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Abstract

Persistent hepatic damage and chronic inflammation in liver activate the quiescent
hepatic stellate cells (HSCs) and cause hepatic fibrosis (HF). Several microRNAs
regulate the activation and proliferation of HSCs, thereby playing a critical role in
HF progression. Previous studies have reported that miR-188-5p is dysregulated
during the process of HF. However, the role of miR-188-5p in HF remains unclear.
This study investigated the potential role of miR-188-5p in HSCs and HF. Firstly, we
validated the miR-188-5p expression in primary cells isolated from liver of carbon
tetrachloride (CCI4)-induced mice, TGF-pl-induced LX-2 cells, livers from 6-month
high-fat diet (HFD)-induced rat and 4-month HFD-induced mice NASH models, and
human non-alcoholic fatty liver disease (NAFLD) patients. Furthermore, we used
miR-188-5p inhibitors to investigate the therapeutic effects of miR-188-5p inhibition
in the HFD + CCl, induced in vivo model and the potential role of miR-188-5p in the
activation and proliferation of HSCs. This present study reported that miR-188-5p
expression is significantly increased in the human NAFLD, HSCs isolated from liver of
CCl, induced mice, and in vitro and in vivo models of HF. Mimicking the miR-188-5p
resulted in the up-regulation of HSC activation and proliferation by directly targeting
the phosphatase and tensin homolog (PTEN). Moreover, inhibition of miR-188-5p re-
duced the activation and proliferation markers of HSCs through PTEN/AKT pathway.
Additionally, in vivo inhibition of miR-188-5p suppressed the HF parameters, pro-
fibrotic and pro-inflammatory genes, and fibrosis. Collectively, our results uncover
the pro-fibrotic role of miR-188-5p. Furthermore, we demonstrated that miR-188-5p
inhibition decreases the severity of HF by reducing the activation and proliferation of
HSCs through PTEN/AKT pathway.
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1 | INTRODUCTION

Hepatic fibrosis (HF) and scarring, a serious global health problem,
are defined as the common pathological process associated with
end-stage liver cirrhosis and carcinoma.® This process of fibrosis is
labelled with persistent hepatic damage, chronic inflammation and
wound healing reactions.? During the process of fibrogenesis, ac-
tivation of several mediators causes the excessive production and
agglomeration of extracellular matrix (ECM) components and in-
terstitial collagens lead to HF and scar deposition.>* Hepatic stel-
late cells (HSCs) are characterized as the major mesenchymal cells
in the liver which play key roles in several cellular processes during
HF.> HSCs remain quiescent in healthy individuals; however, fol-
lowing persistent hepatic injury, quiescent HSCs will be activated
by trans-differentiating into fibrogenic myofibroblast-like cells.
This trans-differentiation promotes the massive accumulation of
ECM components, expression of a-SMA and cell proliferation in
response to pro-inflammatory signals originated from impaired pa-
renchymal cells.>* Activated HSCs respond and secrete numerous
pro-fibrogenic cytokines. Among these pro-fibrotic cytokines, trans-
forming growth factor p (TGF-p) is considered a potent cytokine re-
sulting in HF.” Thus, inactivation and proliferation inhibition of HSCs
have been widely accepted to obstruct the HF.8

Non-coding RNAs (ncRNA), group of evolutionary conserved
endogenous RNAs, influence gene expression and may regulate
initiation and progression of NASH (non-alcoholic steatohepatitis)
and HF.? Among these regulatory molecules, microRNAs (miRNAs),
short = 22 nucleotides in size, negatively regulate expressions of
target genes at the post-transcriptional level by targeting 3' un-
translated regions (3’ UTR) of their target mRNAs.'% Several
studies have explored the fundamental roles of miRNAs in the pro-
gression of HF by regulating several cellular processes including
HSC activation, proliferation and collagen production.”*? For ex-
ample, overexpression of miR-193a/b-3p inhibited TGF-f1-induced
activation and proliferation of HSCs by suppressing HSC activation
genes COL1A1 and a-SMA, and attenuated HF.*® Likewise, miR-
146a-5p inhibited the secretion of pro-inflammatory factors and
activation of HSCs suggesting the therapeutic role of miR-146a-5p
in HF.2 Hyun et al investigated that the expression of miR-188-5p is
significantly up-regulated in carbon tetrachloride (CCl,)-induced HF
model.*>¢ However, the functional importance of miR-188-5p in
HF is still unclear. This study aimed to determine the expression of
miR-188-5p in the TGF-p1-induced HSCs and the fibrotic livers, and
investigated the role of miR-188-5p in modulating the activation,

proliferation and fibrogenesis of HSCs, both in vitro and in vivo.

2 | MATERIAL AND METHODS
2.1 | Human liver biopsy samples
Human liver biopsy samples were obtained from five patients with

chronic hepatitis B (CHB) and non-alcoholic fatty liver disease
(NAFLD) and four CHB patients in the First Affiliated Hospital of

TABLE 1 Clinical characteristics of Human subjects used for this
study

Factors CHB CHB + NAFLD

N 4 5

Male, n (%) 3(75) 5(100)

Mean age in years at 35.5(4.31) 30 (5.94)

biopsy

Laboratory measures, mean (SD)
Serum AST (IU/L) 19 (0.63) 29 (100.83)
Serum ALT (IU/L) 18 (3.03) 64 (40.56)
Serum ALP (1U/L) 59 (7.73) 79 (182.75)
Total bilirubin (pmol/L) 13.9 (3.09) 12.4 (78.36)
Direct bilirubin (umol/L)  3.85(0.85) 4.9 (60.54)
Serum GGT (IU/L) 9.5(2.25) 18 (2.014)

Note: Values represent as mean + SEM.

Xi'an Jiaotong University. Written informed consents were signed
from each patient before obtaining liver biopsy samples. Diagnosis
was made on the basis of typical morphological findings using ul-
trasonography. The study involved human samples was approved
by the Clinical Research Ethics Committee of The First Affiliated
Hospital of Xi'an Jiaotong University and adhered to the principles
outlined in the Declaration of Helsinki. The clinical characteristics of
subjects included in this study are listed in Table 1.

2.2 | Animals and liver specimens

Adult male C57BL/6J mice and E3 rats were obtained from the
Experimental Animal Center situated in Xi'an Jiaotong University. All
the animals were housed in a specific pathogen-free animal facility
centre with controlled temperature and humidity, and maintained
under 12-h light/dark cycle with free access to water and feed. All
animal experimental protocols were carried out in accordance with
the European Communities Council Directive 2010/63/EU for the
protection of animals used for scientific purposes and approved by
the Institutional Ethics Committee in School of Medicine of Xi'an
Jiaotong University (No. XJ2013086).

To determine the expression of miR-188-5p in high-fat diet
(HFD)-induced liver fibrosis models, livers were obtained from 8
control and 8 4-month HFD-induced C57BL/6J mice (Research Diet,
D12492), and 8 control and 8 6-month HFD-induced E3 rats (de-
scribed in our previous experiments'’).

