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Purpose: Plant-derived exogenous microRNAs (miRNAs) regulate human physiological
functions by blocking the translation of target mRNAs. Although several computational
approaches have been developed to elucidate the interactions of cross-species miRNAs and
their targets in mammals, the number of verified plant miRNAs is still limited, and the
biological roles of most exogenous plant miRNAs remain unknown.

Methods: A miRNA mimic library-based phenotypic screening, which contained 8394 plant
mature miRNAs published in the official database miRbase, was performed to identify more
novel bioactive plant miRNAs for the prevention of hepatic fibrosis. Inhibition of candidates
for the activation of hepatic stellate cells (HSCs) and the underlying mechanisms were
evaluated in TGF-B1- and PDGF-exposed HSC models. The protective effects of the
candidates against CCly-induced liver fibrosis were evaluated in a mouse model.

Results: Among the 8394 plant mature miRNAs reported in the official database miRBase,
five candidates were found to effectively inhibit the differentiation of HSCs. gma-miR-159a
(miR159a) exerted the strongest inhibitory activities on both TGF-1- and PDGF-induced
HSC activation and proliferation by inhibiting the GSK-3p-mediated NF-kB and TGF-§1
pathways. Moreover, miR159a was mainly accumulated in the liver after intravenous injec-
tion, and it reduced CCly-induced hepatic fibrosis and inflammation in mice.

Conclusion: Results indicated that miR159a has the therapeutic potential for preventing
hepatic fibrosis. This study provides a novel strategy for achieving natural nucleic acid
drugs.

Keywords: cross-kingdom regulation, miRNA library, GSK-3p, apoptosis, hepatic fibrosis,
inflammation

Introduction

The incidence rate and mortality rate of liver cirrhosis, which is one of the most
common cause of deaths worldwide, have rapidly increased in developing countries
in recent years. Liver fibrosis is not only a crucial stage but also an important
pathological characteristic during the progression from chronic liver injury to
cirrhosis.' Given that this process can be reversed, early intervention and treatment
are very important to prevent the occurrence and development of liver disease.
Despite the great advancement in the study of the mechanisms of pathogenesis-
induced liver fibrosis, no effective antihepatic fibrosis drugs have been approved by
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US Food and Drug Administration for clinical use. Owing
to the lack of evidence-based medical supports, both the
American Association for the Study of Liver Diseases and
the European Association for the Study of the Liver have
released few guidelines or a consensus opinion on liver
fibrosis.”* Therefore, developing safe and effective hepa-
toprotective drugs have been the focus of research to
prevent the pathogenesis of hepatic fibrosis.

MicroRNAs (miRNAs) are a kind of non-encoded sin-
gle-chain small molecules composed of 19-25 nucleotides.
Many studies have confirmed that miRNAs can recognize
target mRNAs to block their translation through base-
pairing rules and are involved in various physiological
and pathological processes of eukaryotes, such as embryo-
nic differentiation, fertilization, cell adhesion, inflamma-
tory response, and tumor metastasis.*> More interestingly,
emerging evidence indicates that plant-derived miRNAs,
as a novel plant and/or food component, could shuttle
across different eukaryotic species and cross-kingdom reg-
ulate the mammalian gene expression.’’ Since Zhang
et al® first discovered the cross-kingdom regulation of
exogenous plant miRNAs and found that rice miR168a
increases the plasma levels of low density lipoprotein
(LDL) in mice by inhibiting LDL receptor adaptor protein
1, additional plant miRNAs, including broccoli miR159,
danshen miR-1, and honeysuckle MIR2911, with obvious
antitumor and antiviral activities have been identified.” "
Although the potential scope and source of exogenous
miRNAs derived from dietary food and medicinal plants

1,'*!® they had been considered as the

remain controversia
8th nutriment. Recently, several computational approaches
have been developed to elucidate the interactions of cross-
species miRNAs and their targets in mammals.'*"
However, miRNAs have selective distribution in different
tissues, and even the same miRNA can play distinct roles
in disease progression.'®'” Thus, the biological roles of
most exogenous plant miRNAs remain unknown. In this
study, a miRNA mimic library-based functional screening,
which contained 8394 plant mature miRNAs published in
the official database miRbase (version 22.0), was per-
formed to identify more plant miRNAs with obvious anti-
hepatic fibrotic potentials both in vitro and in vivo. Among
all candidates, gma-miR-159a (miR159a), which was
derived from soybean, was identified as the top suppressor
of TGF-B1- or CCly-induced hepatic stellate cell activa-
tion. These results not only provide a new strategy for
discovering a wealth of useful therapeutic agents in plants

but also contribute to the study of indigenous remedies

with unknown medicinal substances. The process was
showed schematically in Figure 1.

