Chapter 4
Hepatitis C Virus Genome Replication

Brett D. Lindenbach and Timothy L. Tellinghuisen

Introduction

Over 170 million people are infected with hepatitis C virus (HCV), a major cause
of acute and chronic liver disease that can lead to cirrhosis and hepatocellular carci-
noma (Alter and Seeff 2000). The success of this virus is largely due to its ability to
cause persistent infections — often lasting for decades — in over 70% of infected indi-
viduals. Thus, HCV infection leads to a dynamic interplay between viral replication,
host antiviral responses, and viral countermeasures to evade those responses. Under-
standing these processes will be crucial for devising effective strategies to combat
this virus and alleviate the human suffering it exacts. In this chapter we review the
current understanding of HCV genome replication, emphasizing the role of viral and
host factors in this process. Where applicable, we will draw comparisons to other
viruses within this volume. Nevertheless, due to space limitations this review is not
meant to be comprehensive, and we apologize in advance to authors whose work
could not be cited.

Overview of the HCV Life Cycle

HCV is an enveloped, positive-strand RNA virus classified within the family
Flaviviridae. The life cycle of HCV (Fig. 4.1) therefore shares overall similarity
to the flaviviruses (Chapter 3) and other positive-strand RNA viruses. Upon infec-
tion of a host cell, HCV particles are taken up by receptor-mediated endocyto-
sis and trafficked to endosomes, where the low pH of this compartment induces
fusion of the viral envelope and bounding endosomal membrane. The nucleocap-
sid is then uncoated to release the viral genome into the cytoplasm (step 1), where
it can be directly translated to produce the viral structural and non-structural (NS)
proteins (step 2). Viral NS proteins and host factors assemble into a cytoplasmic,
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Fig. 4.1 Overview of the HCYV life cycle.

membrane-bound RNA replicase (step 3), which then recruits the HCV genome out
of translation and into replication (step 4). After RNA synthesis, new viral genomes
can be recycled back into translation and replication or packaged by viral structural
proteins into nascent viral particles (step 5).

Until recently, only limited aspects of the HCV life cycle could be studied
because efficient viral culture systems did not exist. Once the viral genome was fully
sequenced, infectious cDNA clones were constructed and shown to initiate replica-
tion upon intrahepatic inoculation into chimpanzees (Kolykhalov et al. 1997; Yanagi
et al. 1997). While these reverse genetic systems were functional in vivo, they were
obviously limited by the ethical and practical issues of primate research and did not
permit viral replication to be studied in cell culture. The first broadly useful system
for studying HCV RNA replication came when Lohmann et al. (1999) engineered
bicistronic “subgenomic” replicons to express the selectable marker gene Neo, and
selected for rare HCV replication events after transfecting this RNA replicon into
the human hepatoma line, Huh-7 (Nakabayashi et al. 1982). Further growth of
Neo-resistant cells selected for mutant replicons with increased RNA replication
(Blight et al. 2000; Lohmann et al. 2001, 2003). Thus, cell culture-adapted repli-
cons allowed the intracellular aspects of the viral life cycle to be studied and pro-
vided much-needed cell-based assays to screen for HCV-specific antivirals. More
recently, Takaji Wakita and other investigators showed that the HCV strain JFH-1
was capable of producing infectious virus in cell culture (Lindenbach et al. 2005;
Wakita et al. 2005; Zhong et al. 2005), and additional HCV cell culture systems
have recently become available (reviewed in (Tellinghuisen et al. 2007)). Thus, the
tools to study the complete life cycle of HCV are now in hand.

HCYV Genomes

The HCV genome is a monopartite, single-stranded RNA, 9.6 kb in length (Choo
et al. 1991). Unlike most cellular mRNAs, the HCV genome lacks a 5’ cap and does
not encode a 3’ polyadenosine tail (Tanaka et al. 1995; Kolykhalov et al. 1996).



4 Hepatitis C Virus Genome Replication 63

5°NCR
W om W 5B513.2  3°NCR

| I |

(/) 3,

HCV open reading frame

r f s

[ R T
VR 3°X
AUG UGA

IVT v

Fig. 4.2 Features of the HCV genome. This map of the HCV genome highlights important sec-
ondary structures within the HCV genomic RNA, as described in the text. The large open reading
frame is indicated as an open bar. Loop regions involved in the kissing interaction between SBSL-
3.2 and 3'X SL2 are indicated by hearts. AUG, start codon; UGA, stop codon; VR, variable region.

Instead, the HCV genome encodes several cis-acting RNA elements (CREs) that
regulate genome translation, RNA replication, and most likely, packaging. Known
CRE:s include sequences and secondary structures within the 5" and 3’ noncoding
regions (NCRs) and the large open reading frame (Fig. 4.2). Unlike the picor-
naviruses (Chapter 1), HCV does not appear to encode a viral genome-linked
protein.

As for all positive-strand RNA viruses, which encode polymerases that lack proof
reading activity, HCV exhibits a high degree of genetic variability. Given the size
of the HCV genome and an estimated mutation rate of ~10~* misincorporations/nt
(Crotty et al. 2001), one can calculate that mutants will quickly accumulate and
predominate in HCV populations of even modest size. It has been estimated that a
chronically infected person makes 10'? virions/day (Perelson et al. 2005). Thus, the
sequence diversity present even within a single person is huge. This swarm of genet-
ically related viruses, with no real “wild-type” master sequence, is often referred to
as a “quasi-species”. On the global scale, with over 10® infected people, the amount
of sequence diversity available to HCV is astronomical. Of course evolutionary fit-
ness varies greatly among these populations. As a result, HCV has evolved into
six metastable genotypes, which differ by more than 30% at the nucleotide level
(Simmonds et al. 2005).

