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Abstract
Hepatic fibrosis (HF) is a worldwide health problem for which there is no medically
effective drug treatment at present, and which is characterized by activation of

Impact Statement

Hepatic fibrosis (HF) is a worldwide health prob-

lem, and no medically effective drug treatment is
available currently. Therefore, understanding the
pathogenesis of HF and seeking promising diag-
nostic and therapeutic targets for HF are important.
This study first shows that cell proliferation, migra-
tion, and colony-forming ability of LX-2 are syner-
gistically inhibited by miR-22-3p and miR-29a-3p
through targeting AKT serine/threonine kinase 3
(AKT3), which is of great significance in the devel-
opment of HF. Our research offers three potential
therapeutic targets for HF and explores the molecu-
lar mechanism of the miR-22-3p/miR-29a-3p/AKT3
axis in HF.

hepatic stellate cells (HSCs) and excessive extracellular matrix (ECM) deposition.
The HF model in cholestatic rats by ligating the common bile duct was induced and
the differentially expressed miRNAs in the liver tissues were analyzed by microarray,
which showed that miR-22-3p and miR-29a-3p were significantly downregulated in
bile-duct ligation (BDL) rat liver compared with the sham control. The synergistic
anti-HF activity and molecular mechanism of miR-22-3p and miR-29a-3p by
targeting AKT serine/threonine kinase 3 (AKT3) in HSCs were explored. The
expression levels of miR-22-3p and miR-29a-3p were downregulated in activated
LX-2 and human primary normal hepatic fibroblasts (NFs), whereas AKT3 was
found to be upregulated in BDL rat liver and activated LX-2 cells. The proliferation,
colony-forming, and migration ability of LX-2 were inhibited synergistically by
miR-22-3p and miR-29a-3p. In addition, cellular senescence was induced and
the expressions of the LX-2 fibrosis markers COL1A1 and o-SMA were inhibited
by miR-22-3p and miR-29a-3p synergistically. Subsequently, these two miRNAs

binding to the 3’'UTR of AKT3 mRNA was predicted and evidenced by the luciferase reporter assay. Furthermore, the proliferation,
migration, colony-forming ability, and the expression levels of COL1A1 and a-SMA were promoted and cellular senescence was
inhibited by AKT3 in LX-2 cells. Thus, miR-22-3p/miR-29a-3p/AKT3 regulates the activation of HSCs, providing a new avenue in
the study and treatment of HF.
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Introduction

Hepatic fibrosis (HF) is chronic liver damage caused by
viruses, autoimmunity, alcoholism, non-alcoholic fat, and
abnormal copper and iron metabolism, and it can develop
into cirrhosis in severe cases. Its main features are the activa-
tion of hepatic stellate cells (HSCs) and excessive deposition
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of extracellular matrix (ECM).! HSCs that account for approx-
imately 5% of all hepatocytes were first described by Kupffer
in 1876, and they exist in the space between parenchymal
cells (hepatocytes) and sinusoidal endothelial cells.? HSCs
not only participate in liver development, differentiation,
regeneration, immune regulation, inflammatory response,
and liver blood flow control, but also regulate the occurrence
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and development of various liver diseases, such as in the
excessive ECM deposition and scar formation caused by the
activation of HSCs. Nevertheless, as the complexity of HSC
activation and the pathogenesis of HF are not fully under-
stood, it is therefore critical to clarify the regulatory mecha-
nism in order to improve the treatment of HF.

AKT (protein kinase B, PKB) — comprising AKT1, AKT2,
and AKT33 - is a member of the protein kinase family
that regulates different cellular functions and is differ-
entially expressed in most human tumors.* ErbB2 recep-
tor tyrosine kinase 2 (ErbB2)* breast cancer cells express
low level estrogen receptor alpha (ERa), and its prolif-
eration and endocrine resistance are promoted by AKT3.?
ErbB2*ERo~ mouse breast cancer C4 cell proliferation is
significantly reduced by knockout of AKT1 and AKTS3,
while a slight effect on cell proliferation from knocking
out AKT2 is observed.® In triple-negative breast cancer,
AKTS3 is a target of miR-433 and overexpression of AKT3
significantly rescues the inhibitory effect of miR-433 on the
proliferative ability of BT-549 cells.® The normal expres-
sion of AKT3 is essential for brain growth in mice, and
AKTS3 is often targeted by miRNAs to regulate autophagy
to reduce peripheral nerve injury.”8 Anxiety-like behavior,
depression, and memory impairment in mice are found
to be related to the decrease or loss of AKT3 expression.’
Cholesterol ester accumulation and foam cell formation in
mouse macrophages are specifically inhibited by AKT3.1°
However, the detailed mechanism of AKT3 upregulation
in HF remains to be clarified.