Materials and Methods
miRNA Mimic Library-Based Functional

Screening

The library of chemically synthesized plant miRNA
mimics, which contained 8394 plant mature miRNAs
reported in the official database miRbase (version 22.0),
were obtained from RIBOBIO Biotechnology Company
(Guangzhou, China).

The commercially available human hepatic stellate LX-
2 cells (HSCs; catalog number: CL-0560) and human
normal hepatic LO-2 cells (catalog number: CL-0111)
were purchased from Wuhan Procell Company (China).
The cell line was authenticated by STR analysis. This
study was approved by the ethics committee of Zhejiang
Academy of Medical Sciences (Approval No.
2018R1013). The cells were cultured in RPMI 1640 med-
ium containing 10% fetal bovine serum, 100 U/mL peni-
cillin, and 100 U/mL streptomycin at 37°C in a humidified
5% CO, incubator.

HSC activation and differentiation were induced by
seeding the cells into 384-well plates at a density of
5000 cells/well. The cells were treated with 100 pL of
OPTI-MEM culture medium (containing 10 pg/mL TGF-
Bl or PDGF-AA) and then incubated at 37°C in
a humidified 5% CO, incubator for 24 h."®2° The cells
were transfected with each different miRNA mimic whose
final concentration was 100 nmol/L in each well. A mimic
control (100 nmol/L) was used as the negative control,
whereas sorafenib (10 umol/L) was utilized as the positive
control. The cells were automatically imaged 0 and 48
h after initiation of miRNA mimic treatment by using the
Operetta High Content Screening System (PerkinElmer,
USA) in brightfield mode. Five field-of-views were
selected in each well by using the Harmony software
under the “digital phase contrast” option. The area of
each cell was computed using the “calculate morphology
properties” option to obtain Figure 1A and B. Inhibitory
rate (%) was calculated as follows:

Inhibitory rate(%) = (AM — AT)/AM x 100%
where AM was the average cell area of the model control

group, and AT was the average cell area of the miRNA-
treated group.
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Figure | The flow chart of the program.

MTT Assay

Inactivated HSCs were seeded in a 96-well plate at
a density of 10,000 cells/well, treated with 100 puL of
OPTI-MEM culture medium containing 10 pg/mL of
TGF-B1, and then incubated at 37 °C in a humidified 5%
CO, incubator for 24 h. The activated HSCs were treated
with miR159a (100 nmol/L) or sorafenib (10 umol/L) as
the positive control for 24 h. After incubation, 20 pL of
MTT solution (5 mg/mL; Sigma-Aldrich Company, USA)
was added to each well, and the cells were incubated at
37 °C for 4 h. When the supernatants were removed,
150 pL of DMSO was added to each well to dissolve
the formazan crystals. The optical density of each well
was detected at 490 nm by using the Spectra Max M4
microplate reader (MD, USA).

The LO-2 cells were also used to investigate the cyto-
toxicity of plant miRNAs. The experimental procedure

was performed as described above.

RT-PCR Analysis

Total RNA was extracted from the HSC cells by using the
Trizol reagent (Thermo Scientific, US) and then reverse-
transcribed into complementary DNA (cDNA) by using
a cDNA kit (Yeasen Inc., Shanghai, China) following the
manufacturer’s instructions. The expression levels of a-
SMA, TIMP-1, and Col I were determined using
PrimeScript RT-PCR kits (Takara, Shiga, Japan) with
GAPDH as the internal reference. Real time-PCR was per-
formed on the ABI7500 quantitative PCR instrument (ABI
Company, US). The primers were designed and synthesized
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by Sangon Biotech Co., Ltd. (Shanghai, China) (Table S1).
Fold changes of gene expression were calculated via the
2744 method.

Cell Apoptosis Detection

The cells were inoculated in 6-well plates with 2x10° cells
each well and then randomly divided into four groups:
control group, TGF-Bl-treated group, gma-miR-159a
(miR159a)-treated group, and mimic control-treated
group. The final tested concentrations of miR159a in the
experiment were 100 nM. After treatment with 5 pug/mL of
TGF-B1 for 24 h, the cells were washed with PBS twice
and then mixed with PBS to obtain the suspension (5x10°
cells/mL), and then 200 uL of the suspension was mixed
with propidium iodide and annexin V-FITC (100 test;
Multisciences Biotech, Co., Ltd) for 20 min. The apoptosis
of HSCs was detected via flow cytometry. The data were
presented as the percentages of annexin V-positive cells in
the total cells.

