1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Virus Res. Author manuscript; available in PMC 2017 August 11.

-, HHS Public Access
«

Published in final edited form as:
Virus Res. 2015 August 03; 206: 90-98. doi:10.1016/j.virusres.2014.12.029.

Cis-acting RNA elements in the Hepatitis C virus RNA genome

Selena M. Sagan?, Jasmin Chahall, and Peter Sarnow?
1Dept. of Microbiology & Immunology, McGill University, Montreal, QC

2Dept. of Microbiology and Immunology, Stanford University, Stanford, CA

Abstract

Hepatitis C virus (HCV) infection is a rapidly increasing global health problem with an estimated
170 million people infected worldwide. HCV is a hepatotropic, positive-sense RNA virus of the
family Flaviviridae. As a positive-sense RNA virus, the HCV genome itself must serve as a
template for translation, replication and packaging. The viral RNA must therefore be a dynamic
structure that is able to readily accommodate structural changes to expose different regions of the
genome to viral and cellular proteins to carry out the HCV life cycle. The ~9600 nucleotide viral
genome contains a single long open reading frame flanked by 5° and 3" non-coding regions that
contain cis-acting RNA elements important for viral translation, replication and stability.
Additional c/s-acting RNA elements have also been identified in the coding sequences as well as
in the 3" end of the negative-strand replicative intermediate. Herein, we provide an overview of
the importance of these c/s-acting RNA elements in the HCV life cycle.

Keywords
Hepatitis C virus; cis-acting RNA element; Internal Ribosome Entry Site; miR-122

1. Introduction

Hepatitis C virus (HCV) is a positive-sense RNA virus of the family Flaviviridae (genus
hepacivirus). It has been estimated that approximately 170 million people are infected
worldwide, eventually suffering from liver cirrhosis and hepatocellular carcinoma [1, 2].
Until recently, the only therapy included a regimen of pegylated interferon a and ribavirin
that was poorly effective in most patients [3]. With the recent development of direct-acting
antiviral combination therapies that produce sustained virological response (cure) rates of
over 95%, there is great enthusiasm that HCV infection can be effectively controlled in the
near future.

The viral genome is approximately ~9600 nucleotides (nt) in length. The HCV genome has
a single open reading frame (ORF) that encodes a ~3000 amino acid polyprotein that is
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subsequently cleaved by virus-encoded and cellular proteinases into the ten mature viral
proteins (Fig. 1A). The ORF is flanked by highly structured 5° and 3" non-coding regions
(NCRs) that contain RNA secondary and tertiary structures important for viral translation,
replication and stability (Fig. 1B-C). Herein, we provide a comprehensive overview of the
importance of these cis-acting RNA elements (CRE) in the HCV life cycle.

2. CREs in HCV translation

The start-site AUG codon for translation initiation in the 5° NCR of the HCV RNA genome
is located at nucleotide 342. Thus, it was unclear how the viral mMRNA would be efficiently
translated by a conventional cap-dependent scanning mechanism where the 40S ribosomal
subunits would have to traverse several higher-ordered RNA structures and bypass several
upstream AUG codons. It was known from studies with picornaviruses that long structured
RNA elements, which were located in the 5° NCRs, could mediate translation initiation by
an internal ribosome entry site mechanism. Specifically, these so-called internal ribosome
entry site (IRES) sequences could, aided by canonical and non-canonical translation
initiation factors, bind 40S subunits to internal sequences and independently of the 5 end of
the viral RNA. Thus, IRES elements function like Shine-Dalgarno sequences in bacterial
MRNAs, where 30S subunits are recruited via base-pair interactions with the rRNA and
small sequences upstream of the initiation codon. However, unlike a Shine-Dalgarno
sequence, IRES elements are long and structured. Indeed, IRES activity was detected in the
HCV RNA genome when investigators found that the HCV 5" NCR, when located in the
intergenic spacer of an artifical bicistronic MRNA, mediated translation of the second cistron
independently of the first cistron [4, 5]. Furthermore, insertion of an AUG codon upstream
of the AUG start codon at position 342 was not recognized by the 40S subunit [6],
suggesting that the HCV IRES binds the 40S subunit directly at the start-site AUG. Over the
past decade, numerous single-particle cryoelectron microscopy, NMR and X-ray structures
of the HCV IRES have been reported (discussed in [7]). These structures and the recent
solution structure of the entire HCV IRES [8] have uncovered the molecular details of how
the HCV IRES assembles translation-competent 80S ribosomes.

