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Abstract

Hepatitis C virus NS5A is a multifunctional phosphoprotein comprised of three
domains (DI, DIl and DIll). DI and DIl have been shown to function in genome
replication, whereas DIII plays a role in virus assembly. A previous study in our lab
demonstrated that DI in genotype 2a (JFH1) also participates in virus assembly,
exemplified by the V67A/P145A mutant which exhibited no defect in genome
replication, but blocked infectious virus production (Yin et al., 2018).

Here | extend this analysis to identify another five conserved and surface exposed
residues proximal to V67/P145 (152, G70, M72, P141 and E148), which shared the
same phenotype in genome replication, and two additional residues proximal to P145
(C142 and E191), which exhibited the same phenotype in viral assembly.

The partially defective mutants (152, G70, M72 P141 and E148) in replication were
further investigated in genotype 3a (DBN3a), the phenotype of four mutants in DBN3
NS5A DI was consistent with JFH1 mutants. In parallel, to investigate the mechanism
underpinning this replication role of domain I, we assessed the involvement of
cyclophilin A (CypA). The CsA sensitive assay, CypA silenced Huh7.5 cell lines and
GST pulldown assay all displayed the association between JFH1 NS5A DI and CypA.
Additionally, the interaction of CypA and NS5A DI inhibited the activation of NF-kB
pathway to allow HCV replication but not assembly. However, DBN3a replication was
completely dependent on CypA, whose association with NS5A DI was not detected.

Further phenotypic analysis of C142A and E191A revealed changes in the abundance
of dsRNA, the size and distribution of lipid droplets (LD) and the colocalisation
between NS5A and LDs compared to wildtype. Additionally, to investigate the
mechanism(s) underpinning this role of DI, we assessed the involvement of the
interferon-induced double-stranded RNA-dependent protein kinase (PKR). In PKR-
knockout cells, C142A and E191A exhibited levels of infectious virus production, LD
size and colocalisation between NS5A and LD that were indistinguishable from
wildtype. Co-immunoprecipitation and in vitro pulldown experiments confirmed that
wildtype NS5A domain | (but not C142A or E191A) interacted with PKR. We further
showed that the assembly phenotype of C142A and E191A was restored by ablation
of interferon regulatory factor-1 (IRF1), a downstream effector of PKR.

These replication data revealed a complex interplay between NS5A domain | and
CypA and this interaction protected HCV replication through inhibiting the NF-kB
pathway. In additional, the assembly data suggested a novel interaction between
NS5A DI and PKR that functions to evade an antiviral pathway which blocks virus
assembly through IRFL1.
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Chapter 1 Introduction



1.1 Hepatitis C virus (HCV)

1.1.1 General Introduction

Viral hepatitis is caused by five viruses categorized by different alphabet letters,
including hepatitis A, B, C, D and E (HAV-HEV) (Mohsen and Levy, 2017). HAV and
HEV are believed to share the epidemiological spread through contaminated food and
water (Webb et al., 2020). HBV is mainly spread by percutaneous or mucosal surface
contact with infected blood, which is associated with sexual or Mother-to-child
transmission (Shepard et al., 2006). The infection of HDV is generally dependent upon
hepatitis B infection due to the requirement of HBV surface antigen. The coinfection
of HBV and HDV results in a more severe and complicated course of the disease

(Urban et al., 2021).

Hepatitis C virus (HCV) infection causes disease and inflammation in the liver. It has
been a widely concerned public health issue worldwide for the last 30 years. HCV is
the primary causative agent of non-A, non-B hepatitis which was first diagnosed in
1975 (Feinstone et al.,, 1975) and finally identified in the serum of a chimpanzee
infected with non-A, non-B hepatitis patient sera (Choo et al., 1989).The virus typically
transmits via blood products of infected individuals during transfusion, injection drug
use, organ transplantation, hemodialysis, or accidental exposure (Chen and Morgan,
2006). Unsafe healthcare practices and injection drug use (IDUs) remain the primary
route of transmission (Organization, 2017). HCV is one of the leading causative agent
of chronic liver diseases, including cirrhosis, hepatocellular carcinoma (HCC) and liver
cancer (Lim et al., 2012, Wang et al., 2021). Due to the unavailability of prophylactic
vaccines and limited clinical treatment protocols, HCV is far from being eradicated and

has gradually become a global health burden (Deuffic-Burban et al., 2007) Until 2019,



it infected around 58 million individuals worldwide (Chan et al., 2021), which has
decreased by 13 million since 2015 (Naggie, 2019). Although several studies have
stated that the incidence of HCV infection has decreased since the second half of the
20th century, there were still 1.5 million new HCV infections per year (Organization,

2021).

Hepatitis C
New Infection: 1 500 000
[1 300 000-1 800 000)
Deaths: 290 000
[230 000-580 000)

Hepatitis C Hepatitis C Hepatitis C

New infections: 67 000 New infections: 300 000 New infections: 230 000
[63 000-73 000) [240 000-320 000] [220 000-260 000)
Deaths: 31 000 Deaths: 64 000 Deaths: 77 000

[19 000-84 000) [39 000-72 000) [77 000-140 000)

EASTERN
MEDITERRANEAN SOUTH-EAST ASIA
AFRICAN REGION REGION REGION
Hepatitis C Hepatitis C " Hepatitis C
WHO REGIONS New infections: 210 000 | New infections: 470 000 [New infections: 230 000
B African Region (150 000~370 000) 240 000-520 000} (200 000-430 000]
B Region of the Americas Deaths: 45 000 ID;‘*(')"O%_‘;; ’(’)&"] Deaths: 38 000
mm South-East Asia Region [23 000-72 000] [37 000-130 000}
I European Region
I Eastern Mediterranean Region
Il Western Pacific Region
Not applicable

Sources: WHO, 2021

Fig 1.1 Incidence of HCV infection in WHO region (2019).

According to the statistics of 2019, the estimated number of persons newly infected (N=1.5
million) surpassed the persons dying from end-stage HCV infection (N=290 000) and being
treated with DAAs (N=940 000), indicating that the global epidemic may continue to expand

(Organization, 2021).



1.1.2 Classification

HCV is an enveloped virus belonging to the genus Hepacivirus and within the
Flaviviridae family. Before 2011, Genus Hepacivirus was considered to contain only
two members: HCV and GB virus B (GBV-B). GBV-B was originally described in
association with acute hepatitis in 1967 (Deinhardt et al., 1967) and was finally
identified in 1995 from New World monkeys (Simons et al., 1995). GBV-B exhibited
high similarity and correlation with HCV (25-30% amino acid homology) based on the
same liver pathology and infections. However, it has not been found in infected
humans (Stapleton et al., 2011). More divergent hepaciviruses have been described
recently, which showed similar genome structures with HCV and GBV-B. However,
these hepaciviruses discovered after 2011 are not human pathogens, as they were
isolated from other species such as bats and rodents (Quan et al., 2013, Firth et al.,
2014, Drexler et al., 2013, Kapoor et al., 2013), Old World monkey (Lauck et al., 2013),
cow (Corman et al., 2015, Baechlein et al., 2015), dog (Kapoor et al., 2011), horse
(Burbelo et al., 2012) and graceful catshark (Hartlage et al., 2016). Besides
Hepacivirus, Flavivirus, Pestivirus, and Pegivirus are also included in the Flaviviridae

family (Fig 1.2A).

HCV exhibits an extensive genetic heterogeneity and a complex taxonomic structure,
with 7 major genotypes and 67 subtypes having been identified (Smith et al., 2014)
(Fig 1.2B). To date, subtypes 1a, 1b, 2a, 2b, 2c, 3a, 4a, 4d, 5a and 6a are widely
known and studied globally. The diversity of nucleotide level between HCV genotypes
is approximately 30%, while the various of nucleotide sequence in each subtype about
15% (Simmonds et al., 1993, Bukh et al., 1995). In addition, the isolates from the same
subtype also vary by about 10% (Martinez and Franco, 2020). The variability of HCV
genome is mainly distributed within the membrane glycoproteins E1 and E2 (Argentini
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et al., 2009). The hypervariable regions 1 and 2 (HVR1 and HVR2) of the E2 protein
exhibited 50% sequence homology among 7 different genotypes (Le Guillou-
Guillemette et al., 2007). In contrast, the regions which contribute to translation and
replication or some structured domains including 5’-untranslated region (UTR) and 3'-
UTR are highly conserved. Patrticularly, the 5’-UTR showed 90% sequence homology
among different strains (Bukh et al., 1992, Pifieiro and Martinez-Salas, 2012). In
addition, the core protein is the most conserved viral protein, with 81%-88% nucleotide

sequence identity between different isolates (Davis, 1999, Simmonds et al., 1994).

HCV distribution and prevalence vary according to different geographical regions of
the world, the variation is also generally displayed among different groups of a
community (Idrees, 2008, Lavanchy, 2011) (Fig 1.2C). Genotype 1-3 are the most
common genotype and distributed worldwide. Subtype la is most common detected
in the United States and Northern Europe, while subtype 1b, which contributes to 70%
of cases of HCV infection, exhibits a global distribution with a high prevalence in South
Europe (Nouroz et al., 2015, Martinez and Franco, 2020). Genotype 2a and 2b are
endemic in North America, Japan and Europe, while genotype 2c is most prominent
in Northern Italy (Hnatyszyn, 2005). Genotype 3a and 3b, the most common subtypes
of Genotype 3, are distributed globally (Sievert et al., 2011, Welzel et al., 2017).
Genotype 3a was originally emerged and transmitted in the Indian subcontinents,
including the northern part of India and Pakistan (Idrees and Riazuddin, 2008, Sievert
etal., 2011, Singh et al., 2004, Sood et al., 2012). It has been exported to transmission
chains in South Asia, Europe, and North America (Xu et al., 2022). Genotype 3b is
distributed widely in Asia, including China, India, Malaysia and Thailand (Shah et al.,
2021). Genotype 4 is mainly found in the Middle East and Central Africa, whereas 4d

is a primary subgenotype caused by IDUs, which was originally identified in Denmark



(Bukh et al., 1993, Bukh et al., 1994). Genotype 5 and Genotype 6 is identified almost
exclusively throughout in South Africa and Southeast Asia, respectively (Simmonds,
2001, Zein, 2000). Additionally, the newly appeared genotype 7 was demonstrated in
seven patients in the Democratic Republic of the Congo (Murphy et al., 2015). Among
7 genotypes, genotypes 1 and 3 are the most primary prevalence, which are
responsible for 83.4 million cases (46%) and 54.3 million cases (30%) of all infections,
respectively (Messina et al., 2015). The share of genotypes 2, 4, and 6 is totally about

23%, whereas the proportion of genotypes 5 only contains 1%.
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Fig 1.2 HCV Classification and distribution.

The genotypes are categorized into seven major genotypes and 67 subtypes using
phylogenetic analysis of the nucleotide sequences analysis. The prevalence and distribution
of subgenotypes are also indicated (Bukh, 2016). (C) The prevalence and distribution of HCV

genotypes in the global burden of disease areas (Hnatyszyn, 2005).
1.1.3 Epidemiology and Pathology

HCV is predominantly a blood-borne virus, indicating that blood contact and production
is the most efficient transmission route (Feinstone et al., 1975). It can also be
transmitted through heterosexual contact or birth to an infected mother, but the
transmission risk is lower (Martinez and Franco, 2020). IDUs also pose a transmission
risk, and it is the cause of 80 % of acute infection in developed countries (Wilkins et
al., 2015, Sy and Jamal, 2006). Additionally, blood transfusion has become a new
transmission route due to the use of unsterilized injection needles (Klevens et al., 2012,

Su et al.,, 2010). Some rare conditions can also transmit HCV, including using



unsterilized instruments for nose and ear piercing, acupuncture or tattoos (Alter, 2007).
However, the virus cannot be transmitted by saliva, such as by sharing drinks or food
with an HCV-infected patient (Bennett et al., 2019). Although HCV infects humans and
is transmitted through various modes, the origin of HCV infection in humans is still

unclear.

The virus usually appears in blood within two weeks after first exposure. Alanine
aminotransferase (ALT) and aspartate aminotransferase (AST), which are specific
biomarkers of severe liver damage, and are also able to predict the progression of
liver fibrosis during chronic HCV infection (Agib et al., 2021). In addition, HCV-specific
antibodies can be detected 20—150 days after exposure (Busch, 2001, Cox et al., 2005,
Page-Shafer et al., 2008). 15-30% of infected individuals enter into the acute phase
after an incubation period of 2-12 weeks, which is generally asymptomatic and
infrequently diagnosed. However, some non-specific symptoms such as lethargy,
fatigue, and myalgia weakness appear with acute infection. Some patients even have
more pronounced symptoms, such as jaundice, which may be associated with
increased ALT (Orland et al., 2001, Marcellin, 1999). After the acute phase, the
infection of 18-34% of patients is spontaneously cleared within 6-12 months (Page et
al., 2009, Dore et al., 2010, Grebely et al., 2010), and viral RNA cannot be detected in

blood (Grebely et al., 2014, Micallef et al., 2006).

The acute infection frequently transfers to chronic hepatitis C (CHC) with the
persistence of un-cleared virus and viraemia after half a year. The development rate
of CHC is associated with differences in infected individuals, including age, gender
and ethnicity. Additionally, co-infection with HIV and HBV, excessive intake of alcohol
and jaundice development also accelerate the transformation progression (Chen and
Morgan, 2006). CHC generally has slow disease progression with long persistent
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hepatic inflammation. After long-term infection over 20-30 years, 10-20% of infected
individuals develop the disease progression of liver fibrosis and cirrhosis (Seeff, 2009,
Westbrook and Dusheiko, 2014). Serious cirrhosis is the primary cause of HCC,

hepatic decompensation and death.

1.1.4 Therapies

The treatment of all CHC-infected patients should be considered in several aspects,
including the genotype, the extent and development of cirrhosis, complication and
adverse effects. HCV therapy aims to reduce mortality and complications associated
with CHC and finally cure liver disease (Miller et al., 2014). The success of the cure of
CHC infection is marked by a sustained virological response (SVR) indicating HCV
RNA cannot be detected in serum or polymerase chain reaction with a sensitive assay
(lower limit of detection of <15 IU/mL) at 12 or 24 weeks after cessation of treatment

(Cornberg et al., 2019).

Interferon (IFN) alpha was the first drug found to have bioactivity against HCV infection,
while the therapy with limited efficiency with 6% SVR (Fried and Hoofnagle, 1995,
Davis et al.,, 1989). Afterwards, nucleotide analogue ribavirin (RBV), pegylated
interferon 2b alfa and pegylated interferon 2a alfa were included in the treatment for
HCV before 2003 (Li and De Clercq, 2017). Before the direct-acting antiviral (DAA)
development in 2011, combination therapy with pegylated interferon-a and RBV was
consistently considered the predominant therapy for HCV infection (Fried et al., 2002).
The double therapies increased the HCV cure rates of genotype 1 to above 50% (Fig
1.3A) and achieved 70% and 80% cure rates for genotype 2 and 3, respectively (Liang

and Ghany, 2013).
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DAAs cure most HCV infections, and the virological response achieves 95% in most
genotypes (Ansaldi et al., 2014). The development of DAAs is rapid, and ten therapies
were approved between 2011 and 2016 (Geddawy et al., 2017). The generation of
NS3/4A protease inhibitors telaprevir (TVR) and boceprevir (BOC) in 2011 were the
first DAA to be developed. Their combination with pegylated interferon and RBV leads
to SVR rates in approximately 65-75% of HCV genotype 1 infections (Bacon et al.,

2011, Poordad et al., 2011, Jacobson et al., 2011) (Fig 1.3A).

To improve the DAAs treatment effectiveness, NS5B polymerase inhibitor sofosbuvir
(SOF) was developed. Sofosbuvir is a pyrimidine nucleotide analogue which can be
phosphorylated within the cell, leading to the early termination of HCV RNA strand
synthesis (Li and De Clercq, 2017). SOF rarely has resistance. Only one resistance
case was reported in vivo (Keating and Vaidya, 2014). The triple-combination
treatment with SOF, pegylated interferon 2a alfa and RBV achieved almost 90%
effectiveness against the viral diseases with genotypes 1 and 4 (De Clercq, 2013,
Lawitz et al., 2013) (Fig 1.3A). Additionally, an oral regimen of SOF and RBV enhances
the SVR rates of 95% and 82% of patients infected with genotypes 2 and 3,
respectively (Jacobson et al.,, 2013). The successfully treated effectiveness of the
SOF/RBV combination also enabled the IFN treatment to become history. With the
generation of all-oral treatment, IFN-free and RBV-free oral regimens provide more

toleration, and the SVR rate also increases to 90-95% (Rockstroh, 2015) (Fig 1.3A).

Due to the high effectiveness of SOF in HCV infections, it was identified by WHO as
essential medicine and generally participated in combination therapies with other new
DAAs. DAAs were classified into three groups based on the different targets of HCV
non-structural (NS) proteins: the NS3/4A protease inhibitors (BOC, TVR, Simeprevir,
asunaprevir, grazoprevir and paritaprevir), NS5A inhibitors (daclatasvir, ledipasvir
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(LDV), ombitasvir, elbasvir and velpatasvir (VEL)), NS5B nucleotide inhibitors (SOF).
Non-nucleoside polymerase inhibitors (dasabuvir) (Asselah and Marcellin, 2012,

Herbst and Reddy, 2013) (Fig 1.3B).

Daclatasvir (DCV), an inhibitor of the N-terminus of HCV NS5A, directly acts in both
viral RNA replication and assembly. The DCV treatment for adult patients with CHC
has been approved in the United States, Europe and Japan, demonstrating the
composability with other DAAs (Degasperi et al.,, 2015, Majumdar et al., 2016).
Moreover, the combination of DCV and NS3/4A protease inhibitors asunaprevir also
enhanced the SVR rates >90% in HCV genotype 1b infected individuals (Chayama et

al., 2014, Chayama et al., 2012).

Patients who are infected with HCV genotype 3 less responsive to some DAAs
treatments which have a superior clinical efficacy for other genotypes (Kanwal et al.,
2014, Andriulli et al., 2008). The serious situation was partially alleviated when DCV
and sofosbuvir SOF were shown to be efficacious against genotype 3 (Chan et al.,
2017, Kattakuzhy et al., 2016). However, despite improvements in the treatment ,
resistance is still reported in about 10% of the patients. Furthermore, the high
resistance rates are more likely due to the contribution of genotype 3 (Dore et al., 2015,
Lawitz et al., 2013, Nelson et al., 2015). Therefore, it is urgent to solve the problems

of resistance rates of genotype 3 and generate more effective DAAs.

Although current therapy combinations are appropriate for most CHC infection with
HCV different genotypes, the resistance-associated substitutions (RASSs) the patients
face is the major problems that need to be solved (Lawitz et al., 2015). Currently, the
new second DAAs with well tolerance are developing and generating, which allows

the DAAs combinations to create higher cure effectiveness.
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1.2 Molecular virology of HCV

1.2.1 Genomic organisation

The HCV RNA genome contains approximately 9600 nucleotides and is comprised of
a 5' UTR, a single open reading frame (ORF) encoding a single polyprotein of 3000
amino acids (aa), and a 3-UTR (Hoffman et al., 2015). An internal ribosomal entry site
(IRES) that is located within the 5-UTR mediates the translation of this single ORF in
a cap-independent manner (Hoffman and Liu, 2011, Scheel and Rice, 2013). The 3'
UTR, the initiation site for the synthesis of the negative-strand RNA during viral
replication, consists of three distinct regions: a short genotype-specific variable region,
the poly (U/UC) tract and the X-tail which is composed of three stem-loops (Song et
al., 2006). Further, it is involved in virus translational regulation by an undefined
mechanism (Bradrick et al., 2006, Bung et al., 2010). The polyprotein is processed co-
and post-translationally by cellular signalases and viral proteases into 10 viral proteins:
the structural proteins, core, E1 and E2, and p7 and the non-structural proteins NS2,
NS3, NS4A, NS4B, NS5A and NS5B (Fig. 1.4). Apart from NS2, the other NS proteins
are necessary and sufficient for genome replication and form a membrane-associated
replicase complex in association with cellular factors (Lavanchy, 2009, Reiss et al.,
2011). Most non-structural proteins are well characterised: NS3 has NTPase/RNA
helicase and serine protease activities with NS4A as its cofactor and is involved in
HCV RNA replication and viral particle assembly (Murray et al., 2008, Zhu and Briggs,

2011). NS5B is the viral RNA-dependent RNA polymerase.
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Fig 1.4 HCV genome structure and viral protein functions.

The HCV genome contains a single large open reading frame of 3000 amino acids flanked by
5 and 3’ UTRs, encoding a polyprotein which can be cleaved into ten individual proteins

(Poordad and Dieterich, 2012).

1.2.2 Structural proteins
1.2.2.1 Core protein

The core protein is an RNA-binding protein, which forms nucleocapsids to directly
encapsulate and protect HCV genomic RNA during virus infections (Polyak et al.,
2006). It is a 21kDa protein that contains 191 aa from the N-terminus of the polyprotein
(Yasui et al., 1998). The mature core protein is dimeric alpha-helical and consists of 3
distinct predicted domains based on different amino acid compositions and

hydrophobicity (McLauchlan, 2000).

The hydrophilic Domain | contains 117aa, rich in numerous positive charges and basic
residues, and occupies approximately two-thirds of the length of the core. The function
of Domain | was demonstrated that involved in RNA binding, nuclear localization
(Suzuki et al., 2005, Suzuki et al., 1995, Chang et al., 1994) and oligomerization
necessary for particle formation (Kunkel and Watowich, 2002, Klein et al., 2005, Nakai

et al., 2006). Half of the N-terminus in the core protein is predominant for the formation
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of nucleocapsids. It was demonstrated that the 75 N-terminal residues of the core
protein were sufficient to assemble nucleocapsid-like particles (NLPSs) in vitro (Majeau
et al., 2004). To further identified the essential residue, the mutational analysis in a
cell-free system observed that two clusters within the N-terminal 68 amino acids were
associated with the generation of NLPs (Klein et al., 2005). Additionally, research in
2007 also revealed that NLPs formation used 1-82 N-terminal aa of core protein and
the successful generation of NLPs caused by global positive charge (Fromentin et al.,
2007). Three basic clusters can be further divided from Domain | due to aa charge
distribution: the basic domain | (2-23 aa), the basic domain Il (38-74 aa), and the

basic domain 11l (101-121 aa) (Gawlik and Gallay, 2014).

Compared with Domain I, Domain Il and Il are hydrophobic, which play the roles in
virus particle productions with lipid droplets and the anchor of endoplasmic reticulum
(ER), respectively (Hourioux et al., 2007, Ogawa et al., 2009). Since the function of
Domain Il and Ill, the core protein was also considered to participate in the viral
lifecycle besides its role in viral nucleocapsid formation. The location of HCV core
protein in the cytoplasm is primary at the ER, lipid droplets (LDs) and mitochondria
(Mani et al., 2022). At the beginning of the core protein release, signal peptidase
separates core protein from E1 glycoprotein in the ER lumen (Santolini et al., 1994).
After further cleavage in the C-terminal region of the core protein by the signal peptide
peptidase within the transmembrane region, a mature core protein is generated and
targeted to LDs (Kopp et al., 2010, McLauchlan et al., 2002, Pene et al., 2009). In
HCV-infected cells, rapid synthesis of core protein leads to more transportation to the
LDs assembly site, which enhances the formation of LDs and may further involve in
the process of steatosis (Moriya et al., 1998, Moriya et al., 1997, Barba et al., 1997).

Furthermore, core protein also demonstrated the role of interacting with mitochondria
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to facilitate reactive oxygen species productions (Korenaga et al., 2005), which may
result in the function of core protein in stimulating or inhibiting apoptosis (Kountouras
et al., 2003, Chou et al., 2005, Meyer et al., 2005). In addition to this function, core
protein also was revealed to play the roles in modulation of immune cell differentiation
and dual-directional regulation of inflammatory cytokine releases and hepatic

angiogenesis (Tu et al., 2012, Dolganiuc et al., 2003, Hassan et al., 2009).

1.2.2.2 E1 and E2 Envelope Glycoproteins

E1l and E2 are two highly glycosylated proteins of HCV embedded on the surface of
the virion and play an essential role in the virion envelope. These two envelope
glycoproteins are cleaved and released from the polyprotein by signal peptidase
(Dubuisson et al., 2002), whereas their activation is independent of the cleavage
(Vieyres et al., 2010). E1 and E2 are type-l transmembrane proteins which interact
with each other to assemble as a noncovalent heterodimer, including two N-terminal
ectodomains (160 and 334aa) and a short C-terminal transmembrane domain (30aa).
The ectodomains of E1 and E2 were considered to indirectly contribute to the proper
folding of glycoproteins (Michalak et al., 1997). The transmembrane domain is rich in
hydrophobic aa and functions in membrane anchoring, heterodimer complex formation

and ER localization (Cocquerel et al., 2000, Cocquerel et al., 1998)

These two glycoproteins contain a range of intramolecular disulphide bonds and N-
linked glycans after the modification of post-translation (Vieyres et al.,, 2010). The
disulphide bonds assist in forming more stable covalent complexes of E1 and E2 on
the surface of the virion. In addition, the N-linked glycosylation responds to the
synthesis of multi-subunit complexes, which is essential for virus entry into host cells

(Naderi et al., 2014, Cocquerel et al., 2006). E1 and E2 are involved in the whole
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process of virus entry, including cell attachment, binding with cellular receptors,
endocytosis and fusion. E2 protein has been identified to contain two Hypervariable
regions (HVR1 and HVR2), which showed huge diversity of aa sequences among
different HCV genotypes and subgenotypes (Weiner et al., 1991). 1-27aa of E2
ectodomains was referred to as HVR1, a globally basic region with positively charged
residues. This character leads to the interaction with negatively charged factors on the
cell surface, which is critical for cell recognition and attachment (Callens et al., 2005).
HVR1-deleted virus disrupted the high dependence on scavenger receptor class B
type | (SR-BI), which is a HCV receptor and essential for HCV entry (Prentoe et al.,
2014). Notably, HVR1 is responsible for masking many neutralising epitopes. The loss
of this domain resulted in the dramatic increase of antibody-mediated neutralisation
and higher sensitivity of virus to various neutralising antibodies (Bankwitz et al., 2010,
Prentoe et al., 2016). Additionally, HVR2 has also been demonstrated to regulate the
interaction with the E2 receptor (Roccasecca et al., 2003). However, the role of E1 is
not completely clear. The only function identified is the association with intra-

cytoplasmic virus-membrane fusion (Rosa et al., 1996, Flint and McKeating, 2000).

1.2.3 Non-structural protein

1.23.1P7

The p7 protein, a small polypeptide with 63aa, is regarded as the connection between
structural and NS proteins (Lin et al., 1994, Mizushima et al., 1994). This polytopic
membrane protein is also released by signal peptidase cleavage and comprises two
transmembrane domains connected by a short cytoplasmic loop (Carrére-Kremer et
al., 2002). The N- and C-termini of the P7 protein are exposed to the lumen of the ER

in the cytosol (Carrere-Kremer et al., 2002, Lin et al., 1994). The re-initiation sequence
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of translocation in the C-terminus is considered to be a signal peptide during the fusion
process with a reporter protein (Carrere-Kremer et al., 2004). Additionally, the role of
p7 in membrane structure is emerged due to the barely accessible residues on the
exposed N- and C-termini, and this function is associated with the ER, mitochondrial
and plasma membranes (Carrere-Kremer et al., 2002, Griffin et al., 2005, Griffin et al.,
2004). p7 protein belongs to the viroporin family but is not involved in RNA replication
(Gonzalez and Carrasco, 2003). The mainly co-localisation partner of P7 is the E2
protein. The other interactions also were detected in NS2, NS3 and NS5A (Vieyres et
al., 2013), practically the interaction with NS2, which recruits core protein to the
proposed site from LD at the stage of assembly (Boson et al., 2011, Tedbury et al.,
2011). Furthermore, the p7 polypeptide also was observed as a calcium ion channel
in artificial lipid membranes (Griffin et al., 2003, Pavlovic et al., 2003, Premkumar et
al., 2004). The suppression of ion channel activity of P7 might be a new antiviral

method for HCV infections.

1.2.3.2 NS2

NS2 is a non-glycosylated and integral transmembrane protein of 23 kDa with several
stretches of hydrophobic aa. Although the membrane topology of NS2 is not fully
understood, the two internal signal-like sequences at 839—-883aa and 928—960aa infer
the four putative transmembrane segments in NS2, which associates with the E2

membrane (Santolini et al., 1995, Yamaga and Ou, 2002).

The release of NS2 requires a protease to separate NS2 and NS3 junction. The
NS2/NS3 protease comprises the C-terminal domain of NS2 (94-217 aa) and the first
180 residues of NS3 (Lindenbach and Rice, 2001), which has been identified as a

zinc-dependent metalloprotease and cysteine proteinase (Grakoui et al., 1993a,
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Grakoui et al., 1993Db, Hijikata et al., 1993, Pallaoro et al., 2001). The separation of the
NS2/NS3 connection is necessary for RNA replication (Jones et al., 2007, Kolykhalov
et al., 2000, Welbourn et al., 2005), whereas NS2 has been demonstrated that not a
member of the replication complex (Blight et al., 2000, Lohmann et al., 1999) and is
easily degraded by protein kinase casein kinase 2 (Franck et al., 2005). Therefore, the
N-terminus of NS3 might be the beginning site of replication but not NS2. Additionally,
the zinc dependency may also result from the N-terminus of NS3 due to the zinc ion
of the NS3 protease domain, which can maintain the stability of protein structure (Kim

et al., 1996, Love et al., 1996).

In addition to the role in the activity of NS2/NS3 protease, NS2 has also been revealed
to have a potential role in modulating cellular gene transcription (Dumoulin et al., 2003).
Furthermore, the NS2 functions in HCV assembly and release were also demonstrated,
whereas the mechanism still needs to be further determined (Kalinina et al., 2002,
Lindenbach et al., 2005, Pietschmann et al., 2006). NS2 also enable it to interact with
host proteins, such as liver-specific pro-apoptotic CIDE-B, and can act as an inhibitor
to suppress CIDE-B-induced apoptosis (Erdtmann et al., 2003). More mechanisms

with these functions of NS2 still need to be further investigated.

1.2.3.3 NS3/NS4 complex

NS3 is a multifunctional protein with a molecular weight of 70 kDa. NS3 is mainly
responsible for the cleavage of non-structural protein region (NS3/4A, NS4A/4B,
NS4B/5A and NS5A/5B junction) from polyprotein in HCV infected cells to generate
viral RNA replication complex (Lindenbach and Rice, 2005), which is attributed to the
zinc-dependent serine protease domain occupying approximately first 188aa at the N-

terminus (Kim et al., 1995). The zinc ion in this protease domain is necessary for the
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structural and folding stability of the enzyme (De Francesco et al., 1996, Lee and Lim,

2008, Urbani et al., 1998).

In addition to the dependence on zinc ions, the more stable and effective activity of
NS3 protease also requires the binding of NS4A. NS4A is a small protein of 8kDa and
contains a hydrophobic N-terminal domain which has been identified as the
requirement of NS3 for ER targeting (Wolk et al., 2000).NS4A also contains serine
proteinase cofactor activity sites at the central portion of NS4A (21-30aa), resulting in
the NS3/NS4 protease stably located at ER membrane and accurate targeting to the
NS protein junction (Bartenschlager et al., 1995, Lin et al., 1995, Taniji et al., 1995a).
Moreover, NS3/NS4A protease activity is also revealed to be involved in inhibiting the
dsRNA-dependent innate immune response. It has been shown that the activity of
dsRNA-dependent interferon regulatory factor 3 (IRF-3) was disrupted by NS3/NS4A
which also antagonised the cellular RNA helicase retinoic acid-inducible gene | (RIG-
I) pathway (Heim and Thimme, 2014, Horner and Gale, 2013, Meylan et al., 2005,
Sumpter Jr et al., 2005). Additionally, NS3/NS4A also inhibits the IRF-3 upstream
factor Toll-like receptor-3 (TLR-3) by cleaving the TRIF adaptor (Li et al., 2005). Hence,
the NS3-4A protease is reported to play essential roles in the replication and

persistence of HCV (Morikawa et al., 2011).

