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Abstract 
Hepatitis C Virus (HCV) is a flavivirus that causes chronic infections of the liver and can lead to 

liver cirrhosis and hepatocellular carcinoma. HCV has a 9.6 kb long positive-sense RNA genome 

that consists of the 5’ untranslated region (UTR), a polyprotein coding region, and a 3’UTR 

region. The polyprotein encodes both structural proteins that form the virion and nonstructural 

proteins that are required for virus replication and the UTRs regulate genome translation and 

replication. Replication of the viral genome also requires annealing of a liver-specific microRNA, 

miR-122 to 2 sites within the 5’ untranslated region (UTR) but the mechanism by which it 

promotes HCV lifecycle is unclear. We therefore sought to determine the role of miR-122 in the 

HCV lifecycle. In this study we show that location specific annealing of small RNAs to the miR-

122-binding region promotes translation, stabilizes the genome and supports HCV replication as 

miR-122 mimics, and we speculate that annealing of miR-122 and the small RNAs stimulates 

formation of the Internal Ribosomal Entry Site (IRES). We further show that miR-122 colocalizes 

with HCV at both early and later time points suggesting a role of miR-122 throughout HCV 

infection. 

We first aimed to analyze the importance of miR-122 binding site sequences, by 

mutagenizing the HCV 5’UTR proximal conserved region and analyzing how point mutations 

affect viral genomic RNA replication capabilities. By using siRNAs to pressure escape mutations, 

replication-competent HCV genomes having nucleotide changes in the conserved 5’ untranslated 

region (UTR) were identified. Interestingly, some mutant viruses had also adapted to use the 

siRNA as a miR-122- mimic. Further, when siRNA cleavage activity was blocked by using Ago2 

knockout cells, all of the siRNAs used to pressure evolution of escape mutants promoted wild 

type virus replication, equally efficiently as miR-122, and could stabilize the viral genome. We 

therefore showed that a.) annealing of small interfering RNAs (siRNA) to the HCV 5’ UTR can 

mimic the pro-viral activity of miR-122, b.) replication promotion by perfect-match siRNAs was 

observed in Ago2 knockout cells revealing that other Ago isoforms can support HCV replication 

c.) HCV genome stabilization and life-cycle promotion does not require the specific annealing 

pattern demonstrated for miR-122 nor 5’ end annealing or 3’ overhanging nucleotides and that 

d.) that the complex annealing pattern formed by miR-122 on the HCV genome was not required 

for the pro-viral mechanism.  
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Our findings also provided a method for us to assess the impact on HCV replication by 

small RNA annealing to other locations on the genome. Using a panel of HCV genome-targeting 

siRNAs, we found that annealing between nucleotides 1 and 44 in HCV 5’UTR, promoted HCV 

replication, and annealing within the IRES, NS5B and 3’UTR regions did not. An siRNA that 

targeted nucleotides 19-37 promoted replication most efficiently and more effectively than miR-

122 and we defined the minimum nucleotide annealing required to promote HCV as nucleotides 

23-35. Replication efficiency decreased as the siRNA target site moved away from this region. 

We also found that the difference in replication efficiencies induced by the panel of siRNAs 

correlated with their ability to stimulate translation and their predicted ability to induce  the 

canonical SLII structure within the HCV IRES. Finally, like miR-122, annealing of the siRNAs 

to the 5’ UTR also stabilized the viral genome, but the siRNAs did so regardless of whether they 

could promote replication or not, suggesting that genome stabilization alone is insufficient for 

HCV replication.  

To gain more insight into when miR-122 functions during the HCV lifecycle, we 

monitored the interaction of miR-122 with the HCV genome by Fluorescence in-situ 

hybridization (FISH). Our data suggests that HCV colocalizes with miR-122 at early time points 

after transfection, supporting the concept of an involvement in early stages of the virus infection 

cycle. However, colocalization was also evident at later stages and suggest possible roles in 

ongoing virus replication, virus assembly and/or egress.  

Thus, we have defined the RNA domain and the double stranded RNA element formed 

by small RNA annealing that is pivotal for enhancement of virus amplification. We were also 

able to observe HCV and miR-122 colocalization at various time points suggesting potential roles 

throughout all stages of the viral replication cycle. Thus, we present a model that miR-122 

annealing, promotes HCV replication primarily by activating the HCV IRES and stimulating 

translation. We also suggest that genome stabilization by miR-122 is important and contributes 

to virus replication, it is not sufficient alone to activate HCV replication by miR-122 Further 

given its critical role in promoting translation, we propose that miR-122 interacts with the HCV 

genome while it is in association with the endoplasmic reticulum and is required early in the 

lifecycle but also a later times to maintain an HCV infection. 
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Chapter 1: Introduction 
 

My thesis focuses on understanding the mechanisms by which miR-122, a liver specific 

microRNA, promotes the life-cycle of Hepatitis C Virus (HCV) and to determine at what time is 

miR-122 required by HCV RNA in its lifecycle. The introduction and literature review will provide 

an elaborate background on Hepatitis C Virus and microRNA-122 and the current understanding 

of their interaction and role in promoting HCV. 

This chapter, the Introduction, will provide a background on Hepatitis C Virus induced 

disease, treatment and prevention. miR-122 interacts with HCV 5’ Untranslated region (UTR) and 

this chapter will describe viral genome features including a detailed description of the structured 

5’ and 3’ UTRs and their roles in the HCV lifecycle. Finally my introduction will briefly discuss 

the importance of RNA structures and the potential of targeting RNA structured elements for 

therapeutics. 

Chapter 2 will provide a comprehensive description of the current understanding of the 

interaction between the HCV genome and miR-122 and the impact of the interaction on specific 

aspects of the Hepatitis C Virus life cycle and was published as a review article in International 

Journal of Molecular sciences (Kunden et al., 2020a). It starts by describing miRNA biogenesis 

and the cellular functions of miR-122 and then follows with a description of the impact of miR-

122 annealing to 5’UTR on the HCV life cycle. It will describe what is known so far about the 

mechanism of HCV life-cycle promotion by miR-122 and what our work has added to this 

knowledge. The review also discusses  host proteins involved in miR-122 promotion of the HCV 

life cycle and the implications of miR-122 in HCV tropism and pathogenesis, and further discusses 

the potential of using miR-122 as a therapeutic target and application of miR-122 as biomarker for 

detection of Chronic viral Hepatitis. Overall, this chapter aims to discuss studies and data 

performed by us and other researchers to understand the roles of miR-122 in the HCV lifecycle. 

 

1.1. Hepatitis C Virus induced Hepatitis 

Currently, around 80 million people are known to be infected with Hepatitis C Virus 

worldwide (Torres et al., 2017). HCV causes acute Hepatitis in 30 percent of infected individuals 

who clear the infection. However, the disease progresses to a chronic infection in 70 percent of the 
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infected population (Blackard et al., 2008). Symptoms in acute HCV infections are mild and 

include decreased appetite, fatigue, nausea, muscle or joint pains, and weight loss. Early after 

infection acute liver failure occurs albeit rarely, and most infected individuals are unaware of their 

exposure and remain asymptomatic during the initial and chronic stages of the infection. Early 

diagnosis during the acute phase (first 6 months after infection) is unlikely (Blackard et al., 2008), 

and there is an large estimated population of undiagnosed chronic HCV infected people. In acute 

infection, factors that contribute to the clearance of viral infection are young age, gender (Females 

are more prone to spontaneous clearance), white ethnicity and having symptomatic acute hepatitis 

(patients with jaundice have a higher likelihood of spontaneous viral clearance than asymptomatic 

patients) (Grebely et al., 2012; Hall et al., 2018). Chronic hepatitis is a long term illness that occurs 

when HCV remains in the individual for decades and causes substantial morbidity and mortality, 

with complications including cirrhosis, end-stage liver disease, hepatocellular carcinoma, and 

death (Zaltron et al., 2012). These complications have tripled over the past 15 years, and models 

predictions depict that they will peak between 2030 and 2035 (Holmes et al., 2019). 

  

1.2. Hepatitis C Virus transmission 

HCV is most commonly transmitted when an individual comes in contact with blood from 

an infected person (Li and Lo, 2015). The major route of spread in developed countries is through 

needle sharing in populations that use drugs, and through sexual transmission, particularly among 

men who have sex with men. In developing countries, transmission occurs due to poor health 

related infection control measures like unsafe needle practices in healthcare settings during blood 

transfusion, injections and scarification (Thursz and Fontanet, 2014). Perinatal transmission, 

occupational exposures among health care workers, and tattooing are other less common modes of 

transmission but are important to consider in HCV prevention and management strategies (Epstein 

et al., 2018; Hughes and Henderson, 2016). 

 

1.3. Treatment and Prevention 

Therapeutic treatment of HCV has greatly improved over the past decade. From interferon 

plus Ribavirin, which was inefficient and had severe side effects, to oral direct acting antivirals 

(DAAs) that successfully cure infections in over 90% of treated patients with few side effects. 

DAA treatment regimens contain a combination of small molecule HCV inhibitors. Available 
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HCV inhibitor drugs target essential viral non-structural proteins and their processes. Targets 

include viral non-structural proteins, NS3/4a serine protease, NS5a and NS5b, the viral RNA-

dependent polymerase (Crouchet et al., 2018). DAA Treatment leads to a sustained virological 

response (SVR) in 95% of patients and leads to substantial reductions in liver-related mortality, 

liver transplantation, and hepatocellular carcinoma.  DAAs have few side effects and treatment 

duration is short leading to good adherence even in hard to treat patient populations (Kish et al., 

2017).  

Despite this amazing treatment advance, several issues remain unresolved, including 

treatment of patients with chronic kidney disease, liver transplant patients and patients in whom 

DAA therapy has previously failed due to advanced fibrosis/cirhossis (Corson et al., 2018; 

Shahnazarian et al., 2018). In addition,  impacts of long term HCV infection, such as extensive 

liver fibrosis, liver scarring and continued immunological impairment remain in some infected 

individuals even after DAA treatment (Duncan et al., 2020; Kierepa et al., 2020; Vranjkovic et al., 

2019). Furthermore, there are concerns regarding reinfection in highly susceptible individuals and 

the possibility of emergence of drug resistant viruses (Duncan et al., 2020; Raj et al., 2017; 

Svarovskaia et al., 2014). Based on these issues, combined with the high cost and limited 

availability of HCV DAA treatments, the development of a vaccine will be necessary to globally 

eradicate HCV. However, few HCV vaccine candidates have been developed and tested, and none 

have thus far shown efficacy. The major barriers to development of a vaccine include virus 

diversity, limited models for testing vaccines, and an incomplete understanding of the immune 

correlates of protection (Bailey et al., 2019). However, that people spontaneously recover from 

HCV infections indicates that a protective immune response can be generated. Thus, developments 

of a vaccine is possible and multiple groups are focused on developing a vaccine to prevent 

transmission and significantly reduce the global burden of HCV-associated disease. 

 

1.4. Genome organization 

HCV is an enveloped positive (+) strand RNA virus belonging in the family Flaviviridae. Its 

genome is an uncapped, linear RNA molecule with a length of ∼9600 nucleotides (Chevaliez and 

Pawlotsky, 2006). HCV displays large genetic diversity and isolates are classified into 7 main 

genotypes and multiple subgroups based on sequence and world geographical distribution 

(Tsukiyama-Kohara and Kohara, 2017). All HCV genomes encode a large polyprotein from a long 
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open reading frame that is flanked by highly structured 5′- and 3′- untranslated regions (UTRs) 

(Figure 1.1). The untranslated regions regulate genome translation, replication, and stability (Shi 

and Lai, 2006), and the viral polyprotein is cleaved by both cellular and viral proteases into 

structural and non-structural proteins required for the virus lifecycle. Viral non-structural proteins, 

NS3-NS5, are required for viral genome replication, NS2 and p7 are required for the assembly and 

release of viral particles, and structural proteins, core, E1, and E2 form new HCV virions 

(Lindenbach and Rice, 2005). 
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Figure 1.1. Hepatitis C Virus genome organization. (A) HCV genome showing 5’ UTR 
polyprotein coding region and 3’ UTR. Polyprotein cleavage sites are shown which are cleaved by 
cellular and viral proteases. (B) Single cleaved proteins are depicted and indicated as structural or 
non-structural proteins. 
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1.5. Structural proteins and their functions 

The structural proteins of HCV form the architecture of a virion and participate in its assembly. 

The first structural protein, Core (Figure 1.1 and 1.2), is responsible for nucleocapsid structure and 

assembly. It does so by binding to the genomic RNA and oligomerizing using a high proportion 

of basic amino acid residues that reside in its Domain I (Moradpour and Penin, 2013). The 

envelope glycoproteins E1 and E2 reside in the virion envelope and along with host 

apolipoproteins play pivotal roles in virion assembly and entry (Figure 1.1 and 1.2). They form a 

multi-subunit complex at the surface of the virion envelope and facilitates receptor binding and 

entry of the virus particle into the host cell. Virion assembly takes place in association with the ER 

of the cells, as does viral protein translation and genome amplification. During their synthesis, the 

E1 and E2 trans-membrane domains are inserted into the ER and their ectodomains are translocated 

into the Endoplasmic Reticulum (ER) lumen in preparation for virus particle formation. The 

envelope proteins of HCV are the major component of the external surface of the virion and 

represents the dominant virus antigen, evoking protective immune responses (Nayak et al., 2015).   
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Figure 1.2. Hepatitis C Virus particle. The virus particle forms from the structural proteins and 
contains the single stranded positive sense RNA as its genome. The genome is surrounded by the 
core protein (capsid protein) and a lipid envelope. On the surface of the virion HCV envelope 
proteins E1 and E2 are present and aid in viral attachment and entry.  
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1.6. Non- structural proteins and their functions 

The HCV non-structural proteins function in genome replication. NS2 and the NS3-4a complex 

are proteases responsible for the cleavage of the viral polyprotein at the NS2/NS3 junction, and 

for  viral polyprotein processing respectively. NS5B is an RNA dependent RNA polymerase, and 

NS3-4a has NTPase/RNA helicase activity required for RNA replication (Moradpour and Penin, 

2013). HCV genome replication takes place in association with infection induced altered cellular 

membranes called the membranous web and NS4B is a hydrophobic, highly conserved protein 

required for formation of the membranous web and is essential for HCV viral replication and 

maintenance (Liefhebber et al., 2009). Other non-structural proteins are also essential for particle 

morphogenesis through mechanisms that remain incompletely understood (Boukadida et al., 

2018). This includes NS2 which is essential for particle morphogenesis, and the p7 viroporin, a 

transmembrane protein that oligomerizes to form ion channels and is essential for virus assembly 

and release. This process is mediated by 2 functions, first by associating with envelope proteins 

and NS2 protein, p7 coordinates the envelopment of new virions. And second, by forming a 

channel required for intercellular virion maturation and release (Pavlović et al., 2003). Genetic 

evidence also implicates the helicase domain of NS3-4a in virus assembly (Brass et al., 2008). 

Finally, NS5A is a multifunctional zinc-containing phosphoprotein that binds to RNA and is 

thought to regulate whether a newly synthesized genome participates in genome amplification, 

translation, or is incorporated into a new viral particle. Lastly, NS5B is a non-structural protein 

essential and critical for genome amplification step in the virus lifecycle. It is an RNA dependent 

RNA polymerase that synthesizes the template negative strand and then utilizes this strand to 

create multiple copies of genomic RNA. NS5B is known for its error prone polymerase activity 

creating a large diversity of quasispecies production that contributes in immune evasion. 

 

1.7. HCV lifecycle 

The HCV life cycle can be divided into six steps, entry, uncoating, translation, replication, 

assembly, and release (Dustin et al., 2016) (Figure 2.1). To initiate an infection HCV virions first 

interact with surface receptors on polarized hepatic cells. HCV takes advantage of host 

apolipoproteins for efficient propagation in hepatocytes. 

There are multiple receptor molecules identified to interact with HCV and modulate its 

entry. HCV interacts with; CD81 (Cluster of Differentiation 81), scavenger receptor class B type 
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I (SR-BI), mannose-binding lectins, DC-SIGN (Dendritic Cell-Specific Intercellular adhesion 

molecule-3-Grabbing Non-integrin) L-SIGN (liver/lymph node-specific ICAM-3 grabbing non-

integrin), low-density lipoprotein receptor (LDL-R) and heparan sulphate proteoglycans. The 

engagement of HCV virion with its surface receptor triggers the sequential arrangements that are 

mainly controlled by epidermal growth factor receptor (EGFR) and transforming growth factor β 

receptor (TGFβ-R). These regulatory mechanisms are centrally involved in processes leading to 

CD81 migration to tight junctions. (Miao et al., 2017) The virus and receptor complex on the 

surface of the cell then translocate towards tight junctions, where the late entry factors like claudin-

1 (CLDN1) and occludin (OCLN) reside. This virus-receptor-coreceptor complex is then co-

internalized into endosomes by receptor-mediated endocytosis (Scheel and Rice, 2013). 

Acidification of the endosome induces HCV glycoprotein-mediated membrane fusion that releases 

the virion nucleocapsid (which contains the viral RNA) into the cytoplasm .  

Since the HCV genome is positive sense RNA, it is translated immediately after it enters 

the cytoplasm. It is translated in association with cellular membranes and generates a polyprotein 

that is processed co-translationally and post-translationally by host and viral proteases. Viral non-

structural proteins NS3, NS4A, NS4B, NS5A, and NS5B assemble into a replication complex 

within ER derived membranous vesicles and are the site of HCV genome replication (Dustin et 

al., 2016; Paul et al., 2014). The genomic RNA is used to produce negative strand viral RNA 

intermediates that are (Niepmann and Gerresheim, 2020) used as a template to produce HCV 

genomes. Progeny HCV genomes can be used as templates for virion translation, replication, or 

assembled into virions. These processes involve multiple cellular and viral factors that engage and 

bind on the genomic RNA but how the switch between these processes is regulated remains 

unknown, but it is thought to be regulated by RNA elements formed by the 5’ and 3’ untranslated 

regions (UTRs).  

Following replication, nascent genomes are transported to sites of virion assembly in the 

ER. Virion assembly is initiated by core protein that associates with viral RNA to form the 

nucleocapsid. The core- RNA complex then buds through the membrane at sites rich in virion 

envelope proteins E1 and E2.  (Paul et al., 2014). Viral structural proteins, core, E1, and E2 form 

the architecture of HCV virions. At the ER membrane, E1 and E2 glycoproteins also associate 

with nascent Lipid droplet. This step is facilitated by the interaction between ApoE and the non-

structural (NS) viral protein NS5A as well as by the interaction between ApoE and the 
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glycoproteins E1 and E2. In parallel, ApoB is lipidated to generate very-low density lipoprotein 

(VLDL) precursors. The nascent HCV particle associates with these VLDL precursors to 

ultimately generate a mature lipo-viro-particles (LVPs). These particles are then released out of 

the cells to infect new cells (Dustin et al., 2016; Scheel and Rice, 2013).  

 

 

1.8. HCV 5’ and 3’ Untranslated regions and their functions  

The 5’ and 3’ untranslated regions of HCV are highly structured and regulate various stages 

in the virus lifecycle. The 3’UTR of HCV is between 200 and 235 nt long, depending on the 

genotype, and consists of three distinct regions, in the 5′ to 3′ direction, a variable region, a 

poly(U/UC) stretch, and a highly conserved 98-nt X region (Shi and Suzuki, 2018) (Figure 1.3 

right panel). The 3′ X region consists of two major different structures. In one conformation, three 

stem-loops are formed, SLI, SLII and SLIII. In an alternative conformation largely the SLII and 

III rearrange to form one larger RNA secondary structure, while the SLI undergoes only a slight 

change at its base leading to the extrusion of two single-stranded 3′ terminal nucleotides from the 

double-stranded stem. The 3′ X region and a minimal poly(U/C) tract are essential for replication, 

whereas the variable region is not essential but contributes to efficient replication (Anjum et al., 

2013). 

The 5’UTR of the plus strand contains conserved RNA secondary structures and sequences 

that control viral RNA genome translation, genome amplification and RNA stability (Shi and Lai, 

2006) (Figure 1.3 left panel).  Overall the 5’ UTR consists of 4 stem loops (SL), SLI, SLII, SLIII 

and SLIV. Nucleotides 44 through 376, including SLII-IV and part of the viral ORF (AUG start 

codon = 342 to 344) forms the internal ribosomal entry site (IRES) (Niepmann and Gerresheim, 

2020) that regulates cap-independent virus translation initiation. During translation initiation SLII 

interacts with both the apical loop of SLIV and the 40S ribosomal subunit. Then SLII reorganizes 

the IRES RNA structure and unwinds SLIV to promote placement of the AUG start codon into the 

40S ribosomal mRNA entry channel, and manipulates the 40S subunit to undergo translation 

initiation. (Joseph et al., 2014). The overall organisation (SL II–IV) and several RNA structural 

motifs in these domains are conserved and crucial in IRES translation.  

Upstream of SLII is an essential RNA element called domain I that regulates both virus 

RNA replication and translation (Figure 1.3 left panel). Domain I consists of the small stemloop, 



 

 11 

SLI, that forms at the terminal of the HCV 5′ UTR, three unpaired nucleotides (nts) at the very 5′-

end, and a single-stranded stretch of about 42 nts between SLI and SLII (Shi and Lai, 2006). HCV 

domain I has been shown to have negative effects on HCV translation (Beguiristain et al., 2005; 

Honda et al., 1999; Kim et al., 2003; Wang et al., 2000) and has been predicted to hybridize with 

SLII to form an alternative SLII structure termed SLIIalt (Schult et al., 2018) (Figure 1.3C). 

Formation of SLIIalt is predicted to inhibit IRES structure formation and translation initiation 

(Amador-Cañizares et al., 2018a; Chahal et al., 2019; Kunden et al., 2020b; Schult et al., 2018). 

The RNA element consisting of SLI is also highly conserved within different HCV genotypes and 

is required for viral genome replication. In addition Friebe et al. identified that, the complementary 

sequence of domain I (Figure 1.3A) on the 3’ end on the negative sense strand, forms a an essential 

structured element that is required for plus strand formation (replication) and thus the preservation 

of sequence is crucial (Friebe and Bartenschlager, 2009). Domain I is also unique as it consists of 

binding sites for two molecules of miR-122, a liver specific microRNA, with one of the miR-122 

molecules hybridizing to the 5′ genome terminus upstream of SLI (Machlin et al., 2011; Mortimer 

and Doudna, 2013). Binding of miR-122 is essential for an efficient HCV infection and is proposed 

to stabilize the RNA genome, promote virus translation and replication, and alter genome RNA 

structures (Amador-Cañizares et al., 2018b; Chahal et al., 2019; Masaki et al., 2015; Mortimer and 

Doudna, 2013; Schult et al., 2018; Shimakami et al., 2012a). However, the roles and mechanisms 

by which miR-122 promotes the virus lifecycle have been debated. 
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Figure 1.3. Schematic representation of HCV untranslated regions. A. HCV 5’UTR is 
depicted. The 5’UTR consist of stem loops SLI, SLII, SLIII and SLIV. SLII, SLIII and SLIV forms 
the Internal ribosomal entry site of the virus and promotes protein translation. The start codon is 
present in the loop of SLIV and is a single Open reading frame coding for the long polyprotein.  
The first 55 nucleotides consisting of Domain I, of the 5’ UTR is shown with 2 copies of miR-122 
binding within this region. B. HCV 3’UTR is depicted.  Going from 5’ to 3’, it consists of a variable 
region stem loop, a polyU/UC coding region and a 3' X region. The 3' X regions consist of stem 
loops SLI, SLII and SLIII. C. HCV 5’UTR 117 nts predicted structure with miR-122 binding sites 
shown in green box. The structure shows formation of alternative SLII formation called SLIIalt 

 
 

5‘ UTR

5’

3‘ UTR

SLI

SLII
SLII

SLIII
SLIII

SLIV

SLI

VR

PolyU/UC 3’

Start codon (AUG)

ACCUGCCCCUAAUAGGGGCGACACUCCGCCAUGAAUCACUCCCCUGUGAGGAACU
SLI SLIIUGG UGUGAGG

p
U
5’

U
G
U
U

3’

GUGAGGGGU
ACAG
A U

U
U
U
G

G
U
U

miR-122 mi-R122

U
G

3’

p
U
5’

G
AA CA

U

1 5 10 15 20 25 30 35 40 45 50
55

5‘UTR domain I

A B

SLI

A C
C
U
G

CCCCUA
A
U A G G G G

C
G
A
C
A
C
U
C
C
G
CCA

UG
A
A
U
C
A
C
U
C
CC
CUG
U
G
A
G
G
A
A
C
U
A C
U
G
U
C
U
U
C
A
C G

C
A
G
A
A
A
G
C
G
C
C U
A
G
CCA

U
G
G
C
G
U
UAG

U
A
U
G
A
G
U
G
U
C
G U A C A

G
CCUCC

A
G
G

1 117

30

50

80

SLIIalt

C



 

 13 

1.9. microRNAs and their role as host factors for RNA viruses 

RNA interference (RNAi) is a cellular process that regulates gene expression by using 

miRNAs to regulate mRNA translation and stability. MiRNAs are endogenously expressed short, 

highly conserved small noncoding RNA molecules involved in nearly all developmental and 

pathological processes in animals (Shrivastava et al., 2015). They are transcribed by RNA 

polymerase II in the nucleus as primary miRNA (pri-miRNA) (Lee et al., 2004). Pri-miRNAs are 

5′ capped, 3′ polyadenylated RNAs that are then cleaved by a microprocessor complex (Drosha 

and microprocessor complex subunit DCGR8) into precursor miRNA (pre-miRNA). Pre-miRNAs 

are 70–100 nucleotide double stranded hairpin loops that are (Han et al., 2004) then transported 

by Exportin 5 from the nucleus to the cytoplasm. In the cytoplasm they are further processed by 

Dicer into a miRNA duplexes 18–25 nucleotides in length (O’Brien et al., 2018; Wu et al., 2018). 

The miRNA duplex then associates with an Argonaute protein, part of the RNA induced silencing 

complex (RISC) forming a complex called miRISC. The miRNA duplex is unwound by 

Argonaute, releasing and discarding the passenger strand (sense strand). The mature single-

stranded miRNA guides the miRISC to partially complementary binding sites on the 3’ UTR of 

the target mRNAs where it induces mRNA degradation and translation repression (Kim and Kim, 

2012).  

Several microRNAs play critical roles in host-virus interactions. Some have been shown 

to negatively regulate virus lifecycle while some promote and aid in maintaining virus infections. 

In the case of RNA viruses, small non-coding RNAs like miRNAs (microRNAs) can directly bind 

on their viral genomes and can either turn on or turn off certain events in the virus lifecycle. miR-

296 binding to Enterovirus-71 genome and miR-29a binding on the genome of HIV are examples 

where microRNA binding are known to repress viral replication (Nathans et al., 2009; Zheng et 

al., 2013). Whereas, miR-17 binding to 3’UTR of Bovine Viral Diarrhea Virus genome and miR-

122 annealing to HCV 5’UTR and are examples of where microRNAs promote virus lifecycle. 

(Jopling et al., 2005). This suggests that small non-coding RNAs like miRNAs have the potential 

to regulate different stages of a virus lifecycle and can act as a switch to turn on or turn off an 

ongoing event in the virus lifecycle. This also demonstrates that miRNAs can have more than just 

the canonical role of target RNA suppression especially during virus infection. 

This thesis will focus on understanding the mechanisms by which miR-122 promotes the 

HCV lifecycle. Binding of miR-122 is essential for an efficient HCV infection and is proposed to 
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stabilize the RNA genome, promote virus translation and replication, and alter genome RNA 

structures (Amador-Cañizares et al., 2018b; Chahal et al., 2019; Masaki et al., 2015; Mortimer and 

Doudna, 2013; Schult et al., 2018; Shimakami et al., 2012a). However, the roles and mechanisms 

by which miR-122 promotes the virus lifecycle have been debated. For example, miR-122 

annealing stimulates translation by about 2-fold and seemed insufficient to explain the lack of 

genome amplification without miR-122 and the dramatic increase with miR-122. In addition, 

stabilization of miR-122 by knockdown of cellular enzymes that degrade the viral RNA do not 

rescue HCV genome replication, suggesting that genome stabilization alone cannot account for the 

role of miR-122. Finally, the stage in the virus life cycle affected by miR-122 has been debated. 

There is a clear role for miR-122 at early times in the virus lifecycle, but some have also suggested 

a role at later stages, and some have suggested a role in directly promoting the process of genome 

polymerization. However, this effect is small and has not been confirmed by many research groups. 

Finally, it is likely that miR-122 is multifunctional but the relative impacts of each of the identified 

functions listed have not been determined. This thesis will clarify some of these issues.  

 

1.10. RNA structures as therapeutic targets 

RNAs have many important functions. To list only a few examples, mRNAs store 

information, non-coding RNAs such as miRNAs regulate mRNAs, and structured RNAs such as 

ribozymes can function as enzymes.  This diversity in RNA functions is based on its ability to 

form a wide range of secondary and tertiary structures (Vandivier et al., 2016). When the sequence 

of RNA molecules become complex, the intramolecular interactions also becomes complex. This 

means that RNA molecules with the same sequence may fold into different states. Such dynamics 

in structural change can occur in response to temperature changes, chemical changes and 

importantly to ligand binding such as proteins, DNA, or even RNA in its environment (Flores and 

Ataide, 2018; Hackermüller et al., 2005; Raden et al., 2018). RNA also has chaperone like 

characteristics where it can modify the structure of other RNA molecules. The chaperone strand 

could disrupt the misfolded RNA domains and accelerate their refolding to the native structure 

(Rajkowitsch et al., 2007).  

Disrupting the secondary structure of both coding and noncoding RNAs can cause 

widespread physiological perturbations and so this property of RNAs to form structures can also 

be utilized as targets for therapeutics for a desirable RNA function. Locked Nucleic acid-based 
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therapies that bind to and block RNA functions, have been previously utilized (Juliano, 2016). 

However, the nucleic acid based approaches involve large and highly charged molecules which 

present delivery challenges . In case of HCV, when a locked nucleic acid antagonist for miR-122 

was used, it could potently reduce HCV titers in humans. However, there was emergence of 

resistant viruses that resisted this LNA therapy like the variant with resistance-associated 

substitution of a uridine for a cytidine nucleotide 3 (C3U). This suggested that LNAs could not be 

effectively used to target viral RNA (Mata et al., 2019; Zeisel and Baumert, 2017). Another 

promising alternative to LNA based therapy are small molecules that specifically target RNAs. A 

number of small molecules that alter RNA function have been identified, providing encouraging 

evidence that RNA-targeted small-molecule therapeutics could be developed (Yu et al., 2020). For 

example, Risdiplam, an RNA splice-modifying small-molecule drug, is a recently FDA approved 

treatment for spinal muscular atrophy (Messina and Sframeli, 2020). Some of such studies on 

identifying such small molecules are based on molecules identified in natural systems. With 

current studies, sequence-based design of ligands targeting RNA has established rules for affecting 

RNA targets and has provided a potential platform for the discovery of small molecules (Oliver et 

al., 2020; Sztuba-Solinska et al., 2019). Such research can lead to the understandings of the 

mechanism by which RNAs and viral genomic RNA structures regulate virus life cycles and 

identify potential targets for therapeutic development.  

Many viruses like HCV, Dengue virus and the SARS virus have RNA genomes, and 

structural diversity especially within their UTRs regulate the onset of different events in virus 

lifecycle. One such structurally rich element is within the HCV 5’UTR is essential for both virus 

translation and replication. Further, modification in the structure of this 5’UTR element causes  

switch in its functions which is also important for the virus (Huber et al., 2019; Lukavsky, 2009; 

Mortimer and Doudna, 2013). Interestingly, an event that can cause these modifications is by 

annealing of another RNA molecule. For examples: binding of 2 copies of miR-122 at the very 

end of the 5’UTR can modify the 5’UTR element to influence formation of an Internal ribosomal 

Entry Site required for virus translation (Amador-Cañizares et al., 2018a; Chahal et al., 2019; 

Mortimer and Doudna, 2013). Sections in my literature review (Chapter 2) will elaborate further.  
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Chapter 2: Literature review - The Role of the Liver-Specific microRNA, 

miRNA-122 in the HCV Replication Cycle 
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2.3. Contribution  

Kunden RD developed and wrote all the other sections of the review except, Khan JQ developed 

and wrote sections 2.13, 2.14. Kunden RD made figures 2.1, 2.2 and 2.3, and Khan JQ made figures 

2.4 and 2.5. Ghezelbash S contributed in the writing of section 2.8.4 and the figure legends. Wilson 

JA contributed in conceptualization, preparation, editing and writing of the article. 

 

2.4. Abstract 

Hepatitis C virus (HCV) replication requires annealing of a liver specific microRNA, miR-122 to 

2 sites on 5’ untranslated region (UTR). While, microRNAs downregulate gene expression by 

binding to the 3’ untranslated region of the target mRNA, in this case the microRNA anneals to 

the 5’ UTR of the viral genomes and upregulates the viral lifecycle. In this review, we explore the 

current understandings of the mechanisms by which miR-122 promotes the HCV lifecycle, and its 

contributions to pathogenesis. Annealing of miR-122 has been reported to a) stimulate virus 

translation by promoting the formation of translationally active Internal Ribosome Entry Site 

(IRES) RNA structure, b) stabilize the genome, and c) induce viral genomic RNA replication. 

MiR-122 modulates lipid metabolism and suppresses tumor formation, and sequestration by HCV 

may influence virus pathogenesis. We also discuss the possible use of miR-122 as a biomarker for 
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chronic hepatitis and as a therapeutic target. Finally, we discuss roles for miR-122 and other 

microRNAs in promoting other viruses. 

 

2.5. Introduction  

Hepatitis C virus (HCV) is thought to infect over 80 million people worldwide and can lead to 

serious liver problems, including cirrhosis and liver cancer (Torres et al., 2017). It is transmitted 

through direct blood-to-blood contact and primarily via injection drug use (Perz et al., 2006; Prati, 

2006) and 70% of infected individuals will develop a chronic liver infection. Many patients 

infected with HCV are unaware of their exposure because both acute and chronic infections are 

often asymptomatic (Blackard et al., 2008). However, unlike most other chronic viral infections, 

HCV can be cured. In the past, HCV was treated using a combination of pegylated-interferon and 

Ribavirin but the treatment had severe side effects and the rate of sustained virological response 

(SVR) was only about 50% (Petersen et al., 2016). In 2015, the release of interferon-free direct 

acting antiviral (DAA) therapy revolutionized HCV treatment and all DAA treatments now 

regularly achieve SVR rates to over 95% with few side effects (Bachofner et al., 2018). However, 

identifying and treating individuals who do not know they are infected, poor adherence to therapy, 

and high therapy cost are barriers to worldwide elimination of HCV (Al-Khazraji et al., 2020; 

Malespin et al., 2019; Nguyen et al., 2017). In addition, the high mutation rate of the virus may 

lead to the development of DAA resistance and a vaccine will be required to eliminate HCV 

infections worldwide (Shoukry, 2018). Thus, molecular characterization of HCV infections is still 

required to develop novel HCV therapeutics and vaccines.  

