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Abstract
Background: Hepatitis B virus (HBV) is one of the major risk factors of hepatocellular carcinoma (HCC). Increasing
evidence indicates that microRNA (miRNA)–mRNA axis is involved in HCC. However, a comprehensive miRNA–mRNA
regulatory network in HBV-related HCC is still absent. This study aims to identify potential miRNA–mRNA regulatory
pathways contributing to pathogenesis of HBV-related HCC.
Methods: Microarray GSE69580 was downloaded from Gene Expression Omnibus (GEO) database. GEO2R and
‘R-limma’ were used to conduct differential expression analysis. The common miRNAs appeared in the two analytic
sets were screened as potential differentially expressed miRNAs (DE-miRNAs). The prognostic roles of screened DEmiRNAs in HCC were further evaluated using Kaplan–Meier plotter database. Target genes of DE-miRNAs were predicted by miRNet. Then, protein–protein interaction (PPI) networks were established for these targets via the STRING
database, after which hub genes in the networks were identified by Cytoscape. Functional annotation and pathway
enrichment analyses for the target genes were performed through DAVID database. Three enriched pathways related
to HBV-related HCC were selected for further analysis and potential target genes commonly appeared in all three
pathways were screened. Cytoscape was employed to construct miRNA-hub gene network. The expression and correlation of potential miRNAs and targets were further detected in clinical HBV-related HCC samples by qRT-PCR.
Results: 7 upregulated and 9 downregulated DE-miRNAs were accessed. 5 of 7 upregulated DE-miRNAs and 5 of 7
downregulated DE-miRNAs indicated significant prognostic roles in HCC. 2312 and 1175 target genes were predicted
for the upregulated and downregulated DE-miRNAs, respectively. TP53 was identified as the hub gene in the PPI
networks. Pathway enrichment analysis suggested that these predicted targets were linked to hepatitis B, pathways
in cancer, microRNAs in cancer and viral carcinogenesis. Further analysis of these pathways screened 20 and 16 target
genes for upregulated and downregulated DE-miRNAs, respectively. By detecting the expression of 36 target genes,
six candidate target genes were identified. Finally, a potential miRNA–mRNA regulatory network was established
based on the results of qRT-PCR and expression correlation analysis.
Conclusions: In the study, potential miRNA–mRNA regulatory pathways were identified, exploring the underlying
pathogenesis and effective therapy strategy of HBV-related HCC.
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Background
As a major public health issue, hepatocellular carcinoma
(HCC) is the fifth most common malignancy in men
and the second leading cause of cancer-related mortality
globally [1]. HCC is also the most common primary liver
cancer, approximately representing 90% of primary liver
cancer cases [2].
Multiple risk factors are linked to the onset and progression of HCC, among which hepatitis B virus (HBV)
infection is one of the leading risk factors [3]. Reported
by World Health Organization, in 2015, 257 million people were infected with HBV, and deaths caused by HBV
were 0.78 million [4]. To date, it has been well documented that the development of HBV-related HCC is a
three-stage process: liver inflammation-liver cirrhosisHCC [3]. However, the underlying molecular mechanisms of HBV-related HCC remains largely insufficient
and need to be further deeply elucidated.
MicroRNAs (miRNAs) are a group of endogenous
single-strand non-coding RNA molecules that approximately contain 19–25 nucleotides [5]. MiRNAs are found
to function as key post-transcriptional regulators in a
variety of cellular biological processes, such as differentiation, proliferation, apoptosis, migration and invasion [6].
Over the past few decades, mounting studies have suggested that miRNAs can act as oncogenes or tumor suppressors in most types of cancer, including breast cancer
[7], gastric cancer [8], prostate cancer [9] and colorectal
cancer [10]. With regard to HCC, multiple previous studies have also demonstrated that miRNAs are involved in
HCC progression [11–13]. However, only few reports
regarding the roles of miRNAs in HBV-related HCC. The
team of Xiaojie Xu found that HBV X protein (HBx), a
virally encoded protein exerting a crucial role in the
pathogenesis of HBV-related HCC, inhibited miR-148a
to fuel carcinogenesis of HCC [14]. MiR-7/21/107 were
also shown to contribute to HBx-induced HCC progression [15]. MiR-338-3p was demonstrated to be involved
in HBV preS2-induced HCC tumorigenesis by upregulation of TAZ [16]. To our knowledge, there is no systemic
and comprehensive analysis of miRNA–mRNA regulatory network in tumorigenesis of HBV-related HCC.
Combination of high-throughput technologies and bioinformatic analysis can provide researchers and scholars
with unprecedent convenience in seeking novel cancer
biomarkers and therapeutic targets. In this study, the
miRNA expression profile from five HBV-related HCC
patients was first downloaded from Gene Expression

Omnibus (GEO, GSE69580). Then, we successively conducted differential expression analysis, target gene prediction, GO functional annotation, KEGG enrichment,
analysis of potential target genes and construction of
potential miRNA–mRNA pathways. To further validate
these potential miRNA–mRNA pathways in HBV-related
HCC, qRT-PCR were performed to detect the expression levels of these miRNAs and targets in HBV-related
HCC clinical samples, and the correlation of miRNA and
mRNA expression was finally evaluated.

Materials and methods
MicroRNA microarray

In the course of seeking relative datasets, we only
included studies regarding comparing the miRNA
expression in HBV-related HCC tissue with normal liver
tissue from the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo). Only datasets
regarding clinical tissues were collected, and those datasets that studied mRNA expression in the level of cell
line were excluded. The information of collected datasets containing titles and abstracts was screened. Then,
those datasets of interest were further assessed. In the
end, only the dataset, GSE69580 based on the platform
of GPL10850 Agilent-021827 Human miRNA Microarray (V3) (miRbase release 12.0 miRNA ID version), was
met the criterion and was chosen for subsequent analysis. This dataset contained five HBV-related HCC tumor
tissues and five non-tumor liver tissues.
Screening of candidate DE‑miRNAs

