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Abstract

AIM
To identify the miRNA-mRNA regulatory network in
hepatitis B virus X (HBx)-expressing hepatic cells.

METHODS

A stable HBx-expressing human liver cell line LO2 was
established. The mRNA and miRNA expression profiles
of LO2/HBx and L02/pcDNA liver cells were identified
by RNA-sequencing analysis. Kyoto Encyclopedia of
Genes and Genomes pathway enrichment analysis
was performed to investigate the function of candidate
biomarkers, and the relationship between miRNA and
mRNA was studied by network analysis.

RESULTS

Compared with L02/pcDNA cells, 742 unregulated
genes and 501 downregulated genes were determined
as differentially expressed in LO2/HBx cells. Gene
ontology analysis suggested that the differentially
expressed genes were relevant to different biological
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processes. Concurrently, 22 differential miRNAs
were also determined in LO2/HBx cells. Furthermore,
integrated analysis of miRNA and mRNA expression
profiles identified a core miRNA-mRNA regulatory
network that is correlated with the carcinogenic role of
HBx.

CONCLUSION

Collectively, the miRNA-mRNA network-based analysis
could be useful to elucidate the potential role of HBx
in liver cell malignant transformation and shed light on
the underlying molecular mechanism and novel therapy
targets for hepatocellular carcinoma.

Key words: Hepatitis B virus X protein; Hepatocellular
carcinoma; miRNA; mRNA; miRNA-mRNA network

© The Author(s) 2017. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: A number of miRNAs have been identified to
be substantially involved in hepatocellular carcinoma
cell proliferation, migration and invasion. Thus, an
integrated analysis of the expression and function of
miRNA and mRNA makes it possible to successfully
identify the predicted miRNA-target network pattern
and functional candidates of miRNA-mRNA pairs
associated with HBx-related hepatocarcinogenesis.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most
common malignancies around the world, accounting
for more than 745000 deaths per year'"?. As a typical
inflammation-driven tumor, approximately 53% of HCC
cases happen in the setting of chronic virus infection
(mostly the hepatitis B virus (HBV) and hepatitis C
virus), especially in Asia®®’. The HBV genome has 4 open
reading frames (ORFs), namely X, S, C and P genes.
The X gene, which encodes hepatitis B virus X (HBXx)
protein, correlates most with HCC occurrence and
development™*!. Mounting evidence indicates that the
integration of HBx into the host genome in hepatocytes
could lead to gene transcription, cell proliferation,
cell signaling transduction, protein degradation and
apoptosist®®l. Moreover, several studies in vivo have
confirmed the high morbidity of HCC in HBx-expressing
transgenic mice!'®**. However, the exact mechanism of
HBx-induced hepatocarcinogenesis remains relatively
poorly defined.

The miRNAs are a group of endogenously expressed
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RNAs with small molecular length, which play vital
roles in various biological and pathological processes*",
Mounting evidence has suggested the importance of
miRNAs in the modulation of gene expression, cellular
proliferation, cellular mobility, cellular differentiation,
apoptosis and tumorigenesis'*®. A number of miRNAs
have been identified to be substantially involved in
HCC cell proliferation, migration and invasion, among
which miR-122, miR-125, miR-199 family members
and so on are closely related with HBV-associated
HCC, especially™®. As has been widely interpreted,
the expression of miRNAs and their corresponding
target genes are often inversely modulated in different
backgrounds!'”!. Meanwhile, increasing evidence has
highlighted the success of a combined approach to
investigate the miRNA-mediated mRNA regulation in
various diseases!'®'?!, Thus, an integrated analysis
of the expression and functional interaction involving
miRNA and mRNA makes it possible to successfully
identify the predicted miRNA-target network pattern
and functional candidates of miRNA-mRNA pairs
associated with HBx-related hepatocarcinogenesis.

In this study, we conducted a comprehensive
analysis for the first time to identify the functional
miRNA-mRNA interactive network in HBx-transfected
liver cells. By integrating the transcriptome and
miRNAome, our study shed light on the potential
molecular mechanism of HBx-related liver cell
malignant transformation.