HCV is an enveloped positive (+) strand RNA virus belonging in the family Flaviviridae that 

primarily infects the liver (Fauquet et al., 2005). The virus enters host cells using a variety of host 

cell surface factors (Fan et al., 2017), and immediately after virus entry, the genome is translated 

in association with the host endoplasmic reticulum (Figure 2.1). The virus generates a single 

polyprotein that is proteolytically processed into 10 viral proteins; viral non-structural proteins, 

NS3-NS5, are required for viral genome replication through generation of a minus strand 

intermediate (Jones et al., 2007). NS2 and p7 are required for the assembly of viral particles and 

release of infectious virions but are not critical to RNA replication (Steinmann et al., 2007), and, 

viral structural proteins, core, E1, and E2 form HCV virions (Miyanari et al., 2007). Like most + 

strand RNA viruses, translation, replication, and virion assembly are regulated by RNA elements 
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formed by the 5’ and 3’ untranslated regions (UTRs) that fold into specific functional structures 

(Bartenschlager et al., 2010) (Figures 2.1 and 2.2A). A unique aspect of HCV is its regulation by 

an RNA structure formed by annealing of two copies of a host liver specific microRNA, miR-122 

to the 5’ terminus of its genome (Figure 2.2B). This is an unusual role for a miRNA since they 

normally suppress translation and destabilize mRNAs. The mechanism by which miR-122 

promotes HCV is incompletely understood. In addition, unknown are the reasons the virus has 

evolved to rely on miR-122. HCV’s reliance on miR-122 has been speculated to affect viral 

pathogenesis by regulating virus tropism and perhaps by influencing the normal role of miR-122 

in the cell (Luna et al., 2015a; Wilson and Huys, 2013). Finally, miR-122 is a promising 

therapeutic target and sequestration of miR-122 by using a locked nucleic acid antagonist can 

reduce HCV RNA to undetectable levels in patients and provides promise for possible use in 

conjunction with DAA therapy (Bandiera et al., 2015). However, recent evidence suggests the 

virus can develop resistance to miR-122-antagonist treatment (Ottosen et al., 2015). In this review, 

we will provide an overview of the biogenesis and role of miR-122 in the liver, its role in HCV 

promotion and pathogenesis, and its promise as a therapeutic target. 
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Figure 2.1. Schematic diagram of Hepatitis C Virus (HCV) life cycle. HCV binds to entry 
receptors and enters the cell by receptor mediated endocytosis. The virus then undergoes uncoating 
and direct translation. Translation takes place in association with the endoplasmic reticulum. 
Binding of miR-122 to the virus genome mediates an RNA structural change from the 
translationally inactive SLIIalt structure to translationally active IRES structure required to promote 
protein synthesis (process shown in dotted box). Viral proteins then stimulate formation of 
replication complexes where genome amplification (shown in dotted box) takes place. Assembly 
of the virion takes place in association with cellular ER membranes and the full formed virus is 
then released from the cell. 
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2.6. miRNA Biogenesis and the Cellular Functions of miR-122 

Micro-RNAs (miRNAs) are small non-coding RNAs of approximately 22-nucleotides that silences 

gene expression by regulating mRNA translation and mRNA stability (Schäfer and Ciaudo, 2020). 

miRNAs are involved in nearly all developmental and pathological processes in animals and over 

1000 different miRNAs have been identified in humans. miRNAs are transcribed endogenously 

by RNA polymerase II from host miRNA genes to generate primary miRNA (pri-miRNA). Pri-

miRNAs are 5′ capped and 3′ polyadenylated RNA but instead of encoding proteins, form one or 

many hairpin stem-loop structures which are then cleaved by a microprocessor complex (Drosha 

and microprocessor complex subunit DCGR8) to form 70 to 100 bp precursor miRNAs (pre-

miRNAs). The pre-miRNAs are subsequently transported from the nucleus to the cytoplasm, 

where they are processed by Dicer into miRNA duplexes of 18–25 nucleotides (nts). The miRNAs 

then associate with an Argonaute protein (Ago), within a larger protein complex called the RNA 

induced silencing complex (RISC) to form the miRISC. The miRNA duplex is unwound by Ago, 

releasing and discarding the passenger strand (sense strand), and the mature single-stranded guide 

strand directs the miRISC to partially complementary binding sites on the 3’UTR of mRNAs 

(O’Brien et al., 2018). The principle determinant of miRNA target binding is the complementarity 

with the seed (nts 2–8), and to a lesser extent to auxilliary (nts 13–16) sequences of the miRNA. 

miRISC association results in mRNA translation suppression and degradation (Broughton et al., 

2016). It is believed that at least one third of all human mRNAs are regulated by miRNAs.  

miR-122 is a liver specific miRNA. It is developmentally regulated, and its expression increases 

in the liver over the course of embryonic development (Hsu et al., 2012). It is present at 

approximately 66,000 copies per cell in adult liver, representing over 70% of the total liver miRNA 

pool, making it one of the most highly expressed miRNAs in any tissue (Valdmanis et al., 2018). 

miR-122 derives from a single genomic locus on chromosome 18 in humans and expression of 

miR-122 has been detected in 18 vertebrate species, including human, zebrafish, and frog (Chang 

et al., 2004). The liver specific expression pattern and sequence of mature miR-122 is conserved 

from zebrafish to humans and no miR-122 orthologs have been detected in Drosophila or C. 

elegans. This indicates that miR-122 has evolved with the vertebrate lineage and possibly 

alongside the emergence of the liver. However, its role in the liver and significance of its 

abundance is incompletely understood. 
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Within the liver, miR-122 regulates cholesterol metabolism, iron homeostasis and is a tumor 

suppressor. The first miR-122 target RNA identified was Cationic amino acid transporter 1 (CAT-

1) which mediates the Na+-independent transport of cationic amino acids. miR-122 binds to 

several sites in the CAT-1 3'UTR and mediates translational repression, accompanied by a shift of 

the repressed mRNA to P bodies (Chang et al., 2004). The gross effect of miR-122 sequestration 

within the liver of mice (Elmén et al., 2008; Esau et al., 2006) and non-human primates (Elmén et 

al., 2008) is to lower the plasma cholesterol level. The pathways by which miR-122 targets play a 

role in modulating cholesterol metabolism are not fully understood, but it appears that indirect 

regulation of cholesterol biosynthesis genes may be important and confirmed mRNA targets 

include Aldolase A (AldoA) and N-myc downstream regulated gene 3 (Ndrg3) (Elmén et al., 

2008). miR-122 has also been shown to modulate systemic iron homeostasis by supressing the 

target mRNAs, hemojuvelin (Hjv) and hemochromatosis (Hfe) (Castoldi et al., 2011). These 

mRNAs encode activators of the hormone hepcidin, which regulates iron availability, and mice 

with reduced miR-122 levels suffer iron deficiency. Finally, miR-122 is a tumor suppressor and 

its expression is frequently reduced or abolished in hepatocellular carcinoma (HCC). Low 

expression or deletion of miR-122 in HCC has poor prognosis in cell lines (Coulouarn et al., 2009) 

and in mice (Hsu et al., 2012; Tsai et al., 2012) and overexpression of miR-122 showed anti-

tumorigenic properties of HCC in cell lines (Wei et al., 2019). miR-122 overexpression also 

sensitizes HCC cells to chemotherapeutic agents like sorafenib and doxorubicin (Pan et al., 2016; 

Pratama et al., 2019). Further, multiple miR-122 target genes have been linked to inflammation, 

fibrosis, and tumorigenesis, including ADAM10, Igf1R, SRF, cyclin G1, and ADAM17 (Bai et 

al., 2009; Gramantieri et al., 2007; Nakao et al., 2014). The factors governing reduced miR-122 

expression in HCC have not been fully elucidated, but miR-122 levels correlate with those of 

several liver-specific transcription factors, including HNF-4a, suggesting a regulatory role for 

these proteins (Li et al., 2011b).  
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Figure 2.2. The HCV genome and interaction of its 5’untranslated region (UTR) with miR-
122. (A) A schematic diagram of the genomic organization of HCV, which contains a polyprotein 
region of 10 genes, flanked by the highly conserved 3’ and 5’ UTRs. (B) A diagram of the 5’UTR, 
including stem loops I-IV, as well as two copies of miR-122 (green) interacting with the first 55 
nucleotides of the 5’UTR, with its binding nucleotides (bold). miR-122 binding site 1 includes nts 
1-3 and 21-27 and miR-122 binding site 2 includes nts 29-31 and 37-42. The red box indicates the 
minimum annealing region required for promotion by alternative small RNAs (nts 23-35), as 
shown by Kunden et al. (Kunden et al., 2020b). Mortimer et al.(Mortimer and Doudna, 2013) and 
Chahal et al.(Chahal et al., 2019) also showed potential interactions of these nucleotides with miR-
122. 
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2.7. The Impact of miR-122 Annealing to the 5′UTR 

 An unusual role for miR-122 is its promotion of the replication cycle of HCV [42–44]. 

Annealing of two copies of miR-122 forms a trimolecular RNA structure that is essential for 

efficient virus propagation (Figure 2.2B) [22,23,43,45,46]. Similar to miRNA suppression, a major 

determinant of the efficiency by which miR-122 promotes HCV is its annealing pattern. Efficient 

HCV replication requires annealing of two copies of miR-122 and complementarity between HCV 

and the miR-122 seed site (nt 2–8), and the auxiliary site (nts 13–17). This leaves a loop of 

mismatched miRNA nucleotides between the seed and auxiliary sites and overhangs generated by 

its unannealed 5’ and 3’ miR-122 ends (Figure 2.2B) [45,47]. Based on RNA SHAPE (Selective 

2'-hydroxyl acylation analyzed by primer extension) and structure predictions, it was shown that 

the 3’ auxiliary binding of miR-122 at site 2 likely includes more extensive base pairing compared 

to auxiliary binding at site 1, and using isothermal titration colorimetry (ITC) miR-122 binding to 

site 2 had higher affinity than site 1 [22,23,45,46]. 

Although reports indicated the importance of the complex miR-122 binding pattern and the 

generation of a 7-nucleotide overhang for efficient HCV replication by miR-122, our group 

recently showed that this complexity is not required. We found that annealing of single perfectly 

matched small interfering RNAs (siRNAs) to the miR-122 binding region can also promote HCV 

replication as efficiently as 2 copies of miR-122 (as long as Ago2 mediated siRNA cleavage was 

abolished). We further mapped the locations on the HCV genome to which small RNA annealing 

induces HCV replication to nucleotides 1-3 and 15–44 and showed that annealing to nucleotide 45 

and beyond do not. Further, siRNAs binding to 5’ terminus enhances virus replication but having 

a 3’ overhang did not, and actually supresses viral replication [21]. It therefore appears that any 

small RNA, binding within the boundary of nts 1–3 and 15–44, on HCV 5’UTR can promote the 

HCV lifecycle. 

Several groups have also assessed the relative impact of miR-122 binding to each binding site on 

HCV replication promotion. Both miR-122 binding site 1 and site 2 are important, and efficient 

viral replication occurs only when both miR-122 binding sites are occupied [22,43]. The miRNA 

binds with higher affinity to site 2 than site 1 [22], and while some groups found that binding at 

site 1 was more important than binding at site 2 for replication promotion [48–50] others showed 

equal influences of each site [51]. We proposed neither site is more or less important, but that 
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annealing to seed site 1 and accessory site 2 may be a key to efficient replication promotion. This 

is based on our recent finding that the siRNAs that promoted HCV replication most efficiently 

annealed to a small region (nts 23–35) that included these elements (Figure 2.2B, red boxed letters) 

[21]. That it takes annealing of two copies of miR-122 to anneal to these elements may explain 

why two copies of miR-122 is required and why annealing of miR-122 site 1 behaves similar to a 

conventional miRNA:target interaction, where binding to a seed site is important [22], and that 

miR-122 binding site 2 has higher affinity owing to extended base pairing at the accessory site. 

Thus, replication promotion appears to require annealing that includes the seed region of site 1 and 

the accessory region of site 2 [21]. 

 

2.8. The Role of other Predicted miR-122 Binding Sites on the HCV Genome 

 A bioinformatic search for miR-122 binding sites on the entire HCV genome reported 7 

more predicted miR-122 binding sites. Four sites were predicted in the NS5B coding region and 3 

more on the 3’UTR. One report suggested a negative role for miR-122 on a binding site in NS5B, 

while another report suggested that one binding site on the NS5B region is positively involved in 

regulating overall genome replication efficiency and a second binding site showed a weaker effect 

(Gerresheim et al., 2017; Nasheri et al., 2011). However, mutational studies performed to 

understand the involvement of these sites showed they did not affect HCV promotion and that the 

only functional miR-122 predicted binding sites were the two sites on 5’UTR (Bernier and Sagan, 

2019). Additionally, siRNAs annealing to these sites did not promote virus replication (Kunden et 

al., 2020b). While a role for the alternative miR-122 binding sites remains unresolved, 

sequestration of miR-122 from target genes could be attributed to the multiple redundant binding 

locations. 

 

2.9. The Mechanism of HCV Life-Cycle Promotion by miR-122 

 Three primary mechanisms by which miR-122 promotes virus replication have been 

reported, a) stimulation of genome translation, and recent evidence suggests that miR-122 

annealing may stimulate the generation of the canonical HCV IRES RNA structure, b) genome 

stabilization, and c) a direct role in promoting genome amplification. Since the HCV genome is a 

positive sense RNA, it is translated immediately after entry into the cell and, translation stimulation 

and genome stabilization would help initiate an HCV infection. Subsequent to translation, the viral 
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non-structural proteins assemble into a replication complex that promotes viral RNA genome 

replication through generation of a negative strand intermediate and miR-122 has been proposed 

to directly promote genome amplification. In the following sections, we will provide details of the 

multiple mechanisms ascribed to miR-122, data supporting each mechanism, and the relative 

contributions of each mechanism on HCV RNA accumulation and the establishment of an HCV 

infection.  

 

2.9.1. miR-122 Stimulates HCV Translation  

 That miR-122 stimulates HCV translation was first reported in 2008 and has been 

confirmed by several groups (Henke et al., 2008). miR-122 annealing stimulated translation from 

a reporter gene flanked by HCV 5’ and 3’UTR and from full length reporter HCV genome (Henke 

et al., 2008; Kunden et al., 2020b; Roberts et al., 2011; Schult et al., 2018). HCV translation is 

stimulated by annealing of miR-122 to either binding site 1 or 2. While the small 2-fold impact of 

miR-122 annealing on HCV translation had been considered in the past to be insufficient to 

account for its strong, 1000-fold increase in HCV replication, recent evidence supports an 

important role of translation stimulation by miR-122 on the HCV life cycle. Our group recently 

identified that siRNAs that anneal to the miR-122 annealing region promote HCV replication with 

different efficiencies and using these siRNAs we also found that their ability to promote replication 

correlates with their ability to promote translation (Kunden et al., 2020b). This confirms a link 

between HCV replication promotion and translation stimulation and suggests that it is indeed a 

key pro-viral mechanism of miR-122.  

 

miR-122 Influences HCV Genomic RNA and IRES Structures: 

 In addition, in support of an important role of miR-122 in promoting HCV translation, 

several recent studies have also proposed that miR-122 binding alters the structure of the HCV 

5’UTR to promote and stabilize the canonical HCV IRES structure [43–45]. The HCV IRES is a 

structured RNA element formed by the HCV 5’UTR that regulates virus translation. The IRES 

structure and function has been analyzed in detail and defined to include several stem loop (SL) 

elements including (SLII, SLIII, SLIV), a pseudoknot, and 30 nucleotides within the core coding 

region (Fraser and Doudna, 2007; Johnson et al., 2017). The structure and functions of these 

elements have been well characterized (Lukavsky et al., 2003; Paulsen et al., 2010; Spahn et al., 
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2001). SLII is divided into two parts, SLIIa which induces SLII to form a bent structure that directs 

SLIIb to the ribosomal E-site in the head region of the 40S subunit, facilitating 80S ribosome 

assembly (Lukavsky et al., 2003; Paulsen et al., 2010; Spahn et al., 2001).  

 The first 42 nucleotides on the 5’UTR are not considered part of the IRES and form SLI 

and an RNA structured element created by annealing of two copies of miR-122 (Amador-

Cañizares et al., 2018a; Jopling, 2008; Jopling et al., 2005; Schult et al., 2018). Computational 

analyses of the 5’UTR RNAs that include SLI, the miR-122 annealing sites, and the IRES predict 

that the 5’UTR RNA will not form SLII, but will form a non-canonical structure termed SLIIalt 

(Amador-Cañizares et al., 2018a; Chahal et al., 2019; Schult et al., 2018). SLIIalt is unlikely to 

support viral RNA translation but RNA structure predictions suggest that miR-122 annealing 

promotes formation of SLII and the canonical translationally active IRES structure (Amador-

Cañizares et al., 2018a; Chahal et al., 2019; Mortimer and Doudna, 2013; Schult et al., 2018). 

Thus, this suggests a model in which miR-122 annealing induces the formation of the canonical 

HCV 5’UTR RNA IRES structure to promote virus translation and prevent alternative structure 

formations. However, that HCV translation is not abolished in the absence of miR-122 suggests 

that the 5’UTR RNA structure is dynamic, and that miR-122 annealing may shift the folding 

equilibrium toward that of the active HCV IRES RNA structure. Schult et al. (Schult et al., 2018). 

proposed that the virus may have has retained this regulatory sequence through evolution might 

be due to the multifunctional nature of this region. In addition to regulating translation, the 

complementary sequences of the 5’UTR on 3’ end of the negative genomic strand forms RNA 

structures essential for genome amplification (Friebe and Bartenschlager, 2009). Thus, the virus 

may have evolved to use miR-122 annealing to prevent misfolding of the IRES caused by 

sequences required by the negative strand (Chahal et al., 2019; Kunden et al., 2020b; Schult et al., 

2018). However, this model relies primarily on RNA structure prediction and has not been 

supported by direct biochemical or biophysical analyses. 

 Indirect support for this model is provided by RNA structures predicted to be formed by 

mutant viruses that replicate independently of miR-122, and induced by siRNAs that promote 

HCV replication. Structure prediction programs, like RNAfold and RNAstructure, predict that the 

siRNAs that promote virus replication also induce the translationally active 5’UTR structure and 

those that do not promote HCV replication do not (Amador-Cañizares et al., 2018a). We also 

showed that annealing to nucleotides 23-35 is the minimum required for promotion of viral 
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lifecycle and we speculate that annealing to this location may be optimal for inducing of the 

translationally active IRES structure since it resides within both non-base-paired regions to provide 

access to annealing, and base-paired regions so that its annealing can modulate the SLIIalt structure 

(Kunden et al., 2020b). Further support for this model is derived from HCV genomes capable of 

miR-122-independent replication. Replication of full-length HCV RNA is undetectable in the 

absence of miR-122, even using sensitive luciferase-based reporter genomes, which suggests an 

essential (or near essential) role of miR-122 in HCV infections. However, there is now an 

accumulation of miR-122-independent HCV replication models. Some of the earliest models of 

miR-122-independent replication included dicistronic subgenomic HCV replicons (SGR) 

(Thibault et al., 2013). SGR RNA was found to replicate, albeit at lower levels, in a human 

hepatocyte cell line that lacks miR-122 expression (Hep3B). This finding supports the notion that 

miR-122 regulates translation since in the SGR, viral protein translation is regulated by an EMCV 

IRES instead of the HCV IRES, and thus may escape the need for miR-122 (Thibault et al., 2013). 

In addition, several full-length genomic mutants have been identified to support miR-122-

independent HCV replication. Full length viruses having 5’ mutations U25C, G28A, and the 

combination mutations U4C, G28A, and U34G, were selected based on replication in miR-122-

knockout cells, and in another report, several 5’UTR point mutations were found to support miR-

122-independent replication (Amador-Cañizares et al., 2018a; Hopcraft et al., 2015; Ono et al., 

2017). Interestingly, most of the 5’UTR sequences that support miR-122-independent replication 

are also predicted to form the canonical 5’UTR SLII structure even in the absence of miR-122, 

suggesting that these viruses may lack the need for miR-122 because of mutation induced RNA 

structural changes (Figure 2.3A). 

 However, other full-length mutants that replicate independently from miR-122, Cell-U3, 

and HCV-S2-GGCGUG are not predicted to form the translationally active 5’UTR IRES structure 

and thus suggest the mechanism of replication promotion may be more complex. Cell-U3, a virus 

which contains a snoRNA in place of stem loop I and miR-122 binding site 1, was acquired from 

passage of SLI deleted viral genomes, and HCV-S2-GGCGUG was selected from a population of 

viruses having all possible sequences at miR-122 seed binding site 2 (Figure 2.3B) (Li et al., 2011a; 

Yu et al., 2017). The RNA structures predicted to form by these viruses are shown in Figure 3B 

and were determined using the online software ‘RNAstructure’. The lowest free energy structures 

formed by these mutants does not include canonical SLII. However, we speculate that these RNAs 
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may form structures that support efficient IRES translation, perhaps by forming hairpins within 

the miR-122-binding site region that stabilize SLII (Figure 2.3B). Confirmation of the role of miR-

122 will require RNA structure and function analysis of mutant viruses and miR-122 annealing 

using in silico modelling combined with biochemical and biophysical methods. 
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Figure 2.3. Secondary structure predictions of HCV mutants showing formation of SLII. (A) 
In silico secondary structure predictions (experimentally unvalidated structures) for the domain I 
and domain II of wild type HCV with and without miR-122 (Kunden et al., 2020b) and mutant 
RNA sequences of viruses capable of miR-122-independent replication (Amador-Cañizares et al., 
2018a; Chahal et al., 2019; Schult et al., 2018). One or more RNA structures show formation of 
translationally active IRES SLII structure for each mutant. (B) We performed secondary structure 
predictions using an online software ‘RNAstructure’ of Cell-U3 (Li et al., 2011a) and HCV-S2 
GGCGUG (Yu et al., 2017) RNA sequences. These predicted structures showed formation of SLII 
in one or more structures which may be due to formation of another short stem loop upstream of 
SLII. 
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2.9.2. MiR-122 Stabilizes the HCV Genomic RNA 

 miR-122 annealing also stabilizes the viral genome. The HCV genome has an uncapped 5’ 

end and it was hypothesized that 5’ terminus binding by miR-122 acts as an artificial cap to protect 

the triphosphate 5’ end from degradation by cellular phosphatases and 5’ exonucleases (Machlin 

et al., 2011). This hypothesis was supported by experiments showing that viral RNA was degraded 

by Xrn1 and to a smaller extent Xrn2, and that viral RNA degradation was slowed by annealing 

of miR-122 (Li et al., 2015; Sedano and Sarnow, 2014; Thibault et al., 2015). In addition, depletion 

of Xrn1 or Xrn2 partially restored HCV RNA accumulation when miR-122 was sequestered 

(Thibault et al., 2015). Recent advances further define miR-122 functions and show that miR-122 

also protects the HCV genome from 5’ phosphatases DOM3Z and DUSP11, but not from innate 

sensors of 5’ triphosphate RNA ends (Amador-Cañizares et al., 2018b; Kincaid et al., 2018). 

However, depletion of Xrn1, DOM3Z, and DUSP11 together did not restore wild-type replication 

of HCV in cells lacking miR-122 activity, indicating that protection from the cellular 5’ 

exonucleases Xrn1, DOM3Z, and DUSP11 is not the only mechanism by which miR-122 promotes 

virus replication (Amador-Cañizares et al., 2018b). In addition, stabilization by small RNA 

annealing to the 5’UTR was not sufficient to induce detectable HCV replication since some 

siRNAs that could stabilize the viral genome did not promote virus replication (Kunden et al., 

2020b). Based on these data, we propose that genome stabilization enhances viral accumulation 

induced by miR-122 promotion of translation. 

 

2.9.3. A Direct Role for miR-122 in Promoting Genome Amplification 

 It has been hypothesized that miR-122 has a direct effect on genome amplification and may 

act to regulate the switch from genome translation to genome replication. Using metabolic labeling 

and qRT-PCR to quantify RNA accumulation Masaki et al. (Masaki et al., 2015) found that there 

was an increase in nascent viral RNA synthesis within 1 hr in cells transfected with miR-122, 

whereas there was no measurable increase in protein synthesis at that time, suggesting that miR-

122 promotes genome replication before translation stimulation. Further, polysome profiling 

experiments showed that miR-122 promotes the transition from genomes undergoing translation 

to genome replication (Masaki et al., 2015; Ono et al., 2017). Finally, others hypothesized that 

miR-122 may promote positive-strand RNA synthesis by increasing the accessibility of the 3’ end 

of the template negative RNA strand (Li et al., 2013a; Masaki et al., 2015). However, the impact 
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of miR-122 during ongoing virus replication is small, and because stable cells supporting miR-

122-independent replication can be isolated, a direct role for miR-122 in replication promotion, it 

is not essential. Thus, the direct impact of miR-122 on the process of viral genome replication 

remains to be confirmed. 

 

2.9.4. The Relative Contributions of each Mechanism to Promotion of the HCV Lifecycle 

 Understanding the mechanisms by which miR-122 promotes the HCV lifecycle has been a 

challenge and is still under debate. Thus far, efforts have determined roles for miR-122 in the HCV 

RNA stability, translation, and perhaps genome replication, but the relative impacts of each of 

these mechanisms on HCV lifecycle promotion are unknown. An emerging model that miR-122 

annealing modifies the HCV RNA structure to activate the HCV IRES is intriguing but has not 

been confirmed biophysically. In addition, a link between the low levels of translation stimulation 

induced by miR-122 (2-4 fold) and the dramatic effect on viral RNA accumulation (1000 fold) 

remains a question, and may indicate that the relatively low threshold amount of translation 

stimulation is sufficient for efficient HCV replication. It also appears that miR-122 induced 

genome stabilization alone is not sufficient to promote the HCV lifecycle so may only enhance the 

virus lifecycle after induction of translation. Finally, a direct role in promoting viral genome 

replication independent from viral translation requires further confirmation. 

 

2.10. Host Proteins Involved in miR-122 Promotion of the HCV Life Cycle 

2.10.1. The Role of Ago2 in Genome Stabilization and Translation 

 The host protein Ago2 plays a role in miR-122 promotion of HCV, but its exact role is 

unknown. Ago1 and 2 interact with the HCV 5’UTR in association with miR-122 (Conrad et al., 

2013), and an Ago2 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 whose sequences do not match known human miRNAs 

(Luna et al., 2015a). In addition, while a dominant role for Ago2 has been reported, evidence 

indicates other Ago isoforms (Ago1, 3, and 4) might also be involved (Amador-Cañizares et al., 

2018a; Chahal et al., 2019; Kunden et al., 2020b). 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, suggesting that Ago2 may play a 
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role in miR-122-induced RNA structure changes. Furthermore, computational models suggest that 

the hAgo2:miR-122:HCV RNA complex interacts with the IRES–40S complex in association with 

the HCV IRES, and that hAgo2 is likely to form additional interactions with SLII to further 

stabilize or activate the HCV IRES (Chahal et al., 2019). Perhaps annealing at position 23–35, the 

optimal nucleotides to which an siRNA can anneal and promote small RNA dependent HCV 

replication, is the best location to position Ago for this interaction (Kunden et al., 2020b). 

Biophysical analyses of RNA-Ago complexes induced by annealing of siRNAs that promote the 

HCV lifecycle with varying efficiencies could clarify the molecular details of pro-viral 

nucleoprotein structures. HCV genome stabilization has also been proposed to be occurring due to 

recruitment of the Ago proteins by miR-122 on the 5’ terminus. Taken together, these reports 

support a new mechanistic model where miR-122 and Ago modify the 5’UTR RNA structure to 

stabilize the genome and induce viral IRES formation and translation stimulation. 

 

2.10.2. Other Host Proteins Required for the Pro-Viral Activity of miR-122 

 Protein interactions with the 5’UTR in conjunction with or displaced by miR-122 are also 

speculated to mediate miR-122 promotion of HCV replication, but only few details are known. 

Apart from Ago, numerous host RNA binding proteins interact with the HCV genome and are 

proposed and shown to promote its replication. Another group of proteins called as TNRC6A,  

(trinucleotide-repeat containing gene 6A protein, GW182) and its 2 paralogs TNRC6B and 

TNRC6C, which are part of the RISC complex were shown to promote HCV lifecycle. This study 

showed that TNRC6 is required for viral amplification but not genome stabilization or IRES 

activity and they do so by regulating the special arrangements of binding of miR-122 and Ago2 to 

the 5′UTR (Li et al., 2019). 

Proteins other than the RISC complex that bind the 5ʹUTR include La protein (SSB) 

(Nielsen et al., 2004), poly(rC)-binding protein 2 (PCBP2) (Rosenfeld and Racaniello, 2005; Wang 

et al., 2011), polypyrimidine tract-binding protein 1 (PTBP1), PTBP2 (Ali and Siddiqui, 1995; Ito 

and Lai, 1999), heterogeneous nuclear ribonucleoprotein L (HNRNPL) (Gontarek et al., 1999), 

interleukin enhancer-binding factor 3 (ILF3; also known as NF90, NFAT90, NFAR) (Isken et al., 

2007; Li et al., 2014), insulin-like growth factor 2 mRNA binding protein 1 (IGF2BP1; also known 

as IMP1) (Weinlich et al., 2009), and the U6 snRNA-associated Sm-like (LSM) proteins LSM1–

LSM7 (Roberts et al., 2014), whereas synaptotagmin-binding cytoplasmic RNA-interacting 
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protein (SYNCRIP; also known as HNRNPQ or NSAP1) binds to an RNA sequence immediately 

downstream of 5’UTR (Choi et al., 2004; Kim et al., 2004).  

Several factors have been identified previously that regulate translation and circularization of the 

HCV genome. Proteins other than those regularly required in mRNA translation known as IRES- 

trans-activating factors (ITAFs) are identified. Interestingly, some ITAFs are shown to act as 

chaperons like the La protein and IMP1 protein, or even have roles in altering RNA structure like 

DDX6 (Huys et al., 2013; Nielsen et al., 2004). Many cellular RNA-binding proteins have also 

been predicted to stimulate HCV genome circularization. PCBP2 has been identified to bind to the 

polio virus genome and has a role in its genome circularization and a similar role has been 

hypothesized for circularization of the HCV genome (Wang et al., 2011). IGF2BP1 binds to the 

HCV 5′UTR and the 3′UTR and stimulates HCV genome translation and may also be involved in 

genome circularization (Weinlich et al., 2009). Similarly, the cellular RNA chaperones 

NF90/NF45 were also shown to bind to the ends of the HCV RNA genome to promote virus 

replication and were predicted to facilitate genome circularization (Schmidt et al., 2017). However, 

the crosstalk between these proteins and miR-122 if any, and their mechanism of HCV promotion 

are yet to be defined. It will be interesting to determine if any of these proteins are recruited to or 

displaced from the viral genome by miR-122 or due to the viral genome structural changes brought 

about by miR-122.  

 
2.10. miR-122 Regulation of Virus Tropism and Pathogenesis 

 Why HCV has evolved to rely on miR-122 is unknown, but it is clear that miR-122 is 

essential for HCV replication in cell culture and miR-122 abundance in the liver undoubtedly 

regulates HCV tropism to the liver, and restriction of HCV replication to the liver likely benefits 

the virus (Wilson and Huys, 2013). The normal function of miR-122 is to regulate lipid and 

cholesterol metabolism, and the cellular conditions promoted by miR-122 might be advantageous 

for the virus. The liver is also suggested to be an immune-privileged environment and a reliance 

on miR-122 may also effectively silence HCV in non-hepatocyte cells and allows the virus to 

escape immune surveillance (Zheng and Tian, 2019). Evidence suggests evolutionary pressure to 

maintain a reliance on miR-122. Several mutant forms of HCV have been identified to replicate 

independent from miR-122 and based on error-prone virus replication, these mutations likely 

happen regularly during an HCV infection (Amador-Cañizares et al., 2018a; Li et al., 2011a, 2016; 
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Ono et al., 2017; Yu et al., 2017). However, none of the mutants, except G28A, are observed in 

naturally occurring HCV sequences and suggests ongoing selection against miR-122-independent 

HCV replication during human infections (Israelow et al., 2014). However, experimental and 

clinical evidence suggests HCV can enter extrahepatic cells and HCV sequences can be amplified 

from peripheral blood mononuclear cells (PBMCs), B and T cells, monocytes/macrophages, 

dendritic cells, and other extrahepatic tissues of infected individuals, but whether HCV 

successfully replicates in extra-hepatic tissues is unresolved (Chen et al., 2017; Sarhan et al., 

2012). Serious complications of HCV infection include B-lymphocyte proliferative disorders, 

including mixed cryoglobulinemia and B-cell non-Hodgkin’s lymphoma, and one theory posits 

they are mediated by HCV infection of B cells (Arcaini et al., 2014; Dai et al., 2016; Lunel et al., 

1994). While a reliance on miR-122 would limit HCV protein expression and abolish virus 

replication in these cells, it is unknown if miR-122 might be transported to these tissues via 

exosomes, or whether G28A viruses can replicate in these tissues (Chen et al., 2017). Exosomes 

function as chemical messengers to mediate miRNA transport and cell–cell communication 

(Akuma et al., 2019), and chronic liver damage results in release of miR-122 into the blood stream, 

suggesting that circulating miR-122 could facilitate HCV replication in extrahepatic tissues 

(Thakral and Ghoshal, 2015). However, HCV infection of extrahepatic tissues and links with HCV 

disease complications remain controversial. 

