment
groups (Supplementary Table 3). MIR22HG, which is

Figure 11: GO (A) and KEGG (B) analyses of lncRNA functions in ASLB-treated MKN45 cells.
www.impactjournals.com/oncotarget
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downregulated in lung carcinoma [26], was found to be
upregulated in ACBP monotherapy cells and ACBP and
ASLB combination-treatment cells (Supplementary Table
3). These results indicate that MIR17HG and MIR22HG
might promote ACBP-induced GC cell death and can be
selected for directed GC therapy.
We searched the other known lncRNAs in our
data set and found several small nucleolar RNA host
gene family members with differential expressions. The
small nucleolar RNA host genes promote nucleosome
remodeling and histone deacetylation complex formation.
The expression of SNHG5 was downregulated in GC [27]
and linked with tumor cell proliferation and metastasis
[27]. We found that SNHG5 was upregulated in ACBPtreated cells and ASLB-treated cells (Supplementary
Table 3). Besides SNHG5, the expression of SNHG1 and
SNHG12 was also increased in combination-treated cells,
especially SNHG12 (Supplementary Table 3).
In addition, we found that lung cancer associated
transcript 1 (LUCAT1), tissue differentiation-inducing nonprotein coding RNA (TINCR), and taurine upregulated

gene 1 (TUG1) were upregulated in combined ACBP and
ASLB treated cells (Supplementary Table 3). LUCAT1 was
enhanced in cisplatin-resistant A2780-DR high-grade serous
ovarian cancer cells [28]. TINCR was upregulated in human
gastric carcinoma [29], and TUG1 was upregulated in
many cancer tissues and cells [30]; therefore, the increased
expression of LUCAT1, TINCR, and TUG1 might not be
specific to ACBP and ASLB treatments.

DISCUSSION
In the clinic, most patients with advanced and
metastatic GC are treated with ASLB chemotherapy [31].
However, ASLB-induced peripheral neuropathy and cell
toxicity are major concerns [32]. Identification of agents
with potent antitumor activity and low cell toxicity would
be beneficial to patients. Previously, we found that ACBP
exhibited high efficacy and low toxicity in the inhibition
of MKN45 cell growth. However, the specific mechanism
of cancer cell growth inhibition by ACBP has not been
elucidated. A number of studies have demonstrated

Figure 12: GO (A) and KEGG (B) analyses of lncRNA functions in combined ACBP and ASLB treated MKN45 cells.
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dysregulated levels of lncRNAs in various types of
cancers, including GC [31]. Furthermore, lncRNAs can
induce gene expression at epigenetic, transcription, and
post-transcription levels [33], thus lncRNAs have potential
as diagnostic markers and selection for directed therapy
in cancers.
Advances in high-throughput biotechnologies have
led to the exponential growth of transcriptomic profiles.
However, because cancer genomes are highly unstable,
many cancer-associated alterations are not the cause, but
the consequence, of tumorigenesis. Analyses of genomewide profiles identified by RNA-seq using various
bioinformatics approaches can reveal specific signaling
pathways in human GC treated by effective drugs.
Hence, to identify the key regulatory molecules and the
underlying mechanism in the suppression of MKN45 GC
cells by ACBP, we generated global lncRNA and mRNA
expression profiles from ACBP-treated MKN45 GC cells
using the RNA sequencing method.
ASLB has been widely used in the chemotherapeutic
regimes for many types of cancer, including GC [34].
Despite several biomarkers suggested to be factors in the
response of cancer cells to ASLB therapy, the underlying
mechanism of ASLB-induced cancer cell death remains
unknown. To identify regulatory lncRNAs and their
functions in the GC cell response to ASLB, the genomewide expression of transcripts was investigated in ASLBtreated MKN45 cells by use of RNA-seq. This report is
the first to systematically analyze lncRNA expression in
ACBP-treated and ASLB-treated MKN45 cancer cells.
We identified 1,386 differentially expressed
lncRNAs (>1.5-fold) in combined ACBP and ASLB
treated cells compared with untreated control cells,
1,254 differentially expressed lncRNAs compared with
ASLB-treated cells, and 1,214 differentially expressed
lncRNAs compared with ACBP-treated cells. The RTqPCR experiment showed consistent results with the
RNA-seq data. This outcome indicates that data from our
RNA-seq analysis are reliable for further analysis. From
the results, we identified that the number of differentially
expressed lncRNA transcripts from combined ACBP
and ASLB treatment was higher than the numbers from
either single treatment. In addition, most of differentially
expressed lncRNAs were not functionally characterized.
These differentially expressed transcripts identified
might be factors in the response to ACBP and ASLB
treatments. The result indicates that ACBP and ASLB
might synergistically alter lncRNA and mRNA transcript
expressions. These transcripts might be new biomarkers
for evaluation of the effects of ACBP and ASLB treatment
in GC in future clinical trials and might be selected for
directed therapy. This report is also the first to reveal the
molecular mechanism of ACBP and ASLB in GC.
Evidence suggests that lncRNAs promote
expression at the epigenetic, transcriptional, or posttranscriptional level in many cancers. The identification
www.impactjournals.com/oncotarget

