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Abstract

Hepatitis C Virus (HCV) is a major cause of chronic hepatitis, with present
estimates predicting that approximately 170 million people are currently infected
with the virus worldwide. The majority of infections progress to chronicity,
ultimately leading to fibrosis, cirrhosis and hepatocellular carcinoma. HCV, which
belongs to the Flaviviridae virus family, has a single-stranded RNA genome of
positive polarity that encodes a unique polyprotein approximately 3000 amino

acids in length.

DDX3 is a member of the DEAD-box family of RNA helicases. It is a ubiquitous
cellular protein possessing ATPase and helicase activities. The exact cellular
function of DDX3 is as yet undefined, but there is evidence for its involvement in
biological processes as diverse as splicing, translation initiation and repression,
cell cycle regulation, nucleo-cytoplasmic RNA shuttling, RNA transport,

interferon induction and apoptosis.

Recent studies have shown that DDX3 may be one of the primary host targets for
manipulation by a number of different viruses, including HCV. The HCV core
protein has been found to directly interact with DDX3. Previous studies conducted
by our research group have shown that this interaction is dispensable for viral
replication. Intriguingly, our group and others have shown that knockdown of
endogenous DDX3 severely impairs HCV replication. However, the exact stage of
the HCV lifecycle at which DDX3 functions is unknown. To investigate this, we
used a number of in vitro cell systems available to us, comprising HCV
psuedoparticles (HCVpp), subgenomic replicons (SGR) and the HCV cell culture
system (HCVcc), to analyse how DDX3 depletion affected numerous cellular and

molecular events vital to an efficient viral lifecycle.

The effect of DDX3 knockdown on these systems was determined by transducing
Huh-7 cells with lentivirus encoding short hairpin RNA against the N-terminus of
DDX3. Towards this end, we confirmed the important role DDX3 plays in the
HCYV lifecycle and deduced that DDX3 acts at a post-translation stage of the HCV
lifecycle in Huh-7 cells, inhibiting an as yet undetermined aspect of RNA



replication. Results obtained also suggested that DDX3 is required for efficient
HCV replication complex (RCs) function, as DDX3-deficient Huh-7 cells
transiently transfected with SGR RNA exhibited diminished viral replication
compared to control Huh-7 cells, yet no such reduction was observed in DDX3-
depleted Huh-7 cells stably replicating SGR RNA. Although I did not observe the
presence of DDX3 in RC during IF analysis, it is as yet unclear whether DDX3 is
directly incorporated into these structures or influences their function in an indirect

mannecr.

To determine if DDX3 knockdown had any specific effects on HCV assembly, we
enlisted a subclone of Huh-7 cells with depleted CD81 levels called Huh7L-#4
cells for use in single-cycle infectious virus production experiments. DDX3
knockdown greatly altered infectious HCV production in these cells, to a far
greater extent than that observed in Huh-7 cells, but HCV RNA replication was
unperturbed in these cells. Subsequent analysis of infectious virus production and
HCV RNA replication in DDX3-deficient shCD81 cells was performed to
investigate if the phenotype observed in Huh7L-#4 cells was related to the absence

of CDR&1. Our results confirmed that this was not the case.

In its totality, this study has uncovered important details regarding the importance
of DDX3 in the HCV lifecycle, with data obtained suggesting that DDX3 plays a
pleiotropic role in this lifecycle, with distinct responsibilities in undetermined

aspects of HCV RNA replication and infectious virus production.
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1. Introduction

1.1. Discovery of Hepatitis C Virus

It did not become clear until the 1970s, following the development of specific
serological tests that allowed the diagnosis of hepatitis A virus (HAV) and hepatitis B
virus (HBV), that most cases of post-transfusion hepatitis were caused by another
unknown agent, designated “non-A, non-B hepatitis” or NANBH (Feinstone et al.,
1975; Prince et al., 1974). Chimpanzees infected with blood extracted from an NANBH
infected patient established that the agent was transmissible and capable of causing
chronic infection (Alter et al., 1978; Hollinger et al., 1978; Tabor et al., 1978). A small
enveloped virus was suggested as the cause of NANBH after polycarbonate filtration
analysis and chloroform inactivation studies were performed (Bradley et al., 1985;
Feinstone et al., 1983). However, conventional immunological methods failed to
identify the etiological agent because of the low concentration of NANBH serum in
chimpanzees. Further molecular characterisation of NANBH was impeded for a long
time by the lack of cell culture and small animal model systems needed for propagation

of the virus.

The development of more sophisticated molecular biology techniques such as molecular
cloning and phage display facilitated the discovery of the causative agent of NANBH in
Michael Houghton’s lab at Chiron Corporation in the late 1980s. Scientists there used a
“blind immunoscreening approach” where they reverse transcribed nucleic acid
extracted from NANBH infected material before generating a complementary DNA
(cDNA) library in bacteriophage to express polypeptides encoded by the cDNA. Serum
derived from a patient with documented NANBH was then used to screen the library. A
single bacteriophage clone (termed 5-1-1) was identified that expressed a polypeptide
derived from the NANBH viral genome (Choo et al., 1989). Further experimentation
revealed that the infectious agent was a single-stranded RNA (ssRNA) molecule
approximately 9.6kb in length which possessed one continuous open reading frame
(ORF). The new virus, named hepatitis C virus (HCV), was classified in the genus

Hepacivirus of the Flaviviridae family (Choo et al., 1989).



1.2. Virion Properties and Classification

HCV has a genetic organisation and virion morphology similar to that of flaviviruses
and pestiviruses and has been classified within the Flaviviridae family as a member of
the Hepacivirus genus (Choo et al., 1991; Robertson et al., 1998; Takamizawa et al.,
1991). Other members of the Hepacivirus genus include canine hepacivirus (CHV),
which infects dogs, and nonprimate hepacivirus (NPHV), which infects horses (Kapoor
etal., 2011; Burbelo et al., 2012). The Flaviviridae family also includes the flaviviruses
such as dengue, yellow fever virus (YFV) and tick-borne encephalitis virus (TBE), the
pestiviruses such as bovine viral diarrhoea virus (BVDV) and classic swine fever virus
(CSFV) and the pegiviruses such as GBV-A, -B, -C and -D (Choo et al., 1991; Linnen
et al., 1996; Miller & Purcell, 1990; Stapleton et al., 2011). Members of the
Flaviviridae family possess a positive ssRNA genome which encodes a long
polyprotein composed of structural and non-structural proteins (Reed & Rice, 2000).
The genomes of Flaviviridae family members are typically encapsidated by an
icosahedral capsid, which is surrounded by an outer envelope (Clarke, 1997). Studies
analysing HCV morphology clarified that it shared these family characteristics (Bradley
et al., 1985; He et al., 1987; Kaito et al., 1994). Using electron microscopy (EM), Kaito
et al. (1994) confirmed that HCV particles in serum were ~ 55-65 nm in diameter
consisting of a spherical outer structure with spike-like projections and a ~ 30-35 nm

inner capsid.

HCV exhibits high genetic variability. Comparison of HCV nucleotide sequences
recovered from infected individuals has revealed the existence of seven different
genotypes, which differ by 30-35 % at the nucleotide level. These genotypes can be
further subdivided into more closely related subtypes, which differ in their nucleotide
sequence by 20-25 % (Gottwein et al., 2009; Kuiken & Simmonds, 2009; Simmonds,
2004; Simmonds et al., 2005). Variation is not evenly spread throughout the genome, as
the viral glycoproteins E1 and E2 and the non-structural protein NS5A display the
greatest diversity, while the 5’ untranslated region (5’UTR) and the capsid protein core
are much more conserved in nature (Simmonds, 2004). Furthermore, within an infected
individual, HCV does not exist as a single entity, rather a multitude of circulating

mutant microvariants from a predominant “master sequence”, a phenomenon referred to



as quasispecies (Gomez et al., 1999; Holland et al., 1992; Martell et al., 1992). This
genetic variability is heavily influenced by the error-prone nature of the RNA dependent
RNA polymerase (RdRp), the high viral production rate (10'* particles/day) and the
selective pressure exerted by the host immune defences (Neumann et al., 1998; Troesch
et al., 2006). HCV genotypes can differ in terms of severity of the resultant disease,

ability to establish persistent infection and response to antiviral therapy (Simmonds,

2004).

In density gradients, HCV RNA-containing particles have been shown to associate with
very low density lipoprotein (VLDL) and low density lipoprotein (LDL), forming
complexes called lipoviroparticles (LVPs). HCV particles have also been found to form
complexes with immunoglobulin (Nielsen et al., 2006; Thomssen et al., 1993). As a
result of these interactions, HCV serum particles can exhibit a broad range of buoyant
density and sedimentation, which varies depending on the method of analysis used
(Andre et al., 2002; Choo et al., 1995; Thomssen et al., 1992). Infectious virions are
found in the lowest density fractions (~ 1.06 g/ml), which are associated with LDL and
VLDL, while those particles found at higher densities (1.17-1.21 g/ml) display far lower
infectivity (Choo et al., 1995; Hijikata et al., 1993b; Thomssen et al., 1992).

The development of a robust HCV cell culture infectious system (HCVcc) has allowed
the biophysical and biochemical nature of the HCV virion to be further characterised.
As HCVcc virions are known to associate with VLDLs (Chang et al., 2007), are
heterogenous, spherical particles (Wakita et al., 2005) and have been found after
gradient analyses to sediment their most infectious material at densities in line with the
peak of infectivity for HCV in vivo (1.09-1.10 g/ml) (Lindenbach et al., 2005), HCVcc
particles were initially believed to be biophysically similar to those found in vivo.
Electron cryomicroscopy studies of HCVcc particles revealed an electron-dense bilayer
around certain particles, which allowed differentiation between two morphologically
distinct particle classes (enveloped and nonenveloped) that had different diameters (~
60 nm versus ~ 40 nm). The similar frequencies and size distributions of these different
particle populations found in cell-culture derived virus compared very favourably to
morphologies obtained with wild-type virus from infected patients (Gastaminza et al.,
2010). However, while HCVcc is known to have a tight association with apoE and

apoC1 (Chang et al., 2007; Meunier et al., 2008a), the interaction of HCVcc with apoB



is sporadic and inefficient, in contrast to LVPs, which have a strong association with
this apolipoprotein (Merz et al., 2011). Due to the inability of HCVcc to capture apoB-
specific antibodies with regularity, HCVcc particles likely resemble apoE-positive and

primarily apoB-negative lipoproteins (Bartenschlager et al., 2011).

HCVcc RNA containing particles have been seen to sediment at a density of ~ 1.15
g/ml. The fact that the HCV structural proteins core, E1 and E2 were also observed in
the same peak fraction of the density gradient confirmed that these proteins are
components of the virion (Wakita et al., 2005). Indeed, while the E1 and E2 envelope
glycoproteins assemble as noncovalent heterodimers intracellularly, virion-associated
glycoproteins form large covalent complexes stabilized by disulfide bridges.
Furthermore, these complexes were recognized by CD81, a HCV receptor, as well as
heparin, a heparan sulphate homologue, indicating that the envelope glycoproteins are

in a functional confirmation competent for HCV entry (Vieyres et al., 2010).

1.3. HCV Transmission and Epidemiology

Recent estimates predict that ~ 3 % of the world’s population, equivalent to 170 million
people, are infected with HCV (Thomson, 2009). HCV is the leading cause of liver
transplantation in developed countries and is believed to account for 27 % of cirrhosis
and 25 % of hepatocellular carcinoma (HCC) worldwide (Alter, 2007). While HCV is
endemic in most parts of the world, there are significant geographical differences in
HCV infection patterns. Developed countries such as those in North America and
Western Europe have low prevalence rates for the virus (0.6 % UK, 2 % US). Many
developing nations in Africa and Asia have far higher prevalence rates for HCV,
although there is limited data available in some of these countries to determine specific
levels of infection (Thomson, 2009). Egypt has the highest prevalence rate, with HCV
antibodies detected in 22 % of the general population (Shepard et al., 2005), reflecting
prophylactic schistosomiasis treatment campaigns conducted with contaminated glass
syringes over a number of decades. These nationwide campaigns represent the world’s

largest iatrogenic transmission of a blood-borne pathogen (Frank et al., 2000).



HCYV infection is most commonly transmitted by percutaneous exposure to blood or
blood products. The principal modes of transmission have changed over time and differ
between countries. In industrialised nations, HCV transmission by blood transfusion has
been virtually eradicated thanks to the implementation of blood-screening tests for HCV
(Kuo et al., 1989; Huber et al., 1996). Injection drug use is now the primary mode of
HCV transmission in these countries. In the developing world, unhygienic medical
procedures and contaminated blood products remain the major factors behind
transmission rates (Lavanchy, 1999). Sexual transmission and perinatal transmission are
other routes of infection but are not common, and studies on both routes have provided
inconsistent results (Alter, 2007). Given that most HCV infections are asymptomatic
and that the majority of countries do not routinely screen for HCV infection, the

incidence of HCV is difficult to accurately determine.

Significant variation is observed in the geographical distribution of the seven HCV
genotypes (Fig 1.1). Genotypes 1-3 have a worldwide distribution and account for a
great majority of infections in the western world. Genotype 4, however, is
predominantly found in Africa and the Middle East, genotype 5 is largely restricted to
South Africa, genotype 6 is prominent in South-East Asia while genotype 7 is primarily
observed in central Africa (Gottwein et al., 2009; Nguyen & Keeffe, 2005; Simmonds
2004).

1.4. Natural History of Infection

The predominant site for HCV infection and replication is the liver. As with all
diseases, there is no single typical course, rather a broad clinical spectrum of disease
presentations and outcomes (Hoofnagle, 1997). HCV frequently establishes a chronic
infection following an acute infection. Both conditions are described in the following

sections.
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Figure 1.1. HCV subtype distribution worldwide.

The geographic and subtype distribution is shown for the 85, 967 sequences available
online at http://hcv.lanl.gov (accessed February 27, 2013).




1.4.1. Acute Hepatitis C

Viremia is first detectable within 1 to 2 weeks post-HCV infection (Farci et al., 1991;
Thimme et al., 2001) However, acute HCV infection is infrequently diagnosed because
the majority of acutely infected individuals exhibit mild or no symptoms. Clinically
acute HCV, which presents in ~ 20-30 % of cases, resembles other forms of acute viral
hepatitis, with symptoms manifesting between 3-20 weeks post-infection (mean
incubation period to onset of symptoms is 7 weeks) (Barrera et al., 1995; Hoofnagle,
1997; Thimme et al., 2001). Symptoms include malaise, nausea, dark urine, anorexia
and jaundice. A number of weeks post-exposure, elevated alanine aminotransferase
(ALT) activity is observed in the serum of the vast majority of patients with acute HCV.
ALT levels, which signify hepatocyte necrosis, have been found to be greater than ten-
fold higher than normal at their peak in 80 % of these patients (Farci et al., 1991;
Hoofnagle, 1997; Thimme et al., 2001). Acute HCV infection resolves spontaneously in
15-40 % of infected individuals, although the exact mechanisms underlying this
clearance are currently unknown. Rapid, fulminant hepatitis associated with acute HCV
infection has been reported but is a rare occurrence (Farci et al., 1996). Fulminant
hepatic failure is a dramatic clinical syndrome, characterised by massive necrosis of the
liver, which arises shortly following infection in HCV-related cases (2-8 weeks).
Monoclonality of a highly virulent viral population that circulates in the blood at high
titres is thought to be important but not sufficient for the development of fulminant
hepatitis, with changes to as yet undefined host factors also likely contributing to this

hepatic failure (Farci et al., 1996; Kato et al., 2001).

1.4.2. Chronic Hepatitis C

The acute phase is considered the first 6 months after infection. HCV infection
persisting for more than six months is defined as chronic infection. The majority (60-85
%) of individuals infected with HCV develop chronic infection. Chronic infection
involves a continuing and constant viremia of ~ 10'* virions produced daily, although
virion production is higher during the acute phase of infection (Neumann et al., 1998).
Chronically infected patients can remain asymptomatic for more than three decades but

can eventually develop serious liver conditions such as steatosis (fat accumulation in the



liver), hepatic fibrosis (structural liver damage) and compensated and decompensated
cirrhosis (extensive tissue scarring). Serum ALT levels are usually continuously
elevated during chronic infection, but this elevation correlates poorly with disease
activity. Up to 20 % of patients develop cirrhosis within the first two decades of HCV
infection (Yano et al., 1996). In patients with established cirrhosis, the risk of
developing hepatocellular carcinoma (HCC), or cancer of the liver, is between 1-4 %

each year (Hoofnagle, 2002).

It is not yet fully clear how HCV induces cirrhosis and HCC. As it has been shown that
HCV is not significantly cytopathic in immunocompetent patients, hepatocellular
damage in these individuals is likely brought about by the actions of cytotoxic CD8" T-
cells on infected cells (McGuinness et al., 1996; Brillanti et al., 1993). While the time
from infection to cirrhosis can be influenced by numerous host, viral and environmental
factors such as age, sex, ethnicity, alcohol intake, underlying disease, viral genotype and
viral quasispecies diversity (Bellentani & Tiribelli, 2001; Benhamou et al., 1999;
Berenguer et al., 2000; Kenny-Walsh, 1999; Poynard et al., 1997, Villano et al., 1999),
immunocompromised patients generally suffer a far more rapid and severe course of
liver disease than those with healthy immune responses (Einav & Koziel, 2002),
implying that liver cirrhosis induced by HCV infection is heavily mediated by the
vigour of the infected individual’s immune response. However, how HCV causes HCC
is as yet unknown. The potential role of HCV in transcriptional regulation has long
suggested an involvement in inducing phenotypic changes in hepatocytes. Adding
weight to this theory, the incidence of HCC in transgenic mice expressing core protein
has been found to be far greater than in control mice. Analysis of tumour cells in those
mice with HCC also found higher levels of core expressed in these cells compared to

surrounding normal hepatocytes (Moriya et al., 1997).

1.5. Immunological Response to HCV Infection

The immune system is divided into two major branches, the innate immune system and

the adaptive immune system.



1.5.1. Innate Immunity

The innate immune system is nonspecific as to the type of pathogen it fights and is
ready to be mobilized upon the first signs of infection (Pavio and Lai, 2003). This is
achieved by cells responding to viral infection by rapidly inducing interferons (IFNs)
upon recognition of viral pathogen-associated molecular patterns (PAMPs) by cellular
proteins known as pattern recognition receptors (PRRs). Two specific PRRs, Toll-like
receptor 3 (TLR3) and retinoic-acid inducible gene I (RIG-I), have been implicated in
anti-HCV innate immunity (Saito et al., 2008; Wang et al., 2009b). These receptors
sense double-stranded RNA (dsRNA), an important intermediate in the HCV replication
cycle, before unleashing a signalling cascade that subsequently leads to the synthesis of
the type I IFN IFN-B. Secreted IFN-B binds type 1 IFN-a/f receptors, causing
autocrine/paracrine activation of the JAK-STAT signalling pathway, which results in
the expression of IFN-a and numerous IFN-stimulated genes (ISGs), the genetic
effectors of the host response to viral infection (Gale & Foy, 2005). Several ISGs have
been shown to exhibit potent anti-HCV activity. 2'-5" oligoadenylate synthetase (2-5
OAS) induces its antiviral effect by producing 2’,5'-linked oligoadenylate, which is the
ligand and activator of RNase L, a ubiquitous enzyme in mammalian cells that can
cleave viral and host RNAs to generate small RNA cleavage products that signal
through the RIG-I/MDAS pathway (Malathi et al., 2007). ADARI1 is an RNA-editing
enzyme that deaminates adenosines in dsRNA, resulting in destabilization of RNA and
accumulation of mutations (Taylor et al., 2005). Protein kinase R and P56 are two ISGs
capable of inhibiting viral translation, the former by phosphorylating the a-subunit of
the canonical eukaryotic initiation factor (elF) 2, the latter by binding to eIF3 (Horner &
Gale, 2009).. The expression of ISGs can also result in further amplification of the host
IFN response through upregulation of IFN-f3 production (Sumpter et al., 2005). Type 111
IFNs have also been found to be induced directly upon viral infection, similar to IFN-3
(Osterlund et al., 2007). The type III IFN IFNA3 (IL28B) has been recently shown to
play a pivotal role in HCV clinical outcome during the acute stage of infection (Kelly et

al., 2011).

Despite the fact ISGs are stimulated by HCV, chronic infection is established in 80 % of

exposed individuals. It is clear that HCV is able to subvert the host’s innate immune



response, with numerous reports giving evidence that HCV can attenuate the IFN
response at various different stages. The HCV NS3/4A protease is thought to target and
cleave components of the RIG-I pathway necessary for an efficient interferon activation
cascade (Foy et al., 2005). The capsid protein core can impair induction of ISGs by
interfering with several aspects of JAK-STAT signalling (Melen et al., 2004; de Lucas
et al., 2005). It has also been suggested that core removes the host DEAD-box protein
DDX3 from the IFN-B-inducing complex, impairing IFN-B activation (Oshiumi et al.,
2010a). NS5A is known to bind to downstream anti-HCV ISGs such as protein kinase R
(PKR) and 2-5 OAS and disrupt their function. The envelope E2 protein is also believed
to act as a decoy target to PKR (Horner & Gale, 2009; Rehermann, 2009, Taylor et al.,
1999). These viral manipulations help HCV successfully avoid activating the innate
immune response, which subsequently contributes to impairment of the adaptive
immune response as cytokines produced during the innate immune response are
essential for activation of adaptive immunity. While cellular innate immunity has been
well-researched, less data is established about the humoral innate immune response. The
humoral arm consists of PRRs such as complement Clq, collectins and ficolins, which
can activate the complement cascade, leading to specific lysis of virions, opsonization
of viruses and increased phagocytosis, and direct neutralization of virus particles (Tarr
et al., 2012). However, as with cellular effectors, HCV has developed numerous
sophisticated mechanisms of escape from these humoral processes, such as the ability of
core and NS5A to disrupt transcription of complement C4 protein, a vital factor in

opsonization and lysis of virions (Banerjee et al., 2011).

1.5.2. Adaptive Immunity

Like the innate immune response, the adaptive immune response can be divided into
two categories, the cellular immune response, governed by T-lymphocytes, and the

humoral immune response, governed by B-lymphocytes (Pavio & Lai, 2003).

1.5.2.1. Adaptive Cellular Immune Response

T-lymphocytes such as helper T-cells (CD4") and cytotoxic T-cells (CD8") are critical

for HCV clearance, with strong, sustained and multispecific T-lymphocyte responses



associated with attenuated HCV infection (Thimme et al., 2001; Diepolder et al., 1996).
In contrast, HCV chronic infection typically occurs in patients with weak, oligo/mono-
specific or no virus-specific CD4" or CD8" T-cell responses during the acute phase of
infection (Neumann-Haefelin et al, 2005). CD4" T-cells recognize viral peptides bound
to major histocompatiblity complex (MHC) class II molecules present on the surface of
professional antigen presenting cells (APCs). These responses are directed mainly
against HCV non-structural proteins, often targeting the same immunodominant
epitopes within NS3 (Diepolder et al., 1997; Hoffman et al., 1995). CD4" T-cells
secrete cytokines such as tumour necrosis factor-o (TNF-a) that stimulate development
of CD8" T-cells. Specific CD8" T-cells bind to MHC class I molecules on the surface of
infected hepatocytes, leading to the elimination of these cells. CD8" T-cells can stop
viral infection either by direct cytotoxicity or by non-cytolytic cytokine-mediated

inhibition of replication (Guidotti & Chisari, 2001).

While depletion studies have confirmed that CD8" T-cells are the most important
effector cells in controlling HCV infection (Grakoui et al., 2003; Shoukry et al., 2003),
CD4" T-cells seem to play a central role in the antiviral immune response, either by
inducing or maintaining cytotoxic activity or by directly secreting antiviral cytokines.
CD8" T-cells are able to develop in the absence of CD4" T-cells, but cannot control
viremia (Kaplan et al., 2007). In chronic HCV infection, two major factors contribute to
CDS8" T-cell failure, T-cell exhaustion and viral escape mutants (Klenerman & Thimme,
2012). CD4" T-cells and CD8" memory T-cells are present at low frequencies in
individuals with resolved acute HCV infection. While evidence has shown that
immunity against viral persistence can be acquired (Mehta et al., 2002), protective
immunity to HCV is strain-specific and readily evaded by heterologous viruses

(Sugimoto et al., 2005).

1.5.2.2. Adaptive Humoral Immune Response

B-lymphocytes are responsible for producing antibodies involved in the adaptive
humoral immune response, with HCV specific antibodies detectable just 7 weeks post-
infection (Pawlotsky, 2004). Antibodies are able to neutralize HCV infection, with
serum from HCV-infected individuals capable of neutralizing virus infectivity in vitro

and subsequently able to protect chimpanzees against infection (Farci et al., 1994).
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Antibodies against all HCV antigens have been reported, but anti-envelope antibodies
have been the most thoroughly studied, as these antibodies have been shown to partially
protect chimpanzees against infection (Choo et al., 1994). The hypervariable region 1
(HVR1) of E2, a 27 aa stretch located at the N-terminus of the glycoprotein, is believed
to be a major target for antibody production. This may be due to the fact that the HVR1
region is necessary for the binding of E2 to the scavenger receptor class B type I (SR-
BI), a lipoprotein receptor molecule essential for viral entry (Scarselli et al., 2002).
While antibodies against HVR1 have been found in vivo, they tend to be highly strain-
specific, indicating that HVR1 harbours a neutralization epitope that is the site of escape
mutations from the humoral immune response (Kato et al., 1993; Vieyres et al., 2011;
Weiner et al., 1992). Also, HVRI is necessary for the interaction between SR-BI and
LDL, which is known to augment viral entry (Bartosch et al., 2005). This contradictory
role for HVR1 suggests it may function as an immunological decoy for the virus,
driving a strong antibody response against HVRI but allowing the selection of

antibody-escape mutants (Ray et al., 1999).

The lack of broadly neutralizing antibodies targeting HVR1 led to the search for other,
well conserved, antibody targets. To date, there have been numerous monoclonal
antibodies generated that target linear or conformational epitopes in E2 and inhibit HCV
infection. The linear epitope spanning E2 residues 412-424, located just downstream of
HVRI, is seen as a major neutralization target (Owsianka et al., 2005; Perotti et al.,
2008; Tarr et al., 2006). This region is recognized by at least nine broadly neutralizing
monoclonal antibodies. One of the best characterized is the mouse mAb AP33, which
has been shown to potently neutralize HCV pseudoparticles (HCVpp) bearing
glycoproteins representative of the major HCV genotypes and subtypes (Owsianka et
al., 2005), as well as inhibiting JFH1 infectivity (Tarr et al., 2006). AP33 is proposed to
neutralize HCV infection through inhibiting the interaction of E2 with the viral entry
receptor CD81, a tetraspanin found on most cell types. This epitope recognized by
AP33 is highly conserved, spanning residues 412-423, with single amino acid
substitutions in the epitope shown to decrease viral fitness (Owsianka et al., 2006; Tarr
et al., 2006) or increase particle vulnerability to nAbs (Dhillon et al., 2010; Tao et al.,
2009). The high conservation of the AP33 epitope either suggests that the structural
integrity of the epitope may be vitally important in maintaining the functional

conformation of E2 or that the region is poorly immunogenic in vivo. While the
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prevalence of antibodies reactive to this conserved E2 region in vivo varies from <2.5 %
(Tarr et al., 2007) to 15 % (Keck et al., 2013), this low level of reactivity may be due to
a shielding effect exerted by HVRI1, which is located immediately upstream of the
AP33 epitope. It has also been suggested that virion-associated lipoproteins or E2
glycans shield this region of E2 from the host immune system (Tao et al., 2009; Helle et
al., 2010). Other targets for neutralizing antibodies include the binding sites of cell
surface receptors SR-BI and occludin (OCLN), known to interact with E2, and claudin-
1 (CLDN-1), necessary for the formation of an E2-CD81-claudin-1 co-receptor complex
(Edwards et al., 2012). While E1 appears to be less immunogenic than E2, a conserved
epitope has been identified between residues 313-327 of the protein. mAbs targeting
this E1 epitope have been found to strongly neutralize various HCV genotypes as well

as inhibit JFH1 infectivity (Meunier et al., 2008b).

The heterogenous nature of patient cohorts, amplified by the differences in HCV strains,
has hampered analysis on the association between antibody-mediated neutralization and
viral clearance. However, these problems were absent from one study involving a
cohort of 49 healthy women infected with the same genotype 1b strain by intravenous
transmission (Pestka et al., 2007). In these patients, viral clearance was associated with
the rapid induction of neutralizing antibodies in the early stage of infection and loss of
these antibodies after recovery from infection. Those who developed chronic infection
displayed either a greatly reduced or completely attenuated capacity to neutralize the
virus in the early stages of infection, with induction of neutralizing antibodies delayed
until the late stage of infection. Thus, it appears neutralizing antibodies can control
HCYV infection if induced in the early phase of infection, but HCV can persist despite
the presence of neutralizing antibodies during the chronic phase of infection. Hence, it
appears that antibodies do play a role in the neutralization of HCV but it is probable that

other immune mechanisms contribute to viral clearance.

Antibodies may mediate neutralization by causing aggregation of virus particles,
inhibiting virus-host interactions or preventing viral envelope fusion with cellular
membranes. However, HCV utilizes numerous diverse mechanisms of escape from
neutralizing antibodies. While the innate heterogeneity of HCV is a crucial factor in
immune escape, preventing nAbs from binding to various viral epitopes, another

prominent means of HCV survival is the use of virion-associated lipoproteins or glycans
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present on the surface of E2 (the “glycan shield”) to mask the HCV envelope
glycoproteins from nABs (Helle et al., 2010; Tao et al., 2009). HCV has also been
found to induce non-neutralizing antibodies (also referred to as “interfering antibodies)
that can compete with nAbs for the same epitopes and allow establishment of a
persistent infection despite a strong immune response (Zhang et al., 2007b; Zhang et al.,
2009). HCV can also spread via cell-to-cell transmission without being secreted into the
extracellular environment, thus avoiding the anti-viral effects of nAbs (Timpe et al.,
2008; Witteveldt et al., 2009). The cellular receptors CD81, CLDN-1, OCLN and SR-

BI are all essential for this process (Brimacombe et al., 2011).
1.6. Disease Progression

HCV is not considered to be an inherently cytopathic virus. The lack of a cytopathic
effect is evident from analysis of numerous individuals with persistent infections who
display HCV viraemia, yet continually express normal ALT levels and have no apparent
liver cell damage (Koziel, 1997; Pawlotsky, 1998). Other arguments against a direct
viral cytopathic effect (CPE) include the fact that transgenic mice expressing HCV
structural proteins show no evidence of damage to liver cells (Koziel, 1997), and the
observation that low levels of HCV RNA are found in sera from patients with HCV-
associated fulminant hepatitis (Farci et al., 1996). It has long been assumed that liver
injury and disease progression in HCV infection is immune-mediated. Indeed, the
majority of the liver damage experienced in patients who fail to clear the virus is most
likely due to compartmentalisation of HCV-specific CD4" or CD8" T-cells in the liver,
which cause cell death through apoptosis, either directly using cytotoxic T cells or by

abundant local cytokine secretion (Rehermann, 2009).

Despite the prominent role of the host immune response in the onset and progression of
inflammatory hepatic lesions, there is abundant evidence in the literature supporting the
theory that liver damage induced by HCV infection can be due to both the immune
response and direct viral CPE. Steatosis, the accumulation of lipids in hepatocytes, is
predominantly found in patients infected with HCV genotype 3 and is thought to be
induced by this strain of the virus. Interestingly, this theory was confirmed after the

outcome of steatosis was found to match the virological response to treatment in
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genotype 3 infected patients with purely virus-induced steatosis. Furthermore, no such
correlation was observed in patients with metabolic causes of steatosis who were
infected with other HCV genotypes (Castera et al., 2005). The rapid disease progression
seen in immunocompromised patients has also implicated viral factors in HCV
pathogenesis. HCV-induced CPEs leading to liver injury can be found in patients
suffering from fibrosing cholestatic hepatitis (FCH), a severe and progressive form of
liver dysfunction seen in organ transplant recipients. The pathogenesis of this disease
has been attributed to uninhibited viral replication within hepatocytes in the absence of
an adequate cellular immune response, culminating in a direct CPE (Rosenberg et al.,
2002). Other immunodeficient groups, such as individuals suffering from
hypogammaglobulinaemia (HGG) or those co-infected with HIV/HCV, also exhibit
extremely rapid cirrhosis progression rates compared to immunocompetent patients. As
in FCH patients, the lack of an efficient immune response in such patients allows
widespread viral replication to occur and thus, possibly, a direct HCV-induced CPE

(Bjoro et al., 1999; Christie et al., 1997; Martinez-Sierra et al., 2003).

It is also widely recognized that chronic hepatitis C is associated with insulin resistance
(IR) and type 2 diabetes. Apart from the well-characterised complications of diabetes,
IR in chronic HCV patients predicts faster progression to fibrosis and cirrhosis that may
culminate in liver failure and HCC and is also linked with a reduced level of SVR (see
section 1.8.1) to pegylated IFN-o and ribavirin treatment (Douglas & George, 2009;
Kawaguchi et al., 2011). Indeed, pathogenesis, cause of death, assessment and
therapeutic strategy for hepatogenous insulin/diabetes differ from those for lifestyle-
related type 2 diabetes. Furthermore, serum insulin levels are higher in diabetic patients
with chronic liver disease than in patients with lifestyle-related diabetes. These results
indicate that distinctive factors underlie the pathophysiology of hyperinsulinemia in
these HCV-positive patients. IR is most strongly associated with HCV genotype 1 but
severe IR has also been observed in patients with genotypes 3 or 4 (Cua et al., 2008;
Moucari et al., 2008; Duseja et al., 2009).
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1.7. Diagnosis of HCV Infection

HCV infection can be diagnosed utilising both serological and virological assays.
Serological tests are performed using an enzyme immunoassay (EIA) to detect the
presence of antibodies against various HCV epitopes. Once serum or plasma antibodies
have been captured on the wells of microtitre plates using corresponding antigens,
antigen-antibody complexes are then specifically revealed in a colorimetric enzymatic
reaction. The degree of colour change is proportional to the level of antibody present in
the sample. The HCV genotype of individual samples can be determined by looking for
antibodies directed to genotype-specific HCV epitopes (Pawlotsky, 2002; Chevaliez &
Pawlotsky, 2007).

Virological assays rely on HCV nucleic acid amplification and give both a qualitative
and quantitative analysis of viral load. These tests are more sophisticated and thus, more
useful, than serological assays as they can detect virus before antibodies are produced.
HCV RNA is extracted and reverse transcribed into a single-stranded complementary
DNA (cDNA), which is subsequently processed into a cyclic enzymatic reaction leading
to the production of a large numbers of detectable copies. Polymerase chain reaction
(PCR)-based assays are used to synthesize double-stranded copies of the HCV genome,
whereas single-stranded copies can be generated by transcription-mediated
amplification (TMA) (Chevaliez & Pawlotsky, 2007). While these methods give a
qualitative measure of HCV RNA, quantitative analysis of HCV load can be determined
by means of target amplification techniques such as competitive PCR or real-time PCR,
or by signal amplification techniques such as the branched DNA (bDNA) assay. bDNA
is a signal enhancement procedure involving hybridization of virus RNA after binding
to specific ssDNA probes. However, real-time PCR has become the technique of choice
to detect and quantify HCV RNA in clinical practice. Virological assays can determine
HCV genotypes by using specific primers that bind signature sequences of each
particular strain of virus (Chevaliez & Pawlotsky, 2007; Chevaliez & Pawlotsky, 2009).
Developments in sequencing, particularly next-generation sequencing (NGS), now
allow detection of all components of the complex mixture of genetically related yet

distinct viral populations that exist in equilibrium in an infected individual, but this
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approach is still too cumbersome and time-consuming to exist outside a research setting

(Chevaliez et al., 2012).

1.8. Treatment of HCV Infection

Of those infected with HCV, 60-85 % proceed to a chronic state, in which there is very
little chance of the infection spontaneously resolving. Of these chronically infected
individuals, 15-30 % will develop cirrhosis over the course of the next three decades
(Rosen, 2011). There is currently no vaccine against HCV, development of which is
often thwarted by the heterogeneity of the virus. The current standard treatment for
patients with HCV is a combination of pegylated IFN-a and ribavirin. In recent years,
however, the development of several antiviral drugs, designed to interfere directly at
specific stages of the HCV lifecycle, has resulted in the emergence of triple therapies
for specific patient cohorts, with these antiviral drugs used alongside pegylated IFN-a
and ribavirin in treatment (Pawlotsky, 2011). If these IFN-based treatments fail and
patients subsequently develop decompensated liver cirrhosis or HCC, liver
transplantation is the only available treatment option for individuals. However, even
after successful transplantation, reinfection typically occurs due to circulating HCV in
the blood. Reinfection of the graft is also associated with a more rapid disease
progression, with a median time to cirrhosis of 8 to 10 years (Terrault & Berenguer,

2006)

1.8.1. Treatment of Infection with IFN-a and Ribavirin Combination

Therapy

Initially, HCV infection was treated with IFN-a, but this monotherapy eliminated virus
in <20 % of patients (Di Bisceglie & Hoofnagle, 2002). The conjugation of
polyethylene glycol to recombinant IFN-a, resulting in pegylated IFN-o, was a major
step in HCV treatment as the molecule had a longer half-life, a better pharmacokinetic
profile and a better rate of virological response compared to IFN-a (Glue et al., 2000;
Zeuzem et al., 2000). Administering the guanosine analogue ribavirin in combination
with pegylated IFN-a further improved viral clearance rates (despite the fact ribavirin

monotherapy is ineffective) and has become the “standard-of-care” therapy for HCV
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treatment (Di Bisceglie et al., 1992; Feld & Hoofnagle, 2005). In spite of this, a
sustained virological response (SVR) — defined by undetectable HCV RNA 24 weeks
after treatment completion, associated with permanent cure in 99 % of cases — is
achieved in only 40-50 % of patients infected with genotypes 1 or 4, improving to ~ 80
% of patients infected with genotypes 2 or 3 (Soriano et al., 2009). Several pretreatment
factors can adversely influence the SVR rate, including older age, male sex, African
American race, obesity, presence of cirrhosis or advanced fibrosis and absence of
significant co-morbidities (Feld & Hoofnagle, 2005; Tsubota et al., 2011). This therapy
is also extremely expensive and can cause side effects including headaches, fever,
myalgia, haemolytic anaemia and severe depression (Fried, 2002).