 

2.11. HCV as a miR-122 Sponge 

 Since HCV replication depends on miR-122, it was proposed that having an HCV infection 

would deprive the cell of miR-122 molecules required for its normal functions by sponging miR-

122 within the cell. Using AGO HITS-CLIP and mRNA sequencing in HCV-infected and naïve 

cells, this was found to be true (Luna et al., 2015a). A significant global reduction in Ago binding 

and de-repression of endogenous miR-122 target mRNAs was observed. De-repression of miR-

122 target genes was also stoichiometric, governed by both mRNA expression level and the 

number of miR-122 sites. These effects mimicked those observed during sequestration of miR-

122 using antisense-locked nucleic acid inhibitors (Luna et al., 2015a). The miR-122 sponge effect 

was also observed in vivo based on analyses of liver biopsies of HCV-infected and naïve patients 

where miR-122 target genes were significantly de-repressed (Luna et al., 2015a). 
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2.12. miR-122 as a Therapeutic Target and Viral Resistance to miR-122 Antagonisms 

 In view of the dependence of HCV on miR-122, miR-122 is a promising therapeutic target 

(Bandiera et al., 2015). In phase I and II clinical trials, a miR-122 locked nucleic acid antagonist, 

miravirsen, induced a dose-dependent and sustained reduction in HCV viral loads up to 3 logs in 

the highest dose group, with several patients transiently achieving undetectable HCV RNA levels 

during the course of the study (Janssen et al., 2013). Miravirsen also acts additively when 

combined with direct-acting antivirals and thus, may be valuable as part of the drug cocktail to 

treat patients who do not respond to direct-acting antivirals alone (Liu et al., 2016). However, all 

subjects experienced a virologic rebound after several weeks of treatment (Zeisel and Baumert, 

2017) and long-term therapy has not been tested due to caution regarding inhibiting a known tumor 

suppressor. Sequence analysis of viral RNAs obtained from serum of several of the patients treated 

with miR-122 antagonists suggest the emergence of resistance. Sequencing revealed a resistance-

associated substitution of a uridine for a cytidine nucleotide 3 (C3U) (Mata et al., 2019). This 

mutation occurred in the auxiliary region of miR-122 binding site 1 and biochemical assays 

showed reduced binding of miR-122 at site 1 and destabilization of the tri-molecular structure 

formed by 2 copies of miR-122 and the HCV RNA. However, this mutant displayed higher rates 

of replication when miR-122 abundance was low, suggesting miR-122 independent replication. 

Interestingly, the C3U mutant has not been observed in cell culture selection and has only been 

observed after several weeks of anti-miR122 treatment in patient serum and only transiently 

(Israelow et al., 2014; Ono et al., 2017; Ottosen et al., 2015). Further, since there is no evidence 

of presence of C3U in infected livers of patients, this suggests that C3U may only live transiently 

in hepatocytes or may occur due to extra hepatic infections. The location of this mutation suggests 

that it may affect genome stability and not IRES structure and function. Because evidence suggests 

that stabilization of the HCV genome is not sufficient to rescue HCV replication in absence of 

miR-122, then this virus may not be viable in cell culture or to initiate a new infection. However, 

this may explain why it has never been observed in cell culture selections. Further, Israelow et al. 

[90] first described that an HCV variant, G28A, can replicate in absence of miR-122 and another 

group demonstrated that after serial passages of HCV in Huh7.5.1 miR-122KO cells, G28A 

adaptive mutation was observed (Israelow et al., 2014). Competition assays revealed that the G28A 

mutation does not confer an advantage for propagation in miR-122 rich hepatocytes but was also 

isolated from PBMCs of HCV infected patients. This suggests that G28A is maintained in 
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hepatocytes and may be selected dominantly in PBMCs. These findings indicate that the 

occurrence of HCV mutants that can grow in non-hepatic cells in a miR-122-independent manner 

may induce resistance to miR-122-antagonist therapy.  

 

2.13. Circulating miR-122 as a Biomarker for Chronic Viral Hepatitis Detection 

 Circulating miRNAs are secreted from cells via exosomes and micro vesicles during the 

process of cell death. Such secreted miRNAs can be stably detected from body fluids like serum, 

plasma, urine, and cerebrospinal fluid (CSF), making them relatively non-invasive biomarkers to 

detect infectious diseases in patients (Kawaguchi et al., 2016; Sohel, 2016). As a major miRNA in 

the liver, miR-122 has been widely reported to suffer from dysregulation in HCV and hepatitis B 

virus (HBV) infection. The diagnostic value of circulating miR-122 in chronic viral hepatitis was 

verified and assessed by a systematic literature review and conducting a meta-analysis (Zhou et 

al., 2019). Fifteen studies were included in their meta-analysis according to the exclusion and 

inclusion criteria, and the subgroup analysis demonstrated that the level of miR-122 correlated 

with the severity and stage of infection and helped in evaluating the treatment responses. It was 

observed that, the diagnostic accuracy was better for HCV-associated chronic hepatitis patients 

and non-Chinese compared with other subgroups. The authors further found that serum might be 

a more promising matrix for detecting the expression of miR-122 than plasma. Thus, they conclude 

that the circulating miRNA-122 has a relatively high diagnostic value for chronic viral hepatitis 

detection, especially in patients of HCV-associated chronic hepatitis (Zhou et al., 2019). In the 

future, it will be beneficial to consolidate these results by performing well-designed, large-scale 

meta-analysis in clinical practice.  

 

2.14. Interaction of miR-122 with other Viruses of the Genus Hepacivirus  

While initially considered a unique phenomenon to HCV, recent discoveries have highlighted the 

interaction of miR-122 with other viruses within the genus Hepacivirus. In most other viruses, the 

miR-122 dependency for replication has been maintained such as in Norway rat hepacivirus 

(NrHV) or rodent hepacivirus-nr-1 (RHV-nr-1), which can establish a hepatotropic infection in 

rats only in presence of miR-122 (Firth et al., 2014). Bovine hepacivirus (BovHepV) and equine 

nonprimate hepacivirus (NPHV) are other viruses found to depend on miR-122 for translation 

(Baron et al., 2018; Scheel et al., 2015). This could be attributed to the structural similarities of the 
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5’UTR and IRES between HCV and other hepaciviruses. However, the miR-122 binding sites and 

locations differ.  

The 5’UTR of RHV-nr-1 is structurally similar to the HCV 5’UTR containing two miR-

122 seed sites, with the first miR-122 seed site being more important than the second (Trivedi et 

al., 2018). NPHV, considered to be the closest relative of HCV and while was originally thought 

to have two miR-122 seed sites, was found to bind a single miR-122 to a site that corresponds to 

the second miR-122 binding site in HCV (Figure 2.4) (Yu et al., 2017). In contrast, BovHepV 

contains only one putative miR-122 binding site, corresponding to the first miR-122 binding site 

in HCV (Figure 4) (Baron et al., 2018). GBV-B, the first known homolog of HCV, was also found 

to have two miR-122 binding sites (Figure 2.4) and virus accumulation depended on miR-122 and 

Ago2 abundance. However, a mutant lacking both the miR-122 binding sites was found to grow 

independently of miR-122 and was insensitive to miR-122 supplementation, miR-122 

sequestration, and Ago2 depletion (Sagan et al., 2013a). Thus, GBV-B appears to be able to simply 

delete the modulatory RNA to which miR-122 anneals to abolish the virus’ dependence on miR-

122. HCV cannot delete the miR-122 annealing region because the 3’UTR complement of this 

region is essential for virus RNA replication [62], but that GBV-B can delete this region suggests 

that dependence of GBV-B on miR-122 did not evolve to compensate for essential minus strand 

sequences. Some level of miR-122 independent replication was also observed with NPHV IRES 

containing NPHV/ HCV chimera viruses (Yu et al., 2017). These viruses provide alternative 

models for RNA structure and functional analyses to further define the impact miR-122 annealing 

has on viral genomes.  
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Figure 2.4. Schematic diagram of miR-122 binding sites on the 5′UTR of other Hepacivirus.  
MiR-122 (shown in green) interacting with 5′UTR of (A) hepatitis C virus, (B) GB virus B, (C) 
equine nonprimate hepacivirus, (D) bovine hepacivirus. SLI and SLII denote stem loop 1 and 2 
respectively on the 5′UTR
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2.15. Promotion of other RNA Viruses by Annealing of Host miRNAs 

 In 2016, Scheel et al. (Scheel et al., 2016) used crosslinking immunoprecipitation (CLIP) 

of the Ago proteins to identify virus-miRNA interactions for 15 different clinically relevant RNA 

viruses, leading to the discovery of the only other virus group, genus Pestivirus, so far known to 

depend on miRNA interactions for viral replication. Bovine viral diarrhea virus (BVDV) and 

classical swine fever virus (CSFV) are important animal pathogens belonging to the Pestivirus 

genus, within the Flavivirdae family (Knipe and Howley, 2013). The replication of these viruses 

critically depends on the interaction of the viral 3’UTR with two microRNA families, miR-17 and 

let-7, with their canonical binding regions playing a major role as compared to the non-canonical 

let-7 binding site (Figure 2.5) (Scheel et al., 2016). miR-17 and let-7 were also found to positively 

regulate BVDV translation, whereas miR-17 alone stabilized the BVDV genome (Scheel et al., 

2016). A structural switch has been hypothesized to contribute to genome stability as well as enable 

regulation of virus translation and replication (Kokkonos et al., 2020). miRNA sponging effect, as 

seen with HCV and miR-122, was observed for miR-17 but not let-7 in BVDV and CSFV infected 

cells and Ago2 binding was implicated to be essential for BVDV (Kokkonos et al., 2020; Scheel 

et al., 2016). These similarities suggest a mechanistic intersection between the two virus groups, 

despite the different annealing locations, the 5’UTR in the case of HCV versus the 3’UTR for 

BVDV. Studying the interactions of these viruses with miR-17 and let-7 miRNAs, structurally and 

functionally, will allow us to understand the role of small RNA annealing and RNA structures in 

the virus life cycle and can lead to development of additional models to study miRNA-virus 

interactions 
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Figure 2.5. Schematic diagram of BVDV genome interacting with microRNAs.  Schematic 
diagram of bovine viral diarrhea virus (BVDV) genome with 5′UTR, polyprotein coding region 
and the three stem loops (SLI-III) of 3′UTR, with binding of miR-17 (blue), and let-7 at canonical 
(orange) and non-canonical (green) sites.
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2.16. Concluding Remarks 

 The reliance of HCV on the liver-specific microRNA, miR-122, evidently governs tissue 

tropism and provides glimpses into the evolution of HCV and related viruses. There is growing 

evidence that miR-122 annealing to the HCV genome influences the virus at several stages, 

including genome stabilization, translation, genome amplification, protein recruitment, and miR-

122 sequestration, but the exact contributions at each of these steps to virus replication and 

pathogenesis is still unknown. Understanding the structural changes brought about by small RNA 

annealing to viral genome can lead us to understand the relationship between RNA structures and 

viral function as well as protein recruitment. In addition, the localization and temporal pattern of 

miR-122 and associated protein interactions during the virus life cycle will provide insight into the 

role of miR-122-viral genome interaction in establishing the infection and continuing ongoing 

replication. Assessing the impact of miR-122 and possible Ago2 sequestration on cellular gene 

targets will also allow us to identify impacts of HCV infection on host regulation and pathogenesis. 

Finally, studying other viruses that also interact with host microRNAs can provide mechanistic 

insight and a better understanding of how microRNAs affect positive-stranded RNA viruses. 
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Chapter 3: Rationale, hypothesis and objectives 
3.1. Rationale  

As mentioned in the Introduction and Literature review, interaction of miR-122 with HCV 

genomic RNA is imperative for its life cycle. Replication promotion of HCV requires annealing 

of this liver specific miRNA to 2 sites on 5’ untranslated region (UTR) rather than the 3’UTR. 

Several studies proposed that miR-122 modifies the 5’ UTR RNA structure, stimulates virus 

translation, and stabilizes the viral genome, but the specific contribution of these three functions 

to HCV replication promotion has not been determined. 

We hypothesized that Location specific annealing of miR-122 on HCV 5’UTR must be 

important to alter the 5’UTR structure in order to promote that HCV lifecycle due to several 

reasons. Previous computational prediction analysis found at least 7 other miR-122 binding sites 

on the NS5B coding region and 3’UTR region of the virus genome. However, mutational studies 

showed that these sites are not active in promoting the virus lifecycle. This suggested that the only 

binding sites where miR-122 annealing is effective are the 2 sites on 5’UTR. Further, the 5’UTR 

region, consisting of miR-122 binding sites (1-42 nts), are highly conserved across HCV genotypes 

which suggests that binding to miR-122 is critical for the virus. Moreover, RNA molecules are 

dynamic in structure and can attain several different conformations with respect to environmental 

changes and ligand binding. Since miR-122 is another RNA molecule that is known to anneal 

HCV RNA along with proteins like Ago, we hypothesized that HCV RNA could undergo structural 

changes which would be responsible for various stages like virus translation, stabilization or 

genome amplification.  

 

3.2. Hypothesis 

Therefore the broad hypothesis of my thesis is that Location specific annealing of miR-122  

modifies the structure of the proximal HCV 5’UTR conserved region to promote the HCV 

lifecycle and is therefore required throughout HCV infection. 

 

3.3. Objectives 

My major objectives were therefore: 

I. To establish if miR-122 facilitates structural changes in HCV genome and define the 

mechanism by which miR-122 promotes the Hepatitis C Virus lifecycle  
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a) By determining the replication capabilities of viruses having point mutants in the 

5’UTR conserved region, an RNA element that consists of the miR-122 binding sites 

and 

b) By using siRNAs as model to define the annealing requirements and importance of the 

components of miR-122  to promote the virus lifecycle.  

c) By using microscopy to determine whether miR-122 is required throughout the HCV 

lifecycle by studying the time when miR-122 colocalizes with HCV RNA in cells 

 

Therefore, in Chapter 4  we aimed to mutagenize the HCV 5’UTR proximal conserved region by 

using siRNAs knockdown and virus evolution of escape mutants to select for replication competent 

viruses and further study the replication capabilities of the generated point mutants. This study led 

the way to understand the mechanistic role of miR-122 in HCV lifecycle. 

 

In Chapter 6, we used siRNAs as model to determine the location and annealing requirements for 

miR-122 and its mechanisms to promote virus replication using siRNAs as model system. 

 

In Chapter 8, our hypothesis was that miR-122 is required throughout HCV infection or to maintain 

ongoing HCV infection and further wanted to determine the time at which miR-122 first 

colocalizes with HCV RNA to better understand and validate the role of miR-122 in the HCV 

lifecycle.  
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Chapter 4: miR-122, small RNA annealing and sequence mutations alter the 

predicted structure of the Hepatitis C virus 5' UTR RNA to stabilize and 

promote viral RNA accumulation 
 

4.1. Copyright 

ã The author(s) 2018. Published by Oxford University Press on behalf of Nucleic Acid 

Research which explicitly grants the authors permission to reuse their own content without seeking 

further permission, provided that the original source of the material is credited appropriately. 

 

This manuscript has been reformatted from the original version for inclusion in this thesis. 

 

4.2. Citation 

Amador-Cañizares Y, Panigrahi M, Huys A, Kunden RD, Adams HM, Schinold MJ and Wilson 

JA. miR-122, small RNA annealing and sequence mutations alter the predicted structure of the 

Hepatitis C virus 5' UTR RNA to stabilize and promote viral RNA accumulation. Nucleic Acids 

Res. 2018;46(18):9776-9792. doi:10.1093/nar/gky662 

 

4.3. Contribution  

Several authors contributed significantly to this collaborative study. The author of this thesis, 

Kunden RD performed the initial characterization in determining the replication capabilities of the 

mutants with and without miR-122 and siRNAs used in this manuscript. She generated data in this 

study and completed Figures 4.5 and 4.6 of this chapter. The work in this manuscript is critical 

since it leads us to understand that other small RNAs like siRNAs can also promote efficient virus 

replication which was further used as a model for the next manuscript of thesis. This paper also 

led the way to show that miR-122 can stimulate IRES structure formation and can stabilize the 

viral genome. Huys A initiated this project, did the mutagenesis, and generated the mutant viruses. 

His work is show in Figures 4.2 and 4.3. Panigrahi M characterized miR-122-independent 

replication of the mutants and contributed Figure 4.7, 4.8 and all Supplementary Figures (S1-S6), 

Amador-Cañizares Y made Ago2 knockout cells and did the experiments shown in Figures 4.9 

and 4.10. Wilson JA contributed to Figure 4.1, 4.4, 4.11 and all figures for structure predictions. 
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This manuscript also appears in the PhD thesis of Panigrahi M. All authors wrote and edited the 

manuscript.  

4.4. Abstract 

Annealing of the liver-specific microRNA, miR-122, to the Hepatitis C virus (HCV) 5' 

UTR is required for efficient virus replication. By using siRNAs to pressure escape mutations, 30 

replication-competent HCV genomes having nucleotide changes in the conserved 5' untranslated 

region (UTR) were identified. In silico analysis predicted that miR-122 annealing induces 

canonical HCV genomic 5' UTR RNA folding, and mutant 5' UTR sequences that promoted miR-

122-independent HCV replication favored the formation of the canonical RNA structure, even in 

the absence of miR-122. Additionally, some mutant viruses adapted to use the siRNA as a miR-

122-mimic. We further demonstrate that small RNAs that anneal with perfect complementarity to 

the 5' UTR stabilize and promote HCV genome accumulation. Thus, HCV genome stabilization 

and life-cycle promotion does not require the specific annealing pattern demonstrated for miR-122 

nor 5' end annealing or 3' overhanging nucleotides. Replication promotion by perfect-match 

siRNAs was observed in Ago2 knockout cells revealing that other Ago isoforms can support HCV 

replication. At last, we present a model for miR-122 promotion of the HCV life cycle in which 

miRNA annealing to the 5' UTR, in conjunction with any Ago isoform, modifies the 5' UTR 

structure to stabilize the viral genome and promote HCV RNA accumulation. 

 

4.5. Introduction 

Hepatitis C virus (HCV) has a positive strand RNA genome of approximately 9 kb containing a 

single open reading frame that encodes the viral polyprotein flanked by 5′ and 3′ untranslated 

regions (UTRs) (Figure 4.1A) (Sagan et al., 2015). The 5′UTR contains an internal ribosome entry 

sequence (IRES), and both the 5′ and 3′ UTRs regulate translation and genomic RNA replication, 

likely through genome circularization (Wang et al., 2011). The 42-nt RNA sequence at the 5′ 

terminus of the HCV genome is highly conserved across virus genotypes and has a multifunctional 

role in regulating HCV RNA replication. It comprises stem-loop 1 (SLI) near the 5′ terminus and 

extends to the beginning of stem-loop 2 (SLII) (Sagan et al., 2015). It is not required for but can 

modulate HCV IRES translation (Niepmann, 2013). The sequence that forms SLII is also 

conserved and is required for HCV IRES activity (Fraser and Doudna, 2007). The complementary 

sequence of this region is the site of initiation of positive strand synthesis and forms structures 
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essential for genome replication (Friebe and Bartenschlager, 2009). In addition, this region 

contains annealing sites for a host liver specific microRNA, miR-122 (Jopling et al., 2005, 2008). 

Contrary to the canonical roles for miRNAs in suppressing mRNA translation, miR-122 annealing 

promotes HCV replication and no detectible HCV replication is observed in cell culture in the 

absence of miR-122 (Jopling et al., 2005, 2008; Thibault et al., 2013). 

HCV replication promotion by miR-122 requires direct interaction between the miRNA and the 

viral genome, and the annealing pattern required has been studied in detail (Machlin et al., 2011; 

Mortimer and Doudna, 2013; Shimakami et al., 2012a). The HCV genome contains two seed-

binding sites (S1 and S2) and annealing of miR-122 to both sites is required for efficient virus 

replication (Figure 4.1A). Annealing to each site requires contact with the seed-binding site and 

two accessory nucleotides upstream of the seed-binding site (Machlin et al., 2011; Shimakami et 

al., 2012a). Interactions at each site individually promote HCV replication to intermediate levels, 

and binding to both sites exhibits a synergistic effect (Thibault et al., 2015). In some reports, miR-

122 annealing to each individual site exhibited equivalent effects (Thibault et al., 2015); while in 

others, annealing at S1 exhibited a stronger effect (Jangra et al., 2010). While miR-122 promotion 

of HCV replication relies on direct interactions between miR-122 and the HCV genome, there are 

also indirect effects on the host cell. In the liver, miR-122 regulates lipid and cholesterol 

metabolism and is a tumor suppressor. During an HCV infection the viral genome acts as a miR-

122 sponge, and host mRNAs normally suppressed by miR-122 are de-repressed (Luna et al., 

2015b). 

In spite of many reports on the interaction between miR-122 and the HCV genome, the mechanism 

by which it promotes the HCV life cycle is not fully understood. Roles in stimulating IRES 

translation, stabilizing the viral genome, and directly stimulating replication have all been 

proposed (Henke et al., 2008; Li et al., 2013b; Masaki et al., 2015; Shimakami et al., 2012a). miR-

122 annealing promotes HCV translation, but the 2-fold stimulation measured in HCV translation 

assays seems insufficient to account for the potent effect of miR-122 on promotion of the HCV 

life cycle (Thibault et al., 2015). miR-122 protects the 5′ end from degradation by the host 

exonuclease Xrn-1, and from host pyrophosphatases (Amador-Cañizares et al., 2018b; Thibault et 

al., 2015). However, since knockdown of Xrn-1 in combination with the pyrophosphatases does 

not rescue HCV replication when miR-122 is absent, it is unlikely that protection from these 

enzymes is its only role (Amador-Cañizares et al., 2018b; Thibault et al., 2015). Recent evidence 
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also suggests that miR-122 promotes the switch from translation to replication by displacement of 

PCBP2 from the 5′ UTR but this has yet to be confirmed (Masaki et al., 2015). 

The miRNA processing and effector protein, Argonaute (Ago) 2 is required for miR-122 

promotion of HCV replication (Wilson et al., 2011). While a dominant role for Ago2 in miR-122 

promotion of HCV RNA accumulation and stabilization was reported (Shimakami et al., 2012a), 

there are indications that other Ago isoforms (Ago 1, 3 and 4) are also involved. Both Ago1 and 

Ago2 exhibit miR-122 dependent association with the HCV 5′ UTR (Conrad et al., 2013), and 

knockdown of any of the four Ago isoforms reduced HCV replication (Randall et al., 2007). 

However, it has yet to be determined if Ago proteins are required simply to process and deliver 

miR-122 to the HCV genome, or whether they also have a direct effect on promoting the HCV life 

cycle. 

 

Given its multifunctional role, the primary sequence of the 5′ terminal region is highly conserved 

between HCV genotypes (Figure 4.1B) (Fricke et al., 2015). To investigate the tolerance of this 

region to point mutations and to learn about its role in the HCV life cycle we aimed to identify 

how mutations to this region, including within the miR-122 binding sites impact HCV replication. 

We used siRNA knockdown and the ability of the virus to escape knockdown through natural 

evolution of point mutations within the siRNA target sequence as a mutagenic tool (Wilson and 

Richardson, 2005). We targeted the 5′ UTR with sequence specific siRNAs and hypothesized that 

we would either fail to identify escape mutations and thus confirm this region to be intolerant to 

sequence changes (and reveal the siRNAs as a potential therapy), or identify tolerated mutations 

that would provide insight into the roles of this region in the virus’ life cycle. Because we were 

targeting the miR-122 binding region we also hypothesized that we might isolate mutants capable 

of miR-122-independent replication. Our mutagenesis identified 30 different point mutations 

tolerated in the 5′ terminal region. Thus, in spite of the sequence conservation in patient derived 

viruses (Figure 4.1B) this region appears to be more tolerant to mutations when viruses are grown 

in culture, and suggests selective pressure to retain the primary sequence is stronger in infected 

patients. 

 

Analysis of the replication efficiency of the point mutant viruses in conjunction with in silico RNA 

structure analysis suggested that the point mutations modulate HCV replication by modifying 5′ 
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UTR or 3′ UTR RNA structures and miR-122 annealing. RNA structure analysis predicted that the 

HCV 5′ UTR forms a non-canonical RNA structure in the absence of miR-122 and that miR-122 

annealing promotes a transition to the canonical structure. Mutant viruses that supported miR-122-

independent HCV replication were predicted to favor the canonical structure, even in the absence 

of miR-122. In addition, the observation that many of the mutations promoted miR-122-

independent replication suggested this is not a rare phenotype, but their absence from patient 

derived virus suggests selective pressure to preserve miR-122 dependence during natural virus 

infections of humans. Additionally, we found that some mutant viruses had adapted to use the 

siRNA in place of miR-122 to promote virus replication and we demonstrate that small RNAs that 

anneal to the 5′ terminus with perfect complementarity can, like miR-122, stabilize the HCV 

genome and promote HCV replication. Therefore, the specific pattern of annealing formed 

between miR-122 and the 5′ UTR (annealing to the 5′ terminus and generating a 3′ overhang) is 

not essential for the mechanisms by which small RNA annealing stabilizes the HCV genome and 

promotes viral RNA accumulation. siRNA promotion of HCV was best observed in Ago2 

knockout cells since they abolish the Ago2 directed siRNA cleavage and suggested that other Ago 

isoforms (Ago1, 3 and/or 4) can support HCV replication. Finally, we present a model for miR-

122 promotion of the HCV life cycle in which small RNA annealing to the 5′ UTR in conjunction 

with any Ago isoform modifies the 5′ UTR structure and stabilizes the viral genome to promote 

HCV RNA accumulation. 
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Figure 4.1. Sequence and conservation of the 5′ terminal region of the HCV genome. (A) A 
schematic diagram of the HCV genome highlighting the 5′ terminal sequence, the miR-122 
annealing sites and pattern of miR-122 annealing. (B) An RNA logo representation of the 
conservation of this sequence across five virus genotypes.
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4.6. Materials and methods 

4.6.1. Plasmids  

The plasmids pJ6/JFH-1 RLuc (p7-RLuc2A) encoding a full-length HCV genome 

expressing a Renilla luciferase (Rluc) gene, directly downstream of the p7 gene, and pFLneo-

J6/JFH-1(p7-Rluc2a), encoding a full-length bicistronic HCV replicon RNA expressing neomycin 

from the HCV IRES and Rluc within the full-length HCV polyprotein were provided by Dr C. M. 

Rice (herein called pJ6/JFH-1 RLuc and pJ6/JFH-1 Neo Rluc, respectively) (Jones et al., 2007). A 

control non-replicative version of pJ6/JFH-1 Rluc contained a mutation to the viral polymerase 

active site GAA-GNN, pJ6/JFH-1 Rluc GNN. The miR-122 suppression reporter plasmid, pLuc 

H77 5′UTR × 2, containing two H77 HCV 5′ UTR sequences in tandem inserted downstream of a 

luciferase gene was a gift from Dr P. Sarnow (Jopling et al., 2008) and the control plasmid pRL-

TK was obtained from Promega (Madison, WI, USA). The sequence of the H77 genotype 5′ UTR 

inserts were modified to that of the JFH-1 by inserting a G at position 28 using quick change 

mutagenesis and the primers, GCGACACTCCGCCATGAATCA and 

TGATTCATGGCGGAGTGTGTCGC to generate, pLuc JFH-1 5′UTR × 2, (Jopling et al., 2008). 

The mutant 5′UTR sequences generated in the mutagenic selection were transferred to pJ6/JFH-1 

RLuc by removing the 5′UTR sequences that had been cloned into pCR™-Blunt II-TOPO® vector 

for sequencing purposes, by digestion with AgeI and EcoRI to isolate the 5′UTR, and then inserted 

into an EcoRI and partially AgeI digested J6/JFH-1 Rluc plasmid. To assess selected mutants in 

the context of the HCV subgenomic replicon the mutant 5′ UTR sequences were cloned into SGR 

JFH-1 Luc by digestion with AgeI and EcoRI. pSpCas9(BB)-2A-GFP (PX458) was a gift from 

Feng Zhang (Addgene plasmid # 48138) (Ran et al., 2013). 

 

4.6.2. In vitro RNA transcription 

HCV RNA was synthesized using the MEGAScript T7 High Yield in vitro Transcription 

Kit (Life Technologies, Burlington, ON, Canada). Firefly (Fluc) and Renilla (RLuc) messenger 

RNA (mRNA) where transcribed using mMessage mMachine T7 Transcription Kit (Life 

Technologies, Burlington, ON, Canada). The transcription process was conducted using the 

suggested manufacturer’s protocol. In a process described previously (Thibault et al., 2013), XbaI 

linearized plasmid was used as the transcription template for HCV constructs and XmnI linearized 
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pT7 luciferase and BglII linearized pRL-TK were used as templates for Fluc and RLuc mRNA 

transcription, respectively. 

 

4.6.3. Cell culture 

The human hepatoma cell lines, Hep3B, Huh-7.5, Huh-7.5 cells stably harboring pJ6/JFH-

1neo Rluc replicon RNA (J6/JFH-1 Neo Rluc replicons), miR-122 knockout (miR-122 KO) Huh-

7.5 and Ago2 knockout (Ago2 KO) Huh-7.5 cells were cultured in Dulbecco’s modified Eagle 

medium (DMEM) supplemented with 10% fetal bovine serum, 0.1 nM non-essential amino acids 

(Wisent, Montreal, Canada) and 100 μg/ml Pen/Strep (Invitrogen, Burlingtion ON, Canada). miR-

122 knockout Huh-7.5 cells were a kind gift from Dr Matthew Evans. Ago2 knockout Huh-7.5 

cells were generated by using the CRISPR-Cas9 genome editing technique. To generate and 

maintain J6/JFH-1 Neo Rluc replicons, provided by Dr Qiang Liu (Wu et al., 2017), 800 μg/ml 

G418 Sulfate was added to the media. 

 

4.6.4. Small interfering RNAs (siRNA) design and sequence 

 The siRNAs designed to target the miR-122 binding regions of HCV were constructed 

using Thermo Fisher Scientific’s (Lafayette, CO, USA) online design tool and the target sequence 

were as follows: siRNA18-36 GCGACACUCCGCCAUGAAU, siRNA19-37 

CGACACUCCGCCAUGAAUC and siRNA21-43 ACACUCCGCCAUGAAUCACUCCC. The 

sequence of siRNA JFH-1 6367 was adapted from the highly effective siRNA described previously 

to inhibit HCV Con1 genotype, by modifying the sequence to match the same region in JFH-1 

GACCCACAAACACCAAUUCCC (Wilson et al., 2003). The control siRNA (siControl) target 

sequence was GAGAGUCAGUCAGCUAAUCA as used in a previous study (20). The sequences 

of synthetic miR-122 guide strand was UGGAGUGUGACAAUGGUGUUUGU, and the 

passenger strand AAACGCCAUUAUCACACUAAAUA and miControl is a version of miR-122 

in which sites 2–8 on the guide strand were converted to their complement; guide strand 

UAAUCACAGACAAUGGUGUUUGU and the passenger strand AAACGCCAU 

UAUCUGUGAGGAUA (Sagan et al., 2013b). All small RNAs were synthesized by Thermo 

Fisher Scientific (Lafayette, CO, USA). Anti-miR-122, miRIDIAN microRNA Human hsa-miR-

122-5p-Hairpin Inhibitor (IH-300591-06-0050) and anti-miR-124, miRIDIAN microRNA Human 
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hsa-miR-124-5p-Hairpin Inhibitor (IH-301047-02), used as a negative control antagonist, were 

purchased from Dharmacon Horizon Discoveries (Chicago, IL, USA) 

 

4.6.5. Transient mRNA suppression assays 

 To assess siRNA knockdown efficiency, 6.5 × 104 Hep3B cells/well were plated in a 24-

well dish and incubated at 37°C overnight. The following day, the cells were transfected with 100 

ng of pRL-TK and pLuc JFH-1 5′UTR × 2 along with 0.1 pmol of an siRNA and 1 μl lipofectamine 

2000 (Life Technologies, Burlington, ON, Canada). The transfection mixture was prepared 

according to the suggested manufacturer’s protocol. On day 2, the cells were lysed using passive 

luciferase lysis buffer (Promega, Madison WI, USA) 

 

4.6.6. Escape mutant selection 

 1 × 107 Huh-7.5 cells harboring J6/JFH-1 Neo Rluc were electroporated as previously 

described (Wilson et al., 2011) with 60 pmol of either a specific siRNA that knocks down HCV or 

with a control siRNA that does not knockdown replication. After electroporation, 10% of the cells 

were plated in a well of a 6-well dish and luciferase activity was assayed 3 days post-

electroporation. Percent knockdown was calculated based on luciferase levels exhibited in cells 

treated with the HCV specific siRNA/control siRNA. The remaining 90% of the cells were grown 

in a 10 cm dish for selection and then expanded to a 15 cm dish until confluent all in the presence 

of G418. Selection and expansion normally took about 14 days. Following expansion, 25% of the 

cells were harvested in Trizol for RNA extraction and eventual sequencing of the HCV 5′UTR 

population, 25% were cryofrozen, 25% were electroporated with 60 pmol of the same siRNA used 

in the previous electroporation and 25% were electroporated with 60 pmol of a control siRNA. 

Again, 10% of the electroporated cells were plated for luciferase assay 3 days post-infection and 

the remaining cells were selected and expanded in the presence of G418. Knockdown efficiency 

was calculated as the luciferase expression in cells electroporated with the HCV-specific 

siRNA/luciferase expression in cells electroporated with the control siRNA. The process of siRNA 

electroporation and selection was repeated seven times. For si18-36, si19-37 and siJFH-1 6367 

three independent selections were done. 
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4.6.7. Luciferase assay 

 Luciferase levels within the lysate were measured by using Firefly, Renilla, or Dual 

luciferase kits (Promega, Madison WI, USA). Cells were washed two times in Dulbecco’s 

phosphate-buffered saline then lysed with 100 μl of passive luciferase lysis buffer and light 

emission was measured by using a Glomax 20/20 Luminometer (Promega, Madison WI, USA). 

The luciferase assays were performed as suggested by the manufacturer’s protocols. 

 

4.6.8. RNA purification 

Cells were harvested into 1 ml of Trizol and total cellular RNA was isolated using the 

suggested manufacturer’s protocol (Life Technologies, Burlington, ON, Canada). 

 

4.6.9. Sequencing of the miR-122 binding region of HCV 5′UTR 

Purified RNA was reverse transcribed to cDNA using iScript select cDNA synthesis kit 

(Bio-Rad Inc., Missassauga, ON, Canada) and the manufacturer’s recommended protocol with the 

addition of a specific J6/JFH-1 Neo Rluc reverse transcription primer 

TGTTGTGCCCAGTCATAGCCC. The cDNA was then amplified using Herculase II Fusion 

DNA Polymerase (Agilent Technologies, Santa Clara, CA, USA) and the suggested 

manufacturer’s polymerase chain reaction (PCR) protocol. The primers used for amplification 

were: forward primer GAATTCTAATACGACTCACTATAGACCTGCCCCTAATAGG and 

reverse primer GAACCTGCGTGCTGCAATCCATC. The forward primer was designed to anneal 

directly to the 5′ terminus of the HCV genomic RNA and contains additional sequence of an EcoR1 

site and a T7 promoter. The PCR products were gel purified using Qiaquick Gel Extraction Kit 

(Qiagen, Toronto, ON, Canada). The purified PCR product was ligated into pCR™-Blunt II-

TOPO® vector using Zero Blunt TOPO PCR Cloning Kit (Invitrogen) according to the 

manufacturer’s recommended protocol, then electroporated into electro-competent TOP-10 cells 

and incubated overnight at 37°C on LB + 50 μg/ml Kanamycin plates. The next day, individual 

colonies were picked and sequenced (National Research Council of Canada’s Plant Biotechnology 

Institute Sequencing Core, Saskatoon SK). All sequences where analyzed using Clone Manager 

software. 
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4.6.10. RNA structure prediction analysis 

RNA structure predictions were done using the RNA prediction software ‘RNAstructure’ 

available to download from the Matthews lab at https://rna.urmc.rochester.edu/index.html (Reuter 

and Mathews, 2010). Dot-bracket files were generated using the RNA fold command in 

RNAstructure and then VARNA (VARNA GUI applet) was used to generate the folded RNA 

images from the dot-bracket files (Darty et al., 2009). 