Recently, with improved understanding of the physiology
and pathology of HF, the relationship between miRNAs and
HF has attracted the attention of many scholars. miRNAs
are non-coding single-stranded molecules with lengths of
approximately 21-25 nucleotides. They exist stably in body
fluids, their sequences are highly conserved in different spe-
cies, and their expressions are unique to individual tissues
or biological states, which makes them valuable biomark-
ers.!! An increasing number of miRNA families which are
involved in HSC proliferation, activation, apoptosis, and
regulation of HF are found. The relationship among miRNA
dysregulation, HF, and other human diseases has received
increased attention, making miRNAs a focus for the devel-
opment of new therapeutic strategies. Based on data from
miRNA prediction databases TargetScan, DIANA, miRDB,
and starBase, AKT3 may be related to two miRNAs (miR-
22-3p and miR-29a-3p) involved in HE.

First, the expressions of miR-22-3p and miR-29a-3p were
reduced in the livers of bile-duct ligation (BDL) rats, as indi-
cated by microarray analysis. Next, the role of these two
miRNAs in HF and their interaction with AKT3 were stud-
ied. HSC activation was related to the reduction of these two
miRNAs and upregulation of AKT3, which was identified as
the common functional target gene of miR-22-3p and miR-
29a-3p. In addition, the proliferation, migration, and activa-
tion of LX-2 cells were synergistically inhibited by these two
miRNAs and were promoted by the common target gene
AKT3, thereby affecting liver fibrosis. Thus, the molecular
mechanism of miR-22-3p and miR-29a-3p on HF through
AKT3 needs to be further clarified.
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Materials and methods
BDL rat model

The experimental protocols of all animals involved in this
experiment were agreed on by the Laboratory Animal Ethics
Committee (LAEC-NCST-2020187). Sprague Dawley male
rats (14 in total, aged 2 months, weight 200-240 g) were from
Beijing HFK Bioscience Co. Ltd. (License no. SYXK [JI] 2020-
007). Rats were kept in a standard clean environment of
23 +2°C with sufficient feed and water. Overall, seven rats
underwent sham operation, and seven rats underwent BDL,
both of which have been described previously.!? On the 14th
day after the operation, the rats were sacrificed by exsan-
guination through the abdominal aorta after anesthesia, and
the liver tissues were taken.

Histology and immunohistochemistry

Paraffin sections were prepared after fixing the liver tissue.
Hematoxylin and eosin (H&E; Baso, Zhuhai, China),
Sirius red staining kit and Masson staining kit (Servicebio
Technology, Wuhan, China) were applied according to the
instructions. Paraffin sections were dewaxed in xylene and
alcohol and washed with phosphate-buffered saline (PBS)
after hydration. Next, the sections were covered with pre-
pared ethylenediaminetetraacetic acid (EDTA) solution
(Wanleibio, Shenyang, China), and were repaired under
high pressure for 3min. This was followed by applying per-
oxidase blocking agent (ReportBio, Hebei, China) for 10 min,
and washing with PBS. Next, sections with anti a-SMA anti-
body (1:200, SQab18108, Arigobio, ShangHai, China) were
incubated overnight at 4°C and then incubated with sec-
ondary antibody (ZSGB-BIO, Beijing, China) at 37°C for 2h.
Diaminobenzidine kit (SGB-BIO, Beijing, China) was used to
visualize antibody binding areas.

miRNA microarray and determination of
differentially expressed genes

Differential miRNA expressions between the sham group
and BDL group rats were analyzed using a rat gene expres-
sion microarray (Agilent Technologies, Palo Alto, CA, USA),
using an 8 X 60K chip in the liver tissue. The TIFF format
image data of the Agilent miRNA expressions chip follow-
ing hybridization scanning were preprocessed and analyzed
using feature extraction software.

Cell culture

The use of human primary normal fibroblasts (NFs) was
authorized by the Ethics Committee of Tangshan People’s
Hospital (RMYY-LLKS-2020-002).13 Human primary NFs
were cultured in Dulbecco’s modified Eagle’s F12 medium
(DMEM/F12; Eallbio, Beijing, China) containing 10ng/mL
of epidermal growth factor (EGF; PeproTech, Rocky Hill, NJ,
USA), 20% fetal bovine serum (FBS; Biological Industries,
Kibbutz Beit Haemek, Israel) and 1% penicillin/streptomycin
(PS; Eallbio, Beijing, China). Human LX-2 cells from Peking
Union Medical College Hospital were cultured at 37°C and
5% CO, in DMEM (Eallbio, Beijing, China) containing 10%
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Table 1. Primer sequence.

