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Integration of high-throughput data of microRNA
and mRNA expression profiles reveals novel
insights into the mechanism of liver fibrosis
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Abstract. Numerous studies have revealed that microRNAs
(miRNAs) are functional non-coding RNAs that serve roles
in a variety of biological processes. However, the expression
patterns and regulatory networks, as well as the miRNAs
involved in liver fibrosis remain to be elucidated. In the present
study, a mouse model of liver fibrosis was constructed by CCl,
intraperitoneal injection and the total RNAs were extracted
from the liver of the mice. The total RNAs were then sequenced
on an [1lumina HiSeq 2000 platform and an integrated analysis
of miRNA and mRNA expression profiles in CCl,-induced
liver fibrosis was performed. Compared with normal liver
samples, 56 and 15 miRNAs were found to be upregulated and
downregulated in fibrotic livers, respectively. To predict the
potential functions of these miRNAs, bioinformatics analysis,
including Gene Ontology and Kyoto Encyclopedia of Genes
and Genomes pathway analysis, was used to assess target
mRNAs. The results indicated that the mitogen-activated
protein kinase, phosphoinositide 3 kinase/protein kinase B and
focal adhesion signaling pathways were the most significantly
enriched. In addition, a regulatory network containing five
dysregulated miRNAs and 22 target mRNAs was constructed
based on their inverse correlation. Furthermore, the five
dysregulated miRNAs were significantly upregulated and the
expression of RELB, RAP1A, PPP3CB, MAP2K4, ARRBI,
MAP3K4, FGF1 and PRKCB in the network was significantly
decreased in LX-2 cells following TGF-p1 treatment which
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suggested that they were associated with the activation of
human hepatic stellate cells. The miRNA-mRNA regulatory
network produced in the present study may provide novel
insights into the role of miRNAs in liver fibrosis.

Introduction

Hepatic fibrosis is an inevitable process that occurs in the
progression of various chronic liver diseases, ultimately
leading to cirrhosis. It is a reversible pathological change
caused by acute/chronic liver injury (1). Liver fibrosis mani-
fests as the excessive deposition of extracellular matrix (ECM)
in the liver. Long-term aggravation of liver fibrosis results in
diffuse liver damage, which may lead to the development of
cirrhosis and liver cancer (1). The activation and proliferation
of hepatic stellate cells (HSCs) is critically involved in the
process of liver fibrosis (2-4). It is therefore of great importance
to identify a reliable, non-invasive and convenient method for
the early diagnosis of liver fibrosis.

MicroRNAs (miRNAs/miRs) are a class of evolution-
arily conserved small (18-24 nucleotides) single-stranded
non-coding RNAs that mediate post-transcriptional gene
suppression, via the degradation of target mRNAs or the
suppression of mRNA translation following binding (5,6).
Increasing evidence suggests that dysregulated miRNAs serve
a crucial role in a number of diseases, including hepatocel-
lular carcinoma and liver fibrosis (7,8). For example, it was
reported that the miRNA-15a/plasminogen activator inhibitor
2 axis promotes the migration of cholangiocarcinoma cells (9).
miR-122 and other miRNAs may have potential as circulating
biomarkers in drug-induced liver injury (10). miRNA-351
directly targets the vitamin D receptor to promote schistoso-
miasis-induced hepatic fibrosis (11). However, to the best of
our knowledge, there have been no studies focusing on the
miRNA-mRNA network involved in liver fibrosis to date.

In the current study, the expression profiles of miRNAs
and mRNAs in liver fibrosis were investigated and compared
with normal liver samples. The identification of novel differen-
tially expressed miRNAs may provide novel insights, allowing
for the early diagnosis and treatment of liver fibrosis. A total



116

of 71 differentially expressed miRNAs (including 56 upregu-
lated and 15 downregulated miRNAs) in were identified
fibrotic tissues compared with normal liver tissues. Integrated
analysis with human liver cirrhosis data from Gene Expression
Omnibus (GEO) datasets revealed 5 miRNAs that were
significantly increased in both human and mouse fibrotic liver
tissues. A functional miRNA-mRNA network was constructed
based on their inverse correlation. Target mRNAs identified in
this network were further confirmed in activated hepatic stel-
late cells (HSCs). The results of the present study may provide
novel insights to increase our understanding of the underlying
mechanism involved in liver fibrosis.

