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ABSTRACT

Hepatitis C virus (HCV) is a positive-sense single-stranded RNA virus. The 5' untranslated region
(UTR) of the HCV genome interacts with a liver-specific microRNA, called miR-122. miR-122
binds to two sites (Site 1 and Site 2) on the 5' UTR of the viral genome and promotes HCV RNA
accumulation, although the precise role(s) of miR-122 in the HCV life cycle have remained unclear
until recently. Previous studies suggested two main mechanisms of miR-122-mediated viral RNA
accumulation: 1) protection from pyrophosphatase and subsequent exoribonuclease activity; and
2) suppression of an alternative secondary structure and promotion of the HCV internal ribosomal
entry site (IRES) formation.

Herein, we hypothesized that miR-122 binding to HCV genome alters the structure of 5'
UTR in a manner that promotes HCV RNA accumulation. Using biophysical analyses and
Selective 2' Hydroxyl Acylation analyzed by Primer Extension (SHAPE), we provided a new
model of Ago:miR-122 interactions with the HCV genome that suggests that miR-122 plays three
roles in the HCV life cycle. Firstly, Ago:miR-122 binds to Site 2 of HCV RNA, suppressing a
more energetically favorable secondary structure, termed SLII*" and promoting formation of the
functional SLII structure which makes up part of the viral IRES (SLII-IV). Secondly, another
Ago:miR-122 complex is recruited to Site 1, protecting the 5' terminus of the viral genome from
cellular pyrophosphatase activity and subsequent exoribonuclease-mediated decay. Finally, in
order to accommodate both Ago:miR-122 complexes in such close proximity, the Ago:miR-122
complex at Site 2 weakens its auxiliary base-pairing interactions, but is further stabilized by
interacting with SLIIa of the HCV IRES, stabilizing the canonical SLII structure and promoting
viral translation.

Recent clinical trials using miR-122 inhibitors to treat chronic HCV-infected patients

revealed the selection of several resistance associated variants (RAVs) in the 5' terminus of the
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HCV genome. We hypothesized that these RAVs result in changes to the secondary structure of
the HCV genome that promote viral RNA accumulation, even in the absence of miR-122. We
demonstrated that the RA Vs could be classified into three main classes, with distinct mechanisms
of action, all based on changes to the structure of the viral RNA. Specifically, Class I RAVs,
including C2GC3U, U4C and G28A are ‘riboswitched’ and are able to form the functional SLII
structure, even in the absence of miR-122. Class II RAVs, including C2GC3U, C3U and U4C
result in additional base-pairing interactions at the 5' terminus of the HCV RNA that provide
genome stability, independently of miR-122. Finally, the Class IIl RAV, C37U, alters the structure
of the 3' terminus of the negative-strand intermediate, which is predicted to alter positive-strand
RNA synthesis, as this region of the genome contains the positive-strand promoter.

This research has uncovered the mechanism(s) of action of miR-122 in the HCV life cycle
and revealed new paradigms for miRNA function. Moreover, it has revealed three distinct
mechanisms of antiviral resistance all based on modifications in RNA structure. We anticipate that
this research may be applicable to other important human or veterinary pathogens and will be
relevant in the design, development, and evaluation of resistance to miRNA-based therapies more

broadly.
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RESUME

Le virus de I'hépatite C (VHC) est un virus a ARN simple brin a polarité positive (sens).
L’extrémité 5' non-codante (UTR) du génome du VHC interagit avec un microARN spécifique du
foie, appelé¢ miR-122. Le miR-122 se lie a deux sites (Site 1 et Site 2) sur la région 5' UTR du
génome viral et favorise 1'accumulation de I’ARN du VHC. Cependant, le(s) role(s) précis du miR-
122 dans le cycle de vie du VHC sont demeurés mal définis jusqu'a récemment. Des études ont
suggéré deux mécanismes principaux pour I’accumulation de I’ARN viral médiée par le miR-122:
1) la protection contre les pyrophosphatases et une activité exonucléase subséquente; et 2) la
suppression d'une structure ARN secondaire alternative et la promotion de la formation du site

d'entrée interne des ribosomes (IRES) du VHC.

Ici, nous avons émis 1'hypothése que la liaison du miR-122 au génome du VHC modifie
la structure de la région 5' UTR d'une maniére qui favorise l'accumulation de I'ARN du VHC. A
l'aide d'analyses biophysiques et de la technique d'acylation sélective d'hydroxyle en 2' analysées
par extension d’amorce (SHAPE), nous avons proposé¢ un nouveau modele d'interactions
Ago:miR-122 avec le génome du VHC qui suggere que le miR-122 joue trois roles dans le cycle
de vie du VHC. Premicrement, Ago:miR-122 se lie au site 2 de 'ARN du VHC, supprimant une
structure secondaire plus favorable sur le plan énergétique, appelée SLIlalt et favorisant la
formation de la structure fonctionnelle SLII qui fait partie de I'IRES viral (SLII-IV).
Deuxi¢mement, un autre complexe Ago:miR-122 est recruté sur le site 1, protégeant I'extrémité 5'
du génome viral contre l'activité de la pyrophosphatase cellulaire et la dégradation subséquente
induite par les exoribonucléases. Enfin, afin d'accueillir les deux complexes Ago:miR-122 a une

telle proximité, le complexe Ago:miR-122 du site 2 affaiblit ses interactions auxiliaires de
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couplage de bases, mais est encore stabilis¢ en interagissant avec la SLIIa de I'IRES, ce qui
stabilise la structure canonique SLII et favorise la traduction du génome viral.

Des essais cliniques récents utilisant des inhibiteurs de miR-122 pour traiter des patients
chroniquement infectés par le VHC ont révélé la sélection de plusieurs variants associées a la
résistance (RAV) a l'extrémité 5' du génome du VHC. Nous avons émis I'hypothése que ces RAV
entrainent des changements dans la structure secondaire du génome du VHC qui favorisent
'accumulation d'ARN viral, méme en l'absence de miR-122. Nous avons démontré que les RAV
pouvaient étre classés en trois classes principales, avec des mécanismes d'action distincts, tous
basés sur des changements dans la structure de ' ARN viral. Plus précisément, les RAV de classe
I, y compris les C2GC3U, U4C et G28A, sont « riboswitched » et sont capables de former la
structure SLII fonctionnelle, méme en 1’absence de miR-122. Les RAV de classe II, y compris
C2GC3U, C3U et U4C, entrainent des interactions d'appariement de bases supplémentaires a
l'extrémité 5' de 'ARN du VHC qui assurent la stabilité du génome, méme en l'absence de miR-
122. Enfin, le RAV de classe 111, C37U, modifie la structure de 1'extrémité 3' de l'intermédiaire a
polarité négative (antisens), qui devrait modifier la synthése d'ARN a polarité positive, car cette
région du génome contient le promoteur a brin positif.

Cette étude a démontré des mécanismes d'action du miR-122 dans le cycle de vie du
VHC et a révélé de nouveaux paradigmes pour la fonction des microARNs. De plus, nous avons
1dentifié trois mécanismes distincts de résistance antivirale, tous basés sur des modifications de la
structure de I'ARN. Nous prévoyons que cette recherche peut étre applicable a d'autres pathogenes
humains ou animaux importants et sera pertinente dans la conception, le développement et

I'évaluation de la résistance aux thérapies a base de microARN.
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CHAPTER 1: INTRODUCTION
1.1 Hepatitis C virus
Discovery
Hepatitis C virus (HCV), the etiologic cause of transfusion-associated or non-A, non-B hepatitis
(NANBH), was discovered in 1989. Briefly, in the 1960s, many patients began to present with
blood transfusion-associated hepatitis, but with no serological evidence of hepatitis A and B
antigens (1). After a decade of research, it remained unclear what caused NANBH, primarily due
to failed attempts to identify any specific viral antigens and/or antibodies (2). In 1989, a team led
by Michael Houghton (Chiron Inc.) isolated a complementary DNA (cDNA) clone that encoded
an antigen associated with NANBH infections (2). This clone was derived from single-stranded
RNA (ssRNA) of around 10 000 nucleotides (nt) obtained from the plasma of experimentally
infected chimpanzees and screened with sera from NANBH patients (2). The sequence of this
clone shared sequence identity with viruses of the Flaviviridae family, and was named HCV (2).
Subsequently, an antibody assay against HCV demonstrated that it was the primary cause
of parenterally-transmitted NANBH around the world (3). By 1990, blood supply screening was
implemented in most Western countries. While the first-generation assay led to a significant
decrease in HCV incidence following blood transfusion, the development of a more sensitive
second-generation assay against several HCV antigens nearly eliminated transfusion-associated
HCV transmission (4). Today, the main risk factors for HCV infection are intravenous drug use
and sharing needles (5,6). Currently, there are approximately 71 million people worldwide infected

with HCV, including 268 000 Canadians (5-7).
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Genotypes

HCYV has a large genetic diversity, mainly due to the poor fidelity of the HCV RNA-dependent
RNA polymerase (RdRp) (8-10). Thus far, there are seven genotypes and more than 100 subtypes
that have been characterized with distinct geographic distributions. HCV genotypes differ at the
nucleotide level by 31-33% while subtypes differ by 20-25% (10-12). Genotypes la, 1b, 2a and
3a are distributed throughout the globe (Figure 1.1) (9,13). These are considered the “epidemic
subtypes” since they were rapidly spread before the discovery of HCV through blood transfusion,
injecting drug use, sexual and parental transmission (9,14-16). These genotypes also account for a
large proportion of HCV infections in the high-income population. Genotype 1 is the most
prevalent genotype worldwide (Figure 1.1) (9,17). Genotype 2 is primarily localized in West
Africa, while genotype 3 is mainly found in Southern Asia (9,17). Genotype 4 is localized to
Central Africa and the Middle East, while Genotype 5 and 6 are mainly found in Southern Africa
and South East Asia, respectively (9). Finally, genotype 7 was only recently identified in 2015,
and originates from the Democratic Republic of Congo (9,18). The country with the most prevalent
rate of HCV infection is Egypt, with ~ 5 million infected individuals (19,20). Genotype 4
represents over 85% of all HCV infections in Egypt mainly due to schistosomiasis vaccination

efforts using poorly sterilized equipment and the reuse of needles.
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Figure 1.1 Geographic distribution of HCV genotypes. Geographic distribution of HCV
genoytypes 1-6. Figure from Messina, J.P. et al., Hepatology, 2015 (9).
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HCV Transmission and Pathogenesis

HCV is a blood-borne pathogen and thus, the primarily route of transmission is through tainted
blood (16,21). Prior to HCV discovery and blood screening, HCV infections were the major cause
of post-transfusion hepatitis, where a study in the Netherlands showed the risk for HCV infection
following transfusion of a unit of blood was greater than 90% in the 1980-1990s (22). Currently,
the most common route of transmission is through injecting drug use (21,23). The first 6 months
following HCV infection are referred to as the acute phase of infection, during which most patients
are asymptomatic (24). Only 15-30% of patients develop mild symptoms during the acute phase
and 15-25% of patients are able to clear the infection spontaneously (24,25). However, around
75% of HCV-infected individuals go on to develop a chronic infection, which can lead to chronic
hepatitis, fibrosis, steatosis (fatty liver), and subsequent cirrhosis, liver failure and hepatocellular
carcinoma (HCC) (26,27). Progression to cirrhosis in HCV-infected individual is slow, with 15-
35% of patients progressing to cirrhosis within 20 years of infection (28,29). However, once HCV-

related cirrhosis is established, HCC develops quickly with an annual rate of 1-4% (28).

1.2 The HCV genome and life cycle
HCYV genome and viral proteins
The HCV genome is a ~9.6 kilobase (kb) single-stranded (ss) RNA of positive polarity. It contains
a single open reading frame (ORF) that encodes a ~3000 amino acid polyprotein flanked by highly-
structured 5' and 3' untranslated regions (UTRs). The viral polyprotein is processed by both host
and viral proteases into 10 mature viral proteins, which include 3 structural and 7 non-structural
(NS) proteins (Figure 1.2) (30).

The viral structural proteins include the core and envelope proteins, E1 and E2, which

comprise the outer layer of the particle (Figure 1.2). The core protein makes direct contact with
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Figure 1. 2. HCV genome structure and function. The HCV genome contains a single open
reading frame (ORF) encoding the viral polyprotein (subsequently cleaved into the 10 mature viral
proteins). The structural (purple) and nonstructural (NS) proteins (blue) are indicated. The ORF is
flanked by highly-structured 5' and 3' non-coding regions that contain cis-acting RNA elements
important for translation (Internal Ribosomal Entry Site, IRES) and replication.
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the viral RNA to form the nucleocapsid (31,32). The E1 and E2 proteins are glycoproteins that
form the virion envelope, and these proteins take part in viral attachment and entry, mediating
virion fusion with the endosomal membrane during the entry and uncoating process (reviewed in
(33)).

The NS proteins include p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B (Figure 1.2). The
p7 protein is an integral membrane protein and has been demonstrated to have ion channel activity,
and is implicated in viral assembly and packaging (34). NS2 has protease activity that helps cleave
the boundaries between the NS2-3 junction in the viral polyprotein (35). This protein has also been
implicated in virion assembly (36,37). The NS3-5B proteins are essential for viral RNA synthesis
and form the viral replication complex (38). The NS3 protein is a multi-functional protein that
contains both serine protease and helicase/NTPase activities (33). Together with its cofactor
(NS4A), the NS3/4A protein is responsible for polyprotein processing at the NS3-4A, NS4A-4B,
NS4B-5A and NS5A-5B junctions (39). In addition, the NS3 helicase/NTPase activity is important
for viral RNA synthesis (40). The NS4B protein is responsible for formation of the ‘membranous
web’, which is derived from the B-layer of the endoplasmic reticulum (ER) membrane and
constitutes mostly double- and multi-membraned vesicles as well as lipid droplets, which are the
sites of viral replication and assembly, respectively (41). The NS5A protein does not have
enzymatic activity but is known to form dimers which have RNA binding activity (42). NS5A is
found in phosphorylated and hyperphosphorylated forms and is implicated in both viral RNA
replication and virion assembly (42,43). Finally, the NS5B protein is the RdRp, which is

responsible for viral RNA synthesis (44).

The HCYV life cycle
HCV circulates as a lipoprotein-virus hydrid or lipo-viroparticle (LVP) in the bloodstream of

infected individuals. This strong association with low- and very low-density lipoproteins helps
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mediate the initial interactions with hepatocytes (45-47). Specifically, HCV virions interact with
the low-density-lipoprotein receptor (LDLR) and glycosaminoglycans (GAGs) on heparan sulfate
proteoglycans (HSPGs) to mediate attachment to hepatocytes. Several other molecules are then
necessary for the HCV entry process, including CD81, scavenger receptor class B member 1
(SRB1), claudin 1 (CLDN1), and occludin (OCLN) (30,48). During entry, HCV interacts with
SRB1, which induces a conformational change in the E2 protein on the surface of the virion,
exposing the CD81 binding site. CD81 then directs HCV virions to the tight junction where it is
able to mediate additional interactions with CLDN1 and OCLN that ultimately result in clathrin-
mediated endocytosis followed by low-pH-mediated fusion with the endosome (Figure 1.3)
(49,50).

Upon uncoating, the viral RNA is able to undergo cap-independent translation driven by
the viral Internal Ribosomal Entry Site (IRES) element in the 5' UTR. Translation and polyprotein
processing take place in ER membrane-associated ribosomes. Once enough viral proteins have
accumulated, NS4B induces formation of the membranous web which is the site of viral RNA
replication (51). The positive-strand genomic RNA is used as a template for the production of a
full-length negative-strand RNA intermediate by the NS5B polymerase (Figure 1.3). Synthesis of
negative-strands is initiated at the 3' end of the viral genome and is a rate-limiting reaction, as
positive-strand RNAs are produced in an excess of 5- to 10-fold (52). Following viral translation
and RNA replication, genomic RNAs are packaged into nascent HCV particles (Figure 1.3). The
precise details of assembly are still unclear; however, assembly initiates on the cytosolic side of
the ER membrane (37). The core and NS5A proteins coordinate the encapsidation process on the
surface of lipid droplets and the nucleocapsid is thought to simultaneously acquire a lipid envelope,
containing E1 and E2 heterodimers. Virions transit through the Golgi apparatus and are released

via a noncanonical secretory route involving the endosomal compartment.
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Figure 1.3. The HCYV life cycle. HCV entry occurs via receptor-mediated endocytosis, after
attachment (glycosaminoglycans and LDLR) and interactions with several entry receptors (SR-
B1, CD81, Occludin and Claudin-1). Uncoating occurs through fusion of the viral and endosomal
membranes and the viral RNA is released into the cytoplasm. Translation and polyprotein
processing occur in close association with ER membranes. Replication of the viral genome takes
place in the virus-induced membranous web and proceeds through a full-length negative-strand
RNA intermediate which is subsequently used as a template for the synthesis of progeny positive-
strand genomic RNAs. Assembly occurs in close association with the membranous web and lipid
droplets and transits through the Golgi complex prior to release by a noncanonical secretory
pathway involving the endosomal compartment. Figure from Lindenbach and Rice, Nature, 2005
(53).
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1.3 Role of RNA secondary structures in the HCV life cycle

RNA secondary structures in the HCV genomic RNA

As a positive-sense RNA virus, the HCV genome itself is used as a template for translation,
replication, and packaging. Therefore, the viral RNA must be a dynamic structure able to readily
accommodate the unwinding, elongation and exposure of different regions of the RNA to various
cellular and viral proteins for the different stages of the viral life cycle. The 5' and 3' UTRs contain
cis-acting RNA elements (CREs), which are secondary structures that play key roles in the viral
life cycle (Figure 1.4) (54,55).

The HCV 5' UTR contains four major stem loop (SL) structures (Figure 1.4A-B). SLI and
SLII are important for viral RNA replication, while SLII-SLIV form the HCV IRES that mediates
recruitment of the 40S ribosome for translation of the viral polyprotein. SLII-SLIV have been
shown to form independently of one another (56,57). SLIIa, the apical loop of SLII, has a
functional L-shaped structure that bends to direct SLIIb to the E site of the ribosome (Figure 1.4C)
(58). SLIIa has been shown to be important in HCV translation and its deletion from the IRES
inhibits the bent conformation of SLII, which is responsible for directing SLIIb to the E-site of the
ribosome (59-61). SLIII has six domains, SLIIIa-f, which mediate important interactions with the
40S ribosome (Figure 1.4C) (56). SLIIIad interacts with the 40S ribosome surface, while the
SLIIIbc junction interacts with the eukaryotic initiation factor 3 (elF3), and SLIIIef associates with
SLIV to form a pseudoknot structure that is required to position the AUG start codon into the P-
site of the 40S ribosomal subunit (Figure 1.4C) (56,62).

SL structures in both the 5' and 3' UTRs have been implicated in viral RNA synthesis (57).
Specifically, SLI and SLII of the 5' UTR are critical for HCV RNA replication (63). Studies show
that the first 125 nucleotides of the viral genome are sufficient for viral RNA replication; however,
replication is enhanced by the presence of the entire 5' UTR (Figure 1.4B) (63). The 3' UTR is

also implicated in viral RNA replication, and consists of the three important domains: the variable
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Figure 1.4. Secondary structures across the HCV genome. (A) The HCV genome contains
several important RNA secondary structures in the 5' and 3' UTRs as well as NS5B coding region.
(B) The 5' UTR contains four SL structures, SLI-SLIV as indicated. SLI and II are important for
replication while SLII-SLIV make up the HCV IRES. The viral start codon (SLIV) as well as the
interaction between the viral genome and the liver-specific microRNA-122 (miR-122, green) are
indicated. (C) The orientation of SLII-IV when in complex with the 40S subunit and elF3. This is
the bent orientation which allows SLIIb to be placed in the E site of the 40S subunit. SLIIab binds
to the surface of the 40S and SLIIbc (blue) binds to elF3. SLIIIef and SLIV position the start codon
in the P site of the 40S. (D) The 3' UTR contains the variable region, poly U/UC tract and 3' X-tail
region (consisting of SL1-3). Several long-range interactions have been demonstrated to occur
including kissing-loop interactions between 3' SL2 and SL3.2 of the NS5B region and between
apical loop of NS5B pseudoknot SL3.2 and the bulge of SL9005 as shown. The nomenclature used
for the SLs is based on the H77 complete genome sequence (Genbank Accession # AF011753).
(E) The SLs of the 3' end of the negative-strand containing SL-I', SL-11Z', and SL-IIy'. SL-I' and
SL-IIz' are required (boxed in), while SL-IIy' (dashed) contributes to the initiation of the positive-
strand RNA synthesis. Adapted from Sagan S.M. et al., Virus Research, 2015 (57).
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region, polyU/UC tract and the 3' X tail (Figure 1.4D) (57,64). The variable region contains two
SL structures, the first of which overlaps with the NS5B coding region and contains the viral
polyprotein stop codon. Viral replication is severely impaired in cell culture when the variable
region is deleted, suggesting that it is important for efficient viral RNA accumulation (65). The
polyU/UC tract consists of a stretch of 30-80 uridines interspersed by cytosine residues (64). Both
the length and the composition of the polyU/UC tract is essential for HCV replication in cell
culture, with 33 consecutive U residues shown to be required for viral RNA accumulation (66).
The mechanism of the polyU/UC tract in HCV replication is still unclear, but this region has been
shown to interact with the NS3, NS5A and NS5B proteins (67-69). Finally, the 3' X tail consists
of three SL structures (SL1, SL2 and SL3) which are all essential for viral RNA replication (65).
Notably, several studies have suggested that the 3' UTR also stimulates translation, at least in cell
culture (70-74).

In addition to the 5' and 3' UTRs, secondary structures in the coding region, specifically in
the NS5B coding region, have been implicated in modulating viral translation and replication (75-
77). For example, SL.3.2 (a.k.a. SL9266) of the NS5B coding region, has been shown to mediate
two long-range RNA-RNA interactions: a pseudoknot interaction with the upstream SL9005 of
the NS5B coding region and a kissing loop interaction with SL2 of the 3' X tail (Figure 1.4D)
(78,79). Disruption of either of these interactions severely impairs viral replication and mutational
analyses have demonstrated that these interactions are mutually exclusive, suggesting that they

may play a role in the switch between translation and viral RNA replication (76,78,80,81).

RNA secondary structures in the negative-strand RNA intermediate
In addition to structures in the 5' and 3' UTRs of the positive-strand, structures in the 3' terminus
of the negative-strand replicative intermediate are also implicated in viral RNA replication, as this

region forms the promoter for positive-strand genomic RNA synthesis (Figure 1.4E) (82-85).
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Computational prediction and genetic analyses suggest that the first 104 nts of the 3' terminus of
the negative-strand intermediate contain three SL structures important for positive-strand RNA
synthesis (Figure 1.4E) (85). Specifically, SL-I' (nt 6-20) and SL-11z' (nt 21-104), were shown to
be absolutely required for viral RNA synthesis, while SL-Ily' contributes to the efficiency of viral
RNA replication (85,86). Notably, similar to the 3' terminus of the positive-strand genomic RNA,
the 3' terminal nucleotide of the negative-strand intermediate 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 HCV NS5B RNA-dependent RNA polymerase (87). While these studies
emphasized the importance of specific SL structures in directing positive-strand RNA synthesis,
the distinct mechanistic roles of the structures at the 3' end of the negative-strand RNA

intermediate are not yet clear and this is likely to be the focus of future studies.

1.4 HCYV cell culture systems

Since the discovery of the virus in 1989, research in the HCV field has been hampered due to the
difficulties in establishing a cell culture system to study the virus. Initially, cultured cell lines were
infected with sera from HCV infected patients but only low levels of HCV accumulation were
detected, and only exclusively from reverse transcription polymerase chain reaction (RT-PCR)
(88-91). Additionally, the only animal model that could be experimentally infected with HCV were
chimpanzees, as humans and chimpanzees share more than 98% of their genome (92). However,
chimpanzees clear the infection at higher rates than humans, and they present challenges in terms
of availability, as well as ethical and financial constraints that limited HCV research (92). Thus,
efforts were made to establish HCV replication models in cell culture, and in 1999, Lohmann et
al. demonstrated robust replication of a subgenomic HCV replicon in the human hepatoma cell

line, Huh-7 (52). Subsequently, a cell line derived from Huh-7, termed Huh-7.5, proved to be even
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more permissive for HCV replication due to an inactivating mutation in the pathogen recognition
receptor, retinoic acid-inducible gene I (RIG-I) (93,94).

The HCV replicon model consists of a subgenomic HCV RNA where the structural region
of the HCV ORF has been replaced with a reporter gene (e.g. luciferase) or a selection gene (e.g.
neomycin resistance) (Figure 1.5). Expression of the NS proteins (NS2-5B) is driven by a
heterologous encephalomyocarditis virus (EMCV) IRES element. After introduction into Huh-7
or Huh-7.5 cells, the expression of the viral replication complex proteins allows viral replication
of the subgenomic replicon RNA, but due to the lack of structural proteins, no infectious viral
particles are produced (52,95) (Figure 1.6A). This system is useful to study viral replication and
polyprotein processing, but is not suitable for studies of viral entry, packaging or release of
infectious viral particles.

