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HBV = hepatitis B virus 
HCC = hepatocellular carcinoma 
HCV = hepatitis C virus 
miRNA = microRNA 
RISC = RNA-induced silencing complex 
PTGS = posttranscriptional gene silencing 
RNAi = RNA interference 
shRNA = short hairpin RNA 
siRNA = small interfering RNA 
 
 

ABSTRACT 
 

RNA interference (RNAi) is a phenomenon of gene silencing by short double-
stranded RNA (small interfering RNA, siRNA) in a sequence-specific manner. siRNA 
directs the cleavage of the target RNA and shares the molecular machinery with 
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microRNAs (miRNAs) that suppress mRNA translation in plants and animals. Many 
specific miRNAs have been identified in human fetal liver, adult liver, and hepatocellular 
carcinoma (HCC) tissues. miRNAs modulate gene expression in a wide range of 
pathophysiologic conditions; however, the role of miRNAs in various cell types of the 
liver requires elucidation, especially with respect to stem cell differentiation, hepatic 
regeneration and carcinogenesis. Moreover, modulating specific miRNA levels is feasible 
by transfecting synthetic siRNA duplexes or other approaches, suggesting the possibility 
of developing potential therapeutic strategies. There is great potential in the development 
of future therapeutics by employing siRNAs for acute or chronic liver injury, chronic 
viral hepatitis, fibrosis and HCC. However, both siRNA stability and effective hepatic 
delivery approaches must be improved for animal experiments and clinical applications. 
More feasible siRNA delivery approaches, such as chemical modification of siRNA to 
enhance its in vivo stability, lentiviral vector or adeno-associated viral vector-mediated 
siRNA delivery, and further vector development for disease-specific delivery, may 
overcome the existing problems, and move the potential therapeutics towards clinical 
applications. As a powerful research tool, RNAi has provided new insights into the 
molecular mechanisms of gene regulation in many cell types, and it will be a useful 
molecular therapy in various liver diseases in the near future. 
 
 

Key words: RNAi; HBV, HCV, hepatic injury and fibrosis, cirrhosis, hepatocellular 
carcinoma, liver regeneration. 
 
 

INTRODUCTION 
 
The discovery of short RNA duplex-mediated, sequence-dependent gene silencing or 

RNA interference (RNAi) [1-3] has revolutionized the current understanding of the regulation 
of mammalian gene expression. It has provided a versatile experimental tool to knock-down 
specific genes of interest. In its broad definition, RNAi operates through two separate and yet 
closely related processes: small interfering RNA (siRNA) and microRNA (miRNA) [4]. 
siRNAs are 19-21 nucleotide (nt) double-stranded RNAs with a 2-nucleotide overhanger at 
the 3’ end [5]. They are generated either from exogenously introduced RNA duplexes or from 
endogenous miRNAs, transposons or viral replication. The recognition and cleavage of target 
mRNA is executed by the RNA-induced silencing complex (RISC) [6]. Two sources of 
exogenous siRNAs have been commonly used for RNAi experiments: synthetic dsRNAs and 
plasmid/viral vectors encoding short hairpin RNAs (shRNAs) [7, 8] which are generated in a 
similar manner to endogenous miRNAs in the nucleus, and exported into the cytoplasm 
through exportins. 

miRNAs are ~22 nt highly-conserved noncoding RNAs that are transcribed from specific 
genomic loci as single-stranded precursors with a characteristic stem-loop secondary structure 
(pre-miRNAs). These precursors are cleaved by RNAse III endonuclease Drosha to generate 
60 to 70-nt intermediates (pre-miRNAs), which are transported to the cytoplasm by the 
nuclear export factor exportin 5 and further metabolized by Dicer to become mature miRNAs 
[4, 9, 10]. Typically, miRNAs recognize target mRNAs at the 3’ untranscriptional region (3’-
UTR) by the 5’ seed sequence [11]. 

siRNAs and miRNAs function similarly in posttranscriptional gene silencing (PTGS) by 
sharing the same downstream molecular effector, RISC [12]. The catalytic function of RISC 
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is mediated by argonaute-2, which releases sense strand (passenger stand) RNA [13], and 
uses the antisense strand as a guide to locate mRNA targets [14]. RISC cleaves the target 
mRNA if sufficient homology exists between the target sequence and the antisense strand of 
siRNA. If there is a degree of mismatch, RISC induces translational repression. 
Bioinformatics analysis estimates that about 30% of human genes are targeted by miRNA 
[15], suggesting its important role as a biological regulator in many pathophysiologic 
conditions. This chapter focuses on the current understandings of the molecular mechanisms 
of miRNAs in regulating the differentiation of hepatic progenitor cells, the proliferation of 
hepatocytes under various conditions, and tumor development. The use of RNAi as a 
therapeutic entity for the treatment of hepatitis viral infection, hepatocellular carcinoma 
(HCC) or other liver disorders will be also discussed.  

 
 

MICRORNA AND LIVER DISEASES 
 

1. miRNA Biogenesis and Mechanisms of Action 
 
miRNAs are non-coding RNA duplexes which modulate gene expression via three 

mechanisms: translational inhibition by binding to the mRNA 3’-UTR, sequence-specific 
binding to mRNA to elicit RISC-dependent cleavage, and binding to mRNA leading to 
degradation by RNAse II. The miRNA-mediated mRNA cleavage is sequence-specific and 
occurs in plants; whereas in mammals, translational inhibition of functional miRNA is the 
major mechanism of gene suppression [16]. The genes encoding miRNAs are located within 
introns, intergenic regions and exons [17], and the biogenesis of miRNA is under 
transcriptional regulation of the host genes [18]. The synthesis of miRNA starts the 
transcription of pri-miRNA in the nucleus, and the latter undergoes a cleavage process by a 
specialized nuclear RNAse III, Drosha, to generate pre-miRNA. Pre-miRNAs are exported 
from the nucleus to the cytoplasm via exportin-5 in a GTP-dependent fashion. Exported pre-
miRNA in the cytoplasm is further processed by a cytoplasmic RNAse III, Dicer, to form 
mature miRNA, and mature miRNA targets mRNAs at the 3’-UTR with the nt 2-9 seed 
sequence at the 5’ end of miRNA [19]. The binding of miRNA seed sequence to the UTR 
region requires perfect complementarity [18], and the binding blocks the completion of the 
translational process in peptide synthesis. One miRNA may have multiple mRNA targets and 
silence multiple cellular mRNA; and vice versa, one specific mRNA sequence may have 
multiple miRNAs affecting its activity. Therefore, it is a complex process to define the role of 
specific miRNAs in the modulation of gene expression in a particular condition. Computation 
algorithms estimate that miRNA may target 30% of the human genome [15]. To date (March 
2009), approximately 850 miRNAs have been identified in the human genome, which could 
regulate thousands of protein-coding genes (microrna.sanger.ac.uk).  

How a specific miRNA or a series of miRNAs affect cell function, differentiation, growth 
or apoptosis is under active investigation, and the roles of miRNAs in disease development 
and their therapeutic potential are of great interest to both basic scientists and clinical 
investigators. There are many possible mechanisms by which miRNA may participate in a 
disease process. For example, a miRNA may acquire a mutation resulting in loss or gain of 
function; or a programmed target site may acquire single mutation and no longer be able to 
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bind to a specific miRNA; or a gene may acquire a new and undesired miRNA target 
sequence that will result in silencing [20]. These proposed mechanisms are hypothetical and 
remain to be validated in animal models and clinical studies. A more convincing hypothesis is 
that during a particular condition, a cluster of miRNAs are altered, either increased or 
decreased, and that the change of the miRNA profile may result in an altered control of 
multiple gene levels and function in complex physiologic circumstances [21]. The 
development of liver disorders involves a variety of pathophysiologic changes in these 
processes, and thus, the identification of the changes in miRNA profiles by miRNA arrays is 
an initial step to understand the roles of miRNA in these conditions. When specific miRNAs 
exhibit distinctive changes in a particular condition, the changes are further verified by 
molecular approaches, such as quantitative RT-PCR or Northern blot analysis, molecular 
manipulation of miRNA levels by introducing specific miRNA into cells or tissue [22], 
inhibiting miRNA expression [23] or blocking miRNA action via the delivery of its targeting 
sequence [24]. These molecular approaches will provide understanding of the miRNA 
function and regulation. These are the common approaches used in defining the roles of a 
specific miRNA in a pathophysiologic condition. 

 
 

2. Hepatic miRNA Expression 
 
Given the fact that miRNAs control gene translation in a wide range of physiologic 

conditions in mammalian cells [25, 26], the regulatory roles of miRNAs in hepatocytes will 
continue to be an active area of research in the foreseeable future. Various vertebrate 
miRNAs are expressed in a tissue-specific manner. Among these, miR-122 is a dominant and 
specific miRNA species in adult mouse liver [27]. It is also highly expressed in hepatoma 
Huh7 cell line [28], fetal [29], and adult human liver [30, 31]. miR-122 is transcribed from 
the hcr gene on chromosome 18. The expression of miR-122 is suppressed in rat and human 
HCC tissues [32], and cyclin G1 is suggested as a target through which miR-122 might exert 
its effect on HCC growth [22]. Inhibition of miR-122 by molecular approaches affects 
expression of numerous genes, including those being involved in cholesterol and fatty acid 
metabolism [33]. Of note, the HCV genome recruits miR-122 to its 5' end, and miR-122 
facilitates the replication of HCV genomic RNA [28]. Other liver-specific miRNAs include 
miR-148, miR-192, miR-194 and miR-215 [34-37]. The role of these miRNAs in various 
pathophysiologic conditions is largely unknown. 

miRNAs are also believed to be an important factor in regulating the renewal and 
differentiation of stem cells [38, 39]. Microarray analysis reveals different miRNA expression 
patterns among embryonic stem cells, embryonic bodies, and differentiated somatic tissues 
[40], and yet our understanding of the role of each miRNA in the stem cell function is in its 
infancy. Fetal liver expression of miRNAs shows a different pattern from its adult 
counterpart, in that unique miRNAs (miR-410, miR-485 and miR-487) are expressed, 
whereas liver-specific miRNAs are not frequently found [29]. The effect of miRNAs on the 
hepatic differentiation of stem cells is an intriguing topic requiring further investigation. 
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3. Virus-derived miRNA and Viral Hepatitis 
 
It has long been known that RNAi is an innate antiviral mechanism in plants where 

antiviral immunity involves the production of virus-derived siRNAs (viRNAs) to cleave viral 
RNAs. Viruses, on the other hand, produce viral suppressors of RNA silencing (VSRs) to 
counteract viRNAs [41]. There has been controversy regarding whether a similar antiviral 
mechanism might exist in mammalian cells [42, 43]. Although anti-viral siRNAs have not 
been documented in mammalian cells [44, 45], several virus-derived miRNAs have been 
identified in mammalian cells infected with the herpes virus family, such as Epstein-Barr 
virus (EBV) [44], Kaposi sarcoma-associated virus (KSHV) [45], and cytomegalovirus 
(CMV) [45, 46], as well as simian virus 4 (SV40) [47] and HIV-1 [48-50]. Recent 
bioinformatics analysis has detected a potential HBV-encoded miRNA candidate [51]. The 
action of these virus-encoded miRNAs against viral replication is either permissive or 
suppressive [52]. For example, CMV encodes miRNAs that help escape the host immune 
system by targeting a major histocompatibility complex class I-related chain B (MICB) gene 
necessary for NK cell activity [46]. SV40 miRNA helps degrade viral T antigen, conferring a 
reduced susceptibility of the virus to cytotoxic T lymphocytes. In contrast, an EBV-encoded 
miRNA (miR-BART2) suppresses viral DNA polymerase BALF5 [53]. Taken together, it 
seems reasonable to assume that there is no universal antiviral RNAi mechanism mediated by 
virus-encoded small RNAs in mammalian cells, and that virus-derived viRNA may affect 
host cell function and immunity against infected viruses. 

Cellular miRNAs may also affect viral replication by regulating expression of host or 
viral genes. Recent studies identified host miRNAs targeting the viral genome or cellular 
proteins as potential antiviral defenses against retroviruses [54, 55]. Numerous potential 
target sites of cellular miRNA have been predicted by computational algorithm in the 
genomes of HAV, HBV, HCV, HDV and HEV [56, 57]. Among these miRNAs, only miR-
122 has been experimentally verified to target the 5’ noncoding region of HCV [28]. 
Nevertheless, inactivation of miR-122 suppressed replication of HCV [28], and siRNAs that 
target Dicer and other components of the RNAi pathway inhibit HCV replication [58]. These 
data suggest that HCV exploits host RNAi machinery for its replication, in contrast to the 
commonly-held belief that cellular miRNA may work as an innate antiviral mechanism. 
Further studies are needed to determine whether there are any cellular miRNAs with universal 
antiviral activity. It is possible that the interferon system, a well-known innate antiviral 
defense mechanism in mammalian cells, may work together with miRNAs to exert an 
antiviral effect, as has been shown recently in HCV-infected cells [59].  

 
 

4. miRNA and Liver Cancer 
 
HCC is the fifth most prevalent solid tumor and the third most common cause of cancer-

related death worldwide, with more than 500,000 new cases diagnosed yearly [60]. It is a 
major health problem in Asia and Africa, and the incidence is steadily increasing in Western 
countries [60]. HCC accounts for 80-90% of liver cancer. Cirrhosis represents the greatest 
predisposing factor, as 80% of HCC develops in a cirrhotic liver. Approximately 10% of 
cirrhotic patients develop HCC in 5-10 years. Using DNA or RNA arrays, many genetic 
abnormalities and signaling pathways have been shown to be involved in HCC development 
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and progression through the modulation of a large group of genes [61]. Moreover, specific 
molecular signatures have been associated with different etiologic factors, biological 
characteristics, and clinical features [62]. miRNAs play critical roles in modulating the 
expression of genes which may affect cell differentiation, proliferation or apoptosis, and these 
pathways are essential components in tumor development, growth, and progression. miRNA 
profile changes or individual miRNA alterations may provide clues for explaining the global 
changes in gene expression in HCC, and help us understand the molecular changes of 
oncogenic processes.  

Sequence mutations in miRNA are one proposed mechanism by which miRNA may 
cause aberrant gene expression control. A recent report focused on sequence mutations in 59 
individual miRNAs in HCC tissue or cell lines, and found sequence variations in four 
miRNAs in both HCC and non-tumor tissues, suggesting the possibility of germline 
mutations or natural polymorphisms [63]. However, there has not been solid evidence 
demonstrating that sequence mutations in miRNAs play a crucial role in the oncogenic 
process of HCC. 

Another report analyzed miRNA profiling changes in 25 paired human HCC tissues, 
adjacent nontumorous tissue and tissues from chronic viral hepatitis, and found that three 
miRNAs (miR-18, miR-18 precursor and miR-224) were higher in HCC tissue than in non-
tumorous tissue, whereas five miRNAs were expressed at lower levels in HCC tissue than in 
nontumorous tissue [64]. The expression levels of four miRNAs were inversely correlated 
with the degree of HCC differentiation, and the miRNA profile of HCC tissue was 
significantly different in tissues from patients with cirrhosis or chronic viral hepatitis [64]. In 
experimental HCC in rats fed a nutrient-deficient diet, several miRNAs were upregulated, 
whereas a liver-specific abundant miRNA, miR-122, was down-regulated [32]. miR-122 
expression was silenced in hepatoma grafts in rats. A decreased expression in miR-122 was 
also found in 10 out of 20 human HCC tissue samples [32].  

While the global profile of miRNA changes in HCC may function as a diagnostic tool, 
individual miRNA changes and targeting gene alteration may provide specific molecular 
mechanisms in signaling pathways. Down-regulation of miR-122a, miR-145, miR-221 and 
Let-7a were found in HCC tissues or hepatoma cell lines [22]. Gramantieri et al. further 
identified one target gene of miR-122a, and showed that it modulates cyclin G1 expression in 
hepatoma cell lines and an inverse correlation between miR-122a and cyclin G1 expression 
exists in primary HCC. Cyclin G1 is transcriptionally activated by p53 and p73, and in turn, it 
negatively regulates p53 family proteins [65]. This study suggests that a reduced level of 
miR-122a in HCC may result in chromosomal instability through deregulation of cyclin G1 
and, indirectly, p53-dependent pathways [22]. In a separate study, Meng et al. found recently 
that miR-21 was nearly 10-fold higher in primary human HCC cell lines than in controls, and 
one of its significant target genes is the phosphate and tensin (PTEN) tumor suppressor gene 
[66]. Inhibition of miR-21 in hepatoma cells increased PTEN expression; whereas 
overexpression of miR-21 by the transfection of the miR-21 precursor increased cell 
proliferation, migration and invasion. The study suggests that enhanced expression of miR-21 
contributes to HCC growth and progression by modulating PTEN expression [66]. In 
summary, aberrant expression of critical miRNAs in HCC may act by suppressing the 
expression of tumor suppressive genes, such as PETN and p53 [67], and the manipulation of 
specific miRNA levels implies a novel therapeutic intervention. 
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RNAI AGAINST LIVER DISEASES 
 

1. Therapeutic Consideration of RNAi in Liver Disorders 
 
miRNA-targeted therapy can be feasible if specific miRNAs are deemed to be critical in 

the pathogenesis of liver diseases. By transducing a plasmid vector which has pre-designed 
miRNA precursors, artificial miRNAs can be expressed to inhibit endogenous target genes 
[68]. Plasmid vectors that have the shRNA sequence embedded in the miRNA backbone 
successfully expresses siRNA in transfected cells more efficiently than conventional shRNA 
vectors [69, 70]. This technique can be utilized as an alternative way of transferring 
therapeutic siRNAs in target cells. By using the same strategy, specific miRNAs can also be 
knocked down by lentiviral vector-mediated anti-miRNA antagomirs [71]. Moreover, 
miRNAs can also be antagonized by delivering 2’-O-methyl oligonucleotides [72] or 
cholesterol-conjugated modified oligonucleotides [73] homologous to the target mRNA 
sequence in a sequence-specific manner.  

siRNA-based therapy has already entered a clinical trial stage for the treatment of 
macular degeneration [74] and respiratory syncytial virus (RSV) infection [75] where local 
delivery of therapeutic levels of siRNAs is possible. There are at least six RNAi studies 
approved for clinical trials, with many more planned [76]. Thus, there is great potential that 
RNAi will be employed therapeutically in future clinical practice. However, one critical 
question to be answered is how to effectively deliver siRNA to a high percentage of 
hepatocytes for the inhibition of viral replication in infected cells.  

Synthetic dsRNAs are the most commonly used molecules for in vivo delivery and for the 
assessment of efficacy in animal models because they are readily available from many 
commercial vendors, and their chemical components can easily be defined [77]. Conventional 
intravenous injection of unmodified siRNAs does not result in sustained RNAi because of the 
short half-life of naked siRNAs and poor intracellular uptake. Recently, siRNAs transcribed 
in vitro and enzymatically digested (endoribonuclease-prepared) siRNAs have shown to be 
more effective than conventional synthetic siRNAs [78]. shRNAs with 2’-O-methyl or 
cholesterol modifications delivered via intravenous injection have improved in vivo stability. 
When siRNA are encapsulated in lipid nanoparticles, their circulation time has been 
extended, and tissue preferential distribution can be achieved by modification of the 
nanoparticles [79]. Moreover, molecular conjugates and nonviral carriers have been employed 
to enhance cellular uptake [80-83] because it has been found that chemical modifications 
inhibit siRNA degradation by nucleases [77, 84], increase specificity [85], reduce off-target 
immune activation [86], and acts as a potent inhibitor of RNA-mediated cytokine induction 
by inhibiting Toll-like receptor 7 [87].  

Rapid intravenous injection of a large volume of fluid (hydrodynamic injection) can 
deliver DNA molecules to the liver in murine models [88, 89]. Although the application of 
this method in large animals with technical modifications has been undertaken recently (with 
less gene expression efficacy), the method can not be used directly in humans [90]. Viral / 
non-viral gene transfer vectors [91, 92] and chemical modifications of siRNAs [77, 93] 
appear to be more feasible approaches in clinical settings.  

Several viral vector systems can effectively deliver shRNAs into target cells. Adenovirus 
can deliver shRNAs to the liver [94], in a tissue-specific manner especially when the Cre-



Jin Wook Kim and Jian Wu 108 

loxP system is employed [95]. Adeno-associated virus is a safe and effective vector that 
enables long-term expression of an integrated/episomal gene, even in quiescent cells [96]. 
Recombinant lentiviral vector transduces both dividing and non-dividing cells for a prolonged 
period [97, 98], and it is thought to be a useful vector system for both gene or shRNA 
delivery in many tissues or cell types with lower proliferative activity, such as neurons, 
cardiomyocytes, hepatocytes or insulin-producing β-cells, etc [99-101]. With the integration 
of a self-inactivation component in the vector system, its safety profile has been dramatically 
improved [102, 103]. Moreover, shRNA expression levels are controllable with the 
availability of Tet-inducible lentiviral shRNA vectors [104, 105]. Nevertheless, the activation 
of interferon in adeno-associated vector or lentiviral vector-mediated siRNA or shRNA 
delivery is still a major concern [105, 106] in addition to other general considerations in the 
use of either adeno-associated viral vectors or lentiviral vectors for human gene/molecular 
therapy. Thus, many basic and preclinical studies are required to establish whether a vector 
system will meet a specific need in delivering therapeutic genes, siRNA or shRNA for 
molecular therapies. 

 
 

2. RNAi against Viral Hepatitis 
 
Since siRNAs and shRNAs were shown to successfully suppress HCV in a mouse model 

in 2002 [107], antiviral effects of siRNAs/shRNAs have also been demonstrated in HAV 
[108], HBV[109], and HDV [110] models (see reviews [111-114] for details). The general 
consensus is that siRNAs or shRNAs are effective in inhibiting viral proliferation in infected 
cells in culture. The lack of reliable convenient animal models for both HBV and HCV raises 
difficulties in assessing clinical efficacy in the in vivo eradication of viral infection or the 
prevention of new infection [112]. Although many in vitro or in vivo studies are promising, 
obstacles that hinder the clinical application of RNAi in the treatment of viral hepatitis still 
exist, and they are the general problems inherent to gene therapy, such as delivery efficiency, 
off-target effects, and safety, as well as viral resistance due to viral mutation. Viral resistance 
to RNAi occurs with either mutations of target sequences rendering the escape of the viral 
genome from recognition by small RNAs or virus-coded suppressors of RNA silencing. 
Frequent mutations in the viral genome give rise to resistance to RNAi-induced suppression 
in HIV-1 and HCV quasispecies [115]. Since the replication of HBV and HCV involves 
error-prone polymerase, point mutations in the target region can induce viral resistance to 
RNAi in HBV and HCV [116, 117]. Therefore, using siRNA/shRNA targeting to a single 
sequence region is often insufficient, and a combination of siRNAs or shRNAs against 
multiple targets and/or other antiviral drugs is necessary for the long-term suppression of 
HBV or HCV. It is possible to include multiple shRNAs in lentiviral vectors against several 
conserved target regions in the viral genome or against host components critical for the viral 
life cycle. This is one advantage of lentiviral vectors being developed as a useful viral vector 
system for RNAi to inhibit the replication of viruses with frequent mutations, such as HIV, 
HCV and HBV [118-120].  
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3. RNAi against HCC 
 
RNAi has been a very useful tool for identifying critical genes in HCC development, 

progression and invasion [121]. The use of RNAi as a molecular intervention for HCC is an 
active area of research. Due to the fact that most HCC occurs in patients with HBV or HCV 
infection, the initial use of RNAi often focuses on inhibiting viral replication or eradicating 
the infection [122]. Moreover, the oncogenic process involves multiple genes and steps, and it 
is often difficult to choose a single gene or a few genes as targets for completely inhibiting 
tumor growth. One recent study has shown that the enhancer of Zeste Homolog 2 (EZH2) is 
overexpressed in human hepatoma cell lines. Infection of a lentiviral shRNA vector against 
EZH2 markedly suppressed tumor cell proliferation, and in vivo tumorigenicity. Intratumoral 
injection of this lentiviral vector led to a marked tumor regression via down-regulation of an 
EZH2 down-stream molecule, stathmin-1 [123]. Another study chose matrix 
metalloproteinase-11 (MMP-11) as a target of RNAi because it is overexpressed in tumor 
cells and in stromal fibroblasts located in the immediate vicinity of tumor, and the expression 
of MMP-11 facilitates tumor progression, invasion and metastasis. siRNA against MMP-11 
was co-injected with mouse hepatic carcinoma Hca-F cells into footpads, and local lymph 
node metastasis was determined three weeks after the inoculation. It was found that co-
inoculation of Hca-F cells with siRNA reduced local tumor size and lymph node metastatic 
lesions when compared to the group with control siRNA injection [124]. In a third report, the 
serine protease urokinase-type plasminogen activator (u-PA) was overexpressed in HCC and 
its expression level was inversely correlated with patient survival. Transfection of HCC cells 
with an shRNA plasmid against uPA delayed the formation of xenograft tumors in nude mice, 
and led to a reduction of uPA gene and protein levels, and in turn resulted in the 
disorganization of fibronectin fibrils in the extracellular space [125]. However, when 
analyzing the research data with RNAi, one must be cautious in interpreting the results 
because non-specific siRNA has been shown to significantly affect tumor cell viability, 
mitosis and motility due to off-target effects [126]. 

 
 

4. Other Liver Diseases 
 
In addition to viral hepatitis, areas of hepatology where RNAi has been employed for 

experimental treatments include steatosis [127], hepatic fibrosis by inhibiting TGF-β and 
connective tissue growth factor [128, 129], and acute liver failure [130-133]. Recently, we 
have shown that acute liver injury induced by the Jo2 antibody caused increased expression 
of miR-491. The tentative targets are heat shock protein-90 (HSP-90), α-fetal protein (AFP), 
and IκB, and an in vitro transfection study showed that miR-491 induced apoptosis in Hep G2 
cells, suggesting its potential as a therapeutic target for acute liver failure [134]. 

 
 

5. Safety and off-Target Effects of RNAi 
 
Although RNAi works in a sequence-specific manner, unintended effects (off-target 

effects) may occur in either sequence-dependent or independent ways [135]. Excluding the 
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influence of co-administered carriers, non-specific perturbation of host RNAi machinery is a 
major concern because siRNAs/shRNAs and endogenous miRNAs share the same molecular 
pathway. Adeno-associated virus type 8-mediated delivery of shRNAs led to dose-dependent 
liver injury, probably via the saturation of an intracellular miRNA exporting pathway [136], 
although subsequent studies successfully suppressed target miRNAs without affecting hepatic 
miRNAs or causing adverse outcomes [137, 138]. Sequence-dependent off-target effects may 
occur due to the suppression of unrelated cellular targets [139], the induction of immune 
responses, especially interferon production [140], or the activation of toll-like receptor (TLR) 
pathways [141]. Genome-wide blasting of selected siRNA sequences, the use of short siRNA 
(less than 23 nucleotides), and avoiding sequence homology to the 3’-UTR (because siRNA 
may act as a miRNA to elicit the onset of post-transcriptional silencing) are necessary 
measures to avoid or reduce off-target effects. In addition, a position-specific chemical 
modification has been shown to reduce off-target effects [85, 142, 143]. 

 
 

CONCLUSIONS AND PROSPECTS 
 
The fields of RNAi-related research in hepatology include the analysis of miRNAs in the 

pathogenesis of various liver diseases and the knock-down of liver-specific genes by 
introducing exogenous siRNA/shRNA or miRNA precursors. Given the fact that miRNA has 
emerged as a major regulator of gene expression in biological processes, growing evidence 
indicates that miRNAs may play central roles in various pathophysiologic conditions of the 
liver. When more specific miRNA signatures have been defined in liver progenitor cell 
differentiation, liver regeneration after injury or volume loss, aberrant differentiation or 
proliferation for tumor development, fibrogenesis, etc., the molecular mechanisms of 
individual miRNAs in modulating the expression of specific target genes will be elucidated. 
The dependence of host miRNA miR-122 for HCV replication indicates a new therapeutic 
approach, and the interaction between host and viral miRNA will aid in understanding the 
molecular mechanisms of the host defense and the mechanisms of viral survival in the host. 
Currently, it is possible for researchers to suppress liver disease-related genes of their interest 
without employing technically demanding knock-out mice, so long as appropriate tools of in 
vivo delivery are available. Moreover, specific miRNAs can be antagonized by 
oligonucleotide homologous to the target sequence or lentiviral vector-mediated shRNA 
delivery. Thus, it is possible to more completely elucidate the pathophysiologic roles of 
individual miRNAs in vivo. Exogenous siRNAs and/or shRNAs are being actively used to 
knock down disease-related genes in the liver to reveal molecular mechanisms in a variety of 
pathophysiologic conditions and to develop novel therapeutics. A number of clinical studies 
using RNAi approaches have been approved, and more are in the planning stage. When viral 
vectors or non-viral vectors are better tailored for biocompatibility and preferential liver 
delivery, molecular therapies, such as RNAi for a wide spectrum of liver disorders, 
particularly HCV and HBV infection, should be possible. 
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