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ABSTRACT
Recent findings have identified microbiota as crucial participants in many disease conditions, 
including cancers. Competing endogenous RNA (ceRNA) is regarded as a candidate mechanism 
involving relevant biological processes. We therefore constructed a ceRNA network using the 
TCGA and GEO database, to determine the potential mechanisms of microbiota-mediated color-
ectal carcinogenesis and progression. We found a total of 75 lncRNAs, 8 miRNAs, and 9 mRNAs in 
the probiotics-mediated ceRNA network and a total of 49 lncRNAs, 4 miRNAs, and 3 mRNA in the 
pathobiont-mediated ceRNA network, which could induce the microbiota-mediated carcinogen-
esis and progression. The GO and KEGG analysis indicated that the ceRNA network is mainly 
enriched in the metabolic process, and two unique pathways (the p53 signaling pathway and 
microRNA in cancer), respectively. A four-gene signature (FRMD6-AS2, DIRC3, LIFR-AS1, and 
MRPL23-AS1) was suggested as an independent prognostic factor. Four lncRNAs (LINC00355, 
KCNQ1OT1, LINC00491, and HOTAIR) were associated with poor survival. Three small molecule 
candidate anticancer drugs (Pentoxyverine, Rimexolone, and Doxylamine) were identified. A four- 
gene signature (FAM129A, BCL2, PMAIP1, and RPS6) is significantly correlated with immune 
infiltration level. This study provides a promising biomarker reservoir to explore the mechanism 
by which microbiota regulate the ceRNA network involving the immune response, and further 
participate in colorectal carcinogenesis and progression.
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1. Introduction

Colorectal cancer (CRC) is one of the most fre-
quently diagnosed cancers worldwide, and it is 
also a leading cause of cancer mortality [1]. The 
burden of CRC is predicted to substantially 
increase due to the adoption of the western life-
style in the next two decades [2]. Dietary habits are 
one of the crucial factors in colorectal carcinogen-
esis, which involves various processes [3], such as 
eliciting inflammation and producing immune 
responses. Dietary behaviors can tremendously 
influence the composition of the intestinal micro-
biota, leading to dysbiosis and affecting the sus-
ceptibility to intestinal diseases [4].

Dysbiosis is characterized by the overgrowth of 
pathogenic bacteria and the absence of beneficial 
bacteria, etc. The beneficial bacteria in the gut 
microbiota include Saccharomyces boulardi and 
Lactobacillus rhamnosus GG (LGG) [5]. The ther-
apeutic feeding of probiotics was able to serve as 
adjuvants for the checkpoint immunotherapy to 
improve cancer care [6,7]. However, an increase 
in pathobionts is regarded as more pronounced 
than the decrease in probiotics during the devel-
opment of adenocarcinoma [8]. Recently, 
Pleguezuelos et al. first reported the pathobionts 
with the colibactin-producing pks pathogenicity 
island have a direct role in the occurrence of 
oncogenic mutations [9,10]. Common pathobionts 
in the gut microbiome include Fusobacterium 
nucleatum (Fn), Escherichia coli, and Bacteroides 
fragilis, etc [11]. Undoubtedly, both pathobionts 
and probiotics contribute to colorectal carcinogen-
esis, although they play opposite roles in this 
process.

Noncoding RNA is the predominant RNA in 
the human transcriptome. Although these noncod-
ing RNAs do not translate into protein, it was 
reported in recent years that they accomplish 
a great variety of biological functions [12,13]. As 
one type of noncoding RNA, lncRNA is associated 
with colorectal carcinogenesis, tumor progression, 
and intestinal microbiota [14,15]. Recent studies 
have reported that not only the primary structures 
(i.e. nucleotide sequence) but also the secondary 
structures of lncRNAs are related to biological 
processes. The secondary structures of lncRNAs 
could act as a guide or scaffold via binding 

chromatin-modifying protein complexes [16,17]. 
By interacting with key histone-modification 
enzymes, lncRNAs could also directly participate 
in cancer epigenetic regulation [18,19]. In addi-
tion, the mechanism of competing endogenous 
RNA (ceRNA) is proposed as one of the most 
important regulatory pathways to explain how 
lncRNAs influence protein expression. The 
lncRNAs, known as miRNA ‘sponges’ or ‘decoys’, 
are able to compete for binding to the same 
miRNAs via attracting the miRNA recognition/ 
response elements (MREs), subsequently relieving 
the inhibitory activity of miRNAs on mRNA tar-
gets [16,17]. Such a mechanism of lncRNA mod-
ulating the action of miRNA was first found in 
2010 [20].