 

4.6.11. Transfection or electroporation of Huh-7.5 cells for transient HCV replication assays 

Huh-7.5, miR-122 KO Huh-7.5 cells or Ago2 KO Huh-7.5 cells were either co-transfected 

or co-electroporated with varying amounts of HCV RNA, siRNA, miRNA or anti-122 depending 

on the experiments. For transfections, Huh-7.5 or miR-122 KO Huh-7.5 cells were transfected 

with 2.5 μg of viral RNA and 20 pmol of siRNA or miRNA as needed using Lipofectamine 2000 

and the recommended manufacturer’s protocol (Life Technologies, Burlington, ON, Canada). 

Cells were harvested 2 days post-transfection for luciferase assays. For time-course analyses of 

HCV replication Huh-7.5, miR-122 KO or Ago2 KO cells were co-electroporated with 5 μg of 

HCV RNA, 60 pmol of siRNA, 60 pmol miRNA and 60 pmol of anti-122 as needed. In all cases, 

the amount of HCV RNA and small RNAs added were equivalent and, if needed, the reactions 

were balanced by adding siControl, miControl or anti-124. Following electroporation, equal 

numbers of cells were plated in each well of a 6-well tissue culture plate and harvested for 

luciferase assay 2 h and 1–3 days post-electroporation. 

 

4.6.12. Generation of Ago2 knockout Huh-7.5 cells 

To generate Ago2 KO Huh-7.5 cells we used the CRISPR-Cas9 system derived from 

Streptococcus pyogenes essentially as previously described (Ran et al., 2013). We constructed the 

sgRNA plasmid by ligating an oligo pair encoding the Ago2-specific 20-nt guide sequence 

(GCGTGTTACGTTTGGTGAC) into pSpCas9(BB)-2A-GFP. Cells were transfected with 

Lipofectamine 3000 (Life Technologies, Burlington, ON, Canada) following the manufacturer’s 

recommended protocol, and 48 h later they were fluorescence-activated cell sorting sorted for GFP 

expression. Single-cell clones were obtained by dilution cloning. Cell clones containing 

insertions/deletions (indels) in their genomes were identified based on undetectable Ago2 
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expression, as assessed by western blot analysis, and gene editing was confirmed by Sanger 

sequencing of a PCR product of the Ago2 gene region using the following primers (Forward: 

AAGAGGGAGAGAGAGCCTGG, Reverse: CTTGTAGGTGAGACGGACCC). 

 

4.6.13. Western blot 

Ago2 immune detection was performed as previously described (Thibault et al., 2015). The 

nitrocellulose membranes were probed with the primary anti-Ago2 rat monoclonal antibody clone 

11A9 (EMD Millipore, Germany) and an IRDye 680RD-conjugated goat anti-rat secondary 

antibody (Mandel Scientific; Guelph, ON, Canada) and then imaged with the Li-Cor Odyssey 

Classic (Mandel Scientific). 

 

4.6.14. HCV genome stability assay and northern blot 

The RNA stability assay was performed as previously described (Sedano and Sarnow, 

2014). A total of 8 × 106 Ago2-knockout Huh-7.5 cells were electroporated with 10 μg of J6/JFH-

1 Rluc GNN viral RNA. Cells from one electroporation were plated on a 10 cm plate and incubated 

at 37°C. Total RNA was harvested at 0, 30, 60 and 120 min after electroporation, using Trizol 

(Thermo Fisher Scientific) as recommended by the manufacturer. HCV RNA was detected by 

northern blot, as described by Wilson et al. (Wilson et al., 2011). The probes used were a 3 kbp 

BamHI-to-EcoRV fragment of the pJ6/JFH-1 Rluc plasmid to probe for HCV RNA and a 0.4 kbp 

γ-actin fragment complementary to nucleotides 685–1171 of γ-actin cDNA. Membranes were 

exposed overnight on a phosphorscreen and scanned using a Phosphoimager (Typhoon, GE 

Healthcare Life Sciences). Band density was quantified using Image Lab v5.2.1. 

 

4.6.15. Statistical analysis 

All data are displayed as the mean of three or more independent experiments, and error 

bars indicate standard deviation of the mean. Statistical analysis was performed using Graph Pad 

Prism v7. 
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4.7. Results 

4.7.1. Selection of siRNA-escape mutants  

The HCV 5′ UTR terminal sequence is highly conserved between different genotypes, particularly 

the sequence from nucleotides 1 to 42, which includes the 5′ terminus, SL1, and nucleotides up to 

the beginning of SL2 (Figure 4.1A) (Fricke et al., 2015). The conservation of this region is believed 

to be because it is the annealing site for miR-122 (Figure 4.1) (Jopling et al., 2005, 2008), and thus 

it is required for efficient HCV replication, and also because of the essential role of the 

complementary sequences which encodes the 3′ terminus of the negative strand and the promoter 

for positive stranded RNA genome replication (Friebe and Bartenschlager, 2009). Because point 

mutations in this region frequently lead to the generation of viruses having a null replication 

phenotype that provides little mechanistic insight we used siRNA knockdown and virus evolution 

of escape mutants as a method to select for replication competent viruses having 5′ UTR mutations. 

If this region was intolerant to point mutations then we would have expected to identify no viable 

mutant and would have confirmed this region as a potential target for siRNA-based HCV 

therapeutics. Alternatively, if this region is tolerant to sequence changes we expected them to 

modulate HCV replication by modifying 5′ UTR RNA structures, 3′ UTR RNA structures or miR-

122 annealing, and provide mechanistic insight into the role of this region and its sequence 

conservation in the virus life cycle.  

To isolate and characterize viable viruses having point mutations in the 5′ UTR we used 

siRNA knockdown to pressure the selection of point mutations. For this method, three siRNAs 

that target between nucleotides 18 and 43 were designed using standard online siRNA design tools 

that predict the best potent target sites (Figure 4.2A). In transient suppression assays, all three 

siRNAs knocked down luciferase expression from a reported plasmid encoding a luciferase gene 

having the HCV 5′ UTR sequence in its 3′ UTR (Jopling et al., 2008) (Figure 4.2B). In transient 

HCV replication assays, two of the siRNAs, si18-36 and si19-37 also efficiently knocked down 

HCV replication (Figure 4.2C). 

To select for HCV genomes having point mutations between nucleotides 18 and 37 we 

used si18-36 and si19-37 to knockdown HCV and in control selections we used si6367, an siRNA 

that targets a sequence within the NS5B coding sequence and it is known to induce selection of 

escape mutants, and siControl, an siRNA that does not target the HCV genome (Wilson and 

Richardson, 2005). Cells stably harboring a G418-selectable full-length HCV replicon RNA 
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(Figure 4.3A) were electroporated with 5′ UTR targeting siRNAs, si6367 or control siRNAs and 

then grown in G418 to select for cells in which the siRNA had not depleted the HCV replicon, and 

thus may have contained point mutations within the siRNA target site. Cells electroporated with 

si18-36, si19-37 or si6367 recovered to numbers sufficient for the next round of siRNA 

electroporation after about 14 days. The knockdown and selection process was repeated seven 

times and took about 3 months to complete (7 × 14 = 98 days).  

The stable HCV replicon RNA also expresses Renilla luciferase and allowed us to monitor 

HCV replication knockdown during each round of knockdown and selection. To assess 

knockdown efficiency at each round of selection we compared the luciferase expression in cells 

electroporated with the HCV-specific siRNA with luciferase levels in the same cells that had been 

electroporated with siControl (Figure 4.3B–D, left panel). Based on Rluc expression, cells treated 

with si6367 exhibited reduced replicon RNA knockdown efficiency over the course of the 7-

siRNA treatment/G418 selections (Figure 4.3D, left panel), indicating that resistant mutants were 

being selected. By contrast, Rluc expression from cells selected using the 5′ UTR targeting siRNAs 

was still efficiently reduced even after seven rounds of treatment (Figure 4.3B and C, left panel) 

and suggested that either mutations were not being generated, of they did not provide detectible 

knockdown resistance. Sequence analysis of the 5′ UTR region confirmed that in spite of the lack 

of evidence of resistance, the selection generated a variety of viruses having point mutations in the 

5′ UTR (Figure 4.3B and C, right panel). 

We sequenced 268 5′UTR cDNA clones from cells selected with si18-36, and 65 of them 

had point mutations within the siRNA target sequence. In cells selected with si19-37, 22 cDNA 

out of 173 clones sequenced had mutations to the target sequence. Since si19-37 exhibited less 

potent knockdown of HCV, we expected fewer escape mutants. Point mutations were seen 

elsewhere within the 5′UTR but our analysis focuses only on those at or near the siRNA target 

sites of the 5′ UTR terminus, within nucleotides 13–45. The sequences of all of the 5′ UTRs 

selected are available from the Dryad Digital Repository: https://doi.org/10.5061/dryad.1vn0f13. 

In total, 30 different mutant 5′ terminal sequences were identified, including many having point 

mutations never observed in naturally occurring HCV sequences (Supplementary Figures S1A-B 

and S2A-B). Since our screen was designed to select for replication competent viruses, these data 

suggest that the 5′ terminal region can tolerate more mutations than the high level of sequence 

conservation might suggest. 
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Our analyses of the mutants focused on assessing their impact on viral replication, miR-

122 annealing, and predicted structures of 5′ and 3′ UTR RNA structures. We used structure 

prediction programs to analyze the structure of the 5′ terminal sequences in the presence and 

absence of miR-122, and of the 3′ genome terminal sequences of the complementary strand (Figure 

4.4). For the 5′ UTR we focused on the 5′ 117 nt that comprise SLI and SLII (Figure 4.1). RNA 

Structure algorithms predicted that this region will form a non-canonical structure in the absence 

of miR-122 (Figure 4.4A) and that miR-122 annealing promotes a transition to the canonical 

structure (Figure 4.4B). The non-canonical structure retains SLI, but SLII, a structure required for 

HCV IRES activity, is not predicted to be formed in the four lowest free-energy predicted 

structures. Instead this region was predicted to form a longer stem-loop structure. The predicted 

structure of 3′ terminus of the wild-type negative genomic strand genome is shown in Figure 4C 

and matches that published previously (Friebe and Bartenschlager, 2009). Thus, we hypothesize 

that miR-122 annealing modifies the 5′ UTR structure to generate a canonical structure required 

for HCV RNA accumulation, and we have used this model to interpret the impact of the point 

mutations on HCV replication. 

To assess the impact of the point mutations on HCV replication we cloned the 30 unique 5′ UTR 

sequences into full-length mono-cistronic HCV genomes J6/JFH-1(p7-Rluc2A) (Figure 4.1D). 

J6/JFH-1(p7-Rluc2A) also expresses a Renilla luciferase reporter gene that was used to assess 

HCV RNA accumulation. Each mutant’s replicative efficiency and resistance to siRNA 

knockdown was analyzed by transfecting in vitro transcribed viral RNA into Huh-7.5 cells with or 

without si18-36 or si19-37, and luciferase expression was assessed on day 2. For selected mutants, 

the RNAs were also electroporated into Huh-7.5 or miR-122 KO Huh-7.5 cells with different small 

RNAs and luciferase expression was assessed in a time course at 2 h, and on days 1, 2 and 3 post-

electroporation (Supplementary Figures S3–5). 
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Figure 4.2. siRNA target sites and knockdown efficiency. (A) The sequences and target sites of 
the guide strand of the siRNAs used in this study. (B) The mRNA translation suppression assay 
results and (C) HCV knockdown efficiency of the siRNAs.
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Figure 4.3. The RNA construct, knockdown efficiency and mutants isolated during the 
siRNA-directed mutagenesis method. Cells harboring the HCV bicistronic full length replicon 
RNA (stably expressed cells) shown in (A) were repeatedly electroporated with si18-36, si19-37 
or si6367, and selected with G418 to pressure the selection of siRNA escape mutants. (B–D) 
Luciferase expression was assessed 3 days after siRNA electroporation for each iteration of the 
selection process to detect the evolution of knockdown resistance (left panel). Following seven 
rounds of knockdown and selection, the 5′ UTR sequence was amplified, cloned and sequenced. 
The sequence and incidence of mutations within the 5′ targeted site is shown for each siRNA used 
(right panel).
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Figure 4.4. In silico RNA structure analysis of the 5′ UTR region of the HCV genome. RNA 
Structure prediction algorithms were used to predict the lowest free energy structures formed by 
the wild-type 5′ UTR sequence in the absence (A) or presence (B) of miR-122, and the 
complementary strand at the 3′ terminus (C).
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4.7.2. The effects of mutations to evolutionarily variable nucleotides.  

Our analysis will start by focusing on the impact of point mutants at evolutionarily non-

conserved nucleotide positions on HCV replicative fitness (Figure 4.5). Based on sequences of 

natural virus isolates of different HCV genotypes, the nucleotides at positions G28, G33 and A34 

varies between a G or A (Figure 4.1) and this is likely the case since it retains a G-C or C-U base 

pairing in the structure of the 3′ end of the negative strand (Figure 4.5A, right structure). In our 

mutagenesis experiment, a G or A was selected at each of these positions (G28A, G33A and 

A34G), but other nucleotides were also accommodated (Figure 4.5A). Position G33 could 

accommodate an A, C or a deletion and position A34 could accommodate a C or G, and retain 

replication efficiency within 10-fold of wild type virus (Figures 4.5A and B). In addition, position 

G28 could accommodate all possible nucleotides, including a deletion, and G28U, G28C and 

G28Del replicated within 20-fold of the wild-type virus at day 2 after transfection and in a time 

course after electroporation (Figure 4.5A and B, and Supplementary Figure S3). All of these 

mutants were predicted to form the canonical 5′ UTR RNA structure in the presence of miR-122 

(data not shown), and all of these mutants replicated to levels equivalent or near wild type in miR-

122 knockout cells after supplementation with exogenous miR-122 (Supplementary Figures S1 

and 3). This observation suggests that higher levels of miR-122 can rescue the replication defect. 

This is similar to a previous report that efficient replication of a virus having a G at position 28 

required higher levels of miR-122 than a virus having an A (Israelow et al., 2014) and supports 

the notion that these nucleotides may influence miR-122 annealing. 
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Figure 4.5. Sequences of 5′UTR and transient replication assays of full length viral RNA 
having mutations to evolutionarily variable sites in siRNA target regions. (A) Sequence 
mutations are shown aligned with the canonical 5′ UTR in the presence of miR-122, and the 
complementary mutations in the structure of the negative strand 3′ terminus. (B) Transient HCV 
replication assay analysis of the mutant virus RNA in wild-type Huh-7.5 cells. Luciferase 
expression was measured as a proxy for genome amplification in cells transfected with full length 
HCV genomic RNA carrying a luciferase reporter gene and the indicated mutation. Data are the 
average of three independent transfections and error bars represent the standard deviation. The 
differences in replication fitness of the mutant viruses versus wild-type (miControl) at each time 
point was analyzed by one-way ANOVA and P-values are indicated as follows * 0.05 to 0.005, ** 
0.005 to 0.0001 and ***<0.0001. No notation indicates no significant difference. 
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4.7.3. The effects of mutations to conserved nucleotides  

In addition to point mutations at evolutionarily variable sites, we also observed a large 

number of point mutations at sites on the HCV 5′UTR that are found to be conserved between 

HCV genotypes (Figures 4.1, 4.3 and 4.6A). As expected, viruses having mutations to conserved 

sites exhibited reduced replication efficiency compared to wild-type virus, and replication of these 

mutants was generally lower than that seen for viruses having mutations at evolutionarily variable 

sites, but in all cases the predicted structure of the 5′ UTR in the presence of miR-122 annealing 

matched the canonical structure (data not shown). The point mutations isolated include ones within 

miR-122 seed region of S1, (nucleotides 21–27), and in the auxiliary binding region associated 

with S2 (nucleotides 29 and 30) and thus would be predicted to affect miR-122 annealing (Figure 

4.6A). Mutant RNAs with the highest replication capacity (equivalent to, or within 10-fold of wild-

type), U25C, C26A, C27A, C29Del/G28A, C29U, C30U/A34G and A31U (Figure 4.6B; 

Supplementary Figures S4 and 5) all had sequence changes within the predicted miR-122 

annealing region and thus would affect miR-122 annealing (Figure 4.6A). Reduced replication of 

these viruses was likely due to impaired miR-122 annealing, and this notion is supported by the 

fact that exogenous miR-122 can rescue the defect (Supplementary Figures S2, 4.4 and 4.5). C29U 

replicated equivalently to wild-type, probably because miR-122 annealing would be preserved via 

U:G (instead of a U-A) base-pairing between the virus and the miRNA (Figure 4.6A). However, 

other nucleotide changes within miR-122 seed binding S1, C26Del, C26U and C27G had a greater 

negative impact on replicative fitness (Figure 4.6B) and could not be rescued by providing 

exogenous miR-122 (Supplementary Figures S2, 4 and 5). The sequence modification C26U 

would preserve miR-122 annealing at this position via a U:G pairing (instead of a C-G) but would 

also introduce a sequence mismatch in the 3′ UTR structure on the complementary strand (Figure 

4.6A, G26A in the complementary strand). In fact, the mutations causing greatest effect on 

replication capacity, C26U, C26Del and C27G were predicted to weaken the RNA structures on 

the 3′ end of the complementary strand, while C26A and C27A, which replicated to higher levels 

could maintain the structure via U-A annealing with adjacent residues (Figure 4.6A, right figure 

shown with arrows). However, not all mutant phenotypes could be explained. The mutation A35G 

is not predicted to affect miR-122 annealing or the predicted RNA structures but has a strong effect 

on replication capacity and can be rescued by exogenous miR-122. Thus, maintaining the structure 
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of the 3′ terminal region and miR-122 annealing both appear to pressure the maintenance of the 

primary sequence of the 5′ UTR, but additional functions may also exert pressure. 

 

 
 

Figure 4.6. Sequence and transient replication assays of full length viral RNA having 
mutations to evolutionarily conserved sites in siRNA target regions. (A) Sequence mutations 
are shown aligned with the canonical 5′ UTR in the presence of miR-122, and the complementary 
mutations in the structure of the 3′ terminus. (B) Transient HCV replication assay analysis of 
mutant full length viral RNA in wild-type Huh-7.5 cells. Luciferase expression measured 2 days 
post-transfection was used as a proxy to assess viral genomic RNA amplification in cells 
transfected with full length HCV genomic RNAs harboring a luciferase reporter gene and the 
indicated mutation. Data are the average of three independent transfections and error bars represent 
the standard deviation. The relative replication fitness of the mutant viruses versus wild-type 
(siControl) was analyzed by one-way ANOVA and P-values are indicated as follows * 0.05 to 
0.005, ** 0.005 to 0.0001 and ***<0.0001. ns = not significant 
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4.7.4. Mutant viruses capable of miR-122-independent replication 

Analysis of mutant RNA replication in miR-122 knockout Huh-7.5 cells showed that many 

of the virus mutants could replicate in the absence of miR-122 (Supplementary Figures S1–5). 

Data for virus mutants exhibiting luciferase expression levels over 105 arbitrary luciferase units in 

the absence of miR-122 are compiled in Figure 4.7. The location of the mutations is listed in Figure 

7A, and a time course showing their replication in miR-122-knockout cells with and without miR-

122 is shown in Figure 7B. A previous report identified that viruses having the mutations G28A, 

U25C and a triple mutant U4C/G28A/C37U could replicate without miR-122, with variable 

efficiency and a recent report identified that mutations at miR-122 S2 to GGCGUG could replicate 

without miR-122 (Israelow et al., 2014; Yu et al., 2017). Our experiments also selected mutants 

G28A, and U25C and we have confirmed their ability to replicate without miR-122. In addition to 

G28A, we have also identified that viruses having any nucleotide change (including a deletion) at 

position 28, G28C, G28U and G28Del, can replicate without miR-122. miR-122-independent 

replication of the G28 series of mutants was confirmed in Huh-7.5 cells in which miR-122 was 

antagonized (anti-122) (Supplementary Figure S3). We also identified the novel mutants 

C30U/A34G, and C26Del that can replicate without miR-122 but more poorly than the G28 series 

of mutants. Analysis of C30U and A34G single mutants indicated that both mutations were 

required for detectable miR-122-independent replication (data not shown). 

To interpret the impact of the mutations on HCV RNA accumulation in miR-122 knockout 

Huh-7.5, we have considered the potential impact of the mutation on the predicted structures of 

the 5′ terminal region of the viral genomic RNA in the absence of miR-122 (Figure 4.7C). 

Interestingly, the lowest or second lowest free-energy structure predicted for mutant 5′ UTR 

sequences capable of miR-122-independent replication matched the canonical 5′ UTR structure, 

and the ability to form this structure correlated with the ability of a mutant to replicate in the 

absence of miR-122. Specifically, for many of the mutants that exhibited the highest miR-122-

independent replication: U25C, G28Del, G28C and the triple mutant U4C/G28A/G37U, the 

canonical 5′ UTR structure was the lowest free-energy structure predicted, and for mutants that 

replicated the poorest in the absence of miR-122: C30U/A34G and C26Del, the canonical structure 

was the second or third lowest free energy structures. 
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Notably, our mutagenesis method did not include specific pressure to select for replication 

in the absence of miR-122, since it was performed in Huh-7.5 cells that express miR-122, but still 

identified many mutant viruses that replicated independent from miR-122. This suggests that 5′ 

UTR mutations that retain replicative fitness also frequently enable miR-122-independent 

replication, and that siRNA-directed mutagenesis is an efficient method to identify mutant viruses 

capable of miR-122-independent replication. In addition, only viruses having a G at position 28, 

the most common nucleotide found at this site and in wild-type JFH-1, were incapable of miR-

122-independent replication. That most wild-type HCV genomes preserve 5′UTR sequences that 

do not support miR-122-independent replication suggests there may be selective pressure opposing 

the evolution of miR-122-independent variants during natural HCV infections. 
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Figure 4.7. Sequence and replication analysis of viruses capable of miR-122-independent 
replication. (A) The 5′ UTR sequences of viruses capable of miR-122-independent replication. 
(B) Time course analyses of replication of these mutants in miR-122 knockout cells following co-
electroporation with the indicated miRNAs (miR-122 or miControl). Data are the average of three 
independent transfections or electroporations and error bars represent the standard deviation. 
Significant differences in miR-122-independent replication of the mutants versus wild-type RNAs 
were calculated using Student’s t-tests for (B) and P-values are indicated as follows * 0.05 to 
0.005, ** 0.005 to 0.001, *** 0.001 to 0.005, and, ****<0.0005, no notation indicates no 
significant difference. (C) RNA structure predictions for the 5′ UTR sequences in the absence of 
miR-122. The four lowest free energy structures are shown. 
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4.7.5. Mutants whose replication was promoted by the siRNAs 

 In addition to identifying viruses that could replicate without miR-122, we also identified 

that the replication of mutant viruses C26U, C26Del and C27G was augmented by siRNAs (Figure 

4.6). Promotion of HCV replication by siRNAs was examined further in miR-122-knockout cells; 

a sensitive method that removes miR-122 induced replication and thus allows for sensitive 

assessment of replication promotion by the siRNA (Supplementary Figures S1–5). Replication 

data in miR-122 KO cells of viruses whose replication was promoted by the siRNAs is compiled 

in Figure 8A. The most potent example of this was mutant C26U. C26U exhibited low replicative 

fitness in Huh-7.5 cells and in miR-122 KO cells even in the presence of miR-122, but replication 

was rescued to wild-type levels after providing exogenous si18-36 (Figures 4.6B and 4.8A, C26U, 

compare +miR-122 or +siControl with +si18-36). These data suggested that HCV could usurp the 

siRNA to promote HCV replication as a miR-122 mimic. 

 Replication of C26U was the most potently stimulated by si18-36 and reached levels 

equivalent to that of wild-type virus with miR-122 (Figure 4.8A). The phenotype of this mutant is 

unexpected for a few reasons. This mutation is predicted to weaken the RNA structure of 

complementary 3′ terminal strand (Figure 4.6A) yet annealing of the siRNA can rescue this 

phenotype (Figure 4.8B). Also, this mutation introduces a U:G mismatch during annealing of 

either miR-122 or the siRNA, however, replication of this mutant was promoted potently by the 

siRNA but weakly by miR-122 (Figure 4.8C–E). Thus, annealing of miR-122 appears intolerant 

to U:G base pairing but it is tolerated during si18-36 annealing and suggests that factors other than 

simply annealing strength affect the promotion of replication directed by small RNAs. The 

inefficient use of miR-122 by C26U likely explains its poor replication fitness in Huh-7.5 cells 

and suggests that replication promotion by si18-36 led to its maintenance during the selection for 

siRNA resistance mutants. 

 The viruses that usurped the siRNAs as miR-122 mimics had point mutations between 

nucleotides 20 and 28 (Figure 4.8D), but both si18-36 and si19-37 could also enhance replication 

of the wild-type virus in miR-122 knockout cells (Figure 4.8A). Thus, perfect match small RNAs 

can function as miR-122 mimics on both wild-type and mutant genomes to promote virus 

replication, but are more efficient mimics on mutant viruses. Because the mutations that permitted 

efficient use of si18-36 to promote HCV replication were near the centre of the siRNA target site, 
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(Figure 4.8B) and, Ago2 requires perfect or near perfect complementarity particularly at the centre 

of the siRNA, we hypothesized that replication promotion by the siRNA might be based on 

attenuation or loss of RNAi-based RNA cleavage via incorporation of nucleotide mismatches (Du 

et al., 2005). This hypothesis was supported by data suggesting that the siRNAs can both promote 

and knockdown mutant virus replication depending on whether miR-122 is present or absent. For 

example, replication of C26U was knocked down by si19-37 in Huh-7.5 cells and promoted by 

this siRNAs in miR-122 KO cells (Figure 4.8B and C). Similarly, si19-37 knocks down wild-type 

HCV in the presence of miR-122 (Figure 4.6A) and promotes replication of wild-type HCV in the 

absence of miR-122 (Figure 4.8A). This suggests that the siRNAs can simultaneously both 

knockdown and promote HCV replication. Knockdown is more apparent during robust replication 

in the presence of miR-122 and promotion is more evident in the absence of miR-122. To test this 

hypothesis we assessed the replication promotion or knockdown of mutant viruses using a 

modified version si18-36 that had a sequence change that reinstates a perfect match with C26U 

(si18-36-C26U). In transient replication assays si18-36-C26U knocks down HCV C26U but this 

was only apparent when assessed in the context of robust C26U replication when promoted by 

si18-36 (Figure 8E, compare C26U+si18-36 with C26U+si18-36+si18-36-C26U). However, 

reinstating a perfect match between viral mutant C26U and si18-36-C26U did not abolish 

replication promotion of HCV C26U by si18-36-C26U (Figure 4.8E, compare C26U+siControl 

with C26U+si18-36-C26U) and further supports the notion that perfect match siRNAs can both 

promote and knockdown HCV replication. At last, we show that si18-36-C26U can promote 

replication of wild-type virus (Figure 4.8F) and that knockdown of G33C, can be reinstated by 

providing a perfect match version of si18-36 (Supplementary Figures S6). Thus, perfect match 

siRNAs can both knockdown and promote HCV replication and appear to be acting as miR-122 

mimics. In addition, mutations that reduce siRNA knockdown enhance the ability of an siRNA to 

promote virus replication and improve the ability of the siRNA to mimic miR-122 in cell culture. 

This suggested that siRNA annealing can mimic the mechanism of HCV replication promotion by 

miR-122 as long as siRNA knockdown is abolished and suggests that HCV can adapt to use small 

RNAs other than miR-122. This finding is a caveat for the use of siRNAs targeting the 5′terminus 

as an HCV therapeutic. 
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Figure 4.8. Sequence and replication analysis of viruses whose replication was promoted by 
the siRNA used in the mutation selection method. Viruses selected by si18-36 or si19-37 were 
tested for promotion by their respective selection siRNA. (A) Viruses whose replication was 
promoted by si18-36 and si19-37 when miR-122 was absent. The indicated viral RNAs were co-
transfected with either si18-36, si19-37 or siControl into miR-122-knockout Huh-7.5 cells and 
replication was assessed based on luciferase expression. (B) The 5′ UTR sequences of viruses 
whose replication was promoted by si18-36 or si19-37, and the specific annealing between si18-
36 and C26U are shown. (C–E) Time course analysis in wild-type and miR-122-knockout cells of 
C26U with various small RNAs. C26U RNA was co-electroporated into (C and E) wild-type or 
(D) miR-122-knockout Huh-7.5 cells with the indicated miRNA, siRNA or miR-122 antagonist 
(anti122). (F) Time course analysis of WT HCV RNA in miR-122-knockout cells with the 
indicated small RNAs. 
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4.7.6. siRNAs promote wild-type HCV replication in Ago2 knockout cells 

 To test the hypothesis that siRNAs can promote HCV replication as a miR-122 mimic, we 

aimed to abolish knockdown by using Ago2 knockout cells and hypothesized that the siRNAs will 

only promote in this context. Ago2 knockout Huh-7.5 cell lines were generated using 

CRISPR/Cas9 technology and two cell lines were confirmed to be homozygous Ago2 knockouts 

by sequencing, and western blot analysis (Figure 4.9A and B). HCV replication in these cell lines 

was about 5-fold less efficient than in wild-type Huh-7.5 cells lines (Figure 4.9C) indicating that 

Ago2 is not essential for, but promotes HCV replication, presumably through mediating the role 

of miR-122 in promoting HCV replication. That HCV grows relatively well in Ago2 knockout 

cells suggests that the other Ago isoforms (Ago1, 3 and/or 4) present in Huh-7.5 cells can also 

mediate efficient HCV promotion by miR-122. 

To assess whether the siRNAs can stimulate HCV replication in Ago2 knockout cell lines 

we compared the effects of the siRNAs on a time-course of HCV replication in wild-type Huh-7.5 

cells and in Ago2 knockout cells. In wild-type Huh-7.5 cells the siRNAs reduced HCV replication 

by about 10-fold (Figure 4.9D), and in Ago2 knockout cells, si18-36 failed to knock-down HCV 

replication, and si19-37 increased HCV replication (Figure 4.9E) by about 10-fold. These 

experiments indicate that si19-37 can augment HCV replication in Ago2 knockout cells, even in 

the presence of miR-122. 

To test the impact of the siRNAs in HCV replication in Ago2 knockout cells in the absence 

of miR-122 we used a miR-122 antagonist (anti-122) to block miR-122 and abolish HCV 

replication (Figure 4.9F). When si18-36 or si19-37 was added to samples in which miR-122 had 

been antagonized, HCV replication was restored to wild-type (si18-36) or greater than wild-type 

levels (si19-37) (Figure 4.9F). In addition, si21-43, an siRNA that showed less potent knockdown 

ability, also promoted HCV replication, but less than either si18-36 or si19-37, suggesting that 

replication promotion may correlate with siRNA knockdown ability and may be influenced by 

efficiency of Ago incorporation. We cannot eliminate the potential for the small RNAs to target 

host mRNAs and have indirect effects on HCV replication. However, any indirect effects are 

expected to be minor since the cellular mRNA targets of si18-36, si19-37 and si21-36 predicted 

by using miRDB (http://www.mirdb.org, data not shown) (Wong and Wang, 2015) do not overlap, 

and a virus having a mutation to the seed sequence of si18-36, G33C, is no longer promoted 

efficiently by si18-36 but is potently promoted by an siRNA having a mutation to reinstate 
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annealing, si18-36 C33G (Figure 4.9G). Finally, all three of the small RNAs are predicted to 

induce the canonical 5′ UTR structure (Figure 4.9H). These data confirm that the 5′ UTR targeting 

siRNAs that are predicted to induce the canonical structure can promote wild-type HCV replication 

when Ago2 cleavage is abolished, and 2 of the 3 siRNAs tested could promote with equal or greater 

efficiency than miR-122. Thus, perfect match small RNAs that target the 5′UTR can promote HCV 

replication as efficiently as miR-122 if RNA cleavage is abolished and indicates that the specific 

annealing pattern formed during miR-122 annealing is not required for the mechanism of 

replication promotion. 
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Figure 4.9. Wild-type HCV genomic RNA replication is promoted by 5′ UTR targeting 
siRNAs in Ago2 knockout Huh-7.5 cells. (A and B) Show the sequence and western blot data 
confirming the knockout of the Ago2 gene in two independent cell lines generated using 
CRISPR/Cas9 technology. Ago2 knockout Huh-7.5 cells line A4 were co-electroporated with 
wild-type or G33C HCV RNA and the indicated small RNAs and miR-122 antagonist (anti-122) 
or control antagonist (anti-124). (C) Time course transient replication assay of wild-type HCV 
RNA in Ago2 knockout Huh-7.5 cell lines. Time course transient replication assay of the impact 
of the siRNA on wild-type HCV RNA in wild-type Huh-7.5 cells (D) and Ago2 knockout Huh-
7.5 cells (E). (F) Shows potent siRNA stimulation of transient replication of wild-type HCV RNA 
in Ago2 knockout Huh-7.5 cells when miR-122 activity is abolished by using a miR-122 antagonist 
and (G) shows potent stimulation of transient replication of G33C by si18-36 G33C in Ago2 
knockout cells when miR-122 activity is abolished. 
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4.7.7. 5′ UTR targeting siRNA, si19-37 stabilizes the HCV genome 

 Part of the mechanism by which miR-122 promotes the HCV life cycle is by stabilizing 

viral genomic RNA (Shimakami et al., 2012a) and the mechanism of stabilization is believed to 

be mediated by the double stranded 5′ RNA terminus and a 3′ RNA overhang generated by miR-

122 annealing, which is proposed to mask the uncapped 5′ RNA end from cellular 

pyrophosphatases and the exonuclease Xrn1 (Amador-Cañizares et al., 2018b; Machlin et al., 

2011; Shimakami et al., 2012b). Since si19-37 does not anneal to the 5′ terminus nor generate a 3′ 

overhang then these features are not required for small RNA mediated life-cycle promotion. 

However, this also indicates that either the overhang is not required for HCV genome stabilization 

or that si19-37 may not stabilize the HCV genome. To investigate this further, we assayed HCV 

RNA genome stabilization by si19-37 annealing. Non-replicative HCV RNA (GNN) was co-

electroporated into Ago2 knockout cells with and without si19-37 to assess the impact on stability. 

The activity of miR-122 was inhibited by co-electroporating a miR-122 antagonist (anti-122). 