A fully-infectious cell culture system that recapitulates the entire HCV life cycle in cell
culture was developed in 2005 (99). Briefly, this system is based on the Japanese Fulminant
Hepatitis-1 (JFH-1) isolate (genotype 2a), isolated from a patient with fulminant hepatitis (99-
101). This viral genome, for reasons that still remain unclear, was able to undergo the complete
viral life cycle in Huh-7 and Huh-7.5 cell and is termed HCV cell culture (HCVcc) (Figure 1.6B).
This system allows the study of the entire HCV life cycle, and chimeric viruses have been
developed that allow several HCV genotypes to be studied. However, to remain infectious,
chimeric viruses still must be within the context of the JFH-1 (genotype 2a) NS proteins (98). In
this thesis, we make use of the J6/JFH-1 chimera (a.k.a. Jcl) that has enhanced viral RNA
production in Huh-7.5 cells and consists of the 5' end to the NS2 region of the J6 isolate (genotype
2a) fused to the NS3 to the 3' end of the JFH-1 isolate (genotype 2a) (97). This J6/JFH-1 virus
grows to higher titers in cell culture; and we are using a Renilla luciferase (RLuc) reporter version,

whereby RLuc is expressed as part of the viral polyprotein between the p7 and NS2 coding

23



Full-length (FL) HCV

5’UTR 3UTR
— ey
B
Subgenomic replicon
HOV o EMCV _Hov
uc |
5UTR — — 5'UTR 3'UTR
C
J6/JFH-1 reporter
J6 JFH-1
] 1 L 1
TR VA Rluc | |
5’UTR 3'UTR

Figure 1.5. HCV replication systems. Cartoon diagrams of (A) the Full-Length (FL) HCV
genome, (B) a subgenomic HCV replicon containing an Rluc reporter driven by the HCV IRES,
and the HCV non-structural proteins (NS2-NS5B) driven by the EMCV IRES, (C) the full-length
HCV J6/JFH-1 chimera containing the 5' UTR to p7 region of J6 and the NS2 to 3' UTR region of
JFH-1 with the Rluc reporter gene encoded as part of the polyprotein between p7 and NS2
(36,52,96-99).
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Figure 1.6. Cell culture systems of HCV. (A) The HCV subgenomic replicon model of viral
replication consists of self-replicating HCV RNAs which include a reporter gene or selectable
marker replacing the structural genes upstream of an EMCV IRES that allows translation of the
viral NS proteins NS3 to NS5B. HCV replicon RNAs are transfected into Huh-7.5 cells where they
are able to replicate autonomously (52). (B) The cell culture-derived HCV (HCVcc) model is based
on the genotype 2a isolate JFH-1 (99). Full-length viral genomes are introduced into Huh-7.5 cells
and this leads to translation, RNA replication and production of viral particles able to infect new
target cells, thereby completing the entire HCV life cycle.
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sequence which allows us to monitor viral RNA replication by luciferase assay (Figure 1.5C)

(36,96).

1.5 HCV Therapy

As discussed previously, the majority (~75%) of HCV-infected individuals will progress to chronic
HCV infection, which cannot be cleared without antiviral intervention (102). Currently, there is
no vaccine available, and until 2011, the only approved treatment for HCV infection was a
combination of pegylated interferon-alpha (IFN-a)) and ribavirin, which was poorly tolerated and
ineffective in a large proportion of patients (103). A sustained virological response (SVR), defined
as undetectable HCV RNA in the blood six months after the end of treatment, is tantamount to a
“cure”. In the context of genotype 1 infection, the combination of pegylated IFN-a and ribavirin

therapy resulted in SVR rates of ~70% in treated patients (103,104).

Direct-acting antivirals

In 2011, the first direct-acting antivirals (DAAs) were approved for HCV treatment in Canada. In
contrast to the non-specific nature of ribavirin and IFN-based therapies, DA As target specific viral
proteins to block distinct and essential steps in the viral life cycle (105). There are three classes of
DAAs that target three viral proteins — the NS3/4A protease, the NS5B RdRp, and the NS5A
protein (106).

The first generation DA As were the protease inhibitors, Telaprevir and Boceprevir, which
were approved in 2011 by the US Food and Drug Administration (FDA) to treat patients infected
with HCV genotype 1 (106,107). This class of DAAs inhibits the serine protease activity of
NS3/4A and this results in a defect in polyprotein processing (108,109). The second class of DAAs,
includes nucleoside/nucleotide-analogs and the non-nucleoside inhibitors of the viral NS5B RdRp

(110). The nucleoside/nucleotide analog inhibitors typically act as chain terminators when
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incorporated into the RNA chain during viral RNA synthesis; whereas the non-nucleoside
inhibitors bind to allosteric sites on the viral NS5B protein to inhibit the enzyme’s activity (111-
113). Sofosbuvir is a nucleotide analog that acts as a chain-terminator (114,115). Due to its pan-
genotypic activity and excellent resistance profile, Sofosbuvir is one of the most widely used
DAAs in combination therapies (105,114). Finally, the third class of DAAs is the NS5A inhibitors,
which include Ledipasvir and Daclatasvir (116,117). The NS5A protein is a phosphoprotein
involved in RNA replication and assembly, and drugs that target this protein result in the
relocalization of NS5A from the ER to lipid droplets. The precise mechanism of action of NS5A
inhibitors remains unclear, but they have been demonstrated to prevent hyperphosphorylation of
NSS5A, and they bind into the NS5A dimer interface and may prevent RNA binding into the RNA
binding channel (118-120). Currently, HCV treatment regimens typically contain a combination
of two or more of these DAAs from different classes and are able to achieve SVR in over 95% of
treated patients (121). For instance, a combination of Daclatasvir and Sofosbuvir in a 12-week
duration gave an SVR of 98% in patients with HCV subtype 1a and 100% in patients with subtype
Ib (122). Although these DAAs are highly effective, accessibility and cost remain major
challenges associated with HCV elimination (123). Moreover, it is not yet clear whether alternative
treatment strategies will be needed for patients with advanced disease or those that develop

resistance.

Host-targeted antivirals

Host-targeted antivirals offer an alternative to DAAs and are extremely lucrative in that they may
offer a high genetic barrier to resistance and pan-genotypic activity (124). For example, antibodies
targeting the CD81 or SR-B1 receptors can prevent HCV infection in vivo (124-126). Cyclophilin
A inhibitors, which inhibit an essential interaction for viral RNA replication between NS5A and

Cyclophilin A, have also been used successfully to limit HCV infection (127,128). In addition,
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several cholesterol and fatty acid synthesis pathways modulate HCV replication and statins, which
inhibit of 3-Hydroxyl -3- Methylglutaryl-Coenzyme A reductase, a rate-limiting enzyme for
cholesterol synthesis have been demonstrated to inhibit HCV replication in vitro (129,130).
However, the in vivo efficacy of these drugs for chronic HCV infection remains controversial
(summarized in (131)). Finally, Miravirsen™ and RG-101, two antisense inhibitors of the liver-
specific microRNA, miR-122, have been used successfully to limit HCV replication in cell culture
and in chronic HCV-infected patients (discussed in more detail in section 1.8) (132,133). Taken
together, these studies suggest that targeting host factors may be an effective alternative approach

to limiting HCV replication.

1.6 microRNAs

The first microRNA (miRNA) was discovered in 1993 in Caenorhabditis elegans (134). Since
then, miRNAs have been identified in over 200 species, with over 2000 miRNAs in humans and
greater than 24,000 miRNA entries in the Sanger database (135). microRNAs (miRNAs) are small
(~19-25 nt), evolutionarily-conserved, non-coding RNAs that mediate post-transcriptional gene
silencing (136). MiRNAs typically interact with the 3' UTR of their target genes, through base-
pairing interactions primarily with the ‘seed sequence’ (nt 2-8) of the miRNA. Through this
activity, they are predicted to regulate more than 60% of all human genes and thus are implicated

in numerous diseases, including cancer, viral infections, cardiovascular and metabolic disorders

(137).

The microRNA pathway
MiRNAs are mostly found in the introns of protein-coding genes and are transcribed as highly
structured primary miRNA (pri-miRNA) transcripts by RNA polymerase II (138,139) (Figure

1.7). These pri-miRNAs are cleaved by Drosha, a nuclear RNase I1I enzyme, into a short (~70-nt)
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translationally repressed or deadenylated. Figure from Winter et al., Nature Cell Biology, 2009
(155).
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hairpin-shaped precursor miRNAs (pre-miRNAs). Drosha is a part of the microprocessor
complex, which includes DiGeorge critical region 8 protein (DGCRS), which is suggested to help
position Drosha on the pri-miRNAs (140-142). The pre-mRNAs are then transported into the
cytoplasm by Exportin-5, which is a RanGTP-dependent nuclear transport protein (143).

In the cytoplasm, the pre-miRNAs are further processed by another RNase III enzyme,
Dicer, into mature ~ 22 nt miRNA duplexes (144-146). Two double-stranded (ds) RNA binding
proteins, transactivating response RNA-binding protein (TRBP) and protein activator of PKR
(PACT), influence the strand selection and cleavage activities of Dicer (147). This protein
complex also acts as a scaffold for assembly of the RNA-induced silencing complex (RISC),
which contains an Argonaute (Ago) protein (148,149). The RISC couples the miRNA processing
and silencing steps, and the Ago protein unwinds the miRNA duplex and uses one strand, known
as the guide strand, to target complementary mRNAs (150,151). Base-pairing interactions are
primarily mediated by nucleotides 2 to 8 of the miRNA, also known as the “seed sequence” (152).
Binding to complementary sites in the 3' UTR of target mRNAs typically leads to direct cleavage,
translational suppression of accelerated deadenylation, all of which culminate in repression of
target gene expression (Figure 1.7) (153-155). One protein that is crucial for miRNA-induced
repression of gene expression is the Glycine-tryptophan repeat-containing protein of 182 kDa
(GW182), which is a key processing-body (p-body) protein (156-161). P-bodies are discrete
cytoplasmic foci that are characterized by localization of proteins involved in mRNA decay,
miRNA-mediated gene silencing, and translational repression (162). Knockdown of GW182 was
shown to impair silencing of miRNA reporters, suggesting a link between miRNA-mediated gene
silencing and P-bodies (163,164). GW 182 is thought to be the effector protein in miRNA-induced
gene silencing, and is able to recruit the decapping, deadenylation, and RNA decay machinery to

targeted mRNAs.
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1.7 miR-122

miR-122 is a highly abundant (~66, 000 copies per cell), liver-specific miRNA which constitutes
70% of all miRNAs in the liver (165). miR-122 is transcribed by RNA polymerase II as a highly-
structured pri-miR-122 transcript from the Acr gene locus (165). Due to Dicer processing and 3'
modifications, three major isoforms of miR-122 are present in Huh-7 and Huh-7.5 cells, which
include a 21, 22 and two 23-nt isoforms (166). Specifically, the 23 nt variant includes both a
templated 3' uridylated and a non-templated 3' adenylated form (166). The 22-nt isoform is the

most abundant form found in both Huh-7 and Huh-7.5 cells (167,168).

Cellular targets of miR-122

The first identified target of miR-122 was cationic amino acid transporter-1 (CAT-1) (165,169).
The binding of miR-122 to the 3' UTR of the CAT-1 mRNA results in translational repression
(169). However, during amino acid starvation, the mRNA binding protein, HuR, binds to the 3'
UTR of the CAT-1 mRNA and releases miR-122-mediated translational repression (136,169).
Several other miR-122 targets were identified using antisense inhibitors of miR-122 in mice and
nonhuman primates (170-172). For instance, sequestration of miR-122 in animal models results in
an overall reduction in plasma cholesterol levels and an increase in fatty acid oxidation without
any detectable toxicity, suggesting a role for miR-122 in regulation of cholesterol metabolism and
fatty acid synthesis (170-172). MiR-122 also controls iron homeostasis through regulation of the
hepcidin hormone activators: hemochromatosis and hemojuvelin (173). Moreover, miR-122-
knockout mice developed steatohepatitis, fibrosis and HCC, confirming a role for miR-122 in lipid
metabolism and further suggesting that it has tumour suppressor activity (174). In line with these
findings, miR-122 levels are frequently reduced in HCC, while its overexpression reduces the

tumorigenic properties of HCC cell lines (175,176). Thus, miR-122 is a major regulator of many
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important functions in the liver, including iron homeostasis as well as cholesterol and fatty acid

metabolism.

miR-122 interactions with the HCV genome
In addition to its cellular targets, miR-122 has a genetic interaction with the HCV genome and,
counter to canonical miRNA interactions, miR-122 promotes HCV RNA accumulation in both
cell culture and the livers of HCV-infected patients, independently of its effects on cholesterol and
lipid metabolism (132,133,177-180). Correspondingly, HCV RNA accumulation is also dependent
on the miRNA biogenesis pathway, presumably due to its reliance on miR-122, as depletion of
Drosha, Dicer, DGCRS, TRBP or any of the four Ago proteins (Agol-4) leads to a significant
reduction in HCV RNA accumulation in cell culture (136,181-183).

MiR-122 binds to two tandem seed match sequences (termed Site 1 and Site 2) in the 5'
UTR of the HCV genome, and had additional base-pairing interactions with nucleotides 1-3 and
29-32, creating a 3' overhang at the 5' terminus of the HCV genome (Figure 1.8) (178,180,184).
Importantly, direct binding to the HCV genome is required and miR-122’s effects on viral RNA
accumulation as mutation of either Site 1 or Site 2 impairs HCV RNA accumulation, and this can
only be rescued with miR-122 molecules containing compensatory mutations that restore base-
pairing interactions (178-180,184,185). Moreover, mutational analyses indicates that nucleotides
in the bulge and 3' tail of the miR-122 molecules are important for viral RNA accumulation (180).
This suggests that these nucleotides may mediate important interactions with host and/or viral
proteins or RNAs required for miR-122-mediated HCV RNA accumulation (186).

Initial investigations into the potential mechanism(s) of miR-122-mediated viral RNA
accumulation suggested that miR-122 has an effect on viral IRES-mediated translation (1.4- to 2-

fold), and suggested that it has no significant effect on the rate of viral RNA synthesis (at least in
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the elongation phase) (184,185,187,188). However, recent research, including the findings
described herein, have revealed three major mechanisms of miR-122-mediated viral RNA
accumulation: 1) genome stability; 2) translational promotion; and 3) RNA chaperone activity
(each described in more detail below). Finally, in addition to Sites 1 and 2, several other putative
miR-122 binding sites have been identified across the HCV genome (184,189,190); however,
beyond Sites 1 and 2 (discussed herein), these have been demonstrated to have negligible effects

on HCV RNA accumulation (191).

1.8 Roles of miR-122 in the HCYV life cycle

miR-122 protects the 5' terminus of the HCV genome from cellular pyrophosphatases and
subsequent exoribonuclease-mediated decay

The finding that miR-122 binding to the 5' terminus of the HCV genome creates a 3' overhang
suggested a role for miR-122 in protection of the HCV genome from nucleases, pyrophosphatases,
and/or cellular sensors of RNA (180). Accordingly, recent research suggests that miR-122 protects
the viral 5' triphosphate from recognition by two cellular pyrophosphatases, DOM3Z (a.k.a.
decapping exonuclease, DXO) and dual specificity phosphatase 11 (DUSP11) (96,192). DOM3Z,
is a cellular pyrophosphatase that has pyrophosphohydrolase, decapping and 5' to 3'
exoribonuclease activities (193). Its normal role in the cell is in mRNA capping quality control,
where it converts improperly capped mRNAs to 5' monophosphorylated mRNAs which can
subsequently be degraded by 5' exoribonuclease activity (96,193,194). DUSP11 is a 5' di- and
triphosphatase that regulates the levels of cellular RNA polymerase I and III transcripts
(96,195,196). Recent studies suggest that although both of these pyrophosphatases are primarily
nuclear, they also localize to p-Bodies (sites of RNA decay) in the cytoplasm (96,195,197,198).

Interestingly, miR-122 was shown to protect or shield the HCV genome from cellular
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pyrophosphatase activity; such that, in the absence of miR-122, DOM3Z and DUSP11 are able to
remove the viral 5' triphosphate and make it susceptible to 5' to 3' exoribonuclease-mediated decay
by the cellular exoribonucleases, Xrn-1 and 2 (96,192,199-202). Thus, miR-122 promotes HCV
genome stability by protecting the 5' terminus of the viral RNA from cellular pyrophosphatases

and subsequent exoribonuclease-mediated decay (Figure 1.9).

miR-122 promotes ribosome association

Early studies on miR-122:HCV RNA interactions focused on a role for miR-122 in viral
translation, and suggested that miR-122 promotes association of the viral RNA with the ribosome
by approximately 1.4 to 2-fold (187,203). Subsequent studies have suggested that an Ago protein
is required for efficient miR-122-mediated HCV RNA accumulation and participates in
translational promotion (182,204-207). Additionally, previous work suggests that the spacing
between the miR-122 seed sequences and the IRES is important in promoting miR-122-mediated
translation (206). In line with these findings, our recent study supports a role for miR-122 in
promotion of HCV translation, which may be mediated by interactions between Ago2 and SLIla

of the HCV IRES (described in more detail in Chapter 2) (208).

miR-122 alters the secondary structure of the HCV 5' UTR

Recent studies have helped to further clarify the mechanism of miR-122-mediated viral RNA
accumulation in the HCV life cycle. Specifically, three recent studies (including the research
described herein), suggest that miR-122 interactions with the HCV genome alter the secondary
structure of the viral 5' terminus (208-210). Specifically, RNA structure prediction, mutational
analyses, and structure probing suggest that the first 117 nts of the HCV genome, is able to take

on a more energetically stable structure, termed SLII*!* (Figure 1.10) (208-210). Moreover,
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DXO0) and DUSP11, and subsequent decay by the 5' exoribonucleases, Xrn-1/2.
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these studies suggest that miR-122 interactions with the HCV genome suppress SLII?, and act as
an RNA chaperone, akin to a bacterial riboswitch, that re-folds the 5' terminus of the viral RNA
into the SLII structure, which allows the viral IRES (SLII-IV) to form (Figure 1.10) (208-210).
The functional SLII structure is required for efficient association with the 80S ribosome
assembly, suggesting that this RNA chaperone activity is likely to promote viral translation (60).
Thus collectively, together with the research described herein, miR-122 appears to play
three key roles in the viral life cycle: 1) it promotes viral genome stability; 2) it promotes HCV
IRES-mediated translation; and 3) it acts as an RNA chaperone or riboswitch to suppress a more

energetically favorably RNA secondary structure, allowing the viral IRES to form.

1.9 Clinical correlations of miR-122 in chronic HCV infection

Dysregulation of miR-122 contributes to viral pathogenesis

A genome-wide high-throughput sequencing and crosslinking immunoprecipitation (HITS-CLIP)
analysis of human Ago revealed that the HCV genome functionally sequesters miR-122 during
HCV infection (211). This “sponge” effect results in de-repression of canonical miRNA targets
and dysregulation of cell proliferation and survival, collagen production, and hepatic stellate cell
activation resulting in a proinflammatory response (211). Furthermore, miR-122 has been
demonstrated to be a tumor suppressor, and hence sponging of miR-122 by the HCV genome may

contribute to cell transformation and HCC development in chronic HCV infection (174,212,213).

miR-122 as a target for antiviral therapy
Due to the importance of miR-122 in the HCV life cycle, two antisense miR-122 inhibitors,

considered the flagship miRNA-based drugs, have been developed for the treatment of chronic
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HCV infection (132,133). Both Miravirsen™ (Santaris Pharma a/s) and RG-101 (Regulus
Therapeutics) miR-122 inhibitors have completed Phase II or Ib clinical trials, respectively, to
investigate their clinical efficacy (132,133). Excitingly, both treatments led to dose-dependent and
sustained reductions in viral loads; and, in the latter study, two patients achieved a sustained
virological response (at least up to 76 weeks post-treatment) after receiving a single dose of RG-
101. Neither treatment was associated with significant adverse events or long-term safety issues,
suggesting that antisense targeting of miR-122 may be an effective treatment that could be used in
future combination therapies.

Notably, while no resistance was apparent during treatment, when viral RNA rebounded
after cessation of the inhibitor, several resistance associated variants (RAVs) were identified in the
viral 5' UTR (132,133). Specifically, C2GC3U, C3U and G28A were identified in patients who
underwent miR-122 inhibitor-based therapies (Figure 1.10) (132,133,214). In addition to these
RAVs, cell culture-based studies have also provided evidence of mutations in the viral 5' UTR,
namely G28A, U4C and C37U, that allow HCV RNA accumulation in conditions where miR-122
is either limiting or absent (Figure 1.11) (215,216). However, the mechanism(s) underlying miR-
122-independent viral RNA accumulation remain unclear and we will explore these RAVs and
their mechanisms of action in more detail in Chapter 3. Understanding the emergence of RAVs
and their mechanisms of action will be important to gain insight into how HCV can overcome its
reliance on miR-122. More broadly, understanding the mechanisms of resistance to miRNA-based
drugs is of great importance as a wave of new miRNA-based therapies enters the clinic (~3500

studies published in 2018 on miRNA-based therapeutics) (217).
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Figure 1.11. miR-122 inhibitor resistance-associated variants (RAVs). Locations of the RAVs:
C2GC3U, C3U, U4C, G28A and C37U in 5' terminus of the HCV genome (nts 1-42).
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1.10 Hypothesis and Specific Aims

1. To identify how miR-122 and Ago:miR-122 complexes alter the structure of the HCV 5' UTR
(Chapter 2)

As discussed above, previous work suggested that miR-122 binding alters the secondary structure
of the viral IRES, which may promote viral translation (210,218,219). Additionally, Ago proteins
were shown to have a role in viral RNA accumulation, although their precise role in miR-122-
mediated viral RNA accumulation remains unclear (182). An Ago HITS-CLIP study suggested
that in addition to interactions with the two miR-122 binding sites, the Ago protein may also make
contact with the HCV IRES (211). Thus, we hypothesized that miR-122 and Ago:miR-122
interactions alter the structure of the HCV 5' UTR in a manner that may promote viral RNA
accumulation. We used biophysical and in vitro SHAPE analysis to investigate how the binding
of miR-122 and the Ago2:miR-122 complex alters the structure of the HCV 5' UTR.

Overall, our findings provide a new model for Ago:miR-122 interactions with the HCV
genome. Our data suggests that Ago:miR-122 complex acts as an RNA chaperone or riboswitch
through its initial recruitment to Site 2, to promote the formation of the functional SLII structure.
In this conformation, Site 1 becomes accessible, and recruitment of a second Ago:miR-122
complex to this site promotes viral stability by protecting the 5' terminus from pyrophosphatase
and subsequent exoribonuclease-mediated decay. To accommodate the Ago:miR-122 complex at
both sites, the auxiliary base-pairing interactions are weakened between the Ago:miR-122
molecule at Site 2, but this is likely further stabilized by interactions between the Ago protein and
SLIIa of the HCV IRES. Furthermore, we predict that these interactions between the Ago protein

and SLIIa may further stabilize the IRES, promoting viral IRES-mediated translation.
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2. To elucidate the mechanism of action of resistance-associated variants (RAVs) in the 5' UTR
that confer miR-122-independent HCV RNA accumulation (Chapter 3)

Our previous study suggested that miR-122 has three roles in the viral life cycle: 1) it serves as an
RNA chaperone or riboswitch to suppress an alternative, more energetically favorable
conformation and allows the viral IRES (SLII-IV) to form; 2) it protects the viral genome from
pyrophosphatase and subsequent exoribonuclease-mediated decay; and 3) it promotes translation
through contacts between the Site 2-bound Ago:miR-122 complex and SLIIa of the HCV IRES.
Due to its importance in the HCV life cycle, antisense miR-122 inhibitors have been used to treat
chronic HCV infection in the clinic (72,132,133,220). While the results were quite promising,
several RAVs were apparent upon viral rebound in several patients. Thus, based on our previous
findings, we hypothesized that RA Vs alter the structure of the viral RNA in a manner that promotes
HCV RNA accumulation, even in the absence of miR-122.

