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Abstract: Gastric cancer (GC), the fifth most common malignancy worldwide, has an extremely poor prognosis at the 
advanced stage or the early stage if inadequately treated. Long noncoding RNAs (lncRNAs), microRNAs (miRNAs) 
and mRNAs all function as competing endogenous RNAs (ceRNAs) that target and regulate each other. Changes in 
their expression and their regulatory bioprocesses play important roles in GC. However, the roles of key RNAs and 
their regulatory networks remain unclear. In this study, RNA profiles were extracted from The Cancer Genome Atlas 
database, and R language was used to discover the differentially expressed (DE) lncRNAs, miRNAs and mRNAs in 
GC. Then, the DERNAs were paired by miRcode, miRDB, TargetScan and DIANA, and the ceRNA network was fur-
ther constructed and visualized using Cytoscape. Moreover, a functional enrichment analysis was performed using 
Metascape. Afterward, the “survival” package was employed to identify candidate prognostic targets (DERNA-os) 
in the ceRNA network. Ultimately, the ceRNA network was analyzed to identify crucial lncRNA/miRNA/mRNA axes. 
Based on 374 gastric adenocarcinoma and gastric adenoma samples, 283 DEceRNAs (69 lncRNAs, 10 miRNAs, 
and 204 mRNAs) were identified. The 204 mRNAs were significantly enriched in some interesting functional clus-
ters, such as the trans-synaptic signaling cluster and the protein digestion and absorption cluster. The ceRNA net-
work consisted of 43 ceRNAs (13 lncRNAs, 2 miRNAs, and 28 mRNAs) that were related to prognosis. Among them, 
2 lncRNAs (LNC00469 and AC010145.1) and 1 mRNA (PRRT4) were potential new biomarkers. In addition, accord-
ing to the lncRNA/miRNA/mRNA regulatory relationships among the 43 ceRNAs, we identified four axes that might 
play important roles in the progression of GC and investigated the potential mechanism of the most promising axis 
(POU6F2-AS2/hsa-mir-137/OPCML) in promoting the proliferation and invasiveness of GC.
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Introduction

Gastric cancer (GC) is the fifth most common 
malignancy worldwide [1]. Approximately 1,089, 
103 people were diagnosed with GC in 2020 
[1]. The age-standardized incidence rate of 
stomach cancer in men is 2-fold higher than 
that in women [1]. GC ranks fourth in cancer-
related mortality worldwide, and approximately 
768,793 people died of this disease in 2020 
[1]. In China, the number of males and females 
who died from GC is approximately 256,512 
and 117,277 people, accounting for 51.02% 
and 44.09% of the world’s male and female 

stomach cancer mortality, respectively [1, 2]. 
The most commonly known causes include 
Helicobacter pylori infection, smoking, and 
genetic factors. After comprehensive treatment 
consisting of endoscopic mucosal exfoliation, 
chemotherapy, radiotherapy and surgery, the 
prognosis of patients with early-stage GC is 
favorable. However, for patients with advanced 
GC or improper treatment in the early stage, the 
effect of comprehensive treatment is quite 
poor, and the 5-year survival rate of patients 
with GC only reaches 21.35% [3]. Even with the 
current rapid development of medical tech-
niques, the prognosis of patients with GC is still 

http://www.ajcr.us


CeRNA network in gastric cancer

2398 Am J Cancer Res 2022;12(5):2397-2418

extremely poor, and further multilevel mecha-
nistic research is urgently needed to improve 
the early diagnostic rate and investigate more 
effective treatments. In recent years, advances 
in tumor molecular pathogenesis studies based 
on bioinformatics analysis have opened up an 
important new avenue for tumor research.

Only 2% of RNAs in the human transcriptome 
encode proteins, and the remaining 98% are 
noncoding RNAs (ncRNAs) [4, 5], including ribo-
somal RNAs (rRNAs), long noncoding RNAs 
(lncRNAs) and microRNAs (miRNAs). Recent 
advances in next-generation sequencing tech-
nologies have led to the identification of previ-
ously unidentified and uncharacterized RNA 
transcripts that have been linked to various 
growth and development processes, including 
diseases such as GC. For example, Zhang M et 
al. indicated that the lncRNA NEAT1 is abnor-
mally overexpressed in patients with breast 
cancer, and the downregulation of NEAT1 
expression prevents the expression of the 
β-catenin protein, thereby suppressing the 
hyperplasia and metastasis of breast tumor 
cells [6]. Su JJ et al. documented that miR-145 
is expressed at low levels in patients with colon 
cancer [7]. Upregulating miR-145 expression 
silences the target gene IGF1R, thereby inhibit-
ing tumor cell proliferation [7]. Furthermore, 
researchers also observed a mutual targeting 
regulatory relationship between different types 
of ncRNAs [8].

In 2011, Salmena L et al. proposed the concept 
of competing endogenous RNA (ceRNA), which 
is defined as a type of RNA that regulates the 
transcription of other RNAs by competing for 
shared miRNA binding sites [8]. As a type of 
ceRNA, lncRNAs regulate the expression levels 
of mRNAs by competitively sponging miRNAs, 
affecting the translation of the corresponding 
proteins and the related cellular activities [8, 
9]. Based on this definition, many scientists 
have hypothesized a “lncRNA/miRNA/mRNA” 
regulatory mechanism. Based on a large 
amount of data and experimental verification, 
many of these regulatory axes have been pro-
posed in GC that are beneficial to clinical treat-
ment research. In 2019, Lu RQ et al. experi-
mentally discovered the HOTAIRM1/miR-17-5p/
PTEN axis and proposed the highly expressed 
lncRNA HOTAIRM1 as a ceRNA that sponged 
miR-17-5p to mediate the upregulation of PTEN 
expression and block the PI3K/AKT pathway in 

GC, thereby suppressing the hyperplasia and 
metastasis of cancer cells [10]. In 2020, Zhang 
YM et al. experimentally identified the SNHG7/
miR-34a/Snail axis and proposed that the  
highly expressed lncRNA SNHG7 functioned  
as the ceRNA of miR-34a to mediate the upreg-
ulation of Snail expression and subsequently 
promote the epithelial-mesenchymal transition 
(EMT), thereby enhancing the invasiveness  
and metastasis of GC cells [11]. These studies 
showed that in gastric cancer, differentially 
expressed (DE) ceRNAs are closely correlated 
with the tumorigenesis, progression and prog-
nosis of patients with tumors. Identifying the 
key points and axes in the ceRNA network may 
facilitate the identification of new candidate 
biomarkers or therapeutic targets for the treat-
ment of GC.

In this study, we extracted differentially ex- 
pressed lncRNAs (DElncRNAs), miRNAs (DE- 
miRNAs) and mRNAs (DEmRNAs) detected in 
gastric adenocarcinoma and gastric adenoma 
samples stored in The Cancer Genome Atlas 
(TCGA) database. Afterward, using the online 
tools miRDB, TargetScan and DIANA TOOLS 
that paired the DERNAs, a ceRNA network was 
constructed to reveal their inter-targeting and 
regulatory relationships. Then, we employed 
the “survival” package of R language to per-
form a survival analysis of the ceRNA network 
and identified DERNA-os as related to the pa- 
tients’ five-year survival rate. Finally, “lncRNA/
miRNA/mRNA” axes were hypothesized based 
on the regulatory relationship of DERNA-os in 
the ceRNA network. On the one hand, the afo- 
rementioned DERNA-os and “lncRNA/miRNA/
mRNA” axes discovered in this study provide 
candidate prognostic targets for patients with 
GC. On the other hand, they might help 
researchers better understand the role of ceR-
NAs in gastric tumors, provide new insights for 
elucidating the molecular mechanisms of GC, 
and provide a new direction of axial mecha-
nisms for clinical treatment and research.

Materials and methods

Tumor data and differential expression analy-
sis

Data collection from TCGA database: The tran-
scriptome profiles and clinical data of gastric 
adenocarcinoma and gastric adenoma sam-
ples were downloaded from the Genomic Data 
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Commons Data Portal (GDC, https://portal.gdc.
cancer.gov/repository; date: May 2020) in 
TCGA database. These data contained the fol-
lowing three types of information: 1) RNA 
sequencing (RNA-seq) data, 2) miRNA sequenc-
ing (miRNA-seq) data, and 3) clinical survival 
time. The acquisition and processing of the 
data in this study followed the publication 
guidelines provided by TCGA database. The 
aforementioned data are freely available to the 
public; thus, no additional local ethics commit-
tee approval was needed.

Identification of DElncRNAs, DEmiRNAs, and 
DEmRNAs: After data collection and screening, 
we extracted the miRNA expression matrix from 
the miRNA-seq profiles, while the lncRNA and 
mRNA expression matrices were extracted 
from the RNA-seq profiles. We used the “edgeR” 
package (DOI: 10.18129/B9.bioc.edge) insta- 
lled in R software (https://www.r-project.org/, 
version 3.6.3) using the following screening cri-
teria to further identify the DElncRNAs, DEmi- 
RNAs and DEmRNAs in GC samples: 1) log2 fold 
change in expression multiple (|log2FC|) > 2.0 
and 2) false discovery rate (FDR) < 0.05. The 
“gplots” package was used to generate heat-
maps and volcano plots, where the heatmap 
illustrated the dysregulation of DERNAs in sam-
ples, whereas volcano plots illustrated the top 
up- and downregulated candidates.