Materials and methods

Liver fibrosis model and RNA isolation. A mouse model of
liver fibrosis was constructed and RNA was isolated as previ-
ously reported (12). In brief, 6-week-old male C57BL/6 mice
(weight, ~20 g) were purchased from Shanghai Laboratory
Animal Center (Shanghai, China) and maintained under a
12 h light/dark cycle with 40-60% humidity, at 22-25°C, with
free access to food and water. Following acclimatization for
one week, the 12 mice were randomly divided into control
and treatment groups (n=6/each group). CCl, (0.5 ul/g body
weight; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany)
diluted nine times in corn oil (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) was administered to mice via intra-
peritoneal injection by two times per week, for 8 weeks. The
control group was injected with an equivalent volume of corn
oil. After 8 weeks, mice were anaesthetized by intraperitoneal
injection of 0.8% pentobarbital (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany). and sacrificed and liver tissues were
harvested. Total RNA was isolated from four fibrotic and four
normal liver tissues using TRIzol reagent (Invitrogen; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) according to the
manufacturer's instructions. The study was approved by the
Ethical Committee of Fudan University and all experiments
were performed according to the approved guidelines and
regulations.

Histopathology analyses and immunohistochemistry. Liver
specimens were fixed in 4% formaldehyde (Sigma-Aldrich;
Merck KGaA) at room temperature for 12 h, dehydrated,
embedded in paraffin at room temperature for 1 h and sectioned
at 3 um. The sections were processed for hematoxylin and
eosin (H&E) and Masson's trichrome (both Sigma-Aldrich;
Merck KGaA) staining for assessment of the degree of liver
fibrosis. For the H&E staining, the tissue section was incu-
bated at 65°C for 1 h for dewaxing. Samples were stained with
hematoxylin for 1 min, followed by eosin staining for 10 sec at
room temperature, and, then the samples were dried at room
temperature and sealed. The middle part of the visual field was
examined by light microscopy. Masson Trichrome staining was
performed following the protocol of trichrome stain (Masson)
kit from Sigma-Aldrich. Deparaffinized the slides to deionized
water, then mordanted in preheated Bouin's Solution at 56°C for
15 min. Cooled the slides in tap water (18-26 °C) and washed
in running tap water to remove yellow color from sections. Put
the slides in Working Weigert's Iron Haematoxylin Solution
for 5min, Biebrich Scarlet-Acid Fucshin for 5 min, working
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Phosphotungstic/Phosphomolybdic Acid Solution for 5 min,
Aniline Blue Solution for 5min, 1% acetic acid for 2 min both
at room temperature. Finally, rinsed slides, dehydrated through
alcohol and cleared in xylene. A second set of tissue sections
(0.5x0.5 cm) were prepared for immunohistochemical assess-
ment of the tissues. Briefly, endogenous peroxidase activity
was blocked by immersion of deparaffinized sections in 3%
H202 in methanol for 30 min at room temperature. Antigen
retrieval was performed by steaming slides in 0.01 M citrate
buffer (pH 6.0) and heated them until the temperature reached
95-100°C for 30 min. The samples were incubated for 30 min
at room temperature in 5% normal blocking serum, and incu-
bated with a 1:100 dilution of polyclonal rabbit anti-a-SMA
(1:200, cat. no. ab5694, Abcam, Cambridge, UK) overnight at
4°C. The slides were then incubated with HRP-conjugated goat
anti-rabbit secondary antibody (1:2,000, ab7090; Abcam) for
60 min at room temperature. Between each incubation, sections
were washed three times with PBS. Sections were developed
with 3,3-diaminobenzidine tetrahydrochloride and hydrogen
peroxide and subsequently counterstained with hematoxylin.
The sections were imaged using a Nikon Eclipse 801 micro-
scope (Nikon Corporation, Tokyo, Japan). Hematoxylin and
eosin, a-smooth muscle actin (SMA) and Masson staining
demonstrated that liver fibrosis was successfully established,
which was also verified in our previous study (12).