Therefore, we hypothesized that microbiota 
could regulate the expression level of lncRNA, 
and further mediate the function of mRNA by 
competitively binding to the corresponding 
miRNA, which is also the so-called ceRNA regu-
latory network [21,22]. For instance, Fang et al. 
elucidated similar molecular mechanisms of 
microbial products in the development of CRC 
[23]. However, no study has yet proposed 
a constructive reservoir for exploring the ceRNA 
regulatory system in microbiota-mediated CRC 
pathogenesis. In this study, we established ceRNA 
networks of microbiota-mediated CRC and com-
prehensively analyzed the biological activities 
regarding the networks, including enrichment ana-
lysis, survival analysis, Cox regression analysis, 
protein-protein interaction, etc. This is the first 
study to investigate the ceRNA network of the 
microbiota-mediated CRC. It could provide pro-
mising genetic candidates for future studies on the 
mechanism of CRC pathogenesis.

2. Materials and methods

2.1 Data collection and processing

All RNA data were downloaded from the TCGA 
database (GDC Data Portal http://portal.gdc.can 
cer.gov) and the GEO database (https://www. 
ncbi.nlm.nih.gov/). Those RNA probe sets were re- 
annotated using the Ensembl database (http:// 
www.ensembl.org). The mRNA and lncRNA 
expression profiles were only obtained from 
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TCGA. The miRNA expression profiles were 
detected from both the TCGA database and the 
GEO database. The GEO database was searched on 
20 June 2020 with the keywords ‘microbe’, ‘bac-
teria’, ‘microbiota’, ‘colon’, ‘rectum’, ‘colorectal’, 
‘cancer’, ‘carcinoma’, ‘neoplasm’, ‘miRNA’, and 
species such as ‘Homo sapiens’. Sixty-eight records 
corresponding to 24 series were obtained from the 
GEO database. After screening, 2 datasets 
(GSE79383 and GSE122182) were included 
[24,25], which analyzed the miRNA profiles of 
human colorectal tissue or cells lines in different 
microbiota environments. The characteristics of 
CRC patients in the TCGA database are shown 
in Table S1.

2.2 Differentially expressed RNA analysis

The differentially expressed lncRNAs, miRNAs, 
and mRNAs from the TCGA database were iden-
tified using the edgeR package of R software. 
Expression differences were defined using fold- 
change (FC) and the false discovery rate (FDR). | 
logFC| >2 and FDR <0.05 were considered statis-
tically significant for lncRNAs, miRNAs, and 
mRNAs. RNA expression data were normalized 
by edgeR.

The differentially expressed miRNAs (DEMs) 
from the GEO database were identified by 
GEO2R (http://www.ncbi.nlm.nih.gov/geo/geo2r/ 
). |FC| >2 and p-values <0.05 were considered 
statistically significant. Finally, DEMs of the 
ceRNA network were obtained by the overlap of 
DEM from both the GEO database and the TCGA 
database.

2.3 CeRNA network construction

The ceRNA network was established based on the 
lncRNA-miRNA-mRNA axes. DEMs of the 
ceRNA network were transformed into human 
mature miRNA names from starBase v. 2.0 
(http://sysu.edu.cn). LncRNA-miRNA interaction 
pairs were predicted based on the DEMs using 
the miRcode database (http://www.mircode.org). 
The miRcode is an online tool to computationally 
aid hypothesis generation starting from an 
lncRNA or miRNA of interest. MiRNA-mRNA 
interaction pairs were identified based on the 

DEMs using the miRDB, miTarBase, and 
TargetScan databases [26–28]. The miRTarBase 
database provides experimentally validated 
miRNA-target interactions while the other two 
databases provide the computationally predicted 
miRNA-target interactions. The target mRNAs 
were included only when they were reported in 
all three databases. Based on lncRNA-miRNA 
pairs and miRNA-mRNA pairs, the ceRNA net-
works of CRC in different microbiota were recon-
structed through Cytoscape (v. 3.7.2) [29].

2.4 Functional and pathway enrichment analysis

DAVID is an online functional annotation tool 
(https://david.ncifcrf.gov/) [30], and it was used 
to analyze Gene Ontology (GO) function and the 
Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analysis on differentially 
expressed RNAs in the ceRNA network. P-values 
<0.05 were considered statistically significant.

2.5 Identification of prognostic signatures

The clinical information in CRC was retrieved 
from the TCGA database, the genes expression 
data were then combined with the clinical data. 
The univariate and multivariate Cox proportional 
hazard regression analyses were performed to 
identify CRC prognosis-mediated RNAs. The 
hazard ratio of the clinical features (age, gender, 
stage, AJCC-Tumor classification, AJCC-lymph 
node classification, and AJCC-Metastasis classifi-
cation) and the expression of DEGs were calcu-
lated with the survival package in R. P-values 
<0.05 were considered statistically significant.