The mechanism by which pegylated IFN-a and ribavirin exert a therapeutic effect
against HCV infection is unknown. IFN-a is a member of the type-1 IFNs, which have
all been implicated to play crucial roles in the innate immune response and exhibit
antiviral, antiproliferative and immunomodulatory activities. IFN-a has potent antiviral
activity, not by acting directly on the virus or replication cycle, but by inducing ISGs,
which in turn promote a non-virus-specific antiviral state within the infected cell (Feld
& Hoofnagle, 2005; Sen, 2001). However, it is not yet understood which of the
numerous ISGs activated by IFN-a is responsible for inhibiting HCV. Ribavirin is a
guanosine analogue and is phosphorylated intracellularly to produce mono-, di- and tri-
phosphate forms. Misincorporation of ribavirin triphosphate by the HCV polymerase
has been shown to lead to premature chain termination and inhibition of viral replication
(Maag et al., 2001), while ribavirin monophosphate is known to be a competitive
inhibitor of a cellular enzyme (inosine monophosphate dehydrogenase- IMPDH) vital
for viral RNA synthesis (Feld & Hoofnagle, 2005; Lau et al., 2002). However, the
minimal antiviral effects of ribavirin monotherapy indicate that neither of these
processes are likely to be the major mechanism of action against HCV. Ribavirin has
also been found to act as a viral mutagen, causing an accumulation of errors that may
cause a collapse in viral fitness or remove a quasispecies population from an infected
individual, termed “error catastophe” (Crotty et al., 2001). It is possible that ribavirin
might reduce the ability of HCV to escape immune and antiviral responses, thus

increasing the effectiveness of pegylated IFN-a.
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1.8.2. Novel Antivirals

The development of HCV replicons and cell culture infectious systems has enabled the
design of STAT-C (specifically targeted antiviral therapy for hepatitis C) compounds,
also referred to as direct acting antiviral (DAA) molecules, which can specifically and
directly target the HCV lifecycle (Rosen, 2011; Soriano et al., 2009). Indeed, two
NS3/4A protease inhibitors (PIs), boceprivir and telaprevir, were approved by the US
Food and Drug Administration (FDA) for clinical use in May 2011, the first new drugs
approved for HCV treatment in over a decade. These Pls exert their effect by blocking
the NS3/4A serine protease from cleaving the viral polyprotein and the interferon-f3
promoter stimulator 1 (Jacobson et al., 2012; Rosen, 2011). This first generation of Pls
have been shown to reduce duration of therapy and increase SVR rates in genotype 1
patients from 40 to > 60 % when used in combination with pegylated IFN-a and
ribavirin compared to standard pegylated IFN-o/ribavirin therapy. While this triple
therapy represents a huge step forward, this treatment is still unsuitable for patients
either intolerant of or with contraindications to pegylated IFN-a or ribavirin and is
ineffective in patients with non-1 genotype HCV, previous null responders to pegylated
[FN-o/ ribavirin therapy and those with advanced fibrosis (Gane, 2012; Jazwinski &
Muir, 2011). Numerous unpleasant side-effects, including skin rash, nausea and
anaemia, are regularly observed during treatment with telaprevir and boceprevir.
Clinical trials have also discovered that the use of protease inhibitors in isolation leads
to the rapid generation of viral mutations and resistance, but the presence of ribavirin in
triple therapy prevents the risk of emerging Pl-resistant HCV strains (Pawlotsky, 2011;
Soriano et al., 2009).

Other drug classes entering the HCV treatment landscape include nucleoside analogue
and non-nucleoside polymerase inhibitors, NS5A inhibitors and cyclophilin inhibitors.
Inhibition of the cellular-encoded cyclophilins, notably cyclophilin A (CypA), is
believed to account for the anti-HCV activity of cyclosporine A (CsA) and its
analogues, which target the isomerase activity of these proteins (Chatterji et al., 2009;
Kaul et al., 2009). As a direct interaction of CypA with viral replicase components
NS5A and NS5B has been reported (see sections 1.9.8 and 1.9.9), and HCV resistance
to CsA is linked to the emergence of resistance mutations that map to NS5A and NS5B
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(Fernandes et al., 2007; Robida et al., 2007), it has been suggested that NS5A and
NS5B may govern the dependence of the virus on CypA-mediated isomerase activity,
although the molecular mechanisms involved in this process are as yet unclear. While
none of these compounds have completed the range of clinical trials needed for full
FDA approval, results from early clinical development studies are very encouraging in
some cases. For instance, the NS5A inhibitor BMS-824 potently inhibits HCV
replication and demonstrated promising efficacy during phase I clinical trials (Gao et
al., 2010), while preliminary trials of the NS5B nucleoside analogue R7128 have shown
the compound to be safe and well tolerated when administered together with pegylated
IFN-a and ribavirin (Ali et al., 2008). A long-term goal for HCV treatment is to develop
an IFN-free regimen that targets all HCV genotypes, giving therapeutic options to a far
greater proportion of the HCV-infected community. Combining two different classes of
STAT-C agents such as a PI and a polymerase or NS5A inhibitor is seen as the most
effective and broad HCV therapy that avoids the use of interferon. Whether ribavirin
will be needed for this therapy to combat drug resistance depends on the advances in
characterisation of STAT-C compounds in the near future (Jacobsen et al, 2012;

Pawlotsky, 2012).

1.9. HCV Genome Organisation and Function

The genome of HCV is a positive-sense, single stranded RNA molecule ~ 9.6 kb in
length. The genome consists of a single open reading frame (ORF) encoding a
polyprotein of ~ 3000 amino acids, flanked by two untranslated regions at the 5° and 3’
ends (5’UTR and 3’UTR) (Fig 1.2). The polyprotein is cleaved by cellular and viral
proteases to yield the HCV structural proteins core, E1 and E2 and the non-structural
proteins NS2, NS3, NS4A, NS4B, NS5A and NS5B. Until recently, the ion channel p7
protein, which is located between the confirmed structural and non-structural proteins,
was unassigned to either category. However, a stable interaction has been observed
between p7 and NS2, while a similar association is not seen between p7 and any of the

structural proteins, suggesting that p7 is a non-structural protein (Vieyres et al., 2013).

19



Virion

Envelope Glycoproteins
(E1 and E2)

Capsid Protein (Core)

e
7’
7
P e
P 7 =~ ~ ~
7 \\\
. 7’ ~ ~
-’ 9.6 kb TN
Genome -
\ Translation
Polyprotein Structural Non-structural proteins |

\ Polyprotein processing

Proteins Ihhlz \% 3 |l 4B || 5A \% 5B

Host signal peptide peptidase
= Host signal peptide
=—p INS2/3 autoprotease

==p NS3/4 protease

Figure 1.2. General features of the HCV genome and polyprotein processing.

5’ and 3° UTRs flank the HCV ORF, which generates a single polyprotein with
structural proteins (nucleocapsid protein or core, envelope glycoproteins E1 and E2,
and probably p7) grouped at the N-terminus followed by the nonstructural proteins
(NS2-5B). The polyprotein is cleaved into the 10 individual HCV proteins by both
host and viral proteases through complex co- and posttranslational events. Adapted
from Tellinghuisen et al. (2007).



1.9.1. The S’UTR

The 5’UTR is a highly conserved sequence consisting of 341 nucleotides that
contributes towards translation and replication of the viral genome (Bukh et al., 1992;
Friebe et al., 2001; Honda et al., 1999). A combination of computational, phylogenetic
and mutational analyses of the region identified four highly structured domains
(domains I to IV) (Brown et al., 1992; Honda et al., 1996a; Honda et al., 1999; Smith et
al., 1995). Translation of the HCV ORF occurs via an internal ribosome entry site
(IRES) in a cap-independent manner. The HCV IRES, which incorporates domains II,
IIT and IV of the 5’UTR together with the first 24-40 nucleotides of the core-coding
sequence, directly recruits the 40S ribosomal subunit to the AUG codon and initiates
protein translation (Honda et al., 1996b, Reynolds et al., 1996; Penin et al., 2004).
Given that no ribosome scanning is necessary for translation to begin, elF2, elF3, elF5
and elF5B are the only eukaryotic translation factors that have been implicated in HCV
translation (Pestova et al., 2008; Terenin et al., 2008). Domains II and III of the 5’UTR
are vital for genome translation as they directly contact and position the 40S subunit to
the AUG codon. Domain IV is not required for ribosome binding but it has been
suggested that it might provide a mechanism for feedback regulation of HCV translation
as the structural stability of domain IV negatively correlates with translation efficiency
(Honda et al., 1996a). In addition to its role in ribosome binding, the 5’UTR is essential
for genome replication. Domains I and II have been found to be sufficient for viral RNA
synthesis, although replication efficiency is enhanced if the complete 5’UTR is
available (Friebe et al., 2001; Kim et al., 2002).

As well as canonical translation factors such as e¢IF3, the 5’UTR is known to interact
with a number of other cellular factors. These include the polypyrimidine tract binding
protein (PTB) and the La autoantigen, which are thought to regulate HCV translation
and replication through their interaction with the 5’UTR (Ali & Siddiqui, 1995; Ali &
Siddiqui, 1997), although there is controversy about the necessity of PTB’s role in
translation (Brocard et al., 2007). The interaction between the 5’UTR and the poly (rC)-
binding protein 2 (PCBP2) is involved in HCV replication, but has no effect on viral
translation (Fukushi et al., 2001). Additionally, a liver-specific cellular microRNA,
miR-122, binds to two adjacent sites in the 5’UTR (Jopling et al., 2005; Jopling et al.,
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2008). Binding at both sites is needed for efficient viral translation (Henke et al., 2008).
However, analysis of double-binding-site mutants indicate that the subsequent defects
observed in HCV translation are not sufficient to explain the profound reductions also
seen in viral replication and infectious virus production (Jangra et al., 2010), suggesting
that miR-122 acts at additional steps in the virus life cycle. In line with this, it has been
suggested that miR-122 can also protect the 5’UTR from nucleolytic degradation and
prevent the induction of innate immune responses (Li et al., 2013a; Machlin et al.,

2011).

1.9.2. Core

HCYV core protein, at the very N-terminus of the HCV polyprotein, is presumed to form
the viral nucleocapsid, which houses and protects the viral genome (McLauchlan,
2000). During the processing of core in the cell, a signal peptide between core and El
undergoes an initial cleavage by the cellular enzyme signal peptidase (SP), releasing the
N-terminal end of El1 and leaving an immature precursor of core, 191 aa in length,
anchored in the ER membrane (Hussy et al., 1996; Moradpour et al., 1996; Santolini et
al., 1994; Yasui et al., 1998). The signal peptide present at the C-terminus of core
undergoes a second proteolytic event, this one mediated by the intramembrane protease
signal peptide peptidase (SPP), which releases mature core from the ER membrane
(McLauchlan et al., 2002; Pene et al., 2009). This SPP-mediated cleavage event and the
subsequent trafficking of the mature core protein to lipid droplets (LDs) have been
identified as crucial steps in virus production (Boulant et al., 2006; McLauchlan et al.,
2002; Miyanari et al., 2007; Shavinskaya et al., 2007, Targett-Adams et al., 2008b).

Mature core is a 21 kDa protein that can be separated into two distinct domains, termed
D1 and D2. D1, consisting of residues 1-117, is highly hydrophilic and is involved in
RNA binding (Boulant et al., 2005) and multimerisation of the protein through
homotypic interactions (Matsumoto et al., 1996). D2, spanning residues 118 to ~ 169, is
more hydrophobic, containing two amphipathic a-helices connected by an unstructured
region called the hydrophobic loop (HL) (Boulant et al., 2006). D2 is essential for
core’s association with LDs and ER membranes (Boulant et al., 2006; Hope &

McLauchlan, 2000, Moradpour et al., 1996) and is also required for the accurate folding
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of D1, which is unstructured when isolated (Boulant et al., 2005). Following its
interaction with LDs, core directs the distribution of LDs into the vicinity of membranes
bearing viral replication complexes, a process essential for the assembly of infectious

HCYV particles (Boulant et al., 2007; Miyanari et al., 2007).

The role of core in virion morphogenesis was first investigated by performing extensive
mutagenesis across a large section (residues 57-191) of the protein, creating a total of 34
mutant viruses (Murray et al., 2007). This project revealed numerous residues critical
for infectious virus production but not for viral RNA replication. Another mutagenesis
study focusing on two highly conserved clusters of basic amino acids (residues 6-23 and
39-62) in core soon followed, identifying four residues (R50, K51, R59 and R62) that,
when mutated to alanine in tandem, completely abrogated viral assembly (Alsaleh et al.,
2010). Further work conducted by our group recently revealed that the alanine
substitution of core residue G33 greatly reduces virus infectivity in the context of
HCVcc (Angus et al., 2012). This mutation is thought to alter the conformation of a
helix-loop-helix motif involving core residues 15-41. The passage of this assembly-
defective virus identified compensatory mutations in close proximity to the original
alanine substitution, suggesting that domain 1 of core has important functions in virion
morphogenesis (Angus et al., 2012). In line with this, an adaptive cell-culture mutation
in domain 1 of core (K74T) has recently been found to enhance viral protein-protein

interactions and morphogenesis of infectious HCV (Jiang & Luo, 2012).

A recent study highlighted that the nucleocapsid-like particle of HCV most likely
contains a dimer of core that is stabilized by a disulfide bond (Kushima et al., 2010).
Mutational analysis revealed that the core C128 residue was responsible for this
disulfide bond, without which virus particle assembly and viral capsid stability were
adversely affected (Kushima et al., 2010). The translation of an alternative reading
frame in the core coding sequence can also yield a 17 kDa protein called ARFP or F
protein. This protein is expressed during natural HCV infection but has been found to be
dispensable for virus replication in vitro and in vivo (McMullan et al., 2007; Vassilaki
et al., 2008) However, chronic HCV patients have displayed specific immune responses
to F protein (Xu et al., 2001), suggesting a role for the protein in the viral life cycle, as

yet undetermined.
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Amino acid sequence analysis indicates that core is the most conserved of all HCV
proteins across all genotypes (Bukh et al., 1994), reflecting its essential role in the HCV
lifecycle. With its extremely high level of conservation, it is hardly surprising that core
has been reported to influence numerous diverse host cell functions including apoptosis,
gene transcription, cell proliferation, immune response modulation, lipid metabolism
and HCV related steatosis and carcinogenesis (see section 1.4.2) (Giannini & Brechot,
2003; Mclauchlan, 2000; Mclauchlan, 2009; Ray & Ray, 2001; Roingeard & Hourioux,
2008). As these observations were derived mainly from heterologous overexpression
experiments, the relevance of these results are as yet unconfirmed. Despite this, core is
known to engage in a wide range of interactions with viral and cellular proteins, with
many of these associations mapped to residues within D1 of core (McLauchlan, 2000).
The interaction of core with the cellular DEAD-box RNA helicase DDX3 has been a
focus of study in our research group for many years. The importance and characteristics

of this interaction will be explained in greater depth in section 1.12.3.4.

1.9.3. E1 and E2

Following genome translation, the viral envelope glycoproteins E1 and E2 are liberated
from the viral polyprotein following proteolytic cleavage by host cell signal peptidases
(Miyamura & Matsuura, 1993). These glycoproteins are located on the surface of the
virion and are involved in host-cell entry by binding to cell surface receptors and fusing
with host-cell membranes (Penin et al., 2004). E1 and E2 are type I transmembrane
proteins with an N-terminal ectodomain translocated into the ER lumen and a short C-
terminal transmembrane domain (TMD) inserted into the ER membrane (Op De Beeck
et al.,, 2001). After their synthesis, E1 and E2 associate to form noncovalent
heterodimers intracellularly (Lavie et al., 2007), but virion-associated glycoproteins
form large covalent complexes stabilized by disulfide bridges in a HCVcc background
(Vieyres et al., 2010). As functional E1 and E2 has been shown to form noncovalent
heterodimers on the surface of HCVpp (Op De Beeck et al., 2004), the differences in
glycoprotein maturation between HCVpp and HCVcc may account for the differences
observed in HCV envelope protein function when these two systems are compared
(Russell et al., 2008). Accurate folding of these proteins is highly influenced by
modifications mediated by asparagine (N)-linked glycans. E1 and E2 contain up to 6
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and 11 conserved glycosylation sites, respectively. These modifications not only aid
glycoprotein folding but also facilitate HCV entry (Goffard et al., 2005, Lavie et al.,
2007).

Hypervariable regions (HVR) have been identified within E2. The first 27 aa’s of the E2
ectodomain form HVR1, a region highly implicated in cellular attachment. This region
evolves rapidly in HCV-infected individuals, driven by antibody selection of immune-
escape variants, indicating that HVR1 is under strong immune pressure (Mondelli et al.,
2003). An HCV clone lacking HVR1 was shown to be infectious in chimpanzees, but
this mutant virus was attenuated, suggesting a functional role for HVR1 in HCV entry
(Forns et al., 2000). Despite the strong aa variability, the physico-chemical properties
and confirmation of HVR1 are well conserved among the various genotypes and the
region is globally basic (Penin et al., 2001). Mutation of basic residues at specific
locations in HVR1 has been shown to greatly reduce virus entry, although this has no
apparent effect on glycoprotein-receptor binding (Callens et al., 2005). While deletion
of HVRI reduces HCVcc infectivity by 5- to 10-fold, deletion of either of the other
highly variable regions found in E2, HVR2 and the intergenotypic variable region
(igVR), eliminates formation of glycoprotein heterodimers, reduces CD81 binding and

abolishes virus entry, consistent with a global folding defect (McCaffrey et al., 2011).

Mutation of specific residues in the transmembrane domains of E1 and E2 are known to
alter the fusion properties of the envelope glycoproteins, indicating that these proteins
play an important part in the fusion process (Ciczora et al., 2007). While E1 may
contain a putative fusion peptide in its ectodomain (Flint & McKeating, 1999; Garry &
Dash, 2003), it is believed that E2 is a class II fusion protein with a B-sheet organisation
and an internal fusion peptide (Penin et al., 2004). No high-resolution structural data
currently exists for the HCV glycoproteins, but one group have constructed a homology
model for E2 based on related class II fusion proteins using the positions of the protein's
disulfide bridges together with functional data and secondary structure predictions
(Krey et al., 2010). This model divides E2 into three domains arranged linearly, forming
a rod-like molecule. The central domain (domain I) consists of an eight-stranded [-
sandwich structure with an up-and-down topology that is present in all class II fusion
proteins. A candidate fusion loop has been found at aa residues 502—520 in domain II,

while the residues responsible for interaction with the tetraspanin CD81 can be found at
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the interface of domains I and III, with the majority of residues present on domain I.
Domain III separates Domain I from the stem region but is linked to Domain I via the
igVR. This model also suggested that several glycans appear to frame the CD81 binding
surface, partially shielding it from recognition by circulating antibodies (Krey et al.,
2010).

El and E2 contain numerous conserved cysteine residues that form intramolecular
disulfide bonds in the oxidizing environment of the ER. The overall conformation of the
envelope glycoproteins depends on these bonds. Krey et al. (2010) determined the
identity of the nine disulfide pairs formed by 18 conserved cysteine residues within the
E2 ectodomain. Alanine scanning mutagenesis of each of these 18 residues confirmed
that all nine disulfide bonds and their corresponding cysteine residues in E2 are
essential for viral entry (McCaffrey et al., 2012). However, the contributions of each
cysteine residue and the nine disulfide pairs to E2 structure varied, illustrating a
complex pattern of intermolecular bonding. Recent studies have found that E2 can
tolerate the presence of four cysteines existing at free thiols, leaving their predicted
disulfide-bonding partners to participate in labile inter- and intramolecular disulfide-
bonding arrangements that are critical for viral entry competence (Fraser et al., 2011;
McCaffrey et al., 2012). Conserved histidine residues in E1 and E2 have also been
found to play important roles in protein folding, CD81 receptor binding and viral entry
(Boo et al., 2012). This is unsurprising, given that histidine plays a variety of structural
and functional roles in protein folding and stability in general through its numerous
diverse interactions with other amino acids. Residue H445 of E2 was also found to be a
pH sensor that can trigger conformational changes associated with membrane fusion

(Boo et al., 2012).

As well as CD81, several other cellular HCV receptors have been identified through
their interaction with E2, including SR-BI and occludin (Liu et al., 2009, Pileri et al.,
1998; Scarselli et al., 2002). While E2 is the best characterised subunit and is
considered the major target of neutralizing antibodies and the main receptor-binding
protein, E1 has recently been found to modulate E2 recognition by the cellular co-
receptor CD81 (Wahid et al., 2013). This result strengthens the validity of earlier
reports postulating that the correct conformational folding of each glycoprotein is

dependent on the expression of the other (Deleersnyder et al., 1997; Lavie et al., 2007,
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Michalak et al., 1997, Op De Beeck et al., 2001). Additionally, several host ER
chaperones such as calnexin, calreticulin and BiP have been shown to interact with E1
and E2, suggesting that HCV exploits cellular factors during protein maturation

(Dubuisson & Rice, 1996).

1.9.4. p7

p7 is a small (7 kDa) hydrophobic membrane protein located between the structural and
non-structural regions of the HCV polyprotein. Cleavage of p7 from the viral
polyprotein is mediated by a host signal peptidase, which, due to the presence of an E2-
p7-NS2 precursor and stable E2-p7 form, is likely to occur post-translationally (Lin et
al., 1994a). In vitro, p7 forms oligomers and is capable of conducting ions across
artificial membranes in a cation-selective manner (Griffin et al., 2003; Montserret et al.,
2010; Steinmann & Pietschmann, 2010). The precise oligomeric state of p7 is as yet
unknown, with conflicting reports highlighting hexameric (Griffin et al., 2003; Luik et
al., 2009) and heptameric species (Chandler et al., 2012; Clarke et al., 2006). p7 ion
channel function can be inhibited by amantadine, a compound that inhibits the influenza
A encoded M2 ion channel activity (Griffin et al., 2003). Due to this ability to
oligomerize and sustain ion fluxes, p7 has been included into the viral protein family
known as viroporins. Viroporins are small, virus encoded polypeptides that interact with
membranes, comprising at least one transmembrane segment (Gonzalez & Carrasco,
2003). In line with this, each p7 monomer is composed of two transmembrane domains
with both its N-and C- termini orientated towards the ER lumen. These transmembrane
segments are connected by a hydrophilic loop orientated towards the cytosol (Carrere-

Kremer et al., 2002).

The ion channel activity of p7 relies on its cytoplasmic loop. The topology of this
hairpin-like structure is stabilized by two conserved basic residues at positions 33 and
35 of p7. These residues have been found to be essential for ion channel activity in vitro
(Griffin et al., 2004), as well as production of infectious progeny in cell culture (Jones
et al., 2007; Steinmann et al., 2007) and infectivity in vivo (Sakai et al., 2003). As well
as these basic loop mutations, a conserved histidine at position 17 has also been found

to be essential for genotype 1b p7 ion channel activity, a residue located within the
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amino-terminal transmembrane domain that has been shown to line the channel lumen

(Chew et al., 2009; StGelais et al., 2009).

Adaptive mutations in p7 have been found to enhance infectious virus production
(Russell et al., 2008). Although p7 is not thought to play a role in viral RNA replication
(Lohmann et al., 1999), there is evidence that p7 has numerous different functions in
HCV production including roles in viral assembly and release (Jones et al., 2007;
Steinmann et al., 2007; Wozniak et al., 2010). Wozniak et al. (2010) demonstrated that
p7 controls proton (H") equilibration, resulting in a loss of intracellular compartment
acidification. While mature virions are acid stable, intracellular virus can be inactivated
by acidic pH, indicating that the reduction in acidification mediated by p7 is essential
for the production of infectious virus. While this result indicates that p7 is involved at a
late stage of virus production, it has been suggested that p7 acts at an earlier stage of
virion morphogenesis as well. Jones et al. (2007) postulated that if p7 was functioning
solely to protect glycoproteins from inactivation late in egress, infectious intracellular
virus that had not yet been inactivated would be released by subjecting cells to freeze-
thawing. No such virus was detectable, suggesting that p7 also likely acts early in viral
morphogenesis prior to particle production and supports a post-assembly role for p7
proton channel function (Jones et al., 2007). Furthermore, mutation complementation
analysis suggested that p7 interacts directly with other viral proteins as well as host
proteins essential for virus production (Yi et al., 2007). The findings reported by Yi et
al. (2007) were reinforced by a recent report focusing on the generation of a functional
HA-tagged p7 variant, which confirmed the stable interaction between p7 and NS2 and
the crucial nature of this association for the production of infectious HCV particles
(Vieyres et al., 2013). The lack of a similar interaction between p7 and any of the HCV
structural proteins implied that p7 is a non-structural protein. Furthermore, an anti-HA
antibody could not neutralize virus produced from the HA-p7-tagged genome, whereas
the same anti-HA antibody was able to neutralize virus particle infectivity from a
control virus incorporating a HA-tagged ApoE. They also published data highlighting
how a double-tagged virus they generated, incorporating a Flag epitope at the N-
terminus of E2 and a double HA epitope at the terminus of p7, could be neutralized by
an anti-Flag antibody but not by an anti-HA antibody (Vieyres et al., 2013). Despite
these results, and the fact that there are many examples in nature of viroporins that are

not incorporated into their respective virions (i.e., HIV Vpu and alphavirus 6K)
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(Gonzalez & Carrasco, 2003), the authors stated that the incorporation of p7 into the
HCYV virus particle cannot be ruled out as a possibility. Indeed, p7 could be part of the
virion but simply have no role in entry or its role in entry is unaffected by the anti-HA
antibody used in these experiments. More sensitive detection methods may be required
to determine if p7 is incorporated into the HCV virion, given that the M2 viroporin, a
crucial factor in influenza entry, is present at extremely low levels on the influenza

virion (14 to 68 copies per virion) ( Zebedee & Lamb, 1988).

1.9.5. NS2

The 23 kDa NS2 protein is a nonglycosylated integral membrane protein. This non-
structural protein has a hydrophobic amino-terminal subdomain containing three TMDs
that localise NS2 to the ER membrane (Lorenz, 2010). NS2 also contains a carboxy-
terminal cytoplasmic domain which, together with the first 181 residues of NS3, form a
zinc-dependent cysteine autoprotease that cleaves the NS2/NS3 junction (Grakoui et al.,
1993; Hijikata et al., 1993a). Crystallography of the NS2 C-terminal region revealed a
dimeric protease (Lorenz et al., 2006; Gouttenoire et al., 2006). Each monomer
encompasses two a-helices extended by a linker to six B-strands, with the a-helices of
one subunit interacting with the B-strands of the other subunit and vice versa (Gorzin et
al., 2012). The crystal structure of the NS2 C-terminus also identified a catalytic triad:
His 143, Glu 163 and Cys 184 are entirely conserved in all HCV isolates, with
mutagenesis of any of these residues to alanine abrogating proteolytic activity (Lorenz

etal., 2006).

While NS2 has to be cleaved off the N-terminus of NS3 to allow formation of an active
replicase, NS2 is not directly required for viral RNA replication (Lohmann et al., 1999).
Full length NS2 is known to be essential for the production of infectious virus particles
in HCVce, although the proteolytic function of the protein is not needed for efficient
viral production (Jirasko et al., 2008; Jones et al., 2007). It has also been observed that a
number of cell culture adaptive mutations generated within the NS2 coding region
greatly enhance virus production (Russell et al., 2008, Yi et al., 2007). The N-terminal
transmembrane segment of NS2 seems to play a prominent role in HCV particle

production. Indeed, studies of chimeric viral genomes derived from two different
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genotypes or two strains of the same genotype have shown that virus production is most
efficient when the transition point between the two genomes is after the first
transmembrane segment of NS2 (Pietschmann et al., 2006). Additionally, there is
increasing evidence to suggest that NS2 plays a central organizing role in viral particle
assembly through physical interactions with various HCV structural and non-structural
proteins, including E1, E2, p7, NS2, NS3 and NS5A (Jiang & Luo, 2012; Jirasko et al.,
2010; Ma et al., 2011; Popescu et al., 2011a; Stapleford & Lindenbach, 2011). An ion
channel-independent function of p7 is hypothesised to target NS2 to sites adjacent to
replication complexes (Tedbury et al., 2011). A serine residue (S168) within NS2 has
also been found to be vital for the efficiency of this process (Tedbury et al., 2011). At
these subcellular sites, NS2 interacts with NS5A (and potentially other replication
complex components), possibly mediating the interface between genome replication and

particle assembly (Tedbury et al., 2011).

While numerous mutagenesis studies have implicated select residues within the NS2 N-
terminal domain in the early steps of the assembly process (Jirasko et al., 2008; Jirasko
et al., 2010; Phan et al., 2009; Pokrovskii et al., 2011; Stapleford & Lindenbach, 2011),
a detailed mutational analysis spanning the first 92 residues of NS2 generated viral
mutants that debilitated later steps of virus production also, most notably egress (De al

Fuente et al., 2013).

1.9.6. NS3 & NS4A

NS3 is a 70 kDa multifunctional protein that features a serine protease domain located
in the N-terminal one third and an NTPase/RNA helicase domain in the C-terminal two-
thirds. NS4A, the smallest HCV-encoded protein at 6 kDa, serves as a co-factor for
NS3’s enzymatic activities (Bartenschlager et al., 1995; Lin et al., 1995; Tai et al.,
1996). NS4A consists of an N-terminal hydrophobic domain, a central domain and a C-
terminal acidic region and forms a non-covalent, heterodimeric complex with NS3. The
central portion of NS4A contributes one B-strand to the NS3 N-terminal protease
domain, allowing accurate folding of NS3 (Kim et al., 1996). The N-terminal region of
NS4A forms a transmembrane a-helix required for the integral membrane association of

the NS3/4A complex (NS3 is normally diffusely distributed in the cytoplasm in the
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absence of NS4A) (Wolk et al., 2000), while the C-terminal region of NS4A interacts
with other replicase components to contribute to HCV RNA replication and virus
particle assembly (Lindenbach et al., 2007; Phan et al., 2011). Alanine-scanning
mutagenesis of this C-terminal region in the context of a chimeric genotype 2a reporter
virus found two mutants that inhibit RNA replication, as well as unearthing seven
mutants which can effectively replicate but have severe viral assembly defects.
Generation and analysis of second-site mutations that suppressed these NS4A defects
revealed interactions that contribute to RNA replication and viral assembly, with an
association between NS4A and NS4B implicated in the control of viral genome
replication and an interaction between NS3 and NS4A linked to efficient viral assembly

(Phan et al., 2011).

The C-terminus of NS4A has other roles that may be vital for the HCV lifecycle. This
region is required for NS5A hyperphosphorylation (Lindenbach et al., 2007), which
plays an important but as yet unknown role in HCV genome replication. While the
NS4A replication mutants determined by Phan et al. (2011) did not display detectable
differences in NS5A hyperphosphorylation, replication deficiency in genotype 1b
replicons caused by NS4A mutations exhibited a greatly reduced hyperphosphorylation
status. Furthermore, RNA replication and NSS5A hyperphosphorylation were co-
ordinately restored in these mutants by second-site suppressor mutations in NS3
(Lindenbach et al., 2007). This study also reported that the a-helical folding of this C-
terminal NS4A region depends on local electrostatic interactions and could behave as a
molecular switch. In addition to its activity as a cofactor, NS4A can also interact with
cellular factors such as creatine kinase B and elongation factor 1A (Hara et al., 2009;
Kou et al.,, 2006), interactions postulated to influence replication and translation
respectively. Overexpression of NS4A in the absence of NS3 has also been
demonstrated to inhibit cellular translation (Kato et al., 2002). However, the
implications of these NS3-independent roles of NS4A in the HCV lifecycle are unclear

and their prevalence in vivo is unknown.

The serine protease of NS3 is required for four cleavage events, acting in Cis to release
itself from the HCV polyprotein and in trans to produce the N-termini of NS4B, NS5A
and NS5B (Bartenschlager et al., 1993; Grakoui et al., 1993; Lin et al., 1994b; Tomei et
al., 1993). The C-terminal domain of NS4A aids cleavage of the downstream
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polyprotein, being particularly necessary for accurate NS4B/5A cleavage
(Bartenschlager et al., 1994). NS3-mediated cleavage occurs in a shallow binding
pocket containing a catalytic triad formed by residues His 57, Asp 81 and Ser 139.
Mutation of any of these amino acids abolishes NS3-mediated cleavage (Bartenschlager
et al., 1993; Grakoui et al., 1993). In addition to processing viral proteins, the NS3/4A
protease is also involved in blocking antiviral innate immune responses by interfering
with double-stranded RNA signalling pathways. IPS-1 and TRIF are cellular targets
cleaved by NS3/4A protease, subsequently impeding the innate responses triggered by
RIG-I and TLR-3 and preventing induction of type-I IFNs (Foy et al., 2005; Li et al.,
2005; Meylan et al., 2005).

The C-terminus of NS3 encodes a DexH/D-box RNA helicase. The crystal structure of
the HCV helicase shows a Y-shaped molecule composed of 3 nearly equally sized
subdomains (Kim et al., 1998; Tai et al., 1996; Yao et al., 1997). Although monomeric
NS3 can bind RNA with high affinity, RNA unwinding requires an NS3 dimer
(Serebrov & Pyle, 2004). The NS3 helicase unwinds RNA in an “inchworm” or
“ratchet-like” fashion and is essential for HCV RNA replication and viral particle
assembly (Murray et al., 2008), although its precise function in the viral lifecycle
remains elusive. In line with this, studies have identified compensatory mutations within
the NS3 helicase that promote the assembly of infectious virus particles independent of
the role of the protein in HCV RNA replication (Ma et al., 2008; Phan et al., 2009; Yi et
al., 2007). Adaptive mutations that enhance the RNA replication of subgenomic
replicons (SGRs) have been observed in both the protease and helicase domains of NS3

(Lohmann et al., 2003).

1.9.7. NS4B

NS4B is a highly hydrophobic 27 kDa non-structural protein with at least four predicted
TMDs, which are considered to anchor the protein to the ER membrane (Hugle et al.,
2001; Lundin et al., 2003). The topology of a putative fifth transmembrane helix close
to the N-terminal end is controversial, as this region may translocate to the luminal side
of the ER membrane post-cleavage (Lundin et al., 2003; Lundin et al., 2006). NS4B is

known to induce alterations to intracellular membranes. These altered membrane
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structures are referred to as the “membranous web” (MW) (Egger et al., 2002; Gosert et
al., 2003) or membrane-associated foci (MAF) (Gretton et al., 2005) and likely create
an environment suitable for the formation on HCV replication complexes, where viral
RNA replication can occur. Morphologically, the MW is a cytoplasmic accumulation of
highly heterogeneous membranous vesicles that are embedded into an amorphous
matrix. Amphipathic helical elements known to mediate membrane association have
been found in the N-terminal and C-terminal regions of NS4B (Elazar et al., 2004;
Gouttenoire et al., 2009a). A second amphipathic helix has been identified in the N-
terminal domain of NS4B (referred to as AH2), immediately following the first helical
element (Gouttenoire et al., 2009a; Gouttenoire et al., 2009b). Further analysis on the
AH2 domain demonstrated it was a major determinant of NS4B oligomerization, a
process required for the formation of MWs and functional HCV replication complexes
(Gouttenoire et al., 2010; Paul et al., 2011). Replication-defective mutants generated by
Paul et al. (2011) carrying substitutions in the highly conserved C-terminal region of
NS4B were used for selection of pseudoreversions. These pseudoreversions restored
both replication competence and heterotypic NS4B self-interactions disrupted by the
primary mutation. While the majority of these pseudoreversions localised to the NS4B
C-terminus, in one instance a compensatory intergenic mutation in NS5A was also
required to restore efficient replication and accurate MW morphology in addition to the
NS4B pseudoreversion. This indicates that, in addition to NS4B oligomerization, NS5A
may also be important for accurate MW and replication complex formation (Paul et al.,

2011).

While other NS proteins involved in replication are known to localise to these punctuate
sites (Elazar et al., 2004; Hugle et al., 2001), disruption to the first N-terminal
amphipathic helix domain of NS4B (AH1) prevents the correct localisation of these NS
proteins in addition to abrogating replication of the HCV genome (Elazar et al., 2004).
Analysis of the C-terminus of NS4B has uncovered two cysteine residues in the C-
terminus of NS4B that are subjected to palmitoylation, a lipid modification that may be
important for the formation of protein-protein interactions within viral replication
complexes (Yu et al., 2006). While expression of NS4B protein alone is sufficient to
cause formation of the MW structure (Egger et al., 2002; Gosert et al., 2003), the
structure of these membranes is slightly distinct from the MWs observed when all the

HCV proteins are present, suggesting that other components contribute to efficient
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production of these membrane alterations (Egger et al., 2002). In addition to the report
published by Paul et al. (2011), work by Romero-Brey et al. (2012) also postulates a
role for NS5A in MW formation (Described further in section 1.11.2.2).

Mutagenesis studies in the replicon and HCVcce systems have clearly demonstrated the
essential nature of NS4B in HCV RNA replication (Blight, 2007; Jones et al., 2009;
Lindstrom et al., 2006). Indeed, the most effective single amino acid mutations
associated with enhanced replication efficacy are located within the NS4B protein
(Krieger et al., 2001; Lohmann et al., 2001; Lohmann et al., 2003; Namba et al., 2004).
Furthermore, a nucleotide-binding motif (NBM) found in NS4B, involved in the
binding and hydrolysis of GTP, is also essential for HCV RNA replication (Einav et al.,
2004). An additional role for NS4B in viral assembly has also been determined, where
a single amino acid substitution in the protein, N216A, was shown to increase JFHI
viral titres by five-fold without affecting HCV RNA replication (Jones et al., 2009).
Additionally, site-directed mutagenesis experiments highlighted the multiple viral roles
in NS4B function played by numerous charged residues found throughout the N- and C-
terminus of NS4B, with three NS4B mutations disrupting the formation of replication
complexes, another mutation altering NS4B stability and yet another significantly
delaying NS4B/NS5A cleavage (Blight, 2011). Taken together, these studies clearly
indicate that NS4B has roles in the formation of replication complexes, RNA replication

and infectious particle production.