2.1 The Internal Ribosomal Entry Site (IRES)

The HCV 5" NCR contains four major stem loop (SL) structures (Fig. 1B). SLI is important
to augment viral replication (see below), while SLII-1V comprises the HCV IRES. Thus, the
IRES functions as a three SL-domain structure, in which the individual SLs are folded
independently, and are separated by small linker regions [9](Fig. 1B). First, we will
summarize the function of each loop in IRES activity and then describe the steps at which
these SL structures assemble functional 80S ribosomes at the start-site AUG codon.

SLIla induces an ion-dependent bent structure in SLII to direct SLI1Ib to the ribosomal E-site
in the head region of the 40S subunits [10] (Fig. 1D). Deletion of SLIla eliminates the bent
structure of SLII. While SLIla IRES deletions still allow the formation of 80S-IRES
complexes, these complexes do not elongate because GTP hydrolysis in Met-tRNAi-elF2
complexes and elF2 release from the 40S is inhibited. It is thought that the bent topology of
SLII in the E-site needs to undergo a conformational switch to allow its removal and the
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subsequent occupancy of the E-site with deacylated tRNA, resulting in translation
elongation [11, 12]. SLII also reaches into the mRNA binding cleft in the 40S subunit where
it causes a conformational change in the 40S subunits, resulting in rotation of the head
relative to the body of the 40S, clamping down of the attached HCV mRNA [12].

SLIII contains several domains [13], including a SLII1abc four-way junction [14] and a
SLIef/SLIV pseudoknot structure [15, 16] (Fig. 1D). Upon formation of IRES-40S
complexes the SLIllad junction binds to the surface of the 40S, whereas the SLI1Ibc RNA
motif associates with translation factor elF3 [9]. It is thought that binding of elF3 to 40S
subunits prevents the premature association of 60S subunits [17]. Furthermore,
reconstitution IRES-40S experiments have shown that elF3 enhances the formation of 40S-
IRES complexes likely by stabilizing the Met-tRNA;-elF2 complex [18]. SLIIIef interacts
with SLIV to form a complex double pseudoknot structure that is important in positioning
the start-site AUG codon in the viral mMRNA into the P-site of the 40S subunit [15, 16].

The assembly of IRES-40S complexes is governed by dynamic changes in the IRES that
occur after interaction of the IRES with its cellular binding partners. First, the basal domain
of SLIII (SLIllad) binds to the backside of the 40S and subsequently the apical domain of
SLIII (SLIbc) recruits factor elF3 (Fig. 1D). In the second step, domain SLII reorients and
interacts with the decoding center of the 40S subunit, resulting in a head rotation in the 40S
and clamping down of the mRNA in the 40S mRNA binding cleft. Finally, pseudoknots in
SLIllef aid in positioning of the initiator tRNA™et in the ribosomal P-site of the 40S subunit.
Remarkably, the IRES sequence and structure is highly conserved among all HCV
genotypes, but is very different from IRES elements found, for example, in picornaviral
RNA genomes. Picornaviral IRES elements also require more initiation factors than the
HCV IRES, suggesting that diversification likely occurred as a result of tissue tropism and
pathogenic signatures of these viruses.

2.2 Modulation of the HCV IRES by host factors

Several host proteins are recruited to the HCV IRES to mediate IRES activity. These factors
are collectively referred to as IRES trans-acting factors (ITAFs, reviewed in [19]). ITAFs
contain one or more RNA-binding domains and are involved in a variety of post-
transcriptional mechanisms of cellular RNAs

