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A B S T R A C T

Long non-coding RNAs (lncRNAs) are key regulators of a range of human diseases, including various cancers, with
multiple previous studies having explored lncRNA dysregulation in the context of gastric cancer (GC). The present
study sought to expand upon these previous results by downloading lncRNA, mRNA, and microRNA (miRNA)
expression profiles derived from 180 GC tissues and 24 normal control tissues within the Cancer Genome Atlas
(TCGA) database. These datasets were then interrogated to identify GC-related differentially expressed (DE) RNAs
(|fold change| � 2, FDR< 0.01), leading to the identification of 1946 DE lncRNAs, 123 DE miRNAs, and 3159 DE
mRNAs. These results were then used to generate a putative GC-related competitive endogenous RNA (ceRNA)
network composed of 131 lncRNAs, 9 miRNAs, and 78 mRNAs. Subsequent survival analyses based upon this
network revealed 17 of these lncRNAs to be significantly associated with GC patient survival (P < 0.05). Further
multivariable Cox regression and lasso analyses allowed for the construction of an 8-lncRNA risk score that was
able to effectively predict GC patient survival with good discriminative ability. The Kaplan-Meier Plotter database
further confirmed that network hub genes that were related to these 8 lncRNAs were associated with GC patient
prognosis (P < 0.05). As the ceRNA network in the present study was constructed with a focus on both disease
stage and differential gene expression, it represents a key resource that will offer valuable insights into the
mechanistic roles of ceRNA pathways in GC development and progression.
1. Introduction

Gastric cancer (GC) remains the second leading cause of cancer-
related mortality globally [1]. As such, it is vital that novel approaches
to diagnosing and treating GC be developed. While many advances in
cancer treatment have been made in recent decades, GC patients still
typically have a relatively poor prognosis [2]. Individuals with advanced
GC typically suffer from tumor invasion and metastasis, leading to a
marked reduction in the average duration of patient survival [3]. The
mechanisms governing GC onset and progression are complex, and as
such preventing and treating GC remains challenging. It is therefore
essential that the mechanistic basis for GC invasion and metastasis be
better understood, and it is equally important that novel diagnostic and
prognostic GC-related biomarkers be identified.

It is possible to construct ceRNA gene interaction networks incorpo-
rating lncRNAs, miRNAs, and mRNAs. As they can bind directly to
miRNAs, lncRNAs can function as competitive endogenous molecules
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that can sequester these target miRNAs, thereby positively regulating the
expression of miRNA-targeted mRNAs [4]. The roles of such indirect
lncRNA-mRNA regulatory relationships have recently been shown to be
directly related to cancer development and progression in multiple
experimental contexts. For example, H19 has been shown to promote the
proliferation and metastasis of GC cells via competitively binding
miR-22-3p and thereby promoting the upregulation of Snail1, which is
related to the epithelial-mesenchymal transition (EMT) in tumor cells
[5]. At present, however, robust and reliable ceRNA network databases
exploring tumor-associated lncRNA-miRNA-mRNA relationships are
lacking, making it difficult to fully understand the pathological basis for
many forms of cancer.

The Cancer Genome Atlas (TCGA) is a large public database con-
taining data corresponding to over 30 forms of human cancer, including
patient clinicopathological information [6]. Given its robust nature, the
TCGA is ideal for data mining efforts aimed at exploring the mechanistic
basis for tumor development. This data has been used to construct ceRNA
ay 2020
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networks corresponding to tumor types including lung cancer [7], breast
cancer [8] and colorectal cancer [9]. The construction of such ceRNA
networks is an invaluable means of highlighting complex genetic re-
lationships and of identifying potential diagnostic, prognostic, or thera-
peutic biomarkers of disease.