of lncRNAs has expanded our notions of the transcriptome
complexity and gene regulatory network in ACBP-treated
or ASLB-treated GC cells. Therefore, we performed
the GO and KEGG pathway analyses to identify the
possible regulatory molecules and signaling pathways
in the response of MKN45 cells to ACBP and ASLB
treatment. This knowledge might provide new insights
into the occurrence and development of GC, and suggest
potential therapeutic strategies. The KEGG hierarchical
clustering indicated that different lncRNAs were altered
at the transcription level in MKN45 cells treated with
ACBP or ASLB. The regulatory mechanism of the ACBP
therapy effect on GC cells might be different from the
mechanism of ASLB. GO classification analyses showed
that differentially expressed lncRNAs were localized
in the nucleus in three exposure protocols. In addition,
cellular localization of lncRNAs was membrane-bound,
and intracellular membrane-bound organelles occurred
in protocols that included ACBP-treated cells but not in
protocols that included ASLB-treated cells. This result
indicates that altered lncRNAs expressed in ACBP-treated
MKN45 cells can function in the nucleus as well as in
membrane-bound organelles. LncRNAs are less likely to
be oncogenes because of the lack of RNA expression or
genetic alterations in cancer; therefore, the predicted genes
were used for lncRNA function analysis. Consequently,
the p53 signaling pathway was activated in the ACBPtreated GC cells, as determined by KEGG analysis, which
indicated that ACBP inhibited GC cell proliferation
through p53 signaling. In addition, DNA replication and
cell cycle processes were also enriched in ACBP-treated
cells. This result is consistent with our previous report that
showed cell cycle arrest in ACBP-treated cancer cells. The
altered expressed lncRNA in ACBP-treated cells promote
the gene expression that activates the cell cycle, DNA
replication processes, and the p53 cell signaling pathway,
to suppress GC cell growth.
We investigated the known lncRNAs expression
in differentially treated cells. Notably, several known
lncRNAs expressions were identified as downregulated
in combined ACBP and ASLB treated cells compared
with untreated control cells or ACBP-treated cells. We
demonstrated that the downregulation of HOTAIR might
be a factor in GC cell death induced by the combination
of ACBP and ASLB. HOTAIR is an oncogenic factor
and has been used as a prognostic biomarker in different
cancer types [35]. HOTAIR overexpression correlates
with many cancers and it is linked to cancer cell resistance
to cisplatin. Liu et al. [36] found that knockdown of
HOTAIR re-sensitizes the responses of A549/DDP
cells to cisplatin. HOTAIR can function as competitive
endogenous RNAs (ceRNAs) in gastric cells by recruiting
the microRNAmiR-331-3p, disrupting HER-2 expression
[37]. In addition, we found MIR210HG, LINC00152, and
GHET1 were downregulated in combination ACBP and
ASLB treated cells when compared with control cells
86093

