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ABSTRACT 

 

Hepatitis C Virus (HCV) is a serious global health problem, infecting almost 3% of the world’s 

population. Infection with the Hepatitis C virus (HCV) leads to chronic liver infections in an 

estimated 70% of infected individuals and can lead to the development of various cancers, liver 

cirrhosis, and other complications late in chronicity. A liver-specific microRNA, miR-122, that 

binds to the 5’ UTR of the HCV genome plays an important role in the HCV life cycle by positively 

modulating the virus lifecycle. Work from our lab demonstrates that, unlike the wild-type HCV 

genome, some full-length RNAs with mutations in the 5’ UTR and bi-cistronic HCV replicons 

containing an additional IRES can replicate at low rates in miR-122-deficient cells. Although there 

are reports of miR-122-independent replication of HCV, no mechanism for independent 

replication has been proposed. In this study, we hypothesize that an alteration in translation 

regulation affects viral propagation and, in turn, promotes miR-122-independent replication. We 

observed that the genomes in which translation is regulated by the EMCV IRES and genomes 

having mutations in the 5’UTR that enhance HCV genome translation efficiency also promoted 

miR-122-independent replication. These findings support a role for miR-122 in regulating HCV 

translation. In silico structural analysis of miR-122 bound 5’UTR of HCV shows that it forms the 

stem-loops required for HCV IRES activity, while the unbound RNA was predicted to form an 

alternative RNA structure. Since RNA structures are dynamic, we speculate that miR-122 binding 

to the viral 5’UTR stabilizes the active IRES structure making it thermodynamically stable. The 

mutants that can replicate independently of miR-122 are also predicted to form the canonical 

structures even in the absence of miR-122. Thus, we suggest that the mutations on the 5’UTR 

might be shifting the equilibrium towards thermodynamically stable active IRES structure, and 

conferring enhanced translation efficiency by altering IRES activity or by providing better stability 

and enabling the genome to propagate inside the cell in the absence of any microRNA. Analysis 

of cells supporting miR-122-independent and dependent HCV replication by microscopy and flow 

cytometry revealed that cells supporting miR-122-independent replication expressed HCV 

proteins at levels similar to that seen during miR-122-dependent replication, but that the numbers 

of cells supporting HCV are smaller. These results suggest that the establishment of replication in 

a high proportion of cells requires miR-122, but for genomes capable of miR-122-independent 

HCV replication, the infection was only established in a few cells that might have received 
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stochastically more RNA at the beginning of the infection. Further, we saw no evidence of virus 

adaptation to growth without miR-122, and in time course studies we also show that miR-122 

supplementation or antagonization has a smaller influence on HCV replication after an infection 

has been established but had no effect on ongoing miR-122 independent replication of the virus. 

Hence, we suggest miR-122 plays an important role at the initial stage of infection by promoting 

viral translation, but it appears to have a smaller influence on the maintenance of infection of the 

virus. Altogether, we suggest that miR-22 induced enhanced translation or stability might be 

required at the initial stage of HCV infection to establish the infection, but can be dispensable for 

ongoing infection. However, when present, it assists the ongoing infection and might be doing so 

by helping the virus to establish new replication complexes in the dividing cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 v 

ACKNOWLEDGEMENT 

 

It was an incredible journey, and I am thankful to each every person in my life who directly or 

indirectly help me to reach so far. First, I would like to thank my supervisor Dr. Joyce Wilson for 

her constant support, guidance, and mentorship. Dr. Wilson, I can never thank you enough for the 

emotional and moral support you bestowed on me when I was in need. I feel extremely lucky to 

do my PhD under your guidance. Thank you for putting up with all my weird ideas all these years, 

never once told me that they were stupid but let me explore and learn from them. I take pride in 

being your graduate student and look forward to collaborating and working with you in the future. 

I am particularly thankful to my committee members for their guidance and valuable feedback 

throughout the course, and for being encouraging and supportive during the sensitive COVID-19 

situation. Thank you so much, Drs. Chelico, van den Hurk, Kobryn, and Zhou. Dr. Chelico, thank 

you for giving me company in the lab during weekends and late in the evening. It is always 

comfortable to work knowing that someone else is also present and working. You are an 

inspiration. 

It is impossible to work without the financial support of our funders. I would like to thank our 

funding agencies Natural Sciences and Engineering Research Council of Canada (NSERC), 

Canadian Institute of Health Research (CIHR), and Department of Biochemistry, Microbiology 

and Immunology, University of Saskatchewan. 

I am thankful to all the past and present members of the Wilson lab with whom I had the 

opportunity to work and learn. Patricia, Yalena, Rasika, Michael, Juveriya, and Megha: I owe you 

all thanks for the support and encouragement, scientific discussion, helping hands in the lab, and 

fun company. I am also grateful to all the members of the 6th floor virus cluster, Linda Huang, 

working personnel, Cindy, Narsimha, and people from Health Science store for their help, 

company, and all the fun things we did together.  

The journey could have been difficult without the friends I have in my life; friends who have 

supported me, listened to me, traveled with me, and had fun with me, and friends who have inspired 

me, boost my intellect, and aspire me to reach greater heights. I am thankful to each of them. I am 

also grateful to Neha Ashish Gupta and family (Saskatoon) for treating me like their own, feeding 



 vi 

me when I was hungry, and taking care of me whenever I felt lonely. It is great to have a family 

away from family. Having said that, I will be forever grateful to Juveria Qamar Khan for her 

support during the lowest period of my life. Thank you for checking on me every day, and listening 

to me, and comforting me. Thank you for being  

Saving the best for the last, I would like to thank my family for their unconditional love and support 

that propelled me so far. I must acknowledge my elder brother Jagadish Panigrahi, my younger 

brother Sumit Panigrahi, my sister Sarojini Jena, and my sister-in-law for being the supportive in 

my life. With that, I am also grateful to the University of Saskatchewan mental health support and 

wellness center, my therapist, my doctor, and IWS Network Canada for helping me out during my 

difficult times, backbone to me and feel proud of me for every small thing I do. Your confidence 

in me encourages me to go further. Last but not the least, my parents, to whom I owe every success 

of my life. Thank you for breaking all the stereotypes, shielding me from the conservative 

negativity of our society, and paving my path so that I can walk smoothly to pursue my dreams. 

Although you never had the opportunity to study beyond high school, you tried your best to provide 

me the best education and making me the first person in my family to come so far. Thank you for 

believing in me. I do not believe in another life, but if I did, I would wish to be born to you in 

every life. I love you with all my heart. 

I believe every human being has something good in them to learn from, and I will always try to 

learn that good thing in them. I am thankful to all the people that I have come in contact with 

during my PhD and learned things from. 

Thank you. 

 

 

 

 

 

 

 

 



 vii 

 

 

DEDICATION 

 

 

 

 

I dedicate this thesis to 

 

My beloved Parents 

Sindhusuta Panigrahi and Jajneswar Panigrahi 

 

उपाध्यायान् दशाचायय आचायायणाां शतां पपता । 

सहस्रां तु पपतॄन् माता गौरवेणापतररच्यते ॥ १ ४ ५  ॥ 

In veneration, the Preceptor excels ten Sub-teachers;  

the Father a hundred preceptors, and the Mother a thousand Fathers. 

 – Manu-Smriti 2.145 

 

                                                                      

 

I also dedicate this thesis to 

 

All the people out there who willing go an extra mile to help others.  

You make this world a beautiful place. 

 

 

 

  



 viii 

TABLE OF CONTENTS 

 
PERMISSION TO USE ................................................................................................................. i 

DISCLAIMER................................................................................................................................ i 

ABSTRACT .................................................................................................................................. iii 

ACKNOWLEDGEMENT ............................................................................................................ v 

DEDICATION............................................................................................................................. vii 

TABLE OF CONTENTS .......................................................................................................... viii 

LIST OF TABLES ..................................................................................................................... xiv 

LIST OF FIGURES ................................................................................................................... xiv 

ABBREVIATION ..................................................................................................................... xvii 

1.0 CHAPTER I: INTRODUCTION AND LITERATURE REVIEW .............................. 1 

1.1 Hepatitis C Virus: A global public health burden: ......................................................... 1 

1.1.1 Discovery ......................................................................................................................... 1 

1.1.2 Epidemiology: Incidence and prevalence ........................................................................ 1 

1.1.3 Transmission and Disease progression: ........................................................................... 2 

1.1.4 Treatment and Vaccination: ............................................................................................. 3 

1.1.4.1 Vaccine: .................................................................................................................... 5 

1.2 Hepatitis C: The virus ....................................................................................................... 7 

1.2.1 Classification and Molecular Biology .............................................................................. 7 

1.2.2 Viral Life cycle: ............................................................................................................... 9 

1.2.2.1 Attachment and Entry: .............................................................................................. 9 

1.2.2.2 Translation and viral Polyprotein processing: ........................................................ 11 

1.2.2.3 Replication and Membranous web formation: ........................................................ 12 

1.2.2.3.1 Membranous Web formation .............................................................................. 13 

1.2.2.4 Assembly and Release: ........................................................................................... 14 

1.2.2.5 HCV interaction with Innate immune system and evasion:.................................... 15 

1.3 HCV genome structure and function: ............................................................................ 16 

1.3.1 Structural and functional properties of HCV 5'UTR and IRES domain: ....................... 17 

1.3.2 HCV 3'UTR structure and function: .............................................................................. 18 

1.3.3 Other structural elements of the viral genome: .............................................................. 19 

1.4 Models for studying HCV replication: ........................................................................... 20 

1.4.1 Viral Constructs: ............................................................................................................ 21 

1.4.2 Cell culture system: ........................................................................................................ 23 

1.5 Host microRNA and Virus Interaction .......................................................................... 23 

1.5.1 MicroRNAs (miRNA), Small interfering RNA (siRNA), and Silencing: ..................... 23 



 ix 

1.5.2 miR-122:......................................................................................................................... 27 

1.6 HCV:miR-122 interaction: .............................................................................................. 28 

1.6.1 Mechanism of action: ..................................................................................................... 30 

1.6.1.1 Protection of the viral genome from degradation: .................................................. 30 

1.6.1.2 Viral translation stimulation: .................................................................................. 32 

1.6.1.3 Alteration of genomic RNA and IRES structure: ................................................... 33 

1.6.1.4 Direct role in genome amplification/ a replication and translation switch: ............ 34 

1.6.1.5 miR-122's sequential binding on the viral genome: ................................................ 35 

1.6.2 miR-122 requirement at different stages of the viral life cycle: .................................... 37 

1.6.3 Escaping Canonical Silencing: ....................................................................................... 38 

1.7 Clinical significance of miR-122 in HCV infection ....................................................... 39 

1.7.1 HCV:miR-122 sponge contributes to viral pathogenesis and induces chronic infection:

 39 

1.7.2 miR-122 as a biomarker for chronic Hepatitis C infection and liver diseases: .............. 39 

1.7.3 miR-122 as a target for anti-HCV therapy: .................................................................... 40 

1.8 miR-122 independent replication of HCV: .................................................................... 41 

1.8.1 Viral variants capable of replicating in the absence of miR-122. .................................. 41 

1.8.2 Other microRNAs promoting HCV replication. ............................................................ 42 

1.8.3 MiR-122-independent replication and the extrahepatic manifestation of HCV: ........... 43 

1.8.4 Non-primate Hepacivirus and miR-122 interaction: ...................................................... 44 

1.9 Conclusion: ....................................................................................................................... 45 

2.0 CHAPTER II: HYPOTHESES AND RATIONALES: ................................................ 47 

2.1 Identification of HCV mutants capable of replicating independently of miR-122. ... 47 

2.2 Understanding the underlying mechanism of miR-122 independent replication of 

HCV. .................................................................................................................................... 48 

2.3 Characterization of miR-122 independent replication of HCV: ................................. 48 

3.0 CHAPTER III: 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 ......... 50 

3.1 Permission to use .............................................................................................................. 50 

3.2 Authors’ contribution:..................................................................................................... 50 

3.3 Highlights: ........................................................................................................................ 51 



 x 

3.4 Abstract: ........................................................................................................................... 51 

3.5 Introduction ...................................................................................................................... 52 

3.6 Materials and Methods .................................................................................................... 55 

3.6.1 Plasmids ......................................................................................................................... 55 

3.6.2 In-vitro RNA transcription ............................................................................................. 56 

3.6.3 Cell culture ..................................................................................................................... 56 

3.6.4 Small interfering RNAs (siRNA) design and sequence ................................................. 56 

3.6.5 Transient mRNA suppression assays ............................................................................. 57 

3.6.6 Escape mutant selection ................................................................................................. 57 

3.6.7 Luciferase assay ............................................................................................................. 58 

3.6.8 RNA purification ............................................................................................................ 58 

3.6.9 Sequencing of the miR-122 binding region of HCV 5’UTR ......................................... 58 

3.6.10 RNA structure predication analysis ............................................................................ 59 

3.6.11 Transfection or Electroporation of Huh-7.5 cells for transient HCV replication assays.

 59 

3.6.12 Generation of Ago2 knockout Huh-7.5 cells .............................................................. 59 

3.6.13 Western blot ................................................................................................................ 60 

3.6.14 HCV Genome Stability Assay and Northern Blot ...................................................... 60 

3.6.15 Statistical analysis....................................................................................................... 60 

3.7 Results ............................................................................................................................... 61 

3.7.1 Selection of siRNA-escape mutants ............................................................................... 61 

3.7.2 The effects of mutations to evolutionarily variable nucleotides .................................... 66 

3.7.3 The effects of mutations to conserved nucleotides ........................................................ 69 

3.7.4 Mutant viruses capable of miR-122-independent replication ........................................ 72 

3.7.5 Mutants whose replication was promoted by the siRNAs ............................................. 74 

3.7.6 siRNAs promote wild-type HCV replication in Ago2 knockout cells ........................... 77 

3.7.7 5’ UTR targeting siRNA, si19-37 stabilizes the HCV genome ..................................... 79 

3.8 Discussion.......................................................................................................................... 81 

3.9 Funding ............................................................................................................................. 86 

3.10 Acknowledgments ............................................................................................................ 86 

3.11 Author Contributions ...................................................................................................... 87 

3.12 Supplementary: ................................................................................................................ 88 

4.0 CHAPTER IV: EXPLORING THE UNDERLYING MECHANISM OF MIR-122 

INDEPENDENT REPLICATION OF HCV. ........................................................................... 94 



 xi 

5.0 CHAPTER V: ENHANCED VIRAL TRANSLATION AND GENOME STABILITY 

RESCUES HEPATITIS C VIRUS PROPAGATION IN THE ABSENCE OF THE LIVER 

SPECIFIC MIR-122. .................................................................................................................. 95 

5.1 Abstract: ........................................................................................................................... 96 

5.2 Importance........................................................................................................................ 96 

5.3 Introduction ...................................................................................................................... 97 

5.4 Materials and Methods: ................................................................................................ 100 

5.4.1 Cells:............................................................................................................................. 100 

5.4.2 Plasmids: ...................................................................................................................... 100 

5.4.3 microRNA and siRNA sequences: ............................................................................... 101 

5.4.4 Invitro transcription: ..................................................................................................... 101 

5.4.5 Electroporation of cells: ............................................................................................... 101 

5.4.6 Transient HCV replication assay: ................................................................................ 101 

5.4.7 Transient HCV replication assay with preknockdown:................................................ 102 

5.4.8 Luciferase assay: .......................................................................................................... 102 

5.4.9 Translation assay: ......................................................................................................... 102 

5.4.10 Secondary structure prediction: ................................................................................ 102 

5.4.11 Data analysis: ............................................................................................................ 102 

5.5 Results ............................................................................................................................. 103 

5.5.1 HCV mutants capable of miR-122-independent replication can replicate in Drosha 

knockout cells. ......................................................................................................................... 103 

5.5.2 HCV mutants replicating independently of miR-122 have greater translation efficiency 

compared to wild type HCV.................................................................................................... 106 

5.5.3 Several mutations within in the miR-122 binding sites enhance translation efficiency 

and miR-122 independent replication ..................................................................................... 108 

5.5.4 Similar to nucleotide 28, nucleotide 25 is a flexible position to support miR-122 

independent replication. .......................................................................................................... 109 

5.5.5 HCV with miR-122 site 2 mutations allow the virus to replicate independent of miR-

122. 111 

5.5.6 miR-122 binding rescues viral translation of translationally impaired SLII mutation: 112 

5.5.7 Enhanced translation and genome stability can completely rescue HCV propagation in 

the absence of miR-122. .......................................................................................................... 114 

5.6 Discussion: ...................................................................................................................... 118 

5.7 Funding ........................................................................................................................... 122 

5.8 Acknowledgments .......................................................................................................... 122 

5.9 Author Contributions .................................................................................................... 122 



 xii 

5.10 Supplementary: .............................................................................................................. 123 

6.0 CHAPTER VI: CHARACTERIZATION OF MIR-122-INDEPENDENT 

REPLICATION. ....................................................................................................................... 128 

7.0 CHAPTER VII: MIR-122 AFFECTS BOTH THE EARLY AND LATE STAGES 

OF A HEPATITIS C VIRUS INFECTION ........................................................................... 129 

7.1 Abstract: ......................................................................................................................... 130 

7.2 Importance: .................................................................................................................... 130 

7.3 Introduction .................................................................................................................... 131 

7.4 Materials and Methods .................................................................................................. 133 

7.4.1 Viral cDNA Plasmids ................................................................................................... 133 

7.4.2 Construction of monocistronic and bicistronic Sub-genomic constructs: .................... 134 

7.4.3 Invitro transcription ...................................................................................................... 135 

7.4.4 Cell Cultures:................................................................................................................ 135 

7.4.5 Transient HCV replication assays ................................................................................ 135 

7.4.6 Analysis of the effects of miR-122 supplementation and antagonization on transient 

HCV replication ...................................................................................................................... 135 

7.4.7 Establishment of miR-122 KO stable cell line expressing bicistronic pJ6/JFH-1 Neo 

Rluc: 135 

7.4.8 Analysis for adaptation to replication without miR-122 during transient replication 

assays:...................................................................................................................................... 136 

7.4.9 Analysis for adaptation to replication without miR-122 in stable HCV cells .............. 136 

7.4.10 Analysis of the effects of miR-122 supplementation and antagonization on stable 

HCV replication ...................................................................................................................... 136 

7.4.11 Luciferase assays ...................................................................................................... 136 

7.4.12 Total cellular RNA extraction .................................................................................. 137 

7.4.13 Immunostaining Confocal Microscopy .................................................................... 137 

7.4.14 Immunostaining for Flow cytometry: ....................................................................... 137 

7.4.15 Statistical analysis: ................................................................................................... 137 

7.5 Results ............................................................................................................................. 138 

7.5.1 The presence of an EMCV IRES allows the virus to replicate independently of miR-

122. 138 

7.5.2 Shorter genomic RNAs promote miR-122-independent HCV replication. ................. 141 

7.5.3 HCV genomes capable of miR-122-independent replication replicate efficiently but in a 

small number of cells. ............................................................................................................. 143 

7.5.4 miR-122 has a small but significant impact on the maintenance of an established HCV 

infection. .................................................................................................................................. 145 



 xiii 

7.5.5 HCV variants supporting miR-independent replication do not show evidence of 

adaptation to growth without miR-122. .................................................................................. 148 

7.5.6 The presence of miR-122 or an extra IRES affects the dynamics of viral replication. 152 

7.5.7 Model of how miR-122 affects establishment and ongoing HCV replication. ............ 155 

7.6 Discussion: ...................................................................................................................... 157 

7.7 Funding ........................................................................................................................... 161 

7.8 Acknowledgments .......................................................................................................... 161 

7.9 Author Contributions .................................................................................................... 161 

7.10 Supplementary ............................................................................................................... 162 

8.0 CHAPTER VIII: CONCLUSIONS, DISCUSSION, FUTURE DIRECTION, AND 

LIMITATION AND CHALLENGES: ................................................................................... 166 

8.1 General Conclusion: ...................................................................................................... 166 

8.2 Discussion: ...................................................................................................................... 167 

8.2.1 Ago:miR-122 complex and HCV propagation............................................................. 167 

8.2.2 Mutations on HCV 5’UTR and its freedom from dependency on miR-122. ............... 169 

8.2.3 HCV 5’UTR RNA structure affecting viral stability and translation. ......................... 170 

8.2.4 Is translation the major function of miR-122 in the HCV life cycle? .......................... 171 

8.2.5 miR-122 conferred genome stability; Functional or a Red Herring? ........................... 172 

8.2.6 Can mutations on the genome other than to miR-122 binding sites affect HCV 

dependency on miR-122? ........................................................................................................ 174 

8.2.7 Early or late; miR-122’s requirement in the viral life cycle. ....................................... 175 

8.2.8 miR-122: the hijacked host factor that helps HCV to counteract an infection bottleneck.

 177 

8.2.9 Why HCV replication is confined to just the liver? ..................................................... 178 

8.2.10 miR-122 independent replication of HCV: an interplay between genome translation, 

stability, and replication. ......................................................................................................... 179 

8.2.11 miR-122 based therapies and consequences on HCV replication. ........................... 181 

8.2.12 HCV 5’UTR 1-42 nucleotides: A negative regulator of viral propagation? ............ 183 

8.2.13 miR-122-independent HCV replication in vivo: A possibility or assumption? ........ 186 

8.3 Future Direction: ........................................................................................................... 187 

8.4 Challenges, limitations, and failures: ........................................................................... 188 

8.5 Concluding remarks: ..................................................................................................... 191 

8.6 Summary: ....................................................................................................................... 193 



 xiv 

9.0 APPENDICES: ............................................................................................................... 194 

10.0 BIBLIOGRAPHY .......................................................................................................... 200 

 

 

LIST OF TABLES 

Table 1: Known HCV DAAs and their mode of action . ................................................................4 

Table 2: List of Primers ..............................................................................................................165 
 

 

 

LIST OF FIGURES 

Figure 1.1: Natural history of HCV disease progression ................................................................3 

Figure 1.2: The Lipoviral particle ...................................................................................................8 

Figure 1.3: HCV RNA genome with 5’ and 3’ UTR. Viral genome is translated to a polyprotein 

which is then cleaved by cellular and viral proteases. .....................................................................9 

Figure 1.4: HCV life cycle ............................................................................................................14 

Figure 1.5: Secondary structures present on HCV positive and negative strand genome ............20 

Figure 1.6: HCV constructs ..........................................................................................................22 

Figure 1.7: Schematic representation of microRNA biogenesis and its function in gene 

expression. .....................................................................................................................................26 

Figure 1.8: HCV RNA 5’UTR genome with miR-122 binding sites and pattern on the 5’UTR. 29 

Figure 1.9: miR-122 binding to the 5’UTR of the HCV genomes protects the viral RNA from 

Xrn1 (exonuclease), DOM3Z, and DUSP11 (pyrophosphatase) degradation ...............................32 

Figure 1.10: miR-122 binding to the HCV genome alters the secondary RNA structure. ...........34 

Figure 1.11: Proposed hypothetical models of miR-122’s functions in HCV propagation. .........36 

Figure 3.1: Sequence and conservation of the 5’ terminal region of the HCV genome. ..............54 

Figure 3.2: siRNA target sites and knockdown efficiency ...........................................................62 

Figure 3.3: The RNA construct, knockdown efficiency, and mutants isolated during the siRNA-

directed mutagenesis method. ........................................................................................................64 

Figure 3.4: In silico RNA structure analysis of the 5’ UTR region of the HCV genome. ...........66 

Figure 3.5: Sequences of 5’UTR and transient replication assays of full length viral RNA having 

mutations to evolutionarily variable sites in siRNA target regions. ..............................................68 



 xv 

Figure 3.6 :Sequence and transient replication assays of full length viral RNA having mutations 

to evolutionarily conserved sites in siRNA target regions.............................................................71 

Figure 3.7: Sequence and replication analysis of viruses capable of miR-122-independent 

replication. .....................................................................................................................................73 

Figure 3.8: Sequence and replication analysis of viruses whose replication was promoted by the 

siRNA used in the mutation selection method. ..............................................................................77 

Figure 3.9: Wild-type HCV genomic RNA replication is promoted by 5’ UTR targeting siRNAs 

in Ago2 knockout Huh-7.5 cells. ...................................................................................................79 

Figure 3.10: si19-37 annealing stabilizes HCV genomic RNA in Ago2 knockout cells. .............80 

Figure 3.11: Model for the mechanism of miR-122 promotion of HCV replication....................82 

Figure 3.12: Sequence and transient replication assays in miR-122 knockout cells of full length 

viral RNA having mutations to evolutionarily variable sites in siRNA target regions. ................88 

Figure 3.13: Sequence and replication phenotype of viruses having mutations to evolutionarily 

conserved sites in siRNA target regions. .......................................................................................89 

Figure 3.14: Time course analysis replication of the G28 series mutant viruses. ........................90 

Figure 3.15: Time course analysis replication of C27A, C27G, and C30U/A34G mutant 

viruses. ...........................................................................................................................................91 

Figure 3.16: Time course analysis replication of U25C, C26A and C26Del mutant viruses. ......92 

Figure 3.17: Transient replication assays of SGR versions of selected mutants, and replication 

and knockdown of G33C by mismatch and perfect match siRNAs. .............................................93 

Figure 5.1: Structure prediction of J6/JFH-1 p7Rluc2a HCV with and without miR-122. ..........99 

Figure 5.2: Replication of HCV variants in Drosha knock out cells: .........................................105 

Figure 5.3: HCV mutants replicating independent of miR-122 has higher translation efficiency 

compared to wildtype HCV .........................................................................................................107 

Figure 5.4: Some mutations to nucleotides of miR-122 binding 1 and 2 allow viral propagation 

in the absence of miR-122. ..........................................................................................................110 

Figure 5.5: Translation and replication assays of miR-122 Site 2 HCV mutants replicate 

independently of miR-122 ...........................................................................................................112 

Figure 5.6 : A mutation in SLII predicted to modify the 5’ UTR RNA structure does not confer 

miR-122-independent replication ................................................................................................114 



 xvi 

Figure 5.7: Viral genome stability and higher translation can completely rescue HCV replication 

in the absence of miR-122. ..........................................................................................................117 

Figure 5.8: Structure prediction of 1-117 nucleotide of J6/JFH-1 (p7Rluc2a) wild type HCV and 

mutants with 25th nucleotide mutation. ........................................................................................123 

Figure 5.9: Structure prediction and Translation comparison of the J6/JFH-1 (p7Rluc2a) 

insertion HCV mutant (ins mut) with wild type HCV in the presence or absence of miR-122. .124 

Figure 5.10: Enhanced translation alone cannot rescue HCV propagation to miR-122 dependent 

level. .............................................................................................................................................125 

Figure 5.11: Structure prediction models of J6/JFH-1 (p7Rluc2a) miR-122 binding site 1 and 

site 2 HCV mutants. .....................................................................................................................126 

Figure 5.12: Structure prediction models of J6/JFH-1 (p7Rluc2a) miR-122 binding site 2 HCV 

mutants (HCV-S2-GGCGUG and HCV-S2C-GUGAGG). .........................................................127 

Figure 7.1: miR-122 annealing to HCV genome is essential for HCV replication. ...................133 

Figure 7.2: miR-122 independent replication of HCV. ..............................................................140 

Figure 7.3: Shorter genome length favors miR-122 independent replication of HCV ...............142 

Figure 7.4: miR-122 independent replication is supported by a few cells in the population .....144 

Figure 7.5: Requirement of miR-122 on ongoing HCV replication ...........................................147 

Figure 7.6: Cells supporting miR-12-independent replication is a result of stochastic infection 

and may not be because of genome adaptation for HCV already featuring elements for miR-122-

independent replication ................................................................................................................151 

Figure 7.7: Requirement of miR-122 is important at the initial stage of infection .....................154 

Figure 7.8: miR-122 augments RNA accumulation and promotes cell division ........................156 

Figure 7.9: Graphical representation for impact of miR-122 at different stage of HCV life 

cycle. ............................................................................................................................................160 

Figure 7.10: Percentage of HCV positive cells in Huh 7.5 and Huh 7.5 miR-122KO cells stably 

expressing J6/JFH-1 Neo Rluc HCV. ..........................................................................................162 

Figure 7.11: Replication assay of deletion Mutants of J6/JFH-1 ...............................................163 

Figure 7.12: Transient replication assay of SGR J6/JFH-1 Neo Rluc NS3 expressing a Renilla 

luciferase reporter gene and a neomycin selection marker. .........................................................164 

Figure 8.1: Wild Type HCV RNA (replication defective) is more stable than translation 

defective mutant. ..........................................................................................................................174 



 xvii 

Figure 8.2: Schematic representation of infection bottleneck of HCV in the presence of different 

infection limiting variables. .........................................................................................................178 

Figure 8.3: miR-122 independent replication is an interplay between genome translation, 

replication and stability ................................................................................................................181 

Figure 8.4: Predicted structures of 5’UTR of HCV and GBV-B with or without miR-122 .......185 

Figure 8.5: Bicistronic and monocistronic HCV constructs .......................................................190 

 

 

ABBREVIATION 

 

Ago   Argonaute Protein 

ApoB   Apolipoprotein B 

ApoE   Apolipoprotein E 

BovHepV  Bovine hepacivirus 

BVDV   Bovine viral Diarrhea virus 

CAT-1   Cationic Amino Acid Transporter 

CLIP   Crosslinking Immunoprecipitation 

CSF   Cerebrospinal Fluid 

CypA   Cyclophilin A 

DAA   Direct-Acting Antiviral 

DGCR8            DiGeorge Syndrome Critical Region Gene 8 

ER   Endoplasmic Reticulum 

EJC   Exon Junction Complex 

EMCV   Encephalomyocarditis Virus 

FGR   Full Length Genomic Replicon 

Fluc   Firefly Luciferase 

GBV-B  GB Virus-B 

HSPG   Heparin Sulphate Proteoglycans 

HBV   Hepatitis B Virus 

HCC   Hepatocellular Carcinoma 



 xviii 

HCV   Hepatitis C Virus 

Hfe   Haemochromatosis 

Hjv   Haemojuvelin 

hnRNP   Hetrogenous Ribonuclear Protein 

HIV   Human Immunodeficiency Virus 

Huh   Human hepatoma 

hVAP-A Human Vesicle-Associated Membrane Protein-Associated Protein A 

IFNα   Interferon α 

IAV   Influenza-A Virus  

IRES   Internal Ribosome Entry Site 

ITAFs   IRES Trans-Acting Factors 

JFH-1   Japanese fulminant Hepatitis-1 

KO   Knock out 

LDL   Low-Density Lipoprotein   

LDLR   Low-Density Lipoprotein Receptor 

LNA   Locked Nucleic-Acid 

LVP   Lipoviroparticle 

MDA5   Melanoma differentiation-associated protein 5 

miControl                   Control microRNA 

miRNA  Micro RNA 

miR-122  Mirco RNA 122 

mRNP   mRNA Ribonucleoprotein 

MW   Membranous Web 

N   Nucleocapsid 

Neo   Neomycin 

NPC1L1  Niemann-Pick C1-Like 1 

NP   Nucleoprotein 

NS   Non-Structural Protein 

Nt   Nucleotide 

ORF   Open Reading Frame 



 xix 

PCBP2   Poly(rC)-Binding Protein 2 

PBS   Phosphate-Buffered Saline 

P-body              Processing Body 

PV   Poliovirus 

Pri-miRNA  Primary miRNA 

Pre-miRNA  Precurssor miRNA 

RAS   Resistance Associated Substitution 

RAV   Resistance Associated Variants 

RLuc   Renilla Luciferase 

RIG-I   Retinoic acid-inducible gene I 

RISC   RNA-Induced Silencing Complex 

RNP   Ribonucleoprotein 

RRE   Rev-Response Element 

SGR   Sub-genomic Replicon 

SHAPE Selective 2’Hydroxyl Acylation Analyzed by Primer Extension 

siRNA   Silencing RNA 

SL   Stem-loop 

SR-B1   Scavenger Receptor Class B Type 1 

SVR   Sustained Virological Response 

TfR1   Transferrin Receptor 1 

TRBP   HIV-1 Transactivating Response RNA-Binding Protein 

UTR   Untranslated Region 

VLDL   Very Low-Density Lipoprotein 

WT   Wild Type 

 

 

 

 

 

 



 1 

1.0 Chapter I: Introduction and Literature Review 

 

1.1 Hepatitis C Virus: A global public health burden: 

 

1.1.1 Discovery 

Hepatitis C Virus (HCV) is one of the leading causes of chronic liver disease worldwide.  In 1975, 

the existence of the virus was first indicated by Fienstone et al. and Villarejos et al. suggesting a 

new hepatitis where the causative agent did not react to antibodies against hepatitis A or B, hence 

coining the terminology non-A non-B Hepatitis (NANBH) 1,2. However, due to its size and 

transmissibility, the lipid enveloped pathogen causing liver disease in primates was suggested to 

be a virus. Due to difficulties in cultivating the virus in the cell culture and the unavailability of 

suitable molecular techniques, the identity of the virus remained enigmatic for almost 15 years. 

With the emergence of advanced molecular genetic techniques, in 1989, the aetiological agent was 

identified and sequenced using a blinded immunoscreening of a cDNA library isolated from the 

liver and the serum of experimentally infected chimpanzee, and named Hepatitis C virus 3. In the 

year 2020, the Nobel Prize in Physiology or Medicine 2020 was awarded jointly to Harvey J. Alter, 

Michael Houghton and Charles M. Rice "for the discovery of Hepatitis C virus.

1.1.2 Epidemiology: Incidence and prevalence 

A 2015 study reported in Lancet Gastroenterol Hepatol suggested that the global prevalence of 

chronic HCV infection is 1%, corresponding to 71.1 million viremic infections 4. In 2016, 

approximately 3,99,000 deaths were reported due to Hepatitis induced hepatic disorder 5. The 

virus's success is attributed to its extremely high inherent variability leading to 7 currently known 

different genotypes and an enormous list of subtypes 6. The genotypes are denoted as numbers and 

subtypes as lower case letters (eg. 1a, 6c). Comprehensive studies on epidemiology and genotype 

distribution suggest a significant disparity across regions in incidence and genotype prevalence. 

Among all the genotypes, genotype 1 (subtype 1a, 1b, and others) and 3 are the most common, 

accounting for 44% and 25% infection, respectively.  Genotype 1b is common in North and South 
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America, East and Central Asia, and Europe, whereas genotype 3 is dominant in South Asia and 

Australia. Genotype 4 consists of 15% of the total infection and most common in the African 

region. Similar to genotypes 1 and 3, genotype 2 is also widely distributed throughout the world 

whereas genotypes 5 and 6 are prevalent in the southern Sub-Saharan African region and South-

East Asia, respectively 4. Due to the disparity in the treatment of different genotypes, detailed 

knowledge on seroprevalence is important to develop antivirals to study pan-genomic 

treatments/vaccine developments. 

1.1.3 Transmission and Disease progression: 

HCV is a blood-borne infection and transmits through contaminated body fluid 7. Contaminated 

blood transfusion and organ transplantation was the major cause of infection before 1992 8,9. Due 

to regulated and systemic blood screening, it later reduced the infection rate, which almost has 

eradicated transfusion-related infections in developed countries. Another common mode of 

transmission is unprotected sex with infected persons (common in men who have sex with men), 

and intravenous drug abuse. Recently, HCV and HIV infections have become a major concern 

among people who inject drugs (PWID) 10. Due to a wide overlap in risk groups, coinfection with 

HIV can increase the HCV transmission rate 11. Other additional agents of HCV transmission are 

nosocomial transmission by using unsterile medical devices and cosmetic practices involving 

needles such as tattooing and piercing. Although not common, vertical transmission from an 

infected mother to her fetus has been reported and is limited to 5% and lower if the mother is HCV 

RNA-negative 12–14; however, the rate increases up to 25% if there is HIV/HCV coinfection 14,15.  

Acute Hepatitis C infection is silent in most of the cases and lasts for almost six months 16. The 

immune system is capable of clearing the infection by itself, but after six months, the chronic phase 

of the infection begins. Almost 75-85% of the infected patients enter into chronicity, which may 

later develop into liver cirrhosis in 15-25% of patients, and 1-4% and 2-5% of them will have 

hepatocellular carcinoma (HCC) and end stage liver disease (ESLD), respectively 17,18 (Figure 

1.1). Factors like gender, alcohol consumption, immune suppression, insulin resistance, and 

obesity also contribute to the course of disease progression 17,18. 
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Figure 1.1: Natural history of HCV disease progression 

 

1.1.4 Treatment and Vaccination: 

Since the discovery of HCV, the pharmacological advancement towards managing the infection 

has significantly improved the quality of life of the infected patients, by completely curing them 

and reducing the mortality rate. The early HCV treatment included a combination of pegylated 

interferons (pegIFN) alpha and Ribavirin (RBV) effective only in 50-80% of patients depending 

on viral genotype 19,20. Besides being expensive, the treatment regimen has a mediocre sustained 

virologic response rate (SVR) and included several adverse effects, including flu-like symptoms, 

hemolytic anemia, and psychiatric disturbances 21,22. In 2011, new medications named direct-

acting antivirals (DAA) were developed, which represent a significant advancement in the 

treatment for HCV in terms of SVR and adverse effect profiles 23–27. Initially, these DAAs 

(telaprevir and boceprevir) were used in combination with pegINF alpha and Ribavirin; however, 

still showed adverse clinical events. With further improvement and intensive research, safer and 

more effective DAAs were developed, and in 2014 FDA approved the first all-DAA regimen 

(sofosbuvir/ledipasvir and sofosbuvir/simeprevir) 28. The DAA regimens are highly effective in 
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the majority of patients (>95%), reducing liver-related morbidity and mortality, reducing side 

effects, and improving the quality of life, hence revolutionized HCV therapy 29.  

These DAAs are classified into four groups that combine different ways to make up different HCV 

DAA treatments. They directly affect viral propagation by inhibiting viral proteins or by altering 

their functions. Below are the examples of commonly used DAAs and their mechanism of action. 

 

Table 1: Known HCV DAAs and their mode of action 30–32. 

The Four Classes of DAAs Mechanism of action Name Genotype 

 

 

NS3/4A Protease Inhibitors 

NS3/4A protease inhibitors 

work by blocking the 

function of HCV protease by 

binding to it. 

 Glecaprevir 

 In combination 

with 

Pibrentavir 

1-6 

 Grazoprevir 1,4 

 Paritaprevir 1,4 

 Simeprevir 1 

 Voxilaprevir 1-6 

 Telaprevir 1 

 

 

Nucleoside and Nucleotide 

NS5B Polymerase Inhibitors 

Nucleotide or nucleoside 

analog inhibitors of NS5B. 

They incorporate  themselves 

into the growing viral RNA 

strand and terminate HCV 

RNA strand synthesis 

prematurely 

 

 

Sofosbuvir 

 

 

1-6 

 

 

 

 

Ombitasvir 1,4 

Pibrentasvir 1-6 

https://www.uptodate.com/contents/direct-acting-antivirals-for-the-treatment-of-hepatitis-c-virus-infection#H1066065715
https://www.uptodate.com/contents/direct-acting-antivirals-for-the-treatment-of-hepatitis-c-virus-infection#H51978406
https://www.uptodate.com/contents/direct-acting-antivirals-for-the-treatment-of-hepatitis-c-virus-infection#H2125884122
https://www.uptodate.com/contents/direct-acting-antivirals-for-the-treatment-of-hepatitis-c-virus-infection#H606744138
https://www.uptodate.com/contents/direct-acting-antivirals-for-the-treatment-of-hepatitis-c-virus-infection#H2881971040
http://www.hepctip.ca/sovaldi-sofosbuvir/
http://www.hepctip.ca/hep-c-drug-pipeline/#AbbVie
http://www.hepctip.ca/hep-c-drug-pipeline/#Glecaprevir
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Other than DAA, recently, new studies targeting host factors required for viral propagation as a 

potential target for antiviral therapy have been emerging. Targeting host factor protein Cycophillin 

A or microRNA miR-122 with inhibitors have progressed to phase II clinical trials (described 

later); however, these drugs have not been used clinically, likely because of the success of DAA 

therapy 33–38. 

1.1.4.1 Vaccine: 

Unlike Hepatitis A and B, no vaccine is available for the prevention of Hepatitis C virus infection. 

