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Abstract 

Liver fibrosis is a chronic disorder that is characterized by an alteration of the balance between 

fibrogenesis and fibrolysis, resulting in accumulation of excessive amounts of extracellular 

matrix (ECM) and distortion of the normal liver architecture.  The activation and transformation 

of quiescent hepatic stellate cells (HSCs) into myofibroblast-like cells constitute a major 

mechanism for the increased production of ECM in the liver. The nuclear receptor farnesoid X 

receptor (FXR) shows potent antifibrotic activity in HSCs and protects animals in rodent models 

of liver fibrosis. However, the detailed mechanism remains incompletely understood. We report 

in this study that treatment with GW4064, a synthetic FXR ligand, led to upregulation of 

microRNA-29a (miR-29a) in HSCs isolated from wild-type mice, rats, and humans but not from 

FXR-/-mice. MiR-29a appears to play an inhibitory role in the regulation of ECM production as: 

1) transfection of HSCs with miR-29a mimic resulted in drastic downregulation of the mRNA 

expression of a number of genes encoding ECM proteins; and 2) miR-29a significantly inhibited 

the expression of a reporter expression plasmid that contains the 3’-UTR of the corresponding 

ECM genes. Our results suggest that miR-29a is a FXR target gene because miR-29a promoter 

activity was significantly increased by pharmacological or genetic activation of FXR. Functional 

analysis of human miR-29a promoter identified an imperfect inverted repeat DNA motif, IR1 (-

AGGTCAcAGACCT), as a likely FXR-responsive element that is involved in miR-29a 

regulation. Our study uncovers a new mechanism by which FXR negatively regulates the 

expression of ECM in HSCs. 
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Introduction 

Liver fibrosis is a chronic disorder that is characterized by an alteration of the balance between 

fibrogenesis and fibrolysis, resulting in accumulation of excessive amounts of extracellular 

matrix (ECM) and distortion of the normal liver architecture (Jiao et al., 2009).  The activation 

and transformation of quiescent hepatic stellate cells (HSCs) into myofibroblast-like cells 

constitute a major mechanism for the increased production of ECM in the liver (Parsons et al., 

2007; Friedman, 2008). The mechanism of HSC activation is not completely understood and 

involves the alterations of a number of intracellular pathways such as TGF-β and PDGF 

signaling (Parsons et al., 2007; Friedman, 2008). Several studies have shown that nuclear 

receptors such as peroxisome proliferators-activated receptor gamma (PPAR-γ) and pregnane-X-

receptor (PXR) also play an important role in the modulation of HSC activation and their 

biological functions (Miyahara et al., 2000; Galli et al., 2002; Marek et al., 2005). 

 

FXR (farnesoid X receptor, NR1H4) is a member of the nuclear receptor superfamily that is 

highly expressed in liver, kidney, adrenals, and intestine (Forman et al., 1995). FXR plays a key 

role in the homeostasis of cholesterol and bile acids (BAs) by regulating the expression of genes 

involved in the synthesis and transport of BAs (Chiang, 2002; Bertolotti et al., 2008). In addition 

to the potential of its ligands in the treatment of cholestasis (Claudel et al., 2002), FXR has been 

shown to be expressed in HSCs and negatively regulate the activation of HSCs and the 

associated overproduction of ECM in rodent models of liver fibrosis (Fiorucci et al., 2004; 

Fiorucci et al., 2005a; Fiorucci et al., 2005b).  A study by Fiorucci et al. suggested that short 

heterodimer partner (SHP) played a role in the FXR-mediated antifibrotic effect. SHP is one of 

the FXR target genes and it effectively blocks the AP-1 signaling that is critically involved in 
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ECM production (Fiorucci et al., 2004). However, the detailed mechanism that is involved in the 

antifibrotic effects of FXR remains incompletely understood. 