One of the most studied ITAFs is the La protein that is normally involved in the processing
of precursor tRNAs in eukaryotic cells [20]. La protein binds to SLIV and the region around
the AUG start codon in the HCV IRES [21, 22]. It has been shown that La contacts SLIV
and ribosomal protein S5 in the 40S ribosomal subunit [23]), resulting in enhanced IRES
activity by an unknown mechanism. Several heterogeneous nuclear RNA proteins (hnnRNPs)
have also been shown to modulate HCV IRES activity. For example, SYNCRIP
(synaptotagmin-binding, cytoplasmic RNA-interacting protein)/hnRNP Q/NSAP1 [24, 25]
has diverse functions in RNA metabolism including splicing and translational regulation,
and binds to the HCV IRES immediately downstream of the start codon to promote the
correct positioning of the 40S subunit [26]. Similarly, hnRNP L is normally involved in
regulation of alternative splicing and binds to the HCV IRES downstream of the AUG start
codon to stimulate translation by an unknown mechanism [27, 28]. Curiously, hnRNP D,
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which is typically involved in cellular mMRNA destabilization, stimulates the HCV IRES after
binding to SLII of the IRES [29]. IMP-1 (insulin-like growth factor 2 mRNA binding protein
1) is an RNA-binding protein involved in mRNA localization, turnover and translational
regulation [30], which binds to SLIV as well as the viral 3" NCR and has been suggested to
be involved in genome circularization [31] and enhancement of IRES-mediated translation
[32]. Because hnRNP D can interact with hnRNP L, SYNCRIP and IMP-1, hnRNP D may
act as a scaffold to promote recruitment of other hnRNPs and IMP-1 to the HCV IRES
[33-35]. Finally, Gemin5 and LSm1-7, which are RNA-binding proteins that bind ShRNAs
and control specific loading of Sm proteins during ShRNP assembly and are involved in
mRNA decapping/degradation [36, 37] interact with the HCV IRES. Specifically, both
Gemin5 and LSm1-7 bind to SLIII of the HCV IRES and have opposing effects on HCV
translation. While Gemin5 downregulates HCV IRES-mediated translation, LSm1-7 is
required for efficient HCV RNA translation [38]. Since Gemin5 is also known to interact
with LSm1-7, SYNCRIP and the La protein, it is speculated that Gemin5 may be involved in
oligomeric protein interactions that control HCV IRES-mediated translation.

As mentioned above, the exact mechanism by which ITAFs modulate IRES activity is
unknown. The ITAFs likely cause changes in dynamics of HCV IRES-ribosome interactions.
Such changes can now be examined by Férster resonance energy transfer (FRET) in single
molecule approaches that monitor changes in dynamics of the HCV IRES with ribosomes in
the presence of distinct ITAFs [39].

2.3 CREs in the core-coding region

The core-coding region of the HCV genome was proposed to contain two stem-loop
structures (SLV and SLVI, Fig. 1B) with high sequence conservation that have been
confirmed by enzymatic structural probing /n vitro [40]. Subsequent studies demonstrated
that mutations disrupting SLV and SLVI reduced viral RNA translation, but were
dispensable for viral RNA replication [41, 42]. However, sub-genomic replicons with a
deletion of the core to NS2-coding regions are able to undergo translation, replication and
packaging; indicating that these areas are devoid of RNA structures crucial to viral
translation, replication or packaging [43].

3. CREs in HCV RNA replication

The majority of CREs that influence HCV RNA replication are located in the 5" and 3’
NCRs of the positive-strand and the 3" end of the negative-strand RNA (Fig. 1A-D)
(reviewed in [44]). However, RNA sequences and structures have been described those are
crucial to viral replication in the coding regions as well. These CREs have been extensively
mapped and characterized both /n vitroand in cell culture systems, but the precise roles and
mechanistic functions of individual SL structures remain elusive in many cases.