Differentially Expressed Proteins

Assessed by iTRAQ Analysis

iTRAQ combined with LC-ESI-MS/MS analysis was
employed to investigate the differentially expressed pro-
teins in TGF-B1-treated HSCs after transfection with the
miR159a mimic or the mimic control. In brief, 100 pg of
the cell lysates was digested with Trypsin Gold reagent
(Promega, Madison, USA) at 37 °C for 16 h, and then the
peptides were reconstituted in 0.5 M of TEAB and 8-plex
iTRAQ reagent (Applied Biosystems, USA). The peptides
were marked with isobaric tags at room temperature for 2
h. Data acquisition was performed with a Triple TOF 5600
System (AB SCIEX, ON)by LC-bio Company, Hangzhou,
China. Quantitative protein ratios were normalized by the
median ratio in Mascot. Only the ratios with p-values <
0.05 and fold changes of >2.0 were considered as statisti-
cally significant.

Prediction of miRNA Target Gene

MiRanda, the algorithm of which is based on the removal
of Max-Energy target genes more than —10, was used to
predict the targets of miR159a. The intersection of
miR159a targets generated by the miRanda algorithm
and iTRAQ analysis was calculated by Venn diagram
tool. The expressions of these potential targets of

miR159a were verified by Western blot analysis.

Dual-Luciferase Reporter Assay

The dual-luciferase reporter system was used to investi-
gate whether glycogen synthase kinase-3f (GSK-3f) was
the direct target of miR159a in accordance with
described  method  with
modifications.>' The full-length fragment of wild-type or

a  previously minor
mutant forms of the GSK-3 gene was cloned into pGL3
vector (Specification: 20 pg; Promega, USA) and trans-
fected into HEK293T cells by using Lipofectamine 3000.
Sixteen hours after incubation, dual luciferase activity was
reader

measured by a multifunctional

(MD, USA).

microplate

Immunofluorescence Staining

The cells in different groups were grown on 6-well dishes
and then treated with 4% formaldehyde (pH 7.2) for
1 h. The permanent cells were washed with normal PBS
twice and blocked with 5% bovine serum albumin (BSA)
and 0.3% Triton X-100 in PBS for 0.5 h. After treatment,
the cells were stained with GSK-3p (Santa Cruz, USA)
primary antibodies overnight at 4 °C. The cells were
washed with PBS twice and then stained with Texas red-
labeled secondary antibodies for 3 h. The cells were
washed twice and then stained with 4’,6-diamidino-2-phe-
nylindole (DAPI). Fluorescence images were obtained
using a BMI 3000 fluorescence microscope (Zeiss,
Germany).

Cytoskeleton Assay

The slides of hepatic fibroblasts were prepared following
the aforementioned method and then stained with FITC-
labeled phalloidin (KAIJI Biotech Co. Ltd., China) to
visualize cytoskeleton, whereas Hoechst 33342 was used
to visualize nuclei. F-actin distribution in HSCs was
assayed using a BMI 3000 fluorescence microscope

(Zeiss, Germany).

Preparation of CCl4-Induced Hepatic

Fibrotic Mice and miR159a Treatment

Male ICR mice were bought from Zhejiang Laboratory
Animal Center (Hangzhou, China). The mice were fed
with filtered water and sterilized food under standard spe-
cific pathogen-free conditions. This experiment was
approved by the ethics committee of Zhejiang Laboratory
Animal Center (Approval No. 2018R1014) and followed
the Chinese guidelines for the welfare and treatment of

laboratory animals (GB/T 35823-2018).
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The mice (4 weeks old) were intraperitoneally injected
with 0.1 mL of peanut oil containing 20% CCl, twice
a week for 6 weeks to induce hepatic fibrosis.”***> The
mice with hepatic fibrosis were randomly divided into
a model group, a miR159a-treated group, and a silymarin-
treated group (as the positive control group). Each group
had eight mice. Another eight normal mice (10 weeks old)
were used as the control group. Four weeks after CCl,
challenge, the mice in the miR159a-treated group were
intraperitoneally injected with 300 nM/kg of miR159a
agomir once a week for 2 weeks, whereas the mice in
the silymarin-treated group were orally administrated with
150 mg/kg of silymarin once a day for 2 weeks. At the end
of the experiment, all mice were sacrificed under anesthe-
sia (isoflurane). Blood samples were collected from celiac
artery, and liver samples were weighed and conserved for
further analysis.