 

MicroRNAs (miRNAs) are short non-coding RNA molecules that control gene expression via 

modulating the stability and/or the translational efficiency of target messenger RNAs (Lee et al., 

1993; Ghildiyal & Zamore, 2009). MiRNAs play a role in the control of a wide range of 

biological functions and processes such as development, differentiation, metabolism, 

carcinogenesis, immune response etc (Ghildiyal & Zamore, 2009). MiRNAs are initially 

transcribed as long primary transcripts that undergo several processing steps to form the mature 

22-nt miRNA:miRNA* duplex. The complementary strand miRNA* is typically degraded, while 

the mature single-stranded form is incorporated into the RNA-induced silencing complex 

(RISC). Most of miRNA binding sequences are found in the 3′-UTR of the mRNAs (Ghildiyal & 

Zamore, 2009). However, increasing evidence suggests that miRNAs can also be targeted to both 

coding-regions and 5′-UTR of mRNAs (Forman et al., 2008). Several studies showed that 

miRNAs were involved in the activation of HSCs: a number of miRNAs species are upregulated 

while many others are downregulated during the process (Ji et al., 2009; Guo et al., 2009; 

Venugopal et al., 2010). A recent study by Roderburg and colleagues showed that all three 

members (a, b, and c) of the miR-29 family were significantly downregulated in mouse liver in 

both CCl4 and common bile ligation models (Roderburg et al., 2011). Downregulation of miR-

29a/b/c was also shown in activated HSCs in vitro. A likely role of miR-29 members in liver 

fibrosis is suggested by: a) overexpression of miR-29 in mouse HSCs led to downregulation of 

the expression of several ECM genes; and b) treatment with TGF-β or LPS-mediated activation 

of NF-κB signaling led to downregulation of the expression of miR-29a/b/c (Roderburg et al., 
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2011). The clinical significance is further supported by the observation that serum levels of miR-

29a in patients with cirrhosis are inversely correlated with the stages of the disease (Roderburg et 

al., 2011). However, it is unknown if miRNAs are also involved in the antifibrotic effect of FXR 

in HSCs. 

 

In this study, we showed that activation of FXR by a synthetic ligand, GW4064, led to 

significant upregulation of the expression of miR-29a in mouse, rat, and human HSCs.  

Functional and reporter assays suggested that miR-29a is a potent mediator that negatively 

regulates the expression of several ECM genes. Furthermore, a functional FXR response element 

(FXRE) was found in the miR-29a promoter. Our study unveils a new mechanism by which FXR 

negatively regulates the expression of ECM in HSCs. 
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Materials and Methods 

Reagents & Chemicals. GW4064 (3-[2-[2-Chloro-4-[[3-(2,6-dichlorophenyl)-5-(1-methylethyl)-

4-isoxazolyl]methoxy]phenyl]ethenyl]benzoic acid) was synthesized following a published 

protocol (Maloney et al., 2000). MiR-29a mimic and non-specific control miRNA mimic were 

purchased from ABI  (Applied Biosystems, Foster City, CA). All products for cell culture were 

purchased from Invitrogen (Carlsbad, CA). pCMX, pCMX-FXR, and pCMV-βgal were 

described previously (Xie et al., 2001).  pCMX-vpFXR (a gift from Drs Enrique Saez and 

Ronald Evans at the Salk Institute) was generated by fusing the VP16 activation domain from the 

herpes simplex virus to the N terminus of the FXR (Xie et al., 2001).  

 

Animals and HSC Isolation. Retired male Sprague-Dawley rats and C57BL/6 mice were from 

Charles River Laboratories. FXR-/- mice (Sinal et al., 2000) were purchased from Jackson 

Laboratories and bred in the Central Animal Facility of University of Pittsburgh. HSCs were 

isolated via in situ proteinase/collagenase perfusion followed by density gradient centrifugation 

as described (Thirunavukkarasu et al., 2005). Primary cells were more than 95% pure. Cells were 

grown on standard tissue culture plastic dishes in DMEM with 10% fetal bovine serum and 

antibiotics. HSCs were used following activation via culturing for 7 days. All studies conform to 

the Guide for the Care and Use of Laboratory Animals published by the US National Institutes 

of Health (NIH Publication No. 85-23, revised 1996). 

 

LX-2, an immortalized human hepatic stellate cell line, was kindly provided by Dr. Scott L. 

Friedman (Mount Sinai School of Medicine, New York, NY, USA) (Xu et al., 2005). The cells 

were maintained in DMEM with 10% fetal bovine serum and antibiotics.  
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Real Time RT-PCR. Total RNA was extracted from cells with TRIzol reagent (Invitrogen) and 

the first-strand cDNA was synthesized by use of SuperScript III reverse transcriptase 

(Invitrogen). Real-time PCR analysis of rat, mouse, and human fibrosis-related genes and miR-

29 precursor was performed by use of SYBR Green-based assays with the ABI 7300 Real-Time 

PCR System (Applied Biosystems, Foster City, CA) (Li et al., 2008). Transcript abundance, 

normalized to β-glucuronidase expression, was expressed as fold increase over a calibrated 

sample. 

