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Abstract
Background & Aims—MicroRNAs (miRNAs) have been shown to be involved in many
biological processes by affecting their target gene expression. miR-122 has been extensively
studied in hepatocarcinogenesis. However, the role of miR-122 in liver fibrosis remains unknown.

Methods—The mRNA expression levels of miR-122, prolyl 4-hydroxylase subunit alpha-1
(P4HA1), and CCAAT/enhancer binding protein alpha (C/EBPα) were assessed by real-time
PCR. The protein expression levels of P4HA1, C/EBPα and collagen, type I, alpha 1 (COL1A1)
were analyzed by Western blot and immunofluorescence. MTT assay was used to assess cell
proliferation. Chromatin immunoprecipitation (ChIP) assay was used to examine the binding
activity of C/EBPα to miR-122 promoter.

Results—miR-122 expression was significantly reduced in transactivated HSCs and in the livers
of mice treated with CCl4. Overexpression of miR-122 inhibited the proliferation of LX2 cells.
We also demonstrated that P4HA1 was a target gene of miR-122. The mRNA expression level of
PAHA1 inversely correlated with that of miR-122 in HSCs and in the mouse liver. Overexpression
of miR-122 markedly attenuated the expression of P4HA1 via targeting a binding site located at
3′-UTR of P4HA1 mRNA. We further showed that miR-122 overexpression led to decreased
collagen maturation and ECM production. Finally, the binding activity of C/EBPα to miR-122
promoter was significantly decreased in activated HSCs.

Conclusions—Our study suggests that miR-122 may play an important role in negatively
regulating collagen production in HSCs and that targeted expression of miR-122 in HSCs may
represent a new strategy for the treatment of liver fibrosis.
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Introduction
miRNAs are short ribonucleic acid (RNA) molecules found in eukaryotic cells, which
regulate gene expression by binding to the 3′-untranslated region (3′-UTR) of the target
gene mRNAs, to repress protein translation or induce mRNA degradation [1]. Several
hundreds of miRNAs have been identified so far. They have been estimated to target about
60% of mammalian genes [2]. Studies on specific miRNAs in animal models have identified
distinct roles of miRNAs in cell functions such as development, cell proliferation,
differentiation, and apoptosis [3].

Liver cirrhosis is a major cause of morbidity and mortality worldwide, with limited
therapeutic options. This advanced liver disease is the result of pathological response to
initial liver injuries of various causes [4]. Upon liver damage, HSCs undergo an activation
process from a fat storing quiescent phenotype to a highly proliferative myofibroblastic
phenotype with significantly increased fibrogenic activity [5]. The build-up of excessive
extracellular matrix (ECM) proteins leads to the fibrotic liver with impaired organ function
[6]. The mechanisms of the pathogenesis and progression of liver fibrosis are complicated,
and may vary with the underlying etiology. Increasing evidence suggests that certain
miRNAs are critically involved in the different steps of liver fibrosis, including activation of
HSCs [7], their proliferation [8] and production of ECM proteins [9]. The study by Mann et
al. [7] showed that miR-132 was significantly suppressed during the transactivation of
HSCs. miR-132 appeared to inhibit HSC activation by negatively regulating MeCP2 that
encodes methyl-CpG binding protein 2. Increased activity of MeCP2 led to silencing of
expression of PPAR-γ, a potent blocker of HSC transactivation. Roderburg et al. [9]
reported that members of the miR-29 family were significantly downregulated in activated
HSCs, in several mouse models of liver fibrosis. miR-29 members negatively regulated the
expression of various fibrosis-related genes, including Col1A1, via targeting the 3′-UTR of
their mRNAs [9,10]. They further showed that the activation of NF-κB and/or TGF-β
signaling played an important role in reducing the expression of miR-29a in activated HSCs,
suggesting that miR-29 acts as an important link between NF-κB/TGF-β signaling and the
enhanced fibrogenic activity in activated HSCs [9]. In another study by Ji et al. [8],
miRNA-27a and 27b were shown to be downregulated in activated HSCs and
overexpression of both miRNAs in activated HSCs led to a partial reversion to quiescent
phenotype.