2.3 | Isolation of primary cells

We used 8-week-old male C57BL/6J mice to isolate primary cells.
Briefly, we randomly divided mice into control group and CCl, (2 mL/
kg body weight)-induced chronic liver injury model group (n = 6 each
group). As described earlier,'® hepatocytes and non-parenchymal
cells (NPC) were isolated using differential centrifugation to evalu-

ate the expression of miR-188-5p.
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2.4 | Inhibition of miR-188-5p in vivo

To investigate the effect of miR-188-5p inhibition on HF in vivo,
we used diet and chemical-induced dual fibrosis model. In sev-
eral studies, mild dose of intraperitoneal (i.p.) CCl, injections to
animals fed on HFD has been accepted as a promised and rapid
liver fibrosis model by triggering inflammation, steatosis and fi-
brosis which are histological features of NASH.'?2° Therefore,
using the same strategy, 40 male C57BL/6J mice were rand-
omized into five groups (n = 8 mice in each group): Control group,
mice were fed on normal diet; HFD group, mice were fed on HFD
(Research Diet, D12492) along with weekly 200 pl i.p. injection of
corn oil (Shanghai Aladdin Biochemical, C116025) for 14 weeks;
HFD + CCl, group, mice were fed with HFD along with weekly i.p.
administration of CCL, (Tianli Chemical Reagent, GB/T688-2011)
diluted in corn oil (CCl, at dose rate of 0.25 pl (0.40 pg)/g of body
weight diluted in 200 pl of corn oil) for 14 weeks; HFD + CCl,-
miR-NC group; and HFD + CCl,-miR-188-5p-inhibitor group.
To observe the anti-fibrotic effect of miR-188-5p inhibition,
62.5 nM/kg dose of miR-188 inhibitors or miR-NC complexed
with Lipofectamine® 3000 (Invitrogen, L3000015) were diluted
in 50 pl of sterile normal saline and injected in respective groups
of mice through tail vein injection at the mid of 5™ week, start of
6™ and 7™ week. The schematic representation of animal model
groups used in the study for the inhibition of miR-188-5p is pre-
sented in Figure S2. At the 14" week of experiment, all mice were
sacrificed. Liver tissues were collected and divided into two parts.
One part was immediately snap-frozen in liquid nitrogen and then
stored at -80°C for further experiments, while another section
was fixed in formalin and embedded in paraffin, for histological
analysis.

2.5 | Statistical analysis

Quantitative data were presented as means + SEM. Statistical
analysis between different groups was assessed by GraphPad Prism
6.02 (GraphPad Software) Software. Student's t test and two-way
ANOVA with Tukey's multiple comparison tests were performed to
compare two groups or multiple groups, respectively.

Detailed materials and methods are described in Supporting

information.

3 | RESULTS

3.1 | Expression of miR-188-5p is up-regulated in
human liver fibrosis biopsy sample and in vivo and in
vitro models for liver fibrosis

Several investigations have reported that miR-188-5p plays critical

role in numerous diseases.?*?® Recent miRNA signature showed

that miR-188-5p is up-regulated in the serum from alcohol-
induced liver cirrhosis and toxic doses of acetaminophen (APAP)
liver injury patients. However, the expression of miR-188-5p was
down-regulated in the type 2 diabetes mellitus patients, while no
change was observed in the expression of miR-188-5p from HBV
patients.?? Moreover, it has been identified that miR-188-5p is
significantly up-regulated in the HSCs associated with portal hy-
pertension and CCl,-induced liver fibrosis model.’>3® However, it
is still unclear how miR-188-5p takes part in the progression of
liver fibrosis. In order to explore the role of miR-188-5p in liver
fibrosis, we first determined the relative expression of miR-188-5p
in human liver fibrosis biopsy sample from 5 CHB + NAFLD and
4 CHB patients and in vivo and in vitro models for liver fibrosis.
We used miR-188-5p-fluorescence in-situ hybridization (FISH) to
determine the expression of miR-188-5p in the human HF tissue
specimens. We observed that the miR-188-5p expression was up-
regulated in the human liver biopsy sample from CHB + NAFLD
patients (Figure 1A). To further determine the expression of
miR-188-5p in human HSCs, we induced LX-2 cells with TGF-p1,
which is one of the most important inflammatory mediator and
activator of HSCs.3! We observed that the expression levels of
®-SMA, Colla2 and Col3al were increased in LX-2 cells induced
with different doses of TGF-81 (0, 2.5, 5, 10 ng/mL) at transcript
level (Figure S1A-C). Moreover, the protein expression levels of
a-SMA and Colla2 were also increased in LX-2 cells induced with
similar doses of TGF-p1 at protein level (Figure S1D-F). This sug-
gested that TGF-B1-induced LX-2 cells were associated with the
up-regulation of a-SMA, Coll and Col3, which are among the
important characteristics and markers for HSC activation and
liver fibrosis, and TGF-p1 successfully induced the activation
of HSC cells in vitro. Then we evaluated the expression of miR-
188-5p in LX-2 cells induced with different doses of TGF-p1 by
RT-quantitative polymerase chain reaction (RT-gPCR). It showed
a dose-dependent increase in the expression of miR-188-5p in re-
sponse to TGF-p1 (Figure 1B), the highest expression level, espe-
cially at 10 ng/mL of TGF-p1. To explore the role of miR-188-5p
in liver fibrosis, LX-2 cells were treated with 10 ng/mL of TGF-
B1 for further experiments. In addition, miR-188-5p expression
was determined in the liver specimens of 4-month HFD-induced
C57BL/6J mice and 6-month HFD-induced E3 rats. FISH images
show increase in the expression of miR-188-5 in the livers of 4-
month HFD-induced C57BL/6J mice (Figure 1C) and 6-month
HFD-induced E3 rats (Figure 1F). Similarly, the results obtained
from RT-qPCR analysis showed that miR-188-5p expression was
significantly up-regulated among HFD groups as compared to their
respective control groups (Figure 1D,G). Furthermore, RT-qgPCR
analysis showed that miR-188-5p expression was significantly up-
regulated in the NPC cells isolated from liver of CCl,-induced mice
as compared to control, whereas no significant change was ob-
served in primary hepatocytes isolated from liver of CCl,-induced
mice (Figure 1E). These data indicated that miR-188-5p is highly

expressed in activated HSCs and in vivo models of liver fibrosis.
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FIGURE 1 Increased expression of miR-188-5p in in vitro and in vivo models of hepatic fibrosis. A, Representative FISH images showing
the expression of miR-188-5p in human livers from chronic hepatitis B (CHB) patients (n = 4) and CHB + NAFLD patients (n = 5). B,
Differential expression of miR-188-5p in TGFp-1-induced LX-2 cells was validated using RT-gPCR. C and D, Representative FISH images (C)
and RT-gPCR analysis (D) showing the expression of miR-188-5p in the liver specimen of 4-month HFD-induced C57BL/6 mice (n = 8). E,
Differential expression of miR-188-5p in primary hepatocytes and non-parenchymal cells (NPCs) isolated from livers of CCl,-induced mice
and control mice was validated using RT-gPCR. F and G, Representative FISH images (F) and RT-gPCR analysis (G) showing the expression
of miR-188-5p in the liver specimen of 6-month HFD-induced E3 rats (n = 8). Values represent as mean + SEM, *P < 0.05 and **P < 0.01
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3.2 | Up-regulation of miR-188-5p promotes HSC in LX-2 cells. Firstly, the overexpression of miR-188-5p via mimics

activation and proliferation in LX2 cells

To explore the functional relevance of miR-188-5p in liver fibrosis, we

modulated the expression of miR-188-5p using mimics or inhibitors

up-regulated the expression level of miR-188-5p (Figure 2A). This
overexpression of miR-188-5p promoted the expression of HSC ac-
tivation markers a-SMA and Col1a2 at protein level (Figure 2B,C). On

