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Abstract: Background: We recently identified 39 human microRNAs, which effectively suppress
hepatitis B virus (HBV) replication in hepatocytes. Chronic HBV infection often results in
active, hepatitis-related liver fibrosis; hence, we assessed whether any of these microRNAs have
anti-fibrotic potential and predicted that miR-6133-5p may target several fibrosis-related genes.
Methods: The hepatic stellate cell line LX-2 was transfected with an miR-6133-5p mimic and
subsequently treated with Transforming growth factor (TGF)-β. The mRNA and protein products of
the COL1A1 gene, encoding collagen, and the ACTA2 gene, an activation marker of hepatic stellate
cells, were quantified. Results: The expression of COL1A1 and ACTA2 was markedly reduced in
LX-2 cells treated with miR-6133-5p. Interestingly, phosphorylation of c-Jun N-terminal kinase (JNK)
was also significantly decreased by miR-6133-5p treatment. The expression of several predicted
target genes of miR-6133-5p, including TGFBR2 (which encodes Transforming Growth Factor Beta
Receptor 2) and FGFR1 (which encodes Fibroblast Growth Factor Receptor 1), was also reduced
in miR-6133-5p-treated cells. The knockdown of TGFBR2 by the corresponding small interfering
RNA greatly suppressed the expression of COL1A1 and ACTA2. Treatment with the JNK inhibitor,
SP600125, also suppressed COL1A1 and ACTA2 expression, indicating that TGFBR2 and JNK mediate
the anti-fibrotic effect of miR-6133-5p. The downregulation of FGFR1 may result in a decrease of
phosphorylated Akt, ERK (extracellular signal-regulated kinase), and JNK. Conclusion: miR-6133-5p
has a strong anti-fibrotic effect, mediated by inactivation of TGFBR2, Akt, and JNK.

Keywords: liver fibrosis; hepatic stellate cells; TGF-β; JNK signaling pathway

1. Introduction

The progression of liver fibrosis often leads to fatal outcomes, such as the development of
cirrhosis and hepatocellular carcinoma. Infections with viruses such as the hepatitis B virus (HBV) and
hepatitis C virus are the major causes of liver fibrosis and contributed to around 50% of cirrhosis and
hepatocellular carcinoma cases in 2017 [1]. Approximately 250 million people worldwide were infected
with hepatitis viruses, resulting in nearly 1.4 million deaths in 2016, which is more than those caused
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by human immunodeficiency virus infection or tuberculosis [2]. Therefore, the development of novel
treatment options to prevent the progression of liver fibrosis is important for reducing risks to health.

Hepatic stellate cells (HSCs) are major producers of extracellular matrix proteins, such as
collagen fibers, during the development of fibrosis. HSCs are activated by fibrogenic cytokines,
such as Transforming growth factor (TGF)-β, angiotensin II, and leptin, induced by liver injury [3].
Once activated, HSCs proliferate and differentiate into myofibroblasts and start to produce α-smooth
muscle actin (α-SMA). Although extensive efforts have revealed that various signaling molecules such
as Akt and c-Jun N-terminal kinase (JNK) control the activation and fibrogenesis of HSCs [4–8], the
molecular processes involved in HSC activation are not entirely understood [9].

MicroRNAs (miRNAs) are small non-coding RNAs, 21–25 nucleotides in length, encoded
in the human genome. Each miRNA targets hundreds of mRNAs and downregulates
them post-transcriptionally by base pairing with their 3′-untranslated regions (3′-UTRs) [10,11].
Extensive studies have revealed that miRNAs regulate various biological and cellular processes,
including proliferation, differentiation, cell behavior, and cancer development [12–17]. The involvement
of miRNAs in fibrosis of the liver and other organs also has been reported [18–22].

Recently, by screening a human miRNA mimic library, we identified 39 miRNAs that effectively
suppress HBV replication [23]. A significant portion of chronically HBV-infected patients suffer from
progression of liver fibrosis toward cirrhosis [24]. Hence, we investigated whether any of these miRNAs
have additional effects related to fibrosis and found that one of them, miR-6133-5p, potentially targets
several fibrosis-related genes. Interestingly, miR-6133 greatly suppressed not only the COL1A1 gene
that encodes the α-chain of collagen type I (collagen Iα1), the major component of fibrous tissue in
the liver, but also the ACTA2 gene, which encodes α-SMA, indicating its anti-fibrotic potential. In the
present study, we explored the molecular mechanisms by which miR-6133-5p suppresses the fibrotic
activity of hepatic stellate cells.