We explored the ability of RAVs to accumulate in cell culture and used in vitro SHAPE
analysis to determine how RAVs alter the structure of the viral RNA. We found that RAVs can be
classified into three classes, based on three distinct mechanisms of action, all based on changes in
the structure of the viral RNA. More specifically, the Class I RAVs, which include C2GC3U, U4C
and G28A, are riboswitched and are all able to form the functional SLII structure, even in the
absence of miR-122. The Class II RAVs, including C2GC3U, C3U and U4C, have increased base-
pairing at the 5' terminus of the viral genome, which confers increased stability to the viral RNAs,
in the absence of miR-122. Finally, the Class IIIl RAV, C37U, alters the structure of the 3' end of
the negative-strand replicative intermediate, suggesting that it may provide a stronger promoter

for positive-strand synthesis (221-223).
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CHAPTER 2: miR-122 and Ago interactions with the HCV genome alter the structure of

the viral 5' terminus

Jasmin Chahal, Luca FR Gebert, Hin Hark Gan, Edna Camacho, Kristin C. Gunsalus, Ian J.

MacRae, and Selena M. Sagan

2.1 Preface to Chapter 2

As discussed in Chapter 1, miR-122 is important in the HCV life cycle. In previous studies, miR-
122 binding was shown to alter the structure of the viral 5' UTR (1-4). Additionally, Ago2 was
shown to be important in HCV accumulation as it brings miR-122 to the 5' UTR, yet its influence
on the secondary structure of the 5' end of the HCV genome has not yet been elucidated (5,6). We
hypothesized that binding of miR-122 as well as the Ago:miR-122 complex to the HCV genome
alters the secondary structure of the 5' UTR in a manner that promotes HCV RNA accumulation.
Furthermore, we investigated the secondary structure of the 5' UTR of G28A, an RAYV that is able
to accumulate when miR-122 is limiting (7,8). Our results suggest a new model for miR-122 and
Ago:miR-122 complex interactions with the HCV genome, that suggest that miR-122 plays three
roles in the viral life cycle.

This chapter was adapted from the following manuscript: miR-122 and Ago interactions
with the HCV genome alter the structure of the viral 5' terminus. Jasmin Chahal, Luca FR Gebert,
Hin Hark Gan, Edna Camacho, Kristin C. Gunsalus, Ian J. MacRae, and Selena M. Sagan. Nucleic

Acids Research, 2019 April 3; 47(10): 5307-5324.

2.2 Abstract
Hepatitis C virus (HCV) is a positive-sense RNA virus that interacts with the liver-specific
microRNA, miR- 122. miR-122 binds to two sites in the 5' untranslated region (UTR) and this

interaction promotes HCV RNA accumulation, although the precise role of miR-122 in the HCV
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life cycle remains unclear. Using biophysical analyses and Selective 2' Hydroxyl Acylation
analyzed by Primer Extension (SHAPE) we investigated miR-122 interactions with the 5' UTR.
Our data suggests that miR-122 binding results in alteration of nucleotides 1-117 to suppress an
alternative secondary structure and promote functional internal ribosomal entry site (IRES)
formation. Furthermore, we demonstrate that two hAgo2:miR-122 complexes are able to bind to
the HCV 5' terminus simultaneously and SHAPE analyses revealed further alterations to the
structure of the 5' UTR to accommodate these complexes. Finally, we present a computational
model of the hAgo2:miR-122:HCV RNA complex at the 5' terminus of the viral genome as well
as hAgo2:miR-122 interactions with the IRES—40S complex that suggest hAgo?2 is likely to form
additional interactions with SLII which may further stabilize the HCV IRES. Taken together, our
results support a model whereby hAgo2:miR-122 complexes alter the structure of the viral 5'

terminus and promote formation of the HCV IRES.

2.3 Introduction

Hepatitis C virus (HCV) infects approximately 71 million people worldwide, with the majority of
patients developing a persistent infection that can lead to chronic hepatitis, cirrhosis, and
hepatocellular carcinoma (9-11). HCV 1is an enveloped, positive-sense RNA virus of
approximately 9.6 kb that encodes a single open reading frame (12), flanked by highly structured
5" and 3' untranslated regions (UTRs) (13,14). As a positive-sense RNA virus, the HCV genome
itself is used as a template for translation, replication, and packaging (14,15). Therefore, the viral
RNA must be a dynamic structure able to readily accommodate unwinding, elongation, and
exposure of different regions of the RNA to various cellular and viral proteins in order to mediate
the different stages of the viral life cycle. The 5' and 3' UTRs contain cis-acting RNA elements
that play key roles in the viral life cycle, including an internal ribosomal entry site (IRES) that

drives translation of the viral polyprotein located in the 5' UTR. Specifically, stem loops (SL) II-
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IV make up the viral IRES required for translation and stem-loop structures and sequences in both
the 5' and 3' UTRs have been shown to be required for viral replication (14-19). In addition, the 5'
terminus of the viral genome interacts with an abundant, liver-specific human microRNA
(miRNA), called miR-122 (20-22).

miR-122 is highly expressed in the liver where it constitutes approximately 70% of liver
miRNAs, with ~66,000 copies/hepatocyte (21,23). Although miRNAs typically interact with the
3' UTR of target mRNAs to downregulate gene expression, miR-122 binds to two sites in the 5'
UTR of the HCV genome and this interaction promotes HCV RNA accumulation (Figure 2.1A)
(21,22,24,25). While sequestration of miR-122 using antisense inhibitors results in impairment of
HCV RNA accumulation in both cell culture and the livers of HCV-infected patients, the precise
mechanism(s) of miR-122-mediated viral RNA accumulation remain incompletely understood
(21,26). Recent studies have suggested two major mechanisms for miR-122’s promotion of viral
RNA accumulation: 1) protection of the 5' triphosphate moiety of the HCV genome from
recognition by 5' pyrophosphatases and subsequent decay by 5'-3' exoribonucleases (2,27-29); and
2) an RNA chaperone-like mechanism whereby miR-122 binding alters the structure of the viral
RNA to promote functional IRES formation (1,4).

Although miR-122 is important for HCV RNA accumulation, there is evidence of
mutations in the viral 5' terminus that are less reliant on miR-122 and allow HCV to replicate to
low levels in the absence of the miRNA. One of these mutants, G28A, was isolated from patients
who underwent miR-122 inhibitor-based therapy after viral rebound and was subsequently
demonstrated to allow low levels of viral RNA accumulation in miR-122 knock-out (KO) cells
(7,30). Although the mechanism(s) underlying miR-122-independent viral RNA accumulation
remain unclear, it is hypothesized that the G28 A mutant can take on a conformation that favours

viral RNA accumulation.
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Several studies have suggested that miR-122 binding to the HCV genome can alter the
structure of the HCV 5' UTR. Two previous in vitro Selective 2' Hydroxyl Acylation analyzed by
Primer Extension (SHAPE) studies using HCV genotype 1b (Conlb) indicate that miR-122
binding alters the secondary structure of the HCV 5' UTR, specifically at the two miR-122 binding
sites, but also in the HCV IRES region (2,3). In agreement with this finding, an Argonaute (Ago)
high-throughput sequencing and crosslinking immunoprecipitation (HITS-CLIP) study suggests
that Ago interacts with the HCV 5' UTR at the two miR-122 binding sites, but also with regions
in the HCV IRES that do not align to known human miRNAs (25). Furthermore, computational
prediction analyses suggested that the HCV 5' UTR may be able to take on an alternative
conformation that could be influenced by miR-122 interactions with the viral genome (31). More
recently, two studies have suggested that miR-122 binding to the HCV genome suppresses a more
energetically favorable alternative secondary structure in the SLII region of the HCV 5' UTR
(termed SLII?Y), thereby promoting the folding of a functional IRES (SLII-IV) that drives HCV
translation (1,4). This is further supported by the observation that mutations in the 5' UTR are
predicted to favour functional IRES formation and are able to accumulate in the absence of miR-
122 (1,4). Thus, we sought to further investigate this model using biophysical analyses and provide
insight into miR-122:HCV RNA interactions as well as the contribution of Ago in positioning this
complex on the HCV 5' UTR.

Herein, we performed biophysical characterization of miR-122:HCV RNA interactions in
vitro using isothermal titration calorimetry (32), electrophoretic mobility shift assays (EMSA), and
structural analysis of the wild-type and G28 A HCV 5' UTR in the presence and absence of miR-
122. We also performed in vitro binding studies using hAgo2:miR-122 and we provide a
computational prediction of the three-dimensional (3D) structure of the hAgo2:miR-122
complexes at the 5' terminus of the HCV genome as well as a model of the IRES-40S complex to

help interpret the role Ago plays in stabilizing the bent IRES SLII conformation required for
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activation of HCV translation. Taken together, our results suggests that two hAgo2:miR-122
complexes can simultaneously bind to the HCV 5' terminus and we provide a more comprehensive
biophysical analysis of alterations to the 5' UTR that occur upon miR-122 and hAgo2:miR-122
binding. Our results suggest that miR-122 plays three roles in the viral life cycle, which include:
1) an RNA chaperone-like mechanism whereby hAgo2:miR-122 recruitment suppresses formation
of an alternative secondary structure (SLII*') and promotes functional IRES formation; 2)
protection of the 5' terminus from pyrophosphatase activity and subsequent exoribonuclease-
mediated decay; and 3) direct promotion of HCV translation through contacts between hAgo2 at

Site 2 and SLII of the HCV IRES.

2.4 Materials and Methods

Viral RNA and microRNAs

A plasmid containing the full-length HCV genotype 2a, JFH-1 isolate with three cell culture-
adapted mutations that increase overall viral replication (JFH-1t) was provided by Rodney Russell,
Memorial University (33). A DNA template of 419 nucleotides (nts) of the 5' UTR of HCV was
prepared using PCR amplification. The 419 nt PCR product was gel extracted from a 1% agarose
gel, which was then used for in vitro transcription with the T7 RiboMAX Express kit (Promega)
according the manufacturer’s instructions. Full-length in vitro transcribed RNA was gel purified
on a 6% polyacrylamide gel (29:1 acrylamide:bis-acrylamide, 1X TBE) and the RNA was eluted
in 400 pL elution buffer (500 mM NH4+OAc, 10 mM EDTA and 0.1% sodium dodecylsulphate)
overnight at room temperature (RT) with gentle agitation. The purified RNA was precipitated as
previously described and stored at -20 “C until use. The same procedure was followed for 1-371
nt, 1-117 nt of the 5' UTR (WT and G28A) as well as 1-117 nt containing point mutations in

positions 5 and 6 at Site 2 (A38U and C39QG).
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Wild-type (WT) HCV 1-42 (5'-ACC UGC CCC UAA UAG GGG CGA CAC UCC GCC
AUG AAU CAC UCC-3"), HCV Site 2p3,4 1-42 (5'- ACC UGC CCC UAA UAG GGG CGA
CAC UCC GCC AUG AAU CAC AGC -3"), and the individual sites, Site 1 (5'- ACC UGC CCC
UAA UAG GGG CGA CAC UCC-3") and Site 2 (5'- GCC AUG AAU CAC UCC-3") as well as
single-stranded guide strand miR-122 (5'-UGG AGU GUG ACA AUG GUG UUU GU-3') and
miR-124 (5'- UAA GGC ACG CGG UGA AUG CC-3"), were synthesized by IDT. Viral RNAs

were gel purified as described above.

Isothermal Titration Calorimetry (ITC)

HCV RNAs were resuspended in ITC buffer (100 mM HEPES pH 7.5, 100 mM KCl, 5 mM MgCl,,
filter-sterilized). Five-hundred microliters of 5 uM HCV RNA were heated to 65 “C for 10 min
and then snap-cooled on ice for 10 min then centrifuged for 1 min at 13 000 rpm for ITC analyses.
The temperature was set at 37 °C and the reference power was 3 pcal/s. A total of 20 injections of
2 uL were performed with 180 s spacing and 4 s per injection of a 100 uM stock of single-stranded
guide strand miR-122 prepared in ITC buffer (2). ITC was carried out on the ITC200 and data
analysis using the Origin 7 software (MicroCal), where the first injection was removed. The same
procedure was performed for the individual sites (Site 1 and Site 2). The data was fitted to a two
sequential binding model, except for the individual Sites 1 and 2, where the data was fitted to a

one-site binding model.

Electrophoretic Mobility Shift Assay (EMSA)
2.8 uM stocks of 1-42 nt HCV,Site2p3,4 and G28A RNA were prepared by diluting in RNase-free
water. The RNA was re-folded by incubating at 65 °C for 5 min and then incubated at 37 °C for 1

h. Dilutions of miR-122 or miR-124 (control) were prepared from serial dilutions from a 4:1 ratio

of miRNA: HCV RNA in folding buffer (100 mM HEPES (pH 7.5), 100 mM KCI, and 5 mM
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MgCl). The different dilutions of miR-122 were added to 2.8 puM of HCV RNA and incubated at
37 °C for 30 min (total volume of 7 uL). An equal volume of loading dye was added (30% glycerol,
0.5x TBE, 6 mM MgCls, 3 pL bromophenol blue and 3 pL xylene cyanol). Five microliters of the
sample were separated on a 15% non-denaturing polyacrylamide gel (29:1 acrylamide:bis-
acrylamide, 0.5x TBE, 6 mM MgCl,) for 2 h at 8 W at 4 °C. The band shifts were visualized with

SYBR Gold (Invitrogen) staining (2).

RNA structure prediction
RNA structure predictions were carried out using the RNA prediction software RNAstructure

available from the Matthews lab at https://rna.urmc.rochester.edu/index.html (34). Briefly, the

RNA sequence was loaded into the RNA structure software using the “Fold RNA Single Strand”
command (34). The results were saved as dot bracket files, which were used to generate the

predicted structures in VARNA (35).

Synthesis of NAI-N3

Synthesis of NAI-N3 has been previously described (36). Briefly, Methyl 2-methylnicotinate was
dissolved in anhydrous dichloromethane, followed by the addition of trichloroisocyanuric acid
with overnight stirring at RT. Anhydrous N, N-dimethylformamide and sodium azide were added
to the reaction. The product of this reaction (methyl 2-(azidomethyl)nicotinate) was stirred in a
solution of 1:1 methanol and aqueous sodium hydroxide (NaOH). Water was added and the
solution was acidified to pH 4 by the addition of HCl and extracted by ethyl acetate. This became
the acid precursor of NAI-N3, 2-(azidomethyl)nicotinic acid. Fresh carboyldiimidazole (CDI) and
anhydrous DMSO were stirred until homogenous. 2-(Azidomethyl)nicotinic acid was also mixed

with anhydrous DMSO until homogenous. CDI with DMSO were then added to the acid precursor
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in a drop-wise manner. The reaction proceeded for 1 h at RT while stirring. This resulted ina 2 M

NAI-N3 stock that was stored at -80 “C.

In vitro SHAPE analysis

Five picomoles of the HCV 5' UTR RNA were re-folded and incubated with 10 pM of single-
stranded, guide strand miR-122 or miR-124 (control) for 30 min at 37 °C in SHAPE buffer (333
mM HEPES, pH 8.0, 20 mM MgCl, 333 mM NacCl), followed by treatment with 0.1 M (gel
electrophoresis) or 0.01 M (capillary electrophoresis) NAI-N3 or DMSO (control) at 37 °C for 5
min. Labeled RNA was then extracted using TRIzol reagent (Thermo Fisher Scientific) according
to the manufacturer’s instructions. RNA was precipitated and stored at -80 °C. The same procedure
was followed for G28A. For in vitro SHAPE with hAgo2:miR-122 complexes, 25 pmol of hAgo2
loaded with miR-122 was incubated with 5 pmol of the refolded HCV 5' UTR for 45 min at 37 °C
followed by treatment with NAI-N3 and DMSO followed by capillary electrophoresis (as described

below).

SHAPE analysis by gel electrophoresis

32P-end-labeled oligonucleotides (0.1 pmol/uL) were annealed to 500 fmol of acylated HCV 5'
UTR RNA by incubating at 95 “C for 2 min, followed by step-down cool to 4 °C for 2 min.
Subsequently, 1x First-Strand Buffer, 5 mM DTT, 0.5 mM dNTPs and SUPERaseln RNase
Inhibitor (Life Technologies) were added to the reaction. One millimolar ddCTP and ddTTP were
used in sequencing ladder reactions. The reactions were incubated at 52 °C for 1 min, followed by
the addition of SuperScript III Reverse Transcriptase (2 U/uL) followed by incubation at 52 “C for
30 min. One microliter of 2 M NaOH was then added to each reaction at 95 °C for 5 min and
reactions were stopped by addition of 2 ul Formamide loading dye (95% formamide, 0.01M

EDTA, bromophenol blue and xylene cyanol). The cDNA extensions were loaded and run out on
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a 12% polyacrylamide gel (29:1 acrylamide:bis-acrylamide, 1X TBE). Gels were dried at 80 °C
for 3 h in a gel dryer (Bio Rad, Model 583) and cDNA fragments were visualized by
phosphorimager (Personal Molecular Imager, BioRad) and analyzed using SAFA software
(37,38). A normalized reactivity of 1.0 was defined as the average intensity of the top 10% most
reactive peaks, where the most reactive 2% of all intensities were removed from the pool. The
intensities of the next 8% most reactive peaks are averaged and all reactivities are divided by this

average value, as previously described (39,40).

SHAPE analysis by capillary electrophoresis

For SHAPE analysis by capillary electrophoresis, 1 pmol of 6-FAM-labeled oligonucleotide (5'-
6-FAM-CGC CCG GGA ACT TAA CGT CTT-3') was annealed to 5 pmol of modified HCV
RNA. The same primer extension buffers as for gel electrophoresis were used, with the addition
of 2 pL DMSO per reaction sample. One picomole of NED-labeled oligonucleotide (5' NED-CGC
CCG GGA ACT TAA CGT CTT-3") was used for sequencing ladders with either 0.5 mM ddGTP
or 1 mM ddCTP. Capillary electrophoresis was performed at Plateforme d’ Analyses Génomiques
de I’Université Laval on an ABI 3100 Genetic Analyzer. Raw fluorescence data was analyzed
using QuUSHAPE software (41). A normalized reactivity of 1.0 was defined as the average intensity
of the top 10% most reactive peaks, where the most reactive 2% of all intensities were removed
from the pool. The intensities of the next 8% most reactive peaks were averaged and all reactivities
are divided by this average value, as previously described (42). The Wilcoxon rank test was done
between the SHAPE data of HCV RNA with hAgo2:miR-122 and that of HCV RNA alone to
determine if there is a statistical difference between the SHAPE reactivities, as previously
described (43). The Wilcoxon test determined there are highly significant differences in SHAPE
reactivity between both groups (p<0.0001). The baseline value for ASHAPE (miR-122 reactivity

— miR-124 reactivity or hAgo2:miR-122 reactivity — HCV RNA reactivity) was determined by
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finding the average of the absolute ASHAPE values. ASHAPE values above baseline were
considered significant increases and below negative baseline value were considered significant

decreases in SHAPE reactivity.

Purification of recombinant human Ago2 loaded with miR-122

Human Ago2 was expressed using a baculovirus system and purified with homogeneously loaded
miR-122 according to a previously published protocol (44). Briefly, Sf9 cells were infected with
baculovirus encoding His-tagged hAgo2. Cells were then lysed and hAgo2 was purified by Ni-
NTA affinity chromatography. The His-tag was removed using Tobacco etch virus (TEV) protease
and hAgo2 was loaded with synthetic miR-122 bearing a 5'-phosphate (IDT). Homogeneously
loaded hAgo2:miR-122 was captured using an antisense oligonucleotide (IDT), eluted, and
purified by size exclusion chromatography using an AKTA FPLC (GE Healthcare Life Science).
Protein concentrations in purified Ago2:miR-122 complex samples were determined by absorption
at 280 using an extinction coefficient of 198370 M™! ¢cm™! and by Bradford assay using BSA as

standard.

Electrophoretic mobility shift assays with hAgo2:miR-122

Binding reactions were prepared in reaction buffer (30 mM Tris pH 8.0, 100 mM KOAc, 2 mM
Mg(OAc)2, 0.5 mM TCEP, 0.005% NP-40) with a final volume of 20 pl, and a final concentration
of the labeled RNAs of 0.1 nM, and of hAgo2:miR-122 ranging from 0 nM to 5 nM. Reactions
were incubated for 45 min at room temperature and then run on a 15% acrylamide native gel in
0.5x TBE (45 mM Tris-borate, 1 mM EDTA, pH 8.3). The gels were used to expose a
phosphorscreen overnight, which was imaged on a Typhoon scanner (GE Healthcare Life

Sciences).
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To calculate the K4, equilibrium binding data of triplicate electrophoretic mobility shift assays

were fit to Equation 1:

v= Bmax
2*§

)*([AgoZ]+S+kD)-\/([Ago2]+S+kD)2-(4*S*[Ago2]))

where Y is the fraction of target RNA bound, Bmax is the calculated value of maximum binding,
[AGO2] is the total concentration of the AGO2:miR-122 complex, S is the concentration of RNA
(0.1 nM) and Kj is the calculated dissociation constant, obtained with Prism (GraphPad Software).
For the wildtype data, Bmax was normalized to 1: the total bound sites at each concentration were
calculated as (2*[double shift intensity] + [single shift intensity]), and the free sites were calculated
as ([single shift intensity] + 2*[unbound RNA intensity]). These numbers were then used to

calculate the total signal and the bound fraction.

Computational modeling

We modeled Ago2:miR-122:HCV RNA ternary complexes, using experimentally determined
secondary RNA-target duplexes and solved human Ago structures (45,46). Our model building is
based on an algorithm we developed previously to construct C. elegans and human RISC structures
(47). To construct RISC structures, we generated up to 1000 3D duplex conformations for each
miRNA-target duplex using the MC-Sym algorithm (48); sampled 1000 Ago conformations using
an elastic network model theory; docked each duplex conformation to each Ago conformation
using a solved 7. thermophilus RISC structure (PDB code: 3HJF); and screened for favorable RISC
structures with minimal steric clashes, followed by structure refinement using energy
minimization. Throughout, we used human Ago2 (40LA) to model RISC structures. Complexes

of hAgo2 bound simultaneously to adjacent recognition sites were assembled by joining two
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separate RISC structures, as described previously (49). We defined a 3-base linker (CGC) in HCV
RNA between the miR-122 binding sites. From experimentally solved RNA structures, we
obtained 1542 CGC fragments (downloaded from RNA FRABASE 2.0). These fragments sampled
many relative orientations between adjacent RISC structures. Viable RISC-RISC complexes with
minimal steric clashes (<100 atomic overlaps) were then refined using energy minimization.

A similar strategy was used to the assemble RISC-RISC-IRES-40S complexes. Using the
cryo-EM structure of human 40S-IRES (5A2Q) and a modeled RISC-RISC complex, we searched
for complexes free of steric clashes by sampling ~2000 CC fragments (HCV RNA nucleotides 42-
43) linking the duplexes in IRES SLIIa and adjacent Site 2 RISC. Since the IRES in 5A2Q structure
contains nucleotides 40-42 (5’CUC) that are known to form base pairs with the seed region of
miR-122 at Site 2, we removed these three nucleotides in the solved structure. Given the large size
of the 40S ribosomal subunit, we simplified computational assessment of steric clashes by
considering only components of IRES-40S in the vicinity of the RISC-RISC complex, which

include IRES and a subset of ribosomal proteins.

2.5 Results

Two miR-122 molecules can bind to the HCV 5' terminus simultaneously with different binding

affinities.

The HCV genome has two miR-122 binding sites in its 5' UTR, which are both required for optimal
viral RNA accumulation (Figure 2.1A) (22). It was previously reported that two molecules of
miR-122 can bind to the Conlb genotype of HCV RNA and alter the secondary structure of the
viral terminus (2,3). As such, we first sought to confirm the stoichiometry of miR-122:HCV RNA
interactions with the JFH-1 isolate (genotype 2a). To investigate miR-122 binding to the wild-type

(WT) HCV 5' UTR, we performed EMSA using nts 1-42 of the HCV genome with increasing
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concentrations of miR-122 (Figure 2.1B). With miR-122 addition, at low molar ratios, the HCV
RNA began to show retarded mobility (Figure 2.1B), while at higher concentrations, the viral
RNA was further retarded and began to become saturated at a 2:1 molar ratio of miR-122:HCV
RNA, indicating that both miR-122 binding sites are able to bind simultaneously to the HCV
genome (Figure 2.1B). Importantly, EMSAs carried out with an unrelated miRNA, miR-124, did
not cause retardation of the viral RNA (Supplementary Figure S2.1A). This suggests that miR-

122 can bind to the 5' UTR of the HCV JFH-1 isolate RNA with a 2:1 stoichiometry.