Major challenges in developing an effective HCV vaccine include virus diversity, limited models 

for testing vaccines, and our incomplete understanding of protective immune responses. Both 

prophylactic and therapeutic vaccines have been tested as potential vaccine candidates for HCV; 

however, prophylactic vaccines are shown to be more promising in providing protection against 

HCV infection 39,40.  

Approximately 25% of acute infections are cleared spontaneously by the host immune system of 

individuals, but primary HCV infection does not protect from reinfection and these individuals can 

then develop recurrent HCV viremia following additional HCV exposure. However, reports 

suggest that patients and chimpanzees who spontaneously clear infection may retain some 

immunity against re-infection and provide evidence that prophylactic vaccination is possible 40.  

 

NS5A Inhibitors 

They block the virus protein 

NS5A, that is required for 

viral RNA replication and 

assembly 

In combination 

with 

Glecaprevir 

Daclatasvir 1,3 

Elbasvir 1,4 

Ledipasvir 1,4,5,6 

Velpatasvir 4 

Non-Nucleoside NS5B 

Polymerase Inhibitors 

Non-nucleoside inhibitor of 

NS5B RNA-dependent RNA 

polymerase acting as an 

allosteric inhibitor of NS5B 

Dasabuvir 1 

http://www.hepctip.ca/hep-c-drug-pipeline/#Daklinza
http://www.hepctip.ca/hep-c-drug-pipeline/#Merck
http://www.hepctip.ca/harvoni-ledipasvir-and-sofosbuvir/
http://www.hepctip.ca/epclusa-sofosbuvir-velpatasvir/
http://www.hepctip.ca/holkira-pak/
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Several HCV vaccine candidates are under investigation, including a recombinant E1/E2/Adjuvant 

vaccine and an adenovirus-vectored HCV nonstructural protein antigen vaccine that have been 

tested in humans, and have shown promising results. The recombinant E1/E2 vaccine elicited pan-

genotypic neutralizing antibodies and strong HCV-specific CD4+ T cell responses in human 

volunteers. The vector based viral non-structural proteins (NS3-NS5b) vaccine induced strong 

CD4+ and CD8+ T cell responses in humans and chimpanzees. This T cell response transitioned 

to the memory population and was recalled upon challenge with HCV. The study of this vaccine 

is still under Phase I/II clinical trial to evaluate immunogenicity and protection against virus 

persistence (Clinical Trials.gov NCT01436357) 41. 

As the immune response during a chronic infection is complicated and not well understood, 

vaccines tested in humans and chimpanzees are mostly prophylactic, targeting both the humoral 

and cell mediated adaptive immune systems. A CD4+ T cell response to class II HCV epitopes is 

detectable during acute HCV infection, but dysfunctional and difficult to detect after the infection 

progresses to chronicity. Whereas CD8+ T cell responses in the liver during a chronic HCV 

infection are detectable, but ineffective because of exhaustion or mutation in the class I HCV 

epitope. CD8+ T cells that are exhausted by chronic infection lose their effector function as well 

as their ability to differentiate. Further, whether HCV specific immunity recovers in case of 

chronic infection after DAA treatment is still unclear. Therefore, in the cases of chronic hepatitis 

C, the therapeutic vaccines might not be able to provide a long term memory due to T cell 

exhaustion 41. 

Many challenges remain to develop successful HCV vaccines.  There is a lack of understanding of 

the immune response against HCV persistent infection. How HCV escapes both the T cell and 

antibody responses is not well understood and is a major hurdle for vaccine development. It is 

further hindered by the unavailability of suitable cell and animal HCV model systems. HCV cannot 

be propagated in the mouse model and the only animal model is the chimpanzee which makes 

vaccine development difficult due to financial and ethical issues 39,41. Further, the presence of 7 

genotypes of HCV that differ by up to 30% nucleotide sequence complicates the development of 

a vaccine that provides pan-genotypic protection. HCV has been known to distort the CD4 T cell 

response, failing to activate both CD8 T cells and B cells. Therefore, a vaccine candidate that could 

induce a proper CD4 T cell response probably could lead to a successful vaccine 39,41.  

https://clinicaltrials.gov/ct2/show/NCT01436357
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To develop a successful, effective, and safe vaccine, it is important to understand the host-virus 

immunological interactions at the early stage of infection, and the underlying mechanism of 

immune dysfunction during a chronic HCV infection. Although there is a steady improvement in 

the application of new therapeutics against HCV, the implementation of an effective and protective 

vaccine is still needed to control HCV on a global scale.   

 

1.2 Hepatitis C: The virus 

1.2.1 Classification and Molecular Biology 

HCV belongs to the family Flaviviridae, genus Hepacivirus, and is the only member of the genus 

to infect humans 6. Other closely related viruses to this clade are the non-primate hepatitis virus 

(NPHV) 42 and GBV-B (G.Barker-Virus) 43. Apart from Hepacivirus, Flavivirus (e.g., Dengue 

virus, Zika Virus, Yellow Fever Virus), Pegivirus (GBV-A, GBV-C, GBV-D), and Pestivirus (e.g., 

Bovine Viral Diarrhea Virus) also belong to the same family of Flaviviridae 43,44.  

HCV virions are enveloped, and spherical particles with a diameter of 50-80 nm 45 and are covered 

by a host-derived lipid membrane and viral transmembrane envelope glycoproteins E1 and E2 

(Figure 1.2). ApoE and ApoB, proteins involved in very low-density lipoproteins (VLDL) and 

low-density lipoproteins (LDL) -lipoprotein formation, are acquired after complete assembly and 

may assist in attachment of the virion to the target cells 46,47. Due to the resemblance of the 

infectious HCV particle to low LDLs and VLDLs, HCV particles are referred to as 

lipoviroparticles (LVPs) 48,49.  
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Figure 1.2: The Lipoviral particle 

 

HCV genome is a positive-sense single-stranded RNA molecule of approximately 9.6 kilobases in 

length and directly acts as the viral mRNA (Figure 1.3) 50. The monocistronic, uncapped viral 

genome has a 5' untranslated region (UTR) followed by the single ORF consisting of the structural 

and non-structural protein-coding region and a 3' UTR 50. The 5' and 3' UTR regions of the virus 

are highly structured, consisting of several RNA stem-loops essential for the viral life cycle. The 

5' end of the positive sense genome contains four stem-loops (SL); SLI is followed by two binding 

sites for a host-specific micro RNA called miR-122, which is then followed by SLII, SLIII, and 

SLIV 51–53. The 341 nucleotides long UTR of the viral genome has implications in both protein 

(cap independent translation) and RNA synthesis (it is the complement of the promoter for (+) 

strand RNA) 54,55. SlII-SLIV of the genome's positive-strand consists of the viral internal ribosomal 

entry site (IRES) for cap-independent translation and spans around 40-372 nucleotides 52. This 

region is also known to interact with the regulatory elements in the coding region (NS5B), and 

since it contains signals for the translation- replication switch like the polio IRES. Through the 

viral IRES, the monocistronic transcript is first translated into a polyprotein of approximately 3000 

amino acids, and then co-post-translationally processed by viral and cellular endoproteases into 
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ten individual viral proteins. The polyprotein comprises structural protein (Core, E1, and E2), and 

along with p7 (Channel protein) classified as assembly modules, whereas NS2, NS3, NS4a, NS4b, 

NS5a, and NS5b are non-structural proteins, also known to have implications in aiding assembly 

(Figure 1.3) 56.  

 

Figure 1.3: HCV RNA genome with 5’ and 3’ UTR. Viral genome is translated to a 

polyprotein which is then cleaved by cellular and viral proteases. 

 

1.2.2 Viral Life cycle: 

 

1.2.2.1 Attachment and Entry: 

HCV attachment and entry in to the hepatocytes is a complex process with a multitude of host 

cofactors influencing the process directly or indirectly47. Because of the composition of LVP, the 

attachment of the virus particle is mediated by binding of the ApoE moiety to the attachment 
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factors lipid density lipid receptor (LDL-R)57–60, heparin sulphate61,62, and Syndecan-1(SDC1)63. 

All these receptors have been identified to influence the initial interaction of the virion with the 

hepatocytes. 

At the initiation of attachment, LVP first interacts with LDL-R  and glycosaminoglycans (GAGs) 

present on HSPG through its Apo E moiety, but both LDL-R and HSPG are known to be 

dispensable for the entry process 59,60,64. For HCV particle entry, five major cell surface molecules 

are known to be essential: CD81, SR-B1, claudin 1 (CLDN1), occludin (OCLN), and NPC1L1 

47,65–69. After the initial attachment, virion glycoprotein E2 binding to the transmembrane protein 

cluster of differentiation 81 (CD81) is promoted by SR-B1, as SR-B1 binding to E2 exposes the 

CD81 binding motif on E2 65,70,71. Further, the interaction of CD81-E2 with Claudin (CLDN) in 

the tight junction initiates a cascade of signaling via EGFR, and EphA2 and downstream Ras 

GTPase and Rho GTPases signaling, leading to remodeling of cortical actin and activates the 

clathrin-mediated endocytosis of the virion 67,72–76. Although CLDN and OCLN do not physically 

interact with LVP, these tight junction proteins however assist in the viral entry where CLDN 

induces endocytosis of the virion, the precise role of occludin is not known 66,68,72,77. Another 

protein called transferrin receptor 1 (TfR1) is also likely involved in this later stage of entry with 

an unknown function 78.  

A recent study by Randall group using single particle imaging of the 3D polarized hepatoma 

organoid has remodeled the HCV entry process79. The polarized organoid mimics the in vivo model 

of infection better than the 2D un-polarized in vitro culture as there is an appropriate 

spatiotemporal representation of basolateral and tight junction viral receptors, and there is an 

inhibition of free diffusion of these receptors unlike the 2D cell culture. According to the model, 

after initial attachment of HCV particle, HCV E2 binds to SR-B1 and then CD81and is also 

associated with EGFR on the basolateral surface, may be due to CD81-EGFR interaction. The 

receptor complex then migrate to the lateral tight junction. The migration is associated with actin 

remodeling independent of EGFR signaling. In the tight junction, CD81of the receptor complex 

interacts with CLDN1 which further promotes its localization to the proximity of OCLN. 

Association of HCV with CLDN1 and OCLN at the tight junction induces internalization of the 

particle through the clathrin-mediated endocytosis which requires EGFR signaling. In contrast to 

the previous 2D model study, this study suggests that EGFR signaling is not required for lateral 
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movement of the virus to the tight junction75, but instead important for particle internalization at 

the tight junction, and the signaling pathway required for receptor migration to the tight junction 

is still not known.  

After clathrin-mediated endocytosis, SR-B1 and NPC1L1 may modify the virus and its associated 

lipoproteins. Further, the interaction of CD81 with viral envelop protein E2 prime the viral 

glycoproteins to respond to the low pH of the endocytic compartment to induce fusion of viral 

envelop with the endosomal membrane. Following fusion, the disassembly of the viral core 

complex releases the viral genome into the cytoplasm for polyprotein synthesis and replication 

47,70,80–82. E1 is currently not known to interact with any of the host proteins to facilitate the 

internalization of the virion. However, its role in modifying and maintaining the structure of E2 to 

facilitate its interaction with CD81 is well studied 83,84.  

1.2.2.2 Translation and viral Polyprotein processing: 

Upon access to the cytosol, the positive-strand RNA genome acts as an mRNA and is the template 

for viral proteins required for RNA synthesis and virion assembly. Unlike some of the other 

members of the Flaviviridae family (Dengue Virus) and the host mRNA, HCV does not feature a 

5' cap structure for ribosome attachment and translation initiation 53. Instead, it drives its translation 

through a type 3 IRES located in between 40- 372 nucleotides of the 5'UTR of the viral genome 

and eliminates the need for most canonical translation initiation factors for ribosomal scanning 52. 

Through the viral IRES, the ORF is translated into to a single polyprotein, which is then processed 

by the cellular serine protease signal peptidase and viral proteases NS2-3 protease. Further, 

activation of NS3-4a protease by NS2-3 autocatalytic activity leads to the processing of all the 

viral proteins 56.  

For cap independent IRES mediated translation, an array of host proteins are involved in the 

translation initiation and elongation. Host initiation factors eIF2 and eIF3 are the only canonical 

initiation factors known to be associated with HCV IRES mediated translation. Whereas, the 

complete eIF4 complex, including the scanning factor eIF4A required for ribosomal scanning of 

the initiation codon are thought to be dispensable for IRES activity 85. In addition to the initiation 

factors, several other IRES trans-acting factors (ITAfs) also modulate HCV IRES activity. They 

do so by building a complex coordinated network of RNA-protein and protein-protein interactions. 

The host ITAfs include the LSm1-7, heterogeneous ribonuclear protein D and L (hnRNP D and 
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hnRNP L) proteins, La autoantigen, also called the La protein, NS1 associated protein 1 (NSAP1), 

mice minute virus insulin-like growth factor 2 mRNA binding protein 1 (IMP-1), and Germin5 86–

89.  Some ITAFs can act as an RNA chaperon for proper positioning of start codons on the 40S 

ribosomal entry site 90. All these host proteins and viral ITAFs have complex coordination, 

connecting the 5’ and 3’ end to influence viral translation 91. 

1.2.2.3 Replication and Membranous web formation: 

The virus's positive sense genome serves as a template for viral translation as well as the synthesis 

of intermediate negative-strand genomes, and the negative stand is required for the synthesis of 

new positive strand genomes. However, how the positive strand transition between translation and 

replication occurs, is not clearly understood yet. It has been reported that the viral replication 

machinery acts in cis and cannot be studied using trans-complementation systems, which means 

proteins translated from a genome also replicate that genome 92–95. Thus, it has been a challenge 

to study replication in isolation as well as to study the effect of individual viral proteins on viral 

replication 92,96–98. 

A set of both host and viral proteins has been identified to be required for the transition from viral 

translation to replication, and viral genome amplification. Host proteins including the La 

autoantigen, hnRNP-D (an RNA binding protein), and PCBP2 (poly-C binding protein 2) bind to 

the 5'UTR of the virus to cause genome circularization. Other proteins that also have implications 

in viral replication and genome circularization are PTB (polypyrimidine tract binding protein) and 

hVAP-A (human vesicle-associated membrane protein-associated protein A), which bind to the 

3'UTR of the virus and recruit NS5a to NS5b. Other hVAPs (hVAP-33 and hVAP-B) are also 

shown to influence HCV replication 99–105. The phosphorylation status of NS5a may also influence 

the transition between translation and replication, but the mechanism by which the viral genome 

switch from translation to replication is still unclear. Additionally, reports also propose that 

binding of host micro RNA miR-122 at the 5'end of the viral genome may influence the switch 

between viral translation and replication but there remains no evidence to support this notion 51,106.  

The viral replicase complex required for the replication of the virus consists of NS3 to NS5b, and 

are the minimum viral proteins required for the construction of a replication competent viral RNA 

construct 107,108. NS5B is the RNA dependent RNA polymerase (RDRP) required for synthesizing 

both strands of the viral genome. Both NS3 and NS5a have been shown to increase the polymerase 
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activity of NS5b 50. The RDRP synthesizes RNA of the positive strand ten times higher than the 

negative strand 56,96,109,110. This asymmetric synthesis allows the virus to efficiently amplify its 

genome while keeping the generation of intermediate double strands to a minimum. The 

intermediate ds RNA is known to be a potent pathogen-associated molecule pattern (PAMP) and 

induce innate immune for antiviral response. The catalytic domain of the RDRP has a conserved 

GDD motif, and mutation (GND, GNN) or deletion (∆GDD) of the motif can render the catalytic 

activity of the protein. 

NS3/4a is a multifunctional protein complex that mainly functions as the viral protease. NS3 also 

serves as a helicase for unwinding dsRNA intermediates to facilitate RNA replication by NS5B, 

whereas NS4a is implicated in phosphorylation of NS5a 111,112. NS4b is another small 

multifunctional replicase complex protein primarily responsible for membranous web formation 

in viral replication 113. NS4b interaction with NS5a has been reported to be essential for proper 

NS5a localization and viral replication 114. NS5a’s function is widely dispersed as it influences 

viral translation, replication, membranous web formation, and assembly 94,115. A host chaperon 

protein Cyclophilin A (CypA), has been shown to promote viral replication by interacting and 

altering the conformation of NS5a, and emerging as a host target for promising HCV therapy 33–

35. 

1.2.2.3.1 Membranous Web formation 

Viral proteins NS4b along with NS5a are involved in the formation of membranous compartments 

called membranous web (MW), by remodeling host ER membrane 113–119. These MWs are the hub 

for viral negative-strand RNA synthesis and genome amplification. While NS4b is chiefly 

responsible for the generation and remodeling of MWs, NS5a functions to maintain translation 

and replication, and anchor the replicase complex to the MWs. The replicase complex bound to 

the membrane of the compartment facilitates an efficient interaction with the viral RNA. MWs are 

also reported to be selectively permeable, providing a distinct environment for viral replication 

and protecting it from cellular immune effectors 120. However, how the viral RNA leaves the MW 

to further initiate subsequent translation is still elusive. 
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Figure 1.4: HCV life cycle 

 

 

1.2.2.4 Assembly and Release: 

After translation and replication of the viral genome, virion assembly occurs via budding into the 

ER, and requires interaction between viral structural and non-structural proteins. Viral assembly 

takes place on lipid droplets covered with core capsid protein 47,121,122. The core protein has RNA 

binding capabilities and is the building block of the ribonucleoprotein protein complex 122,123. Non-

structural proteins p7-NS2 facilitates virion assembly by bringing envelope glycoprotein E1:E2 

heterodimer along with NS3-4 to the core lipid complex and further retrieves the core from the 

lipid complex to the site of assembly 121,123–126.  The NS5A interaction with lipid droplet-core 

protein is important for viral assembly and might serve to transport the viral genomic RNA to the 

core protein lipid droplet, thus it is thought to be linking replication with assembly 122,127,128. Apart 
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from a direct role in virion assembly, the viroporin p7 also prevents the degradation of E2 129. 

Although the role of non-structural proteins in viral assembly and egress is not clear, their 

interaction leads to the budding of nucleocapsid in the ER lumen. Once in the ER lumen, the virion 

acquires its membrane (E1:E2 glycoprotein) and then enters into a secretory pathway similar to 

the assembly of VLDL 130,131. Mature HCV particles have ApoB and ApoE on their surface, and 

are required for subsequent infection; however, it is still controversial at what stage they are 

acquired on HCV particles and whether both the lipoproteins are required for particle release 

57,130,132–135. The secretory vesicles containing the infectious viral particle fuse with the cell 

membrane to release the particle. It has been reported that HCV can also infect the neighboring 

cells without the release of infectious particles136.  

1.2.2.5 HCV interaction with Innate Immune System and evasion: 

Genome replication of RNA viruses generates double-stranded RNA (ds RNA) intermediates 

which serve as a major pathogen-associated molecular pattern (PAMPs) for which the cell has 

evolved sensing and effector mechanisms to mount an anti-viral response. HCV can infect both 

hepatocytes and innate immune cells, and depending on the cells in which the virus encounters 

and replicates, HCV can be recognized by different Pattern recognition receptors (PRRs). In 

hepatocytes that house HCV replication, RIG-I and MDA5 are two key members for PRRs for 

sensing of HCV to initiate an innate antiviral response. Although RIG-I and MDA5 activate the 

common downstream adaptor MAVS, they differ in PAMP recognition. The poly U/UC tract of 

the 3’UTR of the viral RNA and the 5’triphosphate of the uncapped 5’UTR serves as the PAMPs 

for RIG-I sensing, whereas the intermediate double-strand maps the PAMP for MDA5. The 

comparable role of RIG-I to MDA5 in innate immune activation during an HCV infection is 

discrepant in different cell lines (Huh 7 and HepG2)137,138. However, after interaction with their 

PAMPs, both the PRRs orchestrate a cascade of signaling molecules to induce interferons (IFN), 

the central molecule in innate immune response, which later activates other IFN stimulated genes 

(ISGs) via JAK/STAT signaling to mount an antiviral response. Type 1 and III interferons have 

been shown to inhibit HCV in vitro, and prior to DAAs, IFN-alpha therapy was given to patients 

with chronic infection to reduce the viral load. Although the underlying mechanism behind HCV 

inhibition by INFs is still elusive, induction of a large number of ISGs and anti-viral effector 

molecules upon HCV infection suggests that INF-induced innate immune response might be a 

collective effect of these molecules on different steps of the HCV life cycle139. 
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To counteract the host's innate immune response, HCV has developed multiple escape 

mechanisms. In 2003, Foy et al first suggested the role of NS3/4A protease activity as one of the 

immune evasion strategies adapted by the virus critical for inhibiting IRF3 activation and the 

downstream IFN response140. Subsequent reports further established that NS3/4A antagonizes the 

key signaling molecule mitochondrial antiviral signaling protein (MAVS) downstream of RIG-I 

and MDA5141. MAVS cleavage by viral NS3/4A inhibits IFN response and has been also observed 

in patients where MAVs cleaved fragments were associated with low IFN response142. Apart from 

NS3/4A, an array of HCV proteins are now identified as potential effectors or candidates for innate 

immune evasion143–147. Few recent studies suggest that NS4b target STING, an adaptor in the 

signaling pathway leading to IRF3 mediated IFN induction148,149. Apart from the viral proteins, 

another factor that protects the viral RNA from cytosolic immune surveillance is the endoplasmic 

barrier of membranous web where viral replication occurs and which shields the intermediate ds 

RNA from exposure to immune sensors. 

Viral proteins have evolved to adapt new functions to counteract immune response, so it is not 

surprising for HCV proteins to evolve to accommodate new functions as immune evasion 

effectors. As the innate and adaptive immune responses in a host system are integrated, the 

understanding of the precise mechanism of these viral proteins counteracting the host innate 

immune response is important to gain insight into the immune response against HCV, and will 

also help us to evaluate better vaccine candidates. 

 

1.3 HCV genome structure and function: 

The genomes of RNA viruses are active elements, capable of storing enormous amounts of 

information packed in a small size genome for efficient propagation. Apart from the nucleotide 

sequence, conserved and complex RNA structures also contribute to the information storage 

system and exert a direct functional role in the viral life cycle. Both secondary and tertiary 

structures of RNA play important roles in establishing functional RNA domains of the viral 

genome. These dynamic structural elements are the favorable structures from a wide variety of 

possible conformations and modulate protein-RNA or RNA-RNA interactions to achieve active 

control of gene expression. RNA folding acts as a regulatory machine to diversify RNA genome 

function 150. These RNA domains consist mainly of conserved stem-loop structures, mostly present 
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in untranslated regions (5'UTRs and the 3'UTRs of viral genomes) 151–153. However, the presence 

of structured elements throughout the genome has also been reported. Advanced studies in 

bioinformatics and biochemical techniques have enabled us to probe and study different viral RNA 

structures by providing high-resolution images.  

Similar to other positive-strand RNA viruses, HCV 5'UTR, 3'UTR, and coding regions consist of 

intricate conserved structures or the cis-acting RNA elements (CRE) essential for the viral life 

cycle 52,55,150,151,154–156. Below are examples of the dynamic HCV RNA structures modulating 

important roles in the viral life cycle (Figure 1.5). 

 

1.3.1 Structural and functional properties of HCV 5'UTR and IRES domain: 

 The positive-strand of HCV 5'UTR contains 4 major stem-loops, SLI, SLII, SLIII, and SLIV. SLI 

and SLII regulate viral replication, whereas SLII-SLIV comprises the active viral IRES required 

for cap-independent translation (Figure 1.5a). Studies show that SLI and SLII structures spanning 

the first approx. 125 nucleotides are essential for viral genome replication: however, the entire 

5’UTR enhances overall viral replication 54. 

The HCV IRES is an extensively-studied, complex architecture consisting of SLII-SLIV that 

overcomes the need for the different canonical host proteins, providing an alternative for 

translation initiation. HCV IRES-mediated translation is an interplay between the interaction of 

RNA structures with other RNA elements and proteins. The HCV IRES folds into a secondary 

structure with three domains (II, III, and IV) under physiological magnesium concentrations157, 

and also adopts an ion-dependent tertiary structure 158. The high-affinity interaction of IRES-40S 

drives the initiation of IRES-mediated viral translation. The 40S ribosome binds to the SLIII of 

the IRES through a conserved base pairing between 18S rRNA and the nucleotide of SLIII. 

Interestingly, this base pairing is only required for IRES-mediated translation and not for canonical 

cellular translation. After this primary contact, conformational change in SLII and SLIV structure 

promotes the opening of mRNA binding tunnel of the 40S subunit to clamp the viral RNA and 

position the start codon (342-44) at ‘P’ site. Further, the recruitment of cellular translation factor 

eIF3 to SLIII leads to the incorporation of the ternary complex eIF2-GTP-tRNAi
Met to yield the 

48S particle. The final 80S translation complex is formed by joining of 60S subunit to the 48S 

subunit. This is facilitated by hydrolysis of GTP to GDP and concurrent releases of eIF3 and eIF2 
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from the IRES. After assembly of 80S active translation complex, translation starts at the core 

methionine without scanning to produce the viral polyprotein 159,160. 

The 3D architecture of the IRES is conserved within other members of the Flaviviridae family and 

each SL has a separate function. The structure of domain II is conserved across the different 

genotypes of HCV and related viruses and is composed of two subdomains, IIa and IIb. Both the 

subdomains are separated by a highly conserved E loop, and the subdomain IIb is capped by a 

highly conserved apical loop required for interaction with 40S ribosome. Domain II forms an 

overall L-shaped conformation because of the presence of the internal E loop and is important for 

conformational change of the 40S ribosomal subunit 52,161,162. Domains II and IV show long-range 

coordination to induce eIF2-GTP hydrolysis to form the 80S complex by triggering the release of 

protein factors and recruiting the 60s ribosomal subunit 52,163. 

Domain III of HCV IRES is a highly structured domain consisting of six hairpins (IIIa to IIIf) and 

is organized into three to four junctions. Domain III is responsible for recruiting the translation 

machinery for HCV translation initiation. Domain IIIabc also binds to eIF3, preventing the 

formation of the canonical 43S ribosomal unit, thus favoring HCV translation over host mRNA 

translation. Domain IIId is a G-rich, core center for 40S ribosomal binding as well as interaction 

with viral and host ligands. Domain IIIe and f have highly conserved, complex double-pseudoknot 

motifs (PK1 and PK2), which constrain the start codons to the P site of the 40S ribosomal subunit 

164,165. These subdomains also guide domain II and IIIabc to get easy access to protein factors. 

Domain IV forms a stem-loop and is not conserved. The architecture exposes the start codons on 

the apical loop and allows translation 52,164. It has been shown that mutation-induced 

destabilization of SLIV can restore translation, thus suggesting that unlike SLII, the stability of 

stem-loop IV is inversely correlated with HCV translational efficiency and 166.  

1.3.2 HCV 3'UTR structure and function: 

Similar to the 5'UTR, the 3'UTR of most RNA viruses is highly structured and regulates 

replication, translation, and packaging of the viral genome. The secondary structures at the extreme 

ends of the viral genome are also known to protect from cellular exonucleases. The 3'UTR of HCV 

is reported to be important for negative-strand RNA synthesis and translation 167–169. The 240-

nucleotide long sequence at the 3' end of the viral genome has conserved secondary structures 

consisting of three different functional and conformational modules (Figure 1.5C) 153,159,170.  



 19 

1. A single, hypervariable stem-loop of 40 nucleotides containing two SL structures important for 

viral replication 167. 

2. A poly U/UC stretch of 30-80 uridines interspersed by cytosine residues, known to interact with 

host factors for protein synthesis, and whose length and composition are required for efficient 

HCV replication 156,170,171. 

3. A 98-nucleotide long 3' X tail containing SL structures (3' SLI, 3'SLII, and 3'SLIII), highly 

conserved sequence which folds into two alternate and mutually exclusive conformations 171.  

It has been reported that the variable region, the poly U/C tract, and the 3' terminal stem-loop1 of 

the highly conserved 3' UTR contribute significantly to IRES dependent translation enhancement 

168,172–175. The 3'UTR structures also facilitate viral replication, which suggests that these structures 

might be involved in the switch between viral RNA translation and replication 169.  

Similar to the positive strand of the genome, the negative intermediate strand is also comprised of 

secondary structures at the 3'terminus. These secondary structures are reported to be important for 

viral replication by serving as a promoter for de novo synthesis of the viral genome 176–179. 

Experimental analysis and structural prediction suggest that the initial 104 nt of the intermediate 

negative-strand contains 3 important stem-loops (SL-I', SL-IIz', and SL-IIy') essential for viral 

replication. SL-I' and SL-IIz' are studies to be essential for RDRP binding and RNA replication, 

whereas SL-IIy' is known to contribute to the efficiency of viral replication 54,167. Although the 

structures of the negative strands have been shown to be essential for viral replication of the 

positive strand, the exact function of these stem loops influencing viral replication still remains 

unclear and likely to be the focus of future studies (Figure 1.5B) 180. 

1.3.3 Other structural elements of the viral genome: 

Apart from the 5' and 3' UTR structures, the coding region of virus also contains secondary 

structures important for viral propagation. The NS5B coding region features a clover-leaf fold of 

three hairpins called 5BSL3, and has been shown to exhibit long range interaction with other RNA 

elements present on the viral genome 181–183. The central element, 5BSL3.2, interacts with the 3' 

SLII structure and forms a kissing loop interaction between the 5BSL3 and X tail and a pseudoknot 

interaction with the upstream SL9005 184–187. Mutational analysis suggests that disruption of this 

interaction severely affects viral replication indicating its role as a viral translation replication 
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regulator (Figure 1.5B) 184. However, detailed studies are required to determine the mechanism 

by which these structures affect the viral life cycle. 

 

 

 

Figure 1.5: Secondary structures present on HCV positive and negative strand genome.  

(A) Secondary structures present on viral 5’UTR genome. Dotted lines show the viral IRES for 

cap independent translation. (B) Viral 3’UTR genome structures along with the 5BSL3 structure 

forming the kissing loop interaction with the SLII of X tail. (C) Secondary structures present on 

the 3’UTR of the negative strand replication intermediate 

 

 

1.4 Models for studying HCV replication: 

The study of the Hepatitis C virus remained a challenge for a long period of time because of the 

unavailability of efficient cell culture and viral model system. Initially, sera from HCV infected 
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patients were used to infect cultured cells or freshly isolated primary human hepatocytes, but only 

a low level of HCV accumulation was detected in those cultures by RT-PCR 108,188–190. Moreover, 

to date, the chimpanzee is the only immunocompetent animal model for studying the course of 

HCV infection for the development of therapeutics and vaccines 191. However, chimpanzees clear 

the infection more often than humans. This suggests that they might have a better immune response 

against HCV and do not model the course of the human disease. It projects another challenge in 

studying the course of disease progression 192. Additionally, chimpanzee research presents 

financial and ethical challenges along with availability issues that pose limitations of using an 

endangered species for biomedical research. 193–195. Although the availability of model systems for 

studying HCV posed a challenge for a long time, constant efforts on developing viral and cell 

based systems have allowed the researcher to study every aspect of the virus. Using these viral 

model systems a significant amount of research has been done in studying and understanding HCV 

life cycle in order to develop therapeutics and vaccines. 

1.4.1 Viral Constructs: 

The first replicon system, which was a subgenomic replicon (SGR) of HCV, was developed by 

Lohmann et al. in 1999 using reverse genetics 107. Before that, even after a decade from the 

discovery of the virus, there was no replication system of HCV available to study the virus. The 

subgenomic HCV replicon was a bicistronic construct consisting of a neomycin selection marker 

to provide resistance to the antibiotic G418 in the cell culture, and a truncated open reading frame 

from genotype 1b consensus (Con1).  The selection marker was under the control of HCV IRES 

whereas the Encephalomyocarditis virus (EMCV) IRES element was driving the translation of 

non-structural protein region (NS3-NS5B) 107. The N terminus of the ORF also contains the first 

39 nucleotide fragments of the core protein (C coding region) that are essential for viral translation 

107. This system is useful for studying polyprotein processing and viral replication, but since it 

lacks the structural protein-coding region, it could not produce virus particles and was not suitable 

for studying the complete viral life cycle. A reporter gene (Luciferase) in place of, or in 

combination with the selection marker has also been used for studying viral propagation in cells 

(Figure 1.6A) 196. Further, in 2005, a full-infection system was developed from the Japanese 

Fulminant Hepatitis-1 (JFH-1) isolate (genotype 2a), which was capable of mimicking the 

complete viral life cycle, from entry and uncoating to production and release of the infectious viral 

particles 111,197,198. This monocistronic system was also used to study infection in animal models. 
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For unknown reasons, the JFH-1 strain is capable of completing the full viral life cycle in cells 

permissive to HCV infection and still represents the only HCV genotype to model efficient 

replication in cell culture and is thus the most highly used system for HCV research. Further 

modification of the system was done by inserting a reporter or marker gene to study translation 

and replication or by introducing fluorescent protein or an immunological tag for studying 

intracellular trafficking and pull-downs. The construct used in most of our experiments is a 

chimeric JFH-1 (J6/JFH-1, originally developed in the lab of Charles Rice) with the 5' UTR to the 

NS2 region of the J6 isolate (genotype 2a) fused to the 5'end of the NS3, and contains a Renilla 

luciferase reporter in frame with the viral polyprotein (Figure 1.6B) 111,154,199,200. Reporter or 

selection marker genes can be inserted in between the p7 and NS2 protein-coding region by using 

the inherent cleavage sites on the polyprotein and an FMDV (Foot mouth disease virus) 2a slippage 

site to separate the reporter protein without hindering the polyprotein translation or processing 201. 

Other than JFH-1 and Con1, other isolates of genotype 1b (NC1), genotype 1a (H77), and a new 

genotype 2a construct (JFH-2) has been used to understand the genotype-specific aspect of the 

virus life cycle 202.  

 

 

 

Figure 1.6: HCV constructs:  

(A) Bicistronic Subgenomic replicon SGR JFH-1 Fluc with a Firefly luciferase reporter gene (B) 

Chimeric J6/JFH-1 Full-length Wildtype HCV with a Renilla luciferase reporter gene. 
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1.4.2 Cell culture system: 

Due to limitations in establishing a cell culture system for HCV infection, primary human 

hepatocytes were used as the initial cell culture models for the propagation of the Hepatitis C virus 

108. The very first cell line that supported robust replication of a sub-genomic HCV replication was 

a human hepatoma cell line, Huh 7 with an inherent miR-122 (a liver factor essential for HCV 

replication, described later) expression was reported by Lohman et al 107. Further, selection of Con 

1 replicon with a Neomycin selection marker gave rise to Huh-7 LUNET, Huh-7.5 cells supporting 

efficient HCV propagation 203. The Huh 7.5 cell line has proven to be more permissive to HCV 

infection due to a mutation rendering in the pathogen recognition receptor, retinoic acid-inducible 

gene I (RIG-I) inactive 203,204. Apart from the above mentioned susceptible cell lines, other hepatic 

or non-hepatic cells supported HCV propagation when supplemented with host factor miR-122 

essential for the viral life cycle 106,205–208. Hepatoma cells HepB and HepG2 lacks detectable 

amount of endogenous miR-122, but transient or stable supplementation of miR-122 allows the 

cells to support HCV propagation 206,208. Other than hepatocytes, non-hepatocytes (Hec1B (ovary), 

293T (fibroblast), MC-IXC (neuronal), and RERF-LC-AI (lung) were rendered permissive to HCV 

by miR-122 supplementation209. 

With the advance in molecular technology and discovery of gene-editing tools like CRISPR 

(clustered regularly interspaced short palindromic repeats) and TALEN (Transcription activator-

like effector nucleases), Huh 7.5 cell line was further manipulated and exploited to study the host-

pathogen interaction in the cellular level 200,210–212. Using these gene editing tools, cellular host 

factors can be edited from the host cell genome to study the role of different host factors in the 

HCV life cycle in detail.   

 

1.5 Host microRNA and Virus Interaction  

 

1.5.1 MicroRNAs (miRNA), Small interfering RNA (siRNA), and Silencing: 

MicroRNAs (miRNA) are small non-coding RNA of approximately 20-23 nucleotides that 

mediate post-transcriptional gene silencing by regulating mRNA degradation or translation 

repression 213,214. MicroRNAs were first identified in the metazoan C. elegans, and since then it 

has been discovered in more than 200 species 215,216. More than 48000 mature miRNAs have been 
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reported in mirBase web interface (http://www.mirbase.org/), and in humans, more than 2000 

miRNAs have been identified to date 216. MiRNAs typically bind to the 3'UTR of the target mRNA 

by base pairing to a seed site (2-8 nt), and sometimes to an extended 13-16 nt long auxiliary site 

to regulate mRNA translation 217. The miRNA regulation is known to maintain mRNA hemostasis 

in the cell, regulating one-third of all human genes, and have implications in various metabolic 

disorders, cancers, and viral infection.  

Genes coding for microRNAs are found in the intronic or exonic regions of the protein-coding 

genes as single transcripts or in clusters derived by a single promoter.  MicroRNAs are generally 

transcribed by RNA polymerase II and, in some cases, RNA polymerase III to form capped and 

polyadenylated primary miRNAs (pri-miRNA) of several hundred base pairs long 218–220. Highly 

structured pri-miRNAs with a 33-35 bp double-stranded stem, a terminal loop, and unpaired 

flanking regions are then recognized and processed by the microprocessor complex consisting of 

the ribonuclease III-like protein Drosha, and its co-factor DiGeorge Syndrome Critical Region 

Gene 8 (DGCR8) 221–224. Drosha cleaves the pri-miRNA 11 base pairs from the terminal loop to 

generate an approximately 65 nt long pre-miRNA, whereas DGCR8 ensures the right length for 

the cleavage 225. In a few cases, microprocessor independent nuclear maturation of pri-miRNA can 

occur for miRNA genes transcribed from introns called "mirtrons" 226. The reported non-canonical 

miRNAs whose biogenesis is independent of Drosha processing are 5′ capped miRNAs (miR-

320a-3p, miR-320b-3p, miR-484-3p, miR-7706, miR-3615, and miR-1254) and mirtron (miR-

877-5p) 227,228. However, both the canonical and non-canonical products have the same distinct 

miRNA features with a 2 nt overhand and a 5' phosphate. 

The cleaved pri-miRNA hairpin-shaped product is called precursor miRNA (pre-miRNA). Pre-

miRNAs are then transported to the cytoplasm with the help of Exportin-5 and RanGTP 227,229–232. 

Once in the cytoplasm, pre-miRNA is further processed by another ribonuclease III enzyme called 

DICER to generate a   ̴22 nt duplex RNA intermediate with 3' overhangs at both ends 233,234. The 

double stranded RNA strand is then loaded on to the Argonaut (Ago) protein (Ago 1-4 in humans). 

The passenger strand (* strand) is further released from the duplex and gets degraded, whereas the 

guide strand is retained as the active miRNA for complementary binding through Watson Crick 

base pairing with the mRNA 235–237.  Dicer, along with Ago, TRBP, and guide strand RNA, forms 

the core constituents of RNA induced silencing complex (RISC) 238. Transactivating response 

http://www.mirbase.org/
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RNA-binding protein (TRBP) and protein activator of PKR (PACT) binds to the RNA duplex and 

influences the strand selection and cleavage activities of Dicer 239. Base pairing of nucleotide 2-8 

of the 5' end of the miRNA, known as "seed sequence," is primarily required for translation 

suppression, and further pairing at the 3'end (auxiliary site) increases the stability of the binding. 

It leads to an imperfect binding of miRNA and mRNA and usually a swollen duplex 237,240,241. 