This study was designed to initially compare the differential expres-
sion of lncRNAs, miRNAs, and mRNAs in GC patient tissue samples
relative to normal tissue samples, with an additional focus on the
expression of these genes as a function of GC stage. Those differentially
expressed (DE) lncRNAs, miRNAs, and mRNAs that were shared among
GC stages were then used to construct a GC-associated ceRNA network.
The putative relationships between these different DE RNAs were pre-
dicted using the miRcode, TargetScan, miRDB, and miRTarBase data-
bases in order to identify predicted interactions. These predictions
Figure 1. GC-related DE RNA identification. Differentially expressed lncRNAs (top),
stage GC (stage I-II; A) or advanced GC (stage III-IV; B) are shown using volcano plot
green. Overlapping DE RNAs between these two comparisons were identified using
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allowed for the construction of a ceRNA network composed of 131
lncRNAs, 9 miRNAs, and 78 mRNAs. The resultant network may offer
value as a means of rapidly identifying key GC-related genes. In addition,
we were able to leverage these results by using a lasso-penalized Cox
regression analysis to generate an 8-lncRNA-based risk score that was
able to independently predict GC patient survival outcomes, highlighting
the value of this research approach.

2. Materials and methods

2.1. Data retrieval and processing

GC patient lncRNA, miRNA, and mRNA data and corresponding
clinical data were downloaded from TCGA [10, 11] (https://porta
miRNAs (middle), and mRNAs (bottom) between normal tissue and either early-
s. Upregulated RNAs are shown in red, while downregulated RNAs are shown in
Venn diagrams (C).

https://portal.gdc.cancer.gov/


Figure 2. Study ceRNA regulatory network construction strategy.
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l.gdc.cancer.gov/). A total of 180 GC tumor tissue samples and 24 normal
tissue samples were included in this cohort. The Ensemble database was
then used to convert RNA sequences into gene symbols [12]. Samples
were only included in this analysis if they contained data for all three
RNA types of interest (lncRNA, miRNA and mRNA), as well as informa-
tion regarding patient survival and tumor staging, which can ensure that
every GC sample with explicit pathological stage contains not only the
expression of lncRNA, miRNA and mRNA, but also survival information
for subsequent prognostic analysis. The detailed sequences of GC clinical
samples can be found in Table S1.

2.2. DE RNA identification

The edgeR package [13, 14] installed in R (version 3.6.1, www.r-pr
oject.org) was used to identify DE lncRNAs, DE miRNAs, and DE
mRNAs in two separate comparisons: early-stage GC (stage I-II) versus
normal tissue, and advanced GC (stage III-IV) versus normal tissue. The
cutoff criteria for differential expression were |fold change|�2 and
FDR<0.01 [15]. Identified DE RNAs were then arranged into volcano
plots, and those DE genes (DEGs) that overlapped between these com-
parisons were further identified using Venn diagrams.

2.3. ceRNA network construction

The miRcode database [16] (http://mircode.org/) was used to pre-
dict lncRNA-mediated binding and sequestration of target miRNAs, while
putative miRNA target genes were identified using the miRDB [17]
(http://mirdb.org/), miRTarBase [18] (http://mirtarbase.mbc.nc
tu.edu.tw), and TargetScan databases [19] (http://www.targe
tscan.org). Putative miRNA target genes that were also differentially
expressed at the mRNA level were then used to construct a ceRNA
network which incorporated all consistently predicted interactions
among DE lncRNAs, miRNAs, and mRNAs in the present study. This
ceRNA network was then visualized using Cytoscape [20] (www.cyto
scape.org).

2.4. DE mRNA functional and pathway analyses

GO and KEGG enrichment analyses of those DE mRNAs in the ceRNA
network were used to explore the molecular basis for GC development.
The clusterProfiler packages [21] were used for both gene ontology (GO)
[22] and KEGG pathway enrichment analyses [23], as in previous
studies, with P < 0.05 used as a significance threshold.

2.5. Survival analysis

As they represented the top regulatory layer in our ceRNA network,
the associations between lncRNA expression and GC patient survival
outcomes were assessed using a univariable Cox regression model [24].
These analyses were conducted using the R survival package, with hazard
ratios and corresponding 95% confidence intervals (CIs) being calcu-
lated, and with P < 0.05 as a significance threshold.