1.9.8. NS5A

NS5A is a hydrophilic non-structural protein that is peripherally anchored to
membranes by an N-terminal amphipathic helix (Brass et al., 2002; Elazar et al., 2003).
The protein is divided into three domains, separated by two repetitive low complexity
sequence (LCS) stretches. Domain I is the most conserved region of NS5A and binds a
single zinc atom per protein molecule, which is essential for HCV RNA replication
(Tellinghuisen et al., 2004). The crystallographic structure of domain I is dimeric in
nature. The dimer structure is believed to be orientated in such a way that a large groove
exists between the two monomers and has been proposed as an RNA binding site

(Tellinghuisen et al., 2005). In line with this, NS5A has been shown to bind the 3’ ends
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of both positive- and negative-strand HCV RNA (Huang et al., 2005). However, an
alternative crystal structure of domain I has been generated that, although dimeric in
nature, lacks the large groove at the proposed interface and does not contain any
obvious RNA interaction surface in this region (Love et al., 2009). Despite this, it is
conceivable that NS5A can assume two physiologically relevant dimer configurations,
or potentially a multimeric structure. Four cysteine residues in domain I (C39, C57, C59
and C80) are critical for dimerization and have been proposed to form a zinc-binding
motif. Mutagenesis studies on these residues reveal their essential nature in efficient
binding of NS5A to RNA and viral replication in general, revealing a correlation

between NS5A dimerization, RNA binding and HCV replication (Lim et al., 2012).

Unlike domain I, domains II and III of NS5A appear unfolded when examined in
isolation (Hanoulle et al., 2009; Hanoulle et al., 2010; Liang et al., 2007). While
domain II is required for HCV RNA replication, domain III is thought to be dispensible
for this process (Appel et al., 2008; Tellinghuisen et al., 2008b). As a result, domain III
can tolerate the insertion of molecules such as green fluorescent protein (GFP) without
abrogating RNA replication. This has been exploited to show that NS5A is frequently
localised with HCV RNA in cells actively replicating viral genomes (Jones et al., 2007,
Moradpour et al., 2004; Targett-Adams et al., 2008a). However, a 19 residue insertion
near the C terminus of domain III has been shown to result in a delay to RNA
replication when deleted (Hughes et al., 2009). Furthermore, this study indicated that
domain IIT of NS5A is also essential for infectious virus particle production, in line with
a number of recent reports (Appel et al., 2008; Schaller et al., 2007; Tellinghuisen et al.,
2008a). While mutations in domain I of NS5A can severely impair virus production by
preventing its association with LDs (Miyanari et al., 2007), deletions in domain III did
not alter NSS5A-LD attachment but instead abrogated the association of core protein on
LDs (Appel et al., 2008). A serine cluster in NS5A domain IIT (S2428, S2430, S2433) is
a determinant of NS5A’s interaction with core, with mutation of this cluster blocking
the core-NSSA interaction and preventing production of infectious virus (Masaki et al.,

2008).

NSS5A is a phosphoprotein that exists in two distinct forms, a hypophosphorylated form
of 56 kDa and a hyperphosphoylated form of 58 kDa (Tanji et al., 1995; Tellinghuisen
et al., 2004). The functional role of NS5A phosphorylation in the HCV lifecycle is not
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understood, nor have the precise identities of NS5A phosphorylation sites been
determined unambiguously. Evidence from mutagenesis studies suggest that
hypophosphorylation targets serine residues in domains II and III, whereas
hyperphosphorylation sites cluster around domain I, domain II and the low complexity
sequence (LCS I) between them (Appel et al., 2005; Katze et al., 2000; Neddermann et
al., 2004; Reed & Rice, 1999; Tanji et al., 1995). Several studies have shown that
reducing hyperphosphorylation in NS5A results in enhanced RNA synthesis (Appel et
al., 2005; Evans et al., 2004; Neddermann et al., 2004). Furthermore, it has been noted
that numerous cell culture adaptive mutations enhancing replication alter residues
within NS5A domain II and LCS 1, markedly reducing the protein’s
hyperphosphorylation state, even when mutations were not at serine residues (Blight et
al., 2000; Tanji et al., 1995). From these results, a general theme has emerged in which
hypophosphorylation is required for RNA replication, and hyperphosphorylation is a
negative regulator of this process. In line with this, a recent study identifies a serine
residue in the LCS I region of genotype 2a NS5A, S222, that functions as a negative
regulator of RNA replication (LeMay et al., 2013). However, impairing NS5A
hyperphosphorylation does not always lead to increased viral replication. A residue that
diminished hyperphosphorylation in NS5A domain III, S457, had no effect on HCVcc
RNA replication yet abolished virus production when mutated (Tellinghuisen et al.,
2008a). This is in contrast to the serine cluster in domain III that mediate virus
production through the core-NS5A interaction, which reduce hypophosphorylation if
altered adversely (Masaki et al., 2008). Furthermore, mutations to the C-terminal acidic
region of NS4A block both NS5A hyperphosphorylation and HCV RNA replication
(Lindenbach et al., 2007). Taken together, these results suggest phosphorylation of
NS5A plays key mediating roles in viral RNA replication and virus production through

distinct mechanisms.

Besides roles in viral replication and assembly, NS5A also interacts with a range of
cellular signalling pathways (Macdonald & Harris, 2004). For example, domain II
contains a region referred to as the interferon sensitivity determining region, and this
region combined with 26 adjacent C-terminal residues has been shown to be essential
for interaction with the interferon-induced, double-stranded RNA-dependent protein
kinase R (PKR). Normally, PKR can phosphorylate elF-2a upon detection of dsRNA,

shutting down protein translation. NS5A’s interaction with PKR interferes with this
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process, allowing HCV translation to continue unabated (Gale et al., 1997; Pawlotsky,
1999; Tan & Katze, 2001). NS5A can perturb epidermal growth factor (EGF)-
stimulated activation of the Ras-Erk signalling pathway, a signalling cascade that
mediates cell growth (Macdonald et al., 2003; Macdonald et al., 2005). The propensity
of NS5A to bind host factors that include hVAP-A (Gao et al.,, 2004), hVAP-B
(Hamamoto et al., 2005), FKBP8 (Okamoto et al., 2006), cyclophilin A (Waller et al.,
2010) and FBL-2 (Wang et al., 2005) likely contributes to the protein’s ability to
perform multiple roles in the HCV lifecycle.

1.9.9. NS5B

HCV replication proceeds via the synthesis of a complementary minus-strand RNA
using the genome as template, and subsequent synthesis of genomic plus-strand RNA
from this minus-strand RNA template. The key enzyme in both these steps is NS5B, the
HCV RNA-dependent RNA polymerase (RdRp). NS5B can initiate RNA synthesis de
novo, a mechanism that is likely to operate in vivo (Bartenschlager et al., 2004).
However, NS5B lacks a proofreading function, which contributes to the high genetic
variability of HCV (Domingo et al., 1996). NS5B belongs to a class of membrane
proteins termed tail-anchored proteins. It has a cytosolic orientation and attaches to the
ER membrane via a highly conserved C-terminal TMD (Ivashkina et al., 2002;
Schmidt-Mende et al., 2001), an association essential for HCV RNA replication
(Moradpour et al., 2004).

RNA synthesis catalysed by NS5B is a multistep process involving initiation,
elongation and product dissociation, followed by re-initiation for another round of
polymerization. The initiation phase requires NS5B to catalyze the formation of a
phosphodiester bond between two bound nucleotides, referred to as priming and
initiating nucleotides. In the rate-limiting step that follows, the newly formed
dinucleotide is used as a primer for the addition of a third nucleotide, whereupon the
enzyme switches to the elongation mode which renders the reaction highly processive
and enzyme dissociation is extremely slow (Dutartre et al., 2005; Harrus et al., 2010;
Ferrari et al., 2008). To perform such an initiation step, polymerases contain structural

features essential to the synthesis of their own short primers.
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To investigate this, the crystal structure of NS5B has been determined by several groups
(Ago et al., 1999; Biswal et al., 2005; Bressanelli et al., 1999; Lesburg et al., 1999;
Simister et al., 2009). NS5B is described as a typical “right-hand” polymerase, showing
a structural fold featuring palm, finger and thumb subdomains. The palm region
contains the enzyme’s catalytic GDD motif (enzyme active site), whereas the fingers
and thumb subdomains modulate the interaction with the RNA chain. A special feature
of NS5B is that the fingers subdomain contains an extension that interacts with the
thumb subdomain and restricts the mobility of one region with respect to the other. This
leaves the active site completely encircled and creates a channel in which a single-
stranded RNA molecule is directly guided to the GDD motif, perhaps facilitating the
initiation stage of viral RNA synthesis. Subsequently, NS5B must adopt an alternative
conformation which allows elongation to occur, which involves removal of both a “B-
flap” structure of the thumb domain and a 40-residue stretch between the catalytic core
of NS5B and the C-terminal membrane anchor termed the “linker” region (Harrus et al.,
2010). While it has been shown that an isoleucine residue at position 405 in NS5B
promotes dinucleotide formation and the transition from the initiation stage of synthesis
to elongation (Scrima et al., 2012), studies removing the autoinhibitory “B-flap” from
genotype 2a HCV NS5B facilitated the determination of the first crystallographic
structures of HCV polymerase in complex with RNA primer-template pairs (Mosley et
al., 2012). These structures demonstrated the reordering of neighbouring residues,
including 1405, that occurs in the absence of this B-hairpin loop which allow transition
from de novo initiation with GTP to the elongation of the growing primer-template
RNA.

NS5B’s interactions with other proteins, both viral and cellular, are important for
modulating polymerase activity. NS5B is known to associate directly with NS5A, with
a disruption of this interaction leading to inhibition of viral RNA replication (Shirota et
al., 2002; Shimakami et al., 2004). NS3 and NS4B have also been touted as regulators
of NS5B activity (Piccininni et al., 2002). Additionally, an interaction between NS5B
and cyclophilin A has been established (Abe et al., 2009). Cyclophilin A, which also
interacts with NS5A, is essential for HCV RNA replication and virus production and it
was suggested that its association with viral proteins induced a conformation necessary

for replicase formation and activity (Kaul et al., 2009). However, a later study
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highlighted how cyclophilin A did not regulate NS5A or NS5B replication complex
association (Chatterji et al., 2010), leaving the role of the NS5B-cyclophilin A
interaction as yet undetermined. A recent report has shown via nuclear magnetic
resonance (NMR) spectroscopy that NS5B and cyclophilin A share a common binding
site on NS5A (Rosnoblet et al., 2012). NS5B can interact with another cyclophilin
family member, cyclophilin B, although knockdown of cellular cyclophilin B alone
failed to significantly affect HCV replication (Kaul et al., 2009). However, NS5B’s
interaction with nucleolin, a nucleolar phosphoprotein, enhances viral RNA synthesis

(Shimakami et al., 2006).

1.9.10. The 3° UTR

The 3’UTR has a tripartite structure consisting of a variable region, which is poorly
conserved among different HCV isolates, a poly (U/UC) tract, which is very
heterogeneous in length, and a highly conserved 98 nucleotide sequence designated the
3’ X-tail (Kolykhalov et al., 1996). Biochemical and structural analyses have confirmed
the presence of two stem-loops in the variable region (VSL1 and VSL2) and three stem
loops in the 3’X-tail (SL1, SL2 and SL3) (Blight & Rice, 1997; Ito & Lai, 1997; Tanaka
et al., 1996). While VSL1 and VSL2 are dispensable for HCV RNA replication in cell
culture and for HCV infectivity in chimpanzees (Friebe & Bartenschlager, 2002; Yanagi
et al., 1999), removal of any of the 3* X-tail stem-loops is deleterious to both of these
processes (Friebe & Bartenschlager, 2002; Yanagi et al., 1999; Yi & Lemon, 2003).
The poly (U/UC) region is variable in length and composition, consisting of uridine
residues that are interspersed with occasional cytidine residues. A minimum poly
(U/UC) core length of 26 consecutive uridine nucleotides is required for HCV RNA
replication (Friebe & Bartenschlager, 2002), while a core length of 33 uridine
nucleotides is needed for optimal HCV RNA amplification in cell culture (You & Rice,
2008). This uridine rich-core of the poly (U/UC) has been identified as a PAMP motif
that drives optimal RIG-I signalling (Schnell et al., 2012). HCV is unable to prevent
RIG-I recognition via genomic sequence evolution due to the viral fitness costs

involved in truncating a long uninterrupted poly-U nucleotide sequence.
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Aside from roles in replication, the 3’UTR also stimulates IRES-mediated translation of
viral RNA. This stimulation was stronger in hepatoma cell-lines such as Huh-7 and
HepG2 cells compared to non-hepatoma cell-lines such as BHK and Hela cells (Song et
al., 2006). It has been proposed that the 3°UTR enhances IRES-dependent translation by
increasing the efficiency of termination, the process by which translating ribosomes that
encounter an in frame stop codon associate with a complex of eukaryotic release factors
to direct hydrolysis of the peptidyl-tRNA bond by the 60S ribosomal subunit, resulting
in release of the translated polypeptide from the ribosome (the exact mechanism by
which the 3’UTR performs this duty is as yet unclear) (Bradrick et al., 2006).
Furthermore, a recent report has also highlighted the importance of the 3’UTR in
accurate folding of the HCV IRES, a role it performs independently of protein factors
(Romero-Lopez et al., 2012). However, cellular factors do interact with the 3’UTR,
including the Polypyrimidine Tract Binding protein (PTB) and La autoantigen, both of
whom also interact with the 5’UTR (Ito et al., 1998; Spangberg et al., 1999; Wood et
al., 2001). Both of these cellular elements have been implicated in modulating HCV
translation and replication (Ali & Siddiqui, 1995; Ali & Siddiqui, 1997), although a
report discrediting the importance of PTB in the translation process has also been
published (Brocard et al., 2007). Another host protein that interacts with the 3’UTR,
Insulin-like growth factor-II mRNA-binding protein 1 (IGF2BP1), enhances HCV
IRES-mediated translation initiation by recruiting the translation factor elF3 (Weinlich

etal., 2009).

1.10. Systems to Study HCV Replication

1.10.1. Animal Models

Humans and chimpanzees are the only species permissive to HCV infection. The basis
for this highly restricted tropism is not fully understood, but may result from viral
dependence on host factors present in only a few cell types. Years before the discovery
of HCV, it was demonstrated that the etiological agent responsible for NANBH could
be transmitted to chimpanzees, and the chimpanzee model was subsequently used to

determine the physicochemical properties of the as yet unknown agent after inoculating
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the animals with serum from infected patients (see section 1.1). As HCV virions in
patient plasma are heterogenous, the generation of infectious molecular HCV clones
was a welcome development, as they allowed monclonal HCV inoculation of prototype
strains in chimpanzees and displayed viral kinetics indistinguishable from polyclonal
natural infections (Bartenschlager & Sparacio, 2007; Kolykhalov et al., 1997; Yanagi et
al., 1997). Furthermore, targeted deletion of selected regions of these infectious clones
could be performed to reveal their role in infectivity and replication in chimpanzees.

The natural course of HCV infection is very similar between humans and chimpanzees,
likely due to the close genetic relationship between the two. This has proven incredibly
valuable when studying various molecular, immunological and clinical aspects of HCV
infection. While it is nearly impossible to study the acute phase of infection in humans
due to the general asymptomatic nature of patients, experimental HCV infections in
chimpanzees allow close monitoring of viral kinetics of host responses during these
early stages of infection (Meuleman & Leroux-Roels, 2009). Despite this, the chronicity
rate for chimpanzees, while high (~ 60 %), is lower than in humans. The clinical course
of infection also tends to be milder in chimpanzees compared to humans, with only one
case of HCC reported using the chimpanzee model, and no instance of liver cirrhosis or
fibrosis observed (Boonstra et al., 2009). However, in spite of the invaluable
contribution this model has made to HCV research, experiments are generally
performed with a limited number of animals owing to important ethical constraints, high

costs and the outbred nature of chimpanzees as an endangered species.

Rodents are regarded as the most suitable alternative to chimpanzees due to their short
gestation period, small size and low cost. Over the years, many transgenic mice have
been generated that overexpressed specific HCV proteins in order to study various
aspects of HCV biology. However, the transgene usually integrates at a random site in
the host’s genome at a high copy number and, in contrast to a natural infection, the viral
proteins are typically overexpressed in an uncontrolled manner. Thus, qualities
attributed to viral proteins gathered from these studies might be related to artificial
overexpression or misregulation of host genes at the transgene integration site (Barth et
al., 2008; Kremsdorf & Brezillon, 2007). The development of a rodent model in which
HCV replicates and is infectious has proven complex and difficult. Although rodents are
not naturally receptive to HCV infection, if maintained in an immunosuppressed state,

they can undergo successful transplantation with human hepatocytes allowing viremia
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to develop. The first mouse model that allowed successful HCV infection studies was
the uPA transgenic mouse developed in mice with severe combined immunodeficiency
(SCID). Overexpression of a urokinase plasminogen activator (uPA), expressed from an
albumin (Alb) promoter, resulted in severe liver toxicity in murine systems (Heckel et
al., 1990). The diseased mouse liver could be repopulated with non-transgenic human
hepatocytes susceptible to HCV infection. Mice with these chimeric human livers that
were inoculated with HCVcc or with serum from HCV-positive donors developed
prolonged HCV infections with high viral titres and showed active replication of the
virus in their livers (Mercer et al., 2001). However, this model has limitations, most
notably an extremely high mortality rate, due to the need for intrasplenically-
transplanted primary hepatocytes in each mouse within the first two weeks of life

(Meuleman et al., 2005; Vanwolleghem et al., 2010).

Another rodent model with robust HCV propagation has been developed from
immunodeficient mice with genetic alterations, where an impaired mouse liver is
efficiently repopulated with human hepatocytes (Bissig et al., 2010). Up to 95 % of the
liver in these mice (the Fah'/'/RagZ'/'/ILng'/' [FRG] model) can be engrafted with
human hepatocytes. This is possible as, in these mice, the absence of Recombination
activating gene 2 (Rag2), causes depletion of mature B and T lymphocytes, the absence
of the interleukin 2 receptor gamma chain (IL2rg) abrogates T-cell and natural killer
(NK)-cell differentiation, while the genetic knockdown of fumaryl acetoacetate
hydrolase (Fah), a metabolic enzyme that catalyzes the last step of tyrosine catabolism,
leads to an accumulation of toxic tyrosine catabolites within mouse hepatocytes (Bissig
et al., 2007; Bissig et al., 2010). The advantage of this model is that the effect of genetic
alteration that causes this degeneration of mouse hepatocytes can be blocked by oral
administration of 2-(2-nitro-4-trifluoro-methylbenzoyl)-1,3-cyclohexanedione (NTBC),
which blocks hydroxyphenylpyruvate dioxygenase activity upstream of FAH and
prevents the accumulation of hepatotoxic metabolites, thus keeping mice healthy until
engraftment. Human chimeric livers in these mice can then simply be generated by
withdrawing the drug and injecting the mice with human hepatocytes, which stay
healthy due to presence of the human FAH homologue (Bissig et al., 2010). An obvious
shortcoming is that these mice and other earlier rodent models cannot be used in studies
of the adaptive immune response to HCV. They therefore cannot be used to examine

many aspects of immunity and pathogenesis or, more importantly, be used as challenge
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models for vaccine studies (Bukh, 2012). This work has largely been confined to
chimpanzees, but the recent development of two immunocompetent humanized mouse
models has changed this (Dorner et al., 2011; Washburn et al., 2011). One genetically
modified mouse model (AFC8-huHSC/hep mice) supports engraftment of human
hepatocyte progenitor cells and hematopoietic stem cells, resulting in liver repopulation
with human hepatocytes and immune reconstitution with human leukocytes (Washburn
et al., 2011). In the other genetically humanized mouse model (Rosa26-Fluc mice), a
subpopulation of liver cells from immunocompetent mice expressed human cell-surface
receptors required for HCV entry. HCV entry was tracked in these liver cells because
the virus was genetically engineered to induce luciferase expression upon infection
(Dorner et al., 2011). This model will prove extremely useful in studying passive
immunoprophylaxis against HCV challenge and protection against entry by
recombinant vaccines. The use of both of these models is as yet restricted, however, by
limited (AFC8-huHSC/hep) or absent (Rosa26-Fluc) viral replication. Furthermore,

neither model displays detectable levels of viremia.

1.10.2. In Vitro Systems to Study HCV

Three major systems have been developed that are invaluable for the study of the HCV
lifecycle in cell culture. These include the HCV cell culture infectious system (HCVcc),
used for the study of the entire HCV lifecycle and HCV pseudoparticles (HCVpp) for
insight into the complete HCV entry process. Replicons are necessary for analysis of

viral RNA replication (Fig 1.3).

1.10.2.1. HCVpp

In 2003, several groups reported the production of infectious lentiviral particles known
as HCVpp (Bartosch et al., 2003; Drummer et al., 2003; Hsu et al., 2003). HCVpp are
produced in HEK-293T cells by co-transfecting plasmids encoding the HCV
glycoproteins, retroviral or lentiviral core and polymerase proteins and a proviral
genome harbouring a reporter gene such as luciferase or GFP. This allows the assembly
and secretion of recombinant HCVpp that contain HCV envelope glycoproteins on their

surface. These engineered viral particles are then harvested from transfected 293T cell
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Figure 1.3. In vitro systems for the study of HCV replication, entry, and
infectivity.

(A) HCV SGRs allow for the study of viral RNA replication in cell culture.
Monocistroinic and bicistronic replicon RNAs, encoding selectable markers, are
electroporated into Huh-7 cells and derived sub-lines. RNA replication results in the
expression of the selectable marker and allows for selection of cell colonies that
support viral RNA replication. (B) HCVpp allows for the study of HCV entry.
Recombinant retrovirus particles that contain HCV envelope glycoproteins on their
surface are produced in HEK-293T cells by co-transfecting plasmids encoding the
HCV glycoproteins, retroviral or lentiviral core and polymerase proteins and a
proviral genome harbouring a reporter gene. Following infection of permissive cell
lines, the retrovirus genomes express a reporter gene, such as luciferase, allowing for
a quantitative measure of cell entry. (C) HCVcc allows for the study of the entire
HCV lifecycle. This system uses either JFH1 HCV genomic RNA or chimeric
versions of this genome. Electroporation of these RNAs into permissive cell lines
allows for viral RNA replication and the production of infectious particles that can
infect naive cells. Productive infection can be monitored by several methods allowing
the detection of intracellular viral RNA or protein levels. Adapted from Tellinghuisen
et al. (2007).



supernatant and used to infect permissive cell-lines such as human hepatoma Huh-7
cells. Following infection, the retrovirus genomes express a reporter gene such as
luciferase. As HCVpp are replication deficient and support a single infection event only,
reporter expression gives a quantitative measure of cell entry (Bartosch et al., 2003;
Drummer et al., 2003; Lavillette et al., 2005). Many of the observations made with
HCVpp regarding pH-dependent entry and the importance of CD81 in the entry process
have now been confirmed with experiments performed in HCVcc, reflecting the
similarity between HCVcc and HCVpp virions (Hsu et al., 2003; Sharma et al., 2011;
Tscherne et al., 2006; Zhang et al., 2004). HCVpp has also been endorsed as a valid
system for the study of HCV entry by the fact that these pseudoparticles can also be
neutralized with anti-E1 or anti-E2 specific antibodies or sera from HCV-infected
individuals (Bartosch et al., 2003; Hsu et al., 2003; Op De Beeck et al., 2004).
Furthermore, HCVpp representing glycoproteins of all major HCV genotypes have been
successfully generated (Lavillette et al., 2005; Owsianka et al., 2005), increasing the

scope by which we can investigate virus binding, attachment and internalization.

1.10.2.2. Replicons

Despite the availability of HCV molecular clones that could infect chimpanzees,
efficient and reproducible replication of these clones in cell culture could not be
achieved. Thus, it was a major breakthrough in 1999 when a selectable, subgenomic
(SGR) replicon system that allowed HCV RNA replication in cell culture was
developed (Lohmann et al., 1999). SGRs were initially derived from Conl, a genotype
Ib HCV strain. In this bicistronic construct, the coding region from core-NS2 was
replaced with a gene encoding neomycin phosphotransferease (neo), translated under
the control of the HCV IRES. The encephalomyocarditis virus (EMCV) IRES drives
expression of the second cistron, encoding NS proteins NS3-NS5B followed by the
3’UTR. Electroporation of human hepatoma Huh-7 cells with in vitro transcribed RNA
from this construct and then subjecting these cells to antibiotic selection pressure with
the cytotoxic drug G418 produces a small number of resistant colonies supporting
autonomously replicating HCV RNAs. The small number of colonies reflects the fact
that this selection process allows only the survival of those cells that contain sufficient

amounts of neomycin phosphotransferase to inactivate G418. However, this approach
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allows cell-lines to be established that contain high levels of self-replicating HCV RNA
and proteins (Lohmann et al., 1999).

Indeed, subsequent studies identified two reasons for the amplification of the small
number of colonies that survived the antibiotic selection process, cell culture adapted
mutations and host cell permissiveness. These adaptive mutations tend to cluster within
the NS proteins NS3, NS4B, NS5A and NS5B (Blight et al., 2000; Krieger et al., 2001;
Lohmann et al., 2001) and can increase viral replication to various extents if introduced
separately into the parental genome. Another interesting feature from these studies is the
observation that several of these replication-enhancing mutations resulted in a loss of
NS5A hyperphosphoylation (Blight et al., 2000), leading to hypotheses postulating that
reduced phosphorylation facilitated critical host-virus interactions stabilizing the
replicase (Evans et al., 2004) or alternatively, that this change in the phosphorylation
status of the protein disrupted interactions involved in dampening replication or
potentiating the innate immune response (Sumpter et al., 2004). As stated earlier, the
selection of highly HCV-permissive Huh-7-derived subclones can also increase the
efficiency of replicon RNA replication. These cell-lines are usually generated by
removal of replicon RNA from Huh-7 cells by treatment with IFN or selective antiviral
drugs. These “cured” cell lines include Huh-7.5 cells, Huh-7.5.1 cells and Huh-7/Lunet
cells. The phenotype of Huh-7.5 cells is believed to derive from a defective IFN
response caused by a mutation in the RIG-I gene (Sumper et al., 2005), while Huh-
7/Lunet cells maintain a bimodal level of CD81 expression (Koutsoudakis et al., 2007).
With the advent of highly permissive cell clones and cell-culture adapted replicons, it
was possible to develop transient RNA replication assays that avoided the cumbersome
and time-consuming selection of antibiotic-resistant clones. Transient replication
systems became available that were often based on replicons in which the neo gene was
replaced by a reporter gene such as luciferase, allowing sensitive and accurate
assessment of RNA replication at specific time points post-electroporation of viral

RNA.

Despite exhibiting efficient HCV replication, autonomously replicating full-length
genomic replicons that were generated harbouring the entire HCV ORF did not support
the production of infectious HCV particles (Murray & Rice, 2011). This was because,

during replication and antibiotic selection, replicon RNAs accumulate mutations that,
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while enhancing replication by several orders of magnitude, generally interfere with
assembly (Pietschmann et al., 2009). The most efficient increase of replication was
achieved by mutations residing in NS5A or NS5B, either alone or in combination with
NS3 mutations, although the latter were especially deleterious of viral assembly. One
specific mutation in NS4B did not compromise infectivity as severely as the changes to
NS3, NS5A and NS5B (Pietschmann et al., 2009). These findings are consistent with
critical roles for certain NS proteins in regulating infectious viral assembly. They also
suggest that mutations observed in replicons achieve cell culture adaptation by different

mechanisms.

While the Conl replicon system allowed detailed study of HCV RNA replication for the
first time, the range of differences between genotypes and strains led to an urgency in
developing replicons representing all the major HCV genotypes. Adapted mutations
found in Conl enhanced viral replication upon insertion in a number of other genotype
1b strains, including HCV-O (Abe et al., 2007, Tkeda et al., 2005), HCV-BK (Grobler et
al., 2003) and AH1 (Mori et al., 2008). However, genotype 1b replicon HCV-N
replicates in the absence of adaptive mutations, as long as a naturally occurring four-aa
insertion in NS5A is present (Ikeda et al., 2002). SGRs derived from genotype la, such
as the H77 replicon, were also developed (Yi & Lemon, 2004). While replication
efficiency in genotype la replicons was not enhanced by introducing replication-
enhancing mutations from 1b replicons, prolonged passaging experiments allowed
genotype la-specific adaptive mutations to be isolated. In 2003, a SGR was developed
based on a genotype 2a strain termed Japanese fulminant hepatitis-1 (JFHI), which was
isolated from a patient with the highly unusual clinical presentation of acute fulminant
hepatitis. This replicon was capable of highly efficient replication (Kato et al., 2003)
without the need for cell selection or emergent mutations. The unique features of this
unusual strain led to the establishment of the first cell culture infectious system for

studying the complete HCV lifecycle.

Until very recently, efficient replicon systems were only developed from HCV
genotypes 1 and 2. A number of recently published reports, however, were able to
establish replicons derived from genotype 3 and 4 HCV isolates (Peng et al., 2013;
Saeed et al., 2012; Saced et al., 2013). The study by Saeed et al. (2013) used a

consensus genotype 3a HCV isolate called S310, cloned from the high-titre serum of a
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patient with recurrent hepatitis after transplantation, to generate a subgenomic replicon
after selecting Huh-7.5.1 cells electroporated with this construct with G418. The
replication-enhancing mutations generated by this selection process were observed in
NS3, NS5A and NS5B and were similar (and in some cases identical) to mutations
observed in Conl replicons (Saeed et al., 2013). Peng et al. (2013) used the previously
cloned consensus isolate ED43, which is infectious in chimpanzees, to design a
genotype 4a SGR. After failing to generate sufficient colonies under selection in Huh-
7/Lunet cells, a novel Huh-7 cell clone designated 1C was used instead. Using this cell-
line, generated by curing a genotype la replicon derived from 51C cells (itself a
previously cured Huh-7 cell-line), increased colony formation ~ 70-fold. While
replication-enhancing mutations were observed in NS3 and NS4A, it was noted that an
adaptive mutation in NS5A, S232I, was essential for replication of this replicon.
Mutagenesis studies confirmed an absence of replication in genotype 4a replicons in its

absence (Peng et al., 2013).

Another study also reported the generation of a genotype 4a replicon derived from the
ED43 HCV isolate (Saced et al., 2012). Furthermore, this report generated another
genotype 3a replicon, although this construct was derived from the HCV S52 isolate.
This study reported that, despite the huge genetic differences between the genotypes,
replication-enhancing mutations were identified at identical positions in each replicon.
These mutations were observed at the junction of the protease and helicase domains in
NS3 and at the C-terminus of NS5B. This is in line with work stating that a mutation in
NSS5A (the genotype 4a mutation S232I, corresponding with S2204I in genotypes la
and 1b and S2210I in genotype 3a) enhances RNA replication in genotypes la, 1b, 3a
and 4a (Blight et al., 2000; Lohmann et al., 2003; Peng et al., 2013; Saeed et al., 2013)..
This high conservation of certain cell culture replication-enhancing adaptive mutations

will help to generate cell culture models for the remaining genotypes 5-7.

1.10.2.3. HCVce

As stated previously, SGRs of the HCV genotype 2a JFH1 strain replicate efficiently in
Huh-7 cells and do not require cell culture adapted mutations. Transfection of in vitro
transcribed RNAs corresponding to the full-length JFHI genome resulted in efficient

HCYV replication and secretion of viral particles. This secreted virus is infectious both in
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vitro and in vivo and can be neutralized by CD81-specific antibodies (Wakita et al.,
2005). A slightly later study reported that the infection kinetics of JFH1 could be
improved using the Huh-7 clonal cell-line Huh-7.5.1 cells (Zhong et al., 2005). In the
same year, a study reported the construction of a full-length chimeric genome that
produced infectious particles. This genome, termed FL-J6/JFH1, made use of the core-
NS2 gene regions from the infectious genotype 2a strain J6 fused to the JFH1 NS3-
NS5B regions (Lindenbach et al., 2005). This chimeric HCVcc strain was found to be
infectious in vitro (Lindenbach et al., 2005) and in vivo (Lindenbach et al., 2006).
While FL-J6/JFHI1 could establish long term infections in chimpanzees and in mice
containing human liver grafts, it was also noted that virus recovered from these animals
was highly infectious in cell culture, demonstrating efficient ex vivo culture of HCV
(Lindenbach et al., 2006). Following these discoveries, a panel of intergenotypic and
intragenotypic HCV chimeras was constructed and characterized, fusing the NS3-NS5B
regions of JFH1 to the core-NS2 regions of genotype la, 1b, 2a and 3a strains
(Pietschmann et al., 2006). This study reported that the efficiency of viral release for
chimeric viruses could be improved by altering the fusion junction from the NS2/NS3
cleavage site to a crossover point that resides after the first TM segment of NS2. An
intragenotypic chimera quite similar to FL-J6/JFH1, consisting of J6- and JFH1-derived
sequences connected via this new junction, termed Jcl, was found to yield infectious
titres up to 1000-fold higher than JFH1 (Pietschmann et al., 2006). Jc1 does not adapt
during passage in cell culture however, possibly because of host cell factors limiting
maximum achievable titres. On the other hand, titres for JFH1 can be enhanced from
passaging experiments through adaptive mutations, with hotspots observed in E2, p7,
NS2 and at the NS5A/NS5B junction (Murray & Rice, 2011). A panel of JFH1-based
chimeras has since been developed representing all 7 HCV genotypes (Gottwein et al.,
2009). While differential susceptibility to neutralization was found between the
genotypes, no major genotype-specific differences were observed regarding intracellular

lipid accumulation, response to IFN-a or interaction with cellular entry receptors.

Unlike JFHI, the full-length J6 clone was incapable of replication in vitro. However,
through a systemic approach of culturing J6 with minimal JFHI sequences, three
mutations were identified (F1468L in NS3, A1676S in NS4A and D3001G in NS5B)
that permitted culture replication and further adaptation of full-length J6. The most

efficient recombinant, J6cc, expressed infectivity titres similar to JFHI1-based systems
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(Li et al., 2012a). This study also reported that the three J6-derived mutations also
enabled culture adaptation of the genetically divergent isolate J8 (genotype 2b),
allowing the development of an infectious full-length genotype 2b culture system,
termed J8cc. Neither J6cc nor J8cc were genetically altered after viral passage

experiments (Li et al., 2012a).

A full-length genotype la genome, H77-S, carrying mutations identified in the
subgenomic replicon of the same strain has been reported to release relatively small
amounts of virus particles (Yi et al., 2006). A full-length genotype 1b culture system
has also been reported, but a very low level of replication has limited its utility
(Pietschmann et al., 2009). However, following on from their work on J6cc and J8cc, Li
and colleagues introduced mutations corresponding to the three J6-derived mutations
into a replication deficient TN strain (genotype la) full-length virus. As in J6, these
mutations enabled replication and cell culture adaptation, eventually leading to TNcc, a
highly efficient full-length genotype 1a infectious culture system (Li et al., 2012b). The
approach and identified mutations used in developing the J6cc, J8cc and TNce models
may facilitate the generation of HCV full-length systems for HCV isolates of all
genotypes, which would not only be useful for HCV vaccine and drug developments but

could also aid the introduction of more individualised treatment programmes.

A recently published report has demonstrated that a small set of defined host factors is
sufficient to reconstitute the complete viral life cycle in a previously nonpermissive
nonhepatic cell-line such as HEK-293T cells (Da Costa et al., 2012). Data presented
here indicated that the exogenous expression of cellular receptors occludin (OCLN),
CD8]1, claudin-1 (CLDNI1) and SR-BI was sufficient for efficient HCV entry in these
cells. Similar experiments confirmed that exogenous expression of miR-122 and apoE
were sufficient for adequate viral replication and infectious virus production in this cell-
line, respectively (Da Costa et al., 2012). Furthermore, it has recently been unearthed
that supplementation with miR-122 allows recapitulation of the entire HCV lifecycle in
nonpermissive hepatic cell-lines such as HepG2 (Narbus et al., 2011) and Hep3B cells
(Thibault et al., 2013). Given that current in vitro HCV research is almost exclusively
carried out in Huh-7-derived cell lines, which all bear similar host genetics,
polymorphisms and cellular pathways, these new permissive cell-lines will increase our

understanding of the complex host-virus interactions that occur in vivo. In line with this,

48



while stem cells and definitive endoderm resist HCV infection, it has been recently
discovered that hepatic progenitor cells derived from these cell lines can be successfully
infected by HCVcc or infectious patient sera (Wu et al., 2012). In contrast to the cell-
lines derived from tumour tissues, these differentiated human hepatocye-like cells
(DHHs) are non-cancerous and preserve important functions of primary hepatocytes
while also retaining genetic malleability. The potentially unlimited supply of these cells

adds to their enormous potential for expanding our understanding of HCV infection.

Despite the reported abilities of HCV in blunting the host IFN response, HCV infection
is also capable of inducing antiviral cytokines in primary liver cell cultures. Induction of
ISGs and y-IFNs limit the growth and spread of HCV in primary cell cultures and the
infected liver (Marukian et al., 2011). While HCV infection of primary cell cultures
may provide a useful model for the study of gene induction by HCV, strategies aimed at
dampening this response may lead to the development of new robust HCV cell culture
systems. Pursuing this angle, Andrus et al. (2011) investigated the spread of HCVcc in
human fetal liver cells (HFLC) transduced with paramyxovirus (PMV) V proteins,
proteins known to block induction of type I IFNs and inhibit the STAT signalling
pathway. They observed that V protein expression significantly enhanced productive
HCYV infection and protected these cultures from the HCV-inhibitory effects of type I
and type III IFNs (Andrus et al., 2011).

1.11. The HCV Lifecycle

The HCV life cycle is entirely cytoplasmic and begins with the virus binding to specific
receptors on the cell surface. Entry involves transit through an endosomal low pH
compartment and fusion with the endosomal membrane, liberating the genome into the
cytoplasm where it is then translated. Translation of the genome, directed by the HCV
IRES, leads to a polyprotein precursor that is cleaved by cellular and viral proteases into
mature HCV proteins. The mature non-structural HCV proteins co-ordinate viral
replication by the formation of a membrane bound replication complex (RC). Virions
are thought to form by plus-strand HCV RNA interacting with mature HCV structural

proteins, becoming subsequently encapsidated and virus particles forming via budding
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into the lumen of the ER. A hypothetical model of the complete replication lifecycle is

schematically represented in Fig 1.4.