2. Results

2.1. MiR-6133-5p Suppresses the Synthesis of α-Chain of Collagen Type I and α-Smooth Muscle Actin in
LX-2 Cells

To explore the role of miR-6133-5p in HSC functions, we transfected an miR-6133-5p mimic or
a negative control miRNA mimic (hereafter referred to as miControl) into a human HSC line, LX-2,
24 h before treatment with 5 ng/mL of recombinant human transforming growth factor β1 (rhTGF-β1),
a strong inducer of fibrogenesis. RNA and protein were collected at each time point, as indicated in
Figure 1A. As shown in Figure 1B, in the miControl-treated cells, rhTGF-β1 treatment dramatically
increased the expression of COL1A1 and ACTA2. Interestingly, the levels of COL1A1 and ACTA2 were
significantly decreased in the miR-6133-5p-treated cells, irrespective of rhTGF-β1 treatment, indicating
that miR-6133 has strong anti-fibrotic property. Western blot analyses showed that the amounts of
collagen Iα1 and α-SMA were also decreased in the miR-6133-5p-transfected cells, with or without
rhTGF-β1 treatment (Figure 1C). It was noted that the amount of α-SMA protein increased only 72 h
after rhTGF-β1 treatment.
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Figure 1. The impact of miR-6133 on the anti-fibrotic activity of LX-2 cells. (A) LX-2 cells were
transfected with a miR-6133-5p mimic or a negative control microRNA mimic (miControl) at a final
concentration of 20 nM, 24 h before treatment with recombinant human transforming growth factor
β1 (rhTGF-β1, 5 ng/mL). Total RNA and proteins were extracted from the cells collected at the time
points indicated. (B) The expression of the COL1A1 gene encoding collagen Iα1, and the ACTA2 gene
encoding α-smooth muscle actin was determined by RT-qPCR. (C) The amounts of α-chain of collagen
type I (collagen Iα1) and α-smooth muscle actin (α-SMA) were determined by Western blot analysis.
Error bars represent means ± standard deviations (n = 3). * p < 0.05; ** p < 0.01., n.s. not significant.
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To identify the molecular mechanisms by which miR-6133-5p suppressed COL1A1 and ACTA2,
we performed an RNAseq analysis to compare gene expression patterns of the cells transfected with
miR-6133-5p with those transfected with miControl, 24 h after rhTGF-β treatment. Several genes
(n = 373) were downregulated by more than 50%, with statistical significance (Figure 2A).
Among them, 36 genes were also found among the putative target genes of miR-6133-5p predicted by
TargetScanHuman v7.2 (total 438 genes, http://www.targetscan.org/vert_72/) [11]. We then examined
the role of each gene on the expression of COL1A1 and ACTA2 by transfecting with the corresponding
small interfering RNAs (siRNA). As shown in Figure 2B, only knockdown of the TGFBR2 gene,
which encodes a component of the human TGF-β receptor, downregulated COL1A1 and ACTA2 more
than 20%, compared with cells treated with a non-targeting control siRNA (siControl), with statistical
significance. However, suppression of COL1A1 and ACTA2 by miR-6133-5p was also observed in the
absence of rhTGF-β. Moreover, miR-6133 did not alter rhTGF-β-induced phosphorylation of Smad2/3,
indicating the presence of TGFBR2-Smad independent pathways (Figure 3A).

By analyzing the RNAseq data in terms of gene ontology, we found that several genes encoding
extracellular matrix proteins and genes involved in epithelial-to-mesenchymal transition, such as
CTGF (connective tissue growth factor), COL1A2 (collagen Iα2), COL5A3 (collagen Vα3), LOX (Lysyl
oxidase), SNAI2 (Snail 2), and CDH2 (Cadherin 2), were also significantly downregulated in the
miR-6133-5p-treated group (Supplementary Tables S1 and S2). These results indicated that miR-6133-5p
partially affects the activation and fibrotic function of LX-2 cells.

2.2. MiR-6133 Decreased Phosphorylation of Akt, ERK, and JNK

We then examined the impact of miR-6133 on the major cellular signaling pathways mediated
by the serine/threonine kinases, Akt, ERK (extracellular signal-regulated kinase), JNK, and p38.
Surprisingly, the amounts of phosphorylated forms of Akt, ERK, and JNK, but not p38, were smaller
in the miR-6133-treated LX-2 cells than the miControl-treated cells, 24 h after rhTGF-β treatment
(Figure 3A). Moreover, these differences were also observed in the mock-treated groups (Figure 3A).
To determine whether the inhibition of phosphorylation of any of these kinases affected the expression
of COL1A1 and ACTA2, we used siRNAs targeting the SMAD2, SMAD3, and SMAD4 genes, which are
the central mediators of canonical TGF-β signaling and those targeting the AKT1, AKT2, and AKT3
genes; and chemical inhibitors of MEK (MAPK/ERK kinase), JNK, and p38.

As shown in Figure 3B, treatment with SMAD2/3/4 siRNAs slightly decreased COL1A1 and ACTA2,
but without statistical significance, indicating that COL1A1 and ACTA2 are not solely regulated by the
canonical TGF-β-Smad2/3/4 pathway. The knockdown of AKT1/2/3 decreased the level of COL1A1, but
not ACTA2. Treatment with the MEK inhibitor, U0126, which inhibits phosphorylation of ERK by the
upstream kinase MEK, slightly increased the levels of COL1A1 and ACTA2. In contrast, inhibition of
JNK and p38 by their corresponding inhibitors (SP600125 and SB203580, respectively) significantly
suppressed COL1A1 and ACTA2 expression (Figure 3B). Collectively, these results suggested that Akt
may partially account for the suppression of COL1A1 by miR-6133-5p and, similarly, JNK may partially
account for the suppression of both COL1A1 and ACTA2 by miR-6133-5p.