miRNA sequencing. Total RNA was used to prepare miRNA
libraries and the purified libraries were sequenced on an
Illumina HiSeq 2000 platform (Illumina, Inc., San Diego, CA,
USA). In brief, the raw data were processed with R software
(version 3.3.2; www.r-project.org) to ensure its quality. Clean
data were mapped to the Ensemble database (GRCh37) (13)
and compared with miRBase (release 21; www.mirbase.org) to
identify mature miRNAs. The count and reads per million total
read values of the miRNAs were collected for each sample.
Individual miRNAs were analyzed to identify significant
differences using the DESeq?2 package (version 1.4.0) (14) in
R. The parameters for differentially expressed miRNAs were
set with a false discovery rate of <0.05 and llog2 fold change
(FO)I>=1. The differentially expressed miRNAs are shown
by heatmap and volcano plot using R software The miRNA
expression profiles (GSE49012 and GSE40744) in human liver
cirrhosis tissues were downloaded from publicly available
Gene Expression Omnibus (GEO) datasets (www.ncbi.nlm.
nih.gov/geo) (15,16).

miRNA target prediction. miRWalk (version 2.0) (17) collects
13 predicted data sets from existing miRNA target databases
to predict all possible miRNA-mRNA interactions. Putative
interactions between the sequenced miRNAs and mRNAs
were evaluated using miRWalk. The search was restricted to
miRNAs with a minimum seed length of seven nucleotides
and binding sites in the 3'untranslated region (UTR) of target
genes. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Functional analysis. To explore the functional roles of
target genes, the Database for Annotation, Visualization
and Integrated Discovery (version 6.8; www.david.ncifcrf.
gov) software (18,19) was used, which integrates the Gene



MOLECULAR MEDICINE REPORTS 19: 115-124, 2019

Table I. Primers used for RT-qPCR.
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Gene (human)

Forward primer (5'to 3')

Reverse primer (5'to 3')

RELB CAGCCTCGTGGGGAAAGAC
RAPIA CGTGAGTACAAGCTAGTGGTCC
PPP3CB CCCCAACACATCGCTTGACAT
ARRBI1 AAAGGGACCCGAGTGTTCAAG
MAP2K4 TGCAGGGTAAACGCAAAGCA
FGF1 CTCCCGAAGGATTAAACGACG
MAP3K4 CTCGACAGATGAAACGCATGT
PPKCB AGCCCCACGTTTTGTGACC
GAPDH ACAACTTTGGTATCGTGGAAGG

Gene (mouse)

Relb CACCGGGTACACCCACATAG
Rapla ATGCGTGAGTACAAGCTAGTAGT
Ppp3cb AAAGCGTGCTGACACTCAAG
Arrbl AGGCAAGCCCCAATGGAAAG
Map2k4 AATCGACAGCACGGTTTACTC
Fefl GGGGAGATCACAACCTTCGC
Map3k4 GAGTCGGCTCGCAAAAGTATG
Ppkcb ATGAGTTCGTCACGTTCTCCT
Gapdh AGGTCGGTGTGAACGGATTTG

GCCCAGGTTGTTAAAACTGTGC
CCAGGATTTCGAGCATACACTG
GGCAGCACCCTCATTGATAATTC
CGTCACATAGACTCTCCGCT
CTCCTGTAGGATTGGGATTCAGA
GTCAGTGCTGCCTGAATGCT
CCAGTGTCTTTATGTGGAGGC
GCTGGGAACATTCATCACGC
GCCATCACGCCACAGTTTC

ATGCCCAGGTTGTTAAAGCTG
AATCTACCTCGACTTGCTTTCTG
TGGAGAGAATCCTCGTATTGCT
AGTGTCACGTAGACTCGCCTT
GCAGTGAAATCCCAGTGTTGTT
GTCCCTTGTCCCATCCACG
GTGAGGTGCCGTAGAGAGTC
CCATACAGCAGCGATCCACAG
GGGGTCGTTGATGGCAACA

Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) databases to analyze biological functions.
Fisher's exact test was performed to evaluate the enrich-
ment values of GO terms and KEGG pathways. P<0.05 was
considered to indicate a statistically significant difference.
The miRNA-mRNA interaction regulatory network was
constructed using Cytoscape software (20) (version 3.3.0;
www.cytoscape.org).

