Hepatitis C Virus RNA Replication

Volker Lohmann

Abstract Genome replication is a crucial step in the life cycle of any virus. HCV
is a positive strand RNA virus and requires a set of nonstructural proteins (NS3,
4A, 4B, 5A, and 5B) as well as cis-acting replication elements at the genome
termini for amplification of the viral RNA. All nonstructural proteins are tightly
associated with membranes derived from the endoplasmic reticulum and induce
vesicular membrane alterations designated the membranous web, harboring the
viral replication sites. The viral RNA-dependent RNA polymerase NS5B is the
key enzyme of RNA synthesis. Structural, biochemical, and reverse genetic studies
have revealed important insights into the mode of action of NS5B and the mecha-
nism governing RNA replication. Although a comprehensive understanding of the
regulation of RNA synthesis is still missing, a number of important viral and host
determinants have been defined. This chapter summarizes our current knowledge
on the role of viral and host cell proteins as well as cis-acting replication elements
involved in the biogenesis of the membranous web and in viral RNA synthesis.
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1 Introduction

Hepatitis C virus (HCV) is an enveloped positive-strand RNA virus belonging to
the genus Hepacivirus in the family Flaviviridae (van Regenmortel et al. 2000).
The genome of HCV encompasses a single ~9,600 nts long RNA molecule con-
taining one large open reading frame (ORF) that is flanked by nontranslated
regions (NTRs), important for viral RNA translation, and replication. The 5’NTR
contains an internal ribosome entry site (IRES), enabling viral RNA translation in
the absence of a cap structure. HCV proteins generated from the polyprotein pre-
cursor are cleaved by cellular and viral proteases into at least 10 different prod-
ucts (for further details see chapter “Hepatitis C Virus Proteins: From Structure
to Function”, this volume): core, envelope glycoproteins E1 and E2, p7, and the
nonstructural proteins (NS) NS2, NS3, NS4A, NS4B, NS5A, and NS5B. Core to
NS2 is primarily involved in the formation of infectious virus (see chapter “Virion
Assembly and Release”, this volume), whereas the nonstructural proteins NS3 to
NS5B are primarily involved in viral RNA replication, forming the viral replica-
tion complex (Bartenschlager et al. 2010), which will be the focus of this chapter.
NS3 is a multifunctional protein, consisting of an aminoterminal protease domain
required for processing of the NS3 to NS5B region (Bartenschlager et al. 1993)
and a carboxyterminal helicase/nucleoside triphosphatase domain (Suzich et al.
1993; Kim et al. 1995). NS4A is a cofactor that activates the NS3 protease func-
tion by forming a heterodimer (Bartenschlager et al. 1995). The hydrophobic pro-
tein NS4B induces vesicular membrane alterations involved in RNA replication
(reviewed in Gouttenoire et al. 2010a). NS5A is a phosphoprotein capable of RNA
binding (Huang et al. 2005; Foster et al. 2010), which seems to play an important
role in regulating viral replication and assembly (Appel et al. 2008; Tellinghuisen
et al. 2008; Masaki et al. 2008). It exists in two phosphorylation variants (Tanji et
al. 1995; Kaneko et al. 1994); a basally (hypo-)phosphorylated form (p56), which
is supposed to be important for RNA replication (Appel et al. 2005b; Blight et
al. 2000) and a hyperphosphorylated variant (p58), probably involved in assembly.
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Fig. 1 a Schematic representation of the HCV replication cycle. Different potential substructures
harboring the replication sites based on biochemical evidence as shown in (b) and DMVs recently
detected by EM (c) are indicated. b Model of the HCV replication complex based on biochemical
evidence (Quinkert et al. 2005). Multiple copies of the nonstructural proteins serve as structural
components of a vesicular structure, containing probably only one replication intermediate and
several progeny positive strands. Only a minor subfraction of the nonstructural proteins is sup-
posed to have a function in RNA synthesis. A pore should allow the access of nucleotides and
the exit of RNA. ¢ Electron micrograph of DMVs in HCV-infected cells 16 h after infection (pro-
vided by Inés Romero-Brey unpublished). LD lipid droplet, DMV double membrane vesicle

NS5B is the RNA-dependent RNA polymerase of HCV, the key enzyme of viral
RNA synthesis (Behrens et al. 1996; Lohmann et al. 1997).

After RNA translation and polyprotein processing NS3 to NS5B induce dis-
tinct membrane alterations, harboring the sites of viral RNA replication (Gosert
et al. 2003; Fig. 1a), which is a typical feature of all positive-strand RNA viruses
[reviewed in (Miller and Krijnse-Locker 2008)]. The minimal genetic unit neces-
sary and sufficient for RNA replication has been defined by subgenomic replicons
and encompasses the NTRs as well as the NS3 to 5B coding region (Lohmann
et al. 1999a). The first step of RNA synthesis generates a negative-strand genome,
which serves as template for progeny positive-strand RNA that is produced in
5- to 10-fold excess. It is generally assumed that RNA synthesis of complemen-
tary strands initiates at the very 3’terminus of the template strand by de novo ini-
tiation of RNA synthesis and that RNA replication involves a double-stranded
RNA intermediate, although clear experimental proof for both assumptions is
missing. The newly synthesized positive-strand RNA is either re-entering a new
translation/replication cycle or is packaged into virions. This chapter summarizes
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our current knowledge on HCV-induced membrane alterations, the role of the
nonstructural proteins and cis-acting elements in distinct steps of RNA synthesis
and provides a selective review of some important host factors involved in these
processes.

2 Ultrastructure of the HCV Replication Sites

2.1 Model of the HCV Replication Complex

The establishment of robust cell culture models for HCV (see chapter “Cell
Culture Systems for Hepatitis C Virus”, this volume) provided the first opportu-
nity to analyze structure and functions of the viral replication sites in detail. Early
pioneering EM-studies of liver tissue from infected patients and chimpanzees indi-
cated that HCV, like other positive-strand RNA viruses, induced membrane altera-
tions in infected hepatocytes (Jackson et al. 1979; Shimizu et al. 1990; Shimizu
1992). Later it was shown that the expression of viral nonstructural proteins, par-
ticularly NS4B, indeed resulted in the induction of vesicle accumulations, which
were designated the membranous web (Egger et al. 2002). These data were con-
firmed using cell lines harboring persistent subgenomic replicons (Gosert et al.
2003). Immunofluorescence analysis of the localization of viral nonstructural
proteins revealed an ER-like distribution with distinct dot-like structures in these
replicon cells also co-localizing with newly synthesized viral RNA (Gosert et al.
2003). At the ultrastructural level, these dot-like structures correspond to accumu-
lations of vesicles, which stained positive for viral nonstructural proteins (Gosert
et al. 2003). It seems likely that individual vesicles within the membranous web
represent the sites of viral RNA replication. Based on analogy with related viruses,
it is furthermore assumed that the vesicles are invaginations from the ER mem-
brane, which are connected with the cytoplasm by a small pore allowing the
exchange of small membrane-impermeable molecules like nucleotides for RNA
synthesis [Fig. 1b; (Welsch et al. 2009)].

This model was further supported by biochemical studies of membrane prepa-
rations from replicon cells, so-called crude replication complexes (CRCs) and by
selective permeabilization of replicon cells (Ali et al. 2002; Hardy et al. 2003b;
Aizaki et al. 2004; El Hage and Luo 2003; Lai et al. 2003; Shi et al. 2003; Miyanari
et al. 2003). CRCs and permeabilized replicon cells are capable of RNA synthe-
sis in vitro and this process was shown to be resistant to treatment with proteases
and nucleases (Quinkert et al. 2005; Miyanari et al. 2003; Targett-Adams et al.
2008), as well as to Triton X-100 treatment at 4°C (Aizaki et al. 2004; Shi et al.
2003). These results suggested that viral replication complexes were protected by
detergent resistant membranes, most likely resembling those vesicular structures
indicated by the EM analysis. To allow access of nucleotides to the sites of RNA
synthesis, these vesicles should contain an opening allowing access for nucleo-
tides, but small enough to protect the replication sites from nucleases and proteases
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(Fig. 1b; Quinkert et al. 2005; Miyanari et al. 2003). Protease and nuclease digests
of CRCs (Quinkert et al. 2005) and in permeabilized replicon cells (Miyanari et
al. 2003) furthermore demonstrated that all of the negative-strand RNA, ~50 % of
the positive-strand RNA, but less than 5 % of the nonstructural proteins were pro-
tected, indicating that the majority of NS-protein copies seem not to be involved
in the formation of replication sites. Based on these data, it was assumed that an
active replication site contained only one copy of negative-strand RNA, which
might be part of a double-stranded replication intermediate (Targett-Adams et al.
2008), several copies of positive-strand RNA and 500-2,000 copies of nonstruc-
tural proteins [Fig. 1b (Quinkert et al. 2005)].

2.2 DMVs and MMVs

This simplistic model of the HCV replication complex has been challenged in sev-
eral ways by more recent studies. First, it was shown that the majority of mem-
brane alterations found in HCV-infected cells were not single membrane vesicles,
but more complex structures, shelled by two or more membranes and termed dou-
ble-membrane vesicles (DMVs; Fig. 1c) and multi membrane vesicles (MMV5s)
(Ferraris et al. 2010; Reiss et al. 2011), similar to membrane alterations identi-
fied for coronaviruses (Knoops et al. 2008; Gosert et al. 2002) and picornaviruses
(Belov et al. 2012). HCV double-stranded RNA and nonstructural proteins have
been found inside DMVs and DMV abundance clearly correlates with viral RNA
replication (Ferraris et al. 2010; Romero-Brey et al. 2012), arguing for a func-
tional role of these structures. However, connections of the vesicles to the cyto-
plasm were rarely observed; therefore, it is not clear how nucleotides get into and
newly synthesized RNA out of the DMVs. The simple “ER-invagination model”
(Fig. 1b) that was convincingly shown for the related Dengue virus (Welsch et al.
2009) was furthermore challenged by three-dimensional reconstructions, dem-
onstrating that DMVs originate from protrusions rather than invaginations of the
ER, with the outer membrane connected by a neck to the ER membrane (Romero-
Brey et al. 2012). How this topology of DMVs can be linked to previous models
of HCV and flavivirus replication sites (Welsch et al. 2009) is an open question.
In case of picornaviruses, RNA replication takes place preferentially at complex
single membrane structures originating from the cis-Golgi, which are later trans-
formed into DMVs by membrane wrapping processes (Belov et al. 2012) with
yet to be defined function. In case of SARS coronavirus, it has been suggested
that active RNA replication occurs in circular single membrane structures known
as convoluted membranes (Knoops et al. 2008). DMVs probably originate from
these replication sites and represent a final storage compartment to hide replica-
tion intermediates from recognition by the innate immune response (Knoops et al.
2008). Similar models might be true for HCV, since DM Vs are the dominant spe-
cies of membrane alterations only at time points later than 16 h after transfection
or infection (Paul et al. 2011; Romero-Brey et al. 2012).
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2.3 Biogenesis of the Membranous Web

2.3.1 Viral Determinants

The term membranous web was originally established to designate distinct tightly
packed vesicle accumulations induced by expression of NS4B (Egger et al. 2002).
However, meanwhile, this term is used to generally subsume distinct membrane alter-
ations induced by the HCV nonstructural proteins, containing the sites of viral RNA
synthesis (Gosert et al. 2003). The membranous web most likely originates from the
ER, as indicated by ultrastructural studies, biochemical evidence and cellular marker
proteins, partially co-localizing with the viral replication sites (Gosert et al. 2003;
Egger et al. 2002; Miyanari et al. 2003; El Hage and Luo 2003; Romero-Brey et al.
2012). In addition, the early endosomal marker Rab5 has also been found to colo-
calize with viral NS proteins, suggesting that the formation of HCV replication sites
engages several organelles (Stone et al. 2007). Interestingly, the morphology of the
membranous web is not depending on RNA replication, but is solely driven by the
nonstructural proteins NS3 to NS5B, presumably in concert with cellular factors,
since no obvious differences have been found between ectopic protein expression
models, cells harboring replicons or infected cells (Romero-Brey et al. 2012; Egger
et al. 2002; Gosert et al. 2003; Reiss et al. 2011; Ferraris et al. 2010; Paul et al. 2011).