the contrary, miR-188-5p expression was significantly decreased in
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FIGURE 2 MiR-188-5p promotes the activation and proliferation of LX-2 cells. A, RT-qgPCR analysis of miR-188-5p in LX-2 cells
transfected with different doses of miR-188-5p mimics. B and C, Western blotting analysis (B) and quantification analysis (C) of the

protein expression of HSC activation marker and pro-fibrotic gene a-SMA and COL1A2 in LX-2 cells transfected with different doses of
miR-188-5p-mimics. D, RT-qPCR analysis of miR-188-5p in LX-2cells transfected with different doses of miR-188-5p-inhibitors showing
relative expression of miR-188-5p. E and F, Western blotting analysis (E) and quantification analysis (F) showing the protein expression of
HSC activation marker and pro-fibrotic gene a-SMA and COL1A2 in LX-2 cells transfected with different doses of miR-188-5p-inhibitors.
G, Representative immunofluorescence images showing the expression of HSC activation marker and pro-fibrotic gene a-SMA (scale

bar 50 um) (G) and the quantification of a-SMA fluorescence intensity (H) in LX-2 cells transfected with miR-188-5p-mimics. | and J, The
cell proliferation activity of LX-2 cells detected using CCK-8 kit after transfection with miR-188-5p-mimics (I) or miR-188-5p-inhibitors
(J). K, BrdU incorporation assay showing the dual-positive (scale bar 50 um) LX-2 cells after transfection of miR-188-5p-mimics. L and

M, Quantification of BrdU (L) and PCNA (M) positive LX-2 cellstransfected with miR-188-5p-mimics. Values represent as mean + SEM.
*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001
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LX-2 cells transfected with miR-188-5p inhibitors, compared to the
negative control (NC; Figure 2D). Furthermore, the protein level of
a-SMA and Colla2 was significantly reduced following the inhibition
of miR-188-5p in LX-2 cells (Figure 2E,F). To support our data, we
further evaluated the expression of a-SMA in LX-2 cells treated with
miR-188-5p mimics through the immunofluorescence (IF). Coherent
with our finding, miR-188-5p mimics significantly up-regulated the
HSC activation marker a-SMA (Figure 2G,H). These results validated
the functional relevance of miR-188-5p in activation of HSCs and
liver fibrosis in vitro. Furthermore, CCK-8 assay showed that overex-
pression of miR-188-5p could significantly promote cell proliferation
in LX2 cells (Figure 2I). In contrast, cell proliferation activity was sig-
nificantly suppressed in human LX-2 cells after the inhibition of miR-
188-5p compared with that in control group (Figure 2J). To further
validate the role of miR-188-5p in cell proliferation, we used bro-
modeoxyuridine (BrdU) dual IF assay using BrdU and proliferating
cell nuclear antigen (PCNA)-specific antibodies. It has been shown
that miR-188-5p mimics significantly increased the BrdU and PCNA
positive cells compared to the control (Figure 2K-M). It suggested
that miR-188-5p plays a critical role in regulating the proliferation
of HSCs. Overall, these results indicate that up-regulation of miR-

188-5p promotes the activation and proliferation of HSCs.

3.3 | Modulation in miR-188-5p

expression regulates the PTEN-dependent
proliferation and activation of LX-2 cells by targeting
PISK/AKT pathway

Itis known that miRNAs regulate protein expressions through mRNA
cleavage or translational repression by pairing with the 3'-UTR of
their respective target genes.’® Among the genes common to all
databases for miR target prediction, we chose PTEN, a key tumour
suppressor, as a target for further research because of its vital role
in cell proliferation.3> PTEN might be a potential target of miR-
188-5p, which contained a miR-188-5p binding site in 3'UTR region.
Homology examination showed that the predicted 8 mer site in the
seed region of miR-188-5p were complementary to bases of PTEN
(Figure 3A). No perfect binding site was predicted or identified for
miR-188-5p in the coding region of PTEN. To determine whether
miR-188-5p directly binds to the predicated site of the PTEN, we
performed luciferase assay using either the wild-type 3’-UTR cloned
in pmir-GLO vector (pmir-WT-PTEN-3'UTR) or the mutant 3'-
UTR (pmir-Mut-PTEN-3'UTR) lacking the miR-188-5p binding site
(Figure 3A). MiR-188-5p mimics significantly reduced PTEN 3'UTR-
dependent luciferase activity (Figure 3B), but it did not affect the
pmir-PTEN-Mutant-dependent luciferase activity (Figure 3C). These
results suggested there is a direct binding between miR-188-5p and
the 3-UTR of PTEN mRNA. To further confirm either, miR-188-5p
directly influences the expression of PTEN, we used Western blot-
ting and RT-gPCR analysis, and found that PTEN expression was
significantly decreased in LX-2 cells transfected with miR-188-5p
mimics at protein and mRNA level (Figure 3D-F). In contrast, PTEN

expression was significantly increased in LX-2 cells transfected
with miR-188-5p inhibitors at protein and mRNA level (Figure 3G-I).
These results indicate that PTEN is a direct target of miR-188-5p.

The above findings brought us that miR-188-5p might regulate
the activation and proliferation of HSC by targeting PTEN. To verify
the potential role of miR-188-5p in PTEN-dependent regulation of
HSC activation and proliferation, we used co-transfection of siPTEN
and miR-188-5p inhibitors. The silencing of PTEN expression,
through siPTEN, resulted in the down-regulation of PTEN, and up-
regulation of HSC activation markers a-SMA and Colla2 and HSC
proliferation marker PCNA (Figure 3J). On the contrary, miR188-p
inhibitors transfected along with siPTEN reversed the activity of
siPTEN and underwent the down-regulation of a-SMA, Colla2 and
PCNA (Figure 3J). To further verify our finding, we used PTEN over-
expression plasmid to overexpress PTEN in LX-2 cells. We found
that overexpression of PTEN resulted in up-regulation of PTEN and
down-regulation of HSC activation marker «a-SMA and Colla2 and
proliferation marker PCNA in human LX-2 cells. However, LX-2 cells
co-transfected with PTEN overexpression plasmid and miR-188-5p
mimics significantly down-regulated the expression of PTEN as com-
pared to cells transfected with PTEN overexpression plasmid alone
(Figure 3K). Conversely, the expression of HSC activation markers
a-SMA and Colla2 was significantly up-regulated in the cells co-
transfected with pcDNA-3.1/PTEN overexpression plasmid and
miR-188-5p mimics (Figure 3K). Furthermore, LX-2 cell proliferation
marker PCNA was also reduced by overexpression of PTEN, which
was subsequently improved by co-transfection of miR-188-5p mim-
ics and PTEN overexpression plasmid (Figure 3K).

In addition, siPTEN induces the phosphorylation of AKT, but
co-transfection of siPTEN with miR-188-5p inhibitors reduced the
expression of pAKT (Phosphorylated AKT; Figure 3J). Likewise,
PTEN overexpression reduces the expression of pAKT; however, co-
transfection of PTEN OE plasmid with miR-188-5p mimics induced
the expression of pAKT (Figure 3K). Collectively our results show
that miR-188-5p modulates the expression of PTEN in HSCs and
regulate the PTEN-dependent activation and proliferation of HSCs
through PI3K/AKT pathway.