The HCV 5’ NCR is 341 nt in length, well conserved, and highly structured
(Fig. 4.2); it has at least two major functions in the viral life cycle. First, it encodes
an internal ribosome entry site (IRES) that allows for cap-independent translation
of the viral genome, described below. Second, the 5" NCR includes one or more
overlapping CREs necessary for genome replication. While efficient RNA replica-
tion requires nearly the entire 5’ NCR, the minimal 5 replication element is encoded
within the first 120 nt, which includes stem-loops I and II (Friebe et al. 2001; Kim
et al. 2002b). Intriguingly, the liver-specific cellular micro RNA (miRNA)-122 binds
to the unstructured spacer between these stem-loops, and this interaction is required
for an early step in HCV replication (Jopling et al. 2005). Furthermore, by mak-
ing intergenotypic recombinants with reduced rates of positive- and negative-strand
synthesis, Binder and colleagues have confirmed that the 5" NCR (or more likely, its
reverse complement in the negative strand) plays an important role in positive-strand
synthesis (Binder et al. 2007b).
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The 3’ NCR consists of three subdomains: (1) a short (=40 nt) variable
region located immediately downstream of the termination codon; (2) a polyuri-
dine/polypyrimidine (U/UC) tract of variable length; and (3) a highly conserved,
98 nt region termed the 3'X domain (Fig. 4.2) (Tanaka et al. 1995; Kolykhalov
et al. 1996). The poly (U/UC) tract and 3'X domain are required for RNA repli-
cation, while the variable region seems to influence replication efficiency (Yanagi
et al. 1999; Kolykhalov et al. 2000; Friebe and Bartenschlager 2002; Yi and Lemon
2003). The minimal poly (U/UC) tract appears to be between 26 and 52 nt in length
and requires an uninterrupted homopolyuridine tract, suggesting that it is recognized
by a trans-acting factor (Friebe and Bartenschlager 2002; Yi and Lemon 2003; You
and Rice 2007). The 3'X domain consists of a highly stable 3’ terminal stem-loop, 3’
SL1, and two metastable stem-loops, 3’ SL.2 and 3’ SL3 (Tanaka et al. 1996; Blight
and Rice 1997). Again, by using intergenotypic chimeras Binder and colleagues
confirmed that the 3"X domain serves as an important CRE for negative-strand syn-
thesis (Binder et al. 2007b).

Given that the large open reading frame encompasses over 94% of the HCV
genome, it is no surprise that HCV coding region also encodes CREs. Sequences
with dual overlapping functions place tight constraints on codon usage, which can
be used to help identify such internal CREs (reviewed in (Branch et al. 2005)).
As an example, anomalous codon usage was originally thought to reflect a selec-
tive pressure to retain an alternative reading frame within the core gene (reviewed
in (Branch et al. 2005)). Subsequent genetic analysis determined that this alterna-
tive reading frame was dispensable for virus replication, but identified an impor-
tant CRE, stem-loop VI, embedded within the core gene (Fig. 4.2) (McMullan et al.
2007). While this region is not required for RNA replication in the context of subge-
nomic RNA replicons, full-length HCV genomes containing mutations in this struc-
ture are highly attenuated in vitro and in vivo, and selectively recover the wild-type
sequence. Interestingly, one leg of stem-loop VI can base pair with the 5’ NCR, over-
lapping the miRNA-122 binding site, and thereby down-regulate IRES-mediated
translation (Kim et al. 2003).

Embedded within the NS5B gene is another important CRE, 5BSL3.2 (Fig. 4.2)
(Lee et al. 2004; You et al. 2004). A key feature of 5SBSL3.2 is that one of the loop
regions can base pair with the loop region of SL2 in the 3'X region of the genome
(Friebe et al. 2005). Mutations in either loop region destroy HCV RNA replication,
while compensatory mutations restore it (Friebe et al. 2005; You and Rice 2007). It
is not yet known how this long-distance “kissing” interaction regulates HCV RNA
replication, but it is interesting to note that base pairing between the coding region
and both HCV NCRs is functionally important. This may reflect a general strategy
to maintain genome integrity.

In addition to several CREs, the HCV genome exhibits a number of interest-
ing features, such as a low frequency of UA and UU dinucleotides, which may
reflect a selection for viral genomes that are poor substrates for the interferon-
inducible RNase L (Han and Barton 2002). The HCV genome is also predicted
to contain an unusually high rate of internal base pairing, a feature that correlates
with a high rate of persistent infection among positive-strand RNA viruses (Sim-



4 Hepatitis C Virus Genome Replication 65

monds et al. 2004). Thus, these higher-order structures may help to circumvent
innate antiviral defenses.

Translation and Polyprotein Processing

As mentioned, the HCV 5 NCR encodes an IRES that directs cap-independent
translation of the viral genome (recently reviewed in (Fraser and Doudna 2007)).
The minimal HCV IRES is encoded by sequences within stem-loops II through IV
(Fig. 4.2). The central part of this structure, stem-loop III, can directly bind the ribo-
somal 40S subunit, positioning the start codon within the ribosomal P site (Pestova
et al. 1998). Importantly, this interaction appears to bypass the need for canonical
eukaryotic translation initiation factors (eIFs), and functionally resembles the mech-
anism of prokaryotic initiation via the Shine-Delgarno sequence. Structural studies
indicate that stem-loops II and III induce a conformational change in the 40S sub-
unit, allowing the RNA-binding cleft to open (Spahn et al. 2001). Subsequently, the
IRES-40S complex recruits elF3 and the elF2.GTP.Met-tRNA ternary complex,
forming a 48S intermediate complex (Ji et al. 2004; Otto and Puglisi 2004). Inter-
estingly, stem-loop IIIb of the HCV IRES functionally and structurally mimics the
binding of the 5’ cap binding complex elF4F (Siridechadilok et al. 2005). Following
GTP hydrolysis, these initiation factors are released and the ribosomal 60S subunit
is recruited into an IRES-80S complex, which is then capable of initiating protein
synthesis (Ji et al. 2004; Otto and Puglisi 2004).

There has been some debate about how downstream sequences influence HCV
IRES activity, and it now appears that secondary structures are disfavored in the
proximal region of the core gene (Rijnbrand et al. 2001). Although originally con-
troversial (reviewed in (Tellinghuisen et al. 2007)), it is also now clear that the HCV
3’ NCR can enhance HCV IRES-mediated translation in hepatic cells, perhaps by
promoting ribosomal recycling analogous to the function of the polyA tail in cellu-
lar mRNAs (Ito et al. 1998; McCaffrey et al. 2002; Bradrick et al. 2006; Song et al.
2006). In addition, a number of cellular factors have been shown to influence HCV
IRES activity in trans including the La autoantigen, which may assist in recruiting
the 40S ribosomal subunit to the AUG start codon (reviewed in (Lindenbach et al.
2007b)).

