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An estimated 3% of the world population is infected with
hepatitis C virus (HCV) (5, 232). In most infected individuals,
this remarkable RNA virus evades the immune system and
establishes a chronic infection that can lead to cirrhosis, liver
cancer, and death. While advances have been made in treating
HCV, the current therapy, a combination of pegylated alpha
interferon and ribavirin, is poorly tolerated and is effective in
only 50% of genotype 1-infected patients (reviewed in refer-
ence 53). The quest for new HCV therapies has driven re-
search in academia and industry, which has led to significant
progress in understanding basic virus replication mechanisms
and in developing specific candidate antiviral compounds. In
this minireview, we highlight recent advances in cell culture
model systems used to study HCV and describe new insights
into the virus life cycle that have been gleaned from these and
other recent studies. This review is limited in scope to recent
developments in HCV biology and is by no means comprehen-
sive. Throughout the article, we have attempted to direct the
reader to a number of high-quality review articles covering
various aspects of HCV biology in greater detail.

EVOLUTION OF MODEL SYSTEMS FOR STUDYING
RNA REPLICATION AND INFECTION

After the landmark report of the first HCV cDNA clones in
1989 (30), many expected HCV molecular virology to quickly
advance to a state rivaling that of other positive-strand RNA
viruses. More than 15 years later, this predication is only be-
ginning to be realized. Significant advances in understanding
the key steps of the HCV life cycle have been made in recent
years, although many steps remain enigmatic (Fig. 1). Early
attempts to coax replication in cell culture provided glimmers
of hope, but none of this work provided tractable systems that
became widely adopted (see reference 130 for a review). It was
not until 1997, after the discovery that the original HCV cDNA
clones lacked a highly conserved 3�-terminal genome fragment
(109), that the first full-length functional cDNA clones were
reported (108). In the absence of permissive cell culture sys-
tems, the infectivity of RNA transcripts from these clones was
assessed by intrahepatic inoculation of chimpanzees (108). At-
tempts to demonstrate replication of these RNAs in cell cul-

ture failed. Through the use of bioinformatics, chimpanzee
infections, surrogate expression systems, and biochemical anal-
ysis, the structure of the HCV genome, the polyprotein pro-
cessing mechanisms, the protein topology, and some protein
functions were defined, all without the ability to monitor RNA
replication in a cell culture environment (Fig. 2). The advent of
the subgenomic genotype 1b (isolate Con1) replicon system,
first reported by Lohmann et al. in 1999 (134), established
persistent HCV RNA replication in a human hepatoma cell
line (Huh-7) (Fig. 3A). The inefficiency with which RNA rep-
lication was initiated in this system limited its utility, but this
breakthrough provided a basis for further optimization. Blight
et al. isolated subclones of replicon-transduced Huh-7 cells
cured by alpha interferon treatment that showed enhanced
permissiveness for HCV RNA replication (19). The most fa-
mous of these subclones, Huh-7.5, appears to harbor a defect
in the retinoic-acid inducible gene I (RIG-I) intrinsic cellular
antiviral response pathway (204). In addition, sequencing of
HCV RNAs in replicon-containing cell clones identified a
spectrum of adaptive mutations in nonstructural (NS) proteins
that could dramatically enhance RNA replication (17; re-
viewed in reference 9). Adaptive mutations that rendered
other genotype 1 RNAs (such as 1a, strain H77) replication
competent in cell culture were soon identified (18). Unfortu-
nately, full-length HCV replicons incorporating these changes,
despite robust RNA replication, failed to yield infectious virus
(18, 84, 178).

The inability to reproduce the complete HCV life cycle in
cell culture led to the development of model systems that have
yielded many advances. C-terminally truncated secreted forms
of E2 (sE2) proved valuable for probing virus-cell interactions
and identifying putative receptors (56, 152, 179, 190). Other
systems useful for studying envelope protein functions in-
cluded cell surface-expressed E2 (58), E1-E2 liposomes (32),
virus-like particles generated in insect cells (213, 235), and
vesicular stomatitis virus pseudotyped with chimeric glycopro-
teins consisting of the ectodomains of HCV E1 and E2 fused to
the transmembrane domain of the vesicular stomatitis virus G
glycoprotein (26, 116, 144). A major advance in studying HCV
cell entry was the generation of retroviral pseudotypes bearing
unmodified HCV glycoproteins (HCVpp) (12, 79). HCVpp are
produced by cotransfection of 293T cells with expression vec-
tors encoding (i) HCV E1E2, (ii) the Gag-Pol proteins of
either murine leukemia virus or human immunodeficiency vi-
rus, and (iii) a retroviral genome encoding a reporter to detect
subsequent productive entry (Fig. 3B). Cell entry of HCVpp is
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HCV glycoprotein mediated and thought to closely resemble
the cell entry properties of genuine HCV virions.

Despite the advances in understanding HCV infection by
use of these surrogate systems, the inability to generate au-
thentic infectious HCV in cell culture remained a major road-
block. Probing the mode of action of replicon-adaptive muta-
tions provided possible clues as to why virion production might
be compromised. Adaptive mutations alter the degree of
NS5A phosphorylation, with highly adapted replicons favoring
a hypophosphorylated over a hyperphosphorylated NS5A (6,
17, 49). Remarkably, chemical inhibition or genetic silencing of
the cellular kinase responsible for NS5A hyperphosphoryla-
tion, casein kinase I�, allows replication of HCV genomes
lacking adaptive mutations (162, 183, 184). Additionally, the
mutation of sites of hyperphosphorylation in NS5A can en-
hance the RNA replication of subgenomic replicons (6). It is
now clear that NS5A hypophosphorylation is essential for
HCV RNA replication and that hyperphosphorylation is a
negative modulator of this process, yet the exact mechanisms
of these observations are not yet known (see reference 82 for
a recent review of NS5A phosphorylation). One theory of the