Primer Sequences (5 —3)
a-SMA (human) F: CATGAAGTGTGACATCGACATC

R: TGATCTTGATCTTCATGGTGCT
COL1A1 (human) F: AAAGATGGACTCAACGGTCTC

R: CATCGTGAGCCTTCTCTTGAG
AKT3 (human) F: AGATGCAGCCACCATGAAGACATTC

R: GTCTACTGCTCGGCCATAGTCATTATC
GAPDH (human) F: CCGCATCTTCTTGGGCAGTG

R: TCCCGTTGATGACCAGCTTC
a-SMA (rat) F: GCGTGGCTATTCCTTCGTGACTAC

R: CATCAGGCAGTTCGTAGCTCTTCTC
COL1A1 (rat) F: TGTTGGTCCTGCTGGCAAGAATG

R: GTCACCTTGTTCGCCTGTCTCAC
AKT3 (rat) F: AGATGCAGCCACCATGAAGACATTC

R: GTCTACTGCTCGGCCATAGTCATTATC
GAPDH (rat) F: GACATGCCGCCTGGAGAAAC

R: AGCCCAGGATGCCCTTTAGT

miR-22-3p (human/rat) F: CAAGCTGCCAGTTGAAGAACTGT
miR-29a-3p (human/rat) F: CCGTAGCACCATCTGAAATCGGTTA
U6 (human/rat) F: CTCGCTTCGGCAGCACATA

FBS and 1% PS. LX-2 cells were treated with transforming
growth factor-beta 1 (TGF-B1; PeproTech, Rocky Hill, NJ,
USA) at a concentration of 5ng/mL to activate them.

qRT-PCR

Total RNA was extracted from cells and liver tissues by
TRIzol reagent, and cDNA was synthesized using the reverse
transcription kit (MeiSbio, Beijing, China) and the miRNA
First Strand cDNA Synthesis kit (Sangong Biotech, Shanghai,
China). Amplification was performed in the ABI 7500 PCR
system (Applied Biosystems, Germany) as described. The
reaction conditions were as follows: 30s at 95°C, 5s at 95°C
and 34s at 60°C for 40 cycles. GAPDH or U6 was used as
internal parameter. The relative expression level of genes
was calculated by the 2-24CT method. The primer sequences
are listed in Table 1.

Western blotting

The proteins in the cells and liver tissue were extracted
with phenylmethylsulfonyl fluoride (PMSF)-containing
radioimmunoprecipitation assay (RIPA) lysate (Applygen,
Beijing, China), and the bicinchoninic acid (BCA) analysis
kit (Beyotime Biotechnology, Shanghai, China) was used
to detect the concentration. Sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis was used to isolate proteins
which were then transferred to polyvinylidene fluoride
membrane (PVDEF; Millipore, Bedford, MA, USA). The mem-
brane was sealed with 5% skimmed milk for 2h, and the first
antibody was applied overnight at 4°C. The next day, the
secondary antibody was incubated at room temperature for
2h. Finally, the protein strength was detected by ECL reagent
(Applygen, Beijing, China). The antibodies used were as fol-
lows: GAPDH (ab 9485; Abcam; 1:5000), AKT3 (ab 2839860;
Affinity; 1:3000), COL1A1 (ab 64883; Abcam; 1:1500) and
a-SMA (ab 244177; Abcam; 1:1000).
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Mature miRNAs and siRNA transfection

miR-22-3p mimics, miR-29a-3p mimics, mimics negative
controls (NC), miR-22-3p inhibitor, miR-29a-3p inhibitor,
inhibitor NC (Zhongshi Tongchuang, Tianjin, China), si-
AKTS3, and si-NC (AnHui General Biotechnology, Anhui,
China) were transfected into LX-2 at a final concentration
of 50nM. Transfection was performed according to the
instructions of the transfection reagent Lipofectamine® 2000
(Invitrogen, Carlsbad, CA, USA). The pcDNA3.1-AKT3 and
pcDNAS3.1 plasmids were synthesized by AnHui General
Biotechnology Company (Anhui, China), and the transfec-
tion dose was 2 pg/well (6-well plate).

Cell counting kit-8 assay

The transfected cells were inoculated into 96 well plates
at a density of 2000 cells/well and at 37°C and 5% CO,. In
addition, 100 pL of medium and 10 uL of cell counting kit-8
(CCK-8) reagent (Zoman Biotechnology, Beijing, China) were
added at 24, 48,72, and 96 h. The absorbance value at 450 nm
in each group was detected after incubation for 2 h.