To further investigate the miR-122:HCV RNA interactions, we used isothermal titration
calorimetry (32) to measure the affinity of miR-122 for the viral RNA (Figure 2.1C). In agreement
with our EMSA results, we found that the ITC binding curve was best fit with a two-site binding
model, with equilibrium dissociation constants (Kgs) of Kal =20.45 + 11.8 nM and K42 = 186.08
+ 57.76 nM (Figure 2.1C and Table 2.1). We observed no binding of miR-124 to the HCV RNA
by ITC analysis (Supplementary Figure S2.1B). These results suggest that the two miR-122
binding sites have different binding affinities; and although they have different dissociation
constants, the interactions were similar in enthalpy and entropy (Table 2.1). Both interactions were
highly exothermic (AH; = -73.28 kcal/mol and AH, = -57.67 kcal/mol) with entropy changes of
AS1=-200.67 cal/mol/deg and AS; =-155.33 cal/mol/deg and their Gibbs free energy values were
calculated to be AG; = -11.04 kcal/mol and AG; = -9.49 kcal/mol. Thus, based on the EMSA and
ITC results, two miR-122 molecules are able to interact with the HCV RNA simultaneously in
vitro, albeit with differing binding affinities (Table 2.1).

To confirm whether K4l represents binding of miR-122 to Site 1 or Site 2, we performed
EMSA and ITC analyses on an HCV RNA that contained mutations in positions 3 and 4 of the

seed sequence of Site 2 (S2p3,4) (Supplementary Figure S2.1C-E). The results show that the
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Figure 2.1. miR-122 binds to the HCV 5' terminus with a 2:1 stoichiometry. (A) Model of the
interaction of miR-122 (purple) and nts 1-42 of the HCV genome (black). (B) Non-denaturing gel
electrophoretic mobility shift assay (EMSA) of 1-42 nt HCV RNA and increasing amounts of miR-
122. (C) Thermogram and resulting binding curve of the titration of 1-42 nt HCV RNA with miR-
122. Affinities of each binding site, Kql (Site 1) and K¢2 (Site 2), are indicated. All data are
representative of at least three independent replicates and Kqg values are an average of three
measurements (+) error propagated from individual fits.
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Table 2.1. ITC analysis of miR-122 binding to HCV RNAs.

HCV RNA (nt) AH AS Kq (nM)
(kcal/mol) (cal/mol/deg) Site 1 Site 2
HCV (1-42) -73.28 +£2.50 -200.67 2045+ 11.8
-57.67 £3.53 -155.33 186.08 + 57.76
HCV S2p3.4 (1-42) -75.70+1.04 -209.00 25.80+£9.40
-20.30+1.94 -38.53 1315.24 +416.06
Site 1 (1-27) -55.53 £0.53 -143.67 18.80 +3
Site 2 (29-42) -128.23 £ 6.54 -372.67 228.34 £ 65.41
HCV WT (1-117)  -101.09 £ 2.51 -294.67 132.55 £ 35.43
-20.82 £ 4.67 -44 .83 13296.58 + 7518.62
HCV S2p5,6 (1-117) -58.87 +2.26 -160 319.3 £ 86.01
-14.33 £ 6.06 -23.93 13596.11 + 5024.61
G28A (1-117) -102.18 +£2.36 -294.33 21.24 + 8.08
-39.31+5.94 -101.17 2590.99 + 863.68
HCV WT (1-371) -104.36+11.32 -308 514.27 +229.88
-41.85+14.72 -108.2 1426.17 £ 517.93

“Values reported are an average of three measurements (+) error propagated from individual fits.
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first binding site had an affinity of 25.80 + 9.40 nM, similar to Site 1 of WT HCV (Figure 2.1C
and Table 2.1), while the binding affinity of the second site was 1315.24 +416.06 nM, as a result
of the mutations in the seed sequence of Site 2 (Supplementary Figure 2.1E). This suggests that
when nts 1-42 of the HCV genome are present, Site 1 is bound first in vitro. Additionally, the
enthalpy, entropy and Gibbs free energy of the first binding site of HCV S2p3,4 had very similar
to the first binding site of the WT HCV RNA (1-42 nt) (Table 2.1). However, the second binding
site had a higher enthalpy and entropy (AH =-20.30 + 1.94 kcal/mol and AS = -38.53 cal/mol/deg,
respectively) with AG = -8.35 kcal/mol, suggesting that this reaction is not as spontaneous at 37°C
compared to the first binding site of WT HCV (Table 2.1). These results were confirmed
qualitatively by performing EMSA on HCV S2p3,4 where the first binding event occurred quickly,
while the second binding event did not occur until a 4:1 ratio of miR-122 to HCV S2p3,4 was
reached (Supplementary Figure S2.1D). These results suggest that when only the two sites are
present (1-42 nt HCV RNA), miR-122 binds to Site 1 with a higher affinity in vitro.

To investigate the specific binding sites further, we tested miR-122 binding to each
individual site by ITC analysis using Site 1 (nt 1-27) or Site 2 (nt 29-42) RNAs. We found that
miR-122 bound to Site 1 (Kq = 18.80 + 3 nM) with a stronger affinity than to Site 2 (K¢ = 228.34
+ 65.41 nM) (Table 2.1 and Supplementary Figure S2.2). More specifically, we found that miR-
122 binding to Site 1 was exothermic, with AH = -55.53 kcal and an entropy of AS = -143.67
cal/mol/deg (Table 2.1 and Supplementary Figure S2.2A). These results are in good agreement
with computational binding predictions, where miR-122 interactions with Site 1 are predicted to
have AH = -69.5 kcal/mol and AS = -192.2 cal/mol/deg. Additionally, we found that Site 2 had a
lower affinity for miR-122 with a Kq = 228.34 + 65.41 nM; however, miR-122 binding was more
exothermic, with AH = -128.23 kcal/mol and an entropy of AS= -372.67 cal/mol/deg, again in
good agreement with computational binding predictions (AH = -109 kcal/mol and AS = -306.6

cal/mol/deg) (Table 2.1 and Supplementary Figure S2.2B). This suggests that the individual
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miR-122 binding sites, have a different rearrangement and organization compared to the 1-42 nt
HCV RNA based on enthalpy and entropy. However, the K4 of the individual sites are similar to
those values obtained in the context of the 1-42 nt HCV RNA. Thus, at least in vitro, miR-122 has

a higher affinity for Site 1 than for Site 2 on the 1-42 nt HCV RNA.

miR-122 binding alters the secondary structure of SLII of the HCV 5' UTR.

To investigate structural alterations mediated by miR-122 binding to the HCV 5' UTR, we
performed in vitro SHAPE analysis on the full HCV 5' UTR (nts 1- 371) in the presence and
absence of miR-122 using both capillary (Figure 2.2 and Supplementary Figure S2.3) and gel
electrophoresis (Supplementary Figure S2.4). As recent studies and computational predictions
suggest that the WT HCV 5' UTR favours a non-canonical alternative SLII structure (SLII*") in
the absence of miR-122 (1,4), we used SHAPE analysis to map the reactivity of the first 117 nts
(including SLI and IT) of the HCV RNA in the presence or absence of miR-122 (Figure 2.2).
Reactivity information was obtained for almost every nucleotide in the RNA; however, we
were not able to discern the SHAPE reactivity at nts 1-5 due to the high reactivity at the 5' end of
the transcript and nts 14-19 due to the high background observed in this region, in line with
previous studies (2,3). In the absence of miR-122, the loop of SLI (11-13 nts) and Site 2 (30-39
nts) were found to be relatively unstructured/flexible, as reported previously (Figure 2.2A and
Supplementary Figures S2.3-4) (2-4). However, Site 1 (consisting of nts 20-27) had a relatively
low SHAPE reactivity, suggesting that this region is constrained in the context of the 5' UTR

(Figure 2.2A).
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Figure 2.2. miR-122 binding suppresses an alternative structure (SLIIalt) and promotes
functional folding of SLII. (A) Normalized SHAPE reactivities of HCV RNA (nts 1-117) with
no miRNA (top) or in the presence of miR-122 (bottom). Nucleotides 1-5 and 14-19 were omitted
due to high background reactivity. Nucleotides with high (> 0.85, red), intermediate (between 0.4
and 0.85, orange), low (between 0.2 and 0.4, blue) and very low (< 0.2, black) SHAPE reactivity
are indicated. (B) Predictions of the lowest free energy structures formed by the first 117 nts of
HCV 5" UTR and their predicted free energies (AG, kcal/mol). (C) SHAPE data from (A)
superimposed onto two of the predicted structures of HCV RNA alone or (D) HCV RNA + miR-
122, where the predicted structure and free energy values are indicated. The SHAPE data
represents the results of six independent replicates and error bars indicate the standard error of the
mean (SEM).
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When SHAPE was performed on the HCV 5' UTR in the presence of miR-122, we observed
a reproducible reduction in SHAPE reactivity, particularly in the seed region of Site 2, consistent
with previous models of miR-122:HCV RNA interactions (Figure 2.2A and Supplementary
Figure S2.3) (2-4). We also observed a reproducible decrease in the SHAPE reactivity in the stem
region of SLI, suggesting that miR-122 binding may further stabilize this stem-loop structure
(Figure 2.2A and Supplementary Figure S2.3). In addition, there was a reduction in SHAPE
reactivity at positions A33, G34, and U36 on the HCV RNA (2,22). This is in agreement with
previous studies and suggests that miR-122 binding may increase rigidity in this region and that
the U at position 36 may be able to engage in a wobble base pair with the G at position 9 on Site
2-bound miR-122 (2-4). Moreover, we observed a lower SHAPE reactivity in SLIIa (nts 52-59) in
the presence of miR-122 when compared to the HCV RNA alone (Figure 2.2A).

Structural predictions of nts 1-117 of the HCV genome with and without miR-122 suggest
that the most energetically favourable structure(s) of the WT HCV RNA in the absence of miR-
122 is an alternative non-canonical SLII structure from nts 20-104, previously termed SLII*"
(Figure 2.2B) (1,4). The functional SLII structure is only predicted to be the fifth most
energetically favourable structure, with a AG of -37.8 kcal/mol, compared to the free energies of
the SLII*! structures, which range from -40.8 to -38.2 kcal/mol (Figure 2.2B). When we analyzed
our SHAPE data with respect to the non-canonical SLII* and SLII structures, we found that the
reactivity agrees well with both of these predicted structures (Figure 2.2C). Specifically, there are
high overall SHAPE reactivities in nts 30-39, 53-59 and 80-85 which are all either single-stranded
or in bulge regions in both structures (Figure 2.2C). However, nts 20-29 had relatively low
SHAPE reactivities in the absence of miR-122, which is more consistent with the SLIT?! structure,
since these nucleotides are base-paired versus single-stranded in the functional SLII structure
(Figure 2.2C). Conversely, SHAPE analysis in the presence of miR-122 is consistent with

formation of the canonical SLII structure, predicted to be the most energetically favorable structure
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in the presence of miR-122 (AG = -66.8 kcal/mol, Figure 2.2A and D). Thus, although our data
provides an averaged view of the equilibrium of several of the most energetically favorable
structures, the quantitative SHAPE results suggest that in the absence of miR-122, the SLII?" is
favoured, while interactions with miR-122 promote functional SLII formation, which would
support HCV IRES-mediated translation (4,50-52).

To further validate these findings, we predicted that if SLII*!" is the preferred conformation
of the viral RNA, then in the context of nts 1-117, Site 2 should have a greater miR-122 binding
affinity than Site 1, as Site 2 is in a more open (single-stranded) conformation, while Site 1 is in a
closed (double-stranded) conformation (Figure 2.2C). Thus, we performed ITC analyses to
measure the binding affinity of miR-122 for the 1-117 nt and 1-371 nt HCV RNA. Both binding
sites had weaker affinities when compared to the 1-42 nt HCV RNA, with K4l (Site 2) = 132.55 +
35.43 nM (AG =-79.2 kcal/mol) and K42 (Site 1) = 13296.58 + 7518.62 nM (AG = -17.5 kcal/mol)
for 1-117 nt HCV RNA, and Kql (Site 2) = 514.27 + 229.88 nM (AG = -81.53kcal/mol) and K42
(Site 1) = 1426.17 £ 517.93 nM (AG = -33.83 kcal/mol) for 1-371 nt HCV RNA, respectively
(Table 2.1 and Supplementary Figure S2.5). This is not unexpected since the longer RNAs (1-
117 and 1-371 nt) are likely able to sample more conformations than the 1-42 nt RNA. In order to
discern whether K4l represents binding of miR-122 to Site 1 or Site 2 on the 1-117 nt RNA, we
performed ITC analyses on a Site 2 mutant (S2p5,6), whereby positions 5 and 6 of the Site 2 seed
sequence were mutated to their respective Watson-Crick base (Table 2.1). These mutations are
predicted to reduce binding of Site 2, without significantly altering the predicted conformation or
miR-122 interactions with Site 1. As we predicted, a reduction in binding affinity was only
observed for Kql (Site 2) =319.3 = 86.01 nM (AG = -47 kcal/mol), while K42 (Site 1) = 13596.11
+5024.61 nM (AG = -12.6 kcal/mol) remained unchanged (Table 2.1 and Supplementary Figure
S2.5). Thus, in contrast to what we observed with nts 1-42, in the context of nts 1-117, Site 2 has

a higher affinity, while Site 1 has a significantly reduced affinity for miR-122. These results are in
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agreement with formation of the energetically more favorable SLII?, where Site 2 is predicted to

be in an open and accessible conformation, while Site 1 is predicted to be in a closed conformation.

The G28A mutation favours formation of SLII even in the absence of miR-122.

The G28A mutation was isolated from chronic HCV patients that had undergone miR-122
inhibitor-based therapy after viral rebound and was subsequently shown to be able to accumulate
to low levels in miR-122 knockout (KO) cells (7,8). RNA structural predictions suggest that in
contrast to WT HCV RNA, the G28 A mutation is predicted to adopt only two main conformations
with very similar free energies, SLII*" (AG = -37.9 kcal/mol) and SLII (AG = -37.8 kcal/mol), even
in the absence of miR-122 (Figure 2.3). SHAPE analysis of G28A suggests that the seed region
of Site 1 (nts 20-27) has an overall higher SHAPE reactivity when compared with WT HCV RNA
(Figure 2.2A versus 2.3A). Importantly, this region represents the most significant difference
between the SLII*" and SLII structures in that it is predicted to be base-paired in the former and
single-stranded in the latter (Figure 2.3B). When we superimposed the SHAPE data onto the two
G28A predictions, the data is more consistent with formation of SLII, where nts in the Site 1 seed
region (nts 20-27), predicted to be single-stranded in this conformation, have a high overall
SHAPE reactivity (Figure 2.3). We also observed high overall SHAPE reactivities in the loop
regions of SLII (nts 52-59 and 80-85), but these are largely consistent with both structural
conformations (Figure 2.3). With respect to the remaining IRES structure (i.e. SLIII-IV), the
G28A mutant demonstrated similar SHAPE reactivity to the WT HCV RNA (Supplementary
Figure S2.6). To further confirm these findings, we performed ITC analysis on the 1-117 nt G28A
mutant (Table 2.1 and Supplementary Figure S2.6). In agreement with our SHAPE data, G28A
had higher affinities for miR-122 than WT, with K41 (Site 1) = 21.24 + 8.08 nM (AG = -80.36

kcal/mol) and K42 (Site 2) = 2590.99 + 863.68 nM (AG = -31.81 kcal/mol) (Table 2.1).
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Figure 2.3. The G28A mutation favours SLII formation in the absence of miR-122. (A)
Normalized SHAPE reactivities of G28A (nts 1-117). Nucleotides 1-5 and 14-19 were omitted due
to high background reactivity. Nucleotides with high (> 0.85, red), intermediate (between 0.4 and
0.85, orange), low (between 0.2 and 0.4, blue) and very low (< 0.2, black) SHAPE reactivity are
indicated. (B) SHAPE data from (A) superimposed on the predicted lowest free energy structures
formed by the first 117 nts of the G28A 5' UTR (SLII*" and SLII) and their free energy values
(AG, kcal/mol). The SHAPE data represents the results of four independent replicates and error
bars indicate the standard error of the mean (SEM).
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Thus, RNA structural predictions, SHAPE, and ITC are consistent with the G28A mutation
favoring formation of SLII even in the absence of miR-122, while the WT HCV RNA is more

likely to adopt an alternative conformation(s) (i.e. SLII*", Figure 2.2B-C) in the absence of miR-

122.

Two hAgo2:miR-122 complexes can bind to the HCV RNA 5" UTR simultaneously.

It is widely accepted that miR-122 interacts with the HCV genome, at least initially, in the context
of'a hAgo protein (5,6,22,53,54). Previous studies suggest that Ago proteins are required for miR-
122 duplex unwinding, miRNA-induced silencing complex (miRISC)-loading, and recognition of
the HCV RNA binding sites; however, it is unclear whether Ago remains bound to the viral RNA
to participate in events leading to promotion of HCV RNA accumulation (5,6,22,53-55). Due to
the close proximity of the miR-122 binding sites on the HCV genome (Figure 2.1A), we sought
to test whether two hAgo2:miR-122 complexes are physically able to occupy the viral RNA
simultaneously. To this end, we prepared purified samples of hAgo2:miR-122 in complex and
performed gel shift assays with the WT (1-42 nt) and S2p3,4 HCV RNAs (Figure 2.4A). Using
radiolabeled HCV S2p3,4 RNA, where the Site 2 sequence is mutated to disrupt pairing to the
miR-122 seed region, we observed a single shift in samples containing hAgo2:miR-122, indicating
a binding event occurred (Figure 2.4A, left side). Using WT HCV RNA, two shifts were observed,
indicating two binding events occurred on the RNA. Importantly, the fraction of the WT HCV
RNA in the supershifted band increased as hAgo2-miR-122 concentrations were increased,
demonstrating a dose-dependent response (Figure 2.4A, right side).

Equilibrium binding data using a broader range of hAgo2 concentrations (Figure 2.4B and

Supplementary Figure S2.7) revealed a K4 of 63 pM for the complex with HCV S2p3.4,
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Figure 2.4. Two Ago2:miR-122 complexes can bind simultaneously to the 5' terminus of the
HCYV genome. (A) Recombinantly expressed hAgo2 loaded with miR-122 (final conentration: 0,
0.3125, 0.625, 1.25, 2.5, and 5 nM) was incubated with radiolabeled viral RNA comprising nts 1-
42. Incubation with HCV S2p3,4 (left side) resulted in a single shift, whereas incubation with WT
HCV RNA (right side) yielded an additional shift corresponding to the complex containing two
hAgo2:miR-122 complexes. The depicted gel is one of five independent replicates. (B)
Equilibrium binding data for Ago2:miR-122 and HCV WT and S2p3,4, based on gel shift assays
(Supplementary Figure S7A). Data points are means of three replicates with standard error. The
Kq+ SE for S2p3,4 is 63 = 10 pM, the K4 apparent for WT HCV is 250 + 31 pM.
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and a K4 apparent of 250 pM for WT HCV. Under the assumption of independent binding, binding
to Site 2 can be calculated by subtraction of the S2p3,4 data from the WT data (Supplementary
Figure S2.7B). Fitting the calculated Site 2 data to the binding model yields a Ka = 1.13 nM, while
previous experiments place the Kq for such a target in the low pM range for miR-122 (56). This
discrepancy suggests that, although Site 1 and Site 2 can be simultaneously occupied by two
Ago2:miR-122 complexes, the two binding events are negatively affected by each other in the
system. This conclusion is in agreement with the increased SHAPE reactivity measured for the
nucleotides spanning the 5' end of Site 1 and the 3' end of Site 2 on the HCV genome

(Supplementary Figure 2.3).

hAgo2:miR-122 binding alters the secondary structure of the HCV 5' UTR.

To determine how hAgo2:miR-122 complex binding to the HCV 5' UTR alters the secondary
structure of the viral RNA, we performed in vitro SHAPE analysis in the presence of purified
hAgo2:miR-122 (Figure 2.5 and Supplementary Figures S2.3 and S2.8). When focusing on the
5' terminus of the HCV RNA (nts 1-42), we observed an overall increase in SHAPE reactivity at
nts C27, C29, A31 and G33 in the presence of hAgo2:miR-122 (Figure 2.5). The increase in
SHAPE reactivity at C27 was unexpected since this is the first nt of the seed region of miR-122
bound to Site 1; however, the increase in reactivity observed may be due to the close proximity of
the two hAgo2:miR-122 complexes which could force this base-pair to become unpaired
(particularly since the 5' end of the miR-122 molecule is anchored in the pocket of the Mid
domain). The increase in SHAPE reactivity at C29 was observed with both miR-122 alone (Figure
2.2) and hAgo2:miR-122 (Figure 2.5), suggesting an alteration in the structure such that this
nucleotide is more flexible, independently of the presence of hAgo2. Like C27, the significant
increase in SHAPE reactivity at C31 in the presence of hAgo2:miR-122 suggests that the

secondary structure of the viral RNA may be further altered in order to accommodate two
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Figure 2.5. hAgo2:miR-122 complexes alter the secondary structure of the 5' terminus and
SLII of the HCV genome. (A) Normalized SHAPE reactivities of 1-117 nt HCV RNA in the
absence (top) or presence of hAgo2:miR-122 (bottom). Nucleotides 1-5 and 14-19 were omitted
due to high background reactivity. (B) Difference plot showing changes in SHAPE reactivity upon
miR-122 binding, ASHAPE = hAgo2:miR-122:HCV RNA reactivity — HCV RNA (no miRNA)
reactivity. Significant increases in reactivity (above baseline, red) and decreases in reactivity
(below baseline, blue) are indicated. (C) Changes in reactivity upon hAgo2:miR-122 binding are
superimposed onto the hAgo2:miR-122:HCV RNA secondary structure model (coloured as in
(B)). The data represents the results of four independent replicates and error bars represent the
standard error of the mean (SEM).
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hAgo2:miR-122 complexes simultaneously (Figure 2.5). We also observed a change in reactivity
at G33 (in the bulge region of Site 2), which could suggest that it is further exposed in the presence
of hAgo2:miR-122 due to lack of base pairing at this position. Similarly, we observed an increase
in SHAPE reactivity in the loop region of SLI, which may be due to SLI being forced out of the
hAgo2:miR-122 complex at Site 1. Beyond nts 1-42, we also observed changes in the SHAPE
reactivity of SLII in the presence of hAgo2:miR-122, particularly in the bulge region of SLIIa (nts
52-58) as well as a few nucleotides on the 3' arm of SLII opposite SLIIa (104-109), which suggests
further stabilization of this region (Figure 2.5).

To determine if hAgo2:miR-122 alters the structure of HCV RNA beyond SLII, we
mapped SHAPE reactivities of the entire HCV 5' UTR (nts 1-371) in the presence of miR-122,
hAgo2:miR-122, and controls (Supplementary Figures S2.3 and S2.8). /n vitro SHAPE analysis
of the HCV 5' UTR alone (nts 1-371) agreed well with previous models of SLIII and IV of the
HCV IRES (Supplementary Figure S2.8) (2,3). Additionally, we found that in the presence of
hAgo2:miR-122, a few nts in the apical loops SLIIla-e displayed a modest but reproducible
decrease in overall SHAPE reactivity. Moreover, we observed significant changes in SHAPE
reactivity in several nts of SLIV, in close proximity to the pseudoknot and AUG start codon. Taken
together, our data suggest that hAgo2:miR-122 binding results in alteration of the structure of the
viral RNA at least in vitro, both at the 5' terminus (where the miR-122 seed and auxiliary binding
sites are located), but also in the IRES region (SLII-IV), in a manner which may promote functional

IRES activity.

Computational modeling of hAgo2:miR-122 and HCV RNA.
As we established that two hAgo2:miR-122 molecules were able to bind to the 5' terminus of the
HCV genome (nts 1-42) simultaneously, we sought to model these interactions using the crystal

structure of hAgo2. Of the ~10° possible complexes at each site from modeled hAgo2 and RNA
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duplex conformations, we considered an increasing number of constructed complexes until
sterically favorable conformations were found. Site 1 required ~150,000 complexes, whereas Site
2 needed only ~30,000 structures. The much greater number of considered complexes at Site 1
reflects the wider conformational search needed to fit a double-stranded RNA structure with a
three-stem junction into a hAgo2 conformation; in contrast, the RNA structure at Site 2 has an
unbranched conformation (see Figure 2.6 displaying viable complexes at each site).

Computational modeling produced multiple RNA-induced silencing complex (RISC)
structures at Site 1 and Site 2 that are free of steric clashes. Assembly of these structures generated
viable RISC-RISC complexes where the 3' end duplex of miR-122 at Site 2 forms a solvent-
exposed bridge between the adjacent RISC structures (Figure 2.6A). Modeling trials showed that
only 3' duplexes protruding from the RNA-binding channel at Site 2 were capable of assembling
into RISC-RISC complexes; straight duplex conformations generated collisions between the Mid
and N-terminal domains of adjacent hAgo2 structures. This suggests that Site 2 duplex
conformations are distorted in the internal loop region, resulting in the duplex protruding out of
the hAgo2 RNA-binding channel (Figure 2.6A, lower panel). Alternatively, the auxiliary
interactions with Site 2 of the HCV genome may become unpaired as the hAgo2:miR-122 at Site
2 adjusts to accommodate Site 1-bound hAgo2:miR-122. This latter hypothesis is further supported
by our SHAPE data and the hAgo2:miR-122 gel shifts which suggest higher SHAPE reactivity in
this region and a reduction in binding affinities when both Sites are occupied by hAgo2:miR-122,
respectively.

