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SUMMARY

Increasing the microRNA-23b/27b/24-1 level
intravenous delivery of miR-23b/27b/24-1

through
lentivirus

ameliorated mouse hepatic fibrosis. Mechanistically, the
miR-23b/27b/24-1 cluster directly targeted messenger
RNAs of 5 secretory profibrotic genes (TGF-32, Gremlinl,
LOX, Itga2, and Itga5) in hepatic stellate cells.

BACKGROUND & AIMS: Hepatic fibrosis is characterized by
hepatic stellate cell (HSC) activation and
transdifferentiation-mediated extracellular matrix (ECM)
deposition, which both contribute to cirrhosis. However, no
antifibrotic regimen is available in the clinic. microRNA-
23b/27b/24-1 cluster inhibition of transforming growth
factor-B (TGF-B) signaling during hepatic development
prompted us to explore whether this cluster inhibits HSC
activation and hepatic fibrosis.

METHODS: Experimental fibrosis was studied in carbon tet-
rachloride (CCl,)-treated C57BL/6 mice. After administration of
miR-23b/27b/24-1 lentivirus or vehicle, animals were eutha-
nized for liver histology. In primary rat HSC and HSC-T6, the
anti-fibrotic effect of miR-23b/27b/24-1 cluster was furtherly
investigated by RNA-sequencing, luciferase reporter assay,
western blotting and bioinformatic means.

RESULTS: In this study, we showed that increasing the miR-
23b/27b/24-1 level through intravenous delivery of miR-
23b/27b/24-1 lentivirus ameliorated mouse hepatic fibrosis.
Mechanistically, the miR-23b/27b/24-1 cluster directly tar-
geted messenger RNAs, which reduced the protein expression
of 5 secretory profibrotic genes (TGF-32, Gremlin1, LOX, Itga2,
and Itga5) in HSCs. Suppression of the TGF-£ signaling pathway
by down-regulation of TGF-(2, Itga2, and Itga5, and activation
of the bone morphogenetic protein signaling pathway by inhi-
bition of Gremlin1, decreased extracellular matrix secretion of
HSCs. Furthermore, down-regulation of LOX expression soft-
ened the ECM. Moreover, a reduction in tissue inhibitors of

metalloproteinase 1 expression owing to weakened TGF-8
signaling increased ECM degradation.

CONCLUSIONS: Hepatic overexpression of the miR-23b/27b/
24-1 cluster blocked hepatic fibrosis and may be a novel
therapeutic regimen for patients with hepatic fibrosis. (Cell Mol
Gastroenterol Hepatol 2022;13:1393-1412; https://doi.org/
10.1016/j,jcmgh.2022.01.016)

Keywords: miR-23b/27b/24-1 Cluster; TGF-62; Gremlin1; LOX;
Itga2/5; Hepatic Stellate Cells; Hepatic Fibrosis.

ultiple pathogens cause liver injury and inflam-

mation, trigger repair mechanisms, and lead to
fibrosis, cirrhosis, and cancer.' Because of a repeated
chronic liver inflammation-wound healing response, hepatic
fibrosis is the intermediate stage between hepatitis and
cirrhosis. The primary characteristic of hepatic fibrosis is
the activation and subsequent transdifferentiation of he-
patic stellate cells (HSCs), fat-storing cells that reside in the
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space of Disse between hepatocytes and sinusoidal endo-
thelial cells.” In addition to HSC activation and trans-
differentiation, in hepatic fibrosis, extracellular matrix
(ECM) deposition and cross-linking increase, and ECM
degradation decreases,’ resulting in excessive ECM in the
liver that eventually can lead to distorted liver histologic
architecture and impaired liver function.*

Six classes of hepatic fibrosis-related genes, including
ECM-related genes, TGF-§ superfamily members, ITGs,
MMPs, TIMPs, and LOX,* participate in hepatic fibrosis. Of
the 28 types of ECM collagens, the levels of type [, III, IV, V,
VI, X, and XVIII collagens increase during hepatic fibrosis
progression.” Most TGF- superfamily members, including
TGF-@ proteins, bone morphogenetic proteins (BMPs), acti-
vins, and differentiation factors, are liver fibrosis-related
proteins. Among these proteins, TGF-G proteins and BMPs
exert opposite effects during hepatic fibrogenesis.® On the
one hand, the activated TGF-g signaling pathway promotes
HSC activation. Ligation of TGF-8 receptors with TGF-( leads
to phosphorylation of SMAD family member 2/3 (Smad2/3),
which binds to Smad4 and is shuttled into the nucleus to
promote the expression of hepatic fibrosis agonists, such as
Gremlinl, collagen, and TIMP genes.7 On the other hand,
BMPs promote Smad1/5/8 phosphorylation and, along with
Smad4, subsequent nuclear translocation to inhibit HSC
activation. The activated TGF-8 signaling pathway sup-
presses the BMP signaling pathway through Smad6 action,
and the activated BMP signaling pathway suppresses the
TGF-8 signaling pathway through Smad7 action.® The hu-
man ITG family consists of cell adhesion receptors, which
have 18 a-subunits and 8 $-subunits in combinations that
form 24 different members.’ ITGa161, a281, @561, 1131,
aVp1, aVB3, aVE5, and aVE8 are expressed on HSCs. ITGs
and TGF-@ proteins promote HSC activation and increase
ECM secretion.'® Human MMPs comprise 23 enzymes,
among which 13 MMPs (MMP-1, MMP-2, MMP-3, MMP-7,
MMP-8, MMP-9, MMP-10, MMP-12, MMP-13, MMP-14,
MMP-16, MMP-19, and MMP-24) attenuate hepatic fibrosis
by degrading the ECM."" These MMPs are inhibited by at
least 1 of TIMP, TIMP-1, TIMP-2, TIMP-3, and/or TIMP-4.
Enhanced TIMP or decreased MMP expression is a prin-
cipal cause of hepatic fibrosis.'? The LOX family consists of
LOX and 4 LOX-like proteins (LOXL-1, -2, -3, and -4)."?
Among these proteins, LOX,'* LOXL-1, LOXL-2,'° and
LOXL-3 resist fibrosis reversal by inducing covalent fibrillar
collagen and elastin cross-linking.

Because of the complexity of its pathogenesis, hepatic
fibrosis is extremely difficult to treat. To date, no reliable
antifibrotic regimen has been approved by the Food and
Drug Administration for clinical practice.”'® Expelling evil
and strengthening the body and seeking the good and
avoiding the bad are strategies to treat diseases with
complicated pathogenesis. Suppression of hepatic fibrosis
agonists and enhancement of hepatic fibrosis antagonists is
a rational approach for hepatic fibrosis treatment. The hu-
man microRNA-23b/27b/24-1 cluster is located between
introns 14 and 15 in chromosome 9 open reading frame 3 at
9q22.32. The miR-23b/27b/24-1 cluster belongs to a het-
erosequence seed cluster with a higher degree of
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evolutionary conservation, and the evolutionary mechanism
is based on functional co-adaptation selection interfer-
ence.'” The heterosequence seed clusters are thought to
target the same messenger RNA (mRNA) or different
mRNAs of proteins in the same pathway to exert linking
functions or activate functionally related molecules.'® Most
of the studies on the miR-23b/27b/24-1 cluster have
focused on the roles of individual microRNAs (miRNAs) in
regulating specific targets.'”?" However, the potentially
coordinated effects of the miR-23b/27b/24 cluster on dis-
eases are not fully understood.

In this study, we showed that Gremlinl promotes the
activation of HSCs and subsequent hepatic fibrosis by
enhancing TGF-8 signaling and suppressing BMP signaling.’
In addition, Gremlin1l, DAN family BMP antagonist, a po-
tential target of the miR-23b/27b/24-1 cluster, has been
reported previously to inhibit TGF-g8 signaling in the em-
bryonic development of the liver.”" Therefore, we investi-
gated the role of the miR-23b/27b/24-1 cluster in HSC
activation and hepatic fibrosis. In this report, we show that
the miR-23b/27b/24-1 cluster inhibited hepatic fibro-
genesis by directly targeting mRNAs and down-regulated 5
secretive hepatic fibrosis-related proteins important in HSC
activation and increased ECM protein secretion or deposi-
tion. Finally, we explored TGF-6- and integrin-mediated
signaling pathways involving the miR-23b/27b/24-1 clus-
ter and hepatic fibrosis-related proteins.