Activation of LX-2 cells. LX-2 HSC cells were cultured in
DMEM (Invitrogen; Thermo Fisher Scientific, Inc.) supple-
mented with 10% fetal bovine serum (FBS, Invitrogen; Thermo
Fisher Scientific, Inc.) in a humidified atmosphere containing
5% CO, at 37°C for 24 h. LX-2 cells were starved for 12 h in
serum-free DMEM, following which they were treated with
10 ng/ml TGF-f (R&D Systems China Co., Ltd., Shanghai,
China). After 24 h of TGF-f treatment, the cells were harvested
for RNA isolation and reverse transcription-quantitative poly-
merase chain reaction (RT-qPCR).

RT-gPCR. SYBR Green-based qPCR (Thermo Fisher
Scientific, Inc.) was used to measure mRNA expression.
Total RNA (2 ug) was reverse transcribed into cDNA using
the reverse transcription kit (Takara Biotechnology Co., Ltd.
Dalian, China). The protocol for reverse transcription was
as follows: 25°C for 10 min; 37°C for 120 min and 85°C for
5 min. The thermocycling conditions for RT-qPCR were as
follows: Initial denaturation at 95°C for 10 min; 40 cycles of
denaturation at 95°C for 30 sec, annealing at 55°C for 30 sec
and extension at 72°C for 30 sec; followed by melting curve
analysis. All experiments were performed in triplicate. The
comparative ACq method (21) was used to analyze the data,

with GAPDH as an endogenous reference gene. The RT-PCR
primers are listed in Table 1.

Western blotting. Protein samples were extracted from cells
using radioimmunoprecipitation lysis buffer (Beyotime
Biotechnology, Inc., Haimen, China). Total protein concen-
tration was quantified by Bicinchoninic acid Protein Assay
kit (Beyotime Biotechnology). Equal amounts of protein
(30 pg/lane) were separated on 8-12% polyacrylamide gels
and transferred onto polyvinylidene difluoride membranes.
Subsequently, the membranes were blocked with 5%
fat-free dry milk at room temperature for 1 h. Membranes
were incubated with mouse anti-a-SMA (cat. no. A5228,
1:1,000; Sigma-Aldrich; Merck KGaA), anti-collagen a-1(I)
chain (COLlal; cat. no. ABT123, 1:1,000, EMD Millipore,
Billerica, MA, USA) or anti-GAPDH (cat. no. ab8245,
1:4,000; Abcam, Cambridge, UK) antibodies in Tris buff-
ered saline with 0.1% Tween-20 (TBST) overnight on a
shaker at 4°C. Membranes were subsequently washed three
times in TBST and incubated with horseradish peroxi-
dase (HRP)-conjugated rabbit anti-mouse IgG secondary
antibodies (1:5,000, cat. no. ab6728, Abcam) at room temper-
ature for 1 h. Immunoblots were visualized using Enhanced
Chemiluminescent Plus western blotting substrate (Thermo
Fisher Scientific, Inc.).

Statistical analysis. Student's t-test was performed to compare
two variables using SPSS v20 software (IBM Corp., Armonk,
NY, USA). All data are expressed as the mean + standard
deviation. FC=2 and P<0.05 were considered to indicate
a statistically significant difference. All experiments were
repeated in triplicate.
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Figure 1. Expression profiles of miRNAs in liver fibrosis. Red indicates high expression and green indicates low expression. (A) Heatmap plot of miRNAs.
(B) Volcano plot of dysregulated miRNAs. (C) Venn diagram showing the number of miRNAs that were dysregulated between the miRNA profile from the
present study and clinical liver fibrosis miRNA profiles from GSE49012 and GSE40744 datasets. (D) Quantitative polymerase chain reaction results validating

the miRNA sequencing results. "P<0.05, “P<0.01. miRNA, microRNA.