To investigate the in vivo distribution of miR159a,
three mice with hepatic fibrosis were selected and then
intraperitoneally injected with 300 nM/kg of miR159a
agomir labeled with Cy3 dye, while other 3 model mice
were injected with 300 nM/kg of mimic labeled with Cy3
dye. Six mice from model group and normal group were
intraperitoneally administrated with saline. About 1 h after
intraperitoneal injection, all mice were anaesthetized by
isoflurane and the fluorescence intensity of Cy3-labeling
miR159a was measured by using Lumina LT animal ima-
ging system (PE company, USA).

Western Blot Analysis

The cells or liver samples were collected and washed with
normal saline twice. Total protein was extracted using
a protein extraction solution (Servicebio Company,
Wuhan, China). Electrophoretic separation was conducted
in a protein extraction solution by using 12.5% SDS-
PAGE. After separation, the protein was transferred from
the separation gel onto a PVDF membrane by electrorota-
tion. The membrane was incubated overnight with the
antibodies and with a secondary antibody for 2 h. The
protein bands were developed, and their luminescence
was detected using the ECL Kkit.

Histopathological Analysis

A part of the liver sample was put into 10% formalin and
then embedded in paraffin. Morphological and fibrotic
changes in liver tissues were observed via H&E staining
and Masson staining, respectively. Immunohistochemistry
analysis was performed to investigate the expression of

a-SMA and TGF-B1 (two conventional indicators of hepa-
tic fibrosis) in hepatic tissues. Histopathological features
were analyzed in the same manner as in our previous
study.”> Histological changes in each liver tissue were
individually calculated in three aspects, namely, steatosis,
fibrosis, and inflammation, and then appraised by counting
the scores of each item.

Fluorescence in situ Hybridization (FISH)
Analysis

After prehybridization for 1 h at 37 °C, the mouse liver
tissues were treated with a hybridization buffer containing
50 nM of FAM-labeled miR159a probe (synthesized by
Bioster, Wuhan, China) at 37 °C overnight. The sections
were then blocked with 1% BSA and 3% normal goat
serum in PBS for 1 h and then incubated with mouse anti-
GSK-3B antibody (Proteintech, USA) overnight. The
sections were washed three times with TBS and then
incubated with goat anti-mouse IgG for 1 h. The sections
were washed three times in PBS, once in DEPC water, and
then incubated with DAPI for 20 min to visualize the
nuclei. Finally, the sections were washed once with
DEPC water treated with  30%
Immunofluorescence  images obtained

and glycerin.

were using

a confocal microscope (Olympus, Japan).

Culture Medium and Serum Biochemical
Marker Analysis

The supernatant was collected after centrifugation at
3000 rpm for 20 min at 4 °C. The inflammatory markers
(TNF-a and IL-6) and the fibrotic markers (tissue inhibitor
of metalloproteinase 1 [TIMP-1] and type I collagen
[Col I]) were determined via ELISA.

About 0.7 mL of the arterial blood was collected and
put into the anticoagulated tubes, which were pretreated
with EDTA-Na,. Levels of fibrotic indicators (alanine
aminotransferase [ALT], aspartate aminotransferase
[AST], type III procollagen [PC III], and type IV collagen
[Col IV]) in the serum of the mice were measured via
ELISA. All ELISA kits were obtained from Boster
Biological Technology Co. Ltd. (Wuhan, China).

Statistical Analysis

The data were presented as means+standard deviation
(SD) and analyzed via one-way ANOVA by Tukey’s test
with SPSS software (ver. 17.0). P values <0.05 indicated
statistical significance.
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Results
MiR159a Had the Strongest Inhibition on
Both TGF-B1- and PDGF-AA-Induced

Hepatic Stellate Cell Activation
In this study, TGF-B1 and PDGF were used to promote the
proliferation and differentiation of HSCs. Under an
inverted microscope, the shape of HSCs with TGF-B1 or
PDGF-AA stimulation changed from a small round into
a spindle. However, after stimulation with sorafenib (a
PDGF blocker) or plant mimics, the shape of HSCs
became elliptical or round in varying degrees (Figure 2).
On the basis of the experimental results of cell imaging
data clustering, candidate plant miRNAs with potent inhi-
bitory activities were screened out by identifying the
training sample set and via machine self-learning with
a high-content screening system. Among the 8394 plant
mature miRNAs reported in the official database miRBase,
five candidates were found to effectively inhibit the HSC
differentiation, and these candidates had a stronger inhibi-
tion than the positive control sorafenib. The results of
exogenous plant miRNA library functional screening
were analyzed. The inhibitory effects of those five candi-
date plant miRNAs on HSC proliferation were measured
via MTT assay. Results showed that those five candidates
could also substantially reduce HSC proliferation.
miR159a exhibited the strongest inhibitory activities on
both TGF-f1- and PDGF-induced HSC activation and
proliferation in vitro. It not only considerably decreased
the levels of inflammatory markers (TNF-a and IL-6) and
fibrotic markers (TIMP-1 and Col I) in the cell culture
mediums but also remarkably reduced the mRNA expres-
sions of a-SMA, TIMP-1, and Col I in the miR159a-
treated HSCs compared with those in TGF-B1-activated
HSCs. Unlike sorafenib, all those candidate miRNAs did
not show any evident cytotoxicity to normal liver LO2
cells, indicating that they were less toxic than sorafenib.
Furthermore, the apoptotic rates of the miR159a-treated
group were 10-fold higher than those of the control group,
indicating that miR159a induced the apoptosis of TGEF-
Bl-activated HSCs. Therefore, miR159a was considered
a potential antihepatofibrotic agent for further research.