The C terminus of NS3 encodes an RNA helicase/NTPase domain of 442aa (Kim et
al., 1995). The NS3 helicase is a DExH/D-box RNA helicase which belongs to the
helicase superfamily-2, containing a conserved Asp-Glu-Cys-His motif in the ATP
binding site (Raney et al., 2010, Tai et al., 1996). This helicase activity requires the
NS3 dimerisation and then contributes to the duplex RNA unwinding using an ATP-
dependent manner (Serebrov and Pyle, 2004). Moreover, the function in dsRNA
unwinding of this helicase is enhanced by interacting with serine protease at N-

21



terminal (Frick et al., 2004). The NS3 helicase also acts on RNA binding, and the
connection with NS4 enhances RNA activity (Pang et al., 2002). The function of the
NS3 helicase in the HCV life cycle is not totally understood, but current research has
shown that the random translocation of NS3 helicase exploiting the energy of NTP
hydrolysis was essential for the formation of helicase for the next cycle (Levin et al.,
2005). Additionally, NS3 helicase may be involved in the onset of RNA replication
through unwinding positive and/or negative strand RNA or promoting the formation of
replicase complex (Li et al., 2021). Furthermore, 40-54 aa in C-terminal, an a-helix
mainly with a negative charge, has been reported to interact with other NS proteins
and to modulate HCV replication and assembly (Lindenbach et al., 2007, Phan et al.,

2011).

1.2.3.4 NS4B

The NS4B protein is a highly hydrophobic NS protein of 27kDa with 261 aa residues,
which has been identified to play a critical role in virus replication (Dvory-Sobol et al.,
2010, Gouttenoire et al., 2010a, Zajgc et al., 2019). It is an integral membrane protein
which is considered most likely to possess four transmembrane domains in the central
sites with 70-190 aa (Hugle et al., 2001, Lundin et al., 2003). The rest of NS4B
comprises an N-terminal portion (1-69aa) in the ER lumen and a C-terminal portion
(191-261aa) in the cytoplasm, which both contain two amphipathic helices

(Gouttenoire et al., 2009b, Hdoufane et al., 2022, Lundin et al., 2003).

NS4B is referred to as a membrane anchor for the replication complex and is located
at ER or ER-derived membrane (Egger et al., 2002, Elazar et al., 2004, Gretton et al.,
2005, Hugle et al.,, 2001, Lundin et al.,, 2003). NS4B has also been identified to

facilitate RNA replication by inducing the formation of membranous structures (Egger
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et al., 2002). Additionally, NS4B showed similar protein membrane segments with
other NS proteins, indicating it may play a role in the generation of replicase complex
(Brass et al., 2008, Gouttenoire et al., 2009a, Moradpour et al., 2004a, Penin et al.,
2004a). The nucleotide-binding motif of NS4B is able to hydrolyse GTP and to further
affect HCV replication (Einav et al., 2004). Moreover, the NTPase activity NS4B has
also been identified to play a role in virus assembly (Einav et al., 2004, Jones et al.,

2009, Thompson et al., 2009).

1.2.3.5 NS5A

NS5A is a large membrane-associated protein with 447 aa residues and harbours two
forms with molecular weights of 56 and 58 kDa, respectively. These two forms are
generated by differential phosphorylation: basal (56 kDa) and hyperphosphorylation
(58 kDa). Basal phosphorylation is distributed in the central and C-terminal parts of
NS5A, while hyperphosphorylation concentrates on the central part, indicating four
serine residues 225, 229, 232 and 235. (Kandangwa and Liu, 2019, Tanji et al., 1995b).
It has been demonstrated that all NS proteins upstream of NS5A are involved in the
phosphorylation of NS5A protein (Oliver Koch and Bartenschlager, 1999). However,
the role of NS5A phosphorylation in the virus life cycle still needs to be further
investigated. NS5A has been reported to play roles in virus replication, assembly and
interaction with cellular factors. These roles of NS5A protein will be described in more

detail in Section 1.3.

1.2.3.6 NS5B RNA-Dependent RNA Polymerase

NS5B is a hydrophilic membrane protein of 68 kDa with 591 aa residues, and the first
530aa N-terminal composes of a catalytic domain of the NS5B portion (Moradpour

and Penin, 2013). Since the existence of conserved GDD sequence motif, which is a
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defining feature with all viral RNA-dependent RNA polymerases (RdRp), NS5B is
endowed with the characters of RdRp and is the central catalytic enzyme of the HCV
RNA replication (Sesmero and Thorpe, 2015, Yamashita et al., 1998). NS5B
participates in the whole process of RNA synthesis, using the genome as a template
to form a complementary negative-strand RNA which is acted on a second template
to generate positive-strand RNA. In addition to the GDD motif sequence, the N-
terminal of NS5B also contains the RdRp classical “fingers, palm and thumb” structure
(Bressanelli et al., 1999, Lesburg et al., 1999). The palm domain contains the active
site of the polymerases, while the interaction between fingers and thumb domain forms
a groove with a catalytic site allowing the direct target with positive- and negative-
strand HCV RNAs (Lesburg et al., 1999). The highly flexible B-hairpin loop in the
thumb domain also assisted modulate the RNA template binding and the onset of RNA
synthesis (Appel et al., 2006). However, the detailed dsRNA unwinding process in this

structure is still unclear.

NS5B is also regarded as a tail-anchored protein due to the a-helical transmembrane
domain in the C-terminal region (lvashkina et al., 2002, Schmidt-Mende et al., 2001).
This domain encodes 21 aa residues and is responsible for membrane connection and
cytosolic orientation of ER with the exposed catalytic domain (Moradpour et al., 2004a,
Schmidt-Mende et al., 2001). C-terminus is not necessary for RdRp activity but is
indispensable for HCV RNA replication (Moradpour et al., 2004a). The connection of
the catalytic domain and the transmembrane domain results in a conformational
alteration, which probably associates with the formation of replicase complex by
binding with host cell factors, such as hVAP-33 (Gao et al., 2004, Schmidt-Mende et

al., 2001).
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NS5B has also been reported to interact with Human vesicle-associated membrane
protein-associated protein (VAP) subtype B (Hamamoto et al., 2005), retinoblastoma
tumour suppressor (Munakata et al., 2005), Cyclophilin B (Watashi et al., 2005),
Nucleolin (Kusakawa et al., 2007), Chaperonin (Inoue et al., 2011) and human
oestrogen receptor alpha (Hillung et al., 2012). Recent research also revealed the
interaction of NS5B with the cellular kinase Akt which can modulate the RNA-
dependent RNA polymerase (RdRp) activity of NS5B and HCV infection (Sabariegos

et al., 2021, Valero et al., 2016).

1.3 NS5A

1.3.1 Structure of NS5A

NS5A protein is composed of an N-terminal amphipathic a-helix (1-30aa) that allows
NS5A to anchor on the ER, a structured domain 1 (DI), and two intrinsically disordered
domains (DIl and DIII) interconnected by two low-complexity sequences (LCS-1 and -

2) (Fig 1.5A) (Ross-Thriepland and Harris, 2015).

The AH structure of the NS5A N-terminal region is regarded as a membrane anchor
allowing NS5A to embed into the cytosolic leaflet of the membrane (Brass et al., 2002,
Penin et al., 2004a). The AH contains a tryptophan-rich hydrophobic side buried in the
membrane and a polar/charged side exposed to the cytosol. This membrane
localization is parallel to the lipid bilayer, which is mediated by the hydrophobic side of
the AH (Fig 1.5B). In addition to the role of targeting and binding with ER membrane,
AH also plays a critical role in replicase complex formation (Elazar et al., 2003).
moreover, the structure-function analysis for AH demonstrated an absolutely
conserved residue on the surface of the membrane, indicating that AH might also

associate with protein-protein interactions (Moradpour et al., 2005).
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Following the AH, NS5A was divided into three distinct domains I, 1l and Ill. NS5A DI
is a highly conserved structure with a zinc-binding domain which is coordinated by a
unique motif of 4 fully conserved cysteine residues (Cys 39, Cys 57, Cys 59, and Cys
80). four different conformations of DI from genotypes 1a and 1b were observed by X-
ray crystallography, with the same monomeric unit but exhibiting different dimeric
arrangements (Lambert et al., 2014, Love et al., 2009, Tellinghuisen et al., 2005). More

introduction to the structure and function of DI will be described in Section 1.3.2.

Compared with DI, DIl and DIII are intrinsically disordered, natively unfolded and less
conserved (Penin et al., 2004b, Tellinghuisen et al., 2004). However, nuclear magnetic
resonance (NMR) and circular dichroism have demonstrated a propensity of both
domains to form secondary structures (Feuerstein et al., 2012, Hanoulle et al., 2009b,
Liang et al., 2007). In addition, an NMR analysis for the entire disordered region of
NS5A (residues 191-447) from genotype 1b has shown numerous transient
secondary and tertiary structures in DIl and DIl (S6lyom et al., 2015). DIl has been
reported to contain a short structural motif (PW-turn) embedded in a proline-rich
sequence (Dujardin et al., 2019). DIll contains a small amphipathic a-helical structural
element exhibiting a pronounced asymmetrical distribution of the hydrophobic
residues (Verdegem et al., 2011). Recently, The 3D structure of the highly disordered
DII-1ll regions was predicted (Li et al., 2022) using the online I-TASSER server (Roy
et al., 2010, Yang and Zhang, 2015). The structure showed the highest homology with
the maltose-binding periplasmic protein (PDB ID 30SR) (Li et al., 2022).These

structures are strongly suggested to play important roles in the HCV cycle.

The three domains are separated by two short LCSs. LCS | is rich in serine clusters
and eight highly conserved serine residues have been identified by mass spectrometry,
reverse genetics and phospho-proteomics. Six serine residues 222, 225, 229, 232,
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235 and 238 inhibited critical roles in NS5A phosphorylation, which is associated with
HCV replication and assembly (Chong et al., 2016, Fridell et al., 2013, Kanazawa et
al., 2004, Masaki et al., 2014). Moreover, a sequential phosphorylation cascade,
“S229-5232-5235-S238”, has been identified (Hsu et al., 2018). LCSII is a proline-rich
region composed of three polyproline motifs. The existence of highly conserved PxxP

motifs in this region allows the binding with Src homology 3 (SH3) domains of host

proteins (Mayer, 2001, Tan et al., 1999).
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(A) NS5A contains three domains (I, Il and 1ll) connected by two low-complexity sequences
(LCS I and LCS I1). A 33aa amphipathic helix (AH) and a highly ordered domain | associated
with a zinc ion. (B) Model of the structure of NS5A. The two domain | manners form the dimeric
conformation observed by (Tellinghuisen et al., 2005), which anchored the membrane by AH

(Douglas Ross-Thriepland, 2013).
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1.3.2 Structure of NS5A DI

NS5A DI is highly conserved and consists of a basic N-terminal subdomain IA (36-
100aa) and a predominantly acidic C-terminal subdomain IB. Subdomain IA contains
an N-terminal extended loop lying which was connected with a 3-stranded anti-parallel
B-sheet (B1-B3) (Fig 1.6A). An a-helix structure in B3 also has been identified as AH2.
These structures of subdomain IA form a 4-cysteine zinc coordination site (Cys 39,
Cys 57, Cys 59, and Cys 80) which have previously been shown to be absolutely
required for HCV RNA replication (Tellinghuisen et al., 2005). The structure of NS5A
has been shown to rely on zinc atoms based on the location of the zinc coordination
site and their biochemical characterization (Tellinghuisen et al., 2004). The connection
between subdomain IA and subdomain IB is a proline-rich region. Subdomain IB
mainly consists of 2 anti-parallel 3 -sheets: B4-B7 and B8-B9 near the C-terminus (Fig
1.6A). A disulphide bond connecting the side chains of the conserved residues Cys
142 and Cys 190 has been observed near the C-terminus, referring to a covalent linked

B6-B9 (Fig 1.6B).

28



Subdomain IA Subdomain 18 Su main 1A Subdomain IB

Fig 1.6 The structure of Subdomain IA and IB into NS5A DI.

(A) Ribbon diagram and topology organization model of the structure of domain | including N
terminus (blue) to C terminus (red). The coordinated zinc atom is shown in yellow. The C-
terminal disulphide Cys142-Cys190 bond is shown in blue. (B) The model of the disulphide

bond in subdomain 1B, Cys 142 and Cys 190 are labelled in red (Tellinghuisen et al., 2005).

X-ray crystallography showed that NS5A Dl is a highly structured, zinc-binding domain
containing a three-dimensional structure that shows two different dimeric
conformations when lacking an AH peptide (Love et al., 2009, Tellinghuisen et al.,
2005). The first crystal structure of NS5A DI from genotype 1b was determined more
than 17 years ago (Fig 1.7A). This structure (residues 36-198) (PDB accession code:
1ZH1) is an asymmetric unit, also known as a “clam-like” dimer, composed of two
identical DI monomers in a dimeric conformation maintained by disulphide bonds. This

structure accommodates a large, positively charged groove, proposed as a putative
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RNA binding groove. N-terminal amphipathic helix on a phospholipid membrane of this
structure which was computationally analyzed by surface potential plots and NMR,
showed that NS5A would be anchored to the membrane in a way that the putative
RNA binding groove was projected outwards in a manner that could facilitate the
binding of RNA, as seen in Fig. 1.5B. The location of the zinc-binding site in the
structure of domain | combined with a disulphide bond towards the C-terminus
indicates both the zinc and disulphide bond contribute to the maintenance of the NS5A

fold (Tellinghuisen et al., 2005).

The second crystal structure of NS5A DI from genotype 1b (33-202) exhibited an
altered dimer structure of two parallel monomers which was described in 2009 (Love
et al., 2009) (PDB accession code: 3FQM) (Fig. 1.7B). The monomers are related by
a two-fold-symmetry axis that runs parallel to their length. As same as the previous
structure, the two N termini are found on the same end of the dimer, implying a
colocalization of the two amphipathic N-terminal helices. Moreover, the zinc-binding
site displays the same coordination geometry. However, unlike the previous structure,
there is no overlap between the two monomer-monomer interface surfaces, and in fact,
the two regions are on opposite sides of the monomer. In addition, an interesting
difference is the disulphide bond between Cys 142 and Cys 190 reported by
Tellinghuisen, which is not present in this structure. Although these side chains are
adjacent to each other, the distance between them does not allow the formation of a
covalent bond. The two altered structural forms of DI now available may be indicative
of the multiple roles emerging for NS5A in viral RNA replication and viral particle

assembly (Love et al., 2009).
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Fig 1.7 Two dimeric conformations of NS5A domain | from genotype 1b.

The monomers are shown in green and amber. (A)1ZH1, the first crystal structure of NS5A
domain | from genotype 1b. (PDB DOI: 10.2210/pdb1ZH1/pdb) (B) 3FQM, the second
genotype 1b dimer NS5A domain | crystal structure (PDB DOI: 10.2210/pdb3FQM/pdb) (Love

et al., 2009, Tellinghuisen et al., 2005).

1.3.3 Function of NS5A in HCV infection

NS5A is a multifunctional protein and has been identified to be involved in the process
of viral replication and assembly. These two roles are relatively independent. The
functional regions for viral RNA replication have been mapped to AH, DI and DII,

whereas the function region for assembly is largely targeted to DIII.

The main function of AH is ER membrane localization. Furthermore, G418 resistance
colonies and mutants in the AH region both abrogated RNA replication, indicating the
critical role in maintaining membrane-associated replicase complexes and modulating

HCYV replication (Elazar et al., 2003, Penin et al., 2004a).

Domain | was considered to be involved exclusively in genome replication, whereas
recent research revealed the novel role of NS5A DI in virus particle assembly (Yin et

al., 2018). The mechanism of NS5A DI to affect assembly still needs to be further
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investigated, but the function of affecting replication has been indicated in a different
region. The 4-cysteine zinc coordination site in DI subdomain 1A is comprised of 4 fully
conserved cysteine residues (Cys 39, Cys 57, Cys 59, and Cys 80), which has been
identified to be necessary for HCV replication (Tellinghuisen et al., 2004). Numerous
pieces of evidence have demonstrated the existence of the disulphide bond (Cys142
and Cys 190) in subdomain IB. However, the role of the disulphide bonds in HCV
infections is still not clear, as they are dispensable for HCV replication (Tellinghuisen
et al., 2004). The disulphide bond in the C- terminus of DI might alter the arrangement
of domains Il and Il to further switch the different conformation of NS5A in the HCV
life cycle (Tellinghuisen et al., 2005). Hence, the two dimer forms of are proposed to
exhibit different functions in the HCV life cycle caused by the difference in construction
and disulphide bond. These altered conformations might randomly transform based
on different roles of NS5A in viral RNA replication and particle assembly. The wide
groove of “claw-like” dimer 1ZH1 with the orientation of back to the membrane
accommodates single stranded RNA or dsRNA, proposing to be an RNA binding
region (Tellinghuisen et al., 2005). Numerous NS5A dimers may build a ‘basic railway’
which allow viral RNA to moves on intracellular membranes and modulate its different
function during HCV replication (Moradpour et al., 2005). The “back-to-back” dimer
3FQM is considered to be associated with viral particle assembly due to the deficiency

with the structure groove and disulphide bond, whereas the evidence is still insufficient.

Domain Il also has been identified to be involved in viral RNA replication through
mutagenesis analysis. A deletion of the C-terminal 35aa, resulted in complete
abrogation of replication. However, the N-terminus did not affect virus replication
(Appel et al., 2008). Additionally, a mutagenesis analysis using subgenomic replicon

(SGR) genotype 1b displayed small deletions (8—15 residues) of the C- terminus also
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completely inhibited replication (Tellinghuisen et al., 2008b). Furthermore, the
mutagenesis analysis for DIl 309-338aa in genotype 2a demonstrated multiple
residues in DIl were essential for virus replication but not particle release (Ross-

Thriepland et al., 2013).

Domain IIl has been identified to be dispensable for HCV RNA replication, whereas it
plays a critical role in viral particle assembly and production. The deletion of all highly
conserved residues or the large insertions in this region only slightly affects RNA
replication (Appel et al., 2005). The combination of deletion and alanine scanning
mutagenesis has also demonstrated that domain Il is not required for the function of
NS5A in HCV RNA replication (Tellinghuisen et al., 2008b). However, the role of
domain Il in virus replication may occur in the early stage, resulting in delayed
replication kinetics in genotype 2a HCV clone (Hughes et al., 2009). Additionally,
domain lll is a highly flexible and tolerant domain. To date, several sites in domain |
have been identified to tolerate the insertion of green fluorescent protein (GFP), which
does not affect HCV replication (Appel et al., 2005, Liu et al., 2006, Moradpour et al.,
2004b). Domain Ill is also involved in the modulation of NS5A basal and
hyperphosphorylation. The deletion and mutation analysis has been shown to reduce
the NS5A phosphorylation, whereas it only induces a slight decrease in HCV
replication (Appel et al., 2005). Therefore, the function of domain Il is focused on viral
particle assembly and production. The insertion analysis with a heterologous
sequence into the coding region of domain Ill has been identified to suppress virus
production (Schaller et al., 2007). In addition, the mutagenesis analysis in genotype
1a and 2a have also identified the association with virus assembly and production
(Appel et al., 2008, Kim et al., 2011, Tellinghuisen et al., 2008a). Moreover, the

deletions in domain lll disrupt the colocalization with lipid droplets which is the
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indicated site for HCV particle assembly, further affecting the formation of the virus

particle (Appel et al., 2008).

1.3.4 NS5A-Host interaction

NS5A, as a multifunctional protein, is associated with HCV RNA replication and viral
particle production through interaction with other viral proteins and cellular factors.
Over 132 human proteins have been listed to be involved in the interaction with NS5A,
associating with the cellular pathways in the immune system, cellular signalling, cell
adhesion, cellular growth and death (Tripathi et al., 2013). Sixty proteins have been
identified to participate in the HCV life cycle, and the interaction with NS5A mainly

concentrates on the unstructured domains Il and Ill.

1.3.4.1 Host factors required for replication

The alteration of the NS5A phosphorylation pattern is likely to associate with RNA
replication via regulating interactions with cell factors (Appel et al., 2005, Evans et al.,
2004). The basal and hyperphosphorylation of NS5A have been reported to be
modulated by several kinases. The a isoform of casein kinase | (CKla) is induced by
a phosphorylation event at the 3 positions with a typical (pS/pT) XXS sequence, which
can phosphorylate NS5A on serine residues in the LCS | domain based on a
phosphorylation cascade from S229 to S232, then S235 and finally S238 (Hsu et al.,
2018, Quintavalle et al., 2007). Casein kinase Il (CKIll) is involved in modulating NS5A
phosphorylation on Ser 457 in Domain lll, and this phosphorylation site is considered
to play the essential role in virus particle assembly in genotype 2a (Tellinghuisen et al.,
2008a). Polo-like kinase 1 (Plk1), a serine-threonine kinase, is also regarded as an
NS5A phosphokinase to modulate both P56 and P58. The interaction of PIK1 and

NS5A has been identified, and the knockdown of PlIk1 reduces HCV RNA replication
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(Chen et al., 2010).

Some factors have been identified to interact with NS5A in an S225 phosphorylation-
dependent interaction model. The nucleosome assembly protein 1-like protein 1
(NAP1L1) has been demonstrated to be one S225 phosphorylation-dependent
interaction factor with NS5A, associating with the HCV RNA replication and affecting
the distribution of replication complexes throughout the cytoplasm (Goonawardane et
al., 2017). Vesicle-associated membrane protein-associated protein A (VAP-A) is also
revealed to interact with NS5A to modulate phosphorylation and HCV replication
(Evans et al., 2004). Moreover, the interaction between NS5A and VAP-A is considered
to be indirect and requires the involvement of G protein pathway suppressor 2 (GPS2)
(Xu et al., 2013). The S225 phosphorylation target of this interaction also plays an
essential role in “membranous web” (MW) formation and distribution (Goonawardane
et al., 2017). Additionally, VAP-B has also been reported to interact with NS5A and
forms homo- and heterodimers with VAP-A to regulate HCV replication (Hamamoto et
al., 2005). Bridging integrator 1 (Bin1), a factor associated with membrane curvature
and trafficking, is also reported to interact with NS5A dependent on S225 in the LCSI

domain (Goonawardane et al., 2017).

HCV replication modulated by NS5A phosphorylation might also require the
involvement of the LCSII domain. LCSII contains two polyproline motifs (PXXP motifs)
which can effectively bind with the SH3 domain-containing proteins. Grb2, a cellular
adaptor protein responsible for the mitogen-activated protein kinase (MAPK) signalling,
can interact with NS5A via PXXP motifs. This interaction contributes to reducing the
extracellular regulated kinase 1 (ERK1) and ERK2 phosphorylation and then further
inhibit the epidermal growth factor (EGF) signalling and MAPK mitogenic pathway (Tan
et al., 1999). Bin1 also contains the SH3 domain to interact with NS5A LCSII (Nanda
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et al., 2006). Based on the interaction between Bin 1 and S225 in LCSI, S225
phosphorylation might induce a conformation alteration in NS5A that buried polyproline
motif, or the interaction might establish in multiple sites in NS5A. In addition, the
catalytic subunit of cAMP-dependent protein kinase A (PKA) can phosphorylate
Threonine 356 in domain Il which is close to the polyproline motif of NS5A, leading to
changes in the conformational sampling of this SH3 binding determinant (Cordek et

al., 2014).

In addition, phosphatidylinositol 4-kinase llla (PI4KA) is also one of the NS5A-
interacting proteins. The disruption of PI4KA has been demonstrated to modify the
NS5A localization and maintain the morphology of the HCV-induced MW by enhancing
the expression of phosphatidylinositol 4-phosphate (PI4P) (Berger et al., 2009, Tai et
al., 2009). In addition, PI4KA activity is involved in the formation of basally
phosphorylated NS5A, and the knockdown of PI4KA reduces the HCV RNA replication
(Siu et al., 2016). Furthermore, cyclophilin A and B have been revealed to interact with

NS5A to promote RNA replication (Foster et al., 2010, Verdegem et al., 2011).

1.3.4.2 Host factors required for assembly

The role of NS5A in HCV assembly is mainly focused on domain Ill. The CK-mediated
phosphorylation is also modulating the assembly process (Tellinghuisen et al., 2008a).
The hyperphosphorylation modulated by CKla is likely to be involved in the Core/NS5A
interaction and recruitment to LDs, suggesting to play an essential role in nucleocapsid
assembly (Masaki et al., 2014). CKII was also reported to modulate HCV assembly
through phosphorylating the serine residue in NS5A domain Il (Secci et al., 2016).
The inhibitor of CKIl reduces the HCV particle production of genotype 2 but does not

affect RNA replication (Tellinghuisen et al., 2008a).
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In the process of HCV assembly, diacylglycerol acyltransferase 1 (DGAT1) was found
to interact with NS5A and recruits NS5A onto the surface of LDs. This interaction was
also found to enhance the binding between NS5A and the core. However, the
catalytically inactive mutant in DGAT1 only inhibits the localization of NS5A to LDs but
not core, suggesting a direct role of DGAT1 in modulating HCV particle production via
NS5A (Camus et al., 2013). A tail-interacting protein of 47 kDa (TIP47) has also been
revealed to bind with NS5A via its N-terminal PAT domain. The silence of TIP47
expression completely abrogates the viral replication and production (Ploen et al.,
2013). In addition, TIP47 also interacts with the a-helical domain of NS5A and further
integrates LD membranes into the membranous web (MV) to facilitate HCV production
(Vogt et al., 2013). NS5A DI has been reported to interact with Oxysterol binding
protein (OSBP) and then colocalize to the Golgi compartment. The deletion in the
pleckstrin homology (PH) domain of OSBP N-terminal results in the loss of location to
the Golgi apparatus and HCV production, indicating the function of OSBP in HCV

infection (Amako et al., 2009).

Phosphatidylserine-specific phospholipase A1 (PLA1A) has also been identified to
modulate HCV assembly. The loss of PLA1A only affects the HCV assembly of
genotype 2a, but not other steps of the HCV lifecycle (viral entry, translation and
replication). PLA1A can interact with NS2/NS5A and further stabilizes its structure
during HCV infection. Additionally, PLA1A plays an essential role in the stabilization of
the replicase complex associated with NS5A and further facilities the interaction
between viral proteins to enhance HCV assembly (Guo et al., 2015). Rab18 also can
facilitate the fusion of LDs and ER membranes through colocalizing with NS5A on LDs
surface in HCV-infected cells. This binding is likely to facilitate the physical interaction

of NS5A with other viral proteins and host factors associated with LDs (Salloum et al.,
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2013). Annexin A2 (ANXAZ2) is also regarded as a host factor to affect viral assembly.
The loss of ANXA2 displayed no effect on RNA replication but had a significant
reduction of virus titre. It has been reported that NS5A Domain 1l requires the direct
recruitment of ANXA2, suggesting the role of ANXAZ2 associated with NS5A to facilitate

the HCV viral particle formation (Backes et al., 2010).

The interaction between NS5A and apolipoproteins is essential for the process of HCV
particles production. Apolipoprotein (Apo) A1 has been demonstrated to interact with
NS5A and colocalize NS5A in the Golgi apparatus (Shi et al., 2002). The colocalisation
of Core, NS5A and ApoJ was also found on the surface of LDs. The interaction
complex can further enhance the binding of these two viral proteins with LDs (Lin et
al., 2014). ApoE was considered only interact with NS5A but not with other viral
proteins to affect viral assembly and production. The assembly-defective mutagenesis
analysis showed reduced expression of ApoE-NS5A interaction, indicating the role of

this interaction in HCV infection (Benga et al., 2010).
1.4 Life cycle of HCV

1.4.1 HCV virus particle composition

HCV particles are membrane enveloped of 40-80 nm in diameter, which lacks an
obvious form of symmetry or surface features but exhibits a heterogeneous
morphology (Bradley et al., 1985, Catanese et al., 2013, Gastaminza et al., 2010, He
et al., 1987, Merz et al., 2011). The viral particle contains a nucleocapsid formed by
the core protein, which is surrounded by ER-derived lipid bilayer. This structure
envelopes the viral RNA and allows the insertion of E1 and E2 glycoproteins, which

are involved in virus binding and entry (Fig1.8) (Lindenbach and Rice, 2013).

HCV particles generally have a low buoyant density ranging from 1.03 to 1.25g/mL
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(Catanese et al., 2013). Higher-density particles are less infectious and can be
neutralized by anti-human 1gG. In contrast, in vivo inoculation into chimpanzees
demonstrated that the HCV particles with lower buoyant density had the most
infectivity (Bradley et al., 1991, Hijikata et al., 1993). Additionally, serum-derived HCV
and HCVcc particles showing high specific infectivity have buoyant densities of <1.10
g/ml (Hijikata et al., 1993, Lindenbach et al., 2005), which is distinct from the
characteristics of other enveloped RNA virus with most highly infectivity in the high
density. It has been demonstrated that HCV infection is associated with lipids and
lipoprotein metabolism in the hepatocytes, suggesting a more complex structure of

infectious HCV particles.

The characteristic feature of HCV particles is the association with host lipoproteins.
The low-density HCV particles with high infectivity are tightly associated with VLDL or
low-density lipoproteins (LDL), forming the lipoviroparticles (LVPs) (Andre et al., 2002,
Nielsen et al., 2006, Thomssen et al., 1992). LVPs have been identified to contain
abundant cholesterol and triglycerides, and some Apos have been found on the rough
surfaces of LVPs such as ApoB (ApoB-100 and ApoB-48), ApoA-l, ApoE-54, and
ApoCs (Catanese et al., 2013, Gastaminza et al., 2008, Meunier et al., 2008, Piver et
al., 2017). Notably, these Apo are much easier to be labelled by antibody compared
with E1 and E2. Apo is involved in the lipoprotein structure, lipoprotein clearance and
lipoprotein metabolism (Ramasamy, 2014, Sundaram and Yao, 2012). HCV can exploit
Apo to entry and rapid multiplication in hepatocytes and further assist the virus in
evading antibody neutralization (Aizawa et al., 2015). However, the more specific
structure of LVPs and the interactions between lipoproteins, Apo, and the HCV viral

particles still needs to be further investigated.
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Fig 1.8 Structure model of the HCV LVP.

HCV viral particle (blue circle) contains a nucleocapsid formed by core protein and enveloped
by an ER-derived membrane embedded with E1 and E2. This structure jointly surrounds and
protects positive-stranded viral RNA. The lipid components (brown shape) contain VLDL and
LDL, which are associated with different Apo (ApoA, ApoB, ApoC and ApoE). These two

structures constitute a hybrid particle LVP (Gong and Cun, 2019).
1.4.2 HCV entry

The process of HCV LVP entry to the cells is complicated, associating with several
receptors, co-receptors and host factors. This process is composed of three steps:
viral attachment, receptor-mediated endocytosis and host cell endosomal membranes
fusion (Figl.9) (Ansaldi et al., 2014, Hajarizadeh et al., 2013, Mohd Hanafiah et al.,

2013).

Viral attachment requires the involvement of glycoprotein, Apo at the surface of LVP
and various factors on the cell surface. HCV LVP firstly attaches to the cells via the
low-affinity interaction with the LDL receptor (LDL-R) and glycosaminoglycans (GAGS)
present on heparan sulfate (HS) proteoglycans (HSPGs) (E Karangelis et al., 2010).

ApoE, syndecan 1 and syndecan 4 have been demonstrated to be responsible for this
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interaction (Jiang et al., 2013, Lefévre et al., 2014, Shi et al., 2013). Interestingly,
glycoproteins E1 and E2 are not involved in this process, even though they have also
been found to bind with GAGs (Xu et al., 2015). LDL-R can transport the cholesterol-
rich LDL into cells through clathrin-mediated endocytosis (Sorrentino et al., 2013).
However, the specific role of the cell surface proteins involved in HCV entry still needs
to be further confirmed. In addition to these two attachment receptors, five factors on
the cell surface also participate in HCV particle entry, including scavenger receptor
class B type | (SR-BI), tetraspanin CD81, claudin 1 (CLDN1), occludin (OCLN) and
Niemann-Pick C1-like 1 cholesterol absorption receptor (NPC1L1). After HCV LVP
initially interacts with LDLR and GAGs, SR-BI as a co-receptor binds with high-density
lipoproteins (HDL), ApoB-containing lipoproteins and oxidized forms of LDL (Dreux et
al., 2009, Scarselli et al., 2002). These interactions facilitate lipoprotein metabolism
through the absorption and delivery of cholesterol from these lipoproteins (Acton et al.,
1996). SR-BI has also been identified to bind with E2 protein on HepG2 cells following

the loss of CD81 expression (Scarselli et al., 2002).