Translation of the HCV genome produces a large polyprotein that is co-
translationally and post-translationally cleaved by cellular and viral proteases into
at least ten discrete products (Fig. 4.3). These include signal peptidase cleavage at
the core/El, E1/E2, E2/p7, and p7/NS2 junctions. In addition, the mature form of
core is generated via an intramembrane cleavage of the C-terminal anchor by sig-
nal peptide peptidase. The remaining polyprotein processing steps are catalyzed by
two HCV-encoded proteases. The C-terminal domain of NS2 encodes a cysteine
protease that is responsible for cleaving the NS2/3 junction (Grakoui et al. 1993;
Hijikata et al. 1993). The crystal structure of this domain revealed that it forms an
unusual homodimeric protease with twin composite active sites (Lorenz et al. 2006).
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Fig. 4.3 Features of the HCV proteins. The top illustration indicates the order of the HCV
gene products as they are translated in the polyprotein. Open bullet, signal peptide peptidase cleav-
age; closed bullet, signal peptidase cleavage; open arrowhead, NS2-3 cysteine protease cleavage;
closed arrowhead, NS3-4A serine protease cleavage. The bottom illustration indicates the topol-
ogy of HCV proteins. Where available, atomic coordinates were used to render the illustration to
approximate scale. Since NS2 and NS5A were crystallized as dimers, one monomer of each is
colored gray.

As described below, all downstream cleavages are mediated by the NS3-4A serine
protease.

The core protein and E1 and E2 glycoproteins are structural components of HCV
virions, while p7 and NS2 proteins appear to be involved in virus assembly (Jones
et al. 2007; Steinmann et al. 2007). The remaining NS proteins are responsible for
modulating the intracellular aspects of the HCV life cycle, including RNA repli-
cation. Since the core, E1, E2, p7, and NS2 are dispensable for the replication of
subgenomic replicons (Lohmann et al. 1999), we therefore turn our attention to the
NS proteins involved in RNA replication.

Replicase Components

NS3-4A

NS3 (70 kDa) is a key component of the HCV replicase, encoding an N-terminal
serine protease domain and a C-terminal RNA helicase/nucleoside triphosphatase
(NTPase) domain. The activities of both enzymes are essential for viral replication.
The serine protease domain of NS3 can cleave NS3/4A in cis and then interact with
NS4A, which contributes one B-strand to the chymotrypsin-like fold and activates
the serine protease activity (reviewed in (Penin et al. 2004b)). In turn, NS4 A anchors
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the NS3-4A complex to cellular membranes via an N-terminal membrane anchor.
The NS3-4A serine protease is responsible for cleaving the viral polyprotein at the
NS4A/B, NS4B/5A, and NS5A/5B junctions. In addition, NS3-4A can cleave the
cellular proteins IPS-1 and TRIF, which normally transduce signals to activate gene
expression in response to viral infection (Li et al. 2005a, b; Meylan et al. 2005). By
cleaving these substrates, NS3-4A helps to circumvent cellular antiviral defenses,
as described below.

NS3-4A is a member of the superfamily 2 RNA helicases, which use the energy
from ATP hydrolysis to power double-stranded RNA unwinding. Recent enzymatic
studies have revealed that NS3-4A unwinds 18-bp segments via several discrete 3 bp
steps, each of which uses a spring-loaded mechanism to coordinate ATP hydrolysis
with smaller, 1 bp advances along the substrate (Serebrov and Pyle 2004; Dumont
et al. 2006; Myong et al. 2007). Although the NS3 helicase domain is functional on
its own, full helicase activity requires full-length NS3 and NS4A, which contribute
to substrate binding (Pang et al. 2002; Beran et al. 2007). Furthermore, NS3-4A
helicase appears to function as a dimer or other higher-order multimer (Serebrov
and Pyle 2004; Mackintosh et al. 2006). NS3-4A preferentially binds polyuridine,
which stimulates NTPase activity in vitro (Suzich et al. 1993; Kanai et al. 1995); itis
interesting to speculate that the poly (U/UC) may perform a similar function in vivo,
targeting NS3-4A helicase activity to the 3’ NCR. Despite these details, the precise
function of the NS3-4A helicase during viral replication remains unknown. One
important clue is that the NS3-4A helicase is genetically linked to NS5A, NS5B,
and the 5" NCR for efficient positive-strand synthesis (Binder et al. 2007b). Thus,
perhaps the HCV helicase is responsible for fraying the double-stranded product of
negative-strand synthesis, revealing a CRE that directs positive-strand synthesis.

At 54-aa, NS4A (8 kDa) is the smallest NS protein. As mentioned, NS4A serves
to anchor the NS3-4A complex to cellular membranes, contributes to the folding of
the serine protease, and stimulates RNA helicase activity. In addition, NS4A plays
an important albeit unclear role in NS5A hyperphosphorylation (described below)
(Kaneko et al. 1994; Koch and Bartenschlager 1999; Lindenbach et al. 2007a).
Mutagenesis of the C-terminal acidic region in NS4A revealed that the efficiency
of RNA replication correlates with NS4A’s ability to mediate NS5SA phosphoryla-
tion (Lindenbach et al. 2007a). Some of these NS4A-mediated replication defects
were suppressed by second-site changes in NS3, indicating additional functional
interactions between these two proteins.

NS4B

NS4B is a small (27 kDa) hydrophobic integral membrane protein that co-
translationally associates with ER membranes via an internal signal sequence and at
least four central transmembrane spanning helices (Hiigle et al. 2001; Lundin et al.
2003; Elazar et al. 2004). Despite the relative hydrophobicity of the protein, the bulk
of NS4B appears to be on the cytoplasmic face of the ER membrane, particularly
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regions at the N- and C-termini, although the topology of the N-terminus remains an
area of debate, and may involve other HCV non-structural proteins, such as NS5A
(Lundin et al. 2003; Elazar et al. 2004; Lundin et al. 2006). NS4B may also be
palmitoylated, which can apparently facilitate its oligomerization (Yu et al. 2006).
For some HCV strains, the central cytoplasmic loop of NS4B apparently encodes
a nucleotide-binding motif and an in vitro GTPase activity has been demonstrated
for this protein (Einav et al. 2004). However the relevance of these observations
remains unclear, as at least one cell culture-adaptive mutation disrupts this motif yet
leads to increased RNA replication (Bartenschlager et al. 2004).