3.4 | Inhibition of miR-188-5p reduces the
severity of hepatic damage in HFD + CCl,-induced
liver fibrosis mice

To determine the biological roles of miR-188-5p in liver fibrosis, we
subjected C57BL/6J mice (n = 8 each group) to HFD feeding with
weekly CCl, i.p. injections for 14 weeks and transduced with miR-
188-5p inhibitors or NC via tail vein at different intervals (Figure S2).
As shown in Figure S3A,C, the expression of miR-188-5p was sig-
nificantly up-regulated in the livers of mice induced with HFD + CCl,
but significantly reduced after the inhibition of miR-188-5p. Upon
miR-188-5p inhibition in mice on HFD feeding and CCL, injections,
a moderate resistance to diet-induced weight gain but moderate in-

crease in weight was observed compared to the HFD + CCl,-induced
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FIGURE 3 MiR-188-5p regulates the activation and proliferation of LX-2 cells through PTEN/AKT pathway by directly targeting the
3'UTR of PTEN. A, Schematic representation of pmiR-GLO luciferase reporter constructs harbouring PTEN 3'UTR targeted by miR-188-5p
and the mutated bases of Mut-PTEN 3’'UTR. B, Relative luciferase activity unit (RLU) showing the luciferase activity of pmir-WT-PTEN3'UTR
co-transfected with miR-188-5p mimics. C, Relative luciferase activity (RLU) showing the luciferase activity of pmir-Mut-PTEN3'UTR co-
transfected with miR-188-5p mimics. D, mRNA expression of PTEN in LX-2 cells transfected with miR-188-5p mimics. E. Western blotting
analysis showing the PTEN expression in LX-2 cells transfected with miR-188-5p-mimics. F. Quantified PTEN expression in LX-2 cells
transfected with miR-188-5p-mimics. G. mRNA expression of PTEN in LX-2 cells transfected with miR-188-5p-inhibitors. H. Western blot
analysis showing the PTEN expression in the LX-2 cells transfected with miR-188-5p-inhibitors. . Quantified PTEN expression in the LX-2
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K, Western blotting analysis showing the effects of miR-188-5p-mimics on expression of HSC activation marker a-SMA and COL1A2,
proliferation marker PCNA and PTEN/pAKT pathway in LX-2 cells when co-transfected with pCNA-3.1/PTEN overexpression plasmid.
Values represent as mean + SEM. *P < 0.05, **P < 0.01and ***P < 0.001

mice (Figure 4A-C). However, there was no significant change in the
visceral fat weight or ratio of visceral fat to body weight after the
inhibition of miR-188-5p (Figure 4E,F). Moreover, there was a mild
decrease in the liver to body weight ratio in the mice group admin-
istered with miR-188-5p inhibitors; however, it was not significant
(Figure 4D,G,H).

Similarly, fasting blood glucose was significantly lower in miR-
188-5p-inhibitor mice group (Figure 41,K). It suggests that inhi-
bition of miR-188-5p protects mice from HFD + CCl,-induced

insulin resistance. Accordingly, glucose tolerance test (ipGTT) and
insulin tolerance test (ipITT) shown that miR-188-5p-inhibitor mice
showed improved glucose tolerance and boosted insulin sensitivity
(Figure 41-L). Likewise, serum analysis showed that mice in the miR-
188-5p inhibitors group alleviated the serum fibrosis markers, that
is ALT, TCHO, TG and BU compared to miR-NC group (Figure 5A-D).

In addition, representative images of H&E and Masson Trichrome
staining exhibited that mice in the HFD + CCl, and miR-NC groups

developed severe steatosis, hepatocyte ballooning, inflammatory
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FIGURE 4 Inhibition of miR-188-5p restores the metabolic phenotyping characteristics in HFD + CCl4-induced hepatic fibrosis. A,
Weekly weight gain (g) in different animal groups used for in vivo studies. B-D, Representative image of mice (B), bar graph showing the
weight (g) of mice (C) and representative image of mice liver (D) from each group at the time of sacrifice. E-H, Visceral fat weight (g) (E),
visceral fat/body weight (%) (F), liver weight (g) (G) and liver/body weight (%) (H) showed in different animal groups used for in vivo studies.

I, Glucose level after the administration of i.p. insulin. J, Inverse area under the curve (AUC) of ipITT showing the insulin resistance. K,
Glucose level after the administration of i.p. glucose. L, AUC of ipGTT showing the glucose tolerance in different animal groups used for in
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FIGURE 5 Inhibition of miR-188-5p rehabilitates the metabolic and histological features in HFD + CCl4-induced in vivo hepatic fibrosis
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Masson stained area showed accumulation of collagen in the livers of different animal groups. H-K, NASH activity score showing the level
of fibrosis (H), score for liver inflammatory infiltrates (1), score for hepatocyte ballooning (J) and score for hepatic steatosis (K) in the in vivo
experimental groups (n = 8 each group). Values represent as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001

infiltrates and collagen deposition, and aggravated the overall NASH 3.5 | Inhibition of miR-188-5p expression

score (Figure 5E-K). However, NASH score and those morphologi- reduces the HFD + CCL,-induced NASH-associated
cal changes were remarkably decreased in the miR-188-5p inhibitor ~ pro-fibrotic factors and pro-inflammatory cytokines
group, compared with the miR-NC groups (Figure 5E-K). Together, in liver tissue

these results indicated that the inhibition of miR-188-5p exhibited

anti-fibrotic effect by significantly improving the HFD + CCl,-induced We next followed up on elevated fibrosis markers and hepatic dam-

hepatic steatosis, inflammation and lesions associated with NASH. age examined in the HFD + CCl,-induced liver injury during serum
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and liver histopathology analysis, respectively, by examining the ex-
pression profile of liver inflammatory cytokines and pro-fibrogenic
genes. The present study determined that HFD + CCl, enhanced the
inflammatory infiltrates and degree of fibrosis in the liver. However,
it was significantly decreased after the inhibition of miR-188-5p.
Therefore, we probed into the regulatory role of miR-188-5p dur-
ing the process of fibrogenesis by modulating pro-inflammatory and
pro-fibrotic genes.

In miR-188-5p inhibitor group, the relative expression of pro-
fibrotic genes tnfa, tgfp, timp2 and fn significantly decreased com-
pared to the inhibitors-NC control group (Figure 6A-D). Moreover,
ECM remodelling gene mmp2 which was significantly increased in
HFD + CCl, group was also significantly reduced after the inhibi-
tion of miR-188-5p (Figure 6E). Similarly, HFD + CCl, significantly
increased the expression level of pro-inflammatory mepl, IL-1 and
il-6. However, inhibition of miR-188-5p significantly reduced the ex-

pression of these pro-inflammatory genes (Figure 6F-H). We further
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FIGURE 6

validated the expression level of anti-inflammatory il-10 that was sig-
nificantly decreased in the HFD + CCl,, but inhibition of miR-188-5p
significantly increased its expression (Figure 6l). Together, these
findings show that inhibition of miR-188-5p significantly reduces the
severity of HF in HFD + CCl,-induced mice showing severe NASH
in term of higher pro-fibrotic and pro-inflammatory changes in gene
expression as compared to HFD.