miR-122 is the most abundant and liver-specific miRNA that accounts for 72% of total
miRNA in the adult human liver [11]. It has been demonstrated to play a role in regulating
hepatocyte growth development [12], differentiation [13], and metabolism [14]. miR-122 is
decreased in advanced liver diseases, such as cirrhosis [15] and hepatocellular carcinoma
[16]. Mice in which miR-122 was selectively deleted in hepatocytes, displayed altered lipid
metabolism, hepatic inflammation, fibrosis, and a high incidence of hepatocellular
carcinoma [17,18]. However, the role of miR-122 in HSCs and its implication in liver
fibrosis are still unknown. In this study, we show that miR-122 is an important miRNA
involved in regulation of collagen maturation by targeting P4HA1. miR-122 may also
regulate the proliferation of HSCs. Our findings suggest that miR-122 may play an
important role in negatively regulating collagen production in HSCs and that targeted
expression of miR-122 in HSCs may represent a novel strategy for the treatment of liver
fibrosis.
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Materials and methods
Animals and HSC isolation

Male Sprague-Dawley rats from Charles River Laboratories (Wilmington, MA) were used
for HSC isolation. All procedures were reviewed and approved by the Institutional Animal
Care and Use Committee of the University of Pittsburgh. Primary rat HSCs were isolated as
previously described and used 3 days after isolation as quiescent cells. The purity of isolated
HSCs was >90% [10]. HSCs were cultured for 7 days to allow transactivation. A mouse
model of liver fibrosis was established via intraperitoneal injection of carbon tetrachloride
(CCl4; Merck; 0.6 ml/kg of body weight), twice a week for six weeks. Common bile duct
ligation (CBDL) was performed according to the literature [9]. Sham-operated rats served as
controls.

miRNA isolation and stem-loop real-time RT-PCR
All kits and reagents were obtained from Applied Biosystems (Foster City, CA). Total RNA
enriched with miRNAs was isolated from HSCs using the miRVana miR-NA isolation kit.
To examine the expression of miRNA-122, stem-loop real-time RT-PCR (SLqRT-PCR) was
performed according to the manufacturer’s instructions. The relative miRNA expression was
calculated from three different experiments.

Cell culture and miRNA transfection
LX-2, an immortalized human HSC line [24], was kindly provided by Dr. S.L. Friedman,
Mount Sinai Medical School, NY. LX-2 cells were cultured and transfected as reported by
us previously [10].

Cell proliferation
LX-2 cells were seeded on 96-well plates and were transfected with miRNAs. Cells were
assayed for proliferation and cell survival using the MTT (Roche Diagnostics, Indianapolis,
IN), according to the manufacturer’s instructions.

Bioinformatics analysis
The miR-122 sequence was analyzed for its predicted target genes using Target-scan 4.1,
miRNADA, and Microcosm.

RNA isolation and qRT-PCR
Total RNA was isolated from HSCs using TRIzol, and cDNA was synthesized according to
manufacturer’s instructions (Invitrogen, San Diego, CA). The primers for P4HA1, collagen
1A1, Bcl-w, IGFR-1, HNF4, C/EBPα, and GAPDH were obtained from MWG Biotech.
First-strand cDNA was synthesized, followed by SYBR green qRT-PCR, using ABI Prism
7300 (Applied Biosystems, Foster City, CA). The relative expression was analyzed, and data
were collected from three different experiments, as reported by us previously [10].

Western blot analysis
Western blots were performed using anti-COL1A1, anti-P4HA1, anti-C/EBPα, and anti-β-
actin antibodies (Santa Cruz Biotechnology) following our published method [10].

Immunofluorescence
LX-2 cells were grown on chamber slides and miR-122 transfection was carried out as
described before. Thirty-six hours following the transfection, LX-2 cells were fixed in 4%
paraformaldehyde/PBS for 15 min at room temperature and washed with PBS three times.
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Cells were blocked with 2% bovine serum albumin in PBS for 1 h followed by incubation
with anti-COL1A1 antibody (Santa Cruz Biotechnology) (1:200) for 16 h at 4 °C. After
washing with PBS, a FITC-labeled secondary antibody (1:1000) was applied and incubated
for 60 min. After an additional washing, cells were mounted and analyzed by fluorescence
microscopy.