Establishment of the ceRNA network based on 
DElncRNAs, DEmiRNAs, and DEmRNAs

Prediction of DElncRNA-DEmiRNA and DEmi- 
RNA-DEmRNA pairs: The ceRNA network, which 
is generated based on experimental data, 
reveals the relationships between heteroge-
neous RNAs and may be used to investigate the 
interactions of multiple RNAs. MiRcode (http://
www.mircode.org/) [12] performs a multidirec-
tional prediction of ncRNAs such as lncRNAs 
and miRNAs. To obtain the DElncRNA-miRNA 
pairs, we used miRcode to predict the regula-
tory relationships of DElncRNAs and miRNAs in 
GC samples. Then, we intersected the miRNAs 
in these pairs with the DEmiRNAs to identify 
the relevant DEmiRNAs and obtain the 
DElncRNA-DEmiRNA pairs in this study.

Likewise, three online analysis tools, miRDB 
(http://mirdb.org/) [13], TargetScan 7.2 (http://
www.targetscan.org/vert_72/) [14], and microT- 
CDS in DIANA (http://www.microrna.gr/microT-

CDS) [15, 16], were employed to predict the tar-
get mRNAs of DEmiRNAs in the DEmiRNA-
mRNA pairs. Afterward, we screened the inter-
sections of the mRNAs in the aforementioned 
pairs and the DEmRNAs and obtained the  
intersecting DEmRNAs and DEmiRNA-DEmRNA 
pairs in GC samples.

Construction of the ceRNA network: LncRNAs 
sponge miRNAs and further regulate the 
expression of the target mRNAs of these miR-
NAs. In the ceRNA network, miRNAs are the  
key points connecting lncRNAs and mRNAs. 
Therefore, we designated miRNA as the center 
of the ceRNA network and connected the 
DElncRNA-DEmiRNA pairs and the DEmiRNA-
DEmRNA pairs to construct a lncRNA-miRNA-
mRNA ceRNA network for GC. Afterward, the 
ceRNA network was visualized using Cytoscape 
3.7.2 software [17]. Additionally, the regulatory 
relationship in the ceRNA network was further 
used for the construction of lncRNA/miRNA/
mRNA regulatory axes.

Functional enrichment and pathway analysis: 
We extracted the mRNAs (the target genes) 
from the ceRNA network and enriched them 
using the GO and KEGG functional enrichment 
part in Metascape (http://metascape.org) to 
explore the cell signaling pathways and biologi-
cal processes in which mRNAs in the ceRNA 
network were involved in GC [18]. The resulting 
GO and KEGG terms with a minimum number of 
3 genes, P < 0.05, and an enrichment factor > 
1.5 were collected. With kappa scores as the 
similarity metric, hierarchical clustering analy-
sis was performed on the enriched terms, and 
terms with a similarity > 0.3 were grouped into 
a cluster that was represented by the most sta-
tistically significant term within it. This repre-
sentative term also covered all genes in the 
cluster. The top 20 clusters were extracted and 
rendered as network plots, where terms within 
the same cluster are connected by edges and 
the thickness of the edge represents the value 
of the similarity score.

Identification of tumor prognostic markers and 
postulated lncRNA/miRNA/mRNA regulatory 
axes

Identification of tumor prognostic markers 
among lncRNAs, miRNAs, and mRNAs: We 
extracted the survival time of the patients  
who donated the GC samples and used the 
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“survival” package and “qvalue” package (DOI: 
10.18129/B9.bioc.qvalue) in R software to per-
form a univariate survival analysis of the 
acquired samples to identify independent prog-
nostic biomarkers in the ceRNA network. In 
addition, the Kaplan-Meier curve [19] was 
applied to generate the five-year survival curve 
of patients with GC. Moreover, at a significance 
level of P < 0.05, prognosis-related tumor mark-
ers (DElncRNA-os, DEmiRNA-os and DEmRNA-
os) were screened from DElncRNAs, DEmiRNAs 
and DEmRNAs in the ceRNA network.

Construction of lncRNA/miRNA/mRNA regula-
tory axes: We first identified the target 
DEmiRNAs of DElncRNA-os in the ceRNA net-
work and took the intersection of the selected 
DEmiRNAs and DEmiRNA-os as the DElncRNA-
os/DEmiRNA-os pairs to clarify the regulatory 
relationships between biomarkers in the ceRNA 
network. Subsequently, we obtained the target 
DEmRNAs of DEmiRNA-os in the DElncRNA-os/
DEmiRNA-os pairs of the ceRNA network and 
intersected the selected DEmRNAs and DE- 
mRNA-os to obtain the DEmiRNA-os/DEmRNA-
os pairs. Afterward, the pairs mentioned above 
were connected to determine the DElncRNA-
os/DEmiRNA-os/DEmRNA-os pairs. In the ce- 
RNA regulatory network, lncRNAs sponge and 
downregulate miRNAs to subsequently inhibit 
the expression of their target miRNAs. Similarly, 
downregulated lncRNAs disinhibit sponged 
miRNAs, leading to the upregulation of target 
miRNAs. According to this pattern of regulation, 
we screened the DElncRNA-os/DEmiRNA-os/
DEmRNA-os pairs and predicted the lncRNA/
miRNA/mRNA axis in GC.

Data processing

This study adopted R (version 3.6.3) for statisti-
cal analysis. The edgeR package in R was 
employed to obtain the abnormally expressed 
RNAs. An unpaired two-tailed t test was used  
to compare the variations between the two 
groups. P < 0.05 was considered statistically 
significant.

Results

Flow chart of the data mining approach for 
screening ceRNAs and tumor biomarkers

Figure 1 shows the flow chart of the data min-
ing approach used to screen ceRNAs and tumor 
biomarkers of GC in this study. R software and 
various online tools were employed for the anal-

ysis. First, we downloaded the expression pro-
files of lncRNAs, miRNAs and mRNAs in gastric 
adenocarcinoma and gastric adenoma from 
TCGA database and obtained DElncRNAs, 
DEmiRNAs and DEmRNAs after data analysis 
using R. Then, the miRcode database was used 
to determine the DElncRNA-DEmiRNA pairs, 
and miRDB, TargetScan 7.2 and DIANA microT-
CDS tools were applied to identify the DEmiRNA-
DEmRNA pairs. Thereafter, to visualize the rela-
tionship between the two types of pairs, we 
used Cytoscape to construct a ceRNA network 
diagram. Furthermore, we used Metascape to 
conduct an enrichment analysis of mRNAs in 
the ceRNA network to comprehend the poten-
tial functions of the ceRNA network in GC. In 
addition, through a survival analysis using R, 
we obtained DElncRNA-os, DEmiRNA-os and 
DEmRNA-os related to the five-year survival 
rate of patients. Ultimately, based on the  
targeting relationships in the ceRNA network, 
we identified DElncRNA-os/DEmiRNA-os/DE- 
mRNA-os pairs and further predicted the 
lncRNA/miRNA/mRNA axis according to its reg-
ulatory mode. This process is a feasible meth-
od to identify potential tumor prognostic bio-
markers and predict tumor regulatory axes.

Data extraction and differential expression 
analysis of lncRNAs, miRNAs and mRNAs

In this study, the data profiles of gastric adeno-
carcinoma and gastric adenoma were obtained 
from TCGA database. The profiles included 374 
lncRNA samples (normal samples: 30, tumor 
samples: 344), 453 miRNA samples (normal 
samples: 42, tumor samples: 411), and 374 
mRNA samples (normal samples: 30, tumor 
samples: 344).

Through a differential expression analysis, 
2840 RNAs were identified to be abnormally 
expressed (|log2FC| > 2.0, P-FDR < 0.05) in GC 
samples (Figure 2Ai-Ci), consisting of 1052 
DElncRNAs (upregulated: 853, downregulated: 
199) (Figure 2Aii), 102 DEmiRNAs (upregulat-
ed: 85, downregulated: 17) (Figure 2Bii), and 
1686 DEmRNAs (upregulated: 937, downregu-
lated: 749) (Figure 2Cii). The red dots denote 
significantly upregulated RNAs, and the green 
dots denote significantly downregulated RNAs.

The ceRNA regulatory network of GC

Based on predictions from the miRcode data-
base, we obtained the DElncRNA-DEmiRNA 
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pairs. According to the screening criteria, 69 
DElncRNAs and 10 DEmiRNAs were included  
in the ceRNA network, and they constituted 
154 DElncRNA-DEmiRNA pairs (Supplementary 
Table 1). Furthermore, three online tools (mi- 
RDB, TargetScan 7.2, and DIANA microT-CDS) 
were employed to predict the target genes of 
the 10 DEmiRNAs included in the ceRNA net-
work. Thereafter, we intersected the predic-
tions with DEmRNAs; 204 DEmRNAs were 
included in the ceRNA network, and 288 
DEmiRNA-DEmRNA pairs were obtained 
(Supplementary Table 2).

Finally, based on the DElncRNA-DEmiRNA pairs 
and DEmiRNA-DEmRNA pairs obtained above, 
we used Cytoscape to construct the ceRNA net-
work of GC (Figure 3). As shown in Figure 3, 69 
DElncRNAs (upregulated: 51, downregulated: 
18), 10 DEmiRNAs (upregulated: 6, downregu-
lated: 4) and 204 DEmRNAs (upregulated: 103, 

downregulated: 101) were included in the 
ceRNA network.