3.6 Inhibition of miR-188-5p expression
alleviates the HF by down-regulating the HSC
activation and proliferation markers in HFD + CCl,-
induced liver fibrosis through PTEN/AKT pathway

Activation and proliferation of HSCs are correlated with the progres-
sion and severity of HF. Above findings bought us the regulatory role
of miR-188-5p in the activation and proliferation of HSCs. Therefore,

C
timp2
10 EE TS
F——"— s
c
S
5 8 ns —_
o
o
a 6 ns
< —_
2
<
€
o 4
>
E=
m©
]
<
F
mcpl
50 P
EETTY
5 fis ns
= 1 *k %
2 40 —A
5 $o3k ok
o 30
<
Z
<
£ 20
g
E=
©
]
= 10
| il-10
20 - Fokokk E gggtrol
c HFD+CCla
-g B miR-188-5p-Inhibitors-NC
S 15 M miR-188-5p-Inhibitors
s
X
w *
< | |
2
e 1.0
€
o
>
E=
©
@ 0.5
«<
0.0

Inhibition of miR-188-5p down-regulates the pro-fibrotic and pro-inflammatory genes in HFD + CCl,-induced hepatic fibrosis.

Bar graphs representing the quantitative analysis of the mRNA expression of pro-fibrotic and pro-inflammatory genes, tnfa (A), tgfp1(B),
timp2 (C), fn (D), mmp2 (E), mcpl (F), il-15 (G), il-6 (H) and anti-inflammatory il-10 (I) in the livers of in vivo mice groupsused to study the effects
of miR-188-5p inhibition on the HFD + CCl4-induced hepatic fibrosis (n = 8 each group). Values represent as mean + SEM. *P < 0.05,

**P <0.01, ***P < 0.001 and ****P < 0.0001
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we further examined the inhibitory role of miR-188-5p on HSC ac-
tivation and proliferation in HFD + CCl,-induced HF model. Sirius
red staining showed a significant increase of the collagen accumula-
tion in HFD, HFD + CCl4 and miR-188-5p NC group (Figure 7A,B). In
order to examine the expression of HSC activation markers Colla2
and a-SMA, we performed IHC and IF, respectively. Image J analy-
sis of stained slides showed the significant decrease in the expres-
sion of HSC activation markers after the inhibition of miR-188-5p
(Figure 7A,C,D). Similarly, IHC analysis of HSC proliferation marker
PCNA showed significant decrease in the in vivo miR-188-5p-inhibitors
group (Figure 7A,E). Interestingly, Sirius red staining showed a signifi-
cant decrease in the accumulation of collagen after the inhibition of
miR-188-5p (Figure 7A,B), thus representing inhibition of miR-188-5p
can significantly decrease the severity of fibrosis in vivo. To further
validate the role of miR-188-5p inhibition in vivo, we performed RT-
gPCR to examine the expression of HSC activation markers (asma and
colla2) and HSC proliferation markers (pcna and ki-67). As expected,
the expression of HSC activation and proliferation markers, which was
significantly increased in HFD + CCl4 group, was significantly down-
regulated after the inhibition of miR-188-5p (Figure 7F-I).

Furthermore, immunoblotting analysis showed that HSC activation
markers a-SMA and COL1A2 were significantly down-regulated in liver
samples after the inhibition of miR-188-5p (Figure 7J). A similar trend
was observed for the HSC proliferation marker PCNA that was also
significantly decreased after the inhibition of miR-188-5p. Remarkably,
inhibition of miR-188-5p led to a significant increase in expression of
its target gene PTEN at both transcriptional and translational level
(Figure 7J, Figure S3B,C). This increase in the PTEN expression after
the inhibition of miR-188-5p led to the down-regulation of AKT path-
way (Figure 7J). Thus, we observed a significant decrease in the ac-
tivation and proliferation markers after the inhibition of miR-188-5p.
Collectively, these results revealed that inhibition of miR-188-5p led to
the down-regulation of HSC activation and proliferation markers and
severity of HF through PTEN/AKT pathway.

4 | DISCUSSION

HF characterizes a major health problem worldwide. It is considered
as a scarring process that is associated with excessive deposition
of ECM in liver. HSCs are the primary effector cells for the depo-
sition of ECM in fibrotic liver.3® This progressive fibrotic response
is characterized by activation and proliferation of HSCs, and aber-
rant expression of cellular transcriptional factors.>* Ample evidence
has revealed that ncRNAs, especially numerous miRNAs, function
as critical regulators in activation and proliferation of HSCs, and
regulate liver fibrosis.”%>%7 However, the function and underlying
mechanism of miR-188-5p in HSC activation, proliferation and liver
fibrosis remain unknown. In the current study, we investigated the
potential role of miR-188-5p in activation and proliferation of HSC
and NASH-associated liver fibrosis.

Our results demonstrated that miR-188-5p is highly expressed in
HFD-induced murine models of NASH and TGF-p1-induced human

WILE Y-

LX-2 cells compared to normal liver tissues and LX-2 cell line, respec-
tively. However, it has not been studied how TGF-$1 induces the
maturation and the expression of miR-188-5p and several other dys-
regulated miRNAs. Some studies have probed that TGFp signalling
links with Drosha/DGCR8 complex in SMAD-dependent manner
and modulates the maturation of several miRNAs.384° Therefore,
we believe it needs further studies to determine which TGF-p1
downstream pathways are involved in the biogenesis and matura-
tion of miRNAs, including miR-188-5p. Moreover, the human NAFLD
liver specimens showed a similar trend. However, the study is limited
to fewer human samples and use of CHB subjects as NAFLD control.
Despite this, our results are in accordance with previous finding sug-
gesting that expression of miR-188-5p is decreased in tumour tissues
of HCC patients, while no difference was observed among samples
from Hepatitis B&C virus positive patients.*! Therefore, our finding
reached an agreement with previous findings that miR-188-5p is up-
regulated in CCl,-induced HF,'® tensile-strained HSCs,%° and liquid
biopsies from alcohol-induced liver cirrhosis and toxic doses of acet-
aminophen (APAP) liver injury patients. Therefore, inhibition of miR-
188-5p can play a regulatory role in HF. Several other reports also
demonstrated that miR-188-5p participated in cellular processes of
several diseases, including gastric cancer,?? retinoblastoma,?® non-
small-cell lung cancer,?® prostate cancer,?! glioma,?’” hepatocellular
carcinoma,?* Alzheimer's Disease,?® rheumatoid arthritis?® and dia-
betic kidney disease.*?

Furthermore, we found that up-regulation of miR-188-5p re-
sulted in the up-regulation of HSC activation markers «-SMA and
type | collagen. Whereas, inhibition of miR-188-5p lead to the down-
regulation of these HSC activation markers. Notably, bioinformatics
tools suggest that there is no direct binding between miR-188-5p
and these markers. However, there is an indirect mechanism in-
volved in the regulation of HSC activation markers. Similar to our
results, a study by Ruedel et al?® also demonstrated that miR-188-5p
regulates the expression of type | collagen in an indirect mechanism.

