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Abstract. Hepatitis C virus (HCV), a positive-sense, sin-
gle-stranded RNA virus of the Flaviviridae family, is a
major cause of chronic hepatitis, liver cirrhosis, and he-
patocellular carcinoma worldwide. Its RNA is difficult to
study because biological materials are scarce and RNA
replication is of low efficiency. This review focuses on

the structure and functions of HCV RNA along with their
biological and clinical significance. Despite the challeng-
ing characteristics of HCV, significant progress has been
made in understanding the properties of HCV RNA and
developing viral replication systems toward the improve-
ment of antiviral therapies.
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Introduction

Hepeatitis C virus (HCV) has emerged in recent years as
the leading cause worldwide of blood-transmitted chronic
hepatitis, liver cirrhosis, and hepatocellular carcinoma
[1]. The infection becomes persistent in about 85% of
infected individuals, despite the presence of a strong
humoral and cellular immune response [2]. Currently,
about 1-2% of the world population are chronic carriers
of HCV, which represents an important public health
problem. The mechanism whereby HCV establishes
persistent infection is still largely unknown. Viral factors
such as the extreme genetic plasticity of the viral genome
and the defense-evasive properties of the viral proteins
have been suggested to contribute to these characteristics.
Interferon (IFN)-a, alone or in combination with a nucle-
oside analogue, ribavirin, is the only therapy available
against HCV. However, most HCV patients, especially
those infected with viral genotypes 1 and 4, do not re-
spond to these therapies [3, 4].

* Corresponding author.

The HCV genome was initially cloned by immuno-
screening of the cDNA derived from the RNA materials
of pooled patients’ sera without the benefit of virus isola-
tion [5]. This was the first time that a virus was identified
by characterization of the genomic sequence prior to un-
derstanding the biochemical properties of the virus, a
milestone in modern virology. HCV is classified as the
sole member of the Hepacivirus genus of the Flaviviridae
family, which includes two other genera, Pestivirus and
Flavivirus [6]. Although viruses of different genera have
different biological properties and do not show serologi-
cal cross-reactivity, they share significant similarities in
virion morphology, genome organization and, probably,
replication strategy. Viruses of the Flaviviridae family are
enveloped and each contains a single-stranded, positive-
sense RNA genome, which has a single large open read-
ing frame (ORF) flanked by an untranslated region
(UTR) at each end (fig. 1). This ORF encodes a polypro-
tein with an N-terminal part composed of viral structural
proteins and a C-terminal part of nonstructural (NS) pro-
teins, with one exception that the NS protein NP of pes-
tivirus is located at the N terminus of the polyprotein.
Variable extents of sequence homology have been noted
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Figure 1. Genome organization of the representative viruses from the Flaviviridae family. Hepaciviral and pestiviral genomic RNAs share
similar internal ribosomal entry site structures in the 5’-UTR, whereas the genome of flaviviruses contains a cap structure at the 5 end of
its RNA. The closest relative to HCV is the unclassified GBV-B, sharing extensive sequence and structure homology, particularly in the 5
and 3’ ends, with the HCV genome. The structural proteins are represented by dark gray-colored boxes. The nonstructural proteins are rep-

resented by light gray-colored boxes.

in the colinear regions of the flaviviral genomes [7-9].
Many of the homologous flaviviral proteins are also func-
tionally equivalent. The genome organization, nucleotide
(nt) sequence, and polyprotein processing of HCV appear
to be most similar to those of pestiviruses and a group of
unclassified viruses, GB viruses, particularly GB virus B
(GBV-B). The nucleotide sequences within the NS3 and
NS5B regions are particularly conserved between HCV
and GBV-B [9]. Furthermore, the 5’-UTRs of HCV, GBV-
B [9], and pestiviruses, such as bovine viral diarrhea
virus (BVDV) and classical swine fever virus, share ex-
tensive homology in primary sequence and secondary
structure [10—13], signifying GBV-B and pestiviruses as
the closest relatives to HCV [14]. Because they can be
grown relatively easily in culture, GBV-B and BVDV
have been used as surrogate models for various aspects of
HCV study. Furthermore, GBV-B infects and causes he-
patitis in a small primate, the tamarin [15], which pro-
vides a valuable model to evaluate the pathogenesis, anti-
viral therapy, and immune clearance of the virus.

Genomic organization of HCV RNA

The HCV genome is about 9.5 kb long, slightly shorter
than the genomic RNAs of pestiviruses and flaviviruses.
It encodes a large polyprotein of 3010—3033 amino acids
(aa) [5, 16], which is cleaved by both host- and virus-spe-
cific proteases into at least ten structural and nonstruc-

tural proteins. The N-terminal quarter of the polyprotein
contains the virion structural proteins, the core protein,
and two envelope proteins, E1 and E2, all of which are re-
leased from the viral polyprotein by host signal pepti-
dases. The core protein constitutes the viral nucleocapsid
and also possesses other activities that can modulate var-
ious cellular functions, including potential oncogenic
properties [17]. The E1 and E2 proteins are type I trans-
membrane glycoproteins, which are localized predomi-
nantly to the endoplasmic reticulum (ER) in cells. They
form a noncovalently linked heterodimer, which is pre-
sumed to be the functional subunit of the viral envelope
[18—20]. As the virion envelope proteins, E1 and E2 are
thought to be responsible for virus binding to target cells.
Indeed, some E2-specific antibodies exhibit virus-neu-
tralizing activity [21]. The E2 protein has also been
shown to inhibit double-stranded (ds) RNA-activated
protein kinase (PKR) [22], a key mediator of the antiviral
and antiproliferative effects of IFN-a [23]. The remainder
of the polyprotein is processed by viral proteases into the
viral NS proteins, p7, NS2, NS3, NS4A, NS4B, NS5A,
and NS5B [24], although a structural role has been im-
plicated for p7 [25, 26]. NS2 and NS3 are the viral pro-
teases responsible for the cleavages at different bound-
aries between the different NS proteins. Cleavage at the
NS2/ NS3 junction is accomplished by a zinc-dependent
metalloprotease encoded within NS2 and the N terminus
of NS3 [27-29]. The remaining cleavages downstream
from this site are carried out by a serine protease con-
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tained within the N-terminal region of NS3 [30—32]. Be-
sides its protease function, NS3 also contains RNA heli-
case and RNA-stimulated NTPase activities at its C ter-
minus, which are likely involved in HCV RNA replica-
tion [33, 34]. NS4A forms a heterodimeric complex with
NS3 and serves as an essential cofactor for efficient pro-
teolytic processing by the NS3 protease [35, 36]. The
function of the hydrophobic NS4B has not been defined,
but it is required for the hyperphosphorylation of NS5A
[37, 38]. A recent study has reported that NS4B is capa-
ble of transforming NIH3T3 cells in cooperation with the
Ha-ras oncogene [39]. NS5A is a phosphoprotein, which
appears to possess multiple functions. In particular, it was
the first HCV protein identified to bind and inhibit PKR
[40] and may be one of the determinants of the degree of
response of HCV patients to IFN-a treatment [41, 42].
The N-terminus-truncated NS5A possesses a transactiva-
tion activity [43, 44]. More recently, it has also been im-
plicated in viral RNA replication [45]. NS5B, a mem-
brane-associated RNA-dependent RNA polymerase
(RdRp), is the key enzyme responsible for HCV RNA
replication.