To screen differentially expressed miRNAs (DE-miRNAs)
between HBV-related HCC tumor tissue and non-tumor
liver tissue, two methods of differential expression analysis were successively conducted. GEO2R analytic tool
provided by GEO database [17] was first applied to screen
DE-miRNAs. Besides, another method named “R-limma”
was introduced to further screen DE-miRNAs. Firstly,
Series Matrix File of GSE69580 was downloaded from the
GEO database. Data were then normalized using the normalizeBetweenArray function from R package ‘LIMMA’
from the Bioconductor project [18]. Data before and after
normalization were presented in Additional file 1: Figure
S1. Subsequently, the differential analysis was conducted
by the LIMMA package through entering related codes
into R (version 3.4.4). The P value < 0.01 and |log2FC| > 2
were set as the cut-off criterion in the two methods mentioned above. The common DE-miRNAs identified by the
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two methods were presented as Veen diagram and identified as candidate DE-miRNAs.
Survival analysis of candidate DE‑miRNAs

The Kaplan–Meier plotter (KM plotter) database, an
online database established using gene expression data
and survival information of cancer patients downloaded
from the GEO database, was utilized to analyze the prognostic roles of screened candidate DE-miRNAs in HCC
[19]. Briefly, these miRNAs were first typed into the database. Subsequently, KM survival plots were created, and
hazard ratio (HR), 95% confidence interval (CI) and log
rank P-value were displayed on the webpage. Log rank
P-value < 0.05 was considered as statistically significant.
Only high expression of upregulated and downregulated
candidate DE-miRNAs indicating an unfavorable and
favorable prognosis in patients with HCC were selected
for further analysis, respectively. These selected DE-miRNAs were named as potential DE-miRNAs.
Prediction and analysis of target genes of potential
DE‑miRNAs

The target genes of potential DE-miRNAs were predicted using miRNet (http://www.mirnet.ca/), which is
an easy-to-use comprehensive tool integrated data from
eleven different miRNA databases (TarBase, miRTarBase, miRecords, miRanda, miR2Disease, HMDD, PhenomiR, SM2miR, PharmacomiR, EpimiR and starBase)
[20]. Then, protein–protein interaction (PPI) network of
target genes was constructed using the STRING database
(http://string-db.org) [21]. Subsequently, the hub genes
in the network were identified by analyzing the degree
of connectivity using Cytoscape software (version 3.6.1)
[22].
Functional annotation and pathway enrichment analysis

The online program, the Database for Annotation, Visualization and Integrated Discovery (DAVID, http://david
.abcc.ncifcrf.gov/), is a comprehensive tool for researchers and scholars to understand biological meaning
behind multiple genes [23]. In this study, DAVID was
used to perform Gene Ontology (GO) functional annotation and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis for predicted target genes of potential DE-miRNAs. P-value < 0.05 was
regarded as statistically significant.
Screening of genes in HBV‑related HCC

This study aims to identify miRNA–mRNA regulatory
pathways associated with HBV-related HCC. Therefore,
after conducting KEGG pathway enrichment analysis,
several HBV-related HCC pathways were selected for
further analysis. For upregulated potential DE-miRNAs,
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three enriched pathways including hsa05161, hsa05200
and hsa05203 were screened. For downregulated potential DE-miRNAs, three enriched pathways including
hsa05161, hsa05200 and hsa05206 were screened. The
same genes presented in all three pathways were further
chosen to study. These selected target genes were named
as candidate target genes.
Construction of miRNA‑hub gene network

To explore the correlation of candidate target genes with
potential DE-miRNAs, Cytoscape software (version 3.6.1)
was employed to construct and analyzed the miRNA-hub
gene network.
Analysis of candidate target gene expression using
the Oncomine and UALCAN database

Two databases, Oncomine database (http://www.oncom
ine.org) [24] and UALCAN database (http://ualcan.path.
uab.edu/index.html) [25], were introduced to analyze
the expression of these candidate target genes. Firstly, all
candidate target genes were entered into the Oncomine
database, which is an online cancer microarray database.
P-value < 1E−4, fold change > 2 and gene rank in top 10%
were set as the cut-off criterion. Only target genes of
upregulated DE-miRNAs were significantly downregulated while targets genes of downregulated DE-miRNAs
were significantly upregulated in HCC were identified
as potential target genes. The expression levels of these
potential target genes in HCC were further validated
using the UALCAN database, which is a user-friendly,
interactive web resource for analyzing cancer transcriptome data. P-value < 0.05 was considered as statistically
significant.
Cell culture

The HBV-related HCC cell line, Hep3B, was obtained
from the Institute of Biochemistry and Cell Biology of
the Chinese Academy of Sciences (Shanghai, China). The
cell line was maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, 12430047) containing 10%
fetal bovine serum (FBS; Biological Industries, 04-01011, Cromwell, CT, USA), 100 mg/mL streptomycin, and
100 U/mL penicillin (Invitrogen, Shanghai, China) under
a humidified atmosphere of 5% C
 O2 at 37 °C.
Clinical tissues

Fresh frozen HBV-related HCC clinical tissues and
matched adjacent normal liver tissues were obtained
from 20 patients who had undergo surgery from 2016
to 2017 at the First Affiliated Hospital of Zhejiang University School of Medicine (Hangzhou, China). Tissues
were frozen and stored in liquid nitrogen. The study was
approved by the Ethics Committee of the First Affiliated
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Hospital of Zhejiang University School of Medicine,
and written informed consent from each patient was
obtained.
Transfection of cell line

Hep3B cells were seeded in six-well plates, after which
the miRNA mimics (50 nM) and negative control
(50 nM) were transfected into the cell line by Lipofectamine™ 3000 (Invitrogen, Shanghai, China) according
to the manufacturer’s instruction. The miRNA mimics
and mimic NC were purchased from RiboBio Co. Ltd
(Guangzhou, China).
qRT‑PCR

The expression of potential DE-miRNAs and target genes
in clinical samples were analyzed by qRT-PCR as previously reported [26]. Firstly, total RNA was extracted
from tissue samples using RNAiso plus Reagent (TaKaRa,
Kusatsu, Japan). MiRNA reverse transcription primers and q-PCR primers were purchased from RiboBio
Co. Ltd (Guangzhou, China), and mRNA q-PCR primers (Additional file 2: Table S1) were synthesized by BGI
(Beijing, China). Then, total RNA was reverse-transcribed into complementary DNA (cDNA) by the PrimeScript RT Reagent Kit (TaKaRa, RR0037A). Next, q-PCR
was performed in triplicates in a Roche LightCycler480
II Real-Time PCT Detection System by SYBR Premix Ex
Taq (TaKaRa, RR420A). The expression level of miRNAs
(relative to U6) and target genes (relative to GAPDH)
were analyzed using the method of 2−ddCt.
Statistical analysis

Experiments were performed in triplicates and the
results were shown as mean ± standard deviation (SD).
Statistical analysis was conducted using the GraphPad
Prism Software (Version 7). The differences between two
groups were estimated by a two-tailed Student’s t-test.
Spearman correlation coefficients were calculated to
evaluate the correlations.