Results
The miR-23b/27b/24-1 Cluster Ameliorates
Mouse Hepatic Fibrosis in Vivo

The miR-23b/27b/24-1 cluster is highly conserved
across vertebrates (Figure 14) and belongs to the hetero-
sequence seed cluster (Figure 1B). To determine whether
the exogenous miR-23b/27b/24-1 cluster differentially and
sequentially expresses each member of the cluster as an
endogenous cluster, real-time polymerase chain reaction
(PCR) was performed after the pCDH-miR-23b/27b/24-1
plasmid was transfected into HSC-T6 cells, and the results
verified that the exogenous miR-23b/27b/24-1 cluster
effectively expresses miR-23b-5p/3p, miR-27b-5p/3p, and
miR-24-1-5p/3p, as expected (Figure 1C and D). After CCly-
induced mouse hepatic fibrosis models were established
and lentivirus therapy was administered, a biopsy of the
liver was performed, and the resulting samples showed an
obvious gross nodular pattern in the CCls-treated and
analogue (LV-Puro) groups. In addition, the appearance of
the liver was completely benign, with neither nodules nor
fibrotic septa in the mice that received LV-miR-23b/27b/
24-1 (Figure 1E). Liver histology (H&E staining) of the
CCly-treated and LV-Puro group samples showed abundant
bridging necrosis and established pseudonodules of uneven
sizes in a background of diffuse cellular swelling and rela-
tively mild inflammatory cell infiltration. Correspondingly,
LV-miR-23b/27b/24-1 significantly prevented bridging ne-
crosis and destruction of the liver architecture, as well as
cellular swelling. Two-photon excited fluorescence/second
harmonic generation (TPEF/SHG) imaging with a dual-
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Figure 1. The miR-23b/27b/24-1 cluster significantly alleviated CCl,-induced mouse hepatic fibrosis, as indicated by
gross appearance of the liver (n = 3 per group). (A) The evolution of the miR-23b/27b/24-1 cluster in animals. (B) The
mature sequence of miRNAs in the miR-23b/27b/24-1 cluster. The seed regions (positions 2-8) are labeled in red. (C) The gene
structure of the pCDH-miR-23b/27b/24-1 plasmid. (D) Real-time PCR analysis of individual miRNAs after HSC-T6 cells were
transfected with pCDH-miR-23b/27b/24-1. Levels of specific individual mRNAs are reported relative to that of U6. The relative
intensity of each miRNA was determined relative to that of the control, which was set to 1. (E) Mice received saline (Mock and
CCl, groups), an inactive analogue (LV-PURO+CCl, group), or miR-23b/27b/24-1 (LV-miR-23b/27b/24-1+CCl, group) (n = 3).
A view of a complete liver is shown in each quadrant of the upper panels, and a close-up view of a liver is shown in each

quadrant of the lower panels.

photon microscope showed sensitive and specific detection
of fibrous collagen disposition (green) in the hepatic pa-
renchyma (red).?? The investigation performed by classic
Masson’s trichrome blue staining for collagen and TPEF/
SHG imaging showed marked attenuation in collagen
deposition in the mice that received miR-23b/27b/24-1
compared with the control (Figures 24 and 3). Histologic
scoring of fibrosis and neuroinflammatory activity also
were performed in a blinded fashion, and the scores of the

LV-miR-23b/27b/24-1 group were obviously lower than
those of the CCl-treated and LV-Puro groups (Table 1).
Subsequently, an algorithm was used to systematically
quantitate collagen deposition on the basis of image anal-
ysis,”* and the TPEF/SHG data showed a significant reduc-
tion in the total collagen percentage, aggregated collagen
percentage, distributed collagen percentage, number of long
strings, string area, string length, string width, string
perimeter, and number of crosslinks (Figure 2B).
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The miR-23b/27b/24-1 Cluster Suppresses TGF-
B1-induced Profibrotic Genes

To explain how the miR-23b/27b/24-1 cluster in-
fluences HSCs, fresh primary rat HSCs were isolated and
activated by the TGF-81 protein. Then, HSCs were infected
with LV-miR-23b/27b/24-1, and RNA sequencing (RNA-
seq) was performed to analyze the changes in mRNA
expression of all genes. The results of a comparison of the
group treated with both LV-miR-23b/27b/24-1 and TGF-31
and that treated with LV-puro and TGF-81 showed that
differences in the mRNA expression of 71 genes central to
hepatic fibrogenesis were mediated by the miR-23b/27b/
24-1 cluster (Figure 4A). The proteins encoded by these
genes included 18 TGF superfamily members, 22 ECM
proteins, 16 ITGs, 4 LOXs, 3 TIMPs, and 8 MMPs. In addition,
the mRNAs of 60 proteins that promote HF (16 TGF-G
proteins, 21 ECM proteins, 16 ITGs, 4 LOXs, and 3 TIMPs)
were down-regulated, except for Vitronectin and ITGA7.
Only the mRNA expression of 7 antifibrosis-related proteins
(6 MMPs and BMP6) was down-regulated; however, that of
MMP3 and MMP13 was up-regulated (Figure 4B).

Identification of miR-23b/27b/24-1 Cluster
Targets Using the Predictor-WJF Algorithm and
RNA-Seq

The aforementioned findings show the attenuating effect of
the miR-23b/27b/24-1 cluster on hepatic fibrosis in vivo and
HSCs in vitro, but the particular mechanism needed to be
explored further. Computational algorithms are widely used to
identify targets of certain miRNAs; however, false positives are
difficult to avoid. To identify the targets of miRNA(s), the
Predictor-WJF algorithm was developed. A flowchart showing
the steps of the Predictor-WJF is presented in Figure 4C. The
targets of the miR-23b/27b/24-1 cluster were identified in 2
steps using the Predictor-WJF algorithm and performing RNA-
seq. In the first step, a total of 171 hepatic fibrosis-related
genes in 6 categories were manually selected as candidate
genes. Each candidate gene predicted to be a target of miR-23b,
miR-27b, and miR-24-1 in at least 1 of the 6 data sets of
Predictor-WJF was given a score; 1 point was added to the score
of a gene for every computational prediction algorithm in which
itwasidentified, and 2 points were added to the score of genes in
the The Encyclopedia of RNA Interactomes (ENCORI) database,
in which data undergo experimental validation. The final score
for a candidate gene of a miRNA is the sum of the points cor-
responding to the identification of the gene in a data set; the
maximum score is 7, and score of a example gene named "D" is 5
(Figure 4C). Potential targets of each miRNA in the miR-23b/
27b/24-1 cluster with a score higher than or equal to 5 were
extracted.

In the second step, potential targets were filtered on the
basis of RNA-seq data, and those with considerable basic
expression levels and that showed substantial changes after
stimulation with anaplastic lymphoma kinase 5 (ALK5) or
miRNA treatment (with log[fold change]>1.5 and P < .001)
ultimately were identified as targets. In total, 3 targets of
miR-23b (the mRNAs of Gremlin1, Tgfbr2, and Col4al) and 5
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Figure 2. The miR-23b/27b/24-1 cluster reduced hepatic
collagen deposition in CCls;-induced mouse hepatic
fibrosis, as determined by H&E staining, Masson’s tri-
chrome blue staining, and TPEF/SHG (n = 3 per group).
(A) Serial sections of 3 distinct samples of each of the 12
livers were obtained. Histopathology of serial slices was
performed with H&E staining and Masson’s trichrome blue
staining for collagen following standard procedures, and the
serial sections were delivered to Hangzhou Chou-Tu Tech-
nology Company for TPEF/SHG analysis. (B) miR-23b/27b/
24-1 alleviated collagen deposition and 8 other related pa-
rameters. Nine parameters associated with collagen deposi-
tion were analyzed by TPEF/SHG: SHG, second harmonic
generation, indicates total collagen percentage of area; Agg,
aggregated collagen percentage; Dis, distributed collagen
percentage; NolLongStr, number of long strings; StrArea,
string area; StrLength, string length; StrWidth, string width;
StrPerimeter, string perimeter; and NoXlink, number of
crosslinks. Statistical significance was calculated by 1-way
analysis of variance. *P < .05.
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Figure 3. miR-23b/27b/24-1 cluster reduced hepatic collagen deposition in CCI*-induced mouse hepatic fibrosis by
H&E staining, Masson’s trichrome blue staining and TPEF/SHG. Serial sections of 3 discontinued parts in each of 12 livers
were obtained. Histopathology by H&E staining and Masson’s trichrome blue staining for collagen of serial slices were per-
formed as the following standard procedure and the serial sections were delivered to the Hangzhou Chou-Tu Technology
Company for TPEF/SHG analysis. Representative photographs of H&E staining, Masson’s staining, and TPEF/SHG of each of

3 discontinued parts in the 12 livers are shown here.

targets of miR-27b (the mRNAs of Gremlinl, Itga5, ItgaZ,
Lox, and Tgfr1) were identified. Considering that prolifera-
tive and fibrogenic growth factors such as TGF-$ and con-
nective tissue growth factor (CTGF) play pivotal roles in the
activation of HSCs and hepatic fibrosis,®* and that Tgfb2
ranked first among all growth factor genes (the Tgfb2 score
with respect to miR-23b = 4) and was verified by RNA-seq,
Tgfb2 mRNA also was considered a target of miR-23b and
worthy of further investigation. Notably, the prediction of
the miR-24-1 targets obtained through the Predictor-W]JF
algorithm was not as efficient as that of the other 2 miR-
NAs in the cluster owing to the lack of experimentally
validated data; thus, the top 2 candidate genes of miR-24-1
with RNA-seq verification (Mmp14 and Lox) were consid-
ered valuable for further investigation. In addition, Mmp14
ranked first among all the Mmp family genes targeted by
mir-24-1. To date, 4 targets of miR-23b (the mRNAs of
Gremlinl, Tgfbr2, Col4al, and Ttfb2), 5 targets of miR-27b
(the mRNAs of Gremlinl, Itga5, Itga2, Lox, and Tgfbrl),
and 2 targets of miR-24-1 (the mRNAs of Mmp14 and Lox)
have been identified (Figure 4D).