role of phosphorylation in the HCV life cycle involves the
maintenance of replicase stability. The cellular target mem-
brane-associated soluble N-ethylmaleimide-sensitive factor at-
tachment protein receptor, human vesicle-associated mem-
brane protein-associated protein A, interacts with NS5A and
NS5B and appears to function in the assembly and localization
of the HCV RNA replication complex (65, 217), and the in-
teraction between hVAP-A and NS5A is abrogated by NS5A
hyperphosphorylation (49). Thus, adaptive mutations that pre-
vent NS5A hyperphosphorylation encourage replicase assem-
bly and maintenance, possibly at the expense of late viral life
cycle events, such as assembly and packaging. In support of this
idea, most genomes with adaptive mutations do not yield in-
fectious particles in cell culture despite efficient replication
(18, 84, 178) and are impaired or noninfectious in chimpanzees
(25). This model further predicts that HCV isolates capable of
replication in cell culture without adaptation might yield in-
fectious virus.

Recently, Date et al. (36) and Kato et al. (95, 96) identified
an HCV isolate capable of efficient RNA replication in multi-
ple cell types without adaptation. This genotype 2a strain,

FIG. 1. Schematic diagram of the HCV life cycle. The life cycle of HCV is similar to that of other members of the Flaviviridae family.
Extracellular HCV virions interact with receptor molecules at the cell surface (a) and undergo receptor-mediated endocytosis (b) into a low-pH
vesicle. Following HCV glycoprotein-mediated membrane fusion, the viral RNA is released into the cytoplasm (c). The genomic RNA is translated
to generate a single large polyprotein that is processed into the 10 mature HCV proteins in association with a virus-derived ER-like membrane
structure termed the membranous web (d). The mature HCV proteins replicate the RNA genome via a minus-strand replicative intermediate to
produce progeny RNA. A portion of this newly synthesized RNA is packaged into nucleocapsids and associated with the HCV glycoproteins,
leading to budding into the ER (f). Virions follow the cellular secretory pathway (g) and, during this transit, maturation of particles occurs (g).
Mature virions are released from the cell, completing the life cycle (h). �, positive-sense genomic RNA; �/�, minus-strand replicative
intermediate associated with positive-strand genomic RNA.
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called JFH-1, came from a Japanese patient with a rare case of
acute fulminant hepatitis. Surprisingly, when full-length JFH-1
RNA was transfected into Huh-7 cells, viral particles, termed
HCVcc (for HCV cell culture), that were filterable and capable
of infecting naı̈ve cells were released (Fig. 3C) (225). JFH-1
produced low HCVcc titers, but subsequently it was found that
higher titers could be obtained using Huh-7.5 cells and derived
sublines (128, 254). The kinetics and yield of HCVcc were
enhanced by creating a chimera using the C-NS2 region of
different genotype 2a isolate, J6 (128). Even higher titers
(about 1 log) were obtained by altering the fusion junction
from NS2/NS3 to breakpoint within NS2 after the first pre-
dicted transmembrane segment (177). This finding could be
generalized and was used to produce viable JFH-1 chimeras of
different HCV genotypes (1a, 1b, and 3a), albeit at lower titers
than the best 2a chimera (Jc1). Cell culture-grown HCVcc is
infectious in chimpanzees and uPA-SCID mice transplanted
with human hepatocytes (129, 225), and the virus recovered

from these animals is still infectious in cell culture. This estab-
lishes the first system to study the entry and neutralization
properties of HCV produced in vivo and indicates that it
should be possible to find other isolates like JFH-1 by screen-
ing isolates for their ability to infect and replicate in Huh-7.5
cells. Intriguingly, virus recovered from HCVcc-infected ani-
mals displayed altered biophysical properties and increased
specific infectivity. This may be of particular importance given
the association of HCV with serum lipoproteins, which may
enhance or modulate infectivity (4, 78, 211, 212).

Since the development of the JFH-1-based infectious cell
culture systems, a number of additional infectious systems have
been developed. These include cDNA-launched genotype 1b
(CG), 1a (H77), and 2a (JFH-1) systems in which authentic
HCV RNA is produced via the action of ribozymes following
cellular transcription from HCV-encoding episomal plasmid
DNA or from chromosomally integrated cDNA (27, 97). In
addition, HCVcc has been produced after transfection with

FIG. 2. HCV genome organization, polyprotein processing, and protein topology. (A) The HCV genome is a single-stranded RNA encoding
a single large open reading frame (ORF) of roughly 3,000 amino acids, flanked by structured 5� and 3� NCRs. The translation of the open reading
frame, via the activity of an IRES element in the 5� NCR, generates a large polyprotein that is organized with structural proteins in the
amino-terminal third of the polyprotein, followed by the NS replication proteins. The polyprotein undergoes a complex co- and posttranslational
series of cleavage events, catalyzed by both host and viral proteases, to produce the 10 individual HCV proteins. (B) The topology of the HCV
proteins relative to the ER membrane.
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genotype 1a RNA, H77S (249). H77S HCVcc titers are very
low (between 1 and 2 logs lower than JFH-1), and the H77S
genome harbors five cell culture-adaptive mutations (247).
This finding conflicts with the previous idea that adaptive mu-
tations impair virus release. However, it is possible that differ-
ences will be observed for different HCV genotypes and ge-
netic backgrounds and that high-level RNA replication and
protein expression (as seen for JFH-1 and H77S) may also be
important prerequisites for particle assembly and release in
cell culture.

The current panel of cell culture systems have been very
useful tools in understanding the HCV life cycle. Significant
progress has been made in the areas of receptor identification,
virus entry, cis-acting RNA elements in replication, replication

proteins, host cell requirements for replication, and virus as-
sembly, and we will highlight these areas by following the steps
as they occur in HCV infection.