Transwell assay

Transfected LX-2 cells were inoculated in a Transwell
(Corning, NY, USA) upper chamber, and serum-free DMEM
medium was used. The culture medium containing 20% FBS
was added in the lower chamber and incubated for 24 h. The
cells were fixed and stained with crystal violet for 5min.
After cleaning and drying, the cells were observed under a
microscope (Olympus, Tokyo, Japan).

Wound healing assay

After the transfected LX-2 were inoculated on the six-well
plates, scratches were made on the plate with a pipette suc-
tion. After cleaning, serum-free medium was added to con-
tinue the culture. Photos were taken at 0, 24, and 48h. Image]
software (National Institutes of health, Bethesda, Maryland,
USA) was used to analyze cell migration.

Colony formation

The transfected cells were inoculated on a six-well plate and
cultured for 1 week with 3000 cells/well. After the cells were
fixed, they were stained with crystal violet (Solarbio, Beijing,
China), then washed, dried, and photographed for counting.

Senescence-associated p-galactosidase (SA-B-gal)
staining

The transfected cells were treated following the instructions
of the SA-B-gal staining kit (Beyotime, Shanghai, China). The
randomly selected areas were analyzed by light microscope
to calculate the percentage of positive cells.

miRNA target gene prediction

Four databases were used to predict the common target
genes of miRNAs, as shown in Table 2. The miRNAs and
genes were analyzed by Gene Ontology (GO) and Kyoto
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Table 2. Database website.

Name Database URL

StarBase https://starbase.sysu.edu.cn/

miRDB http://www.mirdb.org/

DIANA http://diana.imis.athena-innovation.gr/DianaTools/index.php

Targetscan http://www.targetscan.org/vert_72/
RNAhybrid  http://bibiserv.techfak.uni-bielefeld.de/rnahybrid

Table 3. Plasmids used in the luciferase reporter assay.

Plasmid miRNAs target sites Location

1 miR-22-3p (contained) position 2004-2011 (+)/
miR-29a-3p (contained) position 1667-1674 (+)

2 miR-22-3p (mutated) position 2004-2011 (-)/
miR-29a-3p (contained) position 1667-1674 (+)

3 miR-22-3p (contained) position 20042011 (+)/
miR-29a-3p (mutated) position 1667-1674 (-)

4 miR-22-3p (mutated) position 2004—2011 (-)/
miR-29a-3p (mutated) position 1667-1674 (-)

miRNA: micro ribonucleic acid.

Encyclopedia Genes and Genomes (KEGG) databases.
RNAhybrid was used to analyze the binding possibility of
miRNA and common target gene.!* The ECR browser was
used to analyze the species conservation of miRNAs. String
was used to analyze the protein—protein interaction (PPI).

Plasmid construction and luciferase reporter assay

The sequences of the common target gene and the two
miRNA binding sites were inserted into the psiCHECK2.0
vector (AnHui General Biotechnology, Anhui, China),
located between the Xhol-NotlI sites. Three mutant plasmids
and one wild-type plasmid were constructed, which lacked
or contained miRNA targets in the 3'UTR of AKT3, as shown
in Table 3. Overall, 500ng plasmids, 20 pmol miRNAs, and
1uL Lip2000 were added into a 24-well culture plate to
transfect LX-2, and the blank medium was supplemented
to 500 uL. After 48h, the activities of firefly luciferase and
renilla luciferase in cells were detected by use of the dual
luciferase assay kit (Beyotime, Shanghai, China), and their
ratio was calculated.

Immunofluorescence assay

After high-pressure repair or cell fixation, the samples were
infiltrated with 0.1% Triton X-100 (Solarbio, Beijing, China)
for 10min. After sealing treatment, the primary antibody
was treated at 4°C overnight. The next day, the experimental
samples were kept away from the light and incubated with
Alexa fluor 555 labeled donkey anti rabbit IgG or Alexa fluor
488 labeled goat anti mouse IgG (Beyotime Biotechnology,
Shanghai, China, 1:500) for 2h. The samples were then stained
with DAPI (Beyotime Biotechnology, Shanghai, China) for
5min, washed and dried, and then sealed. Images were
taken under a fluorescence microscope (Olympus, Tokyo,
Japan). a-SMA, AKT3, p16, and p21 (Affinity, Cincinnati,
OH, USA; 1:300) antibodies were used in the study.
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Statistical analysis

One-way analysis of variance (ANOVA) was used to evalu-
ate the synergistic effect of miRNAs, and Student’s t-test was
used to analyze the differences between two groups. The
above experiments were conducted 3 times. GraphPad Prism
software (GraphPad software, Inc.) was used for analysis
and graph plotting. The data are represented as mean * SD.
*P <0.05, **P<0.01, ***P <0.001, **P <0.0001, and NS.