MATERIALS AND METHODS

Cell culture

The human liver cell line LO2 (purchased from the
China Center for Type Culture Collection, China) was
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 100 U/mL penicillin, 100 pg/mL
streptomycin and 10% fetal bovine serum (Gibco,
Thermo Fisher, Waltham, MA, United States) in a cell
incubator with 5% CO: at 37 C. LO2 cells were then
transfected with empty plasmids pcDNA3.0 (as a
control) and pcDNA/HBXx (the experiment group) by
Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, United
States) and cell clones were selected with Geneticin®
(G418) according to the manufacturer’s instructions
(Gibco). The efficiency of transfection with empty
vector (termed L02/pcDNA) or pcDNA/HBx (termed
L02/HBXx) was validated by Western blot.

miRNA and gene expression profiling
L02/pcDNA and L0O2/HBx cells were cultured and
grown to 70%-90% confluency. Total cell RNA was
extracted by using Trizol reagents (Invitrogen)
following the manufacturer’s instructions. The RNA
quality was validated by agarose gel electrophoresis.
The mRNA and miRNA expression profile was identified
through RNA-sequencing (RNA-seq) analysis of the
total RNA sample (Novel Bioinformatics, China).

As a fast splice junction mapper for RNA-seq reads,
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Table 1 The primer sequence of selected genes

Real-time PCR primer Primer sequence (5'-3")

Alpha-2-macroglobulin (A2M) F: CGGAGAATGACGTACTCCACT
R: TGGGTTGGTCCTTTCACTTGG
F: CCAGGACAACGTCTTCTTTCC
R: CAGCCACCCTTGTTCAGTTTC

F: GTGCGGAGGGGATGTGAAG

R: CGAAGACTCGGAATGAGAGGG
F: TGGAGATGCTGTTACGCAGAT
R: CTGGAATGTGCCAAACTCCC
F: GGAAGACAGCCCCGATTTACT

R: AGCACGAACTGTTGTAATGTCA

KIAA1522 (KIAA1522)

Procollagen C-endopeptidase
enhancer (PCOLCE)

Solute carrier family 22,
member 14 (SLC22A14)
Asparagine synthetase
(glutamine-hydrolyzing)
(ASNS)

Claudine 1 (CLDNT) F: CCTCCTGGGAGTGATAGCAAT
R: GGCAACTAAAATAGCCAGACCT
F: AGGTGACCGAACTAGCAGTG
R: CTGCCGGTGAGAAAATCTTGA
F: GGCGAGCAGAGCTACTACC
R: TGCGAGTACACGCTCATGG
F: GTGTGGTGTAATGAGGATTGGC
R: GTGGGCTCTTTTGTATTCCGAA

Origin recognition complex,
subunit 4 (ORC4)
Forkhead box C1 (FOXCI)

Spermatid perinuclear RNA
binding protein (STRBP)

TopHat was used for RNA-seq alignment in our study.
Based on the ultra-high throughput short read aligner
Bowtie, TopHat aligns RNA-Seq reads to reference
genomes and further analyzes the mapping reads
to determine the possible splice junctions between
exons. In contrast, the unmapped reads are separated
into small parts, which enable them to align to the
reference genome and define splice junctions™”.

Differentially expressed mRNAs and miRNAs definition
Limma algorithm was used to filter the differentially
expressed mRNAs and miRNAs, according to the
significant analysis and false discovery rate (FDR)
analysis™, All data analysis meets the following two
criteria: (1) fold-change > 2 or < 0.5; and (2) FDR <
0.05%%,

Identification of miRNA-targeted genes and mRNA-
miRNA regulatory network

TargetScan and miRnada were utilized as analysis
tools for miRNA target prediction based on the
differentially expressed mRNAs and miRNAs””, The
complex relationship between mRNAs and miRNAs
was elucidated to build the miRNA-mRNA network
according to differential expression values as well as
the interactions of miRNA and their target genes listed
in the Sanger MicroRNA database. In the miRNA-
mRNA interaction network, the shape of square
represents miRNAs and the circle represents target
genes. The key genes and miRNAs usually possess the
biggest degrees in the entire network.

Gene ontology category and pathway analysis

We then performed gene ontology (GO) analysis
to help elucidate the concrete biological functions
of specific genes with significant differences in the
representative profiles of the miRNA target genes'”.
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GO annotations were downloaded from Gene Ontology
(http://www.geneontology.org/), UniProt (http://www.
uniprot.org/), and NCBI (http://www.ncbi.nlm.nih.
gov/). Fisher's exact test was employed to determine
the significant GO categories and P values were
corrected by FDR.

Pathway analysis was employed to identify the
critical signal pathways of the differential expressed
genes based on the resources from Kyoto Encyclopedia
of Genes and Genomes (KEGG) database!®*. Fisher’s exact
test was used to pick out the significant pathways
according to P value and FDR.