Model RISC-RISC complexes exhibit conformational variability that is captured by their
RNA conformations (Figure 2.6B). At Site 1, the SLI structure shows significant conformational
flexibility. The Site 2 RNA has multiple orientations that are consistent with the RISC-RISC
complex, implying that different Ago-Ago conformations are feasible. The adjacent hAgo2

structures display Mid/N-terminal and PAZ/L2 contacts. However, further
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Figure 2.6. Model of hAgo2:miR-122:HCV RNA interactions at Sites 1 and 2. (A) A modeled
RISC-RISC complex at Site 1 and Site 2 on the HCV genome and (B) miR-122:HCV RNA
conformations of different complexes. (A) Two views of the RISC-RISC complex are shown: top
structure shows the RNA-binding channel of Site 1 with the protruding SLI structure and the RNA
bridge between the adjacent hAgo2 structures; bottom structure (180" rotated view) highlights the
RNA conformation at Site 2 that enables simultaneous occupation of both hAgo2 binding sites.
(B) Superimposed miR-122:HCV RNA conformations from six RISC-RISC complexes show
conformational variability. In particular, SLI-3' stem structure in Site 1 has significant
conformational flexibility; while the Site 2 RNA exhibits multiple orientations with respect to Site
1 RNA, indicating that the adjacent hAgo2 structures can adopt distinct conformations. The HCV
RNA (cyan), miR-122 (red), and hAgo2 N terminal (pink), L1 (gray), PAZ (cyan), L2 (gray), Mid
(wheat) and PIWI domain (yellow) are indicated.
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computational/experimental analysis will be needed to determine whether a specific Ago-Ago
conformation is favored.

To probe the RISC-RISC complex further, we examined the two RISC subunits separately.
At Site 1, the shape of the predicted hAgo?2 structure determined the allowed RNA conformations
(Figure 2.6B). The dsRNA forms a 3-stem junction with a 7 base pair stem in the seed region
(seed stem), a 7 base pair stem-loop (SLI), and a 3 base pair stem in the 3' end (3' stem). The seed
stem is in an expected orientation for a recognized mRNA target. All allowed RNA structures
show that the SLI-3' stem forms an L-shaped conformation, which adopts multiple orientations
(Figure 2.6B) with respect to the hAgo2 structure. The source of the L-shaped structure’s
orientations is the miR-122’s six unpaired bases (GACAAU) at the 3-stem junction. These bases
also produce a sharp turn (nearly 90°) at the end of the seed stem to allow the L-shaped structure
to protrude out of the RNA-binding channel; thus, avoiding steric clashes with hAgo2’s PIWI and
N-terminal domains. At Site 2, the assembled RISC structures show that the RNA can adopt
straight and distorted duplex conformations. Duplex distortions occur at the internal loop just
beyond the seed stem region, generating nonstandard RNA backbone conformations. The straight
duplexes fit within the RNA-binding channel, whereas distorted duplexes protrude out of the
RNA-binding channel. As noted above, only the distorted duplex conformations that protrude out
of the RN A-binding channel are consistent with the overall RISC-RISC complex, which may lend
support to the hypothesis that the auxiliary interactions with miR-122 at Site 2 may become

unpaired when both sites are occupied by hAgo2:miR-122.

Computational modeling of RISC-IRES-40S complex.
The two RISC complexes form immediately upstream of SLII of the HCV IRES. Cryo-EM
structures of IRES-40S show that SLII can adopt an active, bent conformation that maintains the

40S subunit in an open conformation to allow mRNA loading (57,58). An experimental
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characterization of miR-122-HCV IRES interactions suggests that the RISC Ago proteins play a
role in activation of HCV translation (5,59). To help further interpret Ago’s role, we used structural
modeling to characterize the RISC-IRES-40S interactions.

We assembled the RISC-IRES-40S complex by using the cryo-EM of the IRES-40S (PDB
5A2Q) and our modeled RISC-RISC structures (see Materials and Methods). We found many
viable RISC-IRES-40S complexes with only slight differences in the orientation between the
IRES-40S and RISC-RISC structures. The RISC-RISC structure is oriented away from the IRES-
40S complex, and it only interacts with the IRES via the hAgo2 at Site 2 (Figure 2.7). Both single-
and double-stranded regions of the IRES interact with Ago surfaces opposite the RNA-binding
channel. The IRES-Ago interface is extremely tight fitting with a strong shape complementarity
(Figure 2.7, right panels). Specifically, the Ago Mid and L2 domains interact with the backbone
of the single-stranded IRES region (ACCC, nts 118-121) between SLII and III. An unstructured
loop in the PIWI domain (residues 719-728, DKNERVGKSG; bold residues conserved among
hAgo 1-3) interacts with the bulge nucleotides in SLIIa where SLII adopts a bent conformation.
Interestingly, benzimidazole, an inhibitor of HCV IRES-driven translation initiation, binds to the
same bulged IRES region to lock SLII in an extended, inactive conformation (PDB 3TZR) (60).
Lastly, we found that the SLI structure does not interact with the IRES-40S complex, a result
consistent with the experimental finding that deletion of SLI does not influence HCV IRES-

mediated translation (59).
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Figure 2.7. Model of RISC-HCV IRES-40S interactions. A modeled RISC-IRES-40S complex
(top left panel) and detailed views of hAgo2:IRES interactions (other panels). Front and back
views of the space-filling representation show a tight fit with shape complementarity between
hAgo2 and IRES SLIIa (right panels). hAgo2 Mid, L2 and PIWI domains interact with single- and
double-stranded regions of the HCV IRES SLIla (bottom left). The IRES (cyan), ribosomal RNA
(yellow), ribosomal proteins (gray), hAgo2s (pink and blue), and miR-122s (orange) are indicated.
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2.6 Discussion

Two miR-122 molecules are able to bind to the HCV 5' UTR simultaneously in vitro.
Biophysical analysis of miR-122:HCV RNA interactions revealed a 2:1 stoichiometry in
agreement with previous studies using Conlb (genotype 1b) (2). In the context of nts 1-42, we
found that miR-122 binds to Site 1 with a stronger affinity than to Site 2; and miR-122 binding to
Site 1 was observed to be more exothermic with a decreased entropy, when compared with Site 2.
This effect could be due to different local conformational changes/rearrangements required for
Site 1 to bind with miR-122, when compared with Site 2. Individual analysis of Sites 1 and 2 alone
revealed that Site 1 (18.80 £ 3.00 nM) has a higher overall binding affinity than Site 2 (228.34 £+
65.41 nM); however, miR-122 binding to Site 2 was more exothermic and entropically favoured
suggesting that in this isolated system, Site 2 binding to miR-122 brings the system to a lower
energy ordered state (Table 2.1). This is in agreement with previous results with a J6/JFH-1
(genotype 2a) isolate (53); but is in contrast to studies with Con 1b (genotype 1b), where miR-122
binding to Site 2 had a stronger binding affinity than Site 1 (2). Although both ITC experiments
were done similarly, it is possible that our results vary due to differences in the sequences between
these two genotypes as well as the specific lengths used for binding experiments of the individual
sites, since the tail of miR-122 bound to Site 2 would be predicted to have extended binding into
the Site 1 seed region in the absence of Site 1-bound miR-122 (2). In contrast, when we performed
ITC analyses using 1-117 nt HCV RNA, we observed that Site 2 had a much greater affinity than
Site 1. This was confirmed using S2p5,6 which contains a mutation in the Site 2 seed region that
resulted in a reduction in Site 2 binding but had no effect on Site 1. This is likely due to the more
energetically favorable SLII*! structure that the 1-117 nt HCV RNA is able to adopt. More
specifically, in the SLII*" conformation, Site 2 is predicted to be in a single-stranded and accessible
loop region, while Site 1 is in a closed conformation. Thus, our biophysical analyses suggest that

two miR-122 molecules are able to bind simultaneously to the HCV 5' terminus in vitro, with
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binding to Site 2 occurring with a higher affinity than Site 1 in the context of nts 1-117 of the HCV

genome.

Binding of miR-122 to the HCV genome alters the structure of the 5' UTR.

In vitro SHAPE analysis in the presence of miR-122 revealed decreases in the overall SHAPE
reactivity across the predicted miR-122 seed sequences, consistent with miR-122 interactions
reducing the flexibility of the viral RNA in this region (2,3). Moreover, we observed an overall
decrease in SHAPE reactivity at G33 and A34 of the HCV genome, which are not predicted to
bind to miR-122, suggesting that miR-122 binding imparts rigidity to this region of the viral RNA.
Furthermore, the decrease in SHAPE reactivity at U36 is consistent with formation of a G:U
wobble pair between miR-122 and the viral RNA at this position, allowing us to further refine the
model of miR-122:HCV RNA interactions at Site 2 (2-4). In addition to the seed regions, we also
observed some subtle differences in the SHAPE reactivity in SLI, with an overall decrease in the
stem and slight increase in the loop region. These changes in reactivity suggest that miR-122
binding may stabilize SLI. However, changes in reactivity of the loop region are not likely to have
biological significance because the sequence identity of the loop is poorly conserved across HCV
genotypes (22,61).

In agreement with recent studies that suggest that the HCV 5' UTR is able to adopt a more
energetically favourable alternative (SLII*Y) structure (1,4), our SHAPE analyses support this
model, whereby miR-122 binding results in a RNA chaperone-like switch in conformation to SLII,
which would promote functional IRES formation by positioning the AUG start codon within the
40S ribosomal subunit for translation initiation (50,51). However, as our SHAPE data is an average
of the structures that form in solution, and most of the loop regions in SLII*" and SLII are
overlapping, we could not definitively rule out formation of SLII and the functional IRES

conformation in the absence of miR-122 for WT HCV RNA. However, this model is further
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supported by our ITC analyses which suggest Site 2 has a greater binding affinity in the context of
1-117 nt WT HCV RNA. Thus, our data is consistent with formation of SLII?!" in the absence of

miR-122, and miR-122 interactions promote functional folding of SLII at least in vitro.

G28A favours the canonical SLII structure.

The G28A mutation was first isolated from patients who had undergone therapy with a miR-122
antagonist and this mutation was subsequently demonstrated to reduce HCV’s reliance on miR-
122 in cell culture (21,26). As RNA structural predictions of the G28 A mutant suggested that this
mutation results in a reduced number of energetically favourable alternative structures and
formation of the functional SLII structure with similar free energy to the SLII*" structure, we
sought to verify this using SHAPE analyses and ITC (1). Our SHAPE analysis indeed suggests
that SLII is more preferentially formed by G28A when compared to WT HCV RNA, as reflected
by higher SHAPE reactivities in the seed sequence of Site 1, which is in a more open (single-
stranded) conformation in the SLII structure. Specifically, in several of the lowest free energy
structures of WT HCV RNA, the G28 position is found in a G-C Watson-Crick pair and thus the
G28A mutation would be predicted to disrupt formation of several of the predicted alternative
structures. Moreover, nts 20-24 have a much higher SHAPE reactivity in G28A when compared
with WT HCV RNA, suggesting that these nts are in a more open (single-stranded) conformation
in the presence of the G28A mutation. This is further supported by our ITC analyses, which
suggests a higher affinity for both sites when compared with WT HCV RNA. Taken together, this
data suggests that the G28 A mutation is able to more favourably form the SLII conformation, even
in the absence of miR-122; but presumably, miR-122 is still required to protect the 5' terminus
from pyrophosphatase activity and subsequent exonuclease-mediated decay by Xrn-1 and 2 (2,27-
29). Interestingly, most HCV genotypes (la, 1b, 3a, 4a, and 5a) already carry an A at position 28,

which may indicate that these genotypes have a greater propensity to form SLII than the JFH-1
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isolate used herein (14,15). This suggests that these HCV genotypes may be less reliant on miR-
122 to form the SLII structure; although we cannot rule out the possibility that additional nt
polymorphisms preclude formation of SLII. Notably, downstream of SLII, the WT and G28A
HCV RNAs had similar SHAPE reactivities consistent with formation of SLIII-IV of the HCV

IRES.

Two hAgo2:miR-122 complexes can bind to the 5' UTR simultaneously and their interactions
with the 5' terminus further alter the structure of the 5' UTR.

Previous studies have suggested that HCV RNA accumulation requires miRNA biogenesis
components, including Dicer, TRBP and the four Ago proteins (6,22,53-55,62,63). However, it is
unclear whether Ago participates beyond miR-122 loading, as sequences in miR-122 dispensable
for canonical silencing as well as downstream mediators of silencing do not appear to be required
for miR-122’s promotion of HCV RNA accumulation (22,64-66). Moreover, the two miR-122
sites in the 5' UTR are in very close proximity (separated by a single base) and hence, we were
curious whether two hAgo2:miR-122 complexes were able to bind simultaneously to the 5'
terminus of the HCV genome. To this end, we purified hAgo2 loaded with the miR-122 guide
strand and performed gel shift assays. Indeed, we observed that two hAgo2:miR-122 complexes
can bind to the 5' terminus of the HCV genome simultaneously, despite the close proximity of the
miR-122 sites; however, the two binding events are negatively affected by one another. Previous
studies have suggested that, at least for canonical RNA silencing, seed sites separated by 13-35 nt
(from the seed start) may act synergistically (67). As the two miR-122 binding sites on the HCV
genome are separated by 15 nt (from seed to seed), this may allow them to have a synergistic effect
on HCV RNA accumulation. Alternatively, it is also possible that binding to one site (presumably
Site 2) promotes changes to the conformation of the viral RNA that promote hAgo2:miR-122

interactions with the second site (Site 1). Moreover, we observed significant affinity enhancement
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in the context of hAgo2:miR-122 (pM range) when compared with miR-122 alone (nM range).
This is not altogether surprising since the hAgo protein holds the miRNA is a conformation that is
conducive to target RNA binding. Additionally, it suggests that binding affinity predictions based
solely on miRNA-RNA interactions may significantly underestimate binding affinity.

Our in vitro SHAPE analysis of the HCV RNA in the presence of hAgo2:miR-122
demonstrated that additional structural changes occur at the miR-122 recognition sites at the 5'
terminus in the presence of hAgo2. Specifically, we observed higher overall SHAPE reactivities
in the region predicted to form the Site 2 auxiliary interactions with nts 13-16 of Site 2-bound miR-
122. This suggests that in order to accommodate both hAgo2:miR-122 complexes, these nts may
become unpaired and are therefore available for acylation. Alternatively, since SHAPE reactivities
represent an average of the HCV RNA conformations present in solution, the increase in reactivity
at these sites could also be due to the contribution of viral RNA bound by hAgo2:miR-122 at one
site and not the other, because of the differences in the availability and/or the affinity between the
two recognition sites.

Our SHAPE analyses on the entire 5' UTR during miR-122 or hAgo2:miR-122 binding
were very similar; however, we did observe some further changes in SHAPE reactivity when
hAgo2:miR-122 was present. Specifically, we observed an overall decrease in SHAPE reactivity
in nts 52-58 of SLIIa and nts 104-109 in the 3' arm of SLII that form base-pair interactions adjacent
to SLIIa. Although this was unexpected, our computational prediction of the hAgo2:miR-
122:HCV IRES complex suggest that the PIWI domain of hAgo?2 at Site 2 may make contact with
this region of the viral RNA, which could further stabilize this structure. This is not unprecedented
as during Enterovirus 71 infection, Ago2 has been demonstrated to promote viral replication
through interactions with the IRES region of the viral RNA, and hence this may point to a related
mechanism during HCV infection (68). Interestingly, SLII was previously shown to fold

independently of the IRES (50), and it acts as an initiator for HCV translation by taking on an L-
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shaped conformation that interacts with the 40S subunit, holding the AUG start codon in the P-site
of the ribosome until the translation machinery is properly assembled (4,17,51,52,69,70). Our
SHAPE results support this model and suggest that hAgo2:miR-122 binding may not only promote
translation through suppression of an alternative secondary structure (SLII?Y), but may further
stabilize the SLII structure through additional contacts between hAgo2 bound to Site 2 and the
viral IRES.

In addition to SLII, SLIIIa and d have been shown to make important contacts with the 40S
ribosomal subunit, while SLIIIb-c makes contact with the eukaryotic translation initiation factor 3
(eIF3), to promote HCV RNA translation (17,71-73). We also observed some changes in SHAPE
reactivity in the presence of hAgo2:miR-122 in SLIV at nts 337-345 and 350-371, where the 40S
and 60S subunits bind (71). In further support of this finding, SHAPE analysis performed on the
HCV IRES (nts 42-371) in the presence of the 40S ribosomal subunit demonstrated similar
changes in reactivity to what we observed here in the presence of hAgo2:miR-122 (71). In both
cases, an overall decrease in SHAPE reactivity was observed in the apical loops of SLIII, with a
decrease in SHAPE reactivity directly upstream, and an increase in SHAPE reactivity at a few nts
immediately downstream, of the start codon. This suggests that, beyond the 5' terminus (nts 1-42),
miR-122 binding might promote a conformation of the HCV IRES that is similar to the ternary
complex with elF3 and the 40S ribosomal subunit. This is further supported by an Ago HITS-CLIP
study during HCV infection which demonstrated miR-122-dependent HITS-CLIP reads in the
IRES region (25). Thus, hAgo2:miR-122 interactions may alter the structure of the HCV 5' UTR
that both promote formation of SLII (IRES folding) as well as additional structural changes in
SLIII and IV that may promote association with the ribosome and elF3. However, future work will
be needed to confirm these findings in the context of viral replication.

Finally, we used computational prediction to model the 3D structure of the hAgo2:miR-

122:HCV RNA ternary and higher-order complexes at the 5' terminus of the HCV genome.
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Computational prediction of the ternary complex at Site 1 required sampling of approximately 5
times the conformations needed to model Site 2. This was expected as there is an unusually large
stem-loop structure (SLI, nts 4-20) between the seed site (nts 2-8) and the 3' supplemental
interactions (nts 15-17) with Site 1-bound miR-122 that can adopt numerous possible
conformations. At Site 1, the dsSRNA forms a 3-stem junction which is predicted to force nts 1-3
of the HCV genome into an L-shaped conformation to avoid steric clashes with hAgo2’s PIWI and
N terminal domains, while the seed region appears to take on an orientation expected for canonical
mRNA targets. The Site 2 duplex can adopt either straight or distorted conformations, but only
distorted conformations that protrude out of the RNA-binding channel, which are induced by the
unpaired bases in the internal loop region, allow simultaneous hAgo2 occupation of the recognition
sites. Multiple RISC-RISC structural conformations can be assembled, suggesting that the higher-
order complex with adjacent hAgo2 structures likely exhibits some degree of conformational
variability in addition to the flexibility of the SLI structure at Site 1. Specifically, the two hAgo2
structures are orientated differently to avoid steric clashes. Formation of the RISC-RISC complex
forces adoption of a specific set of duplex conformations at Site 2, implying that hAgo2 occupation
of Site 1 influences the RISC structure at Site 2. Interestingly, in this model the auxiliary
interactions between the HCV RNA at Site 2 and miR-122 appears to protrude from hAgo2
(Figure 2.6A, lower panel). While this may be the case, it seems more likely that miR-122 is
retained in the hAgo2-binding channel and that these auxiliary interactions with nts 13-16 of miR-
122 at Site 2 become unpaired to accommodate Ago2:miR-122 binding to Site 1 (particularly since
the end of the miRNA is likely to be tightly bound by the 3' nucleotide-binding pocket of the PAZ
domain) (44). This is further supported by our biophysical analyses which suggest interference
between the two sites, and our SHAPE data which indicates a higher SHAPE reactivity in this
region in the presence of hAgo2:miR-122. Thus, it is possible that the auxiliary interactions

between Site 2-bound miR-122 and nts 29-32 of the HCV genome are required for efficient initial
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recruitment of hAgo2:miR-122 to the HCV genome, but that these interactions become unpaired
in order to accommodate hAgo2:miR-122 interactions with Site 1.

Assembly of the larger RISC-IRES-40S complex demonstrates that the interface between
the hAgo2 at Site 2 and the IRES SLIIa exhibits a tight fit with structural complementarity. Given
that the RISC Ago may aid in miR-122-mediated activation of HCV translation (59,74), a plausible
interpretation of our modeled complex is that Ago binding to SLIIa helps to stabilize the flexible
IRES SLII in the active, bent conformation. These interactions may also help to stabilize the
hAgo2:miR-122 complex at Site 2 after recruitment of Site 1, to accommodate both hAgo2:miR-
122 complexes on the viral RNA. Moreover, the close proximity between Ago at Site 2 and the
viral IRES may preclude interactions between Ago and the downstream RNA silencing machinery,
which could help explain how the viral RNA is able to escape canonical RNA silencing. However,
we note that the hAgo?2 residues known to form contacts with GW182 appear to be accessible in
our model (24,75). Thus, further experimental work will be needed to verify the details of these
predicted RISC-RISC and RISC-IRES-40S conformations in live cells and to clarify how HCV

escapes canonical RNA silencing.

miR-122 has at least three roles in the HCV life cycle.

Taken together, our biophysical, SHAPE and computational prediction analyses suggest a new
model for hAgo2:miR-122 interactions with the HCV genome (Figure 2.8). Specifically, we
predict that the HCV genome initially adopts an alternative conformation (SLII*) that allows
recruitment of hAgo2:miR-122 to Site 2 of the 5' terminus. Binding to Site 2 acts in an RNA-
chaperone like manner to convert the 5' terminus into SLII, allowing functional formation of the
HCV IRES. This SLII conformation then allows recruitment of hAgo2:miR-122 to Site 1, which

protects the 5' triphosphate moiety from pyrophosphatase activity and subsequent viral RNA decay
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Figure 2.8. Model for Ago2:miR-122 interactions with the HCV 5' UTR. Schematic
representation of Ago2:miR-122 binding to the HCV genome and the effects on the secondary
structure of the viral RNA. The HCV 5' UTR initially takes on the most energetically favorable
conformation (SLII*"), which allows recruitment of hAgo2:miR-122 to Site 2 of the HCV genome
(black). This results in a chaperone-like switch in conformation, resulting in formation of SLII,
part of the HCV IRES (SLII-IV). This change in conformation allows recruitment of hAgo2:miR-
122 to Site 1, which protects the 5' triphosphate moiety from pyrophosphatase activity and
subsequent exonuclease-mediated decay. In order to accommodate hAgo2:miR-122 interactions
at Site 1, the auxiliary interactions with Site 2-bound hAgo2:miR-122 are weakened; however,
Site 2-bound hAgo2:miR-122 is further stabilized by interactions with the HCV IRES (in SLIIa
and the region between SLII-III). The miR-122 seed and auxiliary binding sites on the HCV
genome are indicated (red).
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by Xm-1 and 2 (2,27-29). In order to accommodate the hAgo2:miR-122 at Site 1, the auxiliary
interactions between the 3' tail of the miR-122 molecule at Site 2 are likely destabilized, but the
hAgo2:miR-122 complex at Site 2 is likely further stabilized by interactions with the HCV IRES.
This model is consistent with our biophysical and SHAPE analyses as well as previous mutational
analyses where mutation of nts 17-18 of the Site 2-bound miR-122 (predicted to reduce auxiliary
interactions with the HCV genome between Sites 1 and 2) led to an approximately 1.5-fold increase
in viral RNA accumulation (13). This model may also explain the sequence conservation and
requirement for the auxiliary interactions with Site 2 (13), since they are likely required for the
efficient initial recruitment of hAgo2:miR-122 to this site, even if they are weakened upon
hAgo2:miR-122 binding to Site 1. In agreement with this, a recent study that used cooperative-
immunoprecipitation of Ago complexes in HCV-infected cells suggests that Site 1 has a higher
affinity for Ago:miR-122 than Site 2 in live cells (53). Finally, the highly conserved spacing
between the two miR-122 binding sites, which appears to result in interference between the two
Ago proteins, is likely retained across HCV isolates because of the requirements for these
sequences to form secondary structures (SL-I' and SL-IIZ') in the 3' end of the negative-strand
intermediate which constitutes the promoter for positive-strand viral RNA synthesis (76).

