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I. Summary

l. Summary

The presented research focuses on viral and cellular determinants of the Hepatitis C Virus (HCV)
replication. In particular, a novel minus strand replication system was develogeiyadistinct aspects of
the HCV minus strand synthesis initiation. The system enabled a revision affsfia¢eart requirements for
the HCV antigenome synthesis when uncoupled from possibly overlapping functions in viral translation
and/or plus strangynthesis. So far mainly addressing the genome RNA sequence and structural elements
prerequisites, the system displays a universal potential for investigation of replication of otretranids
RNA virus genomes.

HCV is a positivesense singlstranded RIA virus that infects human hepatocytes and causes both
acute and chronic hepatitis. The challenge of elimination of HCV as a public health threat is largely
complicated by absence of an efficient vaccine lanchpid emergence of virus quasispecies rastdio the
existing treatment. Therefore, novel approaches are required for further understanding of molecular
mechanisms of the HCV life cycle. Development of the autonomous replicon addnfyth HCV cell
culture systems has enabled a substantial tmemlgh in understanding ahe HCV translation and
replication. However, these systems allow analysigistlements andransacting factors required for
genome replication only in presence of both genomic ends. Thus, it remains ,unvbktiier an eleent
identified in the annotated HCV genome exerts its function when physically present on the plus or the minus
strand, or on both. Additionally, given an entangled nature of viral RNA and protein synthesis, a number of
overlappingcis-elements cannot bessigned to a specific step of the viral life cycle. To overcome the above
limitations, the minus strand replication system was designed to specifically focus on prerequisites for the
HCV antigenome production.

The system, which represents a set of reptinatonstructs assembled in agreement with the current
knowledge orthe HCV replication, uncouples to various extents the HCV minus strand synthesis from the
plus strand synthesis and translation, -enhi&theby el
annotated HCV genome constituted by the dimop (SL) | and 1| domains was confirmed to be essential for
the minus strand synt he-end.sTheiposititeiregulatiom rof the tantigeiome g e |
production was found to extend up taclusion of the SL llldomain; however, enabling of functional
translation initiation from the HCV internal ribosome entry site (IRES) resulted in a profound negative effect
on RNA replication. The latter observation has encourage@th analysis of adance betweethe HCV
genome translation and replication that suggested an importance of the genomic RNA ends communication.
Yet lacking an experimental confirmation, a possible circularization of the HCV RNA for efficient
replication is supported bthe importanceof longrange RNARNA interactions betweegis-elements,
which wereaddressedhy mutational analysis. Along withalidation ofthe previously reported regulatory
RNA elements, a comprehensive screeningdistacting replication elements withithe proteincoding
sequence was undertaken. In additioratldressinghe genome sequence and structure determinants, the
minus strand replication system was utilized to examine a regulation of the HCV RNA synthesis by selected
cellular factors. A positiveole of the most of the livespecific microRNA122 (miR122) binding sites on
efficiency of the HCV minus strand synthesis initiation was demonstrated.

In conclusion, an assay system for the specific analysis of requirements for the HCV minus strand
RNA synthesis was developed. Uncoupling of the HCV minus and plus strand replication from each other
and from translation enabled a dissection of esseontta¢lements and assignment of their functions
specifically to antigenome synthesis. Ultimately, thesatlity of the system enables further characterization
of regulatorytransfactors and investigation dhe interplay of molecular processes during the HCV life
cycle as well as of other RNA viruses.
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Il. Zusammenfassung

ll. Zusammenfassung

Diese Arbeit befasst sich mi vi r al en und zell ul 2r e-@Virdso(HGVU s s et z
Replikation. Ein neuartiges Minusstrargeplikationssystem wurde entwickelim spezifische Aspekte der
I nitiation der Mi nusstrangsynt hese znaue Battachtung wWerh e n .
Voraussetzungen f ¢Synthdsewee nthC Vd iAenstei greincont mi t potentie
der PositivStrangSynthese und/oder der viralen Translation gekoppelt ist. Dadurch besteht ein hohes ,Potential
dieses System alsModell f ¢ r Unt e rderReplikatiorganderer PositivstraRiNA-Viren Genomen zu
verwenden d a es haupts@chlich eGiermmsdfuefizo sowiee strokiuelke eElenttater R
einbezieht.

HCV i st ei n ei &3 ealust rp?onsg i t\gedvisesr ReNahliche rHepatdziyten infiziert
und sowohl akute als auch chronische Hepatitis veru
Gef ahr fer di e ©°Wirfl dunch ldas d&~¢hien ethesswirksaimere Impfstoffs und das schnelle
Auftreten von VirusQuasispezies, die gegen die bestehende Behandlung resistent sind, erheblich erschwert.

Daher sind neue Ans?2tze erforder | i c-bebensmykius Hesser zumo | e k
verstehen. Die Entwicklung autonomer Replikamd HO/-Ze |l | Kul t ur syst eme mi t Gen ¢
ermPglichte einen wesentlichen Durchbruch beim Vers

ermPglichen diese SyisHemenen uddranswitkenden yakorenwelche auf die
Genomreplikation nur in Gegenwart beider Genomendeen. Somit bleibt unklgrob ein Element, welches im
HCV-Genom identifiziert wwenndesphysikaischnaef ddmuPtusstrangooder aufudeng b t
Minusstrang, oder auf beiddiegt. Angeschts der komplexen Natur der viralen RNAnd Proteinsynthese
k°nnen ¢ b e rcisBlegmerdenniclet reideen spezifischen Schritt des viralen Lebenszyklus zugeordnet

wer den. Um diese Einschr 2nkun g eReplkationgsystenentwickelj em , wur
speziell die Vor a-i{AstigeaomPradulgicn au uhtgrsuchehi e HCV

Dieses System, wel ches eine Reihe verschiedener
stimmung mit dem akt u-Bdplikaion zugamergestelh wundens entdoppelt di¢ GEV
Mi nusstrangsynt hese von der Pl usstrangsynt hese

Anwendug s m° gl i c hk ei t é&BndebdessHC¥sbnems, welbhassausd8temLoop (SL) |- und I
Dom2nen best elstsentvuetd e abks dsirangsyhtheset amagenoriscthesit e Mi n
best?2tigt,di Pi € ¢Redieoanposi ti v eProBuktiorfveransvertlich isf ¢ ldli iee Gtn t d
SLII-Dom2ne mit ein, |jedoch fegTnandagonsitiiiagon diicmdie,HCV imterme f u n
ribosomale Eintrittsstelle (IRES) zu einem negativen Effekt auf die {RE@likation. Aufgrund dieser
Beobachtung wurde eine eingehende #saldes Gleichgewichts zwischéfCV-GenomTranslation und-

Replikattn  dur chgef ¢hrt, wel che eine | nt er afkntddn mahelegtwi s c h
Obwo hl bi sher nicht exper idassudaselCEendmeikaldidieitugnteffiziestpr i ¢ h
zu replizieren. Die Signifikanz derorhergesagteiRNA-RNA-Interaktion zwischercisEl e ment en ¢ ber
Distanzenwur de durch eine Mutationsanalyse ¢berpr¢ft. r
Elemente wur de zus&tzlich e i n eisaktiverf Replikationgkblemeren énheehalbnderc h
Proteink o di er enden Sequenz durchgef ¢ghrt . Zusatzlich z
Strukturelementen wurde das Minusstréteplikationssystem verwendetm eine Regulation der HCRNA-
Synthese durch ausgew? hl treEire withtige Rdllerder mEistek Biodesstellenziear u n
leberspezifischen microRNA22 (miR122) auf die Effizienz der HCV Minusstrangsynthésigiation wurde

gezeigt.

Zusammenfassend wurde in dieser Arbeit discleen e x per
Anf or der un g e MindsstrangRUA-Synthes€ ¥ntwickelt. Die Entkoppelung der HENAus- und
Pl usstrangreplikation voneinander und von derisviral
Elemente und ihrer spezifischen kuhi onen bei der Antigenomsynthese. L

dieses Systems eine Charakterisierung von regulatoris¢tearsFaktoren und die Untersuchung des
Zusammenspiels mol ekul arlLebens@kus sowiesbeiandei@ih-Viemd des HCV
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1.1 General information on Hepatitis C Virus
1.1.1 HCV history

HCV existence was first fully recognized in 1975 (Feinstone et al. 1975) as an unidentified infectious
agent causing the smlled norA/non-B (NANB) transfusiorassociated hepatitis. In 1989 an experimental
chimpanzee model was applied for the study of NANB hepatitis that allowed demonstrating the
transmissible, viral nature of the agent. Via a blind immunoscreening approach usktigehighmples, a
cDNA clone &codirg an antigen specific for NANBtihfected patients was isolated (Choo et al. 1989).
Sharing the properties withogaviridaeand Flaviviridae, such as a 10 kb RNA genome with a positive
polarity with respect to the encoded antigen, the novel infeetji@mt was designated as Hepatitis C Virus
(HCV). Simultaneously, a cDNA clone from plasma paftientschronically infected with NANBH was
derived with a characterization of a different viral epitdde(® atal. 1990).

This progress has rapidly led to avdlopment of a serological assay improving the diagnostics of
HCV and blooddonor screening (Kuo et al. 1989). In a short period of time the nucleotide sequence of HCV
full-length genome was arranged from multiple overlapping cDNA clones. A single ORMEirm@
polyprotein of 3011 amino acids and its main domains were described and homology to other members of
the Flaviviridae family was postulated (Choo et al. 1991). HCV was later classified as a separate genus
Hepacivirus within theFlaviviridae family and as a very distant relative of the Flavivirus genus and the
Pestivirus genus (Robertson et al. 1998).

Conducted in 1993 a vast phylogenetic analysis of partial HCV sequences from a worldwide range of
clinical isolates enabled a classification into @agpes (nucleotide sequence differs by3%) including
a various number of subtypes {28 % sequence difference; designated a, b, etc.) (Simmonds et al. 1993;
Simmonds et al. 2005). In 1997 a consensus sequence of the genotype la (strain H77ymiasdiated
lead toa generation of the first infectious molecular cDNA clones (Kolykhalov et al. 1997; Yanagi et al.
1997). Following the classification verification by the analysis oflarngth sequences, a genotype 7 was
newly discovered and affiliate@Murphy et al. 2015) resuming the existence of 7 major genotypes and
67 subtypes (Smith et al. 2014; Tarr et al. 2015). Genotype 1 and 3 are the most prevalent worldwide as well
as in Europe (mostly subtypes 1a, 1b and 3a) (Bukh 2016), however a hgkef progressive liver
disorder is associated with genotype 3 (Smith et al. 2014).

In May 2016 the World Health Assembly on viral hepatitis proposed to eliminate viral hepatitis as a
public health threat by 2030. The elimination is defined as% 98dwction in new chronic infections and a
65 % reduction in mortality comparing to the 2015 statistics. According to the WHO report from 2018,
71 million people globally have chronic hepatitis C infection (WHO 2018), comparing t13@0million
people in 2016(WHO 2016), with yearly 39900 death casedrom hepatitis Gelated liver diseases
(cirrhosis, hepatocellular carcinoma and liver failure), comparing to former 0.7 million death rates (Lozano
et al. 2012). Therefore, the Hepatitis C elimination stitiaigns to be a great challenge (WHO 2018).

1.1.2 HCV genome, virology and life cycle overview

The genome organization of HCV RNA is similar to that of the other members #laheiridae
family and is represged by a positivsense singlstranded RNA cmposed of a 9.6 kb long open reading
frame (ORF) flanked by two u@andaeBds| Thde @RF encedgsiao n s
polyprotein precursor of about 3000 amino acids that is cleavedrzb post translationally intothree
structural andseven nonstructural (NS) proteins by host or viral proteases (Fig. 1.1.1). The structural
proteinsi Core and envelope glycoproteins E1 andi Efre involved in viral particle formation. The ron
structural proteins include the p7 viroporin, the NS2 pretetise NS3A complex with protease and
NTPase/RNA helicase activities, the NS4B and NS5A proteins, and the NS5Bd&dAdent RNA

11



1. Introduction

polymerase (RdRp) that enable viral processing, replication and assembly (Moradpour et al. 2007,

Moradpour and Penin 2013)rTans |l ati on from an alternative ficore
of the F protein of various sizes with yet unclear function (Branch et al. 2005).

Figure 1.1.1: HCV genome and
polyprotein processing.
vrqu; g 9.6 kb 4:\”\"% The 9.6 kb RNA genome with flanking
Ty = 5°- and 3’- untranslated regions
(UTRs) is depicted above. Undergoing
¥ 1RES-mediated ransiation IRES-mediated ~translation and
polyprotein processing by proteases
woov vy q ( 11 l l results in three structural and seven
l c [ E1 [ E2 H st] NS3 E] Ns4sl NS5A l NS5B non-structural proteins assigned to the
assembly or to the replication modules.
Solid arrowheads refer to
posttranslational  cleavage by the
1 192 384 747 810 1027 1658 1712 1973 2421 3011 endoplasmic reticulum signal
I E1 ] I E2 ]@ l NS2 ] I NS3 l @ [NS“B H NS5A ] | NS5B ] peptidase; the arrows stand for a
cleavage by the viral NS2 protease co-
| I ] translationally and by the NS3-NS4A
Structural Nonstructural protease posttranslationally. The open
arrowhead indicates further C-terminal
processing of the Core protein by the
signal peptide peptidase.
(modified from Moradpour and Penin
2013)

S'UTR 3'UTR

‘ Polyprotein processing

Assembly module Replication module

The highly structured® and 3 UTRs play predominant roles in HCV translation and reptica In
the SUTR stemloops (SL) Il to IV constitute the major part of the IRES, whereas SL | and |l are essential
for replication (Friebe et al. 2001) and harbor the two vital microRISA (miR122) binding sites
contributing considerably to both proses (Jopling et al. 2005; Henke et al. 2008). Th& B is composed
of a variable region with two stetoop structures, a 390 nt long polyU/UC tract and an almost invariant
98-nt X-tail (Fig. 1.1.2). All elements to a different extent facilitate iniiatand regulation of the minus
strand synthesis (Friebe and Bartenschlager 2002), as does an addigeating replication element
(CRE) 5BSL3.2 within the NS5B coding region that is engaged in a kidsom interaction with SL2
(Friebe et al. 2005).

positive strand genome Figure 1.1.2: The 5'- and 3'-

ntranslated regions in HCV
Cl[E1I = ”21 _ ”4BI = l = lglenomic RNA l(A land B,

respectively).

Arrows indicate long range
SLVI interactions at the 3’UTR; two

SLIII  (SL87) miR-122 molecules bound at the

X 5’UTR are depicted in grey. The

) details are provided in 1.1.2.
(X-tail) (from Lohmann 2013)
SL2

SL3

polyU/UC

AUG UGA
variable region

Although HCV is related to the broadly investigated Flaviviruses, the morphology of its virions
remains poorly characterized due to their unusual low buoyant density. Their enveloped nature was validated
by chloroform inactivation followed by infectionf chimpanzees (Houghton 2009), whereas gel filtration
and electron microscopy studies identified the mature particles to b8 50m in diameter
(Wakitaetal. 2005). An infectious virion contains a spherical nucleocapsid of about 30 nm in diameter that
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is formed by the Core protein and serves to contain supposedly a single copy of the HCV genomic RNA. The
capsid is surrounded by a liptbntaining host cellerived doubldayered lipid envelope supplemented with
anchored E1 and E2 viral glycoproteins whefe involved in entry of the HCV into hepatocytes via a
number of host cell receptors (Moradpour et al. 2007; Dubuisson and Cosset 2014). Besides its primary
target cells hepatocytes HCV was also reported to infect B cells, dendritic cells and sotver otll types

using CD81, the LDL receptor (LDLR), scavenger receptor class B type BlSRheparan sulfate
proteoglycan (HSPG) and claudin(Zeisel et al. 2013). HCV circulates in various forms in the infected host
and can be associated with lal@nsty lipoproteins (LDL) and veryow-density lipoproteins (VLDL)0r

with cholesterol esters accounting for almost half of the total HCV lipids (Merz et al. 2011).

In more detail, the HCV life cycle (Fig. 1.1.3) starts when the primary infection HCV partick
transported by the blood stream and access hepatocytes by entering the space of Disse through fenestrae
between hepatic endothelial cells. The predominant transmission mode during ongoing HCV infection is a
direct celtto-cell spread. First interaons with attachment factors and receptors on the cell surface are
conducted by both the lipoprotein components and the viral envelope glycoprb@ikeng of the virions
due to ApoE interaction with HSPG, S or LDLR is thenfollowed by the tetraspamiCD81 interaction
with the a core ofthe E2 protein. CD81 acts in association with areceptorClaudinl (CLDN1) and
primes the HCV envelope proteins for low joldpendent fusion (Bartosch et al. 2003b; Zeisel et al. 2013;
Dubuisson and Cosset 2014). Theal particles internalize via a clathsiependent endocytosis (Blanchard
et al. 2006) and occur in early endosomes to undergo an endosomal membrane fusion. In turn, that leads to
the HCV genome release into the cytosol where both translation andhtieplitake place (Lindenbach and
Rice 2013; Zeisel et al. 2013; Dubuisson and Cosset 2014).

Figure 1.1.3: An overview on the

HeenE Bl cello-cel HCV lifecycle.
N d . . .
1 i P (1) Primary infection of a hepatocyte
\ . .M ,' \ by the HCV viral particle requires
- s :rr:]gi:‘gteerlnenlf ‘ interaction with attachment factors

Tion: and receptors. (2) Internalization of

) \ ’ junction
g /! egmss the virus via clathrin-dependent
{? _— 1«/ endocytosis and fusion leads to (3)
R P8 % oo the virus uncoating in the cytoplasm
OCLN where (4) IRES-mediated translation
and polyprotein processing take
place. (5) HCV minus and plus strand
moep(or RNA synthesis at the membranous

“‘V & ,,,T:xxs web result in either genomic RNA
accumulation or (6) genome
encapsidation.  (7) Along  the
maturation virions acquire the viral
envelope and  associate  with
endogenous lipoproteins.
Lipoviroparticles are either (8)
released from the cell or (9) infect
neighboring cells via a direct cell-to-
cell spread.
(from Catanese and Dorner 2015)

fusnon

uncoaxmg '/ RNA replication
lranslaucnk_/‘

process:ng
Hepatocyte /)

HCV RNA translation is entirely dependent on the cellular translation machinery as well as on a
number of norcanonical RNAbinding proteins that are not involyén the regulation of cagependent
eukaryotic translation initiation (Niepmann 2013). A distinct tertiary structure of the HCV IRES mediates
direct binding and positioning of the 40S ribosomal subunit resulting in the 80S initiation complex assembly
asssted by the eukaryotic initiation factor 3 (elF3) (the detailed mechanism of HCV translation is elucidated
in 1.2.2). After translation and polyprotein processing by cellular and viral protg¢aged.1.1)the HCV
proteins remain associated with the goldsmic reticulum (ER), where on site the replication machinery is
arranged by nostructural proteins NS3/4A, NS4B, NS5A, and NS5B (the detailed mechanism of HCV
replication is described in 1.3). In brief, NS4B protein mediates vesicular membranecaiserasulting in

N\, Mmaturation
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formation of a secalled membranous web with double multi- membrane vesicles (DMVs/MMVs) that

play a role of replication factories. The viral RM&pendent RNA polymerase (RdRp) NS5B initiates
synthesis of minus strandtermediates #t in turn serves a template for multiple copies of genomic plus
strands. Nascent RNA genomes can eithemter a new translation/replication round or can be assembled
into infectious virions (Lohmann 2013). A number of host factors (e.g.-BMN4ing poteins, miR122 and
lipoproteins) are involved in regulation of different steps of HCV replication. Lipid droplets (LDs) are
located in proximity of the membrane vesicles in close association with the HCV Core and NS5A and are
currently hypothesized to oodinate viral RNA synthesis and virion morphogenesis through the physical
association of replication and assembly sites (Miyanari et al. 2007).

Typically for the Flaviviridae family, HCV particle assembly requires engagement of the viral
non-structural poteins and is coupled with lipid metabolism. HCV assembly is conducted by a coordinated
action of the envelope EE2 glycoprotein complex and LBssociated Core protein. Posttranslationally
retained in the ER, EE2 heterodimers migrate to the virion asbdy site via interaction with NS2 and p7.

The Gterminal domain of NS5A is responsible for the switch from replication to assembly due to an
interaction with the LEbound Core protein. Other viral proteins such as NS3/4A enzyme complex, NS4B
and NS5B alog with host factors are also implicated in the assembly process. Virions presumably form by
budding and exit the cell through the secretory pathway. In addition to producing extracellular virus
particles, HCV has been reported to directly infect neighgodells without releasing detectable virus
particles (Lindenbach 2013).

1.1.3 HCV cell culture systems

Despite the rapid progress in characterization of HCV genome and polyprotein organization, a
generation of an experimental cell culture system appearkd & major challenge. In fact, clinical isolates
of HCV failed to induce productive infection in cell culture: infections were originally reported in continuous
human T and B cell lines, but remained inefficient and often irreproducible (Lohmann ardsBhlager
2014). Although a fully permissive cell culture system was developed only in 2005 (Lindenbach et al. 2005;
Wakita et al. 2005; Zhong et al. 2005), a few auxiliaryitro model systems have been successfully applied
by then for the investigatioof individual steps of the HCV life cycle.

The primary step towards the generation of recombinant experimental systems was creation of
infectious molecular cDNA clones for the genotype 1a in 1997 (Kolykhalov et al. 1997; Yanagi et al. 1997).

An ability of an intrahepatb nj ect ed RNA transcript to infect c hi

prerequisites for the further design of HCV replicons. In 1999 Lohmann awdrkers defined the minimal
viral sequence required for the virus replication imian cells to be constituted by th@&JBR, NS3NS5B
and the 8JTR (strain Conl, genotype 1b) (Fig. 1.1.4). Representing a selectable bicistronic construct, where
an antibiotic resistance gene was driyesm the HCV IRES and the nestructural proteins from the
Encephalomyocarditi¥irus (EMCV) IRES, these subgenomic replicons were capable afeggi€ation in
HuH-7 hepatoma cell lines (Lohmann et al. 1999) (Fig. 1.1.5, B). The relatively low initial levels of
replication were improved by adaptive migas of the replicating HCV RNA and by increased host cell
permissiveness (Lohmann et al. 2001). Therefore, selection for viral genomes with replinhaoing

Figure 1.1.4: Structure and

EMCVIRES — Transfection generation of HCV subgenomic
5UTR NS3-NS5B 3UTR of HuH7 cells replicons
neo h

Neomycin 1 ! - . RN’:‘} — o MDe The selectable bicistronic constructs

resistance transcripts ° e ® consist of the HCV S’UTR, the

jene - .
E ® e neomycin (neo) gene, the EMCV-
+ Genotype 1b (strain Con1) Neomycin IRES, NS3-NS5B and the 3’UTR

(genotype 1b) (Lohmann et al
1999). After transfection of HuH-7
cells  autonomously  replicating
clones are isolated using neomycin
selection.

(from Bukh 2016)
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mutations (REMs) and for permissive clones of a human hepatoma cell line with subsequgnofciire

cells withinterferon (FN) lead to the generation of the highly permissive HUB cells (Blight et al. 2002;
Zhong et al. 2005). This clone appeared to be highly permissive for HCV RNA due to a single point
mutation in Retinoic Acidinducible Genel (RIG-I) resulting in defective IFN signaling and therefore
enhanced production and spread in cell culture (Sumpter et al. 2005).

A HCVpp B HCV replicon C HCV cp D HCVec
o E2 Reporter gene/  Non-structural Llpopr(ie:lnf
s E1 selection marker  proteins & 4 } E1. E2
; ii / I Ry - Replicon RNA
; _ Retroviral p W el
"i\‘\ phuisiiom .& '8 68 )% 2, ‘>~ Capsid

Retroviral
capsid

Three plasmids HCV replicon RNA HCV replicon RNA HCYV full-length RNA
@ @ @ *:&l:xm::?t d’:}h:mx:l:!t Em::x:r’}&
* 293T cells Huh-7 cells @@ Huh-7.5 [CE1][E2p7NS2] Huh-7 cells
N 4 N
packaging cells
Stable RNA replication @
@ and reporter gene expression Q @

) Infection ) Infection (single-round) nfecuon
e.g. Huh-7 cells Huh-7 cells Huh-7 cells
e S ——" S ————— e —— e ——————————
HCV entry HCV replication HCV entry and replication Whole HCV life cycle

Figure 1.1.5: The main HCV cell culture model systems.

(A) The retroviral pseudoparticle system (HCVpp) (Bartosch et al. 2003a).

(B) The subgenomic HCV replicon system (Lohmann et al. 1999).

(C) The trans-complemented HCV particle system (HCV¢p) (Steinmann et al. 2008).

(D) The cell culture infectious system (HCVcce) (Lindenbach et al. 2005; Wakita et al. 2005; Zhong et al. 2005).
The further details are provided in 1.1.3.

(from Gerold and Pietschmann 2014)

Another importanin vitro system addressing the mechanism of the HCV attachment and entry is the
pseudoparticle sysin (HCVpp; Fig. 1.1.5, A). Designed in 2003, it is represented by defective retroviral
particles presenting the HCV HIR2 glycoproteins on their surface (Bartosch et al. 2003a). Such
pseudoparticles are generatedHEK 293T cells by cdransfection of thee expression plasmids encoding
E1/E2, retroviral GagPol proteins and a retroviral provirus with a reporter gene. Upon entry into susceptible
cells, followed by processing and integration of proviral RNA, the expression level of a reporter gene allows
quantitative evaluation of the HCV entry. The HCVpp model system was an indispensable tool for
investigation of EdE2-mediated HCV entry and for identification of receptors and attachment factors (Ziesel
et al. 2013).

Commonly, an infection with patiewterived HCV isolates is inefficient in cell culture due to the lack
of a key host factor SEC14L2 that permits replication of different HCV genotypes without a need for
adaptive mutations (Saeed et al. 2015). The only exception so far was a genotype 2amstraidapanese
patient with fulminant hepatitis (Kato et al. 2001), termed JFH1, that within a subgenomic replicon could
replicate in original Huk cells without a requirement for cell culture adaptive mutations (Kato et al. 2003).
This unique strain hasventually paved the way for the first cell culture infectious HCV system (HCVcc;
Fig. 1.1.5, D). Described independently by three research groups (Lindenbach et al. 2005; Wakita et al. 2005;
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Zhong et al. 2005) a recombinant genotype 2a HCV genome wadeapabplication and infectious virus
assembly in Hukr.5 cells. Combination of the original JFH1 NSS5B region with the CorblS2 region

from another genotype 2a isolat@6 - resulted in intragenomic chimeradFH1/J6 (genotype breakpoint is
betweerNS2 and NS3) (Lindenbach et al. 2006) or Jcl1 (genotype breakpoint is within NS2) (Pietschmann et
al. 2006)i characterized by enhanced replication, spread and particle production. Further on, chimeric HCV
genomes (encoding structural proteinsagenotypeof interest and nostructural proteins fronthe JFH1

with certain adaptive mutations) were developed for all 7 genotypes (Gottwein et al. 2009).