Quantitative real-time PCR analysis

The cDNA was synthesized using primers with the
PrimeScript Real-Time Reagent Kit (TaKaRa, Shiga, Japan)
in accordance with the manufacturer’s instructions.
Quantitative real-time PCR (Q-PCR) reactions were
conducted with an Applied Biosystem-7500 Real-Time
PCR System, using Tag PCR Master Mix (Zhongtai, China).
Human glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal control. The Ct values
of different mRNAs and miRNAs were normalized to
GAPDH and analyzed via the Applied Biosystems 7500
Fast Software. The primers of miRNAs were purchased
from Yingrun Biotechnologies Inc. (Changsha, China).
The primer sequences of selected genes are shown in
Table 1.

Statistical analysis

Two-way ANOVA test was performed for statistical
analysis, using SPSS16.0 software. P < 0.05 was con-
sidered to be statistically significant.

RESULTS

Differential gene expression profiles of L02/HBx cells

To elucidate the molecular mechanism underlying HBx-
mediated hepatocarcinogenesis, we first conducted the
RNA-seq analysis to compare the mRNA expression
profile of LO2/HBx cells with that of LO2/pcDNA L02
cells. Of 1243 differentially expressed genes, the
expression of 742 genes were upregulated and 501
genes expression were downregulated (fold-change =
2, P < 0.05) in LO2/HBx cells (Figure 1A). The 20 top-
ranking differentially expressed genes were subjected
to a cluster analysis (Figure 1B), which determined
several groups of genes with identical expression
patterns. According to comparison with the control
LO2/pcDNA cells, the expression of GPR6, KLHL31,
FOXC1, UGT1A7 and MAGEA4 was most upregulated
and of SLC22A14, HBG2, PCOLCE, A2M and KIAA1522
was most significantly downregulated in L0O2/HBx cells.
These differentially expressed genes were diversely
involved in DNA replication, cell cycle, cell proliferation,
cell adhesion, cell-cell signaling, metabolic process,
tumor transformation and several other signaling
pathways.
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Figure 1 Differential mRNA expression between L02/HBx and L02/pcDNA cells. A: The global expression profile of L02/HBx and L02/pcDNA cells was analyzed
by RNA-sequencing analysis. Heat map shows the differential gene expression patterns (fold-change > 2 or P < 0.5); B: The 20 top-ranking upregulated (left) and
downregulated (right) genes represented on a heat map; C: Quantitative real-time PCR (Q-PCR) verification of selected differential gene expression in L02/HBx and
L02/pcDNA cells. The relative expression levels of these genes were normalized to GAPDH; D: Correlation analysis of mMRNA expression data detected by microarray

and Q-PCR respectively (P = 0.0369). °P < 0.05.

Next, we performed Q-PCR to confirm the relative
MRNA expression of the 9 selected genes in which
we were interested for further study. As shown in
Figure 1C, the relative mRNA expression levels of 5
upregulated and 4 downregulated genes measured
by Q-PCR were totally consistent with the RNA-seq
results. Taking the sensitivity of two methods into
consideration, the gene expression changes in RNA-
seq were not exactly the same with that in Q-PCR
analysis; however, there was a highly similar tendency
between the two groups (Figure 1D; r = 0.7167, P =
0.0369).
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GO and KEGG pathway analyses of putative target
genes

In order to elucidate the correlation between differ-
entially expressed genes and HBx-related hepato-
carcigenesis, GO and signaling pathway analyses were
applied respectively. GO analyses demonstrated that
the 1243 annotated genes displayed diverse biological
functions. The 742 upregulated genes were majorly
correlated with the response to gene expression,
DNA replication, DNA repair, cell cycle, cell division,
and cellular response to DNA damage stimulus, while
501 downregulated genes were mainly related to
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Figure 2 Gene ontology and Kyoto Encyclopedia of Genes and Genomes pathway analyses of differentially expressed mRNAs. A: Gene ontology analysis of
differentially expressed genes; B: Kyoto Encyclopedia of Genes and Genomes pathway analysis of differentially expressed genes.
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Figure 3 Differential miRNA expression between L02/HBx and L02/pcDNA cells. A: Global analysis of differentially expressed miRNAs between L02/HBx and
L02/pcDNA cells; B: The relative expression of 4 differentially expressed miRNAs determined by Q-PCR analysis. The relative expression levels of miRNAs were

normalized to U6 RNA (°P < 0.05).

immune response, cell-cell signaling, cell adhesion,
signal transduction and cell surface receptor signaling
pathway (Figure 2A). Of note, further KEGG signal
pathway analysis revealed that upregulated genes
were briefly related to hepatitis B, mismatch repair,
cell cycle, NF-xB signaling pathway and p53 signaling
pathway, while downregulated genes were mostly
involved in glutathione metabolism, PPAR signaling
pathway, cytokine-cytokine receptor interaction,
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proteoglycans in cancer and MAPK signaling pathway
(Figure 2B).