Unlike miRNAs, siRNAs bind perfectly to the mRNA and activate Ago2 driven cleavage of RNA 

transcripts 241. Out of all isoforms of Ago in humans, only Ago2 possesses the endonucleolytic 

activity and can cause destruction of target transcripts, whereas other Ago binding blocks 

translation and directs the mRNA for degradation 236,241. The degree of complementarity between 

miRNA and the target mRNA decides the fate of the mRNA. If there is perfect complementarity 

between the miRNA-mRNA complex then it leads to Ago-catalyzed cleavage of the mRNA 

whereas any central mismatches exclude cleavage and promote translation repression. Binding of 

miRNA at the 3'UTR of the mRNA further leads to dissociation of DICER from the 

miRNA:mRNA complex and localizes it to transient, membrane-free processing bodies (p-bodies) 

for translation inhibition, storage, or decay 213,214,242. P-bodies are discrete cytoplasmic aggregates 

depleted of ribosomes and enriched with mRNA degradation machinery proteins such as GW182, 

Xrn1, and CCR4-NOT complex 243–245. Decapping, deadenylation, and further degradation of 

miRISC occurs in the P-bodies. (Figure 1.7)  
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Figure 1.7: Schematic representation of microRNA biogenesis and its function in gene 

expression. 
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1.5.2 miR-122: 

miR-122 is a liver-specific microRNA abundantly expressed in hepatocytes (66,000 copies per 

cell) 246. It accounts for almost 70% of total miRNA in the liver, making it one of the most highly 

expressed miRNAs in any tissue. miR-122’s expression and sequence are conserved among 

vertebrates, from zebrafish to humans, but no miR-122 or paralogs of miR-122 was found in 

invertebrates. In humans, miR-122 is transcribed from a single hcr locus present on chromosome 

18 246. Because of Dicer processing, 3 isoforms of miR-122 with varying lengths of 21nt, 22nt, 

and 23 nt have been identified in Huh 7 and Huh 7.5 cells, 22 nt being the most abundant isoform 

247,248. 

The functional spectrum of miR-122 is diverse and includes liver development, lipid, and 

cholesterol metabolism, iron metabolism, tumor suppression, and circadian regulation. The first 

identified target of miR-122 was the Cationic amino acid transporter 1 (CAT-1). miR-122 binds 

to multiple binding sites at the 3'UTR of CAT-1 mRNA to mediate translational suppression. CAT-

1 is expressed in other adult tissues, and in normal conditions, its expression is repressed in the 

liver. Analysis of other genes that mir-122 repressed suggest that miR-122 plays a key role in 

maintaining the differentiated state of the liver by suppressing nonhepatic genes 246,249.  It regulates 

iron metabolism by targeting mRNAs of hemochromatosis (Hfe) and hemojuvelin (Hjv) for 

suppression. These proteins activate the hormone hepcidin which is responsible for maintaining 

the systemic iron level in the cell and has been observed to induce an iron deficiency in mice when 

miR-122 was depleted 250. miR-122 antagonism also alters the lipid profile characterized by 

reducing plasma cholesterol levels, increasing hepatic fatty acid oxidation, and decreasing hepatic 

cholesterol and fatty-acid synthesis rates in mice 251–253 and nonhuman primates 253. Although 

microarray analysis of miR-122 depleted cells suggested a number of direct targets, a substantial 

number of dysregulated targets did not contain miR-122 binding sites suggesting both the direct 

and indirect effect of miR-122 on lipid metabolism which is yet to be elucidated 251. miR-122 

expression is typically observed to be lost in hepatocellular carcinoma (HCC), suggesting its role 

in tumor suppression 254,255. In HCC cell lines Hep3b and HepG2, which express little or no 

expression of miR-122, restoration of miR-122 in these cell lines promotes apoptosis and inhibits 

cell migration and invasion,  supports anti tumorigenic property of miR-122 254,255. Moreover, 

miR-122 knockout mice developed persistent hepatosteatosis, fibrosis, and 
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hepatocellularcarcinoma (HCC), suggesting that miR-122 has important roles as a tumor 

suppressor 256,257.  

 

1.6 HCV:miR-122 interaction: 

Unlike the canonical function of miRNAs, miR-122 promotes HCV replication by binding to two 

sites on the 5'UTR of the viral genome 51,106,258. After analyzing the host factors in the liver, Huh 

7 cells (HCV permissive cell line), HepG2, and HeLa cells (could not support HCV replication), 

it was found that unlike Huh 7 cells, miR-122 expression is undetectable in HepG2 and HeLa cells 

which led to the assumption that miR-122 could be regulating HCV expression 106. Further, 

suppression of miR-122 inhibited HCV SGR replication and led to the finding that miR-122 is an 

essential host factor for HCV replication 259. Mutagenesis studies confirmed two miR-122 binding 

sites on the 5'UTR, (Site 1 or S1, and Site 2 or S2) present within 1-42 nucleotide of the 5'UTR of 

the virus RNA, separated by bridging nucleotides that are conserved among the strains of HCV, 

and a direct binding between the viral genome and miR-122 is required for viral replication 

207,231,258–261. The first miR-122 binding site is located adjacent to the stem-loop I of the positive 

strand whose auxiliary site binds to the extreme 5'end of the viral genome, whereas the second 

miR-122 seed binding site is located at the base of stem-loop II. Studies also showed that miR-

122’s annealing to the HCV genome at both the seed binding site (2-8) and the auxiliary binding 

site (13-17) are required for efficient HCV replication 258,259,261. And the binding forms an 

annealing pattern, with a loop between the seed binding site and auxiliary binding site, and an 

overhang at the 3'end of the miRNA (Figure 1.8). However, recent studies from our lab suggested 

that the binding pattern may not be required for the mechanism of replication promotion since a 

single perfectly matched siRNA binding to miR-122 binding region can promote efficient viral 

replication262.  
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Figure 1.8: HCV RNA 5’UTR genome with miR-122 binding sites and pattern on the 

5’UTR.  

 

 

For efficient viral replication, binding of miR-122 at both sites is required, suggesting that each 

binding site is important for viral replication 51,263. However, there have been contradicting studies 

reporting the importance of each binding site differently. Studies by Mortimier and Doudna, and 

Pang et al suggested that miR-122 binds to site 2 with a higher affinity than site 1 263,264, whereas 

a few suggest that site 1 binding is more important for viral replication promotion 260,265, and 

another study by Thibault et al suggests an equal contribution of each side on viral replication 266. 

All the above studies propose an inconsistent contribution of miR-122 in HCV propagation and 
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suggest that the nucleotides spanning both the binding sites might have some importance in 

modulating miR-122's function in viral propagation. Interestingly, a recent study from our lab 

reported that annealing of siRNAs to nt 23-35 can promote HCV replication efficiently in Ago2 

KO Huh 7.5 cells 262. Nucleotide 23-35 spans the seed site of S1 and auxiliary binding site of S2 

along with the bridge nucleotides between S1 and S2, maybe the actual required annealing site for 

efficient viral propagation and therefore needs two miR-122 bindings to completely span the 

annealing site. This might explain the evolutionary significance of HCV having two miR-122 

binding sites instead of 1; to ensure efficient viral propagation and tissue tropism. 

Apart from the two seed binding sites on the 5'UTR, in silico analysis have suggested multiple 

miR-122 binding sites on the viral genome, 4 more on the NS5B coding region, and 3 (one very 

highly conserved) on the 3'UTR 262,267–269.  SiRNA studies and mutational analysis of these sites 

revealed that none of these miR-122 binding sites are functional, and their relevance for an 

infectious virus is unknown 262,267. 

Other than miR-122, HCV propagation is also dependent on other microRNA biogenesis and RISC 

proteins, likely due to its reliance on miR-122. The depletion of these proteins (Ago 2, Drosha, 

Dicer, DGCR8, TRBP) has been shown to affect viral RNA accumulation in cell culture 

207,231,270,271. 

 

1.6.1 Mechanism of action:  

Numerous studies have been done to understand the role of miR-122 in the viral life cycle. The 

primary mechanisms and proposed models by which miR-122 promotes viral genome 

amplification are described below. The suggested roles of miR-122 in promoting viral life are: 

 Protection of the viral genome from degradation, 

 Viral translation stimulation 

 Alteration of genomic RNA and IRES structure  

 Direct promotion of genome amplification/ a replication-translation switch  

Below are the hypothesized models of miR-122's function in the HCV life cycle 

1.6.1.1 Protection of the viral genome from degradation: 
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The presence of a 7-methylguanylate cap at the 5’end of eukaryotic mRNA promotes translation 

as well as protects it from cellular exonuclease degradation. Viruses are known to either encode 

their own capping enzymes (e.g. flavivirus and coronavirus) or steal the cellular mRNA cap (e.g. 

Influenza virus) to protect their RNA from cellular exonuclease degradation, and RNA translation 

and replication. Since the HCV genome is uncapped, it was speculated that miR-122 binding at 

the extreme 5' end of the viral genome might be acting as a cap to protect the triphosphate 5’end 

of viral RNA from the cellular RNA degradation machinery 199,200,263,266,272–274. This fundamental 

idea also overlapped with the finding that miR-122 binds to the auxiliary binding site at the initial 

nucleotides of the viral genome with a 3' overhang, which might be protecting the viral genome 

from cellular exonucleases and pyrophosphatases mediated RNA degradation 261. Studies by 

Shimakami et al reported that transfection of miR-122 slowed down the decay of a replication-

defective mutant in the cell suggesting its role in protecting the viral genome from degradation and 

does so by forming an Ago2:miR-122 complex 265,275. Additionally, knockdown of exonucleases 

Xrn1 and Xrn2 has been shown to rescue HCV replication partially which further supported the 

hypothesis and suggested that miR-122 protects the viral genome from Xrn1 and, to a small extent, 

Xrn2 mediated degradation 266,272,274. Xrn1 and Xrn2 are cellular 5’ exoribonucleases with 5’-3’ 

nuclease activity. Xrn1 is a cytoplasmic protein associated with RNA decay and P-bodies, whereas 

Xrn2 is a nuclear exonuclease involved in nuclear transcriptional quality control 276.  In a recent 

study, it was also observed that miR-122 protects the genome from cellular pyrophosphatases 

DOM3Z and DUSP11 199,277 (Figure 1.9). DOM3Z is a cellular decapping and exoribonuclease 

protein with pyrophosphohydrolase and 5'-3’ exonuclease activity and required for decapping and 

degradation of mRNA 278. DUSP11 is another cellular 5' pyrophosphatase required for regulating 

the cellular level of RNA transcripts from RNA pol I and III, by hydrolyzing the di-and tri-

phosphate from the 5'end of the RNA 277. Xrn1, DUSP11, and DOM3Z are p-body proteins 

required for RNA degradation. DUSP11 has been reported to directly act on the 5’end of HCV 

RNA rendering it to susceptible to XRN-mediated degradation 277. Further, depletion of Xrn1, 

DOM3Z and DUSP11 have been reported to rescue HCV replication in the absence of miR-122. 

It suggests that in the absence of miR-122, 199 DOM3Z and DUSP11 might be removing the 5' 

triphosphate from the viral genome making it susceptible to Xrn1 degradation, but the presence of 

miR-122 protects the viral genome from these RNA degrading enzymes. However, depletion of 

these proteins by siRNAs can rescue HCV replication only up to 10 fold and not up to miR-122 

https://en.wikipedia.org/wiki/7-Methylguanosine
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dependent level, indicates that miR-122 mediated protection of viral RNA is not the only 

mechanism for viral propagation 199. Furthermore, binding of miR-122 at the 5'UTR does not 

provide protection against recognition by the innate immune sensors PKR, RIG-I-like receptors, 

or IFITs 1 and 5 199. (Figure 1.9) 

 

 

Figure 1.9: miR-122 binding to the 5’UTR of the HCV genomes protects the viral RNA from 

Xrn1 (exonuclease), DOM3Z, and DUSP11 (pyrophosphatase) degradation 

 

1.6.1.2 Viral translation stimulation: 

Considering the fact that miR-122 binding sites are present adjacent to the viral IRES, many groups 

have tested the influence of miR-122 on viral translation and ribosome recruitment. Mir-122 has 

been reported to stimulate viral translation of both full-length HCV genome as well as chimeric 

mRNA flanked with HCV 5' and 3' UTR in both cultured cells and rabbit reticulocytes lysates 

177,231,260,279–282.  Niepmann and group showed a reduction in translation when miR-122 was 

sequestered, and the addition of miR-122 stimulated viral translation in liver cell lines as well as 

in the non-liver HeLa cells and in rabbit reticulocyte lysate 280. That study also indicated an 

enhanced association of ribosomes with the viral RNA in the presence of miR-122 at an early 

initiation stage strongly supports miR-122's function in viral translation. Later, Jangra et al showed 

a 50% reduction in viral translation by mutations in either miR-122 binding sites, which can be 

partially rescued by transfection of the complementary miR-122 mutant 260. As the difference in 
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magnitude of miR-122 induced viral translation (2-3 folds) and viral replication (1000 fold) was 

huge, the correlation between miR-122 influenced viral translation induction and viral replication 

was controversial, and enhanced viral translation was thought to be an indirect effect of genome 

stability. However, recent studies suggest that viral translation could be the major function of miR-

122 in viral replication, resulting in a higher concentration of viral protein, and thus leading to the 

accumulation of viral RNA over time 262,282. Further, recent reports also suggest that miR-122 

induced structural alteration of the viral genome can enhance viral translation, thus promotes viral 

propagation 200,282. 

 

1.6.1.3 Alteration of genomic RNA and IRES structure: 

In addition to miR-122's function in viral genome stability and translation, studies also suggest its 

role in altering the secondary structure of the 5'UTR of the viral genome. A study by Mortimer 

and Doudna suggests that miR-122:HCV complex promotes a trimolecular structure and stabilizes 

the viral genome 263. Other studies (including the research described in chapter 2) suggest that 

miR-122 binding promotes a thermodynamically stable canonical structure of the viral 5'UTR 

favoring viral translation and replication 154,200,282. In silico structure analysis of 1-117 nt of viral 

5'UTR predicts that it preferentially forms a non-canonical structure termed SLIIalt and does not 

favor the formation of SLII. SLII is essential for IRES mediated translation. It promotes a 

conformational change in 40S ribosome and its interaction with the SLIV domain further facilitates 

the formation of the final 80S ribosomal complex for translation initiation.  It is hypothesized that 

miR-122 binding to the 5'UTR shifts the folding equilibrium to favor the formation of SLII  and 

thus activate translation 154,200,282 (Figure 1.10). Structure probing of the 5’UTR region in the 

presence and absence of miR-122 suggested a role for Ago2 in stabilizing SLII  154. However, this 

hypothesis remains to be confirmed through biophysical and biochemical studies.  
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Figure 1.10: miR-122 binding to the HCV genome alters the secondary RNA structure.  

Without miR-122 binding the 5’UTR, the first 117 nucleotide is predicted to form a non-canonical 

structure with the SLI and SLIIalt. With miR-122 HCV RNA is predicted to form the canonical 

translation favorable structure with SLI and the SLII. 

 

1.6.1.4 Direct role in genome amplification/ a replication and translation switch: 

Other studies also provided evidence that miR-122 has a direct role in the HCV genome 

replication, and it may be acting as a switch between genome translation and replication. A study 

by Masaki et al. shows that miR-122 induced an increase in viral replication that preceded an 

increase in viral protein synthesis, suggesting a direct role of miR-122 in promoting viral RNA 

replication that did not depend on an increase in virus translation products. Using 5-ethnyl uridine 

incorporation into nascent RNA and qRT-PCR analysis for RNA accumulation, the study showed 

an increase in transient viral RNA synthesis at 1 hour post-transfection of miR-122 into the cells. 

However, no measurable increase in protein translation was observed during this time suggest that 

miR-122 induced viral replication might be occurring before viral translation. The study also 

confirmed that miR-122 stimulated viral replication ceased in the absence of viral protein or 
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following siRNA mediated host poly(rC) binding protein 2 (PCBP2) depletion. PCBP2 is known 

to interact with the HCV 5’UTR to promote HCV replication through genome circularization wang 

283, and stimulates IRES-mediated translation. Masaki et al have also shown that miR-122 

displaced PCBP2 from HCV RNA in cell-free pull-down experiments. Thus, it can be speculated 

that miR-122 binding might be replacing PCBP2 protein from viral 5'UTR RNA (PCBP2 binding 

site overlaps with miR-122 binding site 2) to enhance the replicating pool of viral RNA. Also, 

consistent with these data, reduced polysome association of HCV RNA upon miR-122 transfection 

suggests its role as a molecular switch for viral replication from translation 211,284. Alternatively, 

miR-122 binding to HCV RNA may promote genome synthesis by displacing the positive strand 

to increase the accessibility of the 3’ end of the template negative strand. miR-122 reduces HCV 

genomes engaged in translation while increasing the fraction available for RNA synthesis. 

However, miR-122 stimulated enhancement in viral translation and genome stability has been 

extensively studied and established and contradicts the miR-122 induced replication theory. Thus, 

it requires more research work to have a better understanding of miR-122 requirement at different 

stages of the viral life cycle to elucidate if miR-122 regulated translation or replication are distinct 

functions at different stages of the viral life.  

1.6.1.5 miR-122's sequential binding on the viral genome:  

According to a report from Sagan lab, computational modeling and SHAPE analysis suggests that 

the Ago:miR-122 complex acts as a molecular chaperon to remodel viral RNA structure and 

promote the formation of energetically stable SLII confirmation. According to the proposed model 

by the group, Ago:miR-122 binds to the 5'UTR viral RNA in a sequential manner where Ago:miR-

122 complex first binds to the site 2 serves as an RNA chaperone to re-fold the RNA into the 

functional SLII conformation and allows the viral IRES to form. This is then followed by 

subsequent binding of a second Ago:miR-122 complex to site 1 promoting viral genome protection 

by cellular endonucleases and pyrophosphatases, which then further facilitates Ago:miR-122 

complex on-site 2 to release its auxiliary interactions, but is likely stabilized by interactions 

between the Ago protein and SLII of the HCV IRES 154 (Figure 1.11). However, a recent study 

by Kunden et al. showed that siRNA annealing to the viral genome at nucleotide position 27-45 

(spans site 2) in Drosha and Ago2 KO cells protects the viral RNA similar to miR-122 suggesting 

that miR-122 binding to Site 1 might have other functional roles than just viral RNA protection 

from cellular RNA degradation machinery. 
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Figure 1.11: Proposed hypothetical models of miR-122’s functions in HCV propagation. 

 (A) miR-122 protects RNA genome against RNA degradation machinery. (B) miR-122 binding 

alters 5’UTR structure to a more stable translation favourable structure (C) miR-122 acts as a 

switch between viral replication and translation (D) Sequential binding of miR-122 on viral 

genome, proposed by Sagan lab. 
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1.6.2 miR-122 requirement at different stages of the viral life cycle:  

Although miR-122 is widely studied for its role in viral propagation, its requirement at different 

stages of the viral life cycle is still unknown. A study from Matsuura group using a subgenomic 

construct of HCV (SGR) revealed that miR-122 is required at the early stage of infection but not 

for maintenance of infection 211. This suggests that miR-122 might not have any crucial role in the 

ongoing infection and can be dispensable for further viral propagation. However, this proposition 

was studied in the context of a subgenomic replicon reported to replicate in the absence of miR-

122. Another study by Vilanueva et al. showed that the addition of miR-122 or miR-122 specific 

antisense has no effect on HCV RNA synthesis ex vivo in membrane-bound replicase complexes 

isolated from HCV infected cells. Also, no significant detectable quantities of miR-122 were 

observed to be associated with the replicase complex in vivo, suggesting no significant role of 

miR-122 in the elongation phase viral RNA synthesis 285. The hypothesis is further supported by 

another study by Norman et al. where they did not observe any reduction in viral RNA synthesis 

when the cells were treated with a miR-122 antagonist, in fact, a slight increase in newly 

synthesized viral RNA relative to total RNA was observed. Altogether, it suggests that miR-122 

might not be required for ongoing viral replication, but miR-122 stimulated functions are required 

at the early stage of infection 286.  

Since its discovery in 2005, miR-122 promotion of HCV RNA accumulation has been widely 

studied by many groups. Thus far, hypotheses have established supporting miR-122’s functions in 

viral translation, replication, and genome stability. Recent work by Kunden et al. suggests that 

miR-122 induced viral translation may have a major impact on viral propagation 262, contradicting 

the published hypothesis suggesting miR-122’s function to promote viral replication over 

translation 284. This indicates the possibility of different functions of miR-122 at different stages 

of the viral life cycle. However, the functions of miR-122 at different stages of the viral life cycle 

and the relative impact of each function on overall viral replication are also unknown. Since HCV 

is a positive strand RNA virus, replication and translation are tightly coupled processes and present 

a challenge in dissecting and studying the individual functional aspects of the RNA.  
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1.6.3 Escaping Canonical Silencing: 

The canonical function of miRNA is to downregulate the translation of mRNAs in the cells through 

translation repression and RNA degradation. However, miR-122 binding to the HCV 5’UTR 

promotes viral propagation in the host cell. How the virus escapes miRNA induced RNA silencing, 

and what are the downstream proteins it recruits to do so is still unclear. Several studies sought to 

explore the role of canonical microRNA proteins in miR-122-mediated promotion of HCV RNA 

accumulation. GW182 is a downstream protein of the miRNA pathway that regulates important 

interactions with the deadenylation, decapping, and RNA decay machinery. Recent work suggests 

that GW182 (paralogs TNRC6B, and C) interacts with the Ago:miR-122 complex at the 5’UTR 

of the HCV RNA; however, the exact function of GW182 in the HCV life cycle is still 

controversial and elusive 287–290. P-body proteins that are associated with miRNA mediated RNA 

degradation (DDX6, LSm1, PatL1, ATX2, PABP1), are shown to positively influence HCV RNA 

accumulation. However, Xrn1, which is also a P-body protein was shown to affect HCV 

propagation negatively  244,287–289,291–295. The p-bodies core proteins PatL1, LSm1-7, and DDX6 

composition and localization in p-bodies are altered by HCV replication suggesting that HCV 

might be influencing this RNA degradation machinery to its own benefits. However, disruption of 

P-bodies has shown no effect on HCV replication suggesting P-body formation in HCV infection 

might not be essential for viral infection 296. Other miRNA pathway proteins such as Dicer, Ago2, 

and TRBP are also shown to promote miR-122 dependent HCV replication, whereas DDX6 

promotion of HCV RNA accumulation is found to be independent of miR-122 231,271,293. Although 

the interactions between these canonical miRNA pathway proteins and HCV RNA:miR-122 have 

been reported in the literature, how the virus:miRNA complex escapes the RNA silencing remains 

unclear. More detailed studies of these interactions as well as identification of additional host and 

viral factors associated with HCV:miR-122 association will help clarify the exact mechanism by 

which the virus utilizes the host RNA silencing mechanism for its propagation.  
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1.7 Clinical significance of miR-122 in HCV infection 

 

1.7.1 HCV:miR-122 sponge contributes to viral pathogenesis and induces chronic 

infection: 

HCV’s use of miR-122 has been reported to sequester miR-122, and lead to derepression of cellular 

miR-122 target mRNAs.  297. Genome-wide high-throughput sequencing of Ago2 crosslinked and 

immunoprecipitation (HITS-CLIP) analysis in HCV infected and naïve cells revealed a significant 

reduction in global AGO binding of miR-122 target mRNA compared to the combined targets of 

other cellular miRNAs with targetomes of similar size. The derepression of these miR-122 targets 

genes are also stoichiometric; which means it is governed by both the mRNA expression level and 

the number of miR-122 binding site on the mRNA.  Further, microarray data from liver biopsies 

of HCV-infected and naive patients showed a significant derepression of similar miR-122 target 

genes and confirmed the HCV sponge effect in vivo and supports the notion that HCV infections 

may de-repress endogenous miR-122 targets. miR-122 is abundant in the liver and is required to 

maintain liver homeostasis. The sponge effect by the viral RNA on miR-122 results in 

dysregulation of liver homeostasis affecting cell proliferation and survival, collagen production, 

and hepatic stellate cell activation resulting in a pro-inflammatory response 297. Since miR-122 is 

a known potent tumor suppressor, miR-122 sequestration during an HCV infection may also 

contribute to HCC development in chronic infection 205,256,257,298 .  

1.7.2 miR-122 as a biomarker for chronic Hepatitis C infection and liver diseases: 

Circulating microRNAs in human peripheral blood has been increasingly regarded as indicators 

for a variety of physiological and pathological conditions including liver injury induced by 

hepatotoxic agents and viral hepatitis 42,299,300. They are also acknowledged as a part of “liquid 

biopsy” for the detection of various diseases. Circulating microRNAs are secreted in different body 

fluids through exosomes and microvesicles, making them potential and relatively non-invasive 

biomarkers for the detection of different stages of a disease progression 301. Circulating miR-122 

has been studied as promising circulating biomarkers for liver disease conditions because 1) its 

expression is dysregulated in liver diseases, 2) miR-122 is tissue-specific, and its abnormal 

presence in the serum can indicate liver injuries, 3) microRNA has an unusually high stability in 

human plasma/serum 256,297,299,302,303. Studies have been done to evaluate the role of circulating 

miR-122 to monitor and diagnose liver pathogenesis in various diseases such HBV, HIV and/or 
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HCV-associated chronic viral hepatitis, and show promising results for serum miR-122 as a 

biomarker for chronic liver infection 299,304,305. Although circulating miR-122 shows as a potential 

diagnostic marker for HCV related liver pathogenesis, more cohort studies are required to evaluate 

its specificity and/or sensitivity as a non-invasive biomarker.  

1.7.3 miR-122 as a target for anti-HCV therapy: 

Being the important host factor for HCV replication, miR-122 serves as a potential host target for 

chronic hepatitis C treatment. Two antisense inhibitors of miR-122, Miravirsen™ (Santaris 

Pharma a/s), a lock nucleic acid targeted against miR-122, and RG-101 (Regulus Therapeutics), a 

N-acetylgalactosamine conjugated oligonucleotide that antagonizes miR-122, have been used 

successfully to limit HCV replication in cell culture and in chronic HCV-infected patient306–308. 

Both these anti-miR-122 Lock nucleic acid (LNA) drugs have completed Phase II and Ib clinical 

trials, respectively, and showed a sustained reduction in viral load in a dose dependent manner. 

Neither treatment showed a significant adverse effect or long-term safety issues; however, both 

the studies showed a virologic rebound after several weeks post treatment. Further, no viral 

resistance was apparent in patients treated with miR-122 antagonist, but sequence analysis of viral 

RNA from these patients suggested resistance-associated substitutions (RAS) on the viral 5’UTR, 

specifically, C2GC3U, C3U, and G28A mutations37,306,307,309. The C2GC3U, and C3U (cytosine 

substitution by guanosine and uracil at nucleotide 2 and 3 positions) mutations are located at the 

auxiliary region of miR-122 binding site 1, whereas G28A (Guanosine substitution by Adenine at 

nucleotide position 28) mutation is located in the auxiliary region of miR-122 binding site 2. 

Notably, except for G28A, none of the other two mutants are isolated in cell culture-based 

selection, also C3U expressed transiently in the patients’ serum, suggesting that the mutations 

(C2GC3U, and C3U) might not have an advantage over the selection of treatment resistant 

variants. On other hand, the G28A mutation has been widely studied for conferring resistance 

against miR-122 (describe in more details later). In order to safely administer anti-miR-122 as an 

anti HCV treatment for clinical use, more studies are required to understand the mechanism behind 

the emergence of these viral variants and how they escape their reliance on miR-122. However, 

the addition of Miravirsen to the DAA treatment has also shown to be synergistic in suppressing 

HCV replication and emergence of RAS, and can still hold the potential to be a part of the drug 

cocktail for patients who are non-responsive to DAA310. 
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1.8 miR-122 independent replication of HCV: 

 

1.8.1 Viral variants capable of replicating in the absence of miR-122. 

In cell culture, miR-122 is essential for efficient replication of wild type HCV genomes. However, 

recently, a few variants and constructs of the virus have been reported to be replicating in the 

absence of miR-122. Thibault et al. reported a low-level replication of a bicistronic subgenomic 

(SGR) construct in a human hepatocarcinoma cell line (Hep3B) that lacks detectable endogenous 

miR-122 expression 208. Since the bicistronic construct contains an additional EMCV IRES, which 

drives the translation of viral protein, it may have supplemented miR-122's function of viral 

translation regulation and allowed it to replicate in the absence of miR-122, albeit poorly. Although 

the SGR was earlier used as a model to study miR-122 independent replication of HCV, the 

unnatural presence of an extra IRES and the absence of structural gene regions confers limitation 

in studying miR-122 independent replication, as the construct was not completely mimicking the 

replication of the wild type virus in the cell. 

In recent years a full-length viral variant with G28A (Adenine substitution of Guanine at 

nucleotide position 28) mutation was identified in numerous studies and widely used as a model 

system to study HCV replication in the absence of miR-122 200,210,211,311. G28A variant is present 

in naturally occurring sequences and provides resistance towards miR-122 knockdown311. 

However, the mutation does not provide any advantages over wild type virus when miR-122 is 

present 211. G28A mutation was also identified in HCV infected cell cultures as well as patient-

derived PBMCs 211,311. All these data suggest that during quasispecies generation by the error-

prone RDRP, G28A mutation may have been dominantly selected to replicate in the absence of 

miR-122 in extrahepatic tissue.  But since it does not have a replicative advantage over wildtype 

virus, it may be present in hepatocytes without exerting any selection pressure.  

Along with G28A mutants, a number of other full-length HCV variants with 5'UTR mutations 

have been reported to replicate in the absence of miR-122 200,210,211. These mutants were generated 

and identified using selection study experiments where HCV was serially passaged in Huh 7.5 

cells and Huh 7.5 miR-122 KO cells expressing exogenous siRNA 200 and mismatched miRNA 210 

respectively (details in chapter 2). Several 5'UTR mutants, including U25C, G28A, and a 

combination mutant containing three mutations (U4C, G28A, and C37U) were reported to 
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replicate independently of miR-122 200,210 (more mutants are described in chapter III and V). Other 

full-length HCV mutants reported of replicating independently from miR-122 are U3 virus, which 

contains a fragment of U3 small nucleolar RNA (U3 snoRNA) in place of SLI and miR-122 

binding site 1 312, was acquired by passaging of SLI deleted viral genome in Huh 7.5 cells, and 

HCV-S2-GGCGUG was selected from a population of viral variants by random mutagenesis 212. 

A chimeric NPHV/HCV variant has also been reported of replicating robustly in the absence of 

miR-122 212. Although the above mentioned viral mutants are capable of replicating in the absence 

of miR-122, they are still responsive to miR-122 and replicates efficiently when miR-122 is present 

in the system. There have been numerous reports of HCV variants supporting miR-122 

independent replication, but the mechanism by which these viruses replicate in the absence of miR-

122 is still unknown. Hence, these full-length mutants can be further used as a model system to 

understand the underlying mechanism of miR-122 independent of HCV replication to get a better 

insight into miR-122's function in the HCV life cycle. 

1.8.2 Other microRNAs promoting HCV replication. 

Although HCV variants were reported to replicate in the absence of miR-122, whether they use 

other cellular miR-122 to compensate for miR-122's function is unknown. However, there has 

been evidence of microRNA independent replication of HCV in the literature. HCV-S2-GGCGUG 

mutant which has been reported previously for replicating in the absence of miR-122 is also 

capable of replicating in Dicer KO Huh 7.5 cells. Given the critical role of Dicer in the production 

of mature microRNA, and HCV replication, replication of HCV-S2-GGCGUG mutant in Dicer 

KO cells suggests that it can replicate in the absence of any microRNA 212. Additionally, another 

study has shown that Ago2 knockdown did not affect miR-122 independent replication of G28A, 

suggesting that miR-122 independent replication of HCV is not because of the binding of other 

microRNAs to the 5'UTR of the viral RNA compensating for miR-122's function, but because of 

independent mechanism(s) induced by the mutations on the viral genome 211.  

Recent findings by the Matsuura group using miRBase and cell culture experiments suggest that 

other cellular miRNAs can bind to the viral 5'UTR in a miR-122-like and a non-miR-122-like 

manner and can support viral replication. The miRNAs identified to bind to viral 5'UTR RNA at 

both miR-122 binding locations are miR-504-3p, miR-574-5p, and miR-1236-5p, which requires 

at least 6 nt complementary bindings with the viral RNA to promote replication. miR-25-5p and 
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miR-4730 were identified to bind to  7-8 nucleotides in a single site that bridges sites 1, and 2, 

masking both G28 and C29 to promote viral replication.  Structural modeling indicates that binding 

of these microRNA also facilitates the formation of a translation favorable SLII structure similar 

to miR-122, and to stabilize the IRES 3D structure in order to promote ribosome binding. 

Altogether, the finding proposes that extrahepatic replication of HCV could be due to usurping 

miRNAs other than miR-122 as these microRNAs are substantially expressed in various normal 

tissues, and can be one of the mechanisms for the miR-122-independent enhancement of HCV 

propagation 313. 

Apart from the above mentioned miRNAs, at least four other miRNAs (miR-199a*, miR-196, let-

7b, and miR-448) have been confirmed to bind to HCV genome, but show a negative impact on 

viral propagation 314. These microRNAs function in a canonical manner to suppress viral 

translation and let-7b can lead to cleavage and degradation of the viral genome. Although these 

microRNAs are reported to inhibit viral propagation, their net negative effect is somehow 

superseded by the presence of miR-122 as knockdown of microRNA pathway proteins has an 

overall reduction in viral propagation 212,231,275,279,281,314 

1.8.3 MiR-122-independent replication and the extrahepatic manifestation of HCV: 

Although HCV primarily infects the liver, a variety of HCV associated non-hepatic pathogenicity 

have been reported 315. The broad clinical spectrum of extrahepatic complications and diseases 

associated with chronic HCV infection include mixed cryoglobulinemia, non‐Hodgkin's 

lymphoma, cutaneous vasculitis, glomerulonephritis, neuropathy, and lymphoproliferative 

disorders, to name a few 315–319. Extrahepatic manifestation is common in HCV infected patients 

and can be found in 74% of patients with at least one clinical extrahepatic manifestation 317. The 

underlying pathogenic mechanism of the majority of the extrahepatic complications is immune-

mediated. However, a growing body of evidence also suggests the presence of HCV in peripheral 

blood mononuclear cells (PBMCs), including B and T cells, monocytes/macrophages and dendritic 

cells, and the central nervous system (CNS), indicating a direct impact of HCV pathogenesis on 

the extrahepatic tissues and cells 320–324. Since the negative strand of the viral genome is often cited 

as the evidence for viral replication, the presence of a negative strand of viral RNA in different 

tissues and PBMCs suggested that the virus is capable of replicating in extrahepatic conditions315. 

PBMCs isolated from patients with chronic HCV, occult HCV, and chronic HCV/HIV coinfection 
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has been reported to support HCV replication 315. Although viral replication was identified in those 

tissues and cells as being highly dependent on miR-122, how HCV infects and replicates in those 

cells is still unknown. One of the possible explanations could be exosome mediate transportation 

of viral RNA and miR-122 to those cells through blood circulation. A study from Bukong et al. 

revealed that exosomes from HCV infected hepatocytes contain replication-competent HCV RNA 

in complex with miR-122-Ago2-HSP90 suggesting exosome-mediated infection of cells 325. 

Furthermore, genome analysis revealed that viral variants that are selected to influence HCV 

replication in extrahepatic tissue, in turn, can affect tissue tropism. Recent studies posit that 

adenine substitution at 28 nucleotide position (28A) of the HCV genome can allow the virus to 

replicate in PBMCs as this viral variant has been isolated from patient-derived PBMCs by different 

groups 211,311. This particular viral variant is reported to be replicating independent of miR-122, 

one of the determinants for liver tropism, and that's why it can replicate in extrahepatic condition. 

Furthermore, how viral infection and pathogenesis can influence extrahepatic manifestation of 

HCV is still unclear. Since, reports suggest of HCV replicating in extrahepatic cells, it would be 

interesting to further isolate and study those viruses in order to have a better understanding of viral 

adaptation and replication in other tissues. It will also shed light on the functions and requirements 

for miR-122 at different stages of viral life cycle, and whether antagonisation of miR-122 can still 

hold as a promising therapeutic agent for HCV treatment. It will also help also us decipher the 

mechanism behind miR-122-independent replication of HCV as well as viral tissue tropism.  It 

might also allow us to understand the recurrence of infection after liver transplantation.  

1.8.4 Non-primate Hepacivirus and miR-122 interaction: 

In addition to HCV, other genus hepacivirus viruses are reported to rely on miR-122 for their 

replication. Recent studies have identified several hepaciviruses in a variety of species, including 

equine hepacivirus, or non-primate hepacivirus (NPHV), Norway rat hepacivirus (NrHV) or rodent 

hepacivirus-nr-1 (RHV-nr-1), bat hepaciviruses; bovine hepaciviruses (BovHepV), and Guerza 

hepacivirus 42,155,326–331. These viruses exhibit liver tropism and have at least one miR-122 binding 

site on their genome; however, the location and number of the miR-122 binding site differ. Studies 

have shown that miR-122 stimulates translation in NPHV, and BovHepV and miR-122 

sequestration inhibits NPHV accumulation in cell culture 42,332.   
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A homolog to HCV, GB virus B (GBV-B), which was isolated from laboratory tamarins, also has 

two miR-122 binding sites on its 5'UTR RNA, and has been shown to be dependent on miR-122 

and Ago2 abundance for viral propagation 333. However, a deletion mutant that lacks both the miR-

122 binding sites (∆4-29) was found to grow independently of miR-122, suggesting that GBV-B 

can overcome its reliance on miR122 333,334. Previously, Schult et al. proposed that HCV might 

have evolved with two conserved miR-122 binding sites to preserve the structural elements of 

3'UTR of the negative strand essential for viral replication 282. Unlike HCV, which cannot tolerate 

any alteration of its 3' negative strand, GBV's 3'UTR of the negative strand can tolerate mutations, 

suggesting that GBV’s dependency on miR-122 might not have evolved to preserve the essential 

negative-strand sequence, but to assist the functions of the positive strand and to confer tissue 

tropism to the virus.  

The presence of the miR-122 binding site in hepaciviruses of different species suggests an 

evolution of a conserved mechanism of miR-122's function in supporting viral propagation in the 

liver. Further, the presence of miR-122 annealing sites on the viral 5’UTR of these hepaciviruses 

preceding the viral IRES also indicates an overlapping mechanism of viral translation function. 

Since these hepaciviruses have their miR-122 binding sites upstream of viral IRES, it is possible 

that miR-122 may facilitate the alteration of genome structure promoting viral translation 

regulation. As miR-122 is conserved among all vertebrates, it is interesting to see how 

hepaciviruses have evolved to develop a relationship with host miR-122 to benefit their existence 

in the liver 212, it also suggests their evolution from a common hepatotropic ancestor. Altogether, 

it can be proposed that throughout host-virus coevolution, hepaciviruses may have used miR-122 

as a common strategy to establish liver tropism.  

 

1.9 Conclusion: 

The liver specific microRNA, miR-122, is essential for HCV replication and promotes viral 

replication, translation, genome stability as well as to induce genome RNA structure modification. 

Although individual functions of miR-122 in the virus life cycle have been studied and reported in 

detail, how all these functions work collectively to promote viral propagation and affect different 

stages of the viral life cycle is still under investigation. Further, the overall structural elucidation 

of miR-122-HCV RNA-hAgo complex and its biophysical characterization will provide more 
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insight into the structural and functional attributes of the viral 5’UTR and its relationship with host 

microRNA and proteins. 

Further, the study of HCV and miR-122 will also allow us to understand the evolutionary 

correlation between other hepacivirus and HCV and the liver, their dependency on other factors to 

confer tissue tropism, and mechanisms to escape the host immune system.  Since flaviviruses share 

common genetic materials, i.e., a positive-strand RNA genome, understanding mechanisms of 

HCV genome structure-function can allow us to understand the genome structure-function of other 

flaviviruses too. Furthermore, the genomic study of these flaviviruses can provide more 

explanations on the influence of mutation on the viral life cycle and viral pathogenicity. Members 

of flaviviruses have the potential to emerge as more pathogenic viruses at times (Zika, Dengue, 

Japanese encephalitis, West Nile) 335,336, and is currently living in a world of emerging viruses, 

exploiting and understanding every aspect of the viral life cycle is important to develop proper 

measures to fight against these viruses. Mutations on the genome of RNA viruses also allow them 

to adapt to use antiviral properties of vertebrate miRNAs to limit replication in particular cell types 

and can lead to exacerbation of disease severity 337. Further, genome mutation studies of these 

viruses can allow us to examine and understand the cost of these mutations on the overall 

replication fitness and virulence of the virus for the development of live attenuated vaccines.  