Oncotarget

(−41.8, −3.87, and −19.9 fold, P < 0.05). As previously
reported, miR210HG levels were higher in glioma patients
and predicted complementary binding with BMP1 [24].
LINC00152 was upregulated in GC and promoted GC
cell cycle progression by suppressing expression of
p15 and p21 via binding to enhancer of zeste homolog
2 (EZH2) [38]. In addition, Linc00152 activates PI3K/
Akt pathway by directly binding to EGFR [39]. GHET1
was overexpressed in GC tissues, and functional analysis
studies found GHET1 promoted GC cell proliferation
by increasing the oncogene c-myc mRNA stability and
expression via interaction with IGF2 mRNA-binding
protein 1 (IGF2BP1) and c-myc mRNA [40]. ACBP and
ASLB induced MKN45 cell death resulted in part in the
downregulation of the lncRNAs HOTAIR, MIR210HG,
LINC00152, and GHET1. Hence, these data indicate that
these lncRNAs might be important in the carcinogenesis
and progression of GC and can be selected for directed
therapy.
ASLB induces DNA damage through cross-linking,
and lncRNAs are factors in chemical-induced DNAdamage response, which suggests that lncRNAs might
also enhance ASLB resistance in GC chemotherapy. We
found that the regulatory mechanism of the ASLB effect
in MKN45 cell death might be different from the ACBP
effect. Besides the several known lncRNAs that were
downregulated in ACBP-treated MKN45 cells, many
novel lncRNAs were also identified, which indicate that
ACBP-induced suppression of MKN45 cell proliferation
is likely promoted by a variety of lncRNAs at the
transcriptional level. The specific function of these novel
lncRNAs must be investigated further. Our work provides
potential biomarkers for ACBP sensitivity in the MKN45
GC cell line and a focal point for combination therapy
with ASLB.
We have identified a substantial number of ACBPspecific and ASLB-specific lncRNAs by the genomewide scale RNA-seq method, and imputed their potential
functions in ACBP-induced and ASLB-induced MKN45
cell death. Moreover, our results provide potential clues
to identify the mechanisms of biologically active peptides
in gene suppression and cancer therapy. Because the
functions of lncRNAs in carcinogenesis and chemotherapy
are not fully understood, this analysis provides information
for future studies.

cells were cultured in RPMI 1640 Medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS; HyClone, Melbourne, Victoria, Australia)
and 1% penicillin–streptomycin (Invitrogen, Carlsbad,
CA, USA). All cells were maintained in a humidified 5%
CO2 incubator at 37° C. MKN45 is a poorly differentiated
human gastric adenocarcinoma cell line exhibiting more
than 90% cancer stem-like properties.

Production and purification of ACBPs
ACBPs were prepared and purified as previously
reported [41]. A concentration of 20 μg/mL was adapted
for the treatment of cells throughout the study.

Cells exposure protocols
ASLB was purchased from Jiangsu Aosaikang
Pharmaceutical Co., Ltd. (Jiangsu Province, China) and
was dissolved in dimethyl sulfoxide (DMSO) as a stock
solution. Experiments were conducted with human GC
MKN-45 cells. Plating density was 1 × 106 cells/mL. After
seeding for 24 hours, the cells were exposed to 20 μg/mL
induced ACBP (Group A), 15 μg/mL ASLB (Group B) and
10 μg/mL induced ACBP combined with 7.5 μg/mL ASLB
(Group C). The negative control group was treated with
normal saline. The cells were then collected after exposure
for 36 hours. There were three biological replicates for
each type of exposure.