1.11.1. Virus Binding and Entry

HCV entry into hepatocytes is a highly coordinated and multistep process requiring
numerous viral and host cell factors (Fig 1.5). Some of these cellular elements are
thought to be attachment factors necessary for binding viral particles to the cell surface
(glycosaminoglycans, LDL-receptor), while others are specific HCV entry factors
believed to participate in the active steps of entry (CD81, SR-BI, claudin-1, occludin).
However, before interacting with and entering hepatocytes, HCV particles need to cross
the sinusoid barrier. Blood enters the liver via portal tracts before feeding into the
parenchyma via the sinusoids. Endothelial cells line the sinusoids and are closely
associated with hepatocytes and stellate cells within the space of Disse, which provides
an extracellular matrix between cell types. The sinusoidal endothelium is highly
fenestrated and may act as a molecular sieve that filters debris between the blood and
hepatocytes (Meredith et al., 2012). The C-type lectins DC-SIGN and L-SIGN are
proposed to be crucial factors in capture and delivery of virus from the circulating blood

to liver hepatocytes.

1.11.1.1. Attachment Factors

The C-type Lectins

C-type lectins are membrane-anchored proteins that can bind to oligosaccharide
structures on the surface of pathogens, facilitating uptake of these microorganisms for
processing and presentation in antigen-presenting cells, inducing immune responses
against these pathogens (Koppel et al., 2005). However, it is clear that HCV has
evolved to subvert the function of some C-type lectins. DC-SIGN (dendritic-cell
specific ICAM-3 grabbing non-integrin) and L-SIGN (liver/lymph node-specific
ICAM-3 grabbing non integrin, also called DC-SIGNR - DC-SIGN related) are C-type
lectins that specifically interact with the HCV E2 glycoprotein. Direct associations

between L- or DC-SIGN expressed in heterologous cell systems and soluble E2
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Figure 1.4. Model of the HCV lifecycle.

(a) HCV binding to cell-surface receptor molecules leads to (b) receptor-mediated
endocytosis (c) into a low-pH vesicle. Following HCV glycoprotein mediated
membrane fusion, the viral genome is liberated into the cytosol. (d) The viral RNA
functions as a template for translation of the HCV OREF that is processed into the 10
mature HCV proteins. (e) Viral RNA replication occurs within membrane-associated
replication complexes (membranous web). (f) Replication occurs through a positive-
strand replicative intermediate to produce progeny RNA, a portion of which are
encapsidated. Particles are enveloped by budding into the lumen of the ER where they
are thought to follow the cellular secretory pathway, undergoing maturation during
this transit. (g) Mature virions are secreted from the cell, completing the life cycle.
Adapted from Tellinghuisen et al. (2007).
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Figure 1.5. A model of HCV entry.

Initial host-cell attachment may involve glycosaminoglycans such as heparan sulfate
(HS) binding to VLDL components on the virion surface. LDL-R may also play a part
in this process, but this theory is controversial. Initial attachment occurs on the
basolateral membrane surface to allow concentration of the virion. Subsequently,
interaction with other host factors such as scavenger receptor class B member I (SR-
BI), the tetraspanin CD81 and the tight junction proteins Claudin-1 (CLDNI1) and
Occludin (OCLN) ultimately leads to viral internalisation via clathrin-mediated
endocytosis. Adapted from Meredith ef al. (2012).




(Gardner et al., 2003; Lozach et al., 2003; Péhlmann et al., 2003), HCVpp (Lozach et
al., 2004) or serum particles (Gardner et al., 2003) have all been documented. L-SIGN
and DC-SIGN are both expressed on sinusoidal endothelial cells (Lai et al., 2006). The
interaction of E2 with these lectins on sinusoidal endothelial cells supports a mechanism
for high affinity binding of circulating HCV within the liver sinusoids, allowing transfer
of the virus to underlying hepatocytes (Cormier et al., 2004a; Lai et al., 2006; Lozach et
al., 2004). In addition, these lectins may provide a viral escape mechanism as uptake of
HCV by L- and DC-SIGN has been reported to target nonlysosomal compartments in
immature DCs, whereas Lewis X antigen, another ligand of DC-SIGN, was internalized
to lysosomes (Ludwig et al., 2004). Thus, the process of capturing HCV particles may
allow sinusoidal endothelial cells to act as reservoirs of HCV, enabling the virus to

avoid immune detection.

Furthermore, it has been noted that virus can also be transferred to hepatocytes from
non-permissive B cells. Antibodies specific for L- and DC-SIGN reduced B-cell
transinfection, supporting a role for these molecules in B-cell association with HCV
(Stamataki et al., 2009). While DC-SIGN is known to be internalised upon binding
certain ligands and can traffic towards late endosomes and lysosomes (Engering et al.,
2002, Khoo et al., 2008), on sinusoidal cells it is unable to support HCV entry, along
with L-SIGN (Lai et al., 2006). Lastly, a study using virus-like particles produced in
insect cells (baculovirus-expressed HCV glycoproteins) led to the suggestion that the
asialoglycoprotein receptor, another C-type lectin highly expressed in the liver, could be
another candidate receptor for HCV (Saunier et al., 2003). However, investigations with

HCVpp and HCVcc are needed to determine the veracity of these postulations.

Glycosaminoglycans

Glycosaminoglycan (GAG) chains on cell surface proteoglycans provide primary
docking sites for the binding of various viruses and other microorganisms to eukaryotic
cells. GAGs are present almost ubiquitously on cell surfaces but vary with respect to
their composition and quantity among different species, cell types, tissues and cellular
development stages (Bernfield et al., 1999; Spillmann, 2001). The GAG heparan sulfate
(HS) has been implicated as an initial cellular binding molecule for numerous viruses,

including members of the Flaviviridae family such as dengue and TBE (Hilgard &
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Stockert, 2000; Mandl et al., 2001). HS and heparin, a HS homologue naturally
synthesised by mast cells, have been shown to bind soluble E2 and, to a lesser extent,
E1 (Barth et al., 2003; Barth et al., 2006). Four viral epitopes overlapping the E2 HVRI1
and E2-CD81 binding domains have been found to bind heparin, and the neutralizing
mAb AP33 (which targets E2 close to HVR1) can markedly inhibit the HCV-heparin
interaction. HCV-HS binding was also found to necessitate a specific HS configuration
that included N-sulfated groups and a minimum of 10 to 14 saccharide units (Barth et
al., 2006). Furthermore, treatment of cells with heparinase (an enzyme that can cleave
HS) reduced recombinant E2 binding and HCVcc infectivity (Barth et al., 2003;
Koutsoudakis et al., 2006; Morikawa et al., 2007). Similarly, virus incubation with
increasing concentrations of heparin, but not other soluble GAGs which differ in their
degree of sulfation and in their composition of disaccharide units, decreased levels of
HCVcc infection, presumably because of competition between heparin and HCV
particles (Basu et al., 2007; Germi et al., 2002; Koutsoudakis et al., 2006). These results
indicated that a specific, highly sulphated type of GAG contributes to efficient HCV
infection. In line with other reports examining the role of HS in Flaviviridae, heparin
only inhibits HCV infection if administered before or during virus binding, clarifying

that HS acts in the initial attachment of HCV to target cells (Koutsoudakis et al., 2006).

However, although liver-derived, highly sulphated HS can inhibit HCVpp infection
(Barth et al., 2006) and heparin can effectively bind intracellular E1E2, no binding has
been observed between heparin and HCVpp-derived envelope glycoproteins (Callens et
al., 2005). This finding indicated that the heparin-binding domain of E2 is not
accessible on the mature glycoprotein and that HCV interacts indirectly with HS
through cellular or viral factors present in a HCVcc background but absent in HCVpp.
This theory was confirmed by a recent publication indicating that apoE on the HCV
virion mediates the HCV-HS interaction through specific interactions with cell surface
HS (Jiang et al., 2012). Using a host protein on virions to bind HCV indirectly to a
cellular protein for hepatocype attachment may make it much easier for viral particles to

evade the host immune response and establish a persistent infection.
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Low-Density Lipoprotein Receptor (LDL-R)

Hepatocytes acquire cholesterol via endocytosis involving low-density lipoprotein
receptor (LDL-R). However, because of the physical association of HCV with LDL or
VLDL in serum, forming LVPs (see section 1.2), LDLR has also been proposed as an
attachment factor in HCV entry. The role of LDLR in viral attachment was first
investigated in 1999, where HCV RNA accumulation was found to be inhibited by anti-
LDLR antibodies (Agnello et al., 1999). Correlation has also been shown between the
accumulation of HCV RNA into primary hepatocytes, expression of LDL-R RNA and
LDL entry (Molina et al., 2007). Furthermore, knock down of LDL-R expression in
target cells by small interfering RNA (siRNA) does inhibit HCVcc infectivity (Owen et
al., 2009; Albecka et al., 2012).

However, data published by Albecka et al. (2012) indicated that, while LDL-R is
important for optimal replication of the HCV genome, it is not essential for infectious
HCYV particle attachment and entry. This study showed that HCV binds to LDL-R and
that this interaction and HCV uptake is increased through treatment with lipoprotein
lipase (LPL), an enzyme that hydrolyzes the triglycerides in VLDLs. Despite this, they
observed that this LPL treatment reduced the apoE content of the viral particle, leading
to reduced infectivity, likely due to the necessity of apoE for efficient HCV binding to
cellular GAGs. This decrease in infectivity, yet parallel increase in internalisation,
suggests that LDL-R often leads to non-productive internalisation of HCV, possibly
directing particles to a degradation pathway used in LDL or VLDL clearance.
Neutralizing mAb experiments from this report revealed no decrease in infectivity at 2 h
post-virus addition, but substantial reductions were observed at 24 h post-addition,
implying LDLR is involved at a post-entry step of the HCV lifecycle, possibly
maintaining specific levels of host cell lipids necessary for a suitable intracellular

environment that can sustain viral replication events (Albecka et al., 2012).
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1.11.1.2. Specific Entry Factors

SR-BI

The human scavenger receptor class B type I (SR-BI, also called CLA-1) is a 509 aa
long multiligand receptor with multiple and flexible binding sites. SR-BI mediates both
bidirectional flux of free cholesterol between cells and lipoproteins and selective uptake
of cholesteryl esters into cells from high-density lipoprotein (HDL). SR-BI is known to
influence cellular cholesterol mass and alter cholesterol distribution in plasma
membrane domains. The protein’s multiple functions in cholesterol metabolism,
particularly those relating to HDL, are of greatest significance in liver and steroidogenic
tissues, where it is most highly expressed (Kellner-Weibel et al., 2000; Krieger, 2001,
Parathath et al., 2004; Rigotti et al., 2003).

SR-BI, which contains two TMDs, two cytoplasmic domains and a large extracellular
loop with nine potential N-glycosylation sites (Rhainds & Brissette, 2004), was first
proposed to act as a putative HCV entry molecule on the basis of its reactivity with sE2
through the HVR1 region (Scarselli et al., 2002). RNA interference results, as well as
reports highlighting the ability of anti-SR-BI antibodies to block both HCVpp and
HCVcc infections, have confirmed the involvement of SR-BI in the HCV entry process
(Bartosch et al., 2003; Catanese et al., 2007; Kapadia et al., 2007; Lavillette et al.,
2005). Furthermore, human non-hepatic and hepatic cell-lines could be rendered
permissive for HCVpp and HCVcc infection upon trans-complementation with human
SR-BI (Dreux et al., 2009a). Also, HCVcc is able to bind to Chinese hamster ovary
(CHO) cells expressing SR-BI, but not to those expressing CD81, suggesting that HCV
binds to SR-BI before interaction with other specific receptors involved in virus entry
(Evans et al., 2007). Interestingly, SR-BI has also been demonstrated to mediate
postbinding events during HCV entry such as the initiation of infection and viral
dissemination (Haberstroh et al., 2008; Zahid et al., 2013; Zeisel et al., 2007). The role
of SR-BI in postbinding steps occurs at similar time points to the HCV utilization of
other specific entry receptors such as CD81 and claudin-1, suggesting that HCV entry

may be mediated through the formation of co-receptor complexes (Zeisel et al., 2007).
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Conflicting data has been published as to whether SR-BI binds HCV directly via the
envelope glycoproteins or indirectly via virus-associated lipoproteins. Work by Maillard
et al. (2006) stated that the interaction between CHO-SR-BI cells and HCV in serum
was not sensitive to anti-E2 or anti-HVR1 antibodies but could be effectively inhibited
by anti-Blipoprotein antibodies or competed out by apo-B-containing lipoproteins
(Maillard et al., 2006). It has also been observed that the apolipoprotein serum amyloid
A (SAA), a SR-BI ligand, can inhibit HCV infection (Cai et al., 2007; Lavie et al.,
2006). In contrast, another SR-BI ligand, HDL, enhances HCVpp and HCVcc
infectivity (Bartosch et al., 2005; Voisset et al., 2005). HDL-induced enhancement of
infection was found to have no impact on the ability of anti-SR-BI antibodies to block
HCV infection, and these antibodies were also seen to be effective in counteracting
HCYV infection even in the absence of lipoproteins (Catanese at al., 2010). Moreover,
SR-BI mutants with impaired binding to sE2, which are incapable of restoring
infectivity if introduced into an SR-BI-depleted Huh-7.5 cell-line, can still bind HDL
and mediate cholesterol efflux (Catanese at al., 2010), findings which implied that
distinct protein determinants in SR-BI are responsible for HCV interactions and HDL

metabolism.

Recent papers by Dao Thi et al. (2012) and Guan et al. (2012) addressed the uncertainty
over SR-BI’s direct/indirect interaction with HCV. Guan et al. (2012) found five
residues in the HVR1 of H77 (at positions 14, 15, 25, 26 and 27) that play a key role in
binding E2 to SR-BI, with each residue indispensible for HCV cell entry (Guan et al.,
2012). Meanwhile, work by Dao Thi et al. (2012) revealed three distinct HCV entry
functions for SR-BI, a primary attachment function, an access function and an
enhancement function that stimulates HCV infection activity. Although a functional
E2/SR-BI interaction is essential for the postbinding enhancement role, the attachment
and access functions progress without the need for a direct glycoprotein/receptor
interaction (Dao Thi et al., 2012). The initial attachment of HCVcc particles to SR-BI is
likely mediated by VLDL components such as apoE and cannot be inhibited by anti-E2
mAbs or by mutating those HVR1 residues which mediate E2/SR-BI binding. However,
it was also noted in this study that very low density HCV particles did not use SR-BI as
an attachment factor, utilizing a ligand that binds VLDL instead, possibly HS. Despite
this, the lipid transfer activity of SR-BI was found to promote access function in HCV

particles of all densities. Indeed, experiments blocking or altering the lipid transfer
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activity of the receptor using small chemical inhibitors (Block Lipid Transfer - BLT -
inhibitors) or by introducing specific mutations into SR-BI were shown to significantly
impair HCVpp activity. Evidence was also produced which indicated that although
HCV access progressed efficiently in the absence of direct E2/SR-BI binding, it did
need an intact E2/CD81 interaction (Dao Thi et al., 2012).

CD81

The first identified and best characterised HCV receptor is CD81, a member of the
tetraspanin family of transmembrane proteins. Tetraspanins are involved in various
cellular processes such as adhesion, morphology, proliferation and differentiation
(Boucheix & Rubinstein, 2001; Levy & Shoham, 2005). CD81 is a ubiquitously
expressed 26 kDa protein containing four TMDs, one short cytoplasmic domain and two
extracellular loops, one small (SEL) and one large (LEL). Early studies utilized sE2 to
identify CD81 as a HCV receptor (Pileri et al., 1998). The subsequent development of
the HCVpp and HCVce model systems saw CD81 confirmed as an essential receptor for
HCV entry, with anti-CD81 mAbs as well as a soluble form of CD81 LEL capable of
inhibiting HCVpp and HCVcc infectivity (Bartosch et al., 2003; Cormier et al., 2004b;
Kapadia et al., 2007; Zhang et al., 2004). Furthermore, hepatomas successfully targeted
with siRNAs against CD81 were no longer permissive to HCVpp and HCVcc (Akazawa
et al., 2007; Zhang et al., 2004). Also, hepatoma cells which do not express CD81, such
as HepG2 or HH29, become permissive to HCVpp and HCVcc after ectopic expression
of CD81 (Bartosch et al., 2003; Lavillette et al., 2005). Interestingly, inhibition of viral
entry by anti-CD81 mAbs occurs only after HCV attachment to target cells, indicating
that CD81 acts as a post-attachment entry co-receptor and that other factors function in

concert with CD81 to mediate HCV entry (Cormier et al., 2004b).

The CD81-HCV binding site has been mapped. E2 binds the CD81 LEL (Drummer et
al., 2002) via at least two distinct regions (~ residues 412-443 and 520-550) that can be
brought together in E2 tertiary structure to form the binding site (Drummer et al., 2006;
Krey et al.,, 2010; Owsianka et al., 2006). Mutagenesis experiments identified an
additional region in E2 distant from the site of antibody recognition (residues 612-619)
that is necessary for CD81 binding, although this region probably acts indirectly by
inducing conformational changes within E2 (Iacob et al., 2008). The CD81 LEL
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sequence essential for these E2 interactions is contained within residues 164-201
(Higginbottom et al., 2000). While access to the CD81-binding site on E2 is reduced by
the presence of four glycans surrounding the binding site (Helle et al., 2010), soluble
CD81 (hCDS81-LEL) has been shown to neutralize and precipitate AHVRI1 particles
much more readily than wild-type particles, indicating that HVR1, which plays no role
in E2 glycosylation, masks the viral CD81 binding site (Bankwitz et al., 2010). This
suggests that the conserved CD81 binding site is hidden in wild-type particles, evading
host immune responses, until host factor interactions elicit conformational changes that
expose the binding site on E2 to this crucial receptor at a postbinding step. Moreover,
susceptibility to infection is related not only to the expression level of CD81, but also to
the proportions of CD81 and SR-BI on the cell surface (Akazawa et al., 2007; Kapadia
et al., 2007; Koutsoudakis et al., 2007).

Members of the tetraspanin family are able to interact with each other and with a panel
of protein partners to form tetraspanin-enriched microdomains (TEMs), also referred to
as “tetraspanin webs”. TEMs are cell-type specific, composed of different tetraspanins
that participate in functions unique to the cell type (Bouchiex & Rubinstein, 2001; Levy
& Shoham, 2005). As CD81 interacts with various different molecules in the TEM of
liver cells, including itself (Drummer et al., 2005; Kitadokoro et al., 2001), it is possible
that other tetraspanins, CD81 partner proteins or specific HCV receptors such as SR-BI
may contribute to efficient HCV entry by participating in a receptor/co-receptor
complex through direct or indirect recruitment into the TEM. It is also unclear whether
these complexes pre-exist in cells or are induced by HCV infection. A major protein
involved in CD81 complexes in TEMs is the immunoglobulin superfamily member
EWI-2 (Charrin et al., 2003). A cleavage product of EWI-2, called EWI-2wint
(corresponding to EWI-2 without its N-terminal immunoglobulin domain) can
effectively block viral entry by inhibiting viral interaction with CD81. The absence of
this natural inhibitor of CD81 in hepatic cells may thus enable viral entry to take place
in these cells. This was confirmed by ectopic expression of constitutively cleaved EWI-
2wint, which blocked HCVcc infectivity in Huh-7 cells (Rocha-Perugini et al., 2008),
possibly by promoting changes in the membrane dynamics and partitioning of CDS81,
adversely altering cell-free transmission of HCV (Potel et al., 2013). These findings

suggest that the narrow tissue tropism of HCV is due as much to the non-expression of
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specific inhibitors as it is reliant on the expression of a specific set of cellular entry

receptors.

Not only is CD81 essential for HCV entry, antibody or HCV-E2 engagement of CDS81
has been reported to activate the Rho GTPase family members Rac, Rho and Cdc42 and
the mitogen-activated protein kinase (MAPK) signalling cascade. Inhibition of these
pathways reduced HCV infection (Brazzoli et al., 2008). Rho GTPase signalling
stimulated by CDS81 has been suggested to induce actin remodelling, allowing lateral
movement of CD81 necessary for HCV entry, while CD81-mediated MAPK activation
is believed to control an as yet unidentified post-entry event. Indeed, a role for CD81 in
efficient replication of the HCV genome has been postulated (Zhang et al., 2010), as
CDS81 expression was found to positively correlate with the kinetics of HCV RNA
synthesis but was found to be inversely related to the kinetics of viral protein
production. This suggested that HCV RNA template function for RNA replication may
be subjected to CD81 control. As members of the tetraspanin family are known to be
involved in membrane-fusion processes, it is no surprise to learn that HCV is primed by
CDS81 for low pH-dependent fusion early in the entry process (Sharma et al., 2011). The

fusion process will be discussed in more detail in section 1.11.1.4.

Tight Junction Proteins

Tight junctions are major components of cell-cell adhesion complexes that separate
apical from basolateral membrane domains and maintain cell polarity by forming an
intramembrane that regulates the diffusion of certain molecules (Shin et al., 2006).
Tight junctions perform several important liver functions in hepatocytes, such as bile
formation and secretion (Van Itallie & Anderson, 2004). Members of the claudin
family, involved in the formation of tight junctions, have also been implicated in HCV
entry. Claudin-1 (CLDN-1), which is most highly expressed in the liver and possesses
four TMDs, two extracellular loops and three intracellular domains, was first postulated
as a HCV entry receptor after ectopic expression of CLDN-1 rendered non-hepatic
HEK-293T cell lines permissive to HCV infection (Evans et al., 2007). The same study
also observed that siRNA knockdown of CLDN-1 inhibits HCV infection in Huh-7.5
cells. No interaction between the HCV glycoproteins and CLDN-1 has been

demonstrated but a direct interaction between CD81 and CLDN-1 has been observed
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(Harris et al., 2008; Harris et al., 2010). While CLDN-1’s role in tight junction
formation and maintenance is undisputed, CLDN-1 is seen to associate with CD81 at
the basolateral surface of polarized hepatoma cells, suggesting a role for non-junctional
pools of CLDN-1 in HCV entry (Harris et al., 2010). In line with this, the establishment
of single particle tracking approaches to image fluorescent HCV particles in live cells
demonstrated that virion entry generally occurred outside of cell-cell junctions (Coller
et al., 2009). Mutagenesis of the first CLDN-1 extracellular loop (ECL1) (Cukierman et
al., 2009; Evans et al., 2007; Harris et al., 2010) and antibodies specific for CLDN-1
ECL1 (Fofana et al., 2010; Krieger et al., 2010) both ablated the CLDN-1/CD81
interaction and impaired HCV entry. A homology model of CLDN-1 ECL1 predicts aa
residues 33-35 and 62-66 of this region interact with CD81 ECL2 residues T149, E152
and T153 (Davis et al., 2012). Follow up Fluorescence Resonance Energy Transfer
(FRET) assays confirmed the essential nature of these CD81 residues in CLDN-1
association and HCV infection, as well as confirming that they had no impact on protein
conformation or HCV E2 binding. These studies imply that CLDN-1 and CD81 act in a
co-operative manner during HCV entry. In addition to CLDN-1, two other claudin
family members, CLDN-6 and CLDN-9, have also been reported to confer HCVpp
entry (Meertens et al., 2008; Zheng et al., 2007), although ectopic expression of either
protein could not trans-complement CLDN-1 silencing (Meertens et al., 2008).

However, numerous human cell lines and all non-primate cell-lines are resistant to HCV
entry even when CD81, SR-BI and CLDN-1 are co-expressed, indicating that cellular
factors essential for HCV entry were still undetermined (Evans et al., 2007). Another
tight junction protein, occludin (OCLN), has been implicated in HCV entry, with
siRNA knockdown of OCLN in cell-lines permissive for HCV entry significantly
impairing both HCVpp and HCVcc infection (Ploss et al., 2009). OCLN is a 60 kDa
protein with four TMDs and two extracellular loops, as well as a long C-terminal
cytoplasmic domain and a short N-terminal cytoplasmic domain (Furuse et al., 1993;
Furuse & Tsukita, 2006). Unlike CLDN-1, a direct OCLN-E2 interaction has been
confirmed by co-immunoprecipitation assays (Liu et al., 2009). However, it has also
been postulated that OCLN probably affects late entry events only, as expression and
localisation of CD-81, SR-BI and CLDN-1 were unaffected by OCLN silencing, yet
envelope glycoprotein fusion-associated events were impaired (Benedicto et al., 2009).

It has also been noted that viral infection led to a decrease in the expression of OCLN,
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as well as CLDN-1, implying that regulation of cell surface receptors may provide a

mechanism preventing onset of superinfection (Liu et al., 2009).

1.11.1.3. Additional Cellular HCV Entry Factors

Co-expression of SR-BI, CD81, CLDN-1 and OCLN renders non-liver cells permissive
for HCV entry, demonstrating that these four proteins constitute the minimal viral
receptor requirement (Dorner et al., 2011; Ploss et al., 2009). Indeed, receptor
complementation assays indicate that CD81 and OCLN usage by HCV is highly
specific, as their mouse versions only ineffectively support HCV entry (Flint et al.,
2006; Ploss et al., 2009). However, other cellular factors have been identified that are
pivotal for efficient HCV entry. One of these newly-discovered elements is the
Niemann-Pick Cl-like 1 cholesterol absorption receptor (NPCI1L1), a 13 TMD cell
surface cholesterol-sensing receptor responsible for cellular cholesterol absorption and
whole-body cholesterol homeostasis (Sainz Jr et al., 2012). Sainz Jr et al. (2012)
observed downregulation of NPCI1L1 in HCV-infected Huh-7 cells, similar to marked
reductions previously reported concerning CLDN-1 and OCLN. This report also
demonstrated that NPC1L1-silenced Huh-7 cells were significantly less susceptible to
HCVcc infection and that NPC1L1-specific antibodies reduced HCV infection to a
similar extent as CD81-specific antibodies. This study also analysed the role of the
receptor in vivo, treating uPA-SCID mice with ezetimibe, an FDA-approved
cholesterol-lowering drug that is a direct inhibitor of NPCIL1 internalization. Mice
treated with this drug via oral gavage could subsequently delay HCV infection for two
weeks. Another study using an RNAI screen to elucidate the functional role of host cell
kinases within the HCV entry process identified EGFR and EphA2 as cofactors of the
HCYV entry process (Lupberger et al., 2011). EGFR is a receptor tyrosine kinase (RTK)
that regulates key cellular processes including proliferation, survival, differentiation
during development and tissue homeostasis (Schneider & Wolf, 2009), while EphA2
mediates cell positioning, morphology, polarity and motility (Lackmann & Boyd.,
2008). Results obtained from Lupberger et al. (2011) highlight roles for these RTKs in
the formation of HCV entry factor complexes and membrane fusion. Specifically, this
report proposes that EGFR is important for HCV glycoprotein-dependent fusion with

host membranes by regulating the CD81/CLDN-1 interaction. In contrast, a more recent
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paper hypothesises that CD81/HCV binding induces EGFR activation and

internalisation without any apparent involvement of CLDN-1 (Diao et al., 2012).

Analysis of a siRNA library that targeted 140 cellular membrane trafficking genes also
identified 16 additional host cofactors of HCV entry (Coller et al., 2009). These factors
function primarily in clathrin-mediated endocytosis, the key mechanism in HCV

internalisation (see section 1.11.1.4)

1.11.1.4. Internalisation and Fusion

After binding to specific receptors, virus entry into host cells involves fusion of the lipid
envelope with a cellular membrane. This process is tightly co-ordinated in time and
space and requires drastic conformational changes in the fusion proteins, which are
triggered by cellular factors. Enveloped viruses can enter target cells in two different
ways. A number of viruses, notably retroviruses, can directly fuse their envelope with
the plasma membrane, releasing the viral genome into the cytosol. Alternatively, viruses
can enter target cells by endocytosis. In this instance, conformation changes to the
envelope proteins triggered by the acidic pH of endosomes usually leads to fusion of the
viral envelope with the endosomal membrane followed by release of the genome into
the cytosol. HCV has been proposed to enter cells via the latter method. Subjecting cells
to chlorpromazine treatment (which disrupts the formation of clathrin-coated pits) or
siRNAs targeting clathrin greatly reduced HCVpp and HCVcc entry, confirming that
HCV enters target cells via clathrin-mediated endocytosis (Blanchard et al., 2006;
Meertens et al., 2006). RNA interference studies allowed Coller et al. (2009) to identify
16 host factors vital for HCV entry that were principally employed in clathrin-mediated
endocytosis, including cellular elements involved in linking clathrin to the actin
cytoskeleton, endosomal acidification, receptor internalization and sorting as well as
structural components of the clathrin endocytosis machinery. Furthermore, HCVcc and
HCVpp are sensitive to endosome acidification inhibitors such as bafilomycin Al,
concanamycin A, ammonium chloride or chloroquine, indicating that HCV fusion is
pH-dependent and occurs in early endosomes (Blanchard et al., 2006; Hsu et al., 2003;
Koutsoudakis et al., 2006; Meertens et al., 2006; Tscherne et al., 2006). In vitro assay
systems based on HCVpp and liposomes designed to better characterise the fusion

process (Lavillette et al., 2006) determined a threshold pH of 6.3 and an optimum of
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about 5.5. This assay system also determined that fusion is also dependent on
temperature (no fusion was recorded at 4 °C) and facilitated by the presence of

cholesterol but does not require the presence of any protein at the surface of liposomes.

It is worth noting that exposing surface-bound virions to acidic pH followed by a return
to neutral pH does not affect HCV infectivity (Meertens et al., 2006; Tscherne et al.,
2006), indicating that HCV envelope proteins need an additional trigger to become
sensitive to low pH. In line with this, a recent study implicated CD81 in priming HCV
for low-pH-dependent fusion early in the entry process (Sharma et al., 2011),
highlighting how EIE2 dimers undergo reversible temperature-dependent
conformational changes at neutral pH following exposure to CD81 ECL2. Indeed, live
cell imaging experiments further postulated a central role for CD81 in HCV
internalisation and fusion, as CD81 and CLDN-1 undergo co-endocytosis and fusion
with Rab5-expressing early endosomes in a clathrin- and dynamin-dependent process

(Farquhar et al., 2012).

It is currently believed that HCV envelope proteins have a folding pattern similar to
class II fusion proteins, a class of protein that are predominantly non-helical, having a
B-sheet type structure instead. Unlike type I fusion proteins, they are not cleaved during
biosynthesis and possess an internal fusion peptide with a loop conformation (Kielian &
Rey, 2006). Class II fusion proteins are synthesised as a complex with a companion
membrane glycoprotein, which acts as a chaperone. Cleavage of this companion protein
activates the fusogenic potential of the fusion protein. Although there is no direct
experimental evidence demonstrating the role of E2 as the HCV fusion protein, a model
of the tertiary organisation of E2 highlighted the structural similarities of the protein to
other class II fusion proteins in the Flaviviridae and Togaviridae families as well as
determining the location of a candidate fusion loop in DII of the protein (see section
1.9.3) (Krey et al., 2010). The polypeptide segment in E2 implicated as the candidate
region for the fusion loop, spanning residues 502-520, has all the principal
characteristics associated with class II fusion loops. The segment is rich in glycine and
other non-polar amino acids and is strictly conserved across all HCV genotypes. Work
published by Krey et al. (2010) contradicted an earlier bioinformatics model of El,
which postulated that E1 was a truncated class II fusion protein with a fold similar to a

flavivirus fusion protein DII domain (Garry & Dash, 2003). However, in class II fusion
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proteins, DII must work in conjunction with two other domains covalently linked within
the polypeptide to induce membrane fusion, a structure not observed in E1. Moreover,
numerous structural studies have confirmed that most animal envelope viruses encode
fusion proteins belonging to one of three currently characterized structural classes

(Harrison, 2008), none of whom would be able to accommodate E1.

1.11.2. Genome Translation and RNA Replication

1.11.2.1. HCV IRES-mediated Translation

In mammalian cells, the two methods of translation initiation are cap-dependent and
cap-independent (Fig 1.6). The prior represents the standard mode of translation for
most cellular mRNAs and involves initiation-factor protein association with the 7-
methyl guanosine moiety at the 5’ end of mRNA, leading to 40S ribosome binding and
scanning to the initiation codon. In contrast, cap-independent translation involves the
direct interaction of ribosomes with an IRES, which is utilised by some cellular
transcripts as well as some positive-strand RNA viruses including HCV (Shih et al.,
2008). Indeed, the IRES located in the HCV 5’UTR (see section 1.9.1) directly recruits
the 40S ribosomal subunit to the AUG codon and initiates protein translation without
the need for ribosome scanning or those canonical translation initiation factors involved
in scanning or unwinding secondary structures in mRNA (Honda et al., 1996b; Penin et
al., 2004; Pestova et al., 2008; Reynolds et al., 1996; Terenin et al., 2008). In HCV-
IRES directed translation initiation, however, localization of the initiator methionyl-
tRNA (Met-tRNA) to the peptidyl (P) site on the surface of the 40S ribosomal subunit is
dependent on the initiation factor elF2. elF5, the GTPase-activating protein of elF2, is
also required for this process. While the large multi-subunit initiation factor elF3 does
not play a role in accurate placement of the initiator tRNA, it has been implicated in
stabilization of the elF2-GTP-Met-tRNA complex, a stabilizing effect essential for the
formation of a 48S translation initiation complex (Pestova et al., 1998; Ji et al., 2004).
Subsequent association of a 60S ribosomal subunit to this complex (an event requiring
the cellular initiation factor elF5B) results in a translationally active 80S initiation
complex. Inactivation of eIlF2 by phosphorylation can occur as a result of host-cell

responses to viral infection (Williams, 1999). This has been found to have a much
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Figure 1.6. Models of cap- and HCV IRES-directed translation.

(A) Canonical (cap-mediated) translation begins with the binding of the 43S PIC and
initiation factors to the 5’-end of mRNA and formation of the 48S complex. (B) In
HCV IRES-directed translation, the 43S PIC binds directly to the AUG initiation
codon and initiates protein translation in the absence of ribosome scanning and
several canonical translation initiation factors. (C) The 48S complex generated in
either instance then joins with the 60S ribsomal subunit, assembling the 80S
translation initiation complex. (D) An elongation and termination phase follows,
resulting in 80S post-termination complexes. (E) Post-elongation and termination,
recycling of these complexes and free 80S ribosomes occurs. Adapted from Geissler
etal. (2012).



smaller effect on HCV IRES-directed translation than on cap-dependent translation, as
the HCV IRES can alternatively translate using a bacterial-like, elF2-independent
mechanism. This pathway requires only elF5B and elF3 and does not require GTP
hydrolysis. In this instance, eI[F5B can substitute for elF2/elF5 in promoting initiator
tRNA binding to the 40S ribosome (Terenin et al., 2008). Translation occurs at ER
membranes, which produces a single polyprotein that is processed by cellular and viral
proteases to produce the mature structural and NS proteins. As with all positive-sense
RNA viruses, once sufficient translation of HCV RNA has occurred, an undefined
molecular switch is believed to direct the initiation of RNA replication within a
membrane bound replication complex (Novak & Kirkegaard, 1994). The
phosphorylation state of the viral protein NS5A has been implicated as having an
important role in this process, but this theory is controversial and poorly understood

(see also section 1.9.8).

1.11.2.2. HCV RNA Replication

A common feature of all positive-strand RNA viruses is the association of their
replication machinery with the cytoplasmic surfaces of intracellular membranes, with
numerous examples of replicase genes from these viruses encoding membrane-targeting
sequences. These viruses also have an intrinsic capacity to remodel intracellular
membranes, a process which serves to house viral replication complexes, thereby
creating membrane-wrapped factories where RNA synthesis and eventually virion
assembly take place. In the case of HCV, NS4B, at least in part, is known to induce
membrane rearrangements that generate an intracellular platform for HCV RNA
replication, referred to as the “membranous web” (MW) (Egger et al., 2002; Gosert et
al., 2003) or membrane-associated foci (MAF) (Gretton et al., 2005). Recent papers
used immunofluorescence- and EM-based methods to analyse the MWs induced by
HCYV in infected cells in greater detail (Ferraris et al., 2010; Romero-Brey et al., 2012).
These reports illustrate how the morphology of the membranous rearrangements
induced by HCV-infected cells resemble those of the unrelated picorna-, corona- and
arteriviruses, but are clearly distinct from those of the closely related flaviviruses. From
these studies, it was understood that the MW is derived primarily from the ER and
contains markers of rough ER but also includes markers of early and late endosomes,

COP vesicles, mitochondria and LDs. Indeed, the main constituents of the MW were
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found to be single and double membrane vesicles (DMVs), the former induced by
NS4B and the latter induced by NS5A (Romero-Brey et al., 2012), suggesting that a
functional MW requires the concerted action of several HCV replicase proteins. DMVs
predominate and were identified as protrusions from the ER membrane into the cytosol.
Romero-Brey et al. (2012) also highlighted the appearance of multi-membrane vesicles

late in infection, presumably as a result of a stress-induced reaction.

Both NS proteins and HCV RNA have been observed in close association with MWs.
These viral RNAs and NS proteins are ribonuclease and protease resistant, indicating
that the MW encloses and protects these replication components from the intracellular
environment (Quinkert et al., 2005; Waris et al., 2004). HCV RNA replication begins
rapidly after virus entry, given that negative-strand RNAs are detectable by Northern
blot hybridisation at 4 h post-clectroporation (Binder et al., 2007). Within these
replication compartments, the instigation of HCV RNA synthesis occurs by an unknown
mechanism but likely involves the de novo initiation of RNA replication by NS5B.
Using the positive-strand genome, NS5B generates a negative-strand RNA genome that
in turn serves as a template for the synthesis of excess amounts of plus-strand progeny
(Lohmann et al., 1999). During this process, the negative- and positive-strand RNAs are
thought to form a dsRNA replicative intermediate, from which nascent strands are
synthesized by strand-displacement (Targett-Adams et al., 2008a). Quantitative
analyses of replication complexes estimate that an active complex consists of minimally
one negative-strand RNA template, up to ten positive-strand RNA copies and several

hundred NS proteins (Quinkert et al., 2005).

