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INTRODUCTION
Globally, hepatocellular carcinoma (HCC) is a major cause 
of  mortality[1,2]. It is the commonest primary liver cancer 
and accounts for 80%-90% of  this class of  malignancy. 
HCC is characterized by a very poor prognosis and is 
associated with high mortality. Annual mortality from HCC 
is virtually the same as its annual incidence, attesting to 
its rapid course and grave prognosis. Moreover, although 
HCC is the fifth most common cancer worldwide, it is the 
third most common cause of  cancer-related mortality[3]. 
Recent observations have shown that incidence and 
mortality from liver cancer in the United States is the 
fastest growing of  all cancers[2]. This is despite a decline 
in the overall cancer mortality rate that has occurred 
during the past 20 years. Currently available treatments 
of  HCC are largely inadequate. However, with better 
understanding of  the molecular pathogenesis of  the cancer 
and significant advances in gene silencing technology, 
improved approaches are being devised to counter the 
malignancy. In particular, harnessing the RNA interference 
(RNAi) pathway to inhibit expression of  genes that are 
implicated in transformation of  hepatocytes is an exciting 
new approach to treating HCC. Therapeutic gene silencing 
technology is however at an early stage of  development 
and there are several important hurdles that need to 
be overcome before this approach becomes a reality 
for treating HCC. In this review, we summarize HCC 
molecular pathogenesis as a background to discussing the 
interesting prospects of  RNAi-based drugs for treating 
HCC. 

causes and molecular 
pathogenesis of HCC 
There are several etiological agents and risk factors that 
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Abstract
Primary liver cancer is the fifth most common malignan-
cy in the world and is a leading cause of cancer-related 
mortality. Available treatment for hepatocellular carcino-
ma (HCC), the commonest primary liver cancer, is rarely 
curative and there is a need to develop therapy that is 
more effective. Specific and powerful gene silencing that 
can be achieved by activating RNA interference (RNAi) 
has generated enthusiasm for exploiting this pathway 
for HCC therapy. Many studies have been carried out 
with the aim of silencing HCC-related cellular oncogenes 
or the hepatocarcinogenic hepatitis B virus (HBV) and 
hepatitis C virus (HCV). Proof of principle studies have 
demonstrated promising results, and an early clinical 
trial assessing RNAi-based HBV therapy is currently in 
progress. Although the data augur well, there are several 
significant hurdles that need to be overcome before the 
goal of RNAi-based therapy for HCC is realized. Particu-
larly important are the efficient and safe delivery of RNAi 
effectors to target malignant tissue and the limitation of 
unintended harmful non-specific effects. 
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have been implicated in causing HCC[2]. Typically, HCC 
arises within a diseased liver and chronic liver injury per se, 
usually cirrhosis is thought to be causative of  HCC. Thus, 
agents that result in chronic liver disease, although perhaps 
not directly carcinogenic, may be risk factors for HCC. 
Liver cancer is not evenly distributed throughout the world 
and is a consequence of  unequal prevalence of  major 
causative factors of  the malignancy[2]. HCC has a particu-
larly high incidence in sub Saharan Africa, East and South 
East Asia where chronic hepatitis B virus (HBV) infection 
is common. Of  the factors that have been identified to 
cause HCC, persistent HBV infection has the strongest 
association with the malignancy[1]. The long term risk of  
HCC in HBV carriers has been reported to be in the range 
of  25%-40%. Infection with hepatitis C virus (HCV) is 
also directly causative of  liver cancer[4]. The long-term 
risk for HCC in HCV-infected individuals is estimated to 
be 1%-3% after 30 years, although in cases of  established 
HCV-related cirrhosis, the annual rate of  HCC develop-
ment may be as high as 7%. Globally it is estimated that 
there are 387 million carriers of  HBV[1,5] and 170 million 
people persistently infected with HCV[6]. These enormous 
numbers make HBV and HCV chronic infections the 
major HCC-predisposing factors. A primary focus of  pre-
venting HCC is thus aimed at eliminating these viruses.

Several other hepatocarcinogenic factors, which may 
cause transformation directly or indirectly, have been iden-
tified[2]. These include excessive alcohol intake, aflatoxin in-
gestion, vinyl chloride exposure, obesity, diabetes mellitus, 
dietary iron overload, cigarette smoking and use of  oral 
contraception. Regardless of  the study population, males 
have a higher risk for the malignancy than females. The 
male to female ratio of  HCC varies between 2:1 and 4:1. A 
reason for this gender bias is a higher risk for exposure to 
HCC-causing agents such as alcohol and tobacco amongst 
males. Additionally, androgens per se may contribute to 
hepatocarcinogenesis.

HBV
HBV is the prototype member of  the hepadnaviridae 
family of  hepatotropic viruses. It is a small , non-
cytopathic, enveloped partly double stranded or relaxed 
circular DNA (rcDNA) virus with a genome size of   
3.2 kb[7-9]. Viral rcDNA is converted to covalently closed 
circular DNA (cccDNA) within an infected hepatocyte. 
cccDNA then serves as template for expression of  viral 
genes, formation of  pregenomic RNA and ultimately 
the production of  progeny viruses. The viral genome is 
remarkably compact and encodes four overlapping open 
reading frames (ORFs): core (C), polymerase (P), envelope 
(surface, S) and X (HBx), which collectively encompass the 
entire genome. Viral cis elements that control transcription 
and aspects of  replication are thus embedded within 
protein coding sequences. This remarkably economical use 
of  the small genome limits HBV sequence plasticity and 
the virus is thus a good target for therapy that is based on 
nucleic acid hybridization.

The exact mechanism of  HBV-mediated hepatocarci-
nogenesis is not completely understood. Integration of  
viral DNA into the host cellular genome with resultant 

effects on chromosome stability and surrounding genes may 
play a role. Several lines of  evidence also implicate HBx in 
the transformation of  hepatocytes. This protein has wide 
ranging effects on cellular processes that are involved in 
regulating cell differentiation, apoptosis and proliferation. 
The mechanism of  action includes indirect transcriptional 
activation of  cellular cis elements, effects on cell signalling 
pathways as well as modulation of  apoptosis[10].

HCV
HCV is a member of  the Flaviviridae family. The virion 
is enveloped and has an RNA genome comprising 9.6 kb 
of  uncapped RNA with sense polarity[11]. The internal 
ribosomal entry site (IRES), which is located within the 
5' NTR of  the HCV genome, initiates translation of  a 
large precursor polyprotein. This precursor is processed 
by cellular and viral proteinases to form 10 viral proteins, 
namely core, E1, E2, p7, NS2, NS3, NS4A, NS4B, NS5A 
and NS5B. E1 and E2 encode the envelope proteins 
and the viral core is derived from the C sequence. Non-
structural proteins are responsible for assembling the viral 
proteinase machinery (NS2, NS3 and NS4A), forming the 
specialized membrane compartment for viral replication 
(NS4B) and RNA-dependent RNA polymerase (NS5B). 
The hydrophobic p7 protein, required for the late stages 
of  viral assembly, is thought to function as a viroporin. 
The frameshift (F) protein, which is expressed during 
natural HCV infection, is yet to be fully characterized[12-14]. 
The entire HCV lifecycle is cytoplasmic and involves 
the formation of  minus RNA and dsRNA intermediates 
within the membranous web. HCV dsRNA activates the 
innate immune response, but cellular antiviral effects are 
inhibited by the E2, NS3 and NS5A proteins[15-17]. Unlike 
with HBV, sequence heterogeneity and rapid evolution of  
quasispecies are characteristic of  HCV infection. However, 
structural characteristics of  the 5' NTR, which determine 
its function as an IRES impart sequence conservation in 
this region[11].

Research suggests that HCV exerts its oncogenic effect 
through the actions of  its viral proteins. The amino termi-
nal of  the NS3 protein[18] and the core protein[19] have been 
shown to influence various cellular functions including the 
enhancement[20-22] or inhibition[23-25] of  apoptosis. The core 
protein may activate transcription of  the proto-oncogene 
c-myc and also has an effect on apoptosis through effects 
on Fas, tumor necrosis factor (TNF-)[26] and a mitogen 
activated protein kinase or extracellular signal regulated 
kinase (MAPK/ERK) signaling cascade. In addition, the 
NS4B protein functions as a transcriptional activator of  in-
tracellular signals that play roles in cell proliferation and in-
flammation. NS3 and NS5A proteins may also contribute 
to hepatocarcinogenesis by blocking the action of  p53[27,28].

Aflatoxin and ethanol
Aflatoxin exposure and excessive alcohol intake are 
important causes of  liver cancer, which may have synergistic 
action when occurring together with chronic HBV and 
HCV infection[29]. Aflatoxins are mycotoxins generated 
by certain Asper gillus species and are potent natural 
carcinogens[30]. When converted to exo-8,9-epoxides in 
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the liver they are capable of  damaging guanine nucleotides 
in hepatocytes DNA to form mutagenic and potentially 
carcinogenic DNA adducts. Importantly, aflatoxin-induced 
mutation hot spots in the liver include a transversion that 
occurs in the third position of  codon 249 of  the p53 tumor 
suppressor gene[31,32]. Alcohol metabolism in the liver has 
also been implicated in mutagenesis and hepatocarcinoge
nesis[33]. The mechanism is through generation of  reactive 
oxygen species (ROS) and increasing hepatic oxidative 
stress. Acetaldehyde accumulation also contributes to the 
formation of  protein and DNA adducts which result from 
ROS generation. Excessive alcohol intake is also a cause of  
chronic liver injury and cirrhosis, which is itself  indirectly 
hepatocarcinogenic. 

Current Treatment of HCC
Although there have been advances in the detection of  
HCC, improvement in the management of  the disease 
has not been significant[34]. Inadequacy of  current therapy 
and presentation of  patients with advanced disease have 
meant that the prognosis of  individuals with HCC remains 
poor. Available treatment modalities include surgical 
intervention, percutaneous and arterial attempts at tumor 
ablation as well as drug-based treatment. If  patients have 
well localized malignancies and good underlying liver 
function, surgical resection does have some success in 
eradicating tumors. However, this is clinically atypical, 
and patients with HCC usually present with cancers that 
have spread extensively within the liver and to distant 
sites. Treatment in these cases is palliative and the 
prognosis is extremely grave. Very early tumor detection 
and novel effective therapy are important objectives for 
improving management of  patients with HCC. The potent 
targeted gene silencing that can be achieved by activation 
of  RNAi has prompted investigations that apply this 
approach to direct treatment of  HCC as well as through 
eliminating risk factors for the malignancy (e.g. HBV and  
HCV).

harnessing RNAi to treat human 
disease
RNAi is a powerful gene silencing mechanism that 
operates in most eukaryotic cells[35]. The effecter molecules 
comprise short duplex RNA sequences of  21-23 bp 
that direct inhibition of  homologous genes (Figure 1). 
Naturally, the pathway is important for processing of  
regulatory micro RNAs (miRs)[36,37]. These non-coding 
cellular sequences have roles in several pathways such 
as cell differentiation, metabolism, proliferation and 
malignant transformation. The miR processing pathway 
is initiated by transcription of  miR-encoding cellular 
genes by RNA polymerase Ⅱ (Pol Ⅱ) to produce hairpin-
containing primary miRs (pri miRs). These pri miRs 
may be derived from intronic sequences and may be 
polycistronic. Within the nucleus, pri miRs are processed 
to form precursor miR (pre-miR) hairpins of  60-80 nt 
in length. This step is catalyzed by the microprocessor 
complex, which contains Drosha and di George Critical 

Region 8 (DGCR8) proteins. Drosha functions as an 
RNAse Ⅲ enzyme and DGCR8 is its double stranded 
RNA binding protein partner. Pre-miRs are exported from 
the nucleus to the cytoplasm by the RanGTP-dependent 
Exportin 5 transporter. Pre-miRs are then processed by 
Dicer with associated TAR RNA-binding protein (TRBP) 
to form a staggered RNA duplex of  21-24 bp with  
2 nt 3' overhangs. This duplex is handed on to the RNA 
induced silencing complex (RISC), which includes several 
components such as Argonaute 1 (AGO1), Argonaute 2 
(AGO2) and Fragile X proteins. One strand of  the RNA 
duplex, which is designated the passenger strand, is cleaved 
within RISC and is then released from the complex. The 
remaining intact single stranded guide RNA activates RISC 
to direct target-specific silencing. Mature cellular miRs are 
usually not entirely complementary to their targets and 
bind to the 3' untranslated regions of  cognate mRNA to 
induce translational suppression. Hybridization between 
target and nucleotides 2-8 from the 5' end of  the guide 
strand, termed the seed sequence, are all that is required 
to cause translational suppression[38]. When base pairing 
between entire guide and target is perfectly matched, the 
AGO2 component of  RISC exerts silencing through site-
specific cleavage (‘slicing’) of  the guide complement[39,40]. 

Exogenous activators of  RNAi may be used for 
therapeutic application by silencing specific pathology-
causing sequences. These activators are typically expressed 
or synthetic sequences and they activate RNAi at different 
stages of  the pathway (Figure 1). Exogenous small 
interfering RNAs (siRNAs) are usually synthetic mimics 
of  the dsRNA duplexes that are formed after Dicer 
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Figure 1  Schematic illustration of the RNAi pathway showing the essential 
steps, with nuclear or cytoplasmic location, involved in micro RNA processing. 
Exogenous activators of the pathway, which may be synthetic siRNA or expressed 
mimics of miR precursors, are shown.
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processing, whereas expressed RNAi effectors are typically 
designed to simulate pri miR or pre miR sequences. The 
commonest form of  expression cassette comprises a 
short hairpin RNA (shRNA)-encoding sequence that 
is inserted downstream of  a Pol Ⅲ promoter. When 
introduced into a cell, the shRNA acts as a mimic of  pre 
miR and is processed by Dicer to form a siRNA. Synthetic 
or expression cassette-derived siRNAs are structurally 
symmetrical molecules but stability at the 5' ends of  
the siRNA duplex has an influence on the bias of  guide 
strand selection[41]. The strand which is less tightly paired 
(A/U rich) to its complement at its 5' end is preferentially 
incorporated into RISC. Other factors that influence the 
effectiveness of  siRNAs against their cognate targets 
have been described and have been incorporated into 
predictive algorithms used for design of  exogenous 
silencing sequences. The U6 and H1 Pol Ⅲ promoters 
have commonly been used to generate expressed shRNAs 
and they are capable of  efficient transcription of  short 
defined sequences. Importantly, Pol Ⅲ promoters are 
usually constitutively active, which means that regulation 
of  intracellular concentration of  shRNAs is difficult to 
achieve[42]. Related to this, recent demonstration that U6 
Pol Ⅲ-expressed shRNAs may saturate the endogenous 
miR pathway to cause serious toxicity in vivo is an 
important concern[43]. Since naturally occurring pri miRs 
are expressed from Pol Ⅱ promoters[44], shuttle cassettes 
incorporating features of  pri miRs may improve the 
efficiency of  Pol Ⅱ-expressed RNAi sequences.

HCC and MIRS 
There are several studies that have implicated disruption 
of  miR expression in carcinogenic mechanisms[45,46]. miR 
concentrations may be elevated or depressed in HCC, 
which suggests that by interacting with their cognates, 
these sequences may act as oncogenes or suppressors 
of  hepatocyte transformation. Recent studies using miR 
microarrays, showed high expression of  miR-21[47] and 
low levels of  miR-122a[48] in HCC. miR-21 contributes 
to hepatocyte transformation, growth and spread by 
inhibiting phosphatase and tensin homolog (PTEN) 
tumor suppressor. Modulation of  cyclin G1, a cell cycle 
modulator, is the mechanism by which decreased miR-
122a expression was reported to be hepatocarcinogenic. 
Another study analyz ing the role of  peroxisome 
proliferator-activated receptor alpha (PPARalpha) in 
hepatocarcinogenesis showed that this protein is an 
important regulator of  hepatic miRNA expression[49]. Of  
particular significance was PPARalpha inhibition of  let-
7C-mediated signaling and c-myc induction, which leads to 
hepatocyte proliferation and transformation. Other studies 
have implicated different alterations in miR expression 
that may be important for HCC[50,51]. A recent study, which 
analyzed sequence variation of  59 miRs in HCC and 
adjacent non-malignant tissue, revealed four variations 
in three microRNAs[52]. These miRs included miR-106b, 
miR-192 and let-7a-2. The significance of  the variations 
for hepatocarcinogenesis was however not clear as the 
same sequence differences were found in non-malignant 
cells but not in eight liver cancer-derived cell lines. The 

conclusion from this study was that miR mutation is a 
rare event in HCC and is unlikely to represent the main 
mechanism of  hepatocarcinogenesis. Collectively the data 
show considerable heterogeneity in HCC-related altered 
miR expression. This complicates developing a generic 
approach to HCC treatment that is based on modulation 
of  miR expression.

RNAI targets to counter 
Hepatocarcinogenesis
Suitable targets for development of  RNAi-based treatment 
of  HCC include cellular oncogenic sequences, angiogenic 
factors, as well as HBV and HCV genes (Figure 2). Studies 
to date, which have mainly demonstrated proof  of  principle, 
are summarized below. A difficulty of  assessing usefulness 
of  RNAi against HCC, HBV and HCV has been the lack 
of  convenient small animal models. Advances have recently 
been made in addressing this obstacle. HCV replicons[11], 
cells in culture that are permissive for HBV[53] and HCV[54] 
infection, the hydrodynamic injection procedure[55], 
transgenic mice and xenografted mice[56] have, and will be, 
particularly useful.

HBV
As with most investigations aimed at developing RNAi-
based therapy, synthetic and expressed sequences have 
been used to activate RNAi and counter replication 
of  HBV. Most studies to date have provided proof  of  
principle in cell culture and small animal models of  HBV 
replication. Recently however, FDA approval has been 

Figure 2  RNAi targets that may be silenced to counter HCC. In addition to HBV 
and HCV genes, cellular sequences that are involved in hepatocyte transformation 
may be silenced to inhibit growth of malignant liver cells. Growth of HCC is also 
dependent on angiogenesis and inhibition of this process is expected to limit tumor 
growth.
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granted for an investigational new drug license to test the 
use of  expressed RNA sequences against HBV (http://
www.nucleonicsinc.com/news/pdfs/FDAClearanceHepB
Trial_may2007.pdf). 

One of  the first studies aimed at assessing efficacy of  
RNAi-activating sequences against HBV tested a panel 
of  six U6 promoter cassettes that encoded shRNAs[57]. 
Profound inhibition of  HBV surface antigen secretion 
from transfected cultured cells and in vivo in the murine 
hydrodynamic injection model was observed. Inhibitory 
effects were found to be due to a direct effect that is not 
dependent on an antigen-dependent immune response. 
Others have recently demonstrated varying degrees of  
inhibition of  HBV replication by expressed shRNA 
sequences[58-64] and one study showed antiviral synergy 
between lamivudine and shRNA sequences in a cell culture 
model[61]. To address concerns about the emergence of  
RNAi escape mutants, Weinberg and colleagues[65] used 
long hairpin RNA (lhRNA) expression cassettes to target 
the HBx ORF of  HBV. These sequences were designed to 
generate multiple siRNAs from the 62 bp duplex region 
of  the hairpin. Although impressive knockdown was 
achieved, the efficacy was not equal across the span of  
the duplex. siRNAs generated from the stem base were 
produced more efficiently and effected better silencing 
than the loopside siRNA template. Limited processivity by 
Dicer, which initiates its RNase Ⅲ activity at the hairpin 
stem base, is thought to be the cause of  this effect. Using 
an approach that obviates this problem by cleavage of  
hairpin RNA in vitro, endoribonuclease-prepared siRNAs 
(esiRNAs) targeting all four HBV ORFs were recently 
used to inhibit HBV replication with high efficiency[66]. 

Since there is no convenient small animal model of  
HBV infection, transgenic mice have been used in some 
studies as a stringent model to simulate virus replication 
that occurs in HBV chronic carriers. Expressed shRNAs 
have been tested in 4 studies on HBV transgenic 
mice[43,62,63,67]. Hepatotropic recombinant adenovirus 
vectors expressing shRNAs from Pol Ⅲ promoters caused 
sustained inhibition of  viral replication over a 2-4 wk  
period after administration of  a single dose of  the 
vector[62,63]. The importance of  optimizing the dose of  
expressed anti HBV shRNA sequences was highlighted 
in a recent study that showed fatality in HBV transgenic 
mice that were treated with recombinant adeno-associated 
virus (AAV) type 8 vectors that over expressed shRNAs[43]. 
Recombinant vectors expressing a 25-mer anti-HBV 
shRNA consistently caused death of  treated mice, whereas 
low dose of  a 19-mer shRNA vector efficiently suppressed 
markers of  viral replication. These studies provide 
important evidence that HBV is susceptible to RNAi-
based gene silencing in a model that simulates established 
ongoing replication that occurs in HBV chronic carriers. 

Effective knockdown of  HBV replication by synthetic 
siRNA has also been shown in vitro and in vivo. A siRNA 
duplex that targeted sequences immediately upstream 
of  the surface ORF initiation codon was found to be 
particularly effective against HBV without a requirement 
for HBV DNA synthesis[68]. This property is distinct from 
anti-HBV nucleoside or nucleoside analogues, which act on 

the viral DNA polymerase to have their therapeutic effect. 
Efficacy of  surface ORF-targeted siRNAs was reported 
in other studies[69,70]. Improved knockdown by repeated 
siRNA transfection of  cells in culture was also observed[71] 
as well as effectiveness against a HBV target that includes 
the sequences encoding the lamivudine-resistance YMDD 
polymerase gene mutation[72]. Recently, Morrissey and 
colleagues showed that chemically modified siRNAs 
caused potent and persistent anti-HBV activity in vivo[73].  
Sequences were administered intravenously within a 
stable nucleic acid lipid particle (SNALP) formulation. 
Efficiency of  the complexes is likely to be a result of  
increased stability in vivo and also diminished non specific 
immunostimulatory effects. Apolipoprotein A-1-derived 
nanoparticles have also been used successfully in vivo to 
deliver synthetic anti HBV sequences[74]. Importantly, these 
vectors are liver specific and are efficient at low doses. As 
well as being developed as an independent therapy, RNAi 
effectors may be used in combination with established 
licensed drugs to improve efficacy. Such synergy, which is 
likely to result from different mechanisms of  drug action, 
has been demonstrated when using anti-HBV sequences in 
conjunction with lamivudine[61].

HCV
Since it is an RNA virus that replicates in the hepatocyte 
cytoplasm, HCV is considered a prime candidate for RNAi-
based treatment. However, a high degree of  heterogeneity 
of  viral sequences has been a particularly significant obstacle 
to developing antiviral RNAi effectors. For this reason, 
the 5' NTR has been the favored HCV target of  several 
studies[75-79]. Also, the lack of  suitable models of  HCV 
reproduction in vivo has hampered development of  RNAi-
based approaches to therapy. Extensive use of  subgenomic 
replicon systems has been used successfully to study 
efficacy of  antiviral therapeutic agents in cell culture and 
this approach has provided valuable insights[80,81]. Currently 
available models of  HCV infection in vivo are limited and 
include the chimpanzee[82] and chimaeric immunodeficient 
mice that are grafted with human hepatocytes[83]. 

In an early study that employed RNAi against HCV[79], 
both synthetic and expressed RNAi effectors against 
the 5' NTR caused significant reduction of  markers 
of  HCV replication in a replicon model. Subsequent 
investigations targeting the 5' NTR showed suppression 
of  viral gene expression by naked shRNAs[78] and also 
synthetic siRNAs[84]. Domain IV regions were found 
to be a particularly good target for RNAi-based HCV 
gene silencing[79]. However, a report by Takigawa and 
colleagues[77] showed that expressed shRNAs targeted to 
NS3-1 and NS5B were more effective than sequences 
against the 5' NTR. Other studies using both synthetic 
and expressed siRNAs also achieved significant inhibition 
of  virus gene expression when targeting NS3 and NS5B 
sequences[85,86]. Although good efficacy against HCV has 
been demonstrated, a major concern remains the ability 
of  the virus to accumulate evading nucleotide sequence 
mutations. Not surprisingly, emergence of  resistant 
HCV replicons has been shown in cultured cells after 
repeated treatments with siRNA targeted against the 
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NS5B coding region[87]. Point mutations within the siRNA 
target sequence were observed, but resistant replicons 
were sensitive to a siRNA that targets another part of  the 
genome. As with HBV[65], vectors that express lhRNAs 
have been shown to be effective against HCV[88,89]. 
Although these sequences have the theoretical advantage 
of  generating multiple siRNAs, the approach may be 
limited by incomplete Dicer processing of  the hairpin 
(see above and[65]). Although approaches that produce 
polycistronic miR shuttles or esiRNAs may be preferable, 
a concern of  using multiple siRNAs for therapy is the 
increased likelihood of  silencing non-targeted genes as 
well as disruption of  the endogenous miRNA pathway. 

Other studies have aimed to circumvent the problem 
of  viral escape by targeting host genes that are required for 
HCV replication[90-92]. Synthetic siRNA and adenovirus-
delivered effectors specific for La autoantigen (La), 
polypyrimidine tract-binding protein (PTB), cyclophilins 
and human VAMP-associated protein of  33 kDa (hVAP-33) 
substantially blocked HCV replication. Endogenous 
hepatic miR-122 has recently been shown to suppress haem 
oxygenase-1 (HO-1) and facilitate HCV replication[93,94]. 
Upregulation of  HO-1 or suppression of  miR-122 thus 
represents an interesting strategy to counter HCV infection. 
Caspase 8 and the Fas cell death receptor, which mediate 
T-cell hepatocyte toxicity caused by viral infection, were 
efficiently silenced using RNAi[95,96]. Although promising, 
it remains to be established whether silencing of  these 
endogenous genes causes toxicity.

Cellular oncogenic sequences
As the molecular mechanism of  hepatocarcinogenesis 
becomes better understood, so the number of  potential 
targets that can be inhibited using RNAi improves. There 
are many oncogenes that have been described, which 
are implicated in the disruption of  control of  normal 
hepatocyte proliferation. Although this is encouraging, the 
targeting of  specific cellular sequences is hampered by two 
main factors: (1) heterogeneity of  gene expression in liver 
cancer cells from different sources, and (2) difficulty of  
achieving sufficient transfer of  RNAi effectors to be of  
therapeutic benefit against the malignancy. The possibilities 
for therapeutic application are nevertheless intriguing.

A recent study aimed to analyze the effect of  silencing 
the pituitary tumor transforming gene (PTTG) family on 
hepatocarcinogenesis[97]. PTTG is a recently discovered 
group of  oncogenes that plays a role in the genesis of  
several types of  cancer through effects on cell division, 
apoptosis and DNA repair[98]. PTTG1, but not PTTG2 and 
PTTG3, is frequently over expressed in patient liver cancer 
tissue as well as in established HCC lines[97]. Infecting cells 
with a recombinant adenovirus expressing an anti PTTG1 
RNAi effecter depleted cells of  PTTG1 and resulted 
in the activation of  p53 with consequent increased p21 
expression and apoptosis. Inhibition of  tumor growth in a 
nude mouse xenograft model of  HCC further supported 
the notion that PTTG1 is a good candidate for RNAi-
mediated HCC therapy.

Other studies aimed at silencing the serine protease 
urokinase-type plasminogen activator (u-PA) demonstrated 

similar proof  of  principle efficacy[99,100]. Signalling 
through u-PA and its receptor (uPAR) have been 
implicated in cell invasion, survival, and metastasis of  a 
variety of  cancers[101,102]. Silencing of  u-PA using RNAi-
based approaches has been used successfully in tumor 
models of  prostate cancer[103] and gliomas[104]. To assess 
efficacy of  RNAi-based u-PA silencing on HCC, Salvi 
and colleagues[100] demonstrated that stable expression 
of  a shRNA effectively knocked down u-PA. Moreover, 
silencing of  u-PA resulted in attenuation of  malignancy-
associated cellular properties, such as migration, invasion 
and proliferation. In a follow up study, the effects of  
stable inhibition of  u-PA on xenografted tumor cells were 
assessed[99]. Cells that stably produce silencing sequences 
targeted to u-PA were injected subcutaneously into nude 
mice. Knockdown of  both u-PA protein and mRNA 
concentrations was observed, which lasted for a period 
of  11 weeks. A delay in xenografted tumor growth was 
observed in cells expressing anti u-PA sequences, which 
indicates that u-PA silencing may be beneficial for HCC 
therapy.

A further study aimed at developing RNAi-based HCC 
therapy, assessed inhibition of  function of  human gankyrin 
gene product (p28GANK)[105]. This novel oncogenic 
protein is ubiquitously over expressed in HCC and plays 
a role in cell cycle progression in normal hepatocytes and 
liver regeneration[106-109]. After screening for susceptible 
target sites, a shRNA expression cassette was incorporated 
into an adenoviral vector. This was used to determine 
silencing of  p28GANK and assess antitumor properties of  
the viral vectors[105]. Effective silencing of  approximately 
80% was achieved. This depletion of  p28GANK enhanced 
dephosphorylation of  Rb1 decreased transcriptional 
activity of  E2F-1 in cultured liver-derived cells and 
inhibited cell growth. Moreover, tumor cell growth was 
retarded in xenografted nude mice, which was thought to 
be a result of  increased caspase-8- and caspase-9-mediated 
apoptosis caused by p28GANK inhibition. 

RNAi-based approaches to the inhibition of  vasculari-
zation of  tumors has recently received attention[110-115]. 
HCC growth is dependent on neovascularization and 
inhibition of  factors that are required for angiogenesis 
should therefore be effective in countering the growth 
of  this cancer. Most work has focused on the silencing 
of  vascular endothelial growth factor (VEGF) to reduce 
the formation of  new vessels that are required for tumor 
development. RNAi-based inhibition of  VEGF in cases 
of  the wet form of  macular degeneration has reached 
an advanced stage of  clinical trial (http://www.agingeye.
net/maculardegen/maculardegennewdevelopments.php). 
Although this disease is not a malignancy, demonstration 
that VEGF can be inhibited successfully in vivo using 
RNAi indicates that this target may also be suitable 
for clinical application to HCC therapy. Alnylam and 
Inex Pharmaceuticals, leaders in the field of  developing 
RNAi-based human therapy, have recently advanced a 
combination systemic drug for the treatment of  liver 
cancer (http://www.alnylam.com/therapeutic-programs/
programs.asp). The therapeutic, which is a liposomal 
formulation termed ALN-VSP-1, contains siRNAs that 
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target VEGF and kinesin spindle protein (KSP). siRNA-
mediated inhibition of  KSP production leads to cell cycle 
arrest and death in malignant hepatocytes. 

Challenges facing use of RNAi-b
ased therapy for treatment of HCC
Although the studies summarized above indicate that 
RNAi could be used for preventative or curative HCC 
treatment, there are several important hurdles that need 
to be overcome before clinical application. These include 
activation of  the innate immune response, limitation of  
unintended interaction of  RNAi effectors with cellular 
sequences, dosage regulation and optimizing delivery 
methods. These topics are briefly summarized below.

Innate immune response activation
Duplex RNA within cells is sensed as unwanted gene 
activity and may result in unintended harmful effects 
caused by activation of  inflammatory cytokines and 
the interferon (IFN) response[116-118]. Stimulation of  
cytoplasmic pattern recognition receptors, such as dsRNA 
dependent protein kinase (PKR), retinoic acid inducible 
gene-Ⅰ(RIG-Ⅰ) and Toll-like receptors (TLRs), leads 
to a cascade of  events, which culminates in activation of  
transcription factors such as NF-®, IRF3 and IRF7. This 
in turn causes increased expression of  genes that include 
inflammatory cytokines and interferons. The response 
may be further amplified by autostimulatory positive 
feedback that involves JAK-STAT pathway activation. 
IFN pathway activation may also lead to inhibition of  
protein synthesis and degradation of  cellular mRNA with 
consequent programmed cell death (apoptosis). The type 
of  effecter sequence that is used to activate RNAi also has 
a bearing on immunostimulation[119]. Synthetic siRNAs 
that are longer than 30 bp[120], possess 5' triphosphates[121] 
and lack 2 nucleotide 3' overhangs[122] stimulate the 
innate immune system. Also, ‘danger’ motifs (e.g. GU 
rich sequences, 5'GUCCUUCAA3' and 5'UGUGU3') 
may activate endosomal TLR3, TLR7 and TLR8[123]. 
RNAi effectors derived from expression cassettes that 
are transcribed from the nucleus do not pass through the 
endosomal compartment to activate these TLRs. However, 
unmethylated CpG islands within RNAi-activating DNA 
expression cassettes may be immunostimulatory. Recently, 
chemical modifications of  siRNAs have been shown to 
attenuate immunostimulatory effects[124], and this has 
been used successfully in vivo to counter HBV replication 
without release of  interleukins and inf lammatory 
cytokines[73]. 

Non-specific interaction of silencing molecules with 
cellular sequences 
Cross-hybridization of  siRNAs with transcripts that have 
partial sequence identity[125], particularly in the seed region 
of  the intended target, may contribute to non-specific 
silencing effects. An interesting recent observation has 
been that 2’ O-methyl ribosyl modification at position 2 
of  the siRNA guide strand reduces off  target silencing 
at the seed site[126]. This effect was independent of  the 

target and did not influence knockdown efficiency of  
perfectly matched sequences. Incorporation of  HCC-
specific transcriptional regulatory elements (e.g. the 
alpha fetoprotein promoter) may be helpful to improve 
specificity of  expressed RNAi effecter by limiting 
transcription to malignant hepatocytes. This approach 
has been used successfully to accomplish tumor-specific 
transgene expression[127-129]. In the long term, to address 
the problem of  off-target silencing it is likely that detailed 
microarray analysis of  cellular transcripts will need to 
be undertaken as part of  developing RNAi-based HCC 
therapy. 

Optimizing delivery vectors
One of  the most difficult challenges impeding the 
advancement of  RNAi-based HCC therapy is efficient and 
safe delivery of  effecter sequences. Ideally, vectors should 
deliver silencing molecules selectively to most if  not all the 
malignant hepatocytes. Synthetic siRNAs are smaller than 
DNA expression cassettes. They do not require delivery 
to the nucleus and activate RNAi within the cytoplasmic 
compartment. This makes regulated non-viral vector 
(NVV)-mediated delivery of  synthetic siRNAs easier to 
achieve than it is for larger DNA expression cassettes. 
Viral vectors incorporate expression cassettes of  necessity, 
and are generally more efficient vehicles in vivo than NVVs. 
Ease of  scalable synthesis and chemical modification to 
influence biological properties are important properties of  
NVVs that, with improved delivery efficiency, are likely to 
contribute to their gaining favor for clinical application.

Recombinant adenoviruses and adeno-associated 
viruses (AAVs) are capable of  transducing liver cells 
with high efficiency and have been used successfully 
to deliver sequences that silence HBV or HCV gene 
express ion [43,62 ,63 ,90]. Despi te recent concerns [130], 
recombinant AAVs are attractive vectors as they appear to 
be safe and capable of  long-term gene expression. They 
are also relatively easy to propagate and capsid sequences 
from naturally occurring hepatotropic AAV serotypes 
have been used to confer liver-targeting properties on 
the recombinant viruses[131]. Although efficient delivery 
vehicles, adenoviruses are strong stimulators of  innate 
and adaptive immune responses. This may cause toxicity 
and limit repeated administration[132]. An added problem is 
that malignant hepatocytes may be refractory to infection 
with recombinant adenovirus vectors[128]. To modify 
tropism and reduce immune responses, recent studies have 
used surface modified[133] or helper-dependent ‘gutless’ 
vectors[134]. Surface modification of  adenovirus vectors 
with synthetic polymers such as poly-N-(2-hydroxypropyl) 
methacrylamide (poly-HPMA) and polyethylene glycol 
(PEG) has been used to facilitate tissue targeting and 
diminish immunostimulatory protein-protein interactions. 
Helper dependent and chemically modified vectors may 
have an improved safety profile that could be better 
suited to clinical application. An interesting effect of  
adenoviruses on miR biogenesis, which may have an 
influence on their suitability of  use as vectors for RNAi-
based therapy, is mediated by the virus associated RNA 
(VA1)[135]. This RNA sequence of  approximately 160 nt 
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folds into a structure that mimics miR and has the effects 
of  reducing nuclear export of  pre miRs by saturating 
exportin 5 and acting as a competitive inhibitor of  Dicer. 

NVV nanoparticles have been used effectively to 
target HCC cells and also to deliver anti-HBV/HCV 
sequences. Modifications to confer HCC specificity include 
incorporation of  HBV L protein[136] as well as epidermal 
growth factor (EGF)[137] into the complexes. Proof  of  
principle has been demonstrated in xenografted models 
of  HCC, but efficiency of  these vectors may not yet be 
adequate for therapeutic gene transfer. SNALPs containing 
synthetic siRNAs have been used successfully to inhibit 
HBV replication in a murine model of  virus replication[73] 
and also to silence endogenous hepatic gene expression 
in primates[138]. A recent study investigated the use of  
a lactosylated cationic liposome 5 (CL-LA5) vectors to 
deliver anti HCV siRNAs to cultured cells and in vivo[139]. 
The complexes accumulated in the liver and specifically 
suppressed intrahepatic HCV gene expression in 
transgenic mice. SNALP technology, CL-LA5 vectors and 
the recently described siRNA Dynamic PolyConjugates[140] 
are interesting new vectors that offer exciting possibilities 
for future clinical application to HCC treatment. 

Regulating dose
Lethal toxicity in vivo, which was caused by saturation of  
the endogenous hepatocyte miRNA pathway has come 
as an important warning for the development of  RNAi-
based treatment[43]. Grimm et al showed that expressed 
shRNA sequences disrupted essential endogenous 
miRNA-mediated cell functions by saturating the rate 
limiting activity of  exportin-5. Synthetic siRNAs should 
bypass this step and this has recently been shown to be 
the case[141]. Dosage and intracellular copy of  shRNAs is 
difficult to achieve with the commonly used constitutively 
active Pol Ⅲ promoters, such as U6 and H1. Use of  tissue-
specific and inducible Pol Ⅱ promoters may go some way 
to refining transcription control and improving dosage of  
expressed RNAi sequences. 

ConclusionS AND PROSPECTS
The enormous therapeutic potential of  RNAi-based 
specific gene silencing has prompted enthusiasm for 
advancement of  novel therapies for difficult to treat 
diseases, such as HCC. Developments have been exciting, 
and clinical trials are now in progress for treating a variety 
of  diseases[142]. However, use of  gene silencing technology 
to treat established HCC faces major difficulties. These 
include identification of  optimal targets, efficient and 
safe delivery of  RNAi sequences and limitation of  
unintended off  target effects. Hepatocarcinogenesis is 
a multistep process and because of  the considerable 
heterogeneity underlying the molecular mechanisms of  
hepatocyte transformation, identification of  ideal RNAi 
targets to treat the malignancy is complicated. HCC 
also often presents as a disseminated cancer and safe 
delivery of  RNAi effectors to all malignant cells will 
require improvement of  currently available vectors. Good 
progress has been made with silencing of  HBV and HCV 

replication using RNAi. It is likely that treatment of  these 
virus infections, as an HCC preventative measure, will be 
the first RNAi-based therapies to counter the malignancy. 
Currently, early diagnosis of  HCC is critical for its effective 
treatment. Success of  RNAi against HCC is also expected 
to be dependent on identifying the malignancy in its early 
stages before tumor bulk becomes excessive. In the near 
future, it seems that silencing technology may well be used 
as an adjunct to other liver cancer treatments. Thus, the 
utility of  RNAi-based therapy is also likely to be reliant 
on improvement of  existing treatment and diagnostic 
modalities. Despite these difficulties, intensive efforts from 
several quarters have given momentum to development 
of  RNAi-based HCC therapy. It is difficult to anticipate 
technological advancements, but the field is likely to see 
considerable progress during the coming years. 
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