Chromatin immunoprecipitation (ChIP) assay
ChIP assay was performed as previously described [10]. Primer sequences used to amplify a
fragment that contains a putative C/EBPα binding site on miR-122 promoter are shown in
Supplementary Table 1. Briefly, quiescent and activated cells were treated with 1%
formaldehyde for 10 min at 37 °C. After lysis, lysate was sonicated to shear DNA to lengths
between 200 and 1000 bp. The sheared chromatin was used for immunoprecipitation with
either normal rabbit IgG (negative control) or 5 μg of anti-C/EBPα (14AA, Santa Cruz
Biotechnology). Immunoprecipitates were washed, eluted, and decrosslinked. After proteins
and RNA were degraded by treatment with proteinase K and RNase A, DNA was purified
using QIAquick PCR Purification Kit (QIAGEN). Real-time PCR was performed by using
SYBR Green Master Mix (Applied Biosystems) on a 7300 real-time PCR system (Applied
Biosystems).

Statistical analysis
All the experiments were performed in triplicate and at least three times. Data were
expressed as means ± SEM and calculated using variance analysis and the Newman–Keuls
test for multiple comparisons among groups. p <0.05 was considered as statistically
significant.

Results
miR-122 is downregulated in activated HSCs and the fibrotic liver

miR-122 is the most abundant miRNA in the liver and its expression in the liver was
decreased in advanced liver diseases, such as primary biliary cirrhosis (PBC) and
hepatocellular carcinoma (HCC) [14,15]. To further study the role of miR-122 in liver
fibrosis, we examined the expression level of miR-122 in mice treated with CCl4 for 6
weeks, a protocol that reproducibly produces liver fibrosis. Fig. 1A shows that repeated
CCl4 treatment led to significant downregulation of miR-122 in the mouse liver. This result
was similar to that observed in human patients with PBC [14].

All reported studies on miR-122 in liver diseases have examined its expression in either the
intact liver or cultured hepatocytes. Little is known about the expression of miR-122 in
HSCs and its implication in chronic liver diseases such as liver fibrosis. Therefore, we
examined the expression of miR-122 in isolated, quiescent rat HSCs and compared it with
that in isolated rat hepatocytes. miR-122 expression was also examined in LX2 cells, an
immortalized human hepatic stellate cell line. Our data show that miR-122 was
constitutively expressed in both human and rat HSCs, although expression levels were
relatively lower than those in hepatocytes (Supplementary Fig. 1). However, the expression
of miR-122 was significantly downregulated in rat HSCs upon culture-induced activation
(Fig. 1B). The expression level of miR-122 was also significantly decreased in HSCs
isolated from rats, 3 weeks following CBDL (Fig. 1C).

Overexpression of miR-122 suppresses proliferation of HSCs
In light of the decreased expression of miR-122 in activated HSCs, we next evaluated the
direct effect of miR-122 on LX2 cells. LX2 cells were transiently transfected with miR-122
or a control miRNA. Five days after transfection, cell proliferation was examined by MTT
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assay. As shown in Fig. 2A, overexpression of miR-122 led to a moderate inhibition of cell
proliferation in comparison with the control group. A similar cell growth inhibition was
observed when this experiment was performed in serum deprivation condition (Fig. 2B).

Overexpression of members of the Bcl-2 family and enhanced IGF-1 signaling have been
shown to play a role in the high proliferation rate of activated stellate cells [19,20]. Bcl-w
and IGFR-1 are two reported target genes of miR-122 [21,22]. Therefore, we examined the
effect of miR-122 on the mRNA expression levels of Bcl-w and IGFR-1. Fig. 2C shows that
treatment of LX2 cells with miR-122 led to significant downregulation of mRNA expression
levels of both genes, suggesting a potential role of Bcl-w and IGFR-1 downregulation in
miR-122-mediated growth inhibition.