Following the stable attachment on cells, CD81 and the tight junction proteins CLDN1
and OCLN mediate clathrin-dependent endocytosis to promote cellular internalization.
CD8L1 can interact and prime with E2 protein to promote low pH activation during virus
entry (Sharma et al., 2011). This interaction guides HCV LVP to the tight junctions to
interact with CLDN1 (Harris et al., 2010). Various transduction pathways are involved
in this movement process, including EGFR, Ras and Rho GTPases (Brazzoli et al.,
2008, Lupberger et al., 2011, Zona et al., 2013). OCLN, as a tight junction protein,
plays a role in the post-attachment step of HCV entry between GAGs and SR-BI
interaction and endosomal acidification (Sourisseau et al., 2013). However, the exact

interaction between OCLN and HCV LVP is still unclear. NPC1L1 was also identified
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as an additional HCV entry factor caused by abundant cholesterol in HCV particles.
The role of NPC1L1 in HCV entry appears to associate with cholesterol uptake (Jia et

al., 2011).

The viral fusion process is a low-pH mediated manner modulated by the interaction
between E2 and CD81. Notably, the process might be facilitated via ApoC-I, which is
an exchangeable apolipoprotein in HDL (Dreux et al., 2007, Meunier et al., 2008).
ApoC-I interacts with E2 in an SR-BI or CD81-independent manner, which has been
identified to enhance the pH-dependent fusion rates (Dreux et al., 2007). After host
cell endosomal membrane fusion, virus RNA is released into the cytosol for further

translation and replication.
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Fig 1.9 The current model of HCV entry.

Stepl: Viral attachment. HCV LVP interacts with GAGs on HSPG, LDLR and SR-BI, inducing
the exposure of the CD81 binding site of E2 protein. Step2: clathrin-dependent endocytosis.
The E2 and CD81 interaction guide HCV LVP to the tight junctions to interact with CLDN1,
associating with EGFR, Ras and Rho GTPases. Step 3: Host cell endosomal membranes

fusion in a low pH manner (Moradpour et al., 2007).
1.4.3 RNA replication

Once viral RNA is released into the cytosol, it is translated into polyprotein by the
ribosome binding with 5'UTR IRES (Lindenbach et al., 2005). This process is facilitated

by various elements in the 3'UTR and cis-acting RNA elements (CRES) in the protein-
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coding region (Adams et al., 2017). The translation process produces an
approximately 3000 aa long polyprotein precursor, which is cleaved by host and viral
proteases into three structural proteins and seven non-structural proteins (Dubuisson

and Cosset, 2014), which are described in 1.2.1.

HCV RNA replication is also a complicated process that requires several steps,
suggesting the role of several viral and cellular proteins (Lohmann, 2013). Non-
structural proteins NS3 to NS5B are necessary and sufficient for HCV replication.
Upon the polyprotein cleavage in the cytosol, NS3/4A, NS4B, NS5A and NS5B
constitute the viral RC which is then closely connected with ER membranes. NS2 is
considered not to be one component of viral RC and not essential for RNA replication.
However, NS2/NS3 junction is likely to endow NS2 with a similar function to NS3
(Madan et al., 2014). NS2 appears to indirectly modulate the replication due to the
replication requirement of NS3. Together with cellular factors, the viral RC remodels
ER membrane to form the viral replication organelles termed the membranous web

(MW) (Miller and Krijnse-Locker, 2008, Paul and Bartenschlager, 2015).

Double membrane vesicles (DMVs) and multimembrane vesicles (MMVs) are the main
components of MV. Purified DMVs, with an average diameter of ~150 nm, contain
activated viral replicase, indicating the truth replication organelles are DMVs and play
an essential role in HCV replication (Paul et al., 2013, Romero-Brey et al., 2015). It
contains all NS proteins and dsRNA required for RNA replication (Ferraris et al., 2013,
Ferraris et al., 2010, Gosert et al., 2003, Paul et al., 2013). In addition, abundant DMVs
were found when RNA replication achieved a peak in HCV-infected cells (Romero-
Brey et al.,, 2012). Notably, expression of HCV replicase proteins NS3-5B in the
absence of genome can induce DMVs, whereas NS4B and NS5A are considered the
most important inducer (Egger et al.,, 2002, Gouttenoire et al., 2009a). The
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mutagenesis analysis in NS3-5B polyprotein has identified that the self-interaction of
NS4B plays an important role in DMV induction (Gouttenoire et al., 2010b, Paul et al.,
2011). Moreover, NS4B can regulate membrane integrity in vitro, suggesting
potentially membrane activity in vivo (Palomares-Jerez et al., 2012). NS5A can interact
with the PPlase region of CypA to facilitate the formation of viral RC (Madan et al.,
2014). In addition, proline-serine-threonine phosphatase interacting protein 2
(PSTPIP2), a positive membrane curvature inducer, also can be bound by NS5A to

remodel intracellular membranes (Chao et al., 2012).

HCV is considered to alter the local lipid composition to further modulate DMVs,
resulting from the strong dependence on Pl4Kllla and PI4P. The subcellular
localization of Pl4Kllla is altered via the interaction with NS5A and NS5B, leading to
the distribution change of PI4P from Golgi membranes and the inner leaflet of the
plasma membrane to the cytoplasm (Bianco et al.,, 2012, Reiss et al., 2011). The
alternant distribution of P14P modulates the lipid composition of DMVs by nonvesicular
cholesterol transportation, associating with the four-phosphate adaptor protein 2
(FAPP2) and OSBP (Khan et al., 2014, Wang et al., 2014). In addition, VAPA and
VAPB are also involved in this process through recruiting with NS5A. OSBP binds with
VAPA and VAPB via the FFAT motif to further facilitate cholesterol transportation and
RNA replication (Wang et al., 2014). Cell autophagy is another pathway to form DMV,
resulting from the morphologically similarity between autophagosomes and DMVSs. It
has been identified that autophagosomes act as platforms for HCV RNA synthesis and
inhibit innate immune antiviral response to further promote RNA replication (Figl1.10)

(Ke and Chen, 2011, Sir et al., 2012).
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Fig 1.10 Model of HCV-interacted host cell proteins and lipids in the process of MV

formation.

The subcellular localization of Pl4Kllla is altered via the interaction with NS5A and NS5B,
leading to the distribution change of PI4P from Golgi membranes and the inner leaflet of the
plasma membrane to the cytoplasm. OSBP recruitment by PI14P binds to VAPA and VAPB to

further facilitate cholesterol transportation and RNA replication (Paul et al., 2014).

1.4.4 HCV Particle Production

The currently identified process of HCV particle production and release indicates three
steps: viral assembly on the surface of LDs, envelopment of viral particles at the ER
and egress via the VLDL secretory pathway (Herker and Ott, 2011, Popescu and

Dubuisson, 2010).
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1.4.4.1 Viral assembly

HCV assembly occurs at assembly sites associated with ER-derived membranes near
Rc and requires the involvement of LDs. Core protein has been demonstrated to
accumulate on the surface of LDs in HCV infection (Miyanari et al., 2007). Mutations
in the signal peptide peptidase cleavage site and D2 domain of the core are both
reported to abrogate viral assembly (Boulant et al., 2007, Miyanari et al., 2007,
Targett-Adams et al., 2008b), indicating the core recruitment at the LD. DGAT1, an
enzyme required for LD biogenesis, has been reported to be involved in this process
to facilitate the LD/core localization through binding with Core (Herker et al., 2010).
The localization of Core to LDs also requires the MAPK-regulated cytosolic
phospholipase A2 (Menzel et al., 2012). The core recruitment at the LD surface is
essential for the LDs target for the other viral protein and cellular factors, facilitating
the transportation of the newly replicated RNA genomes and glycoproteins to the

assembly site (Figl.11) (Barba et al., 1997, Lindenbach, 2013, Miyanari et al., 2007).

NS5A is also regarded as an LD localization protein and is responsible for transforming
the newly replicated RNA genome to the core protein, which is located on the LDs
surface (Boson etal., 2017, Zayas et al., 2016). DGAT1 and TIP47 have been reported
to be involved in the process. DGATL1 is responsible for enhancing the interaction
between NS5A and Core and assists them in moving to the surface of LDs (Camus et
al., 2013), while TIP47 can bind with NS5A and further facilities the formation of MVs

(Vogt et al., 2013).

This role indicates that NS5A is an essential viral protein as a transition to link viral
replication and assembly. In addition to the core protein, newly replicated RNA,

glycoproteins E1 and E2 are also critical components to form the LVPs in the viral

47



assembly process. The recruitment of glycoproteins to core protein requires the NS2-
P7 and NS3/4A complex (Jirasko et al., 2010, Phan et al., 2009, Popescu et al., 2011).
NS2 and p7 can interact with E1E2, Core, NS3/4a and NS5A and guide them into
assembly sites, allowing the correct assembly of LVPs (Boson et al., 2011, Denolly et
al., 2017, Jirasko et al., 2008, Ma et al., 2011, Popescu et al., 2011, Stapleford and
Lindenbach, 2011). The main function of P7 in this process is as an auxiliary for NS2
and plays an essential role in the later stage of viral envelopment (Bacon et al., 2011,
Denolly et al., 2017, Gentzsch et al., 2013). NS3/4A linker region and helicase domain
is the essential region to interact with NS2, while the role in assembly might not be
dependent on helicase activity (Kohlway et al., 2014b, Phan et al., 2009). Additionally,
the homotypic self-interactions of the NS4A two transmembrane domains (TMDs)
have also been reported to be involved in LVPs production (Kohlway et al., 2014a).
NS4B and NS5B were also observed to affect HCV assembly (Gouklani et al., 2012,

Jones et al., 2009, Paul et al., 2011), but the mechanism is still unclear.
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Fig 1.11 The model of HCV assembly.

HCV assembly occurs on the localisation of Core protein with LDs, and nascent viral RNA is
transported by NS5A from replication sites towards to viral assembly site. Several host factors
are involved, such as DGAT1, A2 and TIP47. The interaction of p7—NS2 with NS3-4A guides
viral glycoproteins E1 and E2, core protein, to the viral assembly site to form the HCV viral

particles (Lindenbach and Rice, 2013).

1.4.4.2 Viral budding, maturation and release

Viral budding and fission mainly rely on the endosomal sorting complex required for
the transport (ESCRT) pathway, of which has regarded as the main evasion route for
enveloped viruses (Votteler and Sundquist, 2013, Welsch et al., 2007). Several studies
have identified that HCV patrticle release is also dependent on components (ESCRT-
[l and VPS4) of the ESCRT pathway (Ariumi et al., 2011, Corless et al., 2010, Tamai

et al., 2012). In addition, ubiquitinated NS2 has been reported to be involved in the
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assessment of the ESCRT pathway through interaction with hepatocyte growth factor—
regulated tyrosine kinase substrate (HRS) using its ubiquitination interacting motif
(UIM) (Barouch-Bentov et al., 2016). Moreover, the endocytic recycling compartment
ERC is also modulated by ESCRT to further facilitate HCV patrticle release (Corless et

al., 2010, Tamai et al., 2012).

The newly produced HCV particles are transported to the Golgi based on a
conventional secretory pathway, where glycoproteins E1E2 undergo a complex post-
translationally modification (Vieyres et al., 2014). Modified glycoproteins ELE2 are a
component of large disulphide-linked complexes. This construct is natively folded and
plays a critical role in the acid resistance of LVPs (Tscherne et al., 2006, Vieyres et
al., 2010). In addition, the rearrangement of this structure appears to induce the low

pH-mediated fusion of LVPs (Fig1.12) (Krey et al., 2005).

HCYV particles were also reported to interact with serum lipoproteins (Apo Al, B, C1,
and E) during the secretory pathway. Newly produced HCV particles were found to
have an intermediate buoyant density during release, which is similar to VLDL patrticles
(Gastaminza et al., 2008, Gastaminza et al., 2006). HCV particle production also
requires microsomal triglyceride transfer protein (MTP) mediating the transportation of
triacylglycerol into nascent ER lumen and lipid loading of ApoB (Gastaminza et al.,
2008, Huang et al., 2007). Several studies have indicated that HCV production is
dependent on ApoB and ApoE (Bartenschlager et al., 2011, Da Costa et al., 2012,
Long et al., 2011). Notably, based on the observation of HCV particle formation in
most cells, they are unable to produce authentic VLDL particles. In addition, nascent
HCV particles were found to incorporate with ApoE during the secretory pathway
(Coller et al., 2012). These studies suggested that HCV production may also depend
on ApoE-containing microsome-associated LDs (maLDs).
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Fig 1.12 the model of HCV particle egress.

Core proteins form the nucleocapsid for HCV particles, which are enveloped by ER-derived
membranes embedded with glycoproteins E1 and E2. The formation of nascent LDs requires
the involvement of ApoE through interacting with NS proteins and glycoproteins E1 and E2. In
addition, ApoB associates with the production of VLDL precursors through modulation by MTP.
The newly produced HCV particles and low-density lipoprotein form the mature LVPs

(Wrensch et al., 2018).

1.5 Cyclophilin A

1.5.1 Overview of Cyclophilin A

Cyclophilin A (CypA) belongs to the Cyp family which has peptidyl-prolyl isomerase
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(PPlase) activity (Fig 1.13). Cyps catalyze the isomerization of peptide bonds
preceding prolines to interconvert these proline residues between cis and trans
isomers. In addition, CypA is also considered to facilitate other proteins folding and
assembly (Davis et al., 2010, Stamnes et al., 1992). Cyps are highly conserved in
evolution and widely exist in all prokaryotes and eukaryotes, indicating 60 reported
Cyps in plants, fungi, animals, and bacteria. There are 17 human Cyps that are
structurally distinct but highly conserved in the PPlase domain (Davis et al., 2010,
Kallen et al., 1991). They have different subcellular localization, including cytoplasm
(CypA), ER (CypB) and mitochondria (CypD) (Hoffmann and Schiene-Fischer, 2014,
Kumari et al., 2013). Other Cyps are produced from cells and regarded as intercellular

mediators (Nigro et al., 2013, Sherry et al., 1992, Spik et al., 1991, Suzuki et al., 2006).

The most abundant and best characterized member is CypA, having a proportion of
about 0.1-0.6% in total cytosolic proteins (Dornan et al., 2003, Wang and Heitman,
2005). CypA was firstly identified from the Cyp family and initially purified from bovine
thymocytes, which could bind to the immunosuppressive drug cyclosporin A (CsA) in
lymphoid cells (Handschumacher et al., 1984). The CypA-CsA complex can bind to
calcineurin and then abrogate T-cell activation by inhibiting the calcineurin-dependent
dephosphorylation of the nuclear factor of activated T-cells (NFAT) (Borel et al., 1994,
Clipstone and Crabtree, 1992, Liu et al., 1991). Additionally, some non-
immunosuppressive CsA derivative and cyclophilin inhibitors (Cypl) have been
generated to interact with Cyps in a calcineurin-independent manner, allowing
inhibitors activity in the loss of immunosuppression (Ahmed-Belkacem et al., 2016,
Colpitts et al., 2020, Goto et al., 2006, Hopkins et al., 2010, Ma et al., 2006, Mackman
etal., 2018). Among them, SCY-635 and alisporivir have demonstrated clinical efficacy

in HCV infection (Sweeney et al., 2014).
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CypA is considered to be a modulator of innate immune signalling pathways. CypA
mediates the ubiquitination of RIG-I by E3 ligase TRIM25 and further modulates RIG-
| activity (Liu et al., 2017). CypA has also been reported to interact with the nuclear
factor kappa B (NF-kB) p65 subunit and then facilitate the stability and nuclear
translocation of P65 (Sun et al., 2014). Furthermore, the autophosphorylation of PKR

is regulated by CypA via interaction (Daito et al., 2014).

CypA has been found to play the roles in replication in many RNA viruses, such as
HIV-1 (Liao et al., 2021), coronaviruses (CoVs) (de Wilde et al., 2018), HCV, dengue
virus and other flaviviruses (Gallardo-Flores and Colpitts, 2021). Increasing evidence
displays the role of CypA in modulating virus replication through binding with viral
proteins, assisting the virus in evading innate immunity. However, the molecular
mechanisms are still unclear. Much research reported the broad-spectrum antiviral

activity of Cypl, indicating that Cyps show promise as the targets for antiviral therapy.
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Fig 1.13 The structure of CypA (PDB: 4IPZ).

PPI active site residues R55 is in pink, F60 is in violet, and H126 is in cyan (Gallardo-

Flores and Colpitts, 2021).
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1.5.2 Cyclophilin A and HCV Infection

The function of CypA is confirmed in HCV due to the inhibitor CsA. Before the virus
was identified as HCV, the intravenous administration of CsA had been reported to
improve hepatocyte ultrastructural changes in two experimentally infected
chimpanzees (Teraoka et al., 1988). Hence, CsA was speculated to inhibit the
replication of non-A, non-B type 1 hepatitis (predecessor of HCV) (Feinstone et al.,
1975). In 2003, CsA was finally identified to abrogate HCV RNA replication in a
genotype 1b replicon system (Watashi et al., 2003). The expression of viral proteins
NS5A and NS5B was also found to decrease, indicating the potential therapeutic role
of CsAin HCV (Nakagawa et al., 2004). Importantly, the blocking role of CsA in HCV
replication was independent of its immunosuppressive function (Watashi et al., 2003).
The same inhibition was also found in genotype 2a, albeit with less effectiveness (Ishii
et al., 2006). Based on the effective disruption, CsA was used in HCV therapy
combined with the IFN treatment regimen in the lack of efficient treatment. The
combination of CsA and IFN achieved sustained virological response, which showed
improved therapy outcomes with fewer side effects (Inoue et al., 2003, Inoue and

Yoshiba, 2005).

The inhibited activity of CsA further suggests the role of Cyps in HCV replication. The
loss of CypA, CypB and CypC in Huh7 cells suppressed the HCV replication in
genotype 1b, while CypA showed the most effective inhibition among them (Nakagawa
et al., 2005). However, in MH-14 cells, the silencing of CypB has a more potent
disruption of HCV replication in genotype 1b than the lack of CypA (Watashi et al.,
2005). Notably, compared with the CypB and CypC, only CypA in Huh7.5 cells was
essential for the replication of genotype 1a, genotype 1b and genotype 2a (Yang et al.,
2008). Consistently, the silencing of CypA, but not CypB expression in Huh7-Lunet or
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Huh7.5 cells, has been demonstrated to inhibit HCV replication of genotype 2a HCV.
In addition, the re-expression of CypA in the silenced cells resulted in the recovery of
HCV replication (Kaul et al., 2009). The peptidyl-prolyl isomerase activity of CypA is
also identified to be responsible for HCV replication through the mutagenesis analysis
of CypA (Chatterji et al., 2009, Kaul et al., 2009). Considering the important role of
CypA in HCV replication and the abundant expression level (at least 10-fold higher

than other Cyps), CypA became the essential factor in HCV infections.

Although CsA was utilized to treat HCV infection, the antiviral mechanism of CsA
against HCV still needs to be investigated. Mutagenic analysis in genotype 1b has
demonstrated that NS5A and NS5B affected the susceptibility of HCV replication to
CsA. Moreover, CsA showed different resistance to the mutants in NS5A and NS5B,
suggesting different mechanisms of CsA against HCV through NS5A, NS5B or
NS5A/NS5B complex (Fernandes et al., 2007). This study indicated a potential

interaction between Cyps and NS5A or NS5B.

The interaction between CypA and NS5A has been mapped to domain Il and domain
[ll. CypA is suspected of inducing protein conformational changes of NS5A through
binding with naturally disordered domain Il and domain Ill. PPlase active sites of CypA
and CypB have been identified to directly interact with domain Il, and some similar
studies also confirmed the interaction with the CypA isomerase pocket (Chatter;ji et al.,
2010, Foster et al., 2011, Hanoulle et al., 2009a). Notably, domain Il of NS5A contains
a proline-rich region, which is regarded as the putative substrate for CypA PPlase
activity and responsible for CypA binding and isomerisation (Coelmont et al., 2010,
Grisé et al., 2012). The potential target of PPlase activity of CypA in NS5A domain II
might not be restricted to a particular proline. Multiple prolines are likely to be involved
in the interaction (Hanoulle et al., 2009a). PPlase activity is required for HCV
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replication, which can be blocked by CsA and other Cypl. The mutation of active sites
(R55A, F60A, and H126Q) of CypA reduced 99% PPlase activity on a peptide
substrate, whereas these mutations have no effect on CsA-binding and calcineurin
inhibition (Zydowsky et al., 1992). Some mutants selected by CsA treatment in a
proline-rich region of domain Il, especially the NS5A D316E/Y317N double mutant,

showed resistance to CsA in different HCV genotypes (Yang et al., 2010).

CypA-NS5A interaction may influence HCV RNA replication in several different ways.
First, the interaction affects the function of RNA binding of NS5A. The binding of CypA
PPlase active sites with a proline-rich region in NS5A Domain Il improved RNA binding
capacity and enhanced RNA replication efficiency (Foster et al., 2011, Nag et al., 2012).
CypA is considered to share the binding sites in NS5A domain Il with NS5B, leading
to the formation of CypA/NS5A/NS5B complex to modulate RNA replication (Liu et al.,
2009, Ngure et al., 2016). In addition, CypA might also associate with the formation of
the NS5A-mediated viral replicase complexes (RC). CsA and some Cypl have been
shown to inhibit RC formation but did not affect the integrity of already established RC.
In addition, the silence of CypA or CsA treatment disrupted RC formation, and the re-
expression of CypA recovered this function (Chatterji et al., 2015, Colpitts et al., 2020).
Furthermore, CypA is considered to be responsible for RC formation through the
binding with NS5A (Madan et al., 2014). Collectively, these findings suggest the critical
role of CypA in HCV replication, binding to NS5A Domain Il to rearrange its structure

and regulate the formation of NS5A and interaction partners mediated RC.

Some studies have also identified the role of CypAin the HCV particle assembly. CypA
also interacts with NS5A domain Ill, which has been demonstrated to play an essential
role in virus particle assembly and production (Verdegem et al., 2011). Cypl-treated
replicon harbouring or HCV-infected cells resulted in the alteration of morphology of
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lipid droplets, enhancing their size and reducing their amount. In addition, the Cypl
treatment interfered with cellular lipid and protein trafficking in the VLDL pathway
(Anderson et al., 2011). The association with lipid droplets and very low-density

lipoprotein (VLDL) both pointed out the role of CypA in HCV assembly and production.

CypA is also reported to be involved in double-stranded RNA (dsRNA)-activated
protein kinase PKR-dependent antiviral pathway during HCV infection. CypA can
modulate the activity of PKR through CypA-PKR interaction. Furthermore, Cypl or CsA
treatment in HCV-infected cells led to the reduction of phosphorylated PKR and
downstream factor elF2a, affecting the PKR-mediated protein translation (Daito et al.,
2014). Similarly, studies also confirmed the inhibition of phosphorylated PKR and
further revealed the role of PKR in HCV evasion of the innate immune response by
reducing ISG translation (Bobardt et al., 2014). Furthermore, CsA and Cypl have been
reported to enhance the expression of IFN-B and ISGs in a PKR and downstream
interferon regulatory factor-1 (IRF1) -dependent manner (Colpitts et al., 2020). More

mechanism of PKR in the HCV life cycle is described in 1.5.
1.6 dsRNA-activated protein kinase (PKR)

1.6.1 Overview of PKR

dsRNA-dependent protein kinase (PKR) is a serine-threonine kinase that was first
cloned and identified as an antiviral protein (551 amino acids) induced by IFN in 1990
(Meurs et al., 1990). It is also known as Protein kinase RNA-activated; double-
stranded RNA-domain kinase (Hugon et al., 2009). PKR is regarded as a host IFN-
stimulated gene. PKR promoter contains an IFN-stimulated response element (ISRE)
as a transcriptional motif to respond to type | IFN. PKR has not been found in plants,

fungi, protists and invertebrates, whereas it is widely and constitutively expressed in
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vertebrate cells (Taniuchi et al., 2016). PKR acts as both a sensor of virus infection by
binding to viral dsRNA resulting in activation of the kinase, and an effector via
downstream consequences such as inhibition of protein translation and induction of

apoptosis (Cesaro and Michiels, 2021).

PKR is comprised of two functionally distinct domains: an N-terminal double-stranded
RNA binding domain (RBD) and a C-terminal catalytic kinase domain which are
connected by a flexible linker (Fig 1.14A). The RBD (1-170aa) contains two tandem
repeats (approximately 65 aa residues each) of a conserved dsRNA binding motif
(dsRBM1 and dsRBM2), separated by a 23 aa linker (Feng et al., 1992). Both dsRBMs
exhibit high-affinity interaction with dsRNA, suggesting that dsRNA first bind with
dsRBM1 of PKR and subsequently stable bind with dsSRBM2 (Dabo and Meurs, 2012).
Although both motifs are indispensable for dsSRNA binding, dsRBM1 is more important
than dsRBM2 using the mutagenesis analysis (Green and Mathews, 1992,
McCormack et al., 1994, Schmedt et al., 1995). The structure of dsRBMs in the N-
terminus of PKR has been identified using NMR (Fig1.14B) (Nanduri et al., 1998). Both
dsRBMs are basic, helical domains with an aBpa topology conformation. The 23aa
linker displays a completely random coil conformation, which might be responsible for
the flexibility of dsRBMs to facilitate the binding to dsRNA (Nanduri et al., 2000)
(Fig1.14B). Furthermore, dsRBM1 has been identified to modulate the interaction
between PKR and other proteins (Hitti et al., 2004). dSRBM2 of PKR interacts with the

kinase domain in C- terminus to modulate the enzyme activity (Nanduri et al., 2000).

The catalytic domain of PKR is divided into 11 conserved subdomains. The crystal
structure of the C-terminal of PKR shows that the smaller 3-sheet N-terminal lobe and
the larger a-helical C-terminal lobe form a typical protein kinase fold, regulating the
formation of dimerisation (Dzananovic et al., 2018) (Fig 1.14C). The surface of the C-
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terminal lobe of the kinase domain (subdomains V-VII) contains a unique a-helix
which can be specifically recognized by its best-characterized substrate elF2qa, being
descriptive of elF2a kinase region (Dar et al., 2005) (Fig 1.14A). The length and
sequence of this region are various in other members of the elF2a kinase family,
including general control nonderepressible kinase 2 (GCN2), PKR-like Endoplasmic
Reticulum Kinase (PERK) and Heme-Regulated elF2 alpha kinase (HRI) (Chang et

al., 1992, Wek, 1994).

PKR is activated via the interaction with dsRNA, resulting in a number of
conformational changes (Dey et al., 2005). Based on biochemical and genetic
analyses, homodimerisation is likely to be the essential alteration. This
homodimerisation result in a series of PKR autophosphorylation at multiple serine and
threonine sites, including Ser242, Thr255, Thr258, Ser83, Thr88, Thr89, Thr90,
Thr446 and Thr451 (Taylor et al., 2001). Especially Thr446 and Thr451, which can be
constitutively phosphorylated during PKR activation, facilitating the stability of PKR
dimer and enhancing its catalytic activity (Hugon et al., 2009, Watanabe et al., 2018).
PKR modulates cell function as a pattern recognition receptor due to the activation by
dsRNA. In addition to IFN and dsRNA, PKR can also be activated by multiple factors,
including heat shock proteins, growth factors, heparin, cytokines, tumour necrosis
factor-alpha (TNF), interleukin 1 (IL-1), LPS, Toll-interleukin 1 receptor domain-
containing adaptor protein (TIRAP) and Toll-like receptor 4 (TLR4) (Goh et al., 2000,
Horng et al., 2001, Li et al., 2006, Yeung et al., 1996). Some cellular stressors and
insults also can induce PKR activity response, such as calcium, reactive oxygen
species, irradiation, mechanical stress, and endoplasmic reticulum stress caused by
tunicamycin, arsenite, thapsigargin or hydrogen peroxide (Garcia et al., 2007, Gil and

Esteban, 2000, Hugon et al., 2017, Watanabe et al., 2018).
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Activated PKR has numerous and various functions. elF2a is phosphorylated and
activated on Ser51, leading to the inhibition of the initial translation and reduction of
general protein synthesis (Hoang et al., 2018). The decrease in protein synthesis
results in the reduction of viral replication and even induces apoptosis (Garcia et al.,
2007). This role of PKR in apoptosis can also occur in an elF2a phosphorylation
independent manner, associating with FADD/caspase-8/caspase-3 and caspase-9

APAF pathways (Gil et al., 2002, von Roretz and Gallouzi, 2010).

PKR also regulates various cell-signalling pathways, including MAPK, Signal
transducer and activator of transcription 1 (STAT1), STAT3, NF-kB pathways, IRF1 or
IRF3, and activating transcription factors (Bonnet et al., 2000, Guerra et al., 2006,
Kirchhoff et al., 1995, Takada et al., 2007, Wong et al., 1997, Zhang and Samuel,
2008). PKR-deficient mouse embryonic fibroblasts showed a decreased response to
IRF-1 and NF-kB, indicating PKR is involved in the modulation of these signalling
pathways (Kumar et al., 1997). PKR has been reported to interact with IkB (Inhibitor
of NF-kB) and degrade its activity to promote NF-kB activation (Kumar et al., 1994,
Zamanian-Daryoush et al., 2000). In addition, NF-kB activation is independent of the
catalytic activity of PKR (Bonnet et al., 2006, Bonnet et al., 2000). PKR also associates
with the TNF receptor-associated factor (TRAF) to mediate the activation of NF-kB (Gil
et al., 2004). Furthermore, PKR induces IFN3 by NF-kB and IRF1 (Kumar et al., 1997)

and facilities IFN response by stabilizing IFN-B mRNA (Schulz et al., 2010).
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Fig 1.14 Structural analysis of PKR.

A. Basic structure of PKR. PKR consist of an N-terminal double-stranded RNA binding domain
(RBD) and a C-terminal catalytic kinase domain. elF2a binding site (487-500aa) is labelled in
green (Dabo and Meurs, 2012). B. The crystal structure of the dRBDs of human PKR. dRBD1
and dRBD2 both with an aBa fold separated by a flexible linker. C. The crystal structure of

catalytic kinase domain dimerisation with the complex of elF2a (Sadler and Williams, 2007).
1.6.2 PKR and HCV infection

Many viruses have developed mechanisms to evade the inhibition of innate antiviral
immune response by suppressing PKR activity. HCV, as one of them, antagonises
IFN via the interaction with PKR through many viral elements and proteins, including

IRES, Core, E2, and NS5A.

NS5A has been reported to interact with PKR through the Interferon sensitive

determinant region (ISDR) in domain Il (237-276aa), which associates with the
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sensitivity or resistance of patients to IFN (Enomoto et al., 1996) (Fig 1.15). In addition,
NS5A can directly bind the catalytic kinase domain of PKR and then induces IFN
resistance (Gale Jr et al., 1998, Gale Jr et al., 1997). Sequentially, NS5A also was
demonstrated to inhibit PKR activity and elF2a phosphorylation in the combinate
infection with a vaccinia virus (He et al., 2001). The mechanism for the inhibition of
NS5A to PKR is still not clear in HCV-infected cells, whereas it might associate with
IRES. IRES is located at 5' UTR and contains four stem-loop domains, numbered I to
IV. The loops II, Ill and 1V all contribute to the initiation of translation. Of note, loop Il
also participates in RNA replication, whereas loop Il and IV are exclusively for
translation. NS5A has a higher affinity for loop Il and IV compared with loop Il, leading
to the modulation of loop Il for PKR activity and elF2a-mediated inhibition of the
translation of the cellular mMRNAs. Since the different affinity of NS5A and PKR in
adjacent IRES loops, their interaction is accumulated in IRES and results in the

inhibition of PKR (Dabo and Meurs, 2012).

PKR is also considered to be a binding partner with core protein. A study has identified
the interaction in the N-terminus of PKR and the first 58 aa of core protein (Yan et al.,
2007). Additionally, the mutagenesis analysis in the catalytic kinase domain of PKR
indicated the role of core protein in enhancing cell cycle deregulation, resulting in the
loss of the phosphorylation of PKR in sites Thr451 and the hindrance of PKR activation
(Alisi et al., 2005). Notably, the silencing of PKR increases the expression of core
protein, while the overexpression of PKR significantly reduces HCV core expression
in full-length HCV cell lines (Tokumoto et al., 2007). Moreover, PKR and core proteins
are both targeted to the insulin pathway through the suppressor of cytokine signalling

3 (SOCS3), providing a potential interaction mechanism. In addition, HCV E2 contains
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a PKR-elF2a phosphorylation homology domain (PePHD) which also inhibits the

dsRNA ability and activation of PKR (Taylor et al., 1999).

p7 4A
— C|E1| E2 |[|NS2| NS3 4B 5A 5B —

NS5A (including ISDR region)

NS5A protein binds to PKR and
E2 inhibits PKR activation.

E2 protein binds to phosphorylation sites of PKR and

Core inhibits PKR activation.

Core protein inhibits binding of ISGF3 and IRES,
then suppresses PKR expression.

Internal ribosomal entry site (IRES)

IRES competes with dsRNA and inhibits binding to PKR,
then suppresses PKR activation.