GSK-3 Was One of the Targets of

miR159a
MiRNAs regulate the direction HSC differentiation by
regulating many genes via a post-transcriptional protocol.

Therefore, iTRAQ-based quantitative proteomic analysis
was performed for the global profiling of inactivated HSCs
after miR159a transfection. In this study, 86 differentially
expressed proteins associated with miR159a overexpres-
sion were identified by iTRAQ analysis (Figure 3).
Moreover, additional differentially expressed proteins
were identified via miRanda bioinformatics predictions,
which is a well-known web service for predicting the
targets of certain miRNAs. A total of 199 targets were
predicted by the miRanda algorithm. On the basis of the
degree of downregulation and the presence of a miRNA
binding site in the 3’ UTR of the target gene, seven
candidates were considered in the intersection of the
miR159a targets generated by the miRanda algorithm
and iTRAQ analysis. However, among those seven targets,
the expression levels of GSK-3f, Notchl, and Smad2 were
substantially downregulated in the miR159a-treated group
and the normal control group compared with those in the
model group or the mimic control-treated group
(Supplementary Figure S1). Given that GSK-3f, the mole-
cular function of which in the pathogenesis of hepatic

fibrosis is well known, was the most differentially
expressed gene among the three aforementioned targets,
it was considered as the main target of miR159a for further
investigation.

Dual-luciferase assay was performed to validate whether
GSK-3p is the potential miR159a target. The relative activ-
ity of luciferase reporter containing the wild-type 3" UTR
fragment of GSK-3f was considerably reduced, but lucifer-
ase activity did not notably change when the binding sites
were mutated. These results suggested that miR159a inhib-
ited the expression of GSK-3f in vitro.

MiR159a Inhibited the Activation of HSCs
Induced by TGF-B1

HSC activation is associated with cytoskeleton remodeling
of actin, including F-actin upregulation and morphological
changes (from round to spindle). As shown in Figure 4, in
the control group, the cytoskeleton of the inactivated HSCs
had a diffused distribution, the length of F-actin filaments
was irregular and uneven, and the shapes of cells were
round and oval. However, the fluorescence expression of
F-actin in the TGF-Bl-induced HSCs was remarkably
increased compared with that in the control group. In the
TGF-B1-treated group, the F-actin filaments were concen-
trated along the longitudinal axis of the cells and arranged
parallel to the thin strips of stress fibers. After the miR159a
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Figure 2 Gma-miR-15%a (miR159a) inhibited hepatic stellate cell (HSC) activation. (A) Representative diagrams of activated HSC model (Left) and miR[59a-treated HSCs
(Right), in which the cell phenotypes were analyzed by PE operetta high-content screening system. Scale bars, 200 um. (B) Inhibition of plant-derived miRNAs on (X axis)
TGF-B1- and (Y axis) PDGF-induced HSC activation by using high-throughput phenotypic screening. The results were repeated twice. (C) Inhibition of 5 candidate miRNAs
on TGF-Bl-induced HSC activation which was verified by MTT assay. (D) Cytotoxicity of 5 candidate miRNAs in normal liver LO2 cells which was detected by MTT assay.
(E) MiR159a induced cell apoptosis of TGF-B|-activated HSCs. (F) Representative diagrams of flow cytometry results. (G) MiR159a reduced the production of Col |, TIMP-
I, TNF-a and IL-6 as well as the expressions of a-SMA, Col | and TIMP-I. All values indicated the mean * SD (n =5). Different letters indicated statistically significant

differences, P<0.05 (Tukey’s test).
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expression pattern in HSCs, which were respectively treated with vehicle (negative mimic, 20 nM), miR159a (20 nM), GSK-3p inhibitor AR-A014418 (10 nM) or miR159a
+GSK-3f agonist LY294002 (20+10 nM). The HSCs were stained for FITC-labeled phalloidin (green) to visualize F-actin and Hoechst 33342 (blue) to visualize nuclei. (B)
Representative immunofluorescence showed differential GSK-3f expression in HSCs, which were respectively treated with vehicle (negative mimic, 20 nM), miR[59a (20
nM), GSK-3p inhibitor AR-A014418 (10 nM) or miR159a+GSK-3f agonist LY294002 (20+10 nM). The HSCs were stained for texas red-labeled antibody (red) to visualize
GSK-3B and DAPI (blue) to visualize nuclei. Scale bars, 50 pm.