2.6 Survival analysis

The clinical information and gene expression data 
for survival analysis were retrieved from the 
TCGA database. According to the median expres-
sion value of each RNA in the ceRNA network, the 
CRC samples were classified into 2 groups: high- 
expression groups and low-expression groups. The 
Kaplan-Meier survival curves were generated by 
the survival R package. P-values <0.05 were con-
sidered statistically significant.
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2.7 Construction of protein-protein interaction 
(PPI) network using the STRING database and 
validation of hub genes

The PPI networks of microbiota-mediated signa-
ture were constructed by searching the differen-
tially expressed RNAs of ceRNA networks in the 
retrieval of interacting genes/proteins (STRING) 
database [31]. Each node in the PPI network 
represents a protein or gene, and the edges 
between nodes represent their physical or func-
tional interactions. The threshold of interaction 
scores was defined as median confidence ≥0.4. By 
calculating the degree of connectivity, the genes 
with degree ≥1 were considered hub genes. The 
expression of hub genes was then validated by 
using gene expression profiling interactive analysis 
(GEPIA) [32].

2.8 Identification of candidate small molecule 
drugs

The identified hub genes were used query the 
Connectivity Map (CMap) database to screen the 
potential drugs against microbiota-mediated CRC 
[33]. The connectivity scores refer to the efficacy 
of small molecule drugs. A positive score means 
that the drug is capable of inducing CRC, while 
a negative score means that the drug is able to 
reverse the disease progression, which indicates 
a potentially therapeutic drug. The interactive che-
mical structure models of top three candidate 
molecular drugs were investigated in PubChem 
database.

2.9 Immune cells infiltration analysis

The abundance of tumor-infiltrating immune cells 
(TIICs) of the identified hub genes was estimated 
using the TIMER database [34]. The distributions 
of immune cells, including CD8 + T cells, CD4 + T 
cells, B cells, neutrophils, macrophages, and den-
dritic cells (DCs) were exhibited to explore the 
relationship between gene expression and immune 
infiltration. The panel also displayed gene expres-
sion levels against tumor purity. The gene expres-
sion level was displayed with log2 TPM.

3. Results

In this study, we identified a set of microbiota- 
mediated biomarkers and constructed ceRNA 
networks in CRC, which provide novel perspec-
tives for studying the potential mechanisms. In 
total, 75 DELs, 8 DEMs, and 9 DEGs in the 
probiotic-related ceRNA network were screened 
out, while 49 DELs, 4 DEMs, and 3 DEGs in the 
pathobiont-related ceRNA network were recog-
nized. Furthermore, the candidate biomarkers 
were comprehensively analyzed by several func-
tional analyses to explore the biological charac-
teristics and therapeutic targets of the ceRNA 
networks.

3.1 Data set acquisition and identification of 
differentially expressed RNAs in CRC and the 
different microbiota

A flowchart is presented in Figure 1. From the 
TCGA database, 40 normal adjacent noncancer-
ous tissues and 382 colorectal adenocarcinoma 
samples with both clinical data and RNA expres-
sion data were collected. When comparing nor-
mal tissue to adenocarcinoma tissue, there were 
269 down-regulated lncRNAs, 799 up-regulated 
lncRNAs, 138 down-regulated miRNAs, 217 up- 
regulated miRNAs, 984 down-regulated mRNAs, 
and 1125 up-regulated mRNAs. Figure S1A, S1B, 
S1C, S2A, S2B, and S2C show the heat maps and 
volcano plots of DELs, DEMs, and DEGs in the 
TCGA database. From the GEO database, 2 
datasets (GSE79383 and GSE122182) of miRNA 
expression related to microbiota were collected, 
including 1 dataset (GSE79383) for probiotics 
and 1 dataset (GSE122182) for pathobionts. By 
comparing the DEMs in the TCGA and GEO 
databases, there were 4 down-regulated 
miRNAs and 22 up-regulated miRNAs in the 
GSE79383 datasets and 15 down-regulated 
miRNAs and 14 up-regulated miRNAs in the 
GSE122182 datasets. Figures S1D, S1E, S2D, 
and S2E show the heat maps and volcano plots 
of DEMs in the GEO database. Also, the Venn 
diagrams of DEMs in Figure S3A and S3B show 
the commonly DEMs in different microbiota 
environments.
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3.2 CeRNA network construction and analysis