Several studies have implicated NS4B in RNA replication. A number
of cell culture-adaptive mutations have been mapped to NS4B (reviewed in
(Bartenschlager et al. 2004)), and allelic variation within NS4B correlates with RNA
replication efficiency (Blight 2007). One specific role for NS4B may be to serve as
a scaffold for viral replicase assembly. Overexpression of NS4B induces the rear-
rangement of cellular membranes into structures that resemble the sites of RNA
replication (Egger et al. 2002; Gosert et al. 2003) and can trigger ER stress leading
to an unfolded protein response (Zheng et al. 2005). NS4B has recently been shown
to interact with Rab3, a regulator of membrane fusion, as well as other components
of the early endosomal compartment (Stone et al. 2007). NS4B also appears to reg-
ulate the activity of sterol regulatory element binding proteins (SREBPs), major
regulators of lipid metabolism, perhaps for the purpose of membrane synthesis and
reorganization (Lundin et al. 2006).

NS5A

NS5A is a large (56-58 kDa), hydrophilic, RNA-binding phosphoprotein of
unknown function. Yet recent biochemical and genetic experiments have provided
new insights into this enigmatic protein. NS5A is peripherally anchored to intra-
cellular membranes via an N-terminal amphipathic helix (Brass et al. 2002; Penin
et al. 2004a; Sapay et al. 2006; Brass et al. 2007). Deletion or alteration of this helix
leads to a diffuse cytoplasmic localization of NS5A and is lethal for RNA replica-
tion (Elazar et al. 2003; Penin et al. 2004a). Furthermore, other amphipathic viral
membrane anchors cannot substitute for the NS5A membrane anchor, suggesting
that this region likely interacts with other HCV replicase components (Lee et al.
2006; Teterina et al. 20006).

Limited proteolysis of purified NS5A suggests that the remainder of NS5A
folds into three domains separated by two flexible, low complexity sequence blocks
(Tellinghuisen et al. 2004). Domain I contains four conserved cysteines that coor-
dinate a single zinc atom (Tellinghuisen et al. 2004). These residues are essential
for RNA replication, presumably via their structural role in metal ion coordination.
The structure of domain I has been determined by X-ray crystallography, revealing
a novel protein fold for NS5A (Tellinghuisen et al. 2005). One obvious feature of
domain I is a large, basic groove formed by the interface of monomers in the dimeric
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NS5A structure. It is tempting to speculate that this groove might represent the site
of RNA binding to NS5A, although this remains to be experimentally determined
(Huang et al. 2005; Tellinghuisen et al. 2005). Domain I also contains a large, con-
served region on its surface that includes residues involved in NS5B binding and
inhibiting polymerase activity (Shirota et al. 2002). NS5A domains II and III are
poorly conserved and not well characterized. Domain II appears to contain some
alpha helical content but attempts at determining the structure of this domain indi-
cate that it may be natively unfolded (Liang et al. 2006, 2007). Domain III appears
even more plastic than domain II, as this region can tolerate large deletions and
insertions without disrupting RNA replication (Moradpour et al. 2004b; Appel et al.
2005b; Liu et al. 2006; McCormick et al. 2006).

NS5A clearly has an important role in HCV RNA replication. First, a number
of cell culture-adaptive mutations that greatly enhance RNA replication have been
mapped to NS5A (Blight et al. 2000; Lohmann et al. 2001). Conversely, RNA repli-
cation is ablated by a number of mutations in NS5A (Elazar et al. 2003; Penin et al.
2004a; Tellinghuisen et al. 2004; Appel et al. 2005b). Furthermore, NS5A colocal-
izes with other replicase components at the site of active RNA synthesis (Moradpour
et al. 2004b). NS5A is the only HCV NS protein that can be complemented in trans,
suggesting that this protein may be a dynamic component of the replicase that can
enter and exit the replicase throughout the HCV life cycle (Appel et al. 2005a; Tong
and Malcolm 2006).

One of the most striking aspects of NS5A is the correlation between NS5A phos-
phorylation and RNA replication. NS5A exists in basally phosphorylated (56 kDa)
and hyperphosphorylated (58 kDa) forms, based on their mobility in SDS-PAGE
(Kaneko et al. 1994; Tanji et al. 1995). Soon after cell culture-adaptive mutations
were discovered, it was apparent that NS5A mutations that dramatically increase
RNA replication also tend to decrease NS5A hyperphosphorylation, suggesting that
these phosphorylation events may regulate the level of replication (Blight et al.
2000). The relevant basal and hyperphosphorylation acceptor sites have not been
fully defined, but the predominant sites of phosphorylation are likely to be serine
residues (Tanji et al. 1995; Reed et al. 1997; Reed and Rice 1999; Katze et al.
2000; Appel et al. 2005b). Nonetheless, accumulating evidence suggests that basal
phosphorylation primarily targets residues in domains II and III, whereas hyper-
phosphorylation sites cluster in domain I and the low complexity linker between
domains I and II. Residues implicated in basal phosphorylation are not required
for RNA replication (Appel et al. 2005b). Hyperphosphorylation of NS5A requires
the expression of NS3, NS4A, NS4B, and NS5A in cis (Koch and Bartenschlager
1999; Neddermann et al. 1999). While the mechanisms linking NS5A hyperphos-
phorylation and RNA replication remain to be determined, one important clue is that
the NS5A phosphoforms differentially interact with hVAP-A, a SNARE-like vesi-
cle sorting protein that has been implicated in HCV replication (Evans et al. 2004;
Randall et al. 2007).