mediated mTOR/NF-«kB and TGF-f1/Smad2 pathways.
However, the GSK-3p agonist LY294002 could reverse
the inhibition of miR159a on GSK-3f activation induced
by TGF-B1 in the HSCs. These results indicated that
miR159a inhibited TGF-Bl-induced activation of the

MiR159a Reduced the Expression of

GSK-3p and Its Downstream Proteins

After TGF-B1 stimulation, the protein expression levels of
GSK-3p and its downstream proteins (mTOR, p-p70S6K,
NF-kB, IL-6, TNF-a, p-STAT3, TGF-B1, p-Smad2, Col I,

and a-SMA) in the activated HSCs were notably increased
compared with those in the control group, whereas
miR159a inhibited the increased protein expression levels
of GSK-3p and its downstream proteins induced by TGF-
B1 in the HSCs (Figure 4 and Supplementary Figure S2).
Treatment with the GSK-3f inhibitor AR-A014418 also
inhibited TGF-Bl-induced activation of the GSK-3f-

GSK-3B-mediated pathways by targeting GSK-3p.

MiR159a Improved Hepatic Fibrosis and
Inflammation in Mice Induced by CCl,

In the control group, the hepatic surface was smooth with
eumorphism in histology. After 6 weeks of CCl, induction,
the liver of the mice showed severe fibrotic symptoms. The
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Figure 5 MiR159a reduced the expressions of GSK-3 and its downstream induced by TGF-BI in HSCs. Both miR159a and GSK-3 inhibitor AR-A014418 down-regulated
the expressions of GSK-3f and its downstream (mTOR, p-p70S6K, p-Smad2, NF-kB and p-STAT3). However, GSK-3[ agonist LY294002 could reverse the inhibition of
miR159a on the activation of GSK-3f induced by TGF-BI in HSCs. The relative quantitative results were shown in.Supplement Figure S2.

hepatic tissues of the model mice became hard, greasy, and  lipid deposition, fibroblast activation, and neutrophil infiltra-
coarse with large amounts of white plaques on liver surface.  tion, as well as increased expression levels of 0-SMA and

Histopathological examination further confirmed obvious TGF-B1 in the hepatic tissues of the model mice. However,
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Table | Effects of miR159a Agomir on Hepatic Index and Serum Biomarkers in CCl4-Induced Hepatic Fibrosis Mice
Group Dose Hepatic Index | ALT (U/L) | AST (U/L) PC 1l Col IV TNF-a IL-1B IL-6 (ng/
(mglg) (ng/mL) (ng/mL) (ng/mL) | (ng/mL) mL)
Control - 35.5£0.6¢ 69.8£12.0° | 51.4x7.2° 43224 41.0£4.2° 41.8+4.0° | 1532.5° | 23.0£2.8°
Model - 44.6%1.7 196.9+22.5* | 167.0£28.9* | 122£1.7° | 93.1£185% | 112.849.3* | 63.8+4.3" | 77.1x3.9°
MiR159a agomir | 300 nmol/kg 37.9+0.9° 124.6£18.6° | 922£14.1° | 89+2.28° 65.1£5.7° 72.64£32° | 33.4426° | 42.1x2.1°
Silymarin 150 mg/kg 40.0+0.8° 109.0£15.2° | 123.7£19.3° | 8.6x1.16° | 69.3+9.8° 752+4.6° | 34.6x29° | 46.7%3.1°

Notes: All values indicated the mean * SD (n =8). Different letters indicated statistically significant differences, P<0.05 (Tukey’s test).
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; PC Ill, type Il procollagen; Col IV, type IV collagen; TNF-a, tumor necrosis factor o; IL-1J,

interleukin I; IL-6, interleukin 6.

those features could be hardly observed in the normal mice
(Figure 5). Administration with miR159a agomir for 2
weeks not only substantially reduced lipid deposition, fibro-
blast activation, and neutrophil infiltration but also down-
regulated the expression levels of a-SMA and TGF-f1,
whose pathological scores less

were considerably

than those of silymarin (Supplementary Figure S3),

indicating that miR159a has a good therapeutic potential on
CCly-hepatic fibrosis in mice.