In conclusion, our results suggest that miR-122 is likely to play at least three roles in the
HCV life cycle. First, the initial recruitment of hAgo2:miR-122 to Site 2 results in a chaperone-
like switch in conformation which suppresses an alternative secondary structure (SLII?Y) and
promotes SLII formation (1,4). Second, recruitment of hAgo2:miR-122 to Site 1 protects the 5'
terminus from pyrophosphatase activity and subsequent exonuclease-mediated decay (22,27-
29,54,77). And lastly, the hAgo2:miR-122 complex at Site 2 may further stabilize the HCV IRES
through interactions between the PIWI and Mid domains of Ago and SLII of the HCV IRES to

promote viral translation (59,74). This provides new insight into the role of miR-122 in the HCV
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life cycle and future work will focus on clarifying this model in the context of infection and further

dissecting the contribution of each of these miR-122 activities.
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Supplementary Figure S2.1. miR-124 does not interact with the HCV 5' terminus and miR-
122 binds with higher affinity to Site 1 in 1-42 nt HCV RNA. (A) Non-denaturing gel
electrophoresis mobility shit assay (EMSA) of 1-42 nt HCV RNA and increasing amounts of miR-
124. (B) Thermogram and resulting binding curve of the titration of 1-42 nt HCV RNA with native
miR-124. n.b. = no binding. (C) Model of the interaction of miR-122 (purple) and the 1-42 nt of
the HCV Site 2p3,4 mutant (black), containing mutations in positions 3 and 4 of the miR-122 seed
sequence of Site 2 (red). (D) Non- denaturing gel electrophoresis mobility shit assay (EMSA) of
1-42 nt HCV Site 2p3,4 RNA and increasing amounts of miR-122. (E) Thermogram and resulting
binding curve of the titration of 1-42 nt HCV Site2p3,4 with miR-122. Affinities of each binding
Site (K1, Site 1 and K 12 Site 2) are indicated. All data are representative of at least three

independent replicates and K values are an average of three measurements (+) error propagated
from individual fits.
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Supplementary Figure S2. 2. miR-122 interactions with Site 1 and Site 2 of the HCV RNA.
Isothermal titration calorimetry (ITC) thermograms and resulting binding curve of the titration of
(A) Site 1 (nts 1-27) and (B) Site 2 (nts 29-42) of the HCV RNA with miR-122. All data are
representative of at least three independent replicates and K, values are an average of three

measurements (£) error propagated from individual fits.
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Supplementary Figure S2.3. miR-122 interactions with Site 1 and Site 2 of the HCV RNA.
Normalized SHAPE reactivities of nts 1-371 of the HCV RNA with (A) no miRNA, (B) miR-124,
(C) miR-122, and (D) hAgo2:miR-122. Nucleotides 1-5 and 14-19 were omitted due to high
background reactivity. Nucleotides with high (> 0.85, red), intermediate (between 0.4 and 0.85,
orange), low (between 0.2 and 0.4, blue) and very low (< 0.2, black) SHAPE reactivity are
indicated. The data represents the results of at least four independent replicates and error bars
represent the standard error of the mean (SEM).
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Supplementary Figure S2.4. In vitro SHAPE analysis of HCV RNA by gel electrophoresis.
(A) Normalized SHAPE reactivity of 1-42 nt HCV RNA with miR-122 and (B) miR-124 (control).
Nucleotides 1-5 were omitted due to high background reactivity. Nucleotides with high (> 0.85,
red), intermediate (between 0.4 and 0.85, orange), low (between 0.2 and 0.4, blue) and very low
(< 0.2, black) SHAPE reactivity are indicated. (C) Representative SHAPE analysis by gel
electrophoresis of HCV RNA with miR-122 and miR-124 (control) (D) Graph showing the
changes in SHAPE reactivity upon miR-122 binding, ASHAPE = miR-122 reactivity — miR-124
reactivity. Significant increases (above baseline, red) and decreases in reactivity (below baseline,
blue) are indicated. (E) Changes in reactivity upon miR-122 binding are shown on the miR-122:
HCV RNA secondary structure model, coloured as in (D). Data is representative of at three
independent replicates and error bars represent the standard error of the mean (SEM).
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Supplementary Figure S2. 5. miR-122 interactions with WT, S2p5,6, G28A 1-117 nt and WT
1-371 nt HCV RNA. Isothermal titration calorimetry (ITC) thermograms and resulting binding
curve of the titration of miR-122 with 1-117 nt (A) WT, (B) Site 2 p5,6, and (C) G28A HCV RNA
as well as with (D) 1-371 WT HCV RNA. All data are representative of at least three independent
replicates and K values are an average of three measurements (+) error propagated from

individual fits.
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CHAPTER 3: Analysis of resistance-associated variants to a microRNA-based therapy
reveals three distinct mechanisms of action based on alterations in RNA structure

Jasmin Chahal and Selena M. Sagan

3.1 Preface
As discussed in Chapter 1, two miR-122-based inhibitors have been developed and tested in
chronic HCV-infected patients. Sequence analyses post-treatment have revealed a few isolated
resistance-associated variants (RAVs) in both cell culture and in miR-122 inhibitor treated
patients. However, the mechanism(s) of action of these RAVs is unclear. In this study, we aimed
to investigate the mechanism(s) of resistance and how these mutations allow HCV to overcome its
reliance on miR-122. Our results suggest three distinct mechanisms of resistance among the RAVs,
all based on alterations to the structure of the viral RNA.

This chapter is adapted from the manuscript entitled: Analysis of resistance-associated
variants to microRNA-based therapy reveals three distinct mechanisms of action based on
alterations in RNA structure, by Jasmin Chahal and Selena M. Sagan, currently in preparation

for publication.

3.2 Abstract

Hepatitis C virus (HCV) is a positive-sense RNA virus that interacts with the liver-specific
microRNA, miR-122. MiR-122, in complex with an Argonaute (Ago) protein, binds to two sites
in the 5' untranslated region (UTR) of the HCV genome and this interaction plays three important
roles in the HCV life cycle. Firstly, the Ago:miR-122 complex acts as an RNA chaperone or
riboswitch to suppress a more energetically favorable secondary structure that allows the viral
internal ribosomal entry site (IRES) to form. Secondly, the Ago:miR-122 interactions at Site 1
promote genome stability by base-pairing with the 5' terminus and protecting the genome from

cellular pyrophosphatases and subsequent exoribonuclease activity. And finally, through
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interactions between the Ago protein at Site 2 and the HCV IRES, these interactions promote viral
translation. Due to the reliance of HCV on miR-122 for efficient viral RNA accumulation,
antisense miR-122 inhibitors were developed for the treatment of chronic HCV infection.
However, both in cell culture and in human patients, miR-122 resistance-associated variants
(RAV) arose that allowed viral RNA accumulation when miR-122 was limiting. We hypothesized
that these RAVs take on alternative RNA secondary structures that can negate the requirement for
one of more of miR-122’s activities. Herein, we compared viral RNA accumulation of RAVs in
cell culture and performed in vitro Selective-2' Hydroxyl Acylation analyzed by Primer Extension
(SHAPE) analysis to determine the mechanisms of action of the RAVs. We demonstrate that RAVs
to miR-122-based therapies have three distinct mechanisms of action, all based on changes to the
structure of the viral RNA. Furthermore, our data suggests that these RAVs allow viral RNA
accumulation when miR-122 is limiting, by fulfilling one or more of miR-122’s roles in the HCV
life cycle. These findings provide insight into novel mechanisms of resistance to antiviral therapy,
but also provide insight into potential mechanisms of resistance to miRNA-based therapies more

broadly as this new class of therapeutics increasingly enters into the clinic.

3.3 Introduction

Hepatitis C virus (HCV) virus infects approximately 71 million people worldwide, with the
majority of patients developing a persistent infection, which can lead to chronic hepatitis, cirrhosis,
and hepatocellular carcinoma (1-3). HCV is a positive-sense single-stranded RNA virus of ~9.6
kb that encodes a single open reading frame, flanked by highly structured 5' and 3' untranslated
regions (UTRs) (3,4). As a positive-sense RNA virus, the viral genome itself serves as a template
for translation, replication, and packaging (4). Both the 5' and 3' UTRs contain cis-acting RNA
elements that play key roles in the viral life cycle, including an internal ribosomal entry site (IRES)

that drives translation in the 5' UTR (4-6). More specifically, stem loops (SL) II-IV make up the
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viral IRES required for viral translation, while SL structures in both the 5' and 3' UTRs are required
for viral RNA synthesis (4,7-10). In addition, the 5' terminus of the viral genome interacts with an

abundant, liver-specific human microRNA (miRNA), called miR-122 (11-14).

miR-122 is highly expressed in the liver where it constitutes ~70% of liver miRNAs with
~66,000 copies per hepatocyte (11,15). Although miRNAs typically interact with the 3' UTRs of
their target mRNAs to downregulate gene expression, miR-122 binds to two sites on the 5' UTR
(Site 1 and Site 2) of the HCV genome and this interaction promotes viral RNA accumulation
(11,12,14). Recent studies have provided a new model for miR-122:HCV RNA interactions that
suggest that miR-122 plays at least three roles in the HCV life cycle (Figure 3.1) (16-19). Firstly,
the HCV 5' UTR is thought to adopt the most energetically favorable conformation (termed
SLII), which results in the initial recruitment of an Ago:miR-122 complex to Site 2 of the HCV
genome. This results in an RNA chaperone-like switch in conformation, akin to a bacterial
riboswitch, resulting in formation of SLII, and allowing the viral IRES (SLI-IV) to form (17-19).
Secondly, this change in conformation allows recruitment of Ago:miR-122 to Site 1, which
protects the 5' terminus from pyrophosphatase activity and subsequent exoribonuclease-mediated
decay (14,16,20-22). Finally, the Ago protein bound to Site 2 makes direct contact with the viral

IRES, promoting HCV IRES-mediated translation (18).

Due to the importance of miR-122 in the HCV life cycle, two miR-122 inhibitors (antisense
oligonucleotides), considered the flagship miRNA-based drugs, have been developed and used to
treat chronic HCV infection in the clinic (23,24). Both Miravirsen™ (Santaris Pharma, a/s) and
RG-101 (Regulus Therapeutics) miR-122 inhibitors have completed Phase II or Ib clinical trials,
respectively, to investigate their clinical efficacy in chronic HCV infection (23,24). Excitingly,
both treatments led to dose-dependent and sustained reductions in viral loads; and, in the latter

study, two patients achieved sustained virological response (at least up to 76 weeks post-treatment)
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Figure 3.1. Model of miR-122 interactions with the HCV genome. The HCV genomic RNA is
thought to enter the cell in an energetically stable conformation termed SLII*", Recruitment of the
first Ago:miR-122 molecule serves as an RNA chaperone to re-fold the RNA into the functional,
SLII conformation, which allows the viral IRES (SLII-LV) to form (1). Subsequent recruitment of
a second Ago:miR-122 molecule to Site 1 promotes genome stability by protecting the 5' terminus
from cellular pyrophosphatases and exoribonuclease-mediated decay (2). In order to accommodate
the Ago:miR-122 complex at Site 1, the Ago:miR-122 complex at Site 2 releases its auxiliary
interactions, but is likely stabilized by interactions between the Ago protein and SLII of the HCV
IRES (3). Collectively, these interactions promote HCV IRES-mediated translation.
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after receiving a single-dose of RG-101 (24). Neither treatment was associated with significant
adverse events or long-term safety issues, suggesting that antisense targeting of miR-122 may be
an effective treatment that could be used in future combination therapies. Interestingly, while no
resistance was apparent during treatment, when viral RNA rebounded after the cessation of the
inhibitor, several resistance associated variants (RAVs) were identified in the 5' UTR of the HCV
genome (24). Together with recent cell culture-based studies, several miR-122 RAVs have been
identified, including C2GC3U, C3U, U4C, G28A and C37U (Figure 3.2A) (24-26). Previous work
suggests that the G28 A mutation is ‘riboswitched’ and promotes formation of the functional SLII
structure even in the absence of miR-122 (18,19). Similar to G28A, we hypothesized that the other
RAVs also alter the structure of the viral RNA in a manner that negates the requirement for one or
more miR-122 activities. Thus, we sought to provide insight into the mechanism(s) of action of
the RAVs using RNA structure analysis and assays for viral RNA accumulation and decay. Our
analyses suggest that each of the RAVs alter the structure of the viral RNA and that they can be

categorized into three distinct classes based on three unique mechanisms of action.

3.4 Materials and Methods

Cell culture

The cell line Huh-7.5 (27) was kindly provided by C. M. Rice and miR-122 knockout (KO) Huh-
7.5 cells were kindly provided by M. Evans (25). Both Huh-7.5 and miR-122 KO cells were
maintained in Dulbecco’s minimal essential medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 1% nonessential amino acids, and 200 uM L-glutamate (Wisent Inc,

Montreal, Canada).
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Plasmids and Viral RNAs

The plasmid containing the full-length JFH-1t isolate (Japanese Fulminant Hepatitis-1 isolate,
genotype 2a), with three cell-culture adapted mutations, was provided by Rodney Russell,
Memorial University (28). Plasmids pJ6/JFH-1 FL Rluc WT and GNN bear full-length HCV
sequences that consist of structural proteins from the J6 isolate and the non-structural proteins from
JFH-1 isolate, and a Renilla luciferase (RLuc) reporter (29). The ‘GNN’ mutant contains the
indicated inactivating mutations in the viral polymerase GDD motif. The S1:p3 (C26A), S2:p3
(C41A), as well as the RAVs (C2GC3U, C3U, U4C, G28A and C37U) were generated by
overlapping PCR, and subcloned using the EcoR [ and Kpn1 restriction sites on the pJ6/JFH-1 WT
and GNN plasmids.

To make full-length viral RNAs, all plasmid templates were linearized and in vitro
transcribed as previously described (16). To generate capped Firefly luciferase (30) mRNA, the
Luciferase T7 Control DNA plasmid (Promega) was linearized using Xmn/ and in vitro transcribed
using the mMessage mMachine T7 Kit (Life Technologies) according to the manufacturer’s
instructions.

For in vitro SHAPE analyses, the 5" UTR (nucleotides 1-371) of the HCV genome was in
vitro transcribed using the T7 RiboMAX Express kit (Promega), followed by gel purification as
previously described (18). For negative-strand RNA analysis, we synthesized a geneblock (IDT)
containing a T7 promoter, nucleotides 1-151 of the 3' terminus of the WT JFH-1 negative-strand
HCV RNA (5' to 3"), immediately followed by a 67 nucleotide deletion variant of the hepatitis
delta virus ribozyme (HDVr) (31), all flanked by EcoRI and BamHI restriction sites. This
geneblock was subcloned into pUC18 using EcoRI and BamHI, and the RAVs were generated
using the QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies) according to
the manufacturer’s instructions. After linearization with BamHI, in vitro transcription reactions

were carried out as described above. Negative-strand RNA transcripts were generated after self-
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cleavage by the HDVr concurrently with the transcription reaction (31), and subsequently
negative-strand RNAs with precise 3' termini (151 nucleotides in length) were gel purified.

For Xrn-1 exoribonuclease activity assays, nucleotides 1-42 of the WT HCV RNA (5'-
ACC UGC CCC UAA UAG GGG CGA CAC UCC GCC AUG AAU CAC UCC-3') as well as
each of the RAVs (C2GC3U: 5'-AGU UGC CCC UAA UAG GGG CGA CAC UCC GCC AUG
AAU CACUCC-3'"; C3U: 5'-ACU UGC CCC UAA UAG GGG CGA CACUCC GCC AUG AAU
CACUCC-3"; U4C: 5'-ACC CGC CCC UAA UAG GGG CGA CACUCC GCCAUG AAU CAC
UCC-3'; G28A: 5'-ACC UGC CCC UAA UAG GGG CGA CAC UCC ACC AUG AAU CAC
UCC-3'; and C37U: 5'-ACC UGC CCC UAA UAG GGG CGA CACUCC GCC AUG AAU UAC

UCC-3'") were synthesized by IDT.

MicroRNAs

WT miR-122 (guide strand): 5'-UGG AGU GUG ACA AUG GUG UUU GU-3', miR-122*
(passenger strand): 5'-AAA CGC CAU UAU CAC ACU AAA UA-3', miR-122 p3U: 5'-UGU
AGU GUG ACA AUG GUG UUU GU-3', miR-122 p3U*: 5'-AAA CGC CAU UAU CAC ACU
CAA UA-3', and miR-124 (guide strand): 5'- UAA GGC ACG CGG UGA AUG CC-3'), were all

synthesized by IDT.

Electroporations

Electroporations were carried out as previously described (16,32). Briefly, 1.5 x 107 cells in 400
pL of cold sterile PBS (Wisent) were co-electroporated with 10 pg of WT, GNN and RAV full-
length HCV RLuc RNAs, 2 ng of capped FLuc mRNA, and in some cases, 60 pmol of duplexed
miR-122 p3U. Cells were electroporated using 4 mm cuvettes at infinite resistance, 270 V and 950

uF, optimized for the BioRad GenePulser XCell (BioRad; Mississauga, ON, Canada). Cells were

121



resuspended in 4.5 mL of media and 500 pL per timepoint were plated in plated in 12-well or 6-

well plates for luciferase assays at 2 h to 7 days post-electroporation.

Luciferase assays

Cells were washed with cold sterile PBS (Wisent) and harvested in 100 pL 1X Passive Lysis buffer
(Promega). The Dual Luciferase Assay Reporter Kit (Promega) was used for all samples analyzed
for both Renilla and Firefly luciferase activity according to the manufacturer’s protocol. Firefly

luciferase was used to ensure similar electroporation efficiency across samples.

In vitro SHAPE analysis and capillary electrophoresis

In vitro SHAPE analysis was performed as previously described (18). For positive-strand RNA
analysis, 1 pmol of 6-FAM- or NED-labeled oligonucleotides (5'-6-FAM/NED-CGC CCG GGA
ACT TAA CGT CTT-3") were used for the SHAPE samples and the sequencing ladders,
respectively. For negative-strand RNA intermediate analysis, 1 pmol of 6-FAM- or NED-labeled
oligonucleotides (5'-6-FAM/NED-ACC TGC CCC TAA TAG GGG CGA C -3') were used for the
SHAPE samples and the sequencing ladders, respectively. Capillary electrophoresis was
performed at Plateforme d’Analyses Génomiques de 1’Univeristé Laval on an ABI 3100 Genetic
Analyzer. Raw fluorescence data was analyzed using the QuSHAPE software as previously

described (18,33).

RNA structure prediction
RNA structure predictions were carried out using the RNAstructure software, available from the

Matthews Lab at https://rna.urmc.rochester.edu/index.html (34). Briefly, the RNA sequence was
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loaded into the RNA structure software using the “Fold RNA Single Strand” command as

previously described (18,34).

In vitro Xrn-1 assay

One hundred picomoles of monophosphorylated 1-42 nucleotide WT and RAV HCV RNAs were
end-labeled using T4 RNA ligase and [y->’P] ATP and purified using an RNA Clean &
Concentrator-5 spin column (Zymo Research). Two pmol of end-labeled RNA was refolded by
denaturing at 95°C for 3 min followed by incubation at 37°C for 10 min. For experiments with
miRNAs, 4 pmol of miR-122 or miR-124 (control) were added and the RNAs were incubated for
an additional 20 min at 37°C following the refolding step. Xrn-1 assays were carried out using 1
unit of Terminator 5'-Phosphate-Dependent Exonuclease in 1X Terminator Reaction Buffer A
(Lucigen) and 1 unit of Ribolock (Life Technologies). The reactions were incubated at 30°C and
were quenched with 1 pL of 100 mM EDTA after incubation for 1 — 60 min. At the indicated time
points, 10 uL of Gel Loading dye (Life Technologies) was added to each sample and 5 uL of each
sample was resolved on a 15% denaturing polyacrylamide gel (29:1 acrylamide:bis-acrylamide,
1X TBE), dried at 80°C for 1.5 h (BioRad Gel dryer, Model 583), and visualized by
phosphorimager (Storm, GE Life Sciences). Image analysis was performed using the Imagel

software.

3.5 Results

RAVs do not have a fitness advantage in the presence of miR-122 but are able to accumulate
under conditions where miR-122 is absent or limiting.

Each of the HCV RAVs were isolated under conditions where miR-122 was absent and/or limiting

in cell culture or in miR-122 inhibitor-treated patients (24-26,35). Thus, we first sought to assess
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their ability to accumulate in cell culture in comparison to wild-type (WT) HCV RNA (Figure
3.2). First, we assessed viral RNA accumulation in miR-122 replete conditions in wild-type Huh-
7.5 cells (Figure 3.2B). Our results suggest that in the presence of miR-122, WT HCV RNA has
a fitness advantage and accumulates to the greatest extent, while GNN (the replication-defective
viral RNA) is quickly decayed. WT was closely followed by the C3U and U4C, with the G28A
and C37U RAVs accumulating to a lesser extent, with approximately 37.2- and 13.8-fold
reductions in viral RNA accumulation at Day 2 post-electroporation compared to WT (Figure
3.2B). The C2GC3U RAV accumulated to a lesser extent, with a 1166.5-fold reduction in
luciferase activity, although this was still significantly above background. Thus, under miR-122
replete conditions, WT HCV RNA has a fitness advantage compared with the RAVs.

Next, we asked whether we could detect viral RNA accumulation of any of the RAVs in
the absence of miR-122, using miR-122 KO Huh-7.5 cells (Figure 3.2C). In this case, both WT
and the majority of the RAVs were quickly degraded and were below the limit of detection, similar
to GNN, with the exception of the U4C RAV (Figure 3.2C). Interestingly, U4C was the only RAV
able to accumulate in miR-122 KO cells, albeit at levels approximately 1000-fold lower than WT
HCV RNA in Huh-7.5 cells (Figure 3.2C). However, it is possible that the other RAVs are able
to accumulate, but to levels that are below the level of detection in this assay. Nonetheless, these
results suggest that only U4C has a distinct fitness advantage in viral RNA accumulation in the
absence of miR-122.

As the RAVs identified in both cell culture and miR-122 inhibitor-treated patients were
selected under conditions where miR-122 was limiting, but not necessarily completely absent, we
decided to investigate HCV RNA accumulation under conditions where miR-122 was limiting (24-
26,35). To do so, we introduced point mutations into the viral RNAs at either Site 1 (C26A, Figure

3.2D) or Site 2 (C41A, Figure 3.2E), and co-electroporated the viral RNAs with miR-122

124



3'UGUU AC C37uU
C2GC3U A A, e U
UGUGAGG C
NERERE C
c ACACUC CAUGAA cucc
TN NERE
-C UGGUA GUGAGG
C-G G A U U
C-G U C,G 5
C-G U
i U G28
usc B ¢ A
U
A
3 ’
B C
- WT
=) 5 - C2GC3U
- 108 | 8, - C3U
[ zZ 10
: 107 = - U4C
s . g 10 -~ G28A
@ 10 ‘% 108 & C37U
QE.)- 105 g’- 105 -# GNN
X 10t % 10%
o 10 & 10?
g 102 g 102
‘c 10! T T T T T T T T E 10!
3 2h 1 2 3 4 5 6 7 3 2h 1 2 3 4 5 6 7
Time (Days) Time (Days)
D E
_ WT
o | = C2GC3U
= =)
14 ) C3uU
= 3 u4c
15 g G28A
@ G c37u
o 3 GNN
Q_ 1
% 3
g Q
3 g
kS 5
5 5
3 _ 3
Time (Days) Time (Days)

Figure 3.2. RAV accumulation in cell culture. (A) The positions of the RAVs on the 5' UTR of
the HCV RNA. Full-length Renilla Luciferase (RLuc) HCV genomic reporter RNAs (WT and
RAVs) were co-electroporated with a capped Firefly Luciferase (FLuc) mRNA into (B) Huh-7.5
or (C) miR-122 KO cells. Full-length RLuc HCV genomic reporter RNAs containing mutations at
(D) Site 1 (S1:p3A) or (E) Site 2 (S2:p3A) were co-electroporated with a capped FLuc mRNA and
a miR-122p3U into miR-122 KO cells. Luciferase activity was measured at the indicated time
points post-electroporation. The limit of detection is indicated and all data are representative of
three independent replicates. Error bars represent the standard deviation of the mean.
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molecules containing compensatory point mutations at position 3 (miR-122p3:U) into miR-122
KO cells. Note that these specific mutations were identified because they do not result in any

predicted change to the conformation of the viral RNA (based on RNA structure prediction
analyses), and previous studies suggest that mutations in the seed sequence are sufficient to abolish
miR-122 interactions (14,18). Interestingly, when miR-122p3U was provided to Site 1, all RAVs
and WT were able to accumulate to some extent in miR-122 KO cells (Figure 3.2D). The G28A
and C37U RAVs were able to accumulate to a greater extent than WT; while the C3U, U4C, and
C2GC3U RAVs accumulated to a lesser extent. In contrast, complementation at Site 2 allowed for
the greatest accumulation of G28A, followed by similar levels of accumulation of the WT,
C2GC3U and U4C RAVs, while C3U and C37U were substantially impaired under these
conditions (Figure 3.2E). Taken together, these results suggest that the U4C RAYV is the most fit
in the absence of miR-122, while the remaining RAVs can compensate for the loss of miR-122 at
least at one of the two miR-122-binding sites. Moreover, the differential ability of the RAVs to
accumulate either in the absence of miR-122 or when complemented specifically at Site 1 or Site

2, suggested that they may have unique mechanism(s) of resistance.

Several RAV’s alter the structure of the 5' UTR of the positive-strand viral RNA.