VIRIONS AND CELLULAR RECEPTORS

With the development of HCVpp, it was quickly noted that
only a few cell lines, all of which were derived from human
liver cells, could be infected (12, 79, 252). What precisely
defines this narrow tropism is as yet unclear; however, numer-
ous cellular factors have been put forward as potential HCV
receptors or coreceptors. Although evidence exists for interac-
tions between HCV and the low-density lipoprotein (LDL)
receptor (3, 156, 237), asialoglycoprotein receptor (189), and

FIG. 3. Systems for the study of HCV replication, entry, and infectivity. (A) HCV replicon systems, shown here in one of their simplest
iterations, allow for productive viral RNA replication in cell culture. Bicistronic replicon RNAs, encoding a selectable marker (Neor) under control
of the HCV IRES in the first cistron and the HCV replicase proteins (NS3-NS5B) under control of a heterologous IRES from encephalomyo-
carditis virus in the second cistron, are delivered to Huh-7-based cell lines by electroporation. Replication of these RNAs leads to production of
the selectable marker and allows for selection of colonies containing active RNA replication. Transduction of resistance to the drug G418 is shown
in this figure, but replicons expressing a number of reporter genes have been developed, as have methods to efficiently measure HCV proteins and
RNA from these systems. (B) The HCV pseudoparticle system (HCVpp) provides a method to investigate glycoprotein-mediated events in the
HCV life cycle. In this system, recombinant retroviruses that contain HCV functional glycoproteins on their surface are generated in 293T cells.
These particles can be used to infect permissive cell lines, such as Huh-7.5. The retrovirus genomes have been engineered to express a reporter
gene, such as luciferase, allowing for a quantitative measure of cell entry. (C) The HCVcc infectious virus system uses either JFH-1 HCV genomic
RNA or chimeras of this genome with heterologous sequences (such as J6). These RNAs are electroporated into permissive cell lines and yield
infectious HCV virions that can be used to infect naı̈ve cells or animal models. Productive infection can be monitored by detection of the expression
of NS5A, by a number of reporter genes, or by direct measure of viral RNA.
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heparan sulfate (11, 112), none of these has been conclusively
proven to be essential for HCV entry.

The strongest evidence exists for CD81, a member of the
tetraspanin superfamily, which was initially identified as a can-
didate HCV receptor based on its ability to bind sE2 (41, 42,
56, 77, 179). Several lines of evidence leave little doubt that
CD81 is indeed an essential component of the HCV receptor
complex. (i) The human hepatoma cell line HepG2 does not
express CD81 and cannot be infected with HCVpp or HCVcc
but becomes infectible upon transduction with CD81 (12, 128,
252). (ii) Knockdown of CD81 expression using small interfer-
ing RNA abrogates the susceptibility of liver cells to HCVpp
and HCVcc infection (112, 252). (iii) Antibodies against CD81,
as well as soluble forms of CD81, block HCVpp and HCVcc
infection in a dose-dependent manner (12, 14, 128, 225, 254).
(iv) CD81 is a limiting factor for HCVcc infection in some
Huh-7 sublines (112, 255). The requirement for CD81 is con-
served for all tested HCV genotypes (119, 147). However,
CD81 is not the only cellular factor required for HCV entry, as
CD81 alone is not sufficient for HCVpp entry and its wide
tissue distribution does not explain the liver tropism of HCV.

Like CD81, scavenger receptor BI (SR-BI) was first identi-
fied as a candidate HCV receptor based on its ability to bind
sE2 (190). SR-BI, expressed at high levels in the liver, steroi-
dogenic tissues, placenta, small intestine, and monocytes/mac-
rophages, mediates selective uptake of cholesteryl esters from
high-density lipoprotein (HDL) into the cellular membrane (1,
188) and, possibly, endocytosis of entire HDL particles (195).
Experiments to define the role of SR-BI in HCV cell entry
have been challenging. SR-BI-negative cell lines are rare, and
one that becomes susceptible to HCVpp upon SR-BI transfec-
tion has not been identified. Recently, Grove et al. demon-
strated that the level of SR-BI expression in Huh-7.5 cells
modulates the level of productive HCVcc infection (74). An-
tibodies directed against SR-BI and small interfering RNAs
targeting SR-BI inhibit HCVpp infection (12, 119), but both
effects vary between HCV genotypes and are less striking than
the results obtained for CD81 (119). Adding to the complexity,
two natural ligands of SR-BI modulate HCV infectivity in
different ways: HDLs moderately enhance HCVpp infectivity
(13, 150, 222), and this effect depends on SR-BI being present
and functional on the target cell (13, 164, 222). In contrast,
oxidized low-density lipoproteins are potent inhibitors of both
HCVpp and HCVcc entry (224). However, the coexpression of
CD81 and SR-BI is not sufficient to confer HCVpp and HCVcc
susceptibility (12, 79), and Kapadia et al. have recently shown
that a high level of membrane cholesterol is also a requirement
(92).

Very recently, Evans et al. identified claudin-1 (CLND1), a
component of cellular tight junctions expressed at high levels
in liver cells, as an additional factor required for HCV entry
(50). Overexpression of CLDN1 in some, but not all, nonhe-
patic cells that express CD81 (but not endogenous CLDN1) is
capable of rendering these cells infectible by HCVpp. CLDN1
may contribute to the liver tropism of HCV, as it is highly
expressed in this organ, and even moderate inhibition of
CLDN1 expression renders otherwise-permissive cells unin-
fectible by HCVcc and HCVpp. However, some human cell
lines remain HCV resistant in the presence of CD81, SR-BI,
and CLDN1, suggesting that either additional cellular entry

factors remain to be discovered or that these cell types express
a transdominant inhibitory factor(s).