By contrast, the hepatic indexes, as well as the serum
hepatic function biomarkers (ALT, AST, PC III and C 1V)
and inflammatory cytokines (TNF-a, IL-1B andIL-6), of
the model mice were considerably increased compared
with those of the normal mice (Table 1). However, admin-
istration with miR159a markedly reduced all those
biomarkers, indicating the antihepatic fibrotic and anti-
inflammatory effects of miR159a.

MiR159a Was Mainly Distributed in the

Hepatic Tissues of Mice

About 15 min after intraperitoneal injection with 20 nM of
Cy5-labeled miR159a agomir, the fluorescence images of
mice were obtained using an animal imaging system. As
shown in Figure 6, only the chests of the miR159a-treated
mice presented strong fluorescence signals, whereas no
fluorescence signals were observed in the other groups.
This result indicated that miR159a was mainly distributed
in the hepatic tissues of mice.

The expression levels of GSK-3f and its downstream
proteins (mTOR, NF-«B, IL-6, TNF-a, p-STAT3, TGF-p1,
Col I, and a-SMA) in the model group were substantially
increased compared with those in the control group,
whereas those in the miR159a- or silymarin-treated
group were considerably decreased compared with those
in the model group (Figure 7). Furthermore, FISH analysis
revealed that miR159a labeled with FAM could be

detected in the hepatic tissues of the miR159a-treated
mice, whose localization was mainly in the intercellular
substances and cytoplasm. However, it was hardly
detected in the control group. These results indicated that
miR159a could be took up by mouse hepatic cells and
subsequently downregulate the expression levels of key
proteins of GSK-3B-mediated NF-kB and TGF-B1 in the

liver tissues of the mice.

Discussion
Numerous studies recently demonstrated that plant
miRNAs, as novel dietary functional components, can be
absorbed by the gastrointestinal cells via the SIDT1 path-
way, thereby entering the bloodstream and regulating the
expression of endogenous mRNAs.® Owing to the
2-O-methylation of the terminal region of these genes,
the structures of some plant miRNAs cannot be destroyed
after being treated with strong oxidants (such as NalQOy),
strong corrosive agents (such as formalin and toluene), and
even gastrointestinal digestion and decomposition; its
structure remained intact and could be detected by RT-
PCR, indicating that the structures of plant miRNAs are
highly stable.”* Given that there are no exactly the same
gene sequences between plants and animals, the plant
miRNAs found in animal serum or organ tissue must
have come from plants and not from animal endogenous
miRNAs or animal endogenous RNA fragments.”
Therefore, plant miRNAs could be potentially used as
therapeutic and dietary supplements against human
diseases.

miRNA libraries for loss or gain of function are widely
used to identify new biological mechanisms of miRNA,
including cell proliferation, differentiation, apoptosis, and
survival.”* miRNA mimics synthesized by chemical methods
can elevate the expression of mature exogenous or endogen-

ous miRNA in cells and be useful in screening for gain of
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Figure 6 MiRI59a ameliorated CCly-induced hepatic fibrosis in mice. (A) Imaging in vivo and the relative quantitative results of miR[59a agomir labeled with Cy3 dye in
mice. (B) The histologic appearance of fibrotic changes in hepatic tissues. (C) The histopathological changes in hepatic tissues stained by HE and MASSON. The expression
of 0-SMA and TGF-B1 in hepatic tissues detected by immunohistochemistry. The pathological scores of each group as well as the relative expressions of 0-SMA and TGF-B1
were showed in Supplement Figure S3. Scale bars, 100 um.
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Figure 7 The distribution of miR159a in CCl4-induced hepatic fibrotic mice. (A) The expression of GSK-33-mediated pathways in hepatic tissues of CCls-induced hepatic
fibrotic mice. (B) The FISH assay showed the location of miR159a in mouse liver tissues. Green, miR159a; red, GSK-3p; blue, DAPI. Scale bar: 50 um.

functions.?”*® In this study, additional plant miRNAs exert- HSCs and activated HSCs were identified by a machine
ing therapeutic potential were identified via high-throughput  learning algorithm to establish a rapid and accurate method
phenotypic screening for antihepatic fibrotic miRNAs by  for screening potential plant miRNAs. Among the 8394 plant
using a library of chemically synthesized plant miRNA  mature miRNAs reported in the official database miRBase,
mimics. Visible morphological differences between normal  five miRNAs, namely, gma-miR-159a, csi-miR-482b, crt-
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miR-168, zma-miR-393a, and cca-miR-167, were found to
have obvious inhibitory activities on both TGF-B1- and
PDFG-AA-induced HSC activation in vitro. Further studies
showed that miR159a remarkably inhibited HSC activation
and proliferation induced by TGF-B1 compared with the
other four candidates. More importantly, miR159a did not
affect the viability of normal liver cells, indicating the poten-
tial of miR159a for treating hepatic fibrosis.