GO and KEGG pathway enrichment analyses of 
204 mRNAs in the ceRNA network

By performing a functional enrichment analysis 
of 204 mRNAs in the ceRNA network using the 
criterion of P < 0.05, we obtained the top 20 
clusters of GO processes and KEGG pathways 
(Figure 4, Supplementary Table 3), which were 
represented by the most statistically significant 
term within them (Figure 4A). Figure 4B con-
verted the size of the P value to the color shade 
of nodes, where terms containing more genes 
tended to have a more significant P value. 
Figure 4C distinguished different clusters with 
separate colors, where nodes that share the 
same cluster ID were typically close to each 
other. As illustrated in Figure 4A, the most sig-
nificant GO function was the trans-synaptic sig-

Figure 1. Analysis of prognostic biomarkers and key axes. The analysis includes specific bioinformatics methods, 
data processing tools, and partial research results.

http://www.ajtr.org/files/ajcr0138865suppltab3.xlsx
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naling cluster. Among the top 20 clusters, 2 
KEGG functional pathway clusters, the protein 
digestion and absorption cluster and neuroac-

tive ligand-receptor interaction cluster, were 
identified, and the former was more statistically 
significant than the latter.

Figure 2. Heatmap and volcano plots of RNAs. With |log2FC| > 2.0 and FDR < 0.05 as the standards, heatmaps and 
volcano plots were drawn to illustrate the outcome of the differential expression analysis. The red dots denote sig-
nificantly upregulated RNAs, and the green dots denote significantly downregulated RNAs. Ai. Heatmap of lncRNAs; 
Bi. heatmap of miRNAs; Ci. heatmap of mRNAs. The abscissa represents the log2 transformation value of the fold 
change in differential expression between GC samples and normal samples. The larger the |log2FC| value, the 
greater the fold change. The ordinate represents the -log10 transformation of the FDR value. The larger the -log10 
transformation value, the more significant the difference. Aii. Volcano plot of lncRNAs; Bii. volcano plot of miRNAs; 
Cii. volcano plot of mRNAs. The abscissa represents logFC, where the farther the point deviates from the center, the 
greater the fold change; the negative half represents downregulation, and the positive half represents upregulation. 
The ordinate represents -log (FDR), where the closer the point is to the top, the more significant the difference in 
expression between GC samples and normal samples.
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Prognostic tumor markers and regulatory axes 
of GC

13 DElncRNA-os, 2 DEmiRNA-os, and 28 DE- 
mRNA-os prognostic tumor markers: According 
to the results of the survival analysis with P < 
0.05 as the level of significance, we identified 
the following RNAs in the ceRNA network:  
1) NKX2-1-AS1, VCAN-AS1 and 11 other DE- 
lncRNA-os prognostic tumor markers (Figure 
5A-M); 2) hsa-mir-137 and hsa-mir-145 as the 
DEmiRNA-os prognostic tumor markers (Figure 
5N, 5O); and 3) Homo sapiens serpin family E 
member 1 (SERPINE1), a disintegrin and metal-
loproteinase with thrombospondin motifs 18 
(ADAMTS18) and 26 other DEmRNA-os prog-
nostic tumor markers (Supplementary Figure 
1). Table 1 presents changes in the expression 

of the 43 prognostic tumor markers listed 
above, among which 25 were upregulated and 
18 were downregulated.

Among the 13 DElncRNA-os and 2 DEmiRNA-os 
prognostic biomarkers, the overexpression of 
five DElncRNA-os (NKX2-1-AS1, VCAN-AS1, 
IGF2-AS, LINC00052, and POU6F2-AS2), the 
downregulation of one DElncRNA-os (ADAMTS9-
AS2) and two DEmiRNA-os (hsa-mir-137 and 
hsa-mir-145) were confirmed in previous exper-
imental studies of GC (Tables 2, 3). In addition, 
the downregulation of DElncRNA-os ADAMTS9-
AS1 was reported in earlier experimental pros-
tate cancer studies (Table 2). The abnormal 
expression of the remaining six DElncRNA-os 
(upregulated: C15orf54; AC018781.1, AL39- 
1152.1, AC010145.1, and LNC00469, down-

Figure 3. The ceRNA network diagram. Red indicates upregulated RNA expression, green indicates downregulated 
RNA expression, diamonds represent lncRNAs, squares represent miRNAs, and circles represent mRNAs. 69 DEln-
cRNAs, 10 DEmiRNAs and 204 DEmRNAs were included in the network. They targeted each other and paired to 
form 154 DElncRNA-DEmiRNA pairs and 288 DEmiRNA-DEmRNA pairs. 
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regulated: FLRT1) has not been verified in  
any experimental studies of cancer before. 
However, the upregulation of three of them 
(C15orf54, AL391152.1 and AC018781.1) and 
the downregulation of the final one (FLRT1) 
were reported by previous data mining studies 
on GC (Tables 2, 3).

Of the 28 DemRNA-os prognostic gene mark-
ers, the upregulation of 12 mRNAs (SERPINE1, 
ADAMTS18, INHBA, CXCL9, OLR1, HOXA13, 
COL3A1, STIL, COL10A1, KIF18B, ATAD2, and 

DKK1) and the downregulation of 4 mRNAs 
(FAT3, LIMS2, OPCML, and RBPMS2) were con-
firmed by previous experimental studies of GC. 
In addition, the upregulation of 1 mRNA (DCLK3) 
and the downregulation of 3 mRNAs (ASPA, 
COL21A1, and FXYD6) were confirmed in ex- 
perimental studies on other cancers. However, 
the high expression level of 1 mRNA (PDK4) in 
GC cell lines and the low expression level of 3 
mRNAs (NECAB1, ADRA1D, and SLITRK3) in 
other cancers were reported in previous stud-
ies, which differed from the results of our study. 

Figure 4. Functional enrichment analysis of 204 mRNAs. A. Bar graph of enriched terms across input gene lists col-
ored by P values. B. Network of enriched terms colored by P value, where terms containing more genes tend to have 
a more significant P value. C. Network of enriched terms colored by cluster ID, where nodes that share the same 
cluster ID are typically close to each other.
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Figure 5. Survival curves of lncRNAs and miRNAs in the ceRNA network. (A-M) show the survival curves of 13 lncRNAs, while (N and O) show the survival curves of 
2 miRNAs. The x-axis represents overall survival time, and the y-axis represents the overall survival rate. P < 0.05 is considered statistically significant.
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The abnormal expression of the remaining 4 
mRNAs (upregulated: PCDHA11 and PCDHA12; 

downregulated: ZNF365 and PRRT4) has not 
been verified in any experimental studies of 
cancer before, while the methylation of ZNF365 
was experimentally reported to be associated 
with GC, the mutation of PCDHA11 has been 
informed by a sequencing analysis of large 
granular lymphocyte leukemia and the down-
regulation of PCDHA12 was shown in a previ-
ous data mining study on squamous cell lung 
cancer (Table 4).

Four lncRNA/miRNA/mRNA regulatory axes 
based on the ceRNA network: As shown in 
Figure 6, according to the regulatory relation-
ships of RNAs included in the ceRNA network, 
the 13 DElncRNA-os and 2 DEmiRNA-os desc- 
ribed above formed 7 DElncRNA-os/DEmiRNA-
os pairs (ADAMTS9-AS2/hsa-mir-137, FLRT1/
hsa-mir-137, POU6F2-AS2/hsa-mir-137, ADA- 
MTS9-AS1/hsa-mir-145, ADAMTS9-AS2/hsa-
mir-145, LINC00052/hsa-mir-145, and NKX2-
1-AS1/hsa-mir-145). Likewise, the 2 DEmiRNA-
os and 28 DEmRNA-os listed above formed 4 
DEmiRNA-os/DEmRNA-os pairs (hsa-mir-137/
OPCML, hsa-mir-137/FXYD6, hsa-mir-137/FAT 
atypical cadherin 3 (FAT3), and hsa-mir-137/
proline-rich transmembrane protein 4 (PRRT4)).

Afterward, with DEmiRNA-os as the connection 
point, we combined the DElncRNA-os/DEmi- 
RNA-os pairs and the DEmiRNA-os/DEmRNA-
os pairs to obtain 12 DElncRNA-os/DEmiRNA-
os/DEmRNA-os interactions. According to the 
criterion that lncRNAs should downregulate 
miRNA expression, eight DElncRNA-os/DEmi- 
RNA-os/DEmRNA-os interactions were further 
discarded, and we finally obtained four lncRNA/
miRNA/mRNA axes (POU6F2-AS2/hsa-mir-137/
OPCML, POU6F2-AS2/hsa-mir-137/FXYD6, PO- 
U6F2-AS2/hsa-mir-137/FAT3, and POU6F2-
AS2/hsa-mir-137/PRRT4) that might affect the 
prognosis and progression of GC (Figure 6). 
Some of the components and regulatory rela-
tionships in these axes were supported by ear-
lier experiments on cancer (Table 5). In Figure 
7A, we used the POU6F2-AS2/hsa-mir-137/
OPCML axis as an example, in which overex-
pressed POU6F2-AS2 sponged and downregu-
lated hsa-mir-137, further leading to the low 
expression of the target gene OPCML. The cor-
responding experimental evidence for each 
part of the axis is shown in the box in Figure 7B 
to help readers understand the potential mech-
anism. The derivation of this ceRNA axis is fully 
discussed in the Discussion section.