The miR-23b/27b/24-1 Cluster Directly Targets
the mRNAs of 5 Profibrotic Genes

To further explore whether the miR-23b/27b/24-1 cluster
directly targets mRNAs of profibrotic genes, a luciferase re-
porter assay was performed. The results showed that among
the 10 conserved potential targets, the luciferase activity of
the Tgfb2, Gremlinl, Lox, Itga2, and Itga5 reporter plasmids
was remarkably decreased after co-transfection with miRNA
mimics, while the luciferase activity of the other 5 target genes
changed negligibly. Moreover, the down-regulated luciferase
activity was completely inhibited once the miRNA binding
sites on the 3’ untranslated region (UTR) of the target genes
were mutated. The interferences of endogenous miR-23b or
other endogenous miRNAs (eg, Tgfb2 is predicted to be a
target of miR-200a and miR-141, ItgaZ2 is predicted to be a
target of miR-30, and ItgaZ2 is predicted to be a target of miR-
26 by the TargetScan database), help to explain some unex-
pected findings, such as the luciferase levels were much lower
when they added on the 3'UTR of Tgfb2/Iltga2/ltga5
compared with the pMIR-Luc (pMIR-REPORT™ Luciferase;
RiboBio Co, Guangzhou, China) vector controls. To further
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Table 1.Histologic Scoring of 12 Individual Livers (Scheuer 1991)

Number Fibrosis Necroinflammatory activity

Mock 1 0

Mock 2 0 0
Mock 3 0 0
CCly 1 3 4
cel, 2 3 4
CCl, 3 3 4
CCly+Lv-puro 1 3 4
CCl4+Lv-puro 2 3 4
CCly+Lv-puro 3 3 4
CCl4+Lv-miR23b/27b/24-1 1 0 0
CCly+Lv-miR23b/27b/24-1 2 0 0
CCly+Lv-miR23b/27b/24-1 3 0 0
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Figure 4. Identification of gene targets of the miR-23b/27b/24-1 cluster as determined by use of the Predictor-WJF
algorithm and RNA-seq. (A and B) Heatmap comparing 4899 differentially expressed genes and 71 hepatic
fibrosis-related genes between the LV-miR-23b/27b/24-1 and LV-Puro groups of rat primary HSCs. Euclidean clustering of
both rows and columns using log.-RNA-seq expression data; n= 3 per group. (C) Flowchart showing the Predictor-WJF al-
gorithm used to identify gene targets of the miR-23b/27b/24-1 cluster. Predictor-WJF incorporates 5 independent compu-
tational target prediction algorithms and 1 data set of experimentally validated miRNA targets. Each gene predicted as a target
of a miRNA in any 1 of the 6 data sets was assigned a score. The points awarded for inclusion in the data sets were added to
produce a final score for each potential target gene, and the rank order of the genes was determined. Then, the RNA-seq
results were used to filter the target genes further. Potential target genes that were differentially expressed between the
LV-miR-23b/27b/24-1 and LV-Puro groups of rat primary HSCs were recognized as target genes in this study. Differentially
expressed refers to gene expression differences with a P value < .05 (DEseq?2), a Ifold changel >2, and fragments per kilobase
of transcript per million mapped reads (FPKM) >1 in each group. (D) Target genes of the miR-23b/27b/24-1 cluster identified
by Predictor-WJF and RNA-seq.



2022 miR-23b/27b/24-1 Inhibits Hepatic Fibrosis 1399

A o B C

5. AMUUAYGUGAAAGA..3 WT-Tgfb2-3'UTR 5. UUUUA/??L‘Jcl;LlJclsﬁGAG 3 WT-ltga2-3'UTR(3371-3378) 5‘,4.AGGC/ik(I3L|JC|5L|JC[5/?UGGAA 3 WT-Itga5-3'UTR(190-197)
3'...ACCGUUACACUAAAAUU...5" ro-miR-23-3p 3'...UCGGUGACACUU...5' mo-miR-27b 3’...CGGU<|3ACACUU...5' mo-miR-27b
5'..AAUUUGCCUCAAGA..3'  MUT-Tg2-3UTR 5'..UUUUAGCCUCAGGGAG...3 MUT-ltga2-3UTR 5'..AGGCGCCUCAGUGGA..3' MUT-Itga5-3UTR
7.0%10% 6.0x10¢ Paned
5 _ soaoe 5
3 s 3 2 soa :
2 soan P>0.05 € w00 £ o
] £ 200 & 20um R
:5 2.0%10¢ % ] herd
e ﬁ 3 10x10 = Loxios O I.I-
N e
PMIR-Luc vector - + - - - - PMIR-Luc vector - e i N PMIR-Luc vector = + - - = -
- - .3 - - - - | - 3| ) s - + + i .
WRLOTRESURMT - L - . & s PMRLUIGR2SUTRWT - -+ o+ - - MRLcIGESUTRMT - - - - % %
P migR»23b-NC e N N . N . . pMIR-Luc-I‘lgaz-S'UTR-I\‘IIU‘T - - » - > * miR-27b-NC mimic - - + - 4
miR-23b mimic - . - + s + ""R;:Z;‘z';‘; e - * N + N miR-27b mimic - < = + < +
Mock miR-230-NC ~ miR-23b Mock miR-27b-NC  miR-27b Mock  miR-27b-NC  miR-27b
or52 SR TR - 250 ez (D D - o0 TGas N S a— 1500
B-actin A —— 2KD B-actin N S <0 Bactin N S a— 21D
15 2.0 15
T
15 == -
1.0 T * T T 1.0 —1—
I L
1.0 1 T T
0.5 == 1 0.5
0.5
0.0 T T T 0.0 T T T 0.0 T T T
Mock  miR-23b-NC  miR-23b T6 NC miR-27b T6 NC miR-27b

6.0x106:
10x107

kk

3

8.0x10¢
4.0x105-
6.0x10¢ St
4.0x10¢

206106 r'] P>0.05 F20.08

2.0x106

Luciferase activity (RLU)
Luciferase activity (RLU)

1.0x10°:
#O0 1 L
PMIR-Luc vector - < s e e PMIR-Lucvector - + - - -
PMIR-Luc-Gremlin1-3UTR-WT - = 3 = E PMR-LucLox3UTRWT - -+ + + = = N
PMIR-Luc-Gremlin1-3UTR -23bMUT - - - - -+ + - - PMIRLUCLOCIUTR 27BMUT, = = = = = & R R O
PMIR-Luc-Gremiin1-3UTR -27bMUT - = - - = - -+ * PMiRtuclocsUR2EIMUTE = = = 0 = o :
miR-23b mimic - - - + - - + - - miR-27b mimic - - - + - +
miR-27b mimic e e e e e miR-24-1 mimic - - - -+ - - -+
5’...GUUUCCACCAUGUGGA‘AILID(I‘:lII([‘:/I\A.‘.3’ WT-Gremlin1-3'UTR(2442-2449) 5'.‘.TGTGACCTTACTFCAA(%[{(IS/‘\(‘B?([)A‘A...3' WT-Lox-3'UTR(1144-1168)
3'...CCAUUAGGGACCGUUACACUA...5'  rno-miR-23-3p 3...CGUCUUGAAUCGGUGACACUU...5"  rno-miR-27b
5'...GUUUCCACCAUGUGGGCCTCAGG...3" MUT-Gremlin1-3'UTR 5'...TGTGACCTTACTTCAAGCCTCAGAA...3' MUT-Lox-3'UTR
5'...CUAGGUCCU UCGGUU?C‘LIJCIQLIJC!%I\U..B' WT-Gremlin1-3'UTR(2505-2511) 5'“.ACTGTCAGTATGAATAC}'(?/‘\Gl(E?ﬁ‘\G.‘.3’ WT-Lox-3'UTR(1692-1716)
3'...CGUCUUGAAUCGGUGACACUU...5" rmo-miR-27b 3'...GACAAGGACGACUUGACUCGGU...5"  rno-miR-24-1
5'...CUAGGUCCUUCGGUUACUGUGAU...3" MUT-Gremlin1-3'UTR 5'...ACTGTCAGTATGAATAGCCTCAGGG...3' MUT-Lox-3'UTR