NS4B has been identified as the main driver of the biogenesis of the membranous
web, because sole expression of NS4B induced structures most closely resembling
expression of NS3 to 5B (Egger et al. 2002). NS4B is predicted to contain four cen-
tral transmembrane segments flanked by N- and C-terminal regions attached to the
membrane by amphipathic a-helices (Lundin et al. 2003; Gouttenoire et al. 2009b;
Gouttenoire et al. 2009a) (see also chapter “Hepatitis C Virus Proteins: From
Structure to Function”, this volume). Recent studies have shown that NS4B can oli-
gomerize, thereby probably forming the scaffold of membranous vesicles (Yu et al.
2006; Gouttenoire et al. 2010b; Paul et al. 2011). Oligomerization is mediated by
homotypic and especially heterotypic interactions involving the N-terminal amphip-
athic helix 2 and the C-terminus of the protein (Paul et al. 2011; Gouttenoire et al.
2010b). Mutations residing in the NS4B C-terminal region that are impaired in NS4B
self-interaction and expressed in the context of the NS3 to NS5B polyprotein indeed
generate aberrant DMV structures, supporting the notion that DM Vs play an essential
role in RNA replication (Paul et al. 2011; Aligo et al. 2009). However, NS4B is not
the only determinant of membranous web morphogenesis and more recent data show
that also the sole expression of NS3/4A, NS5A, and even NS5B gives rise to distinct
vesicular membrane rearrangements (Romero-Brey et al. 2012), suggesting that the
role of other nonstructural proteins in this process has been underrated. Interestingly,
NS3/4A, NS4B, and NS5B induce single membrane vesicles, which are different
from the DMVs and MMVs observed upon expression of the entire replicase mod-
ule NS3-5B (Romero-Brey et al. 2012). In contrast, only NS5A induced vesicles
containing several lipid bilayers and occasionally vesicles containing a pair of mem-
branes morphologically identical to DMVs (Romero-Brey et al. 2012). Although we
currently do not understand the role of these DMVs in HCV replication, these novel
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data clearly indicate that morphogenesis of the membranous web is complex and
engages a concerted action of several nonstructural proteins. NS4B might therefore
serve as the major scaffold in this process, modulated mainly by NS5A with the help
of NS3/4A and NS5B. A critical role of NS4B-NS5A interactions in web formation
is also indicated by genetic studies (Paul et al. 2011) and by the physical interaction
between NS3/4A and the C-terminal region of NS4B (Aligo et al. 2009).

2.3.2 Host Factors

In addition to viral proteins also several host factors have been shown to contrib-
ute to membranous web formation. Recently, the lipid kinase phosphatidylinosi-
tol 4-kinase III alpha (PI4KIlle, PIK4CA, PI4KA) has been identified by several
siRNA screens as a cellular protein essential for HCV RNA replication (Vaillancourt
et al. 2009; Borawski et al. 2009; Li et al. 2009; Tai et al. 2009; Berger et al. 2009;
Reiss et al. 2011). NS5A and NS5B interact with PI4KIlle and activate its lipid
kinase activity, giving rise to elevated intracellular phosphatidylinositol 4-phosphate
(PI4P) levels (Reiss et al. 2011; Berger et al. 2011). Silencing of PI4KIllx results
in reduced DMV size and absence of MMV formation, suggesting that this enzyme
is critically involved in web morphology (Reiss et al. 2011), probably mediated by
PI4P. More recent data, furthermore, suggest that PI4KIIlee modulates NSSA phos-
phorylation, by promoting p56 synthesis, which might regulate the structure of the
HCYV replication sites as well (Reiss and Lohmann unpublished data).

The HCV replication cycle is, furthermore, tightly linked to host cell lipids
in various other ways, which are mostly not well understood (reviewed in Alvisi
et al. 2011). HCV alters expression of genes involved in cellular lipid metabolism,
resulting in accumulation of intracellular lipids (Diamond et al. 2010; Blackham
et al. 2010; Su et al. 2002), which is critical for viral RNA replication (Kapadia
and Chisari 2005). On the one hand, increased lipid levels might be required to
generate the membrane proliferations necessary to form the HCV replication sites,
on the other hand, they might be necessary for protein modifications. FBL2, for
example, is a geranylgeranylated protein interacting with NS5A and geranylgera-
nylation was shown to be critical for HCV RNA replication (Wang et al. 2005).
NS4B is supposed to be palmitoylated at two cysteine residues at the C-terminus
and this modification seems to facilitate oligomerization (Yu et al. 2006).

Lipid droplets (LDs) are also often found in ultrastructural studies of the mem-
branous web (LDs, Fig. 1a, c). LDs are cellular storage organelles for neutral lipids
surrounded by a phospholipid monolayer (Martin and Parton 2006). HCV core
(Barba et al. 1997; Moradpour et al. 1996; McLauchlan et al. 2002) and NS5A (Shi
et al. 2002; Brass et al. 2002) are associated to LDs, because membrane attach-
ment of both proteins is mediated by an amphipathic helix, capable of association
with membrane mono- and bilayers. LDs are currently believed to play a central
role in the coordination of viral RNA synthesis and virion morphogenesis by physi-
cally associating replication and assembly sites (Miyanari et al. 2007; reviewed in
Bartenschlager et al. 2011; see also chapter “Virion Assembly and Release”, this
volume). An interaction of core and NS5A domain III, which is probably regulated
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by phosphorylation, has been shown to be critical for assembly of infectious virus,
by recruiting both proteins to the same LDs (Appel et al. 2008; Tellinghuisen et al.
2008; Masaki et al. 2008). Although core seems to be the main driver in recruiting
the viral replication sites to LDs (Miyanari et al. 2007), viral double-stranded RNA
has been found surrounding LDs also in the absence of core, suggesting an addi-
tional role of these organelles in RNA replication (Targett-Adams et al. 2008).

Autophagy has also been suggested to contribute to the biogenesis of the mem-
branous web and a very recent study even proposed that HCV RNA replication
mainly takes place on autophagosomal membranes (Sir et al. 2012). Indeed, DM Vs
induced by HCV share morphological similarities with autophagosomes and colo-
calize with autophagosomal markers in some studies (Ferraris et al. 2010; Guevin
et al. 2010). However, the functional role of autophagy in the HCV life cycle is
still controversially discussed (reviewed in Dreux and Chisari 2011). Silencing of
autophagy components indeed impaired HCV replication, but only very early in
infection and not in persistent replication (Dreux et al. 2009; Guevin et al. 2010),
suggesting an important role in translation of the viral RNA (Dreux et al. 2009),
rather than in membranous web biogenesis. Autophagy has, furthermore, been dis-
cussed to be involved in subversion of innate immune responses against HCV (Ke
and Chen 2011) and in production of infectious virus (Tanida et al. 2009).

In summary, the biogenesis of the membranous web is a complex process
involving not only NS4B but all HCV nonstructural proteins and several host
factors. In the light of the complexity of these membrane alterations, including
DMVs, MMVs, LDs, and autophagosomes, we are far from understanding their
precise functions in viral RNA replication.

3 RNA Synthesis
3.1 Limitations of Current Model Systems

Most of our knowledge on the distinct contribution of viral proteins to viral RNA
synthesis is based on biochemical studies and structural analyses of individually
expressed and purified proteins, particularly NS5B. This has been complemented by
reverse genetics using replicons or infectious virus, particularly to dissect the func-
tion of cis-acting elements (see also chapter “Hepatitis C Virus RNA Translation”,
this volume). However, requirements of RNA replication in cell culture are com-
plex, involving polyprotein processing, membranous web induction, interaction
of cis-acting RNA elements (CREs) with proteins, RNA synthesis, and so on. This
entire process seems to involve several cis-functions mediated by proteins synthe-
sized on their original template, indicated by the limited possibility to rescue lethal
mutants by transcomplementation, which is currently only possible for distinct muta-
tions in NS5A and NS4B (Appel et al. 2005a; Jones et al. 2009; Fridell et al. 2011).
Therefore, most mutations interfering with any step in the process of RNA synthe-
sis will finally result in an abrogation of RNA synthesis, without providing further
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mechanistic insight. Some limited information into the complex interactions between
nonstructural proteins has been gained by studies using intergenotypic chimeras
(e.g. Binder et al. 2007) and by the selection of pseudoreversions, rescuing replica-
tion deficient mutants and thereby providing genetic evidence for functional interac-
tions (e.g. Lindenbach et al. 2007; Paredes and Blight 2008). Still, there are some
major discrepancies between biochemistry and cell culture such as the promiscuity
of viral proteins regarding template choice in vitro compared to the strict requirement
for almost invariant cis-acting elements to allow RNA replication in cell culture.
Biochemical studies on CRCs purified from replicon cells failed to close this gap.
CRCs predominantly synthesize a single, full-length RNA product of predominantly
positive polarity (Hardy et al. 2003a) and probably also some negative-strand RNA
(Ali et al. 2002). RNA synthesis in this system requires at least helicase and poly-
merase activity as shown by specific inhibitors (Hardy et al. 2003a), involves de novo
initiation of RNA synthesis (Hardy et al. 2003a) and gives rise to single- and dou-
ble-stranded RNA products (Lai et al. 2003). However, inhibition of NS5B is mainly
achieved by chain terminating nucleotides in this system (Migliaccio et al. 2003; Lai
et al. 2003), whereas several classes of allosteric nonnucleosidic inhibitors of NS5B
and heparin failed to inhibit RNA synthesis (Ma et al. 2005), suggesting that CRCs
contain stable complexes of the replicase bound to its RNA template. Therefore, it
has not been possible to feed exogenous templates into CRCs, which strongly limits
their use in mechanistic studies. Furthermore, this system is not accessible to reverse
genetics, since active replication in cell culture is a prerequisite of CRC production,
thereby precluding the study of mutations affecting defined steps of RNA replication.
We are therefore currently lacking adequate in vitro models to address more specific
interactions between HCV nonstructural proteins and their specific template, particu-
larly regarding the complex initiation of positive- and negative-strand RNA synthesis.

3.2 Cis-Acting RNA Elements

CREs are mainly, but not exclusively, found in NTRs at the termini of the viral
positive- and negative-strand RNA (Fig. 2). The RNA secondary structures and the
functional roles of most cis-acting elements in the HCV genome have been mapped
extensively in vitro and in cell culture, but the distinct mechanistic functions of
individual stem loops are not known due to the lack of appropriate in vitro models.

3.2.1 The 3’end of the Positive-Strand RNA

The 3’NTR is essential for viral RNA replication (Friebe and Bartenschlager 2002),
presumably for the initiation and regulation of negative-strand synthesis (Binder et
al. 2007). It is composed of a variable region, a polyU/UC tract of variable length
and a highly conserved 98-bases element designated X-tail or 3'X, encompassing
the 3’end of the viral genome (Fig. 2b; Tanaka et al. 1995; Kolykhalov et al. 1996).
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Fig. 2 Schematic representation of cis-acting replication elements. a 5’ end of the viral posi-
tive strand (Honda et al. 1996). Two copies of miR-122 binding to the 5'NTR are shown in grey.
b 3’end of the viral positive strand (Blight and Rice 1997). Long range interactions of SL3.2 with
sequences around 9,110 (Tuplin et al. 2012) and with the loop region of SL2 (Friebe et al. 2005)
are indicated by arrows. ¢ 3’ end of the viral negative strand (Smith et al. 2002; McMullan et al.
2007). Alternative nomenclatures of some structures are given in brackets

The variable region is predicted to form two stem-loop structures, which partly
overlap with the very 3’-terminal region of the NS5B coding sequence. Deletion of
the variable region results in replicons with significantly reduced replication effi-
ciency, suggesting that this part of the 3'NTR is not essential, but contributes to
efficient RNA replication (Friebe and Bartenschlager 2002; Yi and Lemon 2003a).
The length of the polyU/UC tract varies between 30 and 90 nts among HCV iso-
lates (Kolykhalov et al. 1996). It is composed of homopolymeric uridine stretches
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interspersed by single cytosines. Uridine cannot be replaced by other homopoly-
meric nucleotides; however, a minimal length of 26-33 consecutive uridines is
essential and sufficient for efficient RNA replication in cell culture (Friebe and
Bartenschlager 2002; You and Rice 2008). Interruption of this minimal U homopol-
ymer by C residues is deleterious for replication, but the position of homopolymeric
U within the polyU/UC tract is flexible (You and Rice 2008; Yi and Lemon 2003a).
This polyU stretch might provide a binding platform for viral and cellular proteins
(Friebe and Bartenschlager 2002; You and Rice 2008), since NS3 helicase, NS5A,
and NS5B have been shown to preferentially bind to polyU (Gwack et al. 1996;
Huang et al. 2005; Lohmann et al. 1997). However, the distinct functional role of
the polyU/UC region in viral RNA synthesis has not been clarified yet.

The 98-nt X-tail is almost invariant among HCV isolates and is supposed
to contain the main regulatory elements required for negative-strand synthesis
(Kolykhalov et al. 1996; Tanaka et al. 1995). It comprises three experimentally val-
idated stem-loop structures (Blight and Rice 1997), which are all essential for viral
replication (Friebe and Bartenschlager 2002; Yi and Lemon 2003b; Yi and Lemon
2003a) and barely tolerate mutations (Yi and Lemon 2003b; Yi and Lemon 2003a),
indicating that not only the structures, but also the sequences are critical for RNA
replication. The very 3’end of the HCV genome is a uridine residue in all HCV iso-
lates analyzed so far and base paired in the very stable 3’-terminal SL1 (Fig. 2b).
The terminal U can be replaced by C, in line with the requirements of the RdRp
to initiate RNA synthesis with a purine base (G or A) (Cai et al. 2004). However,
mutant replicons recovered from cell culture revealed reversions to U or even con-
tained additions of U residues in all cases, suggesting a strong selective pressure
for a terminal U (Cai et al. 2004; Yi and Lemon 2003Db).

Another CRE, designated SL3.2 or SL9266, has been identified within the NS5B
coding region. Stem-loop 3.2 is part of a larger predicted cruciform like secondary
structure (Fig. 2b; You et al. 2004) and engaged in a kissing-loop interaction with SL2
in the X-tail. This interaction encompasses 7-8 complementary nts in the loop regions
and is essential for RNA replication (Friebe et al. 2005). The position of SL3.2 can
be moved into the 3’NTR and complementarity between the loop sequences of
SL3.2 and SL2 was shown to be more important than the precise sequence (Friebe
et al. 2005), arguing for a functional role of a pseudoknot structure at the 3’end of the
genome. More recent studies suggest that the bulge region of SL.3.2 can form an inde-
pendent alternative pseudoknot structure with upstream sequences around nucleotide
9,110 (Diviney et al. 2008; Tuplin et al. 2012). Since both interactions of SL3.2 seem
mutually exclusive, they might support a functional switch in the HCV replication
cycle, e.g. from translation to replication (Tuplin et al. 2012).