It has been well documented that PTEN negatively regulates
the process of liver fibrosis.*® Several miRNAs have been reported
to directly bind with PTEN to regulate its expression and play
critical roles in the activation and proliferation of HSCs.*** We
observed that PTEN expression was negatively regulated by miR-
188-5p at the post-transcriptional level, via a specific 3' UTR tar-
get site, which supported that miR-188-5p expression increased
during liver fibrosis, and its inhibition could play a regulatory role
in the activation and proliferation of HSCs. Notably, inhibition
of miR-188-5p significantly led to the suppression of HSC acti-
vation and proliferation in vitro and in vivo via up-regulation of
PTEN expression through PI3K/AKT pathway. Owing to the res-
toration of PTEN, in vivo suppression of miR-188-5p contributed
to the suppression of pro-fibrotic and pro-inflammatory genes in
HFD + CCl,-induced mouse model. Whereas, our in vitro results
suggested there was no significant change in the expression of
miR-188-5p after the overexpression of PTEN in LX-2 cells (data
not shown) indicating that another upstream pathway is involved

in the regulation of miR-188-5p expression which needs further
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investigation. However, we also observed the suppression of miR-
188-5p expression after the transfection of miR-188-5p inhibitors,
which might result from miRNA sequestering and degradation.*¢48
Overall, our study identified miR-188-5p as an important regulator

of HSC cell activation and proliferation, and emphasized a critical
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role of this miRNA in mediating HF, at least in part, via PTEN/
PI3K/AKT.

Previous studies have demonstrated that altered miRNA expres-
sion is closely associated with liver fibrosis.'? However, the functions

of miRNA may vary. Studies have shown that several miRNAs can
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FIGURE 7 Inhibition of miR-188-5p reduces the severity of HF and down-regulates the activation and proliferation of HSCs in

HFD + CCl,-induced HF model through the PTEN/AKT pathway. A, Sirius red staining (scale bar 100 um), IHC staining of Colla2 (scale

bar 50 um), IF staining of a-SMA (scale bar 50 um) and IHC staining of PCNA (scale bar 50 um) in liver tissues from different mice groups
used to study the effect of miR-188-5p inhibition on HFD + CCl,-induced HF in vivo. B, Quantification of Sirius red-stained area showed
accumulation of collagen in the livers. C, Quantification of COL1a2 positive area. D, Quantification of a-SMA fluorescence intensity. E,
Quantification of PCNA positive area in the livers of different animal groups. F, Relative mRNA expression of asma. G, Relative mRNA
expression of colla2. H, Relative mRNA expression of pcna. |, Relative mRNA expression of ki-67 in liver tissues from different mice groups
used to study the effect of miR-188-5p inhibition on HFD + CCl, induced HF in vivo. J, Western blot analysis showing the inhibitory effects
of miR-188-5p-inhibitors on HSC activation marker a-SMA and COL1a2, proliferation marker PCNA and PTEN/AKT pathway in whole liver
lysate from different mice groups used to study the effect of miR-188-5p inhibition on HFD + CCl,-induced HF in vivo (n = 8 each group).

Values represent as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. Abbreviation: HF, hepatic fibrosis

FIGURE 8 Schematic representation
of miR-188-5p-dependent regulation of
the PTEN/AKT pathway involved in the
progression of HF. This diagram shows
that during the process of HF, miR-
188-5p is up-regulated and it inhibits

the expression PTEN that leads to the
activation of the PISK/AKT pathway.

This activation of the PISK/AKT pathway
leads to the activation and proliferation of
HSC, collagen deposition, and progression
of HF. Abbreviation: HF, hepatic

fibrosis
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function as pro-fibrotic, while other function as anti-fibrotic.347->!

In the current study, miR-188-5p was identified to up-regulate in HF.
Furthermore, its up-regulation is associated with high expression of
pro-fibrotic and pro-inflammatory genes, which strongly suggests a
potential role of miR-188-5p in the progression of liver fibrosis. Hyun
et al*>1¢ took advantage of microarray technology to identify that
miR-188-5p was up-regulated in CCl4-induced mice model. Similarly,
the miR-188-5p expression was significantly up-regulated in HSCs in
response to tensile strain representing the mechanical response of
HSCs to portal hypertension.®° In line with this, our results indicated
that the up-regulation of miR-188-5p in HF may facilitate the acti-
vation and proliferation of HSC. However, its biological role in HF
remains poorly understood. In this report, we tried to figure out the
potential role of miR-188-5p in HSCs activation and proliferation,
both in vitro and in vivo.

Activation of HSCs is a tightly orchestrated process that includes

several functional changes, such as increased proliferation and

synthesis of ECM components.52 To date, numerous miRNAs have
been shown to regulate proliferation of HSCs, such as miR-150,%*
miR-122,%* miR-15/16°> and miR-335°° while other miRNAs, such as
miR-133 and miR-29, are implicated in HF by regulating production
of ECM components.’” As discussed earlier, miR-188-5p regulated
HSC activation and proliferation by regulating PTEN expression.
The role of PTEN in liver fibrosis has been well documented.®2°8>?
Reduced PTEN expression in liver fibrosis leads to PIP3 accumula-
tion resulting in activation of PI3kinase followed by phosphorylation
of AKT. AKT is a pro-cell survival protein that is well documented for
its role in HSC proliferation and hepatic injury.3%° Several miRNAs
play a regulatory role in PISK/AKT pathway by targeting the PTEN.
For example, miR-140-3p mediates TGFp-1-induced HSC-T6 cell ac-
tivation and the inhibition of miR-140-3p down-regulated cell prolif-
eration and fibrogenesis in TGF-p1-induced HSC-T6 cells.”® Here, we
showed that miR-188-5p directly suppressed PTEN expression and
consequently increased the level of a-SMA, Colla2, and PCNA in
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HSCs through PI3K/AKT pathway. Therefore, our findings suggest
that miR-188-5p promotes a-SMA expression and cell proliferation
by targeting the PTEN/PI3K/AKT signalling pathway. As shown,
inhibition of miR-188-5p reduced the level of a-SMA, Colla2 and
PCNA in TGF-B1-induced LX-2 cells.

Many researchers have focused on the development of a defi-
nite model to study NASH. Recently, combination of diet (HFD) and
chemical (CCl,)-induced NASH model has gained popularity because
of its ability to develop fatty liver disease rapid.}”?° Consistent with
these studies, our HFD + CCl, animal model also showed high de-
gree of fibrosis compared to the NASH model induced with HFD
only. Inhibition of miR-188-5p in HFD + CCl,-induced model re-
vealed a significant decrease in pro-fibrotic and pro-inflammatory
genes in HFD + CCl4-induced liver fibrosis. Therefore, we focused
on exploring whether miR-188-5p promoted fibrosis by regulating
the activation and proliferation of HSCs.

In summary, we found that miR-188-5p expression is significantly
up-regulated during HSC activation and HF. Knockdown of miR-
188-5p inhibits the expression of pro-fibrotic and pro-inflammatory
markers and cell proliferation in HSCs by targeting PTEN through
inhibiting the PTEN/PI3K/AKT pathway (Figure 8). Moreover, miR-
188-5p inhibition prevented HF in mice. Therefore, our findings
provide new insights into the cellular mechanisms by urging that
miR-188-5p alleviates liver fibrosis by regulating the PTEN/PI3K/
AKT signalling pathway.

ACKNOWLEDGEMENT

This work was supported by the National Natural Science Foundation
of China(no. 81770864, 82070892 & 81370952); the Natural Science
Basic Research Project of Shaanxi Province (no. 2013K21-22-03)
and the Fundamental Research Funds for the Central Universities
(grant number zrzd2017007).

CONFLICT OF INTERESTS

The authors declare that there is no conflict of interests.