In order to overcome the difficulties with adaptation of different isolates in cell culture, an alternative
trans-complemented particle system (H&¥, Fig. 1.1.5, C) was engineered. This approach requires a JFH1
subgenomic replicon providing netructural proteins to be transfected intecatied packaging cell lines.
Thetranscomplemented assembly module ¢enderived from any HCV isolate to elucidate isckecific
mode of viral entry and replication dissected from assembly, however being capable of @osimgle
infection only (Steinmann et al. 2008).

A development ofin vitro cell culture systems the HCVcc system on the first placeenabled
studying of all aspects of the HCV life cycle vitro and so far remains to be the most widely used
experimental system in the field. However, the generation of cell systems permissive to HCV replication
in vitro appeared to be a challenge for many years. Nowadays, the most permissive cell line for efficient
replicationin vitro is the HuH7 human hepatoma cell line and its derivativesparticular HuH7.5 cells
(Blight et al. 2002). One of the major limitat®rof such experimental ggsns is a noipolarity of
HuH-7-based cultures in comparison to highly polarized hepatocytes in the liver. HepG2 cells, in contrast,
polarize in culture, but require ectopic expression of human CD81 and 23iRo become fully perissive
(Steinmann and Pietschmann 2013). Recently primary hepatocyte cell culture models have become available
to shed light on the role of host genetics in HCV infection (Ploss et al. 2010). Nevertimefessgation of
many aspects of the HCV infeatigtill remains limited by the exiag models.

1.2HCV translation

1.2.1 Canonical versus IRESnediated translation initiation

The eukaryotic translation initiation on cellular mRNA is a complex, strictly regulated process that
involves a large number gfarticipants, such asine eukaryotic initiation factors (elF), 40S and 60S
ribosomal subunits, ME&RNA; and other auxiliary factors.

The canoni cal transl ation ( Fi g/G) récodghitioh py etF4Ep i ¢ a |
followed by recrutmen of t he scaffold protein el F4Germinahi ch
region of the mRNA by elF4A, elF4B and elF4F in order to prepare it for ribosomal attachment. Interaction
of the poly(A}binding protein (PABP) bound to the poly(A) tatl a t ferd wiBhéelF4G directs mRNA
circularization. The subsequent recruitment of the 43S preinitiation complex is mainly driven by interaction
between elF4G and elF3. The 43S complex itself is comprisdab dDS subunit, the elF2/GTP/MERNA,
ternarycomplex, elF3, elF1, elF1A and elF5 and serves for scanning of the mRNA downstream the cap to
locateaninitiation codon (which is usually the first AUG triplet in an opirnontext GCCA/G)CCAUGG)

(Kozak 1987). Establishment of a stable codanticodonbasepairing is mediated by conformational
changes of thellio s o ma | compl ex r eosfariation hogkedionto the mRNA (thes 488 O
initiation complex). These events leadadlisplacement of elF1, permitting eHadediated hydrolysis of
elF2-bound GTP and Prelease. Association of the 60S subunit to the 48S complex and-gie8iated
displacement of elF2/GDP and other factors (elF1, elF3, elF4B, elF4F and elF5) ultimately yield an
elongationcompetent 80S ribosome (Pestova and Kolupaeva 200@8aAh and Linder 2010; Jackson et al.
2010; VoigtsHoffmann et al. 2012).

Viruses, being naturally not capable of encoding their own translation machinery, have developed a
range of peculiar mechanisms driven by specific genomic RNA sequences. In theeabse&anonical
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elF2-GTP 8 ~N

Figure 1.2.1: A schematic mechanism of the
canonical eukaryotic translation initiation (the
details are given in section 1.2.1).

(from Fraser and Doudna 2007)
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signals for ribosome recruitment virus appear to be concurrently and entirely dependent on their hosts for the
required components and have to achieve an advantageous customized mode of action as well as to
circumvent immune surveillaeamechanisms.

The first mechanism of a naranonical capindependent translation initiation was disclosed in 1988
for Poliovirus (PV) and Encephalomyocarditis Virus (EMCV) RNA referring to as an intgaralation
initiation mechanism promoted by unidug st ructured 50UTR RNA sequence
site (IRES) (Jang et al. 1988; Pelletier and Sonenberg 1988). This discovery rapidly led to identification of a
vast number of other examples of IREfediated translation initiation in bothral and cellular mRNAs
(Kieft 2008). Moreover, to further compact their genomes and maximize coding capacity, viruses were found
to manipulate host ribosomes to shift reading frames and translate overlapping open reading frames (Kerr
and Jan 2016). Poteaticellular IRESs share little structural similarity to each other and their underlying
mechanism remains largely unknown, however, believed to bear resemblance to the one a¥iRisesn
(Jackson et al. 2010).

An immediate indepth detailing of the IREStructure and function was of high importance for a
number of pathogenic viruses such as Hepatitis/ifus (HAV) (Glass and Summers 1992), HCV
(TsukiyamaKohara et al. 1992), FoandMouth DiseaseVirus (FMDV) (Kuhn et al. 1990), HIV
(Bucketal. 2001) ad many others. Currently, viral IRESs are classified into four types according to their
secondary structure and interaction with elFs and the 40S subunit (Fig. 1.2.2). Initiation on Type 1
(Poliovirus, Rhinovirus) and 2 (EMCV, FMDV) IRESs involves mosthaf canonical elFs, MéRNA; and
additional IREStrans-acting factors (ITAFs) and starts downstream of the IRES. In contrast, Type 4 IRES
(Cricket Paralysis Virus; CrPV) isapable of binding directly to the 40S subunits independently of any
auxiliary pioteins: the IRES domain occupies thesifé and there mimics codamticodon baseairing
(Wilson et al. 2000). The HCV IRES represents a typical example of the Type 3 IRES; it binds to the 40S
ribosomal subunit and requires fewer canonical factors (ellF3;and MetRNA;) than Type 1 and 2 IRESs
(TsukiyamaKohara et al. 1992).

1.2.2 IRESmediated translation initiation in HCV

1.2.2.1 HCV IRES structure

Following a functional identification of the HCV IRES in 1992 (Tsukiyakuhara et al. 1992),
multiple approaches enabled a rapid identification of its secondary structure. It was shown to consist of three
main structural domains-IvV comprisingD340 nucleotides that adopt a tertiary fold under physiological salt
conditions (Kieft et al. 1999) (Fig. 1.2.3The % and 3 boundaries of the HCV IRES have been mapped
using dicistronic reporter assays that located it to the residues 40 to 372 of the gehdrRmBerlapping
with the start codon (34244) and a part of the Coeomding region (Lukavsky 2009%L | of the BUTR is
not involved in translation, while the apical parttbé SL Il is engaged in a close contact with the 40S
subunit inducing conformational changes (Spahn et al. 2001) important for ribosomal translocation (Filbin
and Kieft 2011). Thdarger domain |l consists of branching hairpin stéops (lllabcdef) organized in
3- and 4way junctions. The latter structure at the basal part of the domain lll is referred to as the core of the
HCV IRES with a double pseudoknot (llif). This regiontbé IRES is highly conserved both in structure
and primary sequence and serves for binding of the platform of4@s&small ribosomal subunit
(Spahretal. 2001; Joseph et al. 2014) and AUG positioning at the 40S (Berry et al. 2010). The middle llid
subdonain interacts with the 18S rRNA, consequently playing an anchoring role for ribosome recruitment
(Boehringer et al. 2005). Thewlay junction domain lllabc, together with loops Illa and llib, is essential for
an interaction with elF3 and recruitment of MBNA;T elF2 (Fraser and Doudna 2007heTaffinity of this
binding is highly enhanced ondbke 40S is already bound to the IRES (Siridechadilok et al. 2005). The
domain IV is represented by a small stémop structure and a highly conserved downstreamngodi
sequence (Khawaja et al. 2015) and provides the AUG initiation codon for interaction with the ternary
complex (Ji et al. 2004).
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JouUGE 20 Figure 1.2.3: Secondary structure of IRES-
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1.2.2.2 Model of HCV IRES translation initiation

The HCV IRES mediated translation initiation is remarkably differenatmf canonical eukaryotic
MRNA translation in two major aspects:méthyl guanosine &cap recognition and scanning are not
required for the 48S complex formation and only a subset of four canonical elFs is sufficient
(Kieft etal. 2001;Otto and Piglisi 204). Instead, in a biphasic way of association, at first, the-ifjhity
interaction of the structured IRESement with the 40S subunit takes place followed by the second slow
phase. The current binding modebiased orthe IRES flexibility and involes repositioning of the domain
Il (Fuchs et al. 2015) that further plays a role in tRNA recruitment and the transition to elongation (Kieft et
al. 2001; Lukavsky 2009). Moreover, ribosomal toeprinting has demonstrated the direct positioning of the
initiation codon in the mRNA binding cleft of the 40S ribosomal subunit upon its recruitment to the
pseudoknot (Berry et al. 2010); therefore, no initiation factors or ribosome scanning are needed at this step.
Next, the positioning is followed by the binding afkaryotic translation initiation factor 3 (elF3) and the
elF2/GTP/MettRNA; ternary complex that stabilizes the {iméiation translationcomplex assembly
(Jietal.2004). In the resulting 48S complex the tRNA is positioned in the P site of the 403t sufglin
basepaired to the initiation codon. Subsequent edBfalyzed GTP hydrolysis leads to a release of the
initiator tRNA and elF2 dissociation. The second GTP hydrolysis step involving the initiation factor elF5B
promotes association of the 60S ribasal subunit to form the 80S initiation complex capable of directing
viral proteinsynthesis (Ji et al. 2004; Fraser and Doudna 2007; Khawaja et al. 2015) (Fig. 1.2.4). Upon
cellular response to viral infectipthe activity of elF2 can be reduced via ¢IF=ubunit phosphorylation in
order to inhibit viral protein synthesis. Under these stress conditions the HCV IRES can use elF2
independent pathways to genertite80S ribosomes. One of the possibilities is to utilize an initiator tRNA
binding protein el2A that under stress conditions directly interacts with the doftidirof the HCV IRES
committing the recruitment of M@RNA,; to the P site of the 40S (Kim et al. 2011). Similarly, elF2D protein
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B Figure 1.2.4: The mechanism of the
HCV IRES translation initiation

r and its modulation.
The HCV IRES binds the 40S subunit
(in brown), then eIF3 (in blue) and
the ternary complex (elF2/GTP/Met-
tRNAi) and finally, after GTP
hydrolysis and elFs release, the 60S
9, subunit (in yellow) joins to form the
3 80S ribosome. Mutations disabling

E particular  steps of translation
r complex formation are shown under

2]
o
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the arrows. An alternative elF2-GTP-
independent pathway is indicated by

<+ ared arrow.

] (from Khawaja et al. 2015)
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was reported to facilitate MéRNA; assembly with the 408nder stress conditions (Dmitriev et al. 2010).
Alternatively, IF2like protein elF5B may assist in this initiator tRNA recruitment process and/or the
subsequent 60S ribosofning step (Terenin et al. 2008).

1.2.3 Modulation of HCV translation initiation

The ability to initiate translation in the absence of many of the canonical initiation factors reflects the
significance both of the IRES tertiary structure and primary nucleotide sequence that in part makes the IRES
sensitive to mutations or inhibitotargeting the key binding sites. A number of studies have demonstnated
importance of the conservation and specificity of domaint/ Ithat areused at particular steps for
interactions with the cellular translational machinery.

A high-affinity interaction with the4d0Ssmall ribosomal subunit requires binding surfaces formed by
4-way junctions between domains lllabc and domains lllef with the crucial importance of domain llid
(Kieft et al. 2001; Spahn et al. 2001; Joseph et al. 2014). However, rtbton ofthe domains Il and IV
interacting with the 40S subunit nor deletiorttod domain b (part of the elF3 binding site) affect the 40S
binding affinity (Kieft et al. 20010tto and Piglisi 2004 Incorporated in a-8ay junction domain llid
contains a hairpin loop5(-6264UUGGGU269-3 6 )he GQAG triplet in its apical loop was found to be
indispensable for the recruitment of the 40S (Lukavsky et al. 2000; Kieft et al. 2001). RNA aptamers with a
consensus loop sequence of ACC@vich is complematary to the apical loop of domain llldbrogated
the binging of the 40S (Kikuchi et al. 2005). In particular, a GGG to CCC mutation in the Illd loop at
positions 266268 was demonstrated to redute 40S binding affinity by 25old (Kieft et al. 2001;

Ji etal. 2004). Moreover, the deletion tiie domain llld or mutations in the llld apical loop cause a low
binding capability towards elF2A, thus affecting translation activity under stress conditions
(Kim etal.2011). Crucial importance of a tetraloo®(®&A[U/C]A -3 within the domain llle was also
pointed out in several studies. Any deletions or mutations in the llle tetraloop strongly redutiee 4o
binding affinity and translational activity (Psaridi et al. 1999).

After the IRES associ@n with the 40S ribosomal subunit, elF3 mediates ternary complex binding
and MettRNA, positioning in the P site. The binding affinity of elF3 to the entire HCV IRES equals the one
to an isolated domain lllabc (Kieft et al. 2001), indicating that tieay heli@al junction Illabc serves as a
binding platform for elF3. Deletiaof both domains Illabc and domain IlIb alomere demonstrated to
strongly impair elF3 binding and to obstruct translation initiation at the #REScomplex stage. In the
absence of thellb region this effect is mainly achieved due to a lowered thermodynamic stability of
complexes with elF3 and of elF2 with the 48S complex and the deposition é¢RMAt to the AUG
binding site (Ji et al. 2004)tto and Piglisi 2004 Domain llIb consist®f an apical loop and an internal
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loop of variable sequence that is nevertheless characterized by a conservalihtbns@énal secondary
structure. Structural studies indicated that the secondary structure of the lllb rather than conservation of
individual bases is recognized by elF3, and its recruitment depends on interactions within the properly folded
lllabc junction (Collier et al. 2002; Lukavsky 2009).

Another reported target for a disruption tife HCV IRES translation is subdomain Ilb. It is
consttuted by an apical loop and a loop E motif characterized by a high degree of sequence conservation
(Lukavsky et al. 2003). Chemical probing experiments undealirienportance of intact domain Ilb fahe
IRES40S complex arrangement at the AUG start coddutations in the apical loop of domain ,lib
disturbing an interaction with rpS&ffectthe 40S subunit conformation in a way that the most of mutant
bound ribosomes stall at the start site. Nonetheless, it does not lead to a complete abroghton of
translatioacompetent 80S complex formatio8ince the ribosome samples conformations, an ability to
translocate can be occasionally acquired allowingtlierfunctional 80S ribosome formation (Filbin and
Kieft 2011; Filbin et al. 2013).

1.3 HCV replicatio n: state-of-the-art
1.3.1 Models for HCV replication study

The establishment of functional HCV replicons in cell culture (Lohmann et al. 1999) had an
indispensible impact on the beginning of the eranofitro studies on HCV RNA replication. Previously
available infectious cDNA clones (Kolykhalov et al. 1997; Yanagi et al. 1997) suffered from a number of
shortcomings such as the low efficiency in cell culture and the need for a controversial chimpanzee model.
The novel approach was based on the transfedticloned viral consensus genome sequences constructed
of the HCV 58JTR, NS3NS5B and the @ TR derived from total liver RNA isolated from a chronically
HCV-infected patient (genotype 1b). In order to select only for the repticotaining cells, a neoyain
phosphotransferasadg gene was included in replicon constructs in a bicistronic manner under control of
the HCVAIRES (Fig. 1.1.4). Following transfection into the Hiktells, neomycin selection and validation
of replicon population, several autanously replicating HCV RNA clones were isolaté&brresponding
mutated constructs with an-frame deletion of the NS5B polymerase active site served as a negative control
(Lohmann et al. 1999). However, only a small number of efficiently replicating <laas consistently
obtained that indicated a gain of adaptive mutations. Indeed, in the later studies these repfibatiocing
mutatiors (REMs) were identified within nearly every HCV nstructural protein (but neither ird&or in
36 UTRs), althoughthe level of adaptation was very variable. The most adaptive mutation in the- study
2884Gly in NS5B - was found to be conserved in all replicons derived from one cell line
(Lohmannetal. 2001).

The further characterization of conserved mutations agid tombinations revealed a dual adaptation
nature. The mutations in NS4B, NS5A and NS5B were found to be highly adaptive, but incompatible with
each other, whereas mutations within théelNninus of NS3 displayed onlylow or no effect on HCV
replication efficiency, however cooperatively increased replication efficiency when combined with highly
adaptive mutations and each other (Lohmann et al. 2003). A cluster of REMSs, in particular an amino acid
substitution Ser2204lle, ag found within NS5A, however amutstanding replication facilitation was
observed only in about 1% of transfected HuH cells (Blight et al. 2000; Lohmann et al. 2003) that
highlighted an importance of host cell environment. Significant variations in-Hgaells permissiveness
were need even among individual passages of the same stock, speculating on variations in the abundance
and/or activity of cellular facterengaged inhe HCV RNA replication (Lohmann et al. 2003). Suggesting a
cellular environment maintaining a persistent replito be optimal, removal of the replicon from such
adapted cells would create a perfect host cell for transient replication assays.

Consequently, several HuH lines harboring subgenomic HCV replicons were curethefHCV
RNA by prolonged treatment withiFN-U two of the clones (HuH7.5 and-7.8) harbored replicons without
any REMs and one contained a substitution Ser2204lle {H4H After a complete elimination of HCV
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replicons and relectroporation with HCV RNA, the first two clones demonstratesigaificantly higher
number of G418 resistant colonies than the parental Huetls and the Huk.4 clone. The HuH.5 line
appeared to be the most permissive of those tested, although curing of other-eepiteamng cells did not
always result in lghly permissive lines (Blight et al. 2002). Further investigation of-tilldted cells
revealed that a mutational inactivation of Ri@ediated cellular permissiveness to HCV replication.-RIG

is an interferorinducible cellular RNA helicase that servas a receptor to transduce signasactivae

innate antiviral defenses. Upon HCV infection the helicase domain ofl Ri@ls structured genomic RNA

and dsRNA and activates interferon regulatory factor 3 (IRF3), thereby inducing interferon production and
expression of IFMstimulated genes (ISGs) in cells. This pathway was found to be defect in cells selected for
permissiveness fahe HCV RNA replication (Stumpler et al. 2005).

From the early 2000s, even befa@mestablishment of the first cell cultunefectious HCV system in
2005, replicon systems providedvaluable platform for identification of the role of HCV genome segments
and proteins essential for RNA replication as well as of Jiag interactions and candidate therapeutic
agents andlirectacting antivirals(DAAs) (Bartenschlager et al. 2013). Already the first replicons defined
that the components of the replication module ((N&5HB), unlike the assembly module-KS2), were
sufficient for their autonomous replication in the cell culturehfbhann et al. 1999).

1.3.2Cis-acting RNA elements

Enabled by the use diie HCV replicon system, a comprehensive mapping of the HG\alrd 3
UTRs revealed basic requirements for the efficient RNA replication (Fig. 1.3.1), in particular for the
initiation of minus strandsynthesis. With regard to théé&nd, a 4t deletion of the venb -Germinus
entirely abrogated replication, however only to a certain extent afféciaslation. The first 125 ntere
found to be sufficient fothe HCV RNA replication with a significant improvement of the efficiency when
further end sequences (up to the compléldTR) were introduced (Friebe et al. 2001). At tléeBd the
variable region and polyU/UC tract were found to be conditionally essential for replicatmmmplete
deletion of the variable region was tolerated and resulted only in reduced replication efficiency, whereas at
least a 2é1t homouridine stretch was required. Remarkably, neither point mutations nelosgeateletions
within the X-tail were vidle, proposing its crucial importance for efficient RNA replication (Friebe and
Bartenschlager 2002). Intolerance to mutations in the latter region (Yi and Lemon 2003a) and a strong
preference for the uridine residue at the ve¥grd (Yi and Lemon 2003lindicated the significance of both
structure and sequence of theéafl in theHCV replication.

Identified in a number of previous studies, six highly structured RNA elements in the NS5B region
were challenged by skgirected mutagenesis of a subgenomdiCV replicon todetermine theirole in
replication (You et al. 2004). When the mutagenesis strategy was disrupting the predicted RNA secondary
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1 Figure 1.3.1: Secondary structures
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and of the HCV NS5B-coding region
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structures (retaining the amino acid sequence of NSBEB)ysmutations in 5BSL3.2Kjg. 1.3.1) caused
replicaion abrogation. This structural element embedded in a crucifeenstructure was defined to act as a
cis-acting replication element (CRE) (designated variously as SL3.2;VSbr lately SL9266). Further
in-depth analysis verifiedan importance of both laps and the upper stem in replicon viability
(You etal. 2004, Friebe et al. 2005). Separationaajenetic role othe 5BSL3.2elementfrom its role in
replication, performed by translocation to the variable region in @&R, allowed rescuing the effent
replication and demonsteat animportance of the secondary structure rather than the primary sequence.
Additiondly, a complementarity betweeBACAGC motif within the apical loop othe 5BSL3.2 and the

loop sequence in the SL2 within the-tXl provided genetic evidence for mid-range kissingoop
interaction: abrogation of RNA replication by mismatches in the loops was rescued when complementarity
was restored (Friebe et al. 2005). The subtermimdlt&ilgeatthe 5BSL3.2was discovered to estaliliswo
additional longrange interactions: one with the apical loop of the SL9110 located upstredsBIS.2
(so-called Alt sequenceshown to be likewise crucial for replication (Diviney et al. 2008), and another
interaction with the apical loop of tlseibdomain llid of the IRES (Shetty et al. 2013) (see Fig. 1.3.2). Due to
a mutually exclusive nature of these lenagnge interactions, theBSL3.2was hypothesized to serve as a
molecular switch between translation and replication (Diviney et al. 2008inTetpal. 2012; Shetty et al.
2013). Intriguingly, the5BSL3.2 element was shown to inhibit IREf®pendent, but not cafependent
translation,in particulardeletion of the domain 5BSL3.2 was associated with at letdt Sncrease irthe

IRES activity RomereL - p et al. 2012). These results are in agreement with a complex interplay between
the IRES SL llid, SL9110, bulge or loop of theBSL3.2and SL2, since mutually exclusive RNANA
interactions are formed (see Fig. 1.3.2). Consistently with theneah®ent othe HCV translatiorby the

306 UTR «ia(ltoyet al. 4998), th&BSL3.2regulatory activity otthe IRES function was as well only
achieved in the pcisdRomarct e pa @l 201R0)eCordérddly, Riora complex model
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Figure 1.3.2: A model of the HCV IRES, SBSL3.2 and 3’UTR intercommunication and its contribution to switching
between the steps of the viral life cycle.

(i) After the virus internalization, translation of the polyprotein takes place in the cytoplasm and the IRES is occupied by the 40S
and elF3; therefore SL9110-5BSL3.2-SL2 interaction at the 3’-end is favored.

(ii) As a result of translation, viral proteins accumulate at the ER and eventually promote membrane alterations leading to
formation of the replication sites. At this stage replication complex assembling at the 3’UTR impairs SL2-based long-range
interactions, therefore allowing an establishment of the SLIIId-5BSL3.2 interaction (the SL9110-5BSL3.2 interaction is retained)
that interferes with the HCV translation and conducts the switch to genome amplification.

(iii) Local accumulation of the HCV RNA promotes structural switch of the X-tail into the two stem-loops conformation possibly
leading to dimerization of genomes via the dimerization linkage sequence (DLS).

(iv) Interaction of dimer forms with the HCV Core proteins further conducts the switch to genome encapsidation.

(from Romero-Lopez et al. 2014)
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suggets that structuratearrangemestbetween open and closed conformation of BBSL3.2 element
enhance and redudbe HCV translation, respectively (Tuplin et al. 2015), sustaining its function as a
molecular switch(Fig. 1.3.2) The study demonstrated thlabth inactivation of the apical loop of the
5BSL3. 2 and the apical l oop of the 386UTR SL2 by
translation. It emphasizes stimulatory function of B®SL3.2(loop}SL 2 A kliosospion gi nt er act
compriseste closed conformatioaf the 5BSL3.2(Tuplin et al. 2015). Nevertheless, neither mutagenesis

nor biophysical methods have yet confirmed the formation obBflL3.2element cruciform and dynamic

nature of the longange RNARNA interactionsn vivo(Romeo-L - p e z a rHerrai&z01lg a |

More detailed understanding of tliesse | e ment sé i ntercommunication
(selective 2hydroxyl acylation and primer extension) analysis that enables mapping of both local and long
range interactions irRNA molecule. An intricate interplay of lorgnge RNARNA interactions was
proposed to operate between IRESBSL3.2 and JIJUTR. The existence of the complexes
SL911065BSL3.2SL2 and IlId5BSL3.2 was verified by several techniques in replicatiompetentRNA
transcripts. Tertiary conformations of the IRES (domains llib, llld and IV)5BfL3.2and the Xtail of the
38JTR were found capable of mutual regulation and reorganization regardless viral or cellular proteins
(RomereL - petal. 2012; Tuplin etl. 2012;RomereL - pet al. 2014).

With regard to the structure of the-tXil, a previously predicted eexistence of two stable
conformations (lvanyNagy et al. 2006) seestio play a key role in switching between different functions
during the HCV lie cycle. In more detail, both predicted conformations retain the SL1 domain as a site of
the primerdependenminus strandsynthesis initiation, whereas the upstream sequence forms either two
canonical stentoops 2 and 3 (Blight and Rice 1997) (Fig. 1.10Bja single steADop exposing a soalled
dimeiization linkage sequence (DLS) (Fig. 1.3.1). Located within an apical loopi®falternative stem
loop, the DLS region is a palindromic RNA motif that was proposed to enable formation of genomic RNA
homodimers in the presence of ther€ proteinn vitro (Shetty et al. 2010).

The IRES and th&BSL3.2 element were shown to perform a structural reorganization within the
X-tail by switching tothe two stemloops conformation containing the DLS motif that iarm might be
related to the switch between viral replication and genomic dimerizafoméroL - p et al. 2014). A
homodimer form may in turn be an intermediate conformation facilitating a switch between a process of
genome replication and encapsidatibmdeed, viruses often establish a dynamic network of conserved
interactions between functional genomic RNA domains to implement regulation of different steps of viral
life cycle with the minimal requisite for proteins (Shi and Suzuki 2018).