Results

Downregulated expression of miR-22-3p and
miR-29a-3p in BDL rat liver and activated HSCs

To systematically identify the miRNAs involved in the
pathophysiology of liver fibrosis (HF), the miRNA expres-
sion profiles in the sham and BDL rat livers were obtained
using microarray analysis. Two major clusters, one set
closely associated with the sham group and the other with
the BDL group, were shown by unsupervised hierarchical
cluster analysis. Compared with the sham group, in the
BDL group there were 179 upregulated miRNAs and 137
downregulated miRNAs, which included miR-22-3p and
miR-29a-3p (Figure 1(a)). These two miRNAs are related to
the phosphatidylinositol 3-kinase-AKT (PI3K-AKT) signal-
ing pathway, p53 signaling pathway, TGF-f signaling path-
way, and HF occurrence and development, as analyzed by
KEGG and GO (Figure 1(b) and (c)). COL1A1 and a-SMA
expression levels were significantly upregulated in activated
LX-2 with TGF-$1 (Figure 2(a) to (c)). Accordingly, increased
o-SMA expression in activated LX-2 was shown by immu-
nofluorescence (IF) analysis (Figure 2(d)). The expression
levels of these two miRNAs in activated LX-2 and NFs were
significantly downregulated (Figure 2(e) to (f)).

The levels of deposition of collagen, the number of col-
lagen fibers, and Type I and III collagen were increased in
BDL rat liver tissue sections, as detected by Sirius Red stain-
ing, Masson’s trichrome staining, and Sirius Red polariza-
tion, respectively, compared with those in the sham rat liver
tissue sections (Figure 3(a), (b), (d) and (e)). In addition,
upregulation of a-SMA in the central venous and portal
regions in liver tissue were observed, based on immuno-
histochemical analysis (Figure 3(c) and (f)). The mRNA and
protein expression levels of COL1A1 and a-SMA were sig-
nificantly upregulated, as measured by qRT-PCR and west-
ern blot, and the a-SMA expression level was enhanced
in the liver tissue of BDL rats, as shown by IF (Figure 4(a)
to (d)). The expression levels of these two miRNAs in the
liver tissue of BDL rats were significantly downregulated
(Figure 4(e)). Thus, these two miRNAs likely play critical
roles in HF.

miR-22-3p/miR-29a-3p synergistically suppress
LX-2 proliferation and activation

The transfected LX-2 cells were divided into mimics NC,
miR-22-3p mimics, miR-29a-3p mimics, miR-22-3p+miR-
29a-3p mimics (the combination of both at half dose),
inhibitor NC, miR-22-3p inhibitor, miR-29a-3p inhibitor,
miR-22-3p+miR-29a-3p inhibitor (the combination of both
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Figure 1. Differential expression of genes in BDL rat liver. (a) Microarray analysis for miRNAs was used in sham operated or BDL rat liver tissue, n=3. Hierarchical
cluster analysis was performed for differential expression miRNAs. Black, no difference in expression; bright green, low expression; bright red, high expression. (b and
c) KEGG and GO analyses of miR-22-3p and miR-29a-3p. (A color version of this figure is available in the online journal.)
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Figure 2. miR-22-3p and miR-29a-3p expressions in activated LX-2, activated NFs. (a to ¢) gRT-PCR and Western blotting were used to detect COL1A1 and a-SMA
mRNA and protein expression in LX-2. (d) IF images of activated LX-2 stained for a-SMA (red, X200 magnification). Scale bars=50um. (e and f) These two miRNAs
were tested by qRT-PCR in LX-2 and NFs. (A color version of this figure is available in the online journal.)

at half dose). miR-22-3p and miR-29a-3p expressions in LX-2
were dramatically enhanced or decreased by the transfection
of their mimics or inhibitors (Figure 5(a) and Supplementary
Figure 1(a)).

The proliferation and the colony-forming ability of LX-2
were strikingly inhibited by both these two miRNAs, as
detected by CCK-8 analysis or the colony formation assay
(Figure 5(b) and (c) and Supplementary Figure 1(b) to (c)).
Cellular senescence was induced, and the expressions of
senescence markers p16 and p21 were enhanced by these two
miRNAs, as detected by B-galactosidase staining and cell IF
(Figure 6(a) and (b) and Supplementary Figure 2(a) to (b)).
Cell migration was inhibited by these two miRNAs, as tested
by Transwell and wound healing assays (Figure 7(a) to (c) and
Supplementary Figure 3(a) to (c)). In addition, COL1A1 and

o-SMA expressions were significantly reduced or induced
by these two miRNAs mimics or inhibitors (Figure 7(d) to (f)
and Supplementary Figure 3(d) to (f)). Interestingly, a better
inhibitory effect on the cell proliferation, migration, and acti-
vation was shown by the combination of both at half-dose
transfection, compared with full-dose single miRNAs treat-
ments. Thus, these two miRNAs likely function separately
or synergistically to inhibit LX-2 activation.