Figure 5. The miR-23b/27b/24-1 cluster directly targets mRNAs of 5 profibrotic genes. (A) The core miR-23b binding site
and the mutated sites in the 3’ UTR of rat TGF-32. Luciferase assay was performed to verify the direct regulatory effect of miR-
23b on TGF-(2 expression. The protein level of TGF-(2 was analyzed by Western blot after HSC-T6 cells were transfected
with the miR-23b mimics (n = 3 per group). (B and C) The core miRNA-27b binding sites and the mutated sites in the 3’'UTR of
rat ITGa2/5. Luciferase assay was performed to verify the direct regulatory effect of miRNA-27b on ITGa2/5 expression. The
protein level of ITGa2/5 was analyzed by Western blot after HSC-T6 cells were transfected with the miRNA-27b mimics (n =3
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evaluate the effects of the miRNAs on the protein expression Bjoinformatic Analyses of Differentially Expressed
levels of the 5 target genes, Western blot analysis were per- Hepatic Fibrosis—Related Genes Regu/ated by
formed, and we found that the protein expression of these the mjR-23b/27b/24-1 Cluster

genes was inhibited following the same pattern of luciferase Gene Ontology (GO), Kyoto Encyclopedia Genes and Ge-
activity inhibition; that is, miR-23b directly targeted the pLomes (KEGG), protein—protein interaction, and GeneMA-
mRNA of TGF-62, miR-27b directly targeted the mRNAs of NJA analyses were performed to predict the functions and
Itga2 and Itga5, miR-23b and miR-27b directly and simulta-  molecular interactions of the 71 differentially expressed
neously targeted the mRNA of Gremlinl, and miR-27b and  hepatic fibrosis-related genes regulated by the miR-23b/
miR-24-1 directly and synergistically targeted the mRNA of 27b/24-1 cluster in HSCs. The GO analysis indicated that
LOX (Figures 5 and 6). the encoded proteins were localized mainly outside the cell,
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Figure 6. The regulations of miR-23b/27b/24-1 cluster on TGF-3r1/2, MMP13/14, and COL4a1. (A and B) The core miR-
23b binding sites and the mutants on the 3’'UTR of rat TGF-4r2 or COL4«1; Luciferase assays to verify the direct regulation
effect of miR-23b on TGF-3r2 or COL4a1. (C and D) The core miRNA-27b binding sites on the 3’UTR of rat TGF-gr1 or
MMP13; Luciferase assays to verify the direct regulation effect of miRNA-27b on TGF-Gr1 or MMP13. (E) The core miR-24-1

binding site and the mutant on the 3’'UTR of rat MMP14. Luciferase assay to verify the direct regulation effect of miR-24-1 on
MMP14. All results are expressed as means + SD. **P < .001.

such as in the extracellular space, extracellular exosomes, at matrix adhesion, collagen fibril organization, and the posi-
the cell surface, and in the extracellular region. These pro- tive regulation of pathways inhibiting SMAD protein phos-
teins were found to be in the ECM, proteinaceous ECM, phorylation (Figure 7B), and they also were associated with
basement membrane, collagen trimers, and integrin com- receptor binding, such as integrin binding, collagen binding,
plexes (Figure 7A). These proteins primarily were involved TGF-B-receptor binding, fibronectin binding, and laminin
in the integrin-mediated signaling pathway, cell and cell- binding (Figure 7C).
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Figure 7. GO annotations and KEGG analyses of the differentially expressed hepatic fibrosis-related genes regulated
by the miR-23b/27b/24-1 cluster in primary rat HSCs. (A-C) The graphs present the degree of enrichment of the significantly
enriched genes associated with GO terms in the biological process, cellular component, and molecular function categories. (D)
Graphic showing KEGG analysis. The enrichment ratio (the ratio of the number of genes in an annotated set that are selected
on the basis of a specific number of target genes to the total number of genes annotated; the enrichment ratio = term
candidate gene number/term gene number) represents the degree of enrichment of differentially expressed genes. The y-axis
shows the name of enriched pathways. The area of each node represents the number of enriched differentially expressed
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The KEGG analysis showed that the 71 differentially
expressed hepatic fibrosis-related proteins were associated
mainly with ECM-receptor interactions, TGF-8 signaling
pathways, and focal adhesion (Figure 7D). These proteins
mapped to 79 KEGG pathways; notably, most of these pro-
teins were involved in 2 important fibrosis-related path-
ways: the ECM-receptor interaction axis and the TGF-g
signaling pathway. Collagens and integrins play important
roles in ECM-receptor interactions. Gremlinl and TGF-G
proteins also play important roles in the TGF-g8 signaling
pathway (Figure 7E and F).

In the protein-protein interaction (PPI) network con-
struction and module analysis, the first 3 of 4 modules were
associated by gene number and score. In module 1, both ITGa2
and ITGa5 interacted with 8 proteins, including COLI«1,
COLIw2, COLVIa1, COLVIa2, FN1, ITGA1, ITGA7, and LAM@G1.
ITGa2 also interacted with LUMICAN. In module 3, both LOX
and TGF-32 interacted with CTGF, MMP13, and TIMP1. TGF-32
also interacted with TGF-G receptor 1 (TGF-GR1), and LOX also
interacted with MMP3 and TIMP2 (Figure 84).

Using GeneMANIA to construct a PPI network, we found
that in a network comprising 147 genes in the genome, the
protein products of 10 genes responded to TGF-G; in a
network of 115 genes in the genome, the protein products of
11 genes were in the BMP signaling pathway, and in a
network of 46 genes in the genome, the protein products of
9 genes were involved in the integrin-mediated signaling
pathway. We further investigated the colocalization and co-
expression of the protein products of the 5 target genes of
the miR-23b/27b/24-1 cluster as well as the related pro-
teins. The network analysis showed that LOX was colo-
calized and co-expressed with 13 proteins. Gremlin1, TGF-
62, ITGa2, and ITGa5 were co-expressed with 16, 7, 10, and
6 proteins, respectively (Figure 8C).

The miR-23b/27b/24-1 Cluster Effectively Down-
Regulated the Expression of Hepatic
Fibrosis—-Related Proteins in HSCs

We clarified that each member of the miR-23b/27b/24-1
cluster directly down-regulates the expression of 5 target
genes, but whether the cluster plays a biological role as a
whole in HSC-T6 cells and primary HSCs remains to be
determined on the basis of more data. After transfection
with the pcDNA3.1-CA-ALKS5 plasmid for 24 hours, HSC-T6
cells were transfected with the pCDH-miR-23b/27b/24-1
plasmid to explore the down-regulating role of the cluster
on hepatic fibrosis genes, and Western blot analysis showed
that ALKS5 observably up-regulated the protein expression
levels of TGF-$2, Gremlinl, LOX, ITGa2, ITGa5, COLI«l1,
COLI«2, TGF-g1, and TIMP1; however, the up-regulating

Cellular and Molecular Gastroenterology and Hepatology Vol. 13, No. 5

effect of ALK5 was inhibited dramatically by the miR-23b/
27b/24-1 cluster, while the expression of MMP9 changed
negligibly (Figure 94-D). To verify the reliability of the
findings showing the miR-23b/27b/24-1 cluster acting on
HSCs, fresh primary rat HSCs were isolated and stimulated
to activate TGF-B1 protein. Then, the HSCs were infected
with LV-miR-23b/27b/24-1, and Western blot analysis
showed that TGF-B81 observably up-regulated the protein
expression levels of LOX and COLI«1; however, the up-
regulating effect of TGF-31 was inhibited dramatically by
the miR-23b/27b/24-1 cluster (Figure 9E and F).

Discussion

Because numerous hepatic fibrosis agonists and antag-
onists participate in HSC activation and hepatic fibrosis, it is
difficult to treat hepatic fibrosis in clinical practice.”'® To
activate HSCs, scientists have explored target delivery tools,
but thus far, no ideal tool has been applied successfully in
practice.”>”® To create a multitarget antifibrotic regimen to
simultaneously suppress multiple hepatic fibrosis agonists
and/or enhance multiple hepatic fibrosis antagonists, we
overexpressed miR-23b/27b/24-1 through intravenous
delivery of miR-23b/27b/24-1 lentivirus. In 2009, Rogler
et al*’ published a report in Hepatology suggesting that the
miR-23b/27b/24-1 cluster targets and down-regulates
Smad2, 3, and 4, inhibiting TGF-8 signaling. In 2017, these
investigators provided evidence to support this idea.”’
Although activated TGF-8 signaling promotes hepatic
fibrosis, they reported here that knockdown of miR-23, miR-
27, and miR-24 blocked hepatic fibrosis by antagomir-23b-
3p, antagomir-27b-3p, and antagomir-24-1-3p in mice. Our
data establish that miR-23b/27b/24-1 cluster over-
expression suppressed HSC activation by directly targeting
mRNAs, reducing the protein expression of TGF-G2,
Gremlinl, LOX, ITG«2, and ITGa5. In addition, the overex-
pressed miR-23b/27b/24-1 cluster decreased ECM protein
secretion and increased ECM degradation through sup-
pression of TGF-g signaling. In summary, the miR-23b/27b/
24-1 cluster blocked hepatic fibrosis in mice.