We next investigated the relationship between the suppression of the TGFBR2 gene and that of Akt,
ERK, and JNK phosphorylation using an siRNA targeting the TGFBR2 gene (siTGFBR2). As shown in
Figure 4A, the amount of collagen Iα1 was greatly decreased and that of α-SMA was slightly decreased
in the LX-2 cells treated with siTGFBR2 compared with the siControl-treated cells. While the amount
of phosphorylated forms of Smad2/3 and Akt was also significantly decreased by siTGFBR2, it had no
impact on the amounts of phosphorylated ERK, JNK, and p38 (Figure 4A). These results indicated that
the suppression of JNK by miR-6133 is independent of TGFBR2.

http://www.targetscan.org/vert_72/
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Figure 2. The impact of miR-6133 target genes on the anti-fibrotic activity of LX-2 cells. (A) RNAseq
analysis revealed that 373 genes were downregulated in miR-6133-treated LX-2 cells compared with
those treated with miControl, with statistical significance (p < 0.05). Thirty-six of these genes were
also among 438 putative miR-6133-5p target genes predicted by TargetScanHuman v7.2. The levels of
TGFBR2 (which encodes Transforming Growth Factor Beta Receptor 2) in the miR-6133-treated and
miControl-treated LX-2 cells (n = 3) were determined by RT-qPCR. (B) LX-2 cells were transfected with
small interfering RNAs (siRNAs) corresponding to each of the 36 genes or a non-targeting control
siRNA (siControl) at a final concentration of 20 nM, 24 h before treatment with rhTGF-β1 (5 ng/mL).
The expression of COL1A1 and ACTA2 was determined by RT-qPCR. Fold change was calculated as
the ratio over the expression in the siControl-treated sample (indicated by a dotted line). Error bars
represent means ± standard deviations (n = 3). * p < 0.05; ** p < 0.01.
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Figure 3. The effect of miR-6133 on the activation of intracellular signaling pathways.
(A) The amounts of phosphorylated-Smad2/3 (p-Smad2/3), total Smad2/3, p-Akt, Akt, p-ERK
(extracellular signal-regulated kinase), ERK, p-JNK (c-Jun N-terminal kinase), JNK, p-p38, p38, and
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) were determined by western blot analysis,
using the LX-2 extracts collected 24 h after rhTGF-β1 treatment. (B) LX-2 cells were treated with a
mixture of siRNAs corresponding to the SMAD2, SMAD3, and SMAD4 genes (siSMAD2/3/4), a mixture
of siRNAs corresponding to the AKT1, AKT2, and AKT3 genes (siAKT1/2/3), or siControl, at a final
concentration of 30 nM (10 nM for individual siRNA), 24 h before treatment with rhTGF-β1 (5 ng/mL).
LX-2 cells were also treated side by side with an MEK (MAPK/ERK kinase) inhibitor (U0126), a JNK
inhibitor (SP600125), a p38 inhibitor (SB203580), or DMSO (dimethylsulfoxide), 24 h before rhTGF-β1
treatment. Total RNA was extracted from the samples collected 24 h after rhTGF-β1 treatment and the
expression of COL1A1 and ACTA2 was determined by RT-qPCR analysis. Error bars represent means
± standard deviations (n = 3). * p < 0.05; ** p < 0.01.
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Figure 4. The effect of knockdown of TGFBR2 and FGFR1 (which encodes Fibroblast Growth Factor
Receptor 1), on the activation of intracellular signaling pathways. (A) LX-2 cells were treated with an
TGFBR2 siRNA or siControl at a final concentration of 20 nM, 24 h before treatment with rhTGF-β1
(5 ng/mL). Protein extracts were prepared from the samples collected 24 h after rhTGF-β1 treatment
and subjected to Western blot analysis. (B) LX-2 cells were treated with an FGFR1 siRNA, TGFBR2
siRNA, or siControl at a final concentration of 20 nM, 24 h before treatment with rhTGF-β1. The lysates
were analyzed by Western blot analysis. (C) Values of fragments per kilobase of exon per million reads
mapped (FPKM) for FGF1, FGF2, FGF5, FGFR1, HBEGF, VEGFA, IRS1, PIK3CD, and PIK3R2 genes,
deduced from the RNAseq analysis comparing samples treated with miR-6133-5p and miControl. Error
bars represent means ± standard deviations (n = 3). * p < 0.05; ** p < 0.01.
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2.3. Possible Involvement of the Fibroblast Growth Factor Receptor 1 (FGFR1) Gene in the Suppression of JNK
Phosphorylation by MiR-6133-5p