RNA isolation and sequencing
The collected cells were used for transcriptomic
analysis. There were three biological replicates for each
treatment. RNA isolation and sequencing were performed
by Novogene Bioinformatics Technology Co., Ltd
(Beijing, China). Isolation of total RNA was performed
by use of TRIzol Reagent following the manufacturer’s
instructions, and then genomic DNA was removed by
use of DNase I (Invitrogen, Thermo Fisher Scientific,
Carlsbad, CA, USA). RNA quality was determined by
an Agilent Bioanalyzer 2100 (Agilent Technologies,
Inc., Santa Clara, CA, USA), and concentration was
measured by the ND-2000 Spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA). The mRNA was
isolated by use of oligo-dT beads, and then fragmented
in a fragmentation buffer. The short mRNA fragments
were used as templates to synthesize first-strand cDNA
with random hexamer primers, and then the second-strand
cDNA was synthesized by use of dNTPs, DNA polymerase
I, and response buffer. The double-stranded cDNAs were
purified by use of AMPure XP beads, and then used for
end reparation and “A” base addition and finally were
ligated with sequencing adapters. The adaptor-ligated
fragments were size selected by use of AMPure XP beads.
After quantification with a Qubit 2.0 Fluorometer (Life
Technologies, Carlsbad, CA), cDNAs were used for PCR

MATERIALS AND METHODS
Cell culture
The human GC cell line MKN45 was purchased
from the Cell Resource Center, Institute of Basic Medical
Sciences, Chinese Academy of Medical Sciences, Peking
Union Medical College (Beijing, China) and maintained
in the Clinical Medical Center of Affiliated Hospital
(Inner Mongolia Medical University, Huhhot, China). The
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amplification and sequenced as 2 × 120 bp paired-end
reads on an Illumina HiSeq 2000 Sequencer (Illumina, San
Diego, CA, USA).

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and
h-RPS20 were used as the internal controls for mRNAs
and lncRNAs, respectively, to normalize the qPCR results
to minimize variation between and among analyses.
Thermal cycling was set at 94° C for 2 minutes, followed
by 40 cycles of 94° C for 20 seconds and 60° C for 34
seconds. RT-qPCR data were presented as fold change
(log2) relative to control. There were three biological
replicates for each concentration.

Sequence tag preprocessing and mapping
Sequence tag preprocessing was performed
according to a previously described protocol with some
modifications [42]. Raw reads were cleaned by removing
reads with adaptors, low-quality (>50%), or a high
proportion unknown bases (>10%) in a read. Clean data
were mapped to the hg38 reference genome from the
Genome Browser Gateway (http://genome-asia.ucsc.edu/
cgi-bin/hgGateway?hgsid=471475425_tssn1UOOTZ1feg0
VNawOcoLJsnFk) by Bowtie 2 software (http://bowtie-bio.
sourceforge.net/bowtie2/index.shtml), with a maximum
allowance of two nucleotide mismatches.

Statistical analysis
All data for gene expression (RT-qPCR) were
analyzed by Statistical Program for Social Science
(SPSS) 18.0 software (SPSS, Chicago, IL) and GraphPad
Prism 6.0 (GraphPad Software, La Jolla, CA). One-way
analysis of variance was used to determine significant
differences between the control group and exposure
group. P value < 0.05 was considered statistically
significant.

Gene expression calculation and pathway
analysis
Gene expression was calculated according to the
RPKM (reads per kilobase transcriptome per million
mapped reads) method by HTSeq software [22] (http://
www-huber.embl.de/HTSeq). Differentially expressed
genes were selected based on P-value < 0.05. KEGG
pathway analysis was performed by KOBAS 2.0 (http://
kobas.cbi.pku.edu.cn/) and the false discovery rate (FDR)
corrected P-value (q-value) cut-off was set at 0.05.
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Quantitative real-time polymerase chain reaction

ACKNOWLEDGMENTS

To confirm the findings of the RNA-Seq assay, a
separate exposure experiment was conducted with the
same exposure protocol as described above. MKN45
cells were exposed to ACBP and ASLB, alone or in
combination, for 36 hours, and then cells were collected
for RT-qPCR. Isolation of total RNA, first-strand cDNA
syntheses, and RT-qPCR were performed by use of
commercial kits according to the instructions of the
respective manufacturers. The isolation of total RNA was
performed by use of TRIzol Reagent (Takara Bio Inc.,
Shiga, Japan) following the manufacturer’s instructions.
RNA concentration and quality were assessed by use of
a NanoDrop 2000 UV-Vis Spectrophotometer (Thermo
Fisher Scientific, Carlsbad, CA, USA). A 1-μg quantity
of total RNA was used for reverse transcription with a
PrimeScript RT Reagent Kit (Thermo Fisher Scientific,
Carlsbad, CA, USA). RT-qPCR was performed by use of
Fast SYBR Green Master Mix (Thermo Fisher Scientific,
Carlsbad, CA, USA), following the manufacturer’s
instructions, and a melting curve was utilized to
determine purity and specificity of PCR productions
in each assay. Sequences of primers were designed and
synthesized by Sangon Biotech (Shanghai) Co. Ltd,
China (Supplementary Table 1). The expression of
www.impactjournals.com/oncotarget