For instancedirect RNARNA interactions between thé&3nd 3 ends of sorre Flaviviruses (such as
Dengue wrus and Yellow fever irus) induce genome circularization mediating initiationtioé RNA
replication (Villordo and Gamarnik 2009). In contrastcularizationin Poliovirusrequires RNAprotein
RNA interactions fulfilled by PCBP2 and PABP proteins bounthé®é and 3 genomic ends, respectively
(Herold and Andino 2001). Any definite proof whether a circularization of the HCV genome takes place
and/or regulees RNA synthesis remains missing, however, indirect evidence and computational predictions
allow to take it into account when speculating on a possible model of HCV replication (discussed below).

1.3.3 Viral and cellular determinants

Translated direcyl in the cytoplasm, HCV genome gives rise to a polyprotein that is processed by
viral and cellular proteases into structural and-stwactural proteins (detailed in 1.1.2). Whitee HCV
translation fully relies on the host cell machinery, the viral cailbn complex is formed by encoded
NS3-NS5B viral proteins. Embedded into the ER, multiple copies of the NS mwoatelace typical for
Flaviviruses intracellular membrane rearrangements that form vebkde structures referred to as
i me mbr an o uanbinedk imdunofluGrescence analysis the HCV NS proteins and metabolic
labeling of newly synthesized viral RNA demonstrated theilocalization, therefore postulating the
me mbr anous web as a Areplication factoryo (Gosert
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1.3.3.1 Viral components of the HCV replication complex

In contrast to weltharacterized individual NSSS5B proteins, the molecular architecture of the
replication complex remains unclear. The multifunctional NS3 protein requires tf@ctoo NS4A
anchoimg the heterodimer in the membrane and mediating its activitiesN-terminal serine protease
domain of the NS3 catalyzes processing of the downstream polyprotein and #egmial RNA
helicase/NTPase domain is essential for RNA replication (Berdn22G9). NS4B is an integral membrane
protein that induces formation of the membranous web via oligomerization and interaction with other NS
proteins and viral RNA (Paul et al. 2011). Anchored by itsethinus, serine phosphoprotein NS5A
associates in odimers to implement its multiple activities: the domains 1 and 2 are primarily involved in
phosphorylatiordependent modulation dhe HCV RNA replication, whereas the domain 3 serves viral
assembly (RosFhriepland and Harris 2015). The viral RNiepenént RNA polymerase (RARp) NS5B is
anchored by its @erminal tail and harbors features that are canonical for all RARp subdomains: fingers,
palm and thumb of a right hand (Moradpour et al. 2004; Bartenschlager et al. 2010; Moradpour and
Penin2013). Recehy revised mutation rate of the HCV replicdeevivo was computed to reach on average
2.5*10° that is 1.3 nucleotides per each round of replication (Ribeiro et al. 2012).

The formation of a functional replication complex has varicigsandtrans requrements for the NS
HCV components. In transient complementation studies,-maosfection of helper and various mutant
replicon RNAs identified tharans-complementation was limited to certain lethal NS5A mutations, however
only an expression of the niinal codingsequencef NS3 to NS5A, and not NS5A alone, from a helper
RNA rescued a defective replicon RNA (Appetlt-28d al
UTRs by the sequences from heterologous genotypes dramatically impaired effafieheyHCV plus or
minus strand synthesis, respectively. In particular, a combination of the NS3 helicase, NS5A and NS5B with
the homolgous 506 UTR wsawell aseqgcambinatiah dhe homologous Xail and NS5B
polymerase (Binder et al. 2007). Irgstingly, requirements for the virion assembly appeared somewhat
different from the ones for replicatiotransexpression of NS5A alone was sufficient to complement
defective mutations indicating an existence of a minor virion assembly pathway thaddsyfiees need for
RNA replication (Herod et al. 2014). Further identified, strict requirements for the HCV NS3
helicase/NTPase activities icis suggest its role in recruitment of the RNA template for replication.
Complementation group analysis, conductedhie same study, identified that the N$S4A and NS4B
activities are coordinated, while the RdRp activity is dependent on the complete set of the upstream
NS3-NS5A genes. Although NS5B can perform binding and polymerase gatikign provided irirans its
expression is required icis underlining a structural role in replication complex assembly (Kazakov et al.
2015). Common for other members of tRkviviridae family, examples ofcis-preferences represent a
mechanism for genome quality control.

1.3.3.20rganization of the HCV replication site

Biogenesis of the membranous web is induced by a coordinated action of the HGYWuotural
proteins together with several host factors. The three dimensional organization edltd®d membranes
was found to reemble those of Coronar Picornaviruses, rather than those of the related Flaviviruses (e.g.
Dengue virus), adopting doubler multi- membrane configuration (Fig. 1.3.3n electron tomography and
3D-reconstruction analysis identified that contrat to Dengue viryghe predominant membrane species
doublemembrane vesicles (DMV9) are on average 150 nm in diameter and about a half of them is
connected by a neck to the ER membrane (Ro/Beey et al. 2012). The narrow connection to cytoplasm
ontheone hand allows an access of metabolites (e.g. NTPs) and an egress of newly synthesized RNA; on the
other hand it provides an environment protective from cellular proteases, nucleases and receptors of innate
immunity (Lohmann 2013; Chatélhaix and Bagnschlager 2014).

Morphologically the membranous web is a cytoplasmic accumulation of highly heterogeneous
membranous vesicles that are embedded into an amorphous (Rédrix1.3.3) Formerly, NS4B was
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Figure 1.3.3: An electron microscopy image, a
3D-reconstitution from electron tomography
and a corresponding schematic representation
of the HCV replication sites (referred to as
() Viral RNA polymerase
/N Replicated viral RNA membranous w?b)'. . .
@ Viral protease The HCV replication factories are organized
© Viral proteins within double or multiple membrane vesicles
(DMV/MMYV) by multiple copies of the HCV
non-structural proteins with structural and
enzymatic functions (more details are in 1.3.3.2).
(from Chatel-Chaix and Bartenschlager 2014)

AAAS dsRNA

Nucleus

believed to play a primary role in a biogenesishef web: its oligomerization induces analogous membrane
alterations independently dhe other NS proteins (Egger et al. 2002, Paul et al. 2013). Although also
NS3NS4A and NS5B may to a certain extent induce a formation of single membrane vesicles,sNS5A i
essential for the biogenesis of DMVs (Rom&my et al. 2012). Several host factors #ne major
contributors to the membrane reorganization. Interaction of NS5A and NS5B with phosphatidyl#ositol
kinase II0 (PI4KIIID) induces its lipid kinase activity and results in intesicle accumulation of
phosphatidylinosite#-phosphate (PI4P) essential for normal morphology of the membranous web (Reiss et
al. 2013). Cyclophilin A (CypA) induces conformational chesmgn NS5A through its peptidgrolyl
cistransisomerase activity facilitating the recruitment of NS5B into the replication complex (€Zizaet

and Bartenschlager 2014). Formation of the HCV replication sites demands increased levels of lipids to
perfaom membrane proliferations. In contrast to intact ER membranes, DMVs are enriched in cholesterol and
sphingolipids and therefore dependent on cellular dgdling proteins, for example, vesiassociated
membrane proteins A and B (VAPA and VAPB) that angaged in sphingolipid metabolism and vesicle
transport (Pauet al. 2013; Li et al. 2015)n ultrastructural studies, lipid droplets (LDs) were found to be
abandoned in proximity of the membranous web and play a central rifle HHCV RNA replicationand
assembly coordination (Miyanari et al. 200Qverall, the membranous web represents a balanced
environmentand itsisolated nature favors both higher local concentration of components and physical
separation of different steps of the viral life cycle

1.3.4 Mechanism and regulation of the HCV RNA synthesis
1.3.4.1 Current model of minusstrand synthesis initiation

The HCVRARpNSSEB is a key enzyme fahe minus and plustrand viral RNA synthesis. The crystal
structure of the NS5B replicase demonslatthat its catalytic domain has a closed conformation
accommodating only a singgranded RNA template and nucleotidesdernovoinitiation (Simister et al.
2009). A recombinant HCV RdRp was shown to be capable ofloaply and primedependent as wedls of
primerindependentie novosynthesis initiatiorin vitro (Luo et al. 2000; Zhong et al. 2000). Under special
conditions the enzyme was functional on poly(C) and poly(U) homopolymeric templates, indicating that
specificcis-elements are dispensablaif et al. 2000). Nonetheless, th@seitro experiments required very
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high nucleotide concentrations, not suppliedvivo, suggesting thain vivo replication by the NS5B
replicase is promoted by auxiliary factors.

In vivo the NS5B polymerase is anckdrinto membranes by the highly hydrophobiete®minal
transmembrane helix connected by amddinker to the catalytic core (Moradpour and Penin 2013). A
catalytic cleft is situated between the fingertips and the linker interacting with a beta flap tbtittie
domain and incurs a closed initiation conformation. This orientation of the beta flap and the linker restricts
anaccess to the active site in order to ensure a selective and precise positionidgdaf §enomic RNA
together with incoming nuebtides alonghte finger RNAbinding cleft (Harrus et al. 2010). Several amino
acid motifs within the NS5B polymerase were identified to be crucial for its activity. Most of single
substitutions within those motifs were demonstrated to significantly redudeactivate the enzymatic
activity; in particular, changes of the absolutely conserved aspartic acid residue within motif C at position
318 completely abolished the RARp activity (reflects a-wmbwn GND mutation) (Lohmann et al. 1997).

The de novoinitiation starts upon binding of the first two priming nucleotides to tGen8 and
dinucleotide primer synthesis; this process is slow and demands high nucleotide concentrations. At the
second ratelimiting - step the dinucleotide serves as a prinoeraih accommodation of the third nucleotide
that requires high GTP concentration and conformational reorganization of the polymerase structure. The
latter ismediated by removal of the linker allowing the fingertips to directly contact the thumb; adta resu
the catalytic core assumes an open conformation alloairgzcommodation ofhe doublestranded RNA
and egress of the elongating product (Harrus et al. 2010; Lohmann 2013). After a switch to an efficient
elongation, relatively low nucleotide concetitvas are sufficient for a processive synthesis of the entire
HCV genome (Jin et al. 2012). The terminationtied HCV RNA synthesis is achieved simply when the
polymerase reaches the end of the template. After completieyntiiesisthe minus strand sees asa
template for production of multiple copies of nascent plus strands.

While synthesis of the plus strand clearly occurs from an ideal (with a singleled overhang)
template forde novainitiation, the initiation process for the minus strand stiises a number of questions.
The Pend of the plus strand forming a strong stem structure (Blight and Rice 1997) represents, at least from
the first sight, an unsuitable template é@ novainitiation. Furthermore, the uridine is a strongly favorable
residue at the very&:ndin vivo (Yi and Lemon 2003b), whereas vitro the polymerase demonstraie
preference for poly(C) templates (Lohmann et al. 1997). At last, proceeding in the opposite direction protein
synthesis has to be prevented during omgaieplication. The above mentioned undeniably suggests a
contribution of other viral and cellular determinants for the initiation and regulation of the minus strand
synthesis.

1.3.42 Plus strand HCV RNA synthesis

The exact sequence and dynamics of HCMARsynthesis following virus internalization and
translation vary in the available cell culture replication models due to differencel permissiveness and
viral isolates. The data obtained in a sirgfiep growthin vitro system using a highly infaous variant of
the JFH1 isolatepresented the first minus strands to be generated 4 and 6 h post transfection or infection,
respectively, and to reach the maximum at484h. TheHCV minus strand synthesis is limited by the
number of replication sites whe the genomic RNA is thought to be retained in a destbésded
intermediate form (Targeidams et al. 2008). Meanwhile, plus strand production is retarded; therefore the
ratio between the strands is about 1:1. The productighegflus strand is boasted after 248 hours and
leads to the ratio of 10:1 plus straridsninus strands (Keum et al. 2012).

As for the minus strand initiation discussed above, the plus strand RNHesimis performed by the
NS5B polymerase and initiatete novoat the &end of the minus strand (Luo et al. 200Rumerouscis-
signals on the HCV genome appeared to be genayeeific in regulation of RNA synthesis: intergenotypic
replicon chimeras harboring a 506UTR of plusstrender ol c
synthesis. Additionally this approach identified that the helicase NS3, NS5A, and NS5B are essential
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components of an initiation complex for genomic RNA synthesis (Binder et al. 2007). A combination of
computational and experimental analysis allowisdalization ofthe secondary structure of théehd of the
minus strand and revealed the lack of resemblance to the antisense sequenc@JdiRheud to different

G:U base pairs. The proposed domain | contains the first 220 nt and folds into Eiee sttarloops,
whereas the domain Il (corresponding to the HCV IRES pseudoknot) adopts a varying secondary structures
(Schuster et al. 2002; Smith et al. 2002) (Fig. 1.3.4). The minimal region suffioietite plus strand
synthesis initiation was idefigd by a genetic mapping of replicon constructs and corsstitatfirst 125 nt

of the 3end (comprising SILGSL-11z9, however, an optimal replication required 341 nt (Friebe et al. 2001,
Kim et al. 2002). As it was confirmed later, iz 6is crucialfor the efficient replication while subdomains
SL-lllag SL-llIb§ SL-llicdeféand SL:IV 6 serve auxiliary functions. Interestingly, folding of the required
subdomais appeared to be more important than the underlying primary sequence (Friebe and Bagenschl
2009).

a
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Partially contrary requirements were derived by biochemicalitro approaches. Various RNA
f r ag me nt endoffhe HCY minu8 sirandand their mutated variants were challengedlitro in the
presence of viral polymerase. The studgmdnstrated the high significance of the-ISBwhereas
modifications into the Sllizératherimproved the RNA synthesis efficiency (Asti@in et al. 2005). Further
in vitro anal ysi s reveal ed that modi ficati ongzedi byt o t
recombinant NS5B. In the minigenome system, its intact secondary structure appeared to be retjuired for
efficient HCV mi nus str an-dnd ByNthe vsay meplibation i cemplexr o m
(Mahiasetal. 2010), in contrast to the genetiaudies (Friecbe and Bartenschlager 2009). Eventually, it
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remains elusive whether miR22 target sites located within $lzéon the minus strand (complementary to
the SLI-II) (Fig. 1.3.4) play a role in the plus strand genome replication.

1.3.4.3 Role of niroRNA-122 and other host factors

Taking advantage of development of the fully permissive cell culture system (Lindenbach et al. 2005;
Wakita et al. 2005; Zhong et al. 2005), transcriptomic and proteomic approaches enabled a comprehensive
screening for hdsfactors engaged at different stages of the HCV life circleitro. Numerous cellular
proteins take part in the formation of the membranous web and therefore indirectly regulate HCV replication,
whereas others act directly on the genomic RNA. In a stisihg a sequenespecific biotinylated peptide
nucleic acid (PNAneamine conjugate targeted to specifically capture the HCV genomiciRNku, 83
cellular factors associated with the viral genome were identified (Upadhyay et al. 2013). Multiple studies
utilizing a systematic si RNA screening empowered
fitness. For instance, inhibition dhe HCV replication through silencing of the components of the RNAI
pathway (Dreha, DGCRS8, Dicer, TRBP, and Adi4) was a leap forward in understanding of the
previously suggested role of miR22 in HCV RNA synthesis (Jopling et al. 2005; Randall et al. 2007;
Wilson et al. 2011; Zhang et al. 2012).

In addition to the host factors described aboR&4KIII U(Reiss etl. 2013), CypA (ChateChaix and
Bartenschlager 2014), VAPA/VAPB (Paul et al. 2013; Li et al. 2015) and LDs (Miyanari et al.-20tal)
for the replication site organization (see 1.3.3.2), there is a number of other regulatory cellular determinants.
Modulation proteins directly binding to the HCV RNA commonly contain multiple Riiaing motifs and
predominantly act at thed5and/or & UTRs. Among those, Lupus antigen (La) (Ali et al. 2000; Mondal et
al. 2008) and Poly(rC) binding protein 2 (PCBP®RJahg et al. 2011; Masaki et al. 201®&)ere reported to
oligomerize upon binding to thédmand & UTRs, respectively, and act as chaperones for stabilizatitimeof
HCV RNA secondary and tertiary structures. Some members of the hnRNP group, such as the
polypyrimidine tractbinding protein (PTB) and hnRNP C, were reported to take part in initiation and/or
regulation ofthe HCV replication upon their binding to thélBTR (Gontarek et al. 1999). Stabilization of
the secondary structure of stdoops 2 and dy PTB is suggested to shift the equilibrium to the tlstea:
loops conformation of the Xail (Fig. 1.3.1) Since both PTB and PCBP2 proteins bind with different
affinities to the & and 3 UTRs they were hypothesized to mediate loagge interactiomf the genomic
endsthatmay promote th&lCV RNA circularization (Shetty et al. 2013). An ability of La protein to interact
with both of them may contribute to the same effect upon a protein bodgation (Spangberg et al. 1999
Fontanes et al. 2009).

Known as a regulator of alternative splicing, EWSR1 protein upon HCV infection colocalizes with
replication sites and interacts with tl8SL3.2 structure, preferentially in the absence of the kissing
interaction. This interaction appeared to be requicedhie HCV replication, but not for initial translation,
suggesting the EWSR1 function in switching between open and closed conformations5&fSikig 2
element(Oakland et al. 2013Next, generally localized to the nucleus, cellular proteins of the dsRBM
family (NF90, NF110, NF45 and RNA helicase A) were found to accumulate in the cytoplasmic viral
replication sites and promote HCV genome circularization (Isken et al. 2007). Moreover, exhibiting a
substrateselective RNA chaperone activity, a complex NfF@R45 was shown to stimulate the initiation of
HCV RNA synthesis (Schmidt et al. 2017). At last, it was recently discovered that a cDNA SEC14L2 (for
tocopherolassociated protein 1, TAPIs essential forthe efficient HCV replication. Promoting HCV
infection by enhancing vitamin #ediated protection against lipid peroxidation, it ereBRNA replication
of all HCV genotypes in culture system without a need for adaptive mutations (Saeed et al. 2015).

The most remarkable host factor modulating almost afjest of the HCV life cycle is microRNA22
(miR-122). Generally, microRNA (miRNA) duplexes are the gomtslational dowsmegulators of
eukaryotic gene expression thain association with a miRNAnduced silencing complex (miRISG)
repress translationf target mMRNA and promote its degradation upon binding to @&R (Fabian and
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Sonenberg 2012). In contrast, rlR2 directly binds to both thedsand & UTRs of the HCV genome and
displays a positive effect on viral translation (Henke et al. 2008)ication (Jopling et al. 2005) and
stability (Shimakami et al. 2012a). Unlike in other tissues, -fiiR is highly abundant in the liver,
constituting over 700 of the total miRNA pool that comprises aboutO®® copies per cell in adult
hepatocytes (LageQuintana et al. 2002; Jopling 2012). Encoded in a single genomic loctsnoan
chromosome 18, it is transcribed by RNA polymerase Il asnfRINA and undergoes a processing by
Drosha into praniRNA followed by a cytoplasmic cleavage by Dicer, resultim¢hie 22 bp mature miRNA
duplex with extremely conserved sequea (Kim et al. 2009). InhepatocytesmiR-122 regulates the
expression of many genes involved in fatty acid and cholesterol metabolism and displays a profound tumor
suppressor activity (Tsai at. 2012).

A number of conserved milR22 binding sites were identified within the HCV genomic RNA
(Fig. 1.3.5). Historically, the two tandem binding site$1 and S2 were identified at the HCV &end
upstream of the IRES and reported to promote HCViaagdbn (Jopling et al. 2005; Jopling et al. 2008).
Subsequently, additional mi22 binding consensus sequences were revealed: the conserved S3 site located
in the otherwise variable region of the HC\JIR and three siteg 5B.1-3 i within the NS5B codig
region; their functioa remairto be clarified Nasheri et al. 203 Gerresheim et al. 2017).

Binding of miR122 to its target sequenceccurs in a following manner. Upon association with
argonaute proteinsrmainly, Ago2) in the cytoplasm, mature miE2 duplexes are unwound and one of the
strands (the fApassengerodo strand) is discarded. Th
where it i s positioned t o GUxappmositens Btofsthe miR@28)dod s e gL
interaction vith a target RNA. An auxiliary binding region (UGGUGW positions 140 of the miR122)
contributes to baspairing to various extents (Jopling et al. 2008; Shimakami et al. 2012b;
Masakietal. 2015)(Fig. 1.3.5)

IRES 3'UTR

polyprotein ORF 3 2

Vdclel] E2[[2] 3 []4B] 5A [pBumm= 3’

L JL
I structural non-structural proteins 5B 1.2 .3
supplementary seed
B region region
miR-122 3 ~6Uyycueey”rrCAbycucace!”
20 14 8 2

Figure 1.3.5: Distribution of miR-122 binding sites in the HCV genomic RNA.

(A) The HCV genomic RNA with depicted miR-122 target sites: S1 and S2 in the 5’UTR and 5B.1-3 and S3 at the 3’-end (grey
boxes). The non-conserved 5B.1 site is indicated by a dashed box.

(B) The sequence of the miR-122 “guide” strand with the seed sequence (positions 2--8) and the potential auxiliary binding region
(positions 14-20).

(from Gerresheimet al. 2017)

Effects of miR122 binding atthe HCV 58JTR are well investigated. In association with Ago2,
miR-122 was proven to protect the viral genome frodeXonuclease activity of the host mRNA decay
machinery, substituting the need the 56.capping (Shimakami et al. 2012a). Similarly to the degfiad of
cellular uncapped mRNAghe HCV RNA decay is mediated by the cellula®3 exoribonuclease Xrnl
(Li et al. 2013). In addition, mi®22 was demonstrated to protect HCV RNA from degradation by the
nuclear exoribonuclease Xrn2, playing rather aamirole in HCV genome decay (Sedano and Sarnow
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2014). Notably, the S1 and S2 miR2 binding sites seem to contribute more to RNA stability and
translation stimulation, respectively, but always in a cooperative fashion (Thibaull. 205;
NiederR ° h r metal. 2017). Indirectly, increased stability of the HCV genome also impacts viral
translation and replication.

A direct dosadependent effect of miR22 binding at the HCV &TR on translation was
demonstrated in several studies. Complementation of-18Rin nonliver cells (lacking endogenous
miR-122) was able to rescue translation of the HCV reporter RNA independentlye afiral RNA
replication (Henke et al. 2008). The enhancement of infectious virus production was observed when mutated
S1 and/or 3 sites were addressed together with compensatingl2@Rvariants with an impact on both
translation and replicationédngra and Lemon 20L0Ago2-knockdown and ctocalization data allowed
proposing that miRL22 fulfills its functions at the HCV&TR within an Ago2containing miRNP complex
(Roberts et al. 2011; Wilson et al. 2011; Conrad et al. 2013).

Similarly, stimulation of the HCV replication was revealed to be an effect of direct interaction of
miR-122 with the genomic RNA. Severely impaired producbf autonomous replicons upon sequestration
of endogenous miR22 or genetic modifications within target sequences was rescued by corresponding
compensatory miRR22 variants (Jopling et al. 2005). Sequestration of-hdRin vivo had a suppressive
effea on the HCV viremia, paving the way to a promising treatment approach usingerge locked
nucleic aciddLNA), e.g. Miravirsen (Lanford et al. 2010; Janssen et al. 2013). The phase 2 of the clinical
trials on HCVtinfected individuals reflected a sidisant decrease of HCV RNA up to naoletectable level
after fourweek therapy (Jansen et al. 2013).

The HCV RNA itself was discovered t o -repxession a 0
of host mMRNASs that are normally targeted by A2 (Luna et al. 2015). Only few studies attempted so far
to elucidate a role of the miR22 binding sites at thed®&nd of the HCV genome. Higgiffinity binding of
miR-122 to these sites was found to be cooperative and result in negative impact on ovenalb&ietion
most likely through translation repression (Nasheri et al. 2011). Recently demonstrated, a dependence of
miR-122/Ago2 binding affinity on local HCV RNA structure may suggest a link betweee tt@mplexes
and the current function of the viral RNAuch as translation or replication. Moreover, in opposition to the
latter study, miRL22 binding to the 5B.2 site had a positive effect on overall genome replication
(Gerresheim et al. 2017). Proposed association of IAIRAgo2 complexes at the charaized binding
sites withintheHCV codi ng r eegd naysugpartdh previows asduimption that highly structured
nature of these regions serve to pause active translation by the ribosome (Xu et al. 2001). Thus, it is still of
high priority to inveigate relative contributions of each site to translation, replication and infectious virus
production.

1.3.44 HCV replication versus translation: possible models

Many processes of the HCV life cycle are tightly associated with each other and regukieddoye
set of viral and cellular factors. Ribosomes proceeding fréta 35end during translation inevitably collide
with the RNA replicase complex assembled at ther@l of the genomic RNA. In order to uncouple those
processes, the virus may emplmye or more molecular switches at both RNA and protein levels. Although
the exact mechanism regulating a transition from translation to replication in the HCV life cycle is not
defined yet, a number of clues as well as validated interactions allow pr@posisible model

Since liverspecific miR122 is a key host factor modulating HCV translation, replication and stability,
several studies suggest it to play a central role in altering translation versus replication. As described above,
miR-122 was demnstrated to recruit Ago2 protein to th&JFR S1 and S2 sites and therefore stimulate
IRES-mediated translation (Roberts et al. 2011; Wilson et al. 2011; Conrad et al. 2013:Rfeder ma nn et
al. 2017) and protect the genomic RNA from Ximg&diated degidation (Shimakami et al. 2012a; Li et al.

2013). In Xrnldepleted cells introduction of exogenous RIE2 enhances HCV replication. In the context
of mutated binding sitesorresponding miR22 mutant variants, however, fail to restore the replicati@n rat
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(Li et al. 2013). This indicates a complex function of MR also in other processes tightly linked to RNA
synthesisPreviously it was shown for Flaviviruses that ongoing protein translation is not required for RNA
synthesis when essential viral peiois were produced in abundance (Westaway et al. 1999). Interestingly, a
replication stimulation effect of mi®22 was found to be dependent on active protein translation
(Masakietal. 2015). In the experiment cellular protein synthesis in Xieydleted ells was blocked by
treatment with either cycloheximide (that freezes ribosomes on viral RNA) or puromycin (that releases
transhting ribosomes from viral RNA). #\a result, puromycin treatment led to a shemn stimulation of

the RNA replication. Undethese conditions miR22 did not demonstrate its stimulating effect on
replication, suggesting that it acts similarly and thus redundantly to puromycin, serving a switch from
translation to replication by a nadditive increase of available templates RMA synthesis. Supposedly,
miR-122 may serve to reduce thi&cularizedstate of the viral genome by displacing PCBP2 (see below)
from thegenomeRNA, and therefore freeingd3TR sequences for interactions with the replication complex
(Masaki et al. 2015).