miR-122 downregulates the expression of P4HA1 via targeting the 3′-UTR of P4HA1 mRNA
After demonstrating the growth inhibitory effect of miR-122 on HSCs, we investigated
whether miR-122 also affects the fibrogenic activity in activated HSCs. A preliminary study
showed that overexpression of miR-122 in LX-2 cells had no effect on the mRNA
expression of a number of fibrosis-related genes, including Col1A1 (Fig. 3A). These data
were consistent with the results of a bioinformatics analysis with multiple algorithms
(Targetscan 4.1, MiRnada and Microcosm) showing that none of them was a predicted target
gene of miR-122. However, P4HA1, which encodes a component of prolyl 4-hydroxylase, a
key enzyme in collagen maturation, was identified to be a putative target gene of miR-122.
This prompted us to examine the expression levels of P4HA1 in the fibrotic liver and
activated HSCs, and to correlate their expression levels with those of miR-122. Fig. 3B and
C show that the expression of P4HA1 in the mouse liver was significantly increased at both
mRNA (Fig. 3B) and protein (Fig. 3C) levels following CCl4 treatment. The expression
level of P4HA1 in the mouse fibrotic liver was inversely correlated with that of miR-122
(Fig. 1A). A similar result was observed for the mRNA (Fig. 3D) and protein expression
(Fig. 3E) of P4HA1 in primary rat HSCs upon culture-induced activation. P4HA1
expression was also significantly upregulated at both mRNA (Fig. 3F) and protein (Fig. 3G)
levels in HSCs isolated from rats, 3 weeks following CBDL. To investigate whether P4HA1
expression is, indeed, regulated by miR-122, we examined P4HA1 expression at both
mRNA and protein levels before and after transfection with miR-122. As shown in Fig. 3H,
overexpression of miR-122 significantly reduced the mRNA level of P4HA1 in LX-2 cells.
In contrast, the control miRNA had no effect on P4HA1 mRNA expression. miR-122 also
inhibited the expression of P4HA1 at protein level in a sequence-specific manner (Fig.
3I).miRNAs regulate the expression of target genes by binding to the 3′-UTR of specific
mRNAs and triggering mRNA degradation or translational repression. Bioinformatics
analysis suggested the presence of a putative target site for miR-122 in the 3′-UTR of
P4HA1 mRNA. To confirm whether P4HA1 is, indeed, a direct target of miR-122 in HSCs,
a ~1000-bp fragment of the P4HA1 3′-UTR containing the putative target sequence, was
cloned into a luciferase reporter vector (pmiR-122-wt) (Supplementary Fig. 2). A control
reporter plasmid, in which the putative target site was deleted, was similarly constructed
(Supplementary Fig. 2). The effect of miR-122 on the luciferase activity from each construct
in CV-1 cells was then examined. As shown in Fig. 3J, miR-122 suppressed the luciferase
activity of the pmiR-122-wt by about 50%. miR-122 inhibitor did not show significant effect
on reporter expression possibly due to a very low level of endogenous miR-122 expression
in CV-1 cells. The inhibitory effect of miR-122 on the reporter gene expression was
essentially abolished when the putative binding site of miR-122 was deleted from the cloned
P4HA1 3′-UTR fragment (Fig. 3K). These data strongly suggest that P4HA1 is a direct
target of miR-122.

The above data suggest that activation of HSCs is associated with downregulation of
miR-122 and upregulation of P4HA1. TGF-β signaling is known to play a key role in HSC
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activation. We then examined the effect of TGF-β treatment on the expression of miR-122
and P4HA1 in quiescent rat HSCs. Consistent with previous reports, TGF-β treatment
resulted in a significant increase in the mRNA expression level of Col1A1 (Supplementary
Fig. 3A). Treatment of HSCs with TGF-β also led to decreased expression of miR-122 with
a concomitant upregulation of P4HA1 expression (Supplementary Fig. 3B and C),
suggesting a potential role of TGF-β signaling in regulating the expression of miR-122.