We thank LetPub (www.letpub.com) for its linguistic
assistance during the preparation of this manuscript.

CONFLICTS OF INTEREST
The authors declare no potential conflicts of interest.

FUNDING
This work was supported by the grants from the
National Natural Science Foundation of China (No.
81660468) and the Autonomous Region Science and
Technology Innovation Fund (1639005 and x201002).

REFERENCES
1. Lin Y, Ueda J, Kikuchi S, Totsuka Y, Wei WQ, Qiao
YL, Inoue M. Comparative epidemiology of gastric
cancer between Japan and China. World J Gastroenterol.
2011;17:4421–28.
2. Hartmann JT, Lipp HP. Toxicity of platinum compounds.
Expert Opin Pharmacother. 2003;4:889–901.

86095

Oncotarget

3. Farquhar-Smith P. Chemotherapy-induced neuropathic pain.
Curr Opin Support Palliat Care. 2011;5:1–7.

18. Anders S, Pyl PT, Huber W. HTSeq--a Python framework to
work with high-throughput sequencing data. Bioinformatics.
2015;31:166–9.

4. Li J, Merl M, Lee MX, Kaley K, Saif MW. Safety and
efficacy of single day GemOx regimen in patients with
pancreatobiliary cancer: a single institution experience.
Expert Opin Drug Saf. 2010;9:207–13.

19. Li T, Mo X, Fu L, Xiao B, Guo J. Molecular
mechanisms of long noncoding RNAs on gastric cancer.
Oncotarget. 2016;7:8601–12. https://doi.org/10.18632/
oncotarget.6926.

5. Sereno M, Gutiérrez-Gutiérrez G, Gómez-Raposo
C, López-Gómez M, Merino-Salvador M, Tébar FZ,
Rodriguez-Antona C, Casado E. Oxaliplatin inducedneuropathy in digestive tumors. Crit Rev Oncol Hematol.
2014;89:166–78.

20. Veneziano D, Di Bella S, Nigita G, Laganà A, Ferro A,
Croce CM. Noncoding RNA: current deep sequencing
data analysis approaches and challenges. Hum Mutat.
2016;37:1283–98.

6. Harvey AL, Edrada-Ebel RA, Quinn RJ. The re-emergence
of natural products for drug discovery in the genomics era.
Nat Rev Drug Discov. 2015;14:111–29.

21. Derrien T, Johnson R, Bussotti G, Tanzer A, Djebali S,
Tilgner H, Guernec G, Martin D, Merkel A, Knowles DG,
Lagarde J, Veeravalli L, Ruan X, et al. The GENCODE v7
catalog of human long noncoding RNAs: analysis of their
gene structure, evolution, and expression. Genome Res.
2012;22:1775–89.

7. Cragg GM, Grothaus PG, Newman DJ. Impact of natural
products on developing new anti-cancer agents. Chem Rev.
2009;109:3012–43.

22. Wang J, Su L, Chen X, Li P, Cai Q, Yu B, Liu B, Wu W,
Zhu Z. MALAT1 promotes cell proliferation in gastric
cancer by recruiting SF2/ASF. Biomed Pharmacother.
2014;68:557–64.

8. Su LY, Xin HY, Liu YL, Zhang JL, Xin HW, Su XL.
Anticancer bioactive peptide (ACBP) inhibits gastric
cancer cells by upregulating growth arrest and DNA
damage-inducible gene 45A (GADD45A). Tumour Biol.
2014;35:10051–6.