The HCV genomic RNA has an UTR at each end of the
coding region; the 5’-UTR and the extreme end of the 3’-
UTR are the most conserved regions of the viral RNA and
contain signals for RNA replication and translation (fig. 2).
The binding of viral or cellular proteins to these regions
may modulate the secondary and/or tertiary structure of the
viral RNA to facilitate its recognition by the viral replicase
complex and/or the translation machinery. These proteins
may recruit additional cellular factors and mediate cross-
talks between the 5’-UTR and 3’-UTR of HCV RNA.

5-UTR

The 5’-UTR of the HCV genome is 341 nt long in most
viral isolates. The precise structure of the 5” end is not yet
clear, but it contains a highly structured internal riboso-
mal entry site (IRES) [11], which can mediate translation
of the HCV OREF in the absence of a cap structure [46].
The 5-UTR sequences generally share more than 90%
sequence identity among different HCV genotypes, with
some segments nearly identical among different strains
[47]. Identical or very similar segments have also been
found within the 5-UTRs of GBV-B and, to a lesser ex-
tent, pestiviruses [7, 12]. A combination of computa-
tional, phylogenetic, and mutational analyses of the HCV
5’-UTR has identified four major structural domains (fig.
2), most of which are conserved among HCV genotypes,
GBV-B, and pestiviruses [11, 13, 48, 49]. Common fea-
tures include a large stem-loop III and a pseudoknot. The
5’-UTR of HCV and GBV-B also has two smaller stem-
loops, stem-loop I near the extreme 5" end and stem-loop
IV containing the translation initiation codon [13]. Ac-
cording to a structure-based classification scheme origi-
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nally designed for picornaviral IRESs [50], the HCV
IRES, together with the IRESs of the closely related pes-
tiviruses and GBV-B, is classified into type 3 of four ex-
isting types [51]. The IRESs of types 1, 2, and 4 are rep-
resented by poliovirus, encephalomyocardititis virus
(EMCYV), and GBV-C (also known as HGV), respec-
tively. The picornaviral and flaviviral IRESs are signifi-
cantly different in a number of aspects, suggesting dis-
tinct mechanisms of translation initiation for these two
virus families [52]. The HCV IRES has three stem-loops
with a pseudoknot at the 3’ border of the major stem-loop
(stem-loop III) (fig. 2). The picornaviral type 1 and 2
IRESs contain more stem-loops and are distinct from
those in the HCV IRES in size, structure, and distance be-
tween each other. In addition, there is a Yn-Xm-AUG mo-
tif consisting of a pyrimidine-rich tract (Yn) separated
from a downstream AUG codon by a spacer (Xm) at the
3’ border, which is important for IRES function. The type
4 GBV-C IRES also contains structurally and spatially
unique stem-loops, with a pseudoknot present in one of
the smaller stem-loops [51]. The picornaviral IRESs are
more efficient in directing translation than the HCV
IRES [53]. In contrast, flaviviruses (e.g., yellow fever
virus) have relatively short 5’-UTRs with a cap structure,
m’GpppN,,.pN, [54], and are translated by a cap-depen-
dent process.

The first 40 nts of the HCV RNA genome, including the
first stem-loop domain, are not required for translation
[55, 56], but are most likely involved in RNA replication
[57]. Nevertheless, a dinucleotide sequence at nt 34—35
has been shown to contribute to the differential transla-
tion efficiencies between genotype la and 1b isolates
[58]. The remaining three stem-loop domains, which are
essential for the translation of HCV RNA, form the IRES.
Domains II and III are relatively more complex than do-
main IV and contain a number of stems and loops [49,
51]. The base of domain III forms a highly conserved
pseudoknot, which is critical for IRES activity [59]. Re-
markably, similar pseudoknots with almost identical pri-
mary sequences also exist in the pestiviral and GBV-B
IRESs [51]. In light of the functions of pseudoknot struc-
tures present in other RNAs, the pseudoknot in the HCV
IRES may serve as an efficient binding site for ribosomes
or other initiation factors. Indeed, Kolupaeva et al. [60]
identified the pseudoknot as part of the binding site for
the 40S ribosome subunit. Domain IV is composed of a
small stem-loop (stem-loop IV) in which the initiator
codon AUG is located within the single-stranded loop re-
gion [13]. Stem-loop IV is not required for internal entry
of ribosomes. In fact, the stability of this stem-loop struc-
ture has been negatively correlated with the translation
efficiency of the viral RNA [13].

The 5" boundary of IRES has been mapped to nt 44,
which coincides with the 5” terminus of domain II [49, 55,
56, 61]. However, the precise distal border of the IRES
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has yet to be determined, due to the controversies regard-
ing the role of the RNA sequence downstream of the start
codon AUG (nt 342—-344) in HCV translation. Although
stem-loop IV of the IRES extends into the coding region
to include the first 10 nts (nt 345—354) of the core gene,
efficient translation has been observed with reporter
genes fused immediately after the start codon [46, 62].
However, more recent studies have reported the require-
ment for a short sequence (up to 30 nts) in the core-cod-
ing region for optimal IRES function [13, 63—-65]. So far,
nt 354 is generally regarded as the consensus 3’ boundary
of the IRES [49], but the sequence immediately down-
stream of the IRES (up to nt 371) may have a stimulating
effect on IRES-directed translation. Interestingly, the
core-coding sequences further downstream have been
shown to play a negative regulatory role in HCV transla-
tion [66, 67]. This will be discussed later in this review.

The HCV IRES is responsible for directing the 40S ribo-
somal subunit in close contact with the start codon for
translation initiation [51, 62]. The precise 40S subunit-
binding sites have recently been identified to be the GGG
triplet (nt 266—268) of the hexanucleotide (UUGGGU)
apical loop of stem-loop IIId and the pseudoknot [60].
Mutagenesis studies also confirmed that the GGG triplet
is essential for IRES activity both in vitro and in vivo
[68]. As shown by sequence comparison, the hexanu-
cleotide is absolutely conserved across HCV genotypes,
whereas the GGG triplet is strongly conserved among the
IRES sequences of related flaviviruses and pestiviruses.