Results
Candidate DE‑miRNAs Identification and survival analysis

As mentioned above, two methods were employed to
identify DE-miRNAs. The results of GEO2R analysis
showed that there were 24 upregulated DE-miRNAs and
10 downregulated DE-miRNAs in HBV-related HCC
tumor samples. There were eight upregulated DE-miRNAs and 19 downregulated DE-miRNAs in HBV-related
HCC tumor samples after being compared with normal
liver samples using ‘R-limma’ analytic method. Notably,
as presented in Fig. 1a, b, seven upregulated DE-miRNAs and nine downregulated DE-miRNAs commonly
appeared in the results of two analytic methods, so they
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were identified as candidate DE-miRNAs. These candidate DE-miRNAs were listed in Table 1.
To further validate these candidate DE-miRNAs, the
prognostic roles of them in HCC were subsequently
assessed by using KM plotter database. As shown in
Fig. 1c–I, among 16 candidate DE-miRNAs, only high
expression of five upregulated DE-miRNAs (miR-25-3p,
miR-501-3p, miR-93-5p, miR-106b-5p and miR-21-5p)
and five downregulated DE-miRNAs (miR-139-5p, let7c5p, miR-486-5p, miR-125b-5p and miR-99a-5p) indicated
a significantly unfavorable and favorable OS in patients
with HCC, respectively. Therefore, these miRNAs were
identified as final candidate DE-miRNAs (potential DEmiRNAs) and were selected for further analysis. None of
expression of the other six candidate DE-miRNAs was
significantly related to prognosis of patients with HCC.
Target prediction and analysis of candidate DE‑miRNAs

The target genes of five potential upregulated and downregulated DE-miRNAs were successively predicted by
miRNet. As shown in Table 2, we got total 2312 and 1175
predicted targets of the upregulated and downregulated
DE-miRNAs, respectively. For the five upregulated DEmiRNAs, miR-93-5p was found to potentially target the
most genes, with the number of 1220. For the five downregulated DE-miRNAs, let-7c-5p possessed the most
targets, which number is 516. For better visualization,
miRNA–mRNA networks were established using miRNet database as depicted in Fig. 2.
Next, PPI networks of predicted target genes of five
upregulated DE-miRNAs (Fig. 3a) and five downregulated
DE-miRNAs (Fig. 3b) were separately constructed using
the STRING database and Cytoscape software. According to degree, the top 10 hub genes in the networks were
screened out and were listed in Table 3. For upregulated
DE-miRNAs, the top 10 hub genes were TP53, UBC,
RPS27A, GAPDH, MYC, PHLPP2, HSP90AA1, TOP2A,
MAPK1 and JUN. For downregulated DE-miRNAs,
the top 10 hub genes were TP53, UBA52, MYC, AKT1,
UBB, EGFR, JUN, HSP90AA1, PIK3CA and ACLY. TP53
showed the highest node degree in both two sets, which
were 336 and 248, respectively.
Functional annotation and pathway enrichment analysis

GO functional annotation was first performed to
understand the systematic features and biological
meaning of these predicted targets using DAVID database. The GO ontology contains three categories: cellular component (CC), biological process (BP) and
molecular function (MF). The top 10 GO terms of
targets of upregulated DE-miRNAs were presented in
Fig. 4a1–3, including nucleus and cytoplasm in the CC
category, transcription DNA-templated and regulation
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Fig. 1 Identification of potential DE-miRNAs. a, b The intersection of two differential expression analytic methods, GEO2R and R-limma: a for
upregulated DE-miRNAs; b for downregulated DE-miRNA. c–l The significant prognostic roles of potential DE-miRNAs in HCC: c for hsa-miR-25;
d for hsa-miR-501-3p; e for hsa-miR-93; f for hsa-miR-106b; g for hsa-miR-21; h for hsa-miR-139-5p; i for hsa-let-7c; j for hsa-miR-486-5p; k for
hsa-miR-125b; l for hsa-miR-99a

of transcription DNA-templated in the BP category
and protein binding and metal ion binding in the MF
category. The top 10 GO terms of targets of downregulated DE-miRNAs were shown in Fig. 4b1–3, including
nucleus and cytoplasm in the CC category, transcription DNA-templated and positive regulation of transcription from RNA polymerase II promoter in the BP
category and protein binding and DNA binding in the
MF category.
KEGG pathway enrichment analysis revealed that
the targets of upregulated DE-miRNAs were enriched
in pathways in cancer, PI3K-Akt signaling pathway,
HTLV-I infection, endocytosis and microRNAs in cancer, whereas the targets of downregulated DE-miRNAs
were enriched in pathways in cancer, microRNAs in
cancer, PI3K-Akt signaling pathway, HTLV-I infection and proteoglycans in cancer. The top 20 enriched
KEGG pathways of targets of upregulated and downregulated DE-miRNAs were presented in Fig. 5a, b,
respectively.

Screening of candidate genes in HBV‑related HCC

In this study, we intended to identify these miRNA–
mRNA regulatory pathways involved in the onset and
progression of HBV-related HCC. Thus, we selected
several possibly related pathways from the results of
KEGG pathway enrichment analysis for further analysis. For upregulated DE-miRNAs, three pathways
including hepatitis B, pathways in cancer and viral
carcinogenesis were chosen. The genes commonly
appeared in all the three pathways were identified as
candidate target genes for further analysis. Similarly,
only the same targets of downregulated DE-miRNAs
appeared in Hepatitis B, pathways in cancer and microRNAs in cancer were screened as candidate genes.
Finally, as shown in Fig. 5c, d, 20 and 16 genes were
selected as candidate target genes for upregulated and
downregulated DE-miRNAs, respectively. For better
visualization, miRNA–mRNA networks of these DEmiRNAs and relevant targets were constructed using
Cytoscape software (Additional file 3: Figure S2).
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Table 1 Common (GEO2R and R-limma) differentially expressed miRNAs (DE-miRNAs) between HBV-related HCC tumor
versus non-tumor liver tissue
Upregulated DE-miRNA