Hepatic fibrosis is characterized by ECM deposition,
which contributes to cirrhosis." Unfortunately, ECM depo-
sition has not been attenuated effectively. HSC activation
and transdifferentiation are central drivers of hepatic
fibrosis. Enhancement of hepatic fibrosis agonists and/or
suppression of hepatic fibrosis antagonists lead to HSC
activation, resulting in increased ECM protein secretion
and decreased ECM degradation.24 However, the hetero-
sequence seed cluster of miR-23b/27b/24-1 potentially
targets mRNAs of many hepatic fibrosis-related proteins
that influence ECM deposition. Our study provides

hepatic fibrosis-related genes regulated by the miR-23b/27b/24-1 cluster. The P value is represented by a color scale. The
statistical significance increases from blue (relatively low significance) to orange (relatively high significance). (E) Specific in-
teractions between cells and the ECM are mediated by integrins. (F) Differentially expressed hepatic fibrosis-related proteins
participate in the TGF-8 and BMP signaling pathways. The differentially expressed genes obtained through high-throughput
RNA-seq and enriched in the pathway are highlighted by yellow boxes. PI3K-Akt, Phosphatidylinositol 3-kinase/serine-thre-

onine protein kinase.
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Figure 8. PPI network construction and analysis of the differentially expressed hepatic fibrosis-related genes regulated
by the miR-23b/27b/24-1 cluster in primary rat HSCs. (A) PPI network construction and module analysis. The light blue
nodes in the middle represent the differentially expressed genes identified. The surrounding colored nodes represent the genes
involved in 4 modules, and the lines represent the interaction between 2 nodes. The score of module 1 is 11.5, the score of
module 2 is 10.2, the score of module 3 is 5.429, and the score of module 4 is 3. Five target genes regulated by the miR-23b/
27b/24-1 cluster, Itga2, Itga5, Lox, Tgfb2, and Grem 2, are in the center of the circles. (B) PPl network analysis. All genes were
chosen using the degree method and the CytoHubba plugin, and the higher ranking is represented by a more intense red. (C)
Network and functional analysis (GeneMANIA) showing the gene set that was enriched in the network. The different colors of
the network edges indicate the bioinformatics analysis applied: website prediction, co-expression, shared protein domains,
physical interactions, and colocalization. The different colors of the network nodes show the biological functions of the
enriched genes. NEWGENE_621351 is Col1a2.
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Figure 9. The miR-23b/27b/24-1 cluster effectively inhibited the expression of hepatic fibrosis-related genes. (A and B)
Western blots showing that the miR-23b/27b/24-1 cluster down-regulated the expression of 5 target genes in HSC-T6 cells,
including TGF-32, Gremlin1, LOX, ITGa2, and ITGa5. (C and D) Western blots showing that the miR-23b/27b/24-1 cluster
regulated the expression of 5 hepatic fibrosis—related genes in HSC-T6 cells, including COL/«1, COLI«2, TGF-31, and TIMP1.
(E and F) Western blots showing that the miR-23b/27b/24-1 cluster down-regulated the expression of LOX and COLla1 in
primary rat HSCs. Relative protein levels of hepatic fibrosis-related factors regulated by miR-23b/27b/24-1 vs the Puro control.
The activation of HSC-T6 cells and primary HSCs was stimulated by pcDNA3.1-CA-ALK5 and TGF-41, respectively. All results
are expressed as the means + SD (n = 3). *P < .05, *P < .01.

evidence that the miR-23b/27b/24-1 cluster decreased the
severity of liver damage and remarkably attenuated ECM
deposition (especially collagen deposition) in the liver of
mice with hepatic fibrosis. Our study also showed that the
miR-23b/27b/24-1 cluster suppressed 21 ECM proteins,
including 16 collagens (type I, I1I, IV, V, VI, XVII, and XVIII
collagens), FBLN5, FN1, LAMgG1, LUM, and MFAP4. Signif-
icant protein interactions and protein colocalization and
co-expression relationships were identified among the 21
ECM proteins. The miR-23b/27b/24-1 cluster effectively
reduced ECM deposition, especially collagen deposition, by
activated HSCs and attenuated hepatic fibrosis. In the
literature, 7 types of collagens have been reported to be
increased during hepatic fibrosis,” and we showed that the
protein expression of 6 of these collogen genes is down-
regulated by the miR-23b/27b/24-1 cluster. The proteins
with reduced expression included type I (COLIx1/2), III
(COLIIIa1), IV (COLIVal/2/4/5), V (COLVal/2/3), VI
(COLVI«a1/2/3), and XVIII (COLXVIII«a1) collagens. Hepatic
fibrosis agonists include TGF-8 proteins, ITGs, TIMPs, and
LOXs, and hepatic fibrosis antagonists include BMPs and
MMPs.* In this study, the miR-23b/27b/24-1 cluster
directly down-regulated TGF-$2, Gremlinl, ITGa2/5, and
LOX protein expression, and all 5 proteins are hepatic

fibrosis agonists. The miR-23b/27b/24-1 cluster also
indirectly down-regulated the expression of other hepatic
fibrosis agonists, such as TGF-31, CTGF, and TIMP1. At the
same time, the cluster did not directly down-regulate the
expression of hepatic fibrosis antagonists, such as BMPs
and MMPs. Of the 7 possible hepatic fibrosis antagonists
with expression suppressed by the miR-23b/27b/24-1
cluster, only MMP8 and MMP19 might be truly related to
hepatic fibrosis. Therefore, the miR-23b/27b/24-1 cluster
suppresses the expression of many hepatic fibrosis ago-
nists but negligibly influences that of hepatic fibrosis an-
tagonists, resulting in a reduction in ECM deposition.
Enhanced TGF-@ signaling or decreased BMP signaling
promotes HSC activation and subsequent hepatic fibrosis
after liver injury.® Gremlin1 is an antagonist of BMPs and
is one of the downstream target molecules of the TGF-3
signaling pathway. Previous research by our group veri-
fied that Gremlinl promotes HSC activation and hepatic
fibrogenesis by impairing BMP signaling and enhancing
TGF-8 signaling. Knockdown of Gremlinl expression
enhanced BMP signaling and decreased TGF-3
signaling.”*® In our present study, miR-23b coordinated
with miR-27b to down-regulate Gremlin1 expression. The
latter miRNA was co-expressed with 16 proteins that are
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hepatic fibrosis agonists. In addition, miR-23b directly
down-regulated TGF-82 expression, and the miR-23b/
27b/24-1 cluster also suppressed TGF-81 expression.
TGF-32 was co-expressed with 6 hepatic fibrosis agonists,
including COLVI a1, COLVIII &1, FBLN5, ITGe1, ITGG1, and
TGF-83. In the TGF-8 noncanonical pathway, mitogen-
activated protein kinases phosphorylate avian erythro-
blastosis virus E26 oncogene homolog 1 (ETS)1. Then,
phosphorylated ETS1 and phosphorylated Smad2/3
cooperatively promote the transcription of CTGF.?%°
CTGF activates mitogen-activated protein kinases by
binding integrins (eg, av83 and a6@1). Moreover, CTGF
enhances TGF-8 signaling and suppresses BMP activ-
ity.>**? Thus, by down-regulating Gremlin1, TGF-81, and
TGF-32 expression, the miR-23b/27b/24-1 cluster im-
pairs TGF-@ signaling and enhances BMP signaling, and the
cluster interferes with the crosstalk between TGF-8 and
CTGF signaling pathway components.

TGF-G proteins can be activated by members of the
integrin family that interact with a linear arginine-glycine-
-aspartic acid motif in an N-terminal fragment of the TGF-3
gene product called latency-associated peptide.** In this
study, miR-27b directly down-regulated ITGa2 and ITGa5
expression. Both ITGa2 and ITGa5 are co-expressed with 2
hepatic fibrosis agonists (ITGS1 and ITGG7) and with 8 ECM
proteins (COLIal, COLIx2, COLVIal, COLVI«x2, Fnl, and
LAMg@1). Hence, miR-27b inhibits TGF-£ activation and de-
creases ECM secretion through direct down-regulation of
ITGa2 and ITGa5 expression.

In hepatic fibrosis, HSCs and portal fibroblasts are major
producers of LOX, which promotes HSC activation, enhances
ECM stiffness, and limits the degree of fibrosis attenua-
tion.>* Moreover, LOX is a downstream target of TGF-3, and
a stiffer ECM leads to increased TGF-8 activation.>® Our
findings show that direct down-regulation of LOX expres-
sion was achieved by miR-23b coordinating with miR-24-1.
Decreased LOX expression prevents covalent crosslinking in
the ECM, and it disrupts the activation of TGF-{ triggered by
ECM stiffness. Performing module and GeneMANIA ana-
lyses, we discovered that LOX was co-expressed with CTGF
and TIMP1. Reduced TIMP1 expression induced by the miR-
23b/27b/24-1 cluster weakened MMP inhibition, which in
turn increased ECM degradation. Accordingly, the miR-23b/
27b/24-1 cluster accelerates ECM degradation through
down-regulation of LOX and TIMP1 expression.