Fig 1.15 The role of viral proteins in HCV to suppress PKR activity.

NS5A contains an ISDR which can bind to PKR to facilitate the evasion of HCV to the IFN
pathway. The PePHD of the E2 protein also inhibits PKR activity to bind with dsRNA

(Watanabe et al., 2018).
1.7 Aims and objective

HCYV infection is one of the leading causes of acute and chronic hepatitis, which may
lead to chronic liver diseases such as liver cirrhosis and HCC. More than 58 million
people are infected with HCV worldwide and nearly 300,000 death every year from
this viral infection (Organization, 2021). Although most chronic hepatitis C was solved

by current therapy combinations of DAAs in HCV different genotypes, the side effects
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and drug resistance of the patients are still the major challenge for treatment. To date,
the high resistance rates are more likely due to the contribution of genotype 3 (Dore

et al., 2015, Lawitz et al., 2013, Nelson et al., 2015).

The non-structural 5A protein (NS5A) of HCV plays a critical role in both virus genome
replication and the assembly of infectious virus particles. NS5A is a target for potent
and highly efficacious direct acting antivirals used extensively for HCV treatment.
NS5A comprises 3 domains. DI is most highly conserved and structured region in
NS5A compared with DIl and DIIl. The mutants in NS5A DI (Y93H/N) induces the

resistance of DAA (Lawitz et al., 2015).

This study aimed to further explore the mechanisms by which NS5A interacts with host
factors in genome replication and viral assembly, aiming to identify potential DAA
targets. In addition, | also plan to reveal the resistance mechanism of genotype 3
(DBN3a) through comparing the consensus residues of NS5A DI in genotype 2a
(JFH1). To test this, mutagenic studies of NS5A DI was performed within these two
genotypes, both in sub-genomic replicon and infectious virus. The mutants with
phenotypes were further analysed by high resolution confocal microscopy (Airyscan)
and a series of host factor silenced cell lines. Furthermore, the interaction between
NS5A DI with potential associated host factors which affected viral replication and
assembly were demonstrated by in vivo co-immunoprecipitation (Co-IP) assay and in
vitro pulldown assay. The downstream host factors which showed the effect on
modulating this interaction also be identified. This observation may have implications
for the undefined mechanism for NS5A acts as the DAAs target and the novel

treatment role in host factor inhibitors.
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Chapter 2: Materials and Methods
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2.1. General materials

2.1.1 Bacterial strains

Escherichia coli (E. coli) DH5a: Genotype F- ®80lacZAM15 A (lacZYA-argF) U169
recAl endAl hsdR17 (rk-, mk-) phoA supE44 A- thi-1 gyrA96 relAl were used for

molecular cloning.

BL21 (DE3) pLysS: Genotype F- ompT gal dcm lon hsdSB (rB- mB-) A (DE3) pLysS

(cmR) were used for protein expression.

2.1.2 Mammalian cell culture

Huh7 (human hepatocellular carcinoma) (Nakabayashi et al., 1982) cells and Huh-7.5
(a derivative of Huh7 from which a stable subgenomic replicon was ‘cured’ by IFN
treatment and which exhibit a defect in RIG-I) (Blight et al., 2002) were used for
electroporation and infection. HEK-293T (human embryonic kidney 293T) cells were

used for transfections.

Cells were cultured in Dulbecco’s Modified Eagles Medium (DMEM; Sigma)
supplemented with 10 % foetal bovine serum (FBS), 100 IU penicillin/ml, 100 pug/mi
streptomycin and 1 % non-essential amino acids (Lonza) in a humidified incubator at

37°C, 5 % CO2.

2.1.3 Plasmid and virus constructs

All the DNA constructs are listed in Appendix Tables 9.1 and 9.2. Sub-genomic
replicons with a luciferase reporter (MSGR-luc-JFH1) and infectious virus constructs
of JFH1 (mJFH-1) were described previously (Hughes et al., 2009). NS5A mutations
were constructed using Q5 Site-Directed Mutagenesis Kit (New England BiolLabs;

E0554S) and cloned into either mSGR-luc-JFH-1 or mJFH-1 via the BamHI/Afel
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restriction sites.

The pCMV10-NS3-5B (JFH-1) was constructed by Douglas Ross-Thriepland
(University of Leeds) (Ross-Thriepland et al., 2013), and the NS5A domain | fragment
with mutations was cloned into this wild-type (WT) vector by cloning the Nsil-Rsrll

fragment containing the mutations from the corresponding mJFH-1 constructs.

Sub-genomic replicons with a luciferase reporter (SGR-luc-DBN3a) (Ward et al., 2020)
were described previously. NS5A mutations were constructed into SGR-luc-DBN3a

using overlap PCR via Spel/BamHlI restriction sites.

NS5A domain | (amino acids 35 to 215/35 to 249) with mutations was PCR amplified
and then cloned into pET-28a-Sumo vector using BamHI/Xhol restriction sites to

construct pET-28a-Sumo-NS5A DI and mutants.

PKR was amplified from Huh7 RNA and cloned into pcDNA3.1 vector using

BamHI/Xhol restriction sites to construct pcDNA3.1-PKR.

Lentivirus constructs for silencing CypA, CypB, PKR, RIG-I and IRF1 were obtained
from Prof. Greg Towers (UCL) (Colpitts et al.,, 2020). EGFP-RIG-I plasmid was

obtained from Prof. Andrew Macdonald (University of Leeds).

GST-CypA and GST-CypA-H126Q were provided by Prof. Philippe A Gallay of The

Scripps Research Institute, San Diego (Chatter;ji et al., 2010).

2.1.4 Oligonucleotide primers

DNA oligonucleotides were ordered from Integrated DNA Technologies and
resuspended in nuclease-free water to 100 uM and stored at -20°C. All primers used

are listed in Appendix Table 9.3-9.5.
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2.1.5 Antibodies and inhibitors

Rabbit anti-Core (polyclonal serum R4210) was obtained from John McLauchlan
(Center for Virus Research, Glasgow), and mouse-anti E2 (AP33) was obtained from
Arvind Patel (Center for Virus Research, Glasgow). The following antibodies were also
used: sheep-anti NS5A (in-house polyclonal antiserum) (Macdonald et al., 2003),
Rabbit anti-CypA (Enzo; BML-SA296-0100), rabbit anti-CypB (Abcam;ab16045),
mouse-anti B-Actin (Sigma Aldrich; A1978), rabbit anti-PKR (Abcam; ab32035), rabbit
anti-phospho-PKR T446 (Abcam;ab32036), rabbit anti- Rig-1 (D14G6) (Cell signaling;
3743), mouse-anti His (BIO-RAD; MCA1396GA), sheep anti-GST (in-house), mouse-
anti p65 (F-6) (Santa Cruz; sc-8008), mouse anti-dsRNA J2 (Scicons; 10010200),
rabbit anti-elF2a (Cell Signaling; 9722S), rabbit anti-phospho elF2a (Cell Signaling;

9721S) and rabbit anti-IRF1 (Cell Signaling; 8478S).

Secondary IRDye 680 and 800 labelled antibodies were obtained from LI-COR,
AlexaFluor-conjugated 488, 594 and 647 antibodies and BODIPY (558/568)-C12 dye

was obtained from ThermoFisher Scientific.

CsA (Sigma-Aldrich; 30024) were resuspended in dimethyl sulfoxide (DMSO, Sigma-
Aldrich) as 20 mM stocks. The PKR inhibitor C16 was obtained from Sigma-Aldrich

(19785).

2.1.6 Chromatography columns and resins

The following resins and beads are used: HisTrap FF column (Cytiva; 17531901),
Glutathione Sepharose 4B (GST) resin (Cytiva;17075601), protein G beads

(Invitrogen; 1004D), Dynabead His-Tag beads (ThermoFisher Scientific; 10103D).
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2.2 Basic techniques of molecular biology

2.2.1 Manipulation of nucleic acid
2.2.1.1 Preparation of plasmid DNA from bacteria

The transformation was performed by incubating 50 yL competent bacteria (DH5a)
with plasmid DNA or ligation products on ice for 30 minutes. Subsequently, adding 1
ml lysogeny broth (LB) without antibiotics to the mixture, followed by incubation at
37 °C for 40 min. Afterwards, transformed bacteria were evenly spread onto agar
plates with antibiotics (100 ug/ml ampicillin or 50 pg/ml kanamycin) and incubated at
30 °C or 37 °C overnight. The next day, single colonies were picked from agar plates
into LB medium containing the same antibiotic, and cultures were grown at 180 rpm,
30 °C or 37 °C overnight. Bacterial broths were pelleted at 4000 x g, 10 min at room
temperature (RT), removing the supernatants and then processing the purification
from bacterial pellet to DNA using the miniprep kit (New England BioLabs) or maxiprep

kit (Thermo Scientific).
2.2.1.2 Site-directed (Quikchange) mutagenesis

The Q5 Site-Directed Mutagenesis Kit (New England BioLabs) was used to construct
mMmSGR-Luc-JFH1 mutations. The exponential amplification of 25 yL PCR reactions is

shown in the following table.

25 uL RXN Final concentration
Q5 Hot start High-Fidelity 2X Master Mix | 12.5 pL 1X
10 uM Forward Primer 1.25 L 0.5 uM
10 uM Reverse Primer 1.25 L 0.5 uM
Template DNA (25ng/ pl) 1L 25ng
Nuclease-free water 9.0 yL

PCR reactions were cycled under the following conditions:
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Reaction Step Temperature Time

Initial Denaturation 98 °C 30 seconds
98 °C 10 seconds
50-72 °C 30 seconds
25 cycles
72 °C 30 seconds/kb

(6 minutes for HCV replicons)

Final Extension 72 °C 2 minutes

PCR products were then performed with KLD enzyme mix, a multi-enzyme mix
containing kinase, ligase and Dpnl for efficient phosphorylation, ligation of PCR
products and removal of input template. Afterwards, the transformation was performed
with competent DH5a cells. After selecting the single colonies, extracted DNA was

then sent for sequencing with relevant primers.

2.2.1.3 Overlap extension polymerase chain reaction (PCR)

SGR-Luc-DBN3a Forward primer: GGTGGCTTTTAAGATCATGGG and SGR-Luc-
DBN3a Reverse primer TTAGAGAACTGAGCAATGCGGTA were used to clone two
overlap fragments with NS5A DI mutant primers (Appendix Table 9.4), respectively.
Subsequently, these two fragments acted as the template to amplify the long extension

fragments then were then cloned into SGR-luc-DBN3a via Spel/BamH| restriction sites.

2.2.1.4PCR
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Plasmids pCDNAS3.1-PKR and pET-28a-sumo-NS5A DI (35-215aa/35-249aa) were
constructed using PCR. The exponential amplification of 50 yL PCR reactions is

shown in the following table.

Component 50 uL reaction Final concentration
Nuclease-free water To 50 pL
5 X GC Buffer 10 pL 1X
10 mM dNTPs 1L 200uM
10uM Forward Primer 2.5 uL 0.5 uM
10uM Reverse Primer 25 L 0.5 uM
Template DNA variable <250 ng
DMSO 1.5 uL 3%
Phusion DNA Polymerase 0.5uL 1.0 units/50 uL PCR

PCR reactions were cycled under the following conditions: 98°C 30 s, 98°C 5-10 s,

45-72°C10-30 s, 72°C 15-30 s per kb, 72°C 10min.
2.2.1.5 Endonuclease digestion of DNA

1 uL Restriction Endonucleases (New England Biolab) were mixed with 15 ug of DNA
in a total 50 yL reaction at 37 °C for 3-4 h. Digested DNA fragments were separated
by agarose gel electrophoresis and extracted from the gel using the commercial DNA

gel extraction kit (New England BioLabs).
2.2.1.6 DNA agarose gel electrophoresis

1% (w/v) DNA agarose gels were dissolved by 1x TAE buffer (40 mM Tris, 20 mM
Acetate and 1 mM EDTA) followed by heating until the agarose completely melted and

supplemented with SYBR® safe DNA gel Stain (Invitrogen) 1:20,000. After adding 6X
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DNA loading buffer into DNA samples, they were loaded into the well of the DNA gel
with the Hyper ladder | marker (Bioline). The gel was electrophoresed the gel in 1x
TAE buffer at 180 V for 60 min. DNA was visualised by ultraviolet illumination using a

Gene Genius bio-imaging system (Syngene).

2.2.1.7 DNA Ligation

After extracting both DNA insert and vector from DNA gel, T4 ligase (New England
BioLabs) was mixed with them at the ratio of 1:3 in a total of 10 uL reaction and then
incubated at 16 °C overnight. The ligation product was transformed into competent

DHba.

2.2.1.8 DNA sequencing and sequence analysis

All DNA constructs were sequenced using relevant primers by Genewiz Company.
DNA sequences were aligned and analysed by DNA Dynamo Sequence Analysis

Software.

2.2.1.9 Phenol: Chloroform purification of DNA

DNA which was prepared to use for in vitro transcription were purified from solutions
contaminated with proteins by adding an equal volume of phenol: chloroform: isoamyl
alcohol (25:24:1), followed by vortexing for 1 min and then centrifuged at 13,000 rpm
for 5 min at 4 °C. Upper Aqueous phase layer was gently transferred to a fresh tube.
An equal volume of chloroform was mixed and centrifuged at 13,000 rpm at 4°C. The
upper aqueous phase was then mixed with 1 volume of isopropanol and 0.1 volume 3
M ammonium acetate (pH 5.2), followed by incubation at -20 °C for 2 h and pelleted
at 13,000 rpm for 20 min. The pelleted DNA was washed once with 70% ethanol, air-
dried for 5 min and then resuspended in 20 yL Diethyl pyrocarbonate (DEPC)-water.

The Nanodrop spectrophotometer (Thermo Scientific) was used to quantify the
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concentration of DNA by measuring absorbance at 260 and 280 nm. The ratio of
absorbance at 260 nm to 280 nm (260/280) is the standard to assess the purity of

DNA.

2.2.1.10 In vitro transcription of RNA

The DNA template constructs (e.g. mSGR-Luc-JFH1/mJFH1/SGR-Luc-
DBN3a/DBN3a) (5-8 ug) prepared for in vitro transcription were linearised by 10 U
restriction enzyme Xbal in a 50 uL reaction at 37°C overnight. To remove the single-
stranded DNA, Mung Bean Nuclease (New England BioLabs) was used to process
the linearised samples at 30°C for 40 min. Linearised DNA was then purified as

described in section 2.2.1.9.

1ug of linearised DNA as the template was used for in vitro transcription which was
processed using the T7 RiboMax Express kit (Promega). After operating a similar
procedure to DNA purification, RNA pellets were washed in 1 ml 70% ethanol and

finally resuspended in 20 yL DEPC water.

The Nanodrop spectrophotometer (Thermo Scientific) was also used to quantify the
concentration of RNA, but only by measuring absorbance at 260 nm. Purified RNA

was also analysed by RNA agarose gel electrophoresis.

2.2.1.11 RNA agarose gel electrophoresis

Preparation of RNA agarose gels was performed following the same recipe by mixing
1% (w/v) agarose with 30 ml MOPS (3-(N-morpholino) propanesulphonic acid) buffer
(40 mM MOPS, 10 mM sodium acetate, 1 mM EDTA) and microwaved at 340 W for 2
min until it dissolved completely. After the temperature dropped to about 60°C, 6.5%
(v/v) of formaldehyde and SYBR® safe DNA gel Stain (Invitrogen) (1:20,000) were

added and allowed to set in the gel cast. 1 ug of RNA samples mixed with RNA loading
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buffer (47.5% Formamide, 9 mM EDTA, and 0.0125% SDS, Xylene Cyanol, and
Bromophenol Blue (w/v)) were heated at 65°C for 10 min before loading into gels,

which was electrophoresed at 70 V for 1 h.
2.2.2 Mammalian tissue culture techniques
2.2.2.1 RNA Electroporation

Huh7 / Huh7.5 cells or host factor silenced cell lines were washed twice in ice-cold
PBS. Electroporation was conducted by resuspending 1x107 cells in ice-cold PBS
containing 2-10 pg of RNA at 950 pF and 270 V. Cells were resuspended in complete
media and then seeded separately into 96-well plates at 3x10* cells / well, and 6-well

plates at 3x10° cells / well.
2.2.2.2 Transfection of DNA

Huh7 /Huh7.5 cells were washed with PBS and incubated with 1 ml Opti-MEM (Gibco)
at 37 °C before the transfection medium was added. 2 uL of lipofectamine 2000
(Thermo Fisher Scientific) was diluted in 200 uL Opti-MEM and incubated at RT for 5
min. Meanwhile, 2000 ng of PCMV-10-NS3-5B-mutants DNA and were mixed with 200
ul Opti-MEM and incubated at RT for 5 min. The transfection reagent and RNA were
mixed and incubated under RT for 20 min before adding onto the monolayer in a drop-
wise manner. After 6 h, the transfection medium was removed and replaced with fresh
complete DMEM. Typically at 48 hours post-transfection (hpt), cells were washed twice
in PBS and lysed in Glasgow Lysis Buffer (GLB, 10 mM PIPES, pH 7.2, 120 mM KClI,

30 mM NaCl, 5 mM MgCl2, 1% Triton X-100, 10% Glycerol).
2.2.2.3 Lentivirus production and construction of stable knockout cell lines.

HEK293T cells in 10 cm dishes were transfected with 1 ug packaging plasmid p8.91,
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1 ug envelope plasmid pMDG encoding VSV-G protein and 1.5 pg transfer plasmid
pHIV-SIREN encoding shRNA or lenti-CRISPRv2 encoding sgRNA to CypA, CypB,
PKR and RIG-I as described (Colpitts et al., 2020). Lentivirus supernatants were
collected at 48 h and filtered through a 0.45 pym syringe. Huh7.5 cells were seeded
into 6 well plates at a density of 2.5 x 10° cells/well and transduced with 1 ml/well
lentivirus and 8 pg/ml polybrene for 24 h. Transduced cells were selected using 2.5
Mg/ml puromycin at 72 h post-transduction. Loss of target protein expression was

confirmed by western blot.

2.2.3 Protein technology
2.2.3.1 SDS-PAGE and Western blot

Transfected or electroporated cells were washed twice with 1 ml PBS, and total lysates
were prepared by adding 1 x GLB with protease and phosphatase inhibitors and
scraping the wells with pipette tips. After incubating it on ice for 30 min, cell debris was
removed by centrifuging at top speed for 10mins at 4 °C and protein concentration

was determined using the Pierce BCA Protein Assay kit (Thermo Scientific).

Cell lysates were mixed with an equal volume of 5 x reducing loading buffer (1M Tris-
Hcl, pH=6.8; 10% SDS; 10% B-mercaptoethanol; 40% glycerol; bromophenol-blue)
and then boiled for 5 min at 95°C. An equal amount of each sample and protein marker
(11-245kDa; New England BioLabs) were fractionated using 10-12% polyacrylamide
gel at 130 V for 1.5 h. The running buffer used here was 1x diluted from 10x stock

containing 576 g glycine, 121.2 g Tris base and 20% SDS.

For the purified proteins, one of the duplicate gels was used for Coomassie blue
staining by immersing in Coomassie blue for 30 min, and then in the destaining

solution (10% acetic acid; 10% methanol) for 1 h.
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Samples on the other duplicate gel were transferred to polyvinylidene fluoride
microporous membranes (PVDF) at 15A, 500mA for 1 h in transfer buffer (25 mM Tris,
192 mM Glycine, 20% (v/v) methanol). The membrane was then blocked with 50%
(v/v) Odyssey blocking buffer (LI-COR) diluted in 1X Tris-buffered saline with Tween-
20 (TBS-T) (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 0.1% Tween-20) for 1 h at RT.
Membranes were probed with primary antibodies (1:1000 dilution) at 4°C overnight
and stained with IRDye labelled anti-mouse (700 nm) and anti-rabbit (800 nm)
secondary antibodies for 1 h at RT. Membranes were imaged on the LI-COR Odyssey

Sa Imager.

2.2.3.1 Purification of NS5A domain | (35-215aa/35-249aa)

Plasmids were freshly transformed into Escherichia coli BL21 (DE3) pLysS and grown
at 37 °C until ODsoo values reached 0.6-0.8. Protein expression was induced by 100
MM isopropyl B-D-1-thiogalactopyranoside (IPTG) at 18 °C for at least 6 h. Cells were
recovered by centrifugation at 8000 x g for 15 min and resuspended in 50 ml binding
buffer (100 mM Tris pH 8.2, 200 mM NaCl, 20 mM imidazole) supplemented with 40
ML DNase, 40 uL RNaseA, 2 mg/ml Lysozyme and protease inhibitors (Roche) per 1
L of pelleted culture. After incubation on ice for 30 min, samples were sonicated at an
amplitude of 10 microns for 12 pulses of 20 sec separated by 20 sec on ice. After
centrifugation at 4000 x g for 1 h at 4 °C twice, supernatants were filtered through a
0.45 pm syringe filter. Samples were transferred to a 1 ml HisTrap FF column (Cytiva;
17531901) equilibrated with binding buffer and the column was washed three times
using 5 column volumes of binding buffer. The samples were eluted with the binding
buffer containing 250 mM imidazole and dialyzed against 20 mM Tris-HCI, pH 8.2, 150

mM NaCl and 10% (v/v) glycerol.
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2.2.3.2 Purification of GST-CypA and GST-CypA-H126Q

Plasmids were transformed into E. coli BL21 (DE3) pLysS and induced for expression
at 18 °C for 6 h as described above. Cells were recovered by centrifugation and
resuspended in 10 mL GST-CypA lysis buffer (50mM Tris-HCI, pH 8.0, 100mM NacCl,
10% glycerol) containing 40 yL DNase, 40 pL RNaseA, 2 mg/ml Lysozyme and
protease inhibitors (Roche) per 1L of pelleted culture. Cell suspensions were
incubated on ice for 30 min and lysed by sonication. After centrifuging at 4000 x g for
1 h at 4 °C twice, the supernatant was filtered through a 0.45 um filter. GST-CypA and
GST-CypA-H126Q protein were then transferred to glutathione Sepharose 4B resin
(GE Healthcare) following the manufacturer’s instructions. After three washes with
PBS and twice with lysis buffer, the resin was eluted with elution buffer (50 mM Tris-
HCI, 10 mM reduced glutathione, pH 8.0) and the eluates were dialyzed in the dialysis
buffer (50 mM Tris-HCI, pH 7.5, 100 mM NacCl, 5 mM MgCl2, 10% glycerol, 0.5% NP-

40). Purified proteins were aliquoted and stored at -80 °C until use.
2.3 Subgenomic replicon assays

2.3.1 Luciferase assay

After 4, 24, 48, 72 and 96 hours post-electroporation (hpe), cells were harvested by
lysing with 30 ul or 200 ul passive lysis buffer (PLB; Promega) and incubated for 15
min at RT and stored at -80°C until used. The analysis was carried out using the
luciferase assay reagent (Promega) and a FluoStar Optima luminometer to measure

the levels of luciferase expression. The data was recorded as relative light units (RLU).
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2.3.2 Drug efficacy assay

Huh7.5 or Huh7 cells were electroporated and seeded as described above to check
replication levels in 96-well plates by luciferase activity. The serially diluted cyclosporin
A (CsA), Daclatasvir (DCV) and Sofosbuvir (SOF) were prepared to use at 4 hpe. (The
concentration of dilution is shown in the table below). Following the removal of the
medium by washing in PBS twice, the cells were harvested at 48 hpe by using 30 uL
PLB. Luciferase activity was determined as described in 3.2.11. Data were modelled
using the model of log (agonist) vs response model and EC50 was calculated through

GraphPad Prism.

DAAs The concentration of dilution

CsA 100uM | 20uM 4uM 800nM | 160nM | 32nM | 6.4nM | 1.28nM | 256pM | 50pM | 10pM

DCV 10nM 1inM | 100pM | 10pM 1pM 100fM 10fM 1fM 0.1fM

SOF 100uM | 10uM 1uM 100nM | 10nM 1inM | 100pM | 10 pM 1pM

2.3.3 GST pulldown assay

20uL GST beads were transferred into 1.5mL Eppendorf tubes. After washing the
beads twice with 400 uL binding buffer (100mM Tris, 0.5 M NaCl, 1% Triton X100), 5
Mg GST (diluted with washing buffer) protein was added into beads and incubated at
4°C for 2 h. The beads were then washed with binding buffer for 5 mins and
centrifugation at 500 rcf for 5 mins at 4°C were performed to remove non-specific
binding. After discarding the binding buffer, 400 yL washing buffer with 3% BSA was
added into beads to block overnight. Afterwards, 1.5 pg His-sumo tagged NS5A (35-
215aa) or NS5A (35-249aa) proteins which were diluted with washing buffer, was
added into washed beads and incubated at 4°C for 2 h. After washes using binding
buffer, the bound material was eluted with 20 uyL SDS sample buffer and heated for 10

min at 95°C. These samples were analyzed using western blot by anti-GST and anti-
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His antibodies.
2.3.4 Immunofluorescence analyses

Cells were seeded onto 16mm glass coverslips in 12 well plates, fixed, permeabilised
and blocked as described above. Cells were probed with sheep anti-NS5A (1:2000),
and mouse anti-P65 (1:500) in PBS/3% BSA at RT. for 2 h. After three washes, cells
were incubated with Alexa Fluor-488 or -647 conjugated secondary antibodies (1:500
in PBS/3% BSA) at RT. in the dark for 1 h. Cells were mounted onto glass slides with
Prolong Gold antifade reagent (Invitrogen) containing 4’,6’-diamidino-2-phenylindole
dihydrochloride (DAPI) and sealed with nail varnish. Confocal images were acquired
using a Zeiss LSM880 upright microscope with Airyscan. Post-acquisition analysis of

images was performed using Fiji ImagedJ (v1.49) software (Schindelin et al., 2012).

2.3.5 Mean fluorescence intensity analysis

The mean fluorescence intensity (MFI) of the cells was measured employing laser
excitation with the P65 channel. The proportion of MFI in the nucleus to MFI in all cells

was calculated to show the rate of P65 translocation to the nucleus.

2.3.6 Colocalisation analysis

Overlap coefficients were analysed by Just-Another Co-localisation Plugin (JACop) in
Fiji software from 5 cells derived from two independent experiments. Data were

exported to GraphPad Prism and analysed using two-tailed Student’s t-tests.
2.4 JFH1 full virus assays

2.4.1 Electroporation of full virus mutants

Huh7.5 cells were washed twice using ice-cold PBS and then were diluted to 1X107
cells/ml. 10 pg of mutants were electroporated into 4X10° cells using 4mm
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electroporation cuvette (Geneflow) at 950 yF and 270 V. Afterward, electroporated
cells were suspended using 10ml medium and then seeded into T75cm? flasks. After
72h incubator, the supernatants as extracellular viruses were collected and stored at
4°C. Meanwhile, the cells were washed using 10 ml PBS and then scraped in 1 ml

PBS, putting them into -80°C after 5 freeze-thaw cycles.
2.4.2 IncuCyte S3 analysis

Following immunofluorescence staining for NS5A, plates were detected using an
IncuCyte S3 (Essen BioScience). Viral titres were obtained by analysing the total
number of virus-positive cells per well for each dilution. As this method measures the
absolute number of infected cells rather than the number of foci of infected cells, the

titres are represented as infectious units per mL (IU/mL).
2.4.3 qRT-PCR

Total cellular RNA was harvested by lysis in TRIzol (Invitrogen) and extracted using
chloroform. cDNA was synthesised from 1 ug RNA by reverse transcription using
LunaScript RT SuperMix Kit (NEB; E3010). gRT-PCRs were performed using Luna
Universal gPCR Master Mix (NEB; M3003) with SYBR Green. Amplification was

performed using the following primers:

JFH-1 Forward: 5'-TCTGCGGAACCGGTGAGTA-3'
JFH-1 Reverse: 5-TCAGGCAGTACCACAAGGC-3.
2.4.4 Titration of Virus

Huh7.5 cells were seeded into 96-well plates (3000 cells/well) and incubated at 37°C
overnight. The following day, the freeze-thaw intracellular virus was centrifuged at

16000 rpm for 5 min and the pellets were removed. Intracellular and extracellular virus
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samples were serially diluted two-fold and added to Huh7.5 cells. At 48 h, cells were
fixed in 4% (w/v) paraformaldehyde (PFA) for 30 min and washed twice with PBS.
Cells were permeabilised with 0.25% Triton X-100 (Sigma-Aldrich) in PBS for 8 min
and blocked with 3% BSA diluted in PBS. Cells were probed with primary antibodies
(sheep anti-NS5A 1:2000) in PBS/3% BSA at 37°C for 1 h. Cells were washed five
times in PBS and incubated with Alexa Fluor-594 donkey anti-sheep (1:750) in PBS/3%

BSA at RT for 1 h. Plates were analysed using IncuCyte S3 software.

2.4.5 Immunofluorescence analyses

Cells were seeded onto 16mm glass coverslips in 12-well plates, fixed, permeabilised
and blocked as described above. Cells were probed with sheep anti-NS5A (1:2000),
rabbit anti-Core (1:500) or mouse anti-dsRNA J2 (1:200) in PBS/3% BSA at RT for 2
h. After three washes, cells were incubated with Alexa Fluor-488 or -647 conjugated
secondary antibodies (1:500 in PBS/3% BSA) at RT in the dark for 1 h. Lipid droplets
were stained with BODIPY (558/568)-C12 dye (1:1000). Cells were mounted onto
glass slides with Prolong Gold antifade reagent (Invitrogen) containing 4’,6’-diamidino-
2-phenylindole dihydrochloride (DAPI) and sealed with nail varnish. Confocal images
were acquired using a Zeiss LSM880 upright microscope with Airyscan. Post-
acquisition analysis of images was performed using Fiji ImageJ (v1.49) software

(Schindelin et al., 2012).

2.4.6 Quantification of LD size and distribution

LD and DAPI channels were visualised using Fiji software and merged. LD size and
distribution were analysed using the Analyse Particles module of Fiji. Data were

analysed using GraphPad Prism and compared using two-tailed Student’s t-tests.
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2.4.7 Co-localisation analysis

Overlap coefficients were analysed by Just-Another Co-localisation Plugin (JACop) in
Fiji software from 10 cells derived from three independent experiments. Data were

exported to GraphPad Prism and analysed using two-tailed Student’s t-tests.

2.4.8 Co-immunoprecipitation (Co-IP) assay

Cells were seeded into 6-well plates and lysed at 72 hpe using IP buffer (25 mM Tris-
HCIl pH 7.4, 150 mM NaCl, 1% NP-40, 1 mM EDTA; 5% glycerol) containing protease
inhibitors for 1 h on ice. Lysates were centrifuged (13,000 x g for 5 min at 4°C) and
supernatants were precleared with 10 uL protein G beads (Invitrogen; 1004D) at 4°C
for 1 h. Cell lysates were then incubated with anti-PKR or anti-phospho-PKR
antibodies at 4°C overnight prior to the addition of 20 uL protein G beads for 2 h at
4°C. After extensive washing, the immunoprecipitated proteins were heat denatured

at 95°C for 5 min, separated by SDS-PAGE and analysed by western blot.

2.4.9 His pulldown assay

His-SUMO tagged NS5A DI (5 ug) was diluted using 1x binding & wash buffer (BWB:
50 mM sodium phosphate pH 8.0, 300 mM NaCl, 0.02% Tween-20) and added to 20
ML Dynabead His-Tag beads (ThermoFisher Scientific; 10103D). After incubation on a
roller at 4°C for 1 h, the beads were washed five times with BWB at 4°C. Lysates from
pcDNAS3.1-PKR transfected HEK293 cells were diluted with 1x pulldown buffer (3.25
mM Sodium-phosphate pH 7.4, 70 mM NaCl, 0.02% Tween-20) and added to the His-
Tag beads at 4°C for 2 h. Beads were washed five times with BWB at 4°C, heat

denatured at 95°C for 5 min, separated by SDS-PAGE and analysed by western blot.
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2.5 Statistical analysis

Statistical analysis was performed using unpaired two-tailed Student’s t-tests on
GraphPad Prism version 9.30. **** (P<0.0001), *** (P<0.001) , ** (P<0.01) and *
(P<0.1) indicate significant difference from wild type (n>=3). Data in histograms were

displayed as the means + S.E.
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Chapter 3: Mutagenic analysis of the role of
NS5A domain | in HCV genome replication:

comparison of genotypes 2 and 3
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3.1 Introduction

HCV genome replication is a poorly understood process, particularly regarding the
roles of both virus proteins and host cell factors. The replication complex (RC)
consisting of non-structural proteins NS3-NS5B is the central element of the genome
replication process. It is required to catalyse the synthesis of nascent RNA and is
associated with host cell factors to form the membranous web (MW) by rearranging
the intracellular membranes, including the ER, Golgi complex, mitochondria,
endosomes and peroxisomes (Den Boon and Ahlquist, 2010, Diaz et al., 2010, Miller
et al.,, 2003, Paul et al., 2013). Subsequently, HCV replication occurs in these

organelles in the cytosol.