Results

Identification of differentially expressed miRNAs in liver
fibrosis. To identify miRNAs that may be significant in liver
fibrogenesis, miRNA sequencing was performed to compare
their expression between fibrotic liver and normal liver tissues.
As shown in Fig. 1, 71 miRNAs that were significantly differ-
entially expressed between fibrotic liver and normal liver
tissues were identified. Among these, 56 were upregulated
and 15 were downregulated in fibrotic samples. A heatmap
and volcano plot were produced to show the differentially
expressed miRNAs using R software, of which the top 20
dysregulated miRNAs were summarized and listed in Table II.
To identify conserved miRNAs in human clinical samples and
animal experiments, two miRNA profiles (GSE49012 and
GSE40744) were downloaded from publicly available GEO
datasets (www.ncbi.nlm.nih.gov/geo). The data suggested that
five miRNAs (miR-212-3p, miR-146b-5p, let-7i-5p, miR-143-5p
and miR-199a-3p) were also upregulated in human liver
fibrotic samples, which was consistent with the results of the
present study (Fig. 1C). RT-qPCR was performed to verify the
expression of these five upregulated miRNAs in CCl,-induced

fibrotic and control normal liver tissues. It was confirmed
that miR-212-3p, miR-146b-5p, let-7i-5p, miR-143-5p and
miR-199a-3p were significantly increased in CCl,-treated liver
tissues compared with control samples (Fig. 1D).

GO analysis and pathway analysis. Bioinformatics analyses
were used to analyze miRNA function based on their target
mRNAs. GO analysis was performed to evaluate mRNA
enrichments in terms of biological process, cellular compo-
nent and molecular function. The top 10 enriched GO terms
were involved in the regulation of cellular and metabolic
processes (Fig. 2A). KEGG analysis revealed the top 10 path-
ways, which included the mitogen-activated protein kinase
(MAPK), phosphoinositide 3-kinase (PI3K)-protein kinase B
(Akt), focal adhesion and Wnt signaling pathways. All of these
pathways are associated with HSC activation and extracellular
matrix ECM remodeling (22-24). These results suggested that
some differentially expressed miRNAs may be involved in the
progression of liver fibrosis (Fig. 2B).

Construction of the miRNA-mRNA interaction network.
To further investigate the association between distinct
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Table II. Dysregulated microRNAs in CCl,-induced liver fibrosis (>2-fold; P<0.05).

A, Upregulated

CCl,/Corn Oil CCl,/Corn Oil
Probe ID Log, change Fold-change P-value
mmu-miR-212-3p 5.04 33.0 0.04778
mmu-miR-3081-3p 4.64 25.0 0.03257
mmu-miR-1983 4.32 20.0 0.02042
mmu-miR-411-3p 4.09 17.0 0.03905
mmu-miR-147-5p 391 15.0 0.03943
mmu-miR-543-3p 3.81 14.0 0.02985
mmu-miR-582-3p 3.77 13.6 0.00001
mmu-miR-708-3p 372 13.2 0.00017
mmu-miR-134-5p 3.72 13.2 0.00078
mmu-miR-376b-3p 3.70 13.0 0.00202
B, Downregulated
CCl,/Corn Oil CCl,/Corn Oil

Probe ID Log, change Fold-change P-value
mmu-miR-193a-5p -1 0.50 0.02130
mmu-miR-26b-3p -1 0.50 0.04648
mmu-miR-137-3p -1.12 0.46 0.04818
mmu-miR-871-3 -1.19 0.44 0.00943
mmu-miR-1948-5p -1.23 043 0.01038
mmu-miR-365-3p -1.30 041 0.00174
mmu-miR-192-3p -1.35 0.39 0.01571
mmu-miR-741-3p -1.45 0.37 0.00290
mmu-miR-6390 -1.60 0.33 0.00052
mmu-miR-122 -1.69 0.31 0.00252

miRNAs and target mRNAs in fibrotic liver tissues, the
mRNA sequencing profile of the CCl,-induced liver fibrosis
mouse model was extracted from our previous study (12).
A miRNA-mRNA regulatory network associated with liver
fibrosis was constructed based on the inverse expression
relationships between the five miRNAs upregulated in both
mouse and human fibrotic liver tissues and mRNAs signifi-
cantly enriched in the MAPK, PI3K-Akt, focal adhesion and
Whnt signaling pathways. As shown in Fig. 3A, the network
contained five miRNAs, 22 mRNAs and 23 miRNA-mRNA
connections. Target mRNAs in the network, such as RELB
proto-oncogene (RELB), RAS-related protein la (RAPIA),
protein phosphatase 3 catalytic subunit § (PPP3CB),
arrestin f 1 (ARRBI), fibroblast growth factor 1 (FGFI),
protein kinase C § (PRKCB) and members of the MAPK
family (MAP3K4, MAPK8, MAPKAPKS, MAP2KS,
MAP2K4, MAP3K1), were summarized in Table III. The
RT-qPCR results revealed that the expression of RELB,
RAPIA, PPP3CB, MAP2K4, ARRBI, MAP3K4, FGF1 and
PRKCB was decreased in CCl,-induced fibrotic liver tissues