In addition to miR122, the HCV BJUTR serves as a binding platform for several cellular proteins,
including PCBP2. This factor was reported to facilitate both translation and replication and to mediate HCV
RNA circularization upon binding to theédfand & UTRs (Wang et al. 2011). Another study demonstrated
that PCBP2 competes with miRR2 for binding to the HCV & TR since a major PCBP2 binding site
overlaps one of the two functional miRR2 binding sites (Li et al. 2014). Taking this into account,
replacement of PCPB2 at the HCVABTR by miR122 was hypothesized to promote an opening of a
circularized form ando conduct a switch from translation to replication (Masaki et al. 2015). Indeed,
depletion of PCPB2 from the cells resulted in reduction of ka#ina efficiency, but not replication, and
both processes under this condition were not responsive to supplementationl@2r{iRasaki et al. 2015).
Besides PCPB2 oligomerization, a circular form can be stabilized by the PIGPBPB protein bridge
(Fortanes et al. 2009; Shetty et al. 2013). Alternativedtentionof the 40S ribosomal subunits at the HCV
38JTR enhances translatiorrim@tiation and maintains the circularized form of the genomic RNA that favors
a multiround translation and prevents assembly of the replicase complex (Bai et al. 2013). Once
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Figure 1.3.6: A speculative model of HCV switch from translation to replication based on biophysical evidences for the
RNA-RNA and RNA-protein interactions.

A detailed description is provided in section 1.3.4.3.

(from Shetty et al. 2013)
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established by any means, the circularized form of the HCV RNA is maintained and regulated via IRES
5BSL3.238JTR longrange interactions (see 1.3.2). Confirmed by SHAPE analysis, rearrangertteggeof
contacts may mutually regulate interactions oft@/ genomic RNA with cellular factors, therefore tuning
protein synthesis versus RNA synthesis.

Taken all together, the following model of the switch betwd@YV translation and replication can be
swggested (Shetty et al. 201RBpmerelL - p et al. 2014). Ater viral internalization andelease of thélCV
genome into the cytoplasm, cellular RNMnding proteins PTB and PCPB2 occupy its &hd & UTRs,
respectively, (Fig. 1.3.6, II). At this stage timeee stemoops conformation of the HCX-tail (Fig. 1.3.6, I,
Conformation 1) is stabilized by PTB, thus favoriBBSL3.2(loop}SL2 and [lId5BSL3.2(bulge) RNA
RNA interactions. The latter loagnge interaction as well as the assembly of the PE&RBZIB protein
bridge bring the HCV 58JTR in closer proximity of the ®TR (Fig. 1.3.6, Ill and 1V). Engagement thfe
40S ribosomal subunits disrupts the contactBBEL3.2(bulge) due to a higher affinity of the 40S subunit
to the IRES. Thus,the translabn machinery is assembling at the HCV IRES and the SL:9110
5BSL3.2(bulge) RNARNA interaction takes place (Fig. 1.3.6, V). Protein synthesis initiatiortren#CV
polyprotein processing result in accumulation of viral -stmctural proteins that induce lice
membranealterations and membranous web formation. Accumulating viral protease cleaves PCPB2 and PTB
(Fontanes et al. 2009; Wang et al. 2011), leading to disintegration of the protein bridge and linearization of
the HCV genome (Fig. 1.3.6, VI). Accunatiihg Core protein competes with the 40S for interaction with the
IRES llld subdomain, therefore slowing down the translation (Shimoike et al. 2006). Iostveca of PTB,

a stable kissindpop interactions SL911BBSL3.2(bulge) and5BSL3.2(loop)SL2 are established and
provide a suitable platform for replicase complex assemblytladHCV minus strand synthesis initiation
(Fig. 1.3.6, VII). Accumulation of newly synthesized genomic plus strand RNAs shifts the equilibrium
towards the two stedoops conformation of the X-tail (Fig. 1.3.6, I, Conformation 2) that exposes the DLS
motif and favors genome dimerization while disrupting tBBSL3.2(loop}SL2 interaction. This
conformation slows down theCV replication and promotes genomeckaging in the presenad the Gre
chaperone protein. Nearly all stages are modulated byl2#Raction. Importantly, within the Ago2
complexmiR-122 protects the &end from Xrnl degradation when the genome is present in linearized from
and not shielded by the protein complexBecreasing the fraction of viral RNAs engaged in translation and
proportionally increasing the fraction available for replication, +h#2 promotes a switch from protein to
viral RNA synthesis acting at thed5and possibly at the@ genomic end Many aspects of the HCV
replication remain elusive and require experimental validatiois only clearthat regulationof the HCV
replicationis an intricate interplay between cellular proteins and viral RizN&reciprocally and indivisibly

tune the engageamt of the RNA in protein translation versus viral RNA synthesis.

The most recent model (Tuplin et al. 2015; Rorflero p e z  a nHerra®ze2017)anplies the
5BSL3.2 elementas a molecular switch and a number of mutually exclusive-lange RNARNA and
proteinrRNA interactions it is engaged in to balance HCV translation and replication (Fig. 1.3.7).
ThebBSL3.2 represents a core of a complex pseudoknot structure formed by dynanmenigelgNA-RNA
contacts involving structural elementstbé HCVIRES,5BSL3.2and t he 36 UTR (Tuplin
described above, the three stkmops configuration of the HCV @TR enables5BSL3.2(loop)SL2
interaction ands referred to as a closed conformation (see Fig. 1.3.2, i), whereas the twinapsmx-tail
formi to as an open conformation (see Fig. 1.3.2thié favors genome dimerization (lvanliagy et al.

2006). Following endocytosis of HCV virions, the genomic RNA is released to the cytoplasm and associates
at the ER. At this staghe HCVIRES, and in prticular SL Illd, are engaged in interactions with assembling
ribosome that favors a closed conformation of $BBSL3.2pseudoknot (contacts SL9LH5BSL3.2(bulge)

and 5BSL3.2(loop} SL 2) ; see Fig. 1.3.7, ATr ans | acessimgnas) . P
descri bed above, results i n accumendafthe gemomeds wdllh e v
as of cellulabBSL3.2binding proteins. Té latterdisrupts the former RNARNA contacts and facilitates the

open conformation, in ich 5BSL3.2(bulge)nteracts with domain Ilid that in turn brings the genomicsend
into a close proximity (see Fig. HBSB 3. 2(bulge)icBeagt | i ¢ a
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Figure 1.3.7: A recent model of regulation of HCV translation, replication and other steps of the viral life cycle based on
conformational rearrangements in essential long-range RNA-RNA interactions and balancing between closed and open
conformations of the SBSL3.2 pseudoknot.

Further details are provided in section 1.3.4.3.

(modified from Romero-Lopez and Berzal-Herranz2017)

now preventghe ribosome recruitment to the IRES, thereforedwmiing a switch from viral translation to
replication. During accumulation die HCV genomic RNA thermodynamic equilibrium balances formation

of open and closed conformations providing a possibility for new ohHCV translation (see Fig. 1.3.7,
AValr genome accumul ationodo). On the | ate stages
thermodynamically probable and, mediated by a contact of DLS elements between two genomic RNASs in
open conformation of th&BSL3.2 pseudoknot, it facilities botfi further replication and shuffling for
encapsidation (see Fig. 1.3.7, ADIi merizationo)

Both models virtually propose an analogous mechanistic view on the regutdtiemcountering
intracellular stages dhe HCV propagation. Evidently, a certain feedbae&chanism enables a switch from
translation after sufficient amounts of nestructural proteins have been producedreplicationor when
sufficient amounts of genomic RNA require relocatidor packaging. Proposed as such molecular sensors,
miR-122 a 5BSL3.2 pseudoknot, inevitably function cooperatively and implicate a complex network of
cellular factors.
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1.4 Aims of the work

The life cycle of the HCMn vitro and especiallyn vivois certainly more complex than we currently
picture it. Virus RM replication is inevitably linked to polyprotein synthesis and processing, to
membranous web formation and to ttigtrans interplay of cis-elementswith viral and cellular factors.
Existing in vitro models are often incapable of addressing specificaotiens of acis-element or a host
factor serving multiple and overlapping functions at different stages of the HCV life cycle.

Although, the autonomous replicon system and-largth HCV cell culture system have been
indispensable for HCV studies, ther e s e n ¢ e - amfd- gBwmihends dmits their capacity to assign
the exact determinants for each individual step of the HCV life cycle. Assessment of replication efficiency
via an overall viral genome amplification or virus production does novige details on whether a
cis-element identified within the annotated HCV genome exerts its function through physical presence on the
plus orthe minus strandHCV RNA. If a sequence or structure of an element appears vital at one or
numerous overlappingeps of the virus life cycle, mutations within this element may completely abolish
RNA synthesis and/or generation of virus progeny. Thus, mutational analysis attempted in such systems is
restricted by retention of efficiertitanslation, minus strand RNAyrgthesis and plus strand RNA synthesis.
Various regions within the HCV genome are known to play direct or indirect roles in multiple molecular
processes during virus propagati eaand-UBRS veemproverc ul ar
to engag at virtually every step, including replication of the plus and the minus strand as well as translation.
Similar complications are encounterad attempt to dissect functions of a certain viral or cellular
trans-acting factor contributing in several wates the HCV viral cyclelt can be illustrated by entangled
miR-122 interactions with the HCV RNA that contribute ttee HCV genome translation, stability and
replication upon binding to the target sit@ both the & and ¥ ends. Lastly, accumulating perts on
cis-elements, other than t8SL3.2element located withinthe HCV proteincoding region and acting via
long-range RNARNA interaction, require assignment of their functions to distinct steps of the viral life
cycle.

Thegoal of thepresent doctral workis to overcome the above mentioned limitations and to develop a
novel minus strandeplication system to dissect the requirements foH8% minus and plus strand RNA
synthesis. The systemims atuncoupling overlapping functions ais-elementsin viral replication from
each other and from possible functions in translation initiation and other steps of the viral life cycle. The
main focus of the current work is the analysis of minus strand RNA synthesis uncoupled from all other steps.
In particdar, revisiting the statef-the-art requirements for thdCV antigenomesynthesis initiationaims at
dissection of the essentigis-elements and clarification of their functions, also in scope of the interplay with
plus strand RNA synthesis, translatamd miR122 function.
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2. Materials and methods

2.1 Materials
2.1.1 Bacterial strains and cell lines
Strain Company Genotype
F- mcrAg (mrr-hscRMS-mciBC)
One ShotE TOP1|{Thermo 0 8l8cZ M1 JacXg4 recAl araD139
Competent E. coli Scientific méraleu)7697galU galK rpsL
(StrR)endAl nupG

The strain is highly transformable and ideal for stable replication ofdugi plasmids. Along with
the usage of commercial stocks, gmelide chemically competent E.coli TOP10 was also applied for
transfamations.

Cell line | Source Origin

HelLa Ralf Bartenschlager laborator Human neguid cervix epitheloid carcinomeells

Charles M. Rice laboratory

HuH-7.5 Human hepatocellular carcinoma cells

HuH-7.5 is a derivative of HUH cells generated after remaof the HCV replicon by IFN treatment
(Blight et al. 2002). This clone appeared to be highly permissiveh&HCV RNA due to a single point
mutation in the dsRNA sensor retinoic amducible gend (RIG-I) (Sumpter et al. 2005); the H4H5 cell
line was generated by Zhong andworkers (Zhong et al. 2005).

2.1.2 Materials for bacterial growth and cell culture

2.1.2.1 Materials for bacterial growth

Material Company
LB-Broth (Lennox) Roth
Agar-Agar, Kobe | Roth
SOC Outgrowth Medium NEB
Ampicillin sodium salt Roth
Glass spatula Sigma

2.1.2.2 Materials for cell culture

Material Company

Dul beccobs Mdddiui{DMMEM)Ea gl e 6 Thermo Scientific
100 x Penicillinstreptomycin solution (Pen/Strep; 10 000 U/mi
penicillin and 10 00@g/ml streptomycin)

Thermo Scientific

Fetal Bovine Serum (FBS) Thermo Scientific
0.5 %TrypsinEDTA (10x; 5d/l Trypsin, 2g/l EDTA) Thermo Scientific
Dimethyl Sulfoxide (DMSO) Roth
Roti-Stock 10 x Phosphate buffered saline (PBS) Roth
Lipofectamine P00 Thermo Scientific

2.1.3 Enzymes

2.1.3.1 Restriction endonucleases

Enzyme Uni t s/ Ol |Buffer Recognition sequencel Company
Aflll 20 CutSmart CZTTAAG NEB
Agd-HF 20 CutSmart AZCCGGT NEB
Asd 10 CutSmart GGZCGCGCC |NEB
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BanH|-HF 20 CutSmart GZGATCC NEB
BbvCl 2 CutSmart CCZTCAGC NEB
BsIGlI 20 CutSmart TZGTACA NEB
EcaRI-HF 20 CutSmart GZAATTC NEB
EcaRV-HF 20 CutSmart GATZATC NEB
Fsd 2 CutSmart GGCCGGZCC |NEB
Hindlll-HF 20 CutSmart AZAGCTT NEB
Mlul-HF 20 CutSmart AZCGCGT NEB
Msd 5 CutSmart TGGZCCA NEB
Not-HF 20 CutSmart GCZGGCCGC |NEB
Nsil-HF 20 CutSmart ATGCAZT NEB
Sap 10 CutSmart GCTCTTC( N)|NEB
Sbi-HF 20 CutSmart CCTGCAZGG |NEB
Xbd 20 CutSmart TZCTAGA NEB
2.1.3.2 Modifying enzymes

Enzyme Uni t s/ ( Company
Antarctic Phosphatase (supplied witt x Antarctic 5 NEB
Phosphatase reaction buffer)
DNase | (RNaséree) (supplied with 10 x DNase | reaction
buffer) 2 NEB
T4 DNA Ligase (supplied with 10 x T4 DNA Ligase buffer) 400 NEB
One Ta DNA Polymerase (supplied withx OneTaq

. 5 NEB
standard reactiohuffer)
Proteinase K 0.8 NEB
RNase A (10 mg/ml) Thermo Scientific
SP6 RNA polymerase (supplied with 10 x RNAPol reactio
buffer) 20 NEB
T7 RNA polymerase (supplied with 10 x RNAPol reaction

50 NEB
buffer)
2.1.4 Molecular biological consumables

Consumable Concentration | Company
(cji_ll\_l_'II_'PP)s (separate solutions of dATP, dGTP, dCTP 100 mM each | Roth
NTPs (separate solutions of ATP, GTP, CTP and Ul 100 mM each | Roth
Radioactivgd j -P]-UTP (> 400 Ci/mmol, 10 mCi/ml) Amersham Bioscience
MgCl, 25 mM NEB
GeneRuler DNA Ladder Mix Thermo Scientific
HyperLadder 1 kb Bioline
GeneRuler 50 bp and 100 bp 0.5 Og/ | Thermo Scientific
5 x DNA Loading Buffer Bioline
2 x RNA Loading Dye NEB
PageRuler Prestained Protein Ladder (10 to 250 kIO Thermo Scientific
GlycoBlue 15 mg/mi Thermo Scientific

2.1.5Antibodies and beads

Antibody Description Company
Anti-Hepatitis C Virus A mouse monoclonal antibody to HCV NS3 that
NS3 an'lt?bo dy [8 €] efficiently reactdowards the)JFH-1 strain (genotype| Abcam
y 2a).Utilized in western blot at 1:500 dilution.

Anti-Hepatitis C Virus A mouse_monoclonal anjubody to I—!epatltls C Virug

. : Core Antigenthat recognizes an epitope between
Core Antigen antibody . id resid 20 ofthe HCV C ) Abcam
[C7-50] amino acid residues 240 ofthe ore protei

(conserved among different HCV straindied for
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western blot at 1:1 000 dilution.
A mouse monoclonal antibody to a cytoplasmic

. . housekeeping protein GAPDH (Glyceraldeale .
Anti-GAPDH antibody phosphattf dgh?/drogenasemplie(d il)‘l/ westermot Sigma

asaloading control at 1:20 000 dilution.

Horseradish peroxidase conjugated secondary
Anti-mouseHRP antibodies that react with primary mouse / goat Antibodies
antibody and anijoat | antibodies and allow visualization in presencéhef Online
HRP antibody HRP substrat. Both used at 1:20 000L:40 000

dilution.

A goat monoclonal antibody to a Polypyrimidine
Anti-PTBP1 antibody '::ragt-rlljl?dlrngoplrotelg % thatt)vivai udtllilzend gs atpt())sm\ Abcam

concentration 28g/ml.

A mouse monoclonal antibody to a FLAG epitope

: . that waautilized as a negative control of binding tg
Anti-FLAG antibody the HCV 36UTR at a wor Abcam

eg/ml.

. : A rabbitpolyclonal antibody to Angyl-tRNA Abcam
Anti-RARS antibody syntheta%e.)/Applied in RN}D/\ immrl?]riloprecipitation
(ab31537) . .

assays at a working concentrationgzjpml.
Anti-DARS antibody A rabbit polyclongl a_ntibody f[é\spartthRl_\lA _ Abcam
(ab151974) synthetase. Appll_ed in RNA _|mmunopreC|p|tat|on
assays at a working comteation 25eg/ml.
A mouse polyclonal antibody @lutaminyRNA | Abcam
Anti-QARS antibody | synthetase. Was applied in RNA
(ab72957) immunoprecipitation assays at a working
concentration 28g/ml.
Recombinant Proie G (~17 kDa) covalently Thermo
Dynabeads ProteinG [coupl ed to the beadsé Scientific
magnetic beads region of a wide range of primary antibodies for th
purposes of immunoprecipitation.
2.1.6Kits
Kit Purpose Company

Purification ofDNA fragments from
agarose gels

GeneJET PCR Purification Kij Purification and concentrapon of DNA Thermo Scientific
fragments from PCR reactions

GeneJET Plasmid Maxiprep | Endotoxinfree plasmid preparation;

GeneJET Gel Extraction Kit Thermo Scientific

Thermo Scieritic

Kit maxi scale

EifneJET Plasmid Miniprep Plasmid preparation; mini scale Thermo Scientific
GeneJET RNA Cleanup Micrd RNA cleanup and concentration after Thermo Scientific
Kit DNase | treatment

Reverse transcription of a specific gen

gScript Flex cDNA Kit from total RNA samples

PerfeCTa SYBR Green

Quanta Biosciences

FastMix Realttime quantitative PCR Quanta Biosciences
Qubit guantification assay Kit{ Quantification of DNA and RNA L
(dsDNA BR, RNA BR) concentration Thermo Scientific
SuperSprlpt Il Reverse Reverse transcription of a specific gen Thermo Scientific
Transcriptase from total RNA samples

SuperSignal West Femto

Chemiluminescent Substrate Western blot substrate Thermo Scientific
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2.1.7 Plasmids
Map Plasmid name Source
Number
Kindly provided by Ralf
6.1.1 pFK-JFH1-J6 G846_dg_ 12961 (Jcl) Bartenschlager laboratory
(Pietschmann et al. 2006)
6.1.2 pUC18 Plus_strand backbone 4374 Inserts were chemically
6.1.3 pUC18_Minus_strand_backbone 4685 synthesized and introduce
6.1.4 pUC18 Fragment 1 NS5B_SCR_4157 into pUC18 vector by
6.1.5 pUC18_Fragment 2_NSSS5B_SCR_5148 eurofinsgenomics.eu
Scrambling is done by
6.1.6 pUC18_Fragment 3_NS3_SCR_4515 YutongSong and Steffen
Mueller
6.1.7 puUC18 P.s WT hp 9899
6.1.8 pUC18 Ps SCR_hp 9899
6.1.9 pUC18 Minus_strand_F1_ 6092
6.1.10 pUC18 Minus_strand F1 F2 8524
6.1.11 puUC18 M.s WT_hp_10334
6.1.12 pUC18 M.s_ SCR_hp 10334
6.1.13 pUC18 P.s WT_SL-Il_ wt 9968
6.1.14 pUC18 P.s WT_SL-Il_S1mS2m_9968
6.1.15 puUC18 P.s WT_SI-Ill_10182 Constructed by L.
6.1.16 puUC18 P.s WT_SL-lll_llld mut 10182 Shalamova
6.1.17 pUC18 P.s WT_SL-lll_llIb del 10136
6.1.18 pUC18 P.s WT 56UTR_sinf
6.1.19 pUC18 P.s_ WT_ _506UTR_sinf
6.1.20 pUC18 P.s_ WT_ _506UTR_sib6nf
6.1.21 pUC18 P.s SCR_SLIl_wt 9968
6.1.22 pUC18 P.s SCR_SLII_S1mS2m_9968
6.1.23 pUC18 P.s WT_hp_GND_9899
6.1.24 pUC18 P.s WT_SL-l_wt GND_ 9968
6.1.25 pUC18 P.s WT SL-Il wt 5B.2m 9968
6.1.26 pUC18 P.s WT_SL-Il_wt 5B.3m_ 9968
6.1.27 pUC18 P.s WT_SL-Il wt S3m 9968 Constructed
6.1.28 pUC18 P.s WT_SL-I_ SImS2m_5B.2m_9968
6.1.29 pUC18 P.s WT_SL-_S1mS2m_5B.3m_9968
6.1.30 pUC18 P.s WT_SL-l_S1mS2m_S3m_9968
6.1.31 pUC18 P.s WT_SL-lll. GND 10182
6.1.32 pUC18 P.s WT 58UTR_si nf|ConstructedplL.
6.1.33 puUC18 P.s WT_SL-Il_wt 8680mut_9968 Shalamova
6.1.34 pUC18 P.s WT_SL-Il_wt _9170mut_9968
6.1.35 pUC18 P.s WT 506UTR_Cor € Constructed by G
6.1.36 pUC18 P.s WT_ G6NDUIDR9 Cor € Gerresheim '
6.1.37 pUC18 P.s WT 506UTR_Cor €
6.1.38 pHCV-SIN_3235 AG Niepmann plasmid
6.1.39 pHCV-3 6 UTR only 3571 collection

2.1.8 Oligonucleotides and primers

All DNA and RNA oligonucleotides were supplied by Biomers. Locked nucleicsgtiNA) mixmer
oligonucleotd e s wer e s uppl iimeidatedarespertived NAresidwe. fi + 0

2.1.8.1 RNA oligonucleotides

Name Sequen@8é&)(56 Source
miR-122 mat (phos)UGGAGUGUGACAAUGGUGUUUG | Conrad et al. 2016
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miR-122* (phos)AACGCCAUUAUCACACUAAAUA

miR-122 mat S1m (phos)UGUAGUCUGACAAAGUCGUUUG

miR-122* S1m (phos)AACGACUUUAUCAGACUCAAUA NiederR° hr ma n
miR-122 mat S2m (phos)UGGAUAGUGACAACUGUGUUUG 2017

miR-122* S2m (phos)AACGCAGUUAUCACUAUAAAUA

miR-122 mat 5B.2m

(phos)UGCUGUGUGACAAUGGIBUUUG

miR-122* 5B.2m

(phos)AACGCCAUUAUCACACGAAAUA

miR-122 mat 5B.3m

(phos)UGGUGUCUGACAAUGGUGUUUG

Gerresheim et al. 2017

miR-122* 5B.3m

(phos)AACGCCAUUAUCAGACAAAAUA

miR-122 mat S3m

(phos)UGCAGAGUGACAAUGGUGGGUG

miR-122* S3m

(phos) CCCGCCAUUAUCACUCUAAUA

2.1.8.2 DNA oligonucleotides

Name

Purpose

Sequen3d8d)( 506

NS5B_minus_RT

RT primer targeting the NS5B
sequence in the minus strand

TGAGGTGTTCTGCGTGG
AC

NS5A_minus_RT/for

RT / forward gPCR primer targeting
the NS5A sequence in the minus

GCCTCCCCTTCATCTCTT

GT
strand
Spinach_minus_RT RT primer targeting the Spinach CCGTCCTTCACCATTTCA
sequence in the minus strand TT
RT primer targeting the Spioh
sequence in the minus strattct CTGAATGAAATGCCGTC

Spinach_minus_RT_shap

forms a stem (underlined sequence
and a loop, nless hybridizes to the
target

CTTCACCATTTCATTCAG

EMCV_plus_norm_RT

RT primer targeting the EMCV
sequence in the plus strand (used f
normalization)

CCCCTTGTTGAATACGC
TTG

NS5B_minus_gPCR_for | A pair of gPCR primers for ACATTTTTCACAGLGTG
o ) TCG
guantification of lhe minus strand
NS5B_minus_gPCR _rev | targeting the NS5B region glé_?CTAGTGTGTGCCG
A reverse gPCR primers for
NS5A_minus_gPCR_rev | quantification of the minus strand GATGGCGGTCTTGTAGT
: . TCG
targeting the NS5A region
Spinach_minus_gPCRor | A pair of gPCR primers for giéA CTGCTTCCTTCAC
quantification of the minus strand ACCATATIGCCGTCTITT
Spinach_minus_gPCR_rey targeting the Spinach region oG
Spinach_minus_gPCR_re| AN extended reverse gPCR primer | - ~cATATTGCCGTCT
for quantification of the minus sind
2 . . : TTTGG
targeting the Spinach region
EMCV_plus_norm_gPCR_| A pair of qPCR primers for AGACCCCTAGGAATGCT
for guantification of the plus strand CGT
EMCV _plus_norm_gPCR | 'argeting the EMCV region (used {0 == a7 cCTTCACCATTTA:
normalization)
rev TT
Reverse engboint PCR primer CGCCCCAAGTTTTCTGA

NS5B_minus_RT_rev

targeting the NS5B sequence in the
minus strand

GGG

RT / forward gPCR primer targeting GAGTCAACGGATTTGGT
GAPDH_for cellular GAPDH CGT

Reverse gPCR primer targeting GATCTCGCTCCTGGAAG
GAPDH_rev cellular GAPDH ATG
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RC_NS5B3 6 UTR_ S

A pair of primers for a PCR templat
generation serving in synthesis of

ATTTAGGTGACACTATA
GGCGATATCTCTTCAAT

. TGG
control RNA template (HCV minus
RC_NS5B3 6 UT R _ r | strand) QS(T:TAGCTATGGAGTGT
ATTTAGGTGACACTATA

as3S0UTR_RPA
(probel)_SP6_for

A pair of primers for a €R template

GATCTGCAGAGAGACCA

generation used fa short sense GTTACGG
as30UTR_RPA 30UTR probe synt| GAGGTTACACGGGCTTG
(probel) rev ACG
ATTTAGGTGACACTATA

as30 UTR_RPA

(probe2)_SP6_for A pair o_f primers for a ER template| GGTGGCTCCATCTTAGC
generation used fa short sense CC
as30UTR_RPA 30UTR probe synt|CTCGGAATGTTGCCCAG
(probe2)_rev C
sense ATTTAGGTGACACTATA
A A pair of primers for a PCR templatf GTGCACGGTCTACGAGA
56UTR_RPA_SP . :
generationusedf@nt i s ens| CCTCC
senses 6 UTR_RPA . probe synthesis GCGCCATTCGCCATTCA
GGC
2.1.8.3 LNA oligonucleotides
Name Sequencd 58 0) Source
antFmiR-122

LNA/DNA mixmer

+CCA+TTG+TCA+CAC+TC+C

Miravirsen (Janssen et aD23)

2.1.9 Buffers and solutions

2.1.9.1 Bacterial growth and cell culture solutions

LB growth mediumin order to obtain 1 | of the medium, 20 g of BBoth needs to be dissolved in

deionized HO and sterilized by autoclaving. The growth medium is ugwlpplemented with a selective

anti

added

acetic

stored

biotic

(ampicillin)

at wor Ki

ng concentration

2 % AgarLB plates for 200 ml stock solutions, 4 g of LBroth and 4 g of agar are supplemented
with deionized HO; dissolution and sterilizath are conducted by autoclaving. If necessary, antibiotic is

t o a warm

solution at

wor Ki

ng

Tfbl solution 100 mM rubidium chloride, 50 mM manganese chloride (M#E,0O), 30 mM
potassium acetate, 10 mbhlcium chloride (CaGi2H,0), 15 % glycerol; pH is adjusted to 5.8 by 1 M

aci d.