The dependency of HCV on miR-122 for its propagation was previously known to be a unique 

phenomenon. However, this phenomenon is recently shared by another viruses from the same 

family. A study from Scheel lab reported that Bovine viral diarrhea virus (BVDV) an animal 

pathogens from pestivirus genus, also requires microRNAs let 7 and miR-17 for their propagation 

338,339. But unlike miR-122 and HCV, these microRNAs bind to the 3’UTR of the BVDV genome 

to promote translation, and thus replication. The discovery of other viruses dependent on host 

microRNA explains an intricate and unexplained relationship between the host and virus, which 

might be indicating towards a broader picture of host-pathogen co-evolution.  
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2.0 Chapter II: Hypotheses and Rationales: 

 

2.1 Identification of HCV mutants capable of replicating independently of miR-122. 

The liver-specific microRNA, miR-122, has been deemed to be essential for HCV propagation. It 

binds to two sites located on the first 42 nucleotides of the 5'UTR to facilitate efficient viral 

replication, and the exact mechanism of its action is still elusive. However, there are previous 

reports of viral genetics affecting miR-122 dependency of the virus. Further, our siRNA-based 

selection study (by Dr. Adam Huys) has generated escape variants with mutations on the 5'UTR 

of the virus, influencing the virus's overall replication fitness. Moreover, there have been reports 

of mutant HCV replicating in the presence of noncognate miRNAs or mismatched miRNAs, which 

led us to assess viral replication in the presence of the siRNAs in a miR-122 null environment.  

Interestingly, some of these mutants adapted to use siRNAs as a miR-122 mimic. Since these 

mutations conferred the virus's ability to usurp siRNAs for their propagation, we wondered if they 

can also allow the virus to replicate in the complete absence of miR-122 or any siRNAs binding 

to the 5'UTR. 

Therefore, we aimed to identify the escape mutants replicating in the complete absence of miR-

122 and to understand the underlying mechanism conferring miR-122 independent replication of 

the virus. The first part of the thesis focuses on identifying HCV 5’UTR mutants capable of 

replicating independently of miR-122 and capable of usurping siRNAs as a miR-122 mimic in the 

absence of miR-122. 

Objectives 

 To identify escaped viral variants replicating in the absence of miR-122 

 To identify escaped viral variants usurping siRNA for replication in the absence of miR-

122. 
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2.2 Understanding the underlying mechanism of miR-122 independent replication of 

HCV. 

Based on the results from the above findings and in silico structure analysis of HCV RNA in the 

presence or absence of miR-122, we hypothesized that the binding of miR-122 to the viral 5’UTR 

genome alters the viral RNA structure to fold into a canonical translation favorable structure. And 

HCV mutants replicating independently of miR-122 have the propensity to form the translation 

favorable structure even in the absence of miR-122. Thus, we used these mutants capable of 

replicating in the absence of miR-122 as a model system to study the role(s) of miR-122 in HCV 

propagation. Using these mutants, we tried to establish a correlation between viral structure 

alteration, replication, and stability. We further hypothesize that mutants that are predicted to form 

the canonical translation favorable structure have enhanced translation efficiency compared to the 

wild type virus in the absence of miR-122, and thus promote viral replication. Further, as there 

was a possibility of another microRNAs binding to the 5’UTR of these mutants and promoting 

viral replication, we have also assessed viral replication in the absence of any microRNA.   

Objectives: 

 To assess viral translation efficiency compared to the wild type virus, and its correlation 

with miR-122 independent replication. 

 To assess the contribution of miR-122 stimulated translation and genome stability in viral 

propagation. 

 To assess the correlation between viral RNA structure alteration, and viral translation 

and/or stability 

 

2.3 Characterization of miR-122 independent replication of HCV: 

Apart from the above mentioned HCV mutants, there are reports of other HCV constructs with 

different backbone architecture capable of replicating independently of miR-122. Although these 

HCV mutants and constructs can replicate independent of miR-122, their replication is poor 

compared to the wildtype virus with miR-122, and they are still responsive to the presence of miR-

122. In this chapter, we studied and compared the features of miR-122 dependent and independent 

HCV replication to have a better understanding of the viral infection cycle in the presence and 

absence of miR-122. We also explored other models of HCV supporting miR-122-independent 
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replication and how they replicate in the cell population compared to the miR-122-dependent 

HCV. Additionally, we have also investigated the requirement of miR-122 at both the early and 

late stage of viral life cycle. 

Objectives: 

 To explore and identify other genome elements supplementing miR-122’s function to 

support HCV replication. 

 To investigate the role and requirement of miR-122 at different stages of viral life cycle. 
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3.0 Chapter III: 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 

 

 

Yalena Amador-Cañizares, Mamata Panigrahi, Adam Huys, Rasika D Kunden, Halim M Adams, 

Michael J Schinold, Joyce A Wilson, 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 Research, Volume 46, Issue 18, 12 October 2018, Pages 9776–9792, 

https://doi.org/10.1093/nar/gky662 

 

3.1 Permission to use 

In accordance with NAR open access model, all users have unrestricted rights to re-use Open 

Access content for educational and research purposes. The details of the permission to use can be 

found at: 

https://academic.oup.com/nar/pages/open_access_initiative#NAR%20Open%20Access%20Lice

nse%20Agreement 

  

3.2 Authors’ contribution: 

All the authors contributed significantly in this study. I shared the first authorship with Dr. Yalena 

Amador-Cañizares and Dr. Adam Huys. I have studied the replication of the mutant HCV in the 

absence of miR-122, or in the presence of si18-36 and si19-37 in Huh 7.5 miR-122 KO cells.  This 

includes Figure 3.7, Figure 3.8 (excluding C and E), Figure 3.12, Figure 3.13, Figure 3.14 (left 

https://academic.oup.com/nar/pages/open_access_initiative#NAR%20Open%20Access%20License%20Agreement
https://academic.oup.com/nar/pages/open_access_initiative#NAR%20Open%20Access%20License%20Agreement
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panel), Figure 3.15 (left panel), Figure 3.16 (left panel), and Figure 3.17. U4C/G28A/C37U mutant 

from Figure 3.7 and all the mutants from Figure 3.17A were cloned by me. 

 

 

3.3 Highlights: 

 miR-122 and small RNA annealing to the HCV 5’ UTR are predicted to induce the 

canonical structure of the 5’ UTR RNA.  

 The 5’ UTRs of point mutant viruses capable of miR-122-independent replication are 

predicted to favour the canonical structure, even in the absence of miR-122 and Perfect 

match small RNAs (siRNAs) that anneal to the HCV 5’ UTR stabilize and promote 

accumulation of the viral genomic RNA. 

 Ago2 is dispensable for miR-122 promotion of HCV replication and suggest that other Ago 

isoforms also are capable of promoting viral replication. 

 

 

3.4 Abstract: 

Annealing of the liver-specific microRNA, miR-122, to the 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’ 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 favoured 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. Finally, we present a model 

for miR-122 promotion of the HCV life-cycle in which miRNA annealing to the 5’ UTR, in 
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conjunction with any Ago isoform, modifies the 5’ UTR structure to stabilize the viral genome 

and promote HCV RNA accumulation.   

 

3.5 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 1A) 156. 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 104. The 42-nucleotide 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) 156. It is not required for but can modulate HCV IRES translation 

177. The sequence that forms SLII is also conserved and is required for HCV IRES activity 340. The 

complementary sequence of this region is the site of initiation of positive strand synthesis and 

forms structures essential for genome replication 341. In addition, this region contains annealing 

sites for a host liver specific microRNA, miR-122 51,259. 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 51,208,259.   

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 261,263,275. 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 3.1A). Annealing to each site requires contact with 

the seed-binding site and two accessory nucleotides upstream of the seed-binding site 261,265.  

Interactions at each site individually promote HCV replication to intermediate levels, and binding 

to both sites exhibits a synergistic effect 266. In some reports, miR-122 annealing to each individual 

site exhibited equivalent effects 266; while in others, annealing at S1 exhibited a stronger effect 260. 

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 



 53 

genome acts as a miR-122 sponge, and host mRNAs normally suppressed by miR-122 are de-

repressed 297. 

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 273,275,280,284. 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 266. miR-122 protects the 5’ end from degradation by the host 

exonuclease Xrn1, and from host pyrophosphatases 199,266. However, since knockdown of Xrn1 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 199,266.  Finally, recent evidence 

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 284.  

The miRNA processing and effector protein, Argonaute (Ago) 2 is required for miR-122 

promotion of HCV replication (20). While a dominant role for Ago2 in miR-122 promotion of 

HCV RNA accumulation and stabilization was reported 275, 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 279, and knockdown of any of the 4 Ago isoforms reduced HCV 

replication 207. 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 3.1B) 181. 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 342. 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 
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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 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.  

 

 

Figure 3.1: 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 5 virus genotypes.  

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 

RNA structures (of the 5’ UTR or the complementary 3’UTR) 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 favour 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 
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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.   

  

3.6 Materials and Methods 

 

3.6.1 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) 201.  A control non-

replicative versions 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 

x 2, containing two H77 HCV 5’ UTR sequences in tandem inserted downstream of a luciferase 

gene was a gift from Dr. P. Sarnow 51 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 x 2, 51. The mutant 5’UTR sequences generated in the mutagenic selection were 
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transferred to pJ6/JFH-1 RLuc by removing the 5’UTR sequences that had been cloned into 

pCRTM-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) (26). 

3.6.2 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 208, XbaI linearized plasmid was used 

as the transcription template for HCV constructs and XmnI linearized pT7 luciferase and BglII 

linearized pRL-TK were used as templates for Fluc and RLuc mRNA transcription, respectively. 

3.6.3 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, 0.1nM non-essential amino acids 

(Wisent, Montreal, Canada) and 100μg/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 343, 800μg/ml G418 Sulfate was 

added to the media.  

3.6.4 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) 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 
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to inhibit HCV Con1 genotype, by modifying the sequence to match the same region in JFH-1 

GACCCACAAACACCAAUUCCC 344. 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 333.  All small RNAs were synthesized by Thermo Fisher Scientific 

(Lafayette, CO). Anti-miR-122, miRIDIAN microRNA Human hsa-miR-122-5p - Hairpin 

Inhibitor (IH-300591-06-0050) and anti-miR-124, miRIDIAN microRNA Human hsa-miR-124-

5p - Hairpin Inhibitor (IH-301047-02), used as a negative control antagonist, were purchased from 

Dharmacon Horizon Discoveries (Chicago, IL).  

3.6.5 Transient mRNA suppression assays 

To assess siRNA knockdown efficiency, 6.5 x 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 100ng of pRL-

TK and pLuc JFH-1 5’UTR x 2 along with 0.1pmol of an siRNA and 1 μL lipofectamine 2000 

(Life Technologies, Burlington, ON, Canada). The transfection mixture was prepared according 

to the suggested manufacture’s protocol. On day 2, the cells were lysed using passive luciferase 

lysis buffer (Promega, Madison WI, USA).  

3.6.6 Escape mutant selection  

1x107 Huh-7.5 cells harbouring J6/JFH-1 Neo Rluc  were electroporated as previously described 

231 with 60pmol 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 10cm dish for selection 

and then expanded to a 15cm 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 
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electroporation, and 25% were electroporated with 60pmol 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.  

3.6.7 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 PBS then lysed with 

100μL 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. 

3.6.8 RNA purification 

Cells were harvested into 1ml of Trizol and total cellular RNA was isolated using the suggested 

manufacturer’s protocol (Life Technologies, Burlington, ON, Canada). 

3.6.9 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 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 pCRTM-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 
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overnight at 37 °C on LB + 50μg/ml Kanamycin plates. The next day, individual colonies were 

picked and sequenced (GE Healthcare, National Research Council of Canada’s Plant 

Biotechnology Institute Sequencing Core, Saskatoon SK). All sequences where analyzed using 

Clone Manager software. 

3.6.10 RNA structure predication 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 345. 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 346. 

3.6.11 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 

g 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 g 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 hours and 1-3 days post electroporation.  

3.6.12 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 347. 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 hours later they were fluorescence-activated cell sorting (FACS) 

https://rna.urmc.rochester.edu/index.html
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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 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).  

3.6.13 Western blot 

Ago2 immune detection was performed as previously described266. 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).   

3.6.14 HCV Genome Stability Assay and Northern Blot 

The RNA stability assay was performed as previously described 274. A total of 8x106 Ago2-

knockout Huh-7.5 cells were electroporated with 10µg of J6/JFH-1 Rluc GNN viral RNA. Cells 

from one electroporation were plated on a 10cm plate and incubated at 37 °C. Total RNA was 

harvested at 0, 30, 60 and 120 minutes 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. 231. 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. 

3.6.15 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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3.7 Results 

 

3.7.1 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 1A) 181. The conservation of this region is believed to be because it 

is the annealing site for miR-122 (Figure 1) 51,259, 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 341. Because point mutation in this region frequently lead to the generation of viruses 

having a null replication phenotype that provide 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, 3 siRNAs that target 

between nucleotides 18 and 43 were designed using standard online siRNA design tools that 

predict the best potent target sites (Figure 3.2A). 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 (7) (Figure 3.2B). In transient HCV replication assays, 

2 of the siRNAs, si18-36 and si19-37 also efficiently knocked down HCV replication (Figure 

2.C).   
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Figure 3.2: 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. 

 

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 342.  Cells stably harboring 

a G418-selectable full-length HCV replicon RNA (Figure 3.3A) 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 7 times and in total the 7 rounds of selection took about 3 months 

to complete (7x14 = 98 days).   
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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 3.3, B, C, and D). 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 3.3D), 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 7 rounds of treatment (Figure 3.3B 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 3.3B and C: right panel).  
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Figure 3.3: The RNA construct, knockdown efficiency, and mutants isolated during the 

siRNA-directed mutagenesis method. 

 Cells harbouring the HCV bicistronic full length replicon RNA 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, C and, D) Luciferase expression was assessed 3 day after siRNA 

electroporation for each iteration of the selection process to detect the evolution of knockdown 

resistance (left panel). Following 7 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).  

 

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 
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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 in Supplementary Table 1. In total, 30 different mutant 5’ terminal sequences were 

identified, including many having point mutations never observed in naturally occurring HCV 

sequences (Supplementary Figure 3.12 A and B, and Figure 3.13 A and 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. 

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 3.4). For the 

5’ UTR we focused on the 5’ 117 nucleotides that comprise SLI and SLII (Figure 3.1). RNA 

Structure algorithms predicted that this region will form a non-canonical structure in the absence 

of miR-122 (Figure 3.4A) and that miR-122 annealing promotes a transition to the canonical 

structure (Figure 3.4B). The non-canonical structure retains SLI, but SLII, a structure required for 

HCV IRES activity, is not predicted to be formed in the 4 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 3.4C and 

matches that published previously 341. 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.  
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Figure 3.4: 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.   

 

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 3.1D). 

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 elecroporated 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 hours, and on 

days 1, 2 and 3 post-electroporation (Supplementary Figures 3.14, 3.15, and 3.16) 

 

3.7.2 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 3.5). 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 3.1) and this is likely the case since it retains a G-C or C-U base pairing 
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in the structure of the 3’ end of the negative strand (Figure 3.5A, 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 3.3B-C and 3.5A). 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 (Figure 3.3A and 3.5A). 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 3.3C and supplementary Figure 3.14). 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 Figure 3.12 

and 3.14). 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 311 and supports the notion that 

these nucleotides may influence miR-122 annealing.  
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Figure 3.5: 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 3 independent transfections and error bars represent the standard deviation. The 

differences in replication fitness of the mutant viruses vs. 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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3.7.3 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 

(Figure 3.3 and 3.6A). 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. 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 6B, S4 and S5) all had sequence changes 

within the predicted miR-122 annealing region and thus would affect miR-122 annealing (Figure 

3.6A). 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 (Figure 3.S2, 

supplementary Figure 3.15 and 3.16). 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 3.6A).  However, other nucleotide changes within miR-122 seed 

binding S1, C26Del, C26U, and C27G had a greater negative impact on replicative fitness (Figure 

3.6B) and could not be rescued by providing exogenous miR-122 (Supplementary Figure 3.13, 

3.15, and 3.16). 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 3.6A, 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 3.6A 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 of the 3’ terminal region and miR-122 
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annealing both appear to pressure the maintenance of the primary sequence of the 5’ UTR, but 

additional functions may also exert pressure. 

The last 3 mutant viruses, C22A/G28A/G152A, A31C/G93U, and G17A/G18A, exhibited very 

low fitness in the context of the J6/JFH-1 Rluc RNA (Figure 3.6). Two of these mutants, 

C22A/G28A/G152A and A31C/G93U were replication competent in the context of the HCV SGR 

(Supplementary Figure 3.17), an RNA construct in which translation of the non-structural 

proteins is promoted by the EMCV IRES element instead of the HCV IRES and suggests that these 

RNAs likely had a defect in HCV IRES activity. Finally, G17A/G18A replicated very poorly in 

the context of the J6/JFH-1 Rluc RNA, and only a little better in the context of the SGR. That this 

mutant was selected is surprising since this RNA is unfit, and the mutations are outside of the 

siRNA target sites and actually generate a perfect match with the UU nucleotide overhang included 

on the siRNA guide strand. In addition, these mutations are predicted to abolish SLI, a structure 

deemed essential for HCV replication. However, the SLIz’ structure on the negative strand genome 

would be retained in this mutant due to U:G base pairing, and suggests that SLI may be 

dispensable, at least on the positive strand genome.  

Lastly, we found that most of the mutants were still susceptible to knockdown with si18-36 or 

si19-37 in transient replication assays in spite of the mutation within the siRNA target site (Figure 

3.5B and 3.6B). This explains why we did not detect the development of siRNA resistance in our 

selection assay, and confirms that most single point mutation to siRNA target sites do not abolish 

siRNA knockdown 348. The exceptions were G28del, U25C, C29Del, and the double mutants 

G28A/A34C, C29Del/A106G. These mutants showed equivalent levels of replication in Huh-7.5 

cells in the presence or absence of si18-36 and thus appeared resistant to knockdown. Therefore, 

deletions, single, or multiple point mutations can, but do not always, abolish siRNA knockdown.  
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Figure 3.6 :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 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 3 independent transfections and 

error bars represent the standard deviation. The relative replication fitness of the mutant viruses 

vs. 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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3.7.4 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 3.12, 3.13, 3.14, 

3.15, and 3.16). Data for virus mutants exhibiting luciferase expression levels over 105 arbitrary 

luciferase units in the absence of miR-122 are compiled in Figure 3.7. The location of the 

mutations is listed in Figure 3.7A, and a time course showing their replication in miR-122-

knockout cells with and without miR-122 is shown in Figure 3.7B. 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-122 212,311. 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 3.14). 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 3.7C). 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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Figure 3.7: 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-
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electroporation with the indicated miRNAs (miR-122 or miControl). Data are the average of 3 

independent transfections or electroporations and error bars represent the standard deviation. 

Significant differences in miR-122-independent replication of the mutants vs. 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 4 lowest free energy structures are shown.  

 

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.  

 

3.7.5 Mutants whose replication was promoted by the siRNAs  

Finally, 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 

3.6). 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 3.12 and 3.13, 3.14, 

3.15, and 3.16). Replication data in miR-122 KO cells of viruses whose replication was promoted 

by the siRNAs is compiled in Figure 3.8A. 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 (Figure 3.8A and Figure 3.6B, C26U, compare +miR-122 or +siControl with +si18-36). 
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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 3.8A). 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 yet annealing of the siRNA can rescue this phenotype (Figure 3.8B). 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 

3.8C, D, E, and F). 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 3.8D), but both si18-36 and si19-37 could also enhance replication of the wild-

type virus in miR-122 knockout cells (Figure 3.8A). 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, (Figure 3.8B) 

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 348. 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 3.8B and C). Similarly, si19-37 knocks down wild type HCV in the presence of miR-122 

(Figure 3.6A) and promotes replication of wild-type HCV in the absence of miR-122 (Figure 

3.8A). 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 
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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, 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 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. Finally, we show that si18-36-C26U can promote replication of wild-type virus 

(Figure 3.8F) and that knockdown of G33C, can be reinstated by providing a perfect match version 

of si18-36 (Supplementary Figure 3.17). 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 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 3.8: 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) Virsues 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 -F) 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 G33C in miR=122 

knockout cells with the indicated small RNAs.   

 

3.7.6 siRNAs promote wild-type HCV replication in Ago2 knockout cells 

To test they 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 3.9A and B). HCV replication in these cell lines was about 5-
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fold less efficient than in wild-type Huh-7.5 cells lines (Figure 3.9C) 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 3.9D), and in Ago2 knockout cells, si18-36 failed to knock-down HCV 

replication, and si19-37 increased HCV replication (Figure 3.9E) 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 3.9F). 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 3.9F). 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. While we cannot eliminate the potential for the small RNAs to 

target host mRNAs and indirect effects on HCV replication, any indirect effect are 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) (36) 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 annealing, si18-36 C33G (Figure3.9G). 

Finally, all three of the small RNAs are predicted to induce the canonical 5’ UTR structure (Figure 

3.9H). 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 

http://www.mirdb.org/
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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.  

 

 

Figure 3.9: 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.  

 

3.7.7 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 275 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 
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proposed to masks the uncapped 5’ RNA end from cellular pyrophosphatases and the exonuclease 

Xrn1 199,261,265. Since si19-37 does not anneal to the 5’ terminus nor generate a 3’ overhang then 

that 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 minutes and 2 hours post-electroporation showed stabilization of 

HCV RNA by si19-37 at 30 minutes post-electroporation, even when compared with samples 

without the miR-122 antagonist (Figure 3.10A 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.  

 

Figure 3.10: 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 3 independent assays is shown in (B). 
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3.8 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 156. 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 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 1) 349. This region is structured,  associates 

with several host proteins 156, and is the complementary sequence of the 3’ terminus of the negative 

strand that forms structures essential for genome replication 341. 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 3.11).  

 



 82 

 

Figure 3.11: 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 (shown in red), 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.  

 

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 3.4). 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 3.7). 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 
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212. 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 extension 

(SHAPE) analysis, which can distinguish between RNA nucleotides that are free or base-paired, 

based on their accessibility to chemical modifiers 263. 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 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 si19-36 was likely due to the 

fact that it can both knock-down and promotes 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 

incorporation 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 311 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, 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 212. 

Dependence on miR-122 would limit HCV tropism to the liver, an immune tolerant organ that may 
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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. There is evidence that HCV can replicate in lymphocytes, cells that 

do not express miR-122 350, 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, particularly if a small animal 

model for HCV existed. 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 3.1A) 261,265. 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 261,265. 

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 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. Finally, while the annealing pattern displayed by miR-122 is not essential for HCV life-
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cycle promotion, we believe that the annealing strength and location may be important, and we are 

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 266. Expression of miR-122 in the liver is 

regulated by circadian rhythms, alcohol, and tumor development, and there could be an advantage 

for HCV to respond to these stimuli 259,351,352. 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 virion production 209. Finally, 

if the miR-122 sponge effect 297 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-122 275, others have suggested roles for Ago1, 3 and 4 207,279. 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 cells have been shown to express high levels of Ago 1 and Ago2, and lower levels of 
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Ago3 and Ago4 353. This might suggest that Ago1 is the other major Ago that supports HCV 

replication, but this remains to be determined.  

Finally, the proposed 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 leaves 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.  

 

Note Added in Proof: 

Subsequent Subsequent to submission of this manuscript Schult et al. published a similar model 

for miR-122 modification of viral RNA structures 282.  
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3.12 Supplementary: 

 

 

Figure 3.12: Sequence and transient replication assays in miR-122 knockout cells of full 

length viral RNA having mutations to evolutionarily variable sites in siRNA target regions. 

 (A) RNA logo representation of the siRNA target sequence. The sites that are evolutionarily 

variable are highlighted with boxes. (B) The 5’UTR sequences of viruses having mutations to the 

variable nucleotides. (C) Transient HCV replication assay analysis of the mutant virus RNA in 

miR-122 knockout 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 3 independent transfections and error bars 

represent the standard deviation. 
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Figure 3.13: Sequence and replication phenotype of viruses having mutations to 

evolutionarily conserved sites in siRNA target regions. 

 (A) An RNA logo shows the sequence of the siRNA target sequence, and (B) shows the 5’UTR 

sequences of viruses having mutations to the conserved nucleotides. (C) Transient HCV replication 

assay analysis of mutant full length viral RNA in miR-122 knockout Huh 7.5 cells. Luciferase 

expression measured 2 days post transfection was used a proxy to assess viral genomic RNA 

amplification in cells transfected with full length HCV genomic RNAs carrying a luciferase 

reporter gene and the indicated mutation. Data are the average of 3 independent transfections and 

error bars represent the standard deviation. 
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Figure 3.14: Time course analysis replication of the G28 series mutant viruses.   

Mutant viral RNAs were co-electroporated into wild-type (left column) or miR-122-knockout 

(right column) Huh 7.5 cells with the indicated miRNA, siRNA, or miR-122 antagonist (anti122), 

and luciferase was measured at 2 hours, 1, 2 and 3 days post-electroporation.  Data are the average 

of 3 independent elecroporations and error bars represent the standard deviation. 
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Figure 3.15: Time course analysis replication of C27A, C27G, and C30U/A34G mutant 

viruses.  

 Mutant viral RNAs were co-electroporated into wild-type (left column) or miR-122-knockout 

(right column) Huh 7.5 cells with the indicated miRNA, siRNA, or miR-122 antagonist (anti122), 

and luciferase was measured at 2 hours, 1, 2 and 3 days post-electroporation.  Data are the average 

of 3 independent elecroporations and error bars represent the standard deviation. 
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Figure 3.16: Time course analysis replication of U25C, C26A and C26Del mutant viruses. 

 Mutant viral RNAs were co-electroporated into wild-type (left column) or miR-122-knockout 

(right column) Huh 7.5 cells with the indicated miRNA, siRNA, or miR-122 antagonist (anti122), 

and luciferase was measured at 2 hours, 1, 2 and 3 days post-electroporation.  Data are the average 

of 3 independent elecroporations and error bars represent the standard deviation. 
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Figure 3.17: Transient replication assays of SGR versions of selected mutants, and 

replication and knockdown of G33C by mismatch and perfect match siRNAs. 

 (A) Transient HCV replication assay analysis of the mutant SGR RNAs. Luciferase expression 

was measured as a proxy for genomic RNA amplification in cells transfected with the indicated 

mutants. (B) Transient HCV replication assay of G33C in Huh 7.5 cells in the presence of an 

siRNA having a missmatch (si18-36) and a perfect match siRNA (si18-36-G33C). Data are the 

average of 3 independent transfections and error bars represent the standard deviation. 
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4.0 Chapter IV: Exploring the underlying mechanism of miR-122 

independent replication of HCV. 

After reporting the viral variants which could replicate independent of miR-122, we wanted to 

investigate the underlying mechanism of miR-122-independent replication of HCV in order to 

better understand the functions of miR-122 in HCV propagation.  

 In the previous chapter, we hypothesized that binding of miR-122 to HCV genome alters HCV 

genome structure at the extreme to the 5’end of the positive strand, including promoting an RNA 

structure that is essential for IRES translation and the mutants capable of replicating independently 

of miR-122 can form a similar structure even in the absence of mir-122. Previous studies had 

identified that miR-122 stimulates HCV translation and stabilizes the viral genomic RNA. Thus, 

we set out to link the functions with the mutants. We hypothesized that if translation simulation 

and genome stabilization were underlying mechanisms by which miR-122 promotes the HCV life 

cycle, then the mutant viruses capable of miR-122-indepednent replication should have enhanced 

translation or genome stability. In our next chapter, we identified correlations between viral 

replication, translation and genome structure, and viral stability to better understand miR-122 

independent HCV replication. We also wanted to explore the dependency of HCV replication of 

other cellular microRNAs.  

All the experiments in Chapter V were carried out by MP. Experiments were conceived by MP 

and JAW. MP and JAW analyzed the data and wrote the paper. 
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5.1 Abstract:  

The 5’ untranslated region of the Hepatitis C Virus (HCV) genome is highly structured and 

regulates virus replication and translation. The region consists of a viral IRES and a 5’ terminal 

region containing two conserved binding sites for the liver-specific micro RNA, miR-122. miR-

122 binding to the 5’ UTR is required for efficient virus replication and regulates viral replication, 

translation, and genome stability. The impact of miR-122 on viral propagation has been 

extensively studied; however, the precise mechanism of its action is still under debate. A currently 

held hypothesis is that miR-122 binding to the 5’UTR of the viral genome stimulates viral 

translation by facilitating the viral 5’ UTR to form the translationally active HCV IRES RNA 

structure. While miR-122 is essential for detectible virus replication in cell culture, there are 

several reports of viruses with 5’ UTR mutations that replicate to a low level in the absence of 

miR-122. We show that HCV mutants capable of replicating independent of miR-122 can also 

replicate independent from other micro RNA generated by the canonical miRNA synthesis 

pathway. Further, we show that the mutant genomes also display an enhanced translation 

phenotype that correlates with their ability to replicate independent from miR-122. We also 

provide evidence that translation regulation is the major role for miR-122 and that genome stability 

has a less potent but an important role. Finally, by enhancing viral translation through 5’ UTR 

mutations and stabilizing the genome by depleting RNA degradation enzymes we rescued miR-

122-independent HCV replication, suggesting that miR-122’s main roles are to simulate viral 

translation stimulation and stabilize the viral genome. 

 

5.2 Importance 

The unusual role for miR-122’s in promoting HCV propagation is still incompletely understood 

and in this study we have analyzed HCV mutants capable of replicating independent of miR-122 

as a model to understand its role better. Our data show that the ability of viruses to replicate 

independent from miR-122 correlates with an enhanced translation compared to the translation of 

wild type virus. In addition, enhanced translation combined with genome stabilization by 

knockdown of Xrn1, DOM3Z, and Dusp11 rescues HCV replication to wild type levels. As there 

are numerous reports of extrahepatic manifestation of HCV, our research opens up the avenue for 
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studying the possibility of HCV mutants capable of replicating outside of liver and using other 

organs as viral reservoirs.  

 

5.3 Introduction  

Hepatitis C virus (HCV) is a positive strand RNA virus from the Flaviviridae family of viruses 

that chronically infects almost 71 million people worldwide 4. Late in chronicity, HCV infection 

can lead to liver cirrhosis and hepatocellular carcinoma 18,354. HCV has a positive strand RNA 

genome 9.6 kb in length that contains a polyprotein coding region flanked by the 5’ and 3’ 

untranslated regions. The 5’UTR of the viral RNA genome is highly structured with domains 

dedicated to various viral functions 156. It mainly consists of 4 distinctive RNA structural domains 

otherwise called stem loops (SL), from SLI-SLIV 156,160,341. All the stem loops have individual or 

collaborative functions in modulating viral replication and translation 159. The 5’ terminal 1- 42 

nucleotides comprise stem loop 1 (SLI) and two binding sites (S1 and S2) for a host liver specific 

micro RNA, miR-122, whose annealing is required for efficient viral propagation 51,200,258,259,282. 

Nucleotides 40 to 372 of the viral 5’UTR including SLII to SLIV comprise the HCV IRES that 

directs cap independent virus translation initiation 52,340 and the distinct architecture of each stem 

loop of the viral IRES is important to carry out different IRES function 159,340. The complement of 

the 5’ terminal region, the 3’UTR of the negative strands, also consists of RNA stem loops that 

are important for viral replication 179,341. Thus that the extreme 5’end of the viral genome is a 

regulatory sequence that harbors important structures required for both viral replication and 

translation. 

MicroRNAs are small non coding RNA of 20-24, nucleotides in length, that down regulate cellular 

gene expression and facilitate RNA decay 214,355,356. During miRNA suppression miRNA, in 

association with one of the host Argonaut proteins (Ago 1-4) forms the core element of the RNA 

induced silencing complex (RISC), and targets the 3’UTR of mRNA through a sequence 

complementarity 357. Interestingly, unlike its canonical suppressive function, annealing of the liver 

specific microRNA miR-122 to the HCV 5’UTR promotes viral propagation and RNA 

accumulation 200,258. Proposed functions for miR-122 in promoting HCV propagation include 

stimulation of virus translation 260,280,281, and protecting the viral genome from cellular 

exonucleases (Xrn1 and Xrn2) and pyrophosphatases DOM3Z and DUSP11 199,266,273–275, and a 
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direct role in viral replication 284. However, the impact of each function on overall viral 

propagation is still unknown 349.  

Another emerging hypothesis suggests a role for miR-122 acting like an RNA chaperone 

to modulate the structure of the 5’ UTR RNA and the HCV IRES 154,200,262,282. Structural 

predictions suggest that the nucleotides 1-42 preceding viral IRES may modify the 

thermodynamics of IRES structure formation and that annealing of miR-122 may shift the 

thermodynamics to favor the active IRES structure formation (Figure 5.1).  While this hypothesis 

remains to be confirmed using biophysical or biochemical methods, indirect support stems from 

the analysis of HCV mutants capable of miR-122-independent replication 200,282. The first model 

of miR-122-independent replication was a bicistronic subgenomic RNA, which contains an EMCV 

IRES, and suggested that altered translation regulation alleviates the need for miR-122 208. More 

recently, full-length HCV genomes having mutations to the 5’ terminal region have been found 

capable of low levels of miR-122-independent replication but are still dependent on miR-122 for 

wild-type levels of replication 200,210–212,311. The mechanisms of miR-122-independent replication 

of these HCV variants are still unknown. Prediction software suggests that the 5’ UTR RNA of 

the mutants has a greater propensity to form the active HCV IRES even in the absence of miR-122 

200,282 (Figure 5.1), but a recent report has also highlighted the possibility of binding of other 

microRNAs to the 5’UTR 313. 
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Figure 5.1: Structure prediction of J6/JFH-1 p7Rluc2a HCV with and without miR-122. 

 Without miR-122, the first 117 nucleotides of HCV 5’UTR are predicted to form a non-canonical 

structure with SLI and an altered SLII (SLIIAlt), whereas miR-122 annealing to the viral 5’UTR is 

predicted to form the canonical SLII structure. The 5’ UTR of a mutant HCV (U4C/G28A/C37U) 

capable of miR-122-independent replication is also predicted to form canonical SLII structure in 

the absence of miR-122. SLII is an essential part of active HCV IRES required for cap independent 

translation initiation. 

 

Herein, we have used mutant HCV variants capable of replicating in the absence of miR-122 to 

study the mechanism of miR-122 independent replication of HCV. Our results suggest that mutants 

capable of replicating independent of miR-122 can also replicate independent of other miRNAs 

generated by Drosha in the canonical biogenesis pathways. We also show that mutants capable of 

miR-122-independent replication display enhanced translation activity compared to the wild type 

HCV. We have also found that enhanced viral translation is a distinctive characteristic of mutants 

replicating independent of miR-122 and that genome stability has an additional effect on viral 

replication. Finally, we have characterized the relative contributions of translation and genome 
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stability on miR-122-independent HCV replication and our data suggest that miR-122’s function 

in translation regulation is essential for HCV propagation and that enhanced translation and 

genome stabilization can rescue wild-type levels of HCV replication independent of miR-122 

supporting roles for miR-122 in both viral translation regulation and genome stability. 

 

5.4 Materials and Methods: 

 

5.4.1 Cells:  

Human hepatoma cell lines Huh 7.5 203 and Huh 7.5 Drosha Knock out cells were kind gifts from 

Dr. C M Rice 297.  Huh-7.5 miR-122 KO cell line was gifted by Dr. Matthew Evans 210. All the 

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).  

5.4.2 Plasmids:  

Plasmids pJ6/JFH-1 Rluc (p7-Rluc2a)  encoding a full-length viral sequences derived from the J6 

(structural proteins) and JFH-1 (non-structural proteins) isolates of HCV, and a Renilla luciferase 

reporter (Rluc) gene, directly downstream of the p7 gene was provided by Dr. C M Rice (herein 

called pJ6/JFH-1 RLuc) 201. The replication defective mutant has a GAA-GNN mutation in the 

viral polymerase active site, pJ6/JFH-1 Rluc GNN. All site 1, site 2 and other 5’UTR mutants were 

created by site directed mutagenesis PCR of PBSKS+ vector with a cloned fragment of pJ6/JFH-

1 Rluc plasmid from EcoRI to KpnI. After confirming the mutation(s) by sequencing, digested 

EcoRI to KpnI fragment from PBSKS+ plasmid was swapped into pJ6/JFH-1 Rluc WT plasmid. 

To generate mutant HCV variants with mutations in the 5’UTR were cloned into the pJ6/JFH-1 

Rluc by swapping EcoRI to KpnI fragments. Replication defective mutants of all the viral variants 

were created by inserting the 5’ UTR mutations EcoRI to KpnI fragment into pJ6/JFH-1 Rluc 

GNN. A pT7 plasmid encoding a messenger RNA with a firefly reporter gene was used to generate 

control mRNA for translation assays (Promega, Madison, USA), herein known as pT7 Fluc. 

Plasmid pSGR JFH-1 Fluc contains bicistronic JFH-1-derived subgenomic replicon (SGR) cDNAs 

with a firefly luciferase reporter 197. pSGR JFH-1 Fluc U4C/G28A/C37U plasmid was cloned by 

swapping EcoRI-AgeI fragment from pJ6/JFH-1 Rluc (p7-Rluc2a) plasmid containing 
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U4C/G28A/C37U mutation to pSGR JFH-1 Fluc. Plasmid pSGR JFH-1 Fluc was a gift from Dr. 

Takaji Wakita. 

5.4.3 microRNA and siRNA sequences: 

The sequences of synthetic miR-122 guide strand was UGGAGUGUGACAAUGGUGUUUGU, 

and the passenger strand was AAACGCCAUUAUCACACUAAAUA. miControl is a mutated 

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 266. siXrn1 (si29015; 5′-GAG AGU AUA UUG ACU AUG Att-3′), 

siControl (5′-GAA GGU CAC UCA GCU AAU CAC ttc-3′) 266. siDOM3Z SMARTpool 

siGENOME were obtained from Dharmacon (Lafayette, CO, USA), siDUSP11 (AM16708) was 

purchased from Thermo Fisher Scientific (Waltham, MA, USA). 

5.4.4 Invitro transcription:  

pJ6/JFH-1 Rluc plasmids were linearized by digesting with XbaI and Mungbean nuclease and 

invitro transcription was performed using MEGA Script T7 High Yield Transcription Kit (Life 

Technologies, Burlington, Canada). To generate T7 Fluc mRNA, pT7 Fluc plasmid was linearized 

with XmnI and mMessage mMachine mRNA synthesis kit (Life Technologies, Burlington, 

Canada) was used for invitro transcription (All the transcription process was performed using 

suggested manufacturer’s protocol.  

5.4.5 Electroporation of cells: 

Electroporations were carried out as described by Thibault et al. 266. Both Huh7.5 miR-122 KO 

cells and Huh 7.5 Drosha KO cells were electroporated using the following conditions: 225 V, 950 

μF, 4 mM, and ∞ Ω. 

5.4.6 Transient HCV replication assay:  

On Day 0 Huh-7.5 cells were co-electroporated as described previously with 5ug of J6/JFH-1 Rluc 

wild type RNA or mutant viral RNAs and 60 pmol of miR-122 or control microRNA in to 

approximately 6.0 × 106 cells in 400 μL Dulbecco's phosphate-buffered saline (PBS). 

Electroporated cells were resuspended in 4 ml cell culture medium and 500 μL of cells was plated 

in 6 well dishes and incubated at 37oC to be harvested at different time points. The electroporation 

protocol for Huh 7.5 Drosha KO cells is similar to described above, however, a total of 750 μL of 

resuspended electroporated cells are plated on the 6 well dishes instead of 500 μL. 
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5.4.7 Transient HCV replication assay with preknockdown: 

 Exonuclease (Xrn1) and Pyrophosphatases (DOM3Z, DUSP11) preknockdown assay were 

performed as described previously 199. 48 hours before day 0, approximately 6.0 × 106 cells in 400 

μL Dulbecco's PBS were electroporated with 60 pmol of each siRNA together for preknockdown 

and were plated in 15-cm tissue culture dishes, two cuvettes per dish. siRNA-treated cells were 

incubated for 2 days at 37°C. On day 0, cells were collected from the dishes, prepared as described 

for electroporation (two cuvettes' worth from each dish), and then electroporated with viral RNA, 

siRNAs, and microRNAs and plated as described above. 

5.4.8  Luciferase assay: 

 To measure luciferase expression cells were washed with Dulbecco’s phosphate-buffered saline 

and the lysate was harvested by using 100 μL of passive lysis buffer. Renilla, or Dual luciferase 

kits (Promega, Madison, USA) were used to measure luciferase as suggested by the manufacturer’s 

protocols. 10 μL of lysate was mixed with the appropriate luciferase assay substrate and light 

emission was measured by using a Glomax 20/20 Luminometer (Promega, Madison, USA). 