 

For detection of mature miRNA, total RNA was reversely transcribed into cDNA using miScript 

Reverse Transcriptase Kit (Qiagen) according to the manufacturer’s protocol. cDNA samples (2 

µl) were used for real-time PCR in a total volume of 25 µl using  miScript SYBR Green PCR Kit 

(Qiagen) and miRNA specific primers (Qiagen) on a qPCR machine (Applied Biosystems, 

Foster City, CA). The sequences of primers for all of the RT-PCR analysis were shown in 

Supplemental Tables 1 and 2. 

 

Western Blot Analysis. Protein extraction and Western blot analysis were performed as described 

(Li et al., 2008). FXR antibody (sc-13063) and collagen 1A1 (COL1A1) antibody (sc-25974) 

were purchased from Santa Cruz Biotechnology. Horseradish peroxidase–labeled goat anti-rabbit 

IgG and the ECL chemiluminescence kit were purchased from Amersham Biosciences 

(Piscataway, NJ). 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 21, 2011 as DOI: 10.1124/mol.110.068247

 at A
SPE

T
 Journals on A

pril 10, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #68247 

9 

 

Plasmid Construction. A fragment spanning 1.98 kb of 5′-flanking sequence of the human miR-

29a gene was PCR-amplified from human genomic DNA using primers 5′- 

cgacgcgtgtgggtaagggagagggaag-3′ and 5′-cgacgcgttgctgactgatgagaggaaa-3′ and cloned into Mlu1 

of pGL3-basic vector (Promega). A mutated construct that lacks a putative IR-1 (miR-29a/IR-1) 

binding site was similarly generated via cloning a fragment spanning 1.87 kb of 5′-flanking 

sequence of the miR-29a gene that was amplified using primers 5′- cgacgcgtctggtgttcgcagctttcac-

3′ and 5′-cgacgcgttgctgactgatgagaggaaa-3′. A TK-Luc construct that contains three copies of 

miR-29a/IR-1 sequence was generated by annealing the oligonucleotides 5′-agcttcttggaggtcacag-

acctcgaggtcacagacctcgaggtcacagacctcgttg-3′ and 5′-caacgaggtctgagacctcgaggtctgagacctcgag-

gtctgagacctccaaga-3′ followed by ligation into HindIII/BamHI-digested TK-Luc. For functional 

analysis of miR-29a, 3′-UTR segments containing the miR-29a-binding sequences or without 

binding sequences for COL1A1, collagen 3A1(COL3A1), and elastin-1(ELN1) genes were PCR-

amplified from human genomic DNA utilizing the corresponding forward and reverse primers 

(Supplemental Table 1). The PCR product was then subcloned into the SacI-MluI site 

downstream of the stop codon in the pMIR-REPORT Firefly Luciferase reporter vector 

(Ambion).  

 

Transfection Assays. Normal monkey kidney fibroblast cells (CV-1 line) were grown to 60–70% 

confluence in 48-well plates. Cells were transiently transfected using Lipofectamine2000 

(Invitrogen) with pGL3-miR-29a in the presence or absence of pCMX-vpFXR or pCMX-FXR. 

pCMX was added to ensure identical amounts of DNA in each well. Transfection efficiency was 

monitored by co-transfection of pCMV-βgal plasmid. Twenty-four h later, cells were treated with 

GW4064 or DMSO vehicle. Cell extracts were prepared 24 h after GW4064 treatment and the 
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luciferase and β-galactosidase assays were performed as described (He et al., 2006) and 

luciferase activity was normalized against 
β-galactosidase activity. Transfection experiments 

were performed on at least three occasions and in each case were done in triplicate. Data were 

represented as fold induction over reporter gene alone. 

 

In a separate study, CV-1 cells were transfected with pMIR-COL1A1-3’-UTR, pMIR-COL3A1-

3’-UTR, or pMIR-ELN1-3’-UTR in the presence of miR-29a mimic or non-specific control 

miRNA mimic. The reporter expression was then similarly examined as described above 24 h 

following transfection. 