2.6. Risk scoring

The DE lncRNAs which were determined to be significantly related to
GC patient survival were considered as ideal diagnostic and prognostic
biomarkers, and were therefore analyzed via a lasso-penalized Cox
regression approach in order to eliminate confounding variables and
extraneous lncRNAs [25]. The optimal lambda value necessary to mini-
mize mean cross-validated error and regression coefficients (β) of this
multivariable Cox regression model were determined via ten-fold
cross-validation. The predictive accuracy of the resultant risk scoring
system was then assessed using time-dependent receiver operating
characteristic (ROC) curves.
3

2.7. Cox regression analyses

The relationships between specific clinical parameters (age, sex,
tumor grade, TNM stage, pathologic stage) and GC patient survival were
initially assessed via univariable Cox regression analysis. Variables that
were significant in this initial analysis (P < 0.05) were incorporated as
candidate variables in a multivariable analysis [26]. P < 0.05 was the
significance threshold, and hazard ratios and 95% CIs were calculated for
all variables.
2.8. PPI network construction and prognostic assessment

A GC patient prognosis-related subnetwork was constructed using
the lncRNAs identified via Lasso regression, and a protein-protein
interaction network (PPI) network was then constructed based upon
the mRNAs within this sub-network. STRING (https://string-db.org/)
was used for PPI network construction. A total of 5 hub genes in this
network were then chosen for lncRNA-mRNA regression analyses
which were conducted using the Cytohubba plugin in Cytoscape. The
Kaplan-Meier Plotter database (http://kmplot.com) was then
employed for survival analysis of those hub genes which had achieved
significance, with P < 0.01 and R > 0.3 as the criteria for
significance.

3. Results

3.1. Identification of GC-related differentially expressed lncRNAs,
miRNAs, and mRNAs

In order to identify GC stage-related DE RNAs, we initially separated
our downloaded sample cohort into three stage-based cohorts: normal
samples (n ¼ 24), early-stage GC (stage I-II; n ¼ 93) and advanced GC
(stage III-IV; n ¼ 87). We then compared the two GC cohorts to normal
sample controls (Figure 1A and Figure 1B) in order to identify GC-related
DE lncRNAs, DE miRNAs, and DE mRNAs based on the use of |fold
change| � 2 and FDR<0.01 as criteria for differential expression. We
then compared these two DE RNA datasets, identifying 1,946 shared DE
lncRNAs, 123 shared DE miRNAs and 3,159 shared DE mRNAs
(Figure 1C). It seems that differential expression of the genes in the
overlapped part leads to both initiation and progression of cancer, but
further identification of interacting lncRNA-miRNA and miRNA-mRNA
pairs is necessary in order to better understand the regulatory relation-
ship between these identified DE RNAs.

https://portal.gdc.cancer.gov/
http://www.r-project.org
http://www.r-project.org
http://mircode.org/
http://mirdb.org/
http://mirtarbase.mbc.nctu.edu.tw
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http://www.cytoscape.org
https://string-db.org/
http://kmplot.com


Figure 3. The constructed GC-related ceRNA network. In this network, a total
of 218 nodes and 404 edges, there are 1–8 interactions between one lncRNA by
other miRNAs; meanwhile, there are 3–29 interactions between one miRNA by
other mRNA. Diamonds represent 131 lncRNAs; squares represent 9 miRNAs;
triangles represent 78 mRNAs. Upregulated lncRNAs are shown in red, while
downregulated lncRNAs are shown in green.
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3.2. Identification of putative lncRNA-miRNA interactions

We next sought to identify lncRNA-miRNA interaction pairs among
the DE RNAs identified in Figure 1. The process of ceRNA network
construction is detailed in Figure 2. Initially, those miRNAs that were
predicted to interact with the 1946 identified DE lncRNAs were selected
using the miRcode database. We then determined which of these pre-
dicted miRNAs were represented in our DE miRNA dataset, leading us to
identify 87 DE miRNAs of interest. We then ultimately identified 149
lncRNAs and 13 miRNAs that were predicted to undergo mutual
interactions.

3.3. Identification of putative miRNA-mRNA interactions

Using a process similar to that detailed above, we next identified
putative targets of the 13 DE miRNAs identified as lncRNA targets.
Figure 4. Functional enrichment analysis. GO (A) and KEGG (B) enrichmen
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Potential miRNA targets were first selected using miRDB, miRTarBase,
and TargetScan, and the resultant mRNA list was then compared to our
list of 3,159 DE mRNAs. This led to the identification of 78 DE mRNAs
that were targets of the 13 DE miRNAs of interest in the present study.