Synergistic mechanism of miR-22-3p and
miR-29a-3p

Given that both of these miRNAs inhibit LX-2 prolifera-
tion and activation and that the half-dose combination
of these two miRNAs has a better inhibitory effect than a
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Figure 3. Histological analysis of rat liver in sham operation group and BDL group (n=7 per group). (a) The rat liver tissue sections were subjected to H&E
(hematoxylin-eosin staining), Sirius Red staining, and Masson’s trichrome (100 X, scale bars=200pm; 200 X, scale bars=100um). (b) Representative pictures of
Sirius Red polarized light on rat liver tissue sections (100 X, scale bars=100pm; Type | collagen: red or yellow, Type Il collagen: green). (c) Immunohistochemical
staining for a-SMA in the central venous and portal regions of rat liver tissue sections (100 X, scale bars=200pm; 200 X, scale bars=100pm). (d and e)
Quantification of the Masson and Sirius Red positive area. (f) Quantitation of mean integrated optical density (IOD) of a-SMA positive stained tissues. (A color version
of this figure is available in the online journal.)
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single miRNA, the synergistic function of these miRNAs
was investigated. An approximately 2.4-fold increase of miR-
29a-3p was caused by miR-22-3p overexpression, and an
approximately 1.7-fold increase of miR-22-3p was caused by
miR-29a-3p overexpression (Figure 8(a) and (b)). In addition,
a reduction of mature miR-29a-3p by 89% was caused by
miR-22-3p inhibition, and a reduction of mature miR-22-3p
by 55% was caused by inhibition of miR-29a-3p (Figure 8(c)
and (d)). Thus, these two miRNAs may influence each other
through specific genes.

Bioinformatics analysis predicts miR-22-3p and
miR-29a-3p target genes

In total, 24 possible candidate common target genes for
these two miRNAs were predicted by TargetScan, DIANA,
miRDB, and starBase (Figure 9(a)). KEGG pathway analysis

and GO analysis were performed on 24 candidate common
target genes, which were associated with the PI3K-AKT sign-
aling pathway, and AKT3 was a critical mediator (Figure 9(b)
to (d)). Next, the research status, site prediction scores, spe-
cies conservation, and other comprehensive conditions were
combined to initially determine AKT3 as a possible common
target gene for these two miRNAs. Proteins of possible target
genes of these two miRNAs associated with AKT3 were fur-
ther analyzed by STRING, which generated a PPI diagram
(Figure 9(e)), and the connections between AKT3 and other
proteins were predicted (Figure 9(f)).

miR-22-3p and miR-29a-3p both target AKT3 and
regulate its expression

The upregulation of AKT3 expression was verified in the
liver tissue of BDL rats and activated LX-2 cells by qRT-PCR
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(Figures 4(a) and 10(a)), Western blot (Figures 4(b) and (c)and =~ mRNA and protein were significantly inhibited by these two
10(b) and (c)), as well as co-IF analysis of o-SMA and AKT3 ~ miRNAs mimics (Figure 10(e) to (g)). Correspondingly, the
(Figures 4(d) and 10(d)). Next, LX-2 was treated with these =~ AKT3 expression was significantly enhanced by these two
two miRNAs mimics, revealing that the expression of AKT3 ~ miRNAs inhibitor treatments (Figure 10(h) to (j)).
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Figure 8. Synergistic mechanism of miR-22-3p and miR-29a-3p. (a to d) The expressions of these two miRNAs were measured by gRT-PCR.