The ceRNA networks of CRC in a probiotic 
environment and a pathogenic environment are 
presented in Figures 2 and 3, respectively. In the 
probiotic environment, 75 DELs, 8 DEMs, and 9 
DEGs were identified by comparing the lncRNA- 
miRNA interaction pairs and the miRNA-mRNA 
interaction pairs. The expression values of DEMs 
in the probiotic environment from both the 
TCGA database and the GEO database are 
shown in Table 1, including hsa-mir-429, hsa- 
mir-141, hsa-mir-140, hsa-mir-22, hsa-mir-132, 
hsa-mir-454, hsa-mir-153, and hsa-mir-143. 
Among them, the regulating directions of four 
miRNAs (hsa-mir-429, hsa-mir-140, hsa-mir 
-132, and hsa-mir-153) in the GEO database 
are opposite to those of miRNAs in the TCGA 
database, which follow the hypothesis that pro-
biotics can reverse gene expression in tumor 
cells, and subsequently turn over the effects of 
CRC carcinogenesis and tumor progression. In 
the pathogenic environment, 49 DELs, 4 DEMs, 
and 3 DEGs were identified using the same 

methods. Table 2 displays the expression values 
of DEMs in the pathogenic environment, includ-
ing hsa-mir-223, hsa-mir-32, hsa-mir-96, and 
hsa-mir-106a. The regulating directions of three 
miRNAs (hsa-mir-223, hsa-mir-96, and hsa-mir 
-106a) in the GEO database are identical to those 
of miRNAs in the TCGA database, which follow 
the principles that pathobionts can promote the 
expression of oncogenes or inhibit the expression 
of tumor suppressors, further promoting the 
effect of CRC carcinogenesis and tumor 
progression.

3.3 Functional annotation of the ceRNA network

DAVID was used to analyze the differentially 
expressed RNAs in the ceRNA network. Figure 4 
(a) and Table S2 show that CRC in the different 
microbiota environment is mainly enriched in the 
positive regulation of cellular metabolic processes, 
positive regulation of macromolecule metabolic 
processes, and positive regulation of metabolic 
processes. These findings suggest that microbiota 

Figure 1. The flow chart of bioinformatics analysis. Caco-2, human epithelial colorectal adenocarcinoma cells; LGG, Lactobacillus 
rhamnosus GG; B.caccae, Bacteroides caccae; CRC, Colorectal cancer; CR, Colorectum; Fn, Fusobacterium nucleatum; GDC, Genomic 
Data Commons Data Portal.
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mostly regulate metabolic processes to participate in 
CRC carcinogenesis and progression. Figure 4(b) 
and Table S3 show that the main pathways for 
microbiota-mediated CRC are the p53 signaling 
pathway and microRNAs in cancer. These data 
suggest that microbiota mostly involve the p53 sig-
naling pathway and microRNAs in cancer to parti-
cipate in CRC carcinogenesis and progression.

3.4 Identification of prognostic signatures

The Cox proportional hazard regression model 
was used to screen the prognostic signatures 
(Table 3). The univariate analysis revealed that 
ten candidate genes were identified as prognostic 
factors, including FRMD6-AS2, LINC00461, 
DIRC3, LIFR-AS1, NAALADL2-AS2, 
LINC00402, ADAMTS9-AS2, MRPL23-AS1, 

Figure 2. Overview of lncRNA-miRNA-mRNA competing endogenous RNA (ceRNA) network in probiotics-mediated CRC. Red 
represents upregulation, and green represents downregulation. LncRNAs, miRNAs, and mRNAs in the networks are represented as 
diamonds, round rectangles, and circles, respectively. Bar plots show the key RNAs that have the top interaction number in the 
whole network.
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LHX1, and RBM20. Four candidate genes were 
still considered as independent prognostic factors 
after the multivariate analysis, including FRMD6- 
AS2, DIRC3, LIFR-AS1 and MRPL23-AS1.

3.5 Survival analysis
The Kaplan-Meier survival curves and log-rank 
tests were used to find survival-associated RNAs 
in the ceRNA network. In total, four lncRNAs 

Figure 3. Overview of lncRNA-miRNA-mRNA competing endogenous RNA (ceRNA) network in pathobionts-mediated colorectal 
cancer. Red represents upregulation, and green represents downregulation. LncRNAs, miRNAs, and mRNAs in the networks are 
represented as diamonds, round rectangles, and circles, respectively. Bar plots show the key RNAs that have the top interaction 
number in the whole network.
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were found to be associated with the overall 
survival (OS) of CRC patients, which are 
shown in Figure 5. None of the miRNAs and 
mRNAs were identified as survival-associated 
genes. Four lncRNAs were obtained from CRC 
in the probiotic environment, including 
LINC00355, KCNQ1OT1, LINC00491, and 
HOTAIR, as shown in Figure 5(a-d). Two 
lncRNAs were obtained from CRC in the patho-
genic environment, including LINC00355 and 
KCNQ1OT1, as shown in Figure 5(a,b). CRC 
patients with the high-expression of these 
lncRNAs are report poor prognosis.