(Fig. 3B). The integrated analysis revealed their regulatory
interactions in liver fibrosis.

Target mRNAs in the network are associated with HSC
activation. HSCs have an essential role in liver fibrosis, in
which they undergo activation or transdifferentiation from
quiescent to myofibroblast-like cells as a result of injury (25).
LX-2 is a widely used human HSC line that can be activated
by TGF-p1. To further target mRNAs in HSC activation, the
expression of mRNAs in LX-2 cells was examined after 24 h
of TGF-f1 (10 ng/ml) stimulation. Following stimulation, the
expression of COLlal and a-SMA was significantly upregu-
lated (Fig. 4A), suggesting that LX-2 cells were activated. In
addition, miR-212-3p, miR-146b-5p, let-7i-5p, miR-143-5p
and miR-199a-3p expression was significantly upregulated
in LX-2 cells following TGF-f1 treatment (Fig. 4B). Of the
22 mRNAs assessed, the expression of RELB, RAPIA,
PPP3CB, MAP2K4, ARRBI1, MAP3K4, FGF1 and PRKCB
was also significantly decreased (Fig. 4C). The expression
pattern of these mRNAs was inverse to that of their regulatory



120

A GO terms

coludar arorabe compound metabole prcess -
DHanic yeie compound MAAbOKE potess
cellular nirogen compound metaboli: piocess +
macrmolecul metabohc procuss =

e compound metabol piocess -
weliutar macromalesuls metabole pocaRE
primany melabols pocess «

caibular matabole: procass -

crgan substance metabole process -
metabol: process -

omanele part=

cytoplsme pat -

nuckeus -

cytoplasm -

membeane-bourded crpanabe -

intracaliar memEeane-Bounded crganele -
Inraceliar coganete

crganabe -

intracelular part -

intracaisaar -

‘cation tinding«

sevall molecule binding =

nuctectide binding <

rucleoside phosphate tindng «

onanis cycls compound binding =
haterocyelic compound binding -

ion binding «

catalybc activity -

protein tinding =

bindieg -

GO category
. Biological process

. Molecular function

-log (P-\ralu:g)

. Cellular component

ZHANG et al: miRNA AND LIVER FIBROSIS

B KEGG pathways

0.

15
P-value
;- log10 (0.05)

—Iag 10 (P—valu e)

0-

ninnnnnnn
g.s.?gg.gi';%; gilgti 4
ESREEREERER RS R NN &
i §§§3§§§§ %ig

b H

!

Pathway name

Figure 2. GO enrichment and KEGG pathways of predicted miRNA target genes. (A) GO enrichment results showing differences in target genes based on
their distribution by GO terms. (B) The y-axis represents pathway enrichment and the x-axis represents KEGG pathways. GO, gene ontology; KEGG, Kyoto

Encyclopedia of Genes and Genomes.

NIk
Relb Ddit3
Traf6 Ppp3cb
Nrd4al
2.0
Rapla
Mapks8
mmu-miR-212-3p 5 215
Map2k5 mmu-miR=199%a-3p P g
mmu-miR-146b=5p L nE: 1.0
» @
mmu-let-7i-5p 2
Arrbl—— Prkcb =
mmu=miR-143-5p =
2 05
Fgfl Sosl
0.0
Map2k4 i1b
Map3k4 Casp3