3.2.2 The 5’NTR and the 3’end of the Negative-Strand RNA

The 5'NTR encompasses 341-342 nts and has a dual function in the HCV replication
cycle; first in the positive strand by functioning as an IRES driving RNA translation,
and thus polyprotein synthesis (see chapter “Hepatitis C Virus RNA Translation”, this
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volume) and second in the negative strand, providing CREs proposed to direct prog-
eny positive-strand synthesis. Interestingly, the 5’NTR and the complementary 3’end
of the negative-strand RNA have been shown to adopt very different secondary struc-
tures, in line with their different functions in RNA translation and replication, respec-
tively (Fig. 2a and c, respectively) (Honda et al. 1996 compared to Smith et al. 2002;
Schuster et al. 2002). Genetic analyses mapped the minimal region required for RNA
synthesis to the 3’-terminal 125 nts, comprising SL-I" and SL-1Iz" (Fig. 2c; Friebe
and Bartenschlager 2009; Friebe et al. 2001). SL-Ily’ is important for efficient RNA
replication, whereas the remaining stem loops only seem to have auxiliary functions
(Friebe and Bartenschlager 2009). The distinct mechanistic roles of the stem-loop
structures at 3’end of the negative strand are still ill defined. In case of SL-1Iz’, the
structure of the stem rather than the discrete sequence seems to be the major deter-
minant. Still it is interesting to note that two miR-122 seed sequences are located
in the complementary region of SL-IIz’ in the 5’NTR (Fig. 2a; Jopling et al. 2005),
suggesting a role of miR-122 in the proper formation of RNA secondary structures.
In case of SL-I’ only the stem structure is essential for replication of genotype 1b,
whereas genotype 2a is also sensitive to sequence alterations not affecting the stem
structure (Friebe and Bartenschlager 2009; Luo et al. 2003). The 3’end of the HCV
negative-strand genome encompasses a short single stranded region adjacent to SL-I’
terminating mostly with C and sometimes with U in clinical isolates, again reflecting
the need of the RdRp to initiate RNA synthesis with a purine base (Cai et al. 2004).
However, after multiple rounds of replication in cell culture a terminal C was found
to be replaced by U (Cai et al. 2004), suggesting that A is the preferred initiating
nucleotide for positive- and negative-strand synthesis in cell culture.

Additional conserved stem-loop structures have been found in the core coding
sequence. These sequences are not contained in subgenomic replicons, and there-
fore seem not to be essential for RNA synthesis (Lohmann et al. 1999a). However,
disruption of SLVI/SL87 in full-length viral genomes caused severe replication
defects in vivo and in cell culture, suggesting that this stem loop has important
functions in the regulation of viral RNA synthesis (Fig. 2a; Vassilaki et al. 2008;
McMullan et al. 2007).

3.3 The Viral RNA Polymerase NS5B

The viral RdRp NS5B is the driving force of RNA synthesis. The active enzyme can
be expressed heterologously with recombinant baculovirus (Behrens et al. 1996) or
in E. coli (Al et al. 1998) and a huge number of studies have shed light on the struc-
ture and biochemical properties of NS5B in vitro. The enzyme consists of a catalytic
domain, followed by a linker sequence and a C-terminal membrane insertion sequence,
which is essential for RNA replication in cell culture (Fig. 3a; Ivashkina et al. 2002;
Moradpour et al. 2004), but seems not to significantly contribute to RNA synthesis in
vitro (Lohmann et al. 1997; Yamashita et al. 1998). Removal of the membrane inser-
tion sequence, comprising the C-terminal 21 amino acid residues, increases solubility
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Fig. 3 Structure of the HCV polymerase in front views (left panels) and top views (right panels)
(Bressanelli et al. 1999). a Ribbon model of HCV NS5B indicating the fingers (red), thumb (blue),
palm (yellow) and linker (wheat) subdomains. Note the contact of fingertips and thumb, resulting
in a closed structure. The beta flap in the thumb domain is indicated by green color. b Space fill-
ing model of the same structures as in (a) with template RNA (light gray) modeled. This structure
represents the closed conformation, capable of binding the single-stranded template RNA and the
two initiating nucleotides. Structural movements of the thumb and linker domains required for the
transition to elongation are indicated by a blue and wheat colored arrow, respectively. ¢ Crystal
structure of the elongation mode of NS5B in a complex with a double-stranded replication inter-
mediate consisting of the template RNA (light gray) and newly synthesized RNA (dark gray)

and facilitates purification of NS5B; therefore, most biochemical and all structural
studies so far used the so-called NS5BAC21 enzyme (Ferrari et al. 1999) or even
C-terminal deletions encompassing up to 60 amino acid residues (Leveque et al. 2003).

Structural analysis of the catalytic domain revealed a so-called right hand
shape, common to many single-subunit polymerases, with fingers, thumb, and
palm subdomains [Fig. 3a (Ago et al. 1999; Lesburg et al. 1999; Bressanelli
et al. 1999)]. All regular structures published until very recently reveal a closed
conformation, encircled on one side by the “fingertips”, which is a hallmark of
viral RdRps, and on the other side by the linker and the so-called beta flap (or
B-hairpin). The latter is specific to Flaviviridae RdRps [reviewed in (Lescar
and Canard 2009)], but the linker or a variation thereof is common to de novo
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initiating RdRps (Butcher et al. 2001). In HCV NS5B, its functional role has not
been fully clarified yet. Deletion of the entire linker (so-called AC47 or AC60
constructs) strongly enhances polymerase activity in vitro and stimulates de novo
initiation, suggesting a negative regulatory function (Leveque et al. 2003), whereas
a recent study suggests that the linker plays an active role in the very first step of
de novo initiation (Harrus et al. 2010). Anyhow, the closed conformation is sup-
posed to represent the initiation state of the polymerase, since the catalytic core
only provides space for a single-stranded RNA template and nucleotides for de
novo initiation of RNA synthesis, but not for a double-stranded RNA (Fig. 3b;
Simister et al. 2009). The closed conformation, therefore, seems to be actively
inhibit primer-dependent RNA synthesis by forming a “locked” structure pre-
venting access of primer-template complexes (Chinnaswamy et al. 2008; Ranjith-
Kumar et al. 2003).

3.3.1 Template Requirements and Initiation Modes

Purified NS5B can initiate RNA synthesis by a primer-dependent mechanism or
de novo (Behrens et al. 1996; Lohmann et al. 1997; Luo et al. 2000; Zhong et al.
2000; Sun et al. 2000). De novo initiation at the 3’end of the viral positive- and
negative-strand RNA is likely to be the physiological mode of initiation of RNA
synthesis in infected cells, although this has not been experimentally validated yet.
De novo initiation in vitro requires a terminal purine, but is most efficient with a
G (Zhong et al. 2000). It can take place even on homopolymeric polypyrimidine
templates at high nucleotide concentrations (>50 wM; Luo et al. 2000), suggest-
ing that no specific cis-acting elements are required. However, a stable second-
ary structure and a single-stranded sequence of at least three nucleotides has been
shown to be optimal for de novo initiation on nonhomopolymeric templates (Kao
et al. 2000), although a secondary structure is not absolutely required (Shim et al.
2002). The 3’end of the HCV negative-strand genome consists of a stem loop with
a single-stranded overhang, thereby corroborating the ideal structure for de novo
initiation (Fig. 2b). Interestingly, the 3’end of the HCV positive-strand genome
is buried within a stable stem structure, which cannot bind to the closed initia-
tion conformation of NS5B (Fig. 2a). In contrast, the positive-strand genome of
the related pestiviruses terminates with 3-5 C residues adjacent to a stem loop,
representing in theory an ideal template for de novo initiation by the polymerase
(Yu et al. 1999). Indeed, it has been shown that the 3’end of the HCV negative
strand is an excellent template for de novo initiation, whereas the 3’end of the pos-
itive-strand hardly gives rise to terminal de novo initiation (Reigadas et al. 2001;
Binder et al. 2007), suggesting that auxiliary factors might be required to initiate
negative-strand synthesis by NS5B, thereby probably allowing a tight regulation of
this process.

However, de novo initiation by NS5B in vitro is not limited to the 3’end of the
template, but can also take place internally (Binder et al. 2007; Shim et al. 2002)
and on circular templates (Ranjith-Kumar and Kao 2006). This suggests that NS5B
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in solution is in an equilibrium between the closed conformation observed with all
crystal structures and an open conformation capable of binding to internal or circular
initiation sites (Ranjith-Kumar and Kao 2006) and to primer templates (Lohmann et
al. 1997; Behrens et al. 1996). Mn?t ions seem to stabilize the closed conformation,
thereby favoring terminal de novo initiation (Ranjith-Kumar et al. 2002).

3.3.2 Steps of RNA Synthesis

RNA synthesis by NS5B in vitro can be separated into distinct steps, namely
RNA binding, initiation, elongation, and termination. NS5B binds to a pleth-
ora of heteropolymeric RNA templates with no clear specificity for virus-
derived sequences, while the binding to homopolymers follows a distinct pattern
(polyU > polyG > polyA > polyC) (Lohmann et al. 1997). RNA binding seems to
be a very slow and inefficient process and accounts primarily for the low apparent
specific activity of the enzyme in vitro (Liu et al. 2006). The enzymatic core of
NS5B protects 8—10 nts from RNase digest (Kim et al. 2000) and binds to single-
stranded RNAs of >7 nts with high affinity (Kim et al. 2005).

De novo initiation of RNA synthesis involves several steps, which have been
characterized by biochemical studies, supported by structural evidence (Fig. 3b;
Harrus et al. 2010). After binding of a single-stranded template and the first two
nts matching to the 3’end, a dinucleotide primer is synthesized, requiring high con-
centrations of the priming nts (Ferrari et al. 2008). These dinucleotide primers are
produced in great abundance and accumulate in vitro, suggesting that they dissoci-
ate rapidly from the NS5B-template complex, whereas progression to processive
elongation seems to be inefficient and rate limiting (Harrus et al. 2010; Shim et al.
2002). This initial primer synthesis seems to be facilitated by a very closed confor-
mation, since a very high de novo initiation efficiency observed for NS5B from iso-
late JFH-1 correlated with a particularly closed structure (Simister et al. 2009). It,
furthermore, requires a “platform” to support the first nucleotide, which has to move
out of the active center upon addition of the third base. This platform has not been
clearly identified in the structure of the polymerase, but it might be provided by the
C-terminal linker sequence (Harrus et al. 2010) or by the beta flap in coordination
with a GTP bound close to the active site, as suggested for pestiviruses (Lescar and
Canard 2009; Choi et al. 2004; D’ Abramo et al. 2006). Such a role of coordinating
GTP in stabilizing the initiation complex might also explain the strong stimulating
effect of high GTP concentration on de novo initiation of NS5B in vitro (Lohmann
et al. 1999b; Harrus et al. 2010; Ranjith-Kumar et al. 2003).

The switch from primer synthesis to processive elongation requires high concen-
trations of the third base to be incorporated (Ferrari et al. 2008), and is furthermore
facilitated by high GTP concentrations (Harrus et al. 2010). This switch requires a
major conformational change in the polymerase structure, resulting in a move of the
“priming platform” and an opening of the entire enzymatic core. The C-terminal
linker is removed to accommodate a double-stranded RNA, allowing egress of the
template-primer duplex, and the fingertips shift and adjust their contacts with the
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thumb (Fig. 3c). The existence of such an “open” conformation is supported by data
from a genotype 2a NS5B (Biswal et al. 2005) and by a recent structure of NS5B in
complex with a primer template, which was obtained after deletion of the beta flap
(Mosley et al. 2012). In this structure, the C-terminal linker is disordered and no
longer occludes the exit from the catalytic site and the thumb domain is moved rela-
tive to palm and fingers by 20°, generating a large cavity capable of binding double-
stranded RNA (Mosley et al. 2012). Position 405 in the thumb domain seems to be
a central switch in the transition from initiation to elongation, stabilizing a closed
conformation for dinucleotide synthesis, on the one hand, and facilitating the tran-
sition to the open conformation, on the other hand, (Scrima et al. 2012) and this
position is also critical for efficient RNA replication in cell culture (Schmitt et al.
2011). It should be noted that the C-terminal linker, supposed to take part in the
major conformational switch to elongation, is directly connected to the transmem-
brane segment of NS5B (Ivashkina et al. 2002) and thereby will probably cause a
repositioning of the entire enzyme relative to the membrane.

Once RNA synthesis is initiated, NS5B elongates the nascent RNA by about
100400 nts per minute and is capable to processively copy an entire RNA
genome in vitro (Oh et al. 1999; Lohmann et al. 1998; Simister et al. 2009), sug-
gesting that no helicase is required to resolve secondary structures. In this stage,
the polymerase is tightly bound to its template and elongation complexes can even
be stalled and purified (Jin et al. 2012). Elongation requires only low nucleotide
concentrations compared to the initiation reaction (Jin et al. 2012). Little is known
about termination of RNA synthesis; however, the polymerase might just fall off
after approaching the end of the template.