In summary, the miR-23b/27b/24-1 cluster directly
down-regulates TGF-(32, Gremlin1, and ITGa2/5 expression,
which decreases ECM synthesis. Furthermore, the miR-23b/
27b/24-1 cluster directly down-regulates LOX expression to
soften the ECM. Moreover, a reduction in TIMP1 expression
resulting from weakened TGF-( signaling promotes ECM
degradation. Therefore, ECM synthesis enhancement and
ECM degradation impairment in hepatic fibrosis are atten-
uated by the miR-23b/27b/24-1 cluster because it directly
down-regulates TGF-62, Gremlinl, ITGa2/5, and LOX
expression, modulating the expression of other hepatic
fibrosis-related genes (Figure 10). For clinical application of
the exogenous miR-23b/27b/24-1 cluster, a few obstacles
must be overcome. Lentiviral delivery of the miR-23b/27b/
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24-1 cluster raises safety concerns, and lentiviruses lack
specificity. As alternatives to lentiviruses, nanoparticles or
micelles synthesized with biologically compatible materials
may be used for targeted intracellular drug delivery.***” In
addition, the miR-23b/27b/24-1 cluster might cause side
effects when enriched in other cells or organs. The miR-
23b/27b/24-1 cluster needs to be exclusively delivered
and expressed in activated HSCs. Currently, we are
screening HSC-specific aptamers using the Cell-SELEX
method, and linking them with miRNAs to explore new
methods of targeted therapy. Because the endogenous miR-
23b/27b/24-1 cluster is not active during fibrosis, its
reactivation also can be explored as a strategy to prevent
and treat hepatic fibrosis.

Materials and Methods
Plasmid Construction, Cell Culture, and

Transfection

Luciferase reporter gene expression plasmids pMIR-Luc-
3'UTR and pMIR-Luc-3’'UTR-mutant were constructed by
inserting full-length 3’'UTR and mutant of 10 rat hepatic
fibrosis genes into the MCS of pMIR-REPORT Luciferase
(pMIR-Luc) plasmid. Lentivirus expression plasmid pCDH-
miR-23b/27b/24-1 was constructed by inserting the gene
of each miRNA and the cluster into pCDH-CMV-MCS-EF1-
Puro plasmid. pCDH-CMV-MCS-EF1-Puro plasmid, with a
CMV promoter and a total size of 7384 bp, was purchased
from Huayueyang Biological (Beijing, China) Technology Co,
Ltd. All primers are synthesized by Sangon Biotech
(Shanghai, China) and the primers information is shown in
Table 2. Plasmid pcDNA3.1-CA-ALK5 (TGF-8 signaling acti-
vin receptor-like kinase 5) was as a gift presented by Pro-
fessor Miyazono at Tokyo University.

The HSC-T6 cell line was maintained in our laboratory
and was cultured in high-glucose Dulbecco’s modified Eagle
medium (DMEM) (Thermo Scientific, Boston, MA) supple-
mented with 10% newborn calf serum (Thermo Scientific)
and 1% penicillin-streptomycin. Cells were seeded in a 6-
well plate for Western blot or real-time PCR at a density
of 4 x 10° cells per well or in a 24-well plate for luciferase
assays at a density of 2 x 10* cells per well in a humidified
atmosphere containing 5% CO, at 37°C.

The 293FT cell line was a gift from Dr Yun-Hong Zha's
group (The People’s Hospital, China Three Gorges University)
and cultured in high-glucose DMEM supplemented with 10%
fetal bovine serum (Thermo Scientific), 0.5 mg/mL G418
(Sigma, Darmstadt, Germany), 1% penicillin-streptomycin, 2
mmol/L L-GlutaMAX (Gibco, Shanghai, China), 0.1 mmol/L
modified Eagle medium (MEM) nonessential amino acids
(Gibco), and 1 mmol/L sodium pyruvate (Gibco).

HSC-T6 cells were transiently transfected with pMIR-
Luc-3’'UTR, pMIR-Luc-3’'UTR-mutant, and pCDH-miR-23b/
27b/24-1 plasmids with TurboFect Transfection Reagent
(R0531; Thermo Scientific) according to the manufacturer’s
instructions. Cells were collected at 24 hours for real-time
PCR or luciferase activity, and at 48 hours for Western blot.

The sequences of mature miR-23b-5p/3p, miR-27b-5p/
3p, and miR-24-1-5p/3p were from the miRBase (http://
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www.mirbase.org) online server prediction and synthesized
by RiboBio Co (Guangzhou, China). Mimic negative control
(#22) and fluorescent labeling miRNA mimic also were
purchased from RiboBio Co. The transfection details are as
previously described” and the miRNA mimic information is
shown in Table 3.

Lentivirus Packaging and Target Cell Infection

293FT cells were seeded on a 10-cm cell culture plate
(Corning, Shanghai, China) the day before transfection. A
total of 12 ug plasmids (pLP1, pLP2, pLP/VSVG each 3 pug,
and 3 wpg pCDH-miR-23b/27b/24-1 or pCDH-Green fluo-
rescent protein) and 36 uL Lipofectamine 2000 (Invitrogen.
Shanghai, China) were diluted and gently mixed in 1.5 mL
DMEM (no serum, no Penicillin/Streptomycin), respectively.
Both diluted plasmids and transfection reagent were incu-
bated separately for 5 minutes at room temperature and
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then mixed together to incubate for another 20 minutes to
form DNA-Lipofectamine 2000 complexes. While the com-
plexes were forming, 293FT cells were being trypsinized
and resuspended in 5 mL lentiviral medium (no G418, no P/
S), and then the DNA-Lipofectamine 2000 complexes were
added to the cell suspension and gently mixed. Cells were
incubated overnight at 37°C in a humidified 5% CO, incu-
bator, then the medium with fresh lentiviral medium was
removed the next day and cells were incubated for another
48 hours. The medium was collected with a syringe and
filtered through a 0.45-um filter to harvest viral superna-
tants. The viral supernatants were pipetted into a 1.5-mL
sterile tube in 1-mL aliquots, and then stored at -80°C.
Before use, the virus supernatant is thawed at room tem-
perature, and 2 mL lentiviral medium and 2 mL viral su-
pernatants with 4 ug/mL polybrene (Sigma) were mixed


http://www.mirbase.org
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Table 2.All Primers for Plasmids Construction

Plasmids

Primers

pMIR-Luc-TGF-62-3’'UTR
pMIR-Luc-TGF-42-3'UTR-mutant23b
pMIR-Luc-tgfgr1-3'UTR
pMIR-Luc-tgfgr2-3'UTR
pMIR-Luc-tgfgr2-3’'UTR-mutant23b
pMIR-Luc-Smad2-3’UTR-1
pMIR-Luc-Smad2-3’UTR-1-
mutant27b
pMIR-Luc-Smad2-3’UTR-2
pMIR-Luc-Smad2-3’UTR-2-
mutant27b
pMIR-Luc-Smad3-3'UTR
pMIR-Luc-Smad3-3’UTR-mutant23b
pMIR-Luc-G3
pMIR-Luc-G3-mutant23b

pMIR-Luc-G3-mutant27b

pPMIR-Luc-col4a1-3’'UTR

pMIR-Luc-col4a1-3’'UTR-m
utant23b

pMIR-Luc-MMP13-3’UTR
pMIR-Luc-MMP13-3’UTR-mutant27b

pMIR-Luc-MMP14-3’UTR

pMIR-Luc-MMP14-3'UTR-mutant24-
1

pMIR-Luc-LOX-3’UTR
pMIR-Luc-LOX-3’UTR-mutant27b
pMIR-Luc-LOX-3’'UTR-mutant24-1
pMIR-Luc-ltga2-3'UTR
pMIR-Luc-ltga2-3'UTR-mutant27b