In contrast to WT HCV RNA, several recent studies have suggested that the G28A RAV is able to
more favorably form the functional SLII structure, even in the absence of miR-122 (18,19). Thus,
we performed RNA structure prediction and in vitro SHAPE analysis to determine whether the
RAVs alter the secondary structure of the viral 5' UTR (Figure 3.3 and Supplementary Figure
S3.1). We performed in vitro SHAPE analysis followed by capillary electrophoresis on the 5' UTR
(nucleotides 1-371) of the WT HCV RNA as well as each of the RAVs and the results for
nucleotides 1-117 (which includes SLI and SLII) are presented in Figure 3.3. As previously

shown, in the absence of miR-122, the WT HCV RNA adopts an alternative, more energetically
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favorable structure, termed SLII** (Figure 3.3A and Supplementary Figure S3.1) (17-19). In
agreement with RNA structure predictions, several of the RAVs, including C2GC3U, U4C and
G28A are essentially ‘riboswitched’ and adopt the functional SLII structure, even in the absence
of miR-122 (Figure 3.3B-F). Like WT, the C3U and C37U RAVs favored the alternative (SLII?")
structure (Figure 3.3C and F). However, although the most energetically favorable predicted
structure of C3U and G28A is the alternative (SLII*Y) structure, there is a close equilibrium
between the two structures, which is reflected in our in vitro SHAPE analysis, particularly at
nucleotides 20-23 and 30-37 (Figure 3.3C and Supplementary Figure S3.1). Since SHAPE
reactivity reflects an average of the structures that form in solution, the difference in reactivity at
these nucleotides, when compared with WT, suggest that the C3U and G28A RAVs are likely to
exist in a close equilibrium between the alternative and functional structures. Additionally, SHAPE
analysis of C37U agreed with the RNA structure prediction and suggests that the C37U mutant
takes on the alternative structure (SLII*Y) similar to WT HCV RNA (Figure 3.3F and
Supplementary Figure S3.1).

In addition to the ‘riboswitched’ conformation, we also noticed other subtle changes in
RNA structure that might have functional consequences for the RAVs. Specifically, we noted that
the C2GC3U, C3U and U4C RAVs had additional base-pairing interactions at the 5' terminus that
reduce the number of single-stranded nucleotides at the 5' end of the genome (Figure 3.3A-D).
Thus, our results suggest that the RAVs can be generally categorized into three main classes based
on changes to the structure of the viral RNA. Class I RAVs include C2GC3U, U4C, and G28A,
which are functionally ‘riboswitched’, even in the absence of miR-122. The Class Il RAVs, which
include C2GC3U, C3U, and U4C, have additional base-pairing interactions at the 5' terminus of
the HCV genome. And finally, the Class III RAV, C37U, does not appear to alter the structure of

the 5' UTR of the positive-strand viral RNA when compared with WT.
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Figure 3. 3. In vitro SHAPE analysis of viral RNAs suggests RAVs alter the structure of the
viral RNA in the absence of miR-122. Normalized SHAPE reactivities of nucleotides 1-117 of
(A) WT, (B) C2GC3U, (C) C3U, (D) U4C, (E) G28A, and (F) C37U HCV RNAs. Nucleotides 1-
5 and 14-19 were omitted due to high background reactivity. Nucleotides with high (> 0.85, red),
intermediate (between 0.4 and 0.85, orange), low (between 0.2 and 0.4, blue) and very low (< 0.2,
black) SHAPE reactivity are indicated. The SHAPE reactivity data is superimposed on dot plots
representative of the structural prediction that best fits the SHAPE reactivity of nucleotides 1-117
of the viral RNAs (right). Tick marks represent 20 nucleotide intervals. The data is representative
of three or more independent replicates and error bars represent the standard error of the mean.
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Altered base-pairing of RAV’s at the 5' terminus of the genome confers viral RNA stability.
Recent studies suggest that miR-122 protects the HCV genome from two cellular
pyrophosphatases, decapping exoribonuclease (DXO, also known as DOM3Z) and Dual
Specificity Phosphatase 11 (DUSP11), and subsequent exoribonuclease-mediated decay by Xrn-1
and 2 (16,20-22,36,37). We therefore hypothesized that base-pairing interactions between miR-
122 and the 5' terminus of the HCV genome could shield the 5' terminus from pyrophosphatase
and/or exoribonuclease activities. To explore this further, we performed in vitro exoribonuclease
assays using Xrn-1 and nucleotides 1-42 of the HCV genomic RNA in the presence or absence of
miR-122 or negative control miRNA (miR-124) (Figure 3.4A-B). Our results suggest that in the
absence of miR-122, the viral RNA is quickly degraded, but that miR-122 base-paring interactions
provide stability to the viral RNA from Xrn-1-mediated decay.

Based on our RNA structure predictions and the in vitro SHAPE analysis (Figure 3.3), the
Class II RAVs (C2GC3U, C3U and U4C) have additional base-pairing interactions at the 5'
terminus of the HCV genome. Thus, we hypothesized that this additional base-pairing could
provide stability to the viral RNAs, even in the absence of miR-122. Thus, we performed in vitro
exoribonuclease assays with each of the RAVs (Figure 3.4C-D). Interestingly, the C2GC3U RAV,
which reduces the number of single-stranded nucleotides at the 5' terminus of the HCV genome to
one, substantially stabilizes the viral RNA (Figure 3.3B). While U4C, which converts a G-U
wobble base-pair to a C-G Watson-Crick pair at the base of SLI (Figure 3.3D), also slightly
stabilized the viral RNA (Figure 3.4C-D). The C3U mutation, which is predicted to provide only
one additional base-pair interaction (Figure 3.3C), as well as the G28A and C37U RAVs, that do
not alter base-pairing at the 5' terminus, had a similar stability to WT HCV RNA (Figure 3.4C-
D). These results are not altogether surprising, as we observed that a two-nucleotide single-

stranded 5' overhang was required for Xrn-1 to initiate exoribonuclease activity, and that the
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Figure 3.4. miR-122 and Class II RAVs provide stability to the HCV genome. (A) Xrn-1 assay
with ¥2P-end-labeled monophosphorylated WT HCV RNA (nucleotides 1-42) incubated with no
microRNA, or the guide strand of miR-124 (negative control) or miR-122 incubated for 2 — 60
min (as indicated). (B) Quantification of the results in (A) graphed as % HCV RNA remaining
over time. (C) Xrn-1 assay with 3*P-end-labeled monophosphorylated WT and RAV HCV RNAs
(nucleotides 1-42) incubated for 1 — 10 min (as indicated). (D) Quantification of the results in (C)
graphed as % HCV RNA remaining over time. (E) miR-122 KO cells were co-electroporated with
full-length RLuc S2:p3 GNN (replication defective) HCV RNAs, a capped FLuc mRNA, and
compensatory miR-122p3U. Luciferase activity was measured at the indicated time points post-
electroporation. Viral RNA decay is represented as % HCV RNA remaining based on the
luciferase activity at the 2 h time point. All data are representative of three independent replicates
and error bars represent the standard deviation of the mean.
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activity was more efficient as we increased the length of the single-stranded 5' overhang
(Supplementary Figure S3.2). This is in agreement with a previous study that suggests Xrn-1
requires a single-stranded 5' overhang that is sufficiently long to reach the active site of the enzyme
(38).

To further demonstrate whether this increase in base-pairing at the 5' terminus of the HCV
genome results in increased stability of the viral RNA in cell culture, we performed viral RNA
stability assays in miR-122 KO cells (Figure 3.4E and Table 3.1). Specifically, we co-
electroporated full-length RLuc S2:p3 GNN (replication defective) versions of WT and each of
the RAVs with miR-122p3U, and followed viral RNA decay by luciferase assay. This
experimental set up allows us to compensate for both the riboswitch and translational promotion
activities provided by the Site 2-bound miR-122 and thus assess viral RNA stability in the absence
of Site 1-bound miR-122. In agreement with our results in vitro, the C2GC3U and U4C RAVs had
increased half-lives (ti2 = 3.5 and 2.9 h, respectively), when compared to WT HCV RNA (ti2 =
2.4 h) in miR-122 KO cells (Figure 3.4E and Table 3.1). The remaining RAVs, including C3U
and C37U had similar half-lives to WT; however, the G28A RAV demonstrated a slight increase
in stability over WT HCV RNA (ti» = 2.7 vs. 2.4 h, respectively). Taken together, our findings
suggest that the increase in base-pairing at the 5' terminus of the HCV genome provided by

theClass I1 RAVs provides HCV genome stability, even in the absence of Site 1-bound miR-122.

The C37U RAV alters the structure of the 3' end of the viral negative-strand replicative
intermediate.

Our RNA prediction and SHAPE analyses suggested that the C37U RAV did not alter the
secondary structure of the viral 5' UTR; thus, we hypothesized that this RAV might alter base-
pairing of the 3' terminus of the negative-strand replicative intermediate, which adopts several

stem-loop structures that are required for positive-strand RNA synthesis (7). Specifically, the 3'
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Table 3. 1. Half-life viral RNAs in cell culture.

HCV Half-life (h)* 95% Confidence Intervals
WT 2.394 2.15t0 2.741
C2GC3U 3.519 2.828 t0 4.658
C3U 2.308 2.016 to 2.701
U4C 2.946 2.541 to 3.503
G28A 2.679 2.296 to 3.215
C37U 2.383 2.173 to 2.637

¢ Values reported are an average of three independent measurements.
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terminus of the negative-strand adopts three stem-loop structures, termed SL-I', SL-11z' and SL-
Iy' (Figure 3.5A). While SL-I' and SL-I1Z' were previously demonstrated to be absolutely required
for positive-strand RNA synthesis, SL-IIy' was shown to improve the efficiency of positive-strand
RNA synthesis (7). When we performed RNA structure prediction analyses, all the Class I and II
RAVs were predicated to adopt a WT-like conformation; however, the C37U RAV was predicted
to adopt an alternative conformation, which we confirmed in solution using in vitro SHAPE
analysis (Supplementary Figure 3.3 and Figure 3.5B). These results suggest that that the Class
III RAV, C37U, alters the structure of the 3' terminus of the negative-strand replicative

intermediate, which represents the promoter for viral positive-strand (genomic) RNA synthesis.

3.6 Discussion
Taken together, our analysis of miR-122 inhibitor RAVs have revealed three distinct mechanisms
of action, all based on alterations to the structure of the viral RNA. More specifically, the Class I
RAVs, which include C2GC3U, U4C and G28A, are riboswitched, even in the absence of miR-
122. The Class IT RAVs, which include C2GC3U, C3U and U4C, have increased base-pairing
interactions at the 5' terminus of the HCV genome that provide stability to the viral RNA in the
absence of miR-122 interactions. Finally, the Class III RAV, C37U, alters the structure of the 3'
terminus of the negative-strand RNA intermediate, which is predicted to promote positive-strand
RNA synthesis.

Previous studies suggested that the G28 A mutation results in a riboswitched conformation
of the viral RNA, whereby the functional SLII structure, which makes up part of the viral IRES
(SLII-IV), is favored over the alternative more energetically favorable conformation (SLII?Y)

formed by WT HCV RNA in the absence of miR-122 (17-19). This finding prompted us to explore
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Figure 3.5. The Class III RAV (C37U) alters the structure of the positive-strand promoter.
(A) A model of the 5' terminus of the positive-strand genomic RNA and the complementary 3'
terminus of the negative-strand RNA intermediate. Normalized SHAPE reactivities of nucleotides
1-151 of the 3’ terminus of the negative-strand RNA intermediate of (B) WT and (C) C37U,
numbered from the 3' end. Nucleotides 1-19 and 149-151 were omitted as the former corresponds
to the primer binding site and the latter demonstrated high SHAPE reactivity at the end of the
transcript. Nucleotides with high (> 0.85, red), intermediate (between 0.4 and 0.85, orange), low
(between 0.2 and 0.4, blue) and very low (< 0.2, black) SHAPE reactivity are indicated. The
SHAPE reactivity data is superimposed on dot plots representative of the structural prediction that
best fits the SHAPE reactivity of nucleotides 1-151 of the 3’ terminus of the negative-strand RNA
intermediate (right). Tick marks represent 20 nucleotide intervals. The data is representative of
three or more independent replicates and error bars represent the standard error of the mean.
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whether other RAVs also altered the conformation of the viral RNA, and we found that both the
C2GC3U and U4C RAVs also fell into this category of riboswitched viral RNAs. This more
favorable conformation helps to explain the viral RNA accumulation profiles of these viral RNAs
in cell culture.

Previous studies had suggested that the G28 A mutation is better able to compete for
endogenous miR-122 than WT HCV RNA (26), as this mutation is predicted to increase the affinity
of the viral RNA for miR-122. However, under miR-122 replete conditions, we observed that the
G28A mutation was not as fit as WT HCV RNA and accumulated to levels that were reduced by
approximately 37.2-fold compared with WT in Huh-7.5 cells. While we were initially puzzled by
this result, we realized that the increased binding of miR-122 to the HCV genome could in fact
interfere with recruitment of the second miR-122 molecule. Specifically, our previous findings
and model for miR-122:HCV RNA interactions (Figure 3.1) suggest that under WT conditions,
the first miR-122 molecule is recruited to Site 2 of the HCV genome, which changes the
conformation of the viral RNA to allow recruitment of the second miR-122 molecule to Site 1.
Due to the close proximity of the miR-122 sites, in order to accommodate the miR-122 molecule
at Site 1, the miR-122 molecule at Site 2 relaxes 3' auxiliary base-pairing interactions with the
HCV genome. Since the G28 A mutation converts a potential G-U wobble base pair to a A-U
Watson-Crick base pair at this position, we predict that this provides an advantage in terms of
recruiting miR-122 to Site 2 (based on an increase in binding affinity), but could result in a
reduction in recruitment of a second Ago:miR-122 complex to Site 1. In addition, a recent study
suggests that human Ago2 possesses a solvated surface pocket that specifically binds adenine
nucleobases in the 1 position (t1) of target RNAs that can help anchor Ago2 to t1A-containing
targets (39-41). This finding suggests that in addition to an increased affinity of miR-122 to Site
2, the G28 A mutation is also likely to increase the overall affinity of the Ago2:miR-122 complex

to Site 1 of the HCV genome. This increase in affinity to both Site 1 and Site 2 explains our
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findings under miR-122 replete conditions, since the initial recruitment to either Site 1 or Site 2
(since G28A is riboswitched) would preclude interactions with the second Ago2:miR-122
complex. However, this also explains the results we obtained under miR-122 limiting conditions
at both sites, since G28A would be better able to recruit miR-122 to either site, when compared
with WT HCV RNA. Moreover, this could also explain the slight increase in half-life of the G28A
RAV observed when Site 2 was complemented (Table 3.1 and Figure 3.4E), as the more efficient
recruitment to Site 2 of the miR-122p3U molecule may enhance ribosome association, thereby
stabilizing the viral RNA.

In addition to G28A, both the C2GC3U and U4C RAVs were also found to be Class I
RAVs which are riboswitched. Interestingly, both of these RAVs are also classified as Class II
RAVs, which have increased base-pairing at the 5' terminus of the HCV genome. The U4C
mutation, like G28A, is predicted to convert a U-G wobble base pair (this time in SLI of the HCV
genome) to a strong C-G Watson-Crick base pair. While this mutation is not predicted to alter
miR-122 base-pairing interactions with the HCV genome, this mutation favors formation of the
functional SLII structure and also stabilizes SLI, which may interfere with recruitment of miR-122
to Site 1 by constraining the distance between miR-122 seed and auxiliary interactions. Under
miR-122 replete conditions, this RAV accumulated to a similar extent as WT HCV RNA at Day 2
post-electroporation (2.0-fold less than WT) but to a slightly lesser extent by Day 7 post-
electroporation (4.8-fold reduction compared to WT). Remarkably, U4C was the only RAV able
to accumulate in the absence of miR-122. This is likely due to the fact that it is both riboswitched
and has reduced base-pairing at the 5' terminus of the HCV genome, which based on in vitro
exoribonuclease activity assays and viral RNA decay in cell culture results in stabilization of the
viral RNA. This also explains the accumulation under conditions where miR-122 was limiting at
Site 1 and Site 2, since U4C accumulated to a slightly lesser extent than WT when miR-122 was

complemented at Site 1 (2.6-fold reduction compared to WT), while it accumulated to a similar or
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slightly lesser extent as WT when Site 2 was complemented. Alternatively, the slight impairment
compared with WT HCV RNA may be a result of stabilizing SLI, which could impair melting of
SLI during viral RNA replication (42).

The C2GC3U RAYV was also demonstrated to be both a Class I and Class II RAV, having
both a riboswitched conformation and increased base-pairing at the 5' terminus of the viral genome.
This RAV is predicted to create two new Watson-Crick base pairs at the 5' terminus of the HCV
genome, effectively lengthening SLI and reducing the number of single-stranded base pairs at the
5'terminus. This reduction in 5' single-stranded bases results in a substantial increase in viral RNA
stability, both in vitro and in cell culture (Figure 3.4). However, this did not translate into a fitness
advantage under miR-122 replete or KO conditions. While C2GC3U was able to accumulate in
Huh-7.5 cells, it was significantly impaired in viral RNA accumulation, which could be due to the
increased stability of SLI or destabilization and/or impairment of miR-122 recruitment. Either
way, the stabilizing effect of this increase in base-pairing does not appear to provide as much
stability as recruitment of an Ago2:miR-122 complex to Site 1 of the viral genome.

While we classified the C3U RAV into Class II, RNA structure prediction and SHAPE
analyses suggest that although it favors the alternative structure (SLII*Y), like G28A, it likely exists
in a close equilibrium between the alternative and functional structures (Figure 3.3 and
Supplementary Figure S3.1). In the functional conformation, the C3U mutant is predicted to form
one additional U-A Watson-Crick base-pair with nucleotide 21 of the HCV genome, effectively
lengthening SLI and reducing the number of 5' single-stranded nucleotides at the terminus of the
viral genome to two nucleotides. However, in line with a previous study, this did not result in
significant stabilization of the genome in either in vitro exoribonuclease activity assays or viral
RNA decay in cell culture (Figure 3.4) (42). This helps to explain the viral RNA accumulation
pattern in cell culture, as the C3U mutation would be predicted to slightly decrease the affinity for

Site 1-bound miR-122 in both the miR-122 replete condition as well as when miR-122 is directed
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to Site 1 specifically; and, like WT, C3U is unable to accumulate in miR-122 KO cells (Figure
3.2B-C). However, we are puzzled by the finding that C3U is unable to accumulate when miR-
122 is provided to Site 2 only (Figure 3.2E). It is possible that the additional Watson-Crick base
pair created is not sufficient to stabilize the viral RNA (like C2GC3U or U4C mutations), but that
the identity of this specific nucleotide changes the requirements for cellular RNA binding proteins
for efficient viral RNA accumulation. This is in line with a recent study which suggests a
differential set of RNA binding protein interactions between WT and C3U mutant viral RNAs in
cell culture (42).

Finally, we were initially quite perplexed by the Class IIl RAV, C37U, which did not result
in alteration of the structure of the viral 5' UTR (Figure 3.3). Moreover, the C37U mutation falls
within the seed sequence of Site 2, which converts a C-G Watson-Crick base pair to a less stable
U-G wobble base pair. Since this means that C37U can still base pair with miR-122, albeit through
a wobble base pair, this explains the pattern of viral RNA accumulation in miR-122 replete
conditions, as C37U accumulation was reduced by 13.8-fold when compared with WT HCV RNA.
However, we were surprised by the result that C37U was able to accumulate to a greater extent
than WT when miR-122 was specifically directed to Site 1 (2.8-fold increase compared to WT at
Day 2 post-electroporation). However, previous studies demonstrated that the 3' terminus of the
negative-strand RNA replicative intermediate (complementary to the 5° UTR of the genomic
positive-strand RNA), forms several RNA secondary structures (termed SL-I', SL-1Iz' and SL-IIy',
Figure 3.5) important for viral positive-strand synthesis (7,43,44). We hypothesized that the C37U
mutation could therefore alter the structure of the positive-strand promoter. This was confirmed
by both RNA structure predictions and SHAPE analyses, which suggested that the C37U mutation
results in a more energetically favorable, Y-shaped alternative conformation (Supplementary
figure 3.3 and Figure 3.5). Interestingly, this Y-shaped structure resembles the conformation of

SLA of the related flaviviruses, a Y-shaped structure at the 5' terminus of the viral genome known
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to interact with the viral RNA-dependent RNA polymerase (45-48). Thus, it is possible that the
C37U mutation causes a conformational change in the positive-strand promoter region that
enhances recruitment of the HCV NS5B RNA-dependent RNA polymerase, thereby providing a
fitness advantage. This could explain the increase in viral RNA accumulation when compared to
WT when miR-122 was provided to Site 1, as the stabilization provided by miR-122 at Site 1 could
allow C37U to be stable for long enough to establish replication complexes. However, when miR-
122 was only provided to Site 2, we did not see significant viral RNA accumulation from C37U,
except for a small increase at Day 3. We suspect that this is due to the lack of stability provided to
Site 1, and that a small amount of C37U was able to establish replication complexes but
diminishing levels of Site 2 complemented miR-122p3U at this point failed to allow further viral
RNA accumulation. Alternatively, the reduced affinity for miR-122 at Site 2 may have resulted in
an impaired ability to promote the riboswitch and translation activities to sufficient levels to
establish replication complexes. Thus, in future we plan to continually complement Site 2 to
examine whether C37U levels might rebound under these conditions. In addition, we plan to assess
whether the C37U mutation affects the promoter for positive-strand viral RNA synthesis mediated
by the HCV NS5B RNA-dependent RNA polymerase. Nonetheless, our data supports the
hypothesis that the C37U RAV changes to the structure of the 3' terminus of the negative-strand
RNA intermediate, and we believe that this provides a fitness advantage by modulating the
promoter for positive-strand viral RNA synthesis.

In summary, we have identified three distinct classes of RAVs to miR-122 inhibitor-based
therapies that all alter the structure of the viral RNA but have unique mechanisms of action (Figure
3.6). The Class  RAVs (G28A, C2GC3U and U4C) are riboswitched a priori and are thus able to
form the HCV IRES, even in the absence of miR-122. The Class I RAVs (C2GC3U, C3U and
U4C) increase base-pairing at the 5' terminus of the HCV genome, thereby protecting the viral

RNA from exoribonuclease activity, even in the absence of miR-122. While we did not explore it
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Figure 3.6. Mechanism of action of RAVs. (A) miR-122 promotes riboswitch, RNA stability and
translation of the WT positive-sense HCV RNA genome. (B) Class I RAVs (C2GC3U, U4C and
G28A) are riboswitched a priori, even in the absence of miR-122. (C) Alterations in base-pairing
at the 5' terminus of the Class Il RAVs (C2GC3U, C3U and U4C) help to stabilize the viral RNA
even in the absence of miR-122. (D) The Class IIl RAV (C37U) alters the structure of the negative-
strand RNA intermediate which may result in more efficient positive-strand RNA synthesis.
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directly herein, it is possible that this reduction in 5' single-stranded nucleotides also protects the
genome from cellular pyrophosphatase (DXO and DUSP11) activity (16,20,49). Finally, the Class
IIT RAV (C37U) alters the structure of the 3' terminus of the negative-strand replicative
intermediate, which is predicted to promote positive-strand RNA synthesis.

Importantly, our analysis herein was based on a genotype 2a (JFH-1 isolate), and while the
U4C, G28A and C37U mutations were isolated from genotype 2, the C2GC3U and C3U mutations
were isolated from genotype 3/4 and genotype 1 patients, respectively (24,50). Interestingly, the
C3U RAYV was often isolated in genotype 1 and is predicted to adopt several additional alternative
structures in this context which may contribute to its resistance to miR-122 inhibitors (50). In
contrast, the C2GC3U RAV was isolated from genotype 3/4 and RNA structure predictions in this
context suggest that it adopts the same structure as genotype 2a used herein. Thus, although both
miR-122 binding sites are 100% conserved across HCV isolates, and the remainder of the 5'
terminus is very highly conserved (14), subtle nucleotide substitutions between genotypes may
account for some of the nuance observed with these mutants. Nonetheless, our findings provide
the first in-depth analysis of resistance to miR-122-based therapy and has revealed three unique
mechanisms of resistance, all based on changes to the structure of the viral RNA. Importantly,
since the miR-122 inhibitors are the flagship miRNA-based inhibitors, understanding resistance
will be increasingly important as more miRNA-based therapeutics enter into the clinic targeted

against a wide variety of ailments.
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3.12 Supplementary Material

Supplementary Methods

In vitro Xrn-1 assay using duplex substrates

For Xrn-1 assays using duplex substrates, the following oligonucleotides were used: 25-nt
substrate RNA (5'-AAA AAA AAC CCC ACC ACC AUC ACU U- 3') and 20 — 24 nt
complementary DNA strands (25-nt: 5'-dAdAdG dTdGdA dTdGdG dTdGdG dTdGdG dGdGdT
dTdTdT dTdTdT- 3'; 24-nt: 5'-dAdAdG dTdGdA dTdGdG dTdGdG dTdGdG dGdGdT dTdTdT
dTdT- 3"; 23-nt: 5'-dAdAdG dTdGdA dTdGdG dTdGdG dTdGdG dGdGdT dTdTdT dT- 3'; 22-
nt: 5'-dAdAdG dTdGdA dTdGdG dTdGdG dTdGdG dGdGdT dTdTdT- 3'; 21-nt: 5'-dAdAdG
dTdGdA dTdGdG dTdGdG dTdGdG dGdGdT dTdT- 3'; and 20-nt: 5'-dAdAdG dTdGdA dTdGdG
dTdGdG dTdGdG dGdGdT dT- 3"). All nucleotides were synthesized by IDT.