Perhaps the most compelling data in the area of NS5A phosphorylation and repli-
cation comes from the study of NS5A kinases. One large-scale compound library
screen for small molecules that decrease the hyperphosphorylation of NS5A turned
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up molecules that allow RNA replication to proceed efficiently even in the absence
of adaptive mutations (Neddermann et al. 2004). Some of these compounds likely
block casein kinase 1a (CKla), and genetic silencing of CKlIa produces results sim-
ilar to treatment of cells with these inhibitors (Quintavalle et al. 2006). Phosphoryla-
tion of NS5A by CKla requires prior phosphorylation of nearby residues in NS5A,
presumably by one or more additional kinases, indicating that NS5A phosphoryla-
tion is likely to be a cascade of events (Quintavalle et al. 2007). Indeed, a number
of other potential NS5A kinases have been identified, including AKT, casein kinase
IL, p70s6K, MEK, and MKKI1 (see (Huang et al. 2007) for a recent review). Perhaps
the best-characterized potential NS5A kinase activity, after that of CKlo, is casein
kinase II (CKII). A number of biochemical experiments have implicated CKII, or a
related CMGC kinase family member, as a kinase that phosphorylates multiple sites
in NS5A domain III (Reed et al. 1997; Kim et al. 1999; Huang et al. 2004). Despite
progress in identifying NS5A kinases, more work is needed to understand the net-
work of NS5A phosphorylation events and their role in regulating HCV genome
replication.

NS5A has been reported to interact with a large constellation of host proteins
involved in innate immunity, signaling, apoptosis, and lipid trafficking (Macdonald
and Harris 2004). Many of these interactions, although interesting, have no demon-
strated effect on HCV biology. For instance, a recent siRNA screen targeting a
number of published NS5A-interaction partners confirmed only a few essential
interactions (Randall et al. 2007). Nevertheless, some NS5A-interacting host factors
do have an essential role in HCV genome replication. Three recent examples include
FBL-2, FKBP8, and TBC120. The interaction of NS5A with the geranylgeranylated
F-box protein FBL-2 is required for replication of a genotype 1b replicon, and small
molecule inhibitors of geranylgeranylation or siRNA silencing of FBL-2 inhibit(s)
this replicon (Wang et al. 2005). FBL-2, like other F-box proteins, is believed to tar-
get proteins for degradation, although its specific substrates remain to be identified.
NS5A also interacts with FKBP8, an immunophilin that shares similarity with the
cyclophilin family of peptidyl-prolyl cis—trans isomerases (PPIs), although FKBP8
appears to lack PPI activity (Okamoto et al. 2006). Interestingly, FKBPS8 binds to
NS5A as a trimeric complex with the chaperone HSP90 to modulate HCV RNA
replication. The significance of these interactions for HCV protein folding or post-
translational modification is not understood. TBC120 is an NS5A-binding host pro-
tein that is essential for HCV RNA replication (Sklan et al. 2007a, b). This protein
appears to be similar to the Rab GTPase-activating proteins, and like VAP-A, may
play a role in membrane trafficking and reorganization during the HCV life cycle.

NS5B

NS5B (68 kDa) is a central component of the HCV replicase, the RNA-dependent
RNA polymerase (RdRp) that synthesizes all viral RNAs. NS5B was initially pre-
dicted to function as an RNA polymerase based on the presence of the conserved
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GDD motif common to the active site of other polymerases (Choo et al. 1989).
Mutation of this GDD motif abolishes infectivity of HCV transcripts in chimpanzees
and blocks RNA replication in cell culture (Lohmann et al. 1999; Kolykhalov et al.
2000). NS5B is a hydrophilic protein that associates with ER-derived membranes
via a C-terminal hydrophobic tail-anchor that can post-translationally insert into
membranes (Schmidt-Mende et al. 2001; Ivashkina et al. 2002). The NS5B tail-
anchor is required for HCV RNA replication, and its removal leads to nuclear local-
ization of NS5B (Moradpour et al. 2004a), although it can be functionally replaced
by a similar tail-anchor sequence from a poliovirus protein (Lee et al. 2006). Nev-
ertheless, removal of this sequence allows the expression and purification of soluble
NS5B that retains polymerase activity, which has allowed extensive structural and
enzymatic analyses on NS5B (Lohmann et al. 1997; Ferrari et al. 1999).

A number of crystal structures of the soluble, tail-anchor deleted form of NS5B
have been generated (Ago et al. 1999; Bressanelli et al. 1999; Lesburg et al. 1999;
Bressanelli et al. 2002; O'Farrell et al. 2003). These structures have been reviewed
elsewhere in great detail (De Francesco et al. 2003). The overall fold of NS5B is
similar to that of other single chain polymerases, with a classic right-hand topol-
ogy containing distinct palm, finger, and thumb domains. Like other polymerases,
the palm domain of NS5B contains the residues responsible for catalysis, nucleotide
binding, and RNA template coordination. Unlike other polymerases, extensive inter-
actions exist between the finger and thumb domains in NS5B, resulting in a fully
enclosed, preformed active site capable of binding nucleotides without further con-
formational changes. It is thought that this closed form of NS5B may represent the
structure of the polymerase during strand initiation, and that further conformational
changes are required for elongation. More recent structural efforts have captured
an open form of the polymerase in which thumb domain movements disrupt con-
tact with the finger domain, which may represent a processive form of the poly-
merase (Biswal et al. 2005). Another unique feature of the NS5B polymerase is the
presence of a B-hairpin loop near the active site, which may position the 3’-end of
the template in the proper orientation relative to the active site (Hong et al. 2001;
O'Farrell et al. 2003; Ranjith-Kumar et al. 2003; Kim et al. 2005). Once the tem-
plate is properly positioned, the B-hairpin may be displaced from the active site to
allow the large double-stranded RNA product to exit the active site region. Another
unusual feature of NS5B is the presence of a GTP-binding allosteric regulatory site
in the thumb domain (Bressanelli et al. 2002). A structure of NS5B complexed with
non-nucleoside inhibitors suggests the importance of the region of the thumb sub-
domain near this allosteric site in conformational changes required for the transition
of NS5B from the initiation state to an elongation state (O'Farrell et al. 2003). The
residues comprising the GTP-binding site are not required for the in vitro poly-
merase activity of NS5B but are essential for RNA replication in the replicon sys-
tem (Ranjith-Kumar et al. 2003; Cai et al. 2005). Another unusual regulatory feature
observed in the structure of NS5B is a long C-terminal loop that encircles the thumb
domain and inserts in the region of the active site (Lévéque et al. 2003). This loop
decreases the RNA-binding and polymerase activities of NS5B in vitro (Lévéque
et al. 2003; Ranjith-Kumar et al. 2003). It is clear NS5B possesses many features
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that regulate its activity, what remains to be understood is how these features func-
tion dynamically in the context of replication.