3.6 PPI network construction, validation of hub 
genes, and screening of small molecule drugs

To identify the co-expression relationship of differen-
tially expressed RNAs, a PPI network of microbiota- 
mediated CRC was constructed by the STRING data-
base that included 40 nodes and 203 edges (Figure 6). 
There are thirty-four nodes with a degree of connectiv-
ity ≥1; therefore, these thirty-four genes were consid-
ered as hub genes. The hub genes were then validated 
through the GEPIA database. Finally, a signature of 12 
hub genes was identified, including BBC3, BCL2, 
BCL2L1, BID, EFTUD2, FAM129A, PMAIP1, 
PRPF19, RPS2, RPS6, RPS9, and TP53 (Figure 7).

Table 1. The expression of 8 DEmiRNAs in probiotic environment from TCGA and GEO database.

miRNA

TCGA (colorectal cancer vs normal) GEO (with probiotics VS without probiotics)

RoleLogFC FDR LogFC P.value Group Set

hsa-mir-429 4.114057 1.62E-19 −3.31806 0.01654 LGG VS control Oppose
hsa-mir-141 5.414177 7.61E-42 3.056937 0.021687 LGG+ B.caccae VS control Support
hsa-mir-140 −1.31675 3.01E-08 3.03569 0.022295 LGG+ B.caccae VS control Opposite
hsa-mir-22 2.181122 9.85E-14 2.735955 0.033153 LGG+ B.caccae VS control Support
hsa-mir-132 −1.35959 9.53E-08 2.810566 0.030002 LGG+ B.caccae VS control Oppose
hsa-mir-454 6.098412 3.47E-22 3.601023 0.010924 LGG+ B.caccae VS control Support

3.342003 0.016062 LGG VS control Support
hsa-mir-153 5.705182 3.50E-05 −2.77244 0.03157 LGG+ B.caccae VS control Oppose
hsa-mir-143 3.623069 4.96E-08 3.097131 0.02177 LGG VS control Support

Control group, without bacteria; FDR, false discovery rate; FC, fold change; Role, the role of probiotics on colorectal carcinogenesis and tumor 
progression; LGG, Lactobacillus rhamnosus GG; B.caccae, Bacteroides caccae 

Figure 4. GO functional analysis (a) and KEGG pathway (b) analysis of differentially expressed RNAs in microbiota-mediated 
colorectal cancer.

Table 2. The expression of 4 DEmiRNAs in pathogenic environment from TCGA and GEO database.

miRNA

TCGA (colorectal cancer vs normal) GEO (with pathobionts VS without pathobionts)

RoleLogFC FDR LogFC P.value Group Set

hsa-mir-223 3.057351 2.23E-07 1.398719 0.030564 CR tissue + Fn VS control Support
hsa-mir-32 3.841335 6.25E-22 −1.490555 0.003800 CRC tissue + Fn VS control Oppose
hsa-mir-96 5.457990 5.53E-18 2.366778 0.009546 CRC tissue + Fn VS control Support
hsa-mir-106a 4.314718 3.32E-07 1.2774166 0.020353 CR tissue + Fn VS control Support

FDR, false discovery rate; FC, fold change; Role, the role of pathogenic on colorectal carcinogenesis and tumor progression; CR, Colorectum; Fn, 
Fusobacterium nucleatum 
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The validated hub genes were substituted into 
the CMap network. Among the ten most signifi-
cantly correlated small molecule drugs, four were 
negatively scored, which indicated potential ther-
apeutic effects for microbiota-mediated CRC 
(Table 4). Pentoxyverine, Rimexolone, and 
Doxylamine are the three most negatively- 
correlated molecules in microbiota-mediated 
CRC, while Netilmicin showed high enrichment 
correlated with microbiota-mediated CRC. Three- 
dimensional structure models of the top three 
candidate small molecule drugs found in the 
PubChem database are shown in Figure 8.

3.7 Hub signature associated with immune 
infiltration level

The relationship between hub-validated signatures 
and immune infiltration levels in CRC were inves-
tigated through the TIMER database. The four 
most significant positive signatures are displayed 
in Figure 9. The most immune infiltration-relevant 
gene is FAM129A. The expression level of this 
gene shows significant positive correlations with 
infiltrating levels of B cells (r = 0.249, p = 3.89e- 
07), CD8 + T cells (r = 0.411, p = 5.24e-18), 
CD4 + T cells (r = 0.62, p = 4.69e-44), macro-
phages (r = 0.708, p = 1.22e-62), neutrophils 
(r = 0.678, p = 3.27e-55), and dendritic cells 
(r = 0.737, p = 3.63e-70), while it also has signifi-
cant negative correlations with tumor purity. 