Northern blot analyses of the RNA between 30 min and 2 h post-electroporation showed 

stabilization of HCV RNA by si19-37 at 30 min post-electroporation, even when compared with 

samples without the miR-122 antagonist (Figure 4.10A and B). Thus si19-37 annealing stabilizes 

the HCV RNA, particularly at early time points. Moreover, small RNA annealing to the HCV 5′ 

terminus and generation of a 3′ overhang is not required for the HCV genome stabilization by 

small RNA annealing. This observation supports a model in which miR-122 or alternative small 

RNA annealing to the 5′ UTR stabilizes the HCV genome, perhaps by modifying terminal RNA 

structures or by recruiting proteins. 
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Figure 4.10. si19-37 annealing stabilizes HCV genomic RNA in Ago2 knockout cells. Ago2 
cells were elecroporated with non-replicative HCV RNA and the indicated siRNAs and miRNA 
antagonists, anti-122 or the control anti-124. RNA was prepared from the cells at the indicated 
short term time points post-electroporation and probed for HCV and Actin RNA to evaluate HCV 
RNA stability. A representative northern blot analysis of an HCV RNA stability assay is shown in 
(A) and the quantification of three independent assays is shown in (B). 
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4.8. Discussion 

We have performed siRNA directed mutagenesis of the 5′ terminal sequence of the HCV genome, 

a region with high sequence conservation between HCV genotypes (Sagan et al., 2015). Our 

analysis focused on the 5′ terminal region and our constructs only included mutations located 

upstream of nucleotide 178. However, other point mutations were induced in the 5′ UTR and 

compensatory mutations may have been introduced elsewhere in the genome. In the future we plan 

to further analyze the mutants to identify possible mutations that may have compensated for 

mutations in the 5′ terminus and miR-122 binding sites. In addition, we speculate that the siRNA 

mutagenesis method also selects for general viral replication enhancing mutations, and could 

identify long range RNA–RNA interactions. Thus, we propose siRNA induced mutagenesis of 

viruses as a powerful method to investigate the functions of viral RNA sequences and structures. 

The 5′ terminal region contains two sites to which miR-122 binds to promote translation, 

genome stabilization and HCV RNA accumulation (Figure 4.1) (Wilson and Huys, 2013). This 

region is structured, associates with several host proteins (Sagan et al., 2015) and is the 

complementary sequence of the 3′ terminus of the negative strand that forms structures essential 

for genome replication (Friebe and Bartenschlager, 2009). The high sequence conservation of this 

region is linked to its essential multifunctional role. Our analysis of the mutant viruses supports a 

model for miR-122 promotion of the HCV life cycle in which miRNA annealing to the 5′ UTR, in 

conjunction with any Ago isoform, modifies the 5′ UTR structure to stabilize the viral genome and 

to promote HCV RNA accumulation (Figure 4.11). 

In silico RNA structure analysis predicts that the HCV 5′ UTR forms a non-canonical RNA 

structure in the absence of miR-122, and that miR-122 annealing promotes a transition to the 

canonical structure (Figure 4.4). We hypothesize that the structure transition stabilizes the genome 

and promotes the virus life-cycle. 5′ UTR mutagenesis studies support this hypothesis since several 

mutant genomes capable of miR-122-independent replication are predicted to form the canonical 

structure even in the absence of miR-122 (Figure 4.7). However, this model does not explain why 

a viral RNA with a sequence at miR-122 S2 to GGCGUG can replicate without miR-122 since 

this sequence is not predicted to form the canonical structure in the absence of miR-122 (Yu et al., 

2017). Thus, further research is required to confirm the structures of the HCV 5′ UTR in the 

presence or absence of miR-122. Others have attempted to interpret 5′ UTR RNA structures in the 

presence or absence of miR-122 by using Selective 2′-hydroxyl acylation analyzed by primer 
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extension (SHAPE) analysis, which can distinguish between RNA nucleotides that are free or 

base-paired, based on their accessibility to chemical modifiers (Mortimer and Doudna, 2013). 

These analyses show that the state of a few nucleotides correlate with the predicted structures, but 

the fact that most of the RNA is predicted to be double stranded in both the canonical and non-

canonical structures precludes the ability to identify induced changes. 

We found it interesting, that in our siRNA mutagenesis method si18-36 induced a more 

diverse set of mutants than did si19-37. Both of these siRNAs were equally active at suppressing 

translation of a luciferase reporter mRNA, suggesting that they are incorporated into Ago proteins 

efficiently. However, since si19-37 did not knock down HCV replication as potently as si18-36 it 

appears to induce weaker selection pressure. Inefficient HCV knockdown by si19-37 was likely 

due to the fact that it can both knock-down and promote replication of wild-type virus, while si18-

36 promoted wild-type virus replication poorly. Thus, we speculate that si19-37 may be 

preferentially incorporated into non-cleaving Ago proteins (Ago1, 3 or 4), and that si18-36 may 

be preferentially incorporated into Ago2 but this remains to be confirmed. 

We also found that the siRNA mutagenesis selected for mutants that could replicate in the 

absence of miR-122 even though the selection was done in cells that expressed miR-122 and thus 

lacked specific pressure to select for miR-122-independent HCV replication. Three of the 

mutations that allowed miR-122-independent replication, U25C, G28A and A34G, had been 

identified previously (Israelow et al., 2014) and five, C26Del, G28U, G28Del, G28C and 

C30U/A34G, were novel to this study. The variety and prevalence of miR-122-independent virus 

variants suggests that miR-122-independent replication is not a rare phenotype for viable viruses 

having 5′ UTR point mutations, however, they are relatively rarely seen in patient derived samples. 

For example, the most common sequence found in patient-derived HCV isolates has a G at position 

28, the only nucleotide at this position that does not support miR-122-independent HCV 

replication. This observation suggests evolutionary pressure that favours dependence on miR-122. 

This was also concluded by a recent paper that selected for viruses capable of miR-122-

independent replication in miR-122 knockout cells (Yu et al., 2017). Dependence on miR-122 

would limit HCV tropism to the liver, an immune tolerant organ that may provide an environment 

favourable to the establishment of a chronic HCV infection. Pressure against evolution of viruses 

that can replicate independent from miR-122 may eliminate HCV replication in cells that do not 

express miR-122 and could be another mechanism the virus uses to escape immune surveillance. 
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There is evidence that HCV can replicate in lymphocytes, cells that do not express miR-122 

(MacParland et al., 2006), and it will be interesting to determine if HCV sequences isolated from 

infected lymphocytes have mutations that enable miR-122-independent HCV replication, and to 

determine if mutant viruses revert back to wild-type sequences. Our mutagenesis experiments also 

selected for virus mutants that had usurped the mutagenic siRNA, si18-36, as a miR-122 mimic to 

promote replication and the life-cycle promotion was as efficient as with miR-122. This suggests 

that annealing of any small RNA to the 5′ terminus may be sufficient to promote the HCV life 

cycle and that HCV may have evolved to use miR-122 simply because of its abundance in the 

liver. 

HCV genome stabilization and HCV life-cycle promotion by perfectly complementary 

small RNAs also provides insight into the small RNA annealing pattern required. Since small 

RNAs having perfect complementarity with the 5′ terminal sequence are sufficient, then the 

complex annealing pattern formed between miR-122 and the HCV genome is not essential for the 

mechanism by which small RNA annealing promotes HCV replication. The annealing pattern 

required for miR-122 to augment HCV RNA accumulation involves two binding sites, and 

annealing of miR-122 to each site requires contact with the seed binding sites and auxiliary 

nucleotides (Figure 4.1A) (Machlin et al., 2011; Shimakami et al., 2012b). In addition, the 3′ end 

of miR-122 overhangs the 5′ terminus of the HCV genome when annealed to S1 (Figure 1A). It 

was hypothesized that the double stranded 5′ terminus and 3′ RNA overhanging generated by miR-

122 annealing protected the uncapped 5′ end of the genome from being targeted by 

pyrophosphatase and Xrn1 nuclease degradation (Machlin et al., 2011; Shimakami et al., 2012b). 

However, this does not appear to be the case since si19-37 does not anneal to or overhang the 5′ 

genome terminus and still stabilizes the viral RNA and promotes replication of wild-type HCV 

genomes as well as or better than miR-122. Here too, we hypothesize that stabilization is mediated 

by genome structure modifications. In addition, annealing of small RNAs to two sites is also not 

required for HCV life-cycle promotion. While, annealing of miR-122 to two binding sites is 

required for the efficient promotion of replication by miR-122, dual small RNA annealing is not 

essential for the mechanism since annealing of si18-36 and si19-37 to a single binding site was 

sufficient. While the annealing pattern displayed by miR-122 is not essential for HCV life-cycle 

promotion, we believe that the annealing strength and location may be important, and we are 
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currently mapping the range of locations to which small RNA annealing can promote HCV 

replication. 

 

Annealing of si19-37 to a single site in the 5′ terminus was more efficient in promoting 

HCV replication than annealing of two copies of miR-122 and leads one to wonder why HCV has 

evolved two miR-122 binding sites. One possibility is that HCV has evolved two sites as a 

mechanism to provide more dynamic control of virus replication by miR-122. With one miR-122 

binding site, only simple regulation of virus replication, on or off, is possible. With multiple miR-

122 binding sites, virus replication could be more precisely regulated by miR-122 abundance and 

previous work by our group and others have shown intermediate levels of HCV life-cycle 

promotion by miR-122 binding to a single annealing site (Thibault et al., 2015) Expression of miR-

122 in the liver is regulated by circadian rhythms, alcohol and tumour development, and there 

could be an advantage for HCV to respond to these stimuli (Hou et al., 2013; Jopling et al., 2005; 

Kojima et al., 2010). Both cholesterol biosynthesis and HCV are regulated by miR-122, thus 

precise responsiveness of HCV to miR-122 abundance may also link HCV replication with 

cholesterol biosynthesis, since the virus relies on it for virion production (Fukuhara and Matsuura, 

2013). In addition, if the miR-122 sponge effect (Luna et al., 2015a) is important for the HCV life 

cycle, then dual miR-122 binding sites could be a strategy used by the virus to enhance the 

sponging activity. 

Efficient HCV replication in Ago2 knockout cells confirms that Ago isoforms other than 

Ago2 (Ago1, 3 and/or 4) are sufficient to support HCV replication. While some reports have 

provided evidence that Ago2 is the most important Ago protein in the promotion of HCV 

replication by miR-122 (Shimakami et al., 2012a), others have suggested roles for Ago1, 3 and 4 

(Conrad et al., 2013; Randall et al., 2007). HCV replication in Ago2 knockout Huh-7.5 cells was 

about 5-fold lower than replication in wild-type cells and supports the notion that Ago2 is 

important. However, HCV RNA accumulation in Ago2 knockout Huh-7.5 cells was robust when 

supported by miR-122 or alternative small RNAs (si18-36 and si19-37), showing that other Ago 

isoforms are capable of supporting HCV replication. The participation of other Ago isoforms that 

lack endonucleolytic cleavage activity might explain why the small RNAs are capable of both 

promoting and knocking down the virus simultaneously as, at any given time, some siRNA 

molecules may be incorporated into Ago2 and some into non-cleaving Ago isoforms. Human liver 
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cells have been shown to express high levels of Ago1 and Ago2, and lower levels of Ago3 and 

Ago4 (Völler et al., 2016). This might suggest that Ago1 is the other major Ago that supports HCV 

replication, but this remains to be determined. 

We propose a model for miR-122 induced genome stabilization and life cycle promotion 

by annealing to the 5′ UTR in conjunction with Ago to modify 5′ UTR structure (Figure 4.11), 

however there are many unanswered questions. Does small RNA annealing simply stabilize the 

genome and allow the viral RNA to survive long enough to establish an infection or is a direct role 

of Ago, or Ago protein complex, to chaperone the viral RNA to sites of translation initiation or 

recruit the viral polymerase? In addition, what is the impact of small RNA induced structure 

modifications on HCV IRES translation activity? That the predicted structure modification induces 

formation of SL2 would suggests an important role for small RNA annealing in HCV translation 

since SL2 has a key role in HCV IRES activity, but this is not the case and miR-122 has a relatively 

weak (2-fold) impact on IRES translation when assayed using non-replicative HCV genomes. Thus 

the 5′ UTR RNA structure may be dynamic and switch between multiple structures even in the 

absence of miR-122. Finally, our data do not rule out a role as a switch between virus translation 

and replication. 
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Figure 4.11. Model for the mechanism of miR-122 promotion of HCV replication. (A) In the 
absence of miR-122 annealing the 5′ UTR forms a non-canonical RNA structure that does not 
support the HCV life cycle. (B) Annealing of miR-122 or a perfect match small RNA on or near 
the miR-122 binding sites, in conjunction with any Ago isoform modifies the 5′ UTR structure to 
form the canonical structure, protecting it from degradation by host phosphatases and 
exonucleases, and promoting the virus life cycle. Viral genomes having point mutations that favour 
the formation of the canonical RNA structure can replicate independently from miR-122 
annealing, likely due to dynamic formation of both the canonical and non-canonical structures. 
 

 
 

4.9. Supplementary Information 

Supplementary information can be found at the following link 

https://academic.oup.com/nar/article/46/18/9776/5057091#supplementary-data   
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Chapter 5: siRNAs as a Tool for Understanding the role of miR-122 in HCV 

lifecycle: 
 

One of the important findings that we uncovered from the previous chapter was that other 

small RNAs like siRNAs can also promote efficient HCV replication as long as their cleavage 

activity is lost. Si18-36 and si19-37 were able to promote HCV replication as efficiently as miR-

122 in Ago2 KO cells. With this study we were able to conclude that 1.) A simple single small 

RNA can efficiently promote replication and therefore binding of 2 copies like miR-122 was not 

required. 2.) A complicated binding pattern like miR-122 is not critical whereas a perfect match 

small RNA can also promote replication 3.)  Annealing to the 5′ terminus and generating a 3′ 

overhang is not essential for the mechanisms by which small RNA annealing stabilizes the HCV 

genome and promotes viral RNA accumulation. Overall these conclusions state that the specific 

miR-122 binding pattern that occurs when miR122 interacts with HCV is not essential for 

promotion of virus lifecycle. So what is important? Is it the sequence that miR-122 binds to or the 

location to which miR-122 anneals? To determine these unanswered questions we decided to make 

use of siRNAs model since siRNAs can be artificially synthesized, ordered with the sequence we 

desire and flexible to use. Therefore with the siRNAs as tool along with the Ago2KO cells we 

decided to study the mechanism of miR-122 dependent HCV replication and to understand the key 

elements in miR-122 that are important for virus promotion.  

The previous chapter was also important as it displayed that miR-122 and siRNAs that 

promote replication can stimulate IRES formation by changing the structure of the genome, 

suggesting roles in translation promotion. In the next chapter, we therefore go on to determine if 

small RNAs that do stimulate IRES structure formation have the ability to promote translation. 

Further, in the next chapter we also determine if these small RNAs that promote replication have 

a role in stabilizing the virus genome which was suggested by the data in Chapter 4. 
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Chapter 6: Location specific annealing of miR-122 and other small RNAs 

defines an Hepatitis C Virus 5’ UTR regulatory element with distinct impacts 

on virus translation and genome stability 
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6.4. Abstract 

Hepatitis C virus (HCV) replication requires annealing of a liver specific small-RNA, miR-

122 to 2 sites on 5’ untranslated region (UTR). Annealing has been reported to a) stabilize the 

genome, b) stimulate translation, and c) promote the formation of translationally active Internal 

Ribosome Entry Site (IRES) RNA structure. In this report we map the RNA element to which 

small RNA annealing promotes HCV to nucleotides 1 to 44 and identify the relative impact of 

small RNA annealing on virus translation promotion and genome stabilization. We mapped the 

optimal region on the HCV genome to which small RNA annealing promotes virus replication to 

nucleotides 19 to 37 and found the efficiency of viral RNA accumulation decreased as annealing 

moved away from this region. Then, by using a panel of small RNAs that promote replication with 
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varying efficiencies we link the efficiency of lifecycle promotion with translation stimulation. By 

contrast small RNA annealing stabilized the viral genome even if they did not promote virus 

replication. Thus, we propose that miR-122 annealing promotes HCV replication by annealing to 

an RNA element that activates the HCV IRES and stimulates translation, and that miR-122 induced 

HCV genome stabilization is insufficient alone but enhances virus replication.  
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6.5. Introduction 

Hepatitis C Virus (HCV) is a flavivirus that causes chronic infections of the liver and can 

lead to liver cirrhosis and hepatocellular carcinoma. The genome of HCV is a 9.6 kb long positive 

sense RNA that consists of a 5’ untranslated region (UTR), a polyprotein coding region, and a 

3’UTR region. The 5’ and 3’ UTRs are highly structured and required for genome translation and 

replication (Dustin, 2017; Sagan et al., 2015).  

The 5’UTR is a structured RNA that forms 4 stem loops (SL), SLI, SLII, SLIII and SLIV. 

SLII, SLIII and SLIV comprise the internal ribosomal entry site (IRES) that drives cap-

independent HCV translation (Figure 6.1A) (Fraser and Doudna, 2007; Johnson et al., 2017). SLII 

is divided into two parts, SLIIa which induces SLII to form a bent structure that directs SLIIb, to 

the ribosomal E-site in the head region of the 40S subunit, facilitating 80S ribosome assembly 

(Lukavsky et al., 2003; Paulsen et al., 2010; Spahn et al., 2001). The first 42 nucleotides on the 

5’UTR are not considered part of the IRES and forms SLI and an RNA structured element created 

by annealing of two copies of microRNA-122 (miR-122), a host microRNA found in human liver 

cells (Amador-Cañizares et al., 2018a; Jopling et al., 2005, 2008; Schult et al., 2018). This tri-

molecular structure is required for virus replication (Amador-Cañizares et al., 2018a; Israelow et 

al., 2014; Jopling et al., 2008; Schult et al., 2018).  

MicroRNAs (miRNAs) are small RNAs about 21-23 nucleotides long and are central to 

mRNA regulation by miRNA gene silencing (Lam et al., 2015; Lee et al., 2002). miRNAs silence 

genes in association with a host Argonaute (Ago) protein within an RNA induced silencing 

complex (RISC) and direct the protein complex to the 3’ UTR of an mRNA by annealing with 

imperfect sequence complementarity (Hutvágner and Zamore, 2002). miRNAs target an mRNA 

by annealing to an approximately 6-7 nucleotide seed site binding at the 5’ end of the miRNA and 

an accessory site binding on the 3’end (Brennecke et al., 2005). This leaves a loop of mismatched 

nucleotides between the seed and accessory sites and overhangs on the 5’ and 3’ ends of the 

miRNA that do not bind to the target mRNA. Such complex miRNA:target RNA interactions 

regulates the expression of targeted mRNAs by inducing their translation suppression and 

degradation (O’Brien et al., 2018). Two copies of miR-122 anneal in conjunction with Ago to the 

HCV genome in a similar manner, including seed and accessory binding sites (Machlin et al., 

2011) but in this case activate instead of silence the viral genome. 
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HCV replication is undetectable in the absence of miR-122 and the mechanism behind 

miR-122’s stimulatory effect is not fully understood. miR-122 stabilizes the viral RNA by 

protecting it from degradation by host exonuclease Xrn1, and phosphatases DOM3Z and DUSP11 

(Amador-Cañizares et al., 2018b; Li et al., 2013b; Shimakami et al., 2012a). However, 

simultaneous knock-down of these three enzymes cannot completely rescue HCV replication in 

the absence of miR-122, suggesting that other roles exist (Amador-Cañizares et al., 2018b). miR-

122 also promotes HCV translation and recent reports hypothesize that miR-122 and Ago modify 

the HCV RNA genome to induce the translationally active 5’UTR IRES structure (Figure 6.1B 

and C) (Amador-Cañizares et al., 2018a; Chahal et al., 2019; Schult et al., 2018).  Finally, miR-

122 has been reported to directly induce genome amplification (Fukuhara et al., 2012; Masaki et 

al., 2015). However, the relative impact of these functions on miR-122 directed HCV replication 

promotion is unknown (Wilson and Huys, 2013).  

We previously showed that annealing of small interfering RNAs (siRNA) to the HCV 5’ 

UTR can mimic the pro-viral activity of miR-122 (Amador-Cañizares et al., 2018a). Like miRNAs, 

siRNAs are also 21–23 nucleotides in length and associate with Ago proteins, but based on 

associating with Ago2 and perfect sequence match with their targets, induce mRNA cleavage and 

gene knockdown (Carthew and Sontheimer, 2009; Meister et al., 2004). However, when siRNA 

cleavage activity was blocked by using Ago2 knockout cells, siRNAs that anneal to the miR-122 

binding region on the HCV genome promoted virus replication, some as efficiently as miR-122. 

That siRNA annealing promoted HCV, suggested that the complex annealing pattern formed by 

miR-122 on the HCV genome was not required for the pro-viral activity and also  provide a method 

to assess the impact of small RNA annealing to other locations on the genome on HCV replication 

(Amador-Cañizares et al., 2018a). Using a panel of HCV genome-targeting siRNAs, we found that 

annealing between nucleotides 1 and 44 in HCV 5’UTR, promoted HCV replication, and annealing 

within the IRES, NS5B and 3’UTR regions did not. We thus define a regulatory 5’ UTR RNA 

element to which small RNA annealing regulates the HCV lifecycle. Small RNAs that annealed to 

different locations on the 5’ UTR promoted virus replication with different efficiencies, and we 

found that replication promotion correlated with translation stimulation. Finally, like miR-122, 

annealing of the siRNAs to the 5’ UTR also stabilized the viral genome, but the siRNAs did so 

regardless of whether they could promote replication or not, suggesting that genome stabilization 

alone is insufficient for HCV replication promotion. Thus, our current model for the pro-viral 
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mechanism of miR-122 replication posits that its role is to stimulate translation by shifting the 5’ 

UTR RNA folding equilibrium toward the translationally active IRES conformation and that 

genome stabilization is insufficient alone but enhances replication induced by translation 

stimulation. 
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Figure 6.1. HCV 5’ UTR RNA structures. (A). Schematic representation of HCV 5’UTR stem 
loops; SLI, SLIIa, SLIIb, SLIII and SLIV are indicated. The 5’ 117 nucleotide RNA fragment 
alone is predicted to form SLIIalt (B), and annealing of 2 copies of miR-122 is hypothesized to 
favour formation of the canonical SLII and the active IRES structure but this has yet to be 
experimentally validated  (C). The miR-122 binding nucleotides are shown within black boxes. 
Stem loops indicated in red are parts of the IRES. 
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6.6. Materials and methods 

6.6.1. Plasmids 

Full-length HCV Renilla Luciferase (Rluc) reporter genome constructs pJ6/JFH-1 RLuc 

(p7-RLuc2A) and the non-replicative version pJ6/JFH-1 RLuc (p7-RLuc2A) GNN were provided 

by Dr. C. M. Rice (Jones et al., 2007). For translation suppression assays the miR-122 suppression 

firefly luciferase (Fluc) reporter plasmid, pFLuc JFH-1 5’UTR × 2  (Jopling et al., 2008) was 

modified to contain a single copy of the complete 5’UTR (pFluc JFH-1 5’UTR) or NS5B-3’UTR 

(pFluc JFH-1 NS5B-3’UTR) region of the genome by replacing the fragment between restriction 

sites SpeI and SacII. To generate the complete 5’ UTR fragment we used PCR and the forward 

primer 5’GCCACTAGTACGACGGCCAGTGAATTC3’; and reverse primer 

5’CAGCCGCGGATCGATGACCTTACCCACG3’, to generate the NS5B-3’UTR region we used 

forward primer 5’GCCACTAGTAATGTGTCTGTGGCGTTGG3’; reverse primer 

5’CAGCCGCGGAAACAGCTATGACCATGA3’ and the pJ6/JFH-1 RLuc (p7-RLuc2A) 

plasmid as a template. Each Forward primer has sequence for restriction site, SpeI, and each 

Reverse primer has sequence for SacII. The control plasmid pRL-TK was obtained from Promega 

(Madison, USA). A pT7 Fluc containing plasmid, herein called pT7 Fluc (Promega, Madison, 

USA), was used to generate control mRNA for translation assays.  

 

6.6.2. In-vitro RNA transcription 

To generate full length viral RNA the plasmid pJ6/JFH-1 RLuc (p7-RLuc2A) or related 

mutants were linearized by digestion with XbaI and RNA was made by using the MEGA Script 

T7 High Yield Transcription Kit (Life Technologies, Burlington, Canada). The transcription 

process was performed using the suggested manufacturer’s protocol. Fluc mRNA transcript was 

prepared by digesting the plasmid, pT7 Fluc mRNA, with XmnI and mRNA was prepared using 

the mMessage mMachine mRNA synthesis kit (Life Technologies, Burlington, Canada) using 

manufacturer’s protocol. 

 

6.6.3. Small interfering RNA (siRNA) design and sequence 

HCV targeting siRNAs that anneal to regions in IRES, NS5B coding region and 3’UTR 

were designed using online software, i-score, https://www.med.nagoya-

u.ac.jp/neurogenetics/i_Score/i_score.html (Ichihara et al., 2007). The sequence of siRNA JFH-1 
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6367 (si6367) was adapted from the siRNA described previously to inhibit the HCV con1 

genotype, by modifying the sequence to match the same region in JFH-1 

GACCCACAAACACCAAUUCCC (Wilson and Richardson, 2005). The control siRNA 

(siControl) target sequence is GAGAGUCAGUCAGCUAAUCA and does not anneal to the virus 

genome. All siRNAs that anneal to the HCV genome were designed to have 21 nucleotides; 19 

nucleotides complementary to target site and 2 UU overhangs on the 3’ end for incorporating into 

RISC complex, unless stated otherwise. These siRNAs were synthesized by GE Lifesciences 

Dharmacon. Anti-miR-122, miRIDIAN microRNA Human hsa-miR-122-5p-Hairpin Inhibitor 

(IH-300591-06-0050), were purchased from Dharmacon Horizon Discoveries (Chicago, USA). 

 

6.6.4. Cell culture 

miR-122 knockout (miR-122 KO) Huh-7.5 (Hopcraft et al., 2015), Ago2 knockout (Ago2 

KO) Huh-7.5 cells (Amador-Cañizares et al., 2018a) and DROSHA/Ago2 KO cells were cultured 

in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum, 0.1 

nM non-essential amino acids (Wisent, Montreal, Canada) and 100 μg/ml Pen/Strep (Invitrogen, 

Burlingtion, Canada). miR-122 knockout Huh-7.5 cells were a kind gift from Dr Matthew Evans. 

DROSHA/Ago2 KO Huh 7.5 cells were generated from DROSHA KO Huh 7.5 cells (Luna et al., 

2015b) (a gift from Dr. Charlie Rice) by using the CRISPR-Cas9 genome editing techniques 

(Doudna and Charpentier, 2014). 

 

6.6.5. siRNA suppression assay 

To assess the ability of an siRNA to suppress mRNA translation and assess whether the 

siRNAs are functional in the RISC, we assessed their impact in a transient suppression assay 

(Figure 6.2B). For this assay we used reporter plasmids (pFluc JFH-1 5’UTR / pFuc JFH-1 NS5B-

3’UTR) that express Fluc mRNAs containing the siRNA target sequence from HCV in their 

3’UTRs. We also used an Rluc expressing control plasmid, pRL-TK to normalize transfection 

efficiency (Promega, Madison, USA).  The day before transfection 8 x 104 miR-122 KO cells/well 

were plated in a 24 well dish and incubated overnight. The next day, the cells were transfected 

with 100ng of each of pRL-TK and pFluc JFH-1 (5’UTR or NS5B-3’UTR) and 0.1pmol of a 

particular test siRNA. The transfection mixture was prepared using 1 μl lipofectamine 2000 

according to the suggested manufacture’s protocol (Life Technologies, Burlington, Canada). The 
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cells were incubated at 37°C, 5% CO2 after transfections and after 48 hours were lysed using 

passive lysis buffer and assayed for Fluc and Rluc activity using a dual luciferase assay kit 

(Promega, Madison, USA)  (Amador-Cañizares et al., 2018a). 

 

6.6.6. HCV replication assay 

Ago2 KO Huh-7.5 cells were co-electroporated as described previously (Wilson et al., 

2011) with 5ug J6/JFH-1(p7-Rluc2a) RNA or related point mutant viral RNAs, 60 pmol of test or 

control siRNAs and 60 pmol of anti-miR-122. In all samples in an experiment the amount of small 

RNAs added per sample was equivalent, and if necessary siControl was added to balance the 

amount of small RNA (Amador-Cañizares et al., 2018a). Cells were harvested 2 hours, 24 hours, 

48 hours and 72 hours post-electroporations and assayed for Rluc expression.  HCV replication 

was assessed based on Rluc expression and was normalized to a positive control sample in which 

replication of J6/JFH-1(p7-Rluc2a) RNA was supported by endogenous cellular miR-122 (Endo 

miR-122). 

 

6.6.7. Generation of Ago2/ DROSHA knockout Huh-7.5 cells 

To generate the double knockout Huh 7.5 cells, we used CRISPR-Cas9 gene editing system 

to knockout Ago2 in DROSHA knockout Huh 7.5 cells provided to us by Dr. Charlie Rice (Luna 

et al., 2015b). Three synthetic guide RNAs (AAUACCUGUUAACUCUCCUC-140585131; 

UAAUUUGAUUGUUCUCCCGG-140585231, GGCGCAGGAGGUGCAAGUGC-140585310) 

were designed using the Synthego knockout design tool (https://design.synthego.com/#/) in such 

a way that the guide RNAs would result in a frameshift deletion in the early region of the exon 2 

in the Ago2 gene. DROSHA knockout cells were transfected with the TrueCut™ Cas9 Protein v2 

(Invitrogen, Thermo Fisher Scientific, Vilnius, Lithuania) and the guide RNAs (Synthego 

CRISPRevolution EZkit, Redwood City, USA) using the Lipofectamine™ CRISPRMAX™ Cas9 

Transfection Reagent (Invitrogen, Thermo Fisher Scientific, Carlsbad, USA)  according to the 

manufacturer’s protocol (Quick Reference: Invitrogen, Thermo Fisher Scientific, Lipofectamine 

CRISPRMAX Transfection Reagent Pub. No.: MAN0014545). 48 hours post transfection, the 

cells were passaged, and a portion of the cells collected to test the knockout efficiency. Knockout 

efficiency was assessed by sanger sequencing of a PCR product that amplified the Crispr targeted 

region of the Ago2 gene, generated using primers- forward: 
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5’ATTCATGCTGCCTCATCTCTCC3’ and reverse: 5’CGGAAGAAGGTATGAGGCAA3’. 

PCR was performed using the PfuUltra II Fusion High-fidelity DNA polymerase (Agilent, 

California, USA) using genomic template DNA extracted using QuickExtract DNA extraction 

solution (Epicentre/ Lucigen, Wisconsin, USA). DNA was prepared by harvesting the cells in the 

QuickExtract DNA extraction solution and heating the samples at 65⁰C for 15 min, 68⁰C for 15 

min and 98⁰C for 10 min. The ABI file obtained after sanger sequencing was examined for indels 

on the Synthego ICE tool (https://ice.synthego.com/#/) and the knockout efficiency was found to 

be 90%. An array dilution method was used to isolate single cell colonies and condition media was 

used to encourage the growth of the single clones. Condition medium was obtained by collecting 

the medium used for growing the knockout pool of cells, filtered using a 0.22µm filter and stored 

at -20⁰C prior to use. Successful knockout of both Ago2 alleles in the DROSHA knockout cells 

was identified based on analysis for the loss of siRNA knockdown phenotype based on HCV 

replication promotion by 5’ UTR annealing siRNAs and confirmed by western blot and genome 

sequencing.  

 

6.6.8. Phenotypic analysis of DROSHA/ Ago2 knockout cells 

To confirm knockout of Ago2 in the DROSHA/Ago2 KO cells we assessed the ability of 

the cells to support HCV replication promotion by si18-36, as compared to DROSHA KO wild 

type cells in which the siRNA will knock-down and thus fail to promote HCV. Isolated clones of 

putative DROSHA/Ago2 double knockout cells were seeded in 24-well plate 24 hours prior to 

transfection with 1 ug of J6/ JFH-1(p7-Rluc2a) RNA and 12 pmol small RNAs. miR-122 was used 

as positive control and siControl was used as negative control. Transfections were performed using 

Lipofectamine 2000 (Invitrogen, Carlsbad, USA) as per manufacturer’s protocol. Cells were 

harvested 48 hours post transfection and Rluc expression was measured. 

 

6.6.9. Western blot 

Knockout of Ago2 was confirmed by western blot analysis for the expression of Ago2 

(Figure 8B). Putative DROSHA/Ago2 knockout cells were treated with 1x SDS lysis buffer (with 

1% 1M DTT) and heated at 95⁰C for 5min. The proteins were then separated using a 7.5% SDS-

PAGE gel and transferred to a nitrocellulose membrane (GE healthcare Lifesciences, Amersham 

Protran 0.45 NC membranes, Freiburg, Germany). The membrane was blocked with 5% skimmed 
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milk (BD Difco) and probed with 1:1000 diluted primary anti-Ago2 rat monoclonal antibody clone 

11A9 (Millipore Sigma/ Merck KGaA MABE 253, Darmstadt, Germany), 1:25000 diluted 

primary mouse monoclonal anti-beta actin antibody (AC-15) (Abcam ab6276, Cambridge, USA) 

and subsequently with 1:40000 diluted secondary peroxidase conjugated AffiniPure Goat Anti-

Rat IgG (H+L) (Jackson Immunoresearch 112-035-003, West Grove, USA) and 1: 25000 diluted 

secondary HRP conjugated Goat anti-mouse IgG (H+L) (BioRad, Mississauga, Canada). The blot 

was developed using Clarity Western ECL substrate (BioRad, Mississauga, Canada) and imaged 

with BioRad ChemiDoc MP Imaging system.  

 

6.6.10. HCV translation assay 

To assess siRNA promotion of HCV translation, DROSHA/Ago2 KO Huh-7.5 cells were 

co-electroporated with 5ug of non-replicative mutant HCV genomic RNA, J6/JFH-1(p7-Rluc2a) 

GNN, 1ug of control T7 Fluc mRNA, and 60 pmol of test siRNA. As positive control J6/JFH-

1(p7-Rluc2a) GNN was electroporated with miR-122, since the DROSHA/Ago2 KO Huh-7.5 cells 

lack miR-122 expression. As a negative control, J6/JFH-1(p7-Rluc2a) GNN was electroporated 

with siControl. Cells were harvested 4 hours post-electroporations and assayed for Rluc and Fluc 

expression.  

 

6.6.11. Luciferase assay 

Luciferase expression was measured by using Firefly, Renilla, or Dual luciferase kits 

(Promega, Madison, USA) as suggested by the manufacturer’s protocols. Cells were washed once 

in Dulbecco’s phosphate-buffered saline then lysed with 100 ul of passive lysis buffer. 10 ul of the 

cell extract was mixed with the appropriate luciferase assay substrate and light emission was 

measured by using a Glomax 20/20 Luminometer (Promega, Madison, USA). 