log2FC

t

B

hsa-miR-25-3p

1.86

5.2

hsa-miR-501-3p

7.01

19.1

hsa-miR-93-5p

1.84

3.66

hsa-miR-532-5p

5.83

3.46

hsa-miR-106b-5p

2.68

5.37

hsa-miR-21-5p

3.89

hsa-miR-151-3p

3.38

Downregulated DE-miRNA

log2FC

hsa-miR-199a-3p

− 3.06

hsa-miR-139-5p

− 3.48

hsa-miR-30a-3p
hsa-let-7c-5p

− 2.14

hsa-miR-486-5p
hsa-miR-125b-5p

− 3.43

hsa-miR-99a-5p
hsa-miR-10a-5p

− 1.37

hsa-miR-199a-5p

Table 2 The target number
and downregulated DE-miRNAs

of

the

Upregulated
DE-miRNA

Number

Downregulated
DE-miRNA

hsa-miR-93-5p

1220

hsa-let-7c-5p

516

hsa-miR-106b-5p

1091

hsa-miR-125b-5p

432

hsa-miR-21-5p

612

hsa-miR-99a-5p

133

hsa-miR-25-3p

518

hsa-miR-139-5p

105

hsa-miR-501-3p

69

hsa-miR-486-5p

Total

2312

Total

5.67E−04

1.8157

1.03E−04

5.38

0.14

Number

67
1175

It is widely acknowledged that there is an inverse relationship between miRNA expression and target gene
expression [27]. Based on this theory, the expression
levels of 36 potential target genes in HCC were analyzed
using two public databases. After being compared with
normal samples, as presented in Additional file 4: Figure S3, only expression of JUN, PIK3R1 and STAT3 for
upregulated DE-miRNAs was significantly decreased in
HCC samples. For target genes of downregulated DEmiRNAs, only E2F2, E2F3 and NRAS expression was
markedly upregulated. The similar results were acquired
in our subsequent analysis of expression of JUN, PIK3R1,
STAT3, E2F2, E2F3 and NRAS in HCC using another
database, UALCAN database, and were shown in Additional file 5: Figure S4. According to these results, finally,
JUN, PIK3R1, STAT3, E2F2, E2F3 and NRAS were identified as the potential target genes.

5.57E−04

t

B

− 3.85

− 1.9612

4.45E−03

0.3815

4.38E−04

− 3.93

− 1.8413

3.95E−03

P value

− 2.4572

7.26E−03

− 5.1

− 0.2182

7.95E−04

1.5818

1.31E−04

− 3.45

− 2.5639

8.07E−03

− 6.02

upregulated

5.84E−03

6.85

− 3.83

− 2.95

3.14E−08

− 2.2376

7.99E−03

− 6.63

− 2.4

7.03E−04

8.4883

0.1219

− 3.52

− 3.83

− 0.0946

− 2.5537

− 5.58

− 6.24

P value

− 1.9874
0.899

4.56E−03
2.61E−04

Identification of several potential miRNA–mRNA
regulatory pathways in HBV‑related HCC

Potential DE-miRNAs and target genes have been identified based on a series of bioinformatic analyses. By
matching miRNA–mRNA pairs in miRNet database, we
established a potential miRNA–mRNA regulatory network (miR-93-5p-JUN/STAT3 pathway, miR-106b-5pSTAT3 pathway, miR-21-5p-STAT3/PIK3R1 pathway,
miR-125b-5p-E2F2/E2F3 pathway and miR-let7c-5pNRAS pathway) as depicted in Fig. 6.
To validate these pathways, the expression levels
of these DE-miRNAs and target genes were further
detected in 20 pairs of HBV-related HCC clinical tissue
samples and matched adjacent normal liver tissues. As
shown in Fig. 7, in accordance with our previous analytic results, miR-93-5p, miR-106b-5p and miR-21-5p
were significantly upregulated whereas miR-125b-5p and
let7c-5p were markedly downregulated in HBV-related
HCC compared to matched normal liver samples. Next,
the expression levels of six potential targets were determined and the results were presented in Fig. 8. Among
the six target genes, when compared with normal liver
samples, JUN, STAT3 and PIK3R1 expression were significantly decreased in HBV-related HCC samples.
Regarding to E2F2 expression, there was no significant
difference between cancer tissues and normal controls.
Different from the result of bioinformatics analysis, E2F3
expression were significantly downregulated in HBVrelated HCC tissues. Despite no statistical significance,
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Fig. 2 The predicted target genes of potential DE-miRNAs. a For upregulated DE-miRNAs; b for downregulated DE-miRNAs

Fig. 3 The top 30 hub genes in protein–protein interaction (PPI) network of predicted target genes. a For upregulated DE-miRNAs; b for
downregulated DE-miRNAs

Table 3 Hub genes identified in the PPI networks
Upregulated DE-miRNAs

Downregulated DE-miRNAs

Gene symbol

Degree

Gene symbol

Degree

TP53

336

TP53

248

UBC

274

UBA52

193

RPS27A

255

MYC

177

GAPDH

249

AKT1

165

MYC

223

UBB

163

PHLPP2

215

EGFR

149

HSP90AA1

209

JUN

144

TOP2A

205

HSP90AA1

140

MAPK1

203

PIK3CA

134

JUN

193

ACLY

119

the expression of NRAS was markedly higher in HBVrelated HCC tissues than that in matched normal liver
tissues. Subsequently, we further analyzed the correlation of miRNA expression and target expression. As
shown in Fig. 9, identical with our previous in silico
analysis, STAT3 expression was inversely linked to the
expression of miR-93-5p, miR-106b-5p and miR-21-5p.
A significant negative correlation was found between
PIK3R1 expression and miR-21-5p expression. Besides,
we observed that NRAS expression was also conversely
associated with let7c-5p expression. However, positive
correlations of JUN and miR-93-5p, miR-125b-5p and
E2F2 and miR-125b-5p and E2F3 were found. Transfected with the five miRNAs mimics, we found that the
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Fig. 4 The GO annotation for the predicted target genes of potential DE-miRNAs. a1 Top 10 enriched biological process (BP) for target genes of
upregulated DE-miRNAs; a2 top 10 enriched cellular component (CC) for target genes of upregulated DE-miRNAs; a3 top 10 enriched molecular
function (MF) for target genes of upregulated DE-miRNAs; b1 top 10 enriched biological process (BP) for target genes of upregulated DE-miRNAs;
b2 top 10 enriched cellular component (CC) for target genes of upregulated DE-miRNAs; b3 top 10 enriched molecular function (MF) for target
genes of upregulated DE-miRNAs
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Fig. 5 The pathway enrichment analysis for the predicted target genes of potential DE-miRNAs. a The top 10 enriched KEGG pathways for target
genes of upregulated DE-miRNAs; b the top 10 enriched KEGG pathways for target genes of downregulated DE-miRNAs; c the intersection of three
pathways associated with HBV-related HCC for the target genes of upregulated DE-miRNAs; d the intersection of three pathways associated with
HBV-related HCC for the target genes of downregulated DE-miRNAs