Map3k lMau:ka pks Jis

Fhk

@
o
&

il

QQ*SJ

&

& ¢ r &

o

«

.gl-
&

Figure 3. Construction of a miRNA-mRNA co-expression network. (A) The co-expression network was comprised of five highly conserved miRNAs and
22 mRNAs. The different color lines represent different miRNAs. (B) mRNA expression of RELB, RAP1A, PPP3CB, ARRBI, MAP2K4, FGF1, MAP3K4
and PRKCB in CCl,-induced fibrotic and normal liver tissues. ‘P<0.05, “P<0.01, ““P<0.001. Relb, RELB proto-oncogene; RAP1A, RAS-related protein 1a;
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1; PRKCB, protein kinase C f3.

miRNAs (miR-199a-3p for RELB and PRKCB; miR-146b-5p
for RAP1A, FGF1 and PPP3CB; miR-143a-3p for MAP3K4;
and let-7i-5p for MAP2K4) in the activated HSCs. These
results suggested that these miRNAs have an inhibitory effect
on their target genes and may serve important roles in liver
fibrosis.

Discussion

An increasing number of studies have reported that miRNAs
serve a role in regulating the progression and metastasis of
various cancers (26-30). However, the role of miRNAs and
their specific mechanism of action in liver fibrogenesis remain
to be elucidated (31). In the present study, miRNA sequencing

was performed in CCl,-induced liver fibrosis and integrated
with miRNA array data from clinical liver fibrosis samples
to compare miRNA expression profiles between fibrotic and
normal liver tissues. It was demonstrated that five miRNAs
(miR-212-3p, miR-146b-5p, let-7i-5p, miR-199a-3p and
miR-143-5p) were significantly upregulated in CCl,-treated
livers and human liver cirrhosis samples compared with
normal liver tissues. Furthermore, GO and KEGG pathway
enrichment analysis was performed for miRNA target genes
to identify the signaling pathways involved in hepatic fibrosis.
GO enrichment analysis indicated that the majority of the
miRNA target genes were involved in cellular metabolic
processes closely associated with the onset and development
of hepatic fibrosis
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Table III. Putative target genes involved in the microRNA-mRNA network.
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Gene Official full name Reference sequence Targeting miRNA
ARRBI1 Arrestin B 1 NM_178220.3 mmu-miR-212-3p
mmu-miR-143-5p

NLK Nemo like kinase NM_008702.3 mmu-miR-146b-5p

PPP3CB Protein phosphatase 3 NM_008914.3 mmu-miR-146b-5p
catalytic subunit 3

MAPKS8 Mitogen-activated NM_001310454.1 mmu-miR-146b-5p
protein kinase 8

MAP3K4 Mitogen-activated NM_011948.2 mmu-miR-146b-5p
protein kinase kinase
kinase 4

SOS1 SOS Ras/Rac guanine NM_009231.2 mmu-miR-146b-5p
nucleotide exchange
factor 1

FGF1 Fibroblast growth factor 1 NM_001033789.2 mmu-miR-146b-5p

TRAF6 TNF receptor-associated NM_009424.3 mmu-miR-146b-5p
factor 6

RAPIA RAS-related protein la NM_145541.5 mmu-miR-146b-5p

MAPKAPKS MAP kinase-activated NM_010765.2 mmu-miR-146b-5p
protein kinase 5

PPP5 Protein phosphatase 5, NM_011155.2 mmu-miR-146b-5p
catalytic subunit

CASP3 Caspase 3 NM_001284409.1 mmu-miR-146b-5p

MAP2K mitogen-activated NM_011840.2 mmu-miR-146b-5p
protein kinase kinase 5

MAP2K4 Mitogen-activated NM_001316368.1 mmu-let-7i-5p
protein kinase kinase 4

DDIT DNA-damage inducible NM_001003913.2 mmu-miR-199a-3p
transcript 3

MAX Max protein NM_008558.2 mmu-miR-199a-3p

NR4A1 Nuclear receptor NM_010444 .2 mmu-miR-199a-3p
subfamily 4

SRF Serum response factor NM_020493.2 mmu-miR-199a-3p

IL1B Interleukin 1 3 NM_008361.4 mmu-miR-199a-3p

PRKCB Protein kinase C § NM_008855.2 mmu-miR-199a-3p

RELB Reticuloendotheliosis NM_009046.2 mmu-miR-199a-3p
viral (v-rel) oncogene related B

MAP3K1 Mitogen-activated NM_011945.2 mmu-miR-143-5p

protein kinase kinase kinase 1

The results of KEGG pathway enrichment analysis indi-
cated a total of 159 signaling pathways that may be essential
for the development of liver fibrosis. Several of these pathways
were already known to be involved in the progression of liver
fibrosis, such as the MAPK, focal adhesion, Wnt, p53, mTOR
and PI3K-Akt signaling pathways (22-24). Various metabolic
pathways were also identified in the present study's analysis
such as glycan metabolism, cysteine and methionine metabo-
lism and tyrosine metabolism pathway.