 

6.6.12. RNA purification 

Cells were harvested into 1 ml of Trizol and total cellular RNA was isolated using the 

manufacturer’s provided protocol (Life Technologies, Burlington, Canada). 
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6.6.13. HCV genome stabilization assay and northern blots 

To assess the impact of miR-122 and the siRNAs on HCV genome stability we assessed 

the amount of non-replicative HCV RNA present in cells at various times post-electroporation 

using northern blot analysis. For each assay, 32 × 106 DROSHA/Ago2 knockout Huh-7.5 cells 

were electroporated (in 4 cuvettes) with 40 μg of HCV J6/JFH-1(p7-Rluc2a) GNN RNA and 240 

pmol of one of the small RNAs (si15-33, si19-37, si26-44, or si27-45) or miR-122 (as a positive 

control) or siControl (as a negative control). Cells from the 4 electroporation cuvettes were pooled 

and plated onto four 10 cm plates. Cells for the 0 min time point were harvested immediately after 

electroporation, and the others were incubated at 37°C and harvested at 30 mins, 60 mins and 120 

mins post-electroporation. Total cellular RNA was harvested using Trizol as recommended by the 

manufacturer (Life Technologies, Burlington, Canada), and 10 ug were separated on an 0.8% 

agarose gel and transferred to a Nylon membrane (GE Healthcare Limited, Buckinghamshire, 

England) as described previously (Wilson et al., 2011). The transferred RNAs were crosslinked to 

the membrane using a UV crosslinker (Spectrolinker XL-1000) at X100 μJ/cm2 for 12 seconds and 

cut in half to probe for HCV RNA and GAPDH separately. The radioactive DNA probes used 

were prepared using Prime-a-Gene Labeling System kit (U1100, Promega, Madison, WI, USA), 

and radiolabeled dCTP (PerkinElmer, Boston, USA). The probes were generated from a 3 kbp 

BamHI-to-EcoRV DNA fragment of the pJ6/JFH-1 RLuc (p7-RLuc2A) plasmid or a 1.3 kb cDNA 

fragment of human GAPDH. Radioactive bands were detected by exposing the membranes 

overnight on a phosphorscreen and scanned using a Phosphoimager (Typhoon, GE Healthcare Life 

Sciences, Mississauga, Canada). Band signal intensities were quantified using Image Studio Lite 

version 5.2.5.  

 

6.6.14. RNA structure prediction analysis 

RNA structure predictions were done using the RNA prediction software ‘RNA structure’ 

available from the website by the Matthews lab at https://rna.urmc.rochester.edu/index.html. 

(Reuter and Mathews, 2010). Single RNA structure predictions were performed using algorithm 

‘fold’ and structure predictions of two interacting RNA molecule were predicted using algorithm 

‘bifold’. Dot-bracket files for the five lowest free energy structures were generated using the RNA 
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fold command in ‘RNAstructure’ and RNA images were generated from them using VARNA 

(VARNA GUI applet) (Darty et al., 2009). 

6.6.15. Statistical analysis 

All data are displayed as the mean of three or more independent experiments, and error 

bars indicate standard deviation of the mean. Where appropriate, one-way ANOVA was performed 

using Graph Pad Prism version 8.3 for MacOS (San Diego, USA, www.graphpad.com). In graphs, 

statistical significance is indicated as follows: *P<0.0332; **P< 0.0021; ***P < 0.0002; ****P < 

0.0001. 

 

6.7. Results 

6.7.1. siRNA annealing to nucleotides between 15 to 44 on 5’UTR promotes virus replication. 

Annealing of miR-122 to two complementary sequences on 5’UTR of the HCV genome is 

required for detectible HCV replication in cell culture (Thibault et al., 2015; Wilson and Huys, 

2013). In our previous work we showed that HCV replication was promoted efficiently by 5’ UTR 

targeting siRNAs when siRNA directed cleavage activity was abolished by using Ago2 knockout 

cells (Ago2 KO) (Amador-Cañizares et al., 2018a). Thus, replication promotion does not require 

the annealing pattern exhibited by miR-122, but we hypothesized that it may be impacted by the 

annealing location.  

To test this hypothesis, we determined the range of genome locations to which small RNA 

annealing can promote HCV replication. First, we designed and tested an array of siRNAs with 

target sequences that walk the 5’UTR between nucleotides 10 to 47 at single nucleotide resolution 

(Figure 6.2A).  Each siRNA was 19 nucleotides long and contained two 3’ UU (uracil) overhangs 

to ensure RISC loading (Supplementary Table 1). The siRNAs were named based on the 19 

nucleotide positions on the HCV genome to which they bind, from si10-28 to si29-47 (Figure 

6.2A).  

To confirm RISC loading, the siRNAs were tested for their ability to knockdown gene 

expression in a suppression assay (Figure 6.2E). For suppression assays, we transfected cells with 

a plasmid, pFluc JFH-1 5’UTR, that expresses an mRNA encoding Fluc having the HCV miR-122 

binding region/siRNA target sites in its 3’ UTR. This plasmid was co-transfected in miR-122 KO 

Huh 7.5 cells (cells that express Ago2), with a test siRNA and knockdown was measured based 

on Fluc expression compared to cells transfected with a control siRNA (siControl). Fluc expression 
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levels were assessed relative to Rluc expression from a transfection control plasmid, pRL-TK.   We 

observed that siRNAs binding from nucleotides 14 onwards were significantly (p value <0.0001) 

able to suppress Fluc expression at different levels compared to siControl, implying that they were 

actively incorporated into the RISC complex (Figure 6.2B). Most siRNAs that bound within SLI 

did not knockdown Fluc and thus did not enter RISC, likely due to the hairpin structure formation. 

Inactive siRNAs were omitted from further analyses.  

After confirming RISC incorporation, we determined the ability of the siRNAs to promote 

HCV replication in replication assays. For these assays we electroporated Ago2 KO Huh 7.5 cells 

with J6/JFH-1(p7-Rluc2a) RNA, anti-miR-122, an antagonist of endogenous miR-122, and a test 

siRNA. Anti-miR-122 is a locked nucleic acid that anneals to miR-122 with Limited 

complementarity between the test siRNA and anti-miR-122 was insufficient to inhibit its activity 

based specificity (personal communication with Dharmacon). HCV replication was assessed 2 

hours, 24 hours, 48 hours and 72 hours post-electroporation based on luciferase expression as a 

proxy for HCV replication (Figure 6.2F). We electroporated J6/JFH-1(p7-Rluc2a) RNA without 

anti-miR-122 as a positive control to measure HCV RNA replication induced by endogenous miR-

122 (Endo miR-122). RLuc expression in this sample at 72 hours post-electroporation was deemed 

100% and used to calculate relative luciferase levels in the rest of the samples. The negative 

controls (siControl) (Figure 6.2D) containing viral RNA, anti-miR-122 and siControl (an HCV 

non-targeting siRNA) confirmed abolition of HCV replication by the miR-122 antagonist. In other 

samples the addition of the indicated siRNA reinstated HCV replication to the relative levels 

shown (Figure 6.2D). An siRNA that anneals within the NS5B coding sequence (si6367) did not 

promote HCV replication but siRNAs binding between nucleotides 15 and 44 did. HCV replication 

was promoted most efficiently by si19-37 and was similar to replication induced by endogenous 

miR-122 (Endo miR-122), and less efficient replication induction was observed using siRNAs that 

annealed to locations moving away from nucleotides 19-37 in either direction. si27-45 and any 

siRNAs binding beyond si27-45 did not promote virus replication (Figure 6.2D) (Supplementary 

Figure S6.1A).  

In support of the hypothesis that miR-122 annealing reshapes the 5’ UTR to form the 

translationally active HCV IRES structure (Amador-Cañizares et al., 2018a; Chahal et al., 2019; 

Schult et al., 2018) there was a general correlation between the predicted ability of an siRNA to 

induce the translationally active structure and its ability to promote virus replication 
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(Supplementary Figure S6.2). For example, si19-37, an siRNA that promoted efficient virus 

replication, was predicted to stimulate the translationally favorable structure and si27-45, an 

siRNA that did not promote virus replication did not (Figure 6.2C). 
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Figure 6.2. Mapping the region on the HCV 5’ UTR to which siRNAs binding promotes the 
HCV lifecycle. (A) Diagrammatic representation of HCV genome showing 5’UTR polyprotein 
coding region and 3’ UTR. The first 55 nucleotides of HCV 5’ UTR are shown interacting with 2 
copies of miR-122 (green). siRNAs designed to walk the 5’UTR with single nucleotide resolution 
are also shown. Black lines represent siRNAs that do not promote replication and red lines 
represent ones that do. (B) siRNA suppression assay results with siControl (grey bar), bars are 
colour coded based on their suppression activities. siRNAs that do not suppress translation (black 
bars) and that suppress translation (red bars). (C) Six lowest delta free energy structure of HCV 5’ 
117 nucleotide RNA fragment alone, with small RNAs that promote virus replication (miR-122 
and si19-37) and with small RNA that does not promote replication (si27-45). Structure predictions 
were performed using an online software, ‘RNAstructure’ and have not been experimentally 
validated (D) The pro-viral activity of the siRNAs was assessed using HCV replication assays in 
which the activity of miR-122 is antagonized using anti-miR-122. Ago2 knockout cells were co-



 

 100 

electroporated with HCV J6/ JFH-1(p7-Rluc2a) RNA, anti-miR-122 and the indicated siRNA and 
harvested at 2 hours (grey bars), 24 hours (light grey bars), 48 hours (blue bars) and 72 hours (red 
bars) post-electroporation. HCV replication was measured based on Rluc expression and is 
presented as % relative to Rluc expression from HCV RNA supported by endogenous miR-122 at 
72 hours post electroporation (Endo miR-122). The data are the average of at least 3 independent 
experiments and error bars represent the standard deviation. Statistical significance was 
determined using one-way ANOVA on the relative 72-hour values where, *P<0.0332; **P< 
0.0021; ***P < 0.0002; ****P < 0.0001. (E) Diagram depicting the siRNA suppression assay and 
(F) replication assay respectively.
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6.7.2. Defining the 3’ boundary of the domain to which siRNA annealing promotes HCV 

replication. 

We identified the 3’ boundary of the region to which siRNA annealing promoted HCV 

RNA was nucleotide 44. In our siRNA walk, si26-44 was the last siRNA to promote virus 

replication (p value <0.0001) and si27-45 and those that bound further in the 3’ direction did not. 

Based on this we hypothesized that either annealing to nucleotide 26 was essential for promotion, 

or siRNA annealing to nucleotide 45 and onwards was detrimental. To distinguish between these 

possibilities, we designed two additional siRNAs, si26-45 and si27-44 (Figure 6.3A). Both siRNAs 

were active in suppression assays, however only si27-44 promoted HCV replication (Figure 6.3B 

and 3C). This indicated that annealing to nucleotide 45, inhibited promotion activity and annealing 

to nucleotide 26 was not essential (Figure 6.3B). Thus, we have defined the 3’ boundary of the 

region to which small RNA annealing can promote HCV replication as nucleotide 44.  
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Figure 6.3. Mapping the 3’boundary of small RNA annealing induced replication promotion. 
(A)  Diagrammatic representation of the first 55 nucleotides of HCV 5’ UTR are shown interacting 
with 2 copies of miR-122 (green). siRNAs that binds binding to terminal nucleotide 44 and 45 are 
shown and nucleotide 45 is shown in bold. (B) The pro-viral activity of the siRNAs was assessed 
using HCV replication assays in which the activity of miR-122 is antagonized using anti-miR-122. 
Ago2 knockout cells were co-electroporated with HCV J6/ JFH-1(p7-Rluc2a) RNA, anti-miR-122 
and the indicated siRNA and harvested at 2 hours (grey bars), 24 hours (light grey bars), 48 hours 
(blue bars) and 72 hours (red bars) post-electroporation. HCV replication was measured based on 
Rluc expression and is presented as % relative to Rluc expression from HCV RNA supported by 
endogenous miR-122 at 72 hours post electroporation (Endo miR-122). The data are the average 
of at least 3 independent experiments and error bars represent the standard deviation. Statistical 
significance was determined using one-way ANOVA on the relative 72-hour values where, 
*P<0.0332; **P< 0.0021; ***P < 0.0002; ****P < 0.0001. (C) siRNA suppression assay results 
with siControl (grey bar) and that suppress translation (red bars).
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6.7.3. Defining the 5’ boundary of siRNAs binding and the role of annealing to the 5’ 

terminus (nucleotides 1-3) and generation of an RNA overhang.  

The 5’ boundary to which siRNA annealing promoted HCV replication was nucleotide 15 

(Figure 6.2D). Si14-32 did not promote detectable HCV replication and siRNAs that anneal nearer 

to the 5’ UTR did not enter RISC and thus could not be tested (Figure 6.2B). Previous reports 

showed that replication promotion by miR-122 was enhanced by annealing of miR-122 to 

nucleotides on the 5’ terminus of HCV and by the generation of a 3’ overhang (Machlin et al., 

2011). To assess the impact of siRNA binding to the 5’ terminus (nucleotides 1-3) we compared 

HCV replication promotion by a small RNA that binds to the 5’ terminus with one that does not 

(Figure 6.4). We designed an siRNA, si1-3--21-36, that binds to 21-36 and to the 5’ terminal 3 

nucleotides and found that it promoted replication about 4 fold more efficiently than si1-3mm--

21-36, that also binds to nucleotides 21-36 but not the 5’ terminus (Figure 6.4A and B). Both 

siRNAs were active in our suppression assays (Supplementary Figure S6.3E). Indeed, HCV 

replication promoted by si1-3--21-36 was around 2-fold higher than the most efficient siRNA, 

si19-37, identified in Figure 6.2D. Thus, end annealing is not required for pro-viral impact of small 

RNA annealing to the 5’ UTR but has a positive effect.  

The annealing of miR-122 to binding site 1 on the HCV genome generates a 7-nucleotide 

overhang of the HCV 5’ terminus that was reported to contribute to the efficiency of HCV 

replication promotion by miR-122 (Machlin et al., 2011). Since the siRNAs used in this study only 

consisted of 2 UU overhangs, we knew that a long miR-122-like overhang was not essential for 

replication promotion, but we wanted to test if having such an overhang contributes to replication. 

To test this, we assessed replication promotion by an siRNA that has a miR-122-like overhang, ‘si 

mir ovh1-3--21-36’, with one that does not, ‘si no ovh1-3--21-36’ (Figure 6.4C). Both siRNAs 

were active in our suppression assays (Supplementary Figure S3E) and predicted to induce the 

translationally active IRES structure (Supplementary Figure S4C) but we found that the miR-122-

like overhang did not enhance replication promotion, and in fact, decreased HCV replication 

efficiency (Figure 6.4D). This experiment confirmed that generation of a 5’ overhang is not 

required for and may hinder HCV replication. 
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Figure 6.4. HCV replication promotion by siRNA annealing to the 5’ terminus by an siRNA 
generated 3’ overhang. (A and C) Diagram of the first 50 nucleotides of HCV 5’ UTR interacting 
with 2 copies of miR-122 (green). miR-122 binding sites on HCV genome are shown in bold 
characters. Uppercase letters represent nucleotides in the siRNAs that anneal to the HCV RNA 
and lowercase letters represent nucleotides that do not. (A) Sequences of si19-37, si1-3--21-36 and 
si1-3mm--21-36 are shown. (C) Schematic representation of si no ovh1--21-36 and si miR ovh1-
3mm-21-36 binding on HCV genome. (B and D) Graphs showing HCV replication promotion by 
siRNAs that bind or do not bind to the 5’ terminus and with siRNAs that do or do not generate a 
3’ overhang. Ago2 knockout cells were electroporated with HCV J6/JFH-1(p7-Rluc2a) RNA, anti-
miR-122 and the indicated siRNA and harvested at 2 hours (grey bars), 24 hours (light grey bars), 
48 hours (blue bars) and 72 hours (red bars) post-electroporation. HCV replication was measured 
based on Rluc expression and is presented as % relative to Rluc expression from HCV RNA 
supported by endogenous miR-122 at 72 hours post electroporation (Endo miR-122). Data 
represents the average 3 independent experiments and error bars represent the standard deviation. 
Statistical significance was determined using one-way ANOVA on 72-hour values where, 
*P<0.0332; **P< 0.0021; ***P < 0.0002; ****P < 0.0001.  
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6.7.4. siRNA annealing to the HCV IRES do not promote nor inhibit HCV replication. 

To determine whether siRNAs binding on other regions of HCV genome can promote virus 

replication, we designed siRNAs using the online software, i-score, to determine best target sites 

within the HCV IRES region (Ichihara et al., 2007). We designed 6 siRNAs that bind to various 

sites on the IRES regions namely si38-56, si42-60, si73-91, si88-106, si317-338 and si339-357 

(Figure 6.5A). We validated the knockdown activity of these siRNAs to confirm their 

incorporation into RISC, and, 5 out of 6 showed suppression activity (Supplementary Figure 

S6.3A). However, none of the active siRNAs promoted replication in HCV replication assays 

(Figure 6.5B).  

Small RNAs that anneal within the IRES and downstream of nucleotides 45, and thus 

within SLII of the IRES did not promote detectible HCV replication. We hypothesized that these 

siRNAs may have failed to promote HCV because they anneal to and interfere with the activity of 

the IRES and thus inhibit HCV replication. To test this hypothesis, we assessed inhibition of HCV 

by the IRES targeting siRNAs. For these assays we used a mutant HCV RNA, U25C, that can 

replicate independent from miR-122, and thus replicated in Ago2 knockout cells even when miR-

122 is antagonized. This assay was used instead of miR-122-promoted replication to eliminate the 

possible influence of annealing competition between miR-122 and the siRNAs tested. Using this 

assay, we observed no HCV replication promotion or inhibition by the IRES-binding siRNAs, 

while replication was promoted by the positive control siRNA, si19-37 (Figure 6.5C). Thus, our 

data suggests that IRES-binding siRNAs do not promote nor inhibit HCV replication. 
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Figure 6.5. Assessing the pro-or antiviral activity of siRNA binding within the HCV IRES. 
A cartoon diagram of the HCV IRES including stem loops II, III and IV and the locations of 
annealing of six siRNAs that target the IRES are shown in red.  (B) The pro-viral activity of the 
siRNAs was assessed using replication assays in which the activity of miR-122 is antagonized by 
anti-miR-122. Ago2 knockout cells were electroporated with HCV J6/JFH-1(p7-Rluc2a) RNA, 
anti-miR-122 and the indicated siRNA and harvested at 2 hours (grey bars), 24 hours (light grey 
bars), 48 hours (blue bars) and 72 hours (red bars) post-electroporation. (C) The pro- or anti-viral 
effects of the indicated siRNAs was assessed based on their influence on miR-122-independent 
replication of a U25C mutant J6/JFH-1(p7-Rluc2a) similar to the experiments described in B. For 
B and C, HCV replication was measured based on Rluc expression and is presented as % relative 
to Rluc expression from HCV RNA supported by endogenous miR-122 at 72 hours post 
electroporation (Endo miR-122).  The data are the average of at least 3 independent experiments 
and error bars represent the standard deviation. Statistical significance was determined using one-
way ANOVA on the relative 72 hour values where, *P<0.0332; **P< 0.0021; ***P < 0.0002; 
****P < 0.0001. 
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6.7.5. siRNA annealing to the alternative predicted miR-122 binding sites do not promote 

HCV replication. 

Other potential miR-122 binding sites have been reported in the NS5B coding region and 

the 3’UTR region of HCV genome (Bernier and Sagan, 2019; Jopling, 2008; Nasheri et al., 2011; 

Schult, 2017). We therefore also assessed whether siRNAs binding on any of these potential miR-

122 binding sites affected HCV replication. We started by designing siRNAs binding to 7 predicted 

miR-122 binding sites in NS5B and 3’UTR region. For convenience we named these siRNAs 

according to the region they bind and in serial order, namely siNS5B1, siNS5B2, siNS5B3, 

siNS5B4, si3’UTR1, si3’UTR2 and si3’UTR3 (Supplementary Figure 1B and C).  In order to test 

these in our suppression assay, we replaced the 5’UTR with NS5B-3’UTR regions in suppression 

plasmid to have target sites for our siRNAs. We observed that each of seven siRNAs were able to 

suppress Fluc expression suggesting they all entered RISC (Supplementary Figure S6.3B). To 

assess their role in HCV replication, we performed HCV replication assays and observed that Rluc 

expression after addition of the NS5B and 3’ UTR targeting siRNAs was comparable to the 

negative controls (siControl and si6367) (Supplementary Figure S6.1D). Thus, siRNA binding to 

other predicted miR-122 binding sites did not promote virus replication. Overall our data show 

that small RNAs that bind between nucleotides 15-44 on the HCV 5’ UTR promote HCV 

replication. 

 

6.7.6. Defining the minimum annealing requirements required for HCV life-cycle promotion. 

 Next we wanted to define the minimum annealing requirements and optimum location for 

the pro-viral activity of small RNA annealing (Figure 6.6). To determine this, we designed siRNA 

analogues of the most efficient siRNA, si19-37, but having sequence matches ranging from 7 to 

17 nucleotides on the 3’ or 5’ ends (Figure 6.6A). For example: si19(21-37) is 19 nucleotides long 

with 17 nucleotides (21-37) matching the HCV 5’ UTR (Figure 6.6A). Similarly, si19(23-37), 

si19(25-37), si19(27-37), si19(27-37), si19(29-37) and si19(31-37) have between 15 and 7 

matching nucleotides. si19(21-37), si19(23-37) promoted HCV replication as efficiently as si19-

37 and the others did not promote at all (Figure 6.6C). From the 3’ end we generated siRNAs with 

sequence matches of 16, si19(19-35), 14, si19(19-33), and 12, si19(19-31) matches (Figure 6.6A) 

and only si19(19-35) promoted HCV replication (Figure 6.6D). These data highlighted annealing 

to nucleotides 23 to 35 as being required for replication promotion and an siRNA that annealed 
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only to these 13 nucleotides also stimulated HCV replication, albeit poorly (Figure 6.6A, B and 

C).  Suppression assay of all si19-37 analogs showed that siRNA knockdown activity decreased 

with fewer annealing nucleotides; however, those that promoted replication were all active 

(Supplementary Figure S6.3C and D). Thus, an siRNA must anneal to at least 13 nucleotides at 

location 23-35 to promote replication but annealing to 15 nucleotides that span this region is 

required for efficient replication promotion. This region is located within single and double 

stranded regions of the SLIIalt RNA structure (Figure 6.6B) and thus might be optimum location 

for access, and 15 nucleotides the minimum annealing strength required to modify the 5’ UTR 

RNA structure. Thus, in total we have defined a regulatory RNA element between nucleotides 1 

and 44 of the HCV 5’ UTR to which small RNA annealing promotes the HCV lifecycle. 
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Figure 6.6. Determining the minimum annealing requirement of si19-37 analogues. (A) 
Diagrammatic representation of first 50 nucleotides of HCV 5’ UTR are shown interacting with 2 
copies of miR-122 (green). Sequences of si19-37 analogues at their binding positions are shown 
and the number of annealing nucleotides for each analogue siRNA is indicated.  siRNAs in red 
promote HCV replication and siRNAs in black do not promote HCV replication. Small lettered 
characters in siRNAs show mismatched nucleotides that do not bind on HCV RNA (grey) while 
capital lettered characters are nucleotides that bind on the RNA. The green box shown around 
nucleotides 23-35 which were common in case of all siRNAs that promote HCV replication. (B) 
Predicted secondary structures of 117 nucleotides of HCV 5’UTR alone and with miR-122 
showing the 13 nucleotide optimum annealing location required for small RNA dependent HCV 
replication. Structure predictions were performed using an online software, ‘RNAstructure’ and 
have not been experimentally validated. (C and D) The activity of the si19-37 analogues was 
assessed using replication assays in which the activity of miR-122 is antagonized by anti-miR-
122. Ago2 knockout cells were electroporated with HCV J6/JFH-1(p7-Rluc2a) RNA, anti-miR-
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122 and the indicated siRNA and harvested at 2 hours (grey bars), 24 hours (light grey bars), 48 
hours (blue bars) and 72 hours (red bars) post-electroporation. HCV replication was measured 
based on Rluc expression and is presented as % relative to Rluc expression from HCV RNA 
supported by endogenous miR-122 at 72 hours post electroporation (Endo miR-122). Data 
represent the average of 3 independent experiments and error bars represent the standard deviation. 
Statistical significance was determined using one-way ANOVA on 72-hour values where, 
*P<0.0332; **P< 0.0021; ***P < 0.0002; ****P < 0.0001.  
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6.7.7. siRNA promotion of virus replication correlates with promotion of virus translation. 

Two confirmed functions of miR-122 are promotion of HCV translation and stabilization 

of the viral genome, however, the relative contributions of each to HCV life-cycle promotion are 

unknown (Sarnow and Sagan, 2016; Thibault et al., 2015; Wilson and Huys, 2013). We 

hypothesized that if stimulation of translation or genome stabilization is a key mechanism by 

which miR-122 promotes virus replication then the ability of an siRNA to promote replication will 

correlate with its ability to stimulate translation or stabilize the viral genome. To test this 

hypothesis, we assessed siRNA stimulation of translation and genome stabilization by panels of 

siRNAs that promote HCV with varying efficiencies.  

 To assess siRNA translation promotion, we measured the ability of miR-122 and an array 

of siRNAs to promote translation of a non-replicative HCV J6/JFH-1(Rluc2a) GNN RNA in 

DROSHA/Ago2 double KO cells. DROSHA/Ago2 double KO cells were generated to provide a 

background that lacked both miR-122 expression and Ago2 associated siRNA cleavage activity 

and allowed us to remove the miR-122 antagonist from our assays. DROSHA/Ago2 double KO 

cells were generated from DROSHA knockout cells using Crispr/Cas9 and the knockout of Ago2 

was confirmed based on the ability of the cells to use si18-36 to promote instead of knockdown 

HCV replication (Figure 6.7A) and by western blot analysis showing abolished Ago2 expression. 

(Figure 6.7B), (Supplementary Figure S6.1E). To assess HCV translation promotion by the 

siRNAs, cells were electroporated with viral RNA and siRNAs and translation efficiency was 

measured based on Rluc expression vs a co-electroporated Fluc mRNA control (Figure 6.7C). By 

using an array of siRNAs that promote replication with different efficiencies we found that the 

levels of translation stimulation correlated with their ability to promote replication (Figure 6.7D 

and E). siRNAs that promoted efficient HCV replication, (Figure 6.7D, red bars) also efficiently 

stimulated translation (Figure 6.7E, red bars), and siRNAs that promoted HCV replication to a 

moderate level also promoted translation less efficiently (Figure 7D and E, orange bars). Finally, 

siRNAs that promoted HCV replication poorly or not at all, displayed little or no translation 

stimulation (Figure 6.7D and E, yellow and black bars). Thus, our data suggests that small RNA 

dependent promotion of HCV replication depends on its ability to promote virus translation. 

However, within the group of siRNAs that promoted virus replication efficiently (Figure 6.7D and 

E, red bars) all of the siRNAs promoted virus replication with similar efficiencies but varied in 
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their translation stimulation ability. This suggests there is a relatively low threshold amount of 

translation stimulation required for efficient HCV replication. 
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Figure 6.7. small RNAs annealing promotes translation of HCV. (A) Phenotypic analysis of 
DROSHA/Ago2 double KO cells. Graph showing HCV replication induction by siRNAs in 
DROSHA KO cells vs DROSHA/Ago2 double KO cells. (B) Western blot images showing the 
absence Ago2 protein in DROSHA/Ago2 double KO cells vs the presence of Ago2 protein in 
DROSHA KO cells. Uncropped blot is shown in Supplementary Figure 1E (C) Schematic diagram 
showing HCV translation assay (D) Transient translation assays performed in DROSHA/Ago2 
double KO cells using non-replicative viral RNA, J6/ JFH-1(p7-Rluc2a) GNN, and the indicated 
siRNAs and an mRNA expressing Fluc as an electroporation control. Samples were harvested at 
4 hours and translation was accessed based on Rluc expression vs the co-electroporated Fluc 
mRNA control. Data represent the average of at least 5 independent experiments and error bars 
represent the standard deviation. Statistically significant differences between siRNAs and 
siControl was assessed by one-way ANOVA, *P<0.0332; **P< 0.0021; ***P < 0.0002; ****P < 
0.0001. (E) Graph showing replication promotion at 72 hours post infection by siRNAs used in 
the translation assays performed in Ago2 KO cells. (D and E) siRNAs that promoted HCV 
translation and replication efficiently are coloured red, moderately efficient ones are coloured 
orange and low efficient are coloured yellow. siRNAs that do not promote replication are coloured 
black.
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6.7.8. siRNA annealing-induced HCV genome stabilization is not sufficient to promote virus 

replication 

 In addition to stimulating HCV translation, miR-122 annealing also stabilizes the HCV 

genomic RNA by protecting it from cellular pyrophosphatases, DOM3Z and DUSP11, and the 

exonuclease Xrn1 (Amador-Cañizares et al., 2018b).  To test for a linkage between siRNA induced 

replication and virus genome stabilization we investigated HCV RNA genome stability in presence 

of miR-122, a control siRNA, siControl, and 2 test siRNAs (Figure 6.8) (Supplementary Figure 

5). We chose si19-37 because it promotes efficient replication, efficient translation, is predicted to 

induce the translationally active IRES, and was shown previously to stabilize the viral genome 

(Amador-Cañizares et al., 2018a) (Figure 6.7D, E and 6.2C). si27-45 was chosen since it does not 

promote replication, or translation and is not predicted to form translationally active structure 

(Figure 7D, 7E and 2C). miR-122 was used as a positive control and siControl was used as a 

negative control. For the stability assays HCV J6/JFH-1(p7-Rluc2a) GNN RNA, a non-replicative 

HCV RNA and an siRNA (or miR-122, or control) were electroporated in DROSHA/Ago2 double 

KO cells and total RNA was harvested at 0 min, 30 mins, 60 mins and 120 mins post-

electroporation. To determine the half-life of HCV GNN RNA northern blots were performed 

(Figure 6.8A). As expected, the half-life of the viral RNAs was extended by miR-122 annealing 

(Figure 6.8B, C and D) and si19-37. However, contrary to our expectations si27-45 stabilized the 

HCV genome, even though it did not promote HCV replication (Figure 6.8B, C, D and 

Supplementary Figure 5). This suggests that small RNA annealing stabilizes HCV genomic RNA 

but stabilization alone is not sufficient to promote HCV genome replication. Thus, stimulation of 

translation appears to be linked with miR-122 promotion of HCV replication, and genome 

stabilization, while stimulatory, is not sufficient alone. 
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Figure 6.8. Genome stabilization by small RNAs that do and do not promote HCV 
replication. (A) Schematic diagram showing HCV stabilization assay (B) Northern blot analyses 
of HCV genomic RNA quantities during stability assays. Assays are shown for HCV RNA with 
annealing of miR-122, two different siRNAs, or siControl. Bands were quantified using 
ImageStudio Lite and were plotted as a one phase decay curve. These data are representative of 3 
independent experiments performed with each of the 2 siRNAs along with control small RNAs 
(miR122 and sicontrol). (C) Decay curves for each sample (miR-122/siControl/19-37/si27-45) 
were generated and half-lives obtained from these decay curves are noted in part B. Full uncropped 
blots are shown in Supplement Figure 4. (D) The average half-lives and standard deviations 
obtained from 3 independent experiments are plotted. Blots, decay curves, and half-lives for the 
other two experiments are shown in Supplementary Figure S6.5. Decay curves and half-lives were 
calculated by Graphpad Prism.
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6.8. Discussion 

miR-122 binding to two sites on HCV 5’UTR is required for efficient HCV replication 

(Figure 6.2A). We and others previously reported a hypothesis that the pro-viral activity of miR-

122 was mediated by annealing induced RNA structural changes to the HCV 5’ UTR to induce the 

translationally active 5’ UTR IRES structure (Amador-Cañizares et al., 2018a; Chahal et al., 2019; 

Schult et al., 2018). We also showed that HCV replication was stimulated by siRNAs as efficiently 

as by miR-122 if their siRNA-directed cleavage activity was abolished by using Ago2 KO cells 

(Amador-Cañizares et al., 2018a). In this study we have defined an RNA element located between 

nucleotides 1 and 44 on the HCV 5’ terminus to which small RNA annealing induces the HCV 

lifecycle and identified distinct impacts of small RNA annealing on translation and genome 

stabilization, further clarifying the underlying mechanism of replication promotion by miR-122. 

We identified that small RNA annealing to nucleotides 1-3 and 15 - 44 promote HCV 

replication and that annealing to nucleotide 45 (SLIIa) and beyond do not (Figure 2, 3 and 4). RNA 

structure prediction algorithms show that the ability of siRNAs to promote replication is related to 

its predicted ability to induce the translationally active 5’ UTR RNA structure, including formation 

of SLI, SLIIa, and SLIIb (Figure 6.2C) (Supplementary Figure S6.2) and support the hypothesis 

that, like miR-122, small RNA annealing promotes virus replication by favoring the formation of 

the translationally active IRES RNA structures. However, this hypothesis has not been confirmed 

by us or by others using biochemical and biophysical methods (Amador-Cañizares et al., 2018a; 

Chahal et al., 2019; Schult et al., 2018). 

We also mapped a region between nucleotides 23-35 as the optimum region of annealing 

(Figure 6.6B and C).  Annealing to these 13 nucleotides was the minimum annealing requirement 

to promote replication and annealing to 15 nucleotides, 23-37, was the minimum annealing 

required to promote efficient replication. This annealing location comprises most of miR-122 

binding seed site 1 (nucleotides 21-27) and the accessory miR-122 binding site 2 (nucleotides 29-

32) and suggests that binding to miR-122 binding seed site 1 and accessory site 2 may be the 

minimum requirement for efficient small RNA dependent HCV replication, but also shows that 

binding beyond the accessory site to nucleotides 33-36 that are not bound by miR-122, can also 

contribute to replication promotion. This data also supports a previous finding that miR-122 site 1 

behaves similar to a conventional miRNA:target interaction where binding to a seed site is 

important (Mortimer and Doudna, 2013), and that miR-122 binding site 2 has higher affinity owing 
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to extended base pairing to the accessory site. This data may also explain why annealing of two 

copies of miR-122 is required for efficient HCV replication since annealing of one copy does not 

fulfill the requirement of annealing to 15 nucleotides.  