The TargetScan database and RNAhybrid database were
used to find the potential binding sites and minimum free
energy between these two miRNAs and AKT3, respectively
(Figure 11(a) and (b)). These two miRNAs are highly con-
served in primates and mammals based on the ECR browser
(Figure 11(c)). The Renilla luciferase activity was dramatically
decreased in the presence of miR-22-3p or miR-29a-3p and
Plasmid 1, and this plasmid contained the 3'UTR of wild-type
AKT3 (position 20042011 [+] position 1667-1674 [+]). The
Renilla luciferase activity was decreased when miR-29a-3p
and Plasmid 2 co-existed, but no significant difference was
noted in the presence of miR-22-3p and Plasmid 2, which
contained the mutated binding sites of miR-22-3p and the
wild-type binding sites of miR-29a-3p (position 2004-2011
[-] position 1667-1674 [+]). The Renilla luciferase activity
was decreased when miR-22-3p and Plasmid 3 co-existed,
but no significant difference was noted in miR-29a-3p and
Plasmid 3 co-transfection, which contained the wild-type
binding sites of miR-22-3p and the mutated binding sites of
miR-29a-3p (position 2004-2011 [+] position 1667-1674 [-]).
In addition, Plasmid 4 contained both the mutated binding
sites of miR-22-3p and miR-29a-3p (position 2004-2011 [-]
position 1667-1674 [-]), and when co-transfected with miR-
22-3p/miR-29a-3p mimics, the Renilla luciferase activity was
not statistically significant (Figure 11(d)). These results reveal
that AKT3 is the common bona fide target gene of these two
miRNAs.

AKT3 promotes LX-2 cell proliferation and
activation

LX-2 cells were transfected with si-AKT3, si-NC, pcDNA3.1-
AKT3, and pcDNA3.1, respectively. AKT3 expression in LX-2
was strikingly reduced by si-AKT3, and the knockdown effect
of si-AKT3#2 was the most significant, so it was selected as
the transfection group for subsequent experiments (Figure
12(a) to (c)). AKT3 mRNA and protein expression in the cells
were dramatically increased by pcDNA3.1-AKT3 plasmids
(Figure 12(d) to (f)). The above results suggested that AKT3
mRNA and protein expression were effectively reduced or
increased by the transfection of si-AKT3 or pcDNA3.1-AKT3

plasmids. The proliferation and the colony-forming ability of
LX-2 were significantly accelerated by AKT3, as detected by
CCK-8 analysis or the colony formation assay (Figure 12(g) to
(j)). Cellular senescence was inhibited, and the fluorescence
intensity of senescence markers pl6 and p21 was reduced
by AKTS3, as detected by B-galactosidase staining and cell
IF (Figure 13(a) and (b)). Cell migration was promoted by
AKTS3, which was confirmed by Transwell and wound heal-
ing experiments (Figure 14(a) and (b)). In addition, a-SMA
and COL1A1 expressions were dramatically decreased or
raised in LX-2 transfected with si-AKT3 or pcDNA3.1-AKT3
(Figure 14(c) to (h)). The above results indicated that AKT3
promoted LX-2 cell proliferation and activation.

Discussion

Differential expression and pathway analysis of miRNAs
provided a comprehensive understanding of HF, and miR-
29a-3p and miR-22-3p expressions were detected to be
dramatically downregulated in BDL rat liver tissue, the acti-
vated human immortalized LX-2 and NFs, which indicates
that these two miRNAs are related to HE. Previous studies
revealed that miR-22-3p was a tumor inhibitor in several
cancers, including breast,'> ovarian,'® liver,!” prostate,'® and
glioma cancers.!’® Exosome-miR-22-3p inhibits the PI3K/
AKT pathway by inhibiting the expression of Ras-related
protein Rap-2B (RAP2B), inhibiting the proliferation and
invasion of colorectal cancer cells.?? In addition to studies on
tumors, Xiaolin Jia et al.?! found that miR-22-3p strikingly
inhibited osteoclast proliferation and induced osteoclast
apoptosis. Similarly, our results revealed low expression of
miR-22-3p in activated HSCs.

The miR-29 family that comprises the widely expressed
miR-29a (-b, -c) has been proven to play various biological
functions in the pathogenesis of health conditions and differ-
ent diseases. Regarding liver diseases, miR-29 is significantly
downregulated in liver cancer and functions as a tumor sup-
pressor.?2 Wang et al.?3 confirmed that miR-29b induced HSC
apoptosis and inhibited HSC activation to prevent HF, and
that this was achieved through the PI3K/AKT pathway. In
addition, miR-29a regulates HSC activation through histone
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deacetylase (HDAC).? Pharmacological inhibitors of HDAC In this study, miRNAs with differential expressions
inhibit the activation of HSCs and show a strong miR-29  were selected by a miRNA microarray of liver tissue from
upregulation effect. Similarly, our results revealed a low  BDL rats, and the expressions of these two miRNAs were
expression of miR-29a-3p in activated HSCs. downregulated. KEGG and GO analyses of these two
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miRNAs revealed that these two miRNAs were associ-
ated with the development of HE. Next, these two miR-
NAs were significantly downregulated in BDL rat liver
tissue, activated LX-2, and NFs, and the combination of
half doses of these two miRNA mimics showed excellent
inhibitory function on the proliferation, migration, colony
formation, and fibrosis marker expressions. By contrast,
the combination of half doses of miR-22-3p and miR-
29a-3p inhibitors demonstrated a promoting function on
the proliferation, migration, colony formation, and fibro-
sis marker expressions.