Overexpression of miR-122 led to decreased collagen maturation
P4HA1 encodes a component of prolyl 4-hydroxylase, an enzyme that is critically involved
in collagen post-translational modification (maturation). As shown in Fig. 3A,
overexpression of miR-122 had no effect on the mRNA level of Col1A1. We then
investigated whether miR-122 affected the synthesis of mature Col1A1 in HSCs. Fig. 4A
shows that the protein expression of mature Col1A1 was significantly decreased in miR-122
transfected cells in comparison with the control group. Immunofluorescence staining of
extracellular type I collagen revealed that the staining patterns differed significantly between
miR-122-overexpressing cells and control miRNA-treated cells (Fig. 4B). Type I collagen
fibrils secreted from miR-122 transfected cells were sparse and weakly stained compared
with those secreted from cells in the control group (Fig. 4B). These results indicated that
miR-122 overexpression inhibited the maturation of collagen in HSCs.

Potential role of decreased expression of HNF4 and C/EBPα in the downregulation of
miR-122 expression in the fibrotic liver and activated HSCs

It has been reported that miR-122 is regulated by several liverenriched transcription factors,
including C/EBPα and hepatocyte nuclear factor 4 (HNF4) [12]. As an initial approach to
the understanding of the potential mechanism responsible for the down-regulation of
miR-122 expression, we examined the expression levels of C/EBPα and HNF4 in the mouse
fibrotic liver and activated rat HSCs. As shown in Fig. 5A and B, mRNA levels of both
transcription factors were significantly decreased in the mouse liver following CCl4
treatment. The mRNA expression of C/EBPα was also decreased in culture-activated rat
HSCs (Fig. 5C). Furthermore, the expression of C/EBPα was significantly down-regulated
at both mRNA (Fig. 5D) and protein (Fig. 5E) levels in CBDL-activated HSCs. HNF4
expression was below the detection limit in quiescent rat HSCs and remained undetectable
when cells were transactivated (data not shown).

To further establish a role of decreased transcription activity of C/EBPα in the
downregulation of miR-122, we examined the binding activity of C/EBPα to miR-122
promoter in both quiescent and activated rat HSCs. As shown in Fig. 5F, significantly
decreased binding activity of C/EBPα to miR-122 promoter was shown in activated HSCs
compared to quiescent HSCs, which may contribute to the downregulation of miR-122
expression in activated HSCs.

Discussion
In this study, we have identified a novel miR-122 regulatory circuit in HSCs that may be
implicated in the pathogenesis and progression of liver fibrosis. Our data suggest that
miR-122 negatively regulates fibrogenesis through downregulation of the expression of
P4HA1 that encodes a component of prolyl 4- hydroxylase. In addition, miR-122 may
indirectly inhibit liver fibrosis through inhibition of the proliferation of activated HSCs.

Various miRNAs have been reported to regulate liver fibrosis through different mechanisms.
Some miRNAs inhibit liver fibrosis through inhibiting the transactivation of HSCs (e.g.,
miR-27a, b [8]) or promoting apoptosis of activated HSCs (e.g., miR-15, 16 [23]), while

Li et al. Page 6

J Hepatol. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



others modulate liver fibrosis by directly regulating the mRNA expression levels of various
ECM genes [10]. For example, members of the miR-29 family inhibit liver fibrosis through
targeting the 3′-UTRs of mRNAs of a number of fibrosis-related genes [10]. Our study
revealed a new mechanism by which miRNA-122 controls liver fibrosis via targeting prolyl
4-hydroxylase that is involved in the process of collagen maturation.