RNA synthesis by NS5B is error prone and provides the molecular basis of the
high genetic variability of HCV isolates. A recent study revealed a high error rate
of ca. 1073 per site with a strong bias toward G:U/U:G mismatches for NS5B in
vitro, which was corroborated by an observed 75-fold difference in transitions
over transversions in vivo (Powdrill et al. 2011).

Although the polymerase is capable of de novo initiation and copying an entire
genome in vitro without the help of other factors, there are still some open ques-
tions and discrepancies between the properties of NS5B in vitro and replication in
cell culture. The overall slow and inefficient initiation reaction, requiring very high
nucleotide concentrations in vitro, suggests that this process might be facilitated by
auxiliary factors in vivo (Harrus et al. 2010). It is, furthermore, puzzling that the
3’end of the positive-strand RNA is not a bona fide template for de novo initiation,
suggesting that initiation of negative-strand synthesis might be a tightly regulated
process, requiring additional co-factors. The absence of a clear specificity for viral
templates in vitro is in striking contrast to the importance of the CREs for replication
in cell culture. Finally, NS5B shows a strong preference for G as initiating nucleotide
in vitro, but constitutively initiates negative-strand synthesis with A in vivo and even
tends to convert initiation of positive-strand synthesis from G to A in cell culture
(Cai et al. 2004). Taken together, analysis of purified NS5B in vitro as well as struc-
tural studies provided a number of important insights into the mechanisms of HCV
RNA synthesis, but did not reveal the complex regulation of this process in vivo.
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3.4 Contribution of Other Viral Proteins to RNA Synthesis

Although it is clear from reverse genetics studies that NS3/4A and NS5A have
essential functions in RNA replication, their distinct contribution to RNA synthesis
is still unresolved. A study using intergenotypic replicon chimeras found that NS3
helicase, NS5A, and NS5B are required to recognize genotype-specific signals for
positive-strand synthesis, suggesting that a complex of these proteins is engaged
in initiation of RNA synthesis (Binder et al. 2007). However, deeper mechanistic
insights are currently limited due to the lack of appropriate model systems. Since
the individual functions of each nonstructural protein have been described in detail
in the chapter “Hepatitis C Virus Proteins: From Structure to Function”, this volume,
the present chapter will focus on the knowledge about their interactions.

The role of the NS3 NTPase/helicase (NS3h) in RNA synthesis is particularly
enigmatic. The helicase activity might be involved in initiation of RNA synthesis,
e.g. by resolving strong stem-loop structures at the 3’end, thereby generating a
template accessible to de novo initiation by NS5B. In addition, NS3h could sup-
port NS5B in the elongation phase by unwinding double-stranded replication inter-
mediates. Finally, a ssRNA translocase activity might help to strip proteins off the
RNA or deliver RNA for packaging into virions (Gu and Rice 2010). However,
none of these functions could yet be validated in cell-based assays. Still, a number
of cross-talks between NS3h and other nonstructural proteins have been demon-
strated in vitro, which might point to important regulatory functions in vivo. On
the one hand, the helicase activity of NS3 is regulated by the NS3 protease domain
and by NS5B (Jennings et al. 2008; Zhang et al. 2005), on the other hand, NS3h
stimulates the RdRp in vitro (Piccininni et al. 2002), suggesting that NS3 and
NS5B indeed might function together.

An important regulatory role for the replicase has recently been assigned to
NS4A, the cofactor of NS3 protease. Genetic evidence points to the C-terminal
region functioning as an electrostatic switch, regulating NS3 protease function and
NS5A phosphorylation (Lindenbach et al. 2007).

NS4B, besides its previously discussed role in organizing the membranous web,
might also have more distinct roles in RNA synthesis. NS4B has been shown to inhibit
NS5B in vitro (Piccininni et al. 2002). NS4B is furthermore capable of binding RNA
(Einav et al. 2008; Einav et al. 2004) and has an NTPase activity; however, the role of
the latter two functions has not been clarified yet. In addition, genetic evidence for an
interaction of NS4B with NS3 has been reported (Paredes and Blight 2008), which
might regulate RNA replication beyond the morphogenesis of the replication sites.

Essential functions of NS5A in viral RNA synthesis, particularly of the hypophos-
phorylated variant, are clearly suggested from genetic studies. Many cell culture
adaptive mutations increasing RNA replication efficiency of genotype 1 isolates
and reducing the level of hyperphosphorylated NS5A are found in NS5A (for fur-
ther details see chapters “Cell Culture Systems for Hepatitis C Virus” and “Hepatitis
C Virus Proteins: From Structure to Function”, this volume). The analysis of the
mechanistic role of NS5A is particularly hampered by the existence of these different
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phospho-isoforms. The determinants involved in regulation of phosphorylation are ill
defined as is the case for most of the phosphorylation sites and their role in viral
RNA synthesis. However, the synthesis of p58 requires at least an NS3-5A polypro-
tein (Koch and Bartenschlager 1999); therefore, different purified phospho-isoforms
have not been accessible for in vitro assays yet and it can be assumed that heterolo-
gously expressed NS5A might not be properly phosphorylated. Still, in vitro studies
suggest that low doses of NS5A stimulate NS5B, whereas high doses are inhibitory
to the polymerase (Shirota et al. 2002; Quezada and Kane 2009). An inhibitory func-
tion of NS5A was also found in a cell-based assay (Ranjith-Kumar et al. 2011), sug-
gesting a regulatory role of NS5A for RNA synthesis. The most distinct biochemical
property of NS5A that could be envisaged in RNA synthesis is its RNA-binding
activity, which resides in domain 1 (Huang et al. 2005) and is modulated by domains
2 and 3 (Foster et al. 2010). One of the available crystal structures of NS5A domain
1, indeed, suggests that NS5A dimers form a basic cleft capable of accommodating
RNA (Tellinghuisen et al. 2005), which might play a role in RNA transport, e.g. from
replication to assembly sites (see also chapters “Hepatitis C Virus Proteins: From
Structure to Function” and “Virion Assembly and Release”, this volume). In addi-
tion, NS5A interacts with and recruits a plethora of host cell proteins, which might
be directly or indirectly involved in RNA synthesis (see below).

3.5 Host Factors Involved in RNA synthesis

Several high content screening approaches, including recent siRNA screenings
brought up a huge number of cellular proteins which are supposed to be involved
in HCV RNA replication (e.g. Li et al. 2009; Tai et al. 2009). Host factors involved
in the morphogenesis of the membranous web, like PI4KIIl«, have been described
above; therefore, this part will focus on some of those which might be directly
involved in RNA synthesis.

The human VAMP-associated protein A (hVAP-A) and its isoform hVAP-B were
identified in yeast two-hybrid screens using NS5A as a bait and were shown to inter-
act with NS5A and NS5B (Gao et al. 2004; Hamamoto et al. 2005). Because of their
role in cellular vesicle transport hVAPs are discussed to be involved in the forma-
tion of viral membrane rearrangements (reviewed in Moriishi and Matsuura 2007).
Interestingly, hVAP-A was found to bind only to hypophosphorylated, but not to
hyperphosphorylated NS5A (Evans et al. 2004) and is still the only known host pro-
tein differentially interacting with the phospho-isoforms of NS5A. Therefore, hVAP-A
was suggested to have a more direct role in RNA synthesis, e.g. regulation of viral
replicase activity in a NS5A phosphorylation-dependent manner (Evans et al. 2004).

Cyclophilins are peptidyl-prolyl cis/trans isomerases and their essential role in
HCYV replication was identified by the inhibition of HCV replication upon cyclo-
sporin A treatment of replicons (Watashi et al. 2003). Initially, cyclophilin B
was found to interact with NS5B, regulating template binding of the polymerase
(Watashi et al. 2005). More recent results rather suggest that cyclophilin A (CyPA)
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is critical for viral RNA replication (Kaul et al. 2009; Liu et al. 2009) and resist-
ance to cyclophilin inhibitors point to NS5A as the main target site of CyPA (Yang
et al. 2010; Kaul et al. 2009). CyPA has, furthermore, been shown to directly con-
vert proline residues in NS5A domains 2 and 3 (Coelmont et al. 2010; Verdegem
et al. 2011), probably inducing conformational changes critically involved in the
function of NS5A. Dependence on CypA can be overcome in part by reducing the
cleavage kinetics at the NS5SA/NS5B junction, arguing that a kinetically controlled
folding step of NS5A plays an important role for viral replicase activity (Kaul et
al. 2009).

The liver specific microRNA miR-122 is one of the most remarkable host fac-
tors of HCV, regulating RNA abundance in cell culture (Jopling et al. 2005) and in
vivo (Lanford et al. 2010). MiR-122 is a critical factor restricting viral replication
in cultured cells (Narbus et al. 2011) and might substantially contribute to the liver
tropism of HCV. MiR-122 binds to two seed sequences in the 5’NTR, forming an
unconventional micro-RNA/target complex, encompassing the 5’end of the viral
genome, thereby probably preventing degradation by RNases and/or induction of
innate immune responses (Fig. 2a; Machlin et al. 2011). Indeed, miR-122 has been
found to stabilize the viral genome in an Ago2-dependent manner (Shimakami et
al. 2012). In contrast to conventional microRNA functions on mRNA, miR-122
also stimulates translation of the viral RNA (see chapter “Hepatitis C Virus RNA
Translation”, this volume).

Cellular RNA-binding proteins are also supposed to serve important functions
at different steps of HCV replication. However, 26 cellular proteins specifically
binding to the IRES (Lu et al. 2004) and more than 70 interacting with the 3’'NTR
(Harris et al. 2006) have been identified in proteomic studies; therefore a detailed
description of all of them is beyond the scope of this chapter, but several of them
are discussed in the chapter “Hepatitis C Virus RNA Translation”, this volume,
with respect to their role in translation. Little is known about the role of cellular
RNA-binding proteins in RNA replication, however, the NF/NFAR proteins have
been shown to mediate interactions between the 5’ and 3’NTR of the viral posi-
tive-strand RNA and might be involved in the regulation of translation and replica-
tion of HCV and the related pestiviruses (Isken et al. 2007; Isken et al. 2003).

4 Intracellular Dynamics of RNA Synthesis

Little is known about the dynamics of HCV RNA replication in vivo and the
HCV RNA copy number in infected hepatocytes. This is particularly due to the
difficulties in detecting viral antigens and RNA in the liver, arguing for overall
relatively low viral RNA and protein levels. However, mathematic modeling of
viral decline after therapy revealed that about 10'? virions are produced per day
in infected individuals (Neumann et al. 1998), suggesting also a relatively high
dynamics of RNA replication in the infected liver. Previous studies in chimpan-
zees determined 10° — 3 x 10° genomes per jLg of total liver RNA (equivalent
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to ~10*-10° cells), depending on the sample. Therefore, it was assumed that 0.1—
30 % of hepatocytes are infected, assuming that an infected cell should contain at
least 10 positive-strand RNA genomes to maintain persistent replication (Bigger
et al. 2004). Recent studies using highly sensitive two-photon microscopy found
that up to 20 % of human hepatocytes are infected, most of the antigen positive
cells containing clearly detectable amounts of double-stranded RNA, arguing
for much higher HCV RNA copy numbers than 10 per infected cell (Liang et al.
2009).

In cell culture, the dynamics of RNA synthesis is highly variable in transient
replication models, depending on the viral isolate, the permissiveness of the host
cells, host cell growth, and so on. (see chapter “Cell Culture Systems for Hepatitis
C Virus”, this volume). Detailed replication kinetics are only available for the most
efficient system, replication of the genotype 2a isolate JFH-1 in Huh-7 cells, either
upon transfection with subgenomic replicons (Binder et al. 2007) or after virus
infection (Keum et al. 2012), revealing very similar results. First viral negative-
strand RNAs are detectable 4 or 6 h after transfection or infection, respectively.
After this time point, negative-strand RNA levels increase exponentially, reaching
a plateau at 2448 h and slightly declining later on. Most (>90 %) of the incom-
ing positive-strand RNA is degraded within the first hours in both model systems
reaching a minimum at the onset of negative-strand synthesis (Binder et al. 2007;
Keum et al. 2012). At this time point, positive- to negative-strand ratios are ~1:1,
then exponential positive-strand synthesis starts and parallels negative-strand syn-
thesis, again reaching a plateau 2448 h after transfection/infection, with a positive-
or negative-strand ratio of ~10:1. This ratio stays constant in case of the replicon
(Binder et al. 2007), but interestingly increases up to 100:1 in case of the infection
model (Keum et al. 2012). These data overall suggest that only a minority of incom-
ing positive strands are entering into a productive replication cycle, starting with a
1:1 conversion into probably double-stranded replication intermediates (Targett-
Adams et al. 2008). The initial lag-phase of 4-6 h might represent the time required
for polyprotein translation, generation of the membranous replication compartment
and RNA synthesis (100—400 nts/min. in vitro) (Lohmann et al. 1998; Simister et al.
2009). Asymmetric RNA synthesis is established within a few hours later, rapidly
reaching the 10:1 excess of positive-strand RNA typical for all positive-strand RNA
viruses. The plateau of RNA synthesis reached within 2448 h for JFH1 probably
reflects restrictions by the host cell, e.g. due to limiting host factors involved in RNA
synthesis (Lohmann et al. 2003). Less efficient genotype 1 replicons exhibit a much
slower replication kinetics with no clear exponential phase and reach steady-state
replication levels at much later time points (Binder et al. 2007; Krieger et al. 2001).
The strong increase of positive-to-negtive-strand ratios observed late in infection,
but not for replicons, is counterintuitive, since positive-strand genomes should rather
be depleted due to the secretion of virions (Keum et al. 2012). However, negative-
strand synthesis, in contrast to positive-strand synthesis, probably depends on the
continuous generation of new replication sites by positive-strands entering into new
translation/RNA replication cycles, which might be limited during the full viral life
cycle because of the competition with virion production.
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In steady-state cultures of HCV replicon cells, viral RNA and protein amounts
have been thoroughly quantified and seem quite similar for different cell clones
and viral isolates, arguing for a balance between cell growth and viral replica-
tion which is dictated by the selective pressure (see chapter “Cell Culture Systems
for Hepatitis C Virus”, this volume). Viral negative strands are the most limiting
component in replicon cells with less than 100 copies per cell on average, which
also represents by definition the maximal number of active replication sites per
cell (Quinkert et al. 2005). In contrast, more than 1,000,000 copies of nonstruc-
tural proteins are found, indicating that not all vesicular structures seen in EM
or antigen positive dots in IF studies can represent active replication complexes
(Quinkert et al. 2005). Based on their resistance to proteases, only a subfraction of
less than 5 % of these protein copies seem to be engaged in the formation of viral
replication sites (Miyanari et al. 2003; Quinkert et al. 2005). Interestingly, roughly
1,000-5,000 positive-strand RNA molecules per cell were reported for transient
and steady-state cell cultures and this number might represent a limit of Huh-7-
based cell cultures (Quinkert et al. 2005; Keum et al. 2012; Blight et al. 2002).