The

solution is

steril

ized by filter

Tfb2 solution 10 mM rubidium chloride, 10 mM MOPS, 75 mM calcium chloride (G&EL,0),
15% glycerol; pH $ adjusted to 6.5 by 1 M potassium hydroxide. The solution is sterilized by filtering and

4 AC.
Complete 10 % DMEM

at

cont ai

ns 100 U/ ml

500 ml: 5 ml Pen/Strep and 50 ml FBS).

use.
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penicillin, 100

Cryomedium DMEM that contains 20 % FBS and 10 % DMSO (per 50 ml: 10 ml FBS and 5 ml
DMSO).

Cytomix 120 mM KCI, 0.15 mM CagGJ] 10 mM K;HPOY/KH,PQ, (pH 7.6), 25 mM HEPES, 2 mM
EGTA, 5 mM MgC}, pH 7.6; supplemented by 2 mM ATP and 5 mM reduced glutathione (GSH) before

0.5 % TrypsirREDTA: 10 x stock is diluted 1:10 with sterile 1 x PBS.

1 x PBS 10 x PBS stock is diluted 1:10 with deionizegDHand sterilized by autoclaving.

concentration
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2.1.9.2 Gel electrophoresis buffers

50 x TAE buffer 2 M Tris (pH 7.6), 1 M acetic acid, 50 mM EBT
10 x TBE buffer 1 M Tris (pH 7.6), 1 Mboric acid, 20 mM EDTA.
Stacking gel bufferl.5 M TrisHCI, pH 6.8, adjusted with HCI.

Resolving gel bufferl.5 M TrisHCI, pH 8.8, adjusted with HCI.
10 x SDS Running buffef.25 M TrisHCI, 1.92 M glycine, 24 SDS.

2 x SDS Sample buffed25 mM TrisHCI (pH 6.8), 20 %gl y ¢ e r o |-Merc@peth@nol A %
SDS, few grains dfromphenol blue.

FA loading buffer 80 % formamide, 10 %glycerol, 50 mM EDTA (pH 7.5), few grains of
bromphenol blue anglylene cyanol.

2.1.9.3 Western blot buffers

NP-40 lysis buffer 25 mM TrisHCI (pH 7.5), 150 mM KCI, 2 mM EDTA (pH 7.5), 0.5 mM DTT,
0.5 % NPRA40.

Anode | buffer 0.3 M TrisHCI, 10 % Methanol, pH 10.4, adjusted with HCI.

Anode Il buffer 25 mM TrisHCI, 10 % Methanol, H 10.4, adjusted with HCI.

Cathode buffer25 mM TrisHCI, 10 % Methanol, pH 9.4, adjusted with HCI.

10 x TBS buffer0.2 M TrisHCI, 0.15 M NaCl, pH 7.5, adjusted with HCI.

1 x TBST buffer 10 x TBS is used to prepare 1 x solution and supplemented @880 Tween 20.

Blocking solution 10 x TBS is used to prepare 1 x TBS(T) solution and supplemented with 10 % of
dry milk.

2.1.9.4 IP and RPA buffers
RNA hybridization buffer80 % Formamide, 40 mM Tr8I (pH 7.5), 400 mM NaCl, 1 mM EDTA.

RNase digestiomuffer 10 mM TrisCl (pH 7.5), 300 mM NaCIl5 mM EDTA,; supplemented by
40 eg/ml RNase A directly before use.

Proteinase K Buffer200 mM TrisClI (pH 7.5), 300 mM NacCl, 25 mM EDTA, 2 % SDS.
IP Wash Buffer 50 mM TrisClI (pH 7.5), 300 mM NacCl, 5mM MggI0.05 % NP4O.

Fixer solution 7.5 %acetic acid, 5 %gthanol.

2.1.10Chemicals and reagents

Chemical Company
Acetic acid Sigma
Agarose Roth
Ammonium persulfate (APS) Roth
Boric acid Roth
Bromophenol blue Roth
Calcium chloride (CaG) Roth
Chloroform Sigma
Dimethyl sulfoxide (DMSO) Roth
Dithiothreitol (DTT) Sigma
Ethanol( 09 %,.p8.) Roth
Ethidiumbromide Roth
Ethylenediaminetetraacetic acid (EDTA) Roth
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Ethylene glycolbis(2aminoethyletherN, N, Ntétradddiic acic

(EGTA) Roth
Formamide Roth
Glycerol Roth
Glycine Roth
Hydrochloric acid min. 32 % (HCI) Roth
Isoamylalcohol Roth
Isopropanol Roth
Magnesium chloride (MgG) Roth
Manganese chloride (Mng#H,0) Sigma
Methanol Roth
MOPS (3(N-morpholino) propanesulfonic acid) Roth
Nonidet P40 (NR40) AppliChem
Phenol ARot i Phenol o Merck
Potassium acetate (KX2) Roth
Potassium chloride (KCI) Fluka BioChemika
Potassium hydroxide (KOH) Roth
Rotiphorese Gel 40 (acrylamide/bisacrylamide 29:1) Roth
Rubidium chloride (RbCI) Sigma
Skimmed milk powder EDEKA Krenschker
Sodium acetate (NaOAC) Roth
Sodium chloridéNacCl) Roth
Sodium Dodecyl Sulfate (SDS) Roth
TEMED (N,N,NgNG Tetramethylethylendiamine) Roth
Tris-hydroxymethylaminomethane (Tris) Roth
TRIzol reagent Thermo Scientific
Tween 20 Sigma
Xylene cyanol Roth
b-Mercaptoethanol Sigma
2.1.11Laboratory and cell culture plastic
Consumable Company
6- and 12 well microplates Sarstedt
10cm dishes Sarstedt
Electroporation cuvettes (4 mm) Sigma
Eppendorf tubes (1.5 ml, 2 ml; Safe Lock) Sarstedt
Falcon tubes (15 ml, 50 ml) Sarstedt
Filter pipettetips( 10 €1, 20 Ol , 200 ¢ || Sarstedt
gPCR Seal optical clear film VWR
gPCR Semfkirted Plate VWR
Pipette Tips (10 el) Sarstedt
Sterileserologicalpipettes (5 ml, 10 ml, 25 ml, 50 ml) Greiner
Tissue culture flasks (25 énv5 cni, 175 cr) Sarstelt
2.1.12Laboratory equipment
Equipment Company
Accublock Digital Dry Bath Labnet
Autoclave V150 Systec

B15 petri dish incubator

Thermo Scientific

CB series C®Incubator

Binder

Centrifuge 5415 C

Eppendorf

Destamat, bdestiller

Heraeus

Digital pH-Meter 644

Knick Elektronische
Messgerat e

Duomax 1030 shaker

Heidolph
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ED240 hotair cabinet Binder

FastBlot B44 semidry blotting chamber Biometra

Geiger counter LB 124 Berthold Technologies
GelDoc XR gel documentation system BioRad
GenePulser Xcell Bio-Rad

HA 2448 BS LaminAir lamina flow Heraeus

Heatstir US152 magnetic stirrer Stuart

Heraeus Biofuge Fresco Heraeus

Herolab UV Transilluminator Herolab

Julabo 7A water bath Julabo

Labquake Rotator Thermo Scientific
Leica DM IL inverted microscope Leica Microsystems
LKB/BROMMA 2002 Power Supply LabX

MagnaRack magnetic separation rack Thermo Scientific
Mastercyclerefre a | pl ex|] S Eppendorf

Mi cropipettors (0.5 €l to 10]|Gilson

Pipetboy comfort pipettor Integra Biosciences
Phosphor Imager Cyclone Plus Perkin Elmer

Qubit 2.0 Fluorimeter Thermo Scientific
Sharp R 202 Microwave Sharp
TProfessional PCR cycler Biometra

Vortex Genie 2 Scientific Industries

2.1.13 Tools, software and internet resources

BioEdit Sequence Alignment Editor version 7.2.0 (Hall 1999)

Clone Manager Professional Suite version 8 (Small Work Group License)
Clustal MUSCLE: https://www.ebi.ac.uk/Tools/msa/muscle/

Clugal Omega: https://www.ebi.ac.uk/Tools/msa/clustalo/

Double Digest Finder by NEBNhttps://www.neb.com/toolandresources/interactiviols/double
digestfinder

OriginPro8 SR4 software, v8.0951, OriginLab Corporation

Primer3web (v. 4.0.0) Rozen and Skaletsky2000; Koressaar and Remm2007;
Untergasseetal. 2012): http://bioinfo.ut.ee/primer3/

Tm Calculator by NEBhttp//tmcalculator.neb.com
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2.2 Methods

2.2.1Microbiological methods

2.2.1.1Cultivation of bacteria

All steps involving bacteria were carried out under sterile conditions using a Bunsen burner. All
solutions and growth media were sterilized either by filterg o r autoclaving (20 nm
Gl assware and met al spatulas were disinfected by
plastic consumables were applied. A working surface was disinfected before and after bacteria cultivation
with 70 % ethanol. Bacteria were predominantly grown under selective antibiotic conditiofs0 O g / ml C
ampicillin - according to the resistance gene encoded in plasmids used for transformation. Cultivation is
conducted either on 2 #garLB plates or i liquid LB-medium in an incubator or a shaker, respectively; at
30 or 37AC.

2.2.1.2Preparation of competent bacterial cells: rubidium chloride method

Based on commercially available One Shot TOP10 E.coli cells, additional chemically competent
bacterial tocks were prepared. TOP10 cells from one vial were plated on an arditeeticB-agar plate
and incubated overnight at 37AC. Then a starter
colony into 10 ml of antibiotidree growth medium, folwe d by overni ght i ncubat:i
the next day a mini culture was transferred into 1 | of antibfotie LB-medium and grown under the same
conditions for about 5 h until the cultures @Preaches 0-8.5. From this point every step is to be
performed on ice and only iamld Thfl/Tbf2 solutions to be used. The culture is kept on ice for 5 min and
then centrifuged at 5000 rpm for 10 min &ftom4AC.
initial culture volume) of Tfbl solutionna kept on ice for another 5 min. Eventually, cells atmsiown at
5000 rpm for 10 min at 4"&dnintial dultureerdums) pfdfbAselutioniand 5 m
additionally incubated on i ce f opensddintoprehiled tubed O , 2 (
and snagrozen in liquid nitrogen; storage is @& 0 A C . In order to characteri:
transformed by pUC19 plasmid and transformation efficiency is estimated according to a formula:

Number of transfaona nt s/ DNA [ Og] = number of col oni es
transfor med [ ®alurebeforaplating) ut i on o f

2.2.1.3Transformation of competent cells

For transformati on, a plasmid or tentcéllsigmduiedn r e
amount and incubated on ice for 30 min. Transformation is conducted by-a heatc k f or 1 mi n
followed by a coodown for 23 min on i ce. Next, cells are caref
outgrowth medium and beingrace r ed for 1 h in a 37AC shaker-. Tr a

containing agar plates and cultivated as described above.
2.2.2Cell culture methods
2.2.2.1Passaging of eukaryotic cells

All steps involving eukaryotic cells were carried ander sterile conditions using a biosafety cabinet
and certified sterile solutions, growth media and plastic ware. Everything that was taken into theasabinet
well asa working surface were disinfected before and after with 70 % ethanol. Cells weraimeginn a
37 AC, Hunidifi€ @cubator and subcultured ever@ Pays depending on a cell type and on current
confluence All the solutions and media for subculturing need to benanened to room temperature. First
cells are washed once with 1 x 8Bthen a required amount of 0.5 % trypBIDTA is applied (3 and 5 ml
for 75 and 175 cff | as k s , respectivel y). Cul ture flasks ar.
trypsin is inactivated by addition of complete DMEM containing 10 % FBSrAfsuspension of cells in
the growth media, they are counted, if necessary, and seeded into new flasks or plates, as desired.
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2.2.2.2Thawing and freezing of eukaryotic cells

In order to create a loAgrm storage stock of freshly purchased or kindigvigled cell lines,
cryostocks need to be prepared. Every new cell line first is passaged several tmoesasing amounts for
cells adaptation and multiplication until they reach about 9@d¥fluence Then all cells are trypsinized,
resuspended in amall volume of seruscontaining DMEM, transferred into a sterile tube and pelleted at
1000 rpm for 5 min at room temperature. After supernatant removal, cells are gently resuspended in
cryomedium at a concentration of about*2A0° cells per ml; and 1 mlliguots are transferred into cryotubes
and snagrozen in liquid nitrogen; storage is in a liquid nitrogen tank.

Viability of cells is then tested by thawing one of the vials. For this reason, a vial is briefly thawed in
37 AC -pathtcells are to be peted at 1000 rpm for 5 min, then resuspended inwanrened 10 %
DMEM and placed into a 25 cnflask containing complete growth medium. This medium needs to be
exchanged within 4 h (after attachment of viable cells) and if necessary from time to titiighencells
reachconfluenceof ~90 %.

2.2.2.3Counting and seeding of eukaryotic cells

For all the experiments in which cells had to reach a certain perceanfidiencethey were counted
prior seeding. A concentration of cells in a suspension adutadfter trypsinization was determined using a
Neubauer improved hemocytomet@haracteristicodf this counting chamber are the following: a depth is
0.1 mm a counting grid is 3 mm x 3 mm in size with 9 square subdivisions of 1 x Zaminthecentral
square isdevidedinto 25 squares of width 0.2 mm. To calculate a total amount of cells, the number of cells
in 2-3 bigger squares is counted, and the mean value is multipliedyiadd by a suspensi
(in ml).

For transfection cells are to be seddne day before, in either @& 12 well microplates, at amount
of 2-2.5*10°and 0.70.75*10 cells per well, respectilig that provides 7®0 % cellsconfluence

2.2.2.4Transfection of eukaryotic cells: Lipofectamine 2000 method

To perform (ce)trandection of RNA substratesvith microRNA or other RNA oligonucleotides,
Lipofectamine 2000 method was applied. Transfection was only conducted on theeaetled70-90 %
confluence in 6-well microplates for RIgPCR experiments and in &Il microplatedfor protein analysis
by western blot. The amounts given below correspond to transfectiowatl 6rmat, whereas for 1@ell
format all the amounts should be reduced {ig18.

The day before transfection, cells were trypsidiand seeded intovéell plates (2.5*10 cells/well).
In all experiments 0.3 pmol dRNA templateper well was transfected; when required, microRNA(s) or LNA
were cotransfected in various amounts. RNA components and Lipofectamine reagent were -finstgate
in separate tubes (ir010 O of s dreelDMEM pertsaniple)andithen combined angediwell
by vortexing for 10 sMixtures were incubated at room temperature for 15 min and then transferred
dropwise on cells; no change of media was conducted. Cells were furtheatedtuat standard conditions,
usually for 48 h or according to a chosen ticogirse schedule, until harvesting and total RNA isolation

2.2.2.5Transfection of eukaryotic cells: Electroporation method

Evaluation of stability of RNA substrates in experintah cells transfected by Lipofectamine
(see2.2.2.4) is unflavored since liposomes provide an uneven nucleic acid uptake resulting in differential
transfection efficiency or/ancetention ofRNA at the oute cellular surface and graduadleasdeading to
artificially extended lifetime values. A more optimal approach is electroporatitich allows precise and
instant delivery of RNA. Calculation of hdife time of nucleic acid species requires quantification of its
remaining fraction during an expedietiine-course. In the present work stability of RNA templates was
evaluated within 36 h period. At first, HWH5 cells werdrypsinized pelleted by centrifugation at 1500 rpm
for 5 min at room temperature, then washetitimes with PBS and resuspendeiytomix to 10 cells/ml.
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For the el ect r ofbcells) aftHuHy B suspérdion wéré coribingdinvdh 1 pmol of the RNA

of interest, gently mixed by pipetting up and down, transferred into 4 mm cuvettes (Sigma) and then pulsed
using a GenePulseétcell (Bio-Rad) with the following conditions: square wave, 270 V, 20 ms. Next, cells
were carefully resuspended in 12 ml of complete DMEM and seededan 8- well plates (2 or 1 ml
perwell, respectively). The inpusamples, representing a tirpeint 0 h (in fact, about 30 min post
electroporation), were directly harvested by Trizol lysis of pelleted cellsdier d0 remove unviable cells,

6 h post electroporation growth media exchange was conducted. According to the seleeteditimecells
werefurther harvested by Trizol at 6, 164 2nd 36 h post electroporation; the lysis aowed by total

RNA isolation (see 2.2.6.1). Remaining fractions of transfected RNA constructs were quantified by
RT-gPCR (see 2.2.6.3), targeting the EMCV IRES regiomplus strands. For individual construetean Ct
values for each timpoint were normalized to a value for the input sample ¢aD@nd then mean remaining
fractions (derived from at least three independent experiments) were fitted to exponentidiudetiay

using OriginPro8 software (ExpDecl function: y = Agpéx/t)+y0). Haltlife values T, were calculated

from decay curves using a tl (lifetime) characteristic parameter itandtandard error values, as

T12 = t1*In(2).

2.2.3Basic molecular biological methods
2.2.3.1Preparation of plasmid DNA

Preparation of plasmid DNA was performed according to the following standardized procedure. For
the primary colony screening, smattale DNA preparation was applied. Colonies were ilabed and
transferred into 15 ml Falcon tubes containing.2 ml of prewarmed LB medium with an appropriate
antibiotic (1200 Og/ ml ampicillin). Afterwards san
of the tubes were loosened. It is imgon t to note that an incubation ¢
reduce activity of bacterial endonucleases and recombinagigattively affectingong plasmids (over 10 kb)
during cultivation. Next day 1 ml of culturesawtransferred into Eppendorf tubesd spun down at
maximum speed for 5 min. Further procedures were conducted using a GeneJET Plasmid Miniprep Kit
according to the manufacturerds instructions. Th
bacteria followed by a neutralizatictep providing optimal higkalt environment for plasmid DNA binding
and protein/chromosomal DNA precipitation. While cell debris are precipitated and removed by
centrifugation, the plasmid DNA is bound to the sHiimsed membrane of the column. Conseaguvashing
with ethanol serves to remove contaminants, and plasmid DNA is ultimately eluted by a small volume of
nucleasdree water. Eventually, integrity of isolated plasmid DNA was verified by restriction analysis
(see2.2.3.2) and by agarose gelectrophoresis (see 2.2.4.1).

Largescale DNA preparation served to produce highly concentrated, pure and endorfuetease
stocks of a desired plasmid. Usually, one selected swalé bacterial clone per plasmid was inoculated
from an overnight mintulture into a glass flask filled (to maximum Fj3with prewarmed LB medium
containing an appropriate antibiotic (100 Og/ ml é
in a 30 or 37AC bacteri al s h a k e rto tha dmeefor itha primara t i o n
cultures). Next day the whole amount of a culture was distributed and carefully equilibrated in centrifuge
flasks, and centrifuged at 5000 rpm for 10 min at
Plasmid MaxiprepK i t according to the manufacturerdés inst
identical to the one of the smaitale plasmid DNAsolation with addition of the endotoxihinding step,
since the largscale preparation is to be applied to cellsoPitie stock creation, integrity of isolated DNA
was confirmed by restriction analysis (se2.22) and agarose gelectrophoresis (see 2.2.4.plasmid
DNA concentration was precisely measured using Qubit (2627).

2.2.3.2 Restriction endauclease digest of DNA

Restriction digest of DNA with endonucleases is an essential method to generate sticky ends for
ligation procedures as well as an analytical approach for verification of integrity of DNA plasmids: for
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screening and after alargeab pr epar ati on. Enzymatic reaction is
instructions that include specific guidelines on a compatible buffer and an enzymatic éstieit®.1.3.1)

The volume of a restriction digest reaction is customized dependirigeodownstream application of a
product. For aim vitrot r anscr i pti on DNA templ ate preparation,
the digest with 100 U oEcaR | endonucl ease in 200 Ol reaction vo
purposesmal | er amounts of DNA are sufficient: about
mixture. Larger amounts of DNA fragments are normally used for ligation procedures after subsequent
gelextraction (see 2.2.4.2). When a double digest is requinedpgtimal conditions can be defined at the

manufactureré6s website (Doubl e Digest Finder). A
for 1 h, but may significantly vary depending on the selected restriction endonuclease.

2.2.3.3 The poymerase chain reaction (PCR)

The polymerase chain reaction (PCR) is a commonly known indispensable procedurevitoy
amplification of a DNA segment flanked by two defined sequences. Here, PCR was predominantly used for
cloning purposes, particularlyor sitedirected mutagenesis (described in detail in 2.2.5.3). The standard
PCR procedure is outlined below. The reaction was performed using One Tag DNA Polymerase together
with a provided OneTaq Standard Reaction Buffer (20 mM-Ai@$, 22 mM NHCI, 22mM KCI, 1.8 mM
MgCl,, 0.06 % IGEPAL CA6 3 0 , 0.05 % Tween 20; pH 8.9) abidin
gener al composition (for a standard 25 Ol reacti c
Reaction Buffer0Anm ONT®E $0x5s Obc ki of 2agh fondard srtd o ¢ k )
reverse primers (0.5 Ol of 10 OM stocks), 0.625
<10g template DNA (volume is vari abl e)easefreehvatert ot a l
When necessary, PCRs can be scaleduxto 50 xO1 ()1 o0 @&l ) for preparatiyv
were performed using one of the listed thermal cyclers (see 2.1.12) applying the standardized temperature
profile: initial denatuationi f o r 2 min at 94AC; 30 cycl e30 saxf s ul
at9 4AC), anneal i #8ACjomnd0esoengati db6 (1 minforper 1
min at 68AC; hold is at 4 AC.sedWhea dediegnih templatésiwithra t i r
high GGcontent. The annealing temperatures are to be defined for every primer pair (NEB Tm Calculator
was used); in case of difficulties, the optimal conditions were determined via a gradient PCR program. The
numberof cycles may vary depending on expected copy numbartarget All PCR products are further
analyzed by agarose gelectrophoresis (see 2.2.4.1) before proceeding with a downstream application.

2.2.3.4In vitro RNA transcription

Replicatbn tamplate RNAs for bottHCV minusandplus strandsynthesis initiation were generated by
in vitro transcription. Corresponding plasmid DNAs were linearized VatoRI digest (see 2.2.3.2),
followed by extraction with phenol and chloroform and precipitatiom wthanol (see 2.2.3.5 and 2.2.3.6);
finally DNAs wer e d-reesvatdr. DMAdconcemtratiod wadmeasured:bly ©ubisusing
the dsDNA BR Assay Kit, and completeness of linearization was tested by 1 % agarose gel electrophoresis
(see 2.2.4).

In vitro transcriptionfor replication constructs generatiaras performed using T7 RNA polymerase
with the following modifications to the manufactu
additional 5 MM MgGland 10 mM DTTl,i n2e5rng/e@ pdfasmid DNA an
pol ymer ase. After 3 h at 37AC, an additional 0.5
was incubated for another 2 h. Termination of transcription and template DNA removal was conducted by
addition of 2 Uof RNasef r ee DNase | per 1 Og of template DNA
37AC. RNA was further extracted with phenol and c
2.2.3.6); finally RNA transcripts were dissolved in RBt&®ge water. RNA concentration was measured by
Qubit using RNA BR Assay Kit (see 2.2.3.7), and integrity of transcripts was tested by 1 % agarose gel
electrophoresis (see 2.2.4.1).
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For the purposes of radioactivelgbeled RNA productionjn vitro transciption was performed
according to the standard maionud thecconsenteatiod ef UPFroot oc o
achieve an efficient incorporation of radabeled[U -P]-UTP into atranscribed RNA, the amount of cold
UTP was reduced to 0.1 mM comparing to a standard 0.5 mM final concentration. It is important to note that
in vitro transcription of certain RNA$ such as containing the-tJi ch HCV 306 UTdguiresequen
optimization of reaction conditions or a change of radioactil@beled nucleotide in order to ensure a
generation of a fullength product. For an average sequenceirthgtro transcription conditions were as
following: 1 x T7 RNA polymerase retion buffer, 0.5 mM of each ATP, GTP and CTP, 0.1 mM of cold
UT P, O[Up-PI-OW( 400 Ci / mmol , 10 mCi/ ml) , additional ;
and 0.1 U/ Ol of THe RNA&a @ptoilymewas e ¢ a-2 h ifoe T/ RNAI't at
polymerase as well as for SP6 RNA polymerase that was required in sevydiehtegms. Subsequent
removal of DNA template and purification of radioactive RNA transcripts is performed similarly to cold
transcription products, as mentioned above and 2r8.8. and 22.3.6. Verification of RNA integrity and
concentration estimatiomas conducted via denaturing polyacrylamide gel electrophoresis (see 2.2.4.4). The
amount of radioactively labeled RNA was calculated through estimation of percentage of incorporated
radioactive nucleotides.