expression levels of these miRNAs were significantly
increased (Fig. 10a). Overexpression of miR-93-5p, miR106b-5p and miR-21-5p could distinctly attenuate STAT3
expression (Fig. 10b). When compared with negative
control groups, downregulation of PIK3R1 and NRAS
was also discovered in miR-21-5p and let7c-5p overexpression groups, respectively (Fig. 10b). However, no significant decrease of JUN, E2F2 and E2F3 expression were
observed in Hep3B cells transfected with miR-93-5p and
miR-125b-5p mimics. All these findings suggested that
miR-93-5p/miR-106b-5p/miR-21-5p-STAT3, miR-21-5pPIK3R1 and let7c-5p-NRAS may fuel the pathogenesis of
HBV-related HCC.

Fig. 6 Identified potential miRNA–mRNA regulatory network
contributing to pathogenesis of HBV-related HCC

Discussion
The functional pattern of miRNA–mRNA regulatory
network has been shown in the onset and progression
of a variety of human diseases including cancer [28–30].
Moreover, a lot of studies about miRNA and mRNA
expression profile in HBV-related HCC were published
[19, 31–34]. However, a comprehensive miRNA–mRNA
regulatory network in HBV-related HCC remains largely
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Fig. 7 The expression levels of five potential DE-miRNAs in clinical HBV-related HCC tissues compared to matched normal tissues. a For miR-93-5p;
b for miR-106b-5p; c for miR-21-5p; d for miR-125b-5p; e for let7c-5p. *< 0.05; **< 0.01

Fig. 8 The expression levels of six potential target genes in clinical HBV-related HCC tissues compared to matched normal tissues. a For JUN; b for
STAT3; c for PIK3R1; d for E2F2; e for E2F3; f for NRAS. *< 0.05; **< 0.01; ***< 0.001; NS represents no significance
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Fig. 9 The correlation of potential DE-miRNAs and target genes. a For JUN and miR-93-5p; b for STAT3 and miR-93-5p; c for STAT3 and miR-106b-5p;
d for STAT3 and miR-21-5p; e for PIK3R1 and miR-21-5p; f for E2F2 and miR-125b-5p; g for E2F3 and miR-125b-5p; h for NRAS and let7c-5p

Fig. 10 The expression levels of target genes after transfection of the potential miRNA mimics. a Hep3B transfected with miRNA mimics exhibited
higher expression of miRNAs than mimic negative control; b the alteration of target gene expression after transfection of miR-93-5p, miR-106b-5p,
miR-21-5p, miR-125b-5p and let7c-5p mimics analyzed in Hep3B cell line using qRT-PCR. *< 0.05

insufficient. In this present work, we aimed to construct
the potential miRNA–mRNA regulatory network in
HBV-related HCC. By the way of a series of bioinformatic
analyses and experimental validation, several miRNAs,
target genes and miRNA–mRNA regulatory pathways
which may be involved in the development of HBVrelated HCC have been identified.
Two regulatory pathways, miR-93-5p-JUN and miR106b-5p-STAT3, are identified to contribute to the tumorigenesis of HBV-related HCC and miR-25 is also found
to be upregulated in HBV-related HCC tissues than the
matched normal liver tissues. MiR-106b, miR-93 and

miR-25 belong to the miR-106b-25 cluster [35]. Numerous studies have proved that miR-93-5p, miR-106b-5p
and miR-25 function as oncogenic miRNAs in HCC. For
example, exosomal miR-93-5p enhances proliferation and
invasion of HCC via suppression of TIMP2/TP53INP1/
CDKN1A [36]; miR-93-5p promotes HCC proliferation
and epithelial–mesenchymal transition (EMT)-mediated
invasion and metastasis by directly targeting PDCD4
[37]. MiR-106b-5p activates the Wnt/β-catenin pathway by downregulating APC, thereby resulting in the
enhancement of HCC proliferation [38]; upregulation of
miR-106b-5p enhances migration and metastasis of HCC
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via the activation of EMT [39]. As for miR-25, it has been
reported to promote HCC growth, migration and invasion through directly targeting RhoGDI1 [40]. Besides,
miR-106b-25 cluster has already been investigated about
its association with HBV-related HCC [41, 42]. All these
findings support our analytic results that miR-93-5p/
miR-106b-5p-STAT3 pathways may contribute to the
progression of HBV-related HCC.
MiR-21-5p-PIK3R1 pathway is an oncogenic axis in
HBV-related HCC in our present work. Previous studies have also shown that miR-21 can boost development of HCC [43–46]. MiR-21 can be modulated HBx,
and is involved in the inhibition of apoptosis in HCC by
directly targeting IL-12 [47]. However, an opposite result
was acquired in another report published by the team of
Bandopadhyay [48]. They indicated that the expression of
miR-21 was negatively modulated by HBx protein. This
contradiction makes certification of expression and function of miR-21 in HBV-related HCC sense. Future experimental validation of our current analytic result—the
promotion of miR-21-5p-PIK3R1 pathway in carcinogenesis of HBV-related HCC—is of great significance.
Our analysis suggested that let7c-5p-NRAS and miR125b-5p-E2F2/E2F3 are several tumor suppressive pathways in HBV-related HCC. Plenty of investigations have
verified that let7c-5p hinders progression of HCC. For
example, let7c-5p and miR-199a-5p cooperatively suppress migration and invasion in HCC by inhibiting
MAP4K3 [49]; let7c-5p inhibits HCC cell proliferation
and induces cell cycle arrest via the direct inhibition of
CDC25A [50]. MiR-125b-5p is also shown to function
as tumor suppressor in HCC. MiR-125b-5p attenuates
HCC proliferation via inhibition of Sirtuin 7 [51]; miR125b-5p suppresses HCC malignancy through targeting
SIRT6 [52]. Besides, miR-125b-5p can also be served
as a diagnostic biomarker of HBV-related HCC in early
stage. These reports mentioned above all hint tumor suppressive roles of let7c-5p-NRAS, miR-125b-5p-E2F2 and
miR-125b-5p-E2F3 in HBV-related HCC.
Subsequent experiments further supported our previous in silico analysis. Based on the present experimental
results, among all identified miRNA–mRNA regulatory
pathways,
miR-93-5p/miR-106-5p/miR-21-5p-STAT3,
miR-21-5p-PIK3R1 and let7c-5p-NRAS axes demonstrated better prospects. In the future, more emphases
need to be put on these regulatory pathways.
Although we performed a comprehensive analysis and
experimental validation of miRNA–mRNA regulatory
network involved in HBV-related HCC and successfully identify several potential miRNA–mRNA pathways
which may be possibly linked to development of HBVrelated HCC, some limitations were existed in this study:
(1) the sample size of the microarray used here was not
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large enough, only containing 10 tissue samples; (2) the
multilayers of assumption including in silico identification of DE-miRNAs, search for their potential targets,
analysis of the potential targets and evaluating the relationship between miRNAs and targets lacked experimental confirmation in vitro and in vivo; (3) experimental
validation of potential miRNA and mRNA expression
was only conducted in 20 pairs of HBV-related HCC
tissues and matched normal tissues. So, future investigations with larger clinical samples and corresponding experiments are required and need to be urgently
launched.