Table 1. Prognostic lncRNA, miRNA, and 
mRNA biomarkers in the ceRNA network

RNA Change in 
Expression Name P-adj. 

lncRNA Upregulated NKX2-1-AS1 6.08E-03
VCAN-AS1 1.02E-02

AC010145.1 1.38E-02
LINC00469 1.68E-02
C15orf54 1.97E-02
IGF2-AS 2.14E-02

AC018781.1 2.88E-02
LINC00052 2.94E-02
AL391152.1 3.21E-02
POU6F2-AS2 3.75E-02

Downregulated ADAMTS9-AS1 1.37E-02
ADAMTS9-AS2 1.97E-02

FLRT1 2.43E-02
miRNA Downregulated hsa-mir-137 1.38E-02

hsa-mir-145 3.91E-02
mRNA Upregulated SERPINE1 1.19E-03

ADAMTS18 2.38E-03
PCDHA11 8.61E-03

INHBA 1.54E-02
DCLK3 1.95E-02

PCDHA12 2.04E-02
CXCL9 2.25E-02
OLR1 3.60E-02

HOXA13 3.70E-02
COL3A1 4.02E-02

STIL 4.02E-02
COL10A1 4.04E-02
KIF18B 4.42E-02
ATAD2 4.46E-02
DKK1 4.70E-02

Downregulated NECAB1 4.36E-03
FAT3 4.37E-03
PDK4 5.05E-03

ZNF365 8.78E-03
LIMS2 1.02E-02
ASPA 1.51E-02

PRRT4 2.09E-02
COL21A1 3.10E-02

FXYD6 3.96E-02
OPCML 4.14E-02
ADRA1D 4.37E-02
RBPMS2 4.38E-02
SLITRK3 4.92E-02
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Table 2. Comparison of the abnormal changes in the expression of 13 lncRNAs identified in this study 
and previous experimental studies on cancer
Number lncRNA Feature Study findings Citation
1 NKX2-1-AS1  qRT-PCR and immunohistochemical staining indicated that the upregulation of NKX2-1-AS1 in 

GC tissues downregulated the sponged miR-145-5p, then upregulated SERPINE1, and further 
promoted proliferation, invasion, metastasis, and angiogenesis of tumor cells via stimulating the 
VEGFR-2 signaling pathway.

[42]

2 VCAN-AS1 Analyses of clinical samples, TCGA database samples and in vitro cell-based experiments 
revealed that VCAN-AS1 was upregulated in GC tissues and cells, and silencing VCAN-AS1 inhib-
ited the proliferation, invasion and metastasis of cancer cells.

[43]

3 IGF2-AS qRT-PCR and immunohistochemical detection revealed that the upregulation of IGF2-AS in GC 
tissues downregulated the expression level of the sponged miR-503, led to the upregulation of 
SHOX2, and promoted the progression and metastasis of GC.

[44]

4 LINC00052 Detection of clinical samples and in vitro cell-based experiments showed that the abnormally 
high expression of LINC00052 in GC samples interacted with SMYD2 methyltransferase and 
then stimulated β-catenin methylation to activate the Wnt/β-catenin pathway, subsequently 
promoting the hyperplasia and migration of GC cells.

[45]

5 POU6F2-AS2 RT-qPCR confirmed that POU6F2-AS2 was expressed at higher levels in GC samples than in 
matched adjacent normal samples.

[46]

6 ADAMTS9-AS2 qRT-PCR and in vitro cell culture experiments showed that the lncRNA ADAMTS9-AS2 was 
expressed at low levels in GC cells. Upregulating ADAMTS9-AS2 expression in the MKN45 cell 
line stimulated the expression of SPOP to further inhibit the proliferation of GC cells and the 
tumorigenicity of tumor stem cells.

[47]

7 ADAMTS9-AS1  The qRT-PCR assay showed that ADAMTS9-AS1 expression was downregulated in prostate can-
cer tissues and cells, and the upregulation of ADAMTS9-AS1 expression in prostate cancer cells 
downregulated the sponged hsa-mir-96, thus indirectly upregulating the expression of PRDM16 
and subsequently inhibiting the proliferation of cancer cells.

[48]

8 C15orf54 The overexpression of C15orf54 has not been mentioned in any cancer experiments. However, 
a data mining study of gastric adenocarcinoma suggested that C15orf54 was upregulated 
in tumor samples and was included in a multivariable Cox risk model designed to predict the 
prognosis of patients with GC.

[46]

9 AC018781.1 The abnormally high expression of AC018781.1 has not been mentioned in any cancer experi-
ments. However, a data mining study of gastric adenocarcinoma suggested that AC018781.1 
was downregulated in tumor samples and was a predicted independent prognostic factor for GC.

[46]

10 AL391152.1 The abnormally high expression of AL391152.1 has not been mentioned in any cancer 
experiments. Nevertheless, a data mining study of gastric adenocarcinoma suggested that 
AL391152.1 was upregulated in tumor samples and was included in a multivariable Cox risk 
model designed to predict the prognosis of patients with GC.

[46]

11 AC010145.1 AC010145.1 is a biomarker reported for the first time in the present study. We found that abnor-
mally high expression of AC010145.1 was significantly related to a poor prognosis for patients 
with GC.

\

12 LINC00469 LINC00469 is a biomarker reported for the first time in the present study. We found that abnor-
mally high expression of LINC00469 was significantly related to a poor prognosis for patients 
with GC.

\

13 FLRT1 The abnormally low expression of FLRT1 has not been mentioned in any cancer experiments. 
However, in a data mining study of in gastric adenocarcinoma, the Kaplan-Meier survival analy-
sis revealed decreased FLRT1 expression in patients with GC, and its hypermethylation was 
significantly related to the poor prognosis of these patients.

[49]

Notes:   a lncRNA experimentally upregulated in GC in accord with our calculated results;   a lncRNA experimentally downregulated in GC in accord with our calculated 
results;   a lncRNA experimentally downregulated in other cancers in accord with our calculated results;   a lncRNA upregulated in our calculated results that has not 
been experimentally verified in GC or other cancers;   a lncRNA downregulated in our calculated results that has not been experimentally verified in GC or other cancers.

 

 

 

 

 

 

 

 

 

 

 

Table 3. Comparison of the abnormal changes in miRNA expression identified in this study and previ-
ous experimental studies of cancers
miRNA Number Feature Study findings Citation
miR-137 1 Wu LP et al. reported significantly reduced expression of miR-137 in GC cell lines. Overexpressed 

miR-137 reduced GC cell proliferation and metastasis by regulating AKT2-related signal pathways.
[50]

2 Deng J et al. reported decreased expression of miR-137 in GC cells lines. The overexpression of 
miR-137 significantly suppressed the proliferation and invasion of GC cells.

[51]

miR-145 3 Lei C et al. confirmed that the expression of miR-145 was downregulated in GC cells. Overexpressed 
miR-145 suppressed GC cell migration and metastasis by inhibiting the EMT.

[52]

4 Zeng JF et al. indicated that miR-145 was downregulated in cancer tissues and cells. Upregulated 
miR-145 negatively regulated the migration and metastasis of GC cells.

[53]

Notes:   a miRNA experimentally downregulated in gastric cancer in accord with our calculated results.
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Table 4. Comparison of changes in the expression of 28 mRNAs identified in this study and previous 
experimental studies on cancer
Number mRNA Feature Study findings Citation
1 SERPINE1 By analyzing samples in TCGA database and cells in vitro, SERPINE1 was shown to be expressed 

at high levels in patients with gastric adenocarcinoma and cancer cells. Silencing SERPINE1 
inhibited the EMT process, thereby inhibiting the proliferation and metastasis of gastric adenocar-
cinoma cells.

[54]

2 ADAMTS18 Immunohistochemical analysis of clinical tissue samples showed that ADAMTS18 was expressed 
at high levels in GC tissues and was significantly related to a high tumor stage.

[55]

3 INHBA Detection of clinical samples and in vitro cell-based experiments indicated that INHBA was ex-
pressed at high levels in patients with GC and cancer cells. Silencing INHBA inactivated the TGF-β 
signaling pathway and inhibited the metastasis and invasion of GC cells.

[56]

4 CXCL9 An analysis of samples from TCGA database and cell culture experiments revealed that CXCL9, 
which was abnormally highly expressed in GC tissues, increased the expression of PD-L1 in GC 
cells and tissues by activating the STAT and PI3K-Akt pathways, and participated in promoting the 
immune escape of cancer cells.

[57]

5 OLR1 Tissue detection and experiments with cell lines indicated that OLR1, also known as LOX1, was up-
regulated in GC cells. Overexpression of LOX1 drove the EMT and activated the PI3K/Akt/GSK3β 
pathway, therefore facilitating the metastasis of GC cells.

[58]

6 HOXA13 An analysis of gene microarray data revealed that HOXA13 was expressed at high levels in GC 
tissues and was associated with advanced stage GC. Cell-based experiments confirmed that the 
upregulation of HOXA13 expression activated the TGF-β pathway in GC cells, promoted the EMT 
process, and increased the invasion and metastasis of cancer cells.