Next, to further elucidate the mechanism by which miR-6133-5p suppressed the phosphorylation
of Akt, ERK, and JNK, we performed gene set enrichment analysis (GSEA) and constructed
miRNA-mRNA networks from RNAseq data. By analyzing GSEA of gene ontology (GO) gene
sets in the miR-6133-5p-treated LX-2 cells, we found that a group of genes annotated as ‘extracellular
matrix organization’ were significantly downregulated in the miR-6133-5p-treated cells (Supplementary
Figure S1A,B). From the putative miR-6133-target genes predicted by TargetScanHuman v7.2 and
experimentally validated miR-6133-5p target genes listed in miRTarBase v8.0 (http://mirtarbase.cuhk.
edu.cn/php/index.php) [25], we selected 98 genes whose expression was significantly lower in the
miR-6133-5p-treated LX-2 cells (fold change in log2 ratio > 0.8, p < 0.05, fold discovery rate < 0.01;
Supplementary Figure S1C). Among them, we found the FGFR1 gene annotated in ‘extracellular
matrix organization’, which is known to transmit a signal to the PI3K-Akt and ERK/JNK/p38 signaling
pathways upon activation by its ligands, fibroblast growth factors [26]. As shown in Figure 4B,
knockdown of FGFR1 by the corresponding siRNA significantly decreased the phosphorylated form of
JNK. It also decreased phosphorylated forms of Akt and ERK to some extent. These results suggested
that the anti-fibrotic function of miR-6133-5p may partially be mediated by the FGFR-Akt/ERK/JNK
axis. In contrast, knockdown of FGFR1 increased the amount of phosphorylated form of Smad2/3
(Figure 4B), indicating that FGFR1 acts inhibitory to the TGF-β pathway, including Smad2/3, as reported
by Li et al. [27]. Interestingly, the levels of expression of genes encoding FGFR ligands (FGF1, FGF2, and
FGF5) were also reduced in the miR-6133-5p-treated cells. The level of genes involved in other growth
factor signaling pathways, such as HBEGF (the epidermal growth factor signaling pathway), VEGFA
(the vascular endothelial growth factor signaling pathway), and IRS1, PIK3CD, PIK3R2 (the IGF-PI3K
signaling pathway), were also significantly decreased (Figure 4C).

3. Discussion

Recently, we reported that the human miRNA, miR-6133-5p, has strong antiviral activity against
HBV replication [23]. In this study, we found that miR-6133-5p effectively suppressed COL1A1 and
ACTA2—the main component of fibrous tissue in the liver and a representative marker of HSC activation,
respectively. An RNAseq analysis also revealed that several genes encoding other extracellular matrix
proteins and those involved in epithelial-to-mesenchymal transition were significantly downregulated
in the miR-6133-5p-treated cells, suggesting that miR-6133-5p has strong, but partial, anti-fibrotic
property when introduced in HSCs. Functional analyses revealed that siRNA-mediated knockdown
of TGFBR2 and AKT1/2/3, and inhibition of JNK by an appropriate chemical, suppressed COL1A1
and ACTA2 expression, suggesting that the anti-fibrotic effects of miR-6133-5p may be mediated by
TGFBR2, Akt, and JNK (Figure 5).

http://mirtarbase.cuhk.edu.cn/php/index.php
http://mirtarbase.cuhk.edu.cn/php/index.php
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Figure 5. Schema of anti-fibrotic mechanisms via miR-6133-5p. TGF-β signaling mediated by the
receptor TGFBR2 and its receivers, Smad2/3, control, COL1A1, and ACTA2. miR-6133-5p directly
suppresses the expression of TGFBR2. miR-6133-5p decreases phosphorylation (activation) of Akt, ERK,
and JNK, possibly by targeting FGFR1 which results in the suppression of FGF/FGFR axis. Akt and
JNK regulate COL1A1 and ACTA2 expression.

The decrease of phosphorylated Akt, ERK, and JNK in the miR-6133-treated LX-2 cells could be
due to the downregulation of FGFR1, a target gene of miR-6133-5p. Several reports have shown that
Akt is involved in collagen synthesis and the activation of HSCs [4,5]. JNK has also been reported
to regulate collagen synthesis and the activation of HSCs [6–8]. A chemical compound, GS-444217,
that specifically inhibit ASK1 (Apoptosis signal-regulating kinase 1), a protein kinase upstream of
JNK and p38, has been reported to reduce liver fibrosis in a mouse model with a Nlrp3 (NLR family
pyrin domain containing 3) loss-of-function mutation [28]. These findings, together with our present
study, indicate that signaling pathways including Akt and JNK are therapeutic targets for the control
of liver fibrosis.