Since NS5A was reported to regulate the response for host cell interferon (IFN), it has
been a well-studied protein in HCV research. NS5A was initially found to concentrate
in the cytoplasm and the perinuclear membrane, including the ER and the Golgi
apparatus (lde et al., 1996, Polyak et al., 1999). This conclusion can be supported by
numerous findings. Firstly, the interaction between NS5A and Apolipoprotein A1
(ApoA1) and their colocalisation was investigated in the Golgi apparatus (Shi et al.,
2002). Moreover, NS5A modulated HCV RNA replication by interacting with other NS
proteins and various cellular factors, including vesicle-associated membrane protein-
associated proteins A and B (VAP-A, VAP-B), cyclophilin A (CypA) and
phosphatidylinositol-4-kinase llla (Pl4Kllla) (Berger et al., 2009, Gao et al., 2004,
Goonawardane et al., 2017, Ngure et al., 2016). There is strong evidence that NS5A

is involved in HCV replication by playing some critical roles in modulating RC of HCV.

NS5A is a multifunctional proline-rich phosphoprotein, which is comprised of four

distinct regions: an amino-terminal 31 amino acid amphipathic alpha helix, domain |
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(residues 28-213), domain |l (residues 250-342), and domain Il (residues 356—447)
(Fig 3.1A). The three structural domains are separated by low complexity sequences
(LCS-l and LCS-II) (Fridell et al., 2011, He et al., 2006). Unlike domains Il and Il which
are intrinsically disordered, domain | is highly structured and coordinates a zinc atom
which facilitates the formation of NS5A dimer and a disulphide bond at the C terminus.
Some reports revealed that the two existing dimeric conformations (1ZH1 and 3FQM)
possibly represent different functional states (Lambert et al., 2014, Love et al., 2009,
Tellinghuisen et al., 2005). In particular, the disulphide bond between Cys142 and
Cys190 is only present in one of the dimer conformations (Tellinghuisen et al., 2005),

which is likely to further underlie the function of NS5A domain | in HCV replication.

By aligning the sequences among different genotypes, NS5A domain | shows high
sequence homology compared to domain Il and Il (Acton et al., 1996, Kapoor et al.,
2011, Kapoor et al., 2013, Smith et al., 2014). The results suggest that domain | has
functions that are common to all genotypes, while domain Il and Il possibly play
specific roles in individual genotypes. Moreover, the characteristic of high conservation
provides the foundation to study similar functions of NS5A among the different
genotypes. Based on the previous research of NS5A of HCV genotype 2a (JFH1), a
panel of NS5A domain | mutants can be extrapolated to genotype 3 research. To
achieve this | utilised DBN3a-derived SGR containing unique restriction sites at either
side of NS5A domain | previously generated by our lab (Ward et al., 2020). Importantly,
the DBN3a SGR replicates as efficiently as JFH1 SGR, providing comparability of

NS5A function between JFH1 and DBN3.

Previously, a study in our lab demonstrated that the two residues within the genotype

2a NS5A domain | (V67 and P145) play critical roles in HCV assembly, challenging the
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dogma that NS5A domain | exclusively participated in genome replication (Yin et al.,
2018). In this study, | aim to investigate more residues proximal to V67 and P145 that
share the same phenotype as candidates to regulate the assembly of HCV genotype
2a. In addition, a panel of mutants of genotype 2a were performed in genotype 3 SGR
to further investigate the roles of genotype 3 NS5A domain | in HCV replication.
Meanwhile, more candidate residues in HCV genotype 3 NS5A domain | can be

chosen to become potential sites which possibly associate with new DAAs.

3.2 Results

3.2.1 Generating a panel of alanine substitutions in NS5A domain |

In the previous work, two residues V67 and P145 of NS5A domain | were mutated to
alanine by site-directed mutagenesis. The phenotype showed a partial defect in HCV
replication but was indispensable in HCV assembly (Yin et al., 2018). To determine if
this phenotype was unique or representative of a group of residues sharing this
function, | sought to identify additional residues which displayed the same phenotype
as V67A and P145A. To achieve this goal, | identified a panel of fifteen surface-
exposed and highly conserved residues proximal to V67 and P145, shown in Fig 3.1B
and 3.1C, and highlighted on the monomeric structures of genotype 1b NS5A DI (PDB
1ZH1 and 3FQM) (Love et al., 2009, Tellinghuisen et al., 2005). To determine whether
these residues were conserved between the 7 genotypes of HCV | aligned the NS5A
domain | sequence from consensus isolates of each genotype. From these analyses
the residues: 152, G70, S71, M72, P102, Y106, W111, P141, C142, Q143, P147, E148,
F149, C190 and E191 were finally selected as targets for mutations due to high
conservation among the 7 genotypes of HCV and absolute conservation between HCV

genotype 1b and 2a (Fig. 3.1D). These residues were targeted for alanine scanning
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mutagenesis and subsequent profiling in the context of the mSGR-luc-JFH-1.
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Fig 3.1. Location of mutated residues in DI.
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(A) Structure of NS5A illustrating the three domains. AH: amphipathic helix (blue), LCS: low
complexity sequence (green). (B, C) Conserved and surface exposed residues proximal to
V67 (blue) and P145 (green) are displayed in the two NS5A DI (genotype 1b) structures 1ZH1
(B) and 3FQM (C). Dimeric forms are shown on the left, with the monomers on the right. (D)
The alignment of 15 residues in NS5A domain |. The residues were aligned and analyzed

among 7 HCV genotypes (673 sequences from HCV database) by Sequence Logo.
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3.2.2 Site-directed mutagenesis of NS5A domain | identified 7 residues partially

require for genome replication

To evaluate the phenotype of mutations of these residues, the 15 mutants were cloned
into mSGR-luc-JFH1, an SGR with a luciferase reporter gene and unique restriction
sites engineered at either side of the NS5A coding sequence for facilitate
cloning(Hughes et al., 2009, Targett-Adams and McLauchlan, 2005). The final mutant
SGRs were verified by sequencing. After linearisation of the replication plasmid DNA
and in vitro transcription, the RNA transcripts were electroporated into Huh7 cells, with
wild-type (WT) mSGR-luc-JFH1, V67A, P145A and a lethal NS5B mutation GND as
positive and negative controls, respectively. Luciferase activity was measured at 4, 24,
48 and 72 h post-electroporation (hpe). The absolute luciferase values were shown in
Fig 3.2A, and the luciferase values at 24, 48 and 72 hpe were normalised to the 4 hpe

signal to control for transfection differences (Fig 3.2B).
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Fig 3.2. Genome replication phenotypes of NS5A domain | mutants in Huh7 cells.

Following the in vitro transcriptions of mSGR-luc-JFH1 containing the indicated mutations,
electroporation was performed with Huh7 (A). Luciferase activity was measured at 4, 24, 48

and 72 hpe and the data were normalised with respect to 4 hpe (B).

As previously observed (Yin et al., 2018), V67A and P145A showed very low levels of
replication compared to WT, luciferase values declined between 4-24 hpe and only
recovered to input levels by 72 hpe. As expected, GND failed to replicate and

luciferase values rapidly declined by 24 hpe and did not recover.

The mutants P102A, Y106A, W111A and F149A were indistinguishable from GND,
demonstrating that these residues were absolutely required for HCV genome

replication. In contrast, the remaining 11 mutants were able to replicate. S71A, Q143A
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and P147A exhibited a modest but non-significant defect, C142A, C190A and E191A
even replicated more efficiently than WT, whereas 152A, G70A, M72A, P141A and

E148A replicated to a level significantly lower than WT (Fig. 3.2 A&B).

Previously it was shown that although V67A and P145A exhibited a significant
decrease in replication in Huh7 cells, this phenotype was not apparent in Huh7.5 cells.
This was postulated to be due to the increased permissivity of Huh7.5 cells for HCV
replication, resulting from the defect in RIG-I signalling and the innate immune
responses in Huh7.5 cells (Blight et al., 2002). Replication of the panel of | mutants
was therefore also evaluated in Huh7.5 cells. As previously demonstrated V67A and
P145A were able to replicate much more efficiently in Huh7.5 cells, whereas GND was
replication defective (Fig 3.3A). P102A, Y106A, W111Aand F149A, which were unable
to replicate in Huh7 also exhibited an absolute defectin Huh7.5. However, I52A, G70A,
M72A, P141A and E148A were able to replicate more efficiently in Huh7.5 compared
to Huh7. Lastly, S71A, C142A, Q143A, P147A, C190A and E191A which did not exhibit
a replication defect in Huh7 cells, also replicated to WT level in Huh7.5 cells (Fig. 3.3
A and B). It is likely that the RIG-I deletion in Huh7.5 attenuated the innate response
to early replication events, allowing mutants with a partial defect to replicate with high

efficiency.

These data indicated that I52A, G70A, M72A, P141A and E148A exhibited the same
phenotype as V67A and P145A: namely a significant replication defect in Huh7 cells

and a partial restoration of this defect in Huh7.5 cells.
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Fig 3.3. Genome replication phenotypes of NS5A domain | mutants in Huh7.5 cells.

The mSGR-luc-JFH1 containing the indicated mutations were electroporated into Huh7.5 cells
(A). Luciferase activity was measured at 4, 24, 48 and 72 hpe and the data were normalised

with respect to 4 hpe (B).

3.2.3 Defective mutations do not disrupt polyprotein processing

To demonstrate whether the lethal phenotypes resulted from a loss or disruption of a
specific function of NS5A, disruption of polyprotein translation or proteolytic processing,
the 15 mutants were cloned into an expression construct in which the NS3-5B
polyprotein was under the control of a human cytomegalovirus (CMV) promoter

(pCMV-10-NS3-5B), thus allowing replication-independent expression of replicase
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proteins. These plasmids were transfected into Huh7 and Huh7.5 cells and cells were
lysed at 48 hours post transfection (hpt), separated by SDS-PAGE and analysed for

protein expression by western blot using an in house antibody raised against NS5A.

Posttranslational modification of NS5A results in a basally phosphorylated 56KDa
species and a hyper-phosphorylated 58kDa species, both of which are believed to
play an essential role in the HCV life cycle (Ross-Thriepland et al., 2013, Ross-
Thriepland and Harris, 2015). These two forms are therefore considered to affect the
normal expression of NS5A. The expression of 14 mutants in NS5A DI comparable to
WT, specifically the four lethal mutants and five partially defective phenotype. This
indicated that the lethal replication phenotype for these mutants was caused by loss
or disruption of a specific function of NS5A rather than global effects on NS5A
translation and polyprotein cleavage (Fig 3.4). Of note, E191A only has a basal-
phosphorylated form which exhibited lower levels of expression than other mutants, it
was considered that this might be due to the mutation lowering the stability of the NS5A
protein. The lack of hyper-phosphorylation of E191A was showed to have no effect on

the genome replication, which still needed to be explored in further work.
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Fig 3.4. Expression of NS5A from pCMV10-NS3-5B expression vector in Huh7 and 7.5

cells.

The pCMV-NS3-NS5B plasmid harboring the mutations were transfected into Huh7 (A) and
Huh7.5 cells (B). Cell lysates were harvested in GLB at 48hpt, followed by analysis using

SDS-PAGE and western blot with anti-NS5A (sheep) and anti-actin (mouse).

3.2.4 The replication sensitivity of partially defective mutants in JFH1 to

cyclophilin A (CypA) inhibition

Cyclophilin A (CypA) is a peptidyl-prolyl isomerase (PPlase) identified as a critical host
factor for HCV infection. Disruption of its PPlase activity through chemical inhibitors
such as cyclosporine A (CsA) has been shown to be deleterious to HCV replication.
Previous work from our lab demonstrated that the C-terminus of NS5A domain Il is a
key determinant of HCV replication dependent on CypA (Ross-Thriepland et al., 2013).
Given that the function of CypA in virus genome replication remains undefined, and
domain | is also proline rich, | sought to investigate whether the phenotype of these
partially defective mutants results from the loss of CypA dependence and interaction.

To demonstrate this, we firstly investigated whether these SGR mutants altered the
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sensitivity of HCV genome replication to CsA. SGR-luc-JFH1 WT, I52A, V67A, G70A,
M72A, P141A, P145A, E148A and D316E (CsA-resistance mutant in NS5A domain |l)
(Yang et al., 2010) were electroporated into Huh7.5 cells and CsA efficacy assay was
performed at 4 hpe, Daclatasvir (DCV-NS5A inhibitor) and Sofosbuvir (SOF-NS5B
inhibitor) were used as controls. Replication was monitored by observing luciferase
activity at 48 hpe. Replication data demonstrated that seven mutants (152A, V67A,
G70A, M72A, P141A, P145A and E148A) were more sensitive to CsA treatment than
WT, with a decrease in the half maximal effective concentration (ECs0) by 16%-79%
(Fig 3.5A). The CsA efficacy assay from three biological repeats show that the ECso
values of partially defective mutants were significantly reduced compared to WT (Fig
3.5B). These results indicated that domain | may have potential association with CypA.
To control for global effects of the mutants on DAA sensitivity, cells were treated with
DCV (Fig. 3.5 C) or SOF (Fig.3.5 D). The ECso results showed that all the mutants
shared a similar sensitivity to DCV and SOF compared with WT, whereas V67A and

P145A exhibited a particularly lower level of ECso for DCV and SOF treatment.
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Fig 3.5. The effect of NS5A domain | mutations on CsA treatment.

(A) Huh7.5 cells were electroporated with mSGR-luc-JFHI RNA which contains domain |
mutations, seeded into 96-well plates and treated with serial dilutions of CSA. The results of
luciferase activity were normalised to the DMSO control and the data processed using the
ECso model of GraphPad 9.3.0. (B) Quantification of ECso for CsA treatment. DCV (C) and
SOF (D) were also diluted serially and used as controls. The cells were harvested at 48 hpe
and the luciferase assay were carried out. The results of luciferase activity were normalised

to the DMSO control and the data processed using the ECso model of GraphPad 9.3.0.

To investigate the relevant efficiency between CypA and NS5A/5B inhibitor, the ECso
values were normalised by scatterplot. The correlation between CsA and DCV
displayed similar pattern to that between CsA and SOF (Fig 3.6 A&B). For DCV and
SOF treatment, the mutations which showed high sensitivity to one inhibitor were also
sensitive to the other (Fig 3.6 C). We also detected the correlation between replication
and mutant sensitivity to inhibitors as we considered that the impaired replication of
mutations may render them more sensitive to the inhibitor. However, the graph
demonstrates that there was no absolute correlation between the replication and

efficiency of inhibitor (Fig 3.6 D, E&F).

These results suggested that the mutants of NS5A DI increased the sensitivity of viral
replication to CsA treatment. | hypothesised that the tight interaction between NS5A
and CypA was disrupted by NS5A DI mutants, resulting in the reduction of CypA which
contributed to viral replication. Therefore, the low dosage of CsA treatment (low ECso)
inhibited HCV replication in these mutants compared to WT. Notably, the increased
CsA sensitivity was not completely due to replication and the correlation between CsA
and the two known DAAs showed similar pattern. It might indicate the potential threptic

function of CsA as a DAA in HCV replication.
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Fig3.6. Correlation between the replication efficiency of partially defective mutants

and ECsoof inhibitor treatments.

(A) The correlation of ECso between CsA and DCV. (B) The correlation of ECso between CsA

and SOF. (C) The correlation of ECsy between DCV and SOF. The correlation between

replication of mutations and CsA (D), DCV (E) and SOF (F) are displayed.
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3.2.5 Extrapolation of the partially defective phenotype from genotype 2a to

genotype 3a

Compared to other genotypes of HCV, the infection with genotype 3 is associated with
a higher incidence of steatosis and hepatocellular carcinoma, as well as a more rapid
fibrosis progression (Nkontchou et al., 2011). Despite the combination of DAAs
inhibited chronic HCV infection efficiently, this serious condition of genotype 3 infection
results in lower response rates to DAAs treatment, leading to lower cure rates (Chan

et al., 2017).

The current recommended combination of DAAs treatment of Genotype 3 is using the
NS5A inhibitor DCV and VEL with the NS5B polymerase inhibitor SOF (Liver, 2017).
Moreover, based on previous experience of therapy, glecaprevir/pibrentasvir and
SOF/VEL/voxilaprevir were also considered to be effective DAA treatments against
genotype 3 by the European Association for the Study of the Liver (Liver, 2018).
Notably, the triple combination of SOF/VEL/voxilaprevir achieved 99% SVR rate after
8 weeks for treatment-naive, treatment-experienced and cirrhosis patients (Jacobson

et al., 2017).

The RASs in viral sequences are the major obstacle to direct-acting antiviral agents
(DAAs) treatment. The YO3H substitution in NS5A was the most prevalent in genotype
3 treatment with DAASs, resulting in lower SVR rates, especially for cirrhosis patients
(Leroy et al., 2016, Nelson et al., 2015). The in vitro analysis using S52 AN gt3a
replicon model against DAA treatment demonstrated that A30K (8.9%) and Y93H
(12.3%) were the most common substitutions, and paired RASs (A30K + L31M and
A30K + Y93H) were demonstrated to contain high resistance to daclatasvir, velpatasuvir,

elbasvir, and pibrentasvir (Smith et al., 2019). Y93H, L31M or A/Q30K were also found
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in Genotype 1a and 1b with NS5A inhibitor DAAs treatment (Malandris et al., 2021).
In addition, pibrentasvir treatment analysis using a genotype 2 HCV replicon system
revealed that NS5A F28S/M311 showed significantly higher replication ability than WT
while the combined mutants were sensitive to the treatment of HCV NS3/4A inhibitor,
NS5B inhibitor, IFN-a, and ribavirin (Suda et al., 2019). Moreover, NS5A Y93H
substitutions in genotype 2a enhanced infectious virus production and was sensitive
to the NS3 protease inhibitor simeprevir using infectious JFH1-based recombinant

HCV (Nitta et al., 2016).

Based on the common role of these RASs among different genotypes, the
substitutions in genotype 2a which showed sensitivity to CsA can be broadened to
genotype 3a to further control HCV infection. Moreover, the research into genotype 3
sub-genomic replicon system is undoubtedly a significant study for both viral genome
replication and DAA resistance. Previously, several genotype 3 SGR constructs were
generated, but their use were limited by the defect in replication and the restriction on
the detecting methods (Saeed et al., 2013, Saeed et al., 2012, Witteveldt et al., 2016).
Our lab recently developed an SGR from the DBN3a infectious clone (Ramirez et al.,
2016) which contains a low CpG/UpA-luciferase reporter. This DBN3a -Luc-SGR
showed approximately 100-fold increase in luciferase values which was as efficient as
mSGR-Luc-JFH1, thereby circumventing the low efficiency in replication of HCV

genotype 3 SGR (Ward et al., 2020).

To further understand the mode of action of DAAs that target NS5A domain | of HCV
genotype 3 and the difference between genotype 2 and 3, the mutations mirroring
those made in JFH1 (V52A, V67A, G70A, M72A, P141A, P145A and E148A) were
cloned into the DBN3a -Luc-SGR containing a luciferase reporter gene. DBN3a -Luc-
SGR WT and NS5B mutant GNN were electroporated into Huh7 cells with these seven
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mutants as positive and negative replication controls respectively. At 4, 24, 48, 72 and
96hpe, the cell lysates were harvested and replication was analysed via luciferase
assay. The absolute luciferase values were shown in Fig 3.7A, and the data at 24,

48 ,72 and 96 hpe in Fig 3.7B was normalised to the 4 hpe signal.

According to the results in Fig 3.2A & B, I52A, V67A, G70A, M72A, P141A, P145A and
E148A in mSGR-Luc-JFH1 all showed partial defect in replication compared to WT.
Additionally, all of them showed gradual recovery in replication at 72h. In SGR-Luc-
DBN3a, most mutants (152A, V67A, G70A, M72A, P145A and E148A) showed the
same phenotype as that in JFH1, indicating the partially defective phenotype in DBN3a
genome replication. However, P141A exhibited a WT level replication in SGR-Luc-
DBN3a, which was a completely different phenotype from itself in JFH1 (Figure 3.7

A&B).
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Fig 3.7. Genome replication phenotypes of SGR-Luc-DBN3a NS5A domain | mutants in

Huh7 cells.

In vitro transcribed SGR-Luc-DBN3a RNAs were electroporated into Huh7 cells. Luciferase
assay was performed at 4, 24, 48, 72 and 96hpe (A) and was further normalised to 4hpe (B).

SGR-Luc-DBN3a WT and GNN were used as a positive and negative control.

In common with the restored phenotype of the mSGR-Luc-JFH1 mutants in Huh7.5
cells (Fig 3.3A & B), the replication capacity of all partially defective mutants in SGR-
Luc-DBN3a were also detected in Huh7.5 cells. As shown in Fig 3.8A and 3.8B, the
replication of V52A, V67A, G70A, M72A and E148A showed a significant recovery in
Huh7.5 cells even though the replication peak was detected at 96hpe. However, two
mutants maintained their phenotypes in both cell lines. P141A still showed a WT level
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replication in Huh7.5 cells, while P145 showed a large attenuation of replication in both
cell lines. The increasing luciferase values over 24-96hpe displayed that P145A still

maintained higher replication capacity than GNN.
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Fig 3.8. Genome replication phenotypes of SGR-Luc-DBN3a NS5A domain | mutants in

Huh7.5 cells.

In vitro transcribed SGR-Luc-DBN3a RNAs were electroporated into Huh7.5 cells. Luciferase
assay was performed at 4, 24, 48, 72 and 96hpe (A) and was further normalized to 4hpe (B).

SGR-Luc-DBN3a WT and GNN were used as a positive and negative control.

Together, we confirmed that V52A, V67A, G70A, M72A and E148A exhibited the same
phenotype as that in JFH1: the replication was partially defective in Huh7 and was

remarkably restored in Huh7.5, indicating that these residues were likely to play a
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parallel role in two different genotypes. Notably, the phenotype of P141A and P145A
showed a striking contrast which may reveal the difference between genotype 2 and

3.

3.2.6 The replication sensitivity of partially defective mutants in DBN3a to

cyclophilin A (CypA) inhibition

Based on the sensitivity to CsA treatment of JFH1 SGR mutations, the mutations in
DBN3a NS5A DI were considered to also have the ability to modulate the sensitivity
of replication to CsA treatment. To demonstrate this, the panel of SGR-Luc-DBN3a

mutants was screened for CsA sensitivity.

SGR-Luc-DBN3a, V52A, V67A, G70A, M72A, P141A and E148A were electroporated
into Huh7.5 cells and CsA was added to cells after 4 hpe. Luciferase activity at 72 hpe
revealed that all seven mutants were more sensitive to CsA treatment than WT,
particularly for G70A and M72A (Fig 3.9A). The CsA efficacy assay from three
biological repeats showed that the ECso values of partially defective mutants in DBN3a
were significantly reduced compared to WT (Fig 3.9B). These results suggested the
potential association between DBN3a NS5A DI and CypA, thereby providing a

reference for finding putative binding sites of CypA.

We considered that the sensitivity to CsA treatment might be affected by the impaired
replication of mutations. To test this, the association between replication and mutants
sensitivity to inhibitors was presented as a curve. Interestingly, the graph in Figure 3.9
C demonstrated that the sensitivity indeed had some correlations to replication for
some poorly replicating mutants like V67A, G70A and M72A. For V52A, P141A and

E148A which showed WT levels of replication in Huh7.5 did not correspond to the
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associated curve. We considered that the replication of those poorly replicating

mutants was more vulnerable to CsA treatment.
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Fig 3.9. The effect of SGR-Luc-DBN3a NS5A domain | mutations on CsA treatment.

Huh7.5 cells were electroporated with SGR-Luc-DBN3a mutants RNA and then seeded into

96-well plates. The cells were treated with serial dilutions of CSA at 4hpe. (A) The cells were

harvested at 72 hpe and the luciferase assay were carried out. The results of luciferase activity

were normalized to the DMSO control and the data processed using the ECso model of

GraphPad 9.3.0 (B) Quantification of ECso for CsA treatment. (C) Correlation of replication

efficiency and CsA ECso of SGR-Luc-DBN3a mutants.
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3.3 Discussion

The present study identified five residues (152, G70, M72, P141 and E148) in NS5A
domain | of JFH1 played the essential role in HCV genome replication. The alanine
substitution of these residues showed partial defect in genome replication which
displayed the same phenotype as V67A and P145A. They were selected due to their
surface exposure, conservation and proximity to V67 and P145. Although the
phenotype we found was significant, the mechanism of NS5A DI in HCV genome

replication still required further investigation.

The interaction between CypA and NS5A DIl and DIl has been demonstrated
(Chatteriji et al., 2010, Foster et al., 2011, Hanoulle et al., 2009a). NS5A DI was also
involved in replication, while the binding mechanism with CypA is still unclear. As
shown in Fig 3.5, the mutations of NS5A DI exhibited different sensitivity to CsA
treatment compared to WT, suggesting that NS5A DI may associate with CypA. The
conclusion still needs to be investigated by alternative assays such as pulldown assay

and siRNA or CRISPR/Cas9 knockdown assay.

Furthermore, previous work revealed an essential role of CypA in enhancing RIG-I-
mediated antiviral immune responses by controlling the ubiquitination of RIG-I and
MAVS (Liu et al., 2017). Whilst the present study of the interaction between CypA and
RIG-I showed that CypA was involved in RIG-I detection of HCV, CypA inhibitor was
more potent in Huh7 cells. The enhanced replication capacity in Huh7.5 compared to
Huh7 can be partially attributed to a defect in RIG-1 and concomitant block to an innate
immune response to cytoplasmic dsRNA. This is reminiscent of the phenotype of
NS5A domain | mutations whose defects were not seen in Huh7.5. Therefore, it could

be that these residues were involved in counteracting RIG-1/CypA. To our knowledge,
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CypA plays a critical role in HCV replication, and this hypothesis contributes to
exploring the novel mechanism of CypA to facilitate genome replication through

inhibiting the antiviral pathway.

Interestingly, | found one mutant E191A which disrupted the expression of NS5A
protein, but did not affect viral replication. NS5A belongs to the viral replication
complex which is essential to HCV replication. As the mechanism of NS5A’s
involvement in HCV replication has still not been fully determined yet, these results
may shed light into an understudied area. E191 is located at the C-terminus of NS5A
domain |, which has a disulphide bond required to maintain the dimerisation of NS5A
(Tellinghuisen et al., 2005). E191A may disrupt the disulphide bond which connects
the sidechains of the conserved Cys 142 and Cys 190, resulting in the disruption of
NSS5A dimeric conformation, followed by several changes of interaction between NS5A
and NS5B or host factor. Alternatively, | suspected E191A may disrupt the binding site
on NS5A for the anti-NS5A antibody used. The mechanism by which E191 exhibited

high level of replication still needs to be explored further.

New compounds DAAs were developed in 2011, which directly target the HCV NS3
protease, NS5B polymerase, and NS5A. Although these represent a major
advancement in the treatment of HCV and has achieved a sustained virological
response exceeding 90% in most genotypes, HCV genotype 3a is less responsive to
these drugs and the cure rates for genotype 3 infection have lagged behind the other
genotypes (Chan et al., 2017, Geddawy et al., 2017). HCV genotype 3a sub-genomic
replicon (SGR-Luc-DBN3a), with a low CpG/UpA-luciferase reporter, replicated as
efficient as JFH-1 SGR, which can be used to explore the resistance of genotype 3 to
DAA (Ward et al., 2020). To achieve that, the mutations were cloned into DBN3a from
JFH1, further investigating whether these mutations also displayed the same
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phenotypes in genotype 3a. Interestingly, despite SGR-luc-DBN3a being reported to
replicate as efficiently as JFH1 SGR, the replication level still needed 72hpe or even
96hpe to reach the peak. In addition, the replication of all mutants which showed a
partially defective phenotype in Huh7 cells were recovered but still failed to reach WT
level in Huh7.5 cells. This suggested that the conserved residues in NS5A DI had
deeper effect on genome replication in DBN3a than JFH1. In particular, P141A and
P145A exhibited the different phenotypes between the two genotypes, indicating that
they played the different roles in genotype 2 and 3. It is worth noticing that despite the
high conservation of NS5A domain | among HCV all genotypes, the consensus

residues might provide different functions.

Lastly, since the potential association between CypA and JFH1 NS5A DI was shown
by CsA treatment assay, | suspected that the mutants DBN3 NS5A DI would also
displayed similar sensitivity to CsA treatment. As expected, the drug efficacy assay
observed that the sensitivity of DBN3 NS5A DI to inhibitors was also modulated by
partially defective mutants (Fig 3.9), suggesting that they had same function to CypA
as the JFH1 NSS5A DI. However, the mechanism and distinctiveness of exact

interaction need further analysis.
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Chapter 4: The interaction between CypA and
NS5A domain | in HCV JFH1 inhibits the NF-kB
pathway to promote viral replication but not

assembly
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4.1 Introduction

Cyclophilin A (CypA) is one of the best characterised members of the Cyclophilin (Cyp)
family of immunophilins which is ubiquitously expressed in both prokaryotic and
eukaryotic cells. CypA is one of the most abundant proteins in the cytoplasm (0.1-0.4%
of total protein content) (Harding et al., 1986, Ryffel et al., 1991). It contributes to a
broad range of cellular functions, including T-cell activation, cell signalling,
transcriptional regulation, and protein folding and trafficking (Naoumov, 2014, Nigro et

al., 2013).

CypA possesses peptidyl-prolyl cis-trans activity (PPlase), which was first
characterised in mammals as a target of an immunosuppressive drug cyclosporin A
(CsA), preventing the proinflammatory cytokine production (Hanes, 2015, Thapar,
2015). CypA inhibitors (Cypls) were initially reported in 2003 to reduce HCV replication
(Watashi et al., 2003). CsA was demonstrated to be effective against HCV replication
directly in a cell culture-based replicon system, which was independent of the
interferon (IFN) signal transduction pathway (Nakagawa et al., 2004, Watashi et al.,
2003). CsA was demonstrated to inhibit replication of the JFH1 replicon, whereas the
efficiency was slightly less than genotype 1b (Ishii et al., 2006). In addition, PPlase
motif of CypA was shown to play an essential role in HCV infection (Chatterji et al.,
2009, Kaul et al., 2009). At present, non-structural proteins of HCV, such as NS5B,
NS5A, and NS2 have all been proposed to have potential interactions with CypA

(Robida et al., 2007, Watashi et al., 2005).

In particular, a CsA-sensitive interaction between NS5A and CyPA can be
demonstrated in vitro (Chatterji et al., 2010, Fernandes et al., 2010, Hanoulle et al.,

2009a). Interaction between NS5A domain Il and CypA is crucial for HCV replication
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(Ross-Thriepland et al., 2013), and the RNA-binding properties of NS5A were
increased due to the binding of CypA (Foster et al., 2011). These findings further
suggested the possibility for Cypls to be the anti-HCV drug candidates preclinically
and clinically. Although NS5A DI was revealed to be involved in the modulation of HCV
replication (Love et al., 2009, Tellinghuisen et al., 2005) , the association between

CypA and NS5A DI was poorly understood.

CypA is also considered to regulate the PKR-dependent antiviral immunity pathway
during HCV infection. CsA and other Cypls treatments in HCV-infected cells resulted
in the reduction of activated or phosphorylated PKR and the downstream factor elF2a
(Daito et al., 2014). Additionally, they increased the expression of IFN-B, ISGs and the
downstream factor IRF1 (Colpitts et al., 2020). Intracellular CypA also modulated the
accumulation and activation of NF-kB in cancer, indicating that CypA might be an
important regulator to activate the NF-kB pathway (Sun et al., 2011). Moreover, CypA
interacted with the NF-kB subunit p65 and enhanced its nuclear translocation (Sun et
al., 2014). However, limited report focused on the association between CypA and NF-
kB in HCV replication. The detailed mechanism of CypA regulate antiviral factors to

promote HCV replication needs further investigation.

In this study, we first identified the interaction between CypA and JFH1 NS5A DI. Five
mutants in JFH1 NS5A DI showed partially reduced replication due to the loss of
interaction with CypA. The interaction between CypA and NS5A DI inhibited NF-kB
pathway to further promote HCV replication in Huh7.5 cells, while the interaction was
not essential for HCV assembly. However, although DBN3a NS5A DI were more
sensitive to CsA treatment, it was not involved in the binding with CypA to modulate
the DBN3a replication. The complete dependence on CypA for DBN3a replication
further revealed the different response between JFH1 and DBN3a to DAAS.
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4.2 Results

4.2.1. The replication of partially defective mutants in JFH1 NS5A DI are more

dependent on CypA compared to WT.