Conclusions
In summary, our present in silico analyses and preliminary experimental validation indicate several potential
miRNA–mRNA pathways contributing to the carcinogenesis of HBV-related HCC. We hope that these findings we presented are helpful for future in-depth studies
and accelerate the process of overcoming HBV-related
HCC.
Additional files
Additional file 1: Figure S1. Normalization of GSE69580. (A) Data before
normalization; (B) data after normalization.
Additional file 2: Table S1. Primers sequence list.
Additional file 3: Figure S2. The miRNA-hub gene networks. (A) For
upregulated DE-miRNAs; (B) for downregulated DE-miRNAs.
Additional file 4: Figure S3. The expression levels of screened potential
target genes from the Oncomine database.
Additional file 5: Figure S4. The expression levels of six screened target
genes from the UALCAN database.
Abbreviations
BP: biological process; CC: cellular component; cDNA: complementary DNA;
CI: confidence interval; DE-miRNA: differentially expressed miRNA; EMT:
Epithelial–mesenchymal transition; GEO: Gene Expression Omnibus; GO: Gene
Ontology; HR: hazard ratio; HBV: hepatitis B virus; HBx: HBV X protein; HCC:
hepatocellular carcinoma; MiRNA: microRNA; MF: molecular function; KM plotter: Kaplan–Meier plotter; KEGG: Kyoto Encyclopedia of Genes and Genomes;
PPI: protein–protein interaction; SD: standard deviation.
Authors’ contributions
WYL, SSZ and WMF designed the study. WYL and JXL wrote and revised the
manuscript and performed the experiments and statistical analysis of the data.
BSD, DNC, LX and JD conducted some experiments. DHJ and LZ collected
clinical samples. All authors read and approved the final manuscript.
Author details
1
Program of Innovative Cancer Therapeutics, Division of Hepatobiliary
and Pancreatic Surgery, Department of Surgery, First Affiliated Hospital,
College of Medicine, Key Laboratory of Organ Transplantation, Zhejiang
University, 79 Qingchun Road, Hangzhou 310003, Zhejiang Province, China.
2
Key Laboratory of Organ Transplantation, Hangzhou 310003, Zhejiang
Province, China. 3 Key Laboratory of Combined Multi‑organ Transplantation,
Ministry of Public Health, Hangzhou 310000, China. 4 Department of Intensive
Care Unit, Changxing People’s Hospital of Zhejiang, Huzhou 313100, Zhejiang

Lou et al. J Transl Med

(2019) 17:7

Province, China. 5 Department of Pathology and Laboratory Medicine, Medical
University of South Carolina, Charleston, SC 29425, USA.
Acknowledgements
This work was supported by the National Natural Science Foundation of China
(81372462, 81572987), the Department of Science and Technology of Zhejiang Province (2014C03012) and the Health and Family Planning Commission
of Zhejiang Province (2012KYB045).
Competing interests
The authors declare that they have no competing interests.
Availability of data and materials
The microarray data were deposited in the Gene Expression Omnibus (GEO)
database (Accession number: GSE69580). Besides, please contact author for
data and materials requests.
Consent for publication
Not applicable.
Ethics approval and consent to participate
This study was approved by the Ethical Committee of First Affiliated Hospital
of Zhejiang University School of Medicine. In addition, relevant informed
consent was acquired from each patient before surgery.
Funding
National Natural Science Foundation of China (Nos. 81372462 and 81572987)
and the Department of Science and Technology of Zhejiang Province
(2014C03012).

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Received: 22 October 2018 Accepted: 21 December 2018

References
1. Chen RG, Cheng QY, Owusu-Ansah KG, Chen J, Song GY, Xie HY, Zhou
L, Xu X, Jiang DH, Zhengi SS. Cabazitaxel, a novel chemotherapeutic
alternative for drug-resistant hepatocellular carcinoma. Am J Cancer Res.
2018;8:1297–306.
2. Montagner A, Le Cam L, Guillou H. beta-catenin oncogenic activation
rewires fatty acid catabolism to fuel hepatocellular carcinoma. Gut. 2018.
https://doi.org/10.1136/gutjnl-2018-316557.
3. An P, Xu J, Yu Y, Winkler CA. Host and viral genetic variation in HBV-related
hepatocellular carcinoma. Front Genet. 2018;9:261.
4. Soriano V, Young B, Reau N. Report from the international conference on
viral hepatitis-2017. AIDS Rev. 2018;20:58–70.
5. Lou W, Liu J, Gao Y, Zhong G, Ding B, Xu L, Fan W. MicroRNA regulation of
liver cancer stem cells. Am J Cancer Res. 2018;8:1126–41.
6. Giovannetti E, Erozenci A, Smit J, Danesi R, Peters GJ. Molecular mechanisms underlying the role of microRNAs (miRNAs) in anticancer drug
resistance and implications for clinical practice. Crit Rev Oncol Hematol.
2012;81:103–22.
7. Bai X, Han G, Liu Y, Jiang H, He Q. MiRNA-20a-5p promotes the growth
of triple-negative breast cancer cells through targeting RUNX3. Biomed
Pharmacother. 2018;103:1482–9.
8. Schmitt AM, Garcia JT, Hung T, Flynn RA, Shen Y, Qu K, Payumo AY, Peresda-Silva A, Broz DK, Baum R, et al. An inducible long noncoding RNA
amplifies DNA damage signaling. Nat Genet. 2016;48:1370–6.
9. Jackson BL, Grabowska A, Ratan HL. MicroRNA in prostate cancer: functional importance and potential as circulating biomarkers. BMC Cancer.
2014;14:930.
10. Liu N, Jiang F, Han XY, Li M, Chen WJ, Liu QC, Liao CX, Lv YF. MiRNA-155
promotes the invasion of colorectal cancer SW-480 cells through regulating the Wnt/beta-catenin. Eur Rev Med Pharmacol Sci. 2018;22:101–9.