3.1 Replication elements in the 5° NCR

In addition to its crucial role in translation, the 5° NCR contains CRES required for viral
replication as well (Fig. 1B). Genetic analyses have mapped the first 125 nt of the 5° NCR,
containing SLI and SL1I, as the minimal sequence requirement for HCV RNA replication
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[45]. SLI (nt 5-20) is dispensable for translation, but is essential to viral RNA replication
[45]. Deletion of SLI completely abolishes replication in cell culture, but although the
primary sequence of SLI plays a role, the overall structure seems to be what is critical to
viral RNA replication [45-47]. Nucleotides 1 to 4 and 21 to 43 are also dispensable for
translation, but are required for efficient HCV RNA replication [45]; however, this is likely
due to the interaction between this region of the genome with the liver-specific microRNA,
miR-122 (Fig. 1B, discussed in more detail below) [48-50]. SLII, although considered part
of the HCV IRES, is also required for viral RNA replication [45]. It is unknown how these
sequences direct RNA replication and is tempting to speculate that they may play a role in
the switch from translation to replication; however, this has yet to be demonstrated
experimentally. Notably, the nucleotide sequences of the 5 NCR involved in initiation of
positive-strand synthesis are found in the complementary negative-strand intermediate.

3.2 Replication elements in the 3” end of the negative-strand replicative intermediate

The 3" end of the negative-strand replicative intermediate, which is complementary to the
genomic 5” NCR, was initially predicted and subsequently structurally probed /i vitro
[51-53]. All three studies predicted five stem-loop structures in the 3" terminal 220 nt of the
negative-strand RNA, whereas structures upstream differed between the three studies
[51-53]. More recently, computational prediction combined with genetic analyses were used
to characterize the sequences and structures required for positive-strand RNA synthesis in a
system that uncouples viral translation and replication [54] (Fig. 1E). The first 104 nt,
containing SL-I' (nts 6 to 20) and SL-I1z' (nt 21 to 104), were shown to be absolutely
required for HCV RNA replication [54]. The primary sequence of SL-I' stem was required,
but not that of the loop; while for SL-11z' preservation of the overall structure restored
replication, albeit to about 10-fold lower levels than that of wild-type [54]. While a construct
containing SL-I' and SL-11z' (nts 1 to 106) was sufficient for viral RNA replication, this
mutant was severely impaired (only 10-fold above background as measured with a construct
containing a mutation in the NS5B RNA-dependent RNA polymerase active site),
suggesting that additional sequences are required to promote efficient positive-strand
synthesis [54]. The primary sequence of SL-11y" also contributes to efficient RNA
replication, whereas the remaining stem-loop structures seem to have an ancillary role [54,
55]. Similar to the 3" terminus of the positive-sense RNA, the 3" terminal nucleotide of the
negative-strand is a uridine or cytosine residue in most HCV isolates, likely due to the
preference for a purine (adenine or guanine) as the initiating nucleotide for the NS5B RNA-
dependent RNA polymerase [56]. Despite recent advances in structural and sequence
requirements for positive-strand RNA synthesis, the distinct mechanistic roles of the SL
structures at the 3’ end of the negative-strand remain uncertain and are likely to be the focus
of future studies.

3.3 Replication elements in the 3° NCR of HCV RNA

As with most positive-strand RNA viruses, the 3" NCR is essential for viral RNA
replication, presumably due to the requirement for initiation of negative-strand synthesis at
this site [57, 58]. The 3° NCR has a tripartite structure containing a variable region, poly-
U/UC region, and a 98-nt 3" X-tail [59, 60] (Fig. 1C). The variable region is approximately
40-nt in length and is poorly conserved among HCV isolates [60-62]. Nonetheless, it is
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predicted to form two stem-loop structures that overlap with the 3" terminus of the NS5B
coding sequence and contain the viral polyprotein stop codon [61-63]. The variable region is
not essential, but its deletion leads to severely impaired replication, suggesting that it
promotes efficient viral RNA replication in cell culture [57, 64]. The poly-U/UC tract varies
between 30 and 80 nt among HCV isolates and consists of a homopolyuridine stretch
interspersed by single cytosine residues [59]. A minimum of 26-33 consecutive uridines is
essential for HCV RNA replication in cell culture [57, 65]. It is hypothesized that the poly-
U/UC region provides a platform for recruitment of host or viral proteins as introduction of
cytosine residues is deleterious to viral replication, but the position of the 26-33 nt poly-U
tract within the poly-U/UC stretch is flexible [57, 65]. Importantly, the NS3 helicase, NS5A
and the NS5B RNA-dependent RNA polymerase have all been shown to preferentially bind
to poly-U sequences /n vitro [66-68]. The 98-nt 3" X-tail is the main regulatory CRE
required for negative-strand synthesis and is highly conserved across HCV isolates [59, 61].
The X-tail contains three stem-loop structures that are essential in both sequence and
structure for HCV RNA replication [57, 64] (Fig. 1C). Notably, the terminal nucleotide in
the HCV genome in all isolates is a uridine residue and is engaged in base-pairing
interactions in the 3" terminal SL structure (SL1) of the HCV genome (Fig. 1C). This
uridine residue can be replaced with a cytosine and still direct initiation of negative-strand
synthesis in HCV replicons, in accordance with the requirement of the viral polymerase to
initiate RNA synthesis using a purine base (guanine or adenine) [56]. However, replication
of these mutants in cell culture results in reversion or addition of uridine residues,
suggesting a strong selective pressure for initiation on a terminal uridine [56, 69].