One hundred picomoles of the monophosphorylated single-stranded 25-nt RNA
oligonucleotide was end-labeled using T4 RNA ligase and [y-3*P] ATP and purified using an RNA
Clean & Concentrator-5 spin column (Zymo Research). The 20-24-nt complementary DNA
oligonucleotides were added to the end-labeled RNA (in a 2.5-fold molar excess of DNA to RNA),
followed by denaturation at 65°C for 3 min and cooled to room temperature. Xrn-1 assays were
carried out as described using one unit of Terminator 5'-Phosphate-Dependent Exonuclease in 1X
Terminator Reaction Buffer A (Lucigen), and 1 unit of Ribolock (Life Technologies). The
reactions were incubated at 30°C and quenched with 1 pL of 100 mM EDTA after incubation for
5 min. Ten microliters of Gel Loading dye (Life Technologies) was added to each sample and 5
pL of each sample was resolved on a 15% denaturing polyacrylamide gel (29:1 acrylamide:bis-
acrylamide, 1X TBE), dried at 80°C for 1.5 h (BioRad Gel dryer, Model 583), and visualized by
phosphorimager (Storm, GE Life Sciences). Image analysis was performed using the Imagel

software.
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Supplementary Figures
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Supplementary Figure S3.1. RNA structure predictions of the 5' UTR (nucleotides 1-117) of
the positive-strand HCV genomic RNA. Alternative structural predictions and the predicted free
energies (AG, kcal/mol) are indicated. (A) WT, (B) C2GC3U, (C) C3U, (D) U4C, (E) G28A and
(F) C37U. The mutations in the HCV RNAs are shown in red. The structure best aligned with
SHAPE analysis is highlighted in red.
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Supplementary Figure S3.2. Xrn-1 requires several 5' single-stranded nucleotides to initiate
exoribonuclease activity. (A) Xrn-1 assay with *?P-end-labeled monophosphorylated single-
stranded RNA oligos were hybridized to various length complementary DNA oligos, resulting in
5" overhangs of 1-5 nucleotides. (B) Quantification of the results in (A) graphed as % full-length
RNA remaining. All data are representative of three independent replicates and error bars represent
the standard deviation of the mean. Statistical significance was determined by unpaired t-test, **p
<0.005,*** p <0.0005.
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Supplementary Figure S3.3. RNA structure predictions of the 3' end (nucleotides 1-151) of
the negative-strand HCV genomic RNA. Alternative structural predictions and the predicted free
energies (AG, kcal/mol) are indicated. (A) WT, (B) C2GC3U, (C) C3U, (D) U4C, (E) G28A and
(F) C37U. The mutations in the HCV RNAs are shown in red. The most favourable structure based
on RNA structure analysis (B through E) or with in vitro SHAPE analysis (A and F) is highlighted

in red.
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CHAPTER 4: DISCUSSION

4.1 Role of miR-122 in the HCYV life cycle

As outlined herein, miR-122 interactions with HCV RNA are important for viral RNA
accumulation; however, the precise role(s) of miR-122 in the viral life cycle remained elusive until
recently. Though early studies demonstrated that miR-122 had a small effect on HCV translation
and viral RNA stability; together with several recent studies, our analysis herein elucidates the
three roles of miR-122 in the viral life cycle: 1) RNA chaperone or riboswitch activity; 2)
protection from pyrophosphatases and subsequent decay by exoribonucleases; 3) translational

promotion (1-8).

What are the substrate requirements of the cellular pyrophosphatases and do Class II RAVs
protect against pyrophosphatase activity?

Eukaryotic mRNAs contain a 7-methylguanosine (m’G) cap structure at the 5' terminus (9). The
cap provides stability of the RNA by ensuring protection against 5' exoribonucleases (10). Many
viruses cap their mRNAs or viral genomic RNAs, by taking advantage of the cellular capping
machinery, using ‘cap-snatching’ strategies, or by carrying their own capping machinery that helps
provide viral RNA stability (11). However, the 5' terminus of the HCV genome contains a
triphosphate moiety (3). Previous studies demonstrated that miR-122 can protect the 5'
triphosphate of the HCV genome from pyrophosphatases (DOM3Z and DUSPI11) as well as
subsequent degradation from the exoribonucleases, Xrn-1 and 2 (1,3-5,12). However, these
mechanisms were shown indirectly in cell culture using knockdown or knockout experiments. We
demonstrated herein that miR-122 base-pairing interactions as well as increasing intramolecular
base-pairing at the 5' terminus of the viral genome resulted in stabilization of the viral RNA in

vitro as well as in vivo (Chapter 3). This is due to the fact that Xrn-1 is a 5' to 3' exoribonuclease
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that requires several single-stranded nucleotides in order to bind to substrates and initiate activity.
Since Xrn-2 has very high homology to Xrn-1, we would predict that this enzyme has similar
substrate requirements (13-16). In future, it will be interesting to explore the substrate requirements
for the cellular pyrophosphatases (DOM3Z and DUSP11) using a similar approach in vitro.
Specifically, y**P-labeled substrate RNAs could be used with increasing 5' overhangs to explore
enzymatic activity using purified DOM3Z and DUSP11. Preliminary findings using a similar
approach have suggested that DOM3Z can accommodate four 5' single-stranded nucleotides, while
DUSP11 was shown to be active on trinucleotide substrates containing a 5' triphosphate moiety
(17,18). However, further clarification of the substrate requirements of these cellular
pyrophosphatases, as well as exploration of whether additional base-pairing interactions [i.e.
mediated by miR-122 and/or the Class II RAVs (C2GC3U, C3U and U4C)] can protect the viral
RNA from pyrophosphatase activity will help further clarify the mechanism of action of both miR-

122 and the RAVs.

Removing the requirement for RNA chaperone or riboswitch activity and reducing the reliance
on miR-122 for stability may favor miR-122-independent HCV RNA accumulation.

Our research suggests that miR-122 promotes both RNA chaperone/riboswitch activity as well as
viral RNA stability (Chapter 2). Moreover, RAVs that promote one or both of these activities
(Class I and I RAVs) allow HCV RNA accumulation under conditions where miR-122 is absent
(U4C) or limiting (C2GC3U, C3U, U4C, G28A) (Chapter 3). In addition to these, a previous study
selected chimeric viruses that can promote miR-122-independent viral RNA accumulation (6,19).
In this study, Li et al. passaged wild-type HCV in the presence of a miR-122 inhibitor and selected
for viruses which were able to accumulate under these conditions. The resultant viruses that they
selected were chimeric viruses which had incorporated the human U3 snoRNA, U6 small nuclear

RNA or a fragment of the 5' UTR of ATPase family AAA domain containing 1 (ATAD1) mRNA
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in place of SLI on the HCV genome (19). Interestingly, the U3-virus is resistant to miR-122
antagonism, despite having an intact miR-122 Site 2 seed sequence (Figure 4.1). Our results herein
provide insight into the mechanism of action of viral RNA accumulation of this U3-virus
(Chapters 2 and 3). Firstly, the U3-virus contains only two single-stranded nucleotides at the 5'
terminus, which would be predicted to promote viral RNA stability by preventing access of the
viral 5' terminus of Xrn-1 (and presumably the cellular pyrophosphatases and Xrn-2). Secondly,
the U3-virus is predicted to significantly favour the functional SLII structure (AG =-51.6 kcal/mol)
even in the absence of miR-122, meaning it is functionally riboswitched, like the Class I RAVs
(C2GC3U, U4C and G28A). Thus, this suggests a mechanism whereby U3-virus is able to confer
miR-122-independent viral RNA accumulation. Moreover, this suggests that the RNA
chaperone/riboswitch and viral RNA stability effects are dominant over the translational
promotion activity since the U3-virus is not significantly affected by miR-122 antagonism in Huh-

7.5 cells.

How does the Ago:miR-122 complex promote HCV translation?

Previous studies suggested that miR-122 promotes association of the viral RNA with the ribosome,
but it is unclear if this is simply due to the RNA chaperone activity of the Ago:miR-122 complex
or if this complex also actively promotes HCV IRES-dependent translation (20-24). Our SHAPE
analysis and computational modeling (Chapter 2) suggests that the latter may be true as the PIWI
domain of the Ago2 bound to Site 2 appears to make direct contact with the HCV IRES at SLIIa,
which we predict may further stabilize the viral IRES as SLIIa was shown to be important for the
formation of the L-shaped conformation of SLII which is ‘ribosome-ready’ (25-28). Interestingly,
this unstructured domain of the PIWI protein is conserved across human Agol-3, but not in Ago4
(7). Moreover, a study which explored silencing of the RNAi machinery suggested that knockdown

of hAgo4 has the most potent effect on HCV RNA accumulation (i.e. ~80% vs. ~50% reductions
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Figure 4.1. Secondary structure of U3-virus 5' UTR including SLII. Cartoon diagram of
chimeric U3-virus containing the U3 snoRNA sequences (68-nt, red) inserted between nucleotides
3 and 32 of the HCV 5' UTR (black). The Site 2 miR-122 binding remained intact and is
highlighted (teal). RNAstructure software prediction analysis predicts a free energy of AG =-51.6

kcal/mol.
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in viral RNA accumulation with knockdown of Ago4 vs. Ago1-3); despite the fact that Agol1-2
are the most abundant in Huh-7.5 cells (23). Clearly, further research will be needed to clarify
whether Ago proteins have a role in promotion of HCV IRES-mediated translation, beyond RNA
chaperone activity, and the importance of the unstructured PIWI domain of the Ago proteins.

In addition to interactions with SLII of the HCV genome, Ago2 was also shown to bind to
SLII of a picornavirus, Enterovirus-71 (EV-71) and enhance viral IRES-mediated translation (29).
During EV-71 infection, the viral RNA can serve as a template for Dicer processing, which results
in the production of several viral RNA-derived small RNAs (29). One of these small RNAs, termed
vsRNAL is derived from SLII of the viral IRES and can direct Ago2 binding to this region of the
genome. However, previous investigations transfected single-stranded vsRNA1, which would not
be accessible for uptake into the RISC complex, and hence the results are unclear (30). Future
work should therefore use duplexed vsSRNA1 mimics which can be efficiently incorporated into
an Ago protein. Nonetheless, the promotion of EV-71 IRES activity by Ago2 (potentially in
complex with vsRNAT) could suggest a conserved mechanism of Ago:miRNA complex-mediated

translational promotion across diverse RNA virus families.

How does HCV escape canonical silencing?

As discussed in Chapter 1, the canonical role of miRNAs is to downregulate gene expression of
target mRNAs through translational repression, accelerated deadenylation and decay. The RISC
recruits the downstream effector protein, GW182 which mediates important interactions with the
deadenylation, decapping, and RNA decay machinery (31-38). Recent work suggests that GW182
(specifically the paralogs TNRC6B and C) is associated with the Ago:miR-122 complex at the 5'
terminus of the HCV genome (39). However, there have been conflicting reports as to the
importance of GW182 in the HCV life cycle (32,35,36,39). Thus, it is unclear how HCV is able to

escape canonical RNA silencing and what downstream proteins are recruited to this complex.
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Interestingly, several studies have sought to explore proteins that interact with the 5'
terminus of the HCV genome and/or p-body proteins that localize to viral RNA replication sites
during HCV infection (31,32,34,37). More specifically, depletion of the DDX6 RNA helicase was
shown to decrease HCV RNA accumulation and interact with the 5' terminus of the HCV genome,
but its effects appear to be independent of miR-122 activity (31,33,34). Additionally, LSm1, a 5'
to 3' decapping protein located in p-bodies, was also shown to contribute to miR-122-mediated
HCV translational promotion; however, this was in the context of reporter RNAs, rather than viral
infection (36). Thus, future research will be needed to clarify the role of these proteins in HCV
RNA accumulation, reveal the proteins that participate in the miR-122 enhancing complex at the
5" terminus of the HCV genome, and to clarify how HCV is able to escape canonical RNA
silencing.

Considering HCV has a 5' triphosphate and is not polyadenylated, it is interesting that there
is evidence of GW182 and LSml association with the 5' end of the viral RNA. Notably, these
factors associate with the decapping and deadenylation machinery; however, HCV does not have
a 5' cap or poly(A) tail (40,41). Thus, these proteins might be recruited to the HCV genome, but it
is unclear how this might affect HCV RNA accumulation. Interestingly, recent work has suggested
that Ago2 and a specific paralog of GW182 (TNRC6B) can drive a phase-separation which can
accelerate deadenylation and subsequent degradation of target mRNAs by condensing the RISC-
target RNA complex (42). Thus, since TNRC6B is recruited to the HCV genome, it is possible
that this condensation reaction may help mediate the switch from active translation to viral RNA
replication. Additionally, LSm1 was also demonstrated to have binding sites in both the 5' and 3'
UTRs of the HCV genome; specifically, in SLIII of the 5' UTR, which might alter the secondary
structure or contribute to this potential condensation reaction (37). Thus, the importance of these

interactions, as well as the identification of additional host and viral factors that participate in this

157



complex, is likely to help clarify the precise mechanism of miRNA-mediated viral RNA

accumulation and how HCYV is able to escape canonical silencing.

4.2 One miRNA to rule them all?

In addition to HCV, other viruses in the hepacivirus genus have also been shown to rely on miR-
122. For example, GB virus B (GBV-B), which was isolated from laboratory tamarins injected
with serum from a human subject that had hepatitis, has two miR-122 binding sites in its 5'
terminus and miR-122 has been shown to promote GBV-B viral RNA accumulation (43).
Interestingly, a deletion mutant of GBV-B that lacks both miR-122 binding sites (A4-29 nts), is
still able to accumulate in cell culture, suggesting that GBV-B can overcome its reliance on miR-
122 (44). Based on our data, the A4-29 mutant removes the two miR-122 binding sites from the
GBV-B genome resulting in a three-nucleotide single-stranded overhang at the 5' end, thereby
providing stability to the viral RNA (Figure 4.2). Moreover, this deletion might also allow for the
functional formation of the SLII structure, even in the absence of miR-122, as seen in our Class I
RAVs (C2GC3U, U4C and G28A).

Moreover, recent viral discovery efforts have identified several novel hepaciviruses in a
variety of species, including: equine hepacivirus, initially found in domesticated dogs and
subsequently in horses; rodent hepaciviruses, found in mice and rats; bat hepaciviruses; bovine
hepaciviruses; Guerza hepacivirus in an Old World monkey; Wenling shark hepacivirus, and
Sifaka hepacivirus of lemurs (45-55). Of these viruses, except for the ones where the complete 5'
UTR sequences are not yet available, have at least one miR-122 binding site in their 5' UTR (45-
52). While it is still unknown if many of these hepaciviruses are responsive to miR-122, recent
studies suggest that miR-122 sequestration inhibits equine hepacivirus accumulation, at least in

cell culture (50).
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Figure 4.2.miR-122 interactions with 5'UTR of different hepaciviruses. MiR-122 (green)
interactions on (A) GB virus B (GBV-B), (B) non-primate hepacivirus (NPHV), (C) rodent
hepacivirus (RHV) and (D) guereza hepacivirus. Adapted from Sagan S.M. et al., Virus Research,
2015 (56).
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The presence of conserved miR-122 binding sites across hepaciviruses of diverse species
suggests a conserved mechanism of viral accumulation which may allow them to collectively
exploit the liver microenvironment. Additionally, the presence of miR-122 seed sequences
suggests that although they infect different hosts, they are likely to have evolved from a common
hepatotropic ancestor (56). Additionally, it is possible that these viruses have evolved common
strategies for miR-122-mediated viral RNA accumulation, since the location of at least one of the
miR-122 binding sites is just upstream of SLII, and in some cases (e.g. equine hepacivirus) has
been shown to enhance translation (49,57). Like in chronic HCV infection, it is possible that this
interaction could be exploited for antiviral therapies for these veterinary pathogens, particularly in
horses, where as much as 22% of the population may be infected with equine hepacivirus
(45,58,59). Taken together, it is clear that binding to miR-122 may be a common strategy to
promote viral RNA accumulation across distinct hepaciviruses and further study will be needed to
clarify whether these viruses employ distinct or common strategies for miR-122-mediated viral

RNA accumulation.

4.3 Other miRNA-regulated viral RNAs

In addition to miR-122-mediated viral RNA accumulation of hepaciviruses, several other viruses
have been shown to be regulated by miRNAs. For example, several of the related pestiviruses,
including bovine viral diarrhea virus (BVDV) and classical swine fever virus (CSFV) have been
shown to bind to cellular miRNAs that are important for viral RNA accumulation, at least in cell
culture (60). More specifically, these viruses interact with miR-17 and let-7 at the 3' UTR of the
viral genome (60). Sequestration of miR-17 or let-7 during BVDYV infection significantly impairs
viral RNA accumulation; while only sequestration of miR-17 significantly impairs CSFV RNA
accumulation in cell culture (60). Interestingly, the seed binding sites for let-7 and miR-17 are

highly conserved across pestiviruses, suggesting that these viruses may have also evolved to use
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abundant cellular miRNAs to accumulate in their hosts. Although the miRNA binding sites are in
the 3' UTR, like miR-122, miR-17 has been shown to stabilize BVDV and enhance its translation,
suggesting that it may have a similar mechanism to miR-122 interactions with the HCV genome
(60). Although future research is needed, these results suggest that miRNA-virus interactions that
promote viral RNA accumulation are not unique to hepaciviruses and it is likely that this may also
occur on host transcripts which suggests additional, hitherto unrecognized mechanisms of action
for miRNAs in regulation of gene expression.

In contrast to miRNA-mediated viral RNA accumulation, there are also several other
noncanonical interactions between viruses and cellular miRNAs. The most notable example is in
Herpesvirus saimiri (HVS), a virus of New World primates that infects T cells and causes leukemia
(61). Interestingly, HVS encodes a non-coding RNA that selectively degrades a T cell miRNA,
miR-27 (62). miR-27 functions as a key regulator in T cell differentiation and function and has
multiple roles in mediating T cell immunity (63,64). The virus has evolved a mechanism to
selectively degrade miR-27; although it is still unclear how the down-regulation of miR-27 benefits
HVS accumulation (62). This suggests that host miRNAs can both limit and promote viral RNA
accumulation in different contexts, highlighting that we are just beginning to understand the
complex nature of host miRNA-virus interactions and their consequences for viral infection and

host antiviral responses.

4.4 Consequences of RAVs to miRNA-based therapies

Consequences of RAVs in miR-122-based therapies for chronic HCV infection.

As discussed in Chapter 3, several RAVs have been isolated in cell culture or chronic HCV-
infected patients who underwent miR-122 inhibitor-based therapies that are able to accumulate
when miR-122 is limiting or absent (65-68). We identified three classes of RAVs, with three

distinct mechanisms of action: Class I RAVs, including C2GC3U, U4C and G28A are
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riboswitched, even in the absence of miR-122; Class II RAVs, including C2GC3U, C3U and U4C
have additional base-pairing at the 5' terminus that protects the genome from degradation; and the
Class III RAV, C37U, which alters the structure of the negative-strand intermediate and is
predicted to promote positive-strand RNA synthesis. For the Class III RAV, there is still some
research to be done to clarify whether this C37U mutation alters the activity of the positive-strand
promoter. In future, we plan to determine the positive-to-negative strand ratio compared with WT
HCV RNA in cell culture using qRT-PCR, as a more efficient positive-strand promoter would be
predicted to increase the number of positive-strands. Moreover, we plan to perform in vitro
analysis of NS5B polymerase binding affinities for WT and C37U negative-strand 3' termini as
well as de novo initiation assays to demonstrate whether this RAV confers increased binding
and/or initiation of RNA synthesis from the negative-strand intermediate.

Additionally, it would be interesting to investigate whether combinations of RAVs would
be able to confer complete miR-122-independent HCV RNA accumulation. This is not
unprecedented as Hopcraft et al. previously demonstrated that the combination of U4C, G28A and
C37U resulted in a significant level of viral RNA accumulation in miR-122 KO cells (65). Based
on our data, this mutant would be predicted to be riboswitched (G28A), stable (U4C), and have a
more efficient positive-strand promoter (C37U). This virus or other confirmations might be useful
as a tool to better understand the miR-122 enhancing complex through identification of RNA-
binding proteins or miRNA effector proteins involved in this complex by comparison of viral RNA

pulldowns from miR-122-dependent and miR-122-independent viral RNAs.

Broader consequences of RAV mechanisms of action for miRNA-based therapies
miRNA-based therapies are gaining attention in the biomedical field and are making their way into
clinical trials. In 2011, 18,226 miRNAs have been recorded in animals, plants and viruses and of

these, 1,921 miRNAs are predicted to be encoded in the human genome (69). As miRNAs are
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predicted to regulate as much as 60% of all human genes, it is not surprising that they are
implicated in many human diseases, including metabolic disorders, cardiovascular disease, cancer,
and infectious disease. In 2017, approximately 20 clinical trials were initiated using miRNA or
siRNA-based therapies (70). Moreover, miRNA-based therapies are being developed for several
viral infections, and the miR-122 inhibitors, Miravirsen™ and RG-101 were the flagship miRNA-
based drugs and first to enter the clinic (71,72). Interestingly, the majority of RAVs to miR-122-
based therapies were outside of the miRNA’s seed binding sequence on the HCV genome.
Moreover, each of the RAVs altered the structure of the viral RNA in some way, suggesting that
future analysis of RAVs to miRNA-based therapies should involve RNA structure analysis and go
beyond sequencing of the miRNA binding sites on the target gene(s). Importantly, viral pathogens
as well as cancerous cells accumulate mutations at a faster rate and may therefore reveal novel
strategies to evade miRNA-based therapies. Thus, it will be important to understand the potential
mechanisms of resistance that may arise, and this study may provide insight into the potential

mechanisms of action of RAVs to miRNA-based therapies more broadly.

4.5 Concluding remarks

In summary, we have shown that Ago:miR-122 complex plays three critical roles in the HCV life
cycle. The HCV genome is predicted to enter the cell in an alternative, more favorable
conformation (termed SLII*!") and recruitment of Ago:miR-122 to Site 2 promotes the functional
SLII structure and acts as an RNA chaperone or riboswitch to allow the viral IRES (SLII-IV) to
form. This provides access to Site 1, and a second Ago:miR-122 complex is then recruited to this
site, where it directly protects the 5' terminus from cellular pyrophosphatases and exoribonuclease-
mediated decay. Additionally, due to the close proximity of the two Ago:miR-122 complexes, the
auxiliary interactions at Site 2 are weakened to accommodate Ago:miR-122 complex binding to

Site 1. To further stabilize the Ago:miR-122 complex at Site 2, the Ago protein at this site interacts
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with SLIIa, which is predicted to stabilizes the functional SLII structure and thus promote
translation.

Using our understanding of the mechanism(s) of action of miR-122, we investigated how
RAVs isolated in cell culture or in patients who underwent miR-122 inhibitor-based therapies were
able to accumulate when miR-122 is absent or limiting. We determined that the RAVs promote
alternative RNA conformations of the viral RNA that support RNA accumulation under conditions
where miR-122 is limiting or absent. Specifically, the Class I RAVs, including C2GC3U, U4C,
and G28A, are ‘riboswitched’ and are able to form the canonical SLII structure, even in the absence
of miR-122. The Class II RAVs, including C2GC3U, C3U, and U4C, are able to form additional
base-pairing interactions at the 5' terminus the HCV genome, which provides stability against
exoribonucleases, and presumably the pyrophosphatases. The Class III RAV, C37U, alters the
structure of the 3' terminus of the negative-strand replicative intermediate, which we propose
creates a more efficient promoter for positive-strand genomic RNA synthesis. Taken together, this
research reveals new paradigms for miRNA function, novel mechanisms of antiviral resistance
based on changes to RNA structure and reveals insight into the mechanism of an important host-
virus interaction that may be applicable to other important human and veterinary pathogens.
Moreover, this research showcases how important RNA secondary structures are in the context of
the HCV life cycle and how even single nucleotide mutations can significantly alter both RNA

structure and function.
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