3.4. ceRNA network construction

As the above approach led to the indirect generation of a list of 78 DE
mRNAs of interest from an initial list of 149 lncRNAs, we next revised this
ceRNA network by omitting those lncRNA-miRNA and miRNA-mRNA
pairs that did not form part of a predicted lncRNA-miRNA-mRNA rela-
tionship. This ultimately led to a final list of 131 lncRNAs, 9 miRNAs, and
78 mRNAs that were incorporated into a final GC-associated ceRNA
network (Figure 3).

3.5. Functional enrichment analysis

The potential biological roles of the 78 DE mRNAs within our ceRNA
network were next assessed via GO and KEGG functional enrichment
analyses. A total of 105 GO biological process terms were found to be
significantly enriched for these DE mRNAs (adjusted P < 0.05). The top
terms identified were, in order, "DNA integrity checkpoint", "DNA dam-
age checkpoint", "cell cycle checkpoint" and "mitotic DNA damage
checkpoint" (Figure 4A; Table 1). In addition, 9 KEGG pathways were
significantly enriched for these identified DEmRNAs (adjusted P< 0.05),
including "microRNA in cancer", "cell cycle", "PI3K-Akt signaling
pathway" and "P53 signaling pathway" (Figure 4B; Table 2). These results
suggest that the cell cycle, PI3K-Akt signaling, and P53 signaling are all
important regulators of GC development.

3.6. The association between ceRNA network-associated genes and GC
patient prognosis

We next conducted univariable Cox regression analyses for the 131
DE lncRNAs in our ceRNA network in order to identify lncRNAs signifi-
cantly associated with GC patient survival. Of these lncRNAs, we found
that 17 were significantly correlated with GC patient overall survival
(OS) (P < 0.05; Table 3). A lasso-penalized Cox regression analysis was
then used to determine whether these genes were independently related
to GC patient outcomes.

3.7. lncRNA-related risk score generation

As lncRNAs exhibit defined expression patterns and were the top-
level regulators in our ceRNA network, they represented ideal potential
biomarkers for GC diagnostic and prognostic analyses. We therefore used
t analyses for 78 DE mRNAs in the ceRNA network; show category ¼ 9.



Table 1. GO biological process terms for DE mRNAs in the ceRNA network.

ID Description P adjust q value Gene symbols

GO:0000077 DNA damage checkpoint 0.000 0.000 BTG2/CLSPN/E2F1/CHEK1/CDKN1A/MSH2/SOX4/E2F7

GO:0044773 mitotic DNA damage checkpoint 0.000 0.000 BTG2/CLSPN/E2F1/CDKN1A/MSH2/SOX4/E2F7

GO:0000082 G1/S transition of mitotic cell cycle 0.000 0.000 BTG2/E2F1/CDKN1A/SOX4/E2F7/CCNE1/EZH2/SKP2/CDC25A/RRM2

GO:0031570 DNA integrity checkpoint 0.000 0.000 BTG2/CLSPN/E2F1/CHEK1/CDKN1A/MSH2/SOX4/E2F7

GO:0044774 mitotic DNA integrity checkpoint 0.000 0.000 BTG2/CLSPN/E2F1/CDKN1A/MSH2/SOX4/E2F7

GO:0044843 cell cycle G1/S phase transition 0.000 0.000 BTG2/E2F1/CDKN1A/SOX4/E2F7/CCNE1/EZH2/SKP2/CDC25A/RRM2

GO:0090068 positive regulation of cell cycle process 0.000 0.000 BTG2/KIF23/E2F1/CDKN1A/SOX4/E2F7/CIT/CCNE1/EZH2/CDC25A

GO:0045787 positive regulation of cell cycle 0.000 0.000 BTG2/KIF23/E2F1/CHEK1/CDKN1A/SOX4/E2F7/CIT/CCNE1/EZH2/CDC25A

GO:0072401 signal transduction involved in DNA integrity checkpoint 0.000 0.000 BTG2/E2F1/CHEK1/CDKN1A/SOX4/E2F7

Table 2. KEGG pathways analyses for the ceRNA network based on DE mRNAs.