5.4.9 Translation assay:  

10 μg of J6/JFH-1 Rluc2a GNN viral RNA (WT/mutants) and 1ug of control T7 Fluc mRNA were 

co electroporated in Huh 7.5 miR-122 KO cells.  Cells were harvested at 2 hours post 

electroporation and dual luciferase test was done to analyze Rluc and Fluc expression. 

5.4.10 Secondary structure prediction:  

5’UTR 1-117 nucleotide of the positive strand and 3’UTR 1-117 of the negative strand of the HCV 

genome were used for RNA structure prediction. RNA prediction software ‘RNAstructure’ from 

Matthews lab at https://rna.urmc.rochester.edu/index.html  was used for RNA structure prediction 

345. Dot-bracket files were generated using Fold and bifold algorithms for predicting the structure 

of single RNA or two interacting RNAs respectively. VARNA (VARNA GUI applet) was used to 

generate the folded RNA images from the dot-bracket files 346. 

5.4.11 Data analysis:  

All experiment results are displayed as averages from at least three independent experiments. Error 

bars indicating standard errors of the mean (SEM). Statistical analyses were performed using 

GraphPad Prism 7.4 (San Diego USA); statistical significance was determined by the tests 

indicated in each figure legend.  

https://rna.urmc.rochester.edu/index.html
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5.5 Results 

 

5.5.1 HCV mutants capable of miR-122-independent replication can replicate in Drosha 

knockout cells.  

Although miR-122 is essential for HCV propagation, we and others have previously reported full 

length HCV variants with mutations in the 5’UTR of the genome are capable of replicating in the 

absence of miR-122 200,210–212. However, it is still unclear whether these mutants are capable of 

usurping other microRNAs in the cell for their propagation. A recent report suggests that HCV 

replication can be supported by miRNAs ( miR-504-3p, miR-574-5p, and miR-1236-5p ) in a miR-

122 like and non-miR-122 like manner (miR-25-5p and miR-4730) 313. To understand the 

underlying mechanism of the miR-122 independent replication of HCV, we first needed to know 

whether these HCV variants can replicate in the absence of any Drosha dependent cellular 

microRNA or they essentially need annealing of any miRNAs to the 5’UTR for their propagation.  

To study whether these mutants are capable of replicating independent of other 

microRNAs, we have compiled all our previously reported HCV mutants capable of replicating 

independent of miR-122 and tested their replication in Huh 7.5 Drosha knock out cells (Figure 

5.2A). This cell line is devoid of Drosha, and any cellular microRNAs generated by the canonical 

Drosha-dependent miRNA biogenesis pathway ((miR-320a-3p, miR-320b-3p, miR-484-3p, miR-

7706, miR-3615, and miR-1254) and mirtron (miR-877-5p)). To test whether these mutant HCV 

can replicate independent of Drosha-dependent microRNA, we electroporated the viral RNA with 

or without miR-122 in Drosha KO cells and harvested the cells at 2hr, 24hr, 48hr, and 72hr for 

luciferase reporter analysis. Drosha-microRNA independent replication of these mutants was 

assessed by comparing their replication with the wild type virus replication in the absence of 

Drosha-dependent cellular miRNA (control miRNA). Our result suggested that most of the 

mutants (except for C26del, G28U, C30U/A34G) which have been previously reported to replicate 

independent of miR-122 can also replicate in Drosha knockout cells and thus independent of 

Drosha-dependent microRNAs (Figure 5.2B). However, replication of HCV replication in Huh 

7.5 Drosha knock out cells was slower in our hand compared to Huh 7.5 miR-122 knock out cells. 

The mutants found previously to display the most efficient miR-122-independent replication, 
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U25C and the triple mutant U4C/G28A/C37U also replicated the most efficiently in Huh 7.5 

Drosha knockout cells. All the G28 series of mutants except for G28U replicated significantly 

better than wild type HCV in Drosha KO cells similar to their replication in Huh 7.5 miR-122 KO 

cells. For G28U, a very low level of replication was observed but the levels were not statistically 

significantly higher than the wild type virus. G28U is capable of replicating independent of miR-

122 in Huh 7.5 miR-122 KO cells, but the replication is lower compared to the other G28 mutants 

and shows a similar replication trend in Huh 7.5 Drosha KO cells. Similar to their replication in 

miR-122-knockout cells, C26del and C30U/A34G mutants replicated lower than other mutants in 

Drosha KO cells. HCV mutant replication in Drosha KO cells was observed to be similar to their 

replication in miR-122 KO cells, suggests that the mutant viruses are capable of replicating in an 

environment devoid of miRNAs generated by the Drosha biogenesis pathway. None of the 

miRNAs found previously to support HCV replication, miR-504-3p, miR-574-5p and miR-1236-

5p, miR-25-5p and miR-4730, are generated as mirtrons and thus independent of Drosha based on 

the mirtron database http://mirtrondb.cp.utfpr.edu.br/result.php, but we cannot rule out impacts by 

small RNAs generated independently from Drosha.  

http://mirtrondb.cp.utfpr.edu.br/result.php
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Figure 5.2: Replication of HCV variants in Drosha knock out cells:  

(A) Reported mutations on the extreme 5’UTR of the viral genome capable of making the virus 

replicate independent of miR-122. The number indicates the position of the nucleotide with the 

mutation. (B) Cells were electroporated with J6/JFH-1 p7Rluc2a HCV RNA with a control 

miRNA (light blue bars) or miR-122 (dark blue bars). Cells were harvested at 2h, 24h, 48h, and 

72 h (X-axis) post electroporation, and luciferase activity was measured as a surrogate for viral 

replication. All data shown are the average of three or more independent experiments. Error bar 

indicates the standard deviation of the mean and asterisk indicates significant differences. The 

significance was determined by using one-way ANOVA (*P<0.0332, **P<0.002, ***P<0.001) 
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5.5.2 HCV mutants replicating independently of miR-122 have greater translation 

efficiency compared to wild type HCV. 

Studies from our lab and others have suggested that miR-122 binding to the HCV 5’ terminus 

stimulates virus translation, and that translation stimulation is part of the method by which it 

promotes HCV propagation 262,282. Further, in silico RNA structure predictions and biochemical 

analysis suggest that the 5’ terminal region may modulate the HCV IRES structure and that miR-

122 annealing and 5’ UTR mutations that promote miR-122-independent HCV replication favor 

formation of the active IRES (Figure 5.1) 154,200,282.  Previous studies on miR-122 independent 

replication of bicistronic HCV construct suggested that altered translation regulation may enable 

miR-122-independent replication 208. Hence, in this study, we hypothesize that the mutants capable 

of replicating independent of miR-122 would have greater translation efficiency compared to the 

wild type virus. To test our hypothesis we have compared the translation efficiency of mutants and 

wild type viruses in miR-122 knock out cells (Figure 5.3A). To focus on virus translation we have 

used replication-defective mutants (GNN) in the translation assays. A firefly luciferase (Fluc) 

expressing messenger RNA (T7mRNA) was used as an internal control and the Renilla to Firefly 

luciferase ratio (Rluc:Fluc) was measured to calculate the translation efficiency expressed as 

percent luciferase expression, with wild type being normalized to 100%.  

The results of the translation assays showed that HCV mutants capable of replicating 

independent of miR-122 have higher translation efficiency compared to the wild type virus and 

virus mutants incapable of miR-122-independent replication (Figure 5.3B). The level of 

translation stimulation also correlated with miR-122 replication efficiency; mutants that showed 

higher translation efficiency also exhibited greater miR-122-independent replication (Figure 

5.3C). For example, the mutant U4C/G28U/C37U exhibited the highest translation efficiency 

compared to other mutants and also the highest miR-122 independent replication efficiency, 

mutants that exhibited translation higher than the wild type, but lower than other mutants replicated 

poorly in the absence of miR-122 (C26del, G28U, and C30U/A34G,), and mutants with 

intermediate translation efficiency  (G28A, G28del, and G28C) and U25C exhibited intermediate 

miR-122-independent replication. Finally, the translation efficiency of mutants incapable of 

replicating independent of miR-122 (A34G, and G33C), are similar to that of wild-type virus. The 

result supports our hypothesis that enhanced translation efficiency allows HCV to replicate 
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independently of miR-122, supporting miR-122’s function in viral translation regulation, leading 

to enhanced virus propagation. 

 

Figure 5.3: HCV mutants replicating independent of miR-122 has higher translation 

efficiency compared to wildtype HCV 

(A) Illustration of the translation assay method. Replication defective J6/JFH-1 (p7Rluc2a) HCV 

RNA with a Renilla reporter gene, and a T7 mRNA with Firefly reporter gene were co-

electroporated in miR-122 KO cells. Cells were harvested 1hour post electroporation and dual 

luciferase activity was measured. (B) Comparison of translation efficiency of HCV mutants and 

wildtype virus. (C) Replication of the mutant and wild type HCV in miR-122 KO cells. HCV RNA 

was electroporated into miR-122 KO cells and cells were harvested 72 hours post-transfection. 
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Renilla luciferase was measured to analyze viral propagation. (B and C) In both translation and 

replication assay, wild type virus is indicated in grey whereas HCV mutants reported of replicating 

independent of miR-122 are indicate in coral red, and HCV mutants which do not replicate 

independent of miR-122 are indicated in orange. All data shown is the average of three or more 

independent experiments. Error bar indicates the standard deviation of the mean and asterisk 

indicates significant differences. The significance was determined by using the student t test 

((*P<0.0332, **P<0.002, ***P<0.001)  

 

5.5.3 Several mutations within in the miR-122 binding sites enhance translation efficiency 

and miR-122 independent replication 

There have been previous reports of point mutations at miR-122 binding sites facilitating miR-122 

independent replication of HCV 200,210. Structure prediction of these mutants suggest that mutations 

in the miR-122 binding sites favour the formation of SLII of active HCV IRES structure formation 

200,282. There has also been several reports that used viruses having mutations to the miR-122 

binding sites to investigate the impact of miR-122 on virus replication, and the ability of viruses 

to replicate and sometimes revert, but they have not been assessed in transient reporter assays for 

their impact on miR-122-independent replication 261. To investigate whether mutations in the miR-

122 binding sites allow the virus to replicate in the absence of miR-122, we mutated each 

nucleotide of both the miR-122 binding sites individually and tested for viral replication in the 

absence of miR-122 in Huh 7.5 miR-122 KO cells. Altogether, we have created 12 mutants for 

both site 1 and 2, S1P2 to S1P7 for site 1, and S2P2 to S2P7 for site 2 (Figure 5.4A). Replication 

of these mutants were also tested in the presence of miR-122 to verify their replication efficiency 

when one miR-122 site is bound. 

All of the mutants, except for S2p5 (C39G), could replicate to wild type levels in the 

presence of miR-122 (Figure 5.4B). The replication of S2p5 was abolished even in the presence 

of miR-122 suggesting that C39G mutation has a severe effect on viral replication fitness. Three 

mutants S1p3, S1p4, and S2p6 (U26G, U25A, and A38U) displayed significantly higher luciferase 

expression than wild-type virus in cells devoid of miR-122 and thus could replicate independently 

from miR-122. Mutants S2p2 and S2p7 (C42G and C37G) showing higher luciferase expression 

in the absence of miR-122 than wild type, but the increases were not statistically significant 
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(Figure 5.4B). Analysis of translation efficiency of the mutants showed that the 3 mutants capable 

of replicating independent of miR-122 have higher translation efficiency compared to the wild 

type virus. The translation efficiency of S2p2 and S2p7 was also found to be significantly higher 

than wild-type virus (Figure 5.4D). In addition, the translation efficiency of the mutants correlated 

with replication efficiency as a mutant virus (G20A) not able to replicate independent of miR-122 

did not exhibit a higher translation efficiency compared to the wild type virus (Figure 5.4D). Thus, 

our result supports our hypothesis suggesting that HCV mutants with an enhanced translation 

ability can replicate independently of miR-122.  

 

5.5.4 Similar to nucleotide 28, nucleotide 25 is a flexible position to support miR-122 

independent replication. 

In a previous report from our lab, we have shown that any nucleotide except G at position 

28 of the HCV 5’ UTR, including a deletion (the ‘G28 mutants’) can support miR-122 independent 

replication 200. Here we show that the G28 mutants supporting miR-122 independent replication 

also translated more efficiently than the wild type virus and their translation efficiency correlated 

with their replication efficiency. Similarly, while studying S1 and S2 mutants, we have found that 

any nucleotide except U at position 25 can also replicate independent of miR-122. U25C has been 

reported previously to replicate independent of miR-122 200,210, and in figure 5.3 we found that 

U25A (S1p4) can also replicate independent of miR-122. We further analyzed the replication of 

U25G and found that U25G can also replicate independent of miR-122 (Figure 5.4C). Translation 

analysis of the U25 series of mutants also shows higher translation efficiency compared to the wild 

type virus (Figure 5.4D) and further supports our hypothesis that enhanced IRES translation 

efficiency enables miR-122-independent replication. Interestingly, all other nucleotides except U 

in 25 position are predicted to adopt the canonical IRES structure (Supplementary Figure 5.8) 

supporting the notion that mutations on the viral 5’UTR can influence viral IRES structure 

formation to promote viral translation and hence replication. 
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Figure 5.4: Some mutations to nucleotides of miR-122 binding 1 and 2 allow viral 

propagation in the absence of miR-122.  

(A) miR-122 binding sites on the 5’UTR of the virus with mutations on site 1 and site 2. Red dots 

represent miR-122 binding nucleotides and letters in green represents mutation in the 

corresponding position. ‘S’ stands for miR-122 binding site and ‘p’ stands for the position of miR-

122 binding to the viral genome. (B) Replication of Site 1 and Site 2 J6/JFH-1 (p7Rluc2a) HCV 
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mutants in Huh 7.5 miR-122 KO cells with a control miRNA (miControl) or with miR-122. Renilla 

luciferase was assessed at 2h, 24h, 48h, and 72h post electroporation as an indicator of viral 

propagation. The Dark blue bars and the light blue represents miR-122 dependent and independent 

replication, respectively. (C) Replication of J6/JFH-1 (p7Rluc2a) U25G HCV mutant in Huh7.5 

miR-122 KO cells with or without miR-122.  U25G HCV miR-122 independent replication was 

compared to the wild type HCV with miControl as control. (D) Comparison of translation of site 

1 and site 2 J6/JFH-1 (p7Rluc2a) HCV mutants with the J6/JFH-1 (p7Rluc2a) wild type replication 

defective mutant. All data shown is the average of three or more independent experiments. Error 

bar indicates the standard deviation of the mean and asterisk indicates significant differences. The 

significance was determined by using one-way ANOVA (*P<0.0332, **P<0.0021, ***P<0.0002, 

****P<0.0001) 

 

5.5.5 HCV with miR-122 site 2 mutations allow the virus to replicate independent of miR-

122.  

Mutation of binding site 2 from CACUCC to GGCGUG (HCV-S2-GGCGUG) was also reported 

of enabling efficient miR-122-independent replication 212. In this mutant, all positions in S2 except 

for S2p5 were mutated, suggested that site 2 binding of miR-122 is dispensable for HCV 

propagation and that its mutation can rescue miR-122-independent replication. In support of our 

model that miR-122-independent replication is facilitated by enhanced translation, we found HCV-

S2-GGCGUG to exhibit enhanced translation ability compared with a virus having a wild-type 5’ 

UTR (Figure 5.5C). To test the role or abolishing site 2 we have mutated each nucleotide of the 

miR-122 binding site 2 to its complementary nucleotide (CACUCC to GUGAGG) (HCV-S2C). 

HCV-S2C replicated independent of miR-122 (Figure 5A), but about 10 fold less efficiently than 

HCV-S2 (Figure 5.5B), and the translation ability of the mutants correlated with their miR-122-

independent replication ability (Figure 5.5C). Thus mutations within the S2 region modulate the 

ability of the 5’ UTR to regulate virus translation and virus dependence on miR-122.  
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Figure 5.5: Translation and replication assays of miR-122 Site 2 HCV mutants replicate 

independently of miR-122:  

(A) Sequence 5’ UTR (1-42 nucleotide) of Site 2 mutants with mutations on miR-122 binding site 

2. Replication of J6/JFH-1 (p7Rluc2a) HCV-S2C-GUGAGG (B) and HCV-S2-GUCGUG (C) in 

Huh 7.5 miR-122 KO cells with or without miR-122. Wild type J6/JFH-1 (p7Rluc2a) HCV and 

mutant J6/JFH-1 (p7Rluc2a) HCV were electroporated with miControl or miR-122 and cell were 

harvested at 2h, 24h, 48h, and 72 and luciferase activity were measured as an indicator of viral 

propagation. (D) Translation of HCV S2 mutants compared to the wild type replication defective 

mutants. All data shown are the average of three or more independent experiments and the error 

bar indicates the standard deviation of the mean and an asterisk indicates significant differences. 

The significance was determined by using one-way ANOVA (*P<0.0332, **P<0.0021, 

***P<0.0002, ****P<0.0001) 

 

5.5.6 miR-122 binding rescues viral translation of translationally impaired SLII 

mutation: 

The role of miR-122 in viral translation augmentation has been widely studied, but the mechanism 

is still unconfirmed. A proposed model suggests that SLII RNA forms a translationally unfavorable 

structure, SLIIAlt, in the absence of miR-122 and that miR-122 annealing folds the RNA to form 
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the translationally active SLII structure. In an attempt to link translation efficiency and RNA 

secondary structure, we attempted to generate a virus less capable of forming SLIIAlt by mutating 

nucleotides within SLII instead of within the 5’ terminal miR-122 binding region. We chose to 

mutate A98C because it is predicted to pair with nucleotide U25 when in the SLIIAlt structure, and 

mutation of A at position 98 is predicted to weakens the SLIIAlt structure and induce the 

translationally active SLII structure. However, mutation of A98 to C impaired both translation and 

replication (Figure 5.6A). Viral luciferase expression at the 2 hour time point, which is primarily 

due to translation, was significantly lower than from wild type virus suggesting the negative effect 

of SLII mutation in the viral translation, and this virus was incapable of miR-122-independent 

replication. Supplementation of miR-122 rescued both translation (2hour time point) and 

replication of A98C but replication was significantly lower when compared to the wildtype virus 

with miR-122. These data do not provide insight into RNA structures but support our central 

hypothesis that viral translation is correlated with overall viral replication and that miR-122 

binding supports viral propagation by promoting viral translation (Figure 5.6B). A role for miR-

122 in promoting translation was further supported by a mutant having a 22 nucleotide insertion 

into SLII that was generated during A98C mutagenesis (Ins mut). The insertion is predicted to 

completely abolish SLII formation (Figure S2) and as we expected translation of luciferase from 

this construct was similar to a reported IRES translation defective mutant with three consecutive 

mutations (G265-67C) (Supplementary Figure 5.9) 275 which ablates translation by reducing the 

affinity of viral IRES for 40S ribosome. However, miR-122 binding rescued viral translation of 

the Ins mutant suggesting miR-122 can rescue translation of even severely mutated SLII structures. 

Further, the structure prediction of the ins mutant supported our hypothesis that miR-122 promotes 

translation by inducing SLII formation (Supplementary Figure 5.9). 
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Figure 5.6 : A mutation in SLII predicted to modify the 5’ UTR RNA structure does not 

confer miR-122-independent replication 

 (A) Structure prediction of 1-117 nucleotide of J6/JFH-1 (p7Rluc2a) wild type HCV, U25C HCV, 

and A98C HCV. The first favorable lowest free energy structure is represented.  Wildtype HCV 

predicts to form the non-canonical SLIIAlt structure along with SLI whereas both U25C and A98C 

HCV predicts to form the canonical structure with SLI and SLII. (B) Replication of wild type and 

A98C HCV mutant in the presence of control miRNA or miR-122 in Huh7.5 miR-122 KO cells. 

Error bar indicates the standard deviation of the mean and asterisk indicates significant differences. 

The significance was determined by using Student’s t test (*P<0.03, **P<0.002, ***P<0.001, ns-

non significant). 

 

5.5.7 Enhanced translation and genome stability can completely rescue HCV propagation 

in the absence of miR-122. 

miR-122’s role in HCV translation stimulation and genome stability has been reported earlier; 

however, the relative contribution of each function to overall HCV propagation is still unknown. 

In this study, we have provided data that mutations that promote miR-122-independent replication 

display enhanced translation. However, miR-122-independent replication is 10 fold lower than 

miR-122-dependent replication and we hypothesized that lower replication efficiency of mutant 

viruses in the absence of miR-122 was due to lack of miR-122-annealing based genome stability. 

To test this hypothesis, we assessed the ability of knocking down RNA degrading enzymes to 

rescue miR-122-independent replication. Previously, it has been reported that the HCV genome is 

dephosphorylated by cellular pyrophosphatases DOM3Z and DUSP11 and then degraded by the 
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cellular exonuclease Xrn1, and that siRNA knockdown of DOM3Z, DUSP11, and Xrn1 can rescue 

viral miR-122-independent HCV replication of SGR RNA 199,277. Similarly, we assessed if 

knockdown of Xrn1, DOM3Z, and DUSP11, could rescue miR-122-independent replication of 

wildtype and mutant HCV (U4C/G28A/C37U, and U25C) (Figure 5.7A). Our result showed that 

miR-122-independent replication of U4C/G28A/C37U, and U25C was similar to their miR-122-

dependent levels in XrnI, DOM3Z and DUSP11 knockdown environment (Figure 5.7B, Mutant 

HCV+miControl+siDOM3z, siXrn1, siDusp11 vs Mutant HCV+miR-122+siRNA). Replication 

of the wild type virus was enhanced by 10 fold after knockdown of Xrn1, DOM3z, and Dusp11, 

but did not reach miR-122-dependent levels (Figure 7B, HCV+miControl, vs 

HCV+miControl+siDusp11, siDOM3z, siXrn1, vs HCV+ siDusp11vs HCV+miR-122+siRNA) 

whereas replication of HCV mutants with enhanced translation, was rescued to miR-122 

independent level. These data suggested that enhanced translation derived from 5’ terminal point 

mutations plus the effects of genome stabilization by knockdown of exonuclease Xrn1, and 

pyrophosphatases DOM3z and DUSP11, can completely rescue viral replication to miR-122 

dependent level and thus compensate for the role of miR-122 in the viral life cycle.  

We also used this assay to determine the relative impact of miR-122 on translation and 

RNA stability by using this assay to compare replication of wild-type virus and mutant viruses 

with and without knockdown of Xrn1, DOM3Z, and DUSP11. Knockdown of Xrn1, DOM3Z, and 

DUSP11 increased the luciferase expression of wild-type, U4C/G28A/C37U, and U25C viruses 

by almost 10-fold compared to luciferase levels without knockdown (Figure 5.7C) during miR-

122-independent replication. Thus, we conclude that miR-122- induced RNA stabilization 

accounts for about a 10 fold increase in replication. In addition, we assessed the relative impact of 

translation stimulation on HCV replication by comparing luciferase levels from wild-type vs 

mutants in DOM3z, Xrn1, and DUSP11 knockdown cells (Figure 5.7D).  In this experiment, we 

removed the need for miR-122 stabilization by knocking down DOM3Z, Xrn1, and DUSP11 

allowing the experiment to isolate the impact of the translation enhancing mutations alone on virus 

replication. In this case, the mutant viruses replicated about 100-fold vs wild type virus, leading to 

the conclusion that miR-122- translation stimulation accounts for about a 100-fold increase in 

HCV replication.  
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Altogether, our results indicated that translation stimulation has a major role in miR-122’s 

function in HCV propagation and genome stabilization a minor one. However, in an attempt to 

enhance the translation ability of the virus to test whether miR-122 dependent level of replication 

can be reached by only enhanced translation, we inserted the U4C/G28A/C37U mutation in a 

bicistronic sub-genomic (SGR) HCV construct and tested its replication in the absence of miR-

122 (Supplementary Figure 5.10). The sub-genomic replicon of the virus is reported to be 

replicating in the absence of miR-122, and the miR-122 independent replication could be due to 

an altered translation regulation because of the presence of the extra Encephalomyocarditis virus 

(EMCV) IRES on the construct. The U4C/G28A/C37U SGR replicated better than SGR in the 

absence of miR-122; however, even with the presence of two translation enhancing factors, the 

miR-122 independent replication of U4C/G28A/C37U SGR was not achievable to miR-122 

dependent level (Supplementary Figure 5.10).  Assessing the assumption that translation might 

be the major contributor of miR-122’s function in HCV replication, data from the above 

experiment suggest that miR-122’s function in genome stability might be contributing a minor part 

in HCV propagation but it is still essential for efficient HCV propagation.  
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Figure 5.7: Viral genome stability and higher translation can completely rescue HCV 

replication in the absence of miR-122.  

(A) Graphical representation of siRNA induced XRN1, DUSP11, and DOM3Z Knockdown in 

miR-122 KO cells. SiRNAs are electroporated in miR0122 KO cells and 48 hours post 

electroporation of the siRNAs, viral RNAs along with siRNAs and miRNAs are coelectroporated 

into the preknockdown Huh 7.5 miR-122 KO cells. Cells were harvested at 2h, 24h, 48h, and 72h 

post electroporation, and luciferase activity was measured as an indicator of viral propagation. (B) 

Replication of J6/JFH-1 (p7Rluc2a) wildtype HCV, U4C/G28A/C37U HCV, and U25C HCV 

RNA in Huh 7.5 miR-122 KO cells from the experiment (A). In the graph solid bars represents 

HCV replication without miR-122 or siRNA knockdown, dotted bars represent HCV replication 

without miR-122 and with siRNA knockdown, bars with horizontal line represents HCV 

replication with miR-122 and without siRNA knockdown, and bars with slanted lines represents 

HCV replication with miR-122 and with siRNA knockdown. (C) Determination of siXRN1, 
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siDUSP11, and siDOM3Z conferred stability in wild type HCV, U4C/G28A/C37U HCV, and 

U25C HCV. Replication of the wildtype HCV and mutant HCVs were analyzed in the presence of 

siXRN1, siDUSP11, and siDOM3Z and compared to siControl. (D) Comparison of mutation 

induced translation enhancement with genome stability of the wild type HCV and mutant HCV 

(U4C/G28A/C37U, and U25C). For (C) and (D) fold increase in viral genome stability or 

translation is indicated on the graph. 

 

5.6 Discussion:  

In this study, we have investigated miR-122 independent replication of HCV in an effort to 

understand the role of miR-122 in promoting the HCV life cycle. Recent reports of viral variants 

capable of replicating in the absence of miR-122 have provided models to understand how viruses 

are impacted by the absence of miR-122. A recent report suggests that HCV replication can be 

supported by miRNAs (miR-504-3p, miR-574-5p, and miR-1236-5p ) in a miR-122 like and non-

miR-122 like manner (miR-25-5p and miR-4730) 313. However, several of the mutants used in our 

study could also replicate in Drosha KO cells which do not support the canonical miRNA 

biogenesis pathway. Since the above mentioned miRNAs rely on the canonical miRNA biogenesis 

pathway, they are unlikely to be supporting miR-122-independent HCV replication in our assays. 

However, we cannot exclude the possibility that miR-122-independent replication might be 

supported by small RNAs generated independent of Drosha by non-canonical pathways such as 

mirtrons, snoRNA derived miRNAs and tRNA derived miRNAs contributing to the miRNA pool 

in the cell 228,358.    

A proposed mechanism by which miR-122 promotes the HCV lifecycle is by stimulating 

HCV translation, but the small stimulation of translation observed, approximately 2-fold, has led 

to a question if this is sufficient to account for the dramatic effect on virus replication. However, 

a recent study on translation and replication dynamics of picornavirus (positive strand RNA virus) 

suggests that initial viral translation to replication switch is important for a productive replication, 

and, in case of a failed replication, the virus reinitiate translation for another attempt to establish 

an infection359. The study also showed that out of 5 phase of viral life cycle translation occurs in 3 

phases359. Assuming that positive strand RNA viruses shares similar life cycle, the study suggests 

that viral translation contributes to major part of viral life cycle. Hence, although projected a small 
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stimulation at the beginning, miR-122 promotion of HCV translation might have a significant role 

throughout viral life cycle. Previously, we have reported miR-122-independent replication of 

bicistronic JFH-1 SGR RNA, a construct in which viral protein expression is driven by the EMCV 

IRES instead of the HCV IRES, suggesting that altered translation regulation may compensate for 

miR-122’s function in viral propagation 208. In addition, we and others have reported that mutation 

on the 5’UTR that promote miR-122-independent replication also promote the favorable secondary 

structure of the active HCV IRES (Figure 5.1), and confirmed the high translation efficiency of 

G28A, a mutant capable of miR-122-independent replication 282. In this study, we have explored 

the translation efficiency of several mutants that replicate independent of miR-122 and found that 

all mutant viruses capable of miR-122-independent replication also had enhanced translation 

abilities, and that translation strength correlated with miR-122-independent replication abilities 

(Figure 5.3). This suggests that translation stimulation by miR-122 contributes to HCV replication 

promotion, and mutants with enhanced translation efficiency can compensate for the lack of miR-

122.  

A second proposed mechanism by which miR-122 promotes the HCV life cycle is by 

stabilizing the viral genome. While we were not able to directly compare the stability of the mutant 

viral RNA in cells by Northern blots (data not shown), we tried to analyze their contribution to 

genome stability by analyzing their replication in the absence of RNA degradation proteins. We 

have established that knockdown of exonuclease Xrn1, and pyrophospahatases DOM3Z and 

DUSP11 rescues replication of the mutant viruses to miR-122-dependent levels suggests that 

enhanced translation is a distinct phenotype of these mutants, and further genome stabilization can 

allow these mutants to replicate to miR-122 dependent level. This supports the role of miR-122 in 

both translation stimulation and genome stabilization and that wild-type levels of miR-122-

independent replication can be achieved by providing these roles using alternative methods. 

Further, we were also able to determine the relative contributions of translation stimulation and 

genome stabilization to 100-fold and 10-fold respectively. Although we suggest translation as a 

major contributor to miR-122’s function in viral propagation, we have also shown that miR-122 

induced genome stability is a minor but essential function in HCV propagation. 

We and others have proposed a model that binding of miR-122, other small RNAs, and 

associated proteins to the 5’UTR supports the formation of the translationally active RNA 
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secondary structure 154,200,262,282. The proposed model suggests the 5’ UTR RNA forms one or more 

translationally unfavorable structures (SLIIAlt) in the absence of miR-122 and that miR-122 

annealing modifies the thermodynamics to favor the formation of the translationally active SLII 

structure. Based on X-ray crystallography and extensive structure function analyses, the HCV 

RNA between nucleotides (40 to 372) forms the translationally active IRES structure in 

solution52,162; however, these experiments were done using RNAs that lacked the 5’ terminal 

region containing the miR-122 binding sites. We propose that the addition of the 5’ terminal region 

and miR-122 annealing modifies how this genomic RNA folds; that the 5’ UTR RNA is 

thermodynamically flexible and forms both the SLII and SLIIAlt in the absence of miR-122, and 

that miR-122 annealing shifts the equilibrium towards the translationally active SLII structure. 5’ 

UTR point mutants in viruses capable of miR-122-independent replication also shift the 

equilibrium to favor the formation of SLII even in the absence of miR-122 (Figure 5.1). Mutants 

previously reported to replicate independent of miR-122 and have enhanced translation ability 

(Figure 3) are also predicted to form the canonical SLII prediction structure as one of their 

favorable structure in the absence of miR-122 154,200. Interestingly, Site 1 mutants that can replicate 

independently of miR-122 (All U25 mutants, and S1p3 (C26G)) are also predicted to form the 

canonical SLII structures as one of their favorable conformations (Supplementary Figure 5.8 and 

5.11). By contrast, however, some of the mutants that replicate independently from miR-122 are 

not predicted to form the translationally active SLII structure. Specifically, Site 2 mutants, HCV-

S2-GGCGUG and HCV-S2C-GUGAGG are predicted to form a secondary structure in which the 

5’ terminal sequences folds to generate a single long stem loop (Supplementary Figure 5.11), 

and another site 2 mutant S2p6 (U38A) is predicted to form another RNA structure, suggest a more 

complex mechanism (Supplementary Figure 5.12). In addition, the model does not consider the 

roles of RNA binding proteins which have been proposed to modulate 5’UTR structures 154. 

Structure prediction analysis has also suggested other exceptions where mutant sequences are 

predicted to form the canonical structure but do not exhibit miR-122-independent replication or 

enhanced translation (Supplementary Figure 5.11). However, confirmation of the model will 

require biophysical analyses of the RNA structures generated by these mutants and covariance of 

RNA structures with virus replication phenotypes. The dynamic nature of the RNAs will also 

require a method such as Cyro-EM to resolve the different structures it may form with or without 
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miR-122 annealing. However, our study does confirm that mutants having enhanced translation 

can replicate independent of miR-122. 

In the process of studying miR-122 independent replication of these mutants, we have identified a 

few 5’UTR mutants which despite predicting for the translation favorable structure, are completely 

dead even in the presence of miR-122 and this reflects mutations that affect the structure and 

function of the complement strand of the 5’UTR during genome replication. For example, A site 

2 mutant S2p5 (C39G) (Figure 4B) could not replicate, even in the presence of miR-122, despite 

the predictions that the 5’ UTR should form the canonical SLII structure (data not shown). 

However, it was predicted to form an alternative SLIIz’ structure on the complementary strand 

(Supplementary Figure 5.12). A study by Friebe et al. showed that mutation in the lower or 

middle part of the SLIIz’ stem can disrupt the stem structure and reduce replication of HCV 

replication (Genotype 2), and can rescue the replication. However, the replication was rescued 

when the stem was restored by complementary mutation suggesting the influence of RNA 

secondary structure of the negative strand on viral propagation. Thus, we suggest that mutations 

in the 5’UTR of the viral genome affect secondary structure of both strands and this could limit 

the ability of HCV to modify the 5’ UTR sequences, and they can cost the viral replication fitness 

and suggests an evolutionary pressure to maintain the miR-122 binding sequences. Thus we 

suggest that miR-122 independent replication of HCV is dictated by the multifunctional nature of 

the 5 UTR and its complementary strand. 

It is also interesting that numerous HCV mutants capable miR-122-independent replication have 

been isolated in the lab (Figure 3B) but a few are found in patients’ samples. Only the mutant 

G28A was found in hepatic and extrahepatic tissue of patients as well as in cell culture supporting 

miR-122 independent replication and suggests evolutionary pressure to retain a dependence on 

miR-122, perhaps to restrict HCV replication to the liver. In addition, nonprimate hepaciviruses 

have at least one conserved miR-122 binding site on their genome suggest an evolutionary 

relationship to retain dependence on miR-122 212,270.  

In conclusion, we have established that viral variants that replicate independent from miR-

122 also display enhanced translation. We have also demonstrated that viral replication in the 

absence of miR-122 can be completely rescued when both translation and genome stability is 

addressed by other means. Finally, we show evidence that translation stimulation is a major 
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function of miR-122 induced promotion of HCV whereas genome stability has a secondary 

function. Based on our study we propose that mutants capable of miR-122 independent replication, 

are selected based on enhanced translation but must also retain replication fitness.  
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5.10 Supplementary: 

 

 

 

Figure 5.8: Structure prediction of 1-117 nucleotide of J6/JFH-1 (p7Rluc2a) wild type HCV 

and mutants with 25th nucleotide mutation.  

Wild type HCV with U at 25th position predicts to fold to the canonical SLII structure when miR-

122 is annealed to the sequence. Similar to Wild type HCV with miR-122, mutant HCV with C, 

A, and G at the 25th position also predicts to form the canonical SLII structure. Wild type HCV 

without miR-122 predicts to form a thermodynamically stable SLIIAlt structure. The structure was 

predicted using the ‘RNA structure’ online tool and the first favorable lowest free energy structure 

is presented. These structures are prediction models and have not been experimentally validated. 
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Figure 5.9: Structure prediction and Translation comparison of the J6/JFH-1 (p7Rluc2a) 

insertion HCV mutant (ins mut) with wild type HCV in the presence or absence of miR-122.  

265-67G-C is a translation defective mutant used as a negative control. The lowest free energy 

structure prediction models of Ins mutant with or without miR-122 are presented. The structures 

were predicted using ‘RNA structure’ online tool and the first favorable lowest free energy 

structure is presented (reference Mathews). These structures are prediction models and have not 

been experimentally validated. Error bar indicates the standard deviation of the mean and asterisk 

indicates significant differences. The significance was determined by using Student’s t test 

(*P<0.03, **P<0.002, ***P<0.001, ns-non significant). Predicted structure of Ins mutant with and 

without miR-122. 
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Figure 5.10: Enhanced translation alone cannot rescue HCV propagation to miR-122 

dependent level.  

A wild type bicistronic subgenomic HCV (SGR JFH-1 Fluc wild type) and a triple mutant 

bicistronic subgenomic HCV (SGR U4C/G28A/C37U JFH-1 Fluc) were electroporated into miR-

122 KO cells with or without miR-122, and cells were harvested at 2h, 24h, 48h, and 72h time 

point to analyse the Firefly luciferase activity, which is a measure of viral replication inside the 

cell. Red bars represents wild type SGR JFH-1 Fluc and green bar epresents SGR 

U4C/G28A/C37U JFH-1 Fluc. 
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Figure 5.11: Structure prediction models of J6/JFH-1 (p7Rluc2a) miR-122 binding site 1 and 

site 2 HCV mutants.  

1-117 nucleotide sequence of these mutants were analysed using ‘RNA structure’ online tool, and 

the 4 lowest free energy structure models are presented. These structures are prediction models 

and have not been experimentally validated. 
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Figure 5.12: Structure prediction models of J6/JFH-1 (p7Rluc2a) miR-122 binding site 2 

HCV mutants (HCV-S2-GGCGUG and HCV-S2C-GUGAGG).  

(A) 1-117 nucleotide sequence from the 5’UTR of the genomic RNA are analyzed using ‘RNA 

structure’ online tool, and the 4 lowest free energy structure models are presented. (B) 1-105 

nucleotide sequence from the 3’UTR of the negative strand RNA of the wild type virus, HCV- S2-

GGCGUG, HCV-S2C-GUGAGG, and S2p5 (C39G) are analyzed using the same online tool, and 

the most favorable lowest free energy structure models are presented. These structures are 

prediction models and have not been experimentally validated.  
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6.0 Chapter VI: Characterization of miR-122-independent replication. 

Although HCV variants and constructs can replicate in the absence of miR-122, the miR-122-

independent replication is always much less than efficient than miR-122-dependent replication. In 

the next chapter we studied the phenotypes of cell supporting miR-122-independent replication 

compared to cells supporting miR-122-dependent replication. A study from the Matsuura group 

suggested that miR-122 is required only at the initial stage of infection and is dispensable for the 

maintenance of the infection. To better understand the role of miR-122 during different stages of 

the virus life cycle we have also analysed the impact of supplementation and antagonism at 

different stages, and analyzed its impact on HCV replication kinetics.   

All the experiments in Chapter VII were carried out by MP. PAT made the viral constructs used 

in Figure 7.3 and Figure 7.7 B and C. Experiments were conceived by MP and JAW. MP and JAW 

analyzed the data and wrote the paper. 
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7.1 Abstract:  

A liver-specific microRNA, miR-122, binds to the 5’ terminal region of the HCV genome and is 

essential for efficient virus replication in tissue culture cells. Work from our lab and others has 

demonstrated that while wild-type HCV genomes do not exhibit detectible replication in the 

absence of miR-122, bi-cistronic HCV replicons and full length RNAs with specific mutations in 

the 5’ UTR can replicate, albeit to low levels, in miR-122-deficient cells. However, the mechanism 

of miR-122-independent replication is unclear. In this study, we have analyzed differences 

between cells supporting miR-122-independent and miR-122-dependent HCV replication. 

Microscopy and flow cytometry revealed that fewer cells in the population support miR-122-

independent HCV replication compared to a pool of cells supporting miR-122-dependent 

replication but the cells supporting both miR-122-independent and -dependent replication 

expressed HCV proteins to similar levels. These results suggest that the establishment of 

replication in a high proportion of cells requires miR-122 but the life cycle appears to progress 

efficiently without miR-122 after establishment. We also found that that miR-122 supplementation 

or antagonization has little influence on miR-122-independent HCV replication after 

establishment, and was dispensable for maintenance of HCV infection. However, the presence of 

miR-122 does assist in ongoing viral infection, both miR-122-dependent and -independent. Hence, 

we suggest that miR-122 plays an important role in initiating an HCV infection and appears to 

have a small influence on the maintenance of the viral infection. 