The enzymatic activity of NS5B has been extensively studied (see (Lohmann
et al. 2000) for review). Although NS5B is capable of extending annealed RNA and
DNA primers or self-primed “copy back” templates (Behrens et al. 1996; Lohmann
et al. 1997; Al et al. 1998; Yamashita et al. 1998), NS5B most likely uses primer-
independent “de novo” initiation during authentic RNA replication (Luo et al. 2000;
Zhong et al. 2000). A crystal structure of NS5B with bound nucleotides strongly
supports this model, as this structure is similar to the de novo initiation complex of
the bacteriophage phi 6 polymerase (Bressanelli et al. 2002). Furthermore, the afore-
mentioned B-hairpin and C-terminal regulatory loop likely favor de novo initiation
over copy back and primer extension activities by excluding double-stranded tem-
plates (Cheney et al. 2002; Lévéque et al. 2003; Ranjith-Kumar et al. 2003). NS5B
prefers to initiate with a purine residue templated by a free 3’-end, but surprisingly,
initiation can also occur on circular RNA templates, indicating that a free 3’-end is
not absolutely required for de novo initiation (Kao et al. 2000; Ranjith-Kumar and
Kao 2006). Early work with NS5B indicated that it is also capable of adding non-
templated residues to the 3’-end of templates via a terminal transferase-like activity
(Behrens et al. 1996; Ranjith-Kumar et al. 2001; Shim et al. 2002). These find-
ings are controversial, as disparity exists in observing this activity among different
research groups, and it has been suggested that terminal transferase activity may be
a copurifying enzyme from the expression host (Lohmann et al. 1997; Yamashita
et al. 1998; Oh et al. 1999; Kashiwagi et al. 2002). Nevertheless, one group reported
that NS5B terminal transferase activity is dependent on active site residues within
NS5B (Ranjith-Kumar et al. 2001).

In addition to the complexities of regulation that became apparent from NS5B
structures, additional levels of regulation of NS5B exist. NS5B forms oligomers
and exhibits cooperativity in RNA synthesis (Wang et al. 2002), suggesting that
polymerase activity is regulated by homotypic intermolecular interactions. Similar
findings have been made for the poliovirus RARP (Chapter 1). In addition NS5B
polymerase activity is modulated by a number of HCV replicase proteins, includ-
ing NS3, a positive stimulator, and NS4A and NSS5A, both negative regulators
(Piccininni et al. 2002; Shirota et al. 2002). Clearly, the activity of NS5B in the
viral replicase might be quite different from that observed in vitro using purified
NS5B. Additionally, a number of host cell proteins have been shown to interact
with and modify the activity of NS5B. NS5B can be phosphorylated by the cellu-
lar kinase PRK?2, and this modification increases HCV RNA replication (Kim et al.
2004). In addition, NS5B, like NS5A, interacts with vesicle sorting proteins like
hVAP-A and B. The interaction of NS5B with hVAP-B appears to increase poly-
merase stability, and therefore RNA replication (Tu et al. 1999; Gao et al. 2004).
Perhaps the most exciting observation in this area in recent years is the interaction
of NS5B with cyclophilins, another class of PPIs. This interaction was uncovered
when cyclosporin A (CsA) was found to suppress HCV RNA replication in a dose-
dependent manner (Watashi et al. 2003; Nakagawa et al. 2004). It was later found
that CsA disrupts the interaction of NS5B with cyclophilin B, which is required for
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efficient recruitment and replication of HCV RNA (Watashi et al. 2005). HCV repli-
cation is reduced by knockdown of cyclophilin B, or by the non-immunosuppressive
CsA derivative, DEBI0-025 (Nakagawa et al. 2005; Paeshuyse et al. 2006). Thus,
the immunosuppressive activity of CsA is not required for inhibition of replication.
A number of HCV mutants resistant to CsA have been selected, and mapping stud-
ies suggest both NS5B and NS5A may play a role in the inhibitory activities of CsA
(Fernandes et al. 2007; Robida et al. 2007). CsA is not likely to become a widely
used HCV antiviral in the immediate future as this drug is only highly effective in
inhibiting genotype 1b replicons (Ishii et al. 2006).

Membrane Alterations

Like all positive-strand RNA viruses, HCV genome replication is membrane asso-
ciated. HCV replication occurs within a dense cluster of perinuclear vesicles often
referred to as the “membranous web” (Fig. 4.4A) (Egger et al. 2002). The source of
these membranes is likely to be the ER or a closely related compartment (reviewed
in (Bartenschlager et al. 2004)) and can be induced by expressing NS4B (Egger
et al. 2002). The membranous web has been positively identified as the site of HCV
synthesis RNA through metabolic labeling of nascent RNAs and colocalization of
viral replicase components (Gosert et al. 2003; Moradpour et al. 2004b). Biochem-
ical analysis of membrane fractions from HCV replicon-bearing cells indicate that
RdRP activity is protected from nuclease and protease digestion within a detergent-
sensitive compartment (Miyanari et al. 2003; Aizaki et al. 2004; Yang et al. 2004;
Quinkert et al. 2005). Thus, it is thought that HCV replication occurs within these
vesicles (Fig. 4.4B). This model is in agreement with studies on numerous other
positive-strand RNA viruses. Recent biophysical studies on the Flock House virus

NS3-5B cytoplasm

Fig. 4.4 Membrane interactions of HCV. A. An illustration of HCV-induced membrane rear-
rangements, as interpreted by the authors from an electron micrograph published by Gosert
et al. (2003). N, nucleus; ER, endoplasmic reticulum; MW, membranous web; M, mitochondrion.
B. A model for the HCV replicase within a spherule.



74 B.D. Lindenbach and T.L. Tellinghuisen

replicase indicated that these “spherules” are invaginations lined with viral repli-
case proteins, contain a single negative-strand intermediate and only a few positive
strands, and retain communication with the cytosol via a thin neck (Kopek et al.
2007). It has been further suggested that these structures bear structural and func-
tional homology to incompletely budded retrovirus particles or icosahedral, double-
stranded RNA virus particles (Schwartz et al. 2002).