Analysis of miRNA expression patterns of L02/HBx cells
Compared with LO2/pcDNA cells, 6 miRNAs were
decreased and 16 miRNAs were upregulated in L02/
HBx cells (Figure 3A). Specially, hsa-miR-7, hsa-miR-
551b, hshv-miR-K12-12, hsa-miR-1274a, hsa-miR-663
and hsa-miR-182 were found to be downregulated;
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Figure 4 The miRNA-mRNA regulatory network in HBx-expressing cells. A: The strategy for constructing the miRNA-mRNA network associated with HBx
integration; B: Hub miRNA-target network associated with HBx integration determined by bioinformatics analysis; C: A core miRNA-mRNA network was constructed by

integrating the expression change of predicted target genes in LO2/HBx cells.

meanwhile, hsa-miR-488, hsa-miR-340, hsa-miR-
181a*, hsa-miR-17*, hsa-miR-1307, hsa-miR-660,
hsa-miR-1226*, hsa-miR-29c, hsa-miR-501-5p, hsa-
miR-431, hsa-miR-193a-3p, hsa-miR-24-1*, hsa-
miR-1288, hsa-miR-324-5p, hsa-miR-590-5p and hsa-
miR-564 were upregulated in LO2/HBx cells. Then, the
expression of 4 differentially expressed miRNAs was
further validated through Q-PCR analysis, nhamely hsa-
miR-17*, hsa-miR-7, hsa-miR-1307 and hsa-miR-663.
As shown in Figure 3B, there was a consistent
tendency of expression changes between miRNA-seq
and Q-PCR data.

Integrated analysis of miRNA and mRNA expression
profiles
It is generally believed that the network-based iden-
tification of hub miRNA patterns possesses higher
accuracy compared with non-network-based methods.
Thus, we employed the strategy illustrated in Figure
4A to identify the miRNA-mRNA regulatory network in
LO2 cells transfected with HBx. Through analysis using
miRnada and TargetScan software, potential miRNA
targets were successfully predicted. In combination
with the expression pattern of target genes (Figure
1A), we generated several significant miRNA-mRNA
pairs, which exhibited opposite expression patterns in
L02/pcDNA and L02/HBx cells.

Hubs refer to the central parts of a network,
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and they play a substantial role in biological system
progression. Hub miRNAs are generally defined as
the top 10%-15% of the nodes by degree. Eleven
differentially expressed miRNAs were identified as
hub miRNAs in our study (Figure 4B). We found that
miR340-5p is the one that regulates the most genes,
as many as 51 predicted target genes. Furthermore,
we also found that several miRNAs modulate a few
common target genes through a combinational manner
(Figure 4B). In order to identify the core miRNA-mRNA
regulatory network, which is most functionally related
to HCC development, the functional enrichment of
these predicted target genes was analyzed. Genes
closely related with cancer-associated pathways, such
as DNA replication, gene expression, cell cycle, cell
division, metabolic processes, signal transduction
and so on, were especially picked out to build up
the essential miRNA-mRNA regulatory network.
Significantly, the miRNAs and their target genes
displayed opposite expression patterns in L02/pcDNA
and LO2/HBx cells. As an example, the increased
miRNAs in LO2/HBx cells, such as hsa-miR-182-5p and
hsa-miR-7-5p, may repress the expression of negative
modulators, for instance, MEF2C and GLI3, to promote
the cell transformation (Figure 4C). In contrast, the
decreased miRNAs, including hsa-miR-501-5p, hsa-
miR-340-5p, has-miR324-5p and has-miR-488-3p,
may release the suppression of their target genes,
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for example, JAK1, MAPK1, STX3 and BCL10, whose
expression was upregulated in LO2/HBx cells. The
activation of these potential miRNA target genes might
help to establish HBx-induced HCC progression.

Summarizing all the results, we have demonstrated
that these core miRNAs may function as crucial
regulators by modulating DNA replication, gene
expression, cell cycle, cell division, metabolic processes
and signal transduction, thus playing vital roles in
tumorigenesis.