23. Zhou X, Yin C, Dang Y, Ye F, Zhang G. Identification of the
long non-coding RNA H19 in plasma as a novel biomarker
for diagnosis of gastric cancer. Sci Rep. 2015;5:11516.

9. Yun Q, Su XL, Ouyang XH. Analysis of gene expression
pattern in gallbladder carcinoma by anti-cancer bioactive
peptides (ACBP). Chin Prac Med. 2009;4:10–2.

24. Min W, Dai D, Wang J, Zhang D, Zhang Y, Han G, Zhang
L, Chen C, Li X, Li Y, Yue Z. Long noncoding RNA
miR210HG as a potential biomarker for the diagnosis of
glioma. PLoS One. 2016;11:e0160451.

10. Zhao YY, Peng SD, Su XL. Effects of anti-cancer bioactive
peptide on cell cycle in human nasopharyngeal carcinoma
strain CNE. Chin J Otorhinolaryngol Head Neck Surg.
2006;41:607–11.

25. Bahari F, Emadi-Baygi M, Nikpour P. miR-17-92 host gene,
uderexpressed in gastric cancer and its expression was
negatively correlated with the metastasis. Indian J Cancer.
2015;52:22–5.

11. Jia SQ, Wang WL, Su XL. Inhibitory effect of anti-cancer
bioactive peptide on proliferation of human breast cancer
cell line nm231. Chin Med Biotechnol. 2007;2:270–5.

26. Li DS, Ainiwaer JL, Sheyhiding I, Zhang Z, Zhang
LW. Identification of key long non-coding RNAs as
competing endogenous RNAs for miRNA-mRNA in
lung adenocarcinoma. Eur Rev Med Pharmacol Sci.
2016;20:2285–95.

12. Xing Z, Yu L, Li X, Su X. Anticancer bioactive peptide-3
inhibits human gastric cancer growth by targeting miR338-5p. Cell Biosci. 2016;6:53.
13. Li X, Wu H, Ouyang X, Zhang B, Su X. New bioactive
peptide reduces the toxicity of chemotherapy drugs and
increases drug sensitivity. Oncol Rep. 2017;38:129–40.

27. Zhao L, Guo H, Zhou B, Feng J, Li Y, Han T, Liu L, Li L,
Zhang S, Liu Y, Shi J, Zheng D. Long non-coding RNA
SNHG5 suppresses gastric cancer progression by trapping
MTA2 in the cytosol. Oncogene. 2016;35:5770–80.

14. Su X, Dong C, Zhang J, Su L, Wang X, Cui H, Chen Z.
Combination therapy of anti-cancer bioactive peptide with
Cisplatin decreases chemotherapy dosing and toxicity to
improve the quality of life in xenograft nude mice bearing
human gastric cancer. Cell Biosci. 2014;4:7.

28. Zheng ZG, Xu H, Suo SS, Xu XL, Ni MW, Gu LH, Chen
W, Wang LY, Zhao Y, Tian B, Hua YJ . The essential role
of H19 contributing to cisplatin resistance by regulating
glutathione metabolism in high-grade serous ovarian cancer.
Sci Rep. 2016;6:26093.

15. Takaishi S, Okumura T, Tu S, Wang SS, Shibata W,
Vigneshwaran R, Gordon SA, Shimada Y, Wang TC.
Identification of gastric cancer stem cells using the cell
surface marker CD44. Stem Cells. 2009;27:1006–20.

29. Xu TP, Liu XX, Xia R, Yin L, Kong R, Chen WM, Huang
MD, Shu YQ. SP1-induced upregulation of the long
noncoding RNA TINCR regulates cell proliferation and
apoptosis by affecting KLF2 mRNA stability in gastric
cancer. Oncogene. 2015;34:5648–61.

16. Xie SS, Jin J, Xu X, Zhuo W, Zhou TH. Emerging roles
of non-coding RNAs in gastric cancer: pathogenesis
and clinical implications. World J Gastroenterol.
2016;22:1213–23.