Numerous cellular factors have been identified with potential roles in HCV RNA
replication. As discussed in section 1.10.2.3, supplementation with miR-122 allows
efficient viral genome replication in previously nonpermissive cell-lines. The
importance of host factors PTB, La autoantigen and PCBP2 in HCV RNA replication is
highlighted in section 1.9.1. Several cellular NS5A-binding factors such as hVAP-A,
FKBP8 and FBL2 (section 1.9.8) have also been implicated in this process. More
recently, a study by Goueslain et al. (2010) identified GBF1, a guanine nucleotide
exchange factor for small GTPases of the ADP-ribosylation factor (ARF) family, as
another host factor involved in HCV replication. GBF1 is sensitive to brefeldin A

(BFA), a lactone antibiotic known to exhibit a wide range of inhibitory actions on
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membrane-associated mechanisms of the secretory and endocytic pathways through its
ability to interfere with ARF activation processes (Goueslain et al., 2010). Goueslain et
al. (2010) postulated that GBF1-associated mechanisms serve to deliver proteins or
lipids to HCV replication complexes, thus contributing to functional activity of these
complexes. DDX3, a DEAD-box RNA helicase, has also been reported to be essential
for HCV RNA replication (Ariumi et al., 2007). This result will be discussed in greater
detail in section 1.12.3.4.

1.11.3. HCV Assembly

The assembly and secretion of HCV particles is tightly linked with host cell lipid
synthesis. In line with this, analysis of purified membrane vesicles containing HCV
replication complexes isolated from human hepatoma cells harboring HCV replicons
demonstrated that these organelles are highly enriched in proteins required for VLDL
assembly, including apoB, apoE and microsomal triglyceride transfer protein (MTP)
(Huang et al., 2007). Indeed, ApoB and apoE have both been identified as structural
components of VLDL while MTP is known to be a key enzyme in VLDL production
(Blasiole et al., 2007). ApoE has been observed to associate with HCVcc particles, and
depletion of the protein in this system has been shown to adversely effect the production
of infectious HCV (Benga et al., 2010; Chang et al., 2007; Hishiki et al., 2010; Jiang &
Luo, 2009; Owen et al., 2009). ApoE is known to interact directly with NS5A (Benga et
al., 2010; Cun et al., 2010), an association which suggests apoE functions at an early
step of HCV assembly as NS5A is not a major constituent of HCV particles (Merz et
al., 2011). A study in which virion-associated cholesterol was depleted and replenished
with exogenous sterol analogues indicated that virion-association cholesterol
contributes to an efficient HCV-apoE interaction (Yamamoto et al., 2011). ApoE is a
polymorphic protein with three major isoforms: apoE2, apoE3 and apoE4. While
ectopic expression of apoE3 and apoE4 enabled recovery of infectious HCV in cells
depleted of endogenous apoE, expression of apoE2 had little influence on virus
production in similar circumstances (Hishiki et al., 2010). This is in agreement with the
results of an epidemiological study of Caucasians with persistent chronic hepatitis,
which indicated a notable absence of the apoE2/apoE2 genotype in HCV antibody-
positive individuals (Price et al., 2006).
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The functional importance of apoB and MTP in the assembly and secretion of infectious
HCV is as yet unclear. Two groups have reported greatly reduced HCV production in
target cells upon treatment with an MTP inhibitor or exposure to siRNAs targeting apoB
(Gastaminza et al., 2008; Huang et al., 2007). Furthermore, using an in vitro model
system based on the lipoprotein-producing Caco-2 cell-line, where subviral particles can
be produced when only E1 and E2 are expressed, it was noted that secretion of the HCV
envelope glycoproteins could be reduced by MTP inhibition (Icard et al., 2009). In
contrast, three other groups reported that depletion of apoE, but not of apoB, reduced
virus production in a HCVcc background. They also noted that the level of MTP
activity did not have any effect on HCVcc assembly or release (Benga et al., 2010;
Chang et al., 2007; Jiang & Luo, 2009). The exact reason for these differences are
unknown but may be partly related to the use of different cell culture systems.
Nevertheless, all studies agree that the apoE component of the VLDL pathway is critical
for infectious particle production. It still remains to be determined exactly how the
apolipoproteins are incorporated into mature infectious particles. One possible model is

described in Fig 1.7.

VLDL maturation occurs by acquisition of lipids from LDs either in the ER lumen or in
the Golgi apparatus (Blasiole et al., 2007). Following cleavage, mature HCV core
protein is targeted to LDs and it has been demonstrated that mutations which disrupt
this localisation of core inhibit infectious virus production (Boulant et al., 2007). The
role of core trafficking to LDs is not well understood, although previous investigation
has shown that core recruits NS proteins and replication complexes to LD-associated
membranes, suggesting an early step in virion morphogenesis occurs at these sites
(Miyanari et al., 2007). Fluorescent labelling and functional imaging of core in living
cells has recently been used to visualize core during HCV assembly. Core has been seen
to move to the surface of large, immobile LDs soon after protein translation. During the
peak of virus assembly, core forms polarized caps on these LDs that are frequently in
close apposition to ER-localized core (Counihan et al., 2011). Presumably, these
represent the sites of core protein transfer between the ER and LDs. Similar
localizations of core-coated LDs were observed previously in fixed cells by IF staining
(Boulant et al., 2007; Boulant et al., 2008). Core is known to induce the redistribution

of LDs from their native diffuse cytoplasmic localisations to ER membranes in HCV-
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Figure 1.7. Model of infectious HCV particle structures and their biogenesis.

During translation at the rER, nascent apoB (blue line) is translocated into the ER
lumen and loaded by MTP with phospholipids and triglycerides. This leads to the
formation of a neutral lipid core that is converted into a spherical particle (VLDL?2)
acquiring exchangeable apoE and apoC (not shown for clarity). In the smooth ER
(sER) or membranous web, a second precursor (the luminal LD; [uLD) is formed
from the ER membrane and by MTP-mediated triglyceride enrichment. E1 and E2
retained at the ER membrane might slide onto this [uLD prior to pinching-off. The
nucleocapsid would be inserted into the hydrophobic lipid core of the pinching-off
luLLD due to the hydrophobic nucleocapsid surface (formed by D2 of the core protein).
In VLDL-competent cells such as primary human hepatocytes, this precursor could
fuse with VLDL2 to form the LVP. In Huh-7 cells, where VLDL1 formation is
inefficient, HCVcc is secreted predominantly as particles lacking apoB. Taken from
Bartenschlager et al. (2011).



infected Huh-7 cells. This re-localisation of LDs in aggregates at ER membranes
requires only core protein and is accompanied by reduced abundance of adipose
differentiation-related protein (ADRP) on LD surfaces (Boulant et al., 2008), a cellular
protein crucial in maintaining the disparate intracellular distribution of LDs in healthy
uninfected cells. The redistribution of LDs is believed to coordinate interactions
between the viral replication complexes and the assembly sites, allowing virion

morphogenesis to proceed.

Viral NS proteins were first implicated in HCV production following the observation
that JFH1-derived NS proteins are required to generate infectious virus from intra- and
inter-genotype chimeric constructs (Lindenbach et al., 2005; Pietschmann et al., 2006).
Evidence supporting important roles for NS2, NS3, NS4A, NS5A and p7 in the
assembly and release of infectious HCV has come from mutational analyses. In addition
to core protein, NS5A has been reported to associate with LDs, an event that is critical
for infectious HCVcc assembly. It has been shown that mutations within domain I of
NS5SA prevent the proteins association with LDs, which impairs infectious virus
production (Miyanari et al., 2007). A subsequent study classified domain IIT of NS5A
as the primary “assembly determinant” and identified a NS5A-core association on the
surface of LDs. Deletions to NS5A domain III impaired virus production by disrupting
the NS5A-core protein association on LDs but did not alter NS5A-LD attachment
(Appel et al., 2008). Another 2008 paper observed that substitutions at a serine cluster
within NS5A domain III (aa 2428, 2430 and 2433), which have no impact on HCV
RNA replication, inhibit the direct interaction between core and NS5A (Masaki et al.,
2008). These studies suggest that the recruitment of NS5A to LDs enables its interaction
with core protein for virion assembly. Since domain III of NS5A is one of the most
variable regions in the HCV genome, these results also suggest how viral isolates may
differ in their level of virion production and thus in their level of fitness and

pathogenesis.

Numerous mutagenesis studies have identified regions or residues within NS2 that are
important in infectious virus production (Dentzer et al., 2009; Jirasko et al., 2008,
Jirasko et al., 2010; Jones et al., 2007; Ma et al., 2011; Phan et al., 2009; Popescu et al.,
2011a; Yi et al., 2007, Yi et al., 2009). Indeed, both NS2 domains have been found to

be essential for HCV assembly, but the protein’s protease activity is not required in this
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process (Jirasko et al., 2008; Jones et al., 2007). Genetic and biochemical data suggest
NS2 directly interacts with multiple viral proteins including E1-E2, p7, NS3 and NS5A,
with subsequent IF studies showing that NS2 recruits these proteins to assembly sites at
the LD-ER interface (Boson et al., 2011; Jirasko et al., 2010; Popescu et al., 2011a).
These results suggest that NS2 has a role in recruiting other viral proteins to sites in
close proximity to LDs and/or acts as a scaffold promoting viral assembly. Since no
direct interaction has been identified between NS2 and core (Jirasko et al., 2010; Ma et
al., 2011; Stapleford & Lindenbach, 2011), it is possible that interplay exists between
the core-NS5A interaction and NS2-NS5A interaction during assembly. p7 is known to
be a vital element of virion production, as mutation of the basic residues required for its
ion channel activity greatly reduces levels of virus production (Brohm et al., 2009;
Jones et al., 2007; Steinmann et al., 2007). p7 has also been shown to recruit both core
(Boson et al, 2011) and NS2 (Tedbury et al., 2011) to sites adjacent to replication
complexes. The exact function of p7 during virion assembly remains to be elucidated
but the possibility the protein controls multiple aspects of the process needs to be
investigated in depth. Indeed, a recent study found that the proton-selective ion-channel
activity of p7 prevented the acidification of intracellular virions during their transit
through otherwise acidic intracellular compartments (Wozniak et al., 2010). This
suggests that p7 is involved at a late stage of virus production, in contrast to an earlier
report which postulated that p7 acted at an early stage of virion morphogenesis (Jones et
al., 2007). In addition to these key players, various studies also indicate specific roles
for NS3, NS4A and NS4B in HCV assembly (see sections 1.9.6 and 1.9.7). Thus, HCV
assembly is a complex process that requires multiple interactions between the structural
and NS viral proteins to be coordinated at LD-associated ER-membrane structures (Fig

1.8).

In addition to viral factors, a number of host proteins have been implicated in HCV
morphogenesis, including heat shock cognate protein 70 (HSC70) (Parent et al., 2009),
annexin A2 (ANXAZ2) (Backes et al., 2010) and the diacylglycerol acyl transferase 1
(DGATI1) enzyme (Herker et al., 2010). Proteomic analysis performed on highly
purified HCV virions identified HSC70 as a component of the viral particle. Indeed,
antibodies targeting HSC70 reduced infectivity, arguing that a fraction of HSC70 is
accessible on the outside of the virion. Additionally, HSC was shown to colocalise with

HCYV proteins on LDs and found to be crucial for both LD size and efficient production

69



) .cecov

—_~

N35E

N35A

NE2-NE44

N34B

E1E20THS2 complas

RehA
Disulfide band

Core

Mascent

luLD \

cytLD

MTP

Cytosol

Figure 1.8. Working model of HCV assembly.

ER lumen

Viral assembly is triggered by the encounter of three modules: core, EIE2p7NS2
complex and the replication complex (RC). The assembly site is supposed to be in the
membranous microenvironment of the lipid droplet (LD) and the endoplasmic
reticulum (ER). The driving force of viral budding potentially comes from three
directions: the pushing force of the nascent nucleocaspsid, the pulling force of
envelope proteins which might stabilize the viral surface architecture by
intermolecular disulfide bridges and the force of the nascent luminal LD (luLD)
between the ER leaflets. The result is a hybrid lipoviroparticle, which acquires ApoE
presumably by its lipid component. In primary hepatocytes, the lipoprotein moiety
may mature into a VLDL-like structure. Taken from Popescu ef al. (2011b).



of infectious virus particles (Parent et al., 2009). ANXA2 was identified after proteomic
analysis of purified HCV replication complexes. Surprisingly, silencing of ANXA2
expression did not alter RNA replication but instead significantly reduced extra- and
intracellular virus titres. Domain III of NS5A was found to specifically recruit ANXAZ2,
probably by an indirect mechanism (Backes et al., 2010). How HSC70 and ANXA2
contribute to virion morphogenesis remains to be determined. The DGAT1 enzyme,
which is essential for LD biogenesis, interacts with core protein and localizes it to LDs.
Disrupting this process by depletion of the DGAT1 gene profoundly inhibits infectious
virus assembly (Herker et al., 2010). A recent paper by Camus et al. (2013) identified
NSS5A as another binding partner of DGATI1. The authors propose a model whereby
DGAT]1 serves as a cellular “hub” for HCV core and NS5A proteins, guiding both onto
the surface of LDs (Camus et al., 2013). Disrupting core-AP2M1 binding, however,
leads to accumulation of core on LDs by altering AP2M1’s recruitment to LDs, leading
to decreased core localisation with E2 and elements of the trans-golgi network,
suggesting the core-AP2M1 interaction mediates a later stage of assembly post-

accumulation of core on LDs but before envelopment at ER sites (Neveu et al., 2012).

Finally, RNAI analysis performed by Coller et al. (2012) identified numerous other host
cofactors that are required for infectious HCV secretion, but not HCV entry and
replication. These factors included multiple components of the secretory pathway, such
as cellular elements involved in ER to golgi trafficking (SAR1A), golgi structure and
function (CYTH3), cargo sorting and vesicle budding (PRKD1, PI4KB, AP1M1) and
exocytosis (RAB11A, RAB3D, VAMP1). Coller et al. (2012) also developed a live cell
imaging approach to study HCV core trafficking using an infectious HCV that contains
a tetracysteine (TC) tag insertion in the core protein (TC-core). TC-core movements
dependent upon successful virion assembly were found to be microtubule-dependent
and associated with a number of secretory-pathway compenents identified by siRNA

(Coller et al., 2012).
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1.12. DDX3

DDX3, a member of the DEAD-box family of RNA helicases, came to the attention of
our research group through its ability to interact with HCV core protein. In 1999, three
independent publications described this interaction, referring to the cellular helicase as
DBX (Mamiya & Worman, 1999), CAP-Rf (Core-associated protein-RNA helicase full-
length (You et al., 1999) and DDX3 (Owsianka & Patel, 1999) respectively. However,
DDX3 is the name approved by the HUGO/GDB Nomenclature Committee and will
therefore be used to describe the helicase for the remainder of this thesis. The

interaction between core and DDX3 will be discussed in detail in section 1.12.3.4.

1.12.1. General Features of DEAD-box RNA Helicases

Nearly all aspects of RNA metabolism involve RNA helicases, which are enzymes that
use ATP to bind or remodel RNA and RNA-protein complexes. In line with this,
DEAD-box helicases have central and, in many cases, essential physiological roles in
cellular RNA metabolism including transcription, pre-mRNA splicing, ribosome
biogenesis, RNA export, translation and RNA decay (Cordin et al., 2006). DEAD-box
proteins belong to helicase superfamily 2 (SF2). They share with other SF2 proteins a
helicase core composed of two RecA-like domains. Within this helicase core, at least 12
characteristic sequence motifs are located at conserved positions (Fairman-Williams et
al., 2010; Linder & Jankowsky, 2011). Motif II, also known as the walker B motif
(Walker et al., 1982), contains the Asp-Glu-Ala-Asp (D-E-A-D) motif denominative for
the entire family and is involved in binding the phosphates of ATP, alongside motif I
(also known as the walker A motif) and motif VI. Motifs Ia, Ib, Ic, IVa, IV and V bind
the RNA substrate while the Q motif specifically recognizes the adenine of ATP
(Bleichert & Baserga, 2007; Cordin et al., 2006; Schutz et al., 2010). Motifs III and Va
are thought to coordinate other motifs relative to the y phosphate of ATP to create a
high-affinity binding site for RNA. How this occurs is as yet unclear. In addition to
motifs III and Va, other conserved elements in DEAD-box helicases may be important
for this, with a phenylalanine residue in residue IV implicated in this process
(Banroques et al., 2008). Deletion and chimera constructs tested both in vivo and in

vitro confirmed the minimal functional unit of the DEAD-box helicase core starts two

71



amino acids before an isolated phenylalanine in the Q motif and extends to ~ 35
residues beyond motif VI (Banroques et al., 2011). In contrast, the N- and C-terminal
extensions are highly variable in both sequence and length and are believed to confer
functional specificity to individual DEAD-box helicases, with roles ranging from
substrate interaction and subcellular localisation to interaction with cellular factors

(Cordin et al., 2006).

1.12.2. Cellular Roles of DDX3

1.12.2.1. General Features

DDX3 was first identified in 1997 as one of five X-chromosomal genes that have
homologues in the non-recombining region of the Y-chromosome. Unlike DDX3Y,
which is expressed specifically in testes, the DDX3 (or more correctly DDX3X) gene
escapes X-inactivation and is a ubiquitously expressed cellular protein (Kim et al.,
2001; Lahn & Page, 1997). Known homologues of DDX3 include mouse PL10 (Leroy
et al., 1989), Xenopus laevis An3 (Gururajan et al., 1991) and yeast Ded1p (Jamieson &
Beggs, 1991). As well as being proposed as an RNA helicase due to its sequence
homology with other DEAD-box helicases, DDX3 has also been shown to possess
ATPase and helicase activities experimentally (Franca et al., 2007; Yedavalli et al.,
2004). Although the precise biological function of DDX3 remains elusive, it is believed
to play an important role in many cellular processes, including mRNA splicing, mRNA
transport, mRNA degradation, protein translation, cell cycle regulation, cancer-related
pathogenesis, immune response regulation and apoptosis (Rosner & Rinkevich, 2007,
Schroder, 2010). DDX3 has also been implicated in various different viral lifecycles,
including that of HCV. The following sections highlight the literature available on
DDX3 to date.

1.12.2.2. Cellular Localisation
It has been demonstrated that DDX3 is a nucleo-cytoplasmic shuttling protein, with its

export from the nucleus mediated by the importin-f family shuttling factor CRM1

(chromosome maintenance region 1) (Yedavalli et al., 2004). Subsequently, it was also
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observed that DDX3 could directly interact with Tip-associated protein (TAP), the
major nuclear mRNA export receptor (Lai et al., 2008). Inhibition of CRM1 or TAP
results in nuclear accumulation of DDX3, suggesting that DDX3 could be exported
from the nucleus through both pathways, although it is presently unclear whether DDX3
favours one pathway over the other or whether these two pathways are equally involved
in DDX3 transport. Presumably due to the high rate of nuclear export, the majority of
studies analysing intracellular DDX3 localisation have reported this protein as
predominantly or exclusively cytoplasmic (Franca et al., 2007; Lai et al., 2008; Lee et
al., 2008; Mamiya & Worman, 1999; Schroder et al., 2008; Yedavalli et al., 2004). In
contrast, two studies reported a nuclear localisation of endogenous DDX3 in HeLa cells
(Owsianka & Patel, 1999; You et al., 1999). The reason for this disparity is unclear.
However, it has been reported that, while DDX3 localisation is cytoplasmic in skin
tissue from cell carcinomas, it is mainly nuclear in healthy primary epidermis cells
(Chao et al., 2006), suggesting discrepancies between transformed and non-transformed

cell-lines.

1.12.2.3. Splicing

An arginine/serine rich RS-like domain of DDX3, encompassing aa’s 582-632, was
found to resemble the RS domains of splicing factors such as ASF/SF2 and SC-35
(Owsianka & Patel, 1999). Indeed, DDX3 was reported to be present in functional
spliceosomal complexes (Deckert et al., 2006; Zhou et al., 2002) and the DDX3
homologue Dedlp was identified in the purified spliceosome in yeast (Stevens et al.,
2002). However, DDX3 and Dedlp have been detected with spliced mRNA as part of
mRNPs (messenger ribonucleoprotein particles) (Burckin et al., 2005; Merz et al.,
2007) and it has been highlighted that DDX3 only associated with spliced mRNA in an
Exon junction complex (EJC)-dependent manner (Merz et al., 2007). These findings
suggest that DDX3 does not have an active role in splicing, but associates with mRNPs
after splicing for roles such as RNA transport. The fact elements of the RNA export
machinery associate with mRNPs after splicing gave credence to this hypothesis.
Indeed, DDX3 was isolated from RNA-transporting granules (Kanai et al., 2004) and a
recent paper by Choi & Lee (2012) described a novel interaction between DDX3 and
DDXS5 through the phosphorylation of both proteins which allowed a joint involvement
for both proteins in mRNP export. This publication also reported on how DDX3 co-
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localised with DDX5 in the cytoplasm during the G2/M phase of the cell cycle and the
important role DDX3 played in shuttling DDXS5 to the nucleus (Choi & Lee, 2012). A
finding contradicting the importance of DDX3 in RNA transport has also been reported,
where Kanai et al. (2004) observed how depletion of the cellular helicase by RNAi had
little effect on RNA transport.

1.12.2.4. Innate Immune Response

DDX3 has been shown to interact with, and be phosphorylated by, TBK1 and IKKZe,
key kinases that phosphorylate IRF3/7 and subsequently activate the IFN-3 gene (Soulat
et al., 2008). This report also confirmed a role for DDX3 in PRR-induced IFN-f
promoter activation and its subsequent function downstream of TBK1 and IKKze (Soulat
et al., 2008). Observing an interaction between DDX3 and the IFN-f promoter after
PRR stimulation, Soulat et al. (2008) suggested that DDX3 could act as a transcriptional
cofactor at the promoter level. In line with work by Soulat et al. (2008), Schroder et al.
(2008) also found DDX3 to be a positive regulator of IFN-f induction. Infection of
HEK-293T with Sendai virus demonstrated a virus-induced transient association
between endogenous DDX3 and endogenous IKKe, suggesting DDX3 contributes to
IRF-3 activation (Schroder et al., 2008). A recent study by Gu et al. (2013) also
postulated a role for DDX3 in IRF-3 activation, stating that DDX3 mediated the
phosphorylation of IRF3 by IKKe. The authors reported that DDX3 directly interacted
with IKKe, enhancing its autophosphorylation and activation. This led to the subsequent
phosphorylation of a serine residue in the N-terminus of DDX3 by IKKge, allowing
recruitment of IRF3 to DDX3 and facilitating its phosphorylation by IKKe. This report
suggests that DDX3 may act as a downstream scaffolding adaptor that links IKKe and
IRF3 (Guetal., 2013).

In contrast, a paper by Oshiumi et al. (2010b) suggested DDX3 only marginally
enhanced IFN-f promoter activation induced by TBK1 and IKKe and that the protein
acts upstream of these kinases at the level of RIG-I and IPS-1 (Oshiumi et al., 2010b).
This study observed that DDX3 directly interacted with the CARD (caspase recruitment
domain) domain of IPS-1, a mitochondrial adaptor molecule that binds RIG-I following
recognition of viral RNA in the cytoplasm. Findings gathered by Oshiumi et al. (2010b)
lead the authors to postulate that DDX3 is an antiviral IPS-1 enhancer and that the
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DDX3/IPS-1 interaction facilitates IFN- induction, conferring high antiviral potential
in the early phase of viral infection when RIG-I levels in the host cells are still low.
Taken together, these disparate findings suggest DDX3 has multiple roles in innate

immune signalling.

1.12.2.5. Apoptosis

So far, only two studies have presented data concerning DDX3’s role in apoptosis.
Chang et al. (2006) observed that DDX3 downregulation promoted cell proliferation
and anti-apoptosis, with the authors also reporting preliminary findings indicating that
key elements of the intrinsic apoptotic pathway, caspase-6 and caspase-9, cannot be
activated in the absence of DDX3 (Chang et al., 2006). The anti-apoptotic effects of
DDX3 depletion postulated by Chang et al. (2006) is in complete contrast to the
findings published by Sun et al. (2008), who describe an anti-apoptotic death receptor
complex comprising glycogen synthase kinase-3 (GSK3), cellular inhibitor of apoptosis
protein-1 (c-IAP1) and DDX3. Stimulated death receptors can surmount this complex
by inactivating GSK3 and cleaving DDX3 and c-IAP1, enabling progression of the
apoptotic signalling cascade. This study also reported that DDX3 knockdown enhanced
signalling through the death receptor TRAIL-R2 and activation of caspase-3 (Sun et al.,
2008). Given the limited physiological sense derived if results by Chang et al. (2006)
and Sun et al. (2008) are examined together, clarification of the role of DDX3 in
apoptosis needs to be addressed by further studies.

1.12.2.6. Tumourigenesis

As stated in section 1.12.2.5, Chang et al. (2006) reported that DDX3 depletion
promoted cell proliferation, with knockdown of the helicase by siRNA in the non-
transformed mouse fibroblast cell-line NIH-3T3 resulting in premature entry into S-
phase. This study also ascribed DDX3 knockdown as the reason behind lower
expression levels of the tumour suppressor p21/waf in these cells. Furthermore, Chang
et al. (2006) reported the differential deregulation of DDX3 expression in HCV-
associated HCC, with samples from men and HBV-positive patients particularly
affected. In line with this, a subsequent study by Chao et al. (2006) highlighted how

DDX3 mRNA and protein expression were generally lower in HCC tissue specimens
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compared to non-tumour samples. The vast majority of these samples with decreased
DDX3 mRNA levels (77 %) also showed simultaneous p2l/waf mRNA
downregulation. The authors also demonstrated that overexpression of DDX3 in various
different tumour cells inhibited their colony formation ability via upregulation of
p21/waf. DDX3 was found to exert this transactivation function on the p21/waf
promoter through an ATPase-dependent but helicase-independent mechanism by
binding to the transcription factor Sp1 (Chao et al., 2006). A recent paper by Cruciat et
al. (2013) implicated DDX3 as a novel regulator of the Wnt/B-catenin signalling
network, which plays essential roles in embryonic development as well as tissue
homoeostasis in adults and which leads to cancer if abnormally regulated. The authors
found that DDX3 acts as a regulatory subunit of CKle (Casein kinase 1 subunit ).
DDX3 binds CKle in a Wnt-dependent manner and directly stimulates its kinase
activity, as well as promoting phosphorylation of the scaffold protein Dishevelled.
DDX3 is required for Wnt/B-catenin signalling in mammalian cells, and during Xenopus

and C. elegans development (Cruciat et al., 2013)

While results by Chang et al. (2006), Chao et al. (2006) and Cruciat et al. (2013)
suggest an important role for DDX3 in tumour suppression, numerous articles have
been published implicating DDX3 in tumour promotion. Huang et al. (2004) found that
DDX3 was overexpressed in ten different liver cancer cell lines showing anchorage
independent growth (AIG), including Huh-7 cells. The activation of DDX3 by
benzo(a)pyrene diol epoxide (BPDE), the active metabolite of benzo(a)pyrene present
in tobacco smoke, promoted growth, proliferation and neoplastic transformation of
breast epithelial cells (Botlagunta et al., 2008). A follow-up paper, published in 2011,
found DDX3 was directly modulated by hypoxia inducible factor-1 (HIF-1) in these
cells, suggesting hypoxia is an inducer of DDX3 mRNA and protein expression during
breast tumourigenesis (Botlagunta et al., 2011). Sun et al. (2011) noted that DDX3
knockdown lead to synchronous reduction of protein and mRNA levels in the
transcription factor Snail, a cellular element known to repress the expression of cellular
adhesion proteins resulting in increased cell migration and metastasis. Treatment of
cells with camptothecin, which inhibits the DNA enzyme topoisomerase I, increased
Snail protein levels. This increase was significantly diminished in DDX3 knockdown
cells, suggesting that DDX3 contributes to supporting the levels of Snail, which may

have a regulatory role during cancer progression (Sun et al., 2011). DDX3 has also been
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identified as a biomarker identifying gallbladder cancer after a study of the
clinicopathological characteristics of adenocarcinoma (AC) and squamous
cell/adenosquamous carcinoma (SC/ASC) specimens taken from patients suffering from
this disease (Miao et al., 2013). Reasons for the contradictory results obtained regarding
the role of DDX3 in tumourigenesis are as yet unforthcoming, although it may be the

result of the different cell lines and cancer specimens analysed in each study.

1.12.2.7. Transcriptional Regulation

As alluded to in sections 1.12.2.4 and 1.12.2.6, there is increasing evidence that DDX3
can also function in transcriptional regulation of gene promoters. Promoter activation
was upregulated by DDX3 in the case of the IFN-f promoter (Soulat et al., 2008) but
downregulated in the case of the E-cadherin promoter (Botlagunta et al., 2008). In
addition to supporting cellular levels of the transcription factor Snail (Sun et al., 2011),
DDX3 can also bind to the transcription factor Spl and enhance the p21/waf promoter
in a Spl-dependent manner (Chao et al., 2006). As stated earlier, the effect of DDX3 on
the p21/waf promoter appeared to require ATPase but not unwinding activity (Chao et
al., 2006). In contrast, K230E, a variant of DDX3 without functional helicase or
ATPase activity, was found to behave like wild-type DDX3 on the IFN- promoter
(Soulat et al., 2008). Thus, DDX3 may regulate different promoters in different ways.
Although DDX3 was initially suggested to contain a leucine-zipper (Kim et al., 2001),
there is little evidence for the existence of this motif in DDX3 or indeed, any ability to
bind specific DNA sequences. It is more likely that DDX3 gets recruited to specific
promoters by interacting with promoter-specific transcription factors or other co-

activators, as seems to be the case for the p21/waf promoter.

1.12.2.8. Mitosis

Cyclin B/cdc2 kinases are key regulators in cell cycle progression in and out of mitosis.
Sekiguchi et al. (2007) reported that DDX3 might be a novel cyclin B/cdc2 kinase
substrate protein. Hamster DDX3 was found to be phosphorylated by cyclin B/cdc2 at
residues T204 and T323 in vitro. These residues lie within conserved helicase motifs
and are therefore likely to disrupt substrate binding and helicase activity. Indeed, the

T204G DDX3 mutant protein causes a loss of DDX3 function. T204 could be
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phosphorylated by cyclin B/cdc2 but not by cyclin A/cdk2, leading the authors to
postulate that phosphorylation of DDX3 at T204 by cyclin B/cdc2 might have a role in
repressing cyclin A expression and to decrease ribosome biogenesis and translation
during mitosis (Sekiguchi et al., 2007). Ded1p has been implicated in similar processes
in yeast, where a mutation to the helicase has been shown to inhibit translation and cell
cycle progression of B-type cyclins Cdcl3 and Cig2 (Grallert et al., 2000).
Furthermore, the DDX3 Drosophilia homologue Belle has been found to promote
mitotic chromosome segregation in Drosophilia somatic cells via the RNA interference
pathway (Pek & Kai, 2011). During mitosis, belle promotes robust chromosomal
localisation of Barr, a condensin I component, and chromosomal segregation. The
localisation of Barr to condensing chromosomes was found to depend on dicer-2 and
argonaute2, while coimmunoprecipitation experiments determined that Belle interacted
directly with Barr and Argonaute2 and is enriched at endogenous siRNA-generating
loci. Work undertaken by the authors in HeLa cells found that DDX3 and DICER are
also required in promoting segregation and chromosomal localisation of hCAP-H, the
human homologue of Barr, suggesting that Belle/DDX3 and the RNAi pathway exhibit
a conserved function in regulating chromosome segregation in Drosophilia and human

cells (Pek & Kai, 2011).

1.12.2.9. Translation

Data obtained with one of several yeast homologues, Dedlp, revealed its requirement
for translation initiation (Chuang et al., 1997). It was also shown that human DDX3 can
substitute for Dedlp in genetic complementation studies (Mamiya & Worman, 1999),
suggesting a role for DDX3 in protein translation. Furthermore, it has been
demonstrated that DDX3 interacts with several translation initiation factors such as
elF4E, elF4A, elF2a, elF3, and PABPI (Lai et al., 2008; Lee et al., 2008; Shih et al.,
2008). However, initial studies by Shih et al. (2008) discovered that overexpression of
DDX3 acted as a repressor rather than a facilitator of cap-dependent protein translation,
despite enhancing IRES-dependent viral protein translation. In addition, the authors
reported how knocking down DDX3 in HeLa cells increased cap-dependent translation
but had no effect on cap-independent translation. In mammalian cells, cap-dependent
translation initiation is the standard mode of translation for most cellular mRNAs and is

facilitated by a cap-binding complex known as elF4F. elF4F is a complex whose
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functions include the recognition of the mRNA 5' cap structure (mediated by subunit
elF4E), delivery of an RNA helicase to the 5' region (eIF4A), bridging of the mRNA
and the ribosome (eIF4G), and circularization of the mRNA via interaction between
elF4G and the poly(A) binding protein (PABP) (Jackson et al., 2010) (for overview of
cap-dependent vs cap-independent translation, see Fig 1. 6). Analysis of point mutations
within the consensus elF4E-binding motif in DDX3 that disrupted this interaction
uncovered how elF4E/DDX3 binding inhibited cap-dependent translation by blocking
elF4E/elF4G complex formation in HEK-293T cells (Shih et al., 2008).

Subsequent publications proposed that DDX3 was not involved in general translation,
but was required for translation driven by mRNA transcripts that contained secondary
structures within their 5’UTRs, most likely by performing local destabilization of RNA
structures allowing attachment of the 43S PIC to the 5’ free extremity of the mRNA
(Lee et al., 2008; Lai et al., 2008; Lai et al., 2010; Soto-Rifo et al., 2012). While Lee et
al. (2008) uncovered the importance of elF3 in regulating the translation of a B-globin
mRNA, Soto-Rifo et al. (2012) indicated that DDX3 can be delivered to a target mRNA
by direct binding or via the elF4F complex through an elF4G/PABP1 double
interaction. In contrast to these studies, a 2012 report highlighted the involvement of
DDX3 in promoting ribosomal subunit joining in an ATP-independent manner (Geissler

etal., 2012).

Contradicting numerous other DDX3 translation studies, Geissler et al. (2012)
published results commenting on the essential nature of DDX3 in general translation.
DDX3 knockdown was found to deplete protein synthesis, irrespective of whether you
introduced cap- or IRES- containing RNAs into cells, without consideration towards the
length of these RNAs, regardless of whether the 5’UTRs of these RNAs were structured
or not. A general role for DDX3 in protein translation was further supported by
experiments where wild-type DDX3 and a variant with disrupted ATPase and helicase
functions were transiently overexpressed in HEK-293T cells. Subsequent transfection of
these cells with capped- or IRES- reporter RNAs revealed a positive stimulation of
translation by the wild-type protein. Indeed, comparative stimulation was observed in
the mutant protein also, indicating that the known enzymatic functions of DDX3 were

not required for adequate translation (Geissler et al., 2012). This is in contrast to results
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published by Shih et al. (2008), who observed that overexpression repressed cap-

dependent translation, although a different cell-line was employed in that instance.

While previous studies, including that of Soto-Rifo et al. (2012), suggested DDX3 acted
as a supportive translation factor that gave preference to mRNAs with structured 5°-
UTRs, Geissler et al. (2012) highlighted no such role, finding similar reductions in
protein expression between structured and non-structured mRNAs when DDX3 was
depleted. Instead, the authors felt their results supported the notion that DDX3 functions
in the second step of translation initiation, the formation of the 80S translation initiation
complex. Initial indications for this hypothesis came from the observation that DDX3 is
not part of “free” ribosomes and that a fraction of DDX3 specifically joins newly
assembled (ie mRNA containing) 80S ribosomes. Analysis of translation-competent
cytoplasmic extracts of Huh7 cells found disabled assembly of functional 80S
ribosomes in DDX3-depleted cells. Further supporting evidence included the
observation that purified DDX3 enhanced 80S assembly from individual translation
initiation compounds (Geissler et al., 2012). This study also reported that DDX3
specifically bound to elF3, in line with work by Lee et al. (2008), and the 40S
ribosomal subunit, fuelling speculation that DDX3 is a component of the 43S PIC and,
as such, also becomes part of 48S translation initiation complexes. This led to a
potential model of DDX3 translation function being postulated by Geissler et al. (2012).
DDX3, by interacting with elF3 and the 40S subunit as part of the 43S PIC, enters the
48S complex on translatable mRNA. In conjunction with elF3, DDX3 may then
function as a conformational modulator of the 48S complex, supporting 80S assembly
by protein—protein interactions. While elF3 leaves the 48S complex during assembly of
the 80S translation initiation complex, DDX3 remains bound to this complex but
disassembles prior to the elongation process. It must be borne in mind, however, that
differential experimental setups undertaken by the authors in the same report found that
formation of 48S translation initiation complexes were unaffected by DDX3, so one can
only speculate about the molecular activity of DDX3 in both cap-dependent and cap-

independent translation.

DDX3 was found to associate with cytoplasmic stress granules, which are formed after
exposure to environmental stress and contain stalled translation pre-initiation complexes

(Lai et al., 2008). A recent study by Shih et al. (2012) suggested DDX3 should be
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referred to as a core component of stress granules due to the fact that DDX3 interacts
with translation initiation factors eIF4E and PABP1, coupled with the observation that
DDX3 overexpression induced the formation of stress granules in a concentration-
dependent manner. DDX3 depletion interfered with stress granule assembly, led to
nuclear accumulation of PABP1 and reduced cell viability following stress.
Interestingly, supplementation of a shRNA-resistant DDX3 into DDX3-deficient cells
restored stress granule formation, allowed PABP1 translocation into these structures and
increased cell survival (Shih et al., 2012). Thus, DDX3 may play a key role in co-
ordinating translational regulation, stress granule dynamics and the cellular stress

response.

1.12.3. DDX3 Interactions with Viral Proteins

Given the apparent multifunctional nature of DDX3 in the cell, it is thus no surprise to
learn that DDX3 appears to be a prime target of viral manipulation, with numerous
different viruses known to encode proteins that interact with the helicase and modulate

its function (Schroder, 2011) (Fig 1.9).

1.12.3.1. VACV

While Schroder et al. (2008) found DDX3 expression enhanced Sendai virus-stimulated
IFN-B promoter induction, they also reported that the vaccinia virus protein K7
interacted with DDX3 and inhibited its function in the IFN induction pathway.
Interestingly, they found K7 bound to the N-terminal region of DDX3 (aa 1-139)
required for the effect on the IFN-B promoter (Schréder et al., 2008). Follow-up studies
narrowed down the binding site between aa’s 61 and 90 of DDX3 and unearthed two
phenylalanine residues in this region that are essential towards its effect on IFN
activation (Kalverda et al., 2009; Oda et al., 2009). Taken together, these studies
suggest that K7, through its interaction with DDX3, circumvents the IFN response by

blocking downstream signaling events.
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Figure 1.9. Conserved motifs and regions of interest of DDX3.