The roles of endogenous miR-6133-5p in humans are largely unknown. miR-6133-5p is expressed
in almost all tissues, including the liver. One report revealed that the amount of urinary exosomal
miR-6133-5p was increased in type II diabetic nephropathy patients [29]. On the other hand, we found
that the level of miR-6133-5p was not altered in the rhTGF-β1-treated LX-2 cells, compared with
the control (data not shown), indicating that endogenous level of miR-6133 have no impact on the
fibrogenic function of HSCs.

miR-6133-5p is found in the genome of several primates. Although it is important to determine
whether miR-6133-5p effectively ameliorates liver fibrosis in vivo, at present, we could not employ
physiologically relevant small animal models for evaluating the effect of primate-restricted miRNA
such as miR-6133-5p on liver fibrosis in vivo. Chimeric mice, with liver repopulated with human
hepatocytes, were frequently used to study HBV replication in vivo [30]. The development of similar
experimental animal models such as small animals harboring human HSCs in the liver would help to
examine the effect of reagents on liver fibrosis in future studies.

Some issues remain to be addressed. While the expression of ACTA2 was induced by rhTGF-β1
and peaked 24 h after treatment, the increase of α-SMA protein became obvious only 72 h after
rhTGF-β1 treatment (Figure 1B,C). Similarly, while knockdown of TGFBR2 greatly suppressed ACTA2
expression 24 h after rhTGF-β1 treatment, the amount of α-SMA protein was not decreased so much
(Figures 2B and 4A). This could be due to the balance between the efficiency of translation and the
degradation of α-SMA protein, which may cause a delay in the outcome of the increase/decrease of
ACTA2 mRNA and changes in the amount of its protein product.
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On the other hand, knockdown of TGFBR2 by the corresponding siRNA greatly decreased
the phosphorylated form of Smad2/3. However, although miR-6133-5p treatment also suppressed
TGFBR2 effectively, it had no impact on the amount of phosphorylated Smad2/3. The amount of
phosphorylated Smad2/3 was increased by the knockdown of FGFR1 (Figure 4B); hence, it is possible
that the downregulation of FGFR1 by miR-6133 may partially cancel the suppressive effect by the
downregulation of TGFBR2 in terms of the level of phosphorylation of Smad2/3.

Our results showed that the inhibition of p38 by its inhibitor, SB203580, also effectively suppressed
COL1A1 and ACTA2 expression (Figure 3B). On the other hand, miR-6133-5p had no impact on
the phosphorylation of p38 in LX-2. JNK and p38 are differently regulated by upstream kinases
(MKK4 (mitogen-activated protein kinase kinase 4)/MKK7 and MKK3/MKK6, respectively); hence,
miR-6133-5p could selectively inhibit JNK without affecting p38 and it is sufficient for the suppression
of COL1A1 and ACTA2 in LX-2 cells.

A comprehensive transcriptome analysis covering many time points is needed in a future study
to dissect the effect of miR-6133-5p from the immediate-early suppression of direct target genes,
middle-stage changes of signaling pathways, and late-stage changes, such as the downregulation of
COL1A1 and ACTA2. The role of miR-6133-5p in the fibrosis of other organs or tissues has also not
been documented; further studies will be required to examine the effect of miR-6133-5p in various
fibroblast cells of different organ origins.

In conclusion, we found that miR-6133-5p has strong anti-fibrotic effect which could be mediated
by inactivation of TGFBR2, Akt, and JNK.

4. Materials and Methods

4.1. Cell Culture and Transfection

LX-2 cells were cultured in Dulbecco’s modified Eagle’s medium (Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 1% antibiotic antimycotic solution and 2% heat-inactivated fetal
bovine serum (Thermo Fisher Scientific). MiRIDIAN MicroRNA miR-6133-5p Mimic and MiRIDIAN
MicroRNA Mimic Negative Control #1 (miControl) were purchased from Horizon Discovery Group
plc. (Cambridge, UK). ON-TARGETplus siRNA SMARTpools targeting SMAD2, SMAD3, SMAD4,
AKT1, AKT2, AKT3, and FGFR1; and ON-TARGETplus Non-targeting Pool (siControl) were purchased
from Horizon Discovery Group plc. Each SMARTpool contains four independent siRNA molecules
to ensure efficient gene knockdown. Silencer Select siRNA reagents corresponding to 36 predicted
target genes of miR-6133-5p and Silencer Select negative control siRNA were purchased from Thermo
Fisher Scientific. Two independent Silencer Select siRNA molecules for each gene were mixed equally
and used in the following assay to ensure efficient gene knockdown. The sequence information of the
siRNAs used in this study was shown in Supplementary Table S4.

miRNAs or siRNAs were introduced into LX-2 cells at a final concentration of 20 nmol/L
using Lipofectamine RNAiMAX Reagent (Thermo Fisher Scientific), according to the manufacturer’s
instructions. Twenty-four hours after transfection, the cells were further cultured with medium
containing 5 ng/mL of rhTGF-β1. The cells were then harvested and subjected to RNA and protein
extraction at the time points indicated in Figure 1A.