pMIR-Luc-ltga5-3'UTR

T M T ITT VT TN VT TN VT TN ITTM TN TTM TN TT TN

DT T T I T

I T

T T WM T TN T TN

5’-gctgagctcgectgtacaacaccat-3’
5’-gggacgcgttacagtctgaatgatca-3’
5’-tggaagaatttgttagtgttaattgcctcaggagaaaaaacaaaa-3’
5’-cctgttttgttttgtitttictcctgaggcaattaacactaacaaattc-3’
5’-gatacgcgttgtgctigaaccactgag-3’
5’-gccaagcttccttccttcacactag-3’
5’-atgacgcgtttcagccagataggac-3’
5’-cggaagcttacctacaagagaccatc-3’
5’-ccatactcatgtattcaaatagggcctcaggtgcacaatactcttt-3’
5’-tgatataaaaagagtattgtgcacctgaggccctatttgaatacatgag-3’
5’-gccacgcgttgtctgtctgtctcatga-3’
5’-ggcaagcttaaatgggcatccgctttc-3’
5’-tagtcagcatagtttctgccagccgectcagttctgggactgtgtect-3°
5’-tccagggccaggacacagtcccagaactgaggcggcetggcagaaacta-3’
5’-cgcacgcgtgaaaagaggcaacgagat-3’
5’-ggcaagcttcacagagagcaaaggcag-3’
5’-tggtggtcctcagtggetgatcegtgegectcagtggagataccaagtg-3’
5’-tacagataacacacttggtatctccactgaggcgcacggatcagccactga-3’
5’-tatgagctcgatggcctacgcaggtac-3’
5’-gcgacgcgtctatgttctccacagt-3’
5’-gttccagaggggacaaaagtgcaccctccgectcagtaaatcttctg-3’°
5’-ctggatcatcagaagatttactgaggcggagggtgcacttttgt-3’
5'-ttgagctcttgttgcagtctccacct-3'
5’-cccaagctttgcacagaaagaaga-3’
5'-gaggaaggatagtttccaccatgtgggcctcaggtaagcaaaagagt-3’
5'-cattaaataaccataactcttttgcttacctgaggcccacatggtgg-3'
5’-aggaattctaggtccttcggttgcctcagtttcgaatgttttct-3'
5'-cgtataaaacagagaaagaaaacattcgaaactgaggcaaccgaaggacc-3'
5’-cgcgtgggtttccaacaccaggccaccgaatgtgaaaacaccagcectttctcactcaca-
3’
5’-agcttgtgagtgagaaaggctggtgttticacattcggtggectggtgttggaaaccca-3’
5’-cgegtgggtttccaacaccaggccaccggectcaggaacaccagcectttctcactcaca-
3’
5’-agcttgtgagtgagaaaggctggtgttcctgaggeccggtggectggtgttggaaaccca-
3’
5’-tgcgagctcggaccatcacagattag-3’
5’-tcgacgcgtcacacatcagtaagcacc-3’
5’-agtggagatatcaggggagagcttagttgcctcagcaagcttcagtaa-3’
5’-ctcaaagataacttactgaagcttgctgaggcaactaagctctccce-3’
5’-cgcgttggagaaccttccaaaggagcctgagecattaaggactaaatgggtctgaggaa-
3’
5’-agctttcctcagacccatttagtccttaatggctcaggetcectttggaaggttctccaa-3’
5’-cgcgttggagaaccttccaaaggagcegectcaggttaaggactaaatgggtctgaggaa-
3
5’-agctttcctcagacccatttagtccttaacctgaggegcetectttggaaggttctccaa-3’
5’-ggcgagctccaccgtattagaaagaagce-3’
5’-cggaagcttgcttggcttatactgtccct-3’
5'-gaccgctgtgaccttacttcaagcctcaggactgtgtgca-3’
5'-atcctactgctgcacacagtcctgaggcettgaagtaagg-3’
5’-ggcgagctccaccgtattagaaagaagce-3’
5'-ggcgagctccaccgtattagaaagaagce-3/
5’-tatacgcgttagggctaggcagggact-3’
5’-gtgaagcttgctgatgtacctectg-3’
5’-gacagtgaaacttgcctttttagcctcagggagtaaagacatctaagg-3’
5’-gtcatgaattgaccttagatgtctttactccctgaggctaaaaaggcaagtttc-3’
5’-tatgagctctgagccctcctgatctca-3’
5’-tatacgcgtgtgagtggggtttattge-3’
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Table 2.Continued

Plasmids Primers

pMIR-Luc-ltge5-3'UTR-mutant27b F 5’-aagcttgtggatccttccccccacgegectcagtggaccctegtttac-3°
R 5’-tgagagggcatgtgtaaacgagggtccactgaggcgcgtggggggaag-3’
pCDH-miR-23b/27b/24-1 F 5'-cgtgaattcgtgtccccagggttaaag-3’
R 5’-ataggatcccgctcggcttcetgetcetg-3/
pCDH-miR-23b F 5'-cgtgaattcgtgtccccagggttaaag-3’
R 5’-tcaggatcccatcgccggcecataatta-3’
pCDH-miR-27b F 5'-aatgaattcctcctgcagaaccgtgge-3'
R 5’-gctggatccctgtaggcacatttaagg-3’
pCDH-miR-24-1 F 5'-ccggaattcatgtcttcacagtcgcetg-3’
R

5’-aatggatcccgactcctgttcctgetg-3’

F, forward; R, reverse.

together to infect target cells, second round of infection 24
hour later and split target cells to culture plate with fresh
target growth medium.

Luciferase Reporter Assay

HSC-T6 cells were seeded in 24-well culture plates
(Corning) at a density of 2 x 10* cells per well 1 day before
transfection. Each reporter construction and its mutant
were co-transfected with miR-23b, miR-27b, miR-24-1
mimic, or a negative control mimic to confirm the direct
binding effect of miR-23b/27b/24-1 cluster on 3'UTR of
profibrotic genes. After 24 hours of transfection, all cells
were collected by centrifugation at 1000 rpm for 5 minutes
at 4°C and lysed in cell lysis buffer (Promega, Beijing, China)
for 20 minutes on ice, and then the supernatant was
transferred to a sterile tube after centrifugation at 12,000
rpm for 10 minutes at 4°C. The total protein concentrations
were measured with the BCA Protein Assay kit (Thermo
Scientific). Luciferase activities were performed with the
Luciferase Assay System (Promega) according to the man-
ufacturer’s instructions and measured with a fluorescence
detector (Brethold, Bad Wildbad, Germany).

Isolation and Culture of Primary Rat HSCs

The use of animals for this study was approved by the
laboratory animal center of China, Three Gorges University.
Primary rat HSCs were isolated from 12-week-old, 400-500

g male Sprague Dawley rats by in situ pronase, collagenase
perfusion, and OptiPrep gradient centrifugation using a
described method with minor modifications.** Freshly iso-
lated HSCs were cultured in high-glucose DMEM (Invi-
trogen, Shanghai, China) containing 10% fetal bovine serum
and 1% penicillin-streptomycin on 6-well plates at 37°C in a
humidified 5% CO, incubator. After HSCs completely
adhered, 10 ng/mL TGF-@ protein (Sino Biological, Beijing,
China) was used to stimulate their activation for 72 hours.
In subsequent lentiviral infection assay, the activated HSCs
were infected with pCDH-miR-23b/27b/24-1 lentivirus
granule. After another 48 hours of culture, the cells were
digested, collected for Western blot analysis, or sent to BGI
(Shenzhen, China) for transcriptome high-throughput
sequencing.

RNA Extraction and Real-Time PCR

HSC-T6 cells were harvested 24 hours after being
transfected with pCDH-miR-23b/27b/24-1, total micro-
RNAs were isolated with the miRcute miRNA Extraction Kit
(DP501; TIANGEN, Beijng, China), reverse transcription of
complementary DNA was performed with the miRcute
miRNA complementary DNA Synthesized Kit (KR201;
TIANGEN), and real-time PCR was performed using the
miRcute miRNA Quantitation Kit (FP401; TIANGEN) on a
Multivariate Quantitative PCR system (CFD-3220; BIO-RAD,
Shanghai, China) according to the manufacturer’s protocols.

Table 3.All miRNA Mimic Sequences

Species miRNAs Serial number of miRBase Sequence of mature miRNAs

Rat rno-miR-23b-5p MIMAT0017099 GGGUUCCUGGCAUGCUGAUUU

Rat rno-miR-23b-3p MIMAT0000793 AUCACAUUGCCAGGGAUUACC

Rat rno-miR-27b-5p MIMAT0017101 AGAGCUUAGCUGAUUGGUGAACAG
Rat rno-miR-27b-3p MIMAT0000798 UUCACAGUGGCUAAGUUCUGC

Rat rno-miR-24-1-5p MIMAT0003153 GUGCCUACUGAGCUGAUAUCAG
Rat rno-miR-24-1-3p MIMAT0000794 UGGCUCAGUUCAGCAGGAACAG
Rat Negative control micrONTM miRNA mimic Ncontrol #22_standard

Rat Fluorescent labeling micrONTM mimics negative control #22(5Cy3)
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Table 4.Real-Time PCR Primers for miR-23b, miR-27b,

miR-24-1, and U6

Genes, name Primer sequence, item number
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The RNA-seq data were first processed by filtering the
adaptor sequences and removing the low-quality reads us-
ing SOAPnuke (v1.5.2)%° to obtain clean reads. The clean
reads were mapped to the reference genome using HISAT2

miR-23b-5p F SSD809230953 (V2.0.4;2( http://www.c3c7b.jhu.edu/software/hisat/index.
R SSD089261711 shtml).” Bowtie2 (v2.2.5)”" was applied to align the clean
miR-23b-3p F MIR8002134 reads to the reference coding gene set, then the exg)gession
R SSD089261711 level of the gene was calculated by RSEM (v1.2.12).°" Reads
miR-27b-5p F SSD1342492802 per kilobases per million reads were used to evaluate the
R SSD089261711 RNA abundance. The value of the reads per kilobases per
miR-27b-3p F SSD809230959 million reads of 1 or greater was defined as a cut-off value
R SSD089261711 for an identified gene. The heatmap was drawn by pheat-
miR-24-1-5p F SSD1373111211 map (v1.0.8)39according to the gene expression in different
R SSD089261711 samples. Essentially, differential expression analysis was
miR-24-1-3p F SSD809230954 performed using DESeq (v1.34.1),4O with a Q value of 0.05

R SSD089261711

U6 F 5'-ctcgcttcggcagcaca-3'
R 5'-aacgcttcacgaatttgcgt-3'

F, forward; R, reverse.