We also speculate that the location of nucleotides 23-35 may be optimal for small RNA 

annealing to activate the HCV IRES. This region resides within both based-paired and non-base 

paired regions of SLIIalt in the non-canonical 5’ UTR structure (Figure 6.6B) and the non-base 

paired region may allow efficient small RNA annealing, and 15 base pairs of annealing is sufficient 

strength to induce the translationally active IRES structure. In addition, a previous report proposed 

that miR-122 annealing to binding site 2 positioned Ago2 such that it contacts SLIIs and potentially 

modulates the function of the HCV IRES (Chahal et al., 2019). Perhaps annealing at position 23-

35 is the optimal location to position Ago for this interaction. Biophysical analyses of RNA-Ago 

complexes induced by annealing of siRNAs that promote the HCV lifecycle with varying 

efficiencies could clarify the molecular details of pro-viral nucleoprotein structures.  

A previous report showed that miR-122 binding to the extreme 5’ terminus of the HCV 

genome was required for efficient HCV replication (Machlin et al., 2011). By contrast, our data 

indicates that small RNA annealing to the 5’ terminal region is not essential but enhances HCV 

replication promotion (Figure 6.4A and B). The previous report also showed that the 7 nucleotide 

3’miR-122 overhang contributes to virus replication (Machlin et al., 2011). However, our study 

indicates that a 2UU overhang was sufficient to promote HCV replication, and that generation of 

a miR-122-like 3’ overhang was not necessary and, in fact, was detrimental to HCV replication 

(Figure 6.4C and D).    

We also determined that siRNA binding to other regions on HCV genome, including the 

HCV IRES does not stimulate virus replication. In addition, IRES annealing siRNAs neither 

promote nor inhibit HCV replication (Figure 6.5B and C) and thus do not appear to disrupt IRES 

structure and function. Therefore, small RNA annealing induced RNA structure changes appear to 

be specific to the HCV 5’ terminal region and the active HCV IRES structure may be too stable to 

be disrupted by small RNA annealing.  

At least 7 more miR-122 binding sites were predicted in the HCV genome and were 

speculated to also affect the virus life cycle, (Bernier and Sagan, 2019; Jopling et al., 2008; Nasheri 

et al., 2011; Schult, 2017). However, none of the siRNAs that bound to the predicted miR-122 

binding sites promoted replication (Supplementary Figure S6.1B, C and D). Our data therefore 
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suggests that the two miR-122 binding sites on HCV 5’UTR are the only active binding sites that 

promote HCV replication. This data is in agreement with a recently published report in which 

mutation of the other miR-122 binding sites had no influence on HCV replication (Bernier and 

Sagan, 2019).  

That miR-122 stimulates HCV translation was first reported in 2008 and has been 

confirmed by several groups (Henke et al., 2008; Sagan et al., 2015; Schult et al., 2018). We 

hypothesized that if translation stimulation was a key mechanism by which miR-122 is promoting 

HCV replication then the ability of an siRNA to stimulate translation will correlate with its ability 

to promote virus replication. Our data support this hypothesis and showed a correlation between 

siRNAs that promoted replication efficiently and their ability to stimulate translation (Figure 6.7C 

and D). However, siRNAs that promoted replication as efficiently as miR-122 (si17-35, si18-36, 

si19-37, si22-40, si22-42) stimulated translation with a range of abilities, from 2 to 7-fold, and 

only si19-37 stimulated translation as efficiently as miR-122. Thus, small changes in annealing 

location have a dramatic effect on translation stimulation and differences in efficiency may be due 

to differential annealing site access or altered Ago positioning. However, in spite of different 

abilities to stimulate translation all of these small RNAs promoted replication similarly and suggest 

that a minimum threshold of translation stimulation is required for efficient HCV replication, at 

least in cell culture. However, the annealing pattern of miR-122 appears to be optimized for 

efficient translation stimulation, and thus optimal translation stimulation by miR-122 may be 

important for HCV infections in humans.  

  Annealing of miR-122 to the HCV 5’ UTR stabilizes the viral genome, and this has been 

proposed as a mechanism by which miR-122 promotes HCV replication (13, 25). Further, it was 

speculated that the mechanism of protection is the generation of a double stranded 5’ terminus by 

miR-122 binding that protect it from cellular pyrophosphatases and exonuclease (Figure 6.2A) 

(20). We showed previously that si19-37 annealing also stabilizes the HCV genome, and that 

annealing to the extreme 5’ terminus was not required (Amador-Cañizares et al., 2018a). In this 

report we show that annealing of si27-45 to the 5’ UTR stabilizes the HCV genome even though 

it does not promote replication (Figure 6.8). This confirms that 5’ end annealing is not required for 

genome stabilization and also that small RNA induced genome stabilization alone is not sufficient 

to promote virus replication. We propose that stabilization likely functions to enhance replication 

that is induced by translation stimulation.   
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Finally, based on our findings we present a model in which annealing of miR-122 or 

position specific small RNAs to a 5’ terminal regulatory RNA element induces the formation of 

the active viral IRES and stimulates virus translation. We propose that the minimal IRES may 

intrinsically fold into a translationally active structure and that the 5’ terminal RNA element and 

miR-122 annealing modulates this intrinsic structure in some way. In addition, miR-122 or 

position-independent small RNA annealing stabilizes the viral genome, but stabilization alone is 

insufficient to promote the virus life cycle (Figure 6.9). However, whether miR-122 or small RNA 

annealing directly affect HCV RNA replication remains unclear, as does the dynamics of miR-122 

annealing during specific events in the virus lifecycle such as replication and virion assembly. In 

addition, the roles of miRNA associated proteins like Ago and Ago complexes in HCV promotion 

by miR-122 remain to be clarified.  
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Figure 6.9. Summary model figure. We have developed a model for the mechanism of miR-122 
promotion of HCV. In our model, the (A) HCV 5’ UTR RNA forms SLIIalt a non-canonical 5’ 
UTR structure in the absence of small RNA annealing but (B) the canonical SLII structure of the 
active HCV IRES when bound with 2 copies of miR-122 or with siRNAs. Structure predictions in 
(A) and (B) were performed using an online software, ‘RNAstructure’ and have not been 
experimentally validated. (A and B) Boxed nucleotides represent miR-122 binding sites. and the 
colours of nucleotides represent RNA replication efficiency when siRNAs are bound to those 
nucleotides. Small RNA induction or stabilization of the canonical IRES structure promotes virus 
translation leading to enhanced virus replication. Small RNA annealing also stabilizes the viral 
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genome, but genome stabilization alone is not sufficient to promote the HCV lifecycle. We propose 
that small RNAs anneal associate with host Argonaute proteins and together they are responsible 
for RNA structure changes and viral genome stabilization. It is unknown if genome amplification 
is affected by miR-122 or whether replication initiation is regulated by the canonical or non-
canonical structures (dotted arrow lines). All together we propose that a key role of miR-122 is to 
induce the canonical 5’UTR IRES structure and promote virus translation and that genome 
stabilization has a secondary enhancing role but is insufficient alone. 
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6.9. Supplementary Information 
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Supplementary figure S6.1. (A) Heat map showing small-RNA efficiencies to promote virus 
replication. Red signal means highest efficiency and yellow signals mean lowest efficiencies. 
Secondary structure of HCV 1-47 nucleotides is shown to visualize the effect of small-RNA 
location binding on HCV replication efficacy. (B, C) Diagrammatic representation of HCV NS5B 
coding region and 3’UTR region secondary structures. The figure shows siRNAs (red) binding to 
other predicted miR-122 binding sites in NS5B coding region (left) and 3’UTR region (right). (D) 
The activity of the siRNAs was assessed using replication assays in which the activity of miR-122 
is antagonized by anti-miR-122. Ago2 knockout cells were electroporated with HCV J6/JFH-1(p7- 
Rluc2a) RNA, anti-miR-122 and the indicated siRNA and harvested at 2 hours (grey bars), 24 
hours (light grey bars), 48 hours (blue bars) and 72 hours (red bars) post-electroporation. HCV 
replication was measured based on Rluc expression and is presented as % relative to Rluc 
expression from HCV RNA supported by endogenous miR-122 at 72 hours post electroporation 
(Endo miR-122). Data represents the average of 3 independent experiments and error bars 
represent the standard deviation. Statistical significance was determined using one-way ANOVA 
on 72-hour values where, *P<0.0332; **P< 0.0021; ***P < 0.0002; ****P < 0.0001. (E) Western 
blot described to assess expression of Ago2 protein in DROSHA/Ago2 KO cells. DROSHA/Ago2 
cell clone A9 was used for our studies. 
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Supplementary figure S6.2. 5’ UTR RNA structure predictions alone or following annealing of 
the siRNAs that promote and do not promote HCV replication. Structure predictions of the HCV 
5’ terminal 117 nucleotides alone or with annealing of the indicated siRNA and miR-122 was 
performed using online software RNAstructure, specific algorithm bifold. The first six lowest delta 
free energy structures obtained from predictions with each siRNAs are shown. The delta free 
energy calculated by the software is shown below each structure. 
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Supplementary figure S6.3. SiRNA suppression assays for (A) siRNAs that bind within the HCV 
IRES (B) siRNAs that bind within NS5B and the 3’UTR (C and D) si19-37 analogues (E) siRNAs 
tested for terminal binding and overhang. Red bars indicate siRNAs that suppress translation, black 
bars indicate siRNAs that do not suppress translation, orange bar indicates siRNA that binds to 
nucleotides necessary for small RNA dependent HCV replication. 

 
 
 
 
 
 
 

 
 
 

Supplementary figure S6.4. RNA structure predictions of the HCV 5’ terminal 117 nucleotides 
with annealing of siRNAs (A and B) to the si19-37 RNA analogues (C) that bind or do not bind to 
5’ terminus and with siRNAs that do or do not generate a 3’ overhang. Predictions are based on 
bifold in the online software RNAstructure and the delta free energy calculated by the software are 
shown below each structure. 
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Supplementary figure S5.5. (A, B and C) Uncropped images of 3 northern blots are shown. Decay 
curves for each sample (miR-122/siControl/19-37/si27-45) were generated independently and 
half-lives obtained from these decay curves are noted on top of each graph. Decay curves for all 
samples within each blot are also shown in one graph. 
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Table 6.1. Small RNA sequences used in this study 

RNAs Sequence (5’ – 3’) 

miR-122 UGGAGUGUGACAAUGGUGUUUGU 

5’ UTR siRNAs   

si10-30 CGGAGUGUCGCCCCUAUUAUU 

si11-29 GGCGGAGUGUCGCCCCUAUUU 

si12-30 GCGGAGUGUCGCCCCUAUUUU 

si13-31 UGGCGGAGUGUCGCCCCUAUU 

si14-32 AUGGCGGAGUGUCGCCCCUUU 

si15-33 CAUGGCGGAGUGUCGCCCCUU 

si16-34 UCAUGGCGGAGUGUCGCCCUU 

si17-35 UUCAUGGCGGAGUGUCGCCUU 

si18-36 AUUCAUGGCGGAGUGUCGCUU 

si19-37 GAUUCAUGGCGGAGUGUCGUU 

si20-38 UGAUUCAUGGCGGAGUGUCUU 

si21-39 GUGAUUCAUGGCGGAGUGUUU 

si22-40 AGUGAUUCAUGGCGGAGUGUU 

si23-41 GAGUGAUUCAUGGCGGAGUUU 

si24-42 GGAGUGAUUCAUGGCGGAGUU 

si25-43 GGGAGUGAUUCAUGGCGGAUU 

si26-44 GGGGAGUGAUUCAUGGCGGUU 

si27-45 AGGGGAGUGAUUCAUGGCGUU 

si26-45 AGGGGAGUGAUUCAUGGCGGUU 

si27-44 GGGGAGUGAUUCAUGGCGUU 

si28-46 CAGGGGAGUGAUUCAUGGCUU 

si29-47 ACAGGGGAGUGAUUCAUGGUU 

IRES binding siRNAs   

si38-56 UAGUUCCUCACAGGGGAGUUU 

si42-60 ACAGUAGUUCCUCACAGGGUU 

si73-91 AACGCCAUGGCUAGGCGCUUU 
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si88-106 UACGACACUCAUACUAACGUU 

si317-338 UGCACGGUCUACGAGACCUCCCUU 

si339-357 UUAGGAUUUGUGCUCAUGGUU 

NS5B-3’UTR binding siRNAs   

siNS5B 1 GGCGAGUGGAGUGGUUGGGUU 

siNS5B 2 GAUAGGGGAGUGUCUAACUUU 

siNS5B 3 CCGGCAAUGGAGUGAGUUUUU 

si3’UTR 1 UUAGCUAUGGAGUGUACCUUU 

si3’UTR 2 UUUCACAGCUAGCCGUGACUU 

si3’UTR 3 UACGGCACUCUCUGCAGUCUU 

si3’UTR 4 AUGAUCUGCAGAGAGACCAUU 

Terminus binding and overhang siRNAs   

si1-3—21-36: Terminus binding AUUCAUGGCGGAGUGUGGUUU 

si 1-3mm—21-36: Non-terminus binding AUUCAUGGCGGAGUGUCCAUU 

si miR ovh1-3--21-36: overhang siRNA AUUCAUGGCGGAGUGUGGUGUUUGU 

si no ovh1-3--21-36: overhang siRNA AUUCAUGGCGGAGUGUGGU 

Minimum annealing requirement siRNAs   

si19(21-37) _17 GAUUCAUGGCGGAGUGUGCUU 

si19(23-37) _15 GAUUCAUGGCGGAGUCAGCUU 

si19(25-37) _13 GAUUCAUGGCGGACACAGCUU 

si19(26-37) _12 GAUUCAUGGCGGUCACAGCUU 

si19(27-37) _11 GAUUCAUGGCGCUCACAGCUU 

si19(29-37) _9 GAUUCAUGGGCCUCACAGCUU 

si19(31-37) _7 GAUUCAUCCGCCUCACAGCUU 

si19(19-35) _17 CUUUCAUGGCGGAGUGUCGUU 

si19(19-33) _15 CUAACAUGGCGGAGUGUCGUU 

si19(19-31) _13 CUAAGUUGGCGGAGUGUCGUU 

si19(23-35) _13 CUUUCAUGGCGGAGUCAGCUU 
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Chapter 7: Requirement of miR-122 in maintaining HCV infection 
Our studies in previous chapters were aimed towards understanding the functions of miR-122 in 

the HCV lifecycle. We found that the primary function of miR-122 is to stimulate IRES translation 

and that miR-122 alters viral RNA structures to promote IRES formation. We also found that while 

miR-122 has an important role in stabilizing the viral genome, stabilization alone is not sufficient 

for lifecycle promotion. Based on these findings we speculated that miR-122 annealing would be 

important at the early stages of the virus life cycle. However, roles for miR-122 have been 

proposed to support ongoing virus replication. In the next chapter, we aimed to determine the time 

during an HCV lifecycle at which miR-122 colocalizes with HCV RNA to improve our 

understanding on the function of miR-122 throughout the HCV lifecycle. 
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Chapter 8: Spatio-temporal evaluation of miR-122 co-localization with the 

Hepatitis C virus genome 
 

8.1. Citation 

Kunden RD, Sarah Ghezelbash, Schult P, Lohmann V, Wilson JA. Spatio-temporal 

evaluation of miR-122 interaction with the Hepatitis C virus genome.  Manuscript under 

preparation.  

 

8.2. Contribution 

 Kunden RD generated figures 8.1, 8.2, 8.5 and 8.6 presented in this chapter. Infectious 

virus particles for Figure 8.3 were generated by Schult P and FISH assay and confocal was 

performed by Kunden RD. For figure 8.4 Kunden RD generated infectious virus particles and 

Ghezelbash S performed immunoflouroscence assay. Kunden RD and Wilson JA wrote the 

manuscript. Figures 8.1, 8.2, 8.3 and 8.6 were performed at University of Heidelberg under the 

mentorship of Lohmann V and was co-mentored by Wilson JA. Figures 8.4 and 8.5 were generated 

at University of Saskatchewan under the mentorship of Wilson JA. 

 

8.3. Abstract 

The Flavivirus Hepatitis C Virus (HCV) chronically infects the liver and can lead to liver 

cirrhosis and hepatocellular carcinoma. The HCV genome is a 9.6 kb long positive sense RNA 

that consists of a 5’ untranslated region (UTR), a polyprotein coding region, and a 3’UTR region. 

Replication of the viral genome requires annealing of a liver specific small-RNA, miR-122 to 2 

sites on 5’ untranslated region (UTR). Our recent studies have revealed that miR-122 annealing 

promotes HCV replication primarily by stimulating translation, but also has an important role in 

stabilizing the genomic RNA. However, where in the cell, and when during a virus life cycle miR-

122 associates with the HCV genome is unknown. Based on literature and our recent findings we 

hypothesize that miR-122 annealing is required at early stages in the virus lifecycle to promote 

genome stabilization and virus translation and thus association with miR-122 should be an early 

event in the virus life cycle. However, a role for miR-122 during ongoing virus replication has 

been reported and would suggest that miR-122 may remain in association with the genome 

throughout the virus life-cycle. In addition, a role for miR-122 in virion assembly and 
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incorporation into virions has not been studied. To gain insight into the lifecycle stage at which 

miR-122 associates with the viral genome we monitored the co-localization of miR-122 and the 

HCV genome in infected cells by Fluorescence in-situ hybridization (FISH). Our data indicates 

that the HCV genome colocalizes with miR-122 as early as 30 minutes post infection and is 

maintained for at least 48 hours. This supports the notion that miR-122 is required early in the 

virus life cycle to promote virus translation and genome stabilization at the initiation of an 

infection, but also suggests possible roles in ongoing virus replication.  In the future, we wish to 

expand these studies to assess the co-localization of miR-122, the HCV genome, and host and viral 

proteins involved in virus replication and assembly to map the location and dynamics of miR-122 

localization during the virus lifecycle at stages including, virus entry, uncoating, genome 

translation, genome replication, and virion assembly and egress and identify the range of lifecycle 

stages that might be impacted by miR-122.  
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8.4. Introduction 

Hepatitis C Virus infects the human liver (Rijnbrand et al., 2001) and causes an acute 

infection in 30 percent of the infected individuals, and a chronic infection in 70 percent.  HCV 

virions are enveloped and contain a 9.6 kb positive sense RNA genome and an infection begins 

when HCV binds to and enters liver cells. Chronic HCV infections can lead to hepatocellular 

carcinoma and death (Blackard et al., 2008).  

The liver specific microRNA, miR-122, is essential for efficient HCV lifecycle progression 

and likely plays an important role in HCV’s liver tropism. (Jopling et al., 2005). In an uninfected 

liver, miR-122, like other microRNA, regulates host mRNA translation and stability by annealing 

to complementary sequences within the mRNA 3’UTR. MiR-122 is abundant in the liver and has 

roles in lipid metabolism and cancer suppression (Coulouarn et al., 2009; Fukuhara and Matsuura, 

2013). However, miR-122 is unusual in also annealing to sequences near the 5’ terminus of the 

HCV genome being required for efficient virus replication. Two copies of miR-122 bind to the 5’ 

terminus in conjunction with the host miRNA processing and effector protein Ago2 and the 

interaction has been reported to a) stimulate translation, b) stabilize the viral genome, and c) 

directly promote genomic RNA replication (Machlin et al., 2011; Wilson and Huys, 2013). In 

chapter 6 of this thesis we identified translation stimulation to be the predominant role for miR-

122 in lifecycle promotion, with genome stabilization being important but not sufficient alone 

(Kunden et al., 2020b). We and others have also theorized that miR-122 annealing modifies the 

structure of the 5’UTRs to influence the formation and activity of the HCV Internal Ribosomal 

Entry site (IRES) but this requires biophysical confirmation (Amador-Cañizares et al., 2018a; 

Chahal et al., 2019; Henke et al., 2008; Schult et al., 2018). Impacts on genome translation and 

stability are expected to impact the early stages with respect to the virus lifecycle, but little is 

known regarding impacts and interactions of miR-122 at later stages of the virus lifecycle.  

An HCV lifecycle includes various stages from entry to making multiples copies of itself 

in the cells and then releasing these new particles to infect other cells. (Chevaliez and Pawlotsky, 

2006). The virus enters through receptor mediated endocytosis and releases its genome which is a 

single stranded positive sense RNA molecule, in the cytoplasm of the infected cell. The virus then 

associates with the endoplasmic reticulum of the cell where it utilizes various host factors like 

miR-122, Ago2 and the translational machinery for protein production, an event that takes place 

early in the virus lifecycle. Colocalization studies to determine the kinetics of virus translation 
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identified translation initiation at 2 hours post infection (hpi) which increased thereafter until 12 

hpi (an early in the virus lifecycle) (Shulla and Randall, 2015). Some of these produced viral 

proteins further promote formation of replication complexes where genome amplification takes 

place. Microscopy studies have shown that the non-structural viral proteins, NS3 and NS5A 

associate with HCV RNA during the process of replication which can be used as replication 

complex markers to identify the lifecycle stage of replication. Further, it was identified that the 

positive and negative strands of virus RNA colocalizes from 4 hpi and an increase in colocalization 

was observed thereafter suggesting increased replication. (Shulla and Randall, 2015). Since 

replication succeeds cell attachment, entry, stabilization and translation, we term this event as a 

late event in the HCV lifecycle. Following replication, virion assembly is initiated by the core 

protein that associates with viral RNA to form the nucleocapsid. The core- RNA complex then 

buds through the membrane at sites rich in virion envelope proteins E1 and E2 (Paul et al., 2014). 

Microscopy studies showed increased colocalization of the Core protein and the positive strand 

viral RNA from 24 hpi and onwards (Shulla and Randall, 2015).  Thus the viral structural proteins, 

core, E1, and E2 form the architecture of HCV virions. At the ER membrane, E1 and E2 

glycoproteins also associate with nascent Lipid droplet and the newly formed particles are then 

released out of the cells to infect new cells.  

Although the virus lifecycle stages have been rigorously studied, the stages of the HCV 

lifecycle affected by miR-122 are unknown. The role for miR-122 in translation stimulation and 

in genome stabilization suggests a role during the early phase of the replication cycle, to ‘jump-

start’ the initiation of an infection, but does not rule out roles during later stages, such as genome 

replication and virion assembly, and it is unknown if miR-122 is packaged with HCV virions. In 

this study, we sought to determine the time in a virus lifecycle during which miR-122 interacts 

with HCV genomic RNA. This would provide insights into whether miR-122 associates with the 

genome only at early time and thus primarily functions only in early stages or, whether it interacts 

during, and thus may impact, other life-cycle stages. To analyze this, we used florescent in-situ 

hybridization to detect and colocalize HCV genomic positive and negative strand RNA and miR-

122 in infected cells at single molecule resolution. We found that miR-122 colocalizes with the 

HCV genome at both early states (30 mins to 4 hours) and later in the infection (between 4 and 48 

hours). This suggests that miR-122 may play a role at both early and later stages of the virus life 

cycle.  
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8.5. Materials and Methods 

8.5.1. Plasmids 

Plasmid pSGR J6/JFH-1 Fluc, pJ6/JFH-1 RLuc (WTFL) was used to make subgenomic 

RNA and wild type full length RNA that were either electroporated or transfected in cells to initiate 

replicon replication. To produce infectious virions for detection of HCV RNA, cell culture-adapted 

Jc1 strain (at the University of Heidelberg) or JFH1T HCV (at the University of Saskatchewan) 

molecular clones were used (Jones et al., 2007; Schult et al., 2018). 

 

8.5.2. In vitro RNA transcription 

To generate viral RNA pSGR J6/JFH-1, pJ6/JFH-1 RLuc, pJc1, pJFH1T plasmids were 

linearized by digestion with XbaI, XbaI, MluI and XbaI respectively, and RNA was synthesized 

by using the MEGA Script T7 High Yield Transcription Kit (Life Technologies, Burlington, 

Canada). The transcription process was performed using the suggested manufacturer’s protocol.  

 

8.5.3. Cell Culture 

Huh 7.5 cells, Huh7 High Passage (HP) cells (I et al., 2012) and Huh7.5ΔmiR cells (Schult 

et al., 2018) were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 

10% fetal bovine serum, 0.1 nM non-essential amino acids (Wisent, Montreal, Canada) and 100 

μg/ml Pen/Strep (Invitrogen, Burlington, Canada).  

 

8.5.4. RNA electroporation 

HCV RNA electroporations were performed to initiate an infection and to generate stocks 

of infectious HCV virions. Each sample consisted of 0.6x107 of Huh7 high passage (HP) cells in 

400 μL Dulbecco's PBS for electroporation. Cells were electroporated using 4 mm cuvettes at 

infinite resistance; optimized for the BioRad GenePulser XCell (BioRad; Missisauga, ON, 

Canada), Huh 7 HP cells were electroporated at 225 V and 950 μF with 5 μg viral RNA. After 

electroporation, cells were put in 4ml culture media, and 300 µl were seeded on 24 well plate 

containing one 12 mm coverslip.  
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8.5.5. RNA transfection 

To initiate an infection by RNA transfection 2.5 µg of J6/JFH1 subgenomic HCV RNA was 

transfected in Huh7 HP cells in 12 well plate using lipofectamine 2000 (Life Technologies, 

Burlington, ON, Canada) and the manufacturer’s suggested protocol.  

 

8.5.6. Virus production and virus infections 

To produce Jc1 virus stocks single-cell suspensions of Huh7.5 cells were prepared by 

trypsinization, washing with phosphate-buffered saline (PBS) and resuspension at a concentration 

of 1.5×107 cells/ml in Cytomix. Then 10 µg of Jc1 in vitro transcript RNA was mixed with 400 µl 

cell suspension and electroporated into the cells using a GenePulser system and cuvettes with a 

gap width of 0.4 cm at 975 µF and 270 V. Cells were immediately diluted in complete DMEM and 

seeded. Virus-containing supernatants were collected and used for infection experiments. 

To generate stocks of JFH1T, in-vitro transcribed JFH1T RNA was transfected into Huh 7.5 

cells. Briefly, 10 mm tissue culture dish were seeded with 2.2x106 and incubated overnight at 37 

degrees in a CO2 incubator. The next day 10 µg of in-vitro transcribed JFH1T RNA was transfected 

using lipofectamine 2000 for 4 hours. The media was then removed and replaced with 6ml DMEM. 

3 days later the tissue culture supernatants were harvested and filtered through a 0.45 μm filter and 

frozen in 1ml aliquots at -80 °C. Infections of 4x105 Huh 7.5 cells were performed using 500 µl of 

the frozen stocks and immune-florescence assay were done to detect HCV NS5A protein and 

assess the efficiency of viral infection. 

 

8.5.7. View RNA ISH- Fluorescence In-Situ Hybridization 

For detection of miR-122, HCV genomic RNA positive and negative strands in cells, FISH 

assays were performed. Briefly, at various times after an infection was initiated by RNA 

electroporation, RNA transfections or virus infections, the cells were fixed with 4% PFA and 

permeabilized using 70% EtOH. The rest of the assay was performed using View RNA ISH cell 

assay kit (ThermoFisher, QVC0001) as per the manufacturer’s protocol except for that only 1/10th 

of the volume of Probe-sets, Pre-amplifier diluent, amplifier diluent and label reagents was used 

and cells were mounted on coverslips and placed on a parafilm wrapped surface to scale down the 

staining process. Specifically, 30 µl of probe-sets, diluents or label probe solution were used per 
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coverslip. For every wash between incubations, the coverslips were demounted back in their 

respective wells in 24 well plate and washed as per manufacturer’s instructions. The Probe-sets 

used were: Positive strand: VX-01 assay ID VF4-17833, Negative strand: VX-01 assay ID VF6-

17834 and  miR-122: assay ID VM1-10247-VCP. 

 

8.5.8. Fluorescence detection and analysis 

Fluorescence detection after IFA and FISH assays were conducted at the university of 

Heidelberg using a Leica SP8 confocal microscope (Leica) and at the University of Saskatchewan 

using Ziess LSM 700 for detection at single molecule resolution. Signals were analyzed using the 

ImageJ (FiJi) software package. Where stated cells were imaged using ZOE Fluorescent cell 

imager (Bio-Rad). 

 

8.6. Results and Discussion 

8.6.1. Detection of miR-122 and Hepatitis C virus positive sense and negative sense RNA 

using FISH 

To gain insight into the lifecycle stages affected by miR-122 our aim was to first determine 

when in the virus life cycle miR-122 interacts with the HCV genome. To do this we used FISH 

assays to detect the HCV genomic RNA and miR-122 at different time points during an HCV 

infection. FISH assay is a powerful technique that we can use to detect single RNA molecules at 

single cell resolution. In order to detect our RNA of interest eg: HCV +ve sense RNA, we first 

used single stranded DNA probes that target HCV RNA. In order to detect single molecules 

branched amplification step is performed where more ssDNA probes bind each other that will 

increase detection capability of the RNA. Lastly, probes with florescent dyes are used to bind to 

the branched DNA so the signal can be detected using a Confocal microscope. With this assay we 

can further simultaneously detect up to four different RNA transcripts in single cells. This assay 

is therefore ideal to determine colocalization between different RNA transcripts.  

The first step towards this is to assess the sensitivity and specificity of the FISH localization 

method in HCV RNA electroporated cells. To initiate an HCV lifecycle,we electroporated  Huh7 

high passage cells (Huh7 HP cells) (that express miR-122) with J6/JFH1 sub genomic replicon 

HCV RNA. J6/JFH1 sub genomic HCV RNA was used since it lacks structural proteins and cannot 

form virus particles. I was therefore permitted to work with this RNA in a BSL 2 facility at the 
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University of Heidelberg. Huh7 HP cells were used since these cells are bigger than other 

hepatocarcinoma cell lines and better visualize cell structures using confocal microscopy. We then 

incubated these cells at 37 °C for 48 hours and fixed them with Paraformaldehyde. Fixed cells 

were then used to perform FISH by using probes against HCV positive sense RNA, negative sense 

RNA, and miR-122 and fluorescence was detected using a confocal microscope. Using probes 

against HCV RNA we were able to detect both, HCV positive strand RNA, in green, and negative 

strand RNA in red (Figure 8.1A). We did not detect background staining in control cells 

electroporated without HCV RNA suggesting specificity of this assay (Figure 8.1A).  Using the 

miR-122 FISH probes we were also able to detect endogenous miR-122 expression in Huh 7.5 

cells, in red (Figure 8.1B), but did detect low levels of miR-122 in Huh7.5ΔmiR cells (Figure 8.1B) 

(cells without miR-122) (Schult et al., 2018). This was expected since these cells were found to 

still express low levels of miR-122 suggesting that the knockout in these cells, which were made 

using a Cas9 lentivirus system, was leaky. To clarify, these are not the same cells as miR-122 KO 

Huh 7.5 cells that were used in Chapter 6. Thus we have developed a method to detect our RNAs 

of interest and determine the colocalization time between viral genomic RNA and miR-122. 
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Figure 8.1. Detection of miR-122, HCV positive and negative sense RNA strands in Huh 7 
HP cells using FISH assay.  (A) Huh 7 HP cells electroporated with HCV (HCV positive samples) 
and cells only, (HCV negative) samples were, used to perform FISH. In positive samples, HCV 
RNA positive strand (Green), negative strand (Red) and nucleus (blue-DAPI) were detected. 
Negative samples only had DAPI staining and no stain for HCV RNA is observed. (B.) Huh 7.5 
cells were used to detect endogenous miR-122 using FISH (red). FISH was also performed in 
Huh7.5ΔmiR cells as negative control. Cells were imaged using Lieca SP8 confocal microscope with 
a magnification of 40X. 
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8.6.2. HCV RNA colocalizes with miR-122 as early as 4 hour and as late as 48 hours after 

transfection 

To determine the time point at which HCV RNA colocalizes with miR-122 in cells, we 

analyzed HCV genomic RNA and miR-122 localization during an HCV infection. We performed 

transfections using 2.5 µg of J6/JFH1 sub genomic HCV RNA into Huh7 HP cells using 

lipofectamine 2000. The cells were seeded onto coverslips, fixed at 4, 6, 8, 10 and 48 hours post-

transfection, and analyzed by FISH to detect HCV positive strand genomic RNA and miR-122 

(Figure 8.2). As a negative control, cells transfected with HCV RNA were stained without adding 

the HCV or miR-122 target specific FISH probe sets. Colocalization was observed at every time 

point analyzed and suggested that HCV genomic RNA colocalizes with miR-122 at both early and 

late time points, supporting the concept of an involvement in early stages but also suggesting roles 

throughout the virus life cycle.  
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Figure 8.2. Colocalization of HCV RNA positive strand and miR-122 after transfections of 
HCV RNA. Colocalization observed at different time points after transfection of 2.5 ug of sub 
genomic HCV RNA replicon. HCV RNA (green) colocalizes with miR-122 (red). White arrows 
indicate colocalization (yellow). FISH assay performed on HCV RNA transfected cells with no 
target specific probes were used as negative control. Cells were imaged using Lieca SP8 confocal 
microscope with a magnification of 40X and Z stacks were done to visualize colocalization in 
single plane.  
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8.6.3. HCV RNA colocalizes with miR-122 at early time points after infection 

To determine the timepoint at which HCV RNA first colocalizes with miR-122, and to 

optimize our analysis method we assessed HCV RNA and miR-122 localization during an 

infection in Huh7 HP cells. In this case, instead of electroporating or transfecting viral RNA to 

initiate an HCV infection, HCV Jc1 virions were used to infect Huh7 HP cells at time 0 and kept 

at 4 ° C for 2 hours to synchronize the infections. After 2 hours, the cells were placed in 37 °C in 

the CO2 incubator to initiate the infection. Cells were then fixed after 30 mins and 60 mins and 

FISH assay was performed. We observed that HCV RNA colocalized with miR-122 at 30 mins 

and 60 mins after infection (Figure 8.3 A and B, all colocalization spots indicated with white 

arrows). Negative control uninfected cells were stained with FISH assay probes and showed no 

background staining for HCV but endogenous miR-122 was detected (Figure 8.3 C). This 

experiment suggests that HCV genomic RNA interacts with miR-122 as early as 30 minutes post 

infection and supports the notion that miR-122 is involved in early stages of the virus life cycle. 