DISCUSSION

HCC is one of the deadliest malignancies, with dismal
prognosis around the world. In southeast Africa and
China, chronic HBV infection is the most important
cause of HCC. At present, the molecular mechanism of
HBV-related HCC development is not fully understood,
and the HBx gene is frequently regarded as a vital
regulator in HBV-related hepatocarcinogenesis®>*%,
Due to being integrated into the host genome, the
HBx gene can act as a transactivator of humerous
host cellular genes related with growth control, cell
cycle and malignant transformation™. Therefore, a
better understanding of the specific role of HBx in
hepatocarcinogenesis is vital to the advancement
of HCC treatment. Although a number of studies
have been investigating the molecular mechanism
underlying HBx-associated HCC development, the
conclusions from different groups have varied from
among each other®*”**!, Thus, a more reliable
strategy was employed in our study to help improve
the understanding of gene regulations on HBX-related
progression on the basis of the combined analysis of
the miRNA-mRNA regulatory network.

Of all the differentially expressed genes, a
substantial proportion were associated with gene
expression, DNA repair, cell cycle, cell division,
metabolic processes, cell-cell signaling, cell adhesion
and signal transduction (Figure 1C and D). These
differentially expressed mRNA might vigorously
participate in the hepatic malignant cell transformation
through regulating multiple cellular processes. We
further obtained the associated signal pathways
modulated by the differential expressed genes with
KEGG analysis. Among the 52 pathways mediated
by the upregulated genes, 5 pathways have been
confirmed to be HBx-related, including the hepatitis
B pathway, cell cycle, apoptosis, and NF-kappa B and
p53 signaling pathways. There is only one HBx-related
signaling pathway among the 21 pathways mediated
by downregulated genes, namely MAPK signal
pathway"!, Through regulating these 6 pathways
and possibly other potential pathways as well, HBx
might play a crucial role in hepatocarcinogenesis
via modulating chromosome integrity®®, cell pro-
liferation™®, cell cycle®, apoptosis and oncogene
expression”?®, Combining the function and pathway
analysis for differentially expressed genes in LO2/HBx
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cells, we may arrive at a conclusion that liver cells
might develop various cellular responses and gain
malignant potentials given the transfection of HBx.

With regard to the altered miRNAs, we successfully
identified 6 downregulated and 16 upregulated
miRNAs in L02/HBx cells by the application of custom
microarray. Of these altered miRNAs, several, such
as hsa-miR-338-3p and hsa-miR-29c, have been
previously reported to be involved in HBx-associated
HCC development®™!!. Despite the fact that several
research groups have independently established the
HBx-regulated mRNA or miRNA expression pattern by
identifying different mRNAs as well as miRNAs in the
presence of HBx"'>", few studies have focused on the
miRNA-mRNA modulation and interaction.

Actually, hepatocarcinogenesis is a complex
process in response to external and internal stimuli,
and miRNA-target gene modulation is a crucial
means of cellular response. Therefore, identification
of miRNA-target with opposite expression patterns
facilitated our selection of the potential miRNA as well
as their corresponding target genes in HBx-related cell
transformation. Bioinformatics analysis demonstrated
that 11 hub miRNAs participated in constructing
the miRNA-mRNA regulatory network (Figure 4B).
Next, we will carry out more specific research on
the function of those hub miRNAs in order to gain a
better understanding of their role in HCC. Moreover,
in this study, we also acquired an understanding of
the essential mMiRNA-mRNA interactive network on
the basis of functional enrichment (Figure 4C). The
corresponding target genes for the 11 hub miRNAs,
including JAK1, MAPK1, STX3 and BCL10, are crucial
regulators in cell cycle, gene expression, signal
transduction and apoptosis’®**’\. Thus, identification
of the target genes modulated by the dysregulated
miRNAs will greatly promote our understanding of
HBx-associated hepatocarcinogenesis and facilitate
design of new targeted therapeutic agents.

Collectively, we not only identified the mRNAs and
miRNAs that may become the potential predictors and
diagnostically valuable biomarkers of HBV-related HCC
but we also established a core functional miRNA-mRNA
regulatory network in the context of HBx-induced cell
transformation. This study shows that HBx transfection
of liver cells is correlated with gene expression, cell
cycle, signal transduction and apoptosis disturbance.
The established network might reveal the regulation
from miRNAs to target genes in the development of
HBx-induced malignant transformation in HCC cells.
Thus, it will be helpful to further investigate the novel
function of HBx in hepatocarcinogenesis with the
selection of mMiRNA-mRNA pairs.
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