 

Electrophoretic Mobility Shift Assay (EMSA). FXR and retinoid X receptor (RXR) proteins 

were generated in vitro by coupled in vitro transcription/translation (TNT system, Promega) with 

pCMX-FXR and pCMX-RXR plasmids. The DNA probe miR-29a/IR1 (5'- 

gaagaggtcacagacctctgg -3') was derived from a region in the human miR-29a promoter that 

contains a putative FXR response element (bold). It was labeled with [ -32P]-ATP by using the 

Klenow fragment of DNA polymerase. DNA-binding reactions were carried out as follows: 

aliquots of in vitro translation mixture were incubated in 20 µL binding buffer (10 mM Hepes, 

pH 7.9, 10 mM EGTA, 10 mM EDTA, 0.25 mM DTT, and 10% glycerol) containing 2 µg 

polydI: dC (Sigma) and 6–20 x 103 cpm of DNA probe at room temperature for 20 min. For 

supershift assays, 0.2 µg rabbit anti-FXR IgG was added and the samples were incubated for 

another 10 min. The binding mixture was then applied onto a 5% polyacrylamide gel (0.5 x 

TrisBorateEDTA buffer) for electrophoresis. The gels were dried and exposed at –80°C for 

autoradiography.  
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Chromatin Immunoprecipitation (ChIP) Assay: ChIP assay was performed using a ChIP assay 

kit (Millipore, Massachusetts, USA) according to the instructions of the manufacture. Soluble 

chromatin was prepared from LX-2 cells treated with 1 µM GW4064 for 24 hours. Chromatin 

was immunoprecipitated with antibodies (2 µg) directed against FXR (sc-13063). Final DNA 

extractions were PCR amplified using primer pairs that cover an IR-1 consensus sequence in the 

miRNA-29a promoter as follows: forward, 5'-GTGGGTAAGGGAGAGGGAAG-3'; antisense, 

5'-ACATTGCCTTCTCCCCAAAG-3'. 

 

Statistical Analysis: All data are expressed as means ± S.E.M. unless otherwise stated. 

Comparisons between two groups were made with unpaired Student's t-test. Comparisons 

between three or more groups were made with analysis of variance followed by Tukey-Kramer 

post hoc analysis. In all cases, P < 0.05 was considered statistically significant. 
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Results 

Treatment of rat HSCs with GW4064 led to significant inhibition of the mRNA expression of 

several ECM genes. Using 6-ECDCA as a specific ligand, Fiorucci and colleagues (2004) have 

previously shown that activation of FXR leads to a significant inhibition of collagen 1A1 

(COL1A1) expression in both primary rat HSCs and an immortalized human hepatic stellate cell 

line HSC-T6. In this experiment, we examined if GW4064 could similarly inhibit the expression 

of COL1A1 in rat HSCs. GW4064 is also a synthetic ligand that is highly specific for FXR and 

has been widely used in studying FXR-mediated gene regulation in vitro and in vivo (Maloney et 

al., 2000; Li et al., 2009). Fig. 1 shows that GW4064 treatment resulted in a significant 

downregulation of the expression of COL1A1 mRNA in rat HSCs. GW4064 also significantly 

inhibited the expression of several other fibrosis-related genes including COL1A2, COL3A1, 

COL4A1, COL5A1, elastin 1 (ELN 1), and fibrillin 1 (FBN 1) (Fig. 1). Inhibition of ECM 

protein expression by GW4064 was also confirmed as shown in Western analysis of COL1A1 

expression (Supplemental Figure 1).  

 

GW4064 treatment led to upregulation of miR-29a in rat and mouse HSCs. Following the 

demonstration of the inhibition of the mRNA expression of several ECM genes by GW4064, we 

went on to explore the potential mechanism involved. We hypothesized that a miRNA might be 

involved based on the fact that a cluster of ECM-related genes were affected by GW4064 

treatment. Multiple algorithms were used to screen for miRNAs that may be involved in the 

regulation of ECM including Microcosm Targets, TargetScan, and PITA (Lewis et al., 2003; Xin 

et al., 2009; Dong et al., 2010). Members of miR-29 family including miR-29a, miR-29b, and 

miR-29c were identified by all three programs to be the best candidates as ECM-targeting 
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miRNAs (Supplemental Table 4). As an initial step to study a potential role of miR-29a in 

GW4064-mediated effects, we examined if the expression of miR-29a is regulated by GW4064 

in HSCs. Fig. 2A shows that GW4064 treatment resulted in a significant increase in the 

expression of miR-29a gene as assessed by real-time RT-PCR analysis of miR-29a precursor. A 

similar induction of miR-29a expression by GW4064 was also observed in LX-2 cells (an 

immortalized human hepatic stellate cell line) (Fig. 2B) and HSCs isolated from wild-type mice 

(Fig. 2C). However, no induction of miR-29a was observed in HSCs prepared from FXR-/- mice 

(Fig. 2D), suggesting that induction of miR-29a by GW4064 was mediated by FXR. 