ENTRY AND MEMBRANE FUSION

By analogy to related viruses for which structures have been
obtained, such as dengue virus (113), tick-borne encephalitis
virus (54), and West Nile virus (159), HCV particles are
thought to consist of an icosahedral lattice of E1-E2 glycopro-
tein heterodimers anchored in an envelope surrounding the
viral nucleocapsid. E1 and E2 are type I transmembrane pro-
teins with extensive N-terminal ectodomains decorated with
N-linked glycans (40, 43, 167). Several findings directly impli-
cate E2 in HCV entry: first, sE2 binds both CD81 (179) and
SR-BI (190), suggesting that it mediates key interactions be-
tween the incoming virus and functional (co)receptors. Glyco-
sylation at specific sites of E2 is essential for HCVpp infectivity
(68). Finally, antibody binding to a number of distinct E2
epitopes can neutralize HCVpp (12, 47, 79, 98, 167, 192).

The role of E1 is less well defined, mostly due to a lack of
tools to study its function. Based on sequence analysis and
computational modeling using the known structure of tick-
borne encephalitis virus E protein, some have proposed that
HCV E1 may be a truncated class II fusion protein (57, 66,
185). Others, however, have argued that the fusion activity may
reside in E2 (124, 240). There is also limited evidence for the
existence of neutralizing determinants in E1 (98).

Recent synchronous infection/blocking studies have begun
to define the early steps of HCV entry. Glycosaminoglycans
appear to be involved in initial HCV binding (112), with CD81
(14, 50, 112) and CLDN1 (50) playing postbinding roles in
entry. Antibody-blocking experiments indicate that CLDN1
may function downstream of HCV-CD81 interaction, but prior
to membrane fusion (50). The sensitivity of HCVpp and
HCVcc entry to inhibitors of endosomal acidification suggests
entry via the endosomal route followed by acid-triggered fu-
sion (12, 79, 216). In keeping with this hypothesis, HCV gly-
coprotein-mediated fusion occurs most efficiently at pH 5 to
5.5 (107). However, HCVcc infectivity prior to cell binding is
insensitive to low pH, suggesting that postbinding interactions
are required to activate the virion for fusion (112, 149, 216). As
might be expected, clathrin is important for HCVcc and
HCVpp entry in hepatoma cells (16, 33, 149). Thus far, the
mechanism of HCV glycoprotein-mediated membrane fusion
is unknown.

The HCVcc systems have also been exploited to examine the
phenomenon of superinfection exclusion (SE). Based on pre-
vious work with the related bovine viral diarrhea virus, it was
assumed that HCV would display SE at the levels of entry and
replication (122). Previous studies have shown that competi-
tion exists between HCV replicons in cells, suggesting that SE
might exist at the level of RNA replication (48, 133). Studies
using either HCVcc to infect cells harboring subgenomic rep-
licons or distinguishable HCVcc constructs have revealed
strong SE for HCV, but the effect is largely downstream of
entry and primary translation of incoming genome RNA (191,
215). Studies have also reported the downregulation of CD81
expression in HCVcc-infected cell populations (255), providing
a potential mechanism for SE. However, this does not occur
during acute infection and appears to be due to HCVcc-in-
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duced cytotoxicity and a selection for nonpermissive cells with
low CD81 expression (215). Interestingly, and possibly quite
relevant for HCV treatment, the SE is transient and disappears
when HCV replication is effectively inhibited. This allows for
reinfection of previously resistant cells.

cis RNA ELEMENTS

As for all positive-strand RNA viruses, the HCV genome
RNA is the centerpiece of replication, serving as a substrate
for translation, replication, and packaging. These processes are
controlled by “cis-acting” or “cis replication” RNA elements
(CREs) located within the 5� and 3� noncoding regions (NCRs)
and the polyprotein coding region (Fig. 4). Potential CREs
were first identified by phylogenic comparisons and thermody-
namic RNA structure modeling (174, 196, 219, 226), followed
by functional studies. The best understood of the CREs is the
HCV internal ribosome entry site (IRES) (Fig. 4A). The IRES
is composed of RNA elements within the 5� NCR and the core
protein coding sequence. These elements have been termed 5�
SLII, SLIII, and SLIV (198). SLIII has been further divided
into subdomains, SLIIIa, -b, -c, -d, -e, and -f, which form a
four-way junction and a pseudoknot (120, 229, 230). The struc-
tures of five of these subdomains and the SLIIIabc junction
have been determined by nuclear magnetic resonance (NMR)
or X-ray crystallography (34, 99, 106, 139, 140, 186). A high-
resolution structure for the entire HCV IRES still eludes us. In
the current model of HCV translation initiation, the 40S ribo-
some subunit interacts with the HCV IRES pseudoknot, posi-
tioning the polyprotein start codon in the 40S P site (99, 100,
140, 141, 168, 169, 180). Subsequently, eIF3 interacts with the
IRES-40S complex, followed by recruitment of the eIF2/GTP/
Met-tRNAi

Met complex, forming a 48S complex (169). Following
GTP hydrolysis, the initiation factors are released and the 60S
subunit joins to form the IRES-80S complex (169). The HCV
IRES can assemble 80S complexes and initiate translation
without initiation factors under increased cation concentra-

tions, and this pathway may be used in cells if initiation factors
become limiting or modified by the antiviral responses (118).
Exciting work using cryoelectron microscopy (cryo-EM) has
elucidated the structures of the HCV IRES complexed with
the 40S ribosomal subunit, the 40S subunit-complexed eIF3
and the HCV IRES, and the IRES complexed with the 80S
ribosome (21, 197, 201). These structures reveal contacts be-
tween the IRES and ribosome and the conformational changes
that occur during assembly of these complexes. The details of
these structures have been discussed recently in an excellent
review (60). Determining an atomic-resolution structure of the
complete IRES associated with the entire translation complex
is the ultimate goal but is a daunting task. The immediate
future will likely see these cryo-EM structures pushed to a
higher resolution, potentially allowing fitting of the various
IRES subdomain structures into the cryo-EM electron density
map with great positional certainty. This line of investigation is
revealing fundamental similarities and differences between
translation of cellular mRNAs and the HCV genome that can
be exploited for developing new antivirals that target this early
step in intracellular replication.