Similarly, other hub genes, e.g., BCL2, PMAIP1, 
and RPS6, have significant correlations with infil-
trating levels of immune cells, which indicates that 
the microbiota plays an important role in immune 
infiltration in CRC.

4. Discussion

The microbiota is regarded as a ‘neglected organ’, 
reflecting a biological ecosystem that is closely 
interconnected with the host [11,35]. A precise 
balance in the microbiota plays an important role 
for health status and the prevention of some 
chronic diseases [36]. When the balance is dis-
rupted (dysbiosis), it can cause acute or chronic 
clinical disorders – for instance, antibiotic- 
associated diarrhea, ulcers [37], inflammatory 
bowel disease [38], irritable bowel syndrome [39], 
and even some malignancies [40]. The absence of 
probiotics and the overgrowth of pathobionts are 
the two main characteristics of dysbiosis. Previous 
studies have shown that probiotics are capable of 
binding to mutagenic amines, degrading nitrosa-
mines, and reducing the production of carcinogens 
[41]. In contrast, pathobionts have been implicated 
in DNA damage and tumor progression [11]. 
Numerous studies have been conducted on micro-
biota-mediated carcinogenesis; however, the 
mechanism responsible for the microbiota- 
induced pathogenesis of CRC remains undefined. 
Therefore, identifying unique biomarkers and 
exploring the microbiota-mediated mechanisms 
are essential for conquering dysbiosis-induced 
CRC.

In this study, we first constructed the ceRNA 
networks of microbiota-mediated CRC based on 
the TCGA and GEO database. The ceRNA net-
works provide a comprehensive overview for 
exploring the regulatory mechanism of ceRNA in 
microbiota-mediated colorectal cancer. We identi-
fied 1038 differentially expressed miRNAs in the 
probiotic environment and 137 differentially 
expressed miRNAs in the pathogenic environ-
ment, which were extracted and analyzed from 
the GEO database. Meanwhile, we found 1068 
lncRNAs, 355 miRNAs, and 2109 mRNAs with 
differentially expressed profiles from the TCGA 
database. After assessing the overlap of miRNAs, 
eight miRNAs and three miRNAs were screened 

Table 3. Univariate and multivariate analysis.

Variables

Univariate analysis Multivariate analysis

HR 95% CI pvalue HR 95% CI pvalue

Age 1.02 1.00–1.05 0.02 1.14 1.09–1.19 0.00
Gender 0.95 0.61–1.50 0.84 2.21 0.91–5.33 0.08
Stage 2.12 1.64–2.73 0.00 1.84 0.90–3.76 0.10
AJCC-T 2.51 1.60–3.95 0.00 1.01 0.68–3.31 0.31
AJCC-N 2.10 1.60–2.74 0.00 2.48 1.15–5.35 0.02
AJCC-M 1.92 1.48–2.50 0.00 3.08 1.49–6.36 0.00
FRMD6-AS2 1.04 1.00–1.07 0.03 1.35 1.15–1.58 0.00
LINC00461 1.04 1.02–1.05 0.00 0.92 0.82–1.04 0.17
DIRC3 1.02 1.00–1.03 0.01 1.21 1.08–1.37 0.00
LIFR-AS1 1.02 1.00–1.04 0.03 0.81 0.68–0.95 0.01
NAALADL2-AS2 1.02 1.01–1.03 0.00 1.18 0.74–1.87 0.50
LINC00402 1.01 1.00–1.03 0.03 1.08 0.99–1.17 0.10
ADAMTS9-AS2 1.01 1.00–1.01 0.01 0.96 0.90–1.01 0.13
MRPL23-AS1 1.01 1.00–1.01 0.04 1.03 1.01–1.06 0.00
LHX1 1.01 1.01–1.02 0.00 1.02 0.96–1.08 0.56
RBM20 1.00 1.00–1.01 0.01 1.00 0.99–1.01 0.94

AJCC, the classification system developed by the American Joint 
Committee on Cancer 
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out in the probiotic-mediated CRC network, and 
pathogenic CRC network, respectively. Therefore, 
75 lncRNAs, 8 miRNAs, and 9 mRNAs were 
obtained in the probiotic-meditated ceRNA net-
work, while 49 lncRNAs, 4 miRNAs, and 3 
mRNAs were identified in the pathogenic- 
mediated ceRNA network.