ID Description P adjust q value Gene symbols

hsa05206 MicroRNAs in cancer 0.000 0.000 KIF23/E2F1/CDKN1A/SOX4/PIM1/CCNE1/PDCD4/EZH2/CDC25A/FSCN1

hsa04115 p53 signaling pathway 0.001 0.001 CHEK1/CDKN1A/CCNE1/SERPINE1/RRM2

hsa04110 Cell cycle 0.001 0.001 E2F1/CHEK1/CDKN1A/CCNE1/SKP2/CDC25A

hsa04218 Cellular senescence 0.003 0.003 E2F1/CHEK1/CDKN1A/CCNE1/SERPINE1/CDC25A

hsa05222 Small cell lung cancer 0.022 0.018 E2F1/CDKN1A/CCNE1/SKP2

hsa05215 Prostate cancer 0.022 0.018 E2F1/CDKN1A/PDGFD/CCNE1

hsa04151 PI3K-Akt signaling pathway 0.022 0.019 COL1A1/ANGPT2/CDKN1A/PDGFD/CCNE1/PHLPP2/MYB

hsa05203 Viral carcinogenesis 0.038 0.031 KAT2B/CHEK1/CDKN1A/CCNE1/SKP2

hsa05166 Human T-cell leukemia virus 1 infection 0.048 0.040 KAT2B/E2F1/CHEK1/CDKN1A/CCNE1
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lasso-penalized Cox regression analyses in order to determine which of
the 17 survival-related lncRNAs identified above were significantly
associated with patient prognosis, with the contribution of each lncRNA
being weighted using relative coefficients (Figure 5B). This led to the
exclusion of 11 lncRNAs (Figure 5A), yielding the final risk score for-
mula: risk score ¼ (0.0040 � LINC00330 expression level) þ (0.0016 �
AC061975.6 expression level) þ (0.0012 � ST7-AS2 expression level) þ
(6.9102� LINC00346 expression level) þ (0.0004 � LINC00473
expression level)þ (9.5852�AL158206.1 expression level)þ (0.0062�
AC110491.1 expression level)þ (0.0001� LINC00460 expression level).
We then determined the risk scores for all patients in our cohort using the
above formula, and stratified patients into high (n ¼ 75) and low-risk
groups (n ¼ 95) based upon whether their risk score was greater than
or below 1.19 based on the maximally selected rank statistics,
Table 3. Survival analysis for DE lncRNAs involved in the ceRNA network.

id Hazard ratio L

LINC00330 1.117 1

AC061975.6 1.067 1

AP002478.1 1.070 1

ST7-AS2 1.096 1

AC123777.1 1.822 1

LINC00346 1.019 1

LINC00473 1.047 1

AC007389.1 1.573 1

AL158206.1 1.005 1

LINC00365 1.033 1

PVT1 0.990 0

TM4SF19-AS1 1.072 1

AC110491.1 1.363 1

DSCR4-IT1 1.333 1

LINC00460 1.020 1

AC011374.1 1.202 1

HCG22 1.009 1
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respectively. Patient samples with a 0 day survival period were omitted
from this analysis. This stratification approach was able to effectively
separate patients based upon their survival outcomes in Kaplan–Meier
curve analyses (Figure 5D). We then conducted a univariable analysis in
order to identify OS-related predictive factors in GC patients (Figure 5F),
revealing this 8-lncRNA-based risk score to be the only independent
predictor of GC patient survival in a subsequent multivariable Cox
regression analysis (Figure 5G).
3.8. PPI network construction and prognostic assessment

Lastly, we constructed a prognostic sub-network based upon the 8
lncRNAs that were included in our risk score model (Figure 6A), with
mRNAs in this sub-network then being used for PPI network construction
ow 95 High 95 P value
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.004 1.062 0.024
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.011 1.837 0.042