Synthesis of collagen, the major component of the ECM, starts with translation of collagen
mRNA on ribosomes of the rough endoplasmic reticulum and hydroxylation of its proline
residue to hydroxyproline by prolyl 4-hydroxylase [24]. After several modifications,
procollagen with a triple helix is formed, and is transported to the Golgi complex for
extracellular secretion in secretory granules [25]. Proline hydroxylation plays an important
role in stabilizing the triple helix of the collagen molecule. Inhibition of prolyl 4-
hydroxylase produces unstable collagen associated with decreased collagen production [26].
Several inhibitors of prolyl 4-hydroxylase have been developed and examined as new
therapeutics for the treatment of liver fibrosis [27,28]. The expression of prolyl 4-
hydroxylase is regulated by various proinflammatory molecules, including several cytokines
[29]. However, little is known about the role of miRNAs in the regulation of prolyl 4-
hydroxylase. Our data suggest miR-122 negatively regulates the expression of prolyl 4-
hydroxylase in HSCs. The mRNA expression of P4HA1 was significantly increased in the
mouse fibrotic liver and rat activated HSCs, which was inversely correlated with that of
miR-122. Overexpression of miR-122 in HSCs led to significant downregulation of P4HA1
expression at both mRNA and protein levels. Reporter assay suggested that miR-122 was
targeted to the 3′-UTR of P4HA1 mRNA. We have further shown that overexpression of
miR-122 led to significant inhibition of the production of mature Col1A1 as determined by
Western analysis. Immunofluorescence staining of extracellular type I collagen revealed that
type I collagen fibrils secreted from miR-122 transfected cells were sparse and weakly
stained compared with those secreted from control group cells. Taken together, our data
strongly support the notion that miR-122 plays a role in blocking the maturation process of
collagen via targeting P4HA1 mRNA.

The mechanism involved in the regulation of miR-122 expression in HSCs is not known at
present. However, studies in hepatocytes have shown that a number of transcriptional factors
are involved in the regulation of miR-122 including C/EBPα, HNF1α, FoxA2, and HNF4α
[22,30]. To investigate whether these transcriptional factors are similarly involved in the
regulation of miR-122 expression in HSCs, we examined the expression levels of C/EBPα
and HNF4 in the mouse fibrotic liver and activated rat HSCs. Our data showed that HNF4
expression was below the detection limit in quiescent rat HSCs and remained undetectable
when cells were transactivated. This is in agreement with the notion that HNF4 is a
hepatocyte-specific transcriptional factor. However, C/EBPα is constitutively expressed in
quiescent HSCs and its expression is significantly downregulated in activated HSCs. ChIP
assay shows that C/EBPα binds to a putative binding site(s) in the miR-122 gene promoter
in both rat primary HSCs (Fig. 5) and human LX2 cells (data not shown). More importantly,
the binding activity of C/EBPα to the miR-122 promoter was significantly decreased in
activated HSCs compared to quiescent cells. These data suggest a potential role for
decreased transcriptional activity of C/EBPα in the downregulation of miR-122, during the
activation of HSCs. It has been shown that TGF-β inhibits the expression of C/EBPα and
PPAR-γ in adipocytes [31]. Our data showed that TGF-β treatment led to downregulation of
miR-122 expression (Supplementary Fig. 3). These results suggest a likely role of TGF-β/C/
EBPα signaling in the negative regulation of miR-122 in hepatic stellate cells, which require
more studies in the future.

In addition to blocking collagen maturation, miR-122 also showed a moderate effect in
inhibiting the proliferation of activated HSCs. As an initial approach to understand the
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mechanism, we examined the effect of miR-122 on the expression of Bcl-w and IGFR-1,
because enhanced Bcl-2 and IGFR signaling is implicated in the rapid proliferation of
activated HSCs, and Bcl-w and IGFR-1 are two target genes of miR-122. Our results
showed that miR-122 treatment led to a significant downregulation of the expression of both
genes. A similar growth inhibitory effect of miR-122 has previously been demonstrated in
hepatoma cells by regulating several tumorigenesis-related proteins, including ADAM10,
IGF1R, CCNG1 and ADAM17 [32–34]. More studies are needed to further define the
mechanism of miR-122-mediated growth inhibition of HSCs. Nonetheless, this may add
favorably to the overall antifibrotic effect of miR-122, as induction of apoptosis of activated
HSCs is one of the strategies that are effective in reversing or decreasing fibrotic changes in
the liver [35].