However, the infected cells also contained HCV RNA that did not colocalize with miR-122 (Figure 

8.3). Genomes without miR-122 might have yet to contact miR-122, or they could be on the way 

of getting degraded by cellular RNA degrading enzymes. To determine if the genomes are being 

degraded, we will perform assays to determine colocalization between the degrading enzymes like 

Xrn1, DOM3Z or DUSP11 with genomes lacking colocalization with miR-122. Alternatively they 

may have yet to contact with miR-122. To identify if the genomes do colocalize with miR-122 at 

some point, we would perform live cell imaging to track the paths of these genomes and determine 

if at some point they do colocalize with miR-122. To perform live cell imaging we can make use 

of the RNA-Dye based interaction systems that use exogenous small organic fluorescence dye like 

spinach, mango to label RNA in living cells as a replacement of fluorescent proteins like GFP 

(Cawte et al., 2020; Luo et al., 2019). In a situation where both hypothesis are true, that is, some 

genomes are being degraded while others are yet to come in contact with miR-122, we would 

perform live cell microcopy to track the fate of the genomes to miR-122 or towards the degrading 

enzymes. Such studies will aid in determining the fates of a genomic RNA after viral infection. 
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Figure 8.3. Colocalization of HCV RNA positive strand and miR-122 after infections with 
HCV particles.  A and B. Huh7 HP cells were infected with the Jc1 HCV virus and fixed at 30 
and 60 mins. FISH assay was performed to detect HCV RNA positive strand (green) and miR122 
(red). Colocalization of HCV RNA and miR-122 was observed indicated with white arrows 
(yellow). C. Negative control uninfected cells were stained with FISH. Cells showed no 
background for HCV but endogenous miR-122 was detected. Cells were imaged using Lieca SP8 
confocal microscope with a magnification of 40X and Z stacks were done to visualize 
colocalization in single plane. Single cells were cropped from these images for a better view of 
colocalization. 
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8.6.4. Optimizing HCV particle Production at the University of Saskatchewan 

We identified colocalization of the HCV genome and miR-122 between 4 and 48 hours in cells 

infected by HCV RNA transfection (sections 8.3.2), and at 30 and 60 minutes in HCV particle 

initiated infections. In the future we will complete the time course of HCV genomic RNA and 

miR-122 colocalization to determine the time points at which HCV RNA and miR-122 colocalizes 

after an infection is initiated using HCV virus particles. Since the experiments shown in section 

8.6.3 were done at the University of Heidelberg, our next step was to optimize virus particle 

production and infections at the University of Saskatchewan. For these studies we did not have 

access to HCV Jc1, and decided to use a a cell culture-adapted JFH1 strain molecular clone, JFH1T, 

that generates higher viral titers during laboratory infections. JFH1T has 3 amino acid changes 

(N417S [E2], N765D [p7], and Q1012R [NS2]) that enhances the virus production and viral titers 

in cell culture (Jones et al., 2011). To make virus stocks we transfected JFH1T RNA in to cells and 

harvested the culture supernatant. We then used the supernatant to infect new cells and used 

immuno-fluorescence analysis (IFA) to detect presence of viral protein, NS5A. We observed 

isolated foci of cells stained for NS5A protein in samples infected with our JFH-1T stock but not 

in control uninfected cells (Figure 8.4). Thus, we have generated virus stocks that can be used in 

infection and RNA colocalization experiments. 
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Figure 8.4. Infectious cell foci formation by HCV JFH-1T stocks.  JFH1T virus was produced 
in Huh 7.5 cells by chemical transfection of the JFH1T RNA construct. Their ability to infect and 
grow were tested in Huh 7.5 infected cells. Cells were stained with anti-NS5A antibody by IFA 
48 hours after infection and uninfected cells were used as control to perform IFA. Foci of stained 
cells can be seen in JFH-1T infected cells. Cells were imaged using ZOE Fluorescent cell imager 
(Bio-Rad) with a magnification of  20X. 
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8.6.5. Optimizing the FISH assay at the University of Saskatchewan 

We also optimized the FISH RNA localization method at the U of S. We electroporated 0.6x107 

Huh7 HP cells with 5 μg pJ6/JFH-1 RLuc RNA (WTFL) and performed FISH assay (following 

the protocol used at University of Heidelberg) to detect HCV RNA positive strand. Confocal 

microscopy using the Ziess LSM 700 microscope was used to detect fluorescent signals. We found 

that cells electroporated with pJ6/JFH-1 RLuc RNA (WTFL) showed presence of HCV positive 

sense strand RNA (green) (Figure 8.5). As negative control we used mock electroporated cells 

(without HCV RNA). Negative cells showed no detection of HCV RNA (green signals) denoting 

the specificity of this assay. Thus, we have successfully optimized FISH assay that can be used to 

perform experiments to determine colocalization between HCV RNA and miR-122. 
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Figure 8.5. Optimization of FISH assay at the University of Saskatchewan . FISH assay 
performed on cells electroporated with pJ6/JFH-1 RLuc RNA (WTFL) show presence of HCV 
positive sense RNA strand (green). Mock electroporated cells were used to also perform FISH 
assay. These cells do not show presence of positive sense RNA. Cells were imaged using Ziess 
LSM 700 confocal microscope with a magnification of 40X. 
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8.6.6. Simultaneous detection of viral RNA and protein 

Our preliminary data supports the notion that miR-122 is required in both early and later 

stages in the virus lifecycle. We would further like to determine where in the cell HCV and miR-

122 colocalize and during which virus lifecycle stages. Our previous findings showed that the key 

mechanism for miR-122 is to promote virus translation, which occurs in association with the 

endoplasmic reticulum. We therefore hypothesize that miR-122 interacts with HCV RNA, at the 

endoplasmic reticulum. Further we hypothesize that as the infection progresses, more miR-122 

will associate with the ER as the amount of HCV genomic RNA increases. In order to test our 

hypothesis we designed a localization assay where we can simultaneously detect the HCV genome, 

miR-122, and viral and ER proteins such as calreticulin (an ER associated protein). This will be 

used to determine if HCV RNA interacts with miR-122 at the ER, its location with respect to HCV 

replication complexes, and determining if there is increase in miR-122 association with the ER as 

the infection progresses.   

As a starting point we designed and optimized an assay to detect HCV genomic RNA and 

cellular or viral proteins simultaneously by combining FISH and IFA. To optimize co-localization 

of HCV genomic RNA and proteins we focused first on co-localization of  HCV RNA and a viral 

protein NS5A. This was because we had learned to detect HCV NS5A previously and since NS5A 

has been shown to be localized with HCV genomic RNA as it is required during virus replication 

and assembly (Shulla and Randall, 2015). In preliminary experiments we observed both HCV 

positive and negative sense RNA and HCV NS5A in Huh 7 high passage cells electroporated with 

J6/JFH1 subgenomic HCV RNA (Figure 8.6). As previously shown by others, we also observed 

colocalization between HCV NS5A and genomic RNA in electroporated cells (Example of this is 

shown with a white arrow in Figure 8.6). NS5A is part of the replicase complex that binds viral 

RNA and promotes the formation of double membrane vesicles, the sites of viral RNA replication. 

And, it is also known to be required for virion assembly within these replication complexes. Thus, 

identification of colocalization between HCV genomic RNA and NS5A depicts the ability of the 

assay to detect colocalization between our RNA and protein of interest. We used cells 

electroporated without HCV RNA to perform FISH and IFA as a negative control. Our negative 

sample did not show staining of HCV RNA or viral protein suggesting specificity of this assay. 

We have therefore designed an assay to determine co-localization of HCV RNA and our protein 

of interest like the viral NS5A protein. In future, we will use this assay to determine the interaction 
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time course of HCV genomes with miR-122 and determine the lifecycle stages that miR-122 

supports.  With these studies we will be able to determine the localization dynamics of HCV RNA 

within the host cell and better understand the role of miR-122 in promoting HCV.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 8.6. Simultaneous detection of viral RNA and protein.  Huh7 high passage cells were 
electroporated with J6/JFH1 subgenomic HCV RNA and cells were fixed after 48 hours of 
electroporation. FISH assay was first performed to detect HCV positive and Negative strand RNAs 
followed by IFA to detect HCV NS5A protein on the same cells. 
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8.7. Discussion 

Our studies have shown that HCV genomic RNA colocalizes with miR-122 at all time points 

assessed during an HCV infection. This suggests that miR-122 may be required at both early and 

later times during a virus infection. This is in agreement with the proposed role of miR-122 in 

stimulating translation and stabilizing the viral genome and with the notion that miR-122 plays a 

role in promoting the initiation/establishment of an infection. In addition, this data also supports a 

role throughout the infection cycle, perhaps to support and maintain an ongoing HCV infection.  

These preliminary data were generated at the University of Heidelberg and we are currently 

establishing these methods at the University of Saskatchewan. Thus far, we have optimized 

generation of infectious HCV particles and used them to initiate infections, and have optimized 

FISH analysis and localized HCV genomic RNA in infected cells. 

Our future goals are to assess colocalization of HCV RNA, miR-122, and host and viral 

proteins throughout an HCV infection in order to test hypotheses regarding timing of the 

interaction of miR-122 with the viral genome and cellular factors, and the location of miR-122 and 

HCV with respect to virus and host cell organelles such as the ER, virus replication complexes, 

virion assembly complexes, and the virion.   

Based on our findings and literature indicating a role for miR-122 in promoting virus 

translation and genome stabilization, we hypothesize that the HCV genomic RNA interacts with 

miR-122 and host Argonaute protein during the early stages of an HCV infection. We propose that 

this interaction occurs in association with HCV genomes and the ER during the initiation of an 

infection. To test this hypotheses we will a.) determine if miR-122 and HCV colocalizes with ER, 

and determine if there is an influx of miR-122 to sites in close proximity with the ER as the 

infection proceeds, and  b.) To determine if Ago proteins are associated with ER at early times. 

We will also test if Ago2 is required simply to deliver miR-122 to the HCV genome, or whether it 

might have an ongoing role in replication promotion by assessing if Ago2 and miR-122 is always 

present together on viral genomes. Based on our finding that miR-122 and the HCV genome 

colocalize throughout an HCV infection we also hypothesize that miR-122 is required at later 

stages of a HCV lifecycle, perhaps to promote translation and stabilization of newly synthesized 

viral RNA, or through a direct role in genome amplification or virus assembly. To identify the 

lifecycle stages in which miR-122 and the HCV genome interact, we will assess the co-localization 
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of miR-122, the HCV genome with the viral and host proteins that define different virus lifecycle 

stages. To determine if miR-122 plays role in replication and is located in a replication complex 

we will identify the association of viral RNA and miR-122 with the replication complex markers 

like NS3 or NS5A that are known to localize with HCV RNA during replication (Shulla and 

Randall, 2015).  To determine if miR-122 might be involved in virion assembly or packaged within 

the virion, we will analyze the localization of miR-122 and virion associated with viral proteins 

like core and envelope proteins that form the architecture of the new virions. By analyzing the 

interaction time course and localization dynamics of host and viral factors required we aim to 

better understand the role of miR-122 during the HCV lifecycle. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 163 

Chapter 9: General discussion 
 

9.1. General discussion: 

Because the canonical role of a microRNA is to suppress target mRNA expression, it is 

unusual that a microRNA is required for translation promotion of HCV. Jopling et. al first showed 

that a liver specific microRNA, miR-122 was required for efficient HCV replication, and since 

then multiple groups focused on trying to determine the mechanism by which miR-122 promotes 

HCV lifecycle (Amador-Cañizares et al., 2018a; Chahal et al., 2019; Huys et al., 2013; Jangra et 

al., 2010; Jopling, 2008; Roberts et al., 2011; Schult et al., 2018). Some proposed that miR-122 

has roles in virus genome stabilization while other suggested that it is required for genome 

amplification or virus translation (Amador-Cañizares et al., 2018b; Li et al., 2014; Masaki et al., 

2015; Thibault et al., 2015). In addition to these roles, researchers have speculated that miR-122 

may also have roles in the assembly of the virus or may recruit or displace proteins from the miR-

122 binding sites to regulate an event in the virus lifecycle. The goal of my project was therefore 

to understand the mechanism of miR-122 promotion of HCV and specifically, to determine the 

annealing interactions with miR-122 that are critical to the mechanism of promotion. Through this 

study we found that: 

 

1. In addition to miR-122, small perfect match siRNAs that anneal at or near the miR-122 

binding region can also promote HCV. Annealing induced promotion is location specific 

and only achieved by small RNAs that anneal between nucleotides 1-44 on the HCV 

5’UTR.  

2. Such location specific annealing of small RNAs are hypothesized through in-silico 

structure predictions to stimulates IRES structure formation and promote virus 

translation  

3. Small RNAs that promote the virus lifecycle also stabilize the genome but genome 

stabilization alone is insufficient for replication promotion 

4. miR-122 colocalizes with the HCV genomic RNA at both early and later time points in 

the virus lifecycle suggesting that miR-122 may have functions throughout the virus 

replication cycle.  
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Based on our conclusions and the knowledge from the literature I propose a model for the role of 

miR-122 that: Location-specific annealing of miR-122, in association with Ago proteins, 

stimulates IRES formation and virus translation and stabilizes the genome by protecting it from 

degradation.  Promotion of translation and stabilization by miR-122 facilitates the initiation of 

a virus infection by enhancing the quantity of virus protein production, but likely also plays a 

role to maintain on-going HCV infection in cells. 

 

 

 
 

Figure 9.1 Model Figure. In our model, the HCV 5′ UTR RNA forms SLIIalt a non-canonical 5′ 
UTR structure in the absence of small RNA annealing. However location specific annealing of 
miR-122 or siRNAs that promote replication, stimulates formation of SLII, an essential part of the 
active HCV IRES. Black boxed nucleotides represent miR-122 binding sites. Red boxed 
nucleotides represent the minimum annealed nucleotides required for an siRNA to promote HCV 
replication. Formation of the canonical IRES structure stimulates virus translation and this leads 
to enhanced virus replication. Small RNA annealing also stabilizes the viral genome, but genome 
stabilization alone is not sufficient to promote the HCV lifecycle. In our model small RNAs anneal 
in association with host Argonaute proteins which we hypothesize are involved in modifying the 
IRES structure and stabilizing the genome. Finally, we propose that miR-122 is required to both 
initiate and maintain an HCV infection within an individual infected cell. 
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The relationship between small RNA binding locations, HCV 5’UTR structural changes and 

virus translation. 

My thesis provides evidence that translation stimulation is a key mechanism by which miR-

122 promotes HCV. Henke et al. first showed that miR-122 annealing promotes virus translation 

using an RNA construct consisting of a reporter luciferase gene flanked by the 5’ and 3’ UTRs, 

(Henke et al., 2008). Further several other groups confirmed translation promotion by miR-122 

using a full length non replicative reporter HCV RNA (Roberts et al., 2011; Schult et al., 2018). 

However, these experiments showed that miR-122 annealing increases translation by only 2-fold, 

and this small increase was viewed by many to be insufficient to account for the significant 1000-

fold increase in replication induced by miR-122. However, we show that the ability of a small 

RNA to promote HCV replication correlates with its ability to promote virus replication and we 

interpret this data to suggest that translation stimulation is one of the primary mechanisms by 

which miR-122 promotes replication. siRNAs that promoted low and moderate level of replication 

also promoted low and moderate level of translation respectively, and siRNAs that promoted 

replication efficiently were also the ones that promoted translation with the most potency. Thus 

we propose that translation stimulation by miR-122 annealing is central to its ability to promote 

replication.  

We also hypothesize that miR-122 and small RNA annealing promotes translation by 

modifying the RNA structure to form the active IRES structure. The structural flexibility of an 

RNA allows it to exist in several conformations having different functions. Structural changes can 

occur when ligands such other RNA molecules or proteins interacts with the RNA (Hackermüller 

et al., 2005; Mayer et al., 2013; Waduge et al., 2019). For example, Riboswitches, the RNA 

elements that undergo a shift in the structure and act in cis to control expression of a coding 

sequence. Another example is of small regulatory RNAs that act in trans to modulate the structures 

of a target RNA transcript. Further since HCV is an RNA virus, HCV IRES was also observed to 

be naturally occurring in different conformations which was visualized using atomic force 

microscopy (ATM) (García-Sacristán et al., 2015).  We and other groups therefore used in-silico 

secondary structure prediction software and biochemical probing studies such as RNA-SHAPE 

(Selective 2' Hydroxyl Acylation analyzed by Primer Extension) to study the structure of HCV 

RNA in the presence and in absence of miR-122. Computational predictions of the 5’UTR first 

117 nucleotides consisting of SLI and II and the miR-122 binding sites showed formation of a 
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canonical SLII when interacting with miR-122 (Amador-Cañizares et al., 2018a; Chahal et al., 

2019; Schult et al., 2018). However, in the absence of miR-122, the 5’ UTR RNA forms a closed 

loop structure with a modified SLII designated SLIIalt. SLII is an essential component of the HCV 

IRES and the formation of SLII, but not SLIIalt  is expected to support active HCV translation. This 

suggests that structural changes stimulating IRES formation may be the mechanism by which miR-

122 promotes translation. 

In addition, we  propose that siRNAs that promote HCV translation and replication also do 

so by stimulating IRES formation. In our siRNA studies, siRNAs annealing from nucleotides 15-

44 promoted HCV replication with different efficiencies. The most efficient siRNA to promote 

replication was si19-37, and the replication efficiency decreased when we moved away from this 

site in either directions. These studies suggested that the boundary within which small RNA 

annealing can promote HCV replication is nucleotides 1-44 (Figure 6.2 A and D, chapter 6) 

(Kunden et al., 2020b). Structure predictions showed that SLII was predicted to form in the 

presence of siRNAs that supported HCV replication and stimulated efficient translation, and SLIIalt 

was predicted to form in presence of siRNAs that do not promote HCV (Figure 6.2  C, chapter 6). 

Further, since RNA structures are dynamic, the difference in the levels of HCV translation 

promotion with each siRNA could be due to its relative ability to stimulate IRES structure, 

depending on the siRNA binding location. For example,  annealing of si19-37, the most efficient 

siRNA, may shift the thermodynamics in favour of the active IRES structure more than si25-43, 

an siRNA that promotes relatively low levels of translation. We also speculate that small RNA 

annealing downstream of nucleotide 44 may alter the structure of SLII and thus disrupt the 

formation of IRES. Thus, we propose that small RNA annealing that promotes HCV may do so by 

modifying the structure of the viral RNA to form the active HCV IRES. This finding also explains 

why, binding of miR-122 with complicated binding pattern and perfect match siRNAs, both, can 

promote HCV replication as long as they annealing to locations that shift the thermodynamics to 

stimulate active IRES. 

Further support for this model is derived from HCV genomes capable of miR-122-

independent replication. Interestingly, most of the 5′UTR full length sequences obtained from our 

siRNA mutagenesis experiment, that support miR-122-independent replication, are also predicted 

to form the canonical 5′UTR SLII structure even in the absence of miR-122 (Figure 4.7 C, Chapter 

4) (Amador-Cañizares et al., 2018a). This was also true for full length miR-122 independent 
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replicating mutants found by other groups (Chahal et al., 2019). This suggested that these viruses 

may lack the need for miR-122 because of mutation induced RNA structural changes. Together 

these studies suggest that miR-122 and other small RNAs alter the structure of HCV 5’UTR to 

stimulate formation of an active HCV IRES and promote virus translation.  

 

Role of Argonaute protein in structural changes and translation promotion: 

The host miRNA processing and effector protein Ago2 is required for miR-122 promotion 

of HCV replication but its role remains unknown. Our experiments showing HCV replication 

promotion by siRNAs were done in Ago2 KO cells to abolish HCV genome cleavage but also 

reveal that Ago1, Ago3 or Ago4 can also support HCV replication promotion. Thus difference in 

the effects of translation stimulation between si19-37 and other siRNAs could also be due to their 

incorporation into different Argonaute proteins. Another interesting observation was that miR-122 

annealing stimulated translation more effectively than any siRNA, while some siRNAs promoted 

replication with equal efficiency. We believe that annealing of 2 copies of miR-122 and 2 copies 

of Ago proteins may add extra stability to IRES structure and thus promote translation most 

efficiently.  In agreement with this, Chahal et al. also suggested that Ago2 interacts with SLII of 

the IRES and thus the precise location of small RNA annealing may modify the quality of the 

Ago2-SLII interaction.  However, our data also suggests that translation stimulation by the siRNAs 

was sufficient to promote virus replication, suggesting that they had achieved a minimum threshold 

of translation.  

Location specific annealing of small RNAs is critical for their functions in HCV lifecycle. 

Two copies of miR-122 anneal on HCV RNA with the canonical microRNA binding pattern 

having a seed site (nts 2–8), and the auxiliary site (nts 13–17). This leaves a loop of mismatched 

miRNA nucleotides between the seed and auxiliary sites and overhangs generated by its 

unannealed 5′ and 3′ miR-122 ends. We found that siRNAs that promoted HCV replication must 

be annealed to a specific 13 nucleotides region (nts 23–35). Since 2 copies of miR-122 annealing 

is required to bind on this small region (miR-122 copy one, annealing to seed site 1 and miR-122 

copy two annealing to auxiliary site 2), it may explain why 2 copies instead of 1 miR-122 molecule 

is essential for HCV promotion. It also explains why annealing of miR-122 to site 1 behaves 

similar to a conventional miRNA:target interaction, where binding to a seed site is important, and 

that miR-122 binding site 2 has higher affinity owing to extended base pairing at the auxiliary site 
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(Mortimer and Doudna, 2013). Thus, replication promotion appears to require annealing that 

includes the seed region of site 1 and the auxiliary region of site 2. Futher binding of Ago on HCV 

genome when small RNAs anneal to nts 23-35 may better support formation of the IRES structure. 

Overall this suggests that location specific annealing of small RNAs is critical for HCV replication 

promotion and we hypothesize that small RNA annealing to nts 23-35 is required to stabilize IRES 

structure and for precise Ago2-SLII interactions.  

 

The role of small RNAs and Argonaute protein in genome stabilization 

Another proposed mechanism by which miR-122 promotes HCV is by stabilizing the viral 

genome. miR-122 was shown to protect the viral RNA from degradation from host exonucleases 

and phosphatases such as Xrn1, DOM3Z and DUSP11 but not from innate sensors of RNAs having 

5′ triphosphate ends instead of 5’ caps such as the protein kinase R (PKR), the RIG-I-like receptors 

(RLRs), which include retinoic acid-inducible gene I (RIG-I), melanoma differentiation factor 5 

(MDA5), and laboratory of genetics and physiology 2 (LGP2), as well as the IFN-induced protein 

with tetratricopeptide repeats (IFITs) 1 and 5 (Amador-Cañizares et al., 2018b; Kincaid et al., 

2018; Li et al., 2013b; Thibault et al., 2015). However, because depletion of the exonucleases and 

phosphatases together could not reinstate HCV replication in cells lacking miR-122 activity then 

stabilization appears insufficient to promote an HCV infection, and other miR-122 functions must 

exist. To correlate genome stabilization with HCV replication promotion we assessed genome 

stabilization abilities of small RNAs that promote HCV replication with differing efficiencies and 

found that siRNA that did not promote replication (si27-45) and the siRNA that does promote 

replication (si19-37) both were able to protect the virus genome from degradation. This meant that 

protection from the cellular 5′ exonucleases Xrn1, DOM3Z, and DUSP11 is not sufficient to 

support HCV replication. Furthermore, it was hypothesized that miR-122 annealing to extreme 

5’terminal 3 nts and the 3’ long overhang it generates may be responsible for HCV genome 

stabilization (Machlin et al., 2011), but our experiments showed that stabilization of the genome 

could be achieved without the long miR-122 overhangs or binding to the extreme 5’ terminal. We 

therefore speculate that small RNA annealing stabilizes the genome by protecting it from cellular 

exonucleases and phosphatases by changing the RNA conformation or through steric hindrance by 

recruiting Ago proteins. 
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HCV mutants that can replicate in the absence of miR-122 provide further support to the 

notion that Ago recruitment could influence genome stability. HCV genomes having specific 

nucleotide mutations to the miR-122 binding region can replicate independent from miR-122, but 

replication efficiency is much lower than miR-122-dependent level. We speculate that these 

mutants form the canonical IRES RNA structure even in the absence of miR-122, but a possible 

reason for miR-122-dependent replication is less effective could be because of the absence of a 

miR-122:Ago interaction. The absence of Ago2 may affect the ability of the RNA to form the 

active IRES structure or may leave the RNA unstable. Therefore, HCV may be inclined to depend 

on miR-122 to maintain both translation efficiency and genome stability. Overall, we propose that 

the Ago recruitment by miR-122 to the 5’ terminal sites stabilizes and protects the genome by 

sterically hindering access to exonucleases and phosphatases. 

 

Requirement of miR-122 in HCV infection. 

We propose that miR-122 stimulates translation and stabilizes the genome to support the 

initiation of an HCV infection.  To determine if miR-122 may also play a role throughout an HCV 

infection we wanted to determine the times at which HCV RNA colocalizes with miR-122. If miR-

122 colocalizes with HCV only at early time points such as 30 mins to 4 hours after infection, this 

would suggest a requirement only at the early stages of a virus infection. Interestingly we found 

that miR-122 colocalized with HCV at all timepoints, 30 mins and 60 mins after infections and 4 

hours, 6 hours, 8 hours, 10 hours and 48 hours after viral RNA transfections. These data suggest 

that miR-122 interacts with HCV RNA as early as 30 mins after virus infection and supports the 

requirement of miR-122 in early lifecycle events, genome stabilization and translation.  However, 

not all HCV molecules colocalized with miR-122 at early times (30 and 60 mins) and we speculate 

that HCV molecules that did not colocalize with miR-122 may be on the way for degradation or 

have not interacted with miR-122 yet. However, miR-122 also colocalized with the HCV genome 

at later time points and up to 48 hours post-infection. This suggested that miR-122 may play a role 

throughout an HCV infection and may be required for further genome translation, genome 

replication, or virion assembly.  However, whether or not miR-122 annealing promotes a certain 

function in its lifecycle cannot be completely proven using colocalization studies. Therefore 

studies to determine the mechanism behind promotion of a function by miR-122, at a time point 

where colocalization is observed, will be necessary. 
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We and others have proposed that miR-122 annealing modifies the RNA structure of the 

viral genome to promote virus translation. These studies used in silico structure predictions and 

RNA-SHAPE and identified the formation of IRES in presence of miR-122 and this structure was 

not stimulated in absence of miR-122 (Amador-Cañizares et al., 2018a; Chahal et al., 2019; 

Kunden et al., 2020b; Schult et al., 2018). This suggests that translation of every new viral RNA 

that is produced requires miR-122. We also hypothesize that new viral RNAs that are not 

translated, but retained in replication complexes as templates for new negative strand generation 

may not require miR-122. Therefore, we hypothesized that miR-122 is required throughout to 

maintain HCV infection to promote virus translation.  

 

To translate or to replicate? 

The 5’ terminal region of the HCV genome is multifunctional and we also propose that 

miR-122 is required to regulate the different functions. The 5’ UTR is comprised of an IRES with 

an upstream 5’ terminal region 42 nucleotides long, to which miR-122 binds. The  5’ terminal 

region is critical for HCV genome amplification and plus strand viral RNA synthesis and the IRES 

is required for virus translation. In addition, the structure of the negative strand RNA 3’ terminal 

is required for plus strand RNA synthesis. We propose that the 5’ terminal region may disrupt the 

structure and function of the IRES and in turn inhibit virus translation. However, annealing of 

miR-122 to the 5’ terminal region reinstates the IRES structure and thereby stimulates virus 

translation. Thus, miR-122 may function to accommodate the dual functions of RNAs and their 

complement. In addition, we hypothesize that this might be a mechanism by which the virus 

regulates the switch from genome translation to genome replication. Perhaps translation is 

favoured while miR-122 is annealed, and genome replication is favoured when translation is 

inhibited in the absence of miR-122. While some groups have suggested a direct role of miR-122 

in HCV genomic RNA replication, its direct impact remains to be confirmed. 

 

 

HCV’s Dependence on miR-122 and miR-122 as therapeutic target: 

Viruses replicate by utilizing host machinery. Since host factors play major role in virus 

lifecycles, they regulate virus tropism.  miR-122 is expressed only in liver cells and HCV’s reliance 

on miR-122 certainly influences tropism. However, several mutants have been identified in the lab 
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to replicate without miR-122, but only G28A is observed in naturally occurring HCV population 

sequences. This suggest evolutionary pressure to maintain dependence on miR-122. However, 

HCV has extrahepatic disease manifestations such as B-lymphocyte proliferative disorders, mixed 

cryoglobulinemia and B-cell non-Hodgkin’s lymphoma, and extrahepatic replication of HCV has 

been reported but remains controversial. HCV can enter peripheral blood mononuclear cells 

(PBMCs), B and T cells, monocytes/macrophages and dendritic cells, but whether the virus can 

replicate in these cells remains unclear. There are reports of HCV replication in extrahepatic cells 

and tissues but detection relied on sensitive detection methods such as nested PCR that are also 

prone to artifacts. In addition, even if one believes reports of replication in these cells there is no 

evidence that this replication is indeed independent of miR-122. Transport of miR-122 and other 

microRNAs to and from cells via exosomes has been demonstrated, thus HCV replication in non-

hepatic cells could be supported by exosome delivered miR-122. However, evidence suggests that 

HCV is primarily hepatotropic.  

The dependence of HCV on miR-122 has also been exploited as a therapeutic strategy. In 

phase I and II clinical trials miR-122 locked nucleic acids antagonists effectively reduced viral 

loads to undetectable levels, but subjects experienced virologic rebound after the treatment was 

terminated. In addition, sequence analysis of viral RNAs obtained from serum of the patients 

treated with miR-122 antagonists suggest the emergence of resistance. The resistance was due to 

C3U nucleotide substitutions variant that can grow independent of miR-122. Thus the occurrence 

of HCV mutants may induce resistance to miR-122-antagonist therapy. Further our studies show 

that miR-122 binding site region cannot be targeted using nucleic acid based therapies due to 

emergence of resistant mutants (Amador-Cañizares et al., 2018a) 

A way around this could be the use of small molecule inhibitors. Recent studies show that 

it is possible to use small molecules that recognize the structure of a nucleic acid target site and 

inhibit its function. Thus targeting conserved and essential virus structures is a possible therapeutic 

strategy. The FDA recently approved the first RNA targeting small molecule drug, Risdiplam, an 

RNA splice-modifying molecule, for treatment of spinal muscular atrophy (Messina and Sframeli, 

2020). Thus, RNA structures like stem loops and double stranded regions could therefore be 

targeted. HCV forms an IRES structure when bound to miR-122 which may be used as targets to 

developing potential small molecule inhibitors. For example, benzimidazole is a biologically 

active small molecule that modifies the conformation of SLIIa in HCV 5’UTR and thus inhibits 
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translation (Parsons et al., 2009). This could therefore be valuable as part of the drug cocktail to 

treat patients who do not respond to direct-acting antivirals alone. Further, this emphasizes the 

importance of understanding and studying viral structures which can also be used as potential 

targets. 

 

 

Limitations and future directions: 

Although my thesis provides insight into the mechanism by which miR-122 to promotes the HCV 

lifecycle there are limitations to these studies, and gaps in knowledge that remain unanswered. 

1. The proposed miR-122-induced RNA structural changes remain unconfirmed. In 

order to determine whether small RNAs can modify the structure of HCV genome we made 

use of the online secondary structure prediction software. However, since our conclusions 

were based only on structural prediction, in vitro lab studies will be required to support this 

hypothesis. Future work to evaluate RNA structures in the presence and absence of miR-

122 or the siRNAs studied in this thesis can be carried out using probing methods such as 

RNA SHAPE, or biochemical studies like Nuclear Magnetic Resonance (NMR), x-ray 

crystallization, and cryo-EM analyses and our lab is determined to work on such assays.  

2. The roles of Ago proteins in stabilizing the HCV genome is unknown. All small RNAs 

that annealed to the 5’ UTR stabilized the genome, regardless of whether they could 

promote HCV replication. Thus, we speculate that recruitment of Ago protein by the small 

RNAs stabilizes the genome. In future it will be interesting to determine if stabilization can 

be achieved without Ago recruitment, and how the location of small RNA annealing affects 

genome stabilization through presence. 

3. The roles for the 7 other miR-122 binding sites remain unknown. In silico 

bioinformatic analysis predicted 7 more miR-122 binding sites in addition to the two 

binding sites on HCV 5’ UTR and their roles remain unclear. Four sites were predicted in 

the NS5B coding region and 3 more on the 3′UTR (Gerresheim et al., 2017; Nasheri et al., 

2011; Schult, 2017). Mutational studies performed to understand the involvement of these 

sites showed they did not affect HCV promotion. We found that siRNAs annealing to these 

sites did not promote virus replication suggesting that the only functional miR-122 binding 

sites were the two sites on 5′UTR. However, we cannot omit the possibility that miR-122 
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binding to the other predicted sites may also change the structure, stabilize the genome 

during other viral events such as virus replication virion assembly. Future experiments to 

determine the importance of each miR-122 binding sites may address the mechanistic role 

of miR-122 in other stages of virus lifecycle. 

4. Determination of colocalization of HCV and miR-122, need further support. Our study 

shows colocalization of miR-122 with HCV genomic RNA at both early and later 

timepoints suggesting the involvement of miR-122 in maintaining HCV infection. Our 

negative controls in these experiments have tested assay specificity. However to show that 

colocalization of HCV and miR-122 has functional significance, we need to show that there 

is no colocalization of HCV with another unrelated microRNA in the cells. Therefore, we 

plan to use FISH probes against an unrelated microRNA (miR-17) to perform future 

experiments as a negative control. 

5. Some other unanswered questions in roles of miR-122 include, ‘Does miR-122 

accumulate in the replication complexes formed by HCV proteins?’, ‘Does miR-122:Ago2 

complex recruit the 40s ribosomal subunit required for translation?’, ‘Is miR-122 also 

required in genome amplification?’ Understanding these questions will provide better 

understanding of the mechanistic in host virus interactions between miR-122 and HCV. 

6. Noncanonical roles of microRNAs in other virus infections may exits. Based on the 

non-canonical function of miR-122 in promoting HCV and possibly modifying viral 

genomic RNA structures one can speculate that miRNAs might play similar roles in other 

viral lifecycles or host mRNAs. Could small RNAs and Ago protein alter the structure of 

other viral genomes to regulate other viral functions? Further, does Ago recruitment mean 

stabilizing effect for other viral RNAs? Are small RNAs simply transport vehicles that 

carry Ago proteins to particular sites to alter their RNA structures? Studying other viruses 

that also interact with host microRNAs can therefore provide mechanistic insight and a 

better understanding of how microRNAs affect positive-stranded RNA viruses. 
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9.3. Conclusion and significance 

My dissertation sheds light on the mechanism and roles of a host factor, miR-122 in the 

Hepatitis C Virus lifecycle. In particular, this study highlights the importance of miR-122 

simulation of translation and proposes that it modulates viral genomic RNA structurers. My 

dissertation provides evidence that miR-122 influences HCV RNA structure by annealing to 

specific location on the viral genome, to stimulate formation of Internal Ribosomal Entry Site and 

thereby promote virus translation. In addition, my thesis depicts that miR-122 also promotes HCV 

genome stabilization, perhaps by recruiting Ago2 proteins. It also shows that miR-122 and the 

HCV genome colocalize throughout the HCV lifecycle suggesting a role not only in initiation of 

infection, but a potential role in maintaining the infection. Our findings therefore provide insight 

into how dynamic viral RNA structures regulate the HCV life cycle. Our work suggests that other 

RNA viruses may also make use of the dynamics of RNA structures to modulate their function, 

either by long range RNA-RNA interactions or by binding to other ligands like microRNAs in the 

cellular environment. Such studies can lead to determining the architecture of viral RNAs 

modulated by host factors or long range interactions to eventually use them as targets for 

developing therapeutics.  
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