To further understand the effect of CypA in NS5A DI mutants replication, we
constructed CypA silenced cell lines in Huh7 and Huh7.5 cells using stably expressing
specific ShRNA (Fig 4.1A). To avoid the effect of puromycin screening for cells, a non-
targeting guide RNA silenced cell lines (Huh7 shCTRL and Huh7.5 shCTRL) were also
constructed to be a positive control. NS5A DI mutants which showed partial defect in
replication were electroporated into these four cells lines as described above, the
luciferase values at 24, 48 and 72 hpe were normalised to the 4 hpe signal to control
for transfection differences. Surprisingly, neither WT nor partially defected mutants
replicated in Huh7 CypA silenced cell lines (Fig 4.1B). However, in Huh7.5 CypA
silenced cell lines, even though the replication of WT gradually recovered over time,
partially defective mutants did not display restoration and were indistinguishable with
GND (Fig 4.1C). Previous research has shown that CypA was critical for HCV
replication in Huh7 cells, but not in Huh7.5 cells (Colpitts et al., 2020), which was
consistent with the WT data (Fig 4.1B and 4.1C). As shown in Fig 4.1D and 4.1E, the
replication of all partially defective mutants were consistent with the results in Huh7
and Huh7.5 cells (Fig 3.2B and 3.3B), further indicating the new phenotypes in CypA
silenced cell lines were due to the lack of replicative ability rather than the puromycin
treatment. The replication disruption in the absence of CypA demonstrated that,
partially defective mutants were more dependent on CypA in both Huh7 and Huh7.5
cells compared to WT. NS5A DI in JFH1 might be involved in the interaction with CypA

to promote HCV replication.
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Fig4.1. Virus replication phenotypes of JFH1 in the absence of CypA.

(A) CypA expression was detected in CypA silenced and shCTRL Huh7 and Huh7.5 cells by
western blot. In vitro transcribed mSGR-Luc-JFH1 RNAs containing the indicated mutations
were electroporated into (B) Huh7 CypA silenced cell line, (C) Huh7.5 CypA silenced cell line,
(D) Huh7 control cell line and (E) Huh7.5 control cell line. Luciferase activity was measured at

4, 24, 48 and 72 hpe and the data were normalised with respect to 4 hpe.
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4.2.2 CypB does not contribute to the modulation of genome replication in

JFH1

Since the PPlase activity of CypB also can be disrupted through CsA, we then
investigated whether CypB is involved in modulating HCV replication through NS5A
domain I. To test this, Huh7 and Huh7.5 CypB silenced cell lines were generated using
stably expressing specific ShRNA. The Huh7 shCTRL and Huh7.5 shCTRL cell lines
were used as a positive control (Fig 4.2A). The JFH1 NS5A DI mutants were also
electroporated into these two cell lines to evaluate the viral genome replication. Unlike
CypA, the replication in the absence of CypB slightly affected WT replication at 48hpe
but the replication was consistently increased to the normal level at 72hpe in Huh7
CypB silenced cell lines. Notably, the lack of CypB can also affect the replication of
partially defective mutants, which showed a completely disruption of replication in the
Huh7 cells (Fig 4.2B). However, as shown in Fig 4.2C, the replication of both WT and
partially defective mutants in the Huh7.5 CypB silenced cell lines were recovered to
the normal level as in huh7.5 cells (Fig 3.3B) and Huh7.5 shCTRL cell line (Fig 4.1E).
This confirmed that the replication of neither JFH1 WT nor the indicated mutants were
dependent on CypB in Huh7.5 cells. The replication of JFH1 WT in the absence of

CypA and CypB was consistent with previous finding (Kaul et al., 2009).
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Fig 4.2 Virus replication phenotypes of JFH1 in the loss of CypB.

(A) CypB expression was detected in CypB silenced and shCTRL Huh7 and Huh7.5 cells by
western blotting. In vitro transcribed mSGR-luc-JFH1 RNAs containing the indicated mutations
were electroporated into (B) Huh7 CypB silenced and (C) Huh7.5 CypB silenced cell lines.
Luciferase activity was measured at 4, 24, 48 and 72 hpe and the data were normalised with

respect to 4 hpe.

Concordantly, JFH1 WT only disrupted the replication ability in huh7 CypA silenced
cell line, while it maintained the WT level replication in both other cell lines (Fig 4.3 A
and 4.3 C). However, the replication of 152A (the representative of partially defective
mutants) in JFH1 was disrupted in Huh7 CypA, CypB silenced cell lines and Huh7.5

CypA silenced cell lines but only recovered in Huh7.5 CypB silenced cell lines (Fig 4.3

B and 4.3 D).
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Fig 4.3 Comparisons of the replication of JFH1 WT and I52A in all cell lines.

The replication comparisons of (A) JFH1 WT and (B) I52A measured at 24, 48 and 72 hpe
which were normalised to 4 hpe in Huh7 silenced cell lines. The replication comparisons of (C)
JFH1 WT and (D) 152A measured at 24, 48 and 72 hpe which were normalised to 4 hpe in

Huh7.5 silenced cell lines.
4.2.3 CypA interacts with NS5A DI WT but not partially defective mutants

Since the partially defective mutants of NS5A DI in JFH1 were more sensitive to CsA
than WT (Fig 3.5), | hypothesised that NS5A domain | of JFH1 can interact with CypA
to enhance the replication of HCV. To test this, GST-CypA and His-tagged NS5A DI
were constructed and expressed in E.coli. The purified proteins were used in a GST-
pulldown assay and the presence of NS5A DI was detected by western blotting. The

GST protein and GST-CypA-H126Q protein (PPlase negative mutant of CypA) were
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used as negative controls. As shown in Fig 4.4A, the expressions of purified NS5A
domain | (35-215aa, 35-249aa) can be detected by SDS-PAGE and Western blot
using NS5A antibody. As expected, CypA was indeed able to interact with NS5A DI
and the interaction was not detected in negative controls (Fig 4.4B). To further confirm
the interaction, we also constructed the His-tagged NS5A DI+LCSI domain (35-249aa),
which was reported to enhance the binding between NS5A DI with host factors (Chong
et al.,, 2016). Following assessing to the GST-pulldown experiment, the same

interaction was observed in CypA and NS5A DI (Fig 4.4C).

A His-SUMO-NS5A DI
35-215aa 35-249aa 35-215aa 35-249aa

30kDa

SDS-PAGE Western blot
B
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H N
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Fig 4.4 The interaction between CypA and JFH1 NS5A DI.

(A) The expressions of purified His tagged JFH1 NS5A DI (35-215aa) and NS5A DI + LCS |
domain (35-249aa) were detected by SDS-PAGE and Western blot using sheep anti-NS5A.
GST protein, GST tagged CypA and CypA-H126Q were purified and bound to GST resin as a
bait to precipitate (B) purified His tagged JFH1 NS5A DI (35-215aa) and (C) purified His
tagged JFH1 NS5A DI + LCS | domain (35-249aa) which were expressed in E. coli. Pulldowns
were analysed by western blotting for His (top), and inputs verified by western blotting for the

GST (bottom).

To further confirm whether the interaction between NS5A DI and CypA was associated
with its PPlase activity, 5 uM, 2uM, 1uM and 0 uM of CsA were used to inhibit the
CypA activity during the binding process. GST-CypA alone (mock) was used as a
positive control. As shown in Fig 4.5A, only 0 uM CsA (DMSO alone) treated CypA
and GST-CypA (mock) were able to precipitate NS5A DI, while 5,2 and 1 uM CsA
completely disrupted this interaction. The same results were observed in NS5A+LCSI
domain (35-249aa) proteins (Fig 4.5 B), indicating that the interaction between CypA

and JFH1 NS5A DI was dependent on PPlase activity of CypA.
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Fig 4.5 The JFH1 NS5A DI-CypA interaction was dependent on PPlase activity of

CypA.

Different concentration of CsA (5, 2, 1 and 0 uM) was added into GST resin for 10min before

binding (A) purified JFH1 NS5A DI (35-215aa) or (B) purified JFH1 NS5A DI+LCSI domain

(35-245aa). GST-CypA (Mock-no DMSO treatment) was used to be a positive control. The

resin was treated with SDS buffer and then were analysed by western blot using anti-His (top)

and anti-GST antibody (bottom).

To shed light on whether partially defective mutants in JFH1 NS5A DI also interacted

with CypA, I52A was cloned into PET-28a-His sumo vector as a representative of

these mutants to be expressed and purified as described. The expression of purified

His-SUMO-NS5A DI 152A (35-215aa) can be detected by SDS-PAGE and Western

blot using NS5A antibody. His-SUMO-NS5A DI WT (35-215aa) was used as positive
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control (Fig 4.6A). 1 uM CsA treatment was used as a negative control to inhibit the
PPlase activity of CypA. Following assessing to the GST-pulldown experiment, the
precipitation was detected using western blotting. As shown in Fig 4.6B, 152A was
incapable of interacting with CypA, suggesting that the loss of replication capacity of

I52A due to the deficiency of interaction with CypA.

A His-SUMO-NS5A DI 35-215aa
WT I52A WT [52A
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CGGA(pM) 0 0 o0 0 1 1 0 O
WT I52A WT 152A WT I52A  WT I52A

c
3 5
©
S | Anti-His P 4 His-NS5A domain 1 (35-215)
Qo

S S S—— s s | GST-CypA/GST-CypA-H126Q
5
2 | Anti-GST

[(S—— p— GST

Fig 4.6 CypA interact with JFH1 NS5A DI but not partially defective mutants.

(A) the expressions of purified His-SUMO-NS5A DI WT and I52A (35-215aa) were detected
by SDS-PAGE and Western bolt using sheep anti-NS5A. (B) Purified GST, GST tagged CypA
and CypA-H126Q were bound to GST resin as a bait to precipitate purified His tagged JFH1
NS5A DI (35-215aa) and 152A. 1 uM CsA treatment as a negative control. The resin was
treated with SDS buffer and then were analysed by western blot using anti-His (top) and anti-

GST antibody (bottom).
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These results concluded that NS5A DI indeed interacted with CypA and the interaction
was associated with PPlase activity of CypA. Furthermore, the interaction can be
disrupted by partially defective mutants in NS5A DI, resulting in the completely

reduction of replication in the loss of CypA.

4.2.4 PKR and RIG-I have no effect on the modulation of I52A replication

through CypA.

PKR expression shown to be reduced in Huh7.5 cells compared with Huh7 cells
(Colpitts et al., 2020), so western blotting analysis of different cell lines was performed.
As shown in Fig 4.7A, although the CypA and CypB silenced cell lines did not affect
the expression of PKR, Huh7 silenced cell lines exhibited higher PKR expression
compared to Huh7.5 silenced cell lines. These results suggested that PKR is likely to
be involved in HCV replication. PKR inhibits RNA translation during viral infection and
enhances antiviral activity induced by IFN (Pham et al., 2016). Different from other
viruses, the replication of HCV decreased when PKR was blocked, and the PKR
inhibitor C16 increased IFN-B promoter induction (Arnaud et al., 2010). In addition,
NS5A interacts with the protein kinase catalytic domain of PKR, which promotes HCV
to evade IFN (Gale Jr et al., 1997). To evaluate the essential factors which affected
the HCV replication through NS5A domain |, following the electroporation of WT, 152A
and GND into Huh7 and Huh7.5 cells, 1 yM CsA and C16 was treated at 4hpe. The
luciferase values were measured at 48hpe. As expected, the replication of WT
exhibited a slight decrease at 1 yM C16 treatment in both cell lines, this result was
consistent with the previous finding (Arnaud et al., 2010). However, C16 rescued the
failure of WT replication with CsA treatment in both cell lines, more significantly in
Huh7.5 cells. In contrast to WT, the replication of I52A increased in both cells with C16
treatment. Crucially, silencing CypA and PKR resulted in the more significant recovery
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of 152A replication in Huh7.5 cells than in Huh7 cells (Fig 4.7B and 4.7C). Thus, these
results confirmed that once the structure of NS5A domain | was disturbed by mutants
or HCV replication was disrupted by CsA, PKR was released to activate and induce

IFN to inhibit HCV replication.
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Fig 4.7 PKR inhibitor rescued the attenuated replication ability of WT and 152A

resulted from CsA treatment.

(A) Cell lysates were harvested and analysed by western blotting with PKR and phospho-PKR
antibodies. mSGR-Luc-JFH1 WT and 152A were electroporated into (B) Huh7 and (C) Huh7.5
cells, and cells were treated with 1 uM CsA or C16 at 4hpe. Luciferase activity was measured

at 48 hpe and the data were normalised with respect to 4 hpe.

123



Next, | sought to evaluate the role of PKR in HCV replication through interacting with
CypA or CypB. We electroporated WT and I52A into Huh7 and Huh7.5 CypA or CypB
silenced cell lines. C16 was added after 4hpe. The luciferase data displayed that C16
failed to increase the replication of WT either in Huh7 or Huh7.5 CypA silenced cell
lines (Fig 4.8A and 4.8B). However, the replication of I52A in Huh7.5 CypA silenced
cell lines showed a slight recovery in the inhibition of PKR (Fig 4.8B). Moreover, C16

had a more significant effect on 152A replication in CypB silenced cell lines (Fig 4.8C

and 4.8D).
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Fig 4.8 PKR modulated JFH1 replication via CypB but not CypA.

mSGR-Luc-JFH1 WT and I52A were electroporated into (A) Huh7 CypA silenced cell line, (B)
Huh7.5 CypA silenced cell line, (C) Huh7 CypB silenced cell line and (D) Huh7.5 CypB
silenced cell line. 1uM C16 was treated with cells at 4hpe. Luciferase activity was measured

at 48 hpe and the data were normalised with respect to 4 hpe.
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In addition, PKR silenced cell lines were also constructed in Huh7 and Huh7.5 cells
(Fig 4.9A), and then treated with CsA or C16 at 4hpe. The loss of PKR in both cells
did not affect the phenotype of WT and 152A at the treatment of CsA (Fig 4.9B and
4.9C). To avoid the re-expression of remained PKR during the HCV genome
replication, C16 was also added to the cells to inhibit the PKR production. C16
treatment did not had much effect to rescue the replication of WT and I52A with CsA
treatment in Huh7 PKR silenced cell lines (Fig 4.9B), whereas, C16 was able to
significant restore the replication of WT and 152A with CsA treatment in Huh7.5 PKR
silenced cell lines (Fig 4.9C). The reduction of WT replication and recovery of I52A
replication with C16 treatment was consistent with the data showed in Fig 4.7. This
might indicate a potential HCV evasion mechanism for the PKR-induced antiviral
pathway. | hypothesised that HCV can bind and exploit PKR as a proviral factor to
enhance viral replication, therefore the loss of PKR would result in the decrease of
HCV replication (Fig 4.9C). However, mutations (such as mutants in NS5A DI) which
disrupts the interaction between HCV and PKR might restore PKR as an antiviral factor
to inhibit HCV replication. Therefore, the absence of PKR induced the increase of

replication in I52A.
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Fig. 4.9 PKR had no effect on replication phenotype of JFH1 inhibited by CsA.

(A) PKR expression was detected in silenced Huh7 and Huh7.5 cells by western blot. In vitro
transcribed mSGR-Luc-JFH1 WT and I152A RNAs were electroporated into (B) Huh7 PKR
silenced and (C) Huh7.5 PKR silenced cell lines. Cells were treated with 1 uyM CsA or C16 at
4 hpe. Luciferase activity was measured at 48 hpe and the data were normalised with respect

to 4 hpe.

Collectively, C16 treatment did not recover 152A replication in the absence of CypA,
indicating that CypA was absolutely essential for HCV replication through NS5A
domain |. However, C16 treatment efficiently enhanced 152A replication in the absence
of CypB, confirming that CypB but not CypA inhibited the activity of PKR to promote

I52A replication.

Since JFH1 showed different replication ability in the absence of CypA in Huh7 and
Huh7.5 cells (RIG-I deficient cells), | considered that RIG-I was also involved in the

replication modulation. To further understand whether RIG-I participated into CypA-
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modulated HCV replication in Huh7 cells, RIG-I silenced cell line was generated in
Huh7 cells using CRISPR/Cas9 (Fig 4.10A). WT, 152A and GND were electroporated
into this cell line and CsA or C16 treatment was introduced to cells at 4hpe, the
luciferase values were measured at 48hpe. Surprisingly, the absence of RIG-I did not
affect the replication of WT and 152A (Fig 4.10B), which showed the same phenotypes
as the Huh7 cells (Fig 3.2). Furthermore, WT and 152A showed lethal phenotypes to
CsA treatment in the Huh7 RIG-I silenced cell line (Fig 4.10B). Additionally, EGFP-
RIG-I was also transfected into Huh7.5 cells to overexpress RIG-I (Fig 4.10C).
Similarly, the transfection of RIG-I had no effect on phenotypes and CsA potency (Fig
4.10D). These results indicated that RIG-I was not involved in modulating HCV
replication inhibited by CsA, which were consistent with the previous report (Binder et
al., 2007). Notably, the C16 treatment also can rescue the failure of I52A replication in
Huh7.5 RIG-I silenced cell line, which is consistent with the data in Fig 4.7C. The same
pattern of C16 treatment results of WT or I52A in 4.7, 4.9 and 4.10 further
demonstrated the proviral role of PKR in HCV replication. When HCV replication was

affected by NS5A DI mutants, the antiviral role of PKR can be restored.
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Fig 4.10 RIG-I did not affect the replication of JFH1 WT and I52A in the treatment of

CsA.

(A) RIG-I expression was detected in silenced Huh7 cells by western blot. (B) In vitro
transcribed mSGR-Luc-JFH1 WT and 152A RNAs were electroporated into Huh7 RIG-I
silenced cell line. Cells were treated with 1 yM CsA or C16 at 4hpe. Luciferase activity was
measured at 48 hpe. (C) RIG-I was overexpressed through transfecting EGFP-RIG-I plasmid
into Huh7.5 cells. (D) In vitro transcribed mSGR-Luc-JFH1 WT and 152A RNAs were
electroporated into Huh7.5 cells which overexpressed with RIG-I. Cells were treated with 1uM
CsA or C16 at 4hpe. Luciferase activity was measured at 48 hpe and the data were normalised

with respect to 4 hpe.

4.2.5 The binding of CypA and NS5A DI inhibits activation of NF-kB to promote

HCV replication

It has been reported that the nuclear accumulation and activation of NF-kB is tightly

associated with intracellular CypA (Sun et al., 2014). Translocation of the p65 subunit
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from the cytoplasm to the nucleus indicates the activation of NF-kB. To understand
whether NF-kB modulated HCV genome replication through the interaction between
CypA and JFH1 NS5A DI, we analysed electroporated cells with WT and 152A in
Huh7.5 and Huh7.5 CypA silenced cell lines by immunofluorescence with an antibody
specific to p65 (Fig4.11 A-D). As expected, treatment with the NF-kB activator TNFa
resulted in efficient nuclear translocation of p65, whereas no such translocation was
observed in mock-infected cells in both cell lines (Fig 4.11B and 4.11D). GND was also
considered to be a negative control and showed no translocations as mock. Notably,
in Huh7.5 shCTRL cell line, HCV did not induce the P65 translation, while 152A
completely activate NF-kB which comparable to TNF-a treated cells (Fig 4.11A).
However, both WT and 152A induced NF-kB activation in Huh7.5 CypA silenced cell
line (Fig 4.11C). In addition, the quantification results for mean fluorescence intensity
of P65 in nucleus showed that the high percentage of fluorescence intensity were
detected for I52A in both cell lines, while the WT only showed high fluorescence
intensity in Huh7.5 CypA silenced cell line (Fig 4.11E). Although NS5A cannot be
detected due to the disruption of replication in I52A under CypA downregulation (Fig
11C), all cells in 152A can be detected with the same P65 translocation as TNF- a
treated cells (Fig 11D). The percentage of nuclear fluorescence that co-localised with

P65 also displayed the same trend (Fig 4.11F).
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Fig 4.11 The interaction between CypA and NS5A DI modulated NF-kB pathway in HCV

genome replication.

(A) Huh7.5 control cell line and (C) Huh7.5 CypA silenced cell line were electroporated with
MSGR-luc-JFH1 WT and I52A RNAs. At 72 hpe, cells were fixed and stained with mouse anti-
P65 (green), sheep anti-NS5A (red) and DAPI. (B and D) As a positive control to activate the
NF-kB pathway uninfected Huh7.5 cells were treated with TNF-a for 24h. Mock: uninfected
Huh7.5 cells. (E) The quantification of P65 mean fluorescence intensity (MFI) proportion in
nucleus to MFI of whole Huh7.5 control cell line (green) and whole Huh7.5 CypA silenced cell
line (grey) were calculated using Fiji. (F) Quantification of the percentage of DAPI colocalised
with P65 in Huh7.5 control cell line (blue) and Huh7.5 CypA silenced cell line (black). Co-

localisation was analysed in 5 cells using Fiji.

Together, the inhibition of NF-kB activation can only be detected in Huh7.5 shCTRL
cells, indicating that the interaction between CypA and NS5A DI was able to inhibit NF-
KB activation. In contrast, the loss of the interaction completely induced NF-kB
activation, which resulted in the defective phenotype of replication in the absence of

CypA.

4.2.6 HCV assembly is absolutely dependent on CypA but not CypB

We next evaluated the role of CypA in HCV assembly and production. WT and I52A in
mJFH1 infectious virus were electroporated in Huh7.5 cells, and the extracellular virus
as applied to Huh7.5 shCTRL, CypA and CypB silenced cell lines. Both WT and I52A
were able to produce virus in Huh7.5 shCTRL cell lines, while neither WT nor I52A
produced virus in the absence of CypA (Fig 4.12A). Interestingly, although virus
production of WT and I52A were reduced in the absence of CypB, the virus titre were
significantly higher than GND. This suggest that CypA, but not CypB affected the HCV

assembly and production. We also evaluated the virus titre in Huh7.5 cells which was

131



infected with the extracellular virus harvested from electroporated Huh7.5 CypA and
CypB silenced cell lines. As shown in Fig 4.12B and 4.12C, CypA absolutely disrupt
the virus production, however, the productions of WT and I52A were not affected in

the absence of CypB. These results were consistent with the virus production in Fig

4.12A.
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Fig 4.12 JFH1 virus assembly phenotype in different Huh7.5 silenced cell lines.

(A) Huh7.5 cells were electroporated with mJFH1 WT and I52A RNAs as described, together
with an NS5B GND mutant as negative control. Extracellular virus harvested at 72 hpe was
titrated in Huh7.5 control, Huh7.5 CypA silenced and CypB silenced cell lines and quantified
using the IncuCyte S3. (B) Huh7.5 CypA silenced and (C) CypB silenced cell line were
electroporated with mJFH1 WT and 152A RNAs as described. Extracellular virus were
harvested at 72 hpe and was titrated in Huh7.5 control cell line and quantified using the

IncuCyte S3.
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To further understand the effect of the interaction between NS5A DI and CypA in HCV
assembly, we also evaluated the NF-kB activation in mJFH1 WT and I52A
electroporated Huh7.5 shCTRL and CypA silenced cell lines. Surprisingly, the P65
translocation was not detected in both WT and 152A in Huh7.5 shCTRL cell line (Fig
4.13A). However, in Huh7.5 CypA silenced cell line, only 152A can activate NF-kB. WT
was unable to induce P65 translocation to nucleus even though WT cannot produce
virus in the lack of CypA (Fig 4.13B). The quantification of the mean fluorescence
intensity in nucleus of P65 and the percentage of nucleus fluorescence that co-

localised with P65 also observed the same results (Fig 4.13C and 4.13D).

These analysis revealed that CypA but not CypB was absolutely required in the HCV
assembly. Additionally, the interaction between CypA and NS5A DI did not involve in

the HCV production. However, the loss of both CypA and NS5A DI completely

activated NF-kB pathway.
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Fig 4.13 NF-kB activation was not affected by the interaction of CypA and NS5A DI

during HCV assembly.

(A) Huh7.5 control cell line and (B) Huh7.5 CypA silenced cell line were electroporated with
mJFH1 WT and I52A RNAs. At 72 hpe, cells were fixed and stained with mouse anti-P65
(green), sheep anti-NS5A (red) and DAPI. As a positive control to activate the NF-kB pathway
uninfected Huh7.5 cells were treated with TNF-a for 24h. Mock: uninfected Huh7.5 cells (Fig
4.12 B and D). (C) The quantification of P65 mean fluorescence intensity (MFI) proportion in
nucleus to MFI of whole Huh7.5 control cell line (green) and whole Huh7.5 CypA silenced cell
line (grey) were calculated using Fiji. (D) Quantification of the percentage of DAPI colocalized
with P65 in Huh7.5 control cell line (blue) and Huh7.5 CypA silenced cell line (black). Co-

localisation was analyzed in 5 cells using Fiji.

4.2.7 The replication of SGR-Luc-DBN3a is absolutely dependent on CypA.

To further analyse the replication phenotypes in DBN3a replicon, the same
experiments were performed in Huh7 and Huh7.5 CypA silenced cell lines with DBN3a
NSS5A DI mutants. Intriguingly, silencing of CypA absolutely disrupted the replication of
both DBN3a DI WT and mutants, which were indistinguishable with GNN (Fig 4.14A
and 4.14B). This suggested that DBN3a replication was absolutely dependent on
CypA, whereas the requirement of NS5A DI in DBN3a replication cannot be confirmed.

134



Huh7 sheypA Huh7.5 cypA
100 =3 24 hpe 100+ == 24 hpe
= 48 hpe =3 48 hpe
10 = 72 hpe 104 = 72 hpe

Fold increase in luciferase
activity over 4h
-
Fold increase in luciferase
activity over 4h
-
1

\‘\ bqy" 6\?‘ ,\QV‘ l\qy" h\?‘ bg‘._,V“ bg,?‘ \\‘\
Q;{b AT N0 N Y )
)

Fig 4.14 Virus replication phenotypes of DBN3a in the absence of CypA.

In vitro transcribed SGR-Luc-DBN3a RNAs containing the indicated mutations were
electroporated into (A) Huh7 CypA silenced and (B) Huh7.5 CypA silenced cell lines.
Luciferase activity was measured at 4, 24, 48 and 72 hpe and the data were normalised with

respect to 4 hpe.

These mutants in DBN3a NS5A DI were also electroporated into CypB silenced cell
lines. As shown in Fig 4.15A and 4.15B, WT and mutants can replicate at WT level in
the absence of CypB in both cell lines, which is comparable to the replication in normal
Huh7 and Huh7.5 cell lines (Fig 3.7 and Fig 3.8). This suggested that DBN3a

replication was independent on CypB and was not associated with NS5A DI.
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Fig 4.15 Virus replication phenotypes of DBN3 in the loss of CypB.

In vitro transcribed SGR-Luc-DBN3a RNAs containing the indicated mutations were
electroporated into (A) Huh7 CypB silenced and (B) Huh7.5 CypB silenced cell lines.
Luciferase activity was measured at 4, 24, 48 and 72 hpe and the data were normalised with

respect to 4 hpe.

To assessed whether the new phenotypes in these cell lines could be due to the
puromycin treatment rather than a lack of replicative ability, we electroporated these
observed mutants of DBN3a into Huh7 and Huh7.5 shCTRL cell lines (Fig 4.16A and
4.16B), which is a non-targeting guide RNA silenced cell lines constructed in the same
manner as those silencing CypA. As expected, the phenotype was consistent with the

results in Huh7 and Huh7.5 cells (Fig 3.7 and 3.8).
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Fig 4.16 DBN3 genome replication in Huh7 and Huh7.5 control cell lines.

In vitro transcribed SGR-Luc-DBN3a RNAs containing the indicated mutations were
electroporated into (A) Huh7 control cell line and (B) Huh7.5 control cell line. Luciferase
activity was measured at 4, 24, 48 and 72 hpe and the data were normalised with respect to

4 hpe.

4.3 Discussion

This study further demonstrated the replication mechanism for partially defective
mutants in JFH1 NS5A DI (I52A, G70A, M72A, P141A and E148A), and identified the
novel interaction between JFH1 NS5A DI and CypA. Furthermore, the interaction
tightly regulated the translocation of NF-kB subunit P65 in the nucleus, indicating that
the activation of NF-kB was also involved in modulating JFH1 replication through

NS5A DI and CypA (Fig 4.17).

CypA has been demonstrated to interact with NS5A to enhance HCV replication
(Watashi et al., 2003). However, previous research only focused on this interaction in
NS5A DIl (Foster et al., 2011, Ross-Thriepland et al., 2013). As an important part of
NS5A, NS5A DI was also considered to participate in HCV replication. Therefore, |
hypothesised that NS5A DI may also be associated with CypA. The partially defective

mutants were more sensitive with the treatment of CsA compared to WT, which further
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supported the hypothesis (Fig 3.5). The replication results of JFH1 WT and patrtially
defective mutants in Huh7 and Huh7.5 CypA silenced cell lines were intriguing:
attenuated replication ability of JFH1 WT caused by the loss of CypA was recovered
in Huh7.5 (RIG-I deficient cells), while the partially defective mutants showed
consistent disruption of replication (Fig 4.1). This suggested that the deficiency of
some IFN pathways induced by RIG-I might completely allow JFH1 replication without
CypA preservation. However, the replication of partially defective mutants was
absolutely dependent on CypA, even in Huh7.5 cells. Moreover, the interaction
between NS5A DI and CypA was validated using pulldown assay (Fig 4.4). Combining
all results, CypA was hypothesised to interact with NS5A DI to facilitate the HCV

evasion of antiviral pathway.

We also found out the PKR was not the target of CypA through binding to NS5A DI.
This conclusion is contradictory to the previous studies which indicated that CypA
modulated the PKR pathway (Colpitts et al., 2020, Daito et al., 2014). Despite the fact
that many evidence of Cyp inhibitor they used showed that CypA modulated the PKR-
mediated antiviral pathway, CypB should not be ignored as it also contains PPlase
activity which can be inhibited by Cyp inhibitors. Although the effect of the loss of CypB
on HCV genome replication was less potent, it was shown to play a role in inhibiting
PKR (Fig 4.8). The mechanism of the Cyp family antagonising the antiviral pathway to
enhance JFHL1 replication through NS5A DI is complicated, may be associated with

the interaction between CypA and CypB (Fig 4.17).
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Fig 4.17 The mechanism for the regulation of CypA in HCV genome replication

through NS5A DI.

Five mutants (I52A, G70A, M72A, P141A and E148A) in JFH1 NS5A DI showed partially
reduced replication due to the loss of interaction with CypA. The interaction between CypA
and NS5A DI inhibited NF-kB pathway to further promote HCV replication. PKR and RIG-I did
not affect the CypA-modulated HCV genome replication. CypB might be involved in the

inhibition of PKR activation.

The interaction between CypA and JFH1 NS5A DI was critical for inhibiting the NF-kB
pathway, the prevention cannot be maintained once the interaction was disrupted (Fig
4.11). CypA might complete protect NS5A from NF-kB activation through the
interaction with NS5A DI (Fig 4.18A), while the 152A mutant in NS5A DI resulted in the
exposure of NS5A and further activated NF-kB to suppress the HCV genome
replication (Fig 4.18B). Although NF-kB was activated in the absence of CypA (Fig

4.18C and 4.18D), WT and I52A showed completely different phenotypes in HCV
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replication. WT may maintain the replication ability through other intracellular factors
to antagonise the activation of NF-kB pathway (Fig 4.18C). However, the partially
defective replication of I52A was presumably due to the loss of the protection of other
intracellular factors from NF-kB activation (Fig 4.18D). Interestingly, the interaction
between CypA and NS5A DI had no effect on JFH1 viral assembly. The lack of both
CypA and NS5A DI resulted in the NF-kB activation, indicating viral assembly of JFH1
may require the separate mechanism of CypA or NS5A DI. These results suggested
that the interaction between CypA and NS5A DI was only responsible for HCV
replication but not viral assembly. To date, limited reports showed the association
between CypA and NF-kB in the field of HCV. The modulation for CypA to NF-kB
pathway only displayed in cancer (Sun et al., 2014, Sun et al., 2011). This study was
the first to reveal that CypA as a regulator to bind with viral protein of HCV to prevent

NF-kB pathway.
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Fig 4.18 working model for the proposed roles of interaction between CypA and NS5A

to antagonise NF-kB activity.
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The replication of DBN3a showed more dependency on CypA compared to JFH1, and

exhibited the same dependence in the deficiency of antiviral pathway (Table 4.1).