Mathematic modeling revealed that the sequestration of viral RNA into mem-
branous replication compartments might be an important factor in restraining viral
RNA synthesis and defining these steady-state levels (Dahari et al. 2007). Since
the half lives of viral NS-proteins and viral positive-strand RNA in replicon cells
have been shown to be 11-16 h (Pietschmann et al. 2001; Pause et al. 2003), it can
be estimated that only about 1,000 positive-strand RNA molecules are synthesized
per day per cell by ca. 100 replicase complexes (Quinkert et al. 2005). In conse-
quence, each newly synthesized positive strand has to be excessively translated to
yield the ascertained surplus of proteins, whereas RNA synthesis is a rather rare
event, which most likely is achieved only by a few nonstructural protein copies
(Fig. 1b). However, it is currently unclear, which mechanisms render a few repli-
case copies active and the majority inactive.

5 Conclusions and Future Perspectives

Based on our still patchy understanding described above, it is tempting to sum-
marize our current knowledge on viral RNA replication in a tentative succession
of events. After release of the viral genome into the cytoplasm of the host cell, the
positive-strand RNA is translated giving rise to numerous polyprotein copies at the
ER-membrane, which are co- and post-translationally processed into structural and
nonstructural proteins. A fraction of NS3/4A, NS4B, NS5A, and NS5B drives the
formation of membrane alterations, mainly DMVs, supported by several host fac-
tors, e.g. PI4KIIlw. It seems likely that active replication sites are connected to the
cytoplasm to allow access of nucleotides and release of newly synthesized RNA
(Fig. 1a, b). Negative-strand synthesis is most likely initiated within such vesicular
structures, resulting in a probably (partially?) double-stranded replication interme-
diate. Since most nonstructural proteins cannot be complemented in trans, it can
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be assumed that RNA synthesis is initiated from a protein complex translated from
the same RNA molecule. This protein complex might assemble at the polyU tract
of the genome and probably contains the entire set of NS3 to 5B and some host
factors. Initiation of negative-strand synthesis involves cis-acting elements within
NS5B and the 3’'NTR and might be the most tightly regulated step in the entire
process of RNA replication. Since the 3’end of the positive strand is buried in a
strong stem, it is not a template for de novo initiation of RNA synthesis by the
polymerase; therefore, it seems likely that additional factors like the viral helicase
might be essential at this step. NS5B initiates RNA replication by production of
a dinucleotide primer, then undergoes a huge conformational change and proces-
sively copies the entire genome. Currently it is not clear, whether primer synthesis
really takes place at the 3’end or at a different site of the genome, as in case of
poliovirus (Paul et al. 2000), with a subsequent transfer of the polymerase/primer
complex to the 3’end. Due to the low and limiting number of negative-strand
RNA, it is furthermore tempting to speculate that negative-strand synthesis can be
initiated only once from a positive strand by a cis-acting protein complex trans-
lated on the same RNA. In this scenario, initiation of negative-strand RNA would
essentially require a preceding translation of the positive-strand RNA, resulting in
the formation of a new replication vesicle and each replication site would indeed
contain only one negative-strand RNA/replication intermediate (Fig. 1b). At least
in vitro, synthesis of progeny positive strands can directly be initiated by the pol-
ymerase due to a favorable 3’ terminal structure of the negative strand, thereby
probably allowing multiple initiation cycles, resulting in an overall surplus of pos-
itive-strand RNA. The progeny positive-strand RNA is released into the cytoplasm
by a yet to be defined mechanism, which could involve NS5A and the translocase
function of the NS3 helicase. Mechanisms terminating the lifespan of an active
replication site are not known so far. However, the connection to the cytoplasm
might simply be constricted after a certain time, sequestering the replication inter-
mediates inside DMVs to prevent recognition by innate immunity, as suggested
for arteriviruses (Knoops et al. 2011).

Many of the mechanisms in this model are hypothetical and require experimental
validation. Particularly, enigmatic are the transition from translation to replication,
the role of the NS3 helicase, the function of NS5A and the distinct roles of its phos-
pho-isoforms, the interplay of CREs with viral and host proteins, the initiation and
regulation of RNA synthesis, and the morphology of active replication sites, just
to name a few. The complex linkage between translation/replication and cis-/trans-
acting functions in the replication cycle of positive-strand RNA viruses severely
impedes the analysis of individual steps of RNA synthesis in cell culture models.
Therefore, further mechanistic insights will require more sophisticated in vitro mod-
els allowing further dissecting the complexities governing HCV RNA synthesis.

Acknowledgments The author thanks Inés Romero-Brey for providing Fig. 1c and is grateful
to Stéphane Bressanelli for the gift of Fig. 3 and for critically reading the manuscript. Work in
the author’s laboratory is supported by grants from the Deutsche Forschungsgemeinschaft (DFG)
(LO1556/1-2; FOR1202, TP 3 and TRR77, TP Al).



Hepatitis C Virus RNA Replication 189

References

Ago H, Adachi T, Yoshida A, Yamamoto M, Habuka N, Yatsunami K, Miyano M (1999) Crystal
structure of the RNA-dependent RNA polymerase of hepatitis C virus. Structure 7:1417-1426

Aizaki H, Lee KJ, Sung VM, Ishiko H, Lai MM (2004) Characterization of the hepatitis C virus
RNA replication complex associated with lipid rafts. Virology 324:450-461

Al RH, Xie YP, Wang YH, Hagedorn CH (1998) Expression of recombinant hepatitis C virus
non-structural protein 5B in Escherichia coli. Virus Res 53:141-149

Ali N, Tardif KD, Siddiqui A (2002) Cell-free replication of the hepatitis C virus subgenomic
replicon. J Virol 76:12001-12007

Aligo J, Jia S, Manna D, Konan KV (2009) Formation and function of hepatitis C virus replica-
tion complexes require residues in the carboxy-terminal domain of NS4B protein. Virology
393:68-83

Alvisi G, Madan V, Bartenschlager R (2011) Hepatitis C virus and host cell lipids: an intimate
connection. RNA Biol 8:258-269

Appel N, Herian U, Bartenschlager R (2005a) Efficient rescue of hepatitis C virus RNA replica-
tion by trans-complementation with nonstructural protein SA. J Virol 79:896-909

Appel N, Pietschmann T, Bartenschlager R (2005b) Mutational analysis of hepatitis C virus non-
structural protein SA: potential role of differential phosphorylation in RNA replication and
identification of a genetically flexible domain. J Virol 79:3187-3194

Appel N, Zayas M, Miller S, Krijnse-Locker J, Schaller T, Friebe P, Kallis S, Engel U,
Bartenschlager R (2008) Essential role of domain III of nonstructural protein 5A for hepati-
tis C virus infectious particle assembly. PLoS Pathog 4:¢1000035

Barba G, Harper F, Harada T, Kohara M, Goulinet S, Matsuura Y, Eder G, Schaff Z, Chapman
MIJ, Miyamura T, Brechot C (1997) Hepatitis C virus core protein shows a cytoplasmic
localization and associates to cellular lipid storage droplets. Proc Natl Acad Sci U S A
94:1200-1205

Bartenschlager R, Ahlborn LL, Mous J, Jacobsen H (1993) Nonstructural protein 3 of the hepa-
titis C virus encodes a serine-type proteinase required for cleavage at the NS3/4 and NS4/5
junctions. J Virol 67:3835-3844

Bartenschlager R, Cosset FL, Lohmann V (2010) Hepatitis C virus replication cycle. J Hepatol
53:583-585

Bartenschlager R, Lohmann V, Wilkinson T, Koch JO (1995) Complex formation between the
NS3 serine-type proteinase of the hepatitis C virus and NS4A and its importance for poly-
protein maturation. J Virol 69:7519-7528

Bartenschlager R, Penin F, Lohmann V, Andre P (2011) Assembly of infectious hepatitis C virus
particles. Trends Microbiol 19:95-103

Behrens SE, Tomei L, De Francesco R (1996) Identification and properties of the RNA-
dependent RNA polymerase of hepatitis C virus. EMBO J 15:12-22

Belov GA, Nair V, Hansen BT, Hoyt FH, Fischer ER, Ehrenfeld E (2012) Complex dynamic
development of poliovirus membranous replication complexes. J Virol 86:302-312

Berger KL, Cooper JD, Heaton NS, Yoon R, Oakland TE, Jordan TX, Mateu G, Grakoui A,
Randall G (2009) Roles for endocytic trafficking and phosphatidylinositol 4-kinase III alpha
in hepatitis C virus replication. Proc Natl Acad Sci U S A 106:7577-7582

Berger KL, Kelly SM, Jordan TX, Tartell MA, Randall G (2011) Hepatitis C virus stimulates the
phosphatidylinositol 4-kinase III alpha-dependent phosphatidylinositol 4-phosphate produc-
tion that is essential for its replication. J Virol 85:8870-8883

Bigger CB, Guerra B, Brasky KM, Hubbard G, Beard MR, Luxon BA, Lemon SM, Lanford RE
(2004) Intrahepatic gene expression during chronic hepatitis C virus infection in chimpan-
zees. J Virol 78:13779-13792

Binder M, Quinkert D, Bochkarova O, Klein R, Kezmic N, Bartenschlager R, Lohmann V (2007)
Identification of determinants involved in initiation of hepatitis C virus RNA synthesis by
using intergenotypic replicase chimeras. J Virol 81:5270-5283



190 V. Lohmann

Biswal BK, Cherney MM, Wang M, Chan L, Yannopoulos CG, Bilimoria D, Nicolas O, Bedard
J, James MN (2005) Crystal structures of the RNA-dependent RNA polymerase genotype 2a
of hepatitis C virus reveal two conformations and suggest mechanisms of inhibition by non-
nucleoside inhibitors. J Biol Chem 280:18202-18210

Blackham S, Baillie A, Al Hababi F, Remlinger K, You S, Hamatake R, McGarvey MJ (2010)
Gene expression profiling indicates the roles of host oxidative stress, apoptosis, lipid
metabolism, and intracellular transport genes in the replication of hepatitis C virus. J Virol
84:5404-5414

Blight KJ, Kolykhalov AA, Rice CM (2000) Efficient initiation of HCV RNA replication in cell
culture. Science 290:1972-1974

Blight KJ, McKeating JA, Rice CM (2002) Highly permissive cell lines for subgenomic and
genomic hepatitis C virus RNA replication. J Virol 76:13001-13014

Blight KJ, Rice CM (1997) Secondary structure determination of the conserved 98-base
sequence at the 3’ terminus of hepatitis C virus genome RNA. J Virol 71:7345-7352

Borawski J, Troke P, Puyang X, Gibaja V, Zhao S, Mickanin C, Leighton-Davies J, Wilson CJ,
Myer V, Cornellataracido I, Baryza J, Tallarico J, Joberty G, Bantscheff M, Schirle M,
Bouwmeester T, Mathy JE, Lin K, Compton T, Labow M, Wiedmann B, Gaither LA (2009)
Class III phosphatidylinositol 4-kinase alpha and beta are novel host factor regulators of
hepatitis C virus replication. J Virol 83:10058-10074

Brass V, Bieck E, Montserret R, Wolk B, Hellings JA, Blum HE, Penin F, Moradpour D (2002)
An amino-terminal amphipathic alpha-helix mediates membrane association of the hepatitis
C virus nonstructural protein 5A. J Biol Chem 277:8130-8139

Bressanelli S, Tomei L, Roussel A, Incitti I, Vitale RL, Mathieu M, De Francesco R, Rey FA
(1999) Crystal structure of the RNA-dependent RNA polymerase of hepatitis C virus. Proc
Natl Acad Sci U S A 96:13034-13039