3.4 Replication elements in the NS5B coding region

In addition to the CRESs located in the 3" NCR, additional CREs have been identified in the
NS5B coding region that are important to HCV RNA replication. Most notably is the stem-
loop structure designated SL3.2 (or SL9266 according to H77 nomenclature, Genbank
Accession #AF011753) that is part of a larger cruciform structure in the NS5B coding region
[70] (Fig.1C). The loop of SL3.2 is engaged in a long range RNA-RNA kissing-loop
interaction with SL2 of the 3" X-tail creating a pseudoknot structure at the 3" end of the
HCV genome [70, 71]. Reverse genetic analyses revealed that complementarity between
these two loops, rather than the primary sequence, was what was essential for viral RNA
replication in cell culture [70, 71]. Interestingly, recent studies have revealed that the bulge
region of SL3.2 is also engaged in a long range RNA-RNA interaction with sequences
upstream around nucleotide 9110 [72, 73]. When mutations were made in region 9110, there
was a significant reduction in viral titers; however, this could be restored to wild-type levels
by introduction of compensatory mutations into the bulge of SL3.2 that restored base-pairing
[73]. This suggests that a long range RNA-RNA interaction exists between the 3" sub-
terminal bulge of SL3.2 and the 9110 region, and that this pseudoknot promotes efficient
replication [73]. Furthermore, the authors provided evidence using /n vitro selective 2
hydroxyl acylation analyzed by primer extension (SHAPE) that the kissing-loop and
upstream pseudoknot interaction are mutually exclusive, suggesting that they may serve a
switch function that modulates translation and replication events in the HCV life cycle [73];
however, this has yet to be verified independently.
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A recent study explored the presence of additional CREs in the nonstructural protein-coding
region by systematic introduction of synonymous substitutions within defined segments in
the NS3-NS5B coding regions [74]. Consistent with previous computational and
biochemical studies, Chu and colleagues found no significant replication or infectivity
defects in viruses with synonymous mutations in the NS3, NS4A, NS4B or NS5A regions
indicating that these regions do not contain critical CREs [74-78]. However, introduction of
silent mutations into multiple segments of the NS5B region resulted in moderate to severe
impairment of RNA replication and infectivity, even within regions upstream of the
previously identified SL3.2 and pseudoknot interactions [70-74]. By combining
computational prediction, mutational analyses and studies of replication and infectivity of
mutant viruses, Chu and colleagues identified conserved and non-conserved stem-loop
structures in the JFH-1 genome, termed SL8222 (H77-SL8157) and SL9038 (H77-9005),
respectively, that are predicted to play a role in genome packaging and assembly of viral
particles [74]. In addition, they experimentally verified SL8647 (H77-SL8582), a previously
predicted stem-loop structure that acts as an enhancer for efficient viral RNA replication.
Furthermore, the authors identified an extended stem-loop structure, termed SL9005, which
plays a critical role in HCV genome replication and assembly [74]. Notably, the integrity of
the stem structure was important for viral RNA replication and infectivity, and this stem-
loop also contains the predicted pseudoknot residues (nt 9110 region) in the 3" bulge at the
base of the extended stem structure [73, 74] (Fig. 1C). Further studies will be required to
validate these CREs in additional isolates and elucidate the mechanism of action on viral
RNA replication and infectivity.