AUTHOR CONTRIBUTIONS

Farooq Riaz: Conceptualization (lead); Writing-original draft (lead);
Writing-review & editing (lead). Qian Chen: Methodology (sup-
porting); Resources (supporting). Kaikai Lu: Methodology (sup-
porting). Ezra Kombo Osoro: Methodology (supporting). Litao Wu:
Resources (supporting). Lina Feng: Methodology (supporting).
Rong Zhao: Methodology (supporting). Luyun Yang: Methodology
(supporting). Yimeng Zhou: Methodology (supporting). YingLi
He: Methodology (supporting); Resources (supporting). Li Zhu:
Methodology (supporting); Resources (supporting). Xiaojuan Du:
Methodology (supporting). Muhammad Sadiq: Methodology (sup-
porting). Xudong Yang: Methodology (supporting). Dongmin Li:
Funding acquisition (lead); Supervision (lead); Writing-review &
editing (supporting).

ORCID

Dongmin Li https://orcid.org/0000-0002-7808-1109

REFERENCES

1. Sun M, Kisseleva T. Reversibility of liver fibrosis. Clin Res Hepatol
Gastroenterol. 2015;1:560-S63.

2. Bataller R, Brenner DA. Liver fibrosis. J Clin Invest. 2005;1152:
209-218.

3. Zhang CY, Yuan WG, He P, Lei JH, Wang CX. Liver fibrosis and he-
patic stellate cells: etiology, pathological hallmarks and therapeutic
targets. World J Gastroenterol. 2016;22(48):10512-10522.

4. Friedman SL. Mechanisms of hepatic fibrogenesis. Gastroenterology.
2008;134(6):1655-1669.

5. Lee UE, Friedman SL. Mechanisms of hepatic fibrogenesis. Best
Pract Res Clin Gastroenterol. 2011;25(2):195-206.

6. Friedman SL. Evolving challenges in hepatic fibrosis. Nat Rev
Gastroenterol Hepatol. 2010;7(8):425-436.

7. Friedman SL. Hepatic stellate cells: protean, multifunctional, and
enigmatic cells of the liver. Physiol Rev. 2008;88(1):125-172.

8. Liu X, Xu J, Brenner DA, Kisseleva T. Reversibility of liver fibrosis
and inactivation of fibrogenic myofibroblasts. Curr Pathobiol Rep.
2013;1(3):209-214.

9. Riaz F, Li D. Non-coding RNA associated competitive endogenous
RNA regulatory network: novel therapeutic approach in liver fibro-
sis. Curr Gene Ther. 2019;19(5):305-317.

10. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and
function. Cell. 2004;116(2):281-297.

11. Chitwood DH, Timmermans MC. Target mimics modulate miRNAs.
Nat Genet. 2007;39(8):935-936.

12. Kitano M, Bloomston PM. Hepatic stellate cells and microRNAs in
pathogenesis of liver fibrosis. J Clin Med. 2016;5(3):38.

13. Ju B, Nie Y, Yang X, et al. miR-193a/b-3p relieves hepatic fibrosis
and restrains proliferation and activation of hepatic stellate cells. J
Cell Mol Med. 2019;23(6):3824-3832.

14. Chen Y, Zeng Z, Shen X, Wu Z, Dong Y, Cheng JC. MicroRNA-
146a-5p negatively regulates pro-inflammatory cytokine secretion
and cell activation in lipopolysaccharide stimulated human hepatic
stellate cells through inhibition of toll-like receptor 4 signaling path-
ways. Int J Mol Sci. 2016;17(7):1076.

15. Hyun J, Park J, WangS§S, et al. MicroRNA expression profiling in CCl,-
induced liver fibrosis of Mus musculus. Int J Mol Sci. 2016;17(6):961.

16. Hyun J, Wang S, Kim J, et al. MicroRNA-378 limits activation of he-
patic stellate cells and liver fibrosis by suppressing Gli3 expression.
Nat Commun. 2016;7:10993.

17. Li D, Wang X, Lan Xl, et al. Down-regulation of miR-144 elicits
proinflammatory cytokine production by targeting toll-like receptor
2 in nonalcoholic steatohepatitis of high-fat-diet-induced metabolic
syndrome E3 rats. Mol Cell Endocrinol. 2015;402:1-12.

18. Bale SS, Geerts S, Jindal R, Yarmush ML. Isolation and co-culture of
rat parenchymal and non-parenchymal liver cells to evaluate cellu-
lar interactions and response. Sci Rep. 2016;6:25329.

19. Chheda TK, Shivakumar P, Sadasivan SK, et al. Fast food diet with
CCl4 micro-dose induced hepatic-fibrosis-a novel animal model.
BMC Gastroenterol. 2014;14(1):89.

20. Kubota N, Kado S, Kano M, et al. A high-fat diet and multiple admin-
istration of carbon tetrachloride induces liver injury and patholog-
ical features associated with non-alcoholic steatohepatitis in mice.
Clin Exp Pharmacol Physiol. 2013;40(7):422-430.

21. Zhang Y, Zhang W, Xu A, Tian Y, Liang C, Wang Z. MicroRNA-188
inhibits proliferation migration and invasion of prostate carcinoma
by targeting at MARCKS. Am J Transl Res. 2019;118:5019-5028.

22. LiY, Yan X, ShiJ, et al. Aberrantly expressed miR-188-5p promotes
gastric cancer metastasis by activating Wnt/p-catenin signaling.
BMC Cancer. 2019;19(1):505.

23. Ruedel A, Dietrich P, Schubert T, Hofmeister S, Hellerbrand C,
Bosserhoff AK. Expression and function of microRNA-188-5p in
activated rheumatoid arthritis synovial fibroblasts. Int J Clin Exp
Pathol. 2015;85:4953-4962.


https://orcid.org/0000-0002-7808-1109
https://orcid.org/0000-0002-7808-1109

WILEY-—*¥

RIAZ ET AL.

24. FangF, Chang R-M, Yu L, et al. MicroRNA-188-5p suppresses tumor 45. Chen W, Yan X, Yang A, Xu A, Huang T, You H. miRNA-150-5p pro-
cell proliferation and metastasis by directly targeting FGF5 in hepa- motes hepatic stellate cell proliferation and sensitizes hepatocyte
tocellular carcinoma. J Hepatol. 2015;63(4):874-885. apoptosis during liver fibrosis. Epigenomics. 2020;12(1):53-67.

25. Zhao L, Ni X, Zhao L, et al. MiroRNA-188 acts as tumor suppres- 46. Szabo G, Sarnow P,BalaS. MicroRNA silencing and the development
sor in non-small-cell lung cancer by targeting MAP3K3. Mol Pharm. of novel therapies for liver disease. J Hepatol. 2012;57(2):462-466.
2018;15(4):1682-1689. 47. LiZ, Rana TM. Therapeutic targeting of microRNAs: current status

26. Yang M, Li Y, Wei W. MicroRNA-188-5p promotes epithelial- and future challenges. Nat Rev Drug Discov. 2014;138:622-638.
mesenchymal transition by targeting ID4 through Wnt/p- 48. Krutzfeldt J, Rajewsky N, Braich R, et al. Silencing of microRNAs in
catenin signaling in retinoblastoma. Onco Targets Ther. vivo with 'antagomirs'. Nature. 2005;438(7068):685-689.
2019;12:10251-10262. 49. Ning ZW, Luo XY, Wang GZ, et al. MicroRNA-21 mediates angio-

27. LiN, ShiH, Zhang LU, et al. miR-188 inhibits glioma cell proliferation tensin ll-induced liver fibrosis by activating NLRP3 inflammasome/
and cell cycle progression through targeting B-catenin. Oncol Res. IL-1p axis via targeting Smad7 and Spryl. Antioxid Redox Signal.
2018;26(5):785-794. 2017;271:1-20.