2.2.3.5 Phenaokhloroform extraction

A procedureof nucleic acids extraction with phenol and chloroform serves to denature and remove
proteins from an enzymatic reacti@guch as restriction digeddNase ldigestor in vitro transcription). In
order to complete purification and concentrate the sartiesxtraction was always followed by ethanol (or
isopropanol) precipitation. The procedure of nucleic acids separation from a protein fraction is based on a
formation oftwo phase$ watery and organic. ileic acids remain in the watery phase, whereateins
are denatured and trapped in an organic phase. At first, 1.5 volume of phenol is added to 1 volume of an
aqueous sample of interest. After mixing thoroughly, the sample is centrifuged at maximum speed
(13000rpm) for 5 min at room temperature. Tivatery phase is thamansferred into a clean tukavoiding
takingoutany of the organic phases) and mixed with 1.5 volume of phenol/chloroform mixture (1:1), and the
procedure is repeated. Similarly, at the last step the watery phase is mixed witfufnBsvof chloroform
only to remove residual phenol, final centrifugation is performed and eventually the watery phase is
collected into a clean tube. This multiplicity of stepeses to increase the purity of nucleic adidwever,
the procedure may beduced to two steps (omitting the second step).

2.2.3.6 Precipitation of nucleic acids with ethanol/isopropanol

The precipitation with ethanol or isopropanol usually comes after plebtarioform extraction (see
2.2.3.5) to both concentrate nucleic dsciandremove watersoluble contaminants that remain from the
previous step (salts, sugars, etc.). The aqueous phase derived at the last step-ohloneform extraction
is thoroughly mixed with 2.5 volumes of an absolute ethanol (or 1 volume of oyl the highest degree
of purity). Usually 1/18 volume of 3 M sodium acetate is added to neutralize charges on the nucleic acid,
however, when a |l ow yield of nucl eic acids i s e
applied as a eprecpitant. For precipitation, samples are incubate@ @ A C f o % h; and nudleie acilt
is then recovered by centrifugation at maximum speed (13 000 rpmpformi n at 4 AC. Aft
supernatant, pellets are washe# times with 70 % ethanol ammir-d r i ed at 37 AC. Pel |l et
in a reasonable amount of nuclefis® water and, when necessary, nucleic acid concentration is measured
according to 2.2.3.7.

2.2.3.7 Nucleic acid concentration measurement

All steps involving measuremenof nucleic acids concentratiowere performed using a Qubit
fluorometric quantification approach. The Qubit 2.0 Fluorimeter together with corresponding assay kits
allows quantification of both RNA and DNA, in either higénsitie or broad range. Measments were
conducted according to the manufdasaniple isevelldbed intoh st r u
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1990 | of a working solution and incubated for 2 mi
based on a programmed calitiwa curve.

2.2.3.8Preparation of microRNA duplexes

Co-transfection of microRNA$ original miR122 and i$ mutated versions (see 2.1)8ilrequired
application of mature imperfect duplexes. All miRNA duplexes were generated from purchased single
stranded RNA oligonucleotides by annealing equimolar amounts of a guide (mat) and a corresponding
passenger (*) strands. In mutated duplexes, the sequence was designed to maintain the ongimadgncs
assure that the duplex is unwound from the corradt &nnealing was performed in a PCRcler by a
stea y temperatur e decreaseAC frpoem 9O AQt e)o.-1224G e e I
miR-122_S1m/S2m/5B.2m/5B.3m/S3m duplexes wheataliquoted and stored-20A C .

2.2.3.9 DNA sequencing

For analysis and viication of DNA segments after cloning or mutagenesis, sequencing service by
GATC-biotech (and later SeqLab) was applied. Both companies providedrpynthesis service prior to
sequencingand required only shipment of 50 to 500 ng of DNA sample (samggeirements vary
depending on the DNA source).

2.2.4 Gel electrophoresis methods
2.2.4.1 Agarose gel electrophoresis

A standard agarose gel electrophoresis procedure was applied for analysis and separation of both RNA
and DNA. Multiple molecular bioldgal techniques require a size and integrity verification by this method
during their experimental timeline: visualization of generated PCR products, digested DNA fragments or
transcribed RNA (see 23.2-4) i are just some of the applications. Meanwhiegparative agarose gels
served to separate DNA fragments for further cloning purposes.

A concentration of agarosie from 1 to 2 %- was chosen depending on the expected size of the
fragments to be separated: 1 % gels for the fragments from 0.5 to 1@ kb%n for the 0.122 kb range.
Gels are prepared in 1 x TAE buffer by agarose melting in a microwave oven. Before loading a gel, nucleic
acid sample is to be mixed with an appropriat® NA or DNA - loading dye. Standard commercially
available loading dysgusually contaifromphenol blue angylene cyanol and allow tracking of the nucleic
acid migration process. The electrophoresis is performed in 1 x TAE running buffeRatraf per gel; a
choice ofthecurrent depends on the size of separated fragraedts preferred resolution. A suitable length
markeris to beloaded on each gel. To stain separated nucleic acids, the gels were soaked in ethidium
bromide solution (0.5 @ mmlVisualizatiah of fragifiehts was oafriédeont)
under UMlight illumination using a GelDoc XR gel documentation system.

2.2.4.2 Recovery of DNA fragments from agarose gels

In order to separateertain DNA species from a mixture of fragments, agarose gel electrophoresis
followed by a gel extraction wa®rducted. A preparatory procedure was consistent with 2.2.4.1. However,
to avoid an unwanted DNA damage by dlght, visualization was conducted using a table transilluminator
and a protective layer of aluminum foil underneath a gelexposure time waseduced to minimum. A
fragment of interest was defined in accordance with a marker ladder, excised using a blade and transferred
into acleantube. Subsequent purification of DNA from a gel slice was carried out with a GeneJET Gel

A

Extraction Kit, followingt he manuf acturerés instructions.
2.2.4.3 Polyacrylamide gel electrophoresis under nesienaturing conditions

Analytical nondenaturingpolyacrylamide gel electrophoresis (PAGE) was applied as an alternative
method for shorter DNA fragments separationlqwe500 bp; for instance, after RHCR, see 2.2.6.2)
instead of 2 % agarose gel electrophoresis. Electrophoresis was performed urafemataring conditions;
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the concentration o&crylamidewas chosen in accordance to the expected size of the fragroehés t
separated: 6 or 8 %. Gelgere prepared in 1 x TBE buffer supplemented with an appropriate amount of
acrylamidesolution (from a 40 % stock solution), 0.1 % APS and 0.1 % TEMED just before use. Prior
loadingon a gel, samplewere premixed with a loadg dye containingpromphenol blue angylene cyanol

as well as a suitable length marker to control a migration process. The electropmasgssformed in 1 x

TBE running buffer at 2@5 mA per gel; gelsvere subsequentlystained in the ethidium bromideath
0506g/ ml i n 1-10minTViBEA)izatibnoof fraginents was carried out underlight illumination

using a GelDoc XR gel documentation system.

2.2.4.4 Polyacrylamide gel electrophoresis under denaturing conditions

Analytical polyacrylamide ¢l electrophoresis conducted under denaturing conditions was applied for
evaluation ofin vitro transcribed radidabeled RNAs integrity (see23.4) as well as at final steps of RPA
and RIP experiments (see 2.2.8 and 2.2.9). Depending on size of expdtfedproducts, 612 %
polyacrylamide gels supplemented with 50 % Urea, 0.1 % APS, 0.1 % TEMED in 1 x TBE were poured. A
careful washing of the wells of a gel and a-pre of electrophoresis at standard conditions (for at least 10
min) are highly recommered to improve a resolution and a final image quality. Prior loading the samples
are to be supplemented with 1 (or higher) volume of Formanad&aining loading buffeand denatured for
2mnat9®A C at the heating bl ock. mEbpeegelfor a sutable persod of i s
time according to expectdatomphenol blue andylene cyanol fronts migration for a chosen acrylamide
concentration. Eventually radioactivdgbeled RNA is visualized by autoradiography. For the analysis of
in vitro transcribed RNA gels were usually wrapped in a plastic foil and exposed directly to Kedgk X
film for about 5 min. In order to conduct a prolonged exposure, gels were usually fixed in fixer solution for
30-40 min and dried onagdir i er f or Déhydiatedges weBe@xfdSed to Xay film or to a
Phosphorimager screen for a required period of time to obtain an optimal image.

2.2.4.5 SDS polyacrylamide gel electrophoresis (SBP\GE)

For the separation and analysis of proteins under-@&@turing coditions, the discontinuous
Laemmli polyacrylamide g system was utilized (Laemmli970). Such SDS gels consist of an upper
stacking gel (usually 5 %) and lower resolving gellP8%); the percentage of acrylamide in a resolving gel
depends on the size séparated proteins. Feisualization of the HCWSS3 protein together witbellular
GAPDH (as a loading control), 10 % resolving gel was used in the Laemmli system.

First, a resolving gel solution is to be poured; its composition is the followint2 %o
Acrylamide/bisacrylamide (29:1), 375 mM T4##ClI (pH 8.8), 0.1 % SDS, 0.1 % APS and 0.1 % TEMED.
After a complete polymerization of a resolving gel, a stacking gel solution is to be added on top; it has a
lower pH and consists of: 5 % Acrylamide/bisdamide (29:1), 125 mM Tri$iCl (pH 6.8), 0.1 % SDS,
0.1% APS and 0.1 % TEMED. Protegontaining samples were diluted 1:4 in 4 x S@&ple buffer and
denatured by cooking on a dr y -downtsamplestwer® drécily ldédor 1 0
on a gel together with a size marker. Electrophoresis was performed using a vertical gel chami&D$ 1 x
runningbuffer, first, at 25 mA per gel for a stacking gel and at 35 mA per gel for a resolving gel; regularly,
the gelswere run until thebromphenol blue dye front exdd the gel. After electrophoresis gelvere
immediately applied for the western blot analysee 2.2.7)

2.2.5 Molecular cloning and mutagenesis methods

A multi-step preparatory cloning procedure was conducted. The DNA tesita transcription were
meticulously designed in this work and then commercially synthesized in parts by EuroFins and finally
assembled as follows.

The minimal template for minus strand synthesis initiatipd C18_P.s_ WT_hp_9899 (designated as
fihpd, see 6.1.7)- was assembled in one step from a chemically synthesized backbone plasmid
(pUC18_Plus_strand_backbone_4374; 6.1.2) and a plasmid encoding 4eedthl HCV JFH1/J6 genome
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(PFK-JFH1J6 G846_dg (Jcl)_12961; 6.1.1; Pietschmann et al. 2006)naligely, most of the ORF was
scrambled, i.e. the primary sequence was permutated to disableiRkignals while retaining amino acid

coding specificity, codon usage and codon pair bias (Song et al. 2012). Scrambled sequence design was done
by Yutong Smg andSteffen Mueller at Stony Brook University (NY, USA). The scrambled version of the
DNA template encodingfor plus strand initiationconstructwas assembledin three steps using four
chemically synthesized constructs: a backbone plasmid pUC18 Mirarg] dbackbone_4685 (6.1.3) and

three plasmids containing fragments of scrambled -NSB8B sequence (pUC18 Fragment

1 NS5B_SCR_4157, pUC18_Fragment 2_NN&HbB_SCR_5148 and pUC18_Fragment

3 _NS3 SCR_4515; 6.18). Construction of the template for minus stragyhthesis in scrambled context
(pUC18 P.s SCR _hp_9899; 6.1.8) and the one for plus strand initiation intypéld context
(pUC18_Minus_strand_WT_hp_10334; 6.1.11) was performed by an exchange of backbones/cassettes (also
see Supplementary materials 6.arid Suppl. Fig. 6-6.5). Since theAsd site is located 152trupstream of

the NS5 B30 UTR j unct i on, |dcdteddewnstreamtofatire (N85B silRA2 ¢arget sites, but

directly upstream of the 5BSL3.2 element. Therefore, both resulting mirdaratructs (wilekype or
scrambledl contain the wiletype 5BSL3.2equence, but the miR22 target sites in the NS5B codiragion

are retained only ioriginal constructs.

The required modifications were introduced into the hp minimal constructs bylireitéed
mut agenesis. The template for minus strand replic
sequenceg SL |-l (position 12-117; harboring wiledtype or mutated miR22 sites; mutations are as
described in NiedeR°® hr mann eSL Hid(positio2 B330Jgrhe compl et e 5IEGUTR (p
followed by 12 codons ofthe HCV Corecoding sequence and UGA) resulting in plasmids
pUC18 P.s WT_SL -ll_wt 9968, pUC18 P.s WT_SL -ll SImS2m_9968, puUC18 P.s WT_SL
I-11_10182 and puUCl&® . s WT 56UTR_sinfr stop_ 18 2ah@ ,6.1.18).es pec
Accordingly, the SL {ll sequence was also inserted into the same hp construct with a scrambled context
(resulting in pUC18 P.s_ SCR_SHIlwt 9968 and pUC18 P.s SCR_Sll ISImS2m_9968; .6.21-22).
The constructs with individually mutateds-elements in theHCV NS5B region- pUC18_P.s WT_SL
[-1l_8680mut_9968 and pUC18 P.s WT_SHI 19170mut 99687 were generated by sitlirected
mutagenesis (6.1.334).

The miR122 binding sitesinthelCV NS5B coding region and 34d4UTR w
constructs (6.1.134), as in Gerresheim et #2017, resulting in plasmids witindividually mutated 5B.2m,
5B.3m or S3m miRL22 binding sites: pUC18 P.s WT_SHIIwt 5B.2m_9968, pUC18 P.s WT_SL
[-1l_wt_5B.3m 9968, pUC18 P.s WT_SL -l wt_S3m_9968 (6.1.227) and pUC18 P.s WT_SL
[-_S1mS2m_5B.2m_9968, pUC18 P.s WT_SL-II_BE1mS2m_5B.3m_9968, puUC18 P.s WT_SL
[-1l_S1mS2m_S3m_9968 (6.1-39).

The modifications within the SL Il domaina mutation 8§GGG to CCC in the apical loop of SL llid

and a deletion of thdomainSL Illb i were in turn introduced into th8L I-1 | | or the compl
constructs by sitdirected mutagenesis resulting in plasmids pUC18 P.s WT-ISLIIId mut_10182,
puC18 PsWT SL K I I _I1 11 Db del 10136, pUC18_P.s_ WT_506UTF

puUC18 P.s_ WT_56UTR_si nf r -1% and §.1.120).I The cdnstriucts inBludi@dagthe( 6 . 1
full-lengthCorec o di ng sequence do whuninadifiea or latkty ¢he &pi€CaV/SLHIG UT R
are designated as pUC18_P.s_ WT_506UTR_Core_10779 a
(6.1.35 and 6.1.37).

The replicasaleficient plasmid variants were generated for the minimabigb SL HI, SL I-lII,
56 UTR, -Coré tbltRcts (6.1.7 and.1.13, 6.1.15, 6.1.18.1.35) by introduction of a GND mutation
within the NS5B RdRp gene ( 31 8-dr¥ched mutagenesia resultingin  a |
plasmids pUC18 P.s_ WT_hp_GND_9899, puUC18 P.s WT_-BLwk_GND_9968, pUC18_P.s_WT_SL
[-l_GND_10182, puC18 Ps W_56UTR_sinfr _stop_GND_10242 and p
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GND_10779 (6.1.224, 6.1.3334 and 6.1.36). These constructs served as negative controls of the minus
strand synthesis initiation.

Some of the essential procedures for molecular cloning and metigelike preparative PCR and
restriction digest, were already described above (see 2.2.3.2 and 2.2.3.3). The following steps are discussed
below.Mapsand annotations for glllasmids are provideid the Appendix (see 6.1). Atloning procedures
are deailed in the Supplementary materials (see 6.2.1).

2.2.5.1 Dephosphorylation of DNA fragments

A standard cloning procedure engages preparation of the fragim@wesctor and an inserby sticky
ends generation via a digest with specific restriction eadeases. This approach, however, engenders
t e r mi-phasphat® dn both fragments that may lead to digatfon and recircularization of a linearized
vector. To reduce the vector background, a linearized vector is usually dephosphorylated pidor. liga
Therefore, the ggburified vector fragment (see 2.2.4.2) is treated with Antarctic Phosphotase according to
the manufacturerds instructions. For a standard
1 pmol of DNA ends is applied in 1 xrmarctic Phosphatase reaction buffer; the incubation is carried out at
37AC for 30 min and followed by the Phosphotase |
measurement (see 2.2.3.7) the vector fragment can be directly applied fapa ligattion.

2.2.5.2 Ligation of DNA fragments

To complete the formation of a desired plasmid, ligation of a linearized dephosphorylated vector and

an insert was carried out wusing T4 DNA Ligade in
20 Ol reaction mixture contains the following col
35f ol d mol ar excess of i nsert DNA, 1 Ol (400 U)

nucleasdree water. Depending on complexity of thgation strategy, incubation can be performed either

for 10 min at room temperature or overnight at 16
transformation of competent bacteria cells (see 2.2.1.3). Selection of the clones hahsodogstruct of

interest is conducted using various molecular biological approaches: from restriction or PCR analysis (see
2.2.3.2 and 2.2.3.3) to sequencing of the insert and its flanking regions (see 2.2.3.9).

2.2.5.3 Sitedirected mutagenesis

In orderto introduce a defined mutatidin substitution, insertion or deletioh into a plasmid of
interest, several sitdirected mutagenesis approaches were apfBethemutations can be performed by
onestep PCR if a restriction site is close to the site tarigated, whereas most modifications require
two-step mutagenesis PCR. In the first situation, one of the PCR primers is designed to harbor a mutation
and a restriction site for further replacement. The opposite primer is chosen in a way that it flimis ano
appropriate restriction site. After the segment of interest is amplifiedcie@aedwith the corresponding
restriction endonucleases, astlie initial plasmid (see 2.2.3.2). The vector and the insert are then purified
and combined as describedab (see 2.2.5.1 and 2.2.5.2).

The primer extension approach, however, enables introduction of longer modifications or two remote
mutations at once or if no appropriate restriction site is close to the mutated region. Therefore,-mutation
containing primersare incorporated via independent nested PCRs to eventually combine them in the final
product. The first PCR requires two types of primers: flanking primers that are complementary to the ends of
a segment of interest and internal primers that contain ib@atched sequence (either the sequence to be
mutated or inserted or the sequence from both sides of the deletion). In any case, the mismatched sequence
mediates the further annealing of the products during the second PCR using flanking primers only. To be
able to replace the mutated segment in the plasmid of interest, appropriate restriction sites are either retained
within the segment or introduced with the flanking primers.
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2.2.6 Reverse transcription and quantitative PCR (RTgPCR) methods

In all experiments efficiency dhe HCV minus or plus strand synthesis initiation from a certain RNA
constructwas estimated using a reverse transcription and quantitative PCR approach. First, as a proof of
principle, synthesis initiation was demonstratedRO}*PCR and theri for quantitative comparison all
measurements were carried out viaHCR.

2.2.6.1 Trizolbased cell lysis and total RNA isolation

The first step in the analysis of newly synthesized HCV RNA strands is an isolation of total RNA from
transfected cells. HuH.5 cells were seeded and transfected as described in 202.2.2.2.5. After a
required time interval (usually, 48 h post transfection), the cells esed oncewith PBS and lysed by
Trizol (1 ml per well). Phenol and guanidirsthiocyanaté the major components of the Trizol reagént
enable disruption of cells and isolation of RNA of wslmle molecular size. The lysates were transferred
into tubes and mixed t hor foriR)A éxyraction. After arth@ubatiodfor o f C
3 min at room temperature, the fractions were separated by centrifugation at maximum speed (13 000 rpm)
for 15 min a-tontank@uppeTagueouRitdation was collected into a clean tube; while DNA
and proteins remain in thaterphase andower organic phaseand dscarded.Total RNA was precipitated

by addition ofl volume 5 0 0) of®Is o pr opanol in the presence of 1 Ol
20AC. Next, the recovery of t o maimunkrsidetd (13s0680 rmmnpfard u c t
15 min at 4AC, followed by two subsequent washing

50 Ol efree wathrResidual DNA removalvas conducted with of DNase | with subsequent enzyme
removal by theRNA Cleanu p Ki t according to the manufacturer
samples were eluted in equivalent amounts of RN@se water. Final measurement of total RNA
concentration usually was not conducted due to the downstream normalinatiegys

2.2.6.2 Reverse transcription and PCR (RIPCR)

Reverse transcription and PCR were performeddioly a limited amount of samples using a
Super Script 11 Reverse Transcriptase and the s
instructiors. Later on, all reverse transcription reactions were performed using the qScript Flex cDNA Kit
(Quant a Bi osciences) according t o t he m&m off act u
DNasel-t r eat ed t ot al RNA from t hmi xsttuepe Z.onh.tG@.ilni wgs
genespecific RT primer (see 2.1.8.2): NS5A/NS5B_minus_RT, Spinach_minus_RT or EMCV_plus_RT.
Foll owing incubat i ofevdrse transsriptase reaction sol6tibnwas supplen@mted and
cDNA synthesis was plormed for 306 0 mi n at 42AC, followed by the

85AC. Distinct conditions were applied when a sna
region to ensure the most specific primer annealing. In detail, aftinhehe mixure of total RNA and
pri mers up to 70AC, temperature was decreased at

samples were brought to room temperature and then a reverse transcriptase reaction solution was added:;
cDNA synthesis ws shortened up to 20 min and enzyme inactivation was carried out at standard conditions.

The downstreamendloi nt PCR was performed by OneTaq DNA
cDNA together with a pair of gerspecific nested primers (for the detentiof NS5A/NS5B/Spinach
regiors on minus strands or EMCV IRES region on plus strands). The general composition of a standard

2501 reaction was as described above (see 2.2.3.3
genespecific primers (see.2.8.2). An optimal temperature profile was the following: initial denaturation for
2mi n  at 95AC; 25 cycles of subsequent denaturati

elongation (for 30 s at 68A®@)d fiisnalt elx¥AtCe n sTihoen Pf(
visualized by 1.5 % agarose gdéctrophoresis (see 2.2.4.1) or by 6 % PAGE (see 2.2.4.3).
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2.2.6.3 Quantitative RT-PCR (RT-qPCR)

Since RTPCR is only a semi quantitative method, in order to discover and evaluatelgfesthces
in HCV RNA synthesis, a quantitative FACR protocol was established. Reverse transcription was
performed using the qScript Flex cDNA Kit according to 2.2.6.2. The gPCR was performed using the
PerfeCTa SYBR Green FastMix accordingtothe manafaur er s i nstructi ons. I n
Green master mi xes were prepared for each nested
NS5A/NS5B/Spinach regiaon minus strands or EMCV IRES region on plus strands) and distributed onto

a wlorless 96w e | | PCR pl at e. 2 Ol of each cDNA sample pr
i nto corresponding well's i n 2 or 3 technical r
measurements were conducted using Eppendorf MasteregdRealplexX S with the following temperature
profil e: i nitial denaturation for 2 min at 95AC:;
elongation (for 30 s at 60AC); mel ting cuanwfe f or
cDNA obtained with a snap RT primer (for Spinach region only) annealing/elongation step was carried out at
61AC in order t epecifitiyr ove assay target

The values for the quantitative analysis were obtained from at least three independemeetpe
Data wasprocessedising the provided with the Realpfesoftware to determine the threshold cycle (Ct) and
analysiswas performed according to Pfaffl (Pfaffl 2001) as described below.

2.2.6.4RT-qPCR data analysis

To begin the analysis, amplifition efficiencies were determined for eadhhe primer pairs used: for
the NS5A/NS5B or Spinach regi®on minus strands and EMCV IRES region on plus strands (also see
Supplementary Materials 84). To accomplish this, a #old dilution series of cDNAgenerated from the
SL Il construct transfected sampleas amplified in qPCR. Measured Ct values were plotted against the
common logarithm of the dilution factor, and the slope was derived from the plot. Amplification efficiency
(E) was calculated usirthe following formula: E = 13/5°"®) Mock-transfected cells were used as a control
of pr i mer indneltngoarveamalysisi(seé2.4).

The value wused to compar e exrpgeetsts,i on; od¢ o rcrea st pat
NS5A, N$B or Spinach region on minus strands) to an expression of a reference gene of choice
(Areferenceod, ref ; corresponds to EMCV alifRitSe r eqgi
ExpressiorRat i o0 ( RER) and can be foomalhi:cul ated in accorda

(Et )Dctt(control- sampl¢
RER= (E )xtref (control- samplg
ref

E. and Ec are the respective amplification efficienciegCt, and qCts are the Ct deviations of
[control- samplé of the target or reference RNA, respectively.

Calculations were made using Microsoft Excel 2010. Meamd standard deviations (SD) were
calculated from the relative expression ratios (RER). Data is represented as MezD. Statistical
significance was calculated by atwoa i | e d STest (4 p<n0t0®; & p §0.01; ** p < 0.001), with a
p-value> 0.05 consideredot significant. For all RIgPCR reactions, abundance of detected minus strands
was normalized to abundance of plus strand RNAs in the total RNA recovered from the cells. In the resulting
figures, error bars show standard deviation betve¢dgast three independent experiments.

2.2.7 Protein analysis methods: western blot

For the detection of specific proteins, western blot analysis was applied. All experiments aimed to
comparethe HCV NS3 protein abundance @ell lysates at a certain tepoint after transfection with RNA
replicationconstructs Detection of GAPDH was conducted in parallel and served as a loading control for
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evaluation of HCV protein expression. Prior the analysis, cells transfected iwelllj@ate were lysed by

NP-40l ysis buffer (150 OlAftewards cell edbiis)verd pelieteddy centrifugatiomt 4
at maxi mum speed (13 000 rpm) f otranskefed mnto a clearttubd A C.
for the analysis. Separation of the proteirmswerformed by SDBAGE (see 2.2.4.5) usually using %0of

the obtainedlysate. Directly after the gel run, proteins were transferred pmlgvinylidene difluoride

(PVDF) membrane by serdry electroblotting. The order of layering is the following: tfithree pieces of
Whatman paper soaked in Anode buffer I, next, three pieces soaked in Anode buffer I, then a PVDF
membrane (needs to be activated my immersion in methanol shortly bs@reafter that the gels are
carefully placed on the membrane facking gel is usually removed) and covered by three pieces of paper
soaked in Cathode buffer. The size of a membrane and Whatman paper is chosen in accordance to the
number of gels. After assembly protein transfer to the membrane is performed electrogdhoray
application of 43 mA per gel for 1.5 h. When the transfer is completed, the membrane is blocked in a
bl ocking 1 x TBS solution for 1 h at room tempera
is to be incubated subsequently wiitimary antibodies (a mixture of aftiS3 and antiGAPDH antibodies)

and then with the secondary (antouse) HRP antibodies. All antibodies are diluted in a blocking TBST
solution to their workig concentrations (see 2.1.5)ll Mcubations are carriedub at room temperature

under constant agitation and followed by thséep washing with 1 x TBST (each step takes 5 min). At last,

the membrane is washed twice in 1 x TBS to remove detergent and incubated with a SuperSignal West
Femto Chemiluminescent Sufzge solution for 5 min at room temperature (1 ml of working solution per
analyzed gel was appliediventuallythe membrane was thoroughly cleared from the solution and exposed

to X-ray film for various time intervals (usually, 15 s to 15 min).