Interestingly, GW4064 treatment had no effect on the expression of miR-29b or miR-29c in both 

rat and mouse HSCs (Supplemental Figure 2). A similar result was obtained when miR-29a 

expression was examined by RT-PCR analysis of mature miR-29a (data not shown). Induction of 

miR-29a in mouse liver was also observed following oral delivery of GW4064 (Supplemental 

Figure 3). 

 

MiR-29a negatively regulated the expression of ECM in HSCs.  Following demonstration of 

induction of miR-29a by GW4064 we then examined the effect of miR-29a overexpression on 

the expression of several ECM genes in HSCs to further establish a role of miR-29a in the 

GW4064/FXR-mediated antifibrotic effect. HSCs were transfected with a miR-29a mimic, a 

control sequence or a miR-29a inhibitor and the mRNA expression of several ECM genes was 

examined 24 h later. As shown in Fig. 3, overexpression of miR-29a mimic in HSCs resulted in a 

significant inhibition of the mRNA expression of all six ECM genes examined. Higher levels of 

ECM mRNAs were observed in HSCs treated with miR-29a inhibitor compared to cells treated 

with control sequence. This might be due to the inhibition of endogenous miR-29a that is 
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involved in the control of the basal levels of ECM expression. The effect of miR-29a appears to 

be target sequence-specific as it showed no effect on the expression of FXR and SHP expression 

at both mRNA and protein level over a wide range of concentration (Supplemental Figure 4 & 

5). MiR-29a treatment had no effect either on GW4064-mediated induction of SHP expression, 

suggesting that the function of FXR was well-retained in miR-29a-treated HSCs (Supplemental 

Figure 6). In contrast, miR-29a inhibited the expression of COL1A1 at both mRNA and protein 

levels in a dose-dependent manner (Supplemental Figure 4 & 5).  

 

To further establish a role of miR-29a in the regulation of ECM expression we examined the 

effect of miR-29a on the expression of several reporter constructs that contain the respective 3’-

UTRs from COL1A1, COL3A1 and ELN1 genes. All of the three 3’-UTRs contain a putative 

miR-29a target sequence as analyzed by TargetScan algorithm. As shown in Fig. 4A, 

transfection of cells with miR-29a mimic significantly inhibited the expression of the reporter 

construct with an intact COL1A1 3’-UTR. Such inhibitory effect was completely lost for a 

mutant reporter construct lacking the miR-29a target sequence. These results suggest that the 

presence of the miRNA target site in the COL1A1 3'-UTR of the reporter construct is necessary 

for the inhibition by miR-29a. Similar results were observed with the construct with a 3’-UTR 

from either COL3A1 or ELN1 gene (Fig. 4B & C).  

 

Human miR-29a is a likely target gene of FXR. Upregulation of miR-29a expression by 

GW4064 suggests that activation of FXR modulates miR-29a expression at the transcriptional 

level. We then hypothesized that activation of FXR enhances miR-29a expression via exerting its 

stimulatory activity on miR-29a promoter. To test this hypothesis, we constructed a luciferase 
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reporter expression plasmid (pGL3-miR-29a) that is driven by a 1.98 kb sequence of human 

miR-29a promoter. To examine promoter activation, CV-1 cells were co-transfected with pGL3-

miR-29a and pCMX-FXR expression vector, followed by GW4064 treatment. CV-1 cells instead 

of HSCs were used for transfection due to low transfection efficiency in the HSCs. As shown in 

Fig. 5, treatment with GW4064 resulted in a significant increase in the transcriptional activity of 

the miR-29a promoter. To further elucidate a role of FXR in regulating miR-29a promoter 

activity, we then co-transfected pGL3-miR-29a with an expression plasmid encoding a 

constitutively activated FXR, vpFXR. vpFXR was generated by fusing the VP16 activation 

domain to the N terminus of FXR cDNA (Xie et al., 2001). Fig. 5 shows that co-expression of 

vpFXR in CV-1 cells significantly enhanced the miR-29a promoter activity, clearly 

demonstrating that a genetic activation of FXR enhances miR-29a promoter activity. 