The 5� NCR contains additional CREs required for replica-
tion (Fig. 4A). Nucleotides (nt) 1 to 43, containing the 5� SLI
(nt 5 to 20) and an unstructured spacer (nt 21 to 43), are
dispensable for translation but required for HCV RNA repli-
cation (63, 103, 187). A recent study uncovered an unexpected
requirement for liver-specific microRNA 122 (miR122) in
HCV replication (90). miR122 basepairs with the 5�-proximal
end of the unstructured spacer. This interaction is required for
efficient HCV RNA replication but, surprisingly, does not af-
fect translation (90). A region (nt 22 to 40) that overlaps the
miR122 binding site participates in a long-range RNA-RNA
interaction with the base of SLVI in the core coding region and
has been reported to inhibit IRES function (104). SLII, al-
though part of the IRES, is also involved in RNA replication
(63). How these interactions regulate the viral life cycle re-

FIG. 4. Schematic diagram of the 5� and 3� HCV NCRs. (A) The 5� NCR contains six stem loop structures (SLI to SLVI). The position of the
miR122 binding site within the 5� spacer region is indicated by a blue box. The interaction site of this spacer region with the base of SLVI is also
shown (green boxes). The bulk of the 5� NCR comprises the HCV IRES element (light blue shading). The position of the four-way junction, which
connects components of the SLIII loop and is involved in EIF3 binding, is indicated by a dashed circle. The pseudoknot structure within IIIf is
shown by dashed lines. The position of the 5� end of the HCV genome is shown, as is the location of the start site of polyprotein translation. (B) The
3� NCR has a tripartite structure, containing a variable region, a poly(U/UC) tract, and the 3� X region (further divided into 3� stem loop structures,
3� SL1, 3� SL2, and 3� SL3). The 3� SL2 stem loop interacts via a kissing loop interaction with the 5BSL3.2 stem loop in the cis-acting RNA element
in the NS5B coding sequence (5BCRE).
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mains to be determined, but it is tempting to speculate that
they may help to orchestrate the switch between translation
and replication. The region of the 5� NCR involved in progeny
plus-strand genome synthesis is likely found at the 3� end of the
complementary minus strand. Given the dearth of experimen-
tal systems to study plus- and minus-strand initiation, little is
known about this region of the RNA, except that predicted and
experimentally probed RNA folds are quite different from
those in the complementary plus-strand 5� region (193, 199).
New assays are needed to dissect the functional requirements
of this region in RNA amplification.

The HCV 3� NCR has a tripartite structure, containing a
region that varies among genotypes, an internal poly(U/UC)
tract, and the highly conserved 3� X region (20, 109, 206, 207)
(Fig. 4B). Deletion of the variable region impairs RNA repli-
cation, and this region, in conjunction with the poly(U/UC)
tract and a portion of the 3� X region, has been reported to
enhance translation from the HCV IRES (86, 87, 145, 153).
This finding is controversial, as others have reported that this
region has no effect on HCV translation (52, 61, 85, 111).
Recent studies suggest that the enhancement of translation by
the 3� NCR seems to be human liver cell specific (200), occurs
after initiation, and may increase the efficiency of termination
and ribosome recycling (22). Much of these discrepancies in
the role of the 3� NCR in translation likely reside in the choice
of experimental system used in each individual study. This idea
is supported by recent findings suggesting that the 3� NCR
increases IRES translation only in the context of monocis-
tronic reporter RNAs or HCV genomes with a precise, authen-
tic 3� terminus (200). The poly(U/UC) tract is variable in
length and composition (109), but a minimal length of 26 to 50
nucleotides is required for efficient replication in cell culture
(61, 246). Whether this region acts as a spacer to position other
elements or interacts directly with replicase machinery is not
known. Both NS5A and NS3, which bind RNA, are candidates
for binding the poly(U/UC) tract (7, 81, 91). The 3� X region
is highly conserved and consists of two metastable stem loops
(3� SL2 and 3� SL3) and a highly stable 3�-terminal stem loop
(3� SL1) that is reminiscent of that found for classical flavivi-
ruses (131). Despite an early report to the contrary (76), the 3�
X region is absolutely required for replication in cell culture
(61, 246, 248) and for infectivity in chimpanzees (242). The 3�
X region, as well as other 3� NCR components, likely functions
to direct de novo initiation of minus-strand synthesis, probably
via interaction with one or more viral and host proteins to form
the minus-strand replicase. The mechanistic details of this pro-
cess remain to be defined.

A number of CREs have also been found within the polypro-
tein coding sequence (218, 219). One of these CREs in the
NS5B coding sequence, termed 5BSL3.2, is required for RNA
replication (62, 121, 250) (Fig. 4B). The loop region of
5BSL3.2 is a key determinant of its function (250) via a
long-range RNA-RNA or “kissing” interaction with a com-
plementary sequence in the 3� X region located in 3� SL2
(62). The poly(U/UC) tract lies between 5BSL3.2 and the 3�
X region and could act as a spacer to allow formation of this
interaction. The binding of viral or host replicase compo-
nents to the poly U/UC tract may modulate this interaction.
5BSL3.2 can also function when inserted in the variable
region of the 3� NCR (62, 121, 250).