Butcher SJ, Grimes JM, Makeyev EV, Bamford DH, Stuart DI (2001) A mechanism for initiating
RNA-dependent RNA polymerization. Nature 410:235-240

Cai Z, Liang TJ, Luo G (2004) Effects of mutations of the initiation nucleotides on hepatitis C
virus RNA replication in the cell. J Virol 78:3633-3643

Chinnaswamy S, Yarbrough I, Palaninathan S, Kumar CT, Vijayaraghavan V, Demeler B,
Lemon SM, Sacchettini JC, Kao CC (2008) A locking mechanism regulates RNA syn-
thesis and host protein interaction by the hepatitis C virus polymerase. J Biol Chem
283:20535-20546

Choi KH, Groarke JM, Young DC, Kuhn RJ, Smith JL, Pevear DC, Rossmann MG (2004) The
structure of the RNA-dependent RNA polymerase from bovine viral diarrhea virus estab-
lishes the role of GTP in de novo initiation. Proc Natl Acad Sci U S A 101:4425-4430

Coelmont L, Hanoulle X, Chatterji U, Berger C, Snoeck J, Bobardt M, Lim P, Vliegen I,
Paeshuyse J, Vuagniaux G, Vandamme AM, Bartenschlager R, Gallay P, Lippens G, Neyts J
(2010) DEBO25 (Alisporivir) inhibits hepatitis C virus replication by preventing a cyclophi-
lin A induced cis-trans isomerisation in domain II of NS5A. PLoS ONE 5:e13687

D’Abramo CM, Deval J, Cameron CE, Cellai L, Gotte M (2006) Control of template positioning
during de novo initiation of RNA synthesis by the bovine viral diarrhea virus NS5B poly-
merase. J Biol Chem 281:24991-24998

Dahari H, Ribeiro RM, Rice CM, Perelson AS (2007) Mathematical modeling of subgenomic
hepatitis C virus replication in Huh-7 cells. J Virol 81:750-760

Diamond DL, Syder AJ, Jacobs JM, Sorensen CM, Walters KA, Proll SC, McDermott JE,
Gritsenko MA, Zhang Q, Zhao R, Metz TO, Camp DG, Waters KM, Smith RD, Rice
CM, Katze MG (2010) Temporal proteome and lipidome profiles reveal hepatitis C virus-
associated reprogramming of hepatocellular metabolism and bioenergetics. PLoS Pathog
6:¢1000719

Diviney S, Tuplin A, Struthers M, Armstrong V, Elliott RM, Simmonds P, Evans DJ (2008) A
hepatitis C virus cis-acting replication element forms a long-range RNA-RNA interaction
with upstream RNA sequences in NS5B. J Virol 82:9008-9022

Dreux M, Chisari FV (2011) Impact of the autophagy machinery on hepatitis C virus infection.
Viruses 3:1342-1357



Hepatitis C Virus RNA Replication 191

Dreux M, Gastaminza P, Wieland SF, Chisari FV (2009) The autophagy machinery is required to
initiate hepatitis C virus replication. Proc Natl Acad Sci U S A 106:14046-14051

Egger D, Wolk B, Gosert R, Bianchi L, Blum HE, Moradpour D, Bienz K (2002) Expression of
hepatitis C virus proteins induces distinct membrane alterations including a candidate viral
replication complex. J Virol 76:5974-5984

Einav S, Elazar M, Danieli T, Glenn JS (2004) A nucleotide binding motif in hepatitis C virus
(HCV) NS4B mediates HCV RNA replication. J Virol 78:11288-11295

Einav S, Gerber D, Bryson PD, Sklan EH, Elazar M, Maerkl SJ, Glenn JS, Quake SR (2008)
Discovery of a hepatitis C target and its pharmacological inhibitors by microfluidic affinity
analysis. Nat Biotechnol 26:1019-1027

El Hage N, Luo G (2003) Replication of hepatitis C virus RNA occurs in a membrane-bound rep-
lication complex containing nonstructural viral proteins and RNA. J Gen Virol 84:2761-2769

Evans MJ, Rice CM, Goff SP (2004) Phosphorylation of hepatitis C virus nonstructural protein
5A modulates its protein interactions and viral RNA replication. Proc Natl Acad Sci U S A
101:13038-13043

Ferrari E, He Z, Palermo RE, Huang HC (2008) Hepatitis C virus NS5B polymerase exhibits dis-
tinct nucleotide requirements for initiation and elongation. J Biol Chem 283:33893-33901

Ferrari E, Wright MJ, Fang JW, Baroudy BM, Lau JY, Hong Z (1999) Characterization of soluble
hepatitis C virus RNA-dependent RNA polymerase expressed in Escherichia coli. J Virol
73:1649-1654

Ferraris P, Blanchard E, Roingeard P (2010) Ultrastructural and biochemical analyses of hepatitis
C virus-associated host cell membranes. J Gen Virol 91:2230-2237

Foster TL, Belyaeva T, Stonehouse NJ, Pearson AR, Harris M (2010) All three domains of
the hepatitis C virus nonstructural NS5A protein contribute to RNA binding. J Virol
84:9267-9277

Fridell RA, Qiu D, Valera L, Wang C, Rose RE, Gao M (2011) Distinct functions of NS5A in
hepatitis C virus RNA replication uncovered by studies with the NS5A inhibitor BMS-
790052. J Virol 85:7312-7320

Friebe P, Bartenschlager R (2002) Genetic analysis of sequences in the 3/ nontranslated region of
hepatitis C virus that are important for RNA replication. J Virol 76:5326-5338

Friebe P, Bartenschlager R (2009) Role of RNA structures in genome terminal sequences of the
hepatitis C virus for replication and assembly. J Virol 83:11989-11995

Friebe P, Boudet J, Simorre JP, Bartenschlager R (2005) Kissing-loop interaction in the 3’ end of
the hepatitis C virus genome essential for RNA replication. J Virol 79:380-392

Friebe P, Lohmann V, Krieger N, Bartenschlager R (2001) Sequences in the 5’ nontranslated
region of hepatitis C virus required for RNA replication. J Virol 75:12047-12057

Gao L, Aizaki H, He JW, Lai MM (2004) Interactions between viral nonstructural proteins and
host protein hVAP-33 mediate the formation of hepatitis C virus RNA replication complex
on lipid raft. J Virol 78:3480-3488

Gosert R, Egger D, Lohmann V, Bartenschlager R, Blum HE, Bienz K, Moradpour D (2003)
Identification of the hepatitis C virus RNA replication complex in huh-7 cells harboring
subgenomic replicons. J Virol 77:5487-5492

Gosert R, Kanjanahaluethai A, Egger D, Bienz K, Baker SC (2002) RNA replication of mouse
hepatitis virus takes place at double-membrane vesicles. J Virol 76:3697-3708

Gouttenoire J, Castet V, Montserret R, Arora N, Raussens V, Ruysschaert JM, Diesis E, Blum
HE, Penin F, Moradpour D (2009a) Identification of a novel determinant for membrane
association in hepatitis C virus nonstructural protein 4B. J Virol 83:6257-6268

Gouttenoire J, Montserret R, Kennel A, Penin F, Moradpour D (2009b) An amphipathic alpha-
helix at the C terminus of hepatitis C virus nonstructural protein 4B mediates membrane
association. J Virol 83:11378-11384

Gouttenoire J, Penin F, Moradpour D (2010a) Hepatitis C virus nonstructural protein 4B: a jour-
ney into unexplored territory. Rev Med Virol 20:117-129

Gouttenoire J, Roingeard P, Penin F, Moradpour D (2010b) Amphipathic alpha-helix AH2 is a
major determinant for the oligomerization of hepatitis C virus nonstructural protein 4B. J
Virol 84:12529-12537



192 V. Lohmann

Gu M, Rice CM (2010) Three conformational snapshots of the hepatitis C virus NS3 helicase
reveal a ratchet translocation mechanism. Proc Natl Acad Sci U S A 107:521-528

Guevin C, Manna D, Belanger C, Konan KV, Mak P, Labonte P (2010) Autophagy protein ATG5
interacts transiently with the hepatitis C virus RNA polymerase (NS5B) early during infec-
tion. Virology 405:1-7

Gwack Y, Kim DW, Han JH, Choe J (1996) Characterization of RNA binding activity and RNA heli-
case activity of the hepatitis C virus NS3 protein. Biochem Biophys Res Commun 225:654—-659

Hamamoto I, Nishimura Y, Okamoto T, Aizaki H, Liu M, Mori Y, Abe T, Suzuki T, Lai MM,
Miyamura T, Moriishi K, Matsuura Y (2005) Human VAP-B is involved in hepatitis C virus
replication through interaction with NS5A and NS5B. J Virol 79:13473-13482

Hardy RW, Marcotrigiano J, Blight KJ, Majors JE, Rice CM (2003a) Hepatitis C virus RNA synthe-
sis in a cell-free system isolated from replicon-containing hepatoma cells. J Virol 77:2029-2037

Hardy RW, Marcotrigiano J, Blight KJ, Majors JE, Rice CM (2003b) Hepatitis C virus RNA
synthesis in a cell-free system isolated from replicon-containing hepatoma cells. J Virol
77:2029-2037

Harris D, Zhang Z, Chaubey B, Pandey VN (2006) Identification of cellular factors associated with
the 3’-nontranslated region of the hepatitis C virus genome. Mol Cell Proteomics 5:1006-1018

Harrus D, Ahmed-El-Sayed N, Simister PC, Miller S, Triconnet M, Hagedorn CH, Mabhias K,
Rey FA, Astier-Gin T, Bressanelli S (2010) Further insights into the roles of GTP and the
C-terminus of the hepatitis C virus polymerase in the initiation of RNA synthesis. J Biol
Chem 285:32906-32918

Honda M, Ping LH, Rijnbrand RA, Amphlett E, Clarke B, Rowlands D, Lemon SM (1996)
Structural requirements for initiation of translation by internal ribosome entry within
genome-length hepatitis C virus RNA. Virology 222:31-42

Huang L, Hwang J, Sharma SD, Hargittai MR, Chen Y, Arnold JJ, Raney KD, Cameron CE
(2005) Hepatitis C virus nonstructural protein SA (NS5A) is an RNA-binding protein. J Biol
Chem 280:36417-36428

Isken O, Baroth M, Grassmann CW, Weinlich S, Ostareck DH, Ostareck-Lederer A, Behrens SE
(2007) Nuclear factors are involved in hepatitis C virus RNA replication. RNA 13:1675-1692

Isken O, Grassmann CW, Sarisky RT, Kann M, Zhang S, Grosse F, Kao PN, Behrens SE (2003)
Members of the NFOO/NFAR protein group are involved in the life cycle of a positive-strand
RNA virus. EMBO J 22:5655-5665

Ivashkina N, Wolk B, Lohmann V, Bartenschlager R, Blum HE, Penin F, Moradpour D (2002)
The hepatitis C virus RNA-dependent RNA polymerase membrane insertion sequence is a
transmembrane segment. J Virol 76:13088-13093

Jackson D, Tabor E, Gerety RJ (1979) Acute non-A, non-B hepatitis: specific ultrastructural
alterations in endoplasmic reticulum of infected hepatocytes. Lancet 1:1249-1250

Jennings TA, Chen Y, Sikora D, Harrison MK, Sikora B, Huang L, Jankowsky E, Fairman ME,
Cameron CE, Raney KD (2008) RNA unwinding activity of the hepatitis C virus NS3 heli-
case is modulated by the NS5B polymerase. Biochemistry 47:1126-1135

Jin Z, Leveque V, Ma H, Johnson KA, Klumpp K (2012) Assembly, purification, and pre-steady-
state kinetic analysis of active RNA-dependent RNA polymerase elongation complex. J Biol
Chem 287:10674-10683

Jones DM, Patel AH, Targett-Adams P, McLauchlan J (2009) The hepatitis C virus NS4B protein
can trans-complement viral RNA replication and modulates production of infectious virus. J
Virol 83:2163-2177

Jopling CL, Yi M, Lancaster AM, Lemon SM, Sarnow P (2005) Modulation of hepatitis C virus
RNA abundance by a liver-specific MicroRNA. Science 309:1577-1581

Kaneko T, Tanji Y, Satoh S, Hijikata M, Asabe S, Kimura K, Shimotohno K (1994) Production
of two phosphoproteins from the NS5A region of the hepatitis C viral genome. Biochem
Biophys Res Commun 205:320-326

Kao CC, Yang X, Kline A, Wang QM, Barket D, Heinz BA (2000) Template requirements for
RNA synthesis by a recombinant hepatitis C virus RNA-dependent RNA polymerase. J
Virol 74:11121-11128



Hepatitis C Virus RNA Replication 193

Kapadia SB, Chisari FV (2005) Hepatitis C virus RNA replication is regulated by host gera-
nylgeranylation and fatty acids. Proc Natl Acad Sci U S A 102:2561-2566

Kaul A, Stauffer S, Berger C, Pertel T, Schmitt J, Kallis S, Lopez MZ, Lohmann V, Luban J,
Bartenschlager R (2009) Essential role of cyclophilin A for hepatitis C virus replication and
virus production and possible link to polyprotein cleavage kinetics. PLoS Pathog 5:1000546

Ke PY, Chen SS (2011) Activation of the unfolded protein response and autophagy after hepatitis
C virus infection suppresses innate antiviral immunity in vitro. J. Clin. Invest 121:37-56