3’-UTR

Sequence analysis of the 3’ end of HCV RNA from dif-
ferent genotypes has identified a 3’-UTR of between 200
and 235 nt, which consists of three distinct regions, a
variable region, a poly(U/UC) stretch, and a highly con-
served 98-nt X region [69—73]. Computer analysis of the
3’-UTR has identified extensive secondary structures, in-
cluding two possible stem-loop structures present in the
variable region with the first stem-loop extending into the
3’ end of the NS5B-coding sequence [71, 74]. The X re-
gion forms three stem-loop structures and is highly con-
served across all genotypes [71, 75] (fig. 2). Some of the
features of the HCV 3’-UTR are conserved among mem-
bers of the Flaviviridae. None of these viruses have
poly(A) tails. The sequences immediately following the
OREF tend to be poorly conserved and are often variable in
length. This region is typically followed by highly con-
served RNA sequences and structures. The pestiviral 3’-
UTRs are about 225 nts in length and terminate with a
stretch of three to five C residues [76]. Multiple sec-
ondary structures at or near the 3’ terminus have been pre-
dicted, but are yet to be confirmed. The 3’-UTRs of the
members of the Flavivirus genus are more variable in
length, but all contain a predicted 3’-terminal secondary
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structure of about 100 bases [77—81]. The 3’-UTR of the
GBV-B consists of a 27-nt sequence downstream of the
termination codon of ORF, a subsequent poly(U) stretch,
and a 309-nt sequence at the 3" terminus [82, 83]. The ex-
treme 3’ end of the GBV-B genome can also be arranged
into a secondary structure resembling that of the HCV X
region [82, 83]. These conserved terminal sequences or
structures of viral RNA have been shown in many viruses
to play critical roles in replication, translation, stabiliza-
tion, and/or packaging of the RNA.

Within the 3’-UTR of HCV, the sequence that immedi-
ately follows the termination codon is a genotype-spe-
cific variable region, which is variable in length (ranging
from 27 to 70 nts) and composition among different
genotypes. However, it is highly conserved among clones
obtained from the same viral genotype [71, 84, 85]. The
highly type-specific nature of this region suggests that it
may confer HCV-genotype-specific differences in the
biological properties of HCV. It may also provide an ideal
site for genotyping clinical viral isolates. However, the
variable region has not been incorporated into clinical
practice, probably because its secondary structure pre-
vents reliable RT-PCR detection. It does not seem to be
required for the infectivity of HCV in chimpanzees, as
shown by mutagenesis studies of an infectious cDNA
clone [86]. Studies of other flaviviruses also reported that
the variable sequences between the ORF and the con-
served region of the 3’-UTR are not critical for viral repli-
cation [87—89]. In contrast, the poly(U/UC) tract and the
X region are critical elements for HCV replication in vivo
[86, 90].

The poly(U/UC) tract consists of a poly(U) stretch and a
C(U)n-repeat region (designated as the transitional re-
gion) and varies greatly in length and slightly in sequence
among different genotypes [70]. The transitional regions
of genotypes 2a, 3a, and 3b have several conserved A
residues, which are not present in the same regions of
genotypes 1b and 2b [70, 72, 91]. The length of the
poly(U/UC) region may influence viral replication since
HCV RNA transcripts from an infectious clone with a
poly(U/UC) region of 133 nt exhibit a replicative advan-
tage in chimpanzees over those with a poly(U/UC) region
of 75 nt [92]. Conceivably, the poly(U/UC)-rich sequence
may serve as an attenuator of RNA replication, as shown
in an in vitro RNA polymerase reaction, in which HCV
RNA polymerase stutters at this region [93]. The
poly(U/UC)-rich region is a hot spot in the HCV genome
for binding cellular proteins (fig. 3), two of which are the
Drosophila melanogaster embryonic lethal, abnormal vi-
sual system (ELAV)-like RNA-binding protein, HuR, and
hnRNP C [94, 95]. Interestingly, HuR and hnRNP C in-
teract with the 3” ends of both the positive- and negative-
strand HCV RNA, suggesting that HuR and hnRNP C
may be involved in the replication of the HCV RNA
genome. Because it is pyrimidine-rich, the poly(U/UC)-
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tire 5-UTR. There is a PTB-binding site in the core-coding region, which plays a negative regulatory role in HCV translation. The 3’-UTR
is bound by a variety of proteins, all of which interact with the poly(U/UC) region. PTB also binds the conserved X region. These 5’-UTR-
and 3’-UTR-binding proteins may affect viral replication (HuR, hnRNP C and GAPDH), translation (PTB), or RNA stability (La). VR,

variable region.

rich region, interacts with the polypyrimidine-tract-bind-
ing protein (PTB) as expected [94, 96]. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) also interacts with
the poly(U/UC) tract [97], but the functional relevance of
this interaction has yet to be determined. Based on stud-
ies of hepatitis A virus (HAV), the binding of GAPDH to
the 5’-UTR of HAV may directly influence IRES-depen-
dent translation and/or replication of viral RNA, by desta-
bilizing the folded structure of stem-loop Illa of the HAV
IRES and competing with PTB for binding to this struc-
ture [98, 99]. The 3’-UTR also binds La autoantigen,
which protects the HCV RNA from rapid degradation
[100].

The highly conserved X region has been implicated in
both HCV RNA replication and translation. It interacts
specifically with the recombinant HCV RNA polymerase
[93, 101], although other parts of the 3" end of the HCV
genome may contain additional NS5B-binding sites
[101]. The NS5B-binding domain within the X region has
been mapped to stem II and the single-stranded region
connecting stem-loops I and II [93]. Consistent with the
binding results, truncation of 40 nts or more from the 3’
end of the X region abolished its template activity in
vitro, suggesting that the X region is essential for HCV
RNA replication [93, 102]. The 5" end of the X region
also appears necessary for HCV RNA synthesis, suggest-
ing that integrity of the entire structure is important
[102]. In addition to replication, the X region may play a
role in HCV RNA translation, since it has been shown to
interact with PTB [75, 103] and to enhance HCV IRES-

mediated translation [104]. The importance of the X re-
gion in HCV replication has been further confirmed by in
vivo studies demonstrating that deletion of the X region
abolished the infectivity of infectious clones in chim-
panzees [86, 90], although the exact function of the X re-
gion cannot be deduced from these studies.

As aresult of the stem-loop formation in the X region, the
HCV genome is predicted to end with a double-stranded
stem; its implications in the initiation of RNA replication
will be discussed below. Examination of the 3’-terminal
sequences of the HCV genome in infectious sera revealed
that most RNAs contain identical 3” ends with no extra se-
quence downstream of the X tail [70]. However, one par-
ticular cDNA clone derived from a patient’s serum did
contain two additional nucleotides (UU), thus generating
a single-stranded tail [72]. Whether or not this structure is
present in most native RNA molecules is not clear.