In addition to the CREs described in the 5° and 3" NCRs as well as the distinct stem-loop
structures described in the core- and NS5B-coding regions, there is evidence that additional
RNA structures exist throughout the polyprotein coding sequence [79, 80]. This includes
recently described stem-loop structures in the NS5B coding region as well as the less well-
defined, extensive large-scale secondary structure collectively known as genome-scale
ordered RNA structure (GORS), that spans the entire coding region of the HCV genome [74,
79, 80].

4. The miR-122 binding sites in HCV RNA

MicroRNAs (miRs) are small (20-23 nt) RNAs that are processed from primary polymerase
I1-generated transcripts. In the cytoplasm, miRs associate with one of the four Argonaute
proteins and several auxiliary factors in an RNA-induced silencing complex (RISC). The
RISC binds to mRNAs that contain sequences with partial complementarity to the miR. In
particular, most miRs interact with nucleotides 2-8 (seed sequence) via perfect base
complementarity with seed match sequences that are usually located in 3° NCRs of mRNAs
[81]. Kinetics analyses have shown that miR-bound mRNAs are first translationally stalled
and then subsequently degraded by the CNOT1/CCR4 deadenylase complex [82-84]. Many
miRs are expressed in a tissue-specific manner. For example, liver cells express
approximately 66,000 copies miR-122, which constitutes 70% of all miRs in the liver [85].
The normal function of miR-122 is the upregulation of fatty acid and sterol biosynthesis in
animals [86, 87], most likely via downregulation of a repressor of these pathways.
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4.1 miR-122 interacts with two conserved binding sites in the HCV genome and confers
stability to the viral mMRNA

It was noted that the very 5” end of the HCV RNA genome contains two binding sites for
miR-122 that were highly conserved among all HCV genotypes (Table 1). Mutation of the
miR-122 sites or sequestration of miR-122 by antisense locked nucleic acid (LNA)-
containing oligomers resulted in the loss of HCV RNA [48, 49, 88]. A systematic mutational
analysis performed by Machlin and coworkers showed that the miR-122 molecules bind in
tandem to the viral RNA (Fig. 2; site 1 and site 2), with both miR-122 molecules exposing
an internal bulge in the miR-HCV RNA duplex (Fig. 2). In addition, the six penultimate 3’
nucleotides in site 1-bound miR-122 are predicted to overhang the very 5’ terminus of the
viral RNA genome (Fig. 2). As can be seen in Table 1, the two seed match sequences for
miR-122 in the viral genome and the two cytidine residues, which stabilize the internal
bulge in the miR-HCV RNA complex, are highly conserved among all HCV genotypes.
Several studies have pointed to minor roles of the oligomeric miR-HCV RNA complex in
translational control; however, the major role of this complex seems to be in the stabilization
of the viral RNA [50, 89-92]. Two studies have pointed to roles of cellular 5" to 3’
exoribonucleases XRN1 and XRN2 in miR-122-mediated protection of the viral RNA [90,
91]. XRNL1 resides in the cytoplasm within processing bodies where translationally-stalled
mMRNAs accumulate and are degraded. Depletion of XRN1 was able to stabilize HCV RNA,
but miR-122 was still required for stabilization [90]. In contrast, XRN2 resides mostly in the
nucleus and participates in RNA polymerase Il transcription termination. Studies by Sedano
and Sarnow have shown that depletion of XRN2 greatly stabilized the viral RNA in the
absence of miR-122 [91]. It was puzzling that the 5" triphosphate-containing HCV genome
was a substrate for XRN2 which prefers a5’ monophosphate-containing RNA substrate
[93]. However, XRN2 was shown to degrade 5” triphosphate-containing RNAs, although
with lesser efficiency than 5" monophosphate-containing RNAs [91, 93]. Thus, HCV RNA
likely encounters both XRN1 and XRN2 in its life cycle, perhaps at distinct steps that may
or may not require miR-122.