HCYV replication induces genes involved in lipid metabolism, including ATP cit-
rate lyase and acetyl-CoA synthetase (Su et al. 2002; Kapadia and Chisari 2005).
Thus, membrane proliferation is likely to be required for membranous web for-
mation and replicase assembly. Indeed, HCV replication is stimulated by saturated
and monounsaturated fatty acids and inhibited by polyunsaturated fatty acids or
inhibitors of lipid synthesis (Kapadia and Chisari 2005). The role of cholesterol in
this process remains obscured by the fact that for genotype 1b replicons, RNA repli-
cation is dependent on the mevalonate biosynthetic pathway, most likely for the
geranylgeranylation of the NS5A-interacting protein FBL2 (Ye et al. 2003; Kapadia
and Chisari 2005; Wang et al. 2005). Nevertheless, extraction of cellular choles-
terol with methyl-B-cyclodextrin — a crude method to be sure — had only a mod-
est effect on HCV genome replication (Aizaki et al. 2004; Kapadia et al. 2007).
Thus, the role of cholesterol in HCV replicase function remains unclear, and it
would be interesting to reassess this in the context of a replicon that is not reliant
on FBL2.

Mechanisms of RNA Replication

As for all positive-strand viruses, the flow of genetic information is relatively
straightforward: the positive-strand genomic RNA is used to make a negative-strand
RNA intermediate, which then serves as a template for synthesizing new positive
strands (Fig. 4.5). However this model is deceptively simple, as there are multi-
ple levels of regulation controlling this process, and the mechanisms of HCV RNA
replication are only beginning to be understood. The complexity of intracellular
events associated with HCV infection is staggering, with the viral genome serving
as an mRNA for translation of viral proteins, as a template for RNA replication,
and as carrier of genetic information within progeny virions. Clearly, the trafficking
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of viral RNA between these processes must be regulated to avoid conflicts. For
instance, it seems unlikely that the viral genome can be simultaneously used as a
substrate for translation, with ribosomes moving down the genome in the 5’ to 3
direction, and as a template for negative-strand synthesis, with the viral replicase
copying the RNA in the 3’ to 5" direction. Thus, it is clear that all of the steps in the
viral life cycle are highly coordinated.

By simple and elegant methods of quantitation, Quinkert et al. (2005) determined
that each HCV replicon-bearing cell contains about 1,000 positive-strand RNAs,
100 negative strands, and about 1,000,000 copies of each viral protein. Thus, the
viral genome serves as a template for translation far more often than as a tem-
plate for RNA replication. An excess of viral structural proteins makes sense, as
the formation of nascent virus particles will likely require at least 180 copies of
each structural protein for each positive-strand RNA that is packaged (assuming
a T=3 particle). Given that they are derived from a single polyprotein precursor,
HCV NS proteins must be generated in a roughly equimolar amount as the viral
structural proteins. The function of excess NS proteins is not yet clear, as only a
small fraction of them are sequestered within the membrane-bound replicase at any
given time (Miyanari et al. 2003; Quinkert et al. 2005). As described below, there
is increasing evidence that some of the HCV NS proteins have gained additional,
non-replicative activities such as to manipulate the innate antiviral response and
cell-signaling pathways.

As alluded to earlier, the HCV genome must be recruited out of translation
and into a membrane-bound replicase. The signals controlling this transition are
not yet fully understood, although a number of important clues have recently
emerged. Based on what is known about the picornaviruses (Chapter 1), this
switch likely involves the 5 and 3’ NCRs, which function in both translation
and replication. As mentioned previously, HCV RNA replication requires miR-
122 binding to the 5 NCR (Jopling et al. 2005). This is particularly interesting
given that (1) miRNAs can reduce translation of cellular mRNAs by seques-
tering them within specialized cytoplasmic processing “P” bodies (reviewed in
(Parker and Sheth 2007)); and (2) P-bodies appear to recruit the genome of
brome mosaic virus, another positive-strand RNA virus (Chapter 5), out of trans-
lation and into replication (Beckham et al. 2007). Thus, it is tempting to spec-
ulate that the binding of miRNA-122 to the HCV genome may regulate the
switch from genome translation to RNA replication. In line with this model,
cellular mRNAs targeted by miRNA-122 are translationally silenced and tar-
geted to P-bodies; this silencing is derepressed by the cellular protein HuR
(Bhattacharyya et al. 2006). Interestingly, HuR binds to the positive- and negative-
stranded forms of the HCV genome, and is required for the replication cycle
of HCV (Spangberg et al. 2000; Randall et al. 2007). It will be interesting
indeed to see whether miRNA-122 and HuR are relevant to the utilization of
HCV genomes in translation vs. replication. Another seemingly important clue
is that the polypyrimidine tract binding protein (PTB) binds to both the 5 NCR
and core-coding region of the HCV RNA, where it modulates translation from
the viral IRES, and to the 3’ NCR where it may suppress RNA replication
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(Tsuchihara et al. 1997; Ito and Lai 1999; Anwar et al. 2000; Tischendorf et al.
2004). In addition, it is interesting to note that the polycytidine-binding pro-
tein 2 (PCBP-2) binds to the HCV 5 NCR (Spangberg and Schwartz 1999;
Fukushi et al. 2001); during poliovirus replication, this protein interacts with the
viral 5 NCR and RdRP to control the switch between translation and replication
(Chapter 1).