.009 1.761 0.043

.001 1.040 0.044

.004 1.439 0.045
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Figure 5. Risk score system. The 17 survival-related DE lncRNAs of interest were subjected to a Lasso-penalized Cox regression analysis of 17 DE lncRNAs, with each
lncRNA being shown in a separate curve (A). The optimal lambda leading to the minimum cross-validation error was determined via ten-fold cross-validation (B).
Distribution and selection of cutoff value of risk score (C). Kaplan–Meier survival analyses for high- and low-risk score patients were performed (D). Risk score-based
time-dependent ROC curves were constructed (E). A risk score analysis for the resultant 8 DE lncRNAs was performed, and both univariable (F) and multivariable (G)
analyses of the relationship between clinical parameters and GC patient OS were performed.
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Figure 6. A prognostic sub-network incorporating 8 risk score-related lncRNAs was constructed (A), and the mRNAs in this network were then used for PPI network
construction (B). Upregulated lncRNAs are shown in red, while downregulated lncRNAs are shown in green and hub genes are shown in yellow.
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(Figure 6B). A total of 5 hub genes within this network were then selected
for further analysis. Theoretically, lncRNAs involved in a lncRNA-
miRNA-mRNA relationship should positively regulate mRNA expres-
sion levels. To validate this mechanism in the context of GC, we con-
ducted regression analyses for the abovementioned 8 lncRNAs and 5 hub
mRNAs in GC. This analysis revealed positive correlations between 4
lncRNA-mRNA pairs (R > 0.30), with only both CHEK1 and E2F7 being
significantly correlated with these 8 risk score-related lncRNAs
(Figure 7). We then utilized the Kaplan-Meier Plotter database in order to
7

demonstrate that CHEK1 and E2F7 were related to GC patient OS, first
progression (FP), and post-progression survival (PPS) (Figure 8).

4. Discussion

GC remains the 5th most common form of cancer globally, with
incidence rates steadily rising in East Asia, and with increasingly high
mortality rates in younger individuals [27]. While the surgical resection
of early-stage GC can substantially improve outcomes in certain in-
dividuals, a large proportion of patients are either not candidates for



Figure 7. Regression analyses for 8 risk score-associated lncRNAs and 5 hub genes. E2F7 correlates with LINC00460 (A) and LINC00346 (B), and CHEK1 correlates
with LINC00346 (C) and LINC00460 (D).
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surgical resection or suffer from tumor recurrence or metastasis following
treatment [28]. As such, it is vital that the mechanistic basis for GC
progression and development be better understood in order to identify
novel treatment modalities capable of modulating the regulation of GC
tumors. High-throughput sequencing studies have highlighted the vital
role played by lncRNAs in myriad biological processes wherein they
function as key regulators of gene expression. In particular, the impor-
tance of lncRNAs in ceRNA networks is being increasingly well under-
stood, and there is a growing body of evidence suggesting that
ceRNA-associated target genes can have a significant impact on cancer
patient prognosis and therapeutic resistance [29, 30, 31].

Tumor staging is often conducted based on the TNM staging, which
considered primary tumor condition (T), regional lymph node status (N),
and whether or not distant metastases are present (M). In the present
study, we sought to identify GC stage-related DE lncRNAs, miRNAs and
mRNAs by comparing the expression patterns of these different RNA
types in normal tissue samples to those in GC samples derived from pa-
tients with either early-stage or advanced disease. By identifying putative
lncRNA-miRNA and miRNA-mRNA interaction pairs, we were then
further able to construct a GC-associated ceRNA regulatory network. The
mRNAs within this network were then subjected to GO and KEGG
Pathway enrichment analyses, while survival analyses suggested that a
8

subset of the identified DE lncRNAs were significantly associated with GC
patient OS. We then used a lasso-penalized Cox regression analysis to
identify 8 lncRNAs that were independently associated with GC patient
prognosis, and we used these lncRNAs to develop a risk score model that
was capable of independently predicting the survival duration of GC
patients within our cohort, a time-dependent ROC curve analysis clearly
demonstrated the predictive power of the risk score model that was
developed in the present study (Figure 5E). These 8 lncRNAs were then
used to construct a ceRNA sub-network from which a PPI network was
subsequently constructed, and regression analyses of these lncRNAs and
of 5 hub genes within this network allowed us to identify a significant
relationship between a subset of these hub genes and lncRNAs. Lastly, a
survival analysis conducted using an independent patient cohort
revealed these identified hub genes to be significantly associated with GC
patient survival. GO terms that were significantly enriched for the DE
mRNAs in our ceRNA network included "DNA integrity checkpoint",
"DNA damage checkpoint", "cell cycle checkpoint" and "mitotic DNA
damage checkpoint", suggesting that the development of GC may be
heredity-related. In addition, KEGG terms enriched for these DE mRNAs
included "PI3K-Akt signaling pathway", "cell cycle", and "P53 signaling
pathway", which is consistent with the frequent identification of the
dysregulation of these pathways in many cancer types [32, 33].