HSCs are an important cell type in the process of liver
fibrosis, as they can be activated by a large number of cyto-
kines secreted by damaged hepatocytes in chronic liver injury.

Activated HSCs promote the deposition of ECM, which in
turn leads to the development of liver fibrosis. (32). Therefore,
several molecules involved in the activation of HSCs may
have potential as therapeutic targets in liver fibrosis (33-35).
Previous studies have demonstrated that MAPK signaling
plays a key role in HSC activation and liver fibrogenesis:
MAPK signaling promotes the activation and proliferation
of HSCs, increases collagen mRNA stability and leads to the
accumulation of ECM (36,37). These findings suggest that
dysregulated miRNAs that affect MAPK signaling may
affect HSC activation in hepatic fibrosis. In the current study,
MAPK-related genes, including RELB, RAP1A, PPP3CB,
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Figure 4. Expression of dysregulated miRNAs and target mRNAs in LX-2 cells following TGF-f} stimulation for 24 h. (A) a-SMA and COLIlal protein
expression in LX-2 cells following 10 ng/ml TGF-f stimulation. (B) RT-qPCR results for miR-212-3p, miR-146b-5p, let-7i-5p, miR-143-5p and miR-199a-3p.
(C) RT-gPCR results for RELB, RAP1A, PPP3CB, ARRBI, MAP2K4, FGF1, MAP3K4 and PRKCB. "P<0.05, “P<0.01, “"P<0.001. a-SMA, a-smooth
muscle actin; COLlal, collagen a-1(I) chain; TGF-f, transforming growth factor-f; miR, microRNA; RELB, RELB proto-oncogene; RAP1A, RAS-related
protein la; PPP3CB, protein phosphatase 3 catalytic subunit 3; ARRBI, arrestin 3 1; MAP2/3K, mitogen-activated protein kinase kinase; FGF1, fibroblast

growth factor 1; PRKCB, protein kinase C f3.

ARRBI, MAP2K4, FGF1, MAP3K4 and PRKCB, were
dysregulated in TGF-3-induced activation of HSCs, suggesting
that they may be essential for HSC activation.

A number of studies have reported that miRNAs are involved
in the regulation of liver fibrosis (38-40). let-7i, miR-342-3p,
miR-188-5p and miR-34a are upregulated in CCl,-treated
fibrotic livers compared with control samples, while miR-202,
miR-378b and miR-378d are downregulated (41). It was previ-
ously reported that a module containing five downregulated
miRNAs (miR-130b-3p, miR-148a-3p,miR-345-5p, miR-378a-3p
and miR-422a) was associated with HSC activation (42). The
miR-199 family is closely associated with the progression of
liver fibrosis in humans and mice (43). In our previous study, it
was demonstrated that the miR-212 promotes HSC activation by
targeting Smad family member 7 (44). Similarly, the results of
the present study revealed that miR-342-3p, let-7i, miR-212 and
miR-199 were significantly upregulated in cirrhotic liver tissues,
whereas miR-378a-3p was significantly downregulated. These
miRNAs may therefore be promising biomarkers for the early
diagnosis of liver cirrhosis.

In conclusion, the miRNA expression profile gener-
ated in the present study revealed that the expression of
several miRNAs (miR-212-3p, miR-146b-5p, let-7i-5p,

miR-143-5p, miR-199a-3p) was associated with liver fibrosis.
A miRNA-mRNA network was identified, comprised of 5
miRNAs and 22 mRNAs that were associated with liver
fibrosis. This study may provide novel insights and potential
biomarkers for the early diagnosis and treatment of liver
fibrosis. Future studies should focus on the biological func-
tions of these miRNAs.
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