Keum SJ, Park SM, Park JH, Jung JH, Shin EJ, Jang SK (2012) The specific infectivity of hepati-
tis C virus changes through its life cycle. Virology 433:462-470

Kim DW, Gwack Y, Han JH, Choe J (1995) C-terminal domain of the hepatitis C virus NS3 pro-
tein contains an RNA helicase activity. Biochem Biophys Res Comm 215:160-166

Kim MJ, Zhong W, Hong Z, Kao CC (2000) Template nucleotide moieties required for de novo
initiation of RNA synthesis by a recombinant viral RNA-dependent RNA polymerase. J
Virol 74:10312-10322

Kim YC, Russell WK, Ranjith-Kumar CT, Thomson M, Russell DH, Kao CC (2005) Functional
analysis of RNA binding by the hepatitis C virus RNA-dependent RNA polymerase. J Biol
Chem 280:38011-38019

Knoops K, Barcena M, Limpens RW, Koster AJ, Mommaas AM, Snijder EJ (2011)
Ultrastructural characterization of arterivirus replication structures: reshaping the endoplas-
mic reticulum to accommodate viral RNA synthesis. J Virol 86:2474-2487

Knoops K, Kikkert M, Worm SH, Zevenhoven-Dobbe JC, van der Meer Y, Koster AJ, Mommaas
AM, Snijder EJ (2008) SARS-coronavirus replication is supported by a reticulovesicular
network of modified endoplasmic reticulum. PLoS Biol 6:6226

Koch JO, Bartenschlager R (1999) Modulation of hepatitis C virus NS5A hyperphosphorylation
by nonstructural proteins NS3, NS4A, and NS4B. J Virol 73:7138-7146

Kolykhalov AA, Feinstone SM, Rice CM (1996) Identification of a highly conserved sequence
element at the 3’ terminus of hepatitis C virus genome RNA. J Virol 70:3363-3371

Krieger N, Lohmann V, Bartenschlager R (2001) Enhancement of hepatitis C virus RNA
Replication by cell culture-adaptive mutations. J Virol 75:4614-4624

Lai VC, Dempsey S, Lau JY, Hong Z, Zhong W (2003) In vitro RNA replication directed by replicase
complexes isolated from the subgenomic replicon cells of hepatitis C virus. J Virol 77:2295-2300

Lanford RE, Hildebrandt-Eriksen ES, Petri A, Persson R, Lindow M, Munk ME, Kauppinen S,
Orum H (2010) Therapeutic silencing of microRNA-122 in primates with chronic hepatitis
C virus infection. Science 327:198-201

Lesburg CA, Cable MB, Ferrari E, Hong Z, Mannarino AF, Weber PC (1999) Crystal structure of
the RNA-dependent RNA polymerase from hepatitis C virus reveals a fully encircled active
site. Nat Struct Biol 6:937-943

Lescar J, Canard B (2009) RNA-dependent RNA polymerases from flaviviruses and
Picornaviridae. Curr Opin Struct Biol 19:759-767

Leveque VJ, Johnson RB, Parsons S, Ren J, Xie C, Zhang F, Wang QM (2003) Identification of
a C-terminal regulatory motif in hepatitis C virus RNA-dependent RNA polymerase: struc-
tural and biochemical analysis. J Virol 77:9020-9028

Li Q, Brass AL, Ng A, Hu Z, Xavier RJ, Liang TJ, Elledge SJ (2009) A genome-wide genetic
screen for host factors required for hepatitis C virus propagation. Proc Natl Acad Sci U S A
106:16410-16415

Liang Y, Shilagard T, Xiao SY, Snyder N, Lau D, Cicalese L, Weiss H, Vargas G, Lemon SM
(2009) Visualizing hepatitis C virus infections in human liver by two-photon microscopy.
Gastroenterology 137:1448-1458

Lindenbach BD, Pragai BM, Montserret R, Beran RK, Pyle AM, Penin F, Rice CM (2007) The
C terminus of hepatitis C virus NS4A encodes an electrostatic switch that regulates NS5A
hyperphosphorylation and viral replication. J Virol 81:8905-8918

Liu 'Y, Jiang WW, Pratt J, Rockway T, Harris K, Vasavanonda S, Tripathi R, Pithawalla R, Kati
WM (2006) Mechanistic study of HCV polymerase inhibitors at individual steps of the
polymerization reaction. Biochemistry 45:11312-11323



194 V. Lohmann

Liu Z, Yang F, Robotham JM, Tang H (2009) Ceritical role of cyclophilin A and its prolyl-peptidyl
isomerase activity in the structure and function of the hepatitis C virus replication complex.
J Virol 83:6554-6565

Lohmann V, Hoffmann S, Herian U, Penin F, Bartenschlager R (2003) Viral and cellular determi-
nants of hepatitis C virus RNA replication in cell culture. J Virol 77:3007-3019

Lohmann V, Korner F, Herian U, Bartenschlager R (1997) Biochemical properties of hepatitis C
virus NS5B RNA-dependent RNA polymerase and identification of amino acid sequence
motifs essential for enzymatic activity. J Virol 71:8416-8428

Lohmann V, Korner F, Koch JO, Herian U, Theilmann L, Bartenschlager R (1999a) Replication
of subgenomic hepatitis C virus RNAs in a hepatoma cell line. Science 285:110-113

Lohmann V, Overton H, Bartenschlager R (1999b) Selective stimulation of hepatitis C virus and
pestivirus NS5B RNA polymerase activity by GTP. J Biol Chem 274:10807-10815

Lohmann V, Roos A, Korner F, Koch JO, Bartenschlager R (1998) Biochemical and kinetic analy-
ses of NS5B RNA-dependent RNA polymerase of the hepatitis C virus. Virology 249:108-118

Lu H, Li W, Noble WS, Payan D, Anderson DC (2004) Riboproteomics of the hepatitis C virus
internal ribosomal entry site. J Proteome Res 3:949-957

Lundin M, Monne M, Widell A, Von Heijne G, Persson MA (2003) Topology of the membrane-
associated hepatitis C virus protein NS4B. J Virol 77:5428-5438

Luo G, Hamatake RK, Mathis DM, Racela J, Rigat KL, Lemm J, Colonno RJ (2000) De novo
initiation of RNA synthesis by the RNA-dependent RNA polymerase (NS5B) of hepatitis C
virus. J Virol 74:851-863

Luo G, Xin S, Cai Z (2003) Role of the 5'-proximal stem-loop structure of the 5’ untranslated
region in replication and translation of hepatitis C virus RNA. J Virol 77:3312-3318

Ma H, Leveque V, De Witte A, Li W, Hendricks T, Clausen SM, Cammack N, Klumpp K (2005)
Inhibition of native hepatitis C virus replicase by nucleotide and non-nucleoside inhibitors.
Virology 332:8-15

Machlin ES, Sarnow P, Sagan SM (2011) Masking the 5’ terminal nucleotides of the hepatitis C
virus genome by an unconventional microRNA-target RNA complex. Proc Natl Acad Sci U
S A 108:3193-3198

Martin S, Parton RG (2006) Lipid droplets: a unified view of a dynamic organelle. Nat Rev Mol
Cell Biol 7:373-378

Masaki T, Suzuki R, Murakami K, Aizaki H, Ishii K, Murayama A, Date T, Matsuura Y, Miyamura
T, Wakita T, Suzuki T (2008) Interaction of hepatitis C virus nonstructural protein SA with
core protein is critical for the production of infectious virus particles. J Virol 82:7964-7976

McLauchlan J, Lemberg MK, Hope G, Martoglio B (2002) Intramembrane proteolysis promotes
trafficking of hepatitis C virus core protein to lipid droplets. EMBO J 21:3980-3988

McMullan LK, Grakoui A, Evans MJ, Mihalik K, Puig M, Branch AD, Feinstone SM, Rice CM
(2007) Evidence for a functional RNA element in the hepatitis C virus core gene. Proc Natl
Acad Sci U S A 104:2879-2884

Migliaccio G, Tomassini JE, Carroll SS, Tomei L, Altamura S, Bhat B, Bartholomew L, Bosserman
MR, Ceccacci A, Colwell LF, Cortese R, De Francesco R, Eldrup AB, Getty KL, Hou XS,
Lafemina RL, Ludmerer SW, MacCoss M, McMasters DR, Stahlhut MW, Olsen DB, Hazuda
DJ, Flores OA (2003) Characterization of resistance to non-obligate chain-terminating ribonu-
cleoside analogs that inhibit hepatitis C virus replication in vitro. J Biol Chem 278:49164-49170

Miller S, Krijnse-Locker J (2008) Modification of intracellular membrane structures for virus
replication. Nat Rev Microbiol 6:363-374

Miyanari Y, Atsuzawa K, Usuda N, Watashi K, Hishiki T, Zayas M, Bartenschlager R, Wakita T,
Hijikata M, Shimotohno K (2007) The lipid droplet is an important organelle for hepatitis C
virus production. Nat Cell Biol 9:1089-1097

Miyanari Y, Hijikata M, Yamaji M, Hosaka M, Takahashi H, Shimotohno K (2003) Hepatitis C
virus non-structural proteins in the probable membranous compartment function in viral
genome replication. J Biol Chem 278:50301-50308

Moradpour D, Brass V, Bieck E, Friebe P, Gosert R, Blum HE, Bartenschlager R, Penin F,
Lohmann V (2004) Membrane association of the RNA-dependent RNA polymerase is
essential for hepatitis C virus RNA replication. J Virol 78:13278-13284



Hepatitis C Virus RNA Replication 195

Moradpour D, Englert C, Wakita T, Wands JR (1996) Characterization of cell lines allowing
tightly regulated expression of hepatitis C virus core protein. Virology 222:51-63

Moriishi K, Matsuura Y (2007) Host factors involved in the replication of hepatitis C virus. Rev
Med Virol 17:343-354

Mosley RT, Edwards TE, Murakami E, Lam AM, Grice RL, Du J, Sofia MJ, Furman PA, Otto
M1J (2012) Structure of hepatitis C virus polymerase in complex with primer-template RNA.
J Virol 86:6503-6511

Narbus CM, Israelow B, Sourisseau M, Michta ML, Hopcraft SE, Zeiner GM, Evans MJ (2011)
HepG?2 cells expressing microRNA miR-122 support the entire hepatitis C virus life cycle. J
Virol 85:12087-12092

Neumann AU, Lam NP, Dahari H, Gretch DR, Wiley TE, Layden TJ, Perelson AS (1998)
Hepatitis C viral dynamics in vivo and the antiviral efficacy of interferon-alpha therapy.
Science 282:103-107

Oh JW, Ito T, Lai MC (1999) A recombinant hepatitis C virus RNA-dependent RNA polymerase
capable of copying the full-length viral RNA. J Virol 73:7694-7702

Paredes AM, Blight KJ (2008) A genetic interaction between hepatitis C virus NS4B and NS3 is
important for RNA replication. J Virol 82:10671-10683

Paul AV, Rieder E, Kim DW, van Boom JH, Wimmer E (2000) Identification of an RNA hairpin
in poliovirus RNA that serves as the primary template in the in vitro uridylylation of VPg. J
Virol 74:10359-10370

Paul D, Romero-Brey I, Gouttenoire J, Stoitsova S, Krijnse-Locker J, Moradpour D, Bartenschlager
R (2011) NS4B self-interaction through conserved C-terminal elements is required for the
establishment of functional hepatitis C virus replication complexes. J Virol 85:6963-6976

Pause A, Kukolj G, Bailey M, Brault M, Do F, Halmos T, Lagace L, Maurice R, Marquis M,
McKercher G, Pellerin C, Pilote L, Thibeault D, Lamarre D (2003) An NS3 serine pro-
tease inhibitor abrogates replication of subgenomic hepatitis C virus RNA. J Biol Chem
278(22):20374-20380

Piccininni S, Varaklioti A, Nardelli M, Dave B, Raney KD, McCarthy JE (2002) Modulation of
the hepatitis C virus RNA-dependent RNA polymerase activity by the non-structural (NS) 3
helicase and the NS4B membrane protein. J Biol Chem 277:45670-45679

Pietschmann T, Lohmann V, Rutter G, Kurpanek K, Bartenschlager R (2001) Characterization of
cell lines carrying self-replicating hepatitis C virus RNAs. J Virol 75:1252-1264

Powdrill MH, Tchesnokov EP, Kozak RA, Russell RS, Martin R, Svarovskaia ES, Mo H,
Kouyos RD, Gotte M (2011) Contribution of a mutational bias in hepatitis C virus replica-
tion to the genetic barrier in the development of drug resistance. Proc Natl Acad Sci U S A
108:20509-20513

Quezada EM, Kane CM (2009) The hepatitis C virus NS5A stimulates NS5B during in vitro
RNA synthesis in a template specific manner. Open Biochem J 3:39-48

Quinkert D, Bartenschlager R, Lohmann V (2005) Quantitative analysis of the hepatitis C virus
replication complex. J Virol 79:13594-13605

Ranjith-Kumar CT, Gutshall L, Sarisky RT, Kao CC (2003) Multiple interactions within the
hepatitis C virus RNA polymerase repress primer-dependent RNA synthesis. J Mol Biol
330:675-685

Ranjith-Kumar CT, Kao CC (2006) Recombinant viral RdRps can initiate RNA synthesis from
circular templates. RNA 12:303-312