4.2. Gene Expression Analysis by RT-qPCR

Total RNA was extracted using ISOGEN (Nippon Gene, Toyama, Japan). Gene expression was
determined by RT-qPCR using StepOne Plus (Thermo Fisher Scientific). The primer–probe sets for
RT-qPCR analysis of human COL1A1, ACTA2, TGFBR2, FGFR1, and GAPDH genes were purchased
from Thermo Fisher Scientific.
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4.3. Quantification of Protein

Cell lysates were prepared using a lysis buffer containing 1% Nonidet P40, 150 mM sodium
chloride, and 50 mM Tris-Cl buffer (pH 7.4). A cOmplete Mini EDTA-free tablet and a PhosSTOP tablet
(Roche diagnostics, Basel, Switzerland) were added to each 10 mL of the lysis buffer immediately
before use. Western blot analyses were performed by a routine procedure using the primary antibodies
listed below with the species, target, company, catalogue number, and dilution: mouse anti-collagen
Iα1 (sc-293182, Santa Cruz, Dallas, TX, USA, 1:1000); rabbit anti-α-SMA (GTX100034, GeneTex, Irvine,
CA, USA, 1:1000); rabbit anti-phospho-Smad2/3 (#8828, Cell Signaling Technology, Danvers, MA, USA,
1:2000); rabbit anti-Smad2/3 (#8685, Cell Signaling Technology, 1:2000); rabbit anti-phospho-Akt (#9271,
Cell Signaling Technology, 1:2000); rabbit anti-Akt (#9272, Cell Signaling Technology, 1:2000); mouse
anti-phospho-ERK (#9106, Cell Signaling Technology, 1:2000); rabbit anti-ERK (#9102, Cell Signaling
Technology, 1:2000); rabbit anti-phospho-JNK (#9251, Cell Signaling Technology, 1:2000); rabbit
anti-JNK (#9252, Cell Signaling Technology, 1:2000); rabbit anti-phospho-p38 (#9211, Cell Signaling
Technology, 1:2000); rabbit anti-p38 (#9212, Cell Signaling Technology, 1:2000); mouse anti-GAPDH
(ab8245, Abcam, Cambridge, UK, 1:10,000). The intensity of the bands was calculated using ImageJ
v1.8.0 (https://imagej.nih.gov/ij/index.html).

4.4. RNAseq Analysis

Total RNA samples collected from miR-6133-5p- and miControl-treated LX-2 cells (n = 2) 24 h
after rhTGF-β1 treatment were subjected to an RNAseq analysis. PolyA + RNA was extracted,
fragmented, and reverse-transcribed to yield a single-stranded cDNA mixture. Double-stranded DNA
was then synthesized using the cDNA mixture as a template. The ends of the product were blunted,
phosphorylated, followed by addition of 3′-deoxyadenosine, and ligated with adapter DNA fragments
containing an index sequence unique to each sample. After amplification by PCR, the resultant
sequencing libraries were subjected to pair-end sequencing (sequence length = 150 bases) using
NovaSeq 6000, NovaSeq 6000 S4 Reagent Kit, and NovaSeq Xp 4-Lane Kit (Illumina Inc., San Diego, CA,
USA). The reads were mapped and annotated using GeneData Profiler Genome v11.0.4a (GeneData,
Basel, Switzerland) and STAR v2.5.3a (https://github.com/alexdobin/STAR). Homo sapiens genome
assembly GRCh37 (hg19) was used as the reference. The number of reads and the percentage of mapped
reads for each sample are shown in Supplementary Table S3. Read counts underwent the trimmed
mean of M values (TMM) normalization and log2 computes counts per million (CPM) transformation
using the edgeR software v3.30.3 [31]. Differences in gene expression between miR-6133-5p and
miControl were tested by a quasi-likelihood test function (glmQLFit). We set a false-discovery rate
(FDR) threshold of 0.01 to correct for multiple testing and set a log-fold change (Log2FC) threshold of
0.8. The RNAseq data were deposited in the Gene Expression Omnibus database (accession number:
GSE158478, https://www.ncbi.nlm.nih.gov/geo/).

To functionally characterize miR-6133-5p, we performed a pathway analysis using the GSVA
R package (https://www.bioconductor.org/packages/release/bioc/html/GSVA.html) [32]. The gene
sets used were the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and all GO gene
sets from the Broad Institute’s Molecular Signatures Database (MSigDB) v7.1. The top differentially
enriched pathways were yielded along with p-values adjusted for multiple testing correction using the
Benjamini–Hochberg FDR controlling procedure. Cytoscape software v3.6.2 [33] was employed to
construct the miRNA–mRNA gene network. All data were analyzed in R (http://www.r-project.org/).