The core protein coding region has been an area of intense
recent interest, given the existence of a conserved alternative
open reading frame that could encode additional HCV pro-
teins that have been collectively termed alternative reading
frame proteins (ARFP) (8, 23, 29, 220, 221, 227, 238, 239). The
ARFP/C coding sequence also includes several predicted RNA
stem-loop structures (SLV and SLVI) (23, 218, 219, 227). Al-
though serologic and T-cell responses against ARFP have been
detected in HCV patients (214), a comparison of ARFP codon
usage and sequences among HCV genotypes suggests a lack of
evolutionary constraints (35), and its function, if any, remains
unclear. Recently, the ARF/C SLVI RNA element, rather than
ARFP expression, was shown to be important for HCV repli-
cation in cell culture and a chimpanzee infection (148).

RNA REPLICATION MACHINERY

Much research has been directed toward defining the roles
of the viral gene products in the replication process. One of the
most interesting developments in our thinking about HCV
replication has come from biochemical studies using crude
replicase preparations (155, 182), which indicate that only a
tiny fraction of the HCV replicase proteins are directly in-
volved in genome amplification. Another emerging theme is
the existence of oligomeric forms of the replicase proteins.
Such oligomers may be important in regulating the assembly of
a functional RNA replication machine or for modulating host
cell functions to set the stage before RNA replication is initi-
ated. Another interesting observation is the interaction of
HCV replicase proteins with a variety of cellular chaperones
and peptidyl-prolyl-cis-trans-isomerase (PPI)-like proteins.
This might indicate that a majority of HCV proteins represent
misfolded dead-end products, and their interaction with these
host cell foldases reflects limiting factors needed for proper
HCV protein maturation. However, given the relatively low
levels of HCV proteins and the economy of RNA viruses, this
explanation seems unlikely. A more intriguing possibility is
that excess HCV NS proteins are involved in modulating host
cell functions, such as antagonizing intrinsic antiviral pathways.
The following paragraphs detail recent progress on HCV rep-
licase components and highlight several such examples.

NS2 harbors one of two distinct viral proteinase activities
required for HCV polyprotein processing. NS2 is an integral
membrane protein that teams up with the N-terminal third of
NS3 to catalyze a single autocatalytic cleavage that separates
NS2 from NS3 (70). This cleavage is essential for HCV repli-
cation but probably only to liberate the N terminus of NS3,
since subgenomic replicons require only NS3-NS5B to repli-
cate efficiently (134). Lorenz et al. have recently described the
postcleavage structure of the protease domain of NS2 (called
NS2pro), revealing a novel cysteine protease (137). NS2pro is a
dimer, with residues comprising the active-site catalytic triad
provided by both monomers. The chimeric active site, requir-
ing protein dimerization for protease activity, provides a po-
tential mechanism to regulate formation of an active replicase.
Another interesting feature of the NS2 structure is a cis-pro-
line near the active site. A cellular PPI may be needed to
generate this rare conformation, raising questions about the
kinetics of polyprotein translation, NS2 folding, oligomeriza-
tion, and proteolytic cleavage. In this regard, it is worth noting
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that NS5B associates with cyclophilin B, a PPI, and NS5A
associates with FKBP8, a protein with some similarity to cel-
lular PPI enzymes, and both these interactions modulate RNA
replication (165, 234). What impact these interactions may
have, if any, on NS2 is not known. The recent data indicating
that the N-terminal portion of NS2 can affect the efficiency of
infectious virus production (discussed below) (177) represent
another exciting development.

NS3 is a multifunctional protein composed of two domains;
a chymotrypsin-like serine protease resides in its N-terminal
third (independent of the NS2-3 proteinase activity), and an
NTPase/helicase occupies the C-terminal portion. The NS3
serine protease activity is modulated by NS4A (51, 171), which
contributes a � strand to the NS3 serine protease (reviewed in
reference 38) and whose N-terminal hydrophobic helix pro-
vides a membrane anchor for the NS3-4A complex (236).
NS3-4A is perhaps the best characterized of the HCV proteins,
with numerous crystal structures available (28, 101, 102, 138,
241, 243, 244). NS3-4A catalyzes cleavages at the NS3/NS4A,
NS4A/NS4B, NS4B/NS5A, and NS5A/NS5B polyprotein junc-
tions (71, 72). The NS3-4A protease also antagonizes activa-
tion of the RIG-I and the Toll-like receptor 3 (TLR3) intrinsic
cellular antiviral pathways. In both cases, the NS3-4A cleaves
key adapter proteins (reviewed in references 64 and 89). In the
case of RIG-I, NS3-4A cleaves Cardif (also known as MAVS,
IPS-1, and VISA) (151), a mitochondrion-associated mem-
brane protein required for activation of IRF-3 and NF-KB (24,
59, 94, 204). NS3-4A also cleaves the Toll-interleukin-1 recep-
tor domain-containing adapter inducing beta interferon to in-
activate the TLR3 pathway (55). Additional cellular substrates
for NS3-4A have yet to be reported, but it remains possible
that HCV manipulates other cellular cascades in this manner.
The multifaceted roles of NS3-4A in cleaving polyproteins and
antagonizing cellular antiviral responses suggest that NS3-4A
protease inhibitors in development for treatment may function
at multiple levels to control or eliminate HCV infection (123).