Huh?7 Huh7.5 Huh? Huh7.5
JFH1 SGR Huh7 Huh7.5 shCypA shCypA shCypB shCypB
+ ++ - - - +
++ ++ - ++ + +
Huh?7 Huh7.5 Huh?7 Huh7.5
DBN3 SGR Huh7 Huh?7.5 shCypA shCypA shCypB shCypB
+ ++ - - + ++
++ ++ - - +4 ++

Table 4.1 The summary of the phenotype of JFH1 and DBN3a in different silenced cell

lines.

“ »

absolute disruption of replication .“+”partially defective disruption of replication. “++” WT

level replication.

These results were surprising, as DBN3a was considered less responsive and highly
resistant to some direct-acting antivirals (DAAs) treatments (Andriulli et al., 2008,
Kanwal et al., 2014), whereas the replication showed high sensitivity to CsA treatment
(Fig 3.9) and strong dependency on CypA (Fig 4.14). CsA was added to the standard-
of-care interferon (IFN) treatment regimen due to the effective treatment for HCV
genotype 1lb and 2a. These results might suggest that CsA as a novel DAA to

treatment DBN3a, while the detailed mechanism needs to be further investigated.

In conclusion, this chapter revealed the novel interaction between JFH1 NS5A DI and
CypA. Additionally, this interaction was shown to play an essential role in modulating
the NF-kB pathway during genome replication of JFH1. The mechanism of CypA

enhancing HCV replication was further explored. Moreover, the different effects of
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CypA in DBN3a and JFH1 mutants also showed the diverse functions of NS5A DI in

replication of HCV different genotypes.
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Chapter 5: Mutagenic analysis of the role of

NS5A domain | in HCV assembly
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5.1 Introduction

The process of HCV assembly and release is still not very clear. However, an
increasing number of reports demonstrated that the release process of viral particles
is associated with liver lipid metabolism which are critical for HCV assembly, budding

and secretion (Denolly et al., 2019, Targett-Adams et al., 2010).

The current studies of HCV particle production suggested that assembly occurs on the
surface of LDs, and was then produced via the secretory pathway associated with the
very low density lipoprotein (VLDL) following the envelopment at the ER (Counihan et
al., 2011, Herker and Ott, 2011, Popescu and Dubuisson, 2010). The infectious virion
is a lipoviroparticle with a lipid composition which always exhibited lower buoyant
densities with the higher infectious rate (Bartenschlager et al., 2011). Furthermore,
viral structural and nonstructural proteins, as well as several host factors participate in
the assembly of infectious HCV particles. Additionally, the assembly of virions occurs
at assembly sites proximal to lipid droplets (LDs), which are the storage sites for
neutral lipids in cells where core proteins can be accumulated (Miyanari et al., 2007).
The accumulation and association between core protein and LDs are required for the
formation of infectious virus particles, as the inhibition of their interaction results in

assembly disruption (Boulant et al., 2008, Targett-Adams et al., 2008b).

It has been also demonstrated that HCV RNA and replication complex (including NS
proteins) are recruited by the core protein to LD-associated membranes, further
suggesting that LDs provides a platform to permit the virion formation (Miyanari et al.,
2007). Moreover, Core and NS5A protein have been demonstrated to play a critical
role in the assembly process. The interaction between the serine residues of NS5A

and the core protein prompted their recruitment to LDs (Masaki et al., 2008). Therefore,
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based on the results above and the role of NS5A in HCV replication, NS5A has been
identified as an essential protein which plays a role in the transition between viral

replication and assembly.

Of the three domains of NS5A in HCV life cycle, the effect of NS5A on HCV assembly
comes largely from the determinants of domain Ill. Firstly, the phosphorylation of a C-
terminal serine residue in domain Il by casein kinase lla is vital for virion formation,
because this modification is more likely to regulate the interaction between Core and
NS5A protein (Tellinghuisen et al., 2008a). Additionally, the interaction between NS5A
and Core was disrupted when the residues close to the C-terminus were mutated
(Appel et al., 2008). Also, it has been reported that domain Il encodes determinants
which appear to interact with the p7-NS2 complex to regulate the early stage of
assembly through protein-protein interaction (Jirasko et al., 2010, Ma et al., 2011,
Popescu et al., 2011). It is noteworthy that, the inherent theory that domain | was only
essential for RNA replication was challenged in 2018, suggesting NS5A domain | also
has a critical role in HCV assembly and release (Yin et al., 2018). Two mutations V67A
and P145A in NS5A DI showed partial defect in replication and absolute abrogation of

assembly.

As mentioned in chapter 1, the highly conserved NS5A domain | is preceded by a
membrane-anchoring amphipathic a-helix and is divided into an N-terminal subdomain
IA and a C-terminal subdomain IB due to its specific 3-dimensional structure. The
characteristic structures of subdomain IA is a 3-stranded anti-parallel -sheet (B1-B3)
which is proximal to an a-helix. To distinguish this a-helix from the N-terminal
membrane-anchoring amphipathic a-helix (H1), it was therefore called H2. These
feature elements create a structural scaffold for the zinc coordination site, including 4

absolutely conserved cysteine residues Cys 39, Cys 57, Cys 59, and Cys 80, which
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were shown to be indispensable for RNA replication (Tellinghuisen et al., 2004).
Subdomain IB is a novel fold that contains 2 anti-parallel B-sheets (B4-B7 and B8-B9)
adjacent to several extensive random coil structures. Interestingly, like core protein,
NS5A domain | also had a disulfide bond located at the C-terminus of subdomain IB,
connecting conserved cysteine residues Cys 142 and Cys 190 (Fig. 4.2). Since the
disulfide bond which is maintained by Cys 142 and Cys 190 has been proved
dispensable for RNA replication, more research would focus on the role of this

structure for viral assembly and release.

During the process of virion production, a number of cellular NS5A-interacting partners
have been revealed to play roles in LD functions and viral assembly. Firstly, the
interaction between NS5A and apolipoprotein E (ApoE) is required for viral assembly,
which can be disrupted by mutating two residues in NS5A domain |, resulting in the
attenuated recruitment of other NS proteins to surface of LDs (Benga et al., 2010,
Evans et al., 2004). In addition, Annexin A2, a cellular membrane sorting protein,
interacts with NS5A domain Il to facilitate viral assembly (Backes et al., 2010). Another
host factor implicated in HCV assembly is diacylglycerol acyltransferase-1 (DGAT1),
an enzyme essential for LD biogenesis. It guides the Core and NS5A proteins
trafficking from ER membrane to LDs by enhancing the interaction between core and
NS5A. Meanwhile, DGAT1 has also been shown to enhance the recruitment of NS5A
to LDs and transport of NS5A and genome RNA to the assembly sites (Camus et al.,
2013, Herker et al., 2010). Also, tail interacting protein of 47 kDa (TIP47) has been
reported to have the same role as DGAT1 in the assembly sites. A new role of TIP47
revealed that combining LD membranes into the membranous web via interacting with

NS5A (Ploen et al., 2013, Vogt et al., 2013).
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As described above, HCV particles assemble by budding into the ER. At the early
stage, the interaction between Core and NS5A protein is critical for the association
with LDs, which transports the genome RNA form the replication sites to assembly
sites (Appel et al., 2008, Masaki et al., 2008, Miyanari et al., 2007). Virus particles
presumably complete the budding process dependent on the ESCRT pathway and are

released from cells by secretory pathway.

In this study, | aim to find out more residues proximal to V67 and P145 of NS5A DI to
validate the assembly phenotype. Additionally, alterations in the morphology and
distribution of lipid droplets in these phenotype mutants were also detected, revealing
the role of NS5A DI mutants in modulating the morphology of LDs. Furthermore, more
residues in JFH1 NS5A DI were observed to further demonstrate the mechanism of

NS5A Dl in virus assembly.

5.2 Results

5.2.1 The role of domain | in virus production

To further demonstrate whether the eleven residues that were dispensable for genome
replication played a role in virus assembly and release, alanine substitution of all of
these residues were generated in the full-length mJFH-1 infectious clone (Hughes et
al., 2009). The assembly phenotype of these mutants was evaluated in Huh7.5 cells
as in our hands they more efficiently supported virus genome replication (Fig 3.3). To
this end, Huh7.5 cells were electroporated as described previously. The mutant virus
titres were analyzed using supernatants harvested from electroporated cells at 72h by
immunofluorescence assay. As a positive and negative control, WT and the NS5B

GND mutant were analysed using the same methods. As shown in Fig 5.1, nine of
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these mutants produced similar levels of released infectious virus to WT, however two

of the mutants (C142A and E191A) exhibited a significant defect in virus production.
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Fig5.1 Virus assembly phenotypes in Huh7.5 cells.

Huh7.5 cells were electroporated with mJFH-1 WT and the DI mutant RNAs as indicated,
together with an NS5B GND mutant as negative control. Extracellular virus harvested at 72

hpe was titrated in Huh7.5 cells and quantified using the IncuCyte S3.

These results were surprising, all mutants which showed partially defective phenotype
in SGR turned out to show different results in full virus, exhibiting high titre comparable
to WT (Fig 5.1). However, C142A and E191A which exhibited high levels of replication
in SGR were shown to disrupt the capacity of JFH1 full virus production (Fig 3.3),

suggesting they were required for assembly of infectious HCV particles (Fig 5.1).

Therefore, the further investigations were focused on these two mutants. Interestingly,
C142 was shown to be connected to C190 by a disulphide bond in the ‘open’ dimer
conformation (1ZH1), but not the ‘closed’ dimer (3FQM) of NS5A DI (Fig 5.2). Previous
mutagenesis had shown that this disulphide bond is not required for genome
replication (Tellinghuisen et al., 2004), consistent with our replication data (Fig 3.2 and

3.3). As C190 is positioned between C142 and E191 on the NS5A DI surface (Fig 5.2),
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| included C190A as a control in the detailed analysis of the C142A and E191A

phenotypes, as described henceforth.

Fig 5.2 Location of mutated residues in DI.

The three surface exposed residues C142A, C190A and E191A proximal to P145 are
displayed in two NS5A DI (genotype 1b) structures 1ZH1 (A) and 3FQM (B). Images on the
right are zoomed into the boxed region shown in both space fill and ribbon format. Note that

the disulphide bond formed by C142A and C190A was only observed in 1ZH1.

Virus genome replication was first confirmed for the mutant infectious clones C142A,
C190A and E191A both directly by qPT-PCR (Fig 5.3 A), and indirectly by quantifying
NS5A positive cells using an IncuCyte S3 cell imager (Stewart et al., 2015) (Fig 5.3
B). Reassuringly, replication of all three mutants was indistinguishable from WT,
mirroring the SGR data. Western blot analysis confirmed that NS5A and the structural

proteins Core and E2 were expressed at equivalent levels to WT (Fig 5.3 C).
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To assess both virus assembly and release | proceeded to determine intracellular and
extracellular virus titres (Fig 5.3 D). This analysis revealed that C142 was absolutely
required for virus assembly with levels of both intracellular and extracellular virus
indistinguishable from the negative control (NS5B GND). In contrast C190A had no
effect on WT levels of infectivity, and E191A exhibited an intermediate phenotype with

an approximately 2-log reduction compared to WT.

A B
g 10%+ i 107 =
2 1074 E
o 10+ 2 104
L&)
2 10%9 § 105+
10+ 2
c% 10° T 1044
~ 109 2 10°
10°- Z 10%-
WT C142A C190A E191A WT C142A C190A E191A GND
Cc
W Extracellular virus
=3 Intracellular virus
I
106-
u H
103-
E
§ 104+ k%
%% LU
102+ 2
102-

T T :
WT C142A C190A E191A GND

Fig 5.3 Virus assembly phenotypes in Huh7.5 cells.

Huh7.5 cells were electroporated with mJFH-1 WT and DI mutant C142A, C190A and E191A
RNAs, together with an NS5B GND mutant as negative control. Virus genome replication was
analysed directly by quantification of genome copies in cell lysates using gRT-PCR (A), and
indirectly by enumerating NS5A positive cells at 72 hpe using the IncuCyte S3 (B). (C) Cell
lysates were collected at 72 hpe and analysed by western blotting with the indicated antibodies.
(D) Extra- and intracellular virus harvested at 830 72 hpe were titrated in Huh7.5 cells and

guantified using the IncuCyte S3.
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| conclude that C142 and E191 play a role in virus assembly, and the fact that C190 is
dispensable further suggests that the disulphide bond observed in the ‘open’ structure
of DI is not required for the function of NS5A during genome replication or assembly.
As mutants that disrupted virus particle assembly, E191A was different from C142A,
exhibiting a partial defect in HCV assembly (Fig 5.3 D). Our previous western blot
results suggested that E191A disrupted the structure of NS5A (Fig 3.3). Therefore, |
considered that the partial defect in HCV viral titre of the E191A mutant was in part

due to the rapid turnover of NS5A.

5.2.2 NS5A DI mutants alter the morphology and distribution of lipid droplets.

To better characterise the role of C142 and E191 on infectious virus production, | used
high resolution confocal microscopy (Airyscan) to observe the co-localisation between
viral proteins and cellular factors. Key organelles during virus assembly are lipid
droplets (LDs), to which both Core (Barba et al., 1997) and NS5A (Shi et al., 2002) are
recruited. Since the phenotype of disulphide bond mutants in NS5A were consistent
with Core protein (Kushima et al., 2010), | sought to determine the alternation of LD in
different phenotype. The disruption of LDs either pharmacologically or genetically
(Peyrou et al., 2013) inhibits virus assembly. Previously research in our group showed
that in cells infected with the P145A mutant virus, LDs were more abundant and
smaller in size compared to WT infected cells (Yin et al., 2018). Following
electroporation of three mutants RNA into Huh7.5 cells, the co-localisation between
NS5A, Core proteins and LD were demonstrated at 72 hpe using immuno-
fluorescence assay. As shown in Fig 5.4, this phenotype was recapitulated for both
C142A and E191A: | first observed the most obvious difference was that the size of

LDs of C142A and E191A, which were sharply reduced compared to WT and C190A.
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WT Cl42A C190A E191A

Fig 5.4. Co-localisation between NS5A, Core and LD.

Huh7.5 cells were electroporated with mJFH-1 WT and DI mutant C142A, C190A and E191A
RNAs and seeded on to coverslips. At 72 hpe cells were stained with sheep anti-NS5A (white),
rabbit anti-Core (green), BODIPY 558/568-C12 (red) and DAPI. Co-localisation was observed
using Airyscan microscopy. Representative images are presented. Scale bars are 5 um and
1 ym (insets).

Moreover, the quantification of LD sizes of different mutants further verified this

conclusion: cells infected with WT and C190A exhibited an average of 100 LD with a

cross-sectional area of approximately 1.0 um?, whereas C142A and E191A
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displayed >200 LD with a significantly smaller area (0.2 ym?), similar to mock-infected

cells (Fig 5.5 A).

The differences in both LD size and quantity were consistent with the assembly
defective phenotypes of C142A and E191A. | then hypothesized that the difference of
productivity between C142A and E191A due to the correlation between viral proteins
and LD. To extend this analysis the quantification of the colocalisation of Core and
NS5A with LDs were performed. As shown in Fig 5.5 B, the percentage of NS5A co-
localising with LDs was significantly decreased for C142A and E191A compared to WT.
However, the inverse value (percentage of LD colocalised with NS5A was comparable
for all mutants and WT, consistent with the suggestion that the interaction of NS5A
with LD was disrupted by C142A and E191A mutations. Similar results were observed
for the interaction of LD with Core (Fig 5.5C). Finally, | quantified the colocalisation of
Core and NS5A and observed a reduction for C142A and E191A (Fig 5.5D). This
reduction was less pronounced for E191A, consistent with the less marked phenotype

of this mutant.
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Fig 5.5 Quantification of LD size and co-localisation with NS5A and Core.

(A) LD numbers and size in cells from Fig 5.4 were calculated using Analyze Particles module
of Fiji. Mock: uninfected Huh7.5 cells. (B) Quantification of the percentage of LD colocalized
with NS5A (red), and NS5A colocalized with LD (grey). (C) Quantification of the percentage of
LDs colocalized with Core (red), and Core colocalized with LD (green). (D) Quantification of
the percentage of Core colocalized with NS5A (green), and NS5A colocalized with Core (grey).
Co-localisation was analyzed in 10 cells for each construct using Fiji. Significant differences

from WT denoted by ** (P<0.01) and**** (P<0.0001).

To also assess the distribution of LDs, | quantified their distance from the nucleus. As
shown in the representative images in Fig. 5.6A, and quantified in Fig 5.6B, LDs in
C142A and E191A infected cells were significantly closer to the nucleus than WT or

C190A, although still more dispersed than mock infected cells.
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Fig 5.6. Analysis of LD distribution.

(A) Cells were stained at 72 hpe with sheep anti NS5A (white), BODIPY 558/568-C12 (red)
and DAPI. (B) Distances of LDs from the nuclear membrane were evaluated using the Analyze

Particles module of Fiji. Significant differences from WT denoted by **** (P<0.0001).

Together, these data are consistent with the proposition that NS5A DI is involved in
the targeting of NS5A to LDs and functions to perturb LD morphology and distribution

to promote virus assembly.
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5.3 Discussion

This study builds on our group previously published work (Yin et al., 2018) and
provides further evidence that DI of NS5A plays a key role in HCV assembly. However,
the analysis revealed that only a limited number of residues are involved in this role
as only two residues (C142 and E191) share the previously identified function
exhibited by V67 and P145. In particular | observed that although a significant patch
of highly conserved residues is present on the surface of the NS5A DI monomer in
proximity to P145, this is dispensable for virus assembly. This is consistent with NS5A
mediating a switch from virus replication to assembly, presumably by interacting with
a different subset of cellular and/or viral factors. The nature of the switch remains
obscure although phosphorylation of the serine cluster in the low complexity sequence
linking DI and DIl has been proposed. As C142 and E191 are close to the C-terminus
of DI it is conceivable that they are regulated by phosphorylation. It has been
hypothesised that the two dimeric forms — open (1ZH1) and closed (3FQM) represent
the two conformations of NS5A with different functions. In this regard it is interesting
to speculate that in the closed dimer C142 is partially occluded within the dimer

interface (Fig 5.2B) and more likely for the open form to function in virus assembly

The next implication is the phenotype of E191A, which showed partial defect in virus
assembly. E191 was selected due to its location at the C terminus of NS5A domain |
and immediately after the conserved disulphide-forming C190, so | wondered whether
it might also participate in maintaining the stability of the disulphide bond. The alanine
substitution of E191 still retained some virus productivity even though the virus titration
was significantly different from WT, which was the same as C142A (Fig 5.3D). The
colocalisation between NS5A and Core or LDs explained why E191A produced a lower

virus titre (Fig 5.5B and 5.5D). Compared to C142A which showed that the
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colocalisations between viral proteins and LDs were dramatically reduced, the
percentage of NS5A colocalised with LDs and Core colocalised with NS5A in E191A
were higher than that in C142A. The Core-NS5A colocalisation indicated that role of
NS5A in viral assembly through interacting with Core, which transports the RNA
genome and recruits the replication complex to the LD (Miyanari et al., 2007,
Shavinskaya et al., 2007). The increased colocalisation in E191A indicated that the
Core protein delivered more RNA genome and NS5A to LDs, and such increased
recruitment drove the slight recovery in production compared to C142. Interestingly,
this study found the NS5A protein of E191A cannot be normally expressed as WT in
replication-independent way (Fig 3.4). Combined with the colocalisation results, the
Core protein in E191A might play some roles in mutant virus assembly when the

expression and function of NS5A DI was disrupted via E191A.

A role for DI in virus assembly is consistent with the observation that treatment of
infected cells with an NS5A DAA (ledipasvir) inhibited virus assembly within 2 h. In
contrast, inhibition of genome replication was not observed until >12 h, most likely due
to the inability of NS5A DAAs to inhibit pre-existing replication complexes (McGivern
et al., 2014). Given that NS5A DAAs target DI, the implication of this data are that DI

plays a role in assembly, as well as genome replication.

These data show that for WT and C190A that efficiently assemble into infectious virus
particles, the number of LDs per-cell is lower in comparison to mock infected cells (Fig
5.5). This was concomitant with an increase in the size of LDs, suggesting that virus
infection coalesces LDs into larger entities that support the process of virus assembly.
LDs were also distributed throughout the cytoplasm compared to the restricted
perinuclear distribution observed in mock infected cells (Fig 5.6). These changes were
not apparent for assembly defective mutants for which, the colocalisation of NS5A and
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Core with LDs, and the NS5A:Core colocalisation were all reduced. Together, these
data are consistent with the hypothesis that NS5A DI regulates the recruitment of both
NS5A and Core to LDs, and modulates LD morphology and distribution to facilitate

virus assembly.

In conclusion, this study demonstrated two NS5A DI mutants (C142A and E191A)
displayed the same assembly phenotype with V67A and P145A. These two mutants
had the same function as V/P mutants which modulated the morphology and
distribution of lipid droplets. The detailed mechanism of this phenotype still needs

further investigations.
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Chapter 6: NS5A domain | antagonises PKR to
facilitate the assembly of infectious hepatitis C

virus particles
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6.1 Introduction

Double-stranded RNA (dsRNA)-dependent protein kinase (PKR) is a serine-threonine
kinase that was first identified as an antiviral protein induced by IFN in 1990 (Meurs et
al., 1990). PKR acts as both a sensor of virus infection by binding to viral dsRNA
resulting in activation of the kinase, and also an effector via downstream
consequences such as inhibition of protein translation and induction of apoptosis

(Cesaro and Michiels, 2021).

The replication and production of HCV were also modulated by PKR. However, the
effect of PKR on the HCV lifecycle is controversial: PKR activation resulted in higher
efficiency of HCV replication and production, virus titre was reduced following the loss
of PKR (Arnaud et al., 2010). Paradoxically HCV has been reported to recruit and
activate PKR to trigger induction of interferon stimulated genes (ISGs) (Arnaud et al.,
2011, Arnaud et al., 2010). NS5A and NS5B interact with PKR and block its activation:
NS5A interacts with PKR via a region in DIl termed the interferon-sensitivity
determining region (ISDR), the sequence of which correlates with the sensitivity of
virus isolates to IFN treatment (Gale Jr et al., 1998). NS5B interacts with PKR via its
RNA polymerase motif to activate PKR which results in decreased major
histocompatibility complex | (MHC-1) expression (Gale Jr et al.,, 1997). These

interactions further contribute to the evasion of antiviral pathway for HCV.

PKR has been shown to be activated by the dsRNA generated during virus replication
(Ehrenfeld and Hunt, 1971). PKR consists of two dsRNA binding domains (dsRBD) at
the N-terminus, and a C-terminal kinase catalytic domain (Feng et al., 1992). The
dsRBD has the ability to recognise a stretch of >33 base pair dsRNA and results in

the auto-phosphorylation of PKR to induce its enzymatical activation (Cole, 2007).
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Activated PKR has a number of downstream effects: the best characterised is the
phosphorylation of the a subunit of eukaryotic initiation factor 2 (elF2a) at Ser51
(Meurs et al., 1992). This blocks mRNA translation by preventing recycling of elF2 to
the initiation complex (Sudhakar et al., 2000). PKR also activates the transcription
factor NF-kB independently of PKR catalytic activity (Bonnet et al., 2006, Bonnet et al.,
2000). PKR activation leads to the dissociation of the inhibitor IkB from the p50/p65
NF-kB complex, which then enters the nucleus and activates transcription (Kumar et
al., 1994, Zamanian-Daryoush et al., 2000). IFN regulatory factor 1 (IRF1) is also
activated by PKR, and is blocked by binding of the NS5A ISDR to PKR (Pflugheber et

al., 2002).

In this study, | aim to further explore the mechanism of NS5A domain | in viral
assembly. This research observed that PKR participated in the HCV assembly through

NS5A DI and the downstream factor IRF1 was also involved in this modulation.

6.2 Results

6.2.1 PKR silencing or inhibition recovers the virus assembly phenotype of

C142A and E191A

It was recently shown that CypA is critical for HCV genome replication in Huh7 cells
but not Huh7.5 cells (Colpitts et al., 2020). Further analysis led to the conclusion that
NS5A interacts with CypA to evade PKR-dependent antiviral responses. The
differential sensitivity of HCV to CypA in Huh7 compared to Huh7.5 cells was
reminiscent of our initial observation that P145A fails to undergo genome replication
in Huh7 cells, but is only modestly impaired in Huh7.5 cells (Yin et al., 2018) (Fig 3.2
and 3.3). This led us to assess whether either CypA and/or PKR play a role in virus

assembly and whether the NS5A DI mutants studied thus far can shed light on such
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mechanisms. To test this, CypA or PKR silenced cell lines were constructed and then
were electroporated with mSGR-luc-JFH-1 or mJFH1 WT. The SGR WT luciferase
value was measured at 48hpe and the supernatant of mJFH1-WT was collected at
72hpe to evaluated the titration in Huh7.5 cells. Consistent with previous studies, | first
confirmed that silencing of CypA or PKR in Huh7.5 cells had no effect on genome
replication (Fig 6.1A). | did however, note that the production of infectious virus was

unaffected by PKR silencing but reduced by ~100-fold in CypA shRNA cells (Fig. 6.1B).
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Fig 6.1. Genome replication and virus assembly phenotypes in Huh7.5 silenced for

CypA or PKR.

(A) In vitro transcripts of mMSGR-Luc-JFH-1 WT were electroporated into Huh7.5, Huh7.5 CypA
or PKR silenced cell lines. Luciferase activity was measured at 72hpe. (B) In vitro transcripts
of mJFH-1 WT were electroporated into Huh7.5, Huh7.5 CypA or PKR silenced cell lines.

Extracellular infectious virus was titrated at 72 hpe.

| proceeded to analyse the genome replication and assembly of the three DI mutants
in PKR silenced Huh7.5 cells (Fig6.2A). The virus replication activity was evaluated by
(1) quantifying NS5A positive cells using IncuCyte S3 (2) detecting the virus genome
copy using gRT-PCR (3) evaluating viral protein expression by western blot at 72 hpe

(Fig 6.2B-D). As expected, genome replication (Fig 6.2B) and viral protein production
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(Fig 6.2C, D) were unaffected by the lack of PKR. Indeed, overall levels of genome
replication as measured by qRT-PCR modestly increased compared to Huh7.5 cells
(compare Fig 6.2B to Fig 5.3A). A surprising picture emerged when we analysed the
assembly and release of the mutants: production of infectious virus by C142A and
E191A was restored to the same level as WT and C190A in PKR silenced Huh7.5
cells (Fig 6.2E). To further confirm that this was due to the lack of PKR, as opposed
to an off-target effect of the sgRNA, Huh7.5 cells were treated with the small molecule
PKR inhibitor C16 at 24 hpe. Reassuringly, pharmacological inhibition of PKR function

also restored the production of infectious virus by C142A and E191A (Fig 6.2F).
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Fig 6.2. Virus assembly in PKR-silenced Huh7.5 cells.

(A) PKR expression was detected in silenced Huh7.5 cells by western blot. Huh7.5 cells were
electroporated with mJFH-1 WT and DI mutant C142A, C190A and E191A RNAs, together
with an NS5B GND mutant as negative control. Virus genome replication was analysed directly
by quantification of genome copies in cell lysates using gRT-PCR (B), and indirectly by
enumerating NS5A positive cells at 72 hpe using the IncuCyte S3 (C). (D) Cell lysates were
collected at 72 hpe and analysed by western blotting with the indicated antibodies. (E) Extra-
and intracellular virus harvested at 72 hpe were titrated in Huh7.5 cells and quantified using
the IncuCyte S3. (F) Electroporated cells were treated with the PKR inhibitor C16 from 24 hpe,

extracellular virus was harvested at 72 hpe and titrated as described in (E).

The conclusion from these data is that, the replication of WT and these mutants were
not affected by the lack of PKR. Furthermore, the assembly phenotype of C142A and
E191A were rescued by the absence of PKR. These two residues were absolutely
required for virus assembly in Huh7.5 cells presumably by disrupting NS5A DI to allow
PKR to block HCV assembly. These data are consistent with a role for PKR in blocking
virus assembly and point to a role of NS5A DI in antagonising this previously undefined

function of PKR.
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6.2.2 PKR silencing restores the LD phenotype of the assembly mutants.

| next sought to determine whether the restoration of infectious virus production by
PKR silencing was associated with concomitant changes in LD morphology,
distribution and the association with NS5A and Core. Therefore, the confocal analysis
were repeated as described in Figs 5.4-5.6 in PKR silenced cells. As previously
described, WT and three mutants were electroporated into Huh7.5 PKR silenced cell
line. The cells were fixed at 72hpe and the fluorescence of NS5A, Core protein and
LD were detected by IF assay. The confocal images in Fig 6.3 displayed the same

size of LD in C142A and C190A as WT.
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Fig 6.3. Co-localisation between NS5A, Core and LD in PKR-silenced Huh7.5 cells.

Huh7.5 cells silenced for PKR expression were electroporated with mJFH-1 WT and DI mutant
C142A, C190A and E191A RNAs and seeded on to coverslips. Cells were stained at 72 hpe
with sheep anti-NS5A (white), rabbit anti-Core (green), BODIPY 558/568-C12 (red) and DAPI.
Co-localisation was observed using Airyscan microscopy. Representative images are shown.

Scale bars are 5 ym and 1 ym (insets).

As shown in the quantification in Fig 6.4, no differences between WT and the three

mutants with regard to LD number and size were observed (Fig 6.4A), although it
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should be noted that overall the size of LDs in infected cells was slightly reduced (Fig
5.5A). Co-localisation analysis also revealed that, unlike in Huh7.5 cells, no
differences were observed between WT or the three mutants in terms of their co-
localisation between NS5A and LD (Fig 6.4B), Core and LD (Fig 6.4C) or NS5A and

Core (Fig 6.4D).
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Fig 6.4. Quantification of LD size and co-localisation with NS5A and Core in PKR-

silenced Huh7.5 cells.

(A) LD numbers and size from Fig 8 were calculated using Analyze Particles module of Fiji.
Mock: uninfected Huh7.5 cells. (B) Quantification of percentage of LDs colocalizing with NS5A
(red), and NS5A colocalized with LD (grey). (C) Quantification of the percentage of LD
colocalized with Core (red), and Core colocalized with LD (green). (D) Quantification of the
percentage of Core colocalized with NS5A (green), and NS5A colocalized with Core (grey).
Co-localisation was analysed in 10 cells for each construct using Fiji. Significant differences

from WT denoted by ns (P>0.05) and **** (P<0.0001).
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The complete restoration of the colocalization suggested that the loss of PKR
dramatically enhanced the targeting of NS5A and Core protein to LDs. Moreover, the
colocalisation of Core and NS5A also increased to WT level, indicating that PKR not
only altered the colocalisation between viral proteins and organelle LD, but also

modulated the recruitment of Core and NS5A in the assembly process.

Lastly, | assessed the distribution of LDs by quantifying their distance from the nucleus.
As shown in the representative images in Fig. 6.5 A, and quantified in Fig 6.5 B, the
distribution of LDs in PKR silenced cells was comparable to that observed in Huh7.5
cells: in C142A and E191A infected cells LDs were significantly closer to the nucleus

than WT and C190A, although still more dispersed than mock infected cells.
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Fig 6.5. Analysis of LD distribution in PKR-silenced Huh7.5 cells.

(A) Cells were stained at 72 hpe with sheep anti-NS5A (white), BODIPY 558/568-C12 (red)
and DAPI. (B) Distance of LDs from the nucleus was evaluated using the Analyze Particles

module of Fiji. Significant differences from WT denoted by **** (P<0.0001).

The results were interesting because PKR can partially disrupt LD characteristics in
NS5A DI phenotype mutants. Thus, | propose that in these analysis, the loss of PKR
restores the colocalisation ability between viral proteins and LDs. It is worth noticing

that the closer LD distance to nucleus of C142A and E191A was unaffected but LD
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size was recovered to WT level in the absence of PKR. These data are consistent with
the suggestion that PKR functions to disrupt virus assembly by blocking the HCV-
mediated perturbations of LD morphology. Furthermore, NS5A DI antagonises this

function of PKR through the surface exposed residues C142 and E191.