 

7.2 Importance: 

 The requirement of miR-122 at different stages of the HCV life cycle is not well understood, and 

its requirement at the later stage of infection is debated. In this study, we have shown that miR-

122 is essential at the initial stage of infection to establish a successful infection in a high number 

of cells. This study has implications for the use of anti-miR-122 as potential HCV therapy.   
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7.3 Introduction 

The causative agent of Hepatitis C disease is a positive strand RNA virus belonging to the family 

Flaviviridae, called Hepatitis C virus (HCV). Over 71 million people worldwide are infected with 

HCV 4,360. It primarily infects the liver, and about 70% of infections become chronic, which can 

later lead to complications like liver cirrhosis, hepatocellular carcinoma, and decompensated liver 

disease. It has been the primary reason for liver transplantation in United States, Europe, and Japan, 

but current treatments using direct acting antivirals (DAAs) lead to a virologic cure in over 95% 

of treated patients 361. 

The positive strand RNA genome of the virus is approximately 9.6 Kb long and contains a 

single open reading frame (ORF) that encodes a viral polyprotein. The ORF is flanked by 5’ and 

3’ untranslated regions (UTR) and have essential secondary structures for viral translation and 

replication 156,341. The uncapped HCV 5’UTR bears an internal ribosomal entry site (IRES) for cap 

independent translation through which viral polyprotein is translated and cleaved by the viral and 

the cellular proteases to 3 structural (core, E1, and E2) and 7 non-structural (p7, NS2, NS3, NS4a 

and 4b, NS5a and 5b) viral proteins. The non-structural proteins NS3-NS5b forms the replicase 

complex and the minimum essential viral proteins known to be required for viral propagation 47,56. 

Micro RNAs (miRNA) are small non-coding RNAs (approximately 22 nucleotides) that 

regulate gene expression inside a cell by facilitating mRNA translation suppression and decay 362. 

Contrary to the conventional suppressive role to the micro RNAs 362, liver-specific miRNA, miR-

122 annealing to HCV genome is essential for viral propagation (3). miR-122 along with human 

Argonaut (Ago 1-4) (hAgo-miR-122 complex) binds to two sites on the extreme 5’ UTR of the 

virus to promote viral propagation (Figure 7.1) 51,231,259. While the precise mechanism of 

promotion remains incompletely understood, different roles of miR-122 have been identified in 

different stages of the viral life cycle, including translation promotion 260,262,281, genome 

stabilization 266,272,275, and promotion of the shift from genome translation to genome replication 

284. Recent studies have also reported that miR-122 annealing to the viral 5’UTR shapes the 

structure of the viral 5’UTR RNA and promotes the formation of active viral IRES structure 

154,200,262,282; however, biophysical confirmation of these structures are still needed to support the 

hypothesis.  

 Since miR-122 is an important host factor for HCV replication, drugs against miR-122 

have shown promising results in a prolonged reduction of viral load in both preclinical and clinical 
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trials37,363,364, but the recent emergence of miR-122-antagonist resistance HCV mutants suggest 

the virus can evolve to grow in the absence of miR-122. In addition, HCV mutants capable of miR-

122-indepenedent replication have been identified in several labs. These viruses are either 

bicistronic and the translation is regulated by an EMCV IRES, or have specific mutations on their 

5’ UTR200,208,210,211,282,311,365. miR-122-independent replication supports low but detectable levels 

of amplification in the absence of miR-122. However, in the absence of miR-122, amplification of 

wild-type HCV genomes is undetectable in laboratory infections, even using sensitive reporter 

genomes. Since miR-122 expression is specific to the liver and comprises almost 70% of the total 

small RNA of the liver, it likely plays a major role in regulating HCV’s liver tropism. However, 

there have been reports of extrahepatic HCV replication in PBMC and neuronal tissues from 

chronically infected patients 319. Additionally, chronic HCV is often associated with a broad range 

of extrahepatic conditions such as cryoglobulinemic vasculitis, diabetes mellitus, and B- cell 

lymphoma suggest the possibility of extrahepatic manifestation and miR-122 independent 

replication of HCV315,366.  

Models of miR-122-independent HCV replication provide methods to study miR-122-

independent HCV replication and gain insight into the role of miR-122 during an HCV infection. 

In this study, we have characterized several models of miR-122-independent HCV replication in 

order to understand the fate of the viral genome in the absence of miR-122 and to identify the 

impact of miR-122 at different stages of the viral life cycle. In our study, we have found that the 

presence of an EMCV IRES and a smaller genome size allows HCV to replicate independent from 

miR-122, suggesting roles for enhanced translation and smaller genome sizes in facilitating miR-

122-independent replication We have also found that miR-122-independent replication appears 

efficient within an infected cell, but is established in only a small number of cells in the population. 

Further, we also found that miR-122 has a dramatic impact during the early stages and the 

establishment of an HCV infection, but has a less potent supportive role for ongoing genome 

amplification.  
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Figure 7.1: miR-122 annealing to HCV genome is essential for HCV replication.  

Ago: miR-122 complex binds to two sites (Site1 and Site2) on the 5’UTR of HCV genome to 

promote viral propagation. Binding pattern and sequence of 1-42 nucleotide of the 5’UTR of HCV 

genome and miR122 annealing to it. 

 

7.4 Materials and Methods 

 

7.4.1 Viral cDNA Plasmids 

Plasmids pSGR JFH-1 Fluc WT and pSGR JFH-1 Fluc GND contain bicistronic JFH-1-derived 

subgenomic replicon (SGR) cDNAs with a firefly luciferase reporter and an Encephalomyocarditis 

Virus  (EMCV) IRES were provided by Dr. T. Wakita 367. pSGR GND is the control nonreplicative 

version containing a mutation to the viral polymerase active site GDD-GND. A full-length HCV 

genome expressing a Renilla luciferase (Rluc) gene, Plasmids pJ6/JFH-1 RLuc (p7-RLuc2A) 201, 

and a full-length bicistronic HCV cDNA expressing neomycin from the HCV IRES and Rluc 
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within the full-length HCV polyprotein, pFLneo-J6/JFH-1 (p7-Rluc2a)  were provided by Dr. C. 

M. Rice (herein called pJ6/JFH-1 Rluc and pJ6/JFH-1 Neo Rluc respectively) 201. A GAA to GNN 

mutation renders viral polymerase nonfunctional in the negative control cDNA pJ6/JFH-1 Rluc 

GNN, was also provided by Dr. C. M. Rice 201. Plasmids pFGR Fluc JFH-1 WT and pFGR Fluc 

JFH-1 GNN bear full-genomic bicistronic replicons of JFH-1, and a firefly luciferase reporter 197. 

Plasmid pJ6/JFH1 Rluc encoding triple mutations in the 5’UTR of the virus genome 

(U4C/G28A/C37U) was made by mutagenesis of a smaller plasmid (pBSKS+) encoding EcoRI to 

KpnI fragment of J6/JFH-1 Rluc. Once the mutations are confirmed in pBSKS+, EcoRI to KpnI 

fragment from pBSKS+ was cloned into pJ6/JFH-1 to obtain U4C/G28A/C37U pJ6/JFH-1 Rluc. 

HCV structural gene deletion mutants are constructed in pJ6/JFH-1 Rluc plasmid using 

5’Phophated primers to perform inverse PCR (Supplementary Table 7.1).  All the deletion mutants 

were sequenced and confirmed for deletions. J6/JFH-1 Rluc with deletion of envelope protein 2 

(∆E2) was used to construct U4C/G28A/C37U ∆E2 pJ6/JFH-1 Rluc HCV where EcoRI to AgeI 

fragment of ∆E2 pJ6/JFH-1 Rluc plasmid was replaced with EcoRI to AgeI fragment from 

U4C/G28A/C37U pJ6/JFH-1 Rluc. p∆E1E2 J6/JFH-1 Rluc Plasmid was obtained from Dr. Brett 

Lindenbach (Yale University) 

7.4.2 Construction of monocistronic and bicistronic Sub-genomic constructs: 

Monocistronic pSGR J6/JFH-1Rluc NS2 was made from J6/JFH-1 Rluc by using overlapping 

MEGA primers (Supplementary Table 7.1) to remove the region from core to p7. Once confirmed 

through sequencing, EcoRI to NotI region of the plasmid was swapped in to the original J6/JFH-

1-Rluc plasmid to create pSGR J6/JFH-1Rluc NS2. pSGR J6/JFH-1Rluc NS3 was created by using 

the same methodology to remove the NS2 region from the pSGR J6/JFH-1Rluc NS2. Further 

EcoRI and SpeI fragment was swpped into original J6/JFH-1 Rluc to create pSGR J6/JFH-1Rluc 

NS3. Bicistronic pSGR J6/JFH-1 Neo Rluc NS3 was made by swapping AgeI to FSeI of pSGR 

JFH-1 Fluc to pSGR J6/JFH-1Rluc NS3. 

Replication defective mutant controls were generated by cloning GNN fragment from pJ6/JFH-1 

RLuc GNN with SnaBI and XbaI into the monocistronic and bicistronic HCV cDNA, and the 

required insertion was confirmed by sequencing. 
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7.4.3 Invitro transcription 

Viral RNAs were transcribed in vitro using the MEGAScript T7 High Yield in vitro Transcription 

Kit (Life Technologies, Burlington, ON, Canada).  HCV cDNA plasmids were linearized with 

XbaI and made blunt with mung bean nuclease and transcribed using the suggested manufacturer's 

protocol.   

7.4.4 Cell Cultures: 

Huh 7.5 cells, Huh 7.5 miR-122 KO cells, and Huh 7.5 cells stably expressing J6/JFH-1 Neo Rluc 

were grown and maintained as described by Amador-canizares et al. 200.  

7.4.5 Transient HCV replication assays 

Cells were co-electroporated with various amounts of HCV genomic RNA RNA and miR-

122/miControl into 6.0×106 cells suspended in 400 ml 1xPBS and resuspended in 4 ml cell culture 

media. A total of 500 μL of the electroporated cells were plated onto each well of 6 well plate 

plates and incubated at 370C.  

7.4.6 Analysis of the effects of miR-122 supplementation and antagonization on transient 

HCV replication  

To analyze the impact of miR-122 supplementation or antagonization on transient HCV replication 

assays, cells were coelectroporated with HCV RNA and miR-122, and a total of 250μL of 

resuspended cells (above protocol) were allowed to grow on 6 well plates for 3 days. On day 3 the 

cells were transfected with 60 pm of either miR-122 or control microRNA with the transfection 

reagent lipofectamine 2000 (Invitrogen). Cells were harvested 2 days post-transfection and 

luciferase activity was measured.  

7.4.7 Establishment of miR-122 KO stable cell line expressing bicistronic pJ6/JFH-1 Neo 

Rluc:  

Huh 7.5 miR-122 KO cells were electroporated with 10 μg of pJ6/JFH-1 Neo Rluc RNA and all 

the cells were plated on a 15 cm tissue culture plate with DMEM+800 μg/ml G418 sulfate. 

Simultaneously replication-defective control of the construct was used as a negative control to 

monitor the selection process to eliminate the chance of selection of resistant cells. Cells were 

selected for more than 60 days and FACS was done compared to the already established Huh 7.5 

cells stably expressing pJ6/JFH-1 Neo Rluc. (Supplementary Figure 7.10) 
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7.4.8 Analysis for adaptation to replication without miR-122 during transient replication 

assays: 

Initially, 5 μg of SGR (JFH-1) was coelectroporated with miR-122 or miControl into 6.0×106 Huh 

7.5 miR-122 KO cells, and then resuspended into 4 ml of cell culture media. 500μL of cells are 

plated in 6 well plates for luciferase as well as total RNA. Total RNA was extracted at each passage 

and a total of 10μg of total RNA was again coelectroporated with either miR-122 or miControl 

and the process was repeated for 3 passages. 

7.4.9 Analysis for adaptation to replication without miR-122 in stable HCV cells  

Total RNA was isolated from Huh 7.5/ Huh 7.5 miR-122 KO stable cell lines and 10 μg of total 

RNA was electroporated into approx. 6.0×106 Huh 7.5 and Huh 7.5 miR-122 KO cells. After 

electroporation cells were resuspended into 4 ml of cell culture media. A total of 1 or 2 ml of cells 

were plated on a 10 cm tissue culture dish containing DMEM+ 800 μg/mL G418 sulfate and 

incubated at 37 for approximately 2 weeks till the colonies develop. The plates were then washed 

with1x PBS, fixed with ice-cold methanol, and stained with crystal violet. Plates were scanned and 

colony numbers and size were calculated using ImageJ.  

7.4.10 Analysis of the effects of miR-122 supplementation and antagonization on stable 

HCV replication  

Huh 7.5/ Huh 7.5 miR-122 KO cells expressing pJ6/JFH-1 Neo Rluc are electroporated with miR-

122 or control microRNA. Cells are plated on a 6 well plate and harvested at different time points 

according to above mentioned protocol. Luciferase activity was measured post-harvest. For 

transfection, approximately 5.0×105 cells were plated a 6 well plate. 60 pm of miR-122/control 

microRNA was transfected to the cells next day using lipofectamine 2000. Cells were harvested 

48 hours post transfection and luciferase activity was measured. 

7.4.11 Luciferase assays 

Cells were washed with 1XDulbecco’s PBS and harvested with 100 μL of passive lysis buffer. 

Luciferase levels of the lysate were measured by using Firefly or Renilla luciferase kits (Promega, 

Madison WI, USA), 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. 
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7.4.12 Total cellular RNA extraction 

1 ml of Trizol was used to harvest the total cellular RNA was using the suggested manufacturer’s 

protocol (Life Technologies, Burlington, ON, Canada). 

7.4.13 Immunostaining Confocal Microscopy 

Cells were placed on (18 mM diameter, 1.5 thickness) coverslip and placed in a12 well plate with 

culture media. On day 3 cells were washed with PBS and fixed with 4% paraformaldehyde. After 

washing three times with PBS cells were permeabilized and blocked with 0.1-0.2% Triton X 100 

+ 3% BSA in PBS for 1 hour. Mouse anti NS5a 1°Ab (9E10) was used at 1:5000 dilution in the 

blocking buffer to incubate the cells overnight at 4°C. Cells were further washed three times with 

washing buffer (0.02-0.01% Triton X-100 + 0.3% BSA in PBS) and incubated with 2° Ab at 

1:1000 dilution (Goat Ab- AF 594, Life Technologies, A11005 ) for 1 hour at room temperature. 

After washing the cells three times with washing buffer, 1 μg/ml DAPI in PBS was used to stain 

the nucleus for 10 minutes. Cells were further washed with PBS and ddH2O to remove the residual 

salts and the coverslip was mounted on a glass slide using a slow fade mounting solution (Life 

technologies). Images were captured using Zeiss confocal microscope and images were processed 

using Zen 3.1 (Blue edition) and ImageJ software. 

7.4.14 Immunostaining for Flow cytometry:  

On Day 3 of electroporation cells were harvested from 6 well plates and FACS was done as 

described by  Kannan et al368. Primary Ab against HCV NS5a was used at a dilution of 1: 2500 

(9E10, Mouse anti NS5a), and Secondary Antibody Anti-mouse-APC:  (F (ab’) 2 Anti-Mouse IgG 

APC eBioscience, Cat 17-4010-82) was used as suggested by the manufacture. Samples were 

suspended in 300 μL of 1XPBS and acquired in Beckman Coulter CytoFlex flow cytometer. Data 

were analyzed by FlowJo ver10.6 

 

7.4.15 Statistical analysis: 

All data are displayed as the mean of three or more independent experiments, and error bars 

indicate the standard deviation of the mean. Statistical analysis was performed using Graph Pad 

Prism v7, and the statistical tests are indicated in the figures.   
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7.5 Results 

Efficient replication of HCV requires annealing of miR-122 to the 5’ UTR and HCV replication 

in culture is undetectable when miR-122 annealing is abolished. However, in previous work, we 

and others have identified that HCV subgenomic replicon RNA and full-length HCV genomes 

with point mutations in the 5’ UTR were able to replicate, albeit poorly, independently from miR-

122. In addition, others have shown a selection of cells supporting stable miR-122-independnet 

HCV SGR replication that suggested a role of miR-122 to establish but not maintain an HCV 

infection 211. In this study, we aimed to compare miR-122-dependent vs miR-122-independent 

HCV replication to characterize miR-122 independent HCV replication as well as to determine the 

roles of miR-122 in different stages of the HCV life cycle.  

 

7.5.1 The presence of an EMCV IRES allows the virus to replicate independently of miR-

122. 

In previous works, we and others have identified that HCV subgenomic replicon SGR JFH-1 Fluc 

RNA is capable of replicating independently of miR-122 in Hep3B cells. These data suggested 

that the addition of an EMCV IRES that regulates viral gene translation or the small size of the 

SGR RNA facilitated HCV replication independent of miR-122. In this study, we aimed to 

determine the independent influence of the EMCV IRES and the size of the RNA genome on miR-

122 independent replication.   

To determine if the addition of an EMCV IRES facilitated miR-122-independent 

replication we assessed transient miR-122-dependent and miR-122-independent replication of 

full-length HCV RNAs in which viral gene translation is regulated by an EMCV IRES in the HCV 

construct. To assess miR-122-independent and miR-122-dependent replication, the viral RNAs 

were co-electroporated into miR-122 knock-out Huh 7.5 cells (miR-122 KO) with either control 

microRNA (miControl) to assess miR-122-independent replication or synthetic miR-122 to assess 

miR-122-dependent replication.  HCV genomic RNA amplification was assessed based on 

luciferase expression as a proxy for virus replication. Monocistronic J6/JFH-1 Rluc full-length 

wild type construct did not display miR-122-independent HCV replication in the miR-122 KO 

cells, but bicistronic full-length genomic replicon expressing a firefly luciferase reporter gene 

(FGR JFH-1 Fluc) and a bicistronic full-length genomic replicon that expresses both a neomycin 
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selection marker and a Renilla luciferase reporter gene (J6/JFH-1 Neo Rluc) (Figure 7.2A) did 

display miR-122-independent replication (Figure 7.2B). SGR JFH-1 Fluc (SGR) RNA was 

included as a positive control for miR-122-independent replication, and the corresponding 

replication defective mutants (GNN or GND) were negative replication controls. All of the 

replication competent viral RNAs replicated efficiently when miR-122 was added (Figure 7.2B). 

In the absence of miR-122 J6/JFH-1 Rluc showed replication levels equivalent to the non-

replicative controls (GNN) (Figure 7.2B), but the bicistronic constructs FGR JFH-1 Fluc (FGR), 

and J6/JFH-1 Neo Rluc expressed measurable luciferase levels and were thus capable of miR-122-

independent replication. (Figure 7.2 C, D, E). These results suggest that translation regulation by 

the EMCV IRES allows both the full length and the subgenomic HCV to replicate in the absence 

of miR-122 and that the addition of an EMCV IRES can partially compensate for the lack of miR-

122. Since the EMCV IRES regulates translation, we speculate that altered translation regulation 

facilitates virus replication in the absence of miR-122. 
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Figure 7.2: miR-122 independent replication of HCV.  

(A) Models of miR-122 independent replication; top to bottom: Monocistronic Full-Length wild 

type J6/JFH-1 Rluc with a Renilla luciferase reporter, Bicistronic sub-genomic Replicon (SGR) 

JFH-1 with a Firefly luciferase reporter SGR JFH-1 Fluc, Bicistronic Full-Length genomic 

replicon (FGR) or FGR JFH-1Fluc with a Firefly luciferase reporter, Bicistronic Full-Length wild 

type J6/JFH-1 Neo Rluc with a Renilla luciferase reporter and a Neomycin selection marker. (B, 

C, D, E, and F) Transient replications of HCV in the presence of a control miRNA (miControl) or 

miR-122 in Huh 7.5 miR-122 KO cells (B) type J6/JFH-1 Rluc, (C) SGR JFH-1 Fluc, (D) FGR 

JFH-1 Fluc and (E) J6/JFH-1 Neo Rluc. Cells were coelectroporated with control microRNA or 

miR-122 and the luciferase activity was measured at different time points. GNN or GND as the 

respective replication defective mutant for negative control. (F) Differential fold change in 
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luciferase expression of a full length (FGR JFH-1 Fluc) and a subgenomic (SGR JFH-1 Fluc) HCV 

adapted from (B) and (C). All data shown are the average of three or more independent 

experiments, unless otherwise indicated. Error bar indicates the standard deviation of the mean 

and asterisk indicates significant differences (***P<0.001). 

 

7.5.2 Shorter genomic RNAs promote miR-122-independent HCV replication. 

In the experiment shown in Figure 2 we also observed that the subgenomic replicon SGR JFH-1 

Fluc has significantly higher (10-fold) miR-122-independent replication compared to the full-

length genomic replicon FGR JFH-1 Fluc (Figure 7.2F, SGR + miControl vs FGR + miControl). 

The main difference between SGR JFH-1 Fluc and the FGR JFH-1 Fluc is genome size. The FGR 

JFH-1 Fluc has both viral structural and non-structural genes but the SGR JFH-1 Fluc contains 

only non-structrural genes. Thus, either the small RNA size or the absence of structural genes 

enhanced miR-122-independent replication. Next, we wanted to investigate if the lack of any 

individual structural genes or shorter genome facilitates miR-122-independent replication. To test 

this we designed two subgenomic monocistronic constructs of J6/JFH-1 Rluc (lacking the EMCV-

IRES) where we have deleted the structural gene region. One of the two constructs contained the 

NS2-NS5b region named as mono SGR J6/JFH-1Rluc NS2, and the other contained the NS3-NS5b 

region and named as mono SGR J6/JFH-1 Rluc NS3 (Figure 7.3A). Following electroporation 

into miR-122 KO Huh 7.5 cells the monocistronic constructs replicated very efficiently in the 

presence of miR-122 (Figure 7.3B, C), and exhibited low, but measurable miR-122 independent 

replication, significantly higher than their respective non-replicative mutants (GNN)  (Figure 

7.3D). This suggests that deletion of the structural gene region facilitates miR-122-independent 

replication. To further investigate the role of individual structural genes in miR-122-independent 

replication, we deleted each structural gene region individually or in different combinations 

(Supplementary Figure7.11 A) and analyzed their replication in vitro. All of the deletion mutants 

were replicated in the presence of miR-122, but none were capable of replicating in the absence of 

miR-122 (Supplementary Figure 7.11 B, C, D, E, and F). Thus, we concluded that the absence 

of the complete structural gene region of the RNA modulates the ability of HCV RNA to replicate 

independent from miR-122 but probably does so by increasing the general replication capacity of 

the RNA likely due to the smaller size of the genome. 
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Figure 7.3: Shorter genome length favors miR-122 independent replication of HCV 

(A) Monocistronic subgenomic HCV: J6/JFH-1 Rluc NS2 with a complete deletion of structural 

genes and presence of NS2 to NS5b non-structural genes, and J6/JFH-1 Rluc NS3 with a complete 

deletion of structural genes and NS2, and presence of NS3 to NS5b non-structural genes. Transient 

replication assay of (B) J6/JFH-1 Rluc NS2 and (C) J6/JFH-1 Rluc NS3 HCV RNA in the presence 

of a control miRNA (miControl) or miR-122 in Huh 7.5 miR-122 KO cells or anti-miR-122 LNA. 

NS2 and NS3 monocistronics viral RNAs are electroporated in miR-122 KO cells with control 

microRNA, miR-122, or anti-miR-122 LNA. Cells are harvested at different time point post 

electroporation to measure the luciferase activity. NS2 and NS3 GNNs are the respective 

replication defective mutants (D) Comparison of NS3 and NS2 monocistronics with their 

respective GNNs. Comparison is done by normalizing NS2 and NS3 luciferase activity with the 

GNN luciferase activity. Error bar indicates the standard deviation of the mean and asterisk 

indicates significant differences (*P<0.05). 
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7.5.3 HCV genomes capable of miR-122-independent replication replicate efficiently but 

in a small number of cells. 

Next, we wanted to characterize and compare cells supporting transient miR-122-dependent and 

miR-122-independent HCV replication. We hypothesized that transient miR-122-independent 

HCV replication will be displayed as either a high number of cells that support low levels of HCV 

replication or alternatively, as a small number of cells that support efficient HCV replication, and 

our data support that the latter is true. To determine this, we used fluorescent antibodies to stain 

for the viral protein NS5a and microscopy to visualize infected cells. We compared transient miR-

122-independent and miR-122-dependent replication and found that miR-122-independent 

replication comprises efficient viral protein expression in fewer cells of a population when 

compared to miR-122-dependent replication (Figure 7.4A). This was the case when we compared 

miR-122-dependent and miR-122-independent replication of HCV SGR JFH-1 Fluc RNA,  

U4C/G28A/C37U J6/JFH-1 Rluc, a full-length viral RNA carrying 3 point mutations in the 5’ 

UTR  previously reported to promote miR-122-independent replication of full-length genomic 

HCV RNA210, with cells supporting J6/JFH-1 Rluc FL WT RNA, a viral RNA that does not support 

miR-122-independent replication. Our microscopy data revealed that a small number of cells 

support efficient miR-122-independent replication compared to a high number of cells that support 

miR-122-dependent replication (Figure 7.4A). To enumerate the numbers of cells supporting miR-

122-independent HCV replication in the infected cells we used flow cytometry. Flow cytometry 

data confirmed the microscopic observations, and the percentage of the population of cells 

expressing HCV proteins during transient miR-122-independent replication was 3 to 6% (SGR 

JFH-1 Fluc and U4C/G28A/C37U J6/JFH-1 Rluc mutant) and 0.3-0.6% for cells electroporated 

with J6/JFH-1 Rluc wild-type HCV RNA. 30 to 60% of cells supported miR-122-dependent HCV 

replication for all of the RNAs used (Figure 7.4 B, C, D). In addition, the staining intensity 

appeared similar in individual cells supporting both miR-122-dependent or miR-122-independent 

replication (Figure 7.4A), and the intensity of viral protein staining in cells supporting miR-122-

independent replication was equal to, or higher than in miR-122-dependent replication as assessed 

by flow cytometry (Figure 7.4B). Thus, HCV RNAs capable of miR-122-independent HCV 

replication establishes replication that appears similarly efficient as miR-122-dependent 

replication, but in a smaller proportion of cells. This suggested miR-122 functions to establish an 

HCV infection but does not appear to be required to maintain the infection.  
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Figure 7.4: miR-122 independent replication is supported by a few cells in the population 

 (A) Immunostaining and confocal microscopy of wild type J6/JFH-1 Rluc, SGR JFH-1 Fluc, and 

U4C/G28A/C37U J6/JFH-1 Rluc HCV RNA with control microRNA (miControl, Left Panel) or 
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miR-122 (Right Panel) in Huh 7.5 miR-122 KO cells. Cells were co-electroporated with viral RNA 

and microRNA and immunostaining was performed on day-3 post electroporation. HCV NS5a is 

stained with Red (stained with 9E10 anti-NS5a and counterstained with AF 594) and the cell 

nucleus is stained blue with DAPI. The respective RNA constructs are shown above the panel. 

Cell supporting miR-122-independent replication are indicated with yellow arrows) (B) 

Immunostaining and flow cytometry of Huh 7.5 miR-122 KO cells co-electroporated with J6/JFH-

1 Rluc, SGR JFH-1 Fluc, and U4C/G28A/C37U J6/JFH-1 Rluc HCV RNA and control microRNA 

(miControl, Left Panel)) or miR-122 (Right Panel). Immunostaining was performed on Day-3 post 

electroporation. HCV NS5a is stained with Red (stained with 9E10 anti-NS5a and counterstained 

with APC). X axis indicates the count of the cells and Y axis indicates the intensity of APC. Grey 

shade indicates the percentage of HCV positive cells. (C) (D) (E) Percentage of Huh 7.5 miR-122 

KO HCV positive cells electroporated with viral RNA [(C) wild type J6/JFH-1 Rluc, (D) SGR 

JFH-1 Fluc, (E) U4C/G28A/C37U J6/JFH-1 Rluc] and control microRNA or miR-122. Cells 

electroporated with no RNA, and GNN are used as negative controls.  

 

7.5.4 miR-122 has a small but significant impact on the maintenance of an established 

HCV infection.  

Based on our fluorescence and Flow cytometry data we hypothesized that miR-122 is required for 

establishment but not for maintenance of an HCV infection. To test this we designed several assays 

to assess roles for miR-122 at different stages of the virus life-cycle. We also defined two temporal 

phases of the HCV life-cycle for these experiments and deemed events happening at the time of 

electroporation and within the first 24 hours as the establishment phase of infection and the time 

following this as the maintenance phase. Then we designed assays to test the effects of miR-122 

supplementation and antagonization on these phases of miR-122-dependent and miR-122-

independent virus life cycles. We first assessed the impact of miR-122 supplementation or 

antagonization on the maintenance phase of transient miR-122-dependent HCV replication. For 

these experiments, we used two viral RNAs that cannot replicate independently from miR-122, 

J6/JFH-1 Rluc WT HCV RNA, and a packaging defective HCV RNA ∆E2 J6/JFH-1 Rluc. ∆E2 

J6/JFH-1 Rluc lacks the viral envelope E2 genes and thus eliminates cell to cell spread of infection. 

We then assessed the influence of antagonizing or adding miR-122 late in the maintenance phase 
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of the replication. According to transient replication assays (Figure 7.2A, Supplementary Figure 

7.S2D), both J6/JFH-1 Rluc FL WT and ∆E2 J6/JFH-1 Rluc RNA reached maximum replication 

on day 3, so we chose this day to assess the impact of miR-122 supplementation or antagonism.  

When we supplemented with miR-122 on day 3, we saw a small but significant increase in 

luciferase expression in J6/JFH-1 Rluc FL WT and ∆E2 J6/JFH-1 Rluc infected cells, and 

antagonization of miR-122 caused a small but significant decrease in luciferase expression. This 

suggests that miR-122 has a role, albeit small, in supporting HCV during the maintenance phase 

(Figure 7.5A). Similarly, we tested the influence of miR-122 supplementation on the maintenance 

of miR-122-independent HCV replication. To test this we used miR-122 KO cells supporting 

transient miR-122 independent replication of a packaging defective HCV mutant 

(U4C/G28A/C37U ∆E2 J6/JFH-1 Rluc HCV) at day 3 post viral RNA electroporation. When these 

cells were supplemented with miR-122, luciferase expression of miR-122 supplemented was 

similar compared to the control miRNA. This suggests that miR-122 has a small influence on 

established miR-122-dependent replication but is dispensable for viral RNAs capable of 

replicating independently from miR-122 (Figure 7.5B).  

We also analyzed the impact of miR-122 supplementation and antagonization on cells 

supporting stable miR-122-dependent or miR-122-independently replicating RNA. For these 

experiments, we used J6/JFH-1 Neo Rluc HCV RNA (Figure 7.2A). This HCV RNA is capable 

of miR-122-independent replication (Figure 7.2E) and harbors a Neomycin selection gene. By 

using G418, we selected cells stably replicating this RNA in both wild type and miR-122-knockout 

Huh 7.5 cells and then analyzed whether miR-122 had any influence on the maintenance of miR-

122-dependent and miR-122-independent RNA replication. When cells supporting miR-122-

independent replication were electroporated with miR-122, there was a small stimulation of 

luciferase expression was observed at 24 and 36 hours post supplementation, but by 72 hours the 

difference diminished (Figure 7.5C). No significant effect was seen following transfection of 

miR-122 into the cells and analyzing the luciferase expression at 48 hours (Figure 7.5D). In cells 

supporting miR-122-dependent HCV replication, electroporation of miR-122 antagonist reduced 

luciferase expression at 24, 36, and 48 hours post electroporation, but the luciferase expression 

recovered by 72 hours (Figure 7.5E).  No significant difference was seen at 48 hours after cells 

were transfected with the miR-122 antagonist (Figure 7.5F). All of these experiments suggest that 
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miR-122 can have a small but measurable influence on the maintenance of both miR-122-

dependent and miR-122-independent HCV replication. 

 

 

Figure 7.5: Requirement of miR-122 on ongoing HCV replication 

 (A) Transient miR-122 supplementation/antagonization assay for HCV dependent on miR-122. 

Infection in Huh 7.5 miR-122 KO was established by electroporating wild type J6/JFH-1 Rluc, 

and ∆E2 J6/JFH-1 Rluc RNA with miR-122, and on Day-3 they were transfected with either 

control microRNA, miR-122, or anti-miR-122. Luciferase activity was measured on Day-2 post 

transfection as an indication of viral propagation. (B) Transient miR-122 supplementation assay 

for HCV replicating independently of miR-122. U4C/G28A/C37U ∆E2 J6/JFH-1 Rluc HCV 

infection was established in Huh 7.5 miR-122 KO cells without miR-122 and on Day-3 infected 

cells were supplemented with either miR-122 or control microRNA. Luciferase activity was 

measured on Day-2 post transfection as an indication of viral propagation. (C) Replication assay 
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of Huh 7.5 miR-122 KO cells stably expressing J6/JFH-1 Neo Rluc HCV. Cells were elecroporated 

with either control microRNA or miR-122 and luciferase activity was measured at different time 

points post transfection. (D)  Huh 7.5 miR-122 KO cells stably expressing J6/JFH-1 Neo Rluc 

HCV were transfected either control microRNA or miR-122 and luciferase activity was measured 

at Day-2 post transfection. (E) Replication assay of Huh 7.5 cells stably expressing J6/JFH-1 Neo 

Rluc HCV. Cells were electroporated with either control LNA or anti-miR-122 LNA and luciferase 

activity was measured at different time points post transfection. (F)  Huh 7.5 cells stably expressing 

J6/JFH-1 Neo Rluc HCV were transfected either control LNA or anti-miR-122 LNA and luciferase 

activity was measured at Day-2 post transfection. Top of the graphs has the constructs mentioned 

in the graph. Error bar indicates the standard deviation of the mean and asterisk indicates 

significant differences versus the control microRNA/LNA (*P<0.05, **P<0.01, ***P<0.001, ns-

non significant). 

 

7.5.5 HCV variants supporting miR-independent replication do not show evidence of 

adaptation to growth without miR-122.  

An alternative explanation for miR-122-independent replication of HCV is adaptations on the viral 

genome to grow without miR-122. However, using a number of different assays we observed no 

evidence of adaptation. To test for virus adaption, we assessed the replication ability of viral RNA 

derived from transient miR-122-independent replication. We hypothesized that viral RNA derived 

from miR-122-independent replication have gained an enhanced ability to establish miR-122-

independent HCV replication, and can support miR-122-independent replication when re-

electroporated into a new population of miR-122-knockout cells. In these experiments we 

electroporated miR-122 knockout cells with 5 μg of total RNA derived from cells supporting miR-

122-dependent and -independent replication of SGR JFH-1 Fluc HCV RNA, and the ratio of miR-

122-independent to -dependent replication was calculated for each re-electroporated total RNA 

(Figure 7.6A). The rationale of this experiment was, if the viral RNA had adapted to miR-122-

independent replication, then the RNA passage in miR-122 knockout cells would select for adapted 

genomes and enhance the percentage of the RNA population capable of miR-122-independent 

replication, compared to viral RNA passaged in miR-122 wild-type cells. Thus, the luciferase ratio 

of miR-122 independent to miR-122 dependent ratio will be higher for RNA isolated from cells 
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supporting miR-122-independent replication than RNA from cells supporting miR-122-dependent 

replication. However, ratios of luciferase expression from RNA derived from miR-122 

independent vs dependent replication in all the 3 passages did not show a significant difference. In 

fact, we did not observe any enhancement for miR-122-independent replication, and by contrast, 

miR-122-independent replication of SGR-RNA was lost after 2 RNA passages (Figure 7.6B). 

Further, we also assessed HCV adaptation to miR-122-independent replication during the selection 

of stable miR-122-independent HCV cells with bicistronic J6/JFH-1 Neo Rluc viral RNA. To test 

for adaptation we assessed viral RNA extracted from Huh 7.5 miR-122 KO cells stably harboring 

J6/JFH-1 Neo Rluc RNA for enhanced ability to form colonies when re-electroporated into new 

miR-122 KO cell, compared with viral RNA derived from wild-type Huh 7.5 cells stably 

supporting the replication of J6/JFH-1 Neo Rluc (Figure 7.6C). If adaption had occurred then we 

would expect a higher ratio of colonies of Huh 7.5 miR-122 KO to wild type Huh 7.5 cells for 

RNA extracted from miR-122 KO stable cells compared to the RNA extracted from the wild type 

Huh 7.5 stable cells. Similar to our transient adaptation test, we did not observe any significant 

difference in the ratio of colonies (Huh 7.5 miR-122 KO to Huh 7.5 wild type) between RNA from 

Huh 7.5 miR-122 KO or wild type stable cell lines (Figure 7.6D). Thus, we concluded that the 

transient and stable miR-122-independent HCV replication was not due to adaptation of the viral 

RNA. 

Since it appeared that the viral RNA was not adapting to miR-122-independent replication, we 

wondered what mechanism led to some cells supporting efficient miR-122-independent replication 

and some remaining uninfected. Based on a role for miR-122 in stabilizing the HCV genome, we 

hypothesized that the cells supporting miR-122-independent replication were cells that 

stochastically had received sufficient viral RNA to initiate an infection. If this was the case then 

we surmised that electroporation of higher quantities of HCV RNA would increase the numbers 

of cells that received a sufficient quantity of viral RNA to initiate an infection, and thus the 

numbers of cells supporting miR-122-independent replication should increase. Alternatively, the 

cells supporting miR-122-independent replication may have a specific phenotype that allows for 

miR-122-independent HCV replication, and if this were the case then greater amounts of viral 

RNA would not enhance the numbers of cells supporting miR-122-independent replication.  To 

test this hypothesis we electroporated various amounts of SGR JFH-1 Fluc HCV RNA into miR-

122-knockout cells (5μg, 10μg, 15μg, 25μg, and 35μg) and measured the numbers of cells 



 150 

supporting miR-122-independent replication by FACS. We observed an increase in the proportion 

of cells supporting HCV replication with an increased amount of viral RNA. A negative control 

sample electroporated with 35μg of non-replicative SGR JFH-1 Fluc GND RNA did not show any 

fluorescence signal. This data indicates that the amount of RNA affects the numbers of cells 

supporting miR-122-independent replication, suggests that the cells supporting miR-122-

independent replication likely do not have a special phenotype (Figure 7.6E). We have also 

electroporated 35μg of J6/ JFH1 Rluc WT viral RNA to see if wild-type viral RNA, which was 

incapable of miR-122 independent replication in our previous assays, can support miR-122-

independent replication if a higher amount of RNA was used.  However, using J6/JFH-1 WT viral 

RNA, which is not capable of miR-122-independent replication we did not show any increase in 

the numbers of infected cells with a higher quantity of viral RNA. Similar results were obtained 

when the above experiment was repeated, and luciferase activity was quantified as a measure of 

viral replication (Figure 7.6F). Thus, electroporation of higher amounts of viral RNA enhances 

the proportion of cells supporting miR-122-independent replication but did not enhance replication 

of wild-type genomes. This suggests that higher amounts of viral RNA can partially compensate 

for the lack of miR-122 and that the choice of individual cell that supports miR-122-independent 

replication is likely stochastic. Since we have shown in our previous experiment that miR-122-

independent HCV replication is a full-fledged replication but only in a few cells, it might be 

possible that the cells supporting miR-122-independent replication have received enough RNA at 

the beginning of the infection to reach the infection threshold and jump-start the infection. It also 

suggests that in order to establish the infection the HCV RNA should have another special feature 

(extra IRES or mutations on the 5’UTR) as the wild type HCV RNA did not show any miR-122-

independent replication even at the highest concentration. It further supports other functions of 

miR-122 in HCV propagation other than genome stability. 
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Figure 7.6: Cells supporting miR-12-independent replication is a result of stochastic infection 

and may not be because of genome adaptation for HCV already featuring elements for miR-

122-independent replication 

 (A) Schematic diagram of the adaptation experiment for cells supporting transient miR-122-

independent HCV replication. SGR JFH-1 Fluc RNA along with miR-122 or miControl was 

electroporated in Huh 7.5 miR-122 KO cells, total RNA was isolated and re-electroporated with 
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either miControl or miR-122. The ratio of luciferase activity of miControl to miR-122 SGR JFH-

1 RNA infected cells was calculated and plotted. (B) Graphical representation of (A). Luciferase 

ratio of miControl to miR-122 HCV SGR was plotted for both miR-122 and miControl branch for 

each passage and compared. (C) Schematic diagram of the adaptation experiment for cells 

supporting stable miR-122 independent HCV replication. Total RNA from Huh 7.5 and Huh 7.5 

miR-122 KO cells stably supporting J6/JFH-1 Neo Rluc HCV were electroporated into Huh 7.5 

and Huh 7.5 miR-122 KO cells and selected with G418, and colonies were stained and counted. 