4.5. Statistical Analysis

The student’s t-test was performed using Microsoft Excel. Data are depicted as the mean ±
standard deviation, and p-values < 0.05 were considered significant: * p < 0.05, ** p < 0.01.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/19/
7251/s1. Table S1: Downregulated genes listed in the gene set ‘Extracellular matrix’; Table S2: Downregulated

https://imagej.nih.gov/ij/index.html
https://github.com/alexdobin/STAR
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https://www.bioconductor.org/packages/release/bioc/html/GSVA.html
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genes listed in the gene set ‘Hallmark epithelial mesenchymal transition’; Table S3: The RNAseq Results;
Table S4: Sequence information of the siRNAs used in this study; Figure S1: Characterization of genes controlled
by miR-6133-5p.
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JNK c-Jun N-terminal kinase
FGFR1 fibroblast growth factor 1
siRNA small interfering RNA
GSEA gene set enrichment analysis
GO gene ontology

References

1. Sepanlou, S.G.; Safiri, S.; Bisignano, C.; Ikuta, K.S.; Merat, S.; Saberifiroozi, M.; Poustchi, H.; Tsoi, D.;
Colombara, D.V.; Abdoli, A.; et al. The global, regional, and national burden of cirrhosis by cause in 195
countries and territories, 1990-2017: A systematic analysis for the Global Burden of Disease Study 2017.
Lancet Gastroenterol. Hepatol. 2020, 5, 245–266. [CrossRef]

2. Graber-Stiehl, I. The silent epidemic killing more people than HIV, malaria or TB. Nature 2018, 564, 24–26.
[CrossRef] [PubMed]

3. Bataller, R.; Brenner, D.A. Liver fibrosis. J. Clin. Investig. 2005, 115, 209–218. [CrossRef]
4. Cai, C.X.; Buddha, H.; Castelino-Prabhu, S.; Zhang, Z.; Britton, R.S.; Bacon, B.R.; Neuschwander-Tetri, B.A.

Activation of Insulin-PI3K/Akt-p70S6K Pathway in Hepatic Stellate Cells Contributes to Fibrosis in
Nonalcoholic Steatohepatitis. Dig. Dis. Sci. 2017, 62, 968–978. [CrossRef] [PubMed]

5. Reif, S.; Scanga, A.E.; Brenner, D.A.; Rippe, R.A. The role of AKT in hepatic stellate cell activation. YGAST
2001, 120, A27.

6. Schnabl, B.; Bradham, C.A.; Bennett, B.L.; Manning, A.M.; Stefanovic, B.; Brenner, D.A. TAK1/JNK and p38
have opposite effects on rat hepatic stellate cells. Hepatology 2001, 34, 953–963. [CrossRef]

7. Anania, F. Aldehydes potentiate α2(I) collagen gene activity by JNK in hepatic stellate cells.
Free Radic. Biol. Med. 2001, 30, 846–857. [CrossRef]

8. Kluwe, J.; Pradere, J.P.; Gwak, G.Y.; Mencin, A.; De Minicis, S.; Österreicher, C.H.; Colmenero, J.; Bataller, R.;
Schwabe, R.F. Modulation of Hepatic Fibrosis by c-Jun-N-Terminal Kinase Inhibition. YGAST 2010,
138, 347–359. [CrossRef]

9. Higashi, T.; Friedman, S.L.; Hoshida, Y. Hepatic stellate cells as key target in liver fibrosis. Adv. Drug Deliv. Rev.
2017, 121, 27–42. [CrossRef]

10. Krol, J.; Loedige, I.; Filipowicz, W. The widespread regulation of microRNA biogenesis, function and decay.
Nat. Rev. Genet. 2010, 11, 597–610. [CrossRef]

11. Agarwal, V.; Bell, G.W.; Nam, J.-W.; Bartel, D.P. Predicting effective microRNA target sites in mammalian
mRNAs. Elife 2015, 4, 101. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S2468-1253(19)30349-8
http://dx.doi.org/10.1038/d41586-018-07592-7
http://www.ncbi.nlm.nih.gov/pubmed/30518904
http://dx.doi.org/10.1172/JCI24282
http://dx.doi.org/10.1007/s10620-017-4470-9
http://www.ncbi.nlm.nih.gov/pubmed/28194671
http://dx.doi.org/10.1053/jhep.2001.28790
http://dx.doi.org/10.1016/S0891-5849(01)00470-1
http://dx.doi.org/10.1053/j.gastro.2009.09.015
http://dx.doi.org/10.1016/j.addr.2017.05.007
http://dx.doi.org/10.1038/nrg2843
http://dx.doi.org/10.7554/eLife.05005
http://www.ncbi.nlm.nih.gov/pubmed/26267216


Int. J. Mol. Sci. 2020, 21, 7251 13 of 14

12. Alvarez-Garcia, I.; Miska, E.A. MicroRNA functions in animal development and human disease. Development
2005, 132, 4653–4662. [CrossRef] [PubMed]

13. Ivey, K.N.; Srivastava, D. microRNAs as Developmental Regulators. Cold Spring Harb. Perspect. Biol. 2015,
7, a008144. [CrossRef] [PubMed]

14. Baltimore, D.; Boldin, M.P.; O’Connell, R.M.; Rao, D.S.; Taganov, K.D. MicroRNAs: New regulators of
immune cell development and function. Nat. Immunol. 2008, 9, 839–845. [CrossRef]

15. Gailhouste, L.; Histopathol, T.O.H. Cancer-related microRNAs and their role as tumor suppressors and
oncogenes in hepatocellular carcinoma. Histol. Histopathol. 2013, 28, 437–451.