miRNAs regulate the direction of HSC differentiation
by wielding a post-transcriptional protocol on large num-
bers of target genes.”” A combined analysis of the results
of iTRAQ-based proteomic identification and miRanda
algorithm found seven candidate targets of miR159a.
Western blot analysis revealed that after TGF-B1 chal-
lenge, the expression of GSK-3f was substantially
increased in the activated HSCs, which could be reversed
by miR159a. Dual-luciferase reporter analysis also showed
that miR159a markedly inhibited the luciferase activities
of H293T cells transfected with the miR159a seed binding
site of GSK-3B, but this effect disappeared when the
nucleotides of the binding site were mutated. These results
indicated that GSK-3f is one of the targets of miR159a.
Previous studies demonstrated that GSK-3f is an evolu-
tionarily conserved serine/threonine kinase widely found
in mammalian eukaryotic cells. Aside from regulating the
activity of glycogen synthase, GSK-3p not only acts as an
oncogene but also participates in various cellular pro-
cesses, including cell cycle control, DNA damage and
repair, gene transcription, and cell apoptosis.*>*' GSK-3p
is associated with the development of numerous human
diseases, including Type 2 diabetes, atherosclerosis, cardi-
aging,
cancers.”' % Remarkably, GSK-3B activation is involved

omyopathy, fibrosis, infertility, and certain
in the development of human liver cirrhosis, whereas
GSK-3p inhibition prevents fibroblast activation and fibro-
genesis, resulting in decreased levels of ROS and subse-
quently inactivating various downstream factors, including
mTOR, NF-«B, and TGF-B1 signaling, as well as JAK/
STAT3 phosphorylation.** Therefore, selective targeting of
GSK-3p presents a promising strategy for ameliorating
several pathological conditions of liver fibrotic diseases.
In this study, treatment with miR159a or the GSK-3f
inhibitor AR-A014418 reduced the increased expression
levels of GSK-3B and its downstream proteins, as well as
those of activated cell phenotypes induced by TGF-f1,
which were abolished by the GSK-3B agonist LY294002.

These results indicated that miR159a inhibits TGF-

Bl-induced HSC activation by inactivating GSK-3f3
signaling.

The reliability of in vitro data was verified. The in vivo
distribution and therapeutic efficacy of miR159a were
investigated on the chemically induced liver fibrosis and
inflammation in vivo. After 6-week exposure to CCly,
obvious mesenchymal alterations appeared in the liver tis-
sues, including thickening of the basal lamina, lipid accu-
mulation, fibrous hyperplasia, and inflammatory cell
infiltration. Moreover, the serum levels of hepatic functional
markers (ALT, AST, PC III, and C IV) and inflammatory
cytokines (TNF-o, IL-1B, and IL-6) were substantially
increased in the mice. However, treatment with 300 nM of
miR159a agomir once a week for 2 weeks evidently ame-
liorated CCly-induced lipid accumulation and liver fibrosis;
reduced the increased expression levels of ALT, AST, PC
111, C IV, TNF-q, IL-1p, and IL-6 in serum; and suppressed
the elevated expressions of GSK-3f and its downstream key
proteins of the NF-kB and TGF-B1 pathways in hepatic
tissues. These results indicated that miR159a could be
used as a potential agent for hepatic fibrosis treatment.
Moreover, animal imaging results showed that agomir was
mainly expressed in the liver tissues of the mice, implying
that it has a specific distribution pattern in tissues. FISH
analysis further revealed that the positive expression of
miR15%a could be clearly visualized in the intercellular
substances and cytoplasm. Thus, we conjectured that
miR15%a could be absorbed by mouse hepatic cells and
then downregulate the expression levels of GSK-3pB-
mediated signaling pathways in liver tissues.

In conclusion, the antifibrotic activities of soybean-
derived miR159a was first identifies by exogenous plant
miRNA library functional screening analysis. MiR159a
not only induced apoptosis and inactivation of HSCs
in vitro through suppressing GSK-3p3-mediating NF-kB
and TGF-Bl pathways, but also ameliorated the liver
fibrosis and inflammation in CCly-exposed mice.
Therefore, miR159a could be used as an effective thera-
peutic agent for prevention of hepatic fibrosis. This study
also provided a novel strategy for discovering natural

nucleic acid-like candidates in the plant medicine.

Abbreviations

ALT, alanine aminotransferase; AST, aspartate amino-
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