The helicase core region of DDX3 consists of two RecA-like helicase domains,
domains 1 and 2. The conserved sequence motifs within these domains are shown,
with highlighted symbols corresponding to the primary function of the domain ( *
corresponds to domains involved in ATP binding and ATP hydrolysis, ¥ signifies
RNA binding domains and A symbolises domains involved in communication
between ATP-binding and RNA-binding sites). Regions of the protein known to be
involved in direct interactions with viral proteins are also highlighted. The distance
between the conserved domains and regions of viral interaction is not drawn to scale.
Adapted from Linder & Jankowsky (2011).



1.12.3.2. HIV-1

DDX3 has been found to be an essential host factor for HIV replication. HIV-1 gene
expression is substantially governed post-transcriptionally by Rev-regulated export of
unspliced and partially spliced RNAs from the nucleus into the cytoplasm. The Rev
protein binds a highly structured RNA element called the Rev responsive element
(RRE) that is present in all unspliced and partially spliced HIV transcripts. This binding
specifically distinguishes, for purposes of nuclear export, viral transcripts from cellular
RNAs. While performing this RNA transportation role, Rev interacts with the nuclear
export receptor CRM1 (chromosome maintenance region 1). It has been shown that
DDX3 functions specifically in Rev/RRE-dependent export of RNAs through its
interaction with CRM1 (Yedavalli et al., 2004). Knockdown of DDX3 inhibited the
export of these unspliced and partially spliced HIV RNAs from the nucleus, resulting in
impaired HIV replication. It was also found that the function of DDX3 in this process
was dependent on its helicase activity and that DDX3 interacted with nucleoporins and
localised with the cytoplasmic side of nuclear pores. From their findings, the authors
speculated that, following the initial delivery of the HIV RNAs by Rev/CRM1 into the
nuclear pore, the enzymatic unwinding action of DDX3 facilitates the final release of
the HIV-1 RNAs from the cytoplasmic side of the pore (Yedavalli et al., 2004). Follow
up studies have confirmed that knockdown of DDX3 in cells inhibits HIV replication
without affecting cell viability (Ishaq et al., 2008).

DDX3 contains a unique region between motifs I and Ia which has been proposed to
bind the 3” end of an RNA substrate (Hogbom et al., 2007). DDX3 mutants lacking this
section bind HIV-1 RNA with lower affinity, and a specific peptide ligand to this region
reduced the ability of DDX3 to support HIV-1 replication in infected HeLa cells
(Garbelli et al., 2011). It is possible that, by binding the insertion between motifs I and
Ia, the peptide prevented the correct assembly of the DDX3/CRMI/rev/HIV-RNA
complex required for nuclear export. However, a recent study published results claiming
that DDX3 exhibited a positive regulatory function in Rev-independent gene expression
and HIV-1 IRES-mediated translation, implying other roles for the helicase in the viral
lifecycle (Liu et al., 2011). The importance of DDX3 in the HIV lifecycle has led
numerous researchers to target the helicase with antiviral compounds. Indeed, small-

molecule inhibitors directed at the ATPase activity of DDX3 which inhibit HIV
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replication have been successfully developed (Maga et al., 2008; Yedavalli et al., 2008),
while a recent paper detailed the identification of the first small-molecules specifically
designed to inhibit HIV-1 replication by targeting the RNA binding site of DDX3 (Radi
etal., 2012).

1.12.3.3. HBV

Another viral protein that interacts with DDX3 is the hepatitis B virus (HBV)
polymerase (pol). HBV is a hepadnavirus and replication of its genome occurs by
reverse transcription of a pregenomic RNA template. This occurs entirely within
nucleocapsids and is mediated by HBV pol (Beck & Nassal, 2007). DDX3 was found to
bind HBV pol in an interaction that did not appear to be mediated by RNA (Wang et al.,
2009a). The authors then demonstrated that overexpression of DDX3 in HBV
replicating HepG2 cells decreased HBV DNA synthesis in a dose-dependent manner.
Furthermore, knockdown of DDX3 from these cells resulted in a dose-dependent
increase in HBV DNA synthesis. Mutational analysis revealed that mutant DDX3 with
an inactive ATPase motif failed to inhibit viral DNA synthesis, in contrast to those
mutants with inactive RNA helicase motifs. The impact of DDX3 overexpression or
knockdown on HBV genome replication in HEK-293T cells was essentially identical to
the results obtained with HepG2 cells, indicating that DDX3 inhibits HBV DNA
synthesis in both hepatoma cells and non-hepatoma cells (Wang et al., 2009a).
Although these results suggest DDX3 is a cellular host factor restricting HBV genome
replication, the exact mechanism and physiological relevance behind these findings
remain undetermined. The authors speculate their findings may be connected to results
published by Chang et al. (2006), who report a decrease in DDX3 expression levels in
HBV-induced HCC tissue samples (see section 1.12.2.6). In these instances, HBV
might downregulate DDX3 expression during infection to relieve the inhibitory effect of
DDX3 on its replication and thereby contribute to the development of HBV-induced
HCC.

Interestingly, two independent studies published in 2010 highlighted how HBV pol acts
in a similar manner to the VACV K7 protein, inhibiting IRF3 activation and IFN-$3
promoter induction by targeting DDX3 (Wang & Ryu, 2010; Yu et al., 2010). Both of

these studies demonstrate that HBV achieves this by disrupting the interaction between
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IKKe and DDX3. It is currently unclear whether this finding is linked with the effect of
DDX3 on HBV genome replication. Indeed, it is now uncertain whether disrupting the
HBYV pol/DDX3 interaction would benefit the host (by restoring DDX3 function in the
IFN induction pathway) or the virus (by relieving the inhibitory effect of DDX3 on

genome replication).

1.12.3.4. HCV

HCYV core protein was the first viral protein to be determined as a DDX3-interacting
protein, with three independent publications describing the interaction (Owsianka &
Patel, 1999; Mamiya & Worman, 1999; You et al., 1999). Owsianka & Patel (1999)
reported that the regions of the proteins implicated in binding encompassed the N-
terminal 59 aa’s of core and a C-terminal RS-like domain of DDX3 comprising aa’s
553-622, while You et al. (1999) stated that the interacting domains consisted of the
first 40 residues of the viral capsid and aa’s 473-611 of the cellular helicase.
Colocalisation between core and DDX3 was observed following the expression of core
in HeLa or COS-7 cells expressing c-myc-tagged DDX3 (Mamiya & Worman, 1999),
in Huh-7 cells expressing FLAG-tagged DDX3 (You et al., 1999) and in HeLa cells
expressing endogenous DDX3 (Owsianka & Patel, 1999).

It has been demonstrated that DDX3 is required for HCV RNA replication. In a study
where a siRNA screen was designed targeting 62 host genes known to physically
interact with HCV RNA or HCV-encoded proteins, knockdown of endogenous DDX3
resulted in significant reductions in RNA replication (1800-fold) and infectious virus
release (42-fold) without affecting cell viability (Randall et al., 2007). A slightly later
study confirmed that shRNA-mediated knockdown of cellular DDX3 led to severe
impairments in intracellular RNA replication, core protein expression and colony
formation in cells harbouring a replicative full-length genotype 1b HCV replicon (HCV-
O) (Ariumi et al., 2007). This study also found that infection of DDX3-depleted cells
with JFH1 virus resulted in significant reductions in both intracellular HCV RNA levels
and core protein release into the culture supernatant compared to those obtained in wild-
type cells. Despite observing more significant reductions to RNA replication levels in

full-length genomes compared to SGRs that did not express core after DDX3 depletion,
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Ariumi et al. (2007) were unable to find a link between DDX3’s role in virus replication

and the core-DDX3 interaction.

Investigating the core-DDX3 interaction in a JFH1 background, Angus et al., (2010)
used alanine scanning mutagenesis to identify six residues (F24, G27, 130, G33, V34,
and Y35) within domain 1 of the core protein that determined its interaction with
DDX3. These residues are located between core amino acids 24 and 35, an area highly
conserved across all HCV genotypes. The core substitution Y35A was found to
abrogate the DDX3-core interaction. Interestingly, this mutation caused no alteration to
HCV replication in cultured cells, indicating that the core-DDX3 interaction is
dispensable for virus replication. Furthermore, DDX3 depletion studies revealed that the
requirement of DDX3 for HCV replication is unrelated to its interaction with viral core
protein (Angus et al., 2010). While results from Angus et al. (2010) suggest that HCV
recruits DDX3 for its replication process in a core protein-independent manner, a
subsequent study by Sun et al. (2010) published contradictory results, observing an
inhibitory effect in a HCV replication system based on genotype 1b with peptides
derived from the DDX3-binding site of HCV core protein. Furthermore, this inhibitory
effect could be reversed by overexpression of DDX3 (Sun et al., 2010). Is it as yet

unclear whether genotypic differences are responsible for these disparate findings.

Once HCV core has been introduced into cells, DDX3’s cellular distribution has been
shown to change from a diffuse cytoplasmic localisation into distinct cytoplasmic spots
colocalised with core protein (Owsianka & Patel, 1999). This result suggests that core
sequesters DDX3 from some of its cellular functions. In line with this, Oshiumi et al.
(2010a) published results indicating that core protein participates in suppression of
DDX3-augmented IPS-1-mediated IFN-f3 induction through its association with DDX3.
Kang et al. (2012) discovered that core mutants generated during serial passage of JFH1
virus in cell culture could attenuate the type-1 IFN pathway. In contrast to the findings
published by Oshiumi et al. (2010a), however, Kang et al. (2012) observed that the
activity of these mutants correlated with their differential interaction with DDX3, with
reduced binding of core to the helicase corresponding to enhanced viral RNA

replication and protein expression (Kang et al., 2012).

85



An RNA-protein interaction study confirmed that DDX3 interacts in an as yet unknown
manner with the 3’UTR of the HCV RNA genome (Harris et al., 2006). During this
study, Harris et al. (2006) discovered that several other DEAD-box family members,
including DDX5 and DDX17, also interacted with the 3’UTR. The authors suggested
that, although HCV encodes its own RNA helicase, cellular helicases such as DDX3
may greatly enhance plus-strand viral RNA synthesis by facilitating the unwinding of
the negative strand RNA template. This hypothesis would help explain the decrease
seen in HCV replication upon silencing of DDX3.

Another explanation is postulated by Geissler et al. (2012), who state that DDX3 is a
functional determinant of HCV IRES-mediated translation. After comparing transiently
and persistently transfected HCV RNAs, Geissler et al. (2012) observed significant
reductions in viral protein expression levels in both cases. The fact that a reduction of
cytoplasmic DDX3 inhibited the replication of transiently transfected HCV RNAs but
not of persistently transfected replicons was attributed by the authors to different
concentrations of viral replicase in the cells. This study also generated different types of
luciferase-encoding reporter RNAs, including RNAs that contained the 5S’UTR of HCV
(+/- HCV 3°’UTR). These HCV 5’UTR RNAs were transfected into naive and DDX3-
depleted Huh-7 cells and luciferase activity was measured in the cell lysates 1 h later.
Luciferase readings were found to be reduced by between ~ 40-70 % in DDX3-null
cells compared to control cells, further implying a role for DDX3 in HCV IRES-
mediated translation. The results obtained in this publication also allowed the authors to
state that DDX3 can regulate HCV translation efficiently in the absence of an authentic
viral 3’UTR (Geissler et al., 2012).

1.12.3.5. Other Viruses

In addition to the viruses previously discussed, DDX3 has been shown to play important
roles in many different viral lifecycles. Vashist et al. (2012) used riboproteomics to
identify DDX3 as one of several host factors that interact with the extremeties of the
Murine norovirus (MNV) genome, the only cultivatable norovirus identified to date.
Indeed, siRNA targeting of DDX3, which interacts with the 3’ extremity, was
particularly effective at reducing MNV protein levels, viral titre, and viral RNA, with ~
10-fold reductions observed in all cases (Vashist et al., 2012).
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DDX3 has also been revealed to be an important host factor in Herpesviridae biology.
From analysis of a siRNA functional screen, DDX3 was shown to be incorporated into
Herpes simplex virus type 1 (HSV-1) virions (Stegen et al., 2013). Results published in
this study suggest that both cellular and virion-incorporated pools of DDX3, in
partnership with a large variety of host and viral proteins, participate in the HSV-1
replication cycle. Reinforcing this hypothesis is the fact that DDX3 has also been found
in the viral particles of herpes family members human cytomegalovirus (HCMV) and
Kaposi's sarcoma-associated herpesvirus (KSHV) (Varnum et al., 2004; Zhu et al.,
2005).

Furthermore, the yeast homologue of DDX3, Dedlp, has been shown to be vital in the
replication of the positive sense single-stranded RNA virus Tomato bushy stunt virus
(TBSV), whose replication cycle mirrors that of other plus-strand RNA viruses such as
HCV (Kovalev et al., 2012). Dedlp is shown to be recruited by TSBV, which does not
encode its own helicase, into its replicase complex, with purified recombinant Ded1p
seen to bind the 3° end of the complementary minus-strand RNA generated from the
viral RNA. Kovalev et al. (2012) propose a model where Ded1p unwinds the 3’ end of
the TBSV minus-strand RNA, rendering the RNA compatible for initiation of plus-
strand RNA synthesis.
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1.13. Aims

The major aim of this project was to determine the exact stage of the HCV lifecycle at
which DDX3 functions. To ascertain this, I investigated the effects of DDX3 depletion
on a number of in vitro model systems, including HCV pseudoparticles (HCVpp),
subgenomic replicons (SGR) and the HCV cell culture system (HCVcc). Furthermore,
using a core mutant with abrogated DDX3 binding potential, I also investigated the
importance of the core-DDX3 interaction at each stage of the viral lifecycle using the

available lentiviral shRNA and model systems.
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2. Materials and Methods

2.1. Materials

2.1.1. Chemicals

Chemical / Reagent

Supplier

Absolute ethanol

Bamford Laboratories, UK

30 % Acrylamide/bis solution 37.5:1

Bio-Rad laboratories

Agarose Melford
2-Amino-2-(hydroxymethyl)-1,3- BDH

propanediol (TRIS)

Ammonium persulphate (APS) Bio-Rad Laboratories
Ampicillin (Amp) Melford
Bromophenol blue (BPB) BDH

Calf intestinal phosphatase NEB

Chloroform Sigma-Aldrich

4’ ,6-diamidino-2-phenylindole (DAPI) | Promega
Electroporation cuvettes (1 and 4 mm) Apollo

Ethanol

Fisher Scientific

GelRed DNA stain

Biotium

Isopropanol

Fisher Scientific

B-Mercaptoethanol

Sigma-Aldrich

Methanol Fisher Scientific
Mung Bean nuclease NEB

Neomycin phosphotransferase Melford

Phenol Sigma-Aldrich
Phosphate-buffered saline (PBS) Sigma-Aldrich
Pipette tips (RNase free) Starlabs
Proteinase K Invitrogen
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Puromycin Melford
Restriction enzymes NEB

Sodium chloride (NaCl) BDH

Sodium dodecyl sulphate (SDS) BDH

Sucrose BDH

T4 DNA ligase NEB
N,N,N’,N’-Tetramethylethylene- Sigma-Aldrich
diamine (TEMED)

Tween 20 Sigma-Aldrich
2.1.2. Kits

Kit Source
Advantage® cDNA polymerase Kit Clonetech

Calcium Phosphate Transfection Kit

Sigma-Aldrich

Bright-Glo'" Luciferase Assay System | Promega
MEGAscript High Yield Transcription | Ambion

Kit

MEGAclear Purification Kit Ambion

QIAprep Spin Miniprep Kit Qiagen

QIAquick Gel Extraction Kit Qiagen

Qiagen Plasmid Maxi Kit Qiagen
QuikChange Site-Directed Mutagenesis | Stratagene

Kit

SEAP Chemiluminescence Assay Kit Applied Biosystems
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2.1.3. Cells

Cells Description Source
Huh-7 Human Hepatoma cell line | Jean Dubuisson (CNRS,
Institut de Biologie de
Lille, Lille, France)
Huh7-J20 Human Hepatoma reporter | Iro et al. (2009)
cell line
HEK-293T Human Embryonic Kidney | American Type Culture
cell line Collection
Huh-7 Lunet/CD81N#4 | Subclone of Huh-7 cells | Witteveldt et al. (2009); a
(Huh7L-#4) lacking cellular receptor | kind gift from Thomas

CDg81

Pietschmann

2.1.4. Transfection Reagents

Reagent Source
Calcium Phosphate Sigma-Aldrich
Transfection Kit

Lipofectamine 2000 Invitrogen
Opti-mem 1 Gibco

2.1.5. Cell Culture Growth Medium

All cell culture media components were supplied by Invitrogen. All cell lines used in

this study were propagated in complete Dulbecco’s modified Eagle’s medium (DMEM)

supplemented with 10 % fetal calf serum (FCS), 100 U/ml penicillin, 100 pg/ml

streptomycin, 0.1 mM non-essential aas and 2 mM glutamine.
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2.1.6. Primary Antibodies

Antibody Name Type Raised in Source

Anti-core C7-50 mAb Mouse Bioreagents

Anti-NS5A 9E10 mAb Mouse Lindenbach
et al. (2005);
a kind gift
from Charles
M. Rice

Anti-DDX3 AO196 mAb Mouse Angus et al.
(2010)

Anti-a-Tubulin | Anti-Tubulin | mAb Mouse Sigma-
Aldrich

Anti-CD81 S5A6 mAb Mouse Santa Cruz

Anti-DDX5 Clone 204 mAb Mouse Millipore

2.1.7. Secondary Antibodies

Antibody Source

FITC-conjugated donkey anti-mouse IgG | Invitrogen

FITC-conjugated goat anti-rabbit IgG Invitrogen

TRITC-conjugated goat anti-mouse IgG | Invitrogen

Anti-mouse-HRP conjugate

Sigma-Aldrich
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2.1.8. Clones

Name Details Source

pJFHI Full-length JFHI cDNA | Wakita et al. (2005);
downstream of the T7 RNA |a kind gift from
polymerase promoter. Tajaki Wakita

pJFH1Gnp As pJFH1, except carries a | Wakita et al. (2005);
mutation in the NS5B GDD |a kind gift from
motif, downstream of the T7 | Tajaki Wakita
RNA polymerase promoter.

pJFH1v35A As pJFH1, except carries a | Angus etal. (2010)
mutation in core (Y35A),
downstream of the T7 RNA
polymerase promoter.

pJFHI1psg As pJFHI, except carries three | A. Angus, this work
adapted  mutations  (N415D,
C1678S, A3222G), downstream
of the T7 RNA polymerase
promoter.

pLKO.1-puro Lentiviral vector backbone for | Sigma-Aldrich
selected shRNA sequences

pCMV.DR.8.91 | Lentivirus helper vector Didier Trono

pVSV-G For expression of VSV envelope | BD biosciences
protein for pseudotyped
lentivirus production

pcDNA3.1 Encoding E1E2 gps of HCV 2A | Lavillette et  al.

genotype cloned downstream

from a human CMV promoter

(2005)

MLV-Gag/Pol

Encoding MLV gag and pol
genes cloned downstream of a

human CMV promoter

Bartosch et al. (2003)

93



MLYV-Luciferase

MLV based luciferase transfer
construct under control of a

human CMV promoter

Bartosch et al. (2003)

N17
SGR/JFH1wr

Replicon construct encoding the
firefly luciferase reporter and the
marker

puromycin  resistance

(separated by the foot-and-
mouth-disease virus [FMDV] 2a
self-cleavage site) in the JFHI1

AEI1E2 background.

Angus et al. (2012)

N17
SGR/JFHly35A

As N17 SGR/JFHlwr, except
carries a mutation in core
(Y35A), downstream of the T7

RNA polymerase promoter.

S. Stack, this work

N17
SGR/JFH16np

As N17 SGR/JFH1lwr, except
carries a mutation in the NS5B
GDD motif, downstream of the

T7 RNA polymerase promoter.

Angus et al. (2012)

N17
SGR/JFH1F13()E

As N17 SGR/JFH1lwr, except
carries a mutation in core
(FI30E), downstream of the T7

RNA polymerase promoter.

Angus et al. (2012)

NEO
SGR/JFH1wr

Bicistronic replicon containing
HCYV internal ribosome entry site
(IRES), which directs expression
of the neomycin resistance
marker, and the
encephalomyocarditis virus
(EMCV) IRES, which directs the
expression of the HCV
nonstructural (NS) proteins NS3

to NS5B.

Kato et al. (2003); a
kind gift from Tajaki
Wakita
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BLAST As NEO SGR/JFHlwr, except | R. Adair & A. Patel,
SGR/JIFH1wt carries  blasticidin  resistance | this work
cassette instead of neomycin.
pGL3-Control Plasmid containing SV40 | Promega
vector. promoter and enhancer
sequences, with which you can
accurately  analyse  cellular
transcription in mammalian cells
by measuring luciferase
expression.
B3P7wr As N17 SGR/JFH1wr, except it | A. Patel, this work
encodes in-frame E1E2
sequence.
PQCXIP Retroviral expression plasmid Clontech
PQCXIP PQCXIP vector expressing JFH1 | A. Angus, this work
CEIE2wt structural proteins Core, E1 and
E2.
PQCXIP As PQCXIP CEI1E2wr, except | A. Angus, this work
CE1E2psy carries a mutation in core
sequence (F24Y)
PQCXIP As PQCXIP CEI1E2wr, except | S. Stack, this work
CE1E2y35a carries a mutation in core
sequence (Y35A)

2.1.9. Bacterial Strains

Plasmids were manipulated and grown in the Escherichia coli strain JM109 (Promega)

unless otherwise stated.
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2.1.10. Solutions

2.1.10.1. Bacterial Expression

Solution

Components

L-Broth (LB)

170 mM NacCl, 10 g/l Bactopeptone, 5 g/l

yeast extract

LB-agar

LB plus 1.5 % (w/v) agar

2.1.10.2. DNA Manipulation

Solution Components

DNA loading dye 30 % glycerol; 0.25 % BPB, 0.25 %
xylene cyanol

TBE (10x) 8.9 M Tris-borate, 8.9 M boric acid, 0.02

M EDTA (pH 8.0)

2.1.10.3. SDS-PAGE

Solution Components

Running gel buffer 40 mM Tris, 185 mM Glycine, 0.1 % SDS
Resolving gel buffer 1.5 M Tris-HCI pH 8.9, 0.4 % SDS
Stacking gel buffer 0.5 M Tris-HCI pH 6.7, 0.4 % SDS

Sample loading buffer (reducing)

200 mM Tris-HCI, pH 6.7; 0.5 % SDS; 5
% B-mercaptoethanol; 10 % glycerol, 1
pug/ml bromophenol blue

Sample loading buffer (non-reducing)

30 mM Tris-HCI, pH 6.7; 1 % SDS; 5 %
glycerol, 1 pg/ml BPB
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2.1.10.4. Western Immunoblotting

Solution

Components

Towbin buffer

25 mM Tris-HCl (pH 8.0), 192 mM
glycine, 20 % (v/v) methanol

PBS —Tween (PBST)

PBS, plus 0.05 % (v/v) Tween-20

Blocking buffer

PBST plus 5 % (w/v) dried milk (Marvel)

2.1.10.5. Tissue Culture

Solution

Components

Trypsin solution

0.25 % (w/v) Difco trypsin dissolved in PBS, 0.002
% (w/v) phenol red

Versene

0.6 mM EDTA in PBS, 0.002 % (w/v) phenol red

2.1.11. Oligonucleotides

Oligonucleotides used throughout the study were purchased from Sigma-Aldrich. All

oligonucleotides were dissolved in deionised molecular biology grade water (dH20) to

a concentration of 100 uM by adding as the volume specified for each primer by the

manufacturer.
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2.2. Methods

2.2.1. Tissue Culture Maintenance

2.2.1.1. Cell Passaging

All cell lines were propagated at 37 °C in complete DMEM in an atmosphere of 5 %
CO». Cell lines were typically grown in 80 cm® or 175 cm? tissue culture flasks (Nunc).
Passage of cells was carried out when cells reached 90 % confluency by first gently
washing cells in ice-cold PBS followed by their removal with trypsin (Sigma-Aldrich)
diluted 1:100 in versene (E & O laboratories Ltd). Cells were then resuspended in 10 ml

of complete DMEM before re-seeding or use in experiments.
2.2.1.2. Long Term Storage of Cells

Aliquoted cells were stored in DMEM containing 25 % FCS and 10 % DMSO. Aliquots

were left overnight at -70 °C before being transferred to -180 °C for long-term storage.

2.2.2. DNA Manipulation

2.2.2.1. Quantitation of DNA

DNA aliquots were diluted 1:100 in dH,O and the ODjg0ns0 measured using a
BioPhotometer (Eppendorf).

2.2.2.2. Restriction Enzyme Digestion of DNA

All restriction enzyme digests of plasmid DNA were carried out at 37 °C for at least 1 h
unless otherwise specified by the manufacturer. Typically, 10 U of each enzyme per pg
DNA was used in a total volume of 50 pl. All reactions were performed using the

appropriate enzyme buffers and BSA if necessary.
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2.2.2.3. Ligation of DNA Fragments

Gel purified DNA fragments (Section 2.2.2.7) were ligated for 16 h at 4 °C in 15 pl
reactions containing 1x ligase buffer and 2 U of T4 DNA ligase. Following ligation, 2
ul DNA was used for electroporation into competent E. coli bacteria (Section 2.2.2.4).
Depending on the number of fragments used and the amount of DNA that could be gel
purified, ligation mixes could be precipitated the day following ligation if required. This
was done by adding 1/10 volume of 3M sodium acetate to the ligation before bringing
the mixture up to a total volume of 400 pl with 100 % ethanol. This was then stored at -
20 °C for 2 h before being centrifuged in a Sanyo MSE MicroCentaur at 13,000 r.p.m
for 10 min. The resulting DNA pellet was washed with 70 % ethanol by 5 min
centrifugation at 13000 r.p.m, air dried at room temperature and finally dissolved in 3-
10 pl dH,O depending on the size of the pellet. The purified DNA was used

immediately for transformation of competent bacteria or stored at -20 °C.

2.2.2.4. Transformation of Chemically Competent Bacterial Cells

For transforming chemically competent IM109 cells (Promega), 50 ul aliquots were
thawed on ice and mixed gently with an appropriate quantity of plasmid DNA. For re-
transforming plasmid DNA, 5-10 ng of DNA mix was used. For transforming ligation
mix (see Section 2.2.2.3), 2 ul DNA from a 15 pl ligation reaction was used. The
mixture was incubated on ice for 30 min, transferred to a 42 °C water bath for 45 sec
heat shock, placed back on ice for 2 min and mixed with 500 pl LB broth. Bacterial
cells were allowed to recover at 37 °C for 1 h with horizontal shaking, with 200 pl of
the mixture plated out on pre-warmed agar plates, supplied with appropriate antibiotic.
Plates were incubated in a 37 °C incubator overnight and colonies were picked the

following day for inoculating small scale cultures for plasmid miniprep analysis.
2.2.2.5. Small Scale Plasmid Preparation from Transformed Bacteria

A single colony from a freshly streaked selective agar plate was picked (Section 2.2.2.4)
and used to inoculate a 5 ml culture of LB with ampicillin (LB-Amp). Following culture

for 16 h at 37 °C with vigorous shaking (180 r.p.m.), the bacteria were centrifuged in a
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Sanyo MSE MicroCentaur at 13,000 r.p.m. and the DNA extracted from the bacterial

pellet using the QIAprep miniprep kit according to the manufacturer’s instructions.

2.2.2.6. Large Scale Plasmid Preparation from Transformed Bacteria

A single colony from a freshly streaked selective agar plate was picked (Section 2.2.2.4)
and used to inoculate a 5 ml starter culture of LB-Amp. Following 8 h incubation, the
starter culture was diluted 1:500 into 200 ml of LB-Amp and cultured for 16 h at 37 °C
with vigorous shaking (180 r.p.m.). The bacteria were then harvested by centrifugation
at 3000 r.p.m. for 10 min at 4 °C using a Sorval RC-5B Refrigerated Superspeed
Centrifuge. A large scale DNA preparation was then made from the bacteria using the

Qiagen HiSpeed plasmid Maxi kit according to the manufacturer’s instructions.

2.2.2.7. Isolation and Purification of DNA from Agarose Gels

This method was employed to resolve DNA fragments produced by restriction enzyme
digestion (Section 2.2.2.2). To separate fragments, slab gels containing 0.8 % agarose
were prepared in 1 x TBE containing GelRed Nucleic acid stain (1 pg/ml). DNA
fragments were run alongside Tracklt 1 Kb Plus (Invitrogen) or 100 bp (NEB) DNA
ladders. DNA samples were mixed with 0.1 volumes of 10 x DNA loading dye before
being loaded into the wells of the gel. Gels were typically run at 100 V in 0.5 x TBE
buffer. To purify DNA, fragments were visualised with the aid of long wave UV light
and then excised using a clean scalpel. Excised fragments were then purified using the

QIAquick gel extraction kit (Qiagen) according to the manufacturer’s instructions.

2.2.2.8. Site-Directed Mutagenesis

Mutagenesis reactions were performed using the QuikChange II XL Site-Directed
Mutagenesis kit (Stratagene). Forward and reverse primers for mutagenesis (see
Appendix) were designed to incorporate the desired mutation(s) in the middle of the
primer sequence and were between 25 and 45 bases in length, according to the
manufacturer’s instructions. PCR reactions were performed in a GeneAmp PCR

machine (Applied Biosystems) as follows:

100



Reaction components:

Component Amount
DNA template 50.0 ng
Forward primer (10 Mm) 1.25ul
Reverse primer (10 Mm) 1.25ul
dNTP mix 1.0 ul

10x reaction buffer 5.0l
QuikSolution reagent 3.0 ul

dH,O Up to 50.0 ul

Reaction cycle:

Stage 1

- Hold at 95 °C for 30 s

Stage 2 (18 cycles)

- Hold at 95 ° C for 30 s

- Hold at 55 ° C for 1 min

- Hold at 68 ° C for 1 min/kb of plasmid length
Stage 3

- Hold at 68 °C for 7 min

Following PCR, each reaction was chilled on ice for 2 min followed by the addition of
Dpnl (10 U) to digest the non-mutated dam-methylated parental DNA. Reactions were
mixed by pipetting, then centrifuged in a Sanyo MSE MicroCentaur at 13,000 r.p.m. for
1 min, followed by incubation at 37 °C for 1 h. Dpnl-treated DNA was transformed into
45 pl XL1-Blue Supercompetent bacteria (provided in SDM kit). Bacteria were thawed
on ice and pre-treated with 2 pl of a f-Mercaptoethanol mix provided with the SDM kit
for 10 min before 2 pl of mutant DNA was added to the competent cells, which were
incubated on ice for a further 30 min. DNA-bacteria mixtures were then heat-pulsed at
42 °C for 45 s and then incubated on ice for a further 2 min. 0.5 ml of LB broth pre-
heated to 42 °C was added to each mixture, followed by incubation at 37 °C for 1 h with
shaking at 180 r.p.m. Total cultures were pelleted at 4000 r.p.m using a Sanyo MSE
MicroCentaur for 3 min, resuspended in 50 pl LB broth and plated onto LB-agar + Amp
and incubated at 37 °C overnight.
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2.2.2.9. Nucleotide Sequencing

Nucleotide sequencing of plasmid and amplified cDNA was performed using specific
primers by GATC biotech, Germany. A minimum of 30 ul of DNA (100 ng/ul) and
primers (10 pM) were required for each reaction. Completed sequences were analyzed

using NCBI alignment software.

2.2.2.10. Restriction Digestion of pJFH1 for In Vitro Transcription

Plasmids were linearised by Xbal digestion in a 100 pl reaction in an 1.5 ml RNase-free
tube (Ambion) followed by treatment with Mung Bean nuclease to digest unpaired
necleotides (30 °C for 30 min). To clean the template of proteins, Proteinase K (final
concentration 100 pg/ml) and SDS (final concentration 0.5 %) were added and
incubated at 50 °C for 30 min. The template was then treated with 100 pl of neutral
phenol-chloroform (25 parts saturated neutral phenol: 24 parts chloroform: 1 part
isoamylalcohol), vortexed for 1 min and centrifuged at 13,000 r.p.m. for 2 min using a
Sanyo MSE MicroCentaur. The aqueous layer was placed in a fresh RNase-free
centrifuge tube and 0.1 volumes 5 M NH4OAc added along with 3 volumes 100 %
ethanol. The sample was stored at -20 °C for 30 min before being centrifuged in a
Sanyo MSE MicroCentaur at 13,000 r.p.m. for 15 min to pellet the precipitated DNA.
The ethanol was carefully removed from the tube and the pellet dried at room
temperature before being resuspended in 30 ul nuclease-free dH,O. The concentration

of linear DNA template was then determined (see Section 2.2.2.1).
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2.2.2.11. Construction of Lentiviral Plasmids

The following short interfering hairpin RNA (shRNA) sequences were incorporated into
lentivirus transfer plasmid pLKO.1-puro (Sigma-Aldrich)(Fig 2.1):

Name Sequence 5° - 3’

shDDX3.1 GGAGGAAATTATAACTCCC
shDDX3.2 ACGAAAGCTGAGTGCATAG
shDDX3.3 GGCTGAGACTAGGGTTTTA

shDDX3.4 GGAACAAACACTCGCTTAG
shDDX3.5 CCGAGAAGCTACTAAAGGT
shDDX3.6 GGTGGAGTTCTAGCAAAGA
shControl CCTAAGGTTAAGTCGCCCT

shHCV CCCGGGAGGTCTCGTAGAC
shCD&81 ACCTCAGTGCTCAAGAACA

These sequences were derived from siRNA (shDDX3.1 — Ariumi et al., 2007; shHCV —
Jones et al., 2010) and shRNA sequences (shCD81 — Witteveldt et al., 2009) used in
other publications, from plasmid websites (shControl — Addgene plasmid 1864 scramble
shRNA) or were selected using the RNAi Target Sequence Selector online tool on the
Clontech website (shDDX3.2 - shDDX3.6). These chosen sequences were then built
into duplex oligonucleotides using the shRNA Sequence Designer tool on the Clontech
website. These oligonucleotides contained the following elements: a BamHI cloning site
at the 5’ end, the coding strand sequence of the hairpin (as in table), a loop region, the
complementary noncoding strand sequence of the hairpin, an RNA polymerase III
termination sequence, a marker MIul restriction site, and a 3’ ECORI cloning site.
Plasmid clones were identified by the presence of the MIul restriction site and then
confirmed by DNA sequence analysis. The calcium phosphate transfection method was

then used to introduce this plasmid DNA into HEK-293T cells (see Section 2.2.4.1).
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Figure 2.1. Lentiviral vector pLKQO.1-puro.

DNA Map showing the features of the lentiviral vector pLKO.1-puro. Abbreviations
of the features: RRE — rev response element, hPGK promoter — human
phosphoglycerate kinase promoter, cPPT — polypurine tract, pUC Ori — pUC origin of
replication, LTR — long terminal repeats, sin — self-inactivating, RSV — Rous sarcoma
virus. The vector also bears a gene for puromycin resistance (PuroR) necessary for
mammalian cell selection, a U6 promoter, an ampicillin resistance cassette (AmpR)
for selective growth of transformed bacterial colonies and an RNA packaging signal
(psi). With an shRNA insert (insertion site highlighted), the length of the pLKO.I-
puro plasmid is 7,086 bp, as indicated. Without an shRNA insert, pLKO.1-puro vector
has a length of 7,052 bp. The shRNA insert DNA sequence is transcribed to yield
shRNA precursor molecules. Hairpin loop sequence allows folding through cis-base
pairing to form an shRNA molecule that is recognized by Dicer which directs it for
RISC assembly.



2.2.2.12. Transfection of DNA using Lipofectamine

Prior to DNA transfection, cells were plated at a density of 2.5 x 10*/well on a 24-well
cell culture dish and allowed to settle for 24 h at 37 °C. The following day, 0.8 ug DNA
and 2 pl Lipofectamine 2000 (Invitrogen) were diluted separately into individual 50 pl
volumes of Opti-mem-I (Gibco) and incubated at room temperature for 5 min. The
diluted DNA and Lipofectamine 2000 were combined and incubated at room
temperature for a further 20 min. The DNA-Lipofectamine 2000 mixture was then
added to the plated cells. Medium was changed after 6 h, and cells were incubated at 37

°C for 48 h prior to testing for transgene expression.

2.2.3. RNA Manipulation

2.2.3.1. In Vitro Transcription

In vitro transcription was carried out using a T7 Megascript kit (Ambion) following the
manufacturer's instructions using 1 pg of linear DNA template. The RNA was then
purified using the MEGAclear kit to remove nucleotides, short oligonucleotides,
proteins, and salts from the RNA. The amount of RNA was obtained by diluting an
aliquot of the RNA 1:50 in dH,O and reading the OD using a BioPhotometer
(Eppendorf). Typically, this kit yielded RNA concentrations of 70-100 pg per reaction.

2.2.4. Introduction of DNA/RNA into Eukaryotic Cells

2.2.4.1. Generation of Lentivirus Medium Expressing shRNA
(Transfection of DNA)

The calcium phosphate transfection method was used to introduce plasmid DNA into
HEK-293T cells. This method is based upon the formation of a precipitate containing
calcium phosphate and DNA. 1.4 million cells were seeded into 90 mm tissue culture
dishes in 15 ml complete DMEM 24 h before transfection. The following day, cells

were co-transfected with three different plasmids expressing (i) pLKO.1-puro lentivirus
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transfer plasmid with incorporated shRNA oligonucleotides of interest (8 pg) (see
Section 2.2.2.11), (ii)) pVSV-G (3 pg) and (iii) packaging plasmid pCMVDRS8.91 (8 ug)
expressing lentivirus gag-pol using the Sigma-Aldrich Calcium Phosphate Transfection
Kit. The plasmid DNA was mixed with dH,O and 100 pl 2.5 M CaCl, in a total volume
of 500 pul in a sterile 1.5 ml eppendorf. In a second sterile 1.5 ml tube, 500 pl of 2x
HEPES-Buffered Saline (HeBS), pH 7.05 was added. To prepare the precipitate, the
HeBS solution containing sodium phosphate was slowly mixed with the CaCl, solution
containing the DNA. To do this, the HeBS was gently bubbled using an automatic
pipette pump attached to a 1 ml sterile serological pipette during which time the
CaCl,/DNA solution was added dropwise with a sterile pipette tip. The precipitate was
then incubated for 20 min at room temperature before being distributed over the cells in
the culture dish in a dropwise fashion using a sterile pipette tip, followed by gentle
agitation for mixing. This DNA-calcium phosphate co-precipitate adheres to the cell
surface and is taken up by the cell, presumably by endocytosis. At 24 h post-
transfection, medium was replaced with 8 ml fresh DMEMompicte. At 72 h post-
transfection, culture media containing lentivirus particles was harvested by filtering
through a 0.45 um pore-sized membrane. This culture media could then be stored at 4 °
C or used to infect target cells. Target cells were infected with lentivirus supernatants
for 48 or 72 h (as indicated in each separate experiment in results section), with
silencing of target protein always monitored at transduction endpoint by SDS-PAGE
and western blotting (see section 2.2.6). Depletion of endogenous protein expresssion
was based on RNAi-mediated gene silencing (McManus & Sharp, 2002; Meister &
Tuschl, 2004). An overview of the RNAi pathway is represented in Fig 2.2.