It is also conceivable that miR-122 has additional functions during the HCV life cycle, such
as shielding the triphosphate-containing terminal nucleotide of the viral RNA from being
sensed by cellular sensors of RNA, like RIG-1 [50, 94-96]. Moreover, miR-122 binding
could modify protein-binding to the HCV genome, modify the viral RNA structure, help
localize viral RNA to sites of viral replication or assembly, or alternatively, could help
mediate the switch from translation to initiation of negative-strand synthesis. Despite the
strong impact of miR-122 on HCV RNA accumulation, recent studies suggest that miR-122
potently enhances viral RNA replication, but is not essential for HCV RNA replication [54,
96, 97].

4.2 Sequestration of miR-122 by antisense oligonucleotides in HCV-infected patients
lowers viral yield
Encouraged by the finding that miR-122 sequestration by antisense LNA-substituted
oligonucleotides lowered cholesterol abundance in mice and non-human primates without
obvious side effects, Santaris Pharma A/S conducted tests on the efficacy of LNAs directed
against miR-122 in HCV-infected chimpanzees [86, 98, 99]. Excitingly, it was noted that the
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LNAs specifically lowered viral yield by several logs in the animals [99]. Subsequently, a
dose ascending phase I clinical trial in healthy human volunteers showed that the antisense
miR-122 LNAs had no adverse effects. In a landmark phase 11 clinical trial Janssen and
colleagues reported that all nine patients, treated with 5 mg/kg LNA once a week for 4
weeks, lowered HCV viral yield by several logs after subcutaneous administration of LNAs
directed against miR-122 [88]. Four out of the nine patients had no detectable virus at week
ten after the last dosing. Most importantly, no viral revertants emerged that contained
mutations in the miR-122 binding sites. This was very surprising because one could
envisage that mutations in the seed match sequences that could allow binding to other
cellular miRs could have evolved. Thus, miR-122 likely forms a very specific, higher-
ordered oligomeric complex with the viral RNA that is essential to maintain viral RNA
abundance in the infected liver.

4.3 miR-122 and hepaciviruses: one microRNA to rule them all?

Several recent reports have identified novel HCV homologs in mammals that cluster in the
hepacivirus genus [100-104]. Non-primate hepacivirus (NPHV) was first identified from
domestic dogs, and subsequently was found in horses [100, 102]. Rodent hepaciviruses
(RHV) were also identified in deer mice, four-striped grass mice and bank voles [101, 103];
and bat hepacivirus (BHV) in African and Central American bats [104]. A more recent study
revealed a novel primate hepacivirus in an old world monkey, guereza hepacivirus (GHV),
which is a close relative of GB virus B (GBV-B), another hepacivirus known to usurp
miR-122 for viral RNA accumulation [105, 106]. Interestingly, all of these viruses have
putative miR-122 binding sites; save for BHV, for which the complete 5° NCR is not yet
available (Fig. 3). Since miR-122 is primarily expressed in the liver, it is likely to be a key
factor in regulating cell tropism. The presence of conserved miR-122 binding sites in this
diverse group of viruses suggests that they may have evolved from a common hepatotropic
ancestor. Furthermore, it suggests that miR-122 modulation of viral RNA accumulation is
not unique to HCV and miR-122 may mediate viral RNA accumulation in diverse
hepaciviruses from a variety of host species.

Conclusion

CREs in the HCV genome direct important events in the HCV life cycle. Numerous studies
have helped uncover the complex secondary and higher-ordered structures responsible for
translation mediated by the IRES, as well as those structures in the 5° and 3° NCRs and the
coding regions that modulate viral RNA replication. In addition, HCV recruits a cellular
miR, miR-122, to the 5" end of the viral genome that confers stability to the viral RNA from
cellular exonucleases XRN1/2. Despite this progress, the precise mechanisms of the CREs
in directing the switch from translation to replication, positive- and negative-strand RNA
synthesis and viral packaging have yet to be elucidated. This is likely to require more
sophisticated models that can reveal the distinct mechanistic functions and the complexities
of individual sequences and structures in the HCV life cycle.
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Highlights
HCV contains highly structured 5 and 3" NCRs.
he 5"NCR contains an IRES that directs translation of the viral polyprotein.

The 5" and 3’"NCRs and the NS5B-coding region contain CRES required for
replication.