Page 13 of 14

11. Li Q, Li S, Wu Y, Gao F. miRNA-708 functions as a tumour suppressor in hepatocellular carcinoma by targeting SMAD3. Oncol Lett.
2017;14:2552–8.
12. Pan XP, Wang HX, Tong DM, Li Y, Huang LH, Wang C. miRNA-370 acts as
a tumor suppressor via the downregulation of PIM1 in hepatocellular
carcinoma. Eur Rev Med Pharmacol Sci. 2017;21:1254–63.
13. Yu Q, Yang X, Duan W, Li C, Luo Y, Lu S. miRNA-346 promotes proliferation,
migration and invasion in liver cancer. Oncol Lett. 2017;14:3255–60.
14. Xu X, Fan Z, Kang L, Han J, Jiang C, Zheng X, Zhu Z, Jiao H, Lin J, Jiang
K, et al. Hepatitis B virus X protein represses miRNA-148a to enhance
tumorigenesis. J Clin Invest. 2013;123:630–45.
15. Chen WS, Yen CJ, Chen YJ, Chen JY, Wang LY, Chiu SJ, Shih WL, Ho CY, Wei
TT, Pan HL, et al. miRNA-7/21/107 contribute to HBx-induced hepatocellular carcinoma progression through suppression of maspin. Oncotarget.
2015;6:25962–74.
16. Liu P, Zhang H, Liang X, Ma H, Luan F, Wang B, Bai F, Gao L, Ma C.
HBV preS2 promotes the expression of TAZ via miRNA-338-3p to
enhance the tumorigenesis of hepatocellular carcinoma. Oncotarget.
2015;6:29048–59.
17. Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF, Tomashevsky M,
Marshall KA, Phillippy KH, Sherman PM, Holko M, et al. NCBI GEO:
archive for functional genomics data sets—update. Nucleic Acids Res.
2013;41:D991–5.
18. Smyth GK, Michaud J, Scott HS. Use of within-array replicate spots for
assessing differential expression in microarray experiments. Bioinformatics. 2005;21:2067–75.
19. Nagy A, Lanczky A, Menyhart O, Gyorffy B. Validation of miRNA prognostic
power in hepatocellular carcinoma using expression data of independent
datasets. Sci Rep. 2018;8:9227.
20. Fan Y, Siklenka K, Arora SK, Ribeiro P, Kimmins S, Xia J. miRNet-dissecting
miRNA-target interactions and functional associations through networkbased visual analysis. Nucleic Acids Res. 2016;44:W135–41.
21. Szklarczyk D, Franceschini A, Wyder S, Forslund K, Heller D, Huerta-Cepas
J, Simonovic M, Roth A, Santos A, Tsafou KP, et al. STRING v10: protein–
protein interaction networks, integrated over the tree of life. Nucleic
Acids Res. 2015;43:D447–52.
22. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin
N, Schwikowski B, Ideker T. Cytoscape: a software environment for
integrated models of biomolecular interaction networks. Genome Res.
2003;13:2498–504.
23. da Huang W, Sherman BT, Lempicki RA. Systematic and integrative analysis of large gene lists using DAVID bioinformatics resources. Nat Protoc.
2009;4:44–57.
24. Rhodes DR, Yu J, Shanker K, Deshpande N, Varambally R, Ghosh D,
Barrette T, Pandey A, Chinnaiyan AM. ONCOMINE: a cancer microarray
database and integrated data-mining platform. Neoplasia. 2004;6:1–6.
25. Chandrashekar DS, Bashel B, Balasubramanya SAH, Creighton CJ, PonceRodriguez I, Chakravarthi B, Varambally S. UALCAN: a portal for facilitating
tumor subgroup gene expression and survival analyses. Neoplasia.
2017;19:649–58.
26. Chen D, Si W, Shen J, Du C, Lou W, Bao C, Zheng H, Pan J, Zhong G, Xu
L, et al. miR-27b-3p inhibits proliferation and potentially reverses multichemoresistance by targeting CBLB/GRB2 in breast cancer cells. Cell
Death Dis. 2018;9:188.
27. Giray BG, Emekdas G, Tezcan S, Ulger M, Serin MS, Sezgin O, Altintas E,
Tiftik EN. Profiles of serum microRNAs; miR-125b-5p and miR223-3p serve
as novel biomarkers for HBV-positive hepatocellular carcinoma. Mol Biol
Rep. 2014;41:4513–9.
28. Cheng J, Zhuo H, Xu M, Wang L, Xu H, Peng J, Hou J, Lin L, Cai J. Regulatory network of circRNA–miRNA–mRNA contributes to the histological
classification and disease progression in gastric cancer. J Transl Med.
2018;16:216.
29. Xue J, Zhou D, Poulsen O, Hartley I, Imamura T, Xie EX, Haddad GG.
Exploring miRNA–mRNA regulatory network in cardiac pathology in
Na(+)/H(+) exchanger isoform 1 transgenic mice. Physiol Genom. 2018.
https://doi.org/10.1152/physiolgenomics.00048.2018.
30. Yang J, Song H, Cao K, Song J, Zhou J. Comprehensive analysis of
Helicobacter pylori infection-associated diseases based on miRNA–mRNA
interaction network. Brief Bioinform. 2018. https://doi.org/10.1093/bib/
bby018.