30. Li Z, Shen J, Chan MT, Wu WK. TUG1: a pivotal
oncogenic long non-coding RNA of human cancers. Cell
Prolif. 2016;49:471–5.

17. Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold
B. Mapping and quantifying mammalian transcriptomes by
RNA-Seq. Nat Methods. 2008;5:621–8.
www.impactjournals.com/oncotarget

86096

Oncotarget

31. Cavanna L, Artioli F, Codignola C, Lazzaro A, Rizzi A,
Gamboni A, Rota L, Rodinò C, Boni F, Iop A, Zaniboni A.
Oxaliplatin in combination with 5-fluorouracil (5-FU) and
leucovorin (LV) in patients with metastatic gastric cancer
(MGC). Am J Clin Oncol. 2006;29:371–5.

to cisplatin resistance of human lung adenocarcinoma cells
via downregualtion of p21(WAF1/CIP1) expression. PLoS
One. 2013;8:e77293.
37. Liu XH, Sun M, Nie FQ, Ge YB, Zhang EB, Yin DD, Kong
R, Xia R, Lu KH, Li JH, De W, Wang KM, Wang ZX.
LncRNA HOTAIR functions as a competing endogenous
RNA to regulate HER2 expression by sponging miR-331-3p
in gastric cancer. Mol Cancer. 2014;13:92

32. Kelley MR, Wikel JH, Guo C, Pollok KE, Bailey BJ,
Wireman R, Fishel ML, Vasco MR. Identification of new
chemical entities targeting APE1 for the prevention of
chemotherapy-induced peripheral neuropathy (CIPN). J
Pharmacol Exp Ther. 2016;359:300–9.

38. Chen WM, Huang MD, Sun DP, Kong R, Xu TP, Xia R,
Zhang EB, Shu YQ. Long intergenic non-coding RNA
00152 promotes tumor cell cycle progression by binding
to EZH2 and repressing p15 and p21 in gastric cancer.
Oncotarget. 2016;7:9773–87. https://doi.org/10.18632/
oncotarget.6949.

33. Mercer TR, Dinger ME, Mattick JS. Long noncoding RNAs: insights into functions. Nat Rev Genet.
2009;10:155–9.
34. Kiyonari S, Iimori M, Matsuoka K, Watanabe S, MorikawaIchinose T, Miura D, Niimi S, Saeki H, Tokunaga E, Oki
E, Morita M, Kadomatsu K, Maehara Y, Kitao H. The
1,2-diaminocyclohexane carrier ligand in oxaliplatin
induces p53-dependent transcriptional repression of factors
involved in thymidylate biosynthesis. Mol Cancer Ther.
2015;14:2332–42.

39. Zhou J, Zhi X, Wang L, Wang W, Li Z, Tang J, Wang J,
Zhang Q, Xu Z. Linc00152 promotes proliferation in gastric
cancer through the EGFR-dependent pathway. J Exp Clin
Cancer Res. 2015;34:135.
40. Yang F, Xue X, Zheng L, Bi J, Zhou Y, Zhi K, Gu Y,
Fang G. Long non-coding RNA GHET1 promotes gastric
carcinoma cell proliferation by increasing c-Myc mRNA
stability. FEBS J. 2014;281:802–13.

35. Ma MZ, Li CX, Zhang Y, Weng MZ, Zhang MD, Qin YY,
Gong W, Quan ZW. Long non-coding RNA HOTAIR,
a c-Myc activated driver of malignancy, negatively
regulates miRNA-130a in gallbladder cancer. Mol Cancer.
2014;13:156.

41. Chen X, Fan S, Song E. Noncoding RNAs: new players in
cancers. Adv Exp Med Biol. 2016;927:1–47.
42. Ponting CP, Oliver PL, Reik W. Evolution and functions of
long noncoding RNAs. Cell. 2009;136:629–41.

36. Liu Z, Sun M, Lu K, Liu J, Zhang M, Wu W, De W, Wang
Z, Wang R. The long noncoding RNA HOTAIR contributes

www.impactjournals.com/oncotarget

86097

Oncotarget