(D) Colony formation in Huh 7.5 and Huh 7.5 miR-122 KO cells upon electroporation of HCV 

RNA from Huh 7.5 and Huh 7.5 miR-122 KO stable cells. Ratio of colonies formed in Huh 7.5 

and Huh 7.5 miR-122 KO cells for RNA isolated from both the cell lines supporting stable HCV 

infection, graphical representation of (C).  The top of the figures has the constructs used for the 

experimentation. SGR JFH-1 Fluc RNA and wild type J6/JFH-1 Rluc RNA (construct shown on 

top of the figure) were electroporated in Huh 7.5 miR-122 KO cells at different concentrations and 

with or without miR-122. (A) The percentage of HCV positive cells were determined through 

FACS. SGR JFH-1 Fluc GND and J6/JFH-1 Rluc GNN (replication defective mutants) were used 

as the negative controls. (B) Luciferase activity of the above experiment was measured and plotted 

for the SGR JFH-1 Fluc and wild type J6/JFH-1 Rluc HCV. SGR JFH-1 GND and J6/JFH-1 Rluc 

GNN (replication defective mutants) were used as the negative controls. Error bar indicates the 

standard deviation of the mean and asterisk indicates significant differences (**P<0.01, 

***P<0.001). 

 

7.5.6 The presence of miR-122 or an extra IRES affects the dynamics of viral replication. 

In our previous experiments, we observed that miR-122-independent replication progressed more 

slowly than that of miR-122-dependent replication (Figure 7.2B, 3B, and 3C) and suggested that 

miR-122 may positively affect the rate of HCV RNA replication.  To investigate this further, we 

compared the rate of replication of HCV RNAs capable of miR-122-independent replication and 

deficient in forming particles (U4C/G28A/C37U ∆E2 J6/JFH-1 Rluc) in the absence or presence 

of miR-122. U4C/G28A/C37U ∆E2 J6/JFH-1 Rluc HCV RNA was electroporated in Huh 7.5 miR-

122 KO cells with and without miR-122 and the replication rate of the HCV RNA was analyzed. 

The presence of miR-122 dramatically increased luciferase expression at the early time-points (12 
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h to 24 h) compared to the HCV RNA replicating without miR-122 (Figure 7.7A), and the peak 

luciferase activity was reached at 48h post-electroporation with miR-122 and at 72h without miR-

122. This suggests that the presence of miR-122 enhances both the rate and peak levels of virus 

replication. The initial increase in viral luciferase expression at 12 h and 24 h in the presence of 

miR-122 could be due to the establishment of viral infection in a greater number of cells compared 

to when miR-122 is absent. 

Since the presence of the EMCV IRES enables miR-122-independent replication and thus 

substitutes for some of miR-122’s function, we wanted to determine if the extra EMCV IRES also 

affects viral replication rate at an early stage of HCV infection. To test this we have used 

monocistronic J6/JFH-1 Rluc NS3 HCV RNA, and bicistronic J6/JFH-1 Neo Rluc NS3 HCV 

RNA, HCV RNAs that differ only by the addition of an EMCV IRES and compared the temporal 

replication pattern of monocistronic NS3 RNA and a bicistronic NS3 RNA in miR-122 KO cells. 

Both the constructs replicates efficiently in the presence of miR-122 (Figure 7.3C and 

supplementary Figure 7.12). In transient miR-122-independent replication assays, bicistronic 

NS3 replicated to higher levels and luciferase expression increased more quickly than mono-NS3 

(Figure 7.7B). For bicistronic NS3 HCV, the highest peak on the replication curve was obtained 

on day 2 whereas for monocistronic NS3 HCV the same was achieved on day 4 suggesting a slower 

replication of monocistronic NS3 compared to bicistronic NS3. This suggests that an extra EMCV 

IRES also affected the viral rate of replication at the initial stage of infection similar to miR-122. 

As we know that miR-122 can influence both HCV genome stabilization and viral translation 

regulation, the positive effect of miR-122 on HCV propagation at the initial stage of infection can 

be either of its function or the combination of both. Since the extra EMCV IRES behaves in a 

similar way to miR-122, we tried to separate EMCV IRES function in viral genome stabilization 

and viral translation regulation. In order to test this, we repeated the above experiment in an 

environment where we have depleted cellular exonuclease Xrn1. miR-122 is reported to protect 

HCV RNA from cellular exonuclease Xrn1, hence depleting Xrn1, we provided a temporary stable 

environment for HCV RNA. We speculated that knockdown of Xrn1 would also modulate RNA 

amplification dynamics and would provide a clearer view of the influence of the extra IRES on 

replication dynamics of the viral RNA. Analysis of temporal replication pattern of monocistronic 

J6/JFH-1 Rluc NS3 and bicistronic J6/JFH-1 Neo Rluc NS3 RNA suggest that even in an Xrn1 

depleted environment and with an overall increased replication, the peak on the replication curve 
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of the bicistronic J6/JFH-1 Neo Rluc NS3 RNA was achieved earlier compared to the 

monocistronic J6/JFH-1 Rluc NS3 RNA (Figure 7.7C) suggesting that the EMCV IRES might 

stabilize the genome and/or modulate translation regulation at an early stage of viral replication. 

Our data suggested that the presence of miR-122 and the extra EMCV IRES promotes viral 

replication at the initial stage of viral infection by influencing genome stabilization and viral 

translation. Our results suggest that miR-122 or the extra IRES promotes the establishment of an 

infection within a population of cells and increases the numbers of cells within the population in 

which the infection becomes established.  

 

 

Figure 7.7: Requirement of miR-122 is important at the initial stage of infection: 

(A) Transient replication assay of U4C/G28A/C37U ∆E2 J6/JFH-1 Rluc HCV RNA with or 

without miR-122 in Huh 7.5 miR-122 KO cells. HCV RNA was electroporated with miControl or 

miR-122 and cells were harvested at different time points to measure the luciferase acti

vity. Luciferase activity was measured as a proxy to HCV propagation in the cells. (C) Transient 

replication assay of monocistronic and bicistronic NS3 (SGR J6/JFH-1 Rluc NS3 and SGR 

J6/JFH-1 Neo Rluc NS3 in Huh7.5 miR-122 KO cells. (D) Transient replication assay of 

monocistronic and bicistronic NS3) (SGR J6/JFH-1 Rluc NS3 and SGR J6/JFH-1 Neo Rluc NS3) 
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in Huh7.5 miR-122 KO cells in an Xrn1depleted environment. The HCV RNA constructs 

respective to each experiment are on the top of the graphs. 

 

7.5.7 Model of how miR-122 affects establishment and ongoing HCV replication. 

Our data suggest that the presence of miR-122 promotes HCV infections by enhancing the 

numbers of cells in which the viral RNA successfully establishes an infection, but our data also 

shows a small, but significant positive influence on protein expression and/or viral RNA 

accumulation during an ongoing infection. In support of both of these notions, we observed that 

the G418 selected colony sizes (from Figure 7.6 C and D) were always larger for cells supporting 

miR-122 dependent replication despite the source of RNA (Figure 7.8A) and support the notion 

that miR-122 assist ongoing viral replication. We also observed that the number of colonies that 

grew from cells electroporated with RNA derived from Huh 7.5 cells stably harboring pJ6/JFH-

1Neo Rluc replicon RNA is significantly higher compared to cells electroporated with RNA from 

Huh 7.5 miR-122 KO stable cells (Figure 7.8B). This suggests that amount of HCV RNA present 

in the total RNA isolated from Huh 7.5 stable cells is higher than the total RNA isolated from the 

Huh 7.5 miR-122 KO cells and suggests that the presence of miR-122 in the Huh 7.5 WT cells 

augments viral RNA accumulation inside the cell. Thus, we propose a model in which miR-122 

affects both the establishment of an HCV infection and ongoing viral replication by promoting 

viral accumulation inside the cell (Figure 7.8C). 
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Figure 7.8: miR-122 augments RNA accumulation and promotes cell division:  

Total RNA from Huh 7.5 and Huh 7.5 miR-122 KO cells stably supporting J6/JFH-1 Neo Rluc 

HCV were electroporated in to Huh 7.5 and Huh 7.5 miR-122 KO cells and selected with G418. 

Three weeks post electroporation colonies were fixed and stained with crystal violet and the size 

of the colonies (A), as well as the number of the colonies, were quantified (B). (C) Graphical 

representation of the effect of miR-122 on the maintenance of HCV replication.  Error bar indicates 

the standard deviation of the mean and asterisk indicates significant differences (**P<0.01, 

***P<0.001). 
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7.6 Discussion: 

While miR-122 is required for efficient HCV replication during an infection, and essential 

for detectible replication in cell culture, we and others have demonstrated that in certain contexts 

HCV can replicate independent of miR-122 200,210,211,311. We identified that HCV subgenomic 

replicons, and point mutations in the miR-122 binding region of the 5’ UTR can allow HCV to 

replicate independent of miR-122 200,208,266. In this paper, we have shown that miR-122-

independent replication is facilitated by the addition of an extra EMCV IRES which alters 

translation regulation of the viral genome, and also by a smaller genome length of the virus. Since 

viral IRES elements regulate cap-independent translation, we believe that the presence of the 

EMCV IRES enhances the overall translation efficiency of the virus and thus substitutes for the 

function of miR-122 in stimulating translation and allow the virus to replicate in the absence of 

miR-122. However, the efficiency of miR-122-independent replication of viral RNA having an 

EMCV IRES was significantly lower than the miR-122-dependent level, and thus the presence of 

an EMCV IRES cannot completely rescue the viral replication in the absence of miR-122. Our 

data have also suggested that shorter viral genomes can replicate to low but detectible levels in the 

absence of miR-122. We speculate that a small genome size allows for more rapid virus protein 

translation and replication, simply due to the smaller size of the genome. Thus, both an EMCV 

IRES and a short genome facilitates HCV replication in the absence of miR-122 

miR-122 independent replication within a smaller number of cells in a population, when 

compared with miR-122-dependent replication, suggests that miR-122-independent replication is 

supported efficiently but is only initiated in a small number of cells. We propose that cells that 

support miR-122-independent HCV replication received a threshold amount of RNA necessary to 

establish a successful infection and that individual cells that support miR-122-independent 

replication is stochastic and not based on a specific cellular phenotype. In this context, we propose 

that the EMCV IRES may allow miR-122-independent replication by enhancing translation 

efficiency, and the small genome size may facilitate genome replication/translation such that the 

threshold is lower and an infection can be established more easily. These findings support the 

notion that miR-122 promotes the virus life-cycle by stabilizing the genome and stimulating virus 

translation, and we propose that these influence the ability of the virus to establish an infection 

within a particular cell. Thus, we propose that miR-122 stabilizes the genome and provides 

sufficient translation to jump-start an infection in that cell at an early stage of infection.  In support 
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of this notion, we observed a rapid increase in viral replication at 24 hours post co-electroporation 

of viral RNA with miR-122; however, viral RNA without miR-122 had a slower increase in viral 

replication (Figure 7.7A). This may reflect the establishment of infections in many cells in the 

presence of miR-122, but in fewer cells in the absence of miR-122.    

Microscopy data also suggested that once the infection is established in the absence of 

miR-122 that miR-122 is dispensable for the maintenance of the infection. This finding supports 

data published by the Matsuura group that showed miR-122 is essential for the initial stage of viral 

infection and can be dispensable for maintenance of infection 211. In addition, Vilanueva et al. 

showed that the addition of miR-122 or miR-122 specific antisense has no effect on HCV RNA 

synthesis ex vivo in membrane-bound replicase complexes isolated from HCV infected cells. Also, 

no significant detectable quantities of miR-122 were observed to be associated with replicase 

complex in vivo, suggesting no significant role of miR-122 on the elongation phase of viral RNA 

synthesis 285. However, somewhat contrary to the above reports, we have found that miR-122 does 

assist viral replication after the establishment of a miR-122-dependent infection. This supports 

work published by Masaki e al. 284 showing that miR-122 plays a role in an ongoing HCV infection, 

however, the mechanism of miR-122 promotion is unknown. Masaki et al. proposed a direct role 

in promoting genome amplification. Alternatively, we hypothesize that miR-122 functions to 

initiate new replication complexes as the infection within a cell expands or when an infected cell 

divides. This is supported by our experiments showing an impact of miR-122-supplementation on 

HCV replication levesl from 24 to 36 hours post supplementation, but not after 72 hours (Figure 

7.6). In our experiments, this time frame is when there is active cell growth and we speculate that 

miR-122 might enhance the rate at which new replication complexes form in growing cells, but 

this has not been confirmed experimentally. This could be through a direct role of miR-122 in 

promoting genome amplification as proposed by Masaki et al., but could also be based on roles 

for miR-122 in stabilizing the genome and stimulating translation. It could also explain why 

Vilanueva et al. did not notice any effect of miR-122 supplementation or antagonization on HCV 

propagation in isolated membrane bound replicase complex as it was ex vivo and there was no 

provision for the formation of new replication complexes. Overall, our experiments show that miR-

122 is essential at the initial stage of infection but we also provide evidence of a positive impact 

on ongoing HCV replication in the liver cells. 



 159 

The use of anti-miR-122 LNA (Miravirsen, SPC3649) has shown promising results as a 

therapeutic and its use in infected patients decreased HCV levels to undetectable levels 38,307,308. 

However, our findings revealed that anti-miR-122 is an efficient inhibitor primarily during the 

establishment of HCV, suggests that infections in the liver must be highly dynamic such that new 

cells are continually being infected, and hence antagonization of miR-122 might be restricting the 

new cell infection thus decreasing the overall viral burden of the liver. Since miravirsen targets a 

host factor, it has been shown that it holds a strong virologic response with a high barrier to 

resistance, and can be used as a pan genomic treatment for HCV. However, our work and that of 

others caution that HCV can replicate independent from miR-122, and thus could develop 

resistance to miR-122 targeting therapy. Resistance-associated substitutions (RAS) variants G28A 

(Guanine is replaced by Adenine at position 28 of viral genome) and C3U (Cytocine is replaced 

by Uracil at position 3 of viral genome) are reportedly capable of replicating at a low abundance 

of miR-122 was identified in a patient treated with miravirsen 37,309. However, RAS variants are 

shown to be responsive to conventional DAAs. The addition of Miravirsen to the DAA treatment 

has also shown to be synergistic in suppressing HCV replication and emergence of RAS, and can 

still hold the potential to be a part of the drug cocktail for patients who are non-responsive to DAA 

310. 

Although there have been numerous reports on viral variants and viral genome adaptation 

to miR-122-independent replication, our system did not suggest genome adaptation to miR-122-

independent replication during transient or stable replication. One of the possible explanations for 

not observing adaptation in our assays could be that all the HCV constructs already had genomic 

elements promoting miR-122-independent replication which might have masked the possibility of 

accumulation of miR-122-resistant mutations in the genome. In previous studies, viruses capable 

of miR-122-independent replication were identified in systems using negative pressures on viral 

replication (siRNA knockdown 200, mismatch miRNA 210, or anti-miR-122 211). In our system, the 

presence of genomic elements promoting miR-122-independent replication (EMCV IRES or 5’ 

UTR point mutations) might make further adaptation nonessential. Furthermore, despite so many 

reports on miR-122-resistant HCV variants in cell culture, only a few mutations that promote miR-

122-independent replication have been observed in patient samples. Studies have suggested that 

the primate hepacivirus is evolved to be more dependent on miR-122 than the nonprimate 
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hepacivirus 212. Thus, there appears to be a barrier to evolution of miR-122-independence and 

perhaps primate hepacivirus genomes benefit from miR-122 dependency and liver tropism. 

Overall, in our study, we have shown that HCV can replicate independent of miR-122 in 

the presence of viral elements substituting for miR-122’s function. Similar to miR-122, these viral 

elements help HCV to reach an infection threshold to establish infection in the cells; however, in 

the presence of miR-122 infection is established in more cells. Further, the presence of miR-122 

at the early stage of infection is essential to establish the infection; however, it also exerts a positive 

influence on the ongoing viral life cycle in spite of its dependency on miR-122 (Figure 7.9). 

Altogether, our experiments provide insight into miR-122’s requirement at different stages of the 

viral life cycle and information on the mechanism by which viruses escape the need for miR-122. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.9: Graphical representation for impact of miR-122 at different stage of HCV life 

cycle. 

Genomic elements that can compensate for miR-122’s function will allow the virus to replicate 

independent of miR-122. HCV RNA harbouring those elements and capable of replicating 
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independent of miR-122, can reach the infection threshold inside a cell to initiate an infection; 

however, the number of cells reaching the infection threshold is high when miR-122 is present. 

Further, the presence of miR-122 also assists in ongoing viral replication, might be doing so by 

augmenting viral RNA inside the cell, thus promoting faster cell division. 
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7.10 Supplementary  

 

 

 

 

 

 

Figure 7.10: Percentage of HCV positive cells in Huh 7.5 and Huh 7.5 miR-122KO cells stably 

expressing J6/JFH-1 Neo Rluc HCV.  

Cells were immunostained with HCV NS5a antibody and counterstained with APC and flow 

cytometry was performed 
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Figure 7.11: Replication assay of deletion Mutants of J6/JFH-1 

 (A) Deletion mutant constructs, from top to bottom: J6/JFH-1 FL WT, J6/JFH-1 with deletion of 

core region ∆core J6/JFH-1 Rluc, J6/JFH-1 with deletion of E1 region ∆E1 J6/JFH-1 Rluc, J6/JFH-

1 with deletion of E2 region ∆E2 J6/JFH-1 Rluc, J6/JFH-1 with deletion of E1E2 region ∆E1E2 

J6/JFH-1 Rluc, J6/JFH-1 with deletion of E1-p7 region ∆E1-p7 J6/JFH-1 Rluc. Transient 

replication assay of  WT J6/JFH-1 Rluc HCV RNA and (B) ∆core J6/JFH-1 Rluc RNA (C) ∆E1 

J6/JFH-1 Rluc RNA (D) ∆E2 J6/JFH-1 Rluc RNA (E) ∆E1E2 J6/JFH-1 Rluc RNA (F) ∆E1-p7 

J6/JFH-1 Rluc RNA in Huh 7.5 miR-122 KO cells in presence of either control microRNA 

(miControl) or miR-122. GNN is the replication defective mutant as the negative control. All the 

experiments are a representation of 3 or more replicates. 
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Figure 7.12: Transient replication assay of SGR J6/JFH-1 Neo Rluc NS3 expressing a Renilla 

luciferase reporter gene and a neomycin selection marker.  

Huh 7.5 miR-122 KO cells were electroporated with HCV RNA along with control microRNA or 

miR-122 and luciferase activity was measured as a proxy for viral propagation. SGR J6/JFH-1 

Neo Rluc NS3 GNN is the respective replication defective mutant as a negative control.  
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Table 2: List of Primers 

J6/JFH-1 Rluc 

mutants 

Primers (sense and anti-sense) 

∆Core Phos-CCTTTTTCTTTGAGGTTTAGGATTTG-sense 

Phos-TGCTCCTTTTCTATCTTCTTG-anti-sense 

∆E1 Phos-GGAGCAACCGGGTAAGTTCC-sense 

Phos-AAAGTCGTTGTCATCCTTCTG-anti-sense 

∆E2 Phos-CTTCTGTTGGCCGCCGGGGTGGAC-sense 

Phos-CAGGCCGAAGCAGCACTAGAGAAGC-anti-sense 

∆E1-p7 Phos-GCATTGCCCCAACAGGCTTATGC-sense 

Phos-GCCGGTACTGATGTTCTTCACTTC-anti-sense 

SGR NS2 CGACGGCCAGTGAATTCTAATAC-sense 

CTGGATCATAAACTTTCGAAGTCATAGGCCGGCCGGTTTTTCTTTG

AGGTTTAGGATTTG-anti-sense 

CGGCCCATATGATGCCATCG-anti-sense 

SGR NS3 GCCTCGTGAAATCCCGTTAG-sense 

GCTGGGCATAAGCAGTGATGGGAGCGGGCCCTGGGTTGGACTCG

ACGTC-ant-sense 

TCCACACTTGCACGGCTCCAAAGAC-anti-sense 
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8.0 Chapter VIII: Conclusions, Discussion, Future Direction, and Limitation 

and challenges: 

 

8.1 General Conclusion: 

 

 Liver-specific microRNA miR-122 is essential for HCV replication. The HCV 5’ UTR 

RNA is predicted to form several non-canonical structures in the absence of miR-122, and 

miR-122 annealing is predicted to modify the folding equilibrium to that of the canonical 

structure that supports HCV translation.   

 Mutations in the 5’UTR of HCV and the presence of an EMCV IRES can allow the virus 

to replicate independently of miR-122 to an intermediate level. 

 A shorter genome length allows HCV genomes to replicate in the absence of miR-122. 

 Mutations on the 5’UTR of the viral RNA can allow the virus to use siRNAs (si18-36 and 

si19-37) annealing to the 5’UTR region as a miR-122 mimic in miR-122 KO Huh 7.5 cells, 

and thus helps in viral propagation. 

 HCV variants replicating independently of miR-122 are predicted to forming the canonical 

5’ UTR structure even in the absence of miR-122.  

 Some viral variants having mutations to miR-122 binding seed site 2 are predicted to form 

non-canonical structures but are capable of replicating independently of miR-122.  

 Not all HCV mutants that are predicted to form the 5’UTR canonical structure replicate 

independently of miR-122. 

 HCV mutants replicating independently of miR-122 can replicate in Drosha KO cells 

devoid of any microRNAs. 

 HCV mutants replicating independent of miR-122 exhibit higher translation efficiency 

compared to wild type virus. 

 Mutations that allow the virus to replicate independently of miR-122 are not found in 

patient samples and suggest evolutionary pressure for the virus to maintain dependence on 

miR-122, possibly to maintain liver tropism. 

 Knockdown of cellular pyrophosphatases and exonuclease can rescue replication of HCV 

mutants with enhanced translation up to miR-122 dependent level.  
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 Viral translation regulation is the major function of miR-122 in HCV propagation, whereas 

genome stability is a minor but essential function. 

 In the cell population, wild type HCV replicates efficiently in most of the cells. In contrast, 

the intermediate miR-122 independent HCV replication is an efficient replication in fewer 

cells rather than a low level of replication in all the cells. 

 We saw no evidence of adaptation to miR-122 independent replication in miR-122 

knockout cells.  

 miR-122 is required at the early stage of the viral life cycle but is dispensable to maintain 

an ongoing infection. However, the presence of miR-122 does enhance ongoing viral 

replication.  

 For HCV variants replicating independently of miR-122, supplementation of miR-122 does 

not have any effect on ongoing viral replication in cellulo. 

 miR-122 modulates ongoing viral replication and positively affect viral RNA accumulation 

inside a cell. 

 

8.2 Discussion: 

 

miR-122 and HCV life cycle: The unconventional story  

Unlike the canonical role of microRNA in the repression of mRNA translation, miR-122 binding 

to the extreme 5’UTR of the viral genome is required for viral propagation. Earlier studies had 

demonstrated miR-122’s role in viral translation, genome stability, and viral replication. Recently, 

we and others have also suggested that miR-122 binding to the 5’UTR of the virus promotes the 

alteration of viral 5’UTR RNA structure to a translation favorable canonical structure. This thesis 

has focused on identifying and characterizing HCV variants capable of replicating in the absence 

of miR-122 to gain a deeper understanding of miR-122’s function in the viral life cycle and explore 

the evolutionary route of the virus.  

 

8.2.1 Ago:miR-122 complex and HCV propagation 

Ago2:miR-122 complex binds to two sites (S1 and S2) on viral 5’UTR to promote viral replication. 

Since Ago2 is dominant among its other isoform, it's complex with miR-122 has been extensively 
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studied in HCV propagation 200,231,275,279. Knock out of Ago2 from Huh 7.5 cells still supported 

viral replication, although to a lower level compared to the wild type Huh 7.5 cell, suggests that 

other isoforms of Ago (Ago 1, 3 and 4) might be involved in viral propagation 200. Previous reports 

suggest that Ago:miR-122 complex acts as a molecular chaperon to refold HCV 5’UTR structure 

to a translation favorable structure 154,200,282, as well as protects the viral RNA from degradation by 

masking it from cellular RNA degrading machinery 275, and thus promote HCV propagation. 

Further, Chahal et al. reported that Ago2 binding to the second site of the viral RNA is likely to 

form additional interaction with the SLII of the viral IRES, which may further stabilize the viral 

IRES 154. Altogether, studies have supported the important roles of Ago2:miR-122:HCV RNA 

interaction to promote miR-122 dependent HCV replication. However, unlike miR-122 dependent 

HCV replication, we did not find any evidence of the Ago2 requirement in miR-122 independent 

HCV replication. To examine the effect of this protein on miR-122 independent replication, we 

have tested the U4C, G28A, C37U HCV mutant capable of replicating independent of miR-122 

210 in Ago2 KO cells in the absence of miR-122 (anti-miR-122 treated Ago2 KO cells). The result 

showed that the HCV mutant can replicate independent of Ago2 in a miR-122 depleted 

environment. This suggests that Ago2 is not required for miR-122-independent replication of 

HCV. Another study from our lab has also shown that a subgenomic replicon of HCV capable of 

replicating independent of miR-122 can also replicate in an Ago2 depleted environment, further 

supports the finding 208. This is further supported by a study from Matsuura group where they 

analyzed the HCV RNA in an immunoblotted Ago2:HCV RNA complex from the cells infected 

with the G28A HCV mutant capable of replicating independent of miR-122. qRT-PCR of the 

immunoblotted Ago2 complexes showed that the viral genome was detected in Huh 7.5.1 cells 

infected with G28A HCV, but not in Huh 7.5.1- miR-122 KO cells, suggest that no other 

Ago2:miRNA complex binds to the 5’UTR to compensate for miR-122’s function 211. However, 

it is also possible that if other isoforms of Ago, and/or other proteins are binding to the 5’UTR to 

compensate for Ago2’s function. Also, because Ago2 has been found to stabilizes the SLII of HCV 

IRES, the question remains as to whether Ago or any other proteins to bind and stabilize SLII 

during miR-122-independent replication or if the thermodynamics of the viral RNA is sufficient 

to stabilization of SLII structure. These are fundamental questions that need attention and studies. 
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8.2.2 Mutations on HCV 5’UTR and its freedom from dependency on miR-122. 

Although miR-122 is essential for HCV replication, mutations on the 5’UTR of the viral genome 

release HCV from its dependency on miR-122. The mutants that enable the virus to replicate 

independently of miR-122 are mostly confined to a region between nucleotides 1-42, spanning 

both miR-122 binding sites 154,200. The siRNA-based mutagenesis study done in our lab generated 

mutants all over the 5’UTR of the virus. However, only a few selected mutants were capable of 

replicating in the absence of miR-122, suggesting that although the virus is somewhat tolerant of 

mutations on the 5’UTR, not all the mutants can confer resistance to miR-122 200. In addition to 

G28A (naturally present in some HCV variants) 311, other reported mutants with miR-122 binding 

sites emerged as a result of selection pressure 200,210. The siRNAs used in chapter 2 (si18-36 and 

si19-37) span both the miR-122 binding sites and the bridging nucleotides between those two sites 

resulting from mutations within and outside of the miR-122 binding sites.  

HCV mutations reported (also from chapter 4) to provide an advantage to viral replication in the 

absence of miR-122 were identified in both miR-122 binding sites 1 and site 2 (C26G, U25 

mutants, C37U, A38U, and C40G), miR-122 auxiliary binding site 1 (U4C), the nucleotide 

sequence between site 1 and site 2 (G28 mutants, A34G/G28A, C30U/C29G), and a combination 

of mutations present in all the three sites (U4C/G28A/C37U). We have also observed that complete 

mutation of miR-122 binding site 2 can also allow the virus to replicate independently of miR-122 

shows that the mutations are spread over the first 42 nucleotides of the viral genome somehow 

complements miR-122’s function in viral genome replication. We and others have reported the 

effect of these mutations on viral translation and viral RNA structure, but whether all these 

mutations function in a similar way or play different roles to facilitate viral replication is unknown.  

Although several HCV variants that can replicate independently of miR-122 were isolated in cell 

culture, few have been isolated from infected patient samples 37,38,211,309. G28A is a natural variant 

of HCV that replicates independent from miR122 but does not provide an advantage on viral 

propagation in the presence of miR-122 211,311. This suggests the possibility that the G28A variant 

is present in hepatocytes, but because of its capability of replicating in the absence of miR-122, 

may also be capable of infecting non-hepatic tissues like PBMCs. By contrast, viruses having 

C2G/C3U and C3U mutations were found only in patients treated with a miR-122 antagonist, and 

thus might not provide any advantage on viral replication in a miR-122 rich environment, and were 
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only selected because of selection pressure. It also suggests the presence of an evolutionary 

pressure to maintain the miR-122 dependency of the virus.  

Overall, the study of the HCV variants replicating independently of miR-122 provide insight into 

the sequence variability tolerated of the miR-122, binding site region, and insight into virus 

evolution. The mutants are also valuable models on which to study and compare miR-122-

dependent and miR-122-independent replication to provide insight into the mechanism(s) by 

which miR-122 promotes HCV replication, as well as it will help to further exploit the miR-122 

antagonism strategies to combat HCV induced Hepatitis. 

 

8.2.3 HCV 5’UTR RNA structure affecting viral stability and translation. 

One of the proposed models of miR-122’s function is to alter viral 5’UTR structure, refolding it to 

the canonical structure and forming SLII of active viral IRES 154,200,282. In silico structure analysis 

of the mutants replicating independently of miR-122 predicts that their 5’ UTRs form a canonical 

structure similar to the structure of wild type virus with miR-122 favoring the formation of an 

active IRES even in the absence of miR-122. The structure prediction model suggests a dynamic 

array of predictions with the variable change in free energy, suggesting a difference in 

thermodynamic stability of the SLII structure. Our data on structure prediction and translation 

analysis suggest that mutants with a higher propensity of forming the canonical structure have 

higher translation efficiency, thus higher miR-122 independent replication. And mutants that 

predict to show a lower propensity of forming the canonical structure exhibited lower translation 

and hence a lower level of miR-122 independent viral replication.  

However, the predicted structures of some 5’ UTR mutants capable of miR-122-independent 

replication do not fit our hypothetical model. HCV 5’ UTR site 2 mutants HCV-S2- GGCGUG 

and HCV-S2C-GUGUGG are predicted to form a structure other than the translationally active 

5’UTR but also showed higher translation similar to other mutants supporting miR-122 

independent replication suggesting that the single stem-loop might still stimulate a higher IRES 

activity by stabilizing SLII structure. Another mutant, Cell-U3, a virus that contains a segment of 

host snoRNA in place of stem-loop I and miR-122 binding site 1 was also capable of replicating 

in the absence of miR-122. Although it predicts to form a different structure, the 5’UTR still form 
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the SLII of active IRES in the most favorable predicted structure, further provides support to our 

hypothesis of structure prediction correlation with viral translation 

Mutations to the auxiliary region of miR-122 binding site 1 (C3U, U4C) have been shown to allow 

HCV replication in miR-122 reduced or null environment. Since these mutations are located on 

the extreme 5’ end of viral RNA, they might not be influencing the formation of SLII structure but 

alternatively might allow viral replication in the absence of miR-122 by by extending the length 

of SLI and making the viral genome more stable. However, interestingly a C3U mutant has been 

shown to have lower genome stability compared to the wild-type virus but reported to recruit a 

distinct set of proteins in live cells that may aid for viral replication in a miR-122 reduced 

environment 309. All of the above arguments suggest that mutations on 5’UTR can influence viral 

genome structure, translation, and stability, and may have multiple mechanisms supporting miR-

122 independent replication. 

While biophysical data to support the hypothesis that miR-122 modifies the 5’ UTR and HCV 

IRES RNA structures are thus far lacking, the array of virus mutants provide models on which to 

test the hypothesis. Current biophysical analyses, including SHAPE, SAXS, and mass 

spectrometry provide data that reflect the average of all RNA structures in the mixture so are best 

applied to stable RNA structures. However, our model posits that the HCV 5’ UTR form a dynamic 

RNA structure in the absence of miR-122 and that miR-122 annealing shifts the thermodynamic 

toward the RNA folding into the canonical IRES structures. Thus, the RNA structures formed by 

the wild type and mutant 5’ UTRs are predicted to be dynamic and thus difficult to study using 

conventional methods that have been attempted by others154,282. By contrast, we plan future 

analyses of wild-type and select mutant 5’ UTR RNA structures using Cryo-EM.  Cyro-EM will 

allow us to resolve the structures of each folded RNA species within the population. Then by 

combining structure and functional data we will identify covariances between RNA structures 

formed and generate a mechanistic model for the miR-122 promotion of HCV.   

 

8.2.4 Is translation the major function of miR-122 in the HCV life cycle? 

There have been numerous studies on the miR-122 promotion of viral translation but its relative 

impact on the mechanism by which miR-122 promotes virus replication as thus far been 
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unresolved 91,280. Again, how a small increase in viral translation (2-3 fold) upon miR-122 

annealing modulates the overall viral propagation (approx.1000-fold) is not clear. But detailed 

studies on the effect of miR-122 or small RNAs on viral translation showed a correlation between 

miR-122 translation stimulation and virus replication which suggested an important role for 

translation stimulation on the mechanism of action of miR-122 (chapter 4) 262. We have also shown 

a direct correlation between enhanced translation with replication for HCV mutants replicating 

independently of miR-122. Since knocking down of RNA degrading enzymes further rescued the 

viral replication suggests that enhanced viral translation may not be because of mutation-induced 

viral genome stability, and indicate that translation enhancement is a separate characteristic of 

these mutants. This experiment also demonstrated that enhanced translation could rescue viral 

replication around 100-fold, whereas enhanced stability can rescue viral replication up to around 

10-fold, suggesting a major role of miR-122 induced viral translation in overall viral propagation. 

Similarly, in other work from our lab genome stabilization alone was found insufficient to rescue 

viral replication 262. Our experimental evidence and reports from the literature altogether suggest 

that miR-122’s regulation of viral translation might be the major function of miR-122’s mechanism 

of viral propagation. 

 

8.2.5 miR-122 conferred genome stability; Functional or a Red Herring? 

One of the many functions of miR-122 in viral propagation is to protect the viral 5’UTR from 

cellular exonucleases (Xrn1 and Xrn2) and pyrophosphatases (DOM3Z and DUSP11) mediated 

RNA degradation. Although these studies provide an ample amount of evidence to support 5’end 

protection by miR-122, depletion of these RNA degrading enzymes only partially rescued viral 

replication. In our studies, we observed around 10-fold increase in both wild type and mutant 

overall HCV replication when cytosolic exonuclease and pyrophosphatases were depleted, 

implicating a minor role of miR-122 induced genome stability in HCV propagation. These data 

suggest that miR-122 independent replication of the mutants is not the result of mutation-induced 

genome stability, and further, because depletion of exonucleases and pyrophosphatases also 

enhanced miR-122-dependent replication protection by miR-122 appears to be is incomplete. 

However, since RNA degradation is tightly coupled with RNA translation, it is also possible that 

enhanced virus translation may also affect genome stability, and previous data suggest that 
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translating HCV RNA is more stable compared to untranslated HCV RNA (Figure 8.1) 275. So, it 

can be speculated that miR-122 promotes translation, which in turn may confer stability by 

masking the genome from RNA degrading enzyme or the spatiotemporal positions of the RNA 

hiding it from degrading machinery.  

Apart from genome stability, we also show that miR-122 annealing to the viral genome confers 

thermodynamic stability to the viral RNA secondary structures. A study by Chahal et al. suggests 

that Ago:miR-122 binding to viral genome stabilizes the SLII structure by a further interaction of 

Ago:miR-122 complex on miR-122 binding site2 with SLII of active IRES making the translation 

promoting structure more stable 154. Further, using EMSA, Mortimer and Doudna have shown that 

miR-122 refolds the genome to a ternary complex with a stable SLII, and binds to miRNA binding 

site 2 with an affinity 50-fold greater than at site 1, further supporting a favorable SLII structure 

that supports viral propagation263. RNA predictions models also confers that miR-122 bound 

canonical structure of 5’UTR of the wildtype virus is thermodynamically more favorable (lower 

free energy) than the unbound structure. Since the 5’UTR structure of the viral RNA is dynamic, 

binding of miR-122 probably helps in stabilizing the translation efficient SLII structure of HCV 

IRES.  

Computational analysis of 5’UTR structure of HCV mutants capable of replicating independent of 

miR-122 provided an array of structure prediction with variable thermodynamic stability. 

Interestingly, mutants, whose most favorable prediction structure contained SLI and SLII (lowest 

free energy) replicated efficiently compared to mutants whose most favorable predicted structure 

did not contain SLII. It suggests that the variability in miR-122 independent replication of the 

mutants can be due to the variable thermodynamic stability of a replication/translation favorable 

viral RNA secondary structure. As our northern blot data comparing genome stability of mutants 

replicating independent of miR-122 and the wild type virus was inconclusive, whether these 

structures themselves can modulate the binding of cellular RNA degrading enzymes remained 

elusive. 

 Overall, from our discussion, we can extrapolate that miR-122 conferred viral genome stability 

may be due to both protection from RNA degrading enzymes and establishing thermodynamic 

stability of viral 5’UTR structure that promotes viral propagation. 
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Figure 8.1: Wild Type HCV RNA (replication defective) is more stable than translation 

defective mutant.  

A) A translation defective HCV G(266-8)C mutation. (B and C) Northern blot analysis of WT 

and G266-8C mutant. Figure adapted from Shimakami et al 265. 

 

8.2.6 Can mutations on the genome other than to miR-122 binding sites affect HCV 

dependency on miR-122? 

Long-range intramolecular RNA interactions have been reported for HCV 156,184. Whether the 

mutations on the 5’UTR can lead to novel inter or intramolecular interaction to stabilize the 

genome or to make it more favorable for translation is still unknown. In our siRNA based selection 

study, we have also observed the accumulation of adaptive mutations throughout the 5’UTR of the 

virus. Since only the extreme 5’end of the mutant viruses were cloned back to a wildtype virus 

(J6/JFH1 Rluc) to study their effect on viral replication, the function of the other mutations on the 

other locations of the 5’UTR remain unexamined. A study from the Matsuura group also reported 

the emergence of non-synonymous mutations located in the structural and non-structural protein-

coding region, and a single mutation (C30U) in the 5’UTR during the selection of 1b strain with 

an inherent Adenine at 28 positions in miR-122 KO cells 211. The C30U mutant, along with A34G 

mutation, was also selected in our siRNA based selection study, although C30U alone couldn’t 

promote miR-122 independent replication 200. Overall, these data suggested that the adaptive 

mutations may have an advantage or an involvement in miR-122 independent replication of HCV. 

But interestingly, our adaptation studies (both transient and stable) to explore adaptive mutations 

on the viral genome supporting miR-122 independent replication did not suggest any adaptation 

A B C 
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of the viral genome in a miR-122 null environment. So, the emergence of mutations during 

selection studies can also be due to the spontaneous mutation on the genome by the error-prone 

RDRP, and may not provide any advantages to miR-122 independent replication.  