28. Lee K, Kim H, An K, et al. Replenishment of microRNA-188-5p re- 50. Fernandez-Ramos D, Fernandez-Tussy P, Lopitz-Otsoa F, et al. MiR-
stores the synaptic and cognitive deficits in 5XFAD mouse model of 873-5p acts as an epigenetic regulator in early stages of liver fibro-
Alzheimer's disease. Sci Rep. 2016;6:34433. sis and cirrhosis. Cell Death Dis. 2018;910:958.

29. KrauskopfJ,de Kok TM, Schomaker SJ, et al. Serum microRNA signa- 51. Huang YH, Yang YL, Wang FS. The role of miR-29a in the regula-
tures as "liquid biopsies" for interrogating hepatotoxic mechanisms tion, function, and signaling of liver fibrosis. Int J Mol Sci. 2018;19(7),
and liver pathogenesis in human. PLoS One. 2017;12(5):e0177928. 1889.

30. YiS, Qin X, Luo X, Zhang Y, Liu Z, Zhu L. Identification of miRNAs 52. Hou W, Syn W-K. Role of metabolism in hepatic stellate cell activa-
associated with the mechanical response of hepatic stellate cells by tion and fibrogenesis. Front Cell Dev Biol. 2018;6:150.
miRNA microarray analysis. Exp Ther Med. 2018;163:1707-1714. 53. Zheng J, Lin Z, Dong P, et al. Activation of hepatic stellate cells is

31. Gupta P, Sata TN, Yadav AK, et al. TGF-p induces liver fibrosis via suppressed by microRNA-150. Int J Mol Med. 2013;32(1):17-24.
miRNA-181a-mediated down regulation of augmenter of liver re- 54. LiJ, Ghazwani M, Zhang Y, et al. miR-122 regulates collagen pro-
generation in hepatic stellate cells. PLoS One. 2019;14(6):0214534. duction via targeting hepatic stellate cells and suppressing PAHA1

32. He L, Gubbins J, Peng Z, et al. Activation of hepatic stellate cell in expression. J Hepatol. 2013;58(3):522-528.

Pten null liver injury model. Fibrogenesis Tissue Repair. 2016;9:8. 55. Guo CJ, Pan Q, Li DG, Sun H, Liu BW. miR-15b and miR-16 are im-

33. Flier JS, Underhill LH, Friedman SL. Seminars in medicine of plicated in activation of the rat hepatic stellate cell: an essential role
the Beth Israel Hospital, Boston. The cellular basis of hepatic fi- for apoptosis. J Hepatol. 2009;50(4):766-778.
brosis. Mechanisms and treatment strategies. N Engl J Med. 56. Chen C, Wu CQ, Zhang ZQ, Yao DK, Zhu L. Loss of expression of
1993;328(25):1828-1835. miR-335 is implicated in hepatic stellate cell migration and activa-

34. Tsuchida T, Friedman SL. Mechanisms of hepatic stellate cell activa- tion. Exp Cell Res. 2011;317(12):1714-1725.
tion. Nat Rev Gastroenterol Hepatol. 2017;14(7):397-411. 57. Roderburg C, Luedde M, Vargas Cardenas D, et al. miR-133a medi-

35. Mal, Yang X, Wei R, et al. MicroRNA-214 promotes hepatic stellate ates TGF-p-dependent derepression of collagen synthesis in hepatic
cell activation and liver fibrosis by suppressing Sufu expression. Cell stellate cells during liver fibrosis. J Hepatol. 2013;58(4):736-742.
Death Dis. 2018;9(7):718. 58. Wu SM, Li TH, Yun H, Ai HW, Zhang KH. miR-140-3p knockdown

36. YouK, LiS-Y, Gong J, et al. MicroRNA-125b promotes hepatic stel- suppresses cell proliferation and fibrogenesis in hepatic stel-
late cell activation and liver fibrosis by activating RhoA signaling. late cells via PTEN-mediated AKT/mTOR Signaling. Yonsei Med J.
Mol Ther Nucleic Acids. 2018;12:57-66. 2019;60(6):561-569.

37. Wei S, Wang Ql, Zhou H, et al. miR-455-3p alleviates hepatic stel- 59. Kumar P, Raeman R, Chopyk DM, et al. Adiponectin inhibits hepatic
late cell activation and liver fibrosis by suppressing HSF1 expres- stellate cell activation by targeting the PTEN/AKT pathway. Biochim
sion. Mol Ther Nucleic Acids. 2019;16:758-769. Biophys Acta Mol Basis Dis. 2018;1864:3537-3545.

38. Davis-Dusenbery BN, Hata A. Smad-mediated miRNA pro- 60. Sanchez-Pareja A, Clément S, Peyrou M, et al. Phosphatase and
cessing: a critical role for a conserved RNA sequence. RNA Biol. tensin homolog is a differential diagnostic marker between non-
2011;8(1):71-76. alcoholic and alcoholic fatty liver disease. World J Gastroenterol.

39. Zhou Ql, Zheng X, Chen L, et al. Smad2/3/4 pathway contrib- 2016;22(14):3735-3745.
utes to TGF-p-induced MiRNA-181b expression to promote gas-
tric cancer metastasis by targeting Timp3. Cell Physiol Biochem.
2016;39(2):453-466. . SUPPORTING INFORMATION

40. Ahn J-H, Lee H-S, Lee J-S, et al. nc886 is induced by TGF-p and . . i .
suppresses the microRNA pathway in ovarian cancer. Nat Commun. Additional supporting information may be found online in the
2018;9(1):1166. Supporting Information section.

41. Cheng N, Wu J, Yin M, et al. LncRNA CASC11 promotes cancer
cell proliferation in hepatocellular carcinoma by inhibiting miRNA-

” )1(88'33' g::sci R\e{p.l_|201"?:;39t(4)|:8?}.QZtOT.‘(?jOZSé. . bl How to cite this article: Riaz F, Chen Q, Lu K, et al. Inhibition

. Xue M, Cheng Y, Han F, et al. Triptolide attenuates renal tubular . . e . .
epithelial-mesenchymal transition via the MiR-188-5p-mediated of miR-188-5p alleviates hepatic fibrosis by significantly
PI3K/AKT pathway in diabetic kidney disease. Int J Biol Sci. reducing the activation and proliferation of HSCs through
2018;14(11):1545-1557. PTEN/PI3K/AKT pathway. J Cell Mol Med. 2021;25:4073-

43. Hao LS, Zhang XL, An JY, et al. PTEN expression is down-regulated 4087. https://doi.org/10.1111/jcmm.16376
in liver tissues of rats with hepatic fibrosis induced by biliary steno-
sis. APMIS. 2009;117(9):681-691.

44, Zheng J, Wu C, Xu Z, et al. Hepatic stellate cell is activated

by microRNA-181b via PTEN/Akt pathway. Mol Cell Biochem.
2015;398:1-9.


https://doi.org/10.1111/jcmm.16376