Ranjith-Kumar CT, Kim YC, Gutshall L, Silverman C, Khandekar S, Sarisky RT, Kao CC (2002)
Mechanism of de novo initiation by the hepatitis C virus RNA-dependent RNA polymerase:
role of divalent metals. J Virol 76:12513-12525

Ranjith-Kumar CT, Wen Y, Baxter N, Bhardwaj K, Cheng KC (2011) A cell-based assay for
RNA synthesis by the HCV polymerase reveals new insights on mechanism of polymerase
inhibitors and modulation by NS5A. PLoS ONE 6:€22575

Reigadas S, Ventura M, Sarih-Cottin L, Castroviejo M, Litvak S, Astier-Gin T (2001) HCV
RNA-dependent RNA polymerase replicates in vitro the 3’ terminal region of the minus-
strand viral RNA more efficiently than the 3’ terminal region of the plus RNA. Eur J
Biochem 268:5857-5867



196 V. Lohmann

Reiss S, Rebhan I, Backes P, Romero-Brey I, Erfle H, Matula P, Kaderali L, Poenisch M,
Blankenburg H, Hiet MS, Longerich T, Diehl S, Ramirez F, Balla T, Rohr K, Kaul A, Buhler
S, Pepperkok R, Lengauer T, Albrecht M, Eils R, Schirmacher P, Lohmann V, Bartenschlager
R (2011) Recruitment and activation of a lipid kinase by hepatitis C virus NS5A is essential
for integrity of the membranous replication compartment. Cell Host Microbe 9:32-45

Romero-Brey I, Merz A, Chiramel A, Lee J-Y, Chlanda P, Haselman U, Santarella-Mellwig R,
Habermann A, Hoppe S, Kallis S, Walther P, Antony C, Krijnse-Locker J, Bartenschlager
R (2012) Three-dimensional architecture and biogenesis of membrane structures associated
with hepatitis C virus replication. PLoS Pathog 8(12):e1003056

Schmitt M, Scrima N, Radujkovic D, Caillet-Saguy C, Simister PC, Friebe P, Wicht O, Klein
R, Bartenschlager R, Lohmann V, Bressanelli S (2011) A comprehensive structure-function
comparison of hepatitis C virus strain JFHI and J6 polymerases reveals a key residue stimu-
lating replication in cell culture across genotypes. J Virol 85:2565-2581

Schuster C, Isel C, Imbert I, Ehresmann C, Marquet R, Kieny MP (2002) Secondary structure of
the 3/ terminus of hepatitis C virus minus-strand RNA. J Virol 76:8058-8068

Scrima N, Caillet-Saguy C, Ventura M, Harrus D, Astier-Gin T, Bressanelli S (2012) Two crucial
early steps in RNA synthesis by the hepatitis C virus polymerase involve a dual role of resi-
due 405. J Virol 86:7107-7117

Shi ST, Lee KIJ, Aizaki H, Hwang SB, Lai MM (2003) Hepatitis C virus RNA replication occurs
on a detergent-resistant membrane that cofractionates with caveolin-2. J Virol 77:4160-4168

Shi ST, Polyak SJ, Tu H, Taylor DR, Gretch DR, Lai MM (2002) Hepatitis C virus NS5A colo-
calizes with the core protein on lipid droplets and interacts with apolipoproteins. Virology
292:198-210

Shim JH, Larson G, Wu JZ, Hong Z (2002) Selection of 3’-template bases and initiating nucleo-
tides by hepatitis C virus NS5B RNA-dependent RNA polymerase. J Virol 76:7030-7039

Shimakami T, Yamane D, Jangra RK, Kempf BJ, Spaniel C, Barton DJ, Lemon SM (2012)
Stabilization of hepatitis C virus RNA by an Ago2-miR-122 complex. Proc Natl Acad Sci U
S A 109:941-946

Shimizu YK (1992) Ultrastructural alterations and expression of cytoplasmic antigen 48-1 in
hepatocytes in association with hepatitis C virus infection. Microbiol Immunol 36:911-922

Shimizu YK, Weiner AJ, Rosenblatt J, Wong DC, Shapiro M, Popkin T, Houghton M, Alter HJ,
Purcell RH (1990) Early events in hepatitis C virus infection of chimpanzees. Proc Natl
Acad Sci U S A 87:6441-6444

Shirota Y, Luo H, Qin W, Kaneko S, Yamashita T, Kobayashi K, Murakami S (2002) Hepatitis C
virus (HCV) NS5A binds RNA-dependent RNA polymerase (RdRP) NS5B and modulates
RNA-dependent RNA polymerase activity. J Biol Chem 277:11149-11155

Simister P, Schmitt M, Geitmann M, Wicht O, Danielson UH, Klein R, Bressanelli S, Lohmann
V (2009) Structural and functional analysis of hepatitis C virus strain JFHI1 polymerase. J
Virol 83:11926-11939

Sir D, Kuo CF, Tian Y, Liu HM, Huang EJ, Jung JU, Machida K, Ou JH (2012) Replication of
hepatitis C virus RNA on autophagosomal membranes. J Biol Chem 287:18036-18043

Smith RM, Walton CM, Wu CH, Wu GY (2002) Secondary structure and hybridization accessi-
bility of hepatitis C virus 3’-terminal sequences. J Virol 76:9563-9574

Stone M, Jia S, Heo WD, Meyer T, Konan KV (2007) Participation of rab5, an early endosome
protein, in hepatitis C virus RNA replication machinery. J Virol 81:4551-4563

Su Al Pezacki JP, Wodicka L, Brideau AD, Supekova L, Thimme R, Wieland S, Bukh J, Purcell
RH, Schultz PG, Chisari FV (2002) Genomic analysis of the host response to hepatitis C
virus infection. Proc Natl Acad Sci U S A 99:15669-15674

Sun XL, Johnson RB, Hockman MA, Wang QM (2000) De novo RNA synthesis catalyzed by
HCV RNA-dependent RNA polymerase. Biochem Biophys Res Commun 268:798-803

Suzich JA, Tamura JK, Palmer HE, Warrener P, Grakoui A, Rice CM, Feinstone SM, Collett MS
(1993) Hepatitis C virus NS3 protein polynucleotide-stimulated nucleoside triphosphatase
and comparison with the related pestivirus and flavivirus enzymes. J Virol 67:6152-6158



Hepatitis C Virus RNA Replication 197

Tai AW, Benita Y, Peng LF, Kim SS, Sakamoto N, Xavier RJ, Chung RT (2009) A functional
genomic screen identifies cellular cofactors of hepatitis C virus replication. Cell Host
Microbe 5:298-307

Tanaka T, Kato N, Cho MJ, Shimotohno K (1995) A novel sequence found at the 3’ terminus of
hepatitis C virus genome. Biochem Biophys Res Commun 215:744-749

Tanida I, Fukasawa M, Ueno T, Kominami E, Wakita T, Hanada K (2009) Knockdown of
autophagy-related gene decreases the production of infectious hepatitis C virus particles.
Autophagy 5:937-945

Tanji Y, Kaneko T, Satoh S, Shimotohno K (1995) Phosphorylation of hepatitis C virus-encoded
nonstructural protein NS5A. J Virol 69:3980-3986

Targett-Adams P, Boulant S, McLauchlan J (2008) Visualization of double-stranded RNA in cells
supporting hepatitis C virus RNA replication. J Virol 82:2182-2195

Tellinghuisen TL, Foss KL, Treadaway J (2008) Regulation of hepatitis C virion production via
phosphorylation of the NS5A protein. PLoS Pathog 4:¢1000032

Tellinghuisen TL, Marcotrigiano J, Rice CM (2005) Structure of the zinc-binding domain of an
essential component of the hepatitis C virus replicase. Nature 435:374-379

Tuplin A, Struthers M, Simmonds P, Evans DJ (2012) A twist in the tail: SHAPE mapping of
long-range interactions and structural rearrangements of RNA elements involved in HCV
replication. Nucleic Acids Res 40:6908-6921

Vaillancourt FH, Pilote L, Cartier M, Lippens J, Liuzzi M, Bethell RC, Cordingley MG, Kukolj
G (2009) Identification of a lipid kinase as a host factor involved in hepatitis C virus RNA
replication. Virology 387:5-10

van Regenmortel MHV, Fauquet CM, Bishop DHL, Carstens EB, Estes MK, Lemon SM,
Maniloff J, Mayo MA, McGeoch DJ, Pringle CR, Wickner RB (2000) Virus taxonomy: the
VIIth report of the international committee on taxonomy of viruses. Academic Press, San
Diego

Vassilaki N, Friebe P, Meuleman P, Kallis S, Kaul A, Paranhos-Baccala G, Leroux-Roels G,
Mavromara P, Bartenschlager R (2008) Role of the hepatitis C virus core+1 open reading
frame and core cis-acting RNA elements in viral RNA translation and replication. J Virol
82:11503-11515

Verdegem D, Badillo A, Wieruszeski JM, Landrieu I, Leroy A, Bartenschlager R, Penin F, Lippens
G, Hanoulle X (2011) Domain 3 of NS5A protein from the hepatitis C virus has intrinsic
alpha-helical propensity and is a substrate of cyclophilin A. J Biol Chem 286:20441-20454

Wang C, Gale M Jr, Keller BC, Huang H, Brown MS, Goldstein JL, Ye J (2005) Identification of
FBL2 as a geranylgeranylated cellular protein required for hepatitis C virus RNA replica-
tion. Mol Cell 18:425-434

Watashi K, Hijikata M, Hosaka M, Yamaji M, Shimotohno K (2003) Cyclosporin A suppresses
replication of hepatitis C virus genome in cultured hepatocytes. Hepatology 38:1282-1288

Watashi K, Ishii N, Hijikata M, Inoue D, Murata T, Miyanari Y, Shimotohno K (2005)
Cyclophilin B is a functional regulator of hepatitis C virus RNA polymerase. Mol Cell
19:111-122

Welsch S, Miller S, Romero-Brey I, Merz A, Bleck CK, Walther P, Fuller SD, Antony C, Krijnse-
Locker J, Bartenschlager R (2009) Composition and three-dimensional architecture of the
dengue virus replication and assembly sites. Cell Host Microbe 5:365-375

Yamashita T, Kaneko S, Shirota Y, Qin W, Nomura T, Kobayashi K, Murakami S (1998) RNA-
dependent RNA polymerase activity of the soluble recombinant hepatitis C virus NS5B pro-
tein truncated at the C-terminal region. J Biol Chem 273:15479-15486

Yang F, Robotham JM, Grise H, Frausto S, Madan V, Zayas M, Bartenschlager R, Robinson M,
Greenstein AE, Nag A, Logan TM, Bienkiewicz E, Tang H (2010) A major determinant of
cyclophilin dependence and cyclosporine susceptibility of hepatitis C virus identified by a
genetic approach. PLoS Pathog 6:¢1001118

Yi M, Lemon SM (2003a) 3’ nontranslated RNA signals required for replication of hepatitis C
virus RNA. J Virol 77:3557-3568



198 V. Lohmann

Yi M, Lemon SM (2003b) Structure-function analysis of the 3’ stem-loop of hepatitis C virus
genomic RNA and its role in viral RNA replication. RNA 9:331-345

You S, Rice CM (2008) 3’ RNA elements in hepatitis C virus replication: Kissing partners and
long poly(U). J Virol 82:184-195

You S, Stump DD, Branch AD, Rice CM (2004) A cis-acting replication element in the sequence
encoding the NS5B RNA-dependent RNA polymerase is required for hepatitis C virus RNA
replication. J Virol 78:1352-1366

Yu GY, Lee KJ, Gao L, Lai MM (2006) Palmitoylation and polymerization of hepatitis C virus
NS4B protein. J Virol 80:6013-6023

Yu H, Grassmann CW, Behrens SE (1999) Sequence and structural elements at the 3’ terminus of
bovine viral diarrhea virus genomic RNA: functional role during RNA replication. J Virol
73:3638-3648

Zhang C, Cai Z, Kim YC, Kumar R, Yuan F, Shi PY, Kao C, Luo G (2005) Stimulation of hep-
atitis C virus (HCV) nonstructural protein 3 (NS3) helicase activity by the NS3 protease
domain and by HCV RNA-dependent RNA polymerase. J Virol 79:8687-8697

Zhong W, Uss AS, Ferrari E, Lau JY, Hong Z (2000) De novo initiation of RNA synthesis by
hepatitis C virus nonstructural protein 5B polymerase. J Virol 74:2017-2022



	Hepatitis C Virus RNA Replication
	Abbreviations
	1 Introduction
	2 Ultrastructure of the HCV Replication Sites
	2.1 Model of the HCV Replication Complex
	2.2 DMVs and MMVs
	2.3 Biogenesis of the Membranous Web
	2.3.1 Viral Determinants
	2.3.2 Host Factors


	3 RNA Synthesis
	3.1 Limitations of Current Model Systems
	3.2 Cis-Acting RNA Elements
	3.2.1 The 3′end of the Positive-Strand RNA
	3.2.2 The 5′NTR and the 3′end of the Negative-Strand RNA

	3.3 The Viral RNA Polymerase NS5B
	3.3.1 Template Requirements and Initiation Modes
	3.3.2 Steps of RNA Synthesis

	3.4 Contribution of Other Viral Proteins to RNA Synthesis
	3.5 Host Factors Involved in RNA synthesis

	4 Intracellular Dynamics of RNA Synthesis
	5 Conclusions and Future Perspectives
	References