The negative-strand 3" end contains structures required for genomic RNA
synthesis.

miR-122 promotes HCV RNA accumulation and stability.
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Figure 1. RNA secondary structures in the HCV genome
A) HCV genome organization. The HCV genome is a positive-sense, single-stranded RNA

encoding a single large open reading frame (~3000 amino acids), flanked by highly
structured 5° and 3° NCRs. B) Schematic diagram of the 5° NCR and RNA structures of
the core-coding region. The 5° NCR consists of four stem-loop structures (SLI to SLIV) and
the core coding region contains two stem-loop structures (SLV and SLVI). SLII through
SLIV comprise the HCV IRES element required for cap-independent translation (start codon
is indicated) and SLI through SLII are required for viral RNA replication. The miR-122 sites
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are indicated (green). C) The 3" NCR has a tripartite structure containing a variable region
(with the polyprotein stop codon), poly-U/UC tract and 3" x region (containing 3" SL1,
SL2 and SL3). The kissing-loop interaction between 3" SL2 and SL3.2 (SL9266) of the
NS5B-coding region (part of a larger cruciform CRE) as well as a pseudoknot between the
3’ sub-terminal bulge of SL3.2 and residues in the bulge of the extended stem-loop SL9005
(around nt 9110) are indicated. SL nomenclature used is based on the H77 complete genome
sequence (Genbank Accession #AF011753). D) The secondary structure of the IRES
reflecting its orientation in complex with the 40S subunit and elF3. SLIla induces a bent
structure in SLII to direct SLIIb to the ribosomal E-site in the head region of the 40S
subunits. The SLIIlad junction binds to the surface of the 40S whereas the SLI1Ibc motif
(blue) associates with elF3. SLIIIef and the SLIV pseudoknot (not shown) position the AUG
codon in the P-site of the 40S subunit. E) The 3" end of the negative-strand replicative
intermediate. Boxed sequences indicate required (solid) and contributing (dashed) sequences
to initiation of positivestrand synthesis.
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Figure 2. Interaction of miR-122 with the 5” noncoding region of HCV
Confirmed interactions between the 5° NCR of Hepatitis C virus (HCV) and miR-122

molecules (green). miR-122 binding protects the HCV RNA genome from degradation by
cellular exonucleases Xrn1/Xrn2.
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Figure 3. miR-122 interactions with hepacivirus5’ non-coding regions
A) Interactions between GB virus B (GBV-B) and miR-122 molecules (green). Predicted

binding sites for miR-122 in the 5° NCRs of B) Non-primate hepacivirus (NPHV), C)
Rodent hepacivirus (RHV), and D) guereza hepacivirus (GHV). The precise 5” terminus of
GHV has not been mapped (to date) and only a partial 5° NCR sequence is available at
present. Predicted bindings sites for miR-122 are indicated.
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Table 1
miR-122 sites are conserved across all HCV isolates

Genotype  Subtype  Accession 5’ noncoding region
1 a AF009606 (H77) -GCCAGCCCCCUGAUGGGG-GCGACACUCCACCAUGAAUCACUCCCCUGUG
b M58335 e (ORI AG.....ccoevee
c D14853 LIS, LI [CH
2 a D00944
b D10988
c D50409
k AB031663
3 a D17763 -A.U..UUACGA.C.....cc...... [CT—
b D49374 WU ULULUUCGALC-
k D63821 -LULULULUCGAL G-
4 a DQ295833* = el e AG.....ccovee
5 a D50466*
6 a D88476*
b D84262
d D84264
f D63822
h D84265
k D84264

5" NCRs (nts 1-49) of HCV isolates belonging to each of the confirmed genotypes/subtypes in the euHCVdb: http://euhcvdb.incp.frieuHCVdbl/jsp/
nomen_tabl.jsp (Combet C, Garnier N, Charavay C, Grando D, Crisan D, Lopez J, Dehne-Garcia A, Geourjon C, Bettler E, Hulo C, Mercier PL,
Bartenschlager R, Diepolder H, Moradpour D, Pawlotsky JM, Rice CM, Trepo C, Penin F and Deléage G. Nucleic Acids Res, 2007, 35:D363-66).
Confirmed sequences for genotype 4a, 5a and 6a are truncated at the 5" end; hence, provisionally assigned sequences were retrieved for analysis.
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