2.2.4.2. Generation of HCVpp (Transfection of DNA)

HCVpp were generated as described previously (Bartosch et al., 2003; Hsu et al., 2003;
Owsianka et al., 2005). Typically, 1.4 million HEK 293-T cells were seeded into 100
mm tissue culture dishes in 15 ml complete DMEM 24 h before transfection. The
following day, cells were co-transfected with three different plasmids expressing (i)
replication deficient MLV gag/pol core (8 ng), (i1) HCV E1E2 glycoproteins (3 pg) and
(i11) luciferase reporter gene (8 pg) using the Sigma-Aldrich Calcium Phosphate
Transfection Kit as described above (Section 2.2.4.1). At 24 h post-transfection,
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Figure 2.2. Posttranscriptional processing by RNA interference.

Double-stranded RNA (dsRNA) is recognized by the enzyme Dicer, which has a
catalytic RNase III activity, and is cleaved into short double-stranded RNA
molecules, called small interfering RNA (siRNA) molecules. SiIRNA molecules
associate with the protein complexes to form the RNA-induced silencing complex
(RISC). Mature RISC contains the antisense single-stranded RNA molecules (red)
that target the complementary sense sequence of the mRNA molecule (green). This

results in mRNA cleavage and hence gene silencing. Adapted from McManus &
Sharp, 2002.



medium was replaced with 8 ml fresh DMEMcompiete. At 72 h post-transfection, culture
media containing HCVpp was harvested by filtering through a 0.45 pm pore-sized
membrane. Target cells could then be infected with HCVpp culture media (see Results).
This culture media could then be stored at 4 °© C and used to infect target cells when
appropriate. Vesicular stomatitis virus (VSV) pseudoparticles (VSVpp), which are used
as control pseudoparticles, were generated in the exact same fashion as HCVpp, except
that during co-transfection into HEK 293-T cells, 3 pg of plasmid encoding the VSV G
protein was transfected into cells in place of HCV E1E2 glycoproteins (Bartosch et al.,
2003).

2.2.4.3. Electroporation of RNA

Following trypsin treatment and counting, aliquots of 4 x 10° cells were centrifuged in
15 ml centrifuge tubes at 1000 r.p.m. for 5 min at room temperature using a
Thermoscientific Heracus Megafuge 16R. Media was decanted and pelleted cells were
washed by resuspension in 10 ml PBS, and centrifuged as before. PBS was decanted
and cell pellets were resuspended in a total volume of 400 ul PBS and added to a 4 mm
gap cuvette along with 10 pg of in vitro-transcribed viral RNA. Electroporation was
performed using a BioRad GenePulser Xcell (250 V, 950 upF), following the
manufacturer’s instructions. Cells were then diluted and resuspended in the indicated

amount of complete DMEM and seeded into the appropriate tissue culture flask or plate.

2.2.5. Generation of JFH1 Virus

In vitro synthesized RNA (10 pg) was electroporated into Huh-7 cells (Section 2.2.5.2).
The transfected cells were allowed to rest for 10 min before mixing with fresh medium
and seeding into the indicated tissue culture dishes. Following incubation at 37 °C for
the indicated time period, the medium containing the infectious virus progeny was
filtered through a 0.45 pm pore-sized membrane before infectivity was determined

(Section 2.2.5.1).
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2.2.5.1 Measuring Virus Infectivity

Limiting dilution assays were used to quantify the amount of virus infectivity using the
focus forming unit (FFU) assay (Zhong et al., 2005), which is calculated as FFU/ml by
the average number of NS5A-positive foci detected at the highest dilution. To determine
the virus titre by FFU assay, Huh-7 target cells were seeded at a concentration of 1000
cells per well on a 96-well plate in a total volume of 100 pul complete DMEM. At 24 h
post-seeding, serial 5-fold dilutions of infectious cell medium were added, with three
wells used per dilution. At 48 h post-infection, the infectious medium was removed and
the cells were fixed with ice-cold methanol and incubated at -20 °C for 24 h. The cells
were then washed three times with PBS and probed with anti-NS5A mAb 9EI10 at a
dilution of 1:10,000 in PBST for 1 h at room temperature. Cells were washed again
three times with PBS and bound primary antibody was detected by incubation with the
FITC-conjugated donkey anti-mouse IgG secondary antibody at a 1:500 dilution in
PBST for 1 h at room temperature. After three washes in PBS, the cells were overlaid
with 100 ul of dH,O before visualization under a fluorescent microscope (Nikon Eclipse
TS100). Clusters of infected cells identified by immunostaining for NS5A were
considered to constitute a single infectious focus, and titres were calculated accordingly

in terms of FFU/ml.

In experiments involving Huh7-J20 cells, the level of intracellular NS3/4A protease
activity could also be measured by calculating the secreted alkaline phosphatase (SEAP)
activity in the culture medium - as described by Iro et al. (2009), see also Fig 2.3 - using
the SEAP Chemiluminescence Assay Kit (Applied Biosciences). To begin, 90 ul of
culture medium was collected and mixed with 10 ul of 10-times concentrated lysis
buffer to a final concentration of 50 mM Tris—HCI (pH 7.5), 1 mM EDTA, 10 mM
NaCl and 0.5% Triton X-100 to inactivate the virus. In a 96-well plate, 30 pl of this
mixture was then mixed 1:1 with 1x dilution buffer and incubated at 65 °C for 30 min.
The plate was then cooled on ice to reach room temperature before 50 pl of the cooled
reaction was mixed with 50 pl assay buffer in a white 96-well microplate. 50 pl of
reaction buffer (prepared beforehand by diluting CSPD chemiluminescent substrate

1:20 with reaction buffer diluents) was then added to this plate before luminescence
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Figure 2.3. Schematic diagram of fusion protein construct stably expressed in
Huh7-J20 cells.

Huh7-J20 cells stably express a fusion protein that contains the sequence encoding
EGFP and SEAP linked by the octapeptide DEDEDEDE and the HCV genotype 1b
NS4A/4B substrate sequence (representing the recognition site for the viral NS3/4A
protease, which is underlined) cloned into a PQCXIP vector upstream of the internal
ribosome entry site (IRES) and a puromycin resistance cassette. During HCV
replication, the NS3/4A protease releases SEAP from the fusion protein, thus enabling
its N-terminal signal peptide to direct its secretion into the extracellular culture
medium. It has been observed that SEAP activity in culture medium correlates with
the level of HCV RNA replication. Adapted from Iro ez al. (2009).



could be measured. The SEAP activity was measured by using a Hidex Chameleon

plate reader and expressed as relative light units (RLU).

Cell-associated virus was obtained using previously established methods (Gastaminza et
al., 2006; Shavinskya et al., 2007). Cells were electroporated with viral RNA as before
and reseeded into a T25 culture flask in 6 ml of complete DMEM for incubation at 37
°C. Forty-eight hours post-incubation, cells were washed once in PBS before being
trypsinised, transferred to a 15 ml centrifuge tube and resuspended by rigorous pipetting
in 10 ml complete DMEM. The cells were then centrifuged at 1000 r.p.m. for 5 min
using a Thermoscientific Heraecus Megafuge 16R, after which the DMEM was decanted
and cell pellet was resuspended in another 10 ml complete DMEM and recentrifuged
under the same conditions. The cells were then resuspended in 0.8 ml complete DMEM,
and freeze-thawed rapidly three times using dry ice/ethanol and a water bath set to 37
°C. The samples were centrifuged at 4000 r.p.m. for 5 min using a Thermoscientific
Heraeus Megafuge 16R to remove cell debris, and the supernatant assayed by FFU

assay to determine virus infectivity.

2.2.5.2 Measuring Viral Replication by Luciferase Assay

To measure the luciferase activity of N17 SGR/JFHlwr (or equivalent luciferase-
containing replicon), 4 x 10° Huh-7 cells or equivalent cell line were first plated onto a
T80 culture flask in 15 ml of complete DMEM for incubation at 37 °C. At 24 h post-
seeding, cells were transduced with lentivirus of interest. 48 h post-transduction, cells
were electroporated with 10 ug of in vitro transcribed N17 SGR/JFHIwr RNA (see
Section 2.2.4.3) and resuspended in 14 ml of culture medium. Aliquots of 500 ul were
then seeded in triplicate over numerous 48-well cell culture dishes. Following
incubation at 37 °C, cells were lysed for luciferase assay at 1, 2, 4, 8, 24 and 48 h post-
electroporation. Luciferase activity was assayed with a Glomax® 20/20 Luminometer
(Promega) using the Bright-Glo luciferase assay system (Promega) according to the
manufacturer’s instructions. Briefly, cells were washed with excess PBS and cell lysates
were prepared by adding 150 pl of 1x lysis buffer to each well and the mix incubated
with gentle shaking for 5 min at RT. Meanwhile, luciferase assay reagent was prepared

by dissolving 17.1 mg lyophilized luciferase assay substrate into 1 ml luciferase assay

108



buffer. 100 ul of cell lysate was then mixed with equal volume of luciferase assay

reagent in a 1.5 ml eppendorf and luminescence measured immediately.

2.2.6. Detection of Cellular and Viral Proteins

2.2.6.1. Sample Lysis for SDS-PAGE Analysis

To detect intracellular antigens, cultured cells were washed once in phosphate-buffered
saline (PBS) and lysed directly in SDS-PAGE sample loading buffer (reducing).
However, as CD81 protein could not be detected in cellular extracts lysed in sample
loading buffer (reducing) using the available antibody, cells to be analyzed for CD81
expression were lysed in SDS-PAGE sample loading buffer (non-reducing).
Extracellular antigens were detected by concentrating virus at 48 h post-JFHI
electroporation by ultracentrifugation of the culture medium for 16 h at 36,000 rpm
(135,000 x g) in a SW60Ti rotor at 4 °C in a Beckman L8-80 M preparative
ultracentrifuge. The viral pellets were lysed directly in SDS-PAGE sample loading
buffer (reducing). For the remainder of this thesis, SDS-PAGE sample loading buffer
(reducing) will be referred to simply as sample buffer (SB) while SDS-PAGE sample
loading buffer (non-reducing) will be referred to as NR-SB.

2.2.6.2. Denaturing Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Resolving gels were prepared using acrylamide solution at a final concentration of 7.5 -
10 % in 1x resolving gel buffer. Addition of APS (to 0.1 %) and TEMED (to 0.08 %)
initiated polymerisation and the solution was immediately poured into the gel assembly
apparatus, leaving a gap of ~ 2 cm from the top. The solution was then overlaid with 1
ml of dH,O. When polymerisation was complete, the dH,O was discarded. Stacking
gels were prepared using acrylamide at a final concentration of 5 % in 1x stacking gel
buffer. Again, polymerisation was initiated upon the addition of APS (to 0.1 %) and
TEMED (to 0.08 %) before the solution was overlaid onto the resolving gel. A 10-tooth
Teflon comb was typically used to form wells in the stacking gel. The gel was allowed
to polymerise before removal of the comb. Gels were then loaded into a tank and

submerged in running gel buffer. Denatured protein samples were then loaded into each
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well. Protein markers (Amersham) were also included for protein size determination
and empty wells were filled with an equal volume of SDS-PAGE sample loading buffer.
Electrophoresis was performed at 100 V until the required separation of protein markers
and samples was achieved. Gels were then removed from the apparatus for western

immunoblotting (Section 2.2.6.3).

2.2.6.3. Western Immunoblotting

Proteins separated on polyacrylamide gels were transferred to Hybond™-ECL™
nitrocellulose membranes using a BioRad transblot Semi-Dry blotting device. Transfer
was carried out at 25 V for 15 min and membranes were incubated in PBST containing
5 % milk powder to block non-specific binding of antibody. Membranes were washed
three times in PBST at room tempertaure and probed with the appropriate antibody
(diluted in PBST) for 1 h at room temperature. The membrane was again washed three
times with PBST and incubated with the appropriate secondary antibody (diluted in
PBST) conjugated to HRP for 1 h at room temperature. Finally the membrane was
washed three times in PBST and bound antibody was detected using enhanced
chemiluminescence reagents (Millipore). Bands were visualized by autoradiography

using Kodak X-OMAT film and a Konica SRX-101-A film processor.

2.2.7. Indirect Immunofluorescence (IF)

To examine the intracellular expression of HCV proteins, cells on coverslips were fixed
in methanol, washed with PBS, blocked for 10 min with PBS containing 2 % FCS and
incubated at room temperature for 1 h with primary antibody in the blocking buffer.
Cells were washed with PBS, stained with secondary antibody conjugated with either
FITC or TRITC in blocking buffer for 1 h, washed with PBS, and the coverslips
mounted on a glass slide and examined with a Zeiss Laser Scanning LSM510 META
inverted confocal microscope (Carl Zeiss Ltd., UK). The images were analyzed using

LSM510 software.
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2.2.8. Colony Forming Assay

To determine the effect of gene knockdown on viral replication during prolonged
culture, 3 x 10° shRNA-transduced Huh-7 cells were electroporated with 10 ug of SGR
RNA (see Section 2.2.4.3), resuspended in complete DMEM and plated onto 6-well
culture dishes at specific densities in duplicate. At 24 h post-seeding, one set of cells
(test cells) were treated with drug at appropriate concentrations (depending on antibiotic
resistance cassette of SGR) while another set of cells (control cells) were left to grow in
the absence of drug. Media was changed twice weekly for three weeks. At three weeks
post-electroporation, media was removed, cells were washed twice in PBS and

remaining cell colonies were fixed and stained with Giesma’s stain solution (VWR).

2.2.9. Generation of Retrovirus Particles Containing HCV

Structural Proteins

Typically, 2 x 10® HEK 293-T cells were seeded into 100 mm tissue culture dishes in 15
ml complete DMEM 24 h before transfection. The following day, cells were transfected
with 30 pg of the retrovirus vector PQCXIP expressing HCV structural proteins
(PQCXIP CEIl1E2wr) or mutant derivative (PQCXIP CE1E2y3;s4 or PQCXIP
CE1E2p;4y) using the Sigma-Aldrich Calcium Phosphate Transfection Kit as described
earlier (Section 2.2.4.1). At 24 h post-transfection, medium was removed and cells were

lysed in 400 pl lysis buffer A.

2.2.10. Co-immunoprecipitation of HCV Core Protein

2 x 10° HEK-293T cells were seeded into 100 mm tissue culture dishes. At 24 h post-
seeding, cells transduced with retrovirus virus PQCXIP CE1E2wr or mutant derivatives
(see section 2.2 ) using the calcium phosphate precipitation method. At 24 h post-
transfection, cells were washed once in PBS (A) and lysed in 400 pl lysis buffer A. The
lysates were spun briefly to remove nuclei. After pre-clearing, the clarified lysate was

immunoprecipitated overnight with 30 ul of Protein G-sepharose beads that had been

111



pre-incubated overnight with 6 pl of the anti-DDX3 antiserum R648. The immune
complex was precipitated with the beads by centrifugation using a Sanyo MSE
MicroCentaur at 2000 r.p.m. for 2 min, washed 3 times with 1 ml lysis buffer A. Beads
were resuspended in 25 pl of non-reducing sample buffer, subjected to 12 % SDS-

PAGE electrophoresis followed by western immunoblotting using the anti-core mAb

C7-50 (1:20,000 dilution).

2.2.11. Two-Dimensional SDS-PAGE Gel Electrophoresis

JFH1 cellular extracts lysed in lysis buffer A and treated with non-reducing sample
buffer. Samples were run in the first dimension in a 7.5 % SDS-PAGE gel (see section
2.2.6.2). After sufficient separation of proteins, the gel strip (lane) containing the
sample of interest was excised (each sample was run between two stained protein
ladders for ease of excision) and transferred to a sterile 15 ml conical tube. Here, the
sample was reduced with NuPage 1 X reducing agent (Invitrogen) in NuPAGE® LDS
sample buffer (Invitrogen) for 30 min before being alkylated for 15 with LDS sample
buffer supplemented with 50 mM N,N-Dimethylacrylamide (DMA) (Sigma). Sample
was then treated with quenching buffer composed of LDS sample buffer, 5 mM DTT
and 20% ethanol. After buffer treatment, the whole gel strip was loaded onto a second
dimension NuPAGE® Novex® 4-12% Bis-Tris Gel (Invitrogen) and SDS-PAGE was
run according to appropriate parameters (see section 2.2.6.2). Prior to transfer of the
proteins to membranes, the PVDF membrane was wetted in methanol. Proteins were
transferred to PVDF membranes using a semi-dry blotting apparatus (XCell II™ Blot
Module , Invitrogen) for 1 h at 25 V. After transfer, proteins were examined with

antibodies of interest.
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3. Results

3.1. Investigating the Role of the Cellular RNA
Helicase DDX3 in the HCV Lifecycle in Huh-7 cells

3.1.1. Introduction

Two separate studies have confirmed that HCV replication is greatly decreased in
DDX3-depleted cells (Ariumi et al., 2007; Randall et al., 2007), but the exact stage(s)
of the HCV lifecycle at which DDX3 functions remains unclear. After I had confirmed
the important role DDX3 plays in HCV replication by shRNA-directed intracellular
depletion of DDX3, I used this DDX3 knockdown system on a number of in vitro cell
systems available to me, namely the subgenomic replicon (SGR), HCV pseudoparticle
(HCVpp) and HCV cell culture (HCVcc) systems, to determine what effect DDX3
depletion in Huh-7 cells had on the different stages of the viral lifecycle, in an attempt
to pinpoint its exact function. Together, the data collected from these experiments
indicated that DDX3 acts at an early, post-translation stage of the HCV lifecycle in
Huh-7 cells, facilitating some as yet undetermined element of HCV RNA replication.
Results obtained also suggested that it is possible that DDX3 influences the HCV
replication complex (RCs) machinery to perform this important role, although whether
DDX3 performs this task through direct incorporation into the RC or via a indirect
mechanism is not yet understood. The fact that DDX3-deficient replicon cells cannot be
maintained in culture was also established, indicating that construction of a stably
replicating DDX3-depleted Huh-7 cell line was impossible and that studies of the HCV

lifecycle must be limited to transient assays in DDX3-depleted cells.

Our lab and others have previously shown that DDX3 binds directly with domain 1 of
HCV core (Mamiya & Worman, 1999; Owsianka & Patel, 1999; You et al., 1999).
Further investigation of this interaction was performed using alanine scanning
mutagenesis, which allowed our lab to identify six residues within this region of core
that determined its association with DDX3. These residues were located between core

amino acids 24 and 35, an area highly conserved across all HCV genotypes. Alanine
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substitution of these residues revealed that the Y35A change abrogated the DDX3-core
interaction. However, this mutation caused no alteration to the replication of the HCV
JFHI cell culture infectious virus (HCVcc), indicating that the core-DDX3 interaction is
dispensable for HCV replication (Angus et al., 2010). The study by Angus et al., (2010)
also demonstrated that siRNA-led knockdown of DDX3 decreased virus production and
RNA replication levels in a Y35A background to a similar extent as that seen in a WT
background. Thus, I looked at the effects of shRNA-mediated DDX3 depletion in a
Y35A setting in a number of relevant in vitro cell systems to establish the stage of the
lifecycle at which DDX3 acted upon in this environment and determine if there were
any specific effects the abrogation of the DDX3-core interaction had on the HCV
lifecycle in Huh-7 cells. Data collected from this study entrenched the view that the
core-DDX3 interaction is dispensable in the HCV lifecycle. This section also
investigated the effect of DDX3 depletion in Huh-7.5 cells, a subclone of Huh-7 cells
which have a defective RIG-I response to viral challenges. No significant differences

were observed between results obtained in a Huh-7 or Huh-7.5 background.

3.1.2. Knockdown of DDX3 Expression in Huh-7 Cells

A common way to analyse the role of a specific cellular protein in the viral life cycle is
to use RNAIi to produce cells depleted of the protein of interest. Therefore, DDX3-
depleted cells were generated where protein levels were severely suppressed by
expression of shRNA molecules targeting endogenously expressed DDX3. Generation
and analysis of these cells was performed as follows. First, six distinct short interfering
hairpin RNA (shRNA) sequences were designed against different regions of DDX3 and
incorporated into lentivirus transfer plasmid pLKO.1-puro (Fig 3.1A, see also Materials
and Methods, section 2.2.2.11). In order to produce lentiviral stocks, each of these
pLKO-shDDX3 plasmids (shDDX3.1 through to shDDX3.6) were transfected in
parallel into HEK-293T cells, together with plasmids encoding for lentivirus
components, as described in Materials and Methods, section 2.2.4.1. pLKO-shControl
plasmid was also transfected in parallel together with helper plasmids. At 72 h post-
transfection, the supernatants were harvested and used to transduce Huh-7 cells. In
order to determine the efficiency of DDX3 protein knockdown in Huh-7 cells, 4 x 10*

cells were seeded into a 24-well plate, transduced with lentiviral stocks of interest, then
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Figure 3.1. Depletion of DDX3 expression using shRNA technology.

(A) Schematic illustrating the conserved motifs of DDX3. Six shRNAs were designed
against different regions of the gene. Arrows indicate target sites for each individual
shRNA. (B) Western blot analysis of cellular lysates from Huh-7 cells expressing
various shRNAs against DDX3, as well as analysis of Huh-7 cells transduced with a
control lentivirus vector (shControl). Lysates were probed with anti-DDX3 mAb
AO196 and an anti-o-Tubulin mAb. (C) Lysates from Huh-7 cells expressing shRNA
against DDX3.6 (shDDX3) and Huh-7 cells expressing shControl were analysed by
immunoblotting for DDX3, Tubulin and DDXS5 proteins to determine specificity of
DDX3 knockdown.




wells were harvested for analysis by western blotting at 48 h post-transduction.
According to the data presented in Figure 3.1B, DDX3 levels in lysates from shDDX3.6
cells were undetectable by western blot analysis. Tubulin was used as a loading control,
and as expected, its levels were unchanged between DDX3-depleted and control cell
lines. Reduction in DDX3 expression was also prominent in shDDX3.4 cells, but not as
significant as those levels seen in shDDX3.6 cells. Analysis of lysates with the
monoclonal anti-DDXS5 antibody Clone 204 showed no depletion to the cellular DEAD-
box helicase family member DDXS, indicating that the DDX3 knockdown achieved in
shDDX3.6 Huh-7 cells is highly specific (Fig 3.1C).

3.1.3. Effect of DDX3 Knockdown on HCVcc

Previous reports have shown that siRNA-mediated knockdown of DDX3 reduces
HCVcc replication in infected cells (Ariumi et al., 2007; Randall et al., 2007). To assess
the influence of DDX3 abundance on virus infection, I measured the replication of
JFH1wr virus by SEAP assay (see Materials and Methods, section 2.2.5.1) following
infection of Huh7-J20 cells that had previously undergone 48 h transduction with
lentivirus expressing shDDX3.6 (hereafter referred to simply as shDDX3). JFH1wr
replication levels in shControl-transduced cells and in cells expressing shRNA against
the 5’UTR of HCV (shHCV) were determined in parallel, serving as negative and
positive controls, respectively. Untransduced Huh7-J20 cells (mock) were also infected
with JFH 1wt virus at the same time as each set of transduced cells. In line with previous
studies, virus replication levels were found to be substantially less in DDX3-depleted
cells compared to shControl- and mock-transduced cells following infection with
JFH1wr virus, with a reduction of almost 75 % observed. Infection was almost totally
abrogated in the positive control shHCV-transduced cells, where a replication decrease
of almost 98 % was detected in this assay (Fig 3.2). Furthermore, viral protein
expression could not be observed by immunoblot analysis in lysates extracted from
DDX3-depleted cells and shHCV-transduced cells at 48 hours post-infection, while
lysates from shControl and mock-transduced cells extracted at the same time were
found to express considerable quantities of NS5A and Core protein. Protein samples
lysed just before HCVcc infection found DDX3 silencing in shDDX3 cells but

undiminished DDX3 levels in the different sets of control cells, a test carried out to
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Figure 3.2. Effect of DDX3 knockdown on HCV infectivity measured by SEAP
assay.

Huh7-J20 cells transduced with indicated lentivirus for 48 h were subsequently
infected with JFH 1wt virus at an m.o.i. of 0.1 FFU/cell. At 48 h post-infection, HCV
infectivity was determined for each set of transduced cells by SEAP assay. Error bars
indicate the standard deviation of the mean of three independent experiments.
Student’s t-test was performed to determine the P value. * P < 0.05, ** P < 0.01, ***
P < 0.001, NS, not significant. A portion of cells from each set of transduced cells
were harvested in SB at 48 h post-transduction for each independent experiment.
Lysates were immunoblotted with anti-DDX3 mAb A0196 and an anti-a-Tubulin
mAb. In the third repeat experiment, a portion of cells from each set of transduced
cells were harvested in SB at 48 h post-infection also. NS5A and Core expression
were measured in these lysates using the anti-NS5A mAb 9el10 and the anti-Core
mAb C7-50.



determine lentivirus efficiency that was performed before every experiment undertaken
in this study. Similar reductions were found in shDDX3- and shHCV- transduced cells
compared to shControl-transduced cells when infectivity was measured using a focus
forming assay (Fig 3.3). These results confirm an important role for DDX3 in HCV

replication.

This data showing that RNAi silencing of DDX3 impairs JFH1lwr infection is in
accordance with previous studies (Ariumi et al., 2007; Randall et al., 2007). In addition
to reproducing the deleterious effects of DDX3 knockdown on JFH1ywr infection, a
similar phenotype was observed in DDX3-depleted cells infected with JFH1y3s4 virus
by SEAP (Fig 3.4) and focus forming assay (Fig 3.5). These findings are in agreement
with work published in a recent report by our group (Angus et al., 2010), which states
that the requirement of DDX3 for HCV replication is unrelated to its interaction with

the viral core protein.

3.1.4. Effect of DDX3 Knockdown on HCVpp

While it was confirmed that DDX3 is essential for HCVcc replication, it remains
unclear at what stage of the HCV life cycle DDX3 is acting upon. To begin, I wished to
determine whether DDX3 was important for viral entry. To do this, I generated
retrovirus-based HCV pseudoparticles (HCVpp) (see Materials and Methods, section
2.2.4.2) that can recapitulate envelope glycoprotein-mediated receptor binding, particle
internalisation and low-pH-mediated membrane fusion (Bartosch et al., 2003). Huh-7
cells were transduced with different lentivirus for 48 h before undergoing HCVpp
infection, with luciferase activity measured at 48 h post-infection an indication of the
efficiency of cell entry. The absence of DDX3 did not interfere significantly with
HCVpp infection (Fig 3.6) compared to shControl- or mock-transduced Huh-7 cells, in
contrast to the positive control cells, which were transduced with shRNA targeting the
HCV-specific entry receptor CD81, which selectively reduced HCVpp infection by ~ 98
%. These results indicate that DDX3 interferes with a step downstream of glycoprotein-
mediated fusion. To determine if this was a HCV-specific effect, I repeated this
experiment using VSVpp (Fig 3.7), which recapitulate the entry process of vesicular

stomatitis virus (VSV)(see Materials and Methods, section 2.2.4.2). No significant
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Figure 3.3. Effect of DDX3 knockdown on HCYV replication measured by focus
forming assay.

Huh-7 cells transduced with indicated lentivirus for 48 h were subsequently infected
with JFHI1wr virus at an m.o.i. of 0.1 FFU/cell. At 48 h post-infection, cells were
fixed and probed for NS5A protein using 9¢10 mAb. Mean values and standard
deviations represent a single experiment performed with three technical repeats. A
portion of cells from each set of transduced cells were harvested in SB at 48 h post-
transduction and examined using the anti-DDX3 mAb AO196. Anti-o-Tubulin mAb
used as a loading control.



180
160 T
140

2 1204

£ |

S 100+

&

S 80

Sl

X 60
40
20 I
O T T T T

‘jt'(XD '60\ 04 o&
S ol ¥ v
F $ ®

N
£ S ox
Q o 9
SRR
* 76kDa

DDX3
—_—

Tubulin
R
52kDa

<«

Figure 3.4. Effect of DDX3 knockdown on Core mutant HCV replication
measured by SEAP assay.

Huh7-J20 cells transduced with indicated lentivirus for 48 h were subsequently
infected with JFH1y3s4 virus at an m.o.i. of 0.1 FFU/cell. At 48 h post-infection, HCV
infectivity was determined for each set of transduced cells by SEAP assay. Mean
values and standard deviations represent a single experiment performed with three
technical repeats. A portion of cells from each set of transduced cells were harvested
in SB at 48 h post-transduction. Lysates were immunoblotted with anti-DDX3 mAb

A0196 and an anti-o-Tubulin mAb.
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Figure 3.5. Effect of DDX3 knockdown on Core mutant HCV replication
measured by focus forming assay.

Huh-7 cells transduced with indicated lentivirus for 48 h were subsequently infected
with JFH1y3sa virus at an m.o.i. of 0.1 FFU/cell. At 48 h post-infection, cells were
fixed and probed for NS5A protein using 9¢10 mAb. Mean values and standard
deviations represent a single experiment performed with three technical repeats. A
portion of cells from each set of transduced cells were harvested in SB at 48 h post-
transduction and examined using the anti-DDX3 mAb AO196. Anti-a-Tubulin mAb
used as a loading control.
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Figure 3.6. Effect of DDX3 knockdown on HCVpp infectivity.

Huh-7 cells transduced with different lentivirus for 48 h were subsequently infected
with HCVpp. At 48 h post-infection, HCVpp infectivity was quantified by luciferase
assay. Error bars indicate the standard deviation of the mean of three independent
experiments. Student’s t-test was performed to determine the P value. * P < 0.05,
¥t P <0.01, #** P <0.001, NS, not significant. A portion of cells from each cell-line
were harvested in SB at 48 h post-transduction from each independent experiment and
probed using the anti-DDX3 mAb AO196 and an anti-o-Tubulin mAb. CD81
expression was measured in the third repeat only using anti-CD81 mAb 5A6.
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Figure 3.7. Effect of DDX3 knockdown on VSVpp infectivity.

Huh-7 cells transduced with different lentivirus for 48 h were subsequently infected
with VSVpp. At 48 h post-infection, VSVpp infectivity was quantified by luciferase
assay. Mean values and standard deviations represent a single experiment performed
with three technical repeats. A portion of cells from each set of transduced cells were
harvested in SB at 48 h post-transduction and examined using the anti-DDX3 mAb

AO196. Anti-a-Tubulin mAb used as a loading control.



differences in luciferase activity were observed between shDDX3- and shContol-

transduced cells, and VSVpp entry was also unperturbed in shCD81-transduced cells.

3.1.5. Effect of DDX3 Knockdown on Viral Replication in Cells
Stably Harbouring HCV Subgenomic Replicon RNA

To determine if DDX3 plays a role in HCV RNA replication, I used Huh-7 cells that
were persistently replicating a subgenomic, monocistronic, HCV replicon RNA (N17
SGR/JFH1wr; Fig 3.8A). In this replicon, the HCV IRES directs the synthesis of a
single polyprotein carrying a firefly luciferase reporter and a puromycin resistance
marker (separated by the foot-and-mouth-disease virus [FMDV] 2a protease, the
inclusion of which allows the self-cleavage of the puromycin resistance marker during
translation) in the JFH1 AE1E2 background. Initially, selection and culturing of Huh-7
cells that were electroporated with N17 SGR/JFH1wr RNA was performed with culture
medium containing 1 pg puromycin/ml to generate a population of cells that
autonomously replicated this replicon RNA. Once this was performed successfully, the
effect of DDX3 knockdown on these replicon-containing cells was analysed by
transducing cells with different lentivirus for 72 h. Luciferase readings were found to be
very similar between DDX3-depleted cells, shControl-tranduced cells and mock cells,
while a large drop in luciferase expression (> 80 %) was observed in cells transduced
with shRNA against the 5’UTR of HCV (Fig 3.8B). NS5A protein expression was also
found to be greatly depleted in these shHCV-transduced replicon cells. No such
reduction was observed in DDX3-knockdown replicon cells, where viral protein
expression was in line with levels detected in shControl and mock-transduced replicon

cells.

Similar results were obtained using cells stably expressing N17 SGR/JFH1y3s4 and N17
SGR/JFH1g 130 RNA. These mutations in core protein were introduced into the N17
SGR/JFH1wr DNA sequence by site-directed mutagenesis. Successful generation of
Huh-7 cells that stably replicated these mutant replicons involved an identical procedure
to that undertaken upon introducing N17 SGR/JFH1wr RNA into Huh-7 cells. The fact
that luciferase activity was unchanged in a DDX3-deficient background where the core-

DDX3 interaction is abrogated (Y35A, Fig 3.9) or where core protein is known to be
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Figure 3.8. DDX3 knockdown in Huh-7 cells stably replicating N17
SGR/JFH1wr.

(A) Schematic illustrating the principal features of the monocistronic N17
SGR/JFH1wr replicon. This construct encodes the firefly luciferase reporter and the
puromycin resistance marker (separated by the foot-and-mouth-disease virus [FMDV]
2a self-cleavage site) in the JFH1 AEI1E2 background. (B) Huh-7 cells stably
replicating N17 SGR/JFH1wr replicon RNA were transduced with indicated shRNAs.
At 72 h post-transduction, luciferase activity was measured. Error bars indicate the
standard deviation of the mean of three independent experiments. Student’s t-test was
performed to determine the P value. * P < 0.05, ** P < 0.01, *** P < 0.001, NS, not
significant. A portion of cells from each set of transduced cells were harvested in SB
at 72 h post-transduction in each independent experiment. Lysates were
immunoblotted with anti-DDX3 mAb A0196 and an anti-o-Tubulin mAb. NS5A
expression was also measured in the second and third repeat using the anti-NSS5A
mADb 9el0.
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Figure 3.9. DDX3 knockdown in Huh-7 cells stably replicating N17
SGR/JFH1ys3s4.

Huh-7 cells stably replicating N17 SGR/JFH1y3s4 replicon RNA were transduced
with indicated shRNAs. At 72 h post-transduction, luciferase activity was measured.
Error bars indicate the standard deviation of the mean of three independent
experiments. Student’s t-test was performed to determine the P value. * P <0.05, ** P
< 0.01, *** P < 0.001, NS, not significant. A portion of cells from each set of
transduced cells were harvested in SB at 72 h post-transduction in each independent
experiment. Lysates were immunoblotted with anti-DDX3 mAb A0196 and an anti-o.-
Tubulin mAb. NS5A expression was measured in the third repeat only using the anti-
NS5A mAD 9¢10.



susceptible to complete degradation (F130E, Fig 3.10) (Boulant et al., 2006) indicates
that the core-DDX3 interaction is not required for stages of the HCV lifecycle up to and
including RNA replication in stable replicon-containing cells. This was further clarified
during analysis of DDX3 depletion in Huh7-J20 cells stably replicating the bicistronic
BLAST SGR/JFH1wr replicon, which does not express core protein (Fig 3.11A). This
construct contains the HCV internal ribosome entry site (IRES), which directs
expression of the blasticidin resistance marker, and the encephalomyocarditis virus
(EMCV) IRES, which directs the expression of the HCV nonstructural (NS) proteins
NS3 to NS5B. Assay readings revealed that DDX3 depletion in these cells had no effect
on SEAP levels compared to shControl- and mock-transduced cells (Fig 3.11B), a result
further suggesting that the absence of core has no effect on DDX3-deficient cells stably
replicating HCV SGR RNA. Meanwhile, reductions in SEAP activity were found in
shHCV-transduced cells, but the reductions observed (> 40 %) were found to be
smaller than those observed between shHCV- and shControl-transduced cells stably
expressing N17 SGR/JFH1 RNA. The reason for this discrepancy is unclear, as the
5’UTR sequence in the BLAST SGR/JFHlwr replicon is the same as that in the
monocistronic N17 SGR/JFH1wr replicon. However, it is possible that the different
components and smaller size of the BLAST SGR/JFH1wr replicon may mean that the
secondary structure of this replicon could be significantly different to that of N17
SGR/JFH1wr. Thus, it could be harder for shHCV to target the BLAST SGR/JFH1wr
mRNA efficiently.

3.1.6. Effect of DDX3 Knockdown on Viral Replication in Cells
Transiently Transfected with HCV Subgenomic Replicon RNA.

Previous reports have shown that in DDX3-depleted cells, replication in cells
transiently transfected with full-length HCV genomic RNA was greatly reduced, while
this effect was less pronounced in cells stably expressing subgenomic replicon RNA
(Ariumi et al., 2007; Randall et al., 2007). Accordingly, I investigated the effect of
DDX3 knockdown on the replication of transiently transfected N17 SGR/JFHlwr
replicon. Huh-7 cells were transduced with different lentivirus for 48 h before each cell-
line was electroporated with 10 pg of replicon RNA. 48 h later, the cells were harvested

and the luciferase activity and protein content were analysed. In contrast to cells
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Figure 3.10. DDX3 knockdown in Huh-7 cells stably replicating N17
SGR/JFH1F130E.

Huh-7 cells stably replicating N17 SGR/JFH1g 305 replicon RNA were transduced
with indicated shRNAs. At 72 h post-transduction, luciferase activity was determined
in each set of transduced cells. Mean values and standard deviations represent a single
experiment performed with three technical repeats. A portion of cells from each set of
transduced cells were harvested in SB at 72 h post-transduction and examined using
the anti-DDX3 mAb AO196, the anti-NS5A mAb 9¢10 and the anti-Core mAb C7-50.