Other structural components of the HCV RNA

In addition to the 5-UTR and 3’-UTR, RNA secondary
structures have been proposed for the core- and NS5B-
coding regions [105], which may be important for the
translation and replication of the viral RNA, respectively.
In addition to the first 14 nts of the core gene being part
of the IRES stem-loop IV [51], there are two more stem-
loops between nt 47 and 167 of the core-coding sequence
(nt391-511 of the genome), which are conserved among
all six HCV genotypes [105]. This region coincides with
the nucleotide sequence (nt 408—929) shown by Honda et
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al. [58] to be involved in RNA-RNA interactions with the
5’-UTR. The C terminus of the NS5B gene in most geno-
types also contains potential stem-loop structures [70, 71,
74, 105]. Consistent with the constraint of the secondary
structures, synonymous changes are suppressed in the
structured core and NS5B regions and compensatory mu-
tations are frequently observed within the stems [105,
106]. Due to the fact that these structured domains are lo-
cated near the 5" and 3" ends of the genome, they con-
ceivably play a role in viral replication or translation. As
suggested by a recent analysis based on a method for de-
tecting conserved structures in a family of related RNA
sequences, additional secondary structures may exist in
other parts of the HCV genome [107]. Identification and
characterization of these conserved structural domains
should reveal additional functions of HCV RNA.

Genetic heterogeneity of HCV RNA

Similar to other RNA viruses, one of the most important
features of HCV RNA is its high degree of genetic vari-
ability, as a result of mutations that occur during viral
replication. Due to the absence of an intrinsic repair
mechanism associated with RNA-dependent RNA poly-
merases, the HCV RNA has an estimated mutation rate of
1-2 x 107 base substitutions per genome site per year
[108, 109]. The mutation rate varies significantly in the
different regions of the HCV genome, with the lowest in
the 5’-UTR and sequences encoding the core, NS3, and
NSS5B proteins, and the highest in genes encoding the two
envelope proteins, E1 and E2. The high rate of mutations
likely contributes to the evolution of HCV sequences into
genotypes and subtypes as well as the diversification of
HCV sequences into quasispecies.

Genotypes and subtypes

HCV variants obtained from different geographical re-
gions around the world show considerable nucleotide se-
quence heterogeneity. Based on phylogenetic analysis of
the HCV NS5B region, an evolutionary tree has been
constructed, categorizing HCV isolates into at least six
genotypes and more than 50 subtypes [110—115]. The
distinction between genotypes and subtypes holds even
when other regions of the HCV RNA are used as a basis
for classification [114, 116]. The major and minor
branches of the phylogenetic tree correspond to geno-
types and subtypes, respectively. HCV genotypes differ
from each other by more than 30% over the complete vi-
ral genome. Within the same genotype, different subtypes
may vary by more than 20%, while within each subtype
variation is less than 10% [112]. Currently, there are a to-
tal of 88 complete sequences available in GenBank. In
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addition to the nucleotide sequence heterogeneity, the
genotypes and subtypes exhibit distinct geographical and
epidemiological distribution [112, 114, 115]. Genotypes
1, 2, and, to a lesser extent, 3 are widely distributed
around the world and constitute a majority of HCV iso-
lates in many countries.

There are still controversies regarding whether there is a
correlation between HCV genotypes and viral pathogen-
esis. However, in the studies that support such a correla-
tion, HCV genotype 1b has always been associated with
more severe liver disease in HCV-infected individuals
[114, 117]. In addition, HCV genotypes | and 4, in gen-
eral, exhibit a higher level of resistance to IFN-a therapy
than other genotypes [118]. An association between HCV
genotype and response to treatment has also been ob-
served with the IFN-a and ribavirin combination therapy
[3, 119].

Quasispecies

As a consequence of its high genetic variability, HCV ex-
ists in vivo as a population of heterogeneous, albeit
closely related, genomes known as quasispecies, which
contain a quantitatively predominant ‘master’ genome
and a multitude of minor genomes, representing variable
proportions of the total population. The quasispecies het-
erogeneity of the HCV RNA has been observed through-
out the genome [84, 85], but the extent of sequence vari-
ation is not uniform in different regions of the genome
[114]. The genes encoding the E1 and E2 proteins exhibit
the highest nucleotide and amino acid sequence variabil-
ity, particularly in the hypervariable region (HVR)1 at the
N terminus of E2 [120, 121]. The HVR1 undergoes fre-
quent nonsynonymous nucleotide substitutions during
persistent infection and IFN-a treatment [122—125] and
has been used extensively to characterize the quasispecies
distribution of HCV in infected individuals.

The quasispecies nature of HCV has significant biologi-
cal consequences and clinical implications, which may
include the appearance of neutralization-escape mutants
and possible alterations in cell tropism, viral transmis-
sion, and virulence [117, 126]. Most notably, HCV quasi-
species heterogeneity, especially within HVR1, has been
considered as a potential mechanism for the establish-
ment of viral persistence, mainly by allowing the virus to
escape host immune surveillance [127, 128]. Indeed, qua-
sispecies are significantly less pronounced in immune-
compromised patients [128]. However, results from other
studies do not support immune escape as the cause of per-
sistence of HCV infection [129—-132]. Furthermore,
long-term follow-up studies of chimpanzees infected
with homogeneous viral populations have revealed the
development of chronic infections in the absence of
amino acids changes within the envelope proteins [131,
132]. A recent study reported the establishment of persis-
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tent infection with an infectious clone lacking the HVR1,
indicating that HVRI is not essential for the viability of
HCYV, the resolution of infection, or the progression to
chronicity, although the virus appears to be attenuated
[133]. The existence of extensive quasispecies can also
strongly influence HCV pathogenesis and the response of
patients to IFN-a therapy, but the results are still largely
controversial [117, 128, 134]. HCV quasispecies hetero-
geneity may also be a critical obstacle for the develop-
ment of a broadly active vaccine for HCV infection [134].

HCY replication

Due to the lack of efficient cell culture or small-animal
models for HCV and the generally very low virus titers in
clinical samples, the mechanisms of HCV replication and
pathogenesis remain largely unknown. Current under-
standing of the HCV life cycle has been mostly inferred
from analysis of its nucleotide sequence and analogies to
other RNA viruses closely related to HCV, such as pes-
tiviruses, flaviviruses, and picornaviruses.

Systems for studying RNA replication

HCY infection in cultured cells

Primary hepatocytes from humans and chimpanzees can
be infected with serum containing high-titer HCV [135—
139]. However, the viral RNA can only be detected by
sensitive methods based on RT-PCR, indicating that viral
replication is very limited. The production of viral pro-
teins can, at best, be detected by immunofluorescent
staining, but not by biochemical methods, such as West-
ern blotting. Furthermore, the viral RNA usually persists
for only a short period of time. Persistent infection of a
nonneoplastic human hepatocyte line PHSCH by HCV
has been observed and shown to be sensitive to IFN-a
treatment [140, 141]. Studies of some of these infected
cell lines have reported a decrease in HCV quasispecies
complexity over time, possibly due to the lack of immune
pressure in culture [139, 140]. Clearly, HCV can, at least
transiently, infect cultured hepatocytes, but the low effi-
ciency of infection has limited the utility of these cell
lines for studying HCV replication.

HCV has also been demonstrated to infect B cell [142]
and T cell lines [143—145] in vitro. A large number of re-
ports suggest that peripheral blood mononuclear cells
(PBMCs) either infected in culture [146, 147] or isolated
from chronically infected patients [148—150] can sup-
port HCV replication. Again, the viral RNA could be de-
tected only by RT-PCR. Analysis of the HCV RNA qua-
sispecies revealed the possible evolution and selection of
lymphotropic HCV variants during passage of virus in
lymphoid cells [142, 151]. The lymphotropic nature of
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HCV may account for the various immunological disor-
ders associated with HCV infection [152]. For example,
type II and type III cryoglobulinemia, which are charac-
terized by the oligoclonal expansion of B cells, have
been observed in more than 50% of chronic HCV pa-
tients [153].

Because of the low efficiency of viral replication, this ap-
proach has, so far, not yielded significant insight into the
mechanism of the HCV life cycle.

Infectious clones

The full-length HCV RNA was first cloned from the sera
of patients infected with HCV-1a, strain H77 [5, 84, 92].
However, the RNA transcript from this cDNA clone
could not replicate when introduced into either chim-
panzees or tissue culture. Only after extensive engineer-
ing of the recombinant cDNA to arrive at a consensus
cDNA clone did the RNA transcript turn out to be infec-
tious when inoculated intrahepatically into chimpanzees
[84, 92]. This fact illustrates the heterogeneity of HCV
quasispecies and suggests that most of the viral RNA
molecules are not infectious, which may explain the rela-
tively low titer of HCV in most clinical samples. Subse-
quently, the infectious clones of genotypes 1b [154], 2a
[91], and a 1a/lb chimera [85] have also been con-
structed. When inoculated intrahepatically, the RNA tran-
scripts of these cDNA clones caused viremia and HCV-
associated hepatitis, although the hepatitis tended to be
mild [92]. These infectious clones provided the first tools
for molecular genetic analysis of HCV RNA. Using this
approach, the poly(U/UC)-rich sequence and the con-
served X region, but not the variable region, have been
shown to be required for infectivity in chimpanzees [86].
Since the RNA transcribed from each infectious clone
consists of a pure population, these clones are particu-
larly useful for the study of immune escape mutants, qua-
sispecies development, and their biological consequences
during HCV infection. However, for still unknown rea-
sons, these infectious clones cannot replicate in cultured
cells, perhaps because the cells lack certain factors or
contain certain inhibitors of HCV replication.

Subgenomic replicons

The development of subgenomic HCV replicons by
Lohmann et al. [155] was another breakthrough for the
study of HCV replication. The replicon contains a
neomycin resistance gene under the control of the HCV
IRES and the sequences encoding the HCV NS proteins
under the control of the EMCV IRES. When transfected
into the human hepatoma cell line Huh-7, the neomycin-
resistant cells produce large amounts of viral RNA (ap-
proximately 1000—5000 RNA molecules per cell) and
proteins, which can readily be detected by Northern and
Western blotting, respectively. The negative-strand RNA
intermediate can also be detected at a level tenfold less
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than the positive-strand RNA, consistent with the re-
ported ratio between positive- and negative-strand RNA
detected during natural HCV infection [156]. This ap-
proach provides the first recombinant subgenomic HCV
RNA capable of replicating in tissue culture. Since the
minimum replicon contains only the region encoding
NS3 to NS5B, NS2 is apparently not required for HCV
RNA replication. The lack of the structural protein gene
in this subgenomic replicon prevents the studies of viral
particle assembly. This approach also has several puz-
zling limitations. (i) It is only applicable to a particular
HCV genotype 1b isolate. Attempts to use other infec-
tious HCV clones, i.e., HCV-H of genotype 1a, for con-
structing a subgenomic replicon based on the same ap-
proach have so far failed [45]. Thus, this particular HCV
clone may have acquired some mutations that allow it to
bypass the requirement for cellular factors or to increase
its efficiency of replication. (ii) The efficiency of colony
formation is extremely low (0.0005 % or only one to four
clones per microgram of RNA transfected). Nevertheless,
each positive clone supports a level of HCV RNA repli-
cation that is much higher than that seen in the infected
liver. Further analysis of the replicons isolated from the
cell colonies has identified adaptive mutations in several
different regions of the NS proteins [157]. When engi-
neered back into the replicon, these mutations, particu-
larly that in the NS5B gene, significantly increased the
efficiency of colony formation (up to 10%). Another re-
cent study using exactly the same approach obtained
G418-resistant HCV RNA clones that contain adaptive
mutations clustered in a distinct region of NS5A, which
also greatly increased the efficiency of colony formation
[45]. However, when some of the mutations were intro-
duced into the HCV-H-derived replicon, no detectable
replication was observed in Huh-7 cells, suggesting that
different or additional adaptive mutations may be re-
quired for RNA replication of other HCV isolates [45].
(iii) These replicons can replicate only in Huh-7 cells, but
not in other cell lines. (iv) It is not clear whether the
EMCYV IRES, which is known to have a higher efficiency
of translation than the HCV IRES, contributed to the suc-
cess of this subgenomic replicon.

Despite such limitations, this approach, together with the
recent improvements, promises to be a powerful tool for
studying HCV RNA replication, particularly the func-
tional roles of the viral NS proteins. In fact, insights into
the possible cytotoxicity of HCV replication, the kinetics
of polyprotein processing, and some of the biochemical
properties of the NS proteins have recently been gained
from the cell lines carrying the self-replicating HCV
RNA replicon [158].

Animal models
As the only animal model available for studying HCV, the
chimpanzee has provided valuable insights into various
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aspects of HCV infection. However, its use is limited by
animal welfare concerns. Recently, two mouse models
have been developed for hepatitis B virus (HBV), which
are based on the transplantation of liver tissues into im-
munocompromised mice [159, 160]. In the first mouse
model, woodchuck hepatocytes were transplanted into
the liver of mice that contain the urokinase-type plas-
minogen activator transgene and lack mature B and T
lymphocytes [159]. The mice containing woodchuck he-
patocytes were susceptible to woodchuck hepatitis virus
and developed persistent infection. In the so-called
Trimera mouse model, ex vivo HBV-infected human liver
fragments were engrafted into lethally irradiated mice ra-
dioprotected with SCID mouse bone marrow cells [160].
HBYV infection was observed in 85 % of the transplanted
animals. Both models have been used to evaluate poten-
tial anti-HBV therapeutic agents, including IFN-a and
lamivudine. A similar approach can also be applied for
constructing the HCV-Trimera mouse model. However,
the utilization of these models is also limited by ineffi-
cient and short-term viral infection.

Overview of the replication cycle of HCV

The HCV replication cycle (fig. 4) starts with the attach-
ment of the virus to target cells through receptor binding,
a task thought to be mediated mainly by E2 [21, 127,
161]. The virus then enters by either virus-cell membrane
fusion, which may require both E1 and E2, or endocyto-
sis [162]. A number of studies have suggested CD81 or
the low-density lipoprotein (LDL) receptor as putative
HCV receptors [163—165]. The E2 protein can bind
CDS81, and this binding is blocked by neutralizing anti-
body against E2. However, virus-CD81 binding has not
been demonstrated to lead to virus entry. On the other
hand, the potential role of the LDL receptor (LDLR) as an
HCV receptor is consistent with the fact that HCV is
complexed with serum lipid and lipoproteins. The LDLR
has also been shown to enable HCV to enter cells, al-
though the assay used in these studies was not unequivo-
cal [164]. Furthermore, circumstantial evidence has indi-
cated that only the viruses complexed with very low
density lipoprotein (VLDL) or LDL can enter cells con-
taining LDLR [164, 166]. Once the virus is in the cell, the
viral positive-sense genomic RNA is released from the
virus particle and translated into a polyprotein, which is
subsequently processed into a number of functional pro-
teins. Most of the viral NS proteins (NS3—5B) form a
membrane-associated replicase complex with cellular
proteins to initiate viral RNA replication [167—171]. The
genomic RNA serves as a template to synthesize a nega-
tive-strand RNA intermediate, which is then copied into
a new positive-strand RNA. The positive-strand viral
RNA is used for translation and packaged with the viral
structural proteins into progeny virions. The virus parti-
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Figure 4. The HCV replication cycle. The HCV particle first binds to the cell surface receptors and enters the cell via endocytosis. The ge-
nomic RNA is released from the virus and used for viral protein synthesis. Some or all of the viral NS proteins form the replicase complex
(dark blue), which initiates viral RNA replication to synthesize negative-strand RNA. Once synthesized, negative-strand RNAs serve as
templates for the synthesis of an excess amount of positive-strand RNAs. These RNA products are used for viral protein synthesis and pack-
aging into progeny virus particles. The progeny viruses are formed in the ER and Golgi compartments, exported to the cell surface, and

released via cellular vesicle transport.

cle assembly probably occurs at the ER or Golgi complex.
The particles accumulate in the intracellular vesicles and
are eventually released from the host cells through secre-
tory pathways.

Replication of HCV RNA

HCV RNA replication is believed to occur in the cyto-
plasm of virus-infected cells based on the cytoplasmic lo-
calization of viral RNA, shown by a majority of in situ hy-
bridization (ISH) studies [156], and viral polymerase,
shown by immunofluorescent staining [172, 173]. How-
ever, HCV RNA has also been localized to the nucleus by
ISH [174, 175], and so has the HCV helicase NS3
[176—178]. Thus, the site of HCV RNA replication needs
to be further examined in cell culture systems or animal
models that support efficient HCV replication. RNA
replication requires at least NS5B, the RdRp, and proba-
bly most of the other NS proteins as well.

NS5B
NS5B is a membrane-associated phosphoprotein [173],
which contains signature motifs, such as GDD, shared by

other viral RdRps [179]. The C-terminal 21 aa of NS5B
plays a role in anchoring the protein to the membrane
[180]. NS5B also interacts with a SNARE-like cellular
membrane protein, human vesicle-associated membrane
protein (VAMP)-associated protein of 33 kDa (hVAP-
33), which may target the polymerase to specific cellular
membrane structures, such as the ER and Golgi, for RNA
replication [167]. Although multiple potential phospho-
rylation sites exist within the NS5B amino acid sequence,
no site is conserved among all HCV isolates examined
[181], suggesting that phosphorylation of NS5B may
vary among different isolates.

The crystal structure of NS5B has recently been deter-
mined; it shares significant similarity to other poly-
merases, but also displays certain striking differences
[182—184]. The domain organization in NS5B can be
subdivided into the fingers, palm, and thumb, similar to
other polymerases. However, other polymerases, such as
the poliovirus 3D polymerase, are distinctly U-shaped,
while the finger and thumb domains of NS5B exhibit ex-
tensive contacts between each other, resulting in a globu-
lar-shaped molecule. The encircled active site is relatively
inflexible and can accommodate only a template: primer
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duplex without global conformational changes. The C
terminus of NS5B (excluding the hydrophobic tail) is
present in the active site of the protein and has been hy-
pothesized to play a role in the regulation of RdRp activ-
ity and template discrimination [184].

So far, the biochemical and enzymatic properties of the
HCV RdRp have been studied using recombinant NS5B
expressed in Escherichia coli or insect cells in in vitro
RdRp assays. Most of these assays used homo-polyri-
bonucleotides or artificial RNA as templates [180,
185—190]. In these assays, NS5B usually uses the 3" end
of the template RNA or an artificial oligonucleotide as a
primer. However, in more recent studies, NS5B has been
shown to initiate de novo RNA synthesis in a primer-in-
dependent manner [93, 102, 191-193]. Furthermore,
NS5B is able to copy a full-length HCV genome, al-
though it also utilizes many other RNA templates, indi-
cating a lack of template specificity in vitro [102, 187]. In
vitro NS5B binds preferentially to several regions in the
3’ end of HCV RNA, including the 3" coding region of
NS5B, the U/UC-rich sequence, and part of the X region
(in stem I and IT) (fig. 2) [93, 101]. Partial deletion of the
3’-UTR of HCV RNA abolished the template activity of
the RNA [101, 102]. Thus, NS5B apparently recognizes
some specific sequence or structural elements at the 3’
end of HCV RNA [93, 101]. Once it has bound the stem
structure of the 3’-UTR, however, NS5B initiates RNA
synthesis only from the single-stranded RNA region clos-
est to the 3’ end of the template [93]. This conclusion is
supported by a recent study showing that the RdRp reac-
tion mediated by NS5B requires a stable secondary struc-
ture and a single-stranded sequence with at least one 3’-
end cytidylate in the RNA template [194].

Since the 3’ end of HCV RNA ends with a near-perfect
double-stranded stem (stem I) (fig. 2), how does HCV
RNA synthesis initiate in vivo? There are several potential
mechanisms whereby the 3’-end sequence of the viral
RNA is retained during RNA replication: (i) The 3" end of
HCV RNA may be extended by a terminal transferase so
that there is a single-stranded tail at the 3’ end to allow
NS5B to initiate from the precise 3" end. Indeed, an HCV
cDNA clone containing two additional nucleotides (UU)
at the 3’ end of HCV RNA has been detected [72]. (ii)
RNA helicase or unwinding proteins may be present in the
HCYV replicative complex to unwind the 3’-end stem struc-
ture into the single-stranded region. (iii) RNA synthesis
may initiate internally in the single-stranded region within
the 3’-UTR; the 3’-end sequence may be recovered during
positive-strand RNA synthesis since the complementary
sequence can be made by fold-back RNA synthesis.

So far, HCV RdRp activity has not been studied in the
context of virus-infected cells or using the recombinant
RdRp expressed in the mammalian cells. In mammalian
cells, NS5B is likely associated with other viral and cel-
lular proteins, and anchored to the cellular membrane,
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which may alter the enzymatic properties or template
specificity of NS5B.

Other viral proteins

The RNA helicase function is presumed to be necessary to
separate the positive- and negative-strand HCV RNA dur-
ing replication. The HCV helicase lies within the C-termi-
nal half of NS3, which has been shown to possess NTPase,
single-stranded (ss) polynucleotide binding, and duplex-
unwinding activities [33, 34]. It is capable of unwinding
dsRNA, dsDNA, and RNA/DNA heteroduplexes in the 3
to 5’ direction [34]. However, the role of the unwinding ac-
tivity of NS3 in the replication cycle remains elusive.
The HCV replication complex is most likely membrane-
associated [195] and consists of cellular or other viral NS
proteins in addition to NS5B and NS3. NS5B is capable
of anchoring on the membrane structures by itself or
through its binding to hVAP-33 [167]. Interestingly,
while NS5B interacts with the N terminus of hVAP-33,
NSS5A binds the C terminus of hVAP-33. The importance
of NS5A in HCV replication has been further suggested
by the detection of a number of adaptive mutations clus-
tered in a defined region of NS5A in a subgenomic HCV
replicon [45]. This region may mediate the interaction of
NSS5A with a cellular protein that inhibits HCV replica-
tion. Mutations within this region may disrupt the inter-
action, thereby allowing the establishment of HCV repli-
cation in vitro. In addition, most of the HCV NS proteins,
including NS3, NS4A, NS4B, NS5A, and NS5B, have
been shown to interact with each other either directly or
indirectly [167—171]. For example, a protein complex
consisting of NS5B, NS3, and NS4A has been observed
in mammalian cells [171]. These proteins may have re-
mained associated after cleavage from the polyprotein to
form a functional replication complex. Further evidence
supporting the existence of a replication complex con-
sisting of multiple HCV NS proteins came from an analy-
sis of the adaptive mutations derived from a subgenomic
HCYV replicon [157]. An adaptive mutation in NS5B was
found incompatible with those in NS5A or NS4B when
introduced back into the same replicon. These mutations
may affect contact sites between these proteins in the
replication complex, dramatically reducing replication
efficiency.

Detection of negative-strand RNA

The ultimate proof of HCV RNA replication is the detec-
tion of the negative-strand HCV RNA, which is usually
present in infected cells in such a low quantity that it can
only be detected by RT-PCR. The detection of the nega-
tive-strand RNA is further complicated by the large ex-
cess of positive-strand RNA [156]. Furthermore, all of
the negative-strand RNA is likely present in the double-
stranded form by complexing with the positive-strand
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RNA in the virus-infected cells. These limitations entail
the requirements of very high stringency for strand spe-
cificity of RT-PCR, which may have sacrificed the
sensitivity of detection. A number of strand-specific RT-
PCR protocols have been devised using various primers
and polymerases to detect the negative-strand HCV RNA,
usually targeting the 5’-UTR. However, this region con-
tains multiple hairpin structures, which often cause self-
priming events that lower the specificity of detection of
negative-strand RNA molecules. Lanford et al. [136]
have developed a ‘tagged PCR’ technique proven to sig-
nificantly enhance the sensitivity and reduce self-priming
events. The method employs a primer, which contains
non-HCV sequences at the 5" end as a tag, during cDNA
synthesis. The subsequent PCR amplification of the
tagged cDNA is performed using only the tag portion of
the cDNA primer as one of the primers and an HCV-spe-
cific primer. This tagged PCR assay permits the detection
of 1 fg of negative-strand RNA, which is 10,000-fold
lower than the detection limit for the positive-strand
RNA. A later study, however, has found that the 5’-UTR-
based RT-PCR still cannot completely eliminate mis-
priming or artificial priming and recommended the use of
the core-coding sequence for the detection of the nega-
tive-strand RNA [147]. The size and species of HCV neg-
ative-strand RNA are still not clear.

Translation of HCV RNA

The 5’-UTR of HCV RNA contains a typical IRES struc-
ture, which allows cap-independent translation. Several
translation initiation factors have been reported to be in-
volved in HCV IRES-mediated translation. The eukary-
otic initiation factor (eIF)3 (fig. 3), alone or together with
the 40S ribosome subunit and the eIF2-GTP-initiator
tRNA complex, can specifically interact with HCV IRES
stem-loop III in the absence of eIF4A, elF4B, and elF4F,
which are required for ribosomal binding during cap- or
EMCYV IRES-dependent translation [60, 196, 197]. Fur-
thermore, elF2By and elF2y have also been identified as
cofactors of HCV IRES-mediated translation by a func-
tional genomics approach [198]. These findings suggest
that HCV may employ a modified mechanism of IRES-
dependent translation. Indeed, recent studies showed that
rabbit reticulocyte lysates depleted of certain translation
factors, such as elF4G, cannot support foot-and-mouth
disease virus IRES-dependent, but still can support HCV
IRES-dependent translation [199].

As a translation initiation site, the HCV IRES also recruits
noncanonical cellular translation factors, such as La au-
toantigen [200] and PTB [201] (fig. 3). The La antigen rec-
ognizes the intact HCV IRES structure and significantly
augments the IRES-directed translation in vitro [200]. The
nucleic acid-dependent ATPase activity of La has been
suggested to promote the transformation of stem-loop IV
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into single-stranded conformation, which is favorable for
40S ribosome binding [51]. PTB interacts with three dis-
tinct pyrimidine-rich sequences within the HCV IRES
[201]. Immunodepletion of PTB results in the loss of
IRES-directed translation, which cannot be restored with
the addition of purified PTB, suggesting that additional
factors tightly associated with PTB are also required to en-
hance IRES activity [201]. The functional requirement of
PTB in IRES-mediated translation has been further con-
firmed by the inhibition of translation with PTB-binding
RNAs selected with the systematic evolution of ligand by
exponential enrichment (SELEX) method [202]. Hetero-
geneous nuclear ribonucleoprotein (hnRNP) L has been
identified to specifically interact with the 3” border of the
HCV IRES in the core-coding sequence; the binding cor-
relates with the translation efficiency from the IRES [203].
In addition, the entire IRES is required for the association
of HCV RNA with poly(C)-binding proteins (PCBPs),
PCBP-1 and PCBP-2, but the roles of these proteins in
translation have not been determined [204].

Due to the absence of a poly(A) tail in HCV RNA, the
mechanism of regulation of HCV RNA translation is pre-
dicted to differ from those for eukaryotic mRNAs and
other viral RNAs. The conserved X region of the 3"-UTR
has been shown to enhance translation of HCV RNA
[104], suggesting that the functions of the X region may
be similar to that of poly(A) in eukaryotic mRNA trans-
lation [205, 206]. PTB interacts with the X region [75,
103, 104, 207] and enhance HCV IRES-directed transla-
tion [104], possibly through the PTB-mediated cross-talk
between the 5°- and 3’-ends of HCV RNA. Thus, the
mechanism of translation enhancement by PTB may be
similar to that of the poly(A)-binding protein in mRNA
translation [205, 206].

HCV IRES-mediated translation is relatively inefficient
compared to that of other viruses [53]. The core protein
has been found to interact with the viral genomic RNA at
several sites within the 5-UTR and to suppress the trans-
lation directed by the HCV IRES [208]. However, a sep-
arate study showed that the core-coding sequence, but not
the core protein, caused the suppression of HCV IRES-
dependent translation [67]. Furthermore, a PTB-binding
site has been identified in the core-coding region, which
serves as a negative regulator for HCV translation [66].
Direct RNA-RNA interaction, involving the 5-UTR and
the core-coding sequences, or indirect interaction medi-
ated through PTB may be responsible for the reduced
IRES activity [58, 66]. The stem-loop IV of the IRES may
be one of the candidates for feedback control, since the
stabilization of this structure can reduce IRES activity
and the primary sequence within this stem-loop is con-
served in nearly all HCV strains [13]. Two other HCV
proteins, E2 [22] and NS5A [209], may have an indirect
effect on HCV translation by inhibiting PKR, but the bi-
ological significance of this effect is not clear.
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Despite its highly conserved nature, the HCV IRES has
been found to contain minor sequence modifications
among quasispecies, which result in different IRES activ-
ities both in in vitro translation using rabbit reticulocyte
lysates [210] and when expressed in cells in a cell type-
specific manner [210, 211]. Remarkably, the appearance
of new virus variants containing identical substitutions at
three sites within the IRES has been observed in cultured
lymphoblastoid cells inoculated with HCV-infected
serum [142]. These new virus variants confer enhance-
ment of HCV IRES-directed translation in lymphoid
cells, suggesting a possible selection of lymphotropic
HCV strains via translational regulation [212].

Clinical detection and genotyping of HCV RNA

Detection of HCV RNA is the most definitive diagnostic
test for acute and chronic HCV infection. Unfortunately,
it is often complicated by the low levels of HCV replica-
tion or small numbers of infected cells in hepatitis C pa-
tients. Nevertheless, the techniques for detecting and
quantifying HCV RNA have improved dramatically over
the past decade.

Most qualitative and quantitative diagnostic tests are RT-
PCR aiming at the 5’-UTR, the most conserved region of
the HCV genome. Primers or probes deduced from these
sequences can be utilized for universal detection of HCV
RNA. However, the sensitivity of this method is accompa-
nied by problems of false priming, presumably in areas of
RNA secondary structure. This has been partially solved
by the use of tagged primers or a thermostable reverse
transcriptase [136]. Since the core and NS5B genes are rel-
atively conserved and do not contain extensive secondary
structures, they have also been employed in various detec-
tion methods. The X region of the 3’-UTR is another
highly conserved region in the HCV genome, but it is
highly structured. It has not been used in the detection of
HCV RNA due to its lack of practical advantages over the
well-established tests based on the 5’-UTR sequence.
HCV genotyping in patients is essential for diagnostic
and epidemiological studies, as well as in studies of the
natural history and treatment of HCV infection. Early
studies relied on the core, E1, and NS5B regions for
genotyping by direct sequencing of RT-PCR products
[110, 213], RT-PCR wusing type-specific primers
[214-217], or hybridization of PCR products with type-
specific probes [218—221]. The 5’-UTR has also been
widely used for HCV genotyping because it contains
type-specific sequence differences in an otherwise con-
served region (maximum 10% sequence divergence)
[112, 222], which is convenient for the initial RNA am-
plification step. Furthermore, genotyping can be achiev-
ed by simplified procedures, such as restriction fragment
length polymorphism analysis [223—225] and line probe
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assay [226]. However, the 5’-UTR cannot be used to dif-
ferentiate among certain subtypes, especially within
genotypes 1 (laand 1b), 2 (2a and 2¢), and 4 (4c and 4d)
[47, 213]. Combined methods involving two separate re-
gions of the HCV genome are used for accurate determi-
nation of genotypes and subtypes [227, 228]. Genotyping
by heteroduplex mobility analysis of the 5’-UTR or NS5B
region has recently been developed, which suggests the
NS5B region to be more accurate for genotyping [229].

Perspectives

Since the cloning of HCV RNA 11 years ago, there has
been an explosion of molecular and clinical studies on
HCV RNA. These studies have revealed many important
insights into the biological properties of the virus, and
will form the basis for future development of more effec-
tive therapies against HCV. However, they also present
many challenges that are yet to be overcome. Chief
among these is the development of robust replication sys-
tems for studying HCV replication, since our current un-
derstanding of HCV RNA and its replication and expres-
sion has, so far, been largely based on predictions from
the cloned sequences or inference from other viruses. The
improved subgenomic replicon systems [45, 157] are be-
ginning to fulfill this expectation. However, this replicon
technology still cannot be applied to studying all HCV
RNA sequences. Furthermore, it does not allow the study
of the complete viral life cycle. Establishing a cell culture
system capable of supporting viral infection and produc-
tion remains a formidable challenge. The extensive ge-
netic heterogeneity of HCV RNA also presents a sub-
stantial challenge for understanding viral pathogenesis
and for the development of novel antiviral drugs against
HCV. The highly conserved 5’-UTR and 3"-UTR of HCV
RNA currently offer the best targets for novel antiviral
strategies, such as the use of antisense RNAs or ribo-
zymes. The inhibition of HCV RNA translation has been
observed with ribozymes or antisense oligonucleotides
that target the 5’-UTR alone or together with the core-
coding sequence of HCV [230—234]. However, there are
also substantial limitations caused by the inherent struc-
tures of these UTR sequences and associated with the ri-
bozyme and antisense technologies [234—236]. With the
increasing knowledge of HCV replication and viral
pathogenesis, new targets and strategies for anti-HCV
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