The NS3 NTPase/helicase domain is a member of helicase
superfamily 2 (28, 101, 243, 244) that binds to a single-stranded
tail and unwinds double-stranded nucleic acids in a 3�-to-5�
direction (205). Recent biophysical studies demonstrate that
this helicase activity can unpair long (as much as 18-bp) dou-
ble-stranded RNA segments in a step-wise fashion (44, 125,
126, 194). A recent cocrystal structure of the NS3 helicase
complexed with a large nucleic acid substrate suggests the
protein may function as an oligomer, providing yet another
example of an oligomeric HCV replicase protein (143). De-
spite these recent advances in understanding mechanistic de-
tails, it is still unclear what the helicase is doing in HCV
replication. Does it unwind double-stranded RNA replication
intermediates, melt local areas of RNA secondary structure, or
function as a single-strand RNA translocase that displaces
bound proteins? Regardless, the helicase activity of NS3 is
essential for HCV RNA replication in replicons (117) and
productive infection in chimpanzees (110).

NS4B is an integral membrane protein that may contain
multiple transmembrane segments (83). NS4B can be palmi-
toylated, and this modification may facilitate its oligomeriza-
tion (251). Palmitoylation of NS4B is essential for HCV RNA
replication (251). NS4B likely functions as a scaffold for as-
sembly of viral RNA replicase complex. The expression of

NS4B is sufficient to induce the formation of convoluted mem-
brane structures that mimic the membranous web (45, 83) in
replicon cells where RNA replication complexes localize (69).
A nucleotide-binding motif is present in a cytoplasmic loop of
NS4B, and in vitro GTPase activity has been demonstrated
(46). While it is intriguing to speculate that this activity plays a
role in membrane reorganization, this seems unlikely given the
identification of an adaptive mutation that disrupts this motif
(133). NS4B-induced membrane reorganization might also in-
volve an interaction with Rab5, a regulator of membrane fu-
sion, as well as other components of early endosomal compart-
ments (202). Interestingly, NS4B may also modulate the
endoplasmic reticulum (ER) unfolded protein response,
thereby avoiding cell death triggered by HCV-induced ER
overload or membrane alterations (253).

NS5A is a hydrophilic phosphoprotein of unknown function
(208). At least one kinase likely responsible for NS5A phos-
phorylation is casein kinase I� (183, 184) and, as discussed
above, NS5A phosphorylation isoforms and RNA replication
appear to be intimately linked. NS5A has been modeled as a
three-domain protein (209). Recent structural characterization
of NS5A includes an NMR structure for the N-terminal mem-
brane anchor (an amphipathic � helix) and the crystal structure
of the bulk of domain I (175, 210). Domain I coordinates a zinc
atom that is required for RNA replication, possibly by playing
a structural role in the NS5A fold (209). NS5A domain I is
present as a dimer in the crystal structure, with a large basic
groove generated at the dimer interface forming a possible
RNA binding cleft. NS5A does indeed interact with RNA with
a preference for RNAs rich in U and G (81). NS5A domains II
and III are more variable among HCV genotypes and poorly
characterized. A failed attempt at determining an NMR struc-
ture for domain II may indicate significant conformational
flexibility (127). Domain III appears even more plastic, as this
region can tolerate large insertions and deletions without dis-
rupting RNA replication (6, 132, 146, 158). Replicons selected
for partial resistance to ribavirin possess mutations in domain
III (176). NS5A is perhaps best known for its putative inter-
actions with a large constellation of host proteins. These in-
clude, most famously, PKR, and a number of other proteins
involved in signaling, apoptosis, and lipid trafficking. The
reader is directed to an excellent review for a full discussion of
this topic (142). Here, we highlight two recently described
NS5A interaction partners, FBL-2 and KFBP8.

A hallmark of acute HCV infection is the induction of
changes in cellular lipid metabolism (see reference 163 for a
review). Drugs that modify lipid levels can affect HCV repli-
cation (reviewed in references 15, 88, 136, and 203) and infec-
tious virus production (80). Inhibitors of geranylgeranyl trans-
ferase I are potent HCV replication inhibitors, yet no HCV
protein has an acceptor motif for this lipid modification (93,
203, 245). Recently, an interaction of NS5A with the gerany-
lated host F box protein FBL-2 has been shown to be required
for HCV RNA replication (228). FBL-2 is believed to target
certain proteins for degradation, although its specific sub-
strates remain to be identified. It is interesting to speculate that
FBL-2, in conjunction with NS5A, might be responsible for
targeting key components of the host antiviral response ma-
chinery or other pathways for degradation. This finding, in
conjunction with the large number of previously described
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activities of NS5A in manipulating cellular pathways, suggests
that this protein plays a significant role in immune escape and
persistence.

NS5A also interacts with FKBP8, an immunophilin that
shares similarity with the cyclophilin family of PPIs (although
FKBP8 lacks PPI activity) (165). Interestingly, FKBP8 binds to
NS5A as a trimeric complex with the chaperone HSP90 to
modulate HCV RNA replication (165). FKBP8 is the second
PPI or PPI-like protein identified as an interaction partner of
an HCV protein (cyclophilin B has been shown to bind NS5B
[234], as discussed below). The significance of these interac-
tions for HCV protein folding or posttranslational modifica-
tion has yet to be explored.

NS5B, the viral RNA-dependent RNA polymerase is, of
course, essential for HCV replication in vivo and in cell culture
(17, 110, 134). This fact, combined with extensive structural
(see references 39 and 75 for reviews) and biochemical (see
references 37, 75, and 135 for reviews) characterizations have
made NS5B a highly attractive target for development of spe-
cific antivirals. NS5B is a member of the tail-anchored class of
membrane proteins, and the C-terminal anchor sequence of
NS5B is required for membrane localization and replication
but not required for enzymatic activity (157). NS5B forms
oligomers and exhibits cooperativity in enzyme assays (231).
Perhaps the most exciting observation in recent years is the
interaction of NS5B with cyclophilins, a class of PPIs. This
interaction was uncovered when cyclosporine (CsA) was found
to suppress HCV RNA replication in a dose-dependent man-
ner (160, 233). CsA apparently disrupts the interaction of
NS5B with cyclophilin B (234), which is required for efficient
recruitment and replication of HCV RNA. Knockdown of the
expression of cyclophilin B, as well as that of other cyclophilins,
has been shown to significantly suppress HCV replication with
induction of the cellular unfolded protein response, possibly
contributing to suppression of HCV replication (161). Notably,
these studies and a more recent one (170) with a nonimmu-
nosuppressive CsA derivative, DEBI0-025, demonstrated that
CsA immunosuppressive activity can be separated from its
anti-HCV effects, possibly yielding a new class of HCV inhib-
itors with therapeutic potential.