Anti-o-Tubulin mAb used as a loading control.
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Figure 3.11. DDX3 knockdown in Huh7-J20 cells stably replicating BLAST
SGR/JFH1wr.

(A) Schematic illustrating the principal features of the bicistronic BLAST
SGR/JFH 1wt replicon. This construct contains the HCV internal ribosome entry site
(IRES), which directs expression of the blasticidin resistance marker, and the
encephalomyocarditis virus (EMCV) IRES, which directs the expression of the HCV
nonstructural (NS) proteins NS3 to NS5B. (B) Huh7-J20 cells persistently replicating
BLAST SGR/JFH1wr bicistronic replicon were transduced with indicated lentivirus.
At 72 h post-transduction, replication levels were determined in each set of
transduced cells by SEAP assay. Mean values and standard deviations represent a
single experiment performed with three technical repeats. Cellular extracts from each
set of transduced cells were lysed in SB at 72 h post-transduction and immunoblotted
with anti-DDX3 mAb A0196 and an anti-a-Tubulin mAb.



persistently expressing SGR RNA, I found a strong reduction in luciferase expression in
DDX3 knockdown cells that had been transiently transfected with N17 SGR/JFH1wr
replicon. Again, it was not as pronounced a reduction as that observed in cells
transduced with shHCV, but luciferase readings were found to be approximately 70 %
lower than in mock cells or in cells transduced with shControl (Fig 3.12), a similar
reduction as that observed in my HCVcc experiments (see Fig 3.2). The irrelevance of
the absence of core in these cells transiently replicating SGR RNA was also
demonstrated, with similar results observed between shDDX3- and shControl-
transduced Huh7-J20 cells transiently transfected with BLAST SGR/JFH1wr RNA (Fig
3.13) and shDDX3- and shControl-transduced Huh-7 cells transiently transfected with
N17 SGR/JFH1wt RNA. As in Fig 3.11 where the BLAST SGR/JFH 1wt replicon was
also employed, reductions between shHCV- and shControl-transduced cells were much
smaller than those observed by luciferase assay in Huh-7 cells stably or transiently
replicating N17 SGR/JFH1 replicons. Indeed, SEAP assay and western immunoblot
analysis revealed that more viral protease cleavage activity and NSS5A expression were
observed in shHCV-transduced cells compared to DDX3-knockdown cells (It must be
borne in mind that this experiment was only performed once, so a poor lentiviral

transduction efficiency must not be ruled out for these aberrant findings).

To gain further insight into the role of DDX3 in HCV RNA replication, I repeated the
experiments shown in Fig 3.12, but this time measured the luciferase readings at various
time points post-electroporation (1, 2, 4, 8, 24 and 48 h post-electroporation) (Fig
3.14A, B and C). Luciferase readings indicated no significant difference between
DDX3-deficient cells and any of the control cells lines during the first four timepoints
(up to 8 h post-electroporation) (see appendix 3 for statistical analysis of individual
timepoints based on the three independent experiments). However, at 24 h post-
electroporation, luciferase readings were seen to be reduced by an average of ~ 60 % in
shDDX3-transduced cells compared to shControl-transduced cells. The difference in
luciferase activity actually increased between shDDX3- and shControl-transduced cells
at 48 h post-electroporation, with the drop in replication between them found to be
approaching 70 %, a reduction consistent with the earlier result obtained in Fig 3.12.
Statistical analysis revealed the difference in luciferase activity between shDDX3- and
shControl-transduced cells to be significant at both the 24 h and 48 h post-

electroporation time points (see appendix 3). Luciferase activity in shHCV-transduced
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Figure 3.12. Effect of DDX3 knockdown in Huh-7 cells transiently replicating
N17 SGR/JFH1wry replicon RNA.

Huh-7 cells were transduced with the relevant sShRNAs. At 48 h post-transduction, 10
png of N17 SGR/JFH 1wt replicon RNA was electroporated into each set of transduced
cells. At 48 h post-electroporation, luciferase activity was measured. Error bars
indicate the standard deviation of the mean of three independent experiments.
Student’s t-test was performed to determine the P value. * P < 0.05, ** P < 0.01, ***
P < 0.001, NS, not significant. In each experiment, a portion of Huh-7 cells were
harvested from each cell-line in SB at 48 h post-transduction and examined using the
anti-DDX3 mAb AO196. Anti-o-Tubulin mAb was used as a loading control.
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Figure 3.13. Effect of DDX3 knockdown in Huh7-J20 cells transiently replicating
SGR/ JFH1wr.

Huh7-J20 cells were transduced with the indicated shRNAs. At 48 h post-
transduction, each set of transduced cells were electroporated with 10 pg of
SGR/JFH1wr RNA. At 48 h post-electroporation, SEAP activity was measured in
each set of transduced cells. Mean values and standard deviations represent a single
experiment performed with three technical repeats. A portion of cells from each set of
transduced cells were harvested in SB at 72 h post-transduction and lysates were
immunoblotted with anti-DDX3 mAb AO196, an anti-o-Tubulin mAb and the anti-
NS5A mAb 9el0.
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Figure 3.14. Effect of DDX3 Knockdown in Huh-7 cells transiently replicating
N17 SGR/JFH1wr replicon RNA at various timepoints.

Three independent experiments represented by A, B and C. In each case, Huh-7 cells
were electroporated with 10 pg N17 SGR/JFHI1wr replicon RNA at 48 h post-
transduction with indicated lentivirus. Cell lysates were assayed at the indicated time
points post-electroporation for luciferase activity. Error bars indicate the standard
deviation of the mean of three technical repeats in each individual experiment. A
portion of transduced cells from each set of transduced cells were lysed in SB in each
experiment and probed with anti-DDX3 and anti-o-Tubulin antibodies to determine
protein levels at time of electroporation. (D) Table showing the fold-changes in
luciferase activity from the three experiments compared to cells transduced with
shControl.



cells, while consistent with the other sets of transduced cells until the 8 h timepoint, was
almost abrogated compared to shControl cells at both the 24 h and 48 h time points.
Results observed in a Y35A (Fig 3.15) and a F130E (Fig 3.16) background indicate that
the core-DDX3 interaction is dispensable in Huh-7 cells transiently transfected with

SGR RNA, in line with results shown in Fig 3.13.

To ensure that the phenotype observed in DDX3-depleted cells transiently transfected
with SGR in Figs 3.12 and 3.14 was accurate and that minimal levels of DDX3 still
present in shDDX3-transduced cells at 48 h post-transduction were not masking the
genuine effects of DDX3 knockdown on HCV replication, Huh-7 cells were transduced
with selected lentivirus for 72 h before undergoing N17 SGR/JFH1wr electroporation.
In DDX3-deficient cells that had undergone this longer transduction, fold-reductions in
luciferase activity between shDDX3- and shControl-transduced cells at 24 and 48 h
post-electroporation were similar to those seen in cells that had been transduced for 48
h, indicating that levels of DDX3 depletion at 48 h post-transduction were sufficient for
DDX3 knockdown phenotypes to be accurately observed in Huh-7 cells (Fig 3.17). I
was also aware of the possibility that the replication phenotype in DDX3-deficient Huh-
7 cells may be due to overloading target cells with viral RNA, which could create high
background levels of luciferase and therefore obscure the effects of DDX3 on aspects of
the viral lifecycle at early time points post-electroporation. To prove that this was not
the case, I repeated the experiments shown in Fig 3.14, but in this instance, I
electroporated 0.1 pg of N17 SGR/JFH1wr RNA into each transduced set of cells
instead of 10 pg. Luciferase readings were far lower in each set of cells at each time
point, as expected, and no significant changes were observed between DDX3-depleted
cells and shControl-transduced cells up to 8 h post-electroporation. Furthermore, similar
declines in luciferase activity were found between DDX3-depleted cells and shControl-
transduced cells at the 24 and 48 h timepoints as were seen when 10 pg of RNA was
introduced into each set of transduced cells (Fig 3.18). The control experiments
depicted in Figs 3.17 and 3.18 confirmed that the reduction in luciferase activity seen in
DDX3 knockdown cells is an accurate phenotype and highlights the importance of
DDX3 at an early stage of the HCV lifecycle.

While we were conducting our experiments, a paper was published by Geissler et al.

(2012) stating that the role of DDX3 in HCV replication is to translate the viral genome.

120



10°
A
= —e— shDDX3
'J 108 —O— shControl
% —w— shHCV
. —A— mock
=
Z 107
)
3]
<
2 100-
<
—
=
S 10°
-
104 T T T T T T
1 2 4 8 24 48
DDX3
[
Tubulin
e
Fold change from shControl
24hrs 48hrs
shDDX3 -345 -2.61
shHCV -52.93 -46.97
mock +0.34 +0.27

Figure 3.15. Effect of DDX3 Knockdown in Huh-7 cells transiently replicating

N17 SGR/JFH1ys3s4 replicon RNA at various timepoints.

(A) Huh-7 cells were electroporated with 10 pg N17 SGR/JFH1y3s4 replicon RNA at
48 h post-transduction with indicated lentivirus. Cell lysates were assayed at the
indicated time points post-electroporation for luciferase activity. Mean values and
standard deviations represent a single experiment performed with three technical
repeats. A portion of cells from each set of transduced cells were lysed in SB at 48 h
post-transduction and probed with the anti-DDX3 mAb AO196. Anti-a-Tubulin mAb
was used as a loading control. (B) Table showing the fold-changes in luciferase
activity in cells transduced with indicated lentivirus compared to cells transduced with

shControl.
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Figure 3.16. Effect of DDX3 Knockdown in Huh-7 cells transiently replicating
N17 SGR/JFH1¢130r replicon RNA at various timepoints.

(A) Huh-7 cells were electroporated with 10 pg N17 SGR/JFH 1§30 replicon RNA at
48 h post-transduction with indicated lentivirus. Cell lysates were assayed at the
indicated time points post-electroporation for luciferase activity. Mean values and
standard deviations represent a single experiment performed with three technical
repeats. A portion of cells from each set of transduced cells were lysed in SB at 48 h
post-transduction and probed with the anti-DDX3 mAb AO196. Anti-a-Tubulin mAb
was used as a loading control. (B) Table showing the fold-changes in luciferase
activity in cells transduced with indicated lentivirus compared to cells transduced with
shControl.
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Figure 3.17. Effect of DDX3 Knockdown in Huh-7 cells transiently replicating
N17 SGR/JFH1wr replicon RNA at various timepoints after 72hr shRNA
transduction.

(A) Huh-7 cells were electroporated with 10 pg N17 SGR/JFH1wr replicon RNA at
72 h post-transduction with indicated lentivirus. Cell lysates were assayed at the
indicated time points post-electroporation for luciferase activity. Mean values and
standard deviations represent a single experiment performed with three technical
repeats. A portion of cells from each set of transduced cells were lysed in SB at 72 h
post-transduction and probed with the anti-DDX3 mAb AO196. Anti-a-Tubulin mAb
was used as a loading control. (B) Table showing the fold-changes in luciferase
activity in cells transduced with indicated lentivirus compared to cells transduced with
shControl.
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Figure 3.18. Effect of DDX3 Knockdown on N17 SGR/JFH1wr replication using

lower input RNA levels.

(A) Huh-7 cells were electroporated with 0.1 pg N17 SGR/JFH1wt replicon RNA at
48 h post-transduction with indicated lentivirus. Cell lysates were assayed at the
indicated time points post-electroporation for luciferase activity. Mean values and
standard deviations represent a single experiment performed with three technical
repeats. A portion of cells from each set of transduced cells were lysed in SB at 48 h
post-transduction and probed with anti-DDX3 and anti-a-Tubulin mAbs to determine
protein levels at time of electroporation. (B) Table showing the fold-changes in
luciferase activity in cells transduced with indicated lentivirus compared to cells

transduced with shControl.




Thus, I wished to test the effects of DDX3 knockdown on translation of the replication-
deficient N17 SGR/JFHIgnp replicon. This construct was generated by digesting
pJFH1gnp with HIindIIl and Sfil, excising the NS5B GND motif and subsequently
inserting this fragment between the HindIIl and Sfil sites of the N17 SGR/JFH1wr
plasmid. The replication profile of this replicon was determined by electroporating 10
ng of N17 SGR/JFHIgnp and N17 SGR/JFH1wr RNA into Huh-7 cells in parallel and
comparing luciferase readings at selected timepoints post-electroporation from both sets
of cells. Luciferase readings in cell lysates from the two sets of cells were almost
identical up to 8 h post-electroporation, whereupon readings begin to decline
dramatically in N17 SGR/JFH1gnp cells and increase significantly in N17 SGR/JFH 1wt
cells (Fig 3.19). To determine a potential role for DDX3 in HCV translation, N17
SGR/JFH1gnp RNA was electroporated into DDX3-depleted cells and the various
control sets of transduced cells in parallel and cell extracts lysed for luciferase analysis
at 1, 2, 4, 8, 24 and 48 h post-electroporation from each set of cells (Fig 3.20A, B and
C). No significant difference in luciferase expression was observed between any two
sets of transduced cells at any of the numerous time points (see appendix 4 for statistical
analysis of data from Fig 3.20), indicating that DDX3 knockdown does not impair
genome translation. It was perhaps surprising to note that luciferase activity was
unperturbed in shHCV-transduced cells compared to shControl-transduced cells at any
of the early time points post-electroporation, given that these cells produce RNA
molecules that target the 5’UTR directly. One possible explanation for this result is that,
at these early timepoints post-electroporation, the rate of replicon translation occurs at a
far faster rate than that of mRNA cleavage and gene silencing by the shRNA machinery,
which may lead to insignificant reductions in luciferase activity in these transduced

cells.

Next, | wished to determine the effects of DDX3 knockdown on SGR replication during
prolonged culture. To do this, I began by testing the efficiency of colony formation in
DDX3-depleted Huh-7 cells transfected with RNA from the bicistronic BLAST
SGR/JFH1wr replicon (described earlier in Fig 3.11A). 10 pg of this RNA was
electroporated into DDX3-deficient Huh-7 cells (transduced with shDDX3 lentivirus for
48 h beforehand), which were subsequently plated onto separate 6-well culture dishes at
a density of 100,000 cells per well. Similar work was performed with shControl-,

shHCV- and shCD81-transduced Huh-7 cells. Once plated, all cells were treated with
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Figure 3.19. Replication profile of N17 SGR/JFHl1wr compared to N17
SGR/JFH1gnp.

Two independent experiments represented by A and B. In each case, Huh-7 cells were
electroporated with either 10 pg N17 SGR/JFHlwr replicon RNA or 10 pg
replication-deficient N17 SGR/JFH1gnp replicon RNA. Cell lysates were assayed at
the indicated time points post-electroporation for luciferase activity. Error bars
indicate the standard deviation of the mean of three technical repeats in each
individual experiment.
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Figure 3.20. Effect of DDX3 knockdown on HCV translation.

Three independent experiments represented by A, B and C. In each case, Huh-7 cells
were electroporated with 10 pg N17 SGR/JFHIgnp replicon RNA at 48 h post-
transduction with indicated lentivirus. Cell lysates were assayed at the indicated time
points post-electroporation for luciferase activity. Error bars indicate the standard
deviation of the mean of three technical repeats in each individual experiment. A
portion of cells from each set of transduced cells were lysed in SB in each experiment
and probed with anti-DDX3 and anti-a-Tubulin mAbs to determine protein levels at
time of electroporation.



blasticidin at 100 pg/ml. Samples from each transduced set of cells were stained with
Giesma’s stain solution at specific time points (2, 4, 6 and 8 days) post-electroporation
of RNA. A steady decline in blasticidin-resistant cells was observed in shDDX3-
transduced cells, with very few remaining at 8 days post-electroporation, while cell
growth in all other sets of transduced cells was unperturbed by the presence of drug (Fig

3.21).

While these results indicated that replicons cannot survive in culture without DDX3, the
speed at which DDX3-depleted cells died indicated that blasticidin may be too toxic to
cell growth in a DDX3-deficient environment to perform this experiment accurately.
Thus, the experiment was repeated but in this instance, I transfected the different sets of
transduced cells with 5 pg NEO SGR/JFHI1wr RNA. This replicon is essentially
identical to BLAST SGR/JFHlwr, except that the IRES of this construct directs
expression of a neomycin resistance marker in place of a blasticidin cassette, as it was
hoped that neomycin would not kill DDX3-depleted cells as quickly (Fig 3.22A). Each
electroporated set of transduced cells was plated out at different densities onto 6-well
culture dishes. Once plated, dishes with the same cell density were divided into two
sets, with one set of cells (test cells) treated with neomycin at 500 pg/ml, and another
set (control cells) left to grow in the absence of drug. After three weeks of culture, very
few colonies were observed in the shDDX3-transduced test and control cells at any cell
density, indicating that Huh-7 cells stably replicating replicon RNA cannot survive in
culture for sustained periods of time without DDX3, even without the effects of
antibiotic selection pressure. Slight toxic effects were observed in test and control
samples of shHCV- and shCD81-transduced cells, but levels of death were negligible
compared to shDDX3-transduced cells (Fig 3.22B). The toxic effects observed in
control samples, where no antibiotic selection pressure had been applied for three
weeks, may be due to the high level of integration of the plasmids introduced by

calcium phosphate transfection into these cells post-transduction.
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Figure 3.21. Efficiency of colony formation in DDX3 knockdown cells using
BLAST SGR/JFH1wr replicon RNA.

Huh-7 cells were electroporated with 10 ug of BLAST SGR/JFH 1wt replicon RNA at

48 h post-transduction with indicated lentivirus and plated onto 6-well culture dishes
at a density of 100,000 cells per well. Blasticidin-resistant colonies were stained with
Giesma’s stain solution at specific time points (2, 4, 6 and 8 days) post-
electroporation of RNA.
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Figure 3.22. Efficiency of colony formation in DDX3 knockdown cells using NEO
SGR/JFH1wr replicon RNA.

(A) Schematic illustrating the principal features of the bicistronic NEO SGR/JFH 1wt
replicon. This construct contains the HCV internal ribosome entry site (IRES), which
directs expression of the neomycin resistance marker, and the encephalomyocarditis
virus (EMCV) IRES, which directs the expression of the HCV nonstructural (NS)
proteins NS3 to NS5B. (B) Huh-7 cells were electroporated with 10 pg of NEO
SGR/JFH1wr replicon RNA at 48 h post-transduction with indicated lentivirus, and
plated onto 6-well culture dishes at specific denstities. Neomycin-resistant colonies
were stained with Giesma’s stain solution at 3 weeks post-electroporation of RNA.
The starting cell population in each well in this experiment was 100,000 cells.
Repeats of this experiment with starting cell populations in each well of 75,000 (C),
50,000 (D), 25,000 (E) and 10,000 (F) cells were also performed.



3.1.7. DDX3 does not Colocalise with HCV Replication
Complex Component NS5A

Previous studies have shown that the HCV non-structural protein NS5A plays an
integral role in the formation and composition of the HCV replication complex. To test
whether DDX3 is relocalised to replication complexes during HCV RNA replication, I
measured its intracellular localization in SGR-containing cells expressing endogenous
levels of DDX3 as well as cells depleted by shRNA knockdown. Huh-7 cells that had
been transduced for 48 h with lentivirus expressing shDDX3 or shControl were
electroporated with 10 pg of SGR/JFH1wr RNA before being seeded on coverslips at a
volume of 4 x 10* cells/well in a 24-well plate. At 48 h post-electroporation, cells were
fixed and labelled with antibodies specific for DDX3 and NS5A and analysed under the
microscope. No colocalisation of these two proteins was observed in shControl-
transduced cells. DDX3-deficient cells gave similar results, despite a lower signal
intensity for DDX3 (Fig 3.23A and B), an intensity drop confirmed by western blot (Fig
3.231). The lack of colocalisation was confirmed by quantitative pixel analysis of these
confocal microscopic images (shDDX3: Fig 3.23 C, D and E, shControl: Fig 3.23 F, G
and H). Correlation coefficients were calculated for each couple of intensity values
(R _values of 0.36, 0.04 and 0.16 were observed for three different DDX3-depleted cell
samples, R values of 0.11, 0.11 and - 0.11 in three separate shControl-transduced cell
samples). These low correlation coefficients further demonstrated the lack of
colocalisation between NS5A and DDX3. These results indicate that DDX3 may not be
recruited into replication complexes. However, it is also possible that only a few

molecules of the protein are present at these sites and cannot be detected by IF analysis.

3.1.8. Effect of DDX3 Knockdown on Huh-7.5 Cells

Removal of a replicon from Huh-7 cells by treatment with IFN or a selective drug
frequently results in cell clones that support higher levels of HCV RNA replication as
compared to naive Huh-7 cells. The underlying reason for the higher permissiveness is
largely unknown, but for one particular cell clone, designated Huh-7.5 cells, a single
point mutation in the dsSRNA sensor RIG-I, T55I, was found to be involved in higher
permissiveness for HCV RNA replication (Blight et al., 2002; Sumpter et al., 2005). I
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Figure 3.23. Localisation of DDX3 in Huh-7 cells harbouring a subgenomic
replicon.

Huh-7 cells were transduced with either shDDX3 (A) or shControl (B) lentivirus. At
48 h post-transduction, both shDDX3- and shControl-transduced cells were
electroporated with 10 pg of SGR/JFHI1wr RNA. At 48 h post-electroporation, cells
were fixed and labelled with antibodies specific for DDX3 (green) and NS5A (red).
Slides of Huh-7 cells transduced with shDDX3 and shControl were subsequently
examined with a Zeiss Laser Scanning LSM 510 Meta microscope. Scale bar, 10 pm.
Higher magnification analysis of shDDX3 (i, ii and iii) and shControl (iv, v and vi)
were also undertaken. Line scan results of each of these higher magnification images
were generated for shDDX3 (C, D and E, corresponding to areas i, ii and iii
respectively) and shControl (F, G and H, corresponding to areas iv, v and iv
respectively), depicting a linear trace of the fluorescence intensity of individual pixels
along a segment of the white arrow overlaying the merged image. Red and green
traces correspond to the colour of the fluorophores shown in merged images.
Correlation coefficients (also referred to as R) for each couple of intensity values are
shown in each graph. (J) A portion of cells from each cell-line were lysed in SB at 48
h post-transduction and probed with the anti-DDX3 mAb AO196. Anti-a-Tubulin
mADb was used as a loading control.



wished to determine what effect the defective RIG-I response in Huh-7.5 cells would
have on the role of DDX3 in the HCV lifecycle. I began by assessing the influence of
DDX3 abundance on virus infection in Huh-7.5 cells. This was done by measuring the
replication of JFH 1wt virus by focus forming assay following infection of Huh-7.5 cells
that had previously undergone 48 h transduction with selected lentivirus. Huh-7 cells
were also transduced and infected in parallel. Virus replication levels were found to be
substantially lower in DDX3-deficient Huh-7.5 cells compared to shControl-transduced
Huh-7.5 cells, while almost all replication was ceased in Huh-7.5 cells transduced with
shHCV. Indeed, analysis by focus forming assay revealed that there were no significant
difference in infectivity between shDDX3- and shControl-transduced Huh-7 cells
(22/97 foci observed = 77.3 % decrease) and shDDX3- and shControl-transduced Huh-
7.5 cells (37/118 foci observed = 68 % decrease) (Fig 3.24A and B), while western blot
analysis showed DDX3 was undetectable in both shDDX3-transduced Huh-7.5 and
Huh-7 cells at 48 h post-transduction (Fig 3.24C). Next, I investigated the effect of
DDX3 knockdown on the replication of transiently transfected N17 SGR/JFH1wr
replicon in Huh-7.5 cells. An experiment was performed identical to that presented in
Fig 3.14, except in this case Huh-7.5 cells were transduced with different lentivirus and
electroporated with replicon RNA. Results obtained were not significantly different to
those detected in Huh-7 cells, with reductions in shDDX3-transduced Huh-7.5 cells
only observed at 24 and 48 h post-electroporation and at levels similar to those observed
in Huh-7 experiments (Fig 3.25). These results suggest that the proviral role of DDX3 is
not influenced by the T551 RIG-I mutation.

3.1.9. Effect of DDX3 Knockdown on Viral Promoter

Transcription

We wished to determine if DDX3 had any general effect on viral promoter transcription
and its subsequent translation. We could not use N17 SGR/JFH1 DNA to examine
transcription as it does not contain the necessary polymerase factors required. Huh-7
cells were transduced with different lentivirus for 48 h before each set of transduced
cells was transfected with 10 ug pGL3-Control Vector DNA (Promega). The pGL3-
Control Vector (Fig 3.26A) contains SV40 promoter and enhancer sequences, which

results in strong luciferase expression in healthy mammalian cells.. Cells were harvested
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Figure 3.24. Effect of DDX3 knockdown on HCV infectivity in Huh-7 cells and
Huh-7.5 cells.

An equal number of Huh-7 (A) and Huh-7.5 cells (B) were plated evenly onto 24-well
culture dishes before being transduced with indicated lentivirus. At 48 h post-
transduction, cells were infected with JFH 1wt virus at an m.o.i. of 0.1 FFU/cell. At 48
h post-infection, cells were fixed and probed for NS5A protein using 9¢10 mAb.
Images were obtained and converted into greyscale to improve clarity. Naive cells are
in grey and infected cells are indicated by black dots. The number of foci observed in
each well is indicated beside the relevant image. (C) Cells were harvested in SB at 48
h post-transduction and examined using the anti-DDX3 mAb AO196. Anti-a-Tubulin
mAb used as a loading control.
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Figure 3.25. Effect of DDX3 Knockdown in Huh-7.5 cells transiently replicating

N17 SGR/JFH1wry replicon RNA at various timepoints.

(A) Huh-7.5 cells were electroporated with 10 ug N17 SGR/JFH 1wt replicon RNA at
48 h post-transduction with indicated lentivirus. Cell lysates were assayed at the
indicated time points post-electroporation for luciferase activity. Mean values and
standard deviations represent a single experiment performed with three technical
repeats. A portion of cells from each set of transduced cells were lysed in SB at 48 h
post-transduction and probed with the anti-DDX3 mAb AO196. Anti-a-Tubulin mAb
was used as a loading control. (B) Table showing the fold-changes in luciferase
activity in cells transduced with indicated lentivirus compared to cells transduced with

shControl.
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Figure 3.26. Effect of DDX3 depletion on viral promoter transcription.

(A) Schematic illustrating the principal features of the Promega,, pGL3-Control
vector. This plasmid contains SV40 promoter and enhancer sequences, which direct
accurate luciferase expression when introduced into mammalian cells. (B) Huh-7 cells
were transfected with 10 ug pGL3-Control vector RNA at 48 h post-transduction with
indicated lentivirus. Cell lysates were assayed at the indicated time points post-
electroporation for luciferase activity. Mean values and standard deviations represent
a single experiment performed with three technical repeats. A portion of cells from
each set of transduced cell lines were harvested in SB at 48 h post-transduction and
examined using the anti-DDX3 mAb AO196. Anti-a-Tubulin mAb used as a loading
control.



for luciferase activity at specific time points post-lipofection, with readings indicating
that luciferase expression is unaltered in a DDX3-deficient background compared to
shControl-transduced cells and other controls at any stage up to 48 h post-lipofection of
DNA (Fig 3.26B). This result suggests that knockdown of DDX3 does not generally

alter viral promoter transcription.

3.1.10. Design of HCV Minigenome

While my results indicate that DDX3 is important at an early stage of the HCV
lifecycle, pinpointing the exact function of DDX3 remains unclear. Recent studies have
used synthetic HCV minigenomes as a tool to study cis- and trans-acting factors
involved in HCV RNA replication (Zhang et al., 2007a, Yang et al., 2010). I designed
my own HCV minigenome along similar lines to these studies, with the construct
containing the antisense sequences of a luciferase reporter gene and an EMCV IRES
flanked by the 5” and 3’- end regions of HCV. Zhang et al. (2007a) and Yang et al.
(2010) have shown that minigenome RNA can act as a functional template for the HCV
replication complex, which subsequently produces negative strand HCV mingenome
RNA that directs luciferase expression in cells expressing RNA dependent RNA
polymerase (Fig 3.27). The negative strand of the minigenome RNA not only allows
expression of the reporter gene, but also acts as a template for synthesis of positive
strand minigenome RNA. I wished to determine if DDX3 was involved in the initiation
of HCV RNA replication by introducing minigenome RNA into cells stably expressing
BLAST SGR/JFH1wr RNA that had previously been transduced with selected
lentivirus. I could then compare luciferase readings in shDDX3- and shControl-
transduced cells. If DDX3 was involved in the initiation of HCV RNA replication,
negative strand minigenome RNA production would be diminished if DDX3 was
depleted and thus, minimal luciferase activity would be detected compared to
shControl-transduced cells. Unfortunately, I was unable to establish this system
effectively in replicon cells, with no luciferase activity observed in shControl-

transduced replicon cells up to 72 h post-electroporation of minigenome RNA.
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Figure 3.27. Characteristics of HCV minigenome.

Schematic illustrating a T7-driven cDNA minigenome and how it can be transcribed,
replicated and expressed. This construct contains the antisense sequence of a firefly
luciferase and an EMCV IRES, flanked by 5* and 3’ HCV sequences that contain cis-
acting replication elements.



3.1.11. Discussion

Previous studies have shown substantial reductions to HCVcce replication when DDX3
is depleted from target cells by RNAi (Ariumi et al., 2007; Randall et al., 2007). As
well as confirming this finding, my overall goal in this section was to determine the role
of DDX3 in the HCV lifecycle in Huh-7 cells. I used a number of in vitro cell systems
available to me to analyse how depletion of DDX3 affected numerous cellular and
molecular events vital to an efficient viral lifecycle. Towards this end, I confirmed the
importance of DDX3 in the HCV lifecycle and deduced that DDX3 acts at an early,
post-translation stage of the HCV lifecycle in Huh-7 cells, impeding some as yet
undetermined element of HCV RNA replication. This finding is in conflict with the
results published by Geissler et al. (2012), who observed that DDX3 was a functional
determinant of IRES-mediated translation. Although I found no evidence for a role in
translation in my work, this disparity may be due to differences in experimental
conditions, particularly the use of shRNA technology instead of siRNA. I initially
believed that my findings were different from that of Geissler et al. (2012) due to
overloading my target cells with viral RNA during the electroporation procedure or
because of insufficient depletion of endogenous DDX3 during the transduction process.
However, my results were unchanged in experiments where less RNA was added or
where transduction was lengthened, discounting these theories. Nevertheless, the
important role of DDX3 in an early stage of the HCV lifecycle is clear. It is possible
that DDX3 manipulates the HCV replication complex (RC) machinery to play this
proviral role. This concept is supported by my results, which show diminished
replication in DDX3-depleted cells transiently transfected with SGR RNA compared to
control cells, yet when DDX3 is depleted in cells stably replicating SGR RNA, such an
effect is not observed. Although I could not find evidence for DDX3’s presence in RCs
by IF analysis, it is possible that the protein may function in these structures at a level
undetectable by this assay. Alternatively, DDX3 may influence RC function through an

indirect mechanism.
Another interesting point to note in this section is that my colony forming assays

indicate that DDX3-deficient replicon cells cannot be maintained in culture. Therefore,

studies of the HCV lifecycle are limited to transient assays on early time points after
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infection in order to avoid disrupting additional host factors necessary for efficient
cellular function. Experiments performed in a Y35A and Acore background give similar
phenotypes to those completed in a WT background, which confirms work published by
Angus et al. (2010) stating that the requirement of DDX3 for HCV replication is
unrelated to its interaction with the viral core protein. These results confirm the clear
and important distinction between the effects of shRNA knockdown of DDX3 from
target cells and disruption of the core-DDX3 interaction on HCV replication. Depleting
DDX3 in a Huh-7.5 background also indicated that the ablated IFN-response caused by
the RIG-I T55I mutation in these cells did not influence the proviral effects of DDX3.

From the evidence provided in this section, I have identified an important role for

DDX3 at an early stage of the HCV lifecycle
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3.2. Investigating the Effects of DDX3 Knockdown on
the Production of Infectious HCV

3.2.1. Introduction

My experimental data in the previous chapter confirmed that DDX3 acts at an early
stage of the HCV lifecycle in Huh-7 cells. As well as determining if the drop in viral
replication observed in DDX3-depleted Huh-7 cells impaired infectious virus
production, my aim in this section was also to ascertain if DDX3 knockdown had any
specific effect on the HCV assembly process. It is essential to separate the steps of the
HCV life cycle to determine any exclusive assembly effects accurately. Single-cycle
infectious virus production experiments are the best method of determining specific
effects of HCV assembly as they allow comparison of virus production from different
cell-lines without bias from viral spread through limiting the replication cycle of HCV
to one round (Russell et al., 2008). Huh-7 cells are perceived as unsuitable for such
experiments due to the possibility of direct viral cell-to-cell spread and the potential
capacity these cells have to support multiple rounds of the complete HCV lifecycle,.
Therefore, a cell-line was sought that was resistant to infection with cell-free virus but
released infectious HCV after transfection. The level of cell surface-expressed CD81
molecules has been shown to modulate host cell permissiveness and is a key
determinant of productive infection by HCV (Koutsoudakis et al., 2007). Thus, to
delineate the effects of DDX3 on HCV assembly, I enlisted a subclone of Huh-7 cells
with depleted CD81 levels called Huh7L-#4 cells (Witteveldt et al., 2009) for use in

these single-cycle assays.

An approximate ten-fold reduction in infectious HCV production was observed in
DDX3-depleted Huh7L-#4 cells compared to Huh-7 cells. However unlike Huh-7 cells,
luciferase activity was unaltered in DDX3-depleted Huh7L-#4 cells compared to
shControl-transduced Huh7L-#4 cells at 48 h post-electroporation of N17 SGR/JFH 1wt
RNA. Subsequent analysis of infectious virus production and replicon activity in
DDX3-depleted shCDS81 cells was performed to investigate if the unusual phenotype
seen in Huh7L-#4 cells may be related to the absence of CD81. My results confirmed
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that this was not the case. The data presented in this section suggest DDX3 plays a
pleiotropic role in the HCV lifecycle, with distinct yet undetermined roles for the

protein in both RNA replication and virus production.

3.2.2. Effect of DDX3 Knockdown on Infectious HCV
Production in Huh-7 Cells.

To determine if the drop in viral replication observed in DDX3-depleted cells also
impaired infectious virus production in Huh-7 cells, I electroporated 10 pg JFH1wr
RNA into Huh-7 cells transduced for 48 h with different lentivirus. Two days after the
introduction of RNA, the extracellular and intracellular virus titres were analysed by
FFU assay. As shown in Fig 3.28, both the cell-free and cell-associated infectivity of
JFH1wr were lower in DDX3-depleted cells compared to control cells, with results
indicating production of infectious virus reduced by half in DDX3-depleted cells
compared to control cells, indicating that DDX3 knockdown does alter infectious HCV
production in Huh-7 cells. This drop was potentially due to the effect of reduced RNA
replication in DDX3-depleted cells as observed in the reductions in luciferase activity in
DDX3-depleted Huh-7 cells at 48 h post-N17 SGR/JFHIwr RNA electroporation.
Infectious virus assembly was also reduced in shHCV-transduced cells, although not
substantially lower than in DDX3-knockdown cells ( ~ 30 % less particles observed),
which was surprising given the large fold-difference in luciferase activity between
shDDX3-transduced cells and shHCV-transduced cells at 48 h post-N17 SGR/JFH 1wt
RNA electroporation.

However, it is important to note that Huh-7 cells may be unsuitable for the accurate
assessment of DDX3 knockdown on virus production because of the possibility of viral
spread occurring in each set of transduced cells, which may explain the difference in
viral titres observed between shHCV- and shDDX3-transduced Huh-7 cells. I performed
a single cycle infection assay in Huh-7 cells to try and overcome this potential problem.
Huh7-J20 cells were infected at a high m.o0.i.(100 FFU/cell) with the JFH1 variant virus
JFH1psg, a cell-culture adapted virus that can produce far higher quantities of virus
particles than JFHIwr (~ 107 particles/ml) at 48 h post-electroporation (Fig 3.29A). At

24 h post-infection, cells were transduced with different lentivirus of interest. Analysis
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Figure 3.28. Infectious virus production in DDX3-depleted Huh-7 cells.

Huh-7 cells were electroporated with 10 ug JFH1wt RNA at 48 h post-transduction
with indicated lentivirus. At 48 h post-electroporation, the cell-released (black bars)
and cell-associated (grey bars) infectivity were determined by FFU assay. Error bars
indicate the standard deviation of the mean of six technical repeats derived from two
independent experiments. Student’s t-test was performed to determine the P value. * P
<0.05, ** P <0.01, *** P <0.001, NS, not significant. A portion of cells from each
set of transduced cells were lysed in SB in each experiment and probed with anti-
DDX3 and anti-tubulin antibodies to determine protein levels at time of
electroporation.
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Figure 3.29. Effect of DDX3 knockdown on single cycle infection assay using
Huh-7/J20 cells.

Huh-7 cells were electroporated with 10 ug of JFH1wt RNA or JFH1psg RNA. At 48
h post-electroporation, the cell-released infectivity was determined by FFU assay.
Mean values and standard deviations represent a single experiment performed with
three technical repeats. (A). Huh-7/J20 cells were plated at an equal density onto 24-
well culture dishes before being infected with JFHIpgg virus at an m.o.i. of 100
FFU/cell. At 24 h post-infection, cells were transduced with indicated lentivirus. At
48 h post-transduction, infectious virus release (B) and SEAP activity (C) were
determined in each cell line by FFU and SEAP assay respectively. In the FFU assay,
the error bars indicate the standard deviation of the mean of six technical repeats
derived from two independent experiments. Student’s t-test was performed to
determine the P value. * P < 0.05, ** P <0.01, *** P <0.001, NS, not significant. In
the SEAP assay, error bars indicate the standard deviation of the mean of two
independent experiments. (D) A portion of cells from each set of transduced cells
were lysed in SB at 48 h post-transduction for each independent experiment. Samples
were immunoblotted with anti-DDX3 mAb A0196 and an anti-o-Tubulin mAb.



of virus production levels and intracellular NS3/4A protease activity at 48 h post-
transduction revealed that DDX3 depletion had little effect on infectious virus

production in this instance (Fig 3.29B and C).

3.2.3. Huh-7 Lunet/CD81N#4 cells.

Given the potential for direct cell-cell spread to adversely alter the accuracy of
infectious virus production experiments involving Huh-7 cells, I measured the effect of
DDX3 knