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Abstract
In this review, we discuss recent advances in nucleic 
acid-based therapeutic technologies that target hepa-
titis C virus (HCV) infection. Because the HCV genome 
is present exclusively in RNA form during replication, 
various nucleic acid-based therapeutic approaches tar-
geting the HCV genome, such as ribozymes, aptamers, 
siRNAs, and antisense oligonucleotides, have been sug-
gested as potential tools against HCV. Nucleic acids are 
potentially immunogenic and typically require a delivery 
tool to be utilized as therapeutics. These limitations 
have hampered the clinical development of nucleic 
acid-based therapeutics. However, despite these limita-
tions, nucleic acid-based therapeutics has clinical value 
due to their great specificity, easy and large-scale syn-
thesis with chemical methods, and pharmaceutical flex-
ibility. Moreover, nucleic acid therapeutics are expected 
to broaden the range of targetable molecules essential 
for the HCV replication cycle, and therefore they may 
prove to be more effective than existing therapeutics, 
such as interferon-α and ribavirin combination therapy. 
This review focuses on the current status and future 
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Core tip: Nucleic acids have emerged as new anti-
hepatitis C virus (HCV) agents due to their great 
specificity, chemical synthesizability, pharmaceuti-
cal amenability, and broad targeting ability. Clinical 
applications of nucleic acids have been delayed due 
to their potential immunogenicity and toxicity, low ef-
ficacy, possible off-target effects, and lack of efficient 
delivery vehicles. However, recent advances in delivery 
carriers and chemical modification methods have im-
proved the efficacy and bioavailability of nucleic acid-
based agents. Hence, nucleic acids may be attractive 
anti-HCV options. In this report, the current status and 
future prospects of ribozymes, aptamers, siRNAs, and 
antisense oligonucleotides as anti-HCV regimens will be 
discussed.
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INTRODUCTION
Hepatitis C Virus (HCV) infection is the main cause 
of  chronic hepatitis, liver cirrhosis, and hepatocellular 



carcinoma[1,2]. Nearly 170 million people are chronically 
infected worldwide by HCV, and approximately 27% 
of  all cases of  liver cirrhosis and approximately 25% 
of  hepatocellular carcinoma cases may be related to 
HCV infection[3]. Given this obvious therapeutic need, 
international efforts to develop new antiviral drugs and 
vaccines that are effective against all HCV genotypes 
have been prompted. However, HCV has seven major 
genotypes with numerous subtypes[4] and exists as a 
variable quasispecies because HCV NS5B displays an 
error-prone RNA-dependent RNA polymerase activ-
ity that lacks proofreading functions[5]. Unfortunately, 
this high variability in HCV genomic RNA hampers the 
development of  prophylactic and therapeutic vaccines 
and antiviral drugs[5,6]. Until recently, the usual treatment 
option for HCV infection has been a combination of  
pegylated interferon-α (PEG-IFNα) and ribavirin. This 
treatment clears infections by genotypes 2 and 3 in up 
to approximately 85% of  cases. However, in infections 
with genotype 1, approximately 45% of  cases are able to 
support a sustained viral response after the combination 
treatment[7]. Moreover, this treatment is associated with 
many side effects including flu-like symptoms, severe de-
pression and hemolytic anemia[8]. Recent approval of  two 
direct-acting antivirals (DAA) targeting the HCV NS3 
protease, telaprevir (VX-950) and boceprevir, gives hope 
for the treatment of  HCV infection. However, these 
drugs, given in combination with PEG-IFNα and riba-
virin, are prone to selecting for drug-resistant viruses[9,10]. 
Therefore, DAAs that are more specific, effective, and 
safer are required. Over the last three decades, nucleic ac-
ids have been developed as potential antiviral therapeutic 
agents. Nucleic acid-based drugs are theoretically capable 
of  targeting many types of  molecules such as DNA, 
RNA, protein, lipid and even small molecules[11]. This 
property could overcome the limitations of  the current 
therapeutics, which target only a limited number of  pro-
teins. Nucleic acid-based agents bind to target molecules 
through sequence complementarity (antisense oligonucle-
otide, siRNA, ribozyme, and antimiR) or on the basis of  
three dimensional structure (aptamer) (Figure 1 and Table 
1)[12]. For example, aptamers bind to target molecules and 
function as decoys and/or inhibitors, whereas siRNAs 
and miRNAs make use of  the RNA-induced gene silenc-
ing complex (RISC), which induces target RNA cleavage 
or translation inhibition[13]. AntimiRs block miRNA activ-
ity and thus induce expression of  miRNA target genes[14]. 
Antisense oligonucleotides bind to complementary RNAs 
and suppress access to the cellular machinery, thereby in-
hibiting expression or function of  the targeted RNAs[12]. 
Ribozymes are catalytic RNAs that cleave target RNAs 
(for example, hairpin ribozyme and hammerhead ribo-
zyme) or selectively replace target RNAs with desirable 
RNAs (trans-splicing ribozyme)[15]. These variable modes 
of  action provide many opportunities and options for the 
treatment of  intractable diseases including genetic disor-
ders, cancers, and infectious diseases. Despite their great 
potential, only a few nucleic acid-based therapeutics have 

been approved; these include fomivirsen (an antisense oli-
gonucleotide drug for the treatment of  cytomegalovirus 
retinitis in patients with AIDS), pegaptanib (an aptamer 
for combating wet age-related macular degeneration), 
and mipomersen (an antisense oligonucleotide drug for 
the treatment of  homozygous familial hypercholesterol-
emia)[16-18]. The problems involved in the application of  
RNA therapeutic agents include potential immunogenic-
ity, inherent unstable nature, and the requirement for a 
delivery tool[11]. However, recent technological advances, 
such as the improvement of  synthetic delivery carriers 
and the chemical modifications of  nucleic acids, may help 
to overcome these obstacles. Recently, a phase Ⅱ clinical 
trial with SPC3649 (formerly Miravirsen), an LNA-mod-
ified antimiR-122, was completed for the treatment of  
HCV[19]. Many other nucleic acid-based anti-HCV thera-
peutics are in the pre-clinical and clinical stage. In this 
review, we summarize the current status of  nucleic acid-
based therapeutics that target the HCV RNA genome or 
HCV-encoded proteins. Moreover, we summarize their 
mechanisms of  action and discuss the prospects for their 
future application to the treatment of  HCV infections.

RIBOZYMES
A ribozyme is a catalytic RNA that cleaves or reprograms 
a target RNA sequence specifically, thus inhibiting the 
target RNA’s expression or inducing new therapeutic 
gene expression only when the target RNA exists[20]. 
Since HCV has an RNA genome that replicates and 
exists exclusively in the cytoplasm, ribozymes are an at-
tractive therapeutic option for HCV RNA clearance in 
infected cells. As HCV NS5B is an error-prone RNA-de-
pendent RNA polymerase that lacks proofreading func-
tions, viral replication is accompanied by the occurrence 
of  mutations[5]. Therefore, sequence-specific therapeutics 
may induce escape mutant viruses. To overcome this 
obstacle, most ribozymes against the HCV genome have 
been designed to specifically target the HCV 5’- or 3’-un-
translated regions (UTRs), which are highly conserved 
among all HCV genotypes and are essential for viral rep-
lication[21]. Promising in vitro results were obtained in the 
1990s, using ribozymes directed against the HCV 5’- and 
3’-UTRs[22-25]. Typically, naturally occurring ribozymes can 
be categorized into two groups depending on their mech-
anism of  action: cleaving ribozymes (RNase P, hairpin 
ribozyme, and hammerhead ribozyme) and splicing ribo-
zymes (group Ⅰ and Ⅱ introns)[20]. For therapeutic tools 
against HCV infection, researchers have modified and 
optimized these naturally occurring ribozymes or have 
engineered synthetic ribozymes to target the HCV 5’- or 
3’-UTRs.

Cleaving ribozymes 
Cleaving ribozymes are divided into two subgroups ac-
cording to their natural traits: self-cleaving or trans-cleav-
ing[20]. Hairpin, hepatitis delta virus and hammerhead ri-
bozymes are all naturally self-cleaving ribozymes required 
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for the replication process of  RNA genomes. RNase P 
is an essential enzyme in the biosynthesis of  tRNAs that 
specifically cleaves the pre-tRNAs, releasing 5’-sequences 
and mature tRNAs. Except for the plant chloroplast and 
Trypanosomatid enzymes, all known RNase P enzymes 
are ribonucleoproteins that contain an RNA subunit es-
sential for the catalysis[26]. 

Hairpin ribozymes
Hairpin ribozymes consist of  four helical domains and 
five loops. The cleavage site is flanked by the two sub-
strate-binding sequences formed between the target RNA 
and the ribozyme, allowing the design of  trans-acting 
ribozymes for target RNA sequence-specific cleavage[27]. 

The first effort to utilize engineered trans-cleaving hairpin 
ribozymes occurred in the 1990s[24]. Trans-cleaving hair-
pin ribozymes targeting HCV RNA 5’-UTR and capsid 
gene regions were generated and shown to inhibit the ex-
pression of  a cotransfected reporter gene containing the 
HCV RNA target sequences. However, these ribozymes 
were not tested using an HCV cell culture replication sys-
tem, such as the subgenomic replicon or the virus parti-
cle-producing JFH-1 system[6], due to the unavailability of  
those systems at that time. Therefore, the effects of  these 
ribozymes on HCV replication are unknown. Recently, 
other hairpin ribozymes targeting the HCV 5’- or 3’-UTRs 
were reported[28]. In Huh-7 cells that stably express sub-
genomic HCV construct, I389/hyg-ubi/NS3-3’ 5.1, the 

8951 December 21, 2013|Volume 19|Issue 47|WJG|www.wjgnet.com

Nucleus

MASC

(5) miR-122

CD81 CLDN1

OCLN

Entry Replication

(2) Aptamer

(1) Ribozyme

Assembly

ER

MASC

MASC

MASC

RISC

Endosome
SR-B1

Uncoated

miR-122

(6) Anti-miR-122

(3) siRNA

(4) Anti-sense

Golgi

Release

RISC

Translation

Processing

HCV genome

Poly-protein

Processed protein

E1/E2

Figure 1  Overview of hepatitis C virus life cycle and antiviral target. The hepatitis C virus (HCV) life cycle includes entry, un-coating, replication, translation, 
processing of poly-proteins, assembly, and release. HCV has an RNA genome which replicates and is translated in the cytoplasm. Various nucleic acid-based thera-
peutics target viral or host factors during the HCV infection as follows: (1) Ribozymes cleave or reprogram HCV RNA, sequence-specifically, thus inhibiting HCV RNA 
expression or inducing new therapeutic gene expression; (2) Aptamers can target to receptors (CD81, CLDN1, OCNL, SR-B1), which are needed for HCV entry, or 
to HCV regulatory proteins. Therefore, aptamers function as decoys during HCV entry or during replication to inhibit the viral life cycle; (3) siRNAs target the HCV 
genome as well as host factors, and can cleave and/or suppress translation of target RNA, sequence-specifically, through the RNAi induced silencing complex (RISC); 
(4) Antisense oligonucleotides induce inhibition of HCV gene expression through RNase H-dependent degradation of hybridized HCV RNA or by blocking access to 
cellular machinery necessary for the HCV translation; (5) MiR-122 is a host factor which regulates HCV replication. MiR-122 is incorporated into microRNA associated 
stabilizing complex (MASC) and increases HCV replication through binding to the HCV 5’ IRES; and (6) Anti-miR-122 down-regulates miR-122, inhibiting HCV replica-
tion. Lines represent the following: inhibition of replication (solid line), translation (short dashed line) and entry (long dashed line). An arrow indicates augmentation (black 
arrow) or the direction (gray arrow) of replication. Nucleic acid-based therapeutic molecules are shown as follows: ribozyme (pink), aptamer (blue), siRNA (sky blue), 
anti-sense (red) and anti-miR-122 (orange). CD81: Cluster of differentiation 81; CLDN1: Claudin-1; OCLN: Occludin; SR-BI: Scavenger receptor BI; ER: Endoplasmic 
reticulum. 
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can efficiently cleave the HCV RNA genome and inhibit 
HCV translation and replication[22,23,32]. For example, 
a nuclease-resistant synthetic ribozyme with modified 
nucleotides and phosphorothioate linkages that target 
the HCV 5’-UTR was developed by Ribozyme Pharma-
ceuticals (RPI) in collaboration with Eli Lilly. This ham-
merhead ribozyme, named Hepatozyme™, successfully 
inhibited viral replication in cell culture with a chimeric 
HCV-poliovirus in a dose-dependent manner, and this ef-
fect was potentiated by interferon[33,34]. In a phase Ⅰ trial, 
Hepatozyme, administered either by subcutaneous 
injection or intravenously, was found to be safe[35]. A 
subsequent phase Ⅱ trial assessing the safety and efficacy 
of  this ribozyme in combination with IFNα has been 
initiated. While a reduction of  HCV RNA in serum was 
observed in some patients, RPI opted to discontinue the 
development of  this drug because of  toxicology findings 
in primates[36]. 

Deoxyribozyme 
Unfortunately, ribozymes have the disadvantages of  
being both short lived and prone to losing their biological 
activity when they encounter alternative base substitu-
tions[37]. Deoxyribozyme (DNAzymes) can be an effec-
tive alternative because of  their small size (30-40 bases), 
ease of  synthesis, and increased resistance to chemical or 
nuclease degradation[38]. DNAzymes have been shown 
to efficiently cleave target RNAs at purine-pyrimidine 
junctions in vitro. Similar to the RNA-based ribozymes, 
DNAzymes were usually engineered to target highly 
conserved sequences in the HCV core and/or the NS5B 
protein coding region[39,40] and 5’-UTR[41]. Lee et al[42] con-
structed a pool of  10-23 DNAzymes that possessed ran-
domized annealing arm sequences and then selected the 
most available site for DNAzyme cleavage. All reported 
DNAzymes targeting the HCV genome cleaved the tar-

inhibitory efficacy of  these ribozymes on HCV replica-
tion was minimal (approximately 30%-40%). However, 
the inhibitory effects of  these ribozymes were increased 
when combined with an HCV 3’-UTR targeting ribo-
zyme (rather than HCV 5’-UTR targeting) and an HCV 
5’-UTR targeting siRNA. This approach reduced HCV 
RNA and NS5B protein levels by 80%-90%. This result 
offers a promising combinatorial strategy for silencing 
HCV replication.

Hepatitis delta virus ribozyme
Among the different ribozymes, the hepatitis delta virus 
(HDV) ribozyme is the only catalytic cleaving RNA en-
zyme that has been discovered in humans[29]. The HDV 
ribozyme appears to be well adapted to the human cell 
environment, and hence, is a potential candidate for the 
development of  anti-HCV therapeutics. The HDV ribo-
zyme has been modified and designed to be able to cleave 
any specific RNA targets in trans possessing a comple-
mentary sequence to the recognition sequence of  the 
ribozyme[20]. Unfortunately, the HDV ribozyme has not 
been developed extensively as an anti-HCV reagent; thus, 
its catalytic activity has been tested only in an in vitro trans-
cleavage assay using the HCV 5’-UTR as a substrate[30]. 
Recently, an HDV ribozyme possessing a specific on/off  
adapter (SOFA), named SOFA-HDV ribozyme, was 
reported[31]. This SOFA-HDV ribozyme is discussed fur-
ther in the allosteric ribozyme section.

Hammerhead ribozyme
The hammerhead ribozyme is one of  the smallest ribo-
zymes and likely the most widely studied ribozyme[26]. Due 
to its small size, specificity, and catalytic efficacy, the ham-
merhead ribozyme is the most commonly used ribozyme 
as a therapeutic agent for human diseases. Many attempts 
have been made to develop hammerhead ribozymes that 

Table 1  Nucleic acid-based anti-hepatitis C virus therapeutics

Class                  Mode of action                       Target             Status

Hairpin ribozyme Cleave target RNAs 5'-UTR[24,28], 3'-UTR[28], and core region[24] Tested in in vitro[24] and in 
cell culture model[28]

HDV ribozyme 5'-UTR[30] Tested in in vitro
Hammerhead ribozyme 
(Hepatozyme)

5'-UTR[33-35] Completion of phase Ⅱ

DNAzyme 5'-UTR[41], core and NS5B region[39,40] Tested in in vitro and in 
cell culture modelRNase P 5'-UTR[45-47]

Splicing riboyme Selectively replace target RNAs with desirable 
RNAs

5'-UTR[51]

Allosteric ribozyme Inhibit HCV replication[54] or cleave HCV RNA[31] 
through recognizing ligands

miR-122[54] and 5'-UTR[31]

Aptamer Bind to target molecule and function as decoys 
and/or inhibitors

NS3[68-70]

NS5B[75-78]

E1E2[79]

Viral RNA[80,81]

RNAi Target RNA cleavage or translation inhibition 5'-UTR and 3'-UTR[93-96,100-102]

Protein coding regions[103-109]

Antisense oligonucleotide Bind to complementary RNAs and suppress the 
access to cellular machinery, thereby inhibiting 
expression or function of the targeted RNAs

5'-UTR[134-137] Completion of Phase Ⅱ

AntimiR Block miRNA activity miR-122[19,138] Completion of Phase Ⅱ
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get RNA and thus inhibited translation and replication of  
HCV in the cell culture system. However, the effects were 
minimal or not superior compared with those produced 
with RNA-based ribozymes. DNAzymes are yet in their 
infancy as therapeutics, and further improvements are 
needed.

Ribonuclease P
Ribonuclease P (RNase P) is a ubiquitous endoribo-
nuclease and is one of  the most abundant and efficient 
enzymes in the cell. RNase P is a ribonucleoprotein 
complex that specifically cleaves pre-tRNAs, releasing 
5’-sequences and mature tRNAs[43]. RNase P requires a 
short complementary oligonucleotide called an external 
guide sequence for its activity to recognize and cleave 
target RNA[44]. As an anti-HCV therapeutic, RNase P has 
been shown to display cleavage activity against the HCV 
5’-UTR in vitro, but has not yet been extensively studied in 
a cell culture system[45-47]. Therefore, further evidences of  
its efficacy and safety in cell culture systems are needed 
to develop RNase P as an anti-HCV drug.

Splicing ribozymes 
The self-splicing group Ⅰ intron from Tetrahymena ther-
mophila has been previously demonstrated to trans-splice 
an exon attached to its 3’ end onto a separate 5’ exon 
RNA not only in vitro[48] but also in Escherichia coli[49] and 
mammalian cells[50]. A promising advantage of  trans-
splicing group Ⅰ intron is the cleavage of  target RNA 
and the simultaneous induction of  new therapeutic gene 
expression only when target RNA exists. Thus, trans-
splicing ribozymes could potentially be used for the 
selective induction of  new antiviral gene activities only 
in HCV-infected cells while simultaneously destroying 
the viral RNAs. Our group developed a trans-splicing 
group Ⅰ ribozyme targeting the HCV 5’-UTR with the 
diphtheria toxin A (DTA) gene as a 3’ exon[51]. This trans-
splicing ribozyme specifically cleaved the HCV 5’-UTR 
and ligated DTA RNA to the cleaved HCV 5’-UTR, thus 
inducing HCV RNA-specific cell death. To further im-
prove the anti-HCV activities and the safety of  the trans-
splicing ribozyme, a more careful selection of  an antiviral 
gene as 3’ exon, such as interferon instead of  DTA, may 
be required as DTA can cause extensive death of  HCV-
infected hepatocytes. 

Allosteric ribozymes
An allosteric ribozyme is a ribozyme whose activity 
can be specifically regulated by ligands. Commonly, ri-
bozymes recognize only a 7-15 nucleotide long target 
RNA, and thus, the possibility of  nonspecific off-target 
side effects is significant. To overcome this limitation, 
specific sensing ligands, such as RNAs, proteins or small 
molecules, can be tagged to the ribozyme to specifi-
cally regulate its activity. The SOFA (a specific on/off  
adapter)-HDV ribozyme and aptazyme have been sug-
gested as representative allosteric ribozymes for HCV 
therapeutics. The SOFA-HDV ribozyme can switch its 

cleavage activity from off  to on solely in the presence 
of  the desired RNA ligand. The SOFA module is com-
posed of  three domains: a blocker, a biosensor, and a 
stabilizer[52]. The blocker sequence inhibits the cleavage 
activity of  the ribozyme by binding in cis. The biosensor 
must bind its complementary sequence on the substrate 
to unlock the SOFA module. This binding induces the 
folding of  the catalytic core of  the HDV ribozyme into 
the on conformation. Both the blocker and the biosensor 
increase the substrate specificity of  the ribozyme’s cleav-
age by several orders of  magnitude, compared with the 
wild-type HDV ribozyme[53]. Lévesque et al[31] attempted 
to develop a SOFA-HDV ribozyme to target HCV. They 
screened and identified the most active SOFA-HDV 
ribozyme against HCV RNA strands of  both polarities. 
Unfortunately, the inhibition of  HCV replication through 
targeting of  the HCV replicon system with the SOFA-
HDV ribozymes was not very effective, even though the 
SOFA-HDV ribozymes were active in an in vitro cleavage 
assay. Further elucidation of  the reasons why SOFA-
HDV ribozymes were not active in the cell culture HCV 
model is needed to optimize their activities against HCV. 
An aptazyme is composed of  three independent mod-
ules: aptamer, communication module, and ribozyme. An 
aptamer binding to its ligand results in conformational 
change in the communication module, which can induce 
the on or off  status of  ribozyme activity. Recently, our 
group developed a specific aptazyme that can silence 
miR-122 activity only in HCV-infected cells[54]. MiR-122 
is a positive regulator of  HCV translation and replication. 
Functional sequestration of  miR-122 effectively reduces 
the abundance of  viral RNA, implicating miR-122 as a 
potential target for anti-HCV therapeutics[19]. However, 
miR-122 can also regulate the expression of  a large num-
ber of  genes involved in cellular physiological functions 
such as lipid metabolism and tumor suppression[55-60]. To 
overcome any possible nonspecific side effects due to 
miR-122 silencing in the normal liver, we created a ham-
merhead ribozyme-based aptazyme that can release anti-
miR-122 through self-cleavage activity, depending on the 
presence of  the HCV NS5B protein[54]. This HCV NS5B-
dependent antimiR-122 releasing aptazyme specifically in-
hibited miR-122 function only in the HCV-infected cells. 
Moreover, this aptazyme more efficaciously hampered 
HCV replication than the miRNA silencing approach 
did, as it contains an aptamer domain that can specifically 
bind and sequester the HCV NS5B protein. Through the 
combination of  selective miR-122 silencing and specific 
sequestering of  HCV NS5B, this aptazyme approach 
could be a promising anti-HCV therapeutic treatment.

APTAMERS
Aptamers are small structured single-stranded nucleic 
acid sequences that have emerged as attractive and fea-
sible alternatives to small molecule and antibody-based 
therapy, due to their great specificity, high affinity, easy 
and large-scale synthesis with a chemical method, phar-
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maceutically flexibility, and poor immunogenicity[61,62]. 
Aptamers can be evolved using systematic evolution of  
ligands by exponential enrichment, an iterative selection 
method, and can bind target proteins with high affinity 
and specificity[63,64] through formation of  well-defined 
complementary three-dimensional structures[65]. The first 
aptamer drug, known as pegaptanib (Macugen), was ap-
proved for the treatment of  wet age-related macular de-
generation by the United States FDA[18]. Other aptamer 
drug candidates now in the clinical development phase 
include transcription factor decoys and aptamers against 
thrombin, factor Ⅸa, and nucleolin[62]. Establishment 
of  a robust HCV cell culture system[66,67] has allowed the 
identification and biochemical characterization of  two 
viral enzymes, NS3-4A and NS5B, that are major targets 
for antiviral therapeutics. NS3-4A and NS5B are essential 
proteins for the HCV replication cycle, and therefore, 
most of  the aptamers have been developed against these 
two viral proteins to clear HCV infection.

NS3 targeting aptamers
The HCV NS3 is a multifunctional protein with three 
known enzymatic activities. The serine protease activity 
(in conjunction with cofactor NS4A) is present within 
the first 180 N-terminal amino acids, while the nucleo-
side triphosphatase (NTPase) and helicase activities are 
in the carboxy-terminal region[6]. These three activities 
are important to HCV replication. Most DAAs, includ-
ing the FDA-approved VX-950 and boceprevir, target 
NS3 protease activity, as DAAs targeting the NS3 heli-
case domain have met with limited success[6]. In contrast, 
aptamers have been developed to target not only the 
protease domain[68] but also the helicase[69,70] and NTPase 
domains. Moreover, simultaneous targeting of  protease 
and helicase activities through conjugation of  protease 
and helicase aptamers is possible[71]. So far, among the 
NS3 aptamers, only the helicase-specific aptamer devel-
oped by our group has been tested for its ability to in-
hibit HCV replication in an HCV cell culture system[70]. 
As the NS3 region of  the HCV genome may be a hot 
spot for mutations that are not deleterious to HCV rep-
lication, and due to the similarity of  the NS3 helicase to 
cellular RNA helicases[72,73], a more careful examination is 
required to develop NS3 protease and helicase targeting 
aptamers as anti-HCV drugs.

NS5B targeting aptamers
The RNA dependent RNA polymerase (RdRp) NS5B 
is the key enzyme in HCV RNA replication. Due to its 
essential role in the HCV life cycle, the NS5B protein is 
an attractive target for the development of  specific anti-
HCV drugs. Many nucleoside analogues and nonnucleo-
side inhibitors have been shown to inhibit RdRp activity 
in vitro, as well as in the replicon cell culture system[74]. 
Jones et al[75] developed a DNA aptamer against the 
HCV genotype 3a NS5B protein. They confirmed that 
selected DNA aptamers specifically inhibited the NS5B 
polymerase activity of  genotype 3a, but not of  genotypes 

1a and 1b. The therapeutic effectiveness of  such aptam-
ers should be carefully considered, as the most prevalent 
HCV genotype throughout the world is genotype 1. 
Moreover, their inhibitory effects against HCV should be 
carefully tested using the genotype 3a cell culture system 
that has been recently developed[76]. Bellecave et al[77] also 
reported DNA aptamers against HCV NS5B, and their 
aptamers inhibited HCV JFH-1 replication and viral par-
ticle formation in the cell culture system. However, those 
aptamers were not examined with regard to cell toxicity 
profiles, distribution in animals, or side effects during 
long-term treatment. Therefore, concerns about safety 
and the possibility of  escape mutant virus appearance 
during repeated treatment cannot be excluded with these 
DNA aptamers. Recently, our group reported two types 
of  RNA aptamers against the HCV NS5B protein com-
posed of  2’-hydroxyl ribonucleotides (2’-OH) or 2’-fluoro 
pyrimidine ribonucleotides (2’-F)[78]. Both aptamers avidly 
bound to the HCV NS5B replicases of  genotypes 1b and 
2a and efficiently inhibited HCV replication of  both gen-
otypes in cells without inducing the generation of  escape 
mutant viruses, innate immunity, or cellular toxicity. In 
addition, therapeutically amenable quantities of  2’-F ap-
tamer conjugated with galactose-PEG moiety were effi-
ciently distributed in the mouse liver tissue. These results 
suggest that RNA aptamers against HCV NS5B have a 
potential as a new therapeutic tool and are a potentially 
feasible alternative or additive to the current HCV thera-
peutics.

Viral RNA or HCV structural protein targeting aptamers
In addition to aptamers against the HCV regulatory pro-
teins, a DNA aptamer targeting the HCV E1E2 struc-
tural protein was recently reported[79]. The DNA aptamer 
exerted its antiviral effects through inhibition of  virus 
binding to the host cell receptors and thus inhibited the 
viral life cycle. Other aptamers have been reported that 
target viral RNA to inhibit either HCV translation[80] or 
replication[81]. Efficacy of  the aptamers was confirmed in 
the HCV cell culture system. However, issues about cell 
toxicity profiles, distribution in animals, escape mutant 
appearance or side effects during the long-term treatment 
were not addressed. 

RNA INTERFERENCE 
RNA interference (RNAi) is a sequence-specific cellu-
lar post-transcriptional gene silencing (PTGS) pathway 
that regulates gene expression and is considered as a 
defense mechanism against invading viral pathogens 
and transposable elements in multiple organisms from 
worms to plants to mammals[82,83]. RNAi is initiated by 
double-stranded RNA (dsRNA) that is processed in the 
cytoplasm by the RNase Ⅲ enzyme Dicer to form 21-22 
nucleotide (nt)-long small interfering RNA (siRNA) with 
5’ phosphate groups and two nt 3’ overhangs[84,85]. siRNA 
is then incorporated into an Argonaut-containing RISC 
(RNA-induced silencing complex), which unwinds the 
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siRNA into the sense (passenger) strand and the anti-
sense (guide) strand. The passenger strand is then cleaved 
and removed, while the guide strand brings RISC to the 
mRNA, which has a sequence that is complementary to 
the guide strand[86,87]. The degree of  complementarity be-
tween the target mRNA and the guide strand determines 
the extent to which RISC silences the expression of  the 
target mRNA. If  there is perfect complementarity of  
the guide strand with the target mRNA, RISC mediates 
site-specific cleavage that degrades the target mRNA. In 
contrast, partial complementarity represses translation of  
the target mRNA[88,89]. RNAi in mammalian cells was first 
described in 2001[90], and triggering of  the RNAi pathway 
with synthetic (exogenous) siRNA has become the most 
powerful and essential tool for drug development against 
various human diseases such as viral infections, tumors, 
and metabolic disorders, due to its high knockdown ef-
ficacy and sequence specificity[91,92]. Because HCV has a 
single positive-stranded RNA genome that replicates in 
the cytoplasm, RNAi is an attractive therapeutic option 
for the treatment of  HCV infection. Many attempts have 
been made to target HCV RNA with siRNA or with 
short hairpin RNA (shRNA) as an RNAi trigger. 

RNAi against HCV 5’- and 3’-UTR sequences
Because siRNAs display high sequence specificity (up 
to a single nucleotide resolution), any mismatches be-
tween the siRNA and target RNA affect the activity of  
siRNA[91,92]. The 5’- and 3’-UTRs are the most highly 
conserved regions of  HCV RNA and are also essential 
for HCV translation and replication. Therefore, both 
5’- and 3’-UTRs are ideal regions for targeting with siR-
NAs[93,94]. Several groups have reported potent siRNA 
activity against HCV 5’-UTR in the subgenomic replicon 
system[93-95]. These reports demonstrated that siRNA tar-
geting the HCV 5’-UTR resulted in 80%-90% inhibition 
of  HCV. Prabhu et al[96] showed that siRNA that targets 
the highly conserved stem loop Ⅱ region of  the HCV 
IRES efficiently inhibited translation and replication of  
infectious full-length clones of  HCV 1a and 1b strains. 
Moreover, this siRNA effectively mediated degradation 
of  the HCV IRES RNA and inhibited GFP expression 
that was controlled by the IRES sequences of  six differ-
ent HCV genotypes. Compared with synthetic 21-22 nt 
siRNAs, expressed shRNAs can induce long term stable 
knockdown of  their target RNAs as long as transcription 
of  the shRNAs occurs[97,98]. Moreover, shRNAs can act 
as substrates for Dicer, which increases the incorporation 
rates of  siRNAs into RISC. This process enhances RNAi 
potency and efficacy[99]. For these reasons, two groups 
have utilized HCV 5’-UTR-targeting vector-derived shR-
NAs instead of  21-22 nt siRNA[100,101]. In both cases, the 
shRNAs inhibited replication and decreased titers of  
HCV genotypes 1a and 2a. Ray et al[102] also reported that 
shRNA targeting the 5’-UTR suppressed the replication 
of  different HCV genotypes in the replicon cell culture 
systems.

RNAi against HCV coding regions
Because HCV RNA replicates in the cytoplasm, and its 
genome acts like mRNA, any region of  the HCV ge-
nome is theoretically targetable with RNAi. A number 
of  groups have demonstrated siRNAs or shRNAs that 
target the protein coding regions of  HCV. Three dif-
ferent groups have shown that siRNA against the HCV 
core region reduced HCV RNA and protein expres-
sion[103-106]. Ansar et al[106] showed that siRNAs against 
the HCV core region showed a 70% reduction in viral 
titers, while siRNAs against E1 and E2 caused viral titers 
to drop by as much as 93% in HCV-infected liver cells. 
Moreover, Kim et al[105] demonstrated that siRNAs against 
the NS3, NS4A, and NS4B regions of  HCV effectively 
inhibited HCV replication and translation. Ali Ashfaq et 
al[107] showed an 88% reduction in HCV replication with 
siRNA directed against HCV NS3 and a greater than 
90% inhibition with siRNAs directed against the NS4B 
and NS5B regions. Two other studies also demonstrated 
that siRNAs against HCV coding regions significantly in-
hibited HCV RNA replication[108,109]. For example, Wilson 
et al[109] showed that siRNAs against the NS5A and NS5B 
regions dramatically reduced HCV replicon RNA levels 
by up to 99% and 94%, respectively.

RNAi against host factors
Host genes that modulate HCV infection and replication 
have been identified[110-113], and, unlike HCV itself, these 
genes are not prone to mutations. Therefore, these genes 
could be important targets for anti-HCV therapeutics. 
Several studies have shown that siRNAs against HCV 
entry receptors, such as CD81, SRBI, Claudin Ⅰ, or 
occludin, markedly decreased the susceptibility of  human 
hepatoma cells to HCV infection[114-116]. In addition, 
cellular proteins with enzymatic functions have also 
been targeted by siRNA as an anti-HCV therapy[117-120]. 
Importantly, a combination of  siRNAs directed against 
cellular HCV cofactors and the HCV genome had more 
pronounced effects on suppressing HCV replication than 
either treatment alone[116,118,121]. The instances of  siRNAs 
targeting cellular factors for antiviral therapy against HCV 
has been more extensively reviewed in the literature[122,123].

RNAi with multiple siRNA
Because HCV has an error prone RNA-dependent RNA 
polymerase, the occurrence of  drug-resistant escape mu-
tant viruses is one of  the major concerns for the develop-
ment of  antiviral therapies against HCV. Because RNAi 
has a high sequence specificity, prolonged treatment with 
siRNA could result in the appearance of  escape mutant 
viruses that cannot be targetable by the siRNA. Wilson et 
al[124] reported that continuous treatment with one siRNA 
to an HCV replicon could induce the emergence of  mul-
tiple point mutations within the target sequence region. 
One strategy to prevent the formation of  escape mu-
tant viruses is to use multiple siRNAs targeting multiple 
regions of  the HCV genome combined with siRNAs 

Lee CH et al . Nucleic acid-based therapeutics against HCV



8956 December 21, 2013|Volume 19|Issue 47|WJG|www.wjgnet.com

against cellular HCV cofactors[116,118,121]. Long shRNA 
can be processed by the host cell machinery into two or 
more siRNAs. A vector that directs expression of  three 
shRNAs targeting the 5’-UTR and two NS5B regions 
of  the HCV genome showed sequence-specific antiviral 
activity in the HCV replicon and in infectious virus sys-
tems[125,126]. When using a mutant virus with a genome 
containing an escape mutation against one siRNA, the 
remaining two siRNAs that could target the mutant virus 
displayed fully active and effective anti-HCV effects. Yang 
et al[127] designed a vector-derived shRNA that could be 
processed into multiple siRNAs, using the endogenous 
miRNA-17-92 cluster as scaffolds. These authors did this 
because a previous study had demonstrated that overex-
pression of  exogenously introduced shRNA competed 
with endogenous miRNA and thus led to saturation of  
the endogenous miRNA pathway, resulting in serious 
toxicity in mouse liver, and in some instances, death[128]. 
This vector-derived shRNA consisted of  five siRNAs 
targeted against HCV RNA; three target sequences in the 
5’-UTR and two others in the core and NS5B regions of  
HCV. This vector-derived shRNA inhibited HCV RNA 
replication and translation up to between 93%-98% in 
the infectious virus systems without inducing toxicity. 

Current limitations and future prospects of RNAi
RNAi-based antiviral therapeutics has a number of  ad-
vantages. However, some limitations exist, such as the 
inherently unstable nature of  RNA, the requirement of  
a delivery vehicle, off-target effects, potential immuno-
genicity, and toxicity resulting from interference with the 
endogenous miRNA machinery[11,119,128]. These barriers 
may be overcome with improved chemical modifica-
tion of  siRNAs and synthetic and viral delivery tools. 
Recent advances in chemical modification methods 
have increased the stability and efficiency and reduced 
the off-target effects, immunogenicity, and toxicity of  
siRNAs. The properties of  chemically modified siRNAs 
have been extensively described in recent reviews[11,12]. 
Delivery methods are also important to consider when 
contemplating the use of  an siRNA as an antiviral ther-
apy. As vector-derived shRNAs are difficult to modify 
chemically, many researchers have manipulated the 
shRNA structure[127] and expression strategies by using 
tissue specific or inducible promoter to improve their 
usefulness as antivirals[129]. To test siRNA as an anti-
HCV therapeutic in animal models, viral delivery systems 
have been employed[125-127,129]. Sakamoto et al[130] used 
adenovirus to deliver an shRNA expression vector into 
the livers of  transgenic mice that could be induced to 
express HCV structural proteins by the Cre/loxP switch-
ing system. These authors showed that intravenous in-
jection of  the adenovirus expressing shRNA resulted in 
the specific suppression of  virus protein synthesis in the 
liver. In other studies, adeno-associated virus (AAV) was 
used as a delivery vehicle[126,127]. Suhy et al[126] described an 
AAV serotype 8-based viral vector that expresses three 
shRNAs simultaneously. A single intravenous injection 

of  AAV8 expressing the shRNAs showed comprehensive 
transduction into hepatocytes in a nonhuman primate 
model. In addition to viral delivery systems, Chandra et 
al[131] have demonstrated the efficacy of  a nanosome (lipid 
nanoparticles)-based siRNA delivery system. Multiple 
siRNAs directed against the 5’-UTR of  HCV and encap-
sulated into nanosomes efficiently inhibited HCV repli-
cation in a liver tumor-xenotransplanted mouse model. 
Recent advances in nanobiotechnology will increase the 
available repertoire of  synthetic delivery carriers for siR-
NAs directed against HCV RNA.

ANTISENSE OLIGONUCLEOTIDE
Antisense oligonucleotide (ASO) refers to a short DNA 
or RNA molecule that is designed to base pair with a 
specific target gene sequence in a sequence-specific man-
ner. Most ASOs are synthetic single-stranded DNA or 
modified derivatives. Therefore, sequence-specific hybrid-
ization of  ASOs to the target mRNA induces inhibition 
of  target gene expression through RNase H-dependent 
degradation of  the hybridized mRNA or through steric 
hindrance that blocks the access of  the cellular machinery 
necessary for mRNA processing or translation[12,132]. Vari-
ous modifications have improved the efficacy of  ASOs 
through enhancement of  nuclease resistance, increase 
in tissue half-life, affinity, and potency, and reduction 
of  non-sequence-specific toxicity[133]. To improve resis-
tance against nuclease degradation, a phosphorothioate-
modified backbone was used (first-generation ASO). In 
addition, to further enhance nuclease resistance and in-
crease binding affinity, 2’-O-Methyl (2’-OME) and 2’-O-
Methoxyethyl (2’-MOE) modifications were developed 
(second-generation ASO). Peptide nucleic acid (PNA), 
locked nucleic acid (LNA), and phosphoramidate mor-
pholino oligomer (PMO) have been recently developed 
as third-generation ASOs to further improve target affin-
ity, nuclease resistance, biostability, and pharmacokinet-
ics[132,133]. The United States FDA has approved ASOs 
Fomivirsen (ISIS 2922: Isis Pharmaceuticals) and, more 
recently, Mipomersen (ISIS301012: Isis Pharmaceuticals) 
for the treatment of  cytomegalovirus retinitis in patients 
with AIDS and in patients with homozygous familial 
hypercholesterolemia, respectively[16,17]. In addition, a 
number of  other ASOs are also undergoing clinical tri-
als[133]. Several ASOs have been reported to inhibit HCV 
replication and translation. A phase Ⅱ clinical trial with 
ISIS 14803 (Isis Pharmaceuticals), a phosphorothioate 
oligodeoxynucleotide against the HCV 5’-UTR IRES, 
was completed in 2007, although results were not an-
nounced[134,135]. McCaffrey et al[136] demonstrated that 
morpholino phosphoramidate antisense oligonucleotides 
(morpholinos) complementary to the HCV 5’-UTR 
specifically inhibited HCV IRES-dependent luciferase 
translation by up to 95% for at least 6 d in mouse liver. 
Moreover, an adenoviral vector-expressing an RNA ASO 
has been reported to block HCV replication in the HCV 
replicon and in the infectious HCV JFH-1 cell culture 
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system by up to 40% and 76%, respectively[137]. Recently, 
a very promising ASO against HCV was reported with 
LNA-modified Miravirsen (SPC3649; Santaris Phar-
maceuticals), which is directed against microRNA 122 
(miR-122)[57]. MiR-122 has been reported to promote 
HCV replication through an increase in either stability 
or translation of  HCV RNA by interacting with the 
5’-UTR of  the viral genome[138-140]. Therefore, silencing 
of  miR-122 is a new plausible approach for anti-HCV 
therapeutics. LNA-modified ASO (SPC3649) caused a 
long-lasting suppression of  HCV viremia in chronically 
HCV infected chimpanzees[141]. Moreover, a phase Ⅱ 
clinical trial showed that SPC3649 treatment resulted in 
a dose-dependent prolonged reduction of  up to 2-3 logs 
of  HCV RNA in patients chronically infected with HCV 
genotype 1[19]. More studies are needed regarding the 
long-term suppression of  miR-122, as miR-122 functions 
as a tumor suppressor miRNA[58-60], and HCV escape 
variants resistant to SPC3649 could potentially occur[142].

CONCLUSION
For almost two decades, major endeavors to develop 
nucleic acid-based therapeutics against hepatitis C virus 
have been undertaken. Compounds such as ribozymes, 
aptamers, siRNAs, and antisense oligonucleotides have 
been shown to perturb various steps in the HCV life 
cycle (Figure 1 and Table 1). However, clinical application 
of  these nucleic acid-based therapeutics has been ham-
pered by their low efficiency, off-target effects, toxicity, 
inefficient delivery, and the lack of  cell culture and animal 
models. These limitations have been gradually overcome 
with recently improved delivery carriers (viral and syn-
thetic) and chemical modifications of  nucleic acids that 
can ameliorate the efficiency and bioavailability, while also 
reducing the toxicity and off-target effects[11,12]. Moreover, 
great efforts have been made to establish HCV cell cul-
ture systems[66,67,76] and small animal models[143,144], which 
are highly useful for the evaluation of  anti-viral efficacy, 
and thus, for the realization of  effective nucleic acid-
based anti-HCV drugs in the future. 
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