 

To search for FXR responsive elements (FXREs) that may mediate miR-29a induction by 

GW4064, the 2 kb miR-29a promoter sequence was subjected to in silico analysis with a Web-

based algorithm (NUBIScan).  One imperfect inverted repeat spaced by one nucleotide (IR1) site 

was identified, and its sequences and location are shown in Fig. 6A. To determine whether miR-

29a/IR1 is necessary and sufficient in mediating FXR transactivation a heterologous tk-luciferase 

reporter gene that contain three copies of miR-29a/IR1 element was generated and tested for 

FXR transactivation in CV-1 cells. As shown in Fig. 6B, the synthetic tk reporter gene was 

activated by FXR in the presence of its agonist GW4064. To further determine whether this IR1 

sequence is responsible for FXR-mediated transactivation of miR-29a promoter, we generated a 

mutant pGL3-miR-29a in which this putative FXR binding site was eliminated. The wild-type 

and mutated plasmids were then similarly transfected into the CV-1 cells, and their transfection 
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efficiency was compared. Fig. 6C shows that the FXR-mediated activation of miR-29a promoter 

was substantially diminished when the miR-29a/IR1 site was eliminated. The above studies 

strongly suggested a likely role of miR-29a/IR1 element in FXR-mediated transactivation of 

human miR-29a promoter. 

 

Fig. 6D shows the result of an EMSA with a 20 bp oligonucleotide that contains the putative 

FXRE (lanes 1 ~ 5). A typical IR1/FXRE oligonucleotide was also included as a positive control 

(lanes 6 ~ 10) because FXR is known to bind to IR1 with high specificity and affinity. 

Interaction of the oligonucleotide with in vitro translated FXR/RXR yielded a DNA/protein band 

of expected mobility (lane 1). This binding was specific, as it was inhibited by addition of excess 

unlabelled (cold) miR-29a/IR1 (lane 2) or IR1/FXRE (lane 4) but not a mutated miR-29a/IR1 

(lane 3). Addition of antibody against FXR to the reaction mixture resulted in the disappearance 

of the radiolabeled band (lane 5) (Fig. 6D). This supershifting confirms the identity of the protein 

that interacts with the DNA as being FXR. 

 

To further demonstrate the binding of FXR to miR-29a/IR1, chromatin immunoprecipitation 

(ChIP) assay was then performed.  In this experiment, LX-2 cells were treated with vehicle 

(DMSO) or GW4064 for 24 h before ChIP analysis using an anti-FXR antibody or the control 

mouse IgG. As shown in Fig. 6E, treatment of LX-2 cells with GW4064 led to a significant 

increase in the recruitment of FXR to miR-29a/IR1. Together these results suggested that miR-

29a is a direct transcriptional target of FXR. 
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Discussion 

 

We have demonstrated in this study that miR-29a was significantly upregulated in HSCs 

following treatment with GW4064, a synthetic FXR-specific agonist. Overexpression of miR-

29a in HSCs resulted in a significant inhibition of the mRNA expression of a number of ECM 

genes including collagens, elastin and fibrillin. MiR-29a also significantly inhibited the 

expression of a reporter expression plasmid that contains a full-length 3'-UTR from COL1A1, 

COL3A1 or ELN1 gene. These results are consistent with the notion that miR-29a may be 

critically involved in the FXR-mediated inhibition of ECM expression in HSCs. 

 

Induction of miR-29a in HSCs is likely to be mediated by FXR as: a) GW4064 is highly specific 

for FXR and is often used as a "chemical tool" to show that BA target genes are regulated in a 

FXR-specific manner (Maloney et al., 2000); and b) the induction of miR-29a was abolished in 

FXR-/- mouse HSCs. We have also identified an imperfect IR1 as a FXRE that appears to be 

involved in GW4064-mediated upregulation of miR-29a in HSCs. IR1 is a typical FXRE that has 

be implicated in the regulation of a number of FXR target genes. Thus, miR-29a is a likely target 

gene of FXR. 