2.2.8 Rilonuclease protection assay (RPA)

Ribonuclease protection assay (RPA) is a sensitive technique that allows detection, quantification and
mapping of specific RNAs within total cellular RNA pool. Principally, the assay is based on hybridization of
a radioactiely labeled targespecific singlestranded RNA probe to RNA species of interest and therefore
on pr ob e 6fsomdeagradateor upan treatment with one or a mixture of endoribonucleases §RNase
In a classical procedure RNase A or a mixture of RNa&/T1 are applied: RNase A mediates specific
cleavage within a singlstranded RNA at C and U residues, RNase T1 specifically hydrolyzes at G residues.
Following hybridization, all remaining RNA species and unbound probe RNA are hydrolyzed and removed
from a solution together with RNases by subsequent purification procedure including Proteinase K. In order
to quantify protected fragments reflecting an amount of target RNA, the probe/target hybrids are precipitated
and separated on a denaturing polyacridengel. Denaturing conditions combined with detection by
autoradiography visualize exclusively a radioactive probe RNA that remains intact proportionally to initial
amount of RNA of interest in experimental total RNA sample.

The initial step of the asg@omprises a generation 6f?P-labeled RNA probe that is complementary
to the target. Probe RNA is usually synthesizednbyitro transcription from a suitable template using a T7
or SP6 promoter. When promoter is encoddttiin a plasmid DNA template, a linearized form of thitela
is utilized directly as a transcription template (see 24R.3lternatively, a promoter can be introduced
within a PCR primer, and then a PCR product serves as a templatevitno RNA synthesisln vitro
transcription from any of template typiesconducted according to a standard protocol for ridieled RNA
synthesis using a relevanT7 or SP6' RNA polymerase and followed kifile DNA template removal with
DNase | enzyme (see 2.2.3.4). The resulting prsipairified by phencethloroform extaction and ethanol
precipitation (see 2.2.3.8nd 2.2.3.6), resuspended in an appropriate amount of Rikasevater and its
integrity is verifiedby denaturing polyacrylamide gel electrophoresis (see 2.2.4.4).

Preparation of experimental total RNA isndwcted on the next step. Following transfection and
incubation of cells as required for an experiment, cells are lysed using 46 NBis buffer for 30 min at
4AC with a subsequent centrifugati on denmansfared v t c
into a new tube and suppl e meaJftd sfidal caricantnatioh of Ymh®) Brfal , 10
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30 eg of Proteinase K. To faciltate Br ot ei nase K digest, the sampl es
Proteinase K is a subtilisirelated serine protease that hydrolyzes a variety of peptide bonds in a wide range

of temperatures and buffers and serves to remeoegmes angbroteins from enzymatic reactions or cell
lysates, respectively. Isolated total RNA is eventually extracteld phienolchloroform, precipitated with

ethanol (see 2.2.3&nd2.2.3.6) and resuspended in RNA hybridization buffer.

Hybridization of combined isolated experimental total RNA and ribeled probe RNA (in amounts
equivalent between all samples) isiinet ed by rapi d denat ursabsequemly f or
performed on a heating block at 42AC for at |l eas:
diluted in RNase digestion buffer to working concentration of gfinl. At the end ohybridization, 16fold
amount of completed RNase digestion buffer is added to the samples; the final solutions is then carefully
mi xed and incubated for 90 min at 30AC. I n order
RNA, samplesaresppl e ment ed wi th 0. 5 2o &fib®concénbatich of 1 mMR)NAd, Ca
100 eg of Proteinase K. The’roteinase K digest andfollowing purification procedure are conducted as
described above (with an exception of RNA precipitation in the presence of NaCl instead of NaOAc).

At the last step of the procedure remaining probe RNegted by the target RNA is visualized after
separation on a denaturing polyacrylamide gel (polyacrylamide concenttafiend®n the size o& probe)
by autoradiography (see 2.2.4.4).

2.2.9 RNA immunoprecipitation (RIP)

RNA immunoprecipitation (RIP) isa standard approach applied in attempt to demonstrate
RNA-protein interactions. In a simplified experimental setup the procedure can be conidugigd,
however most commonly a cellular lysate is used as a source of protein: either containing theRNA
complex of interest or the complex is formed upaimoductionof a target RNAby transfection For the
latter, the principle of the assay is basedvizmialization of radioactiveljabeled target RNA that is pulled
down in a complex with its intection partner protein- due to binding by a specific antibody. In the current
work HCV 306UTR inter act i-tRNA syrithethsesdARS)wasicleallenged A raleni n o
of a positive control was given to the PTB protein that is-kmiiwn to bird to polyU/C tract at the HCV
3 &nd. When the selected ARSs demonstrate an ability to stably bind to predicted sites within the HCV
360UTR, it can be detected and evaluated by autora

At the initial stepradid abel ed HCV 36 UTR ilRRNrétranseriptigngaee2.284)e d b\
qguantified and transfected into eukatic cells (HeLa cells) usingipofectamine 2000 (see 2.2.2.4) fol64
h. A fraction of the radioactive RNA transcript is saved to further serve as a size miakietransfectd
cells are lysed by NRO lysis buffer (similar to as in 2.2.7). A portion of cell lysate at this step is also saved
to serve as an input loading control. In the meanwhile, antibodies specific to candidate interaction proteins as
well as to the PTB (posite control) and FLAGepitope (negative control) are bound to protein G magnetic
beads. In detail, 108l of protein G beads suspension is washed with 0.5 ml PBS using magnetic rack and
eventually resuspended in 1 ml of PBS. Washed beads are combined with each antibody in a separate tube
and incubated on a rotating wheel for at least 3 h (or overnightpat 4is 3tep allows binding of
conservative Fetegions of antibodies to the protein G and therefoegliatestheir immobilization at the
beads surface. Importantly, an amounteaich antibody applied for ptdlown has to be optimized in
advance basedohte manuf actureds recommendati ons. Unbound
1 ml of IP washing buffer, the beads are again resuspended in 0.5 ml PBS.

At the next step, beadsupled to various antibodies are combined with identical portions of cell
ysate and incubated similarly on a rotating wheel
4 times using 1 ml of IP washing buffer to eliminate unspecific binding and resuspended in 1 ml of PBS.
Subsequent Proteinase K treatment and putificgprocedures are carried out for all experimental samples
and for RNA transcript and input cell lysate: Proteinase K is added to a final concentration of 20 mg/ml to
release bound RNA duririgcubation for 15 min at 85 CFurther enzyme removal and tetgRNA isolation
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is performed by phenalhloroform extraction and ethanol precipitation (see 2.2e&h8 2.2.3.6), and
resulting pellets are resuspended in appropriate amoufdsmdmidecontainingloading bdfer. Lastly, the

results are analyzed by deémang polyacrylamide gel electrophoresis (see 2.2.4.4), followed by
autoradiography. Efficiency of target RNA recovery mediated by binding to a candidate protein interaction
partner is evaluated when radioactive signals are compared to the ones ircéfitdgdate (equivalent
relative amounts loaded).
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3. Results

3.1 Design and establishment of the minus strand replication system

The concept of a novah vitro system that is able to bypass limitasarf the current model systems
was carefully consiered in accordance to the existent information on the requirements taCieninus
and plus RNA synthesis. Therefore, minimal constructs for separate initiation of both strands were designed
in a way tobe relatively easily modifiedektended or dimintsed. As emphasized above, the roots of major
limitations of the available vitro systemd the replicon system and its derivatives as well as thédefiagjth
infectious sgtem (Fig. 3.1.1, Aj areinsi mul t aneous pamed géh@ne eds that enableh 506
HCV translation and full replication cycle. Since quantification of an output from a certain modification
depends on the translation or/and replication performance, these systems yield ho mechanistic insight when a
mutation abrogates any ofhe pr ocesses. Even i f a mutation is
define at which exact stage the affeatésdelement performs its function. In order to clarify the uncertainties
provided bythe current replication modglthe novel redued replication system was developed in the
present work.

The separate minus and plus strand replication sgsteredesigned to specifically uncouple minus
strand synthesis from the plus strand replication and both from translation and other stagekCof life
cycle. Each HCV RNA strand is to be initiated from an individual RNA template (Fig. 3.1.1, B and C) that
contairs the essentialaccording to the current knowledgelements for a desired strand synthesis: the
3 &nd of the corresponding complemery strand and thdCV nonstructural(NS) proteins encoded idis.
Since the present work predominantbcfises on the dissection r@fquirements for thelCV minus strand
synthesis, this system (Fig. 3.1.1, B) is further featured in detail.

The DNA elenents for both systems were obtained by a commercial chemical synthesis and
assembled into the minimaleplication constructs as thoroughly described and illustrated in the
Supplementary material 6.2.1. Most of the functional elements are common foy&tetins In the absence
of -aapi5abitis for the HCV genonmie prevention of a rapid exonuclease degradatioexpkrimental
RNA construct is accomplished via a stable artificial skteop encoded directly downstream the T7
promoter on the DNA templatdhe hairpin (hpis followed by a Streptavidi®1 aptamer (not depicted)
(Srisawatand Engelke2001) included to enable isolation and analysis of replication complexes that
assembl e-end of the fem@icati®g strand. Subsequent Spinach aptamge (Baal. 2011; Ouellet
2016) encoded as a reverse complementary sequence surrounded by an appropriate scaffold to eliminate
interference of neighboring sequences on the aptamer folding. Obtaining a functional secondary structure
upon a complementary stigrsynthesis, this aptamer could be utilized for an intracellular visualization,
localization and/or quantification of the newly produced HCV RNA strands. Additional information on
structure ad function of the Streptavidisnd Spinach aptamers is giverilie Supplementary material 6.2.2.

The next vital component of the replication constructs is an Encephalomyocarditis Virus (EMCV) IRES that
drives translation of the HCV nestructural proteins NS3 to NS5B independently of the HCV IRES. The
replication modie proteins are indispensable for the HCV replicaiiowitro and most of them are required

in cis, however translation initiated by the HCV IREBuated orthe same RNA subsie would largely
disadvantagealissection of overlapping functions. The EMCRHS in turn is not regulated by the same
mechanisms as the HCV IRES, therefore performs a consistent and unbiased by unrelated mutations
translation of the essential HCV proteins. The encoded-NS&EB gene cassette fully corresponds to the
JFH1 isolate sice it was derived from the Jc1 plasmid (for the plasmid map see 6.1.1) encodiegdtiil

HCV J6/JFH1 chimeric genome (Pietschmann et al. 2006). Besides theypaldNS3NS5B sequence, a
respective scrambled gene cassette was considered in the desagnblfhg of a protein coding region here
stands for permutation of a nucleotide sequence in a way to digaidenicRNA cis-signals while retaining
amino acid sequence, coding specificity, codon usage and codonigmirThe resulting experimental
constucts containing the scrambled NS%5B sequence give raise to an unaffected replication complex
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Figure 3.1.1: Functional elements of the replication system.

(A) A schematic of the HCV plus strand RNA genome with depicted 5°- and 3°- UTRs, the IRES, an open reading frame encoding
structural and non-structural proteins. The IRES domains are labeled by roman numbers, the 3’UTR structural elements — by arabic
numbers. The cis-acting replication element (CRE) 5BSL3.2, variable region (VR), poly U/C tract (p(U/C)) and the X-tail (3°X)
are depicted as important determinants of the viral replication.

(B-C) The basic components of the developed replication system: template RNAs for the minus (B) and plus (C) strand synthesis
sharing common structural elements such as a 5’-terminal hairpin (hp), a reverse complementary sequence for the Spinach aptamer
(a-sp), the EMCV IRES followed by the HCV NS3-NS5B coding region containing the 5BSL3.2 element (CRE). The system for
the minus strand synthesis contains the 3’-end of the HCV plus strand, but not the HCV 5’UTR; the system for the plus strand
synthesis - the 3’-end (including a partial Core-coding sequence) of the HCV minus strand.

but lack thecis-acting replication elements. Such version of the INSEB sequence was implemented to
both constructs at the assembly step and requiredthedic production due to a complexity of mutations to

be introduced. The computational procedure of scrambling was fully performed by Yutong Song and Steffen
Mueller. The fulllength sequences of the witgpbe and scrambled $8-NS5B cassettes are detailiedthe
Supplementary material 6.218. order to maintain a wiltype sequence of the 5BSL3.2 elemavtiich was
reported to be essential for the HCV replication (Friebe et al. 2005; You and Rice&D&) optimize the
complex assembly procedure, tberambling was applied to the coding sequdnmeisveen theBbvCl and

Asd sites (also seSupplementary material 6.2.I)his retains 238t of the wid-type sequence upstream

the Bb\CI site and 18 nt downstream of thésd site, which can be further muied by conventional
methods if required. Notably, in all scrambled constructs the NS5B12#Rbinding sites (5B.1, 5B.2 and
5B.3) become inactivatedin both basic DNA template¢Fig. 3.1.1, B and Cjhe 3 -@nd of the ORF is
directly merged tahe HCV3 6TR of a complementary strand followed by the Hepabg#taVirus (HDV)
ribozyme (Shihand Been2002). It is of a great importance to have thezibme fused to the very last

3 -ducleotide of the functional sequence to obtain an RNA substrate with the exaH @¥daf8i6n vitro
transcription The HDV ribozyme acti a selfcleavage manner and does not require any protein factors. As
an additional measure, the ribozyme sequence was accompanied with the T7 Terminator (T7T) to prevent

62



3. Results

continuous transgtion and to ease a cleavage by the ribozyme. Additional information on structure and
function of theHDV ribozymeis provided in the Supplementary material 6.2.2.

In the basic construct for the plus strand synth@sgs 3.1.1, C; for the plasmid mapes6.1.11)the
3 &nd of the template RNA comprises the complete reverse complementary sequence of the plus strand
HCV 56UTR and oftheddC\Corecmdingseéduéncerintending to maintain the folding of the
3 -@&nd of the minus strand as welltagnclude thecis-signals opposite to the coding region downstream the
IRES. The minimal d e si g n at eabnstaust forftlepninus strand synthesis (Fig. 3.1.1, B; for the
pl asmi d map s e e -eddoflthe plis straadrwhichiissndidgdible for3the initiation with the
HCV replication complex. Generatéd wild-type or scrambled version (6.1.7 and 6.1.8) of the-NS3B
coding sequence, these constructs represent the basis for further modifications and mutations. The replicase
deficientversion of this construct (shortly, hp_GND; 6.1.23) was generated to serve as a negativefontrol
mi nus strand synthesis initiation: the point mu t
inactivates the NS5B replicase (Lohmann et al. 1997).

Prior to any modifications of the basic minus strand synthesis conspmetiminary tests were
conducted to ensure functionality of the T7 promoter and of the EMCV IRES. Following the plasmid
template linearization bicaRl (the unique site located downstream the T7T)jnthétro transcription with
a T7 RNA polymerase was established. Efficient ligtt-yield in vitro transcription of long RNAs required
optimization of a standard protocol provided for the T7 polymerase; the conditions are detailz8.4n 2.
Thein vitro transcribed RNAconstructwas visualized by 6 agarose gel electrophoresis @aring the
sample RNA before and after treatment with DNase | (Fig. 3.1.2, A). The polyprotein prodddtien by
the EMCV IRES was challenged by a western blot detection of the HCV NS3 protein (Fig. 3.1.2, B). The
HCV NS3 content was monitored in HuFH5 cell lysates derived at 6 h, 12 h and 24 h post transfection
(h.p.t.) and compared on a gel to the lysate of mwaksfected cells (24 .m.t. only). The rapid
accumulationof the viral protein was observed already 6 hours post transfection folloaeddelayly decay
of both thetranslation template and tiv@ral protein, consistently to the research on Hiaffs of viral
nonstructural proteins shown to be 116 h (Pietschmann et al. 2001; Pause eR@03). Also in the

RNA: hp mock

M 6h 12h  24h 24 h h.p.t.

«— DNA template

(9899 bp) 0 HevNs:
«—RNA transcript (70 kDa)

(7109 nt) . v

Figure 3.1.2: Validation of the designed minimal hairpin (hp) construct functionality.

(A) In vitro transcribed RNA from the linearized plasmid DNA template: prior (-) and after (+) a removal of the DNA template
upon treatment with DNase 1. Visualization is conducted on 1 % agarose gel using ethidium bromide staining. The RNA transcript
for the hp construct is 7109 nt long, however it migrates at the 3 kb level, since compared to the dsDNA marker (M, GeneRuler
DNA Ladder Mix).

(B) Western blot detection of the HCV NS3 protein (70 kDa) in HuH-7.5 cells lysate 6, 12 and 24 h post transfection (h.p.t.) with
the hp RNA construct. No HCV NS3 is detected in mock-transfected cell lysate (24 h post transfection). M, protein marker ladder.
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Figure 3.1.3: The basic experimental system for the analysis of the HCV minus strand synthesis initiation.

(A) The replication RNA templates used in the experimental setup: the minimal hairpin (hp) construct and its derivative containing
SL I-II sequence from the HCV 5’UTR. Within those constructs the NS5B replicase is either wild-type (wt) or inactivated by the
GND mutation (mut) of the active site.

(B) A scheme of RT-PCR detection of transfected plus strand templates (input) using a specific RT primer and a pair of nested PCR
primers targeting the EMCV IRES sequence.

(C) A corresponding RT-PCR detection of the newly produced minus strands with a specific RT primer and a pair of nested PCR
primers targeting the reverse complementary sequence of the NSSA coding region. All primers are universal for the examined
constructs.

(D-E) Visualization of the HCV plus (D) and minus strand (E) content in total RNA derived from HuH-7.5 cells 2 days post
transfection with the experimental constructs (from A). The product of the nested PCR (210 bp) targeting the EMCV IRES region
on plus strands obtained for all, except mock-transfected, samples indicating the presence of input template. In contrast, the PCR
product targeting the complementary NS5A coding sequence (233 bp) was identified only in the sample transfected with the wild-
type SL I-II template RNA. M1, a DNA HyperLadder 1 kb; M2, GeneRuler 50 bp DNA ladder.

infectious HCV system, largedction of the NS proteins is eliminated after early translation rounds when the
replications sites are establishédbwever,the hp construcherelacks an ability to perform continuous
replication thereforenew plus strands are not generated to sertaaslation templates.

After successful transfection of the Hutb cells with than vitro generatedHCV RNA replication
template, the basic hp construct was challengedbdity for the HCV minus strand synthesis initiation.
The minimal hp construct a c k s any HCV 586UTR sequences, t her
wascompared to its extended version containing HCV-Blat thec o n s t 5 -@nd (Fig.3.1.3, A). The
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|l atter RNA constrdcto)( dweassi ggneanteerda t gssmidf @orotha plasmid | i n
map see 6.1.13) following the analogous procedure. HG¥ SL I-Il was reported to be the minimal
essential 50UTR sequence in a replicon system req

to the S1 and S2 miR22 binding sites located at the singiranded stretches of the SL I. For the primary
replicationassaythe replicasaleficient variants of both the hp and the SLIlI constructs were utilized as
negative control of the minus strand synthesis inititgeneated from plasmids 6.1.234. The four RNA
constructswvere transfected to the HJdH5 cells via the Lipofectamine method (see 2.2.2.4); 48 hours post
transfection the cell lysis with Trizol reagent was performed (2.2.6.1), followed by total RkWiasaand

DNA removal. The total RNA after transfection is expected to contain the input RNA plus strand templates
(Fig. 3.1.3, A) and, if the construct is capable of the minus stsgnthesisinitiation, also the newly
synthesized minus strands. Detentiof the plus and minus strands was accomplished by region specific
RT-PCR targeting common for all experimental constructs: EMCV IRES and NS5A (reverse complementary
of the coding sequence) regionssgectively (Fig. 3.1.3, B and C).hHE resulting PCRmpducts (after 25 and

30 cycles, respectively) were visualiZieg 8 % PAGE (Fig. 3.1.3, D and E). As a result, for all tested plus
strand constructs hp_wt/GND and SL-1I_wt/GND (wt stands for the intact replicase in contrast to the
GND-mutant)i the input template RNA was still present and detectable in cellular total RNA fraction 2 days
post transfection (Fig. 3.1.3, D). In the sample corresponding to the-mamdfected cells no PCR product

was obtained underlining that the nested primer pair degeEfinlCV IRES is specific to the HCV, but not
cellular, RNA. Notably, PR targeting the complementary (on the minus stramdjuence of the NS5A
coding region resulted in a specific signal for the 9L Wt construct only (Fig. 3.1.3, E). Nbir the
replication-deficient constructs (hp_GND and SL -lI_GND) nor mocktransfected samplded to
amplification of specific fragment of expected length. Since minus strands upon HCV infection are generally
significantly less abundant than plus strands, the visuializaf the minus strand synthesis required high
amount of total RNA material and high amplification cycle number. This inevitably results in background
bands which however appear for all experimental samples, including the mock control, and migrate
unrelaedly to the expected product length. However, it is not clear from the electrophoretic image whether
the mini mal hp construct yields any minus strand
becomes incapable of the synthesis initiation. Answethis question would require a more sensitive
approach. Nevertheless, the present replication assay clearly demonstrates that SL | and Il of the HCV
56UTR are sufficient for the minus strand egnt hes
system. The RPPCR was found to be a useful preliminary method to estimate minus strand replication
ability of experimental RNA construgtsowever some signals may appear beyond its detection level and/or
overlaid by the background. In course of thejgct a detection of the HCV plus and minus strands was
attempted using theébonucleaseprotection assay (2.2.8), however a sensitivity of the method appeared
insufficient for detection in the current experimental setup (for more details refer to Sapfenresults

6.3.1). Eventually a quantitative RFACR method (2.2.6.3) was utilized in the present study replacing the
semiquantitative RTPCR.

To conclude, the system attempting to separate HCV minus and plus strand synthesis from each other
and from HCV translation was designed and proved to be functional. Mindfully generated RNA substrates
are able to drive the HCV translatidiom heterologous IRESpon transfection into hepatoma cells and
after certain sequence improvemerio serve as a templaterfthe minus strand synthesis. Further sequence
extensions and modifications and their eff@gt replication are to be presented in the following section.
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3.2 Dissection of the HCV 56UTR sequ
synthesis initiation

In ageement with the known requirements for the HCV replication, the minus strand synthesis
initiation required a presence of the SL | seqguence of the HCV 58UTR wi
However, due to multiple functions that those and other donsains t he HCV 50UTR serve
cycle, it is a challenge to define if these sequences actually are involved in minus strand initiation. While
some sequences and structures only have an indirect effect on the antigenome synthesis, the others are
essential for the replicat tendnThissectignlprevidesartinsight intd the at
role of the HCV 56UTR functional bl ocks in the in

The minimal construct for the minus strand synthastsation (Fig. 3.1.1, B) was extended by patrtial
HCV 50UTR sequences replacing t hend (Fig 3, nPAxIThehai r
modification of the basic construct harboring SL | of the HCV B586UTR was alr
allows engaging of the two miR 2 2 bi ndi n g -erdiof tleesexpearimental lcanstrdctothat were
reported to promote HCV translation (Henke et al. 2008) and replication (Jopling et al. 2005) and to protect
the genomic RNA from Xrndnediated degradation ($hakami et al. 2012a). The second modification

A Replication template RNA
" R
P CRE
'HCV VR 2 0 SLA
(+) ¥ translation ¥
3’end of HCV
3 J 48] 5A | 5B.J plusstrand
» non-structural proteins replicase
‘ wt/mut
SL
I-I1
B E'\ICV—.H.I.I.IS (q)PCR
3 s PR
EMCV_plus_RT
3 newly synthesized minus strand 5
C 5" Spinach_minus_RT —-wrieerrsieninnns e 3
. _>"."<_
SplnaCh—mln“s—(q)PCR 5’ NSSAﬁminllsiR'l' m—p trnatsrensenra st naa > 3’
——

NS5A/NS5B_minus_(q)PCR

Figure 3.2.1: The 5’-end modifications of the basic replication construct for the analysis of the HCV minus strand synthesis
initiation.

(A) Replication RNA templates with distinct sequences at the 5’-end containing either a hairpin (the minimal hp construct), the
HCV SL I-II, SL I-III or the complete HCV 5’UTR containing an initiation codon and a short open reading frame.

(B) A scheme of RT-(q)PCR detection of input plus strand templates using a specific RT primer and a pair of nested (q)PCR
primers targeting the EMCV IRES sequence.

(C) A corresponding RT-(q)PCR detection of the newly produced minus strands with a specific RT primer and a pair of nested
(q)PCR primers targeting the reverse complementary sequence of either the HCV NS5A/NSS5B coding region or the Spinach
region. All primers are universal for the examined constructs.
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comprises the entire SL:I11 | region (the consltirluc)t ofs tdleesi @Y t
therefore permits, in addition to the miR2 binding, assembly of the 40S ribosomal subunit and of the
translation initiation factoe | F 3  a-énd of khe rephication template (Spahn et al. 2001). Lacking the

AUG start codon located within the SL IV, this construct is incapable of initiation of functional translation
from the HCV IRES. The third modificatin r epr esents an extension wit
followed by a short open reading frame (36 nt) confined by an UGA stop codon. Thus, in virtue of the
in-frame truncateCorecodingr e gi on, the A56UTRO construct EBEncl ud
structure and an authentic AUG to fulfill a functional translation initiation event. Without interference with

t he downstream el ement s and their f un cend enabkes t he
studying an intricate translation vassreplication balance.