[59]

7 COL3A1 A gene expression microarray analysis of tissue samples from patients with GC and mice revealed 
that COL3A1 was abnormally highly expressed in GC tissues and was involved in activating the 
MYC, STAT3 and β-catenin (CTNNB1) transcription network and promoting the occurrence and 
progression of gastric cancer.

[60]

8 STIL Analyses of clinical samples, samples from TCGA database and cells in vitro illustrated that STIL, 
which was expressed at high levels in GC tissues and cells, enhanced the activity of the IGF-1/
PI3K/AKT signaling pathway, and promoted the proliferation of GC cells and the growth of GC in 
vivo.

[61]

9 COL10A1 Analyses of clinical samples, mouse experiments and cell culture in vitro indicated that COL10A1, 
which was upregulated in GC tissues, upregulated SOX9 expression by activating the TGF-β1 
signaling pathway and promoted the invasion and metastasis of GC cells.

[62]

10 KIF18B qRT-PCR and flow cytometry experiments illustrated that KIF18B was highly expressed in gastric 
cancer cells. The upregulation of KIF18B significantly enhanced the proliferation, migration and 
invasion abilities of stomach cancer cells.

[63]

11 ATAD2 qRT-PCR and immunohistochemical detection of clinical tissues showed that ATAD2 was 
expressed at high levels in GC and was significantly related to the clinical stage, poor prognosis, 
deep tumor invasion, lymph node metastasis, and distant metastasis of GC.

[64]

12 DKK1 Immunohistochemical staining of GC clinical specimens revealed that the abnormally high expres-
sion of DKK1 in GC samples might be useful as an independent marker for the poor prognosis of 
patients with GC.

[65]

13 FAT3 Cell-based experiments indicated that knocking out MEF2C-AS1 or FENDRR in GC cell lines further 
reduced the level of FAT3 and other proteins related to GC cell proliferation and invasion and 
promoted the proliferation of GC cells.

[66]

14 LIMS2 qRT-PCR and immunohistochemical detection of GC clinical tissue specimens revealed that LIMS2 
was expressed at low levels in GC tissues and cells. Cell-based experiments indicated that its 
downregulation was related to CpG island hypermethylation, and the low expression of LIMS2 
promoted cancer cell migration.

[67]

15 OPCML Through the detection of clinical GC samples and cell-based experiments, the authors verified 
that OPCML was expressed at low levels in GC tissues and cells. Upregulating OPCML expression 
inhibited the growth and colony formation of GC cells, arrested the cells in G0/G1 phase, and 
promoted cancer cell apoptosis.

[68]

16 RBPMS2 Immunohistochemical detection of tumor cells at the tumor center and at the invasive front of 
resected GC tissue manifested that low expression of RBPMS2 was more frequent at the invasive 
front (57.7%), which was associated with the nonintestinal type and positive lymphatic invasion (P 
< 0.01).

[69]

17 PDK4 By performing experiments using GC tissues and cells, PDK4 was shown to be overexpressed in 
cancer cells. Downregulation of miR-5683 disinhibited glycolysis by upregulating PDK4 in GC cells.

[70]

18 DCLK3 According to a proteome-wide analysis of disease-associated SNPs (PWAS) and analysis of cell-
based experiments of colon cancer, transcription factors bound to the MLH1 rs1800734 A allele 
to enhance the chromatin interaction between the rs1800734 locus and the DCLK3 region and 
further upregulated the expression of DCLK3, thereby promoting the EMT process of cancer cells 
and increasing the malignancy of colon cancer.

[71]
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Discussion

GC is one of the most com-
mon malignancies in the 
world [1]. In China, stomach 
cancer ranked second in inci-
dence and third in cancer-
related mortality in 2021 [2]. 
The 5-year survival rate of 
patients with GC is less than 
21.35% due to the lack of 
effective treatments in the 
advanced stage [3]. Therefore, 

19 ASPA Assessments of glioma tissue samples and cell experiments revealed that ASPA is expressed at 
low levels in glioma cells, and glioma stem cell-like cells promote ASPA expression to maintain 
their undifferentiated state.

[72]

20 COL21A1 A qRT-PCR assay of clinical tissue samples from patients with head and neck cancer showed that 
COL21A1 was abnormally repressed in head and neck cancer tissues, and its expression was 
downregulated up to 4-fold compared with that in matched normal tissues.

[73]

21 FXYD6 Colorectal cancer (CRC) samples and cell-based experiments showed that FXYD6 was abnormally 
expressed at low levels in CRC patients with drug-resistant and irinotecan-resistant SW620 cells. 
FXYD6 knockdown decreased the activity of ATP-α1, inhibited cell autophagy and apoptosis, there-
fore inducing irinotecan and oxaliplatin resistance.

[74]

22 NECAB1 Immunohistochemical detection of clinical tissue samples from patients with thyroid cancer indi-
cated that NECAB1 (also known as STIP-1) was expressed at high levels in cancer tissues and was 
significantly related to the thyroid cancer tumor size, multiple foci, vascular invasion, and distant 
metastasis.

[75]

23 ADRA1D Detection of clinical prostate cancer samples and analyses of cell-based experiments revealed 
ADRA1D was highly expressed in prostate tissue, and silencing ADRA1D inhibited the proliferation 
of cancer cells mediated by norepinephrine.

[76]

24 SLITRK3 qRT-PCR and immunohistochemical detection of clinical tissue samples illustrated that the 
expression of SLITRK3 was upregulated in gastrointestinal stromal tumor tissue, and it was closely 
related to the long-term survival rate and tumor-free survival rate of patients.

[77]

25 PCDHA11 The abnormally upregulation of PCDHA12 has not been reported in any cancer experiments. 
However, a whole exome and transcriptome sequencing analysis on large granular lymphocyte 
leukemia indicated that PCDHA11 was a recurrently mutated putative driver of leukemia.

[78]

26 PCDHA12 The abnormally high expression of PCDHA12 has not been reported in any cancer experiments. 
However, in a data mining study of squamous cell lung cancer, the Cox risk prediction model com-
posed of downregulated PCDHA12 and 6 other genes predicted patient prognosis.

[79]

27 ZNF365 The abnormally low expression of ZNF365 has not been mentioned in any cancer experiments. 
Nevertheless, through an experimental analysis of GC samples and cells, the ZNF365 gene was 
shown to be methylated in EBV+ and EBV−/high methylation tumors groups.

[80]

28 PRRT4 PRRT4 is a biomarker reported for the first time in the present study. We found that downregulation 
of PCDHA11 expression was significantly related to a poor prognosis for patients with GC.

\

Notes:   An mRNA upregulated experimentally in GC in accord with our calculated results;   An mRNA experimentally downregulated in GC in accord with our calculat-
ed results;   An mRNA experimentally upregulated in GC which different from our calculated results;   An mRNA experimentally downregulated in GC which different 
from our calculated results;   An mRNA experimentally upregulated in other cancers in accord with our calculated results;   An mRNA experimentally downregulated 
in other cancers in accord with our calculated results;   An mRNA experimentally upregulated in other cancers which differ from our calculated results in GC;   An 
mRNA experimentally downregulated in other cancer which differ from our calculated results in GC;   An mRNA upregulated in our calculated results that has not been 
experimentally verified in GC or other cancers;   An mRNA downregulated in our calculated results that has not been experimentally verified in GC or other cancers.

 

 

 

 

 

 

 

 

 

 

Figure 6. Establishment of 4 ln-
cRNA/miRNA/mRNA axes. The 
blank rectangles represent the 
screening process, the blue 
rectangles represent the compo-
nents of the ceRNA network, the 
green rectangles represent can-
didate prognostic targets, and 
the purple rectangles represent 
the regulatory axes.
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the early detection of GC is essential for the 
treatment of patients and for a maximized ther-
apeutic effect. With the progress in bioinfor-
matics research in cancers, including gastric 
carcinoma, a variety of RNA biomarkers related 
to tumor proliferation, metastasis, invasion, and 

the concept that mRNAs, pseudogene tran-
scripts and lncRNAs use miRNA response ele-
ments (MREs) as binding targets to “talk” to 
each other and to target and regulate the 
expression of one another [8]. Among them, 
lncRNAs function as miRNA sponges to com-

Table 5. Supporting evidence for lncRNA/miRNA/mRNA regulatory axes
Number Components Circumstantial Evidence References
1 POU6F2-AS2 and YBX1 Liu J et al. reported that in squamous cell esophageal cancer samples, POU6F2-AS2 

targets and binds YBX1, which is indispensable for the binding of YBX1 to chromatin. 
In addition, YBX1 compensates for the function of POU6F2-AS2 in repairing DNA dam-
age in response to ionizing radiation treatment, which leads to treatment failure and 
undesirable outcomes. POU6F2-AS2 knockout inhibits YBX1 locating at and binding to 
damaged DNA, which further increases the amount of DNA damage in cancer cells and 
improves the radiotherapy sensitivity of cancer tissues.

[31]

2 hsa-mir-137 and YBX1 Chu PC et al. showed that high miR-137 expression in CRC inhibits YBX1 expression by 
targeting the 3’UTR of YBX1. Johnson TG et al. observed that transfection of miR-137 
analogs inhibits the growth, metastasis and invasion of malignant pleural mesothelioma 
cells, and this process is related to the direct downregulation of YBX1 expression.