6.2.3 Assembly defective mutants C142A and E191A exhibit reduced dsRNA

abundance.

| next sought to understand the differences between WT and the NS5A DI assembly-
defective mutants with regard to PKR activation. PKR is activated by binding to dsRNA
via two N-terminal RNA-binding domains (dsRBD) (Cole, 2007, Garcia et al., 2006).
This leads to dimerisation of PKR, autophosphorylation and activation of the C-
terminal kinase domain. dsRNA is generated as a replication intermediate and co-
localises with NS5A, Core and LDs (Targett-Adams et al., 2008a). Furthermore, the
HCV genome contains many structured RNA elements with extensive double-
stranded regions (Mauger et al., 2015). Although genome replication is likely protected
from PKR as it occurs within the membranous web (Paul and Bartenschlager, 2015),
nascent genomes must be transported through the cytoplasm to sites of assembly and
during this process may be detected by PKR. | therefore assessed the co-localisation
between dsRNA, NS5A and LDs in Huh7.5 cells using a well-characterised dsRNA-
specific antibody, J2 (Targett-Adams et al., 2008a). As expected, in WT infected cells,

we observed co-localisation of dsRNA with both NS5A and LDs (Fig 6.6).
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Fig 6.6. Co-localisation of NS5A, dsRNA and LD.

Huh7.5 cells were electroporated with mJFH-1 WT and DI mutant C142A, C190A and E191A
RNAs and seeded on to coverslips. At 72 hpe cells were stained with sheep anti-NS5A (green),
mouse anti-dsRNA J2 (white), BODIPY 558/568-C12 (red) and DAPI. Co-localisation was
observed using Airyscan microscopy. Representative images are shown. Scale bars are 5 um

and 1 ym (insets).

This colocalisation was also quantified in cells infected with the three mutants and
surprisingly, revealed no significant differences in the co-localisation of NS5A and

dsRNA (Fig 6.7A) or LD and dsRNA (Fig 6.7B). However, the number of dsRNA foci
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in C142A and E191A were reduced compared to WT and C190A (Fig 6.7C-D). WT
and C190A infected cells exhibited 200-300 dsRNA punctae whereas C142A and
E191A infected cells had between 100-200 punctae. Given that the overall levels of
HCV genomes in all of these cells were equivalent (Fig 5.3A and 6.2B), this suggests
that the majority of dsRNA foci actually represent nascent genomes, rather than
replicative intermediates. However, the reason for the decrease of dsRNA on the
surface of LDs needed further confirmation. To test this, the total dsSRNA fluorescence
of each mutant was measured by Fiji. As shown in Fig 6.7 E, both WT and mutants
displayed the same mean fluorescence intensity. This result suggested that the
decrease of dsRNA on the surface of LDs might result from the aggregation of dSRNA

rather than direct RNA degradation.
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Fig 6.7. Quantification of dsRNA punctae and co-localisation with NS5A and LD.

(A) Quantification of the percentage of NS5A colocalized with dsRNA (green), and dsRNA
colocalized with NS5A (grey). (B) Quantification of the percentage of LD colocalized with
dsRNA (red), and dsRNA colocalized with LD (grey). Co-localisation was analyzed in 10 cells
from Fig 11 using Fiji. (C) Representative images of Huh7.5 cells electroporated with mJFH-1
WT and DI mutants C142A, C190A and E191, seeded onto coverslips and stained at 72 hpe
with mouse anti-dsRNA J2 (white) and DAPI. Scale bars are 5 ym. (D) Numbers of dsRNA
punctae of each sample from (C) were calculated using the Analyze Particles module of Fiji.

(E) Mean fluoresence intensity of dsRNA of each sample from (C) were calculated using Fiji.
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For the two assembly defective mutants, C142A and E191A, we propose that our
results showed the failure of NS5A to block PKR binding to dsRNA elements in
nascent genomes, resulting in PKR activation, dSRNA aggregation and stimulation of

an antiviral response.

6.2.4 NS5A Dl interacts with PKR.

NS5A has been previously demonstrated to directly interact with PKR via a region in
D2 termed the interferon sensitivity determining region (ISDR) (Gale Jr et al., 1997).
These studies were performed with NS5A from genotype 1b and showed exquisite
sensitivity to the amino acid sequence of the ISDR. The homology in this region
between genotype 1b and JFH-1 (genotype 2a) is low (44% identity) so it is unlikely
that the ISDR in JFH-1 binds to PKR, although this has not been formally proven. |
considered that the ability of NS5A DI to block PKR could be explained by a direct
interaction between the two proteins, dependent on C142 and E191. To test this |
immunoprecipitated PKR from Huh7.5 cells electroporated with either WT or the three
mutants and investigated the presence of NS5A in the immunoprecipitates by western
blotting. As shown in Fig 6.8A, only WT and C190A NS5A co-precipitated with PKR,
whereas C142A and E191A NS5A did not. We also investigated whether NS5A was
able to bind to activated PKR by performing immunoprecipitations with an antibody to
phosphorylated PKR (P-PKR). Although overall levels of P-PKR were low, this
analysis clearly showed that (as for the total PKR) only WT and C190A NS5A co-

precipitated with P-PKR (Fig 6.8B).

To further validate the interaction between NS5A DI and PKR, His-SUMO tagged
NS5A DI (WT and mutants) were expressed in E.coli, purified and used as bait to

precipitate PKR which was overexpressed in HEK293T cells. Confirming the co-
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immunoprecipitation data, only WT and C190A DI, but not C142A and E191A, were
able to precipitate PKR from the cell lysate (Fig 6.8C), confirming that DI is indeed
able to bind to PKR. These data are consistent with the hypothesis that NS5A DI binds
directly to PKR to prevent it activating downstream pathways that would lead to an
antiviral response against virus assembly. | therefore turned my attention to identifying

the downstream PKR effector(s) responsible.
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Fig 6.8. Protein-protein interaction analysis of NS5A and PKR.

(A, B) Huh7.5 cells electroporated with mJFH-1 WT and DI mutants C142A, C190A and E191
were lysed and immunoprecipated with anti PKR antibody (A) or anti phospho-PKR antibody
(B). Immunoprecipitates (top) and lysates (bottom) were analysed by western blot with the
indicated antibodies. (C) His-SUMO tagged NS5A DI and mutants were purified and bound to
Dynabead His-Tag beads as a bait to precipitate PKR protein which was overexpressed in
HEK293T cells. Pulldowns were analysed by western blotting for PKR (top), and inputs verified

by western blotting for the His-tag (bottom).

6.2.5 A role for the PKR effector IRF1 in blocking HCV assembly.

A well characterised downstream effector of PKR is the phosphorylation of elF2a at
Ser51 to block protein synthesis. PKR also activates NFkB independently of its
catalytic activity (Bonnet et al., 2006, Bonnet et al., 2000), as well as interferon
regulatory factor 1 (IRF1). Although the mechanism by which PKR activates IRF1 is
uncharacterised, unlike NFkB activation it is dependent on PKR catalytic activity

(Kirchhoff et al., 1995).
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Western blotting of infected cell lysates with antibodies to either Ser51-phosphorylated
elF2a or total elF2a revealed no differences between WT and the three mutants (Fig
6.9). | therefore concluded that elF2a phosphorylation by PKR is not implicated in the

downstream effects on HCV assembly.

WT C142A C190A E191A GND

P-elF2a

elF2a

B-actin

Fig 6.9. Expression of elF2a and phospho-elF2a.

Huh7.5 cells were electroporated with mJFH-1 WT and DI mutant C142A, C190A and E191A
RNAs, together with an NS5B GND mutant as negative control. Cells were harvested at 72

hpe and lysed with GLB. elF2a and phospho-elF2a was analysed by western blotting.

Activation of NF-kB results in translocation of the p65 subunit from the cytoplasm to
the nucleus. As shown in Fig 4.11, the interaction between CypA and NS5A DI
antagonise the activation of NF-kB to promote HCV genome replication. To test
whether this downstream effector NF-kB was also responsible for the PKR effect on
virus assembly we analysed infected cells by immunofluorescence with an antibody
specific to p65 (Fig 6.10). As expected, treatment with the NFkB activator TNFa
resulted in efficient nuclear translocation of p65, however as shown in the
representative images in Fig 6.10 no such translocation was observed for either mock-
infected or HCV-infected cells (WT or mutants). This suggested that activation of NFkB
by PKR is not required for its effect on virus assembly, consistent with a requirement

of PKR catalytic activity for the virus assembly block (Fig 6.2F).
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Fig 6.10. NF-kB activation in Huh7.5 cells infected with mJFH-1 or DI mutants.

Huh7.5 cells were electroporated with mJFH-1 WT and DI mutants C142A, C190A and E191A
RNAs. At 72 hpe, cells were fixed and stained with mouse anti-P65 (green), sheep anti-NS5A
(red) and DAPI. As a positive control to activate the NF-kB pathway uninfected Huh7.5 cells

were treated with TNF-a for 24h. Mock: uninfected Huh7.5 cells.
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Finally, | focused on IRF1 which drives expression of antiviral interferon-stimulated
genes (ISGs) (Taniguchi et al., 2001). IRF1 has been previously demonstrated to
negatively regulate HCV genome replication (Kanazawa et al.,, 2004), and the
silencing of either IRF1 itself, or its effector targets PSMB9, APOL1 and MX1
enhanced HCV genome replication (Yamane et al., 2019). The effects of IRF1 on HCV
assembly have not been evaluated. To test this, IRF1 was silenced in Huh7.5 cells
using CRISPR/Cas9 (Fig 6.11A), and these cells were electroporated with WT or the
mutant HCV RNAs. As was observed for PKR silenced cells, genome replication (Fig
6.11B) and viral protein production (Fig 6.11C, D) was unaffected by IRF1 silencing.
Reassuringly, when | analysed the assembly and release of the mutants, the
production of infectious virus by C142A and E191A were restored to the same levels
as WT and C190A in IRF1-silenced Huh7.5 cells (Fig 6.11E). These data confirmed
that the ability of PKR to inhibit the assembly of HCV is mediated by its activation of

the downstream effector IRF1.
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Fig 6.11 Virus assembly in IRF1-silenced Huh7.5 cells.

(A) IRF1 expression was detected in silenced Huh7.5 cells by western blotting. Huh7.5 cells
were electroporated with mJFH-1 WT and DI mutant C142A, C190A and E191A RNAs,
together with an NS5B GND mutant as negative control. Virus genome replication was
analysed detected directly by quantification of genome copies in cell lysates using qRT-PCR
(B), and indirectly by enumerating NS5A positive cells at 72 hpe using the IncuCyte S3 (C).
(D) Cell lysates were collected at 72 hpe and then analysed by western blot with the indicated
antibodies. (E). Extra- and intracellular virus harvested at 72 hpe were titrated onto Huh7.5

cells and quantified using the IncuCyte S3.
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6.3 Discussion

This study demonstrated the mechanism behind the NS5A DI assembly phenotype.
Antiviral activity of PKR was inhibited by HCV NS5A DI and mediated by IRF1. The
novel function of NS5A DI was revealed: preventing antiviral factors to promote HCV

assembly.

The silencing of PKR restored the phenotype of the two assembly defective mutants
provides clues to the mechanism of action of DI in regulating assembly. NS5A binds
viral RNA (Foster et al., 2010) and the open form (Tellinghuisen et al., 2005) presents
a basic surface in the groove between the monomers that is a possible RNA binding
motif (Fig 3.1B). An attractive hypothesis is therefore that NS5A is involved in
transporting nascent genomic RNA from sites of replication to sites of assembly (Lee
et al., 2019, Lindenbach and Rice, 2013). In this scenario, the LD is a waystation on
the route and at that point NS5A could deliver the RNA to the Core protein, rather like
a baton in a relay race. One potential consequence of this is that the RNA would be
transiently exposed in the cytosol, permitting detection by innate cytosolic sensors
such as PKR. PKR is activated by binding to short (30 bp) dsRNA elements but can
activated by imperfect dsRNA or single stranded RNA (Mayo et al., 2016). In this
regard, the HCV 5’ IRES has been shown to be both a potent activator (Shimoike et
al., 2009) and inhibitor (Toroney et al., 2010) of PKR. We postulate that DI interferes
with the binding of PKR to nascent genomes, possibly by direct binding to PKR (Fig
6.8), preventing PKR activation and the induction of downstream antiviral pathways.
Our study is the first detailed analysis showing that NS5A DI blocked PKR to evade

antiviral pathway and facilitate HCV assembly (Fig 6.12).
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Fig 6.12 The mechanism for PKR to regulate HCV viral assembly through IRF1.

Two residues (C142 and E191) were disrupted the production of infectious virus particles. LD
formation and the co-localisation between Core, NS5A and LDs were disrupted in cells
infected with these two mutants. Silencing of either PKR or the downstream factor IRF1
restored the production of infectious virus, LD size and co-localisation with Core and NS5A for
these two mutants. NS5A DI functions to allow HCV to evade inhibition of virus assembly by

PKR and IRF1 and uncovers a hitherto unidentified function of PKR to inhibit virus assembly.

PKR silencing also restored the LD phenotype (Figs 6.3 and 6.4), suggesting that
activated PKR functions to block virus assembly through regulating LD mophology.
The only factor that did not recover in C142A and E191A when PKR was depleted was
the LD distance to the nucleus (Fig 6.5). The LDs became larger and were transported
away from the nucleus during HCV infection (Yin et al., 2018). However, LDs were still
distributed around the nucleus even though the phenotype of C142A and E191A
disappeared. The results were intriguing as PKR can partially disrupt LD characters in
NS5A DI phenotype mutants. Interestingly, PERK, which has the same function as

PKR in RNA translation, is an important sensor to regulate ER stress and can be

182



activated by unfolded protein response (UPR) (Fels and Koumenis, 2006, Harding et
al., 2000). Given the proposed role of LD formation can also regulate ER stress (Zhang
and Zhang, 2012), | hypothesised PKR also can modulate ER stress during HCV
infection through regulating LD formation. The active spliced XBP1 (XBP1s) reflecting
the ER stress showed slight decrease in C142A and E191A in Huh7.5 cells but was
increased to WT level in Huh7.5 PKR silenced cell line (Fig 6.12). This result
suggested that PKR attenuated the ER stress in C142A and E191A presumably due
to the modulation of LD formation, thereby indicating that PKR can further regulate LD

even if it fails to affect the LD distribution.

A Huh7.5 B Huh7.5 shPKR

WT C142A C190A E191A GND control TM=5ug/ml WT C142A C190A E191A GND control TM=5ug/ml

Xbpls
P Xbp1ls

Fig 6.13 ER stress was restored for C142A and E191A in the loss of PKR.

In vitro transcripts of mJFH-1 and related mutants were electroporated into Huh7.5 cells (A)
and Huh7.5 PKR silenced cell line (B). Total RNAs in cells harvested using Trizol at 72hpe
were reverse transcribed to cDNA and then amplified using Xbpl primers. PCR products were
analysed by gel electrophoresis. Tunicamycin was used as a positive control to induce the ER

stress.

The data suggest that neither elF2a phosphorylation, nor activation of NFkB, are

involved in the block to virus assembly (Fig 6.9 and 6.10), although these analyses
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were performed at 72 hpe and we cannot rule out transient effects at earlier times.
PKR also activates IRF1, the silencing of which also restores the function of the virus
assembly mutants. The implication of this observation is that one or more proteins
whose expression is IRF1-dependent function to block virus assembly. In this regard
a recent study (Yamane et al., 2019) identified a number of IRF1 regulated genes
(PSMB9, ApoLl and MX1), which when silenced enhanced HCV replication
approximately 3-fold. Overexpression of PSMB9 (a component of the proteosome) led
to a 10-fold increase in HCV virus production, but a specific effect on virus assembly
for ApoL1 and MX1 was not investigated. Whilst these factors may play a role, it is
unlikely that they explain the 1000-fold reduction in virus production exhibited by
C142A, which is completely restored by either PKR or IRF1 silencing. Of note ApoL1
(apolipoprotein L1) is an LD associated protein and, whilst other apolipoproteins have
been implicated in HCV assembly (eg ApoE), the role of ApoLl has not been
investigated (Hueging et al., 2015). The recruitment of ApoL1 to LDs is regulated by
DGAT-1 (Chun et al., 2022), which is required for HCV assembly and recruits both
NS5A and Core to LDs (Camus et al., 2013, Herker et al., 2010). ApoL1 may therefore
be an antiviral effector induced by PKR that acts on LD morphology to block virus

assembly.

In conclusion, NS5A DI can evade PKR activated antiviral pathways through blocking
its activation to promote the HCV assembly and production. This study contributed to
the understanding of how PKR modulates the LD formation and further demonstrates
that downstream factor IRF1 participates in the regulation of HCV assembly. This
study thoroughly investigated the mechanism of the role of NS5A DI and PKR in virus

assembly.
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Chapter 7: Conclusions and future

perspectives
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This study is based on a previous study which showed that residues V67 and P145 in
non-structural protein 5A (NS5A) domain | (DI) played an essential role in viral
assembly but were dispensable for RNA replication (Yin et al., 2018). This research,
for the first time, revealed the novel function of NS5A DI in assembly, whereas the
mechanism was still unclear. Therefore, this study aims to observe the broad-
spectrum of this novel function in NS5A DI and explore the mechanism for this specific
phenotype which were partially defective in replication and completely abrogative in

assembly.

The surface-exposed residues proximal to V67 and P145 screened by Pymol showed
three replication phenotypes after alanine mutagenesis analysis. 152, G70 and M72
proximal to V67, or P141 and E148 proximal to P145 exhibited the same phenotype
as V67/P145, which showed reduced replication in Huh7 cells and were restored to
wildtype (WT) levels in Huh7.5. S71 proximal to V67, or C142, Q143, P147, C190 and
E191 proximal to P145 were dispensable for genome replication in either Huh7 or
Huh7.5 cells. P102, Y106, W111 and F149 proximal to P145 were absolutely required
for genome replication in both Huh7 and Huh7.5 cell lines, so these four residues were
excluded from assembly phenotype analysis. Interestingly, the mutagenesis analysis
of these replication-defective residues in genotype 3 (DBN3) showed some different
phenotypes. NS5A DI was highly conserved in all HCV genotypes, these residues
showed different phenotypes with JFH1 and might be a breakthrough for overcoming

the DAASs resistance in DBN3.

The mutagenesis analysis in JFH1 full-length virus demonstrated two residues (C142
and E191) displayed the same assembly phenotype as V67/P145A in Huh7.5 cells.
Interestingly, all residues (152, G70, M72, P141 and E148) showed the same
replication phenotype as V67/P145A, whereas they maintained the full viral production
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ability in Huh7.5 cells. These different phenotypes indicated the role of NS5A in HCV
replication and assembly. NS5A has a role in transporting nascent RNA from sites of
replication to assembly sites via lipid droplets (LDs) within the cytoplasm (Boson et al.,
2017, Zayas et al., 2016). The colocalisation analysis showed C142A and E191A
altered the morphology of LDs and disrupted the colocalisation with the core or LDs.
These results further identified the role of NS5A DI in RNA transportation to the surface
on LDs between HCV replication and assembly. The interaction between NS5A DI
with other NS proteins associated with replicase complex and host factors required for

viral assembly can be further investigated.

Therefore, the mechanism and the involvement of host factors for HCV replication and
assembly were important to investigate. This study demonstrated the interaction
between Cyclophilin A (CypA) and NS5A DI through in vitro pull-down assay and this
interaction relied on peptidylprolyl isomerase (PPlase) activity of CypA. The NS5A DI
partially defective mutants and CypA silenced cells were also exploited to observe the
CypA involvement in NS5A Dl-associated HCV replication. In addition, the interaction
between CypA and NS5A DI also modulated the NF-kB pathway during the viral
replication but not viral production. The CypA binding sites in HCV has been reported
in NS5A DIl and DIl (Chatterji et al., 2010, Foster et al., 2011, Hanoulle et al., 2009a).
This study initially revealed that CypA also interacted with NS5A DI to regulate HCV
replication and to inhibit the activity of NF-kB pathway to further promote HCV evasion
from antiviral pathway. Cyclosporin A (CsA) acts as a potentially antiviral reagent for
HCV treatment (Inoue et al., 2003, Inoue and Yoshiba, 2005), the therapy mechanism
still needs to be further investigate. To date, the resistance to the DAA is still a severe
challenge for HCV therapy, more mechanistic analysis of CsA function need to be

confirmed. NS5A DI has also been identified to be the putative target for one class of
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DAAs, this study explored the potential action model of CsA treatment and provide the
reference to other compounds. However, NS5A DI in DBN3 did not exhibit association
with CypA in this study, resulting from the absolute dependence on CypA in full-length
DBN3. The detailed interaction sites with CypA in DBN3 still need to be further

explored.

In contrast, double-stranded RNA (dsRNA)-activated protein kinase (PKR) interacted
with NS5A DI to modulate HCV assembly but not replication. All mutants maintained
the replication capacity in PKR silenced cells further demonstrating that PKR had no
effect on RNA replication via NS5A DI. The interaction between PKR and NS5A DI
has been identified to modulate HCV assembly via downstream interferon regulatory
factor-1 (IRF1). HCV exploited several proteins including NS5A to inhibit PKR activity
and further escape the antiviral function of innate immune pathway. However, the
mechanism is still not fully understood. This study further revealed the role of NS5A
DI in blocking PKR activity to facilitate HCV assembly, indicating the potential
therapeutic function of PKR inhibitor. The role of PKR inhibitor such as C16 in HCV
therapy can be further investigated. In addition, the downstream factors of IRF1 also
worth studying. Various factors downstream of IRF1 have been demonstrated to be
affected due to the loss of IRF1, such as PSMB9, ApoL1 and MX1. The silence or
overexpression of these downstream factors can be further utilised to demonstrate
whether they are also involved in modulating HCV assembly. PKR has been reported
to target NS5A DIl Interferon sensitive determinant region (ISDR) (Enomoto et al.,
1996). The co-function between NS5A DI and DIl in HCV assembly still needs to be

further demonstrated.

PKR was also identified to affect the amount of double-stranded RNA (dsRNA) during
viral assembly. PKR can be activated by dsRNA and the Core protein of HCV, further
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inducing antiviral response (Dey et al., 2005). DSRNA is generated as a replication
intermediate is transported from replication sites to assembly sites by NS5A and co-
localises with NS5A, Core and LDs (Targett-Adams et al., 2008b). This study firstly
indicated that PKR had a role in degrading dsRNA through interacting with NS5A in
assembly-defective mutants. More HCV evasion mechanism can be further identified

through Core, E2, NS5A (different domain) and NS5B.

The mutant C142A in NS5A DI has been observed to completely abrogate HCV
assembly. This result is interesting because C142 and C190 form the disulphide bond
in NS5A DI, which has been demonstrated to be dispensable for HCV replication and
only exists in the NS5A DI opened conformation 1ZH1 but not closed conformation
3FQM (Tellinghuisen et al., 2005). This study further identified the role of disulphide
bond in assembly, suggesting the crystal structure 1ZH1 might be involved in HCV
assembly. Notably, C190 had no effect on HCV assembly even though it formed a
disulphide bond bond with C142. However, the mechanism behind these residues
require further exploration. It has been hypothesised that C142 played more important
role in disulphide bond formation and might bind to other residues or C142A in the
other dimer to construct a newly disulphide bond to maintain viral assembly. Notably,
the two disulphide bond residues in the Core protein (C128 and C184) showed the
same replication and assembly phenotypes (Kushima et al., 2010), suggesting the co-
function of Core and NS5A protein in HCV assembly. The connection of disulphide
bond residues in these two viral proteins might affect the Core/NS5A interaction and
the colocalisation of core and NS5A on the surface of LDs. Interestingly, the disulphide
bond mutant C128A in the core protein had no effect on modulating morphology of

LDs, whereas the mutant C142A in NS5A DI altered the LD distribution, size and
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colocalisation. This result indicated the structure stability of NS5A is more important

to the colocalisation and LD morphology than core protein.

The mutant E191A in NS5A DI also affected HCV assembly but was not as essential
as C142A. Notably, E191A cannot completely express NS5A in the replication-
independent expression system of replicase proteins. Based on the location of E191A
which is proximal to disulphide bond, this result further suggests that disulphide bond
was dispensable for RNA replication but played essential role in viral assembly.
Furthermore, the NS5A antibody | used to detect NS5A expression targets NS5A DIII.
The disrupted expression of NS5A in E191A might indicate the binding between NS5A
DI and DIII during HCV assembly. DIl is considered dispensable for HCV replication
but is absolutely required for HCV assembly. It needs to be further investigated

whether the role of NS5A DI in viral assembly requires the involvement of NS5A DIII.

The location of all residues was referenced from the NS5A DI crystal structure in
genotype 1b. However, the structural homology of NS5A DI between genotype 1b and
genotype 2a (JFH1) is still unclear. Although the structure of JFH1 NS5A DI can be
predicted using alphafold, it is important to understand the actual NS5A DI structure
and provide the reference to further research on JFH1 genome replication and viral
assembly. The purified NS5A DI (35-215) (35-249) and mutants are the best samples

to use for the research of protein structures.

The host factors mechanism of this novel role of NS5A DI in replication and assembly
has been identified in this study. The NS5A DI/Core interaction modulated the activity
of NF-kB pathway to facilitate HCV RNA replication. Additionally, NS5A DI interacted
with PKR and modulated its downstream factor IRF1 to block PKR activity, which

further promoted HCV assembly. However, the correlation with other NS5A domains
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or other viral proteins and the mechanism in different phenotypes (especially DBN3)

need more experiments to demonstrate.

In this study, we confirmed the novel role of NS5A DI in HCV genome replication and
viral particles assembly. The interaction between CypA and NS5A DI inhibited NF-kB
pathway to further promote HCV replication, whereas the interaction was not involved
in modulating HCV viral assembly. One possible explanation of these replication
results is that NS5A DI interacts with CypA which is considered to protect
NS5A/replicase complex from NF-kB-mediated inhibition of HCV genome replication.
After RNA replication, nascent RNA is transported from sites of replication to sites of
assembly which is guided by NS5A. NS5A DI is involved in the evasion of antiviral
pathway during viral assembly through interacting with PKR and blocking PKR activity.
Another potential mechanism of this process is that NS5A DI protect nascent RNA
from transiently exposure in the cytosol, avoiding detection by PKR and other cytosolic

sensors (Fig 7.1).

Cytosol

ER lumen

Fig 7.1 Working mechanism for the proposed roles of NS5A Dl in virus genome

replication and assembly.
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Mutants Backbones

MSGR-Luc-JFH1, mJFH1, SGR-Luc-DBN3a, pET28a-sumo-

WT NS5A Domain |

I52A MSGR-Luc-JFH1, mJFH1, pET28a-sumo-NS5A Domain |

V52A SGR-Luc-DBN3a

V67A MSGR-Luc-JFH1, SGR-Luc-DBN3a

G70A MSGR-Luc-JFH1, mJFH1, SGR-Luc-DBN3a

S71A MSGR-Luc-JFH1, mJFH1

M72A MSGR-Luc-JFH1, mJFH1, SGR-Luc-DBN3a,

P102A MSGR-Luc-JFH1

Y106A MSGR-Luc-JFH1

W111A MSGR-Luc-JFH1

P141A MSGR-Luc-JFH1, mJFH1, SGR-Luc-DBN3a,

C142A MSGR-Luc-JFH1, mJFH1, pET28a-sumo-NS5A Domianl

Q143A MSGR-Luc-JFH1, mJFH1,

P145A MSGR-Luc-JFH1, SGR-Luc-DBN3a

P147A MSGR-Luc-JFH1, mJFH1,

E148A MSGR-Luc-JFH1, mJFH1, SGR-Luc-DBN3a

F149A MSGR-Luc-JFH1

C190A MSGR-Luc-JFH1, mJFH1, pET28a-sumo-NS5A Domain |

E191A MSGR-Luc-JFH1, mJFH1, pET28a-sumo-NS5A Domain |

Appendix Table 9.1 List of mutants generated in the course of this study.
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Host factors Backbones

CypA PGEX-4T-1, pHIV-SIREN

CypA-H126Q | pGEX-4T-1

CypB pHIV-SIREN

PKR pcDNA 3.1 (+), pLentiCRISPRv2
RIG-I pLentiCRISPRv2

IRF1 pLentiCRISPRv2

Appendix Table 9.2 List of host factors used in the course of this study.
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Mutants

Quickchange Primer

I152A

Forward

GGCACTGGCGCGATGACCACGCGCT

Reverse

GGCCCACACACCCTTGTACCCCTT

G70A

Forward

CGCCTGGCGTCTATGAGGATCACAGGGCC

Reverse

GACATTGCCAGAGATGTTGGCGC

S71A

Forward

CTGGGCGCGATGAGGATCACAGGGCC

Reverse

GCGGACATTGCCAGAGATGTTGGCG

M72A

Forward

CTGGGCTCTGCGAGGATCACAGGGCC

Reverse

GCGGACATTGCCAGAGATGTTGGCG

P102A

Forward

GCGCCGAAAGCGCCCACGAACTACAA

Reverse

GCACTGGCCCTCCGTGTAGCAAT

Y106A

Forward

CCCCCCACGAACGCGAAGACCGCCA

Reverse

TTTCGGCGCGCACTGGCCCTC

W111A

Forward

GCCATCGCGAGGGTGGCGGCCTC

Reverse

GGTCTTGTAGTTCGTGGGGGGTTTC

P141A

Forward

TGAAAATTGCGTGCCAACTACCTTCTCT

Reverse

ATTGTCAGTGGTCAGTCCTGTTAC

C142A

Forward

CTGAAAATTCCTGCGCAACTACCTTCTCCAG

Reverse

ATTGTCAGTGGTCAGTCCTGTTAC

Q143A

Forward

CCTTGCGCGCTACCTTCTCCAGAGTTT

Reverse

AATTTTCAGATTGTCAGTGGTCAGTC

P147A

Forward

CCTTCTGCGGAGTTTTTCTCCTGGG

Reverse

TAGTTGGCAAGGAATTTTCAGATTGTC

E148A

Forward

CCTTCTCCAGCGTTTTTCTCCTGGGTGG

Reverse

TAGTTGGCAAGGAATTTTCAGATTGTC

F149A

Forward

CCAGAGGCGTTCTCCTGGGTGGACGG

Reverse

AGAAGGTAGTTGGCAAGGAATTTTCAG

C190A

Forward

CAGCTTCCCGCGGAACCTGAGCCCGA

Reverse

GGACCCGACAGCATAGGAATTAAG

E191A

Forward

CAGCTTCCCTGTGCGCCTGAGCCCGA

Reverse

GGACCCGACAGCATAGGAATTAAG

Appendix Table 9.3 List of oligonucleotide primers used to generate mutations in

mJFH1 NS5A Domain I.
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Mutants Quickchange Primer
Forward | GGGGACGGTGCGATGTCA ACGCGCTG
V52A
Reverse | CGTTGACATCGCACCGTCCCCC
Forward | GCCGGCCATGCGAAGAATGGGTC
V67A
Reverse | CCCATTCTTCGCATGGCCGGCTATTG
Forward | GTGAAGAATGCGTCCATGCGGCTTG
G70A
Reverse | CCGCATGGACGCATTCTTCACATGG
Forward | GAATGGGTCCGCGCGGCTTGCGGGGCCGC
M72A
Reverse | CAAGCCGCGCGGACCCATTCTTCACATGGCCGGC
Forward | CTCAAGTGTGCGTGCCAAGTGCCG
P141A
Reverse | CACTTGGCACGCACACTTGAGCTCAT
Forward | CAAGTGGCGGCTGCTGAGTTCTTTACTG
P145A
Reverse | CAGCAGCCGCCACTTGGCAC
Forward | GCCGGCTGCTGCGTTCTTTACTG
E148A
Reverse | AAAGAACGCAGCAGCCGGCAC

Appendix Table 9.4 List of oligonucleotide primers used to generate mutations in

SGR-Luc-DBN3a NS5A Domain I.
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Mutants Quickchange Primer

His- Forward | CTGCCCGGATCCCCCTTCATCTCTTGTCAAAAGGG
Sumo-
NS5A DI
35-215 Reverse | CGTGCCCTCGAGTTACGCCGCAGTCTCCGCCGTG

His- Forward | CTGCCCGGATCCCCCTTCATCTCTTGTCAAAAGGG
Sumo-
NS5A DI
35-249 Reverse

CGTGCCCTCGAGTTAGGTGTTGCTGTGGGTGGTGC
AGG

Forward | CGCGGATCCATGGCTGGTGATCTTTCAGCA
PCDNAGS.
1-PKR

Reverse | CCGCTCGAGCTAACATGTGTGTCGTTCATTTT

Appendix Table 9.5 List of oligonucleotide primers used to generate His tagged NS5A

Domain | and PKR for GST-pulldown and His-pulldown assay.

NSS5A domain | fragment with mutations was PCR amplified using different templates
(mJFH1 WT, 152A ,C142A, C190A and E191A)a nd then cloned into PET-28a-sumo
vector via BamHlI/Xhol restriction sites. PKR was amplified from Huh7 RNA and cloned

into pcDNAS3.1 vector using BamHI/Xhol restriction sites to construct pcDNA3.1-PKR.
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