These replication constructs were generatethbyitro transcription from linearized DNA templates
as previously (for plasmid maps see 6.1.7, 6.1.13, 6.1.15 and 6.1.18, respectively). The integrity of the
full-length RNA was ensed by agarose gel electrophoresis (Fig. 3.2.2, A) and the functionality of the
EMCV IRES which mediaesthe HCV replication proteins productiowas demonstrated by western blot
(Fig. 3.2.2, B). Peculiarly, the effect of miR2 binding on the stabilityf@a replication template (SL:I
construct) was likely illustrated (Fig. 3.2.2, B, lane 2 vs. 3). Cellular lysates applied for the analysis were
derived from HuH7.5 cells transfected for 8 hours with each of the four described RNA tempthiss e
aloneor together with a lifavirsenlike anttmiR-1 22 L NA/ DNA mi x mer , franeheré gnat «
on, (applied withthe SL HI construct only). This LNA functionally sequesters endogenous-13iR
therefore preventing its function dine HCV RNA or cellular nRNAs. As clearly reflected by western blot,
the basic function of the EMCV | RES -eand sequente af f
modifications (lanes 1,-8), however the removal of mig22 does profoundly reduce the HCV NS3 content
(lanes 2 and3). Since the EMCV IRES function is miR2 independent, the observed drop in NS3

production is l i kely related to availability of
Considering this effect is observed independently of the naturehok-terrbidal sequence, other indirect
functions of the miRL 2 2 o i t s f-enad oftthe 6@V ganometcdukel ha®edbhad an impact.
A B
e PP LNA: -t - - - - M
. S — 10000 [kDa]
| —4000 HCVNS3 - e - . 70
3000 (70 kDa)
«— 2500 — — 55
GAPDH — 40

«— 1000
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Figure 3.2.2: Verification of functionality of the extended 5’-end constructs.

(A) In vitro transcribed RNA for the minimal hp construct and its 5’-end extended versions containing either SL I-II, SL I-III or the
complete HCV 5’UTR. Visualized prior the DNase I treatment, samples represent a mixture of integral RNA transcript and initial
linearized DNA template. The analysis is conducted on 1 % agarose gel using ethidium bromide staining; the molecular length of
both DNA templates and RNA transcripts is slightly variable in accordance to sequence extensions. The RNA transcripts are
compared to the dsDNA marker (M, GeneRuler DNA Ladder Mix).

(B) Western blot detection of the HCV NS3 protein (70 kDa) and cellular GAPDH (36 kDa) as a reference protein in HuH-7.5 cells
lysate 8 h post transfection with each of the experimental construct (hp or its 5’-end modified versions, as in A) or mock-
transfected cells. Co-transfection of anti-miR-122 LNA together with a replication template is indicated as “+”. M, protein marker
ladder.
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Further on, the extended replication constructs were compared in a replication assay. As previously,
preliminary analysis was conducted by FPICR, later on fully replaced by a quantitative PCR method.
Universal primers targeting the input plus strands and newly produced minus strands were applied for both
kinds of PCR analysis. The specific RT primers are indispém$abthe synthesis of cDNAs corresponding
to one or the otheviral strand: due to the relatively low abundance of the HCV plus and especially minus
strands (the ratio between HCV plus and minus strands is from 1:10 to 1:100) random primers failed to
gererate consistent amounts of cDNA in the reverse transcription reaction from cellular total RNA pool (data
not shown). Notably, in order to reveal slight changes in minus strand synthesis efficiency from different
RNA constructs, the werse transcriptaseequiresRNase H activity to remove HCV strands that have
fulfilled a template function. The input plus strands in the current and all the downstream replication assays
are detected by R{q)PCR targeting the EMCV IRES region (Fig. 3.2.1, B), as previotlsysame nested
PCR primers are used for both kinds of PCR. The newly synthesized minus straaddyafienerated from
an experimental RNA construct, are detected by((PPCR targeting a reverse complementary sequence of
eitherthe HCVNS5A/NS5B or tle Spinach coding region (Fig. 3.2.1, C) using the same nested PCR primers
for all constructs analyzed by both types of PCR. Quantification of minus stratagetingeither Spinach
or NS5A/NS5B regions provides different information. While nascent msitends detected via the
Spinach region stand for nearly fldéingthc o n s t compteméntary strands, the strands detected via the
NS5A/NS5B region might not have resulted in the complete antigenome, if synthesis was abrogated for a
certain reason. Thefore, the latter detection reflects to a higher extent the number of initiation events,
whereas quantification of nearly fd#ngth products represents a relative count of completed synthesis
events.

Initially, abi | i t y of -ehdrcenstrackst irétintel reirdis shraind synthesis was assessat
quantitatively by RTPCR. Plus and minus RNA strands were detected in total RNA fraction isolated from
HuH-7.5 cells transfected with each of the four RNA templétes. 3.2.1, A)2 days post transfeotn. The
input plus strands were revealed for each experimental template (Fig. 3.2.3, A), while the newly synthesized
minus strands were found only for the extended versions of the minimal hp construct (Fig. 3.2.3, B). Total
RNA from mocktransfected cellsampledesn ot provi de any signals wunder.|
HCV sequences.

Next, similarly derived cDNA samples were utilized for a quantitative analysis. Since the efficiency of
minus strand synthesis initiation from a particular RNA ¢ is directly linked to its own abundance, the
detected minus strand species were routinely normalized to the plus strand, i.e. input, content in the same
total RNA sample. Thence, in spite of varying stability or potential ability to continuous atégmtic
(e.g.when both HCV genome ends are simultaneously present), minus strands count is relative to available
plus strand templates. In the current section bathorter and longerelongation products are quantified via
targeting a reverse complemeantasequence of the NS5B and Spinach region (Fig.13R.and C,
respectively). The hp and SHIlconstructs harboring an inactivating GND mutation in the Rddymerase
gene are regarded to as negative control, since any-@MBnt construct is incapablef antigenome
synthesis. The values derived for this constaretindicated by dotted lines. In the present and most of the
assays below, the mean relative expression ratio (RER) for thellSiomstruct was set to 1 to ease the
comparison of thexpermental constructseplication abilities. More aspects of the quantification approach
are discussed in the Supplementary material 6.2.4.

As evident from the graphs (Fig. 3.2.3, C and D), the results derived from targeting either NS5B or
Spinach regions, rpsctively, appear to be largely in agreement. The RER value obtained for the basic hp
RNA template appeared not to significantly differ from both aredyzplicasaleficient mutantghp_GND
and SL HI_GND; indicated by dotted line), implying that the m@ strand synthesis initiation is not
possible in the absence of eeandd the exgelimerntaCodnstbué.UAeR s e
previously demons-{ndaitteaddd dertvatites df the badic hp dorstru& éo synthesize
minusstrand (Fig. 3.2.3, B) was hereby quantified. Verified by targeting both, NS5B and Spinach regions,
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Figure 3.2.3: Illustration of the requirement for the HCV 5’UTR sequences in the minus strand synthesis initiation.

(A-B) Visualization of the plus (A) and minus strands (B) by RT-PCR in total RNA from HuH-7.5 cells 2 days post transfection
with the experimental 5’-end constructs: hp, SL I-II, SL I-IIl and 5’UTR. The nested PCR product targeting the EMCV IRES
region on plus strands (210 bp) indicates the presence of input templates. A product of nested PCR targeting the Spinach sequence
(134 bp) is detected on the nascent minus strands. Total RNA from mock-transfected cells does not result in any signal supporting
the primers specificity. M, GeneRuler S0 bp DNA ladder.

(C-D) Quantification of newly synthesized minus strands by RT-qPCR targeting the reverse complementary sequence of either the
NSS5B (C) or the Spinach coding region (D). Abundance of minus strands is normalized to plus strand abundance in the same RNA
sample. The background signal derived for the replication-deficient hp_ GND and SL I-II._GND constructs is labeled as a grey
dashed line. The RER values obtained for the SL I-II construct are set to 1 and the fold difference serves as a measure for
comparison. LNA stands for a Miravirsen-like anti-miR-122 LNA. Asterisks mark p-values from two-tailed student’s T-tests
(*:p <0.05; **: p <0.01; ***: p <0.001; ns: not significant). On the diagrams, error bars show standard deviation between at least
three independent experiments. In both assays all primers are universal for the examined constructs.

69



3. Results

the relative minus strand abundance increases with the addition of SL Il sequence, but surprisingly drops,
relatively to SL 4l and SL HIl constructswi t h t he i ncl usi on ofbllonechbya ¢ o mp |
short ORF. As tested only in the Spinach region (Fig. 3.2.3, D), the GND mutants correspondinglto SL |
and 56UTR constructs are unabl e etransfection ftieerSy Hige n o m
construct with antmiR-122 LNA leads to dramatic reduction of minus strand synthegidéch is in
correspondence with tlebservecabove HCV NS3 protein draffrig. 3.2.2, B)and related to vital functions

of the miR122 on the HCV genome sl as genome stabilization and replication stimulation. Interestingly,

the ratio between minus strands generated from-Blod SL I-1ll constructs differs upon targeting either

NS5B or Spinach regions. It can only be speculated if this inclines onealeiitiation capacity fronthe

SL I-lll template and in more similar fulength antigenome production abilitwhen compared to the

SL I-1l template. As a nearly fulength antigenome synthesis ability is a more important measure, in most of

the experirents below only the Spinach region is targeted irgRTR assays.

Taken together, the visual and quantitative representation provided evidence that the HCV minus
strand synthesis is initiated in the developed minus strand replication system when the a&d¢sent5 6 UT R
SLI-I'l sequence is presenandwi R thr tt theer HeCWVt eambebidghctss] eogfu et
to demonstrate either a simulative or no effect on the antigenome synthesis. An inclusion of thle SL |
sequence permits, in addition tanfttional miR122 binding, thgroposedongrangeinteractions with the
cis-elements at thgenome3 @nd as well as the assembly of the translation complex. Indeed, the replication
assay results indicate significant increasthefelative minus strandoaindance, disclosing a positive role of
those interactions in misustrand synthesis initiatior.he direct and indirect premises are to be further
dissected by additional mutational approaches. Remarkably, a further extension of the replication template
with the complete HCV 56UTR sequence followed by
strand synthesis comparing to both SILand SL H | | construct s. In fact, t he
full-length or replicon situation when both gemio ends are present simultaneously and the functional
translation from the HCV IRES takes place: the shortage can be compensadiaohghtful mutational
approach disabling selectively one or more functions of the construct. The controversy of thedobser
results may serve as an illustration of a balance between mutually exclusive HCV translation and replication:
once permitted, the functional translation slows down the overall replication rate. A closer insight into this
observation is provided in tHellowing section.

3.3 Analysis of the HCV translation impact on the minus strand synthesis

Although the HCV translation initiation is entirely dependent on the cellular machinery, its mechanism
is remarkably different from the one for eukaryotes andages fewer canonical factors. The intact HCV
IRES element directs and positions the 40S ribosomal subunit without a need for an initial recognition and
scanning. The HCV IRES SL lll domain represents a binding platform for the small ribosomal subilit,
the domains Il and IV contribute to this interaction and its regulation (Fig. 3.3.1, A, in yellow). These
domains are sensitive to mutations affecting both sequence and structure, however the apical loop of the
domain llld was found to be indispengalfor the recruitment of the ribosome: a PB68GGG to CCC
mutation reduces 40S binding affinity by-28d (Kieft et al. 2001; Ji et al. 2004). Following the 40S
association, the eukaryotic initiation factor 3 (elF3) mediates attachment of the tedmapjex and
positioning of tRNA in the P site. Thereby, the correct recruitment and function of the elF3 is crucial for the
functional translation initiation. The elF3 binding platform on the HCV IRES is comprised by ilag 4
helical junction lllabc (Fig3.3.1, B, in red). The translation initiation can bergiedat the IRE$A0S
complex stage by the removal of the stemp domain llib QOtto and Piglisi 2004Ji et al. 2004)This
knowledge was applied in the present study to dissect a stage of th&dSM’tioninitiation impeding the
minus strandRNA synthesis.

The HCV translation and replication are indefeasibly linked together aedtedly vital for each
other. Fbwever, since regulated by the similar set of viral and cellular determinants ptioegsses need to
be uncoupled in time and space. Thus, the above observed relative interference of the HCV translation
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initiation with the minus stran@NA synthesis was not entirely unexpected. The minus strand replication
system appeared to be helpfal shedding the light on a possible mechanism. The original-l8Lahd
50UTR replication templates (Fig. 3.3. 2, A and I
initiation a t irehdFig3302.3)as well as of an assembly of the translatioitiation complex at the
5@nd. Mor eover, the 56UTR construct is additional
open reading fram&om the HCV IRES In order to dissect the functions overlapping in this configuration,
disruptive muations were introduced in both constructs.
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Figure 3.3.1: Main stages of translation initiation from the HCV IRES.

(A) Detailed illustration of the HCV IRES primary and secondary structure. Stem-loops II — IV (highlighted in yellow) are
involved in binding of the 40S small ribosomal subunit. Attachment of the 40S takes place without any auxiliary factors and
accomplished due to the IRES tertiary structure.

(B) Recruitment of the eukaryotic initiation factor eIF3 occurs to the apical part of the domain III (highlighted in red) and mediates
the functional translation initiation.

(modified from Niepmann 2013).

Disabling of translation initiation from the HCV IRES was achieved by a deletion of the domain lllb
that abolishes attachment of the elF3, without seriously affecting the 40S subunit binding affinity. This
modification was applied to bothwildly pe constructs (el | | b altkoaghithant s ;
translation initiation is not possible in Silll construct by default. The binding of the 40S ribosomal subunit
alone may affect the replication iniigh (t hr ough al t e andd-Gndlohgangélittéfactioiis)
either negatively, by interfering with the proposgd n o mi chybedizatien&Fricke et al. 2015)r
positively by bringing thédCV genome ends together (Bai et al. 2013). Its &ffto both ends leads to their
accommodation in a close proximity that -teinus.i mpec
Additionally, the 40S competes with the 5BSL3.2 for binding to the IRES domain Illd permitting an
interaction between 5R.3.2 and SBR110. Thus, in both experimental constructs the 40S attachment was
restricted by the GGG to CCC mutation in the apical loop of the llid (llld* variants; Fig. 3.3.2, D and G).

The replication templates harboring the described modifications ikISL | or 586UTR <con
generated byin vitro transcription, as previouslyVerification of experimental RNA integrityvas
accomplishedoy agarose gel ettrophoresis (Fig. 3.3.3, A).h& HCV replication proteins expression in
transfected cells was a®nstrated by western blot detectiorttod NS3 protein (Fig. 3.3.3, B). For the latter
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Figure 3.3.2: Schematic representation of the
replication constructs for analysis of the balance
between HCV translation and replication.

(A-B, E) The replication RNA templates containing
either SL I-III (B) or the complete HCV 5’UTR
with the initiation codon and a short ORF (E) were
mutated to disrupt one of the stages of translation
initiation from the HCV IRES.

(C, F) The deletion of the HCV IRES domain IIIb
(AIIIb) in the context of either the SL I-IIT (C) or
the 5S’UTR (F) construct aims to abolish binding of
the eIF3 and therefore prevent the functional
translation initiation from the 5’UTR construct.
However, both AIllb RNA templates remain
capable of the 40S ribosomal subunit recruitment.
The latter is abrogated via conversion of 266—
268GGG nucleotides within the apical loop of the
domain SL ITId to CCC sequence (I1Id*).

(D, G) The IlIId* mutation in the SL I-I1I (D) or the
5’UTR (G) context disables both the 40S binding
and the translation initiation. Although these
templates may still bind the eIF3, the affinity in the
absence of the 40S is lowered.

The potential of the 40S and/or elF3 binding is
depicted at the 5’-terminal fragments of
corresponding constructs.

test the HCV NS3 protein was targeted in Hatb cells lysate 2 days post transfection with each of the

constructs. The wildype SL H | | and 50 UTR3.33pB1 tates L ant 5) werd-daupally
cotransfected withantrmiR-122 LNA (lanes 2 and 6). The similar effect, as for the SLtiansfected
sample (Fig. 3.2.2, B), was observed: sequestration of endogenoui2fhifom the transfected hepatoma

cels seems to reduce stability or/and replication ability of the input plus strand templates, therefore less

target protein can be produced from the EMCV IRB@SE later timepoints) due to a lack of templates.
Providing that deterioration of th&anslationfunction from the HCV IRESshould only improve the

replication rate, the direct positive impact of /iR2 on RNA synthesis was presumably affected. In both

theSLH I'l and the 506UTR exper i mhtarget sites arenpsesefivaod S
sites are | ocated wi t-andandthér5B:B 8nd S3 sites @ 4 u edme dplid t

al |
t h

strandg(the precise impact of miR®22 binding to either of these sites is the main issue of the next section).
Impairment of miR122 birding to these sites by sequestering LNA reduces the efficiency of minus and plus
strand synthesis from the Skl Il | and 506UTR replication templ at e:

amounts remaining by 2 days post transfection that could serve as a tdomlageHCV protein synthesis.
In turn, the modificationseel | | b a hoth ditl hot imhpair thélCV NS protein expression (lanes 3, 4
and 7, 8), even resulting in more intense signals comparing to theitypédreplication templage The

possibleexplanation here may again refer to an alteration of the input RNA stability: the formation of the

translation initiation complex at the HCV IRES, and in particular a performance of active transhatyone

linked to elevated activity of cellular exonach s e s
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3. Results

Since the expression the HCV replication proteins appeared not to be negatively affected for the
mutated templates, the further quantitative analysis of the minus strand synthesis efficiency was conducted.
The varying sthility of input replication RNA templates does not bias the data obtained IPRR, since
in each sample the newly generated minus strand count is always normalized to abundance of the plus strand
templates. Hence, although less stable plus strand sgesidt in fewer minus strands in absolute count, the
relative efficiency of the particular RNA construct to serve as a temple remains solid. A similar adjustment
principle is useful when a construct is capable of continuous replication: although thateephgs strands
are amplified over the time post transfection, the count of progeny minus strands per one template RNA is
unaffected.

In the replication assay the original SH Il | and 56UTR constructs w
corresponding mutant varits and the effect on minus strand synthesis efficiency was evaluated by
RT-gPCR targeting th&lS5B andSpinach regionsn newly generated minus strar(@g. 3.3.3, Cand D,
respectively . The el l I b and 111 d* modificat iegentedbydhe med t
SLI-I 11 or the compl et e sddedf tr&ndldildn Rroms tkeqHCY NRES versus
antigenome synthesis. The outcome of the introduced mutations alaated for each context (SHII or
56 UTR) c o awildtgpe Slehdl cangiruct(the RER values were set td. In the described assay
the basic hp construct with a GND mutation (hp_GND) serves as a negative control of the minus strand
synthesisthe signals obtained for this construct are indicated by a dotted line on the graphic representation.

Contrasting results were acquired for the series of thelSL Il and the 586UTR expel
(Fig. 3.3.3, C and D, left). In the SHII context deletion of the SL lllb that prevents an association of the
elF3 did not have an effect on the minus strand synthesis efficiency. On the other hand, restriction of the 40S
binding to the HCV IRES significantly lowered the relative minus strand abundaesd, incapable of a
functional translation initiation, the SElll construct is not affectetly arrest of the elF3 binding.dwever
the mutation in Illd loop sequence leads to a lack of the 40S subunit association and/or a number of
suggestedlonggn ge i nt eracti ons. On the contrary, in the
relative minus strand production was observed when translation initiation from the HCV IRES was
prevented: both by the Illd* mutation and more profouridly y  adeletibrb(Fig. 3.3.3, C and D, right).
The latter modification disrupting an interaction with the elF3 demonstrated the more pronounced effect than
the inhibition of the 40S binding, whichinderlines the impact of an actual translation initiation event in
negativeregulation of the minus strand synthesis initiation. Indeed, according to published literature, the

56UTR_@e@l |l Il b completely disables translation initd.@i
template only reduces the efficiencytbk 40S binding by 25old (Ji et al. 2004). It can be hypothesized
t hat some initiation events in the context of 5

disadvantages the replication. Nevertheless, the diffeeen bet ween t he mubabtdJWaR c on
missing a statistical significance.

The complex interplay between distaige | e me nt se nadt otfhet h3e6 HCV genome
together with assembly dlfie translation complex, drives a switch between translation and replication. The
long-range contact between the domain llld and the bulge of 5BSli8&lement is thought to bring the
genome ends into a close proximity and therefore facilitate replicaBbatty et al. 2013)The latter
structural element thereby normally has to cetapwith the ribosome, inapticular with the 40S subunit,
that in turn favors a translation event. Taking these into account, the GGG to CCC mutation in the apical
loop of the llld is to impair botii translation and replication. For this reason, in the-81 series, where
translation cannot play a role as an inhibitory factor, disruption of the5BEL3.2(bulge) interaction
plainly interferes with a formation of an open 5BSL3.2 element conformation and genome circularization
(RomereL - p etal. 2012 RomereL - p e z  a nHerraBze201¥ Additionally, binding of the 40S
ribosome itself was described to promote the ends communication due to its interactiorcofmpeting
nature with both 5086UTR and pol y( Uthe€40S (Bai e alk201B)n t h
Either of the two mechanisms or both may result in the observed decrease in the efficighey of
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3. Results
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3. Results

<dFigure 3.3.3: Replication RNA templates for dissection of the effects of HCV translation on minus strand RNA synthesis
initiation.

(A) In vitro transcribed RNA constructs harboring SL I-1II or the complete HCV 5’UTR at the 5’-end (wild-type or AllIb/IIId*) are
visualized on 1 % agarose gel using ethidium bromide staining. The series of the SL I-III or the 5’UTR RNAs are represented by an
original wild-type construct and its mutants with either a deletion of the domain I1Ib (Alllb) or with a mutation of the nucleotides
266-268 (IIId*). Samples are analyzed before the DNase I treatment, thus contain a mixture of RNA transcript and initial linear
DNA template. The molecular weight varies depending on the size of the 5’-end insert; the RNA transcripts are compared to the
dsDNA marker (M, GeneRuler DNA Ladder Mix).

(B) Western blot detection of the HCV NS3 protein (70 kDa) and cellular GAPDH (36 kDa) as a reference protein in HuH-7.5 cells
lysate 2 days post transfection with each of the SL I-1II/5’UTR construct series (wild-type or mutated versions, as in A). No HCV
NS3 protein was detected in RNA samples co-transfected with an anti-miR-122 LNA (lane 2 and 6) as well as in a mock-
transfected cell lysate (lane 9). M, protein marker ladder.

(C-D) Quantification of the newly synthesized minus strands by RT-qPCR targeting the reverse complementary sequence of the
NS3B (in brown) or the Spinach (in green) regions. The hairpin construct harboring a replicase-inactivating GND mutation serves
as a negative control of minus strand synthesis and indicates background signal (a grey dashed line). The RER values (in C and in
D) for the wild-type SL I-III construct are set to 1. In relation to these, the fold differences of the relative synthesis efficiency are
presented on diagrams. The mutated variants are analyzed separately in opposition to their wild-type precursors. Asterisks mark
p-values from two-tailed student’s T-tests (*: p < 0.05; **: p <0.01; ***: p < 0.001; ns: not significant). On the diagrams, error bars
show standard deviation between at least three independent experiments.

SL I-llI_llld* antigenome production. ContrariwistheSL | 1 1 d* and t he @&l I |

mu t
of t he 5catidigatencye Thé principal explanation here is a relief of the inhibition mediated by
enabled functional translation initiation. Since the 40S subunit has a higher affinity to the HCV IRES than
the 5BSL3.2(bulge)the 5BSL3.2 pseudoknatill preferably be in a closed conformation and the RNA

template undergoes translation. Therefore, a more prominent elevation of minus strand synthesis is observed

forthe560 UTR_e@l I Il b due to a totalfarrebeée DHOUTRalnisll &t
occasionally is capable of translation initiation. Disruption of the -famge SLIIId-5BSL3.2(bulge)

interaction and genome circularization also might contribute to the latter effect.

Overall, the conducted experiments provide only a slight glance ahtaegled interplay betwedime
HCV translation and genome synthesis. | mpairing
construct indicates that the HCV translation impedes the replication at the stage of ongoing protein synthesis.
Evidently, when the interact i o-endig flisadled, & highér pRency of théd mitus e

strand pr odu endiisadisplajed. @mthe cohngrary3 disruption of the SL llld may have a dual

effect: preventing a translation initiatioih also detunes essential communication between the genome ends.
Further indepth investigation should be attempted in order to resolve this duality. One possibility to
distinguish between the effects of either a physical bindinth@f0S or of longrange inteactions is to

introduce modifications in the llle tetraloop, retaining the SL Il intact. Disruptions within the Ille prohibit

the40S subunit binding as well as reduce overall translational activity (Psaridi et al. 1999). A combination of

double SL llld*and the @&l |l Il b mutations may appear wuseful

factors or events when comparing such mutarthé@b 6 UT R

HCV replication.

34Effectsof mMR122 acting adn d-tERs bNChe HED

minus strand replication

cont e x-4ypeL Klihconstrince
Eventually, the other less investigateis-elements, i.e.he SL 588 within theCorecoding region
(Pirakitikulr et al. 2016), should be incorporated into experimental constructs to complete toé thteart
5 @&ndcis-signals engaged inlongange i nt er a-endelemerds withi atpriopogedh impattii

W I

The vital role of liverspecific miR122 on HCV replication (Jopling et al. 2005), translation (Henke
etal. 2008) and RNA stabilityShimakami et al. 2012a)as been proposed for a long period of time. The

mechanism of miRL22 action on the HCV RNAiswel e scr i bed f or the 5QUTR
however i t s feadhcartdidaterbinding sitds l{5831ar3ddS3) remains unele Moreover, a
transition from serving one function to another upon+hR binding is largely elusive. The main limitation
originates from the multiple functions of those
dissect. Therefore, in éhcurrent research it was attempted to unravel thelfBiRimpact orthe HCVminus
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3. Results

strand synthesis efficiency upon binding to the target sites at either of the HCV genomic ends and to
determine the requirements for the antigenome production using the stiand replication system.

In order touncouplethe miR122 functiorsin the HCV translation, the SL-Il construct containing all
itheabd-edd@sd bi nwas ntigzedsfor the analysis (Fig. 3.4.1, A). Role of the iR
binding sites aeither HCVgenomicend in minus strand synthesis were investigated separately bymutational
approach disabling binding of the miR2, but retaining an original sewary structure of the HCV RNA.
The mutations wit hi nl22hnding&es WereRrighdlly degigded &nd generaied by
Anika NiederR ° h r masmdescribed in her doctoral dissertation (also in NiBderh r mann et al
(Fig. 3.4.1, B and C). The details on the mutated sequence are specified in the Appendix together with
plasmid maps correspondingthe wildtype and its S1/Skutated version (designated as SL 51mS2m;
see 6.1.134). In the scope of the present work only a doliib&lmS2mi mutant (Fig. 3.4.1, C) in the
context of the SL-lIl construct was generated;etind e pt h anal ysi s of each of
miR-122 binding sites is not included. Apart from a complexity reason, these sites function cooperatively
and play a more profound role when addressed simultaneously (f€dérr mann et al . 2 (
justifies application of a double mutant iretproofof-principle experiment
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