Once HCV RNA has been recruited into the replicase, RNA synthesis presum-
ably begins (Fig. 4.5). Aside from what has been learned regarding strand initiation
and elongation with purified NS5B polymerase in vitro, little is known about this
process. Membrane extracts from HCV replicon-bearing cells have been used to
study replicase-associated RARP activity, but these reactions only appear to involve
strand elongation and not initiation on new templates (Ali et al. 2002; Hardy et al.
2003; Lai et al. 2003; Aizaki et al. 2004; Yang et al. 2004; Quinkert et al. 2005).
Since all of the viral genetic material must be copied during each replication cycle,
it is thought that negative-strand synthesis must begin via a primer-independent de
novo initiation event. As mentioned earlier, the 3’-end of the HCV genome is folded
in a stable stem-loop structure. When the authentic 3’-end of the HCV genome is
used as a template for de novo initiation in an in vitro reaction, only internal ini-
tiation products (i.e., 5" truncated negative strands) are generated (Kao et al. 2000;
Oh et al. 2000; Sun et al. 2000; Kim et al. 2002a). However the addition of a few
unpaired nts to the 3’-end allows template-length negative strands to be synthesized
(Oh et al. 2000). Thus, perhaps NS3-4A RNA helicase is needed to unwind the
3’X SL1 to allow authentic initiation. Alternatively, it has been suggested that the
NS5B terminal transferase activity provides these unpaired 3’-ends (Ranjith-Kumar
et al. 2001). It remains unclear how these extensions would be subsequently
resolved.

Once the negative-strand RNA is synthesized it remains associated with the
positive-strand RNA, either in partially double-stranded replicative intermediates
(RI) or fully double-stranded replicate forms (RF) (Fig. 4.5) (Ali et al. 2002). The
negative-strand RNA then serves as a template to direct the synthesis of multiple
positive strands, leading to asymmetry in RNA synthesis, with approximately ten
positive strands generated for each minus strand (Lanford et al. 1995; Lohmann
et al. 1999; Miyanari et al. 2003; Aizaki et al. 2004; Ranjith-Kumar et al. 2004).
How this asymmetry is regulated remains unknown, but likely involves CREs,
the composition of the viral replicase, or the differential processivity of the repli-
case on different templates. Recent studies with chimeric replicons have suggested
that genotype-specific contacts required for efficient negative-strand synthesis are
made between the 3'X tail and the NS5B polymerase, whereas genotype-specific
positive-strand synthesis likely utilizes a CRE on the 3’-end of the negative-strand
RNA (i.e., the reverse complement of the 5 NCR) and requires NS3, NS5A, and
NS5B (Binder et al. 2007b). These data provide the first evidence of differen-
tial requirements of replicase proteins for replication at the 5'- and 3’-end of the
genome, and as such, may be important clues for the regulation of strand synthesis
asymmetry.



4 Hepatitis C Virus Genome Replication 77
Cellular Response to Infection

As with all viruses that are capable of establishing persistent infections, HCV must
face the innate antiviral response of the host cell. It is thought that cells recognize
and respond to the unusual features of viral genomes, such as double-stranded RNAs
or RNAs lacking a 5'-methylated cap (Hornung et al. 2006: Pichlmair, 2006 #1699).
Identifying how HCV manages to deal with this response has been an area of intense
investigation for many years.

Much of the early work in this area was focused on the NS5A protein and its
role in interferon resistance via interaction with PKR, a double-stranded RNA sen-
sor (see (Tan and Katze 2001) for review). A region in NS5A, termed the interferon
sensitivity-determining region (ISDR), was found to possess a high mutation rate in
clinical samples, which weakly correlated with sensitivity to IFN therapy (Enomoto
et al. 1995, 1996). Furthermore, the NS5A ISDR was shown to bind PKR and
inhibit the [FN-induced activity of PKR on downstream targets, most notably elF2a,
thereby counteracting the antiviral effects of PKR (Gale et al. 1997, 1998a, b). Yet
the significance of the ISDR is an area of debate, with some groups showing no
relationship between ISDR and IFN response in patients (Pawlotsky 1999). Further-
more, deletion or mutation of the ISDR does not affect the IFN sensitivity of HCV
replicons, suggesting this sequence does not play a direct role in IFN response in
cell culture (Blight et al. 2000; Liu et al. 2006). In addition, NS5A has been shown
to induce interleukin-8, which antagonizes the antiviral effects of IFN (Polyak et al.
2001). Although none of these reported NS5A activities seem to be the major mech-
anism by which HCV escapes antiviral defenses, it is possible that they act synergis-
tically in the context of an authentic infection and modulate IFN sensitivity. Indeed,
the ability of NS5A to manipulate many host-signaling pathways and interact with
a diverse range of host-signaling molecules, few of which have a dramatic effect on
virus replication, may collectively represent clues toward the overall manipulation
of the host cell by HCV (see (Macdonald and Harris 2004) for review).

More recently the focus has shifted to the role of the NS3-4A complex in cir-
cumventing innate antiviral defenses. NS3-4A antagonizes at least two key innate
antiviral defenses by short-circuiting the transduction of the viral RNA-sensing sig-
nals of the retinoic acid inducible gene-I (RIG-I) helicase and the Toll-like receptor-
3 (TLR3) systems (see (Johnson and Gale 2006) for review). In the manipulation of
both pathways, the NS3-4A protease cleaves key adapter proteins that are required
for effective signal transduction to IRF-3 and NF-«B, important transcription fac-
tors for the innate immune response. NS3-4A manipulates the TLR3 pathway by
cleaving an adapter molecule, TRIF, required for the activation of IRF-3 and NF-«B
in response to extracellular forms of double-stranded RNA (Ferreon et al. 2005;
Li et al. 2005a). In the case of the RIG-I pathway, the NS3-4A protease cleaves a
CARD domain-containing adapter protein designated IPS-1 (also known as Cardif,
MAVS, and VISA) (Li et al. 2005b; Meylan et al. 2005). IPS-1 is an outer mito-
chondrial protein responsible for transducing signals from both RIG-I and another
viral RNA-sensing helicase, MDAS, to IRF-3 and NF-«B. Cleavage of IPS-1 blocks
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the induction of gene transcription in response to cytoplasmic RNAs, allowing the
virus to escape from this potent antiviral pathway (Breiman et al. 2005; Foy et al.
2005; Karayiannis 2005). Further evidence that RIG-I limits HCV replication is the
observation that the Huh-7.5 hepatoma cell line, a clone of Huh-7 cells that is highly
permissive for HCV RNA replication, expresses a dominant negative form of RIG-I
(Sumpter et al. 2005). Nevertheless, the relative importance of the RIG-I pathway in
mediating Huh-7.5 permissiveness has been questioned by at least one other group
(Binder et al. 2007a), so it seems likely that the picture is not yet complete.
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