  

Various biological functions have been reported for members of miR-29 family including miR-

29a, b & c. These include modulations of self-renewal in hematopoietic progenitor cells (Han et 

al., 2010), regulations of WNT signaling in human osteoblasts (Kapinas et al., 2010), control of 

host-HIV-1 interactions (Nathans et al., 2009), and regulation of the expression of ECM in 

fibroblasts and stellate cells (Jiang et al., 2010) etc. Clearly, the biological functions of miRNAs 
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are complex and may be tissue- or cell type-specific. A study from van Rooij et al. (2008) has 

shown that dysregulation of miR-29 plays an important role in cardiac fibrosis following 

myocardial infarction. All three members of miR-29 family were downregulated in the region of 

heart adjacent to the infarct. Systemic delivery of a cholesterol-conjugated miR-29b inhibitor led 

to increased expression of collagen in liver, kidney and heart, suggesting a role of miR-29 in 

regulating the expression of ECM in vivo (van Rooij et al., 2008). Recently, downregulation of 

miR-29 has also been shown in rodent models of liver fibrosis and in liver biopsies from patients 

with HCV infection (Pogribny et al., 2010; Kwiecinski et al., 2009). The role of miR-29 

members in liver fibrosis was further demonstrated in a recent study by Roderburg et al. in which 

all members of miR-29 were significantly downregulated in mouse liver in both CCl4 and 

common bile ligation models (Roderburg et al., 2011). They have further shown that TGF-β or 

NF-κB signaling negatively regulated the expression of miR-29, suggesting TGF-β↑→miR−29↓ 

or NF-κB↑→miR-29↓ as an important mechanism in the development of liver fibrosis 

(Roderburg et al., 2011). A similar role of TGF-β↑→miR−29↓ was also demonstrated in a 

mouse model of lung fibrosis (Cushing et al., 2010). These data, together with our observation 

that activation of FXR led to upregulation of miR-29a, strongly support an important role of 

miR-29 in the control of ECM expression under both physiological and pathophysiological 

conditions. They also suggest the potential of miR-29 as a novel therapeutics for the treatment of 

various fibrotic diseases including liver fibrosis. 

 

It is likely that other mechanisms are involved in the antifibrotic effect of FXR/FXR ligands in 

addition to a direct activation of the miR-29a gene. A number of studies including our work have 

suggested that many nuclear receptors such as FXR and SHP inhibit various inflammatory 
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signalings including NF-κB, AP-1, and TGF-β via competition for essential cofactors or 

recruitment of corepressors (He et al., 2006; Zhang et al., 2010). Therefore, it is possible that 

treatment of HSCs with FXR ligands at quiescent stage may prevent the NF-κB- and/or TGF-β-

mediated downregulation of miR-29 expression during their transactivation process. Studies are 

currently ongoing in our laboratory to test this hypothesis. Alternatively, FXR and/or SHP may 

directly inhibit the expression of fibrosis-related genes through the interference of AP-1 and/or 

TGF-β signaling as suggested by Fiorucci et al. in their study (Fiorucci et al., 2004). Clearly, 

more studies are required in the future to better understand the contribution of each potential 

mechanism to the overall antifibrotic effect of FXR. 

 

It should be noted that, despite a similar function in regulation of ECM expression, miR-29a, b 

and c may be differentially up- or down-regulated under different physiological or 

pathophysiological conditions. MiRNA-29a and miR-29b1 are clustered together and are located 

in chromosome 7 in humans, whereas the miR-29b2/miR-29c cluster is found on chromosome 1. 

A study by Pogribny et al. (2010) shows that miR-29c was downregulated in a mouse model of 

dietary nonalcoholic steatohepatitis. In contrast, in a rat model of common bile duct ligation and 

in liver biopsies from HCV patients, prominent downregulation of miR-29a and moderate 

downregulation of miR-29b were observed (Kwiecinski et al., 2009). We only observed a 

significant upregulation of miR-29a in both mouse and rat HSCs following GW4064 treatment, 

which is likely due to lack of functional FXR response element in the miR-29b2/miR-29c 

transcriptional unit. This is in contrast to downregulation of all members of miR-29 family in 

mouse models of liver fibrosis in the study by Roderburg et al., which may be due to the fact that 

the expression of both miRNA-29a/miR-29b1 and miR-29b2/miR-29c is negatively regulated by 
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NF-κB and/or TGF-β signaling. This may reflect a complex mechanism in the regulation of 

miRNA expression. 

 

In summary, we have shown for the first time that activation of FXR led to expression of miR-

29a in HSCs, which may play an important role in FXR-mediated antifibrotic effect. Our study 

provides new insight into the mechanism by which FXR/FXR ligands control the expression of 

ECM in HSCs. It also suggests a miR-29a-based new therapy for the treatment of liver fibrosis. 
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Legends for figures. 