VIRUS ASSEMBLY AND EXIT

The final stages in the HCV life cycle—genome packaging,
virion assembly, and secretion of infectious particles—have
been difficult to study. The development of HCVcc systems has
made this aspect of the life cycle tractable, and this area has
become one of the most exciting areas in HCV research. While
the area is still in its infancy, a number of intriguing observa-
tions have been made regarding determinants of virion pro-
duction and the biophysical properties of infectious particles.

One determinant that affects virus production is the cellular
environment, with higher titers of JFH-1 produced when virus
is grown in Huh-7.5 cells and derived subpopulations than in
Huh-7 cells (128, 254). On the virus side, a surprising obser-
vation was the fact that a chimeric genotype 2a full-length
genome, expressing the core through the NS2 region of the
HCJ6 isolate coupled to the JFH-1 replicase (J6/JFH) outper-
formed the full-length “native” JFH-1 genome (128). The ki-
netics of JFH-1 virus release in culture, with a rise in infectious

particle titers following prolonged culturing of infected cells,
suggested the emergence of an adapted virus (10, 254). This
result could reflect an adaptation to cell culture conditions or
the correction of a replication-impairing defect present in the
original JFH-1 consensus cDNA. Recently, a sequence analysis
of these passaged viruses has identified a mutation, G451R in
E2, that leads to increased infectious virus production while
not affecting RNA replication (255). Further investigation of
how this mutation functions should provide insights into HCV
infectivity.

Another clue to determinants that control infectious HCV
production comes from studies to optimize the polyprotein
breakpoint for chimeric intergenotype HCVcc. Higher titers
were obtained with a fusion junction after the first predicted
transmembrane segment of NS2, suggesting important protein-
protein interactions between the N-terminal portion of NS2
and the structural proteins and the remaining portion of NS2
and the replicase region that influence, most likely, virus as-
sembly (177). The nature of these interactions is unknown, but
these data loosely parallel those seen for the classical flavivi-
ruses and pestiviruses, where NS2A and NS3 or uncleaved
NS2-3, respectively, are important determinants of virion pro-
duction (2, 114).

Recent work has provided yet another interesting clue in
infectious HCV biogenesis. Gastaminza et al. have shown that
HCV virions form within the cell and that production of intra-
cellular infectious virions precedes secretion of infectious virus
(67). Secreted particles differ in buoyant density from intracel-
lular virions (1.03 to 1.16 g/ml for secreted particles versus 1.15
to 1.20 g/ml for intracellular particles), suggesting that virions
go through a maturation process that alters particle density.
Interestingly, the passage of HCVcc in animals produces virus
of lower density than HCVcc produced in cell culture (129).
The specific infectivity of HCVcc samples produced in vivo can
be significantly higher than that obtained for cell culture-pro-
duced HCVcc and, when combined with the lighter density
observed for animal-derived HCVcc, suggests that a low-den-
sity component associates with virions and is important for
infectivity (129). It is intriguing to speculate that maturation
and export of highly infectious virus requires association with
lipids or lipoproteins. This is consistent with recent data where
inhibition of pathways required for very-low-density lipopro-
tein production (apolipoprotein B and microsomal triglyceride
transfer protein) decreased infectious HCV production (80). A
complete compositional analysis of infectious particles from
cell culture and animal systems is eagerly awaited.

The availability of HCVcc systems will catalyze a detailed
analysis of additional requirements in virion assembly in the
coming years. Little is known about the process of nucleocap-
sid assembly, the mechanism of budding, the maturation pro-
cess of virions, or the cellular pathways used for virus egress. In
vitro nucleocapsid assembly systems have been reported, and it
will be interesting to compare the properties of these nucleo-
capsids with those produced using the HCVcc system (105,
115). Another area of intense interest will likely be that of
E1-E2 oligomerization and how it relates to virus budding
(166, 167, 223). Considerable information has been generated
regarding the processing, oligomerization, and maturation of
the HCV structural proteins from surrogate systems, and these
subjects are ripe for reinvestigation with HCVcc. p7 is thought
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to function as an ion channel in either the infection or matu-
ration of HCV virions, and direct tests of these possibilities are
now possible (31, 73, 154, 172, 173, 181).

WHAT’S NEXT?

Despite these recent advances in our understanding of HCV
biology, many questions remain. Identification of the complete
set of cellular factors required for HCV entry is a priority for
understanding viral tropism and developing permissive small-
animal models. While much is known about the viral and
cellular factors involved in RNA replication, our understand-
ing of how these components function as a multiprotein RNA
recognition complex is still in its infancy. How does HCV
genome RNA in polysomes transition to being a substrate for
minus-strand synthesis? What determines the fate of newly
synthesized genome RNA? What are the steps in infectious
virus assembly, where do they occur, and how tight is their
association with liver cell lipid metabolism? Beyond the nuts
and bolts of RNA replication and virus production, what other
virus-host interactions are important for the ability of this virus
to establish and maintain persistent infections? The ability of
HCV to antagonize the TLR3 and RIG-I pathways is remark-
able and revealing, but this is probably only the tip of the
iceberg in terms of interactions that this clever RNA virus uses
to outwit its supposedly sophisticated host.
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