In the present study, miR-29a-3p was increased or reduced
in LX-2 transfected with miR-22-3p mimics or inhibitors.
Similar results were obtained in LX-2 transfected with miR-
29a-3p mimics or inhibitors, which indicated that there is
effective synergy between these two miRNAs. miRNAs may
coordinate the expressions of common target genes that are
widely expressed in humans, which is more economical and
effective for gene regulation.?> Combined with the predic-
tion of bioinformatics and the key role of AKT3 in miRNA
biogenesis, the presence of these two miRNAs-binding sites
in the 3'UTR of AKT3 mRNA, AKT3 was indicated to be a
good candidate common target gene.

To further investigate the mechanisms of these two miR-
NAs, KEGG, GO, and PPI analyses were performed on the 24
selected possible common target genes, combined with mini-
mum free energy (MFE), multiple scores of database target
genes, species conservation, and current relevant research
progress. The expression of AKT3 was dramatically reduced
by these two miRNAs, and AKT3 was the bona fide common
target of miR-22-3p and miR-29a-3p in LX-2.

AKT /protein kinase B (PKB) protein includes AKT1,
AKT2, and AKT3, which belong to the mammalian serine/
threonine-specific protein kinase family.> AKT3 is highly
expressed in the brain, and AKT2 is highly expressed in
the liver,% but these two miRNAs did not target AKT2 dur-
ing our target gene screen. Also, in the microarray data set
(GSE11954) obtained from gene expression synthesis (GEO),
AKT3 expression is decreased in senescent HSCs, while there
is no difference of AKT2 expression between growing and
senescent human activated HSCs.?” Therefore, we specu-
lated that these two miRNAs might regulate HSCs through
AKT3 in the liver fibrosis-related signaling PI3K-AKT path-
way, rather than AKT2. For example, mice lacking AKT1 are
stunted,?® mice lacking AKT2 have a Type 2 diabetes-like
syndrome,?” and mice lacking AKT3 have impaired brain
development.® Tingting Zhang et al.3! found that the long-
term spatial memory ability of AKT3-KO mice was impaired,
and AKT3-KO mice exhibited synaptic transmission char-
acteristics. In addition, during delayed skin wound heal-
ing, tissue remodeling is prolonged, and AKT3 expression
is downregulated. Regarding cancer tumors, miR-217 sig-
nificantly inhibits the growth of thyroid cancer cells by tar-
geting AKT3, and suppresses the migration and invasion
of thyroid cancer cells.’> However, the detailed mechanism
of AKT3 upregulation in HF remains to be fully elucidated.
Next, AKT3 overexpression plasmid and AKT3-siRNA
were transfected into LX-2 to upregulate or knock down
the expression level of AKT3 to explore its function. The
proliferation, migration, colony formation, and expression
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of fibrosis markers were promoted, and cellular senescence
was restrained by AKT3 in LX-2.

Presently, our research has mainly revealed that these
two miRNAs synergistically inhibited HF in vitro by target-
ing AKT3. However, whether the repression of these two
miRNAs on the proliferation and activation of HSCs can be
rescued by AKT3 warrants further study. Human HF biopsy
samples will be collected, and human primary HSCs will be
extracted in future studies to unravel the regulatory function
of these two miRNAs on AKT3 in human HF tissues, and
human primary HSCs. The synergistic regulatory function
of these two miRNAs on AKT3 will also be further studied
in multiple HF models in mice or rats. The main cells of col-
lagen in BDL which induced fibrosis come from HSCs and
portal vein fibroblasts.3* Another study has revealed that
>70% of myofibroblasts are derived from portal fibroblasts
in BDL-induced cholestatic liver injury.3* This point inspired
us to think further about the role of miRNAs and various cell
types in HF, and to consider further exploration of which cell
type is responsible for the target miRNAs. In future studies,
the question of whether miRNAs are involved in relevant
biological functions in relevant cells in the liver environment
(such as ductal cells in the portal region) and fibroblasts will
be addressed.

Conclusions

Our research demonstrates that these two miRNAs act as
fibrosis inhibitors and synergistically inhibit HF, and that
AKT3 is the common bona fide target gene of these two miR-
NAs. AKT3 expression was regulated by these two miRNAs,
in a coordinated fashion. The activation and proliferation
of LX-2 were enhanced, and the process of HF was affected
by AKT3. Our findings suggest new insights into AKT3
expression regulation in HF, as well as a novel possibility of
miRNA-based treatment protocols of HE
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