 

Fig. 1. GW4064 treatment led to downregulation of the mRNA expression of ECM genes in 

rat HSCs. Rat HSCs were isolated as described in Materials & Methods and cultured for 7 days 

to allow transactivation. HSCs were then treated with GW4064 (1 μM) or DMSO vehicle. The 

mRNA expression levels of several ECM genes were determined by real-time RT-PCR 24 h 

following the treatment. N = 3. P < 0.05 (vs. DMSO). 

 

Fig. 2. GW4064 treatment led to upregulation of miR-29a expression in HSCs. Rat HSCs 

(A) or LX2 cells (B) were treated with GW4064 or DMSO vehicle. The expression level of miR-

29a was determined by real-time RT-PCR 24 h following the treatment. The effect of GW4064 

on miR-29a expression was similarly examined in HSCs isolated from wild-type mice (C) or 

FXR-/- mice (D). N = 3. P < 0.05 (vs. DMSO). 

 

Fig. 3. Overexpression of miR-29a resulted in downregulation of the mRNA expression of 

ECM genes in rat HSCs.  HSCs were transfected with miR-29a mimic, non-specific control 

miRNA mimic, or miR-29a inhibitor (25 pmol per well in 6-well plates by 10 μl of 

Lipofectamine) for 24 h. The mRNA expression levels of several ECM genes were then 

determined by real-time RT-PCR. N = 3. P < 0.05 (vs. control miRNA). 

 

Fig. 4. MiR-29a regulates the expression of ECM genes via targeting at the 3’-UTR of their 

mRNAs. CV-1 cells were transfected with a luciferase construct with Col1A1-3’-UTR (A), 

Col3A1-3’-UTR (B) or ELN-3’-UTR (C) in the presence of miR-29a mimic or non-specific 
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control miRNA mimic. Luciferase assay was performed 24 h following the transfection. Data 

shown in the panels represent mean (SD) from triplicate assays. N = 3. P < 0.05 (vs. control 

miRNA). 

 

Fig. 5. FXR enhances the transcriptional activity of the miR-29a gene promoter. A 

luciferase reporter driven by a human miR-29a promoter of 1984 bp was used to study the miR-

29a promoter activity. CV-1 cells were transiently transfected with pGL3-miR-29a in the 

presence or absence of pCMX-FXR. Five hours later, the transfection medium was replaced with 

complete medium and cells were incubated for 20 h. Cells were then cultured in the presence of 

GW4064 or vehicle DMSO for 24 h. Luciferase assay was then performed. Data shown in the 

panels represent mean (SD) from triplicate assays. To examine the effect of genetic activation of 

FXR on miR-29a promoter activity, CV-1 cells were transfected with pGL3-miR-29a in the 

presence or absence of pCMX-vpFXR. Luciferase assays were then examined as described 

above. N = 3. P < 0.05 (vs. DMSO). 

 

Fig. 6. Analysis of putative FXR-responsive elements (FXREs) in human miR-29a promoter. (A) 

Identification of a putative FXRE in human miR-29a promoter via an in silico analysis with a 

Web-based algorithm (NUBIScan). (B) miR-29a/IR1 mediates FXR transactivation of a 

heterologous tk-luciferase reporter gene. N = 3. P < 0.05 (vs. DMSO). (C) Mutation of miR-

29a/IR1 on the miR-29a promoter eliminates activation by FXR. N = 3. P < 0.05 (vs. DMSO). 

(D) EMSA analysis of the binding of FXR/RXR to miR-29a/IR1 in human miR-29a promoter. 

Double-stranded oligonucleotides (−1924/−1936) were end-labeled with [γ-32P]-ATP using T4 

polynucleotide kinase. The labeled probe was incubated with in vitro-translated RXR/FXR for 
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20 min. The reactions were analyzed by electrophoresis in a non-denaturing 5% polyacrylamide 

gel followed by autoradiography. In some studies, the samples were pre-incubated with anti-FXR 

antibody prior to gel electrophoresis. (E) ChIP analysis of the binding of FXR to miR-29a/IR1 in 

human miR-29a promoter in LX-2 cells. Soluble chromatin was prepared from LX2 cells treated 

with 1 µM GW4064 or DMSO for 24 hours. Chromatin was immunoprecipitated with antibodies 

directed against FXR. The extracted DNA was PCR amplified using primer pairs that cover an 

IR-1 consensus sequence in the miRNA-29a promoter. 
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