Figure 8. The relationship between hub gene expression and GC patient prognosis. E2F7 is associated with OS (A), FP (B), and PPS (C) in GC patients. CHEK1 is also
associated with OS (D), FP (E), and PPS (F) in GC patients.
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Importantly, in a univariable Cox regression survival analysis of
ceRNA-related genes, we determined that 17 lncRNAs were significantly
related to GC patient OS (P < 0.05), thus confirming the value of our
ceRNA network as a means of identifying putative biomarkers of GC
patient prognosis. A subsequent lasso-penalized Cox regression analysis
excluded 11 of these 17 lncRNAs from incorporation into our risk score
model.

The remaining 8 lncRNAs included 5 unidentified lncRNAs
(LINC00330, AC061975.6, ST7-AS2, AL158206.1, AC110491.1) and 3
already reported lncRNAs (LINC00460, LINC00346, LINC00473).
LINC00460, which is among the most well-understood oncogenic
lncRNAs. It can participate in the occurrence and development of GC
through competitively binding miR-342-3p to up-regulate KDM2A
expression [34]. This lncRNA has been shown to promote other types of
tumor cell migration, proliferation, and metastasis including breast
cancer [35], lung cancer [36, 37], colorectal cancer [38, 39] and hepa-
tocellular carcinoma [40], and it is closely linked to a poorer patient
prognosis in these tumor types. LINC00346 regulated the expression of
CD44 and NOTCH1 by antagonizing miR-34a-5p, served as a critical
effector in GC tumorigenesis and progression [41]. It can also promote
cancer cell proliferation, migration and invasion in hepatocellular car-
cinoma [42], bladder cancer [43] and pancreatic cancer [44]. Similarly,
LINC00473 is one of the most studied oncogenic lncRNAs, which regu-
lated the migration and invasion of GC cells and related to the poor
prognosis of GC patients [45]. Besides, it can also be used as ceRNA to
participate in the development and chem-radiotherapy resistance of
cervical cancer [46], breast vancer [47], glioma [48], colorectal cancer
[49], lung cancer [50], wilms tumour [51], head and neck squamous cell
9

carcinoma [52], hepatocellular carcinoma [53] and esophageal squa-
mous cell carcinoma [54]. As such, our ceRNA network was able to both
successfully identify previously characterized GC-related lncRNAs such
as LINC00460, LINC00346, LINC00473, and to identify less
well-understood lncRNAs such as LINC00330, AC061975.6, ST7-AS2,
AL158206.1, AC110491.1. Interestingly, subsequent analysis also
found that hub genes E2F7 and CHEK1 positively related to the 8
lncRNAs were also involved in the occurrence and development of tu-
mors and radiotherapy and chemotherapy resistance [55, 56].

In conclusion, we were able to generate a novel GC-related lncRNA-
miRNA-mRNA ceRNA network using data from GC patient tissue samples
in various stages of disease progression. This comprehensive network
both offers insight into the mechanistic basis of GC and highlights po-
tential targets for future therapeutic and/or diagnostic research, under-
scoring the value of studying lncRNAs as biomarkers of GC patient
prognosis and therapeutic outcomes. As previous studies constructing
GC-related lncRNA databases are lacking, there are limitations to our
study. Notably, we indirectly conducted external validation survival
analyses for 8 lncRNAs by analyzing the survival of two hub genes. In
addition, the mechanistic roles of the 8 lncRNAs in our risk score model
were not directly assessed. Further work will therefore be needed to both
validate and expand upon our findings.
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