Our study demonstrated that the probiotics can 
inhibit the expression of the oncogenes hsa-mir 
-153 and hsa-mir-429, and promote the expres-
sion of the tumor suppressors hsa-mir-140 and 
hsa-mir-132, while the pathobionts could promote 
the expression of the oncogenes hsa-mir-223, hsa- 

mir-96, and hsa-mir-106a. The results indicated 
that these miRNAs are crucial for microbiota- 
mediated colorectal carcinogenesis and progres-
sion. Of note, only one probiotic-mediated 
mRNA, PMAIP1, was identified as negatively reg-
ulating CRC, while one unique pathobiont- 
mediated mRNA, FAM129A, was identified as 
positively regulating CRC.

Subsequently, the enriched biological functions 
of mRNA in the microbiota-mediated ceRNA were 
evaluated by the GO and KEGG pathway analyses. 
The GO analysis revealed that the biological func-
tions of the microbiota-mediated ceRNA network 

Figure 5. Overall survival analysis of RNAs in the ceRNA network of microbiota-mediated colorectal cancer. (a), (b) Kaplan-Meier 
survival curves of prognostic DELs both in probiotics-mediated ceRNA network and pathobionts-mediated ceRNA network. (c), (d) 
Kaplan-Meier survival curves of prognostic DELs only in proniotics-mediated ceRNA network.

BIOENGINEERED 3419



are mainly associated with the positive regulation 
of cellular metabolic process, positive regulation 
of macromolecule metabolic process, and posi-
tive regulation of metabolic process. Thus, 
microbiota may modulate the expression of 
ceRNAs, and further participate in the metabolic 
process to induce tumorigenesis. The pathway 
analysis showed that two unique pathways (p53 
signaling pathway and MicroRNAs in cancer) 
were enriched in the ceRNA networks. Several 
studies have reported similar results to our obser-
vations. For example, according to the study of 
Kado et al., both intestinal microflora and p53 
contribute to the development of adenocarcinoma 
of the colon [42]. Also, it has been shown that the 
carcinogenesis of hepatocellular carcinoma (HCC) 
is also related to gut microbiota; the mechanism 
could be microRNAs in the cancer pathway [43]. 
These enrichment results support the hypothesis 
that the microbiota plays essential roles via these 
pathways in colorectal carcinoma.

Through the overall survival analysis, four 
lncRNAs from the microbiota-mediated ceRNA 
network (LINC00355, KCNQ1OT1, LINC00491, 
and HOTAIR) were found to be associated with 
poor overall survival. Based on the previous stu-
dies, LINC00355 not only takes part in the 

regulation of the ceRNA network, but also contri-
butes to the pathological staging in CRC [44]. It 
was reported that LINC00355 is also associated 
with survival in other solid tumors, such as pros-
tate cancer [45] and bladder cancer [46]. 
LINC00491 can positively regulate SERPINE1 
expression through binding miR-145 and promot-
ing the proliferation, migration, and invasion of 
colon adenocarcinoma cells [47]. Many studies 
regarding KCNQ1OT1 and HOTAIR have been 
reported. It was stated that KCNQ1OT1 can 
enhance the chemoresistance of oxaliplatin/meth-
otrexate and epithelial-mesenchymal transition 
(EMT) in colon cancer [48–50]. Other tumor- 
promoting effects were also demonstrated in lung 
cancer [51], tongue cancer [52], and hepatocellular 
carcinoma [53]. HOTAIR was reported as 
a negative prognostic factor, not only in primary 
tumors, but also in the blood of CRC patients [54]. 
HOTAIR is also associated with EMT and stem-
ness maintenance of cancer cell lines [55]. 
Although many studies have been devoted to the 
prognostic effects of the above lncRNAs, there are 
no reports suggesting that these lncRNAs may act 
as microbiota-mediated survival biomarkers in 
CRC. Through univariate and multivariate Cox 
proportional model analysis, a four-gene signature 

Figure 6. Protein-protein interaction network of differentially expressed RNAs in microbiota-mediated colorectal cancer, the nodes 
represent proteins, and the edges demonstrate the predicted functional associations between them, line thickness indicates the 
strength of data support.
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(FRMD6-AS2, DIRC3, LIFR-AS1, and MRPL23- 
AS1) from the ceRNA networks was identified as 

independent prognostic factors. These genes have 
been verified in several carcinomas too, e.g. 
FRMD6-AS2 was found to increase the phosphor-
ylation of LATS1 and YAP to promote the tumor 
growth, migration and invasion of endometrial 
cancer [56,57].