16. Chuma, M.; Toyoda, H.; Matsuzaki, J.; Saito, Y.; Kumada, T.; Tada, T.; Kaneoka, Y.; Maeda, A.; Yokoo, H.;
Ogawa, K.; et al. Circulating microRNA-1246 as a possible biomarker for early tumor recurrence of
hepatocellular carcinoma. Hepatol. Res. 2019, 49, 810–822. [CrossRef]

17. Zheng, Z.; Wen, Y.; Nie, K.; Tang, S.; Chen, X.; Lan, S.; Pan, J.; Jiang, K.; Jiang, X.; Liu, P.; et al. Construction of
a 13-microRNA-based signature and prognostic nomogram for predicting overall survival in patients with
hepatocellular carcinoma. Hepatol. Res. 2020, 50, hepr.13538. [CrossRef]

18. Roderburg, C.; Urban, G.W.; Bettermann, K.; Vucur, M.; Zimmermann, H.; Schmidt, S.; Janssen, J.; Koppe, C.;
Knolle, P.; Castoldi, M.; et al. Micro-RNA profiling reveals a role for miR-29 in human and murine liver
fibrosis. Hepatology 2011, 53, 209–218. [CrossRef]

19. Ogawa, T.; Iizuka, M.; Sekiya, Y.; Yoshizato, K.; Ikeda, K.; Kawada, N. Suppression of type I collagen
production by microRNA-29b in cultured human stellate cells. Biochem. Biophys. Res. Commun. 2010,
391, 316–321. [CrossRef]

20. Oba, S.; Kumano, S.; Suzuki, E.; Nishimatsu, H.; Takahashi, M.; Takamori, H.; Kasuya, M.; Ogawa, Y.; Sato, K.;
Kimura, K.; et al. miR-200b Precursor Can Ameliorate Renal Tubulointerstitial Fibrosis. PLoS ONE 2010,
5, e13614. [CrossRef]

21. Hyun, J.; Wang, S.; Kim, J.; Rao, K.M.; Park, S.Y.; Chung, I.; Ha, C.-S.; Kim, S.-W.; Yun, Y.H.; Jung, Y.
MicroRNA-378 limits activation of hepatic stellate cells and liver fibrosis by suppressing Gli3 expression.
Nat. Commun. 2016, 7, 10993. [CrossRef] [PubMed]

22. Matsuura, K.; De Giorgi, V.; Schechterly, C.; Wang, R.Y.; Farci, P.; Tanaka, Y.; Alter, H.J. Circulating let-7
levels in plasma and extracellular vesicles correlate with hepatic fibrosis progression in chronic hepatitis C.
Hepatology 2016, 64, 732–745. [CrossRef] [PubMed]

23. Naito, Y.; Hamada-Tsutsumi, S.; Yamamoto, Y.; Kogure, A.; Yoshioka, Y.; Watashi, K.; Ochiya, T.; Tanaka, Y.
Screening of microRNAs for a repressor of hepatitis B virus replication. Oncotarget 2018, 9, 29857–29868.
[CrossRef]

24. McMahon, B.J. The natural history of chronic hepatitis B virus infection. Hepatology 2009, 49, S45–S55.
[CrossRef] [PubMed]

25. Huang, H.-Y.; Lin, Y.-C.-D.; Li, J.; Huang, K.-Y.; Shrestha, S.; Hong, H.-C.; Tang, Y.; Chen, Y.-G.; Jin, C.-N.;
Yu, Y.; et al. miRTarBase 2020: Updates to the experimentally validated microRNA-target interaction database.
Nucleic Acids Res. 2020, 48, D148–D154. [CrossRef]

26. Turner, N.; Grose, R. Fibroblast growth factor signalling: From development to cancer. Nat. Rev. Cancer 2010,
10, 116–129. [CrossRef] [PubMed]

27. Li, J.; Shi, S.; Srivastava, S.P.; Kitada, M.; Nagai, T.; Nitta, K.; Kohno, M.; Kanasaki, K.; Koya, D. FGFR1 is
critical for the anti-endothelial mesenchymal transition effect of N-acetyl-seryl-aspartyl-lysyl-proline via
induction of the MAP4K4 pathway. Cell Death Dis. 2017, 8, e2965. [CrossRef]

28. Schuster-Gaul, S.; Geisler, L.J.; McGeough, M.D.; Johnson, C.D.; Zagorska, A.; Li, L.; Wree, A.; Barry, V.;
Mikaelian, I.; Jih, L.J.; et al. ASK1 inhibition reduces cell death and hepatic fibrosis in an Nlrp3 mutant liver
injury model. JCI Insight 2020, 5, 3030. [CrossRef]
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