Lou et al. J Transl Med

(2019) 17:7

31. Chen RC, Wang J, Kuang XY, Peng F, Fu YM, Huang Y, Li N, Fan XG.
Integrated analysis of microRNA and mRNA expression profiles in HBxexpressing hepatic cells. World J Gastroenterol. 2017;23:1787–95.
32. Diaz G, Zamboni F, Tice A, Farci P. Integrated ordination of miRNA and
mRNA expression profiles. BMC Genom. 2015;16:767.
33. Singh AK, Rooge SB, Varshney A, Vasudevan M, Bhardwaj A, Venugopal
SK, Trehanpati N, Kumar M, Geffers R, Kumar V, Sarin SK. Global microRNA
expression profiling in the liver biopsies of hepatitis B virus-infected
patients suggests specific microRNA signatures for viral persistence and
hepatocellular injury. Hepatology. 2018;67:1695–709.
34. Wang G, Dong F, Xu Z, Sharma S, Hu X, Chen D, Zhang L, Zhang J, Dong
Q. MicroRNA profile in HBV-induced infection and hepatocellular carcinoma. BMC Cancer. 2017;17:805.
35. Li Y, Tan W, Neo TW, Aung MO, Wasser S, Lim SG, Tan TM. Role of the
miR-106b-25 microRNA cluster in hepatocellular carcinoma. Cancer Sci.
2009;100:1234–42.
36. Xue X, Wang X, Zhao Y, Hu R, Qin L. Exosomal miR-93 promotes
proliferation and invasion in hepatocellular carcinoma by directly
inhibiting TIMP2/TP53INP1/CDKN1A. Biochem Biophys Res Commun.
2018;502:515–21.
37. Huang H, Wang X, Wang C, Zhuo L, Luo S, Han S. The miR-93 promotes
proliferation by directly targeting PDCD4 in hepatocellular carcinoma.
Neoplasma. 2017;64:770–7.
38. Shen G, Jia H, Tai Q, Li Y, Chen D. miR-106b downregulates adenomatous
polyposis coli and promotes cell proliferation in human hepatocellular
carcinoma. Carcinogenesis. 2013;34:211–9.
39. Yau WL, Lam CS, Ng L, Chow AK, Chan ST, Chan JY, Wo JY, Ng KT, Man K,
Poon RT, Pang RW. Over-expression of miR-106b promotes cell migration
and metastasis in hepatocellular carcinoma by activating epithelialmesenchymal transition process. PLoS ONE. 2013;8:e57882.
40. Wang C, Wang X, Su Z, Fei H, Liu X, Pan Q. MiR-25 promotes hepatocellular carcinoma cell growth, migration and invasion by inhibiting RhoGDI1.
Oncotarget. 2015;6:36231–44.
41. Liu Y, Zhang Y, Wen J, Liu L, Zhai X, Liu J, Pan S, Chen J, Shen H, Hu Z. A
genetic variant in the promoter region of miR-106b-25 cluster and risk of
HBV infection and hepatocellular carcinoma. PLoS ONE. 2012;7:e32230.
42. Qi F, Huang M, Pan Y, Liu Y, Liu J, Wen J, Xie K, Shen H, Ma H, Miao Y, Hu Z.
A genetic variant in the promoter region of miR-106b-25 cluster predict

Page 14 of 14

43.
44.
45.

46.
47.
48.

49.

50.
51.
52.

clinical outcome of HBV-related hepatocellular carcinoma in Chinese.
PLoS ONE. 2014;9:e85394.
He C, Dong X, Zhai B, Jiang X, Dong D, Li B, Jiang H, Xu S, Sun X. MiR-21
mediates sorafenib resistance of hepatocellular carcinoma cells by inhibiting autophagy via the PTEN/Akt pathway. Oncotarget. 2015;6:28867–81.
Najafi Z, Sharifi MA, Javadi G. Degradation of miR-21 induces apoptosis
and inhibits cell proliferation in human hepatocellular carcinoma. Cancer
Gene Ther. 2015;22:530.
Wagenaar TR, Zabludoff S, Ahn SM, Allerson C, Arlt H, Baffa R, Cao H, Davis
S, Garcia-Echeverria C, Gaur R, et al. Anti-miR-21 suppresses hepatocellular carcinoma growth via broad transcriptional network deregulation. Mol
Cancer Res. 2015;13:1009–21.
Wang Z, Yang H, Ren L. MiR-21 promoted proliferation and migration in
hepatocellular carcinoma through negative regulation of Navigator-3.
Biochem Biophys Res Commun. 2015;464:1228–34.
Yin D, Wang Y, Sai W, Zhang L, Miao Y, Cao L, Zhai X, Feng X, Yang L. HBxinduced miR-21 suppresses cell apoptosis in hepatocellular carcinoma by
targeting interleukin-12. Oncol Rep. 2016;36:2305–12.
Bandopadhyay M, Banerjee A, Sarkar N, Panigrahi R, Datta S, Pal A, Singh
SP, Biswas A, Chakrabarti S, Chakravarty R. Tumor suppressor micro
RNA miR-145 and onco micro RNAs miR-21 and miR-222 expressions
are differentially modulated by hepatitis B virus X protein in malignant
hepatocytes. BMC Cancer. 2014;14:721.
Liu L, Lu L, Zheng A, Xie J, Xue Q, Wang F, Wang X, Zhou H, Tong X, Li
Y, et al. MiR-199a-5p and let-7c cooperatively inhibit migration and
invasion by targeting MAP4K3 in hepatocellular carcinoma. Oncotarget.
2017;8:13666–77.
Zhu X, Wu L, Yao J, Jiang H, Wang Q, Yang Z, Wu F. MicroRNA let-7c inhibits cell proliferation and induces cell cycle arrest by targeting CDC25A in
human hepatocellular carcinoma. PLoS ONE. 2015;10:e0124266.
Zhao L, Wang W. miR-125b suppresses the proliferation of hepatocellular carcinoma cells by targeting Sirtuin7. Int J Clin Exp Med.
2015;8:18469–75.
Song S, Yang Y, Liu M, Liu B, Yang X, Yu M, Qi H, Ren M, Wang Z, Zou J,
et al. MiR-125b attenuates human hepatocellular carcinoma malignancy
through targeting SIRT6. Am J Cancer Res. 2018;8:993–1007.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