U6 was used as a housekeeping gene to normalize the
quantification of total microRNAs and experiments were
analyzed with Opticon Monitor 3 software (BIO-RAD,
Shanghai, China). Statistical analysis was performed with
GraphPad Prism 8.0 software (GraphPad Software, San
Diego, CA) to analyze the relative expression level of each
miRNA on at least 3 biologic repeats. The primers were
purchased from TIANGEN and are listed in Table 4.

Transcriptomic Analysis Using RNA-seq

For the transcriptomic analysis, mRNA was isolated from
the cultured cells using the TRIzol RNA extraction reagent
(Invitrogen. Shanghai, China). Equal amounts of mRNA from
3 independent preparations were pooled, and the library
then was constructed using the BGISEQ500 platform (BGI).

or less. To discover the mechanisms underlying phenotypic
change, GO (http://www.geneontology.org) and KEGG
(https://www.kegg.jp) enrichment analysis of annotated
different expressed genes was performed by Phyper
(https://en.wikipedia.org/wiki/Hypergeometric_
distribution) based on the Hyper geometric test. The sig-
nificant levels of terms and pathways were corrected by P
value with a rigorous threshold (P < .05) by Bonferroni.**
The information from PPIs were collected by the Search
Tool for the Retrieval of Interacting Genes (STRING, version
11.0; http://string-db.org).** An interaction score of 0.4 or
greater was used as evaluation criteria in the PPI network.
In addition, Cytoscape software (version 3.7.1; http://www.
cytoscape.org) was used for constructing the PPI network.
MCODE was used to analyze PPI network modules, and
degree cut-off value of 2 or greater, node score cut-off value
of 2 or greater, K-core of 2 or greater, and a maximum depth
of 100 were used as the default parameters to set it to the
cut-off condition. Finally, CytoHubba, a Cytoscape plugin,
was used to explore PPI network hub genes.”® GeneMANIA
(http://www.genemania.org) was used to display gene
networks and predict gene function.

Table 5.Primary Antibodies and Secondary Antibodies for Western Blot Assay

Primary antibody Dilution ratio Company Secondary antibody Dilution ratio Company
TGF-81 1:1000 Santa Cruz (Dallas, TX) HRP-labeled goat anti-rabbit IgG  1:3000 NovoGene (Beijing, China)
TGF-52 1:800 Santa Cruz HRP-labeled goat anti-mouse IgG 1:5000 NovoGene

Smad3 1:800 Santa Cruz HRP-labeled rabbit anti-goat IgG  1:12,000 NovoGene
Gremlini 1:800 Santa Cruz HRP-labeled rabbit anti-goat IgG  1:12,000 NovoGene
Collagen la 1:800 Santa Cruz HRP-labeled rabbit anti-goat IgG  1:12,000 NovoGene
Collagen la2 1:800 Santa Cruz HRP-labeled rabbit anti-goat IgG  1:12,000 NovoGene

LOX 1:800 Santa Cruz HRP-labeled goat anti-mouse IgG 1:5000 NovoGene

ITGa2 1:800 Santa Cruz HRP-labeled goat anti-mouse IgG 1:5000 NovoGene

ITGa5 1:800 Santa Cruz HRP-labeled goat anti-mouse IgG 1:5000 NovoGene

MMP2 1:800 Santa Cruz HRP-labeled goat anti-mouse IgG 1:5000 NovoGene

MMP9 1:800 Santa Cruz HRP-labeled goat anti-mouse IgG 1:5000 NovoGene

TIMP1 1:800 Santa Cruz HRP-labeled goat anti-mouse IgG 1:5000 NovoGene

B-actin 1:3000 Santa Cruz HRP-labeled goat anti-mouse IgG 1:5000 NovoGene

HRP, horseradish peroxidase.


http://www.ccb.jhu.edu/software/hisat/index.shtml
http://www.ccb.jhu.edu/software/hisat/index.shtml
http://www.geneontology.org
https://www.kegg.jp
https://en.wikipedia.org/wiki/Hypergeometric_distribution
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Western Blot Analysis

For protein expression analysis, transfected cells were
washed with cold phosphate-buffered saline and lysed in
cell lysis buffer (Promega) with protease inhibitor
cocktail for 30 minutes on ice. The cell lysate was centri-
fuged at 12,000 rpm for 20 minutes at 4°C and the su-
pernatants were collected. The total protein concentration
was quantified using the Pierce BCA Protein Assay Kit
(Thermo Scientific). An equal amount of total protein from
each sample was subjected to 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis separation and
transferred onto a polyvinylidene difluoride membrane on
ice. The blots were blocked with 5% nonfat milk and 0.1%
Tween 20 at room temperature for 1 hour and then
incubated with diluted primary antibodies overnight at
4°C. Followed by Tris Buffered Saline with Tween (TBST)
buffer washing, the membranes were incubated with the
secondary antibodies for 50 minutes at room temperature
and then measured with the enhanced chemiluminescence
detection kit (Thermo) according to the manufacturer’s
instructions. The chemiluminescence on the membrane
was detected using the Bioshine Chemi Q 4800mini Cap-
ture system (Qinxiang, Shanghai, China). Densitometric
analyses of the band intensities were performed using
KODAK Molecular Imaging Software (Eastman Kodak
Company). All primary and secondary antibodies as well
as dilution ratios are listed in Table 5.

Mice and Fibrosis Induction

Hepatic fibrosis was induced using CCl; (Macklin,
Shanghai, China) dissolved in olive oil. Six-week-old male
C57BL/6 mice (body weight, 20 g) were purchased from
China Three Gorges University Laboratory Animal Center
and assigned randomly to a mock group, CCl, group, LV-
PURO+CCl, group, or LV-miR-23b/27b/24-1+4-CCl, group.
The mice were administered pCDH-miR-23b/27b/24-1
(dose of 3 x 107 transducing unit (TU) for the LV-miR-
23b/27b/24-14+CCl; group), pCDH-Puro (an inactive
analogue for the group LV-PURO-+CCly), or saline (for the
mock and CCl, groups) by tail intravenous injection 3 times
per week, starting on day 1, and the mice were challenged
with intraperitoneal injections of CCl, three times per week
(the first dose was 0.25 mL/kg body weight, followed by 0.5
mL/kg), starting on day 8. Mock group mice received olive
oil in lieu of CCly injections. The mice were killed on day 63,
and the livers were removed for histologic observation. The
mice were housed in the China Three Gorges University
Laboratory Animal Center and maintained according to the
institution’s guidelines. All animal experiments were
approved by the China Three Gorges University Committee
on Laboratory Animal Ethics.

Histology Staining and TPEF/SHG Analyses

The pathologist (L.H.) processed paraffin-embedded tis-
sue sections for H&E staining and Masson'’s trichrome blue
staining for collagen following standard procedures.
Paraffin-embedded tissue sections were delivered to Hang-
zhou Chou-Tu Technology Company (Hangzhou, China) for
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TPEF/SHG analyses. The slides were numbered and disor-
dered (by L.H.), and then scored (Y.-R.N.) in a blinded
fashion. The Scheuer scoring system was used to evaluate
fibrosis and necroinflammatory activity. A total of 100 pa-
rameters were measured as continuous variables relative to
their original dimensions in TPEF/SHG analyses, including
the total collagen percentage, aggregated collagen percent-
age, distributed collagen percentage, number of strings,
number of short strings, number of long strings, number of
thin strings, number of thick strings, string area, string
length, string width, string eccentricity, string in solidity,
string perimeter, string orientation, number of crosslinks,
and so forth.

The Predictor-WJF Algorithm

Predictor-WJF has been designed to identify miRNA
targets. It incorporates 5 independent computational target
prediction algorithms (Targetscan,"* miRDB,** micro-CDS,*
miRanda,*” and PicTar*®) and 1 data set of experimentally
validated miRNA targets (ENCORI*®). A flowchart of this
pipeline is shown in Figure 4C. Each gene predicted as a
target of a miRNA by any of the 6 data sources is assigned a
score (with values of 1 for each computational algorithm
and 2 for ENCORI). The final score for a gene is calculated by
the sum of the score for each data set. The output of the
pipeline is a list of target genes scored and ranked.

Statistical Analysis

Data are expressed as the means + SD. A 2-tailed Student
t test was performed to compare differences between 2
groups. One-way analysis of variance comparisons were
performed to compare differences between 3 or more
groups, all data were analyzed with GraphPad Prism 8.0
Software, and P < .05 was considered to be statistically
significant. Each experiment was performed with at least 3
biological repeats.
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