In summary, we have shown that the expression level of miR-122 is significantly decreased
in activated HSCs, which may contribute to the development of liver fibrosis through
upregulating the expression of prolyl 4-hydroxylase and the subsequent production of overly
cross-linked collagen. It should be noted that miR-122 is downregulated in the livers of
patients with primary biliary cirrhosis [15] as well as in the livers of mice treated with CCl4
[36]. We propose that targeted delivery of miR-122 to the liver, particularly HSCs, may be a
novel therapeutic approach for the treatment of liver fibrosis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. miR-122 is downregulated in activated HSC and the fibrotic liver
(A) Expression of miR-122 was decreased in the liver of mice treated with CCl4. (B)
Expression of miR-122 was decreased in culture-activated rat HSCs. (C) Expression of
miR-122 was decreased in CBDL-activated rat HSCs. miR-122 expression was determined
by qPCR. n = 6 per group. Results are expressed as means ± SE. p <0.05.
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Fig. 2. Overexpression of miR-122 suppresses proliferation of HSCs
(A) LX2 cells were transfected with miR-122 or control miRNA. 5 days after transfection,
MTT assay was used to examine cell proliferation. (B) Cells were similarly transfected as
described above, followed by serum deprivation. Seventy-two hours after serum deprivation,
cell proliferation was determined by MTT assay. (C) Bcl-w and IGFR-1 mRNA expression
in miR-122-transfected LX-2 cells was determined by qPCR. Values are means ± SE of
three independent experiments (p <0.05). U.T, untreated.
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Fig. 3. miR-122 downregulates the expression of P4HA1 via targeting the 3′- UTR of P4HA1
mRNA
(A) mRNA expression of collagen 1A1 was examined in miR-122 transfected cells by
qPCR. n = 6 per group. (B and C) mRNA (B) and protein (C) expression levels of P4HA1 in
livers of CCl4-treated or oil-treated CD-1 mice were analyzed by qPCR and Western blot. n
= 6 per group. (D and E) mRNA (D) and protein (E) expression levels of P4HA1 in
cultured-activated HSCs were analyzed by qPCR and Western blot. n = 6 per group. (F and
G) mRNA (F) and protein (G) expression levels of P4HA1 in CBDL-activated HSCs were
analyzed by qPCR and Western blot. n = 6 per group. (H and I) HSCs were transfected with
miR-122 mimic or non-specific control miRNA mimic. P4HA1 mRNA expression was
analyzed by qPCR, 24 h later (H); protein expression levels of P4HA1 were determined by
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Western blot, 36 h following the treatment (I). n = 3. p <0.05 (vs. control miRNA). (J) HSCs
were transfected with a luciferase construct with P4HA1-3′-UTR, in the presence of
miR-122 mimic or non-specific control miRNA mimic. Luciferase assay was performed 24
h after transfection. (K) HSCs were transfected with a P4HA1-3′-UTR luciferase construct
with miR-122 binding site deletion in the presence of miR-122 mimic or non-specific
control miRNA mimic. Luciferase assay was performed 24 h after transfection. Data shown
in the panels represent mean ± SE. n = 3; p <0.05 (vs. control miRNA). U.T, untreated.
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Fig. 4. Overexpression of miR-122 decreases collagen maturation
HSCs were transfected with miR-122 mimic or non-specific control miRNA mimic. Thirty-
six hours after transfection, (A) mature Col1A1 expression was analyzed by Western blot,
and (B) immunofluorescence staining of type I collagen was carried out without
permeabilization. Bar: 50 μm. U.T, untreated.
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Fig. 5. Decreased expression of C/EBPa in activated HSCs may lead to lower expression of
miR-122
(A and B) mRNA expression levels of HNF-4 (A) and C/EBPα (B), in livers of CCl4-treated
or oil-treated CD-1 mice, were analyzed by qPCR. n = 6 per group. (C and D) mRNA
expression levels of C/EBPα in culture-activated HSCs (C) and CBDLactivated HSCs (D)
were determined by qPCR. n = 6 per group. Results are expressed as means SE. *p <0.05.
(E) Protein expression levels of C/EBPα in CBDL-activated HSCs were examined by
Western blot. n = 6 per group. (F) The binding activity of C/EBPα to miR-122 promoter in
CBDL-activated rat HSCs was analyzed by ChIP assay. The fragment containing a putative
C/EBPα binding site was analyzed by qPCR. Results are expressed as means SE. *p <0.05.
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