[32, 33]

3 hsa-mir-137 and FXYD6 Li ZM et al. reported that FXYD6 is directly targeted and downregulated by the upregula-
tion of miR-137. When FXYD6 is upregulated, the tumor-suppressive effects of overex-
pressed miR-137 on osteosarcoma migration and proliferation are reversed.

[81]

Figure 7. Mechanism plot (A) and evidence map (B) of the POU6F2-AS2/hsa-
mir-137/OPCML axis and YBX1 in gastric cancer.

prognosis have been identi-
fied [20-22]. These RNAs con-
tribute to guiding clinical tre- 
atment decisions, predicting 
patient prognosis and devel-
oping personalized treatment 
for patients.

Notably, ncRNA is commonly 
recognized as a type of RNA 
that does not encode protein. 
However, ncRNAs have been 
reported to possess biologi-
cal functions such as tran-
scriptional regulation, RNA 
splicing and modification, 
and chromosome stabiliza-
tion [23]. NcRNAs can be 
divided into small ncRNAs 
(sncRNAs, including miRNAs), 
lncRNAs and circular RNAs 
(circRNAs) according to their 
size. Studies have shown  
that in addition to regulating 
the carcinogenesis and pro-
gression of many cancers, 
ncRNAs also target and regu-
late other ncRNAs [8, 9]. This 
type of ncRNA is called  
a ceRNA, and the network 
formed through their regula-
tory relationships is called a 
ceRNA network [8, 9]. The 
ceRNA network is based on 
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petitively inhibit sponged miRNAs [24, 25]. 
MiRNAs inhibit the translation of target mRNAs 
or mediate the deadenylation and degradation 
of target mRNAs, thus reducing protein synthe-
sis [26]. Emerging evidence shows that lncRNAs 
sponge miRNAs to further regulate the expres-
sion of target mRNAs and then participate in 
the carcinogenesis, progression and metasta-
sis of cancer [24, 25]. This process occurs 
through the lncRNA/miRNA/mRNA regulatory 
axis based on the ceRNA network. In this  
paper, we analyzed the regulatory mechanisms 
between the components of this axis and dis-
cussed the involved target signals and protein 
pathways to further study the mechanisms of 
GC carcinogenesis and progression.

Our study is based on 453 miRNA samples, 
374 lncRNA samples and 374 mRNA samples 
from TCGA database related to gastric adeno-
carcinoma and gastric adenoma. By performing 
differential expression analyses, we first identi-
fied 1052 DElncRNAs (853 upregulated and 
199 downregulated), 102 DEmiRNAs (85 up- 
regulated and 17 downregulated), and 1686 
DEmRNAs (937 upregulated and 749 downreg-
ulated). Then, we detected the DERNA interact-
ing pairs (Supplementary Tables 1, 2) using mi- 
Rcode, miRDB, TargetScan and DIANA TOOLS. 
Finally, based on these pairs, we constructed a 
ceRNA network consisting of 69 lncRNAs, 10 
miRNAs and 204 mRNAs. Among them, 43 
ncRNAs were related to survival (13 lncRNAs, 2 
miRNAs, and 28 mRNAs).

After a thorough literature search and careful 
analysis of the 43 candidate prognostic RNAs, 
we found that 17 overexpressed RNAs (5 
lncRNAs and 12 mRNAs) and 7 downregulated 
RNAs (1 lncRNA, 2 miRNAs, and 4 mRNAs) have 
been experimentally confirmed to promote the 
progression and invasion of tumor cells in previ-
ous GC studies, denoting that at least 55.81% 
(24 of 43) biomarkers were predicted success-
fully by our calculation (Tables 2-4). In addition, 
the upregulation of 1 RNAs (1 mRNAs) and the 
downregulation of 4 RNAs (1 lncRNA and 3 
mRNAs) have been documented to stimulate a 
significant process of tumor cells in previous 
experiments on other cancers, indicating that 
11.63% (5 of 43) of biomarkers might also be 
predicted correctly (Tables 2 and 4). On the 
other hand, the abnormal expression of 4 
mRNAs (1 downregulated and 3 upregulated) 
was predicted in the opposite direction from 

previous experimental reports; however, only 
one of these four mRNAs (PDK4) was indeed 
studied in GC (Table 4). Finally, 10 RNAs (6 
lncRNAs and 4 mRNAs) have not been con-
firmed by any previous experiments. Among the 
10 RNAs, the predictions of dysregulation of 3 
RNAs (2 upregulated lncRNAs and 1 downregu-
lated lncRNA) in this study were consistent with 
those from other data mining studies, while the 
prediction of the abnormal upexpression of 1 
lncRNA (AC018781.1) and 1 mRNA (PCDHA12) 
here were opposite to those from other calcula-
tion studies. One mRNA was reported to be 
methylated in gastric cancer cells, 1 mRNA was 
identified as a mutation driver in large granular 
lymphocyte leukemia cells and 3 RNAs (2 
lncRNAs: AC010145.1 and LNC00469; 1 
mRNA: PRRT4) were novel potential prognostic 
biomarkers that had never been reported 
before, signifying that our study had an at least 
6.98% prediction capability (Tables 2 and 4). 
Moreover, because these experimentally un- 
confirmed RNAs may have different functions in 
different cancers or even in different subtypes 
and stages of GC, 44.19% (19 of 43) of bio-
markers may be aggressively regarded as prog-
nostic. Therefore, we believe that this calcula-
tion work is valuable because of its showing 
both strong reliability and predictability.

Based on the ceRNA target-relationship net-
work, we obtained four lncRNA/miRNA/mRNA 
regulatory axes (POU6F2-AS2/hsa-mir-137/
OPCML, POU6F2-AS2/hsa-mir-137/FAT3, PO- 
U6F2-AS2/hsa-mir-137/FXYD6, and POU6F2-
AS2/hsa-mir-137/PRRT4) from 43 DERNA-os 
that might affect the progression of GC. None 
of the four axes have been reported in previous 
studies, yet their components have appeared in 
different experimental reports on cancer. The 
high expression of POU6F2-AS2 and the low 
expression of hsa-mir-137, OPCML and FAT3 
were previously experimentally confirmed in 
GC. Low expression of FXYD6 has not been 
reported to be related to GC, but its low expres-
sion was identified in colorectal cancers. PRRT4 
has not been reported in any study yet. The 
information mentioned above adds credibility 
to the regulatory axes. The more information 
that is validated by experiments, the higher the 
reliability of the regulatory axis. In contrast, the 
higher the predictability of the axis, the greater 
the significance of further experimental confir-
mation. Therefore, the reliability of the OPCML 
axis, the FAT3 axis, the FXYD6 axis and the 
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PRRT4 axis decreases in that order, and their 
predictability increases in that order.

In this study, we selected the POU6F2-AS2/
hsa-mir-137/OPCML axis with the highest reli-
ability as an example. Figure 7 shows a simpli-
fied diagram of the regulatory mechanism of 
this axis. The lncRNA POU6F2-AS2 in the axis 
was expressed at high levels, while hsa-mir-137 
was expressed at low levels. Thus, the highly 
expressed lncRNA POU6F2-AS2, functioning as 
a ceRNA, sponged and downregulated the 
expression of hsa-mir-137, inhibited the expres-
sion of the target gene OPCML, and finally pro-
moted the growth, proliferation, invasion, poor 
differentiation and poor prognosis of GC. We 
further predicted that the YBX1 protein might 
play an important role in this process. YBX1 
(also called YB-1), a chromatin-binding protein, 
binds to single-stranded DNA (ssDNA) and pre-
mRNA and mediates cell survival after DNA 
damage [27]. Numerous studies have shown 
that YBX1 mRNA and protein expression is sig-
nificantly increased in GC and other cancers 
[28-30]. The increase in YBX1 protein levels is 
significantly associated with the migration pro-
cess of GC [28]. The lncRNA POU6F2-AS2 tar-
gets and binds YBX1, and it is indispensable for 
the binding of YBX1 to chromatin [31]. In addi-
tion, YBX1 compensates for the repair function 
of POU6F2-AS2 in the DNA damage response 
to ionizing radiation (IR) treatment [31], which 
leads to treatment failure and undesirable out-
comes. In 2016, Liu J et al. found that POU6F2-
AS2, which is expressed at high levels in 
patients with squamous cell esophageal can-
cer, was significantly related to the high inva-
siveness of cancer tissues and resistance to 
radiotherapy [31]. POU6F2-AS2 knockout inhib-
ited the locating and binding of YBX1 to dam-
aged DNA, thereby increasing the amount of 
DNA damage in cancer cells and improving the 
radiotherapy sensitivity of cancer tissues [31]. 
Based on the evidence mentioned above, we 
speculated that the repair function of POU6F2-
AS2 and YBX1 might explain why GC cells can 
proliferate in the presence of DNA damage 
from IR or immune elimination. Moreover, the 
miRNA hsa-mir-137 also directly or indirectly 
downregulates the expression of the YBX1 pro-
tein. In 2018, Chu PC et al. showed that highly 
expressed miR-137 inhibited YBX1 expression 
by targeting the 3’UTR of YBX1 [32]. In 2018, 
Johnson TG et al. performed cell-based experi-

ments and observed that transfection of miR-
137 analogs inhibited the growth, metastasis 
and invasion of cancer cells, and this process 
was related to the direct downregulation of 
YBX1 expression [33]. Based on the above-
mentioned results, we infer that the downregu-
lation of miR-137 expression, in addition to 
downregulating the expression of OPCML to 
promote GC cell proliferation and treatment 
resistance, might weaken the inhibition of 
YBX1 expression and thus increase the level  
of the YBX1 protein. The increased YBX1 level, 
together with the highly expressed POU6F2-
AS2, suppresses DNA repair and promotes the 
survival of DNA-damaged cells. Similar to the 
mechanism by which the members of the 
POU6F2-AS2/hsa-mir-137/OPCML axis regu-
late each other in GC and participate in the 
oncogenesis and development of cancer, we 
hypothesize that the other three axes predicted 
in this study also play important roles in the 
progression and malignant biological process-
es of GC.