 

8.2.7 Early or late; miR-122’s requirement in the viral life cycle. 

The requirement of miR-122 at different stages of the viral life cycle, its importance on ongoing 

viral replication, and at what stage miR-122 dissociates from the viral genome to further allow the 

virus for packaging and particle formation is still unknown. Since miR-122 was never found in 

mature virus particles (personal communication: Joe Luna), it can suggest that maybe miR-122 is 

not associated with HCV RNA during viral particle formation and egress, and maybe it is just 

required at the initial stage to establish a successful infection inside the cell. A study by the 

Matsuura group reported that miR-122 is required at the early stage of viral infection to establish 

replicase complex formation but not for maintenance of replication. Since the study was done 

using a bicistronic subgenomic replicon of HCV (SGR), which is capable of replicating 

independent of miR-122, we further investigated the requirement of miR-122 at different stages of 

wildtype HCV life cycle 211. Overlapping with the previous study, our work suggested that miR-

122 is essential at the initial stage of infection for both wild type HCV and HCV replicating 

independent of miR-122, and may be dispensable for the maintenance of the viral infection inside 

a cell. It has been reported that HCV replicates inside a membranous structure, and these structures 

are made up of ER membranes induced by viral proteins. A previous study showed that the addition 

of miR-122 or miR-122 specific antisense has no effect on HCV RNA synthesis ex vivo in 

membrane-bound replicase complexes isolated from HCV infected cells. Also, no significant 

detectable quantities of miR-122 were observed to be associated with replicase complexs in vivo, 

suggesting that ongoing HCV progagaion in a cell is miR-122 independent285. However, we have 

observed that the presence of miR-122 does assist ongoing viral replication for both wildtype HCV 

and HCV replicating stably in cells independent of miR-122. The previous study was done on 

isolated replicase complex, whereas we have performed our study on growing cell culture, so we 

speculate that the positive influence of miR-122 on ongoing viral replication presented in our study 

might be due to assisting viral replication in dividing cells by helping the virus to establish new 
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replication complexes inside the cell. However, whether it is required to maintain the replication 

in an already established replication complex is still undetermined. 

Further, we did not observe any influence of miR-122 on ongoing transient miR-122 independent 

replication, which suggests that miR-122 might not have a significant effect on ongoing transient 

replication for viral genomes capable of replicating independently of miR-122. Altogether, we 

hypothesized that the presence of miR-122 assists in the formation of new replication complexes 

inside a dividing infected cell, but in the case of miR-122 independent replication, the requirement 

of miR-122 to establish a new replication complex can be substituted by the high translation 

efficiency of the virus replicating independently of miR-122. Interestingly, the administration of 

miR-122 antagonist; however, has efficiently reduced the viral load in patients 38,306,307. Although 

it does not completely overlap with our findings; however, it does suggest that the anti-miR-122 

might be restricting viral replication in new hepatocytes or in dividing hepatocytes bringing down 

the overall viral load.  

Thus the use of anti-miR-122 therapy for restricting viral replication can still be a potential anti-

HCV regimen but with a limitation to HCV replicating in extrahepatic tissue. Combination therapy 

of conventional DAA along with anti-miR-122 has shown promising result in suppressing HCV 

and emergence of restriction associated substitution (RAS) 310. Altogether, we can suggest that 

although miR-122 might not be required for ongoing HCV replication, it still holds a promising 

contribution as an anti HCV treatment in combination with the traditional treatment 

 Further, we have observed that the presence of miR-122 impacts viral infection at the early stage 

of infection compared to when miR-122 is absent. Why miR-122 is important at the initial stage 

of infection and not at a later stage, and how and which function of miR-122 affects the initial 

stage of infection is still under investigation. All these questions need explanation in order to have 

a better understanding of the viral life cycle as well as to develop better therapeutics. 
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8.2.8 miR-122: the hijacked host factor that helps HCV to counteract an infection 

bottleneck. 

Establishment of a successful viral infection is likely determined by the outcome of competition 

between viral translation/replication kinetics and host antiviral response. To eliminate a successful 

viral infection, host cells have developed mechanisms to counteract viral infection, including 

immune sensors and RNA degradation machinery (for positive strand RNA virus). These host 

defence mechanisms are the limit steps for a productive infection and create the bottleneck of 

infection. However, during host-virus co-evolutions, viruses have also acquired mechanisms to 

counteract or escape the host restrictions. For example, viral protease that targets host immune 

sensors, or shutdown of host translation or transcription to hamper antiviral response 369,370. 

Flaviviridae members such as Zika and Dengue virus has capped RNA to escape the cellular 

immune surveillance and viral translation. It is interesting to note that these viruses have both cap-

dependent and cap-independent mode of translation suggesting that the significance of having a 

capped RNA might have more importance in escaping the immune surveillance than viral 

translation371,372. A recent publication suggests that the initial translation to replication switch is 

important to establish a viral infection in the case of picornaviruses (positive strand RNA virus), 

and in a failed infection, the virus will reinitiate translation to further attempt to establish an 

infection359. However, the same research also reported that in 15-20% of cells in the population, 

the incoming viral RNA fails to translate and thus eliminates a productive viral infection. This 

suggests that host cells set limiting conditions to a productive viral infection, and in turn, viruses 

evolve to counteract the limiting steps to go through the bottleneck to establish a successful 

infection, might be a universal phenomenon for all positive strand RNA viruses. 

In our research, we have shown that various variables such as enhanced translation or knockdown 

of RNA degradation machinery can allow HCV to establish a successful infection. Since miR-122 

is a limiting factor in HCV infection, we propose that presence of miR-122 helps the virus to cross 

the infection bottleneck and allow the virus to establish the infection in most of the cells, and in 

the absence of miR-122, the barrier is complete and no infection is established. Since miR-122 

functions to enhance viral translation, and protect viral genome, enhanced viral translation and/or 

genome stability have allowed the virus to establish a successful infection in the absence of miR-

122 (Figure 8.2). Thus, our work aligns with the notion that viral translation and replication 
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dynamics are important at the initial stage of infection to determine the fate of infection. This 

further suggests that similar to HCV, other positive strand RNA viruses might have developed 

mechanism to counteract host restriction to reach the infection threshold to establish a productive 

infection. Studies on other positive strand RNA viruses, their life cycles, and their interaction with 

host factors will further allow us to understand how they reach the infection threshold and cross 

the infection bottleneck to establish a successful infection, and what are the host limiting factors 

(pro and anti-viral) that can be used as antiviral targets. 

 

 

 

 

 

 

 

 

 

 

Figure 8.2: Schematic representation of infection bottleneck of HCV in the presence of 

different infection limiting variables. 

 

8.2.9 Why HCV replication is confined to just the liver? 

When other viruses can mutate to spill through species to cause pandemics, it is interesting to 

notice that through evolution, HCV not only confines itself to a species but also to a specific organ 

in the human body. The major attribution to HCV’s liver-specific infection is its conservative 
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dependency on miR-122. Non-primate hepacivirus (NPHV), which is the closest relative of HCV 

contains a single miR-122 binding site on its genome suggests that during evolution HCV’s 

dependency on miR-122 increased by acquiring two miR-122 binding sites on its 5’UTR 42. 

Factors that favor HCV’s confinement to the liver are the immunotoleregenic environment of the 

liver 373, expression of apolipoproteins for viral particle formation 57,134,374, and a high replication 

fitness of the virus in the presence of miR-122 349. Our studies and reports from other labs provide 

evidence that suggests the virus can evolve to replicate independently of the liver-specific micro 

RNA 200,210. However, it instead appears to have evolved to be strictly dependent on miR-122 and 

thus replication is limited to the liver. A possible explanation of HCV’s liver tropism and its 

reliance on miR-122 could be due to the fact that miR-122 is highly abundant in the liver.  Also, 

HCV is known to sequester miR-122 and cause an imbalance in liver homeostasis favoring HCV 

replication 297. 

One of the other possible explanations for its failure to evolve away from the need for a miR-122 

could be due to the low replication fitness of mutant viruses in the absence of miR-122. Although 

there have been HCV mutants reported to replicate independent of miR-122, none of these mutants 

showed a replication efficiency similar to the wild type virus with miR-122, and all of them were 

shown to be responsive to the presence of miR-122. This suggests that the acquisition of miR-122 

binding sites on the viral genome provides the virus with a very efficient replication fitness. In a 

host-pathogen arms race, it would have been possible that the virus with low replication fitness 

was eliminated by the immune system. Thus, the low replication of the virus could have been a 

negative attribute to the viral survival in non-hepatocytes, and in order to prevent elimination by 

the host immune system, the virus evolved to be dependent on miR-122 and retained the regulatory 

sequence of 5’UTR with miR-122 binding sites for efficient replication in the liver.  

 

8.2.10 miR-122 independent replication of HCV: an interplay between genome translation, 

stability, and replication. 

Work from our lab has shown that miR-122 stimulation of viral translation is a major function of 

miR-122 in establishing viral replication (Chapter V) 262. However, we have also shown that miR-

122 induced viral stability has a smaller impact, but it is essential for viral propagation. In chapter 
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VII, we further showed that the presence of miR-122 lowers the infection threshold to establish 

viral infection inside a cell and is important at the early stage of infection. As mentioned earlier, 

mutant HCV with higher translation can establish an infection in the absence of miR-122. 

Although viral variants are capable of replicating independent of miR-122, to establish a successful 

infection in extrahepatic cells they need to reach the infection threshold to avoid degradation from 

cellular exonucleases, and in a natural scenario, it might not be possible as there may not be enough 

viral RNA entering a cell to satisfy the conditions and establish an infection. This could explain 

why there were no other reported mutants except for G28A in extrahepatic tissue (no negative 

strand of the mutant is isolated from PBMCs though), and could also partially explain the transient 

expression of the C3U mutant.  In chapter 7 we have already established that the intermediate miR-

122 independent replication is because of a few cells supporting miR-122 independent replication 

inside a population where the infection threshold is somehow reached. Since these cells are 

random, it could be possible that cell supporting miR-122 independent replication of HCV mutants 

with enhanced translation would have received a higher amount of viral RNA during 

electroporation and were able to address the stability component of miR-122’s function to establish 

the infection. This is further proved by knocking down viral RNA degrading machinery which 

allowed the mutants to replicate up to miR-122 level suggesting that viral translation along with 

genome stability are required for miR-122 independent replication. We have also identified 

mutations in the 5’UTR which have a higher translation but their replication is impaired (U4C/21-

23) suggests that despite its translational ability, mutations on the 5’UTR can influence viral 

replication fitness. Since mutations on the positive strand of the viral genome may affect negative-

strand replication (S2p5), we can speculate that only mutants with enhanced translation in 

combination with decent replication fitness get selected to replicate independently of miR-122.  

Thus, we speculate that in the case of miR-122-independent replication, the cells which might have 

received more of these mutant HCV RNAs (selected for enhanced translation and modest 

replication) at the beginning of infection, would have escaped the cellular degradation machinery 

and reached the infection threshold to establish the infection. This also mimics miR-122’s 

functions and the mechanism of how miR-122 establish infection threshold inside the cells. From 

all the above, we can extrapolate the conclusion that miR-122-independent replication of HCV is 

a highly selected and harmonized event between genome stability, translation, and replication, and 

each component is essential to establish an infection inside a cell (Figure 8.3).  
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Figure 8.3: miR-122 independent replication is an interplay between genome translation, 

replication and stability  

 

8.2.11 miR-122 based therapies and consequences on HCV replication. 

Liver-specific host factor miR-122 is essential for HCV propagation, and thus it has been tested 

as a promising emerging therapy for anti HCV treatment. Although anti-miR-122 treatment has 

been reported of a significant reduction in viral load in patients, sequence analysis of the viral 
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RNA from these patients suggested resistance-associated substitutions (RAS) on the viral 5’UTR 

37,38. A resistant associated mutation with uracil instead of cytidine at nucleotide 3 position (C3U) 

of the viral genome has been reported in a few studies in patient samples treated with miravirsen, 

the miR-122 antagonist 37,38,309. One of the studies also reported an additional C to G mutation at 

nucleotide 2 position along with C3U (C2G/C3U)38. Although there is no existing report of miR-

122 independent replication of C3U or C2G/C3U HCV in cell culture, the mutant however showed 

a higher replication in miR-122 reduced environment, further suggest investigation for its miR-

122 independent replication 200,210,211. A study shows that 6 out of 18 patients who displayed C3U 

mutation at the time of rebound, the mutation disappeared in 3 patients before the standard of care 

treatment suggesting a transient expression of the mutant in patients treated with anti-miR-122 38. 

This also raised the question of whether the C3U mutant can confer true resistance to the inhibitory 

effect of miR-122. Moreover, studies have shown that the C3U mutant has reduced replication and 

genome stability compared to the wild type virus in the presence of miR-122 suggesting an overall 

compromised viral fitness which may not contribute to mutation-induced liver pathogenesis as the 

wild type virus will be dominantly selected over time 309. Although C3U is transiently resistant to 

anti-miR-122 therapy, it was completely susceptible to other anti HCV treatment. 

Another viral variant G28A has been also selected several times when HCV was grown under 

selective pressure, as well as found in PBMCs of HCV infected patients suggest that HCV is 

capable of replicating independently of miR-122 in the human body 200,210,211. These findings 

indicate that virus can mutate to confer resistance to anti-mir-122 therapy. However, to date apart 

from these above mentioned mutants, no other HCV mutants have been isolated from patient 

samples capable of replicating in a miR-122 reduced or null environment suggests that miR-122 

independent HCV variants are unlikely to appear in HCV infection. Our data in chapter 7 showed 

that miR-122 is required at the early stage of HCV infection, and might be assisting viral 

replication in dividing cells, making it an important host factor required for spreading and 

maintaining HCV infection in the liver. This supports the use of miR-122 antagonist in the HCV 

treatment regimen to block the spread of viral infection into newly regenerating healthy 

hepatocytes. Since miR-122 antagonist is targeted against host factors, it can also be considered as 

a pan genomic high barrier to resistance anti HCV therapy, unlike the standard care treatment 

where viral proteins are focused as targets. Our data on the effect of miR-122 on ongoing viral 

replication of HCV mutant in the absence of miR-122 also suggest that antagonization of miR-122 
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might not affect extrahepatic HCV replication and can be a challenge to anti-miR-122 treatment 

therapy. 

Although there is a possibility that HCV mutants capable of replicating in the absence of miR-122 

can confer resistance to miR-122 antagonist therapy, miravirsen has been shown to significantly 

reduce viral loads in patients and can be used in combination with other standard HCV treatment 

to facilitate a better and efficient anti HCV treatment regimen or to treat the patients who do not 

respond to DAA. However, since miR-122 is a cellular tumor suppressor, the long term use of 

anti-miR-122 needs proper monitoring to avoid an imbalance of liver mRNA/miRNA homeostasis. 

 

8.2.12  HCV 5’UTR 1-42 nucleotides: A negative regulator of viral propagation? 

The first few nucleotides of the viral genome is a highly dynamic multifunctional stretch of RNA 

with functions in both viral translation and replication. MiR-122 binding to this region is critical 

for viral propagation and has been widely shown to influence viral translation 262,280,282. In recent 

years, an array of studies propose that binding of miR-122 to this region maintains the structural 

integrity of the active IRES and thus promotes viral translation (Figure 8.4). And without miR-

122, the structure is predicted to folds into a thermodynamically stable non-canonical structure 

unfavorable for efficient viral translation 154,200,282. Further, structure prediction analysis and 

SHAPE analysis have shown that presence of the initial nucleotides negatively influences overall 

viral IRES structure, thus suggests that the presence of the initial 42 nucleotides might be serving 

as a negative regulator of viral translation, and requires miR-122 as a switch to control the 

regulator. GBV-B, a close relative of HCV is also reported to be dependent on miR-122 for its 

replication. A closer look at the structure prediction data of initial nucleotides of GBV-B 5’ UTR 

revealed that miR-122 annealing to GBV-B genome modifies the SLIa structure without altering 

the formation of SLIb (Figure 8.4). Interestingly, deletion of miR-122 binding sites on GBV-B 

RNA (∆4-29) allows the genome to replicate independent of miR-122333, and the structural 

analysis of the mutant still predicted to form the SL1b (Figure 8.4). Altogether it suggests that a) 

miR-122 binding to the 5’UTR might be protecting the genome from exonuclease degradation as 

it binds to the extreme 5’ UTR miR-122, b) SLI might not be essential for GVB-B replication as 

its deletion did not affect virus viability, and c) miR-122 binding may stabilize SL1b to enhance 
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its function but its requirement can be dispensable if the binding region is omitted from the 

sequence. Unlike HCV, deletion of the miR-122 binding sites on GBV-B 5’UTR did not affect 

viral viability. This indicates that deletion of miR-122 renders the virus to replicate independent 

of miR-122 without making the virus replication incompetent, but when present on the genome it 

can negatively influence viral replication in the absence of miR-122. It suggests that GBV-B could 

have been evolved to be independent of miR-122; however, it evolved to retain the miR-122 

binding sites and be dependent on miR-122. This directs to the hypothesis that acquisition of miR-

122 binding sites by GBV-B on its genome is to confer liver tissue tropism to the virus. Over the 

course of time, hepaciviruses might have evolved to use this negative regulatory sequence more 

strictly to establish the tissue tropism in the host system. This is prominent in HCV as any alteration 

on the first 42 nucleotide of the positive strand is deleterious and can have a detrimental effect on 

the viral replication. HCV might have evolved to be more strictly dependent on miR-122 for 

modulating the function on the positive by preserving the essential sequences on the negative 

strand of the viral genome. Although miR-122 binding sequence negatively influence viral 

function in the absence of miR-122, mutations in the 5’UTR which support miR-122 independent 

replication, might be acting as switch in a manner similar to miR-122 to modulate the regulatory 

sequence. Altogether, we suggest that the initial nucleotides of the HCV genome (1-42) might be 

a negative regulatory sequence that affects viral translation and replication. However, binding of 

miR-122 or mutations in the region can alleviate the negative influence of the sequence on overall 

viral propagation. 
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Figure 8.4: Predicted structures of 5’UTR of HCV and GBV-B with or without miR-122  

(A) Wild type HCV without miR-122 (1-117 nt) (B) Wild type HCV with miR-122 (1-117 nt) (C) 

Wild type GBV-B without miR-122 (1-62 nt) (C) Wild type GBV-B with miR-122 (1-62 nt) (D) 

∆4-29 mutant GBV-B without miR-122  
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8.2.13 miR-122-independent HCV replication in vivo: A possibility or assumption?  

It is interesting to note that despite the abundance of miR-122 in the hepatocytes, the HCV RNA 

copy number varies from less than 1 to 8 per hepatocyte in the in vivo condition375, which is 100 

fold lower RNA levels than tissue culture cells expressing HCV replicons or infectious virus376. 

The low average level of viral RNA replication in the infected liver could be contributed by many 

factors. A study by Stiffler et al. provided a correlation between viral load and IFNβ expression in 

the patient samples, suggesting that viral replication can directly induce an antiviral innate immune 

response375. However, no correlation was established between IFNβ and ISG expression, 

suggesting the involvement of multiple factors in the induction of innate immune response. Since, 

apart from hepatocytes other cells such as resident endothelial cells, Kupffer cells, or infiltrating 

lymphocytes also contribute to in vivo hepatic environment, it is plausible that all these cells 

contribute to elevating the antiviral environment in the liver. Further, the study also indicates that 

HCV replicates in subpopulations of hepatocytes in the liver. Altogether it suggests that HCV 

infection might be a transient infection in vivo, and the chronic condition of the virus is maintained 

by a continuous cycle of viral infection and clearance. So, the low copy number of viral RNA may 

be a strategy by the virus to escape the robust innate immune response and maintain the chronicity 

in the liver cells.  

Although miR-122 binds to the uncapped 5’UTR of the viral genome, whether it protects the 

exposed 5’ triphosphate from immune sensing is still elusive. A study performed in Huh 7.5 cells 

suggests that binding of miR-122 to the viral genome does not contribute to the protection from 

innate immune sensing199. Since the innate immune response in Huh 7.5 cells with a RIG-I 

mutation and the hepatocytes in the liver surrounded by other immune cells could be different, 

more studies are required to understand the role of miR-122 in the protection of the viral genome 

from immune sensing. In the case of miR-122-independent replication of HCV in extrahepatic 

conditions, in the absence of miR-122, it is possible that the virus can elicit an innate immune 

response inside the host cell which can probably eliminate the infection altogether. Further, we 

have also suggested that to establish a successful infection, the virus has to reach the infection 

threshold. Since we electroporate our viral RNA, we provide an amicable environment with 

enough viral RNA to allow the virus to reach the infection threshold to establish the infection. 

Whether this infection threshold can be reached by mutant HCV particles infecting the non-
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hepatocytes in vivo condition is questionable. Trailing the first question, the next question is 

whether the mutant HCV RNA can escape innate immune sensing in the absence of miR-122? In 

our experiments, we have noticed that the wild type virus has the best replication fitness compared 

to the mutant viruses, and still it has a low copy of RNA in vivo which brings us our next question 

whether the HCV variants with low replication fitness will be able to survive in the in vivo 

condition. Also, with such low copy number of HCVRNA, presence of miR-122 is important for 

viral RNA stabilization and protection from degradation, and this protection is absent in non-

hepatocytes which does not express miR-122 rendering it impossibly unfavourable for HCV 

infection. Maybe these are the reasons why we haven’t observed any mutant HCV replicating in 

the extrahepatic tissues.  

Our study along with others suggests that application of negative selection pressure against miR-

122 dependent replication can result in the generation of escape mutants capable of replicating 

independently of miR-122200,210. However, these mutants are not found naturally in patients. This 

suggests that the application of anti-miR-122 as a host target for anti HCV therapy should be done 

with careful consideration as it may lead to the evolution of unnatural viral variants capable of 

replicating independently of miR-122. 

 

8.3 Future Direction:  

Our work provides definite evidence supporting translation as an important function of miR-122 

in HCV propagation. Mutants replicating independently of miR-122 and exhibiting higher 

translation further support this hypothesis. A proposed mechanism for miR-122 induced 

translation enhancement is by an alternation of viral genome structure induced by miR-122 binding 

to the viral genome or due to the mutation on the genome. Although there have been few reported 

evidence of this hypothesis, we still need better biophysical or biochemical proof in order to have 

a clear understanding of the proposed structural model. This work has been further pursued by 

other members of the lab where they are studying the structure of viral 5’UTR with miR-122 or 

the mutations using SAXS (Small Angle X-ray Scattering) or Cryo-Electron Microscopy (Cryo 

EM). SAXS is a low-resolution biophysical technique to study the shape and structure transition 

of macromolecules, whereas Cryo EM provides a near-atomic resolution of structures of 



 188 

biomolecules and an alternative approach to X-ray crystallography and NMR-spectroscopy. To 

further study viral 5’UTR structure through SAXS or CryoEM, 117 nucleotides of the extreme 5’ 

end of the viral genome were transcribed from a cDNA plasmid for further studies. Similar to the 

wild type virus, mutants [G28A, G28C, U25C, G33C, A34G, U4C/G28A/C37U), HCV-S2-

GGCGUG, and A98C] of the plasmid were either cloned or ordered from IDT (primer list is 

provided in the appendix). Analysis of the viral genome extreme 5’UTR structure of these mutants 

and wild type virus with miR-122 will provide a deeper understanding of how viral genome 

structure influences viral translation as well as it will also provide knowledge on how micro RNA 

or small RNA binding can influence genome structure and thus genome function. Further, 

knowledge of viral RNA structure can be exploited to study their functional significance in 

different steps of other RNA virus life cycle. 

Further, how and whether miR-122 influence the ongoing HCV replication in those replication 

complexes was not confirmed in our studies. Further, colocalization study of HCV RNA with miR-

122 in a time-lapse live imaging can provide insight into miR-122 requirement at different stages 

of viral infection. 

In chapter VI we have discussed how miR-122 helps the virus to easily reach the infection 

threshold to establish an infection, whereas in the absence of miR-122, it can be reached only in 

those cells which received a higher amount of HCV RNA with an element supporting miR-122 

independent replication (extra IRES or mutation). This suggests that there could be cellular 

restriction factors which do not allow the wild type HCV to reach the threshold to establish an 

infection, and it will be interesting to explore how these factors restrict viral infection, how other 

RNA viruses escape these restriction factors, or what are the other mechanisms acquired by other 

RNA viruses to reach the infection threshold.  

 

8.4 Challenges, limitations, and failures: 

Although my thesis provides definite evidence that the requirement of miR-122 is important at the 

early stage of viral infection, and suggests a moderate direct or indirect influence on ongoing 

infection, we could not confirm whether miR-122 is required for the maintenance of the infection 
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or not. Most of these experiments were done with stable cell lines expressing a bicistronic construct 

with an EMCV IRES. As we know that presence of an extra IRES can substitute for miR-122’s 

function, we could not solidify the conclusion that miR-122 is not required for the maintenance of 

ongoing infection. To test whether miR-122 can affect ongoing replication of wildtype HCV, we 

have tried cloning a monocistronic HCV with no extra IRES and with a selection marker and a 

reporter marker (Figure 8.5A) to establish a miR-122 KO stable cell line with the same. The 

establishment of a stable cell line with the monocistronic construct would have suggested whether 

the wild type virus require miR-122 for its ongoing replication or not. So, if we were able to 

establish a miR-122 KO stable cell line with the monocistronic construct, it would have indicated 

that miR-122 is not required for maintenance of HCV replication as the monocistronic construct 

can replicate stably in the absence of miR-122 (or there are adaptive mutations on the genome), if 

not then it would have suggested that HCV requires miR-122 to maintain the infection inside the 

cell. Since the mutation in the 5’UTR can allow the virus to replicate independent of miR-122, we 

had planned to sequence the 5’UTR of the virus from the stable cell line expressing the 

monocistronic virus. We have generated the above mentioned viral genome using advanced 

cloning strategies and checked the sequence through sequencing. However, unfortunately, the 

virus did not replicate even in the presence of miR-122, although it was able to translate 2 hours 

post electroporation. Since the construct was approximately 12 kb long, one of the possible 

explanations for its failure could be due to inefficient viral translation till the end of the genome 

through a single IRES. Most of the reported Full-length virus with selection or reported genes have 

an extra IRES to translate the viral genes (Figure 8.5B), and it could be possible that a single IRES 

was not efficient enough to translate till the end of the genome rendering it replication incompetent. 

It is also well known in the HCV research world that cloning of HCV is difficult as the positive 

strand virus is sensitive to any alteration on its genome resulting in a replication-defective virus.  

Similar to the above mentioned monocistronic HCV, another clone of HCV with a Renilla 

luciferase reporter gene and a Cyan Fluorescence Protein (CFP) in the NS5a region of the viral 

region did not work (Figure 8.5C). I had designed the clone for studying cell supporting miR-122 

independent replication of HCV through FACS. Despite being able to replicate, the cells 

supporting viral replication did not express CFP. This could be due to faulty viral polyprotein 

processing because of the insertion of CFP in the NS5a which could have misfolded the protein 

and rendered it non-functional. 
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 Figure 8.5: Bicistronic and monocistronic HCV constructs   

A) Monocistronic HCV with Rluc and Neomycin selection gene B) Bicistronic HCV construct C) 

HCV WT virus with Rluc, and CFP in the NS5a region 

 

One of the aspects of my project is to understand the requirement of miR-122 on ongoing viral 

infection. The virus replicates in distinct dynamic membranous web-like structures called 

membranous web (MW). Although our experiments suggested that supplementation of miR-122 

can positively affect viral replication, it wasn’t clear whether the supplemented miR-122 is 

enhancing the replication of the already established complexes or helping to form new replication 

complexes inside the infected cell. To understand the effect of miR-122 on these replication 

complexes, it requires a sophisticated microscopic technique to visualize and read individual 

complexes inside the cell. The microscopic technique used in my projects was not evolved enough 

to visualize each replication complex inside the cell which limited us from understanding and 

comparing miR-122 dependent and independent viral replication as well as its effect on ongoing 

replication of those complexes. 

I have also tried sequencing the extreme 5’UTR of the virus using 5’ RACE (Rapid Amplification 

of cDNA End) to check for adaptation; however, even after trying numerous times, I was not 

successful. 
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Although there have been a lot of challenges and failures, we have successfully gathered enough 

evidence to draw definitive conclusions from our studies. 

 

8.5 Concluding remarks: 

In the course of this work, we explored and elaborated miR-122 independent replication of HCV 

to understand miR-122’s function in the virus’s life cycle. We have identified and validated 

different model systems to study miR-122 independent and dependent replication, and further 

characterized miR-122 independent replication in a cell population showing that only a few cells 

in the population support miR-122-independent replication whereas the replication in those cells 

is similar to cells supporting miR-122-dependent replication.  Using our generated model system 

to study miR-122 independent replication, we have provided mechanistic insight into miR-122’s 

promotion of viral propagation as well as miR-122 independent replication and generated the 

mechanistic model that suggests that RNA structure alteration by miR-122 or mutations on the 

5’UTR of the virus can allow the formation of active IRES and thus enhance viral translation. Our 

study also suggests that miR-122 induced enhanced translation is an important and major role in 

establishing viral infection, whereas viral stability plays a smaller but also an important role.  

Further, our work also evaluated miR-122’s requirement at different stages of the viral life cycle, 

showing that miR-122 requirement is essential at the early stage of infection to establish an 

infection within a cell and can be dispensable for ongoing replication. However, its presence does 

assist in ongoing viral replication and might be doing so by helping the virus to generate new 

replication complex inside dividing cells. The study will further provide useful information for the 

development of HCV elimination strategies. Our work also extended in studying the evolutionary 

aspect of miR-122: HCV interaction suggesting that HCV has evolved to be dependent on miR-

122 in order to adapt to the immune tolerogenic liver. This will further provide a platform to study 

the host-pathogen interaction of the other viruses and their strategies to adapt to host system, to 

confer tissue tropism, or to escape host immune surveillance. 

Although an overwhelming success of DAA in eliminating HCV infection has revolutionized HCV 

treatment, an annual HCV related death of approximately 400,000 has still remained a challenge 

in controlling HCV infection. HCV research is still needed to eradicate the virus on a global scale.  
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Being one of the only two known viruses to be strictly dependent on a host microRNA, further 

research can exploit the virus's uniqueness to offer unparalleled opportunities to make important 

fundamental discoveries.  

Additionally, basic science research goes a long way down the lane to support other translational 

studies that originated from it. Remdesivir, an antiviral originally developed to treat Hepatitis C is 

now used as an important therapeutics to control SARS Coronavirus-2 infection.  
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8.6 Summary: 
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9.0 Appendices: 

 

Primers used in the study: 

J6/JFH-1 Rluc 

Mutants 

Primer Sequence (Sense and anti-sense) 

G28A GCGACACTCCACCATGAATC-sense 

GATTCATGGTGGAGTGTCGC-anti-sense 

G28A/C37U CACCATGAATTACTCCCCTGTG-sense 

CACAGGGGAGTAATTCATGGTG-anti-sense 

U4C CGACTCACTATAGACCCGCCCCTAATAGG-sense 

CCTATTAGGGGCGGGTCTATAGTGAGTCG-anti-sense 

C22G ATAGGGGCGAGACTCCGCCAT-sense 

ATGGCGGAGTCTCGCCCCTAT-anti-sense 

A23U TAGGGGCGACAGTCCGCCATGA-sense 

TCATGGCGGACTGTCGCCCCTA-anti-sense 

C24G AGGGGCGACAGTCCGCCATGA-sense 

TCATGGCGGACTGTCGCCCCT-anti-sense 

U25A GGGGCGACACACCGCCATGAA-sense 

TTCATGGCGGTGTGTCGCCCC-anti-sense 

U25G GGGGCGACACGCCGCCATGAA-sense 

TTCATGGCGCTGTGTCGCCCC-anti-sense 

C27G GGCGACACTCGGCCATGAATC-sense 

GATTCATGGCCGAGTGTCGCC-anti-sense 

C37G CGCCATGAATGACTCCCCTGT-sense 

ACAGGGGAGTCATTCATGGCG-anti-sense 

A38U GCCATGAATCTCTCCCCTGTG-sense 

CACAGGGGAGAGATTCATGGC-anti-sense 
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C39G CCATGAATCAGTCCCCTGTGA-sense 

TCACAGGGGACTGATTCATGG-anti-sense 

U40A CATGAATCACACCCCTGTGAG-sense 

CTCACAGGGGTGTGATTCATG-anti-sense 

C42G TGAATCACTCGCCTGTGAGGA-sense 

TCCTCACAGGCGAGTGATTCA-anti-sense 

∆Core Phos-CCTTTTTCTTTGAGGTTTAGGATTTG-sense 

Phos-TGCTCCTTTTCTATCTTCTTG-anti-sense 

∆E1 Phos-GGAGCAACCGGGTAAGTTCC-sense 

Phos-AAAGTCGTTGTCATCCTTCTG-anti-sense 

∆E2 Phos-CTTCTGTTGGCCGCCGGGGTGGAC-sense 

Phos-CAGGCCGAAGCAGCACTAGAGAAGC-anti-sense 

∆E1-p7 Phos-GCATTGCCCCAACAGGCTTATGC-sense 

Phos-GCCGGTACTGATGTTCTTCACTTC-anti-sense 

21-23 CCTAATAGGGGCGGGTCTCCGCCATGAATC-sense 

GATTCATGGCGGAGACCCGCCCCTATTAGG-anti-sense 

HCV-S2-

GGCGUG 

CCGCCATGAATGGCGUGCCTGTGAGGAAC-sense 

GTTCCTCACAGGCUCGCCATTCATGGCGG-anti-sense 

HCV-S2C-

GUGAGG 

CCGCCATGAATGUGAGGCCTGTGAGGAAC-sense 

GTTCCTCACAGGCCTCUCATTCATGGCGG-anti-sense 

C30U GACACTCCGCTATGAATCACTC-sense 

GAGTGATTCATAGCGGAGTGTC-anti-sense 

A34G CTCCGCCATGGATCACTCCC-sense 

GGGAGTGATCCATGGCGGAG-anti-sense 

U25C/G28A/C37U GGCGACACCCCACCATGAATTAC-sense 

GTAATTCATGGTGGGGTGTCGCC-anti-sense 
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HCV Mutants (117 nucleotide) J6/JFH-Rluc (p7-Rluc2a): 

Positive Strand: 

Wild Type: 

ACCUGCCCCUAAUAGGGGCGACACUCCGCCAUGAAUCACUCCCCUGUGAGGAACU

ACUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGAGUGUCGUACAGC

CUCCAGG 

U4C/G28A/C37U: 

ACCCGCCCCUAAUAGGGGCGACACUCCACCAUGAAUUACUCCCCUGUGAGGAACU

ACUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGAGUGUCGUACAGC

CUCCAGG 

G28A: 

ACCUGCCCCUAAUAGGGGCGACACUCCACCAUGAAUCACUCCCCUGUGAGGAACU

ACUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGAGUGUCGUACAGC

CUCCAGG 

G28C: 

ACCUGCCCCUAAUAGGGGCGACACUCCCCCAUGAAUCACUCCCCUGUGAGGAACU

ACUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGAGUGUCGUACAGC

CUCCAGG 

G28U: 

ACCUGCCCCUAAUAGGGGCGACACUCCUCCAUGAAUCACUCCCCUGUGAGGAACU

ACUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGAGUGUCGUACAGC

CUCCAGG 

G28del: 

ACCUGCCCCUAAUAGGGGCGACACUCCCCAUGAAUCACUCCCCUGUGAGGAACUA

CUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGAGUGUCGUACAGCC

UCCAGGC 

C26del: 

ACCUGCCCCUAAUAGGGGCGACACUCGCCAUGAAUCACUCCCCUGUGAGGAACUA

CUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGAGUGUCGUACAGCC

UCCAGG 

C30U/A34G: 

ACCUGCCCCUAAUAGGGGCGACACUCCGCUAUGGAUCACUCCCCUGUGAGGAACU

ACUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGAGUGUCGUACAGC

CUCCAGG 

S1P2 (C27G): 

ACCUGCCCCUAAUAGGGGCGACACUCGGCCAUGAAUCACUCCCCUGUGAGGAACU

ACUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGAGUGUCGUACAGC

CUCCAGG 
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S1P3 (C26G): 

ACCUGCCCCUAAUAGGGGCGACACUGCGCCAUGAAUCACUCCCCUGUGAGGAACU

ACUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGAGUGUCGUACAGC

CUCCAGG 

S1P4 (U25C): 

ACCUGCCCCUAAUAGGGGCGACACCCCGCCAUGAAUCACUCCCCUGUGAGGAACU

ACUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGAGUGUCGUACAGC

CUCCAGG 

S1P4 (U25A): 

ACCUGCCCCUAAUAGGGGCGACACACCGCCAUGAAUCACUCCCCUGUGAGGAACU

ACUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGAGUGUCGUACAGC

CUCCAGG 

S1P4 (U25G): 

ACCUGCCCCUAAUAGGGGCGACACGCCGCCAUGAAUCACUCCCCUGUGAGGAACU

ACUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGAGUGUCGUACAGC

CUCCAGG 

S1P5 (C24G): 

ACCUGCCCCUAAUAGGGGCGACAGUCCGCCAUGAAUCACUCCCCUGUGAGGAACU

ACUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGAGUGUCGUACAGC

CUCCAGG 

S1P6 (A23U): 

ACCUGCCCCUAAUAGGGGCGACUCUCCGCCAUGAAUCACUCCCCUGUGAGGAACU

ACUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGAGUGUCGUACAGC

CUCCAGG 

S1P7 (C22G): 

ACCUGCCCCUAAUAGGGGCGAGACUCCGCCAUGAAUCACUCCCCUGUGAGGAACU

ACUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGAGUGUCGUACAGC

CUCCAGG 

S2P2 (C42G): 

ACCUGCCCCUAAUAGGGGCGACACUCCGCCAUGAAUCACUCGCCUGUGAGGAACU

ACUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGAGUGUCGUACAGC

CUCCAGG 

S2P3 (C41G): 

ACCUGCCCCUAAUAGGGGCGACACUCCGCCAUGAAUCACUGCCCUGUGAGGAACU

ACUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGAGUGUCGUACAGC

CUCCAGG 

S2P4 (U40A): 

ACCUGCCCCUAAUAGGGGCGACACUCCGCCAUGAAUCACACCCCUGUGAGGAACU
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ACUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGAGUGUCGUACAGC

CUCCAGG 

S2P5 (C39G): 

ACCUGCCCCUAAUAGGGGCGACACUCCGCCAUGAAUCAGUCCCCUGUGAGGAACU

ACUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGAGUGUCGUACAGC

CUCCAGG 

S2P6 (A38U): 

ACCUGCCCCUAAUAGGGGCGACACUCCGCCAUGAAUCUCUCCCCUGUGAGGAACU

ACUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGAGUGUCGUACAGC

CUCCAGG 

S2P7 (C37G): 

ACCUGCCCCUAAUAGGGGCGACACUCCGCCAUGAAUGACUCCCCUGUGAGGAACU

ACUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGAGUGUCGUACAGC

CUCCAGG 

HCV-S2-GGCGUG: 

ACCUGCCCCUAAUAGGGGCGACACUCCGCCAUGAAUGGCGUGCCUGUGAGGAACU

ACUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGAGUGUCGUACAGC

CUCCAGG 

HCV-S2C-GUGAGG: 

ACCUGCCCCUAAUAGGGGCGACACUCCGCCAUGAAUGUGAGGCCUGUGAGGAACU

ACUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGAGUGUCGUACAGC

CUCCAGG 

A98C: 

ACCUGCCCCUAAUAGGGGCGACACUCCGCCAUGAAUCACUCCCCUGUGAGGAACU

ACUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGCGUGUCGUACAGC

CUCCAGG 

Insertion mutant (Ins Mutant): 

ACCUGCCCCUAAUAGGGGCGACACUCCGCCAUGAAUCACUCCCCUGUGAGGAACU

ACUGUCUUCACGCAGAAAGCGCCUAGCCAUGGCGUUAGUAUGCGUGUCGUACGUU

AGUAUGCGUGUCGUACAGCCUCCAGG 

 

Negative Strand (105 nucleotide): 

Full Length Wild type: 

UGGACGGGGAUUAUCCCCGCUGUGAGGCGGUACUUAGUGAGGGGACACUCCUUG

AUGACAGAAGUGCGUCUUUCGCGGAUCGGUACCGCAAUCAUACUCACAGCA 
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HCV-S2- GGCGUG (CCGCAC): 

UGGACGGGGAUUAUCCCCGCUGUGAGGCGGUACUUACCGCACGGACACUCCUUGA

UGACAGAAGUGCGUCUUUCGCGGAUCGGUACCGCAAUCAUACUCACAGCA 

HCV-S2C-GUGAGG (CACUCC): 

UGGACGGGGAUUAUCCCCGCUGUGAGGCGGUACUUACACUCCGGACACUCCUUGA

UGACAGAAGUGCGUCUUUCGCGGAUCGGUACCGCAAUCAUACUCACAGCA 

S2P5 C39G (G39C): 

UGGACGGGGAUUAUCCCCGCUGUGAGGCGGUACUUAGUCAGGGGACACUCCUUG

AUGACAGAAGUGCGUCUUUCGCGGAUCGGUACCGCAAUCAUACUCACAGCA 
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