The DELs, DEMs, and DEGs in the microbiota- 
mediated ceRNA network were selected to con-
struct a PPI network. Thirty-four hub genes were 
identified after the retrieval of the STRING data-
bases. Twelve hub genes were validated through 
the GEPIA database. Among these twelve top hub 
genes, EFTUD2 ranked the highest. EFTUD2 is 
a component of the U5 snRNP in the spliceosome, 

Figure 7. The expressions of 12 hub genes were determined using GEPIA. The expressions of genes are expressed as relative gene 
expression using transformed log2 (TPM+1) Value (Y-axis) of tumor (red bar) and normal (black bar) samples and displayed as 
a whisker plot. * p-value <0.05. GEIPIA, gene expression profiling interactive analysis.

Table 4. Results of connectivity map analysis.
Rank Cmap name Mean n Enrichment p

1 Netilmicin 0.591 4 0.898 0.00010
2 Pentoxyverine −0.62 4 −0.854 0.00082
3 Meclofenamic acid 0.499 5 0.779 0.00116
4 Timolol 0.559 4 0.832 0.00119
5 Ciclopirox 0.583 4 0.813 0.00237
6 Rimexolone −0.601 4 −0.811 0.00251
7 Zuclopenthixol 0.561 4 0.803 0.00284
8 Doxylamine −0.537 5 −0.731 0.00284
9 Prestwick-1082 0.601 3 0.885 0.00310
10 Minaprine −0.571 5 −0.726 0.00330

Cmap, Connectivity Map 
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and it was recently proven to promote colitis- 
associated tumorigenesis by mediating alternative 
splicing of components of the TLR4-NF-κB cas-
cade [58]. In addition, several small molecules 
drugs with therapeutic effects against microbiota- 
mediated CRC were screened. The top three are 
pentoxyverine, rimexolone, and doxylamine. 
Pentoxyverine is regarded as an antitussive that is 
commonly used for coughs. However, it is also 
a selective agonist of the sigma-1 receptor, which 
exhibits anti-proliferative activity in melanoma 
cells [59]. Rimexolone is a highly lipophilic gluco-
corticoid receptor agonist, which suppresses the 
inflammatory response to various inciting agents 
of a mechanical, chemical and immunological nat-
ure. It is commonly used in eye inflammation and 
postoperative inflammation after cataract surgery 
[60]. Doxylamine is a histamine H1 antagonist 

that has demonstrable sedative properties. It is 
used in allergies, and as a hypnotic, antiemetic 
and antitussive. The above three drugs have poten-
tial as new drugs for microbiota-related CRC.

Another important aspect of this study is that 
the hub identified the signature of microbiota- 
mediated CRC to be associated with different 
immune infiltration levels. Our results demon-
strate that FAM129A is the most significant gene 
in the signature that induces immune infiltration. 
The expression level of FAM129A is positively 
correlated with the infiltration level of all selected 
immune cells, especially in macrophages and DCs. 
Other microbiota-mediated genes, e.g. BCL2, 
PMAIP1, and RPS6, also showed moderate to 
strong relationships between gene expression 
levels and immune infiltration levels in specific 
immune cells. These results could be indicative of 

Figure 8. Three-dimensional diagram of the three most significant candidate drugs. (a) Pentoxyverine (b) Rimexolone (c) 
Doxylamine.

Figure 9. Integrative analysis between hub identified signature with humor-infiltrating immune cells.
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a potential mechanism where microbiota regulates 
immune system functions in CRC. Also, the genes 
FAM129A, BCL2, PMAIP1, and RPS6 could plays 
significant roles in the recruitment and regulation 
of immune-infiltrating cells.

There were two limitations to the current study. 
Firstly, only a small number of datasets with 
microbiota data were included in the GEO data-
base, which means that more experiments regard-
ing ceRNA regulatory networks in microbiota- 
mediated carcinogenesis and progression are war-
ranted. Secondly, our biomarker reservoir was 
identified based on the online databases through 
bioinformatics methods, which have not been vali-
dated in experiments. Further studies, including 
cell experiments, are therefore needed.

5. Conclusions

In conclusion, this study constructed ceRNA net-
works involving both probiotic- and pathobiont- 
mediated colorectal carcinogenesis and progression 
by analyzing the relevant data obtained from the 
TCGA and GEO databases. It provides 
a comprehensive analysis of the ceRNA regulatory 
mechanism in CRC. Furthermore, novel DELs, 
DEMs, and DEGs could be candidate diagnostic and 
prognostic biomarkers, or serve as potential therapeu-
tic targets.

Research highlights

● Microbiota mediates carcinogenesis of CRC 
via ceRNA networks;

● The ceRNA networks participates in meta-
bolic process, p53 and microRNA pathway;

● A survival gene signature and a prognostic 
gene signature were identified;

● Potential small molecules anti-cancer drug 
was screened out;

● An immune-related gene signature was 
spotted
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