We conducted functional enrichment and path-
way analyses of 204 mRNAs in the ceRNA net-
work to further explore the mechanisms of the 
204 mRNAs in the ceRNA network in GC. As 
shown in Figure 4A, the trans-synaptic signal-
ing cluster was the most significant GO function 
cluster identified, which included 7 terms 
(trans-synaptic signaling, synaptic signaling, 
chemical synaptic transmission, anterograde 
trans-synaptic signaling, modulation of chemi-
cal synaptic transmission, regulation of trans-
synaptic signaling, and regulation of membrane 
potential) (Supplementary Table 3). Among the 
7 terms, regulation of membrane potential pro-
cesses (GO: 0042391) has been reported to 
have an important function in GC [34]. The 
most significant KEGG cluster was the protein 
digestion and absorption cluster, which includ-
ed 12 terms (protein digestion and absorption 
[ko04974], protein digestion and absorption 
[hsa04974], extracellular matrix, external enca- 
psulating structure, collagen-containing extra-
cellular matrix, extracellular matrix organiza-
tion, extracellular structure organization, exter-
nal encapsulating structure organization, colla-
gen trimer, extracellular matrix structural con-
stituent conferring tensile strength, extracellu-
lar matrix structural constituent, and structural 
molecule activity) (Supplementary Table 3). 
Among these 12 terms, 6 terms (protein diges-

http://www.ajtr.org/files/ajcr0138865suppltab3.xlsx
http://www.ajtr.org/files/ajcr0138865suppltab3.xlsx
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tion and absorption [hsa04974], extracellular 
matrix, collagen-containing extracellular matrix, 
extracellular matrix organization, extracellular 
matrix structural constituent, and structural 
molecule activity) have been reported to play 
important roles in the function of mRNAs in GC 
[35-38], and 5 candidate prognostic biomark-
ers (SERPINE1, ADAMTS18, COL3A1, COL10A1, 
and COL21A1) were enriched in them. Notably, 
these five biomarkers were confirmed experi-
mentally either in GC (the former four) or in 
head and neck cancer (the final one) (Table 4), 
indicating their potential function in the six sig-
naling pathways and the reliability of our study. 
In addition, in the network of enriched terms 
(Figure 4B and 4C), the largest subnetwork 
included 5 clusters (trans-synaptic signaling, 
post synapse, regulation of system process, 
inorganic molecular entity transmembrane 
transporter activity and regulation of ion trans-
port) that were in close proximity and inter-
twined in space, suggesting that they might be 
functionally relevant to each other and play an 
important role in the progression and invasion 
process of gastric tumor cells together. Among 
these 5 clusters, FXYD6, a potential prognostic 
target, was enriched in the post synapse clus-
ter, regulation of system process cluster and 
regulation of ion transport cluster (Supplemen- 
tary Table 3). Thus, we speculate that the prog-
nostic FXYD6 and POU6F2-AS2/hsa-mir-137/
FXYD6 regulatory axis might affect the patho-
genesis of GC by acting on the above three clus-
ters. However, the specific mechanisms still 
need to be clarified in further studies.

As of February 28, 2022, 63 GC studies related 
to the ceRNA network have been retrieved from 
PubMed. Among the 63 articles, five were 
review articles, 38 were experimental studies 
(the majority of them did not construct a whole 
lncRNA (circRNA)/miRNA/mRNA ceRNA axis) 
and 20 were theoretical studies (among them, 
only 3 also proposed a complete DElncRNA 
(DEcircRNA)/DEmiRNA/DEmRNA axis). In 2020, 
Chen J et al. analyzed DElncRNAs, DEmiRNAs 
and immune-related DEmRNAs in GC derived 
from patient samples stored in GEO databases 
to construct an immune microenvironment-
related ceRNA network and proposed two 
ceRNA regulatory axes (AC104389.28/miR-17-
5/SMAD5 axis and LINC01133/miR-17-5p/
PBLD axis) [39]. In the same year, Li JX et al. 
obtained DElncRNA, DEmiRNA and DEmRNA 
data using the patient samples of gastric tumor 

in TCGA, GEO and GEPIA (http://gepia.cancer-
pku.cn/) databases to construct a prognosis-
related ceRNA network and predicted four 
prognostic ceRNA axes (H19/miR-29a-3p/CO- 
L4A1 or COL1A2 or COL5A2 or COL3A1 axes) 
[40]. In 2021, Li Y et al. derived DEcircRNAs, 
DEmiRNAs and DEmRNAs in gastric cancer 
from the patient samples also stored in the 
GEO and TCGA databases to construct a prog-
nosis-unrelated ceRNA network and further 
proposed 3 potential regulatory axes (hsa_
circ_0058097/hsa_miR_145-5p/SERPINE1 
axis, hsa_circ_0058097/hsa_miR_133a-3p/
COL1A1 axis, and hsa_circ_0058097/hsa_
miR_1-3p/MET axis) [41]. However, deep spec-
ulation or discussion of the underlying mecha-
nisms of these axes are lacking in these three 
studies.

In the present study, (1) we thoroughly com-
pared the abnormal expression of 43 candi-
date prognostic RNA targets (13 IncRNAs, 2 
miRNAs, and 28 mRNAs) in GC from our calcu-
lation with those reported in the existing relat-
ed literature to confirm the reliability and pre-
dictability of our study. (2) Enrichment analyses 
of 204 mRNAs in the ceRNA network revealed 
the importance of the trans-synaptic signaling 
cluster as well as the protein digestion and 
absorption cluster during the aggressive pro-
cess of GC. (3) In addition to predicting four 
theoretical lncRNA/miRNA/mRNA axes based 
on the regulatory relationship of a prognosis-
related ceRNA network, we also evaluated the 
possibility and stability of these axes through 
the existing experimental literature and further 
specifically clarified the regulatory mechanism 
and functional processes of the POU6F2-AS2/
hsa-mir-137/OPCML axis. Although the regula-
tory mechanisms at the transcriptional level 
and the reliability of these four axes still require 
verification in future studies, further investiga-
tion of these axes in GC would help us under-
stand their key roles in more comprehensive 
and multilevel ways, and it would facilitate a 
more precise diagnosis that enables earlier 
intervention and provides a better prognosis 
for patients with GC.

Conclusions

In summary, our study used bioinformatics 
methods to construct a ceRNA network for GC 
and identified 43 candidate biomarkers (13 
lncRNAs, 2 miRNAs, and 28 mRNAs) that were 

http://www.ajtr.org/files/ajcr0138865suppltab3.xlsx
http://www.ajtr.org/files/ajcr0138865suppltab3.xlsx
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closely associated with the diagnosis and poor 
prognosis of patients with GC. Among them, 
two lncRNAs (LNC00469 and AC010145.1) 
and one mRNA (PRRT4) were novel biomarkers 
that were discovered for the first time in  
this study. In addition, based on the regula- 
tory relationships in the ceRNA network, we 
established four lncRNA/miRNA/mRNA regu- 
latory axes (POU6F2-AS/hsa-mir-137/OPCML, 
POU6F2-AS2/hsa-mir-137/FAT3, POU6F2-AS2/
hsa-mir-137/FXYD6, and POU6F2-AS2/hsa-
mir-137/PRRT4) from the 43 DERNA-os. The 
POU6F2-AS2/hsa-mir-137/OPCML axis con-
taining YBX1 possessed the highest reliability. 
204 mRNAs in the ceRNA network might affect 
the progression of GC through the trans-synap-
tic signaling cluster and the protein digestion 
and absorption cluster. In summary, we ana-
lyzed the changes in the expression of RNAs 
and their functions in GC from the perspective 
of the ceRNA network, including lncRNAs, miR-
NAs and mRNAs, and identified candidate bio-
markers for clinical diagnosis, treatment, drug 
research, and prognosis. In addition, we identi-
fied four potential axes to help study the mech-
anisms underlying the carcinogenesis and pro-
gression of GC in the future.
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Supplementary Table 1. The DElncRNA-DEmiRNA pairs in ceRNA network
lncRNA miRNA
POU6F2-AS2 hsa-mir-137, hsa-mir-383
ADAMTS9-AS2 hsa-mir-372, hsa-mir-373, hsa-mir-137, hsa-mir-145, hsa-mir-184, hsa-mir-205, hsa-mir-122
C8orf31 hsa-mir-372, hsa-mir-373, hsa-mir-122
HOTTIP hsa-mir-372, hsa-mir-373, hsa-mir-137, hsa-mir-519d, hsa-mir-184, hsa-mir-205
DLX6-AS1 hsa-mir-372, hsa-mir-373, hsa-mir-145, hsa-mir-519d, hsa-mir-122, hsa-mir-383
LINC00184 hsa-mir-372, hsa-mir-373, hsa-mir-145, hsa-mir-519d, hsa-mir-205
LINC00330 hsa-mir-372, hsa-mir-373, hsa-mir-145, hsa-mir-519d, hsa-mir-205, hsa-mir-122, hsa-mir-383
LINC00534 hsa-mir-372, hsa-mir-373, hsa-mir-205
AL356133.2 hsa-mir-372, hsa-mir-373, hsa-mir-383
C17orf77 hsa-mir-372, hsa-mir-373, hsa-mir-519d
AP002478.1 hsa-mir-372, hsa-mir-373, hsa-mir-519d, hsa-mir-184, hsa-mir-205, hsa-mir-508, hsa-mir-122
ARHGEF26-AS1 hsa-mir-372, hsa-mir-373, hsa-mir-519d, hsa-mir-205, hsa-mir-508
LINC00221 hsa-mir-372, hsa-mir-373, hsa-mir-519d, hsa-mir-508
DSCAM-AS1 hsa-mir-137, hsa-mir-122
DSCR8 hsa-mir-137, hsa-mir-205, hsa-mir-122
LINC00326 hsa-mir-137, hsa-mir-205, hsa-mir-383
ADAMTS9-AS1 hsa-mir-145
MIR205HG hsa-mir-145, hsa-mir-205, hsa-mir-122, hsa-mir-383
DIRC3 hsa-mir-145, hsa-mir-205, hsa-mir-508
PART1 hsa-mir-145, hsa-mir-205, hsa-mir-508, hsa-mir-122
HCG22 hsa-mir-145, hsa-mir-508, hsa-mir-122, hsa-mir-383
DSCR4 hsa-mir-145, hsa-mir-508, hsa-mir-383
NKX2-1-AS1 hsa-mir-145, hsa-mir-519d
LINC00052 hsa-mir-145, hsa-mir-519d
PLCH1-AS2 hsa-mir-122
LINC00355 hsa-mir-122
AC090398.1 hsa-mir-122
AC026320.1 hsa-mir-122
AC018781.1 hsa-mir-122
AC010145.1 hsa-mir-122, hsa-mir-383
OSTN-AS1 hsa-mir-137
AC138761.1 hsa-mir-137
AC034229.1 hsa-mir-137
FRMD6-AS2 hsa-mir-184
BOK-AS1 hsa-mir-184
AC110619.1 hsa-mir-184, hsa-mir-122
UCA1 hsa-mir-184, hsa-mir-122, hsa-mir-383
LINC00524 hsa-mir-205
IL20RB-AS1 hsa-mir-205
ERVMER61-1 hsa-mir-205
ADARB2-AS1 hsa-mir-205
AC006449.1 hsa-mir-205
AC110491.1 hsa-mir-205, hsa-mir-508
C15orf54 hsa-mir-372, hsa-mir-373
LINC00393 hsa-mir-372, hsa-mir-373
CECR3 hsa-mir-372, hsa-mir-373
AC061975.6 hsa-mir-372, hsa-mir-373
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AC011374.1 hsa-mir-372, hsa-mir-373
C7orf69 hsa-mir-383
AL391832.1 hsa-mir-383
AL357153.1 hsa-mir-383
LINC00469 hsa-mir-508
LINC00114 hsa-mir-508
DSCR4-IT1 hsa-mir-508
LINC00523 hsa-mir-508, hsa-mir-122
LINC00112 hsa-mir-508, hsa-mir-122
LINC00454 hsa-mir-519d
LINC00365 hsa-mir-519d
LINC00200 hsa-mir-519d
HOTAIR hsa-mir-519d
H19 hsa-mir-519d
DAOA-AS1 hsa-mir-519d
AL391152.1 hsa-mir-519d
AC061975.6 hsa-mir-519d
AC002511.1 hsa-mir-519d
IGF2-AS hsa-mir-519d, hsa-mir-122
LINC00410 hsa-mir-519d, hsa-mir-205, hsa-mir-122
AC092422.1 hsa-mir-519d, hsa-mir-383
Note: the RNAs marked in bold were prognostic significantly in gastric cancer.

Supplementary Table 2. The DEmiRNA-DEmRNA pairs in ceRNA network
miRNA Gene (mRNA)
hsa-mir-122 NOS1, SLC25A34, IL1RN, SLC13A5
hsa-mir-137 FXYD6, LBX1, KCNA1, AQP2, HLF, ENHO, PROX1, GPR158, ATP2B2, EPHA7, NEGR1, RNF150, NRXN1, E2F7, 

SLC5A7, SLC17A6, HOXD10, OPCML, GRID2, APLN, EN2, SCRT1, RYR3, PTN, FGL2, HTR2C, CADM2, PRRT4, 
ESRRG, LRRC10B, SGCG, DCDC2, CTNNA3, ACTN2, CA7, FNDC5, SHISA9, FAT3, NEUROD4, LGI3, KLF15, 
KCNB1

hsa-mir-145 FOXE1, MAPK4, DLX6, RBM20
hsa-mir-184 HAND2
hsa-mir-205 TP53AIP1, EN1, EPGN, GPR158, LIN28B, NEGR1, PCDHA12, GPM6A, ASB4, NOX3, GABRP, EN2, SULF1, 

PTCHD1, KCNJ16, CKB, CAPN14, PAX9, CLDN2, STRIP2, ESRRG, PCDHA11, SH3GL3, AFM, PSG1, GJB7, CO-
L3A1, ABCG2, WDR72, TRIM71, FAM133A, LMO3, HMGCLL1, CAP2, NRCAM, CENPF, HOXA13, LIMS2, BAMBI, 
APOBEC2, KCNJ13, PROX1, EPHA7, RNF150, PDK4, ZNF365, VWC2, SPHKAP, GRIA4, RYR3, COL22A1, 
SLC28A3, FABP7, CADM2, COL21A1, CXCL11, C11orf86, ASPA, CLVS2, PMCH, RBPMS2, SLC6A14, CTNNA3, 
BMPER, INHBA, SORBS1, SLC35D3, CXCL9, DKK1, DTL, MEST, NPY2R, COL10A1, PAH

hsa-mir-372 COL1A1, GPR158, NEGR1, PCDHA12, MME, NR4A3, E2F7, GPM6A, CDCA2, KIF26B, CACNA1E, STRIP2, PCD-
HA11, NR2E1, TMEM100, ABCG2, FOXL2, ISM2, LMO3, KCNB1, C2CD4A, KCNA1, BAMBI, HLF, ECT2, MEX3A, 
OLFM3, DRD1, FGL2, ADAMTS18, CADM2, ZNF716, LEFTY1, ADRB2, DCDC2, ATAD2, NECAB1, PPP1R3C

hsa-mir-373 GPR158, OLR1, PCDHA12, NR4A3, E2F7, GPM6A, VIP, PGR, CLEC5A, MAB21L1, KIF26B, CACNA1E, PON1, 
KIF18B, RIPPLY3, STRIP2, PCDHA11, NR2E1, TMEM100, ABCG2, FOXL2, ISM2, LMO3, KCNB1, ZIC2, BAMBI, 
HLF, ADAMTS2, ADRA1D, ECT2, ZNF365, MEX3A, LRP2, FGL2, ADAMTS18, CADM2, ANGPTL7, LEFTY1, 
RGS21, CLVS2, DCDC2, CTNNA3, ATAD2, FAT3, CSN1S1, SIGLEC11, PMEPA1

hsa-mir-383 CCNE1, NEGR1, NR4A3, MALL, LCE1E, MAGEA12, OTC, CACNA1E, KIF18B, TMEM154, MAGEA2B, MAGEA6, 
NXPH1, MAGEA2, HLF, HOXD13, MAGEA3, MTUS2, SORCS1, LIN28B

hsa-mir-508 LIN28B, ASCL2, NR4A3, KCNG3, EXO1, C17orf78, CRISP3, STIL, SLC39A2, LMO3, CYP3A4, GRM8, SIX3, 
DLX6, EMP1, SORCS1, SALL4, HJURP, FLG, GRIA2

hsa-mir-519d BTG2, ATP2B2, PCDHA12, NR4A3, SMOC2, SLITRK3, IL36RN, KIF26B, SLC15A5, SYT10, FAT2, STRIP2, PCD-
HA11, RFX8, TMEM100, TBX4, FOXL2, ISM2, TRIM71, SLC2A4, LMO3, KCNB1, IGF2BP1, C2CD4A, DCLK3, 
CNN1, BAMBI, HLF, PROX1, EPHA7, MSR1, PSD, TNFSF11, GRID2, ANKRD30A, OLFM3, SLC28A3, SLC6A4, 
CADM2, MAGEA9, CLVS2, DCDC2, HMGA2, ATP1A2, ATAD2, CHRM2, SERPINE1, CXCL6

Note: the RNAs marked in bold were prognostic significantly in gastric cancer.
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Supplementary Figure 1. Survival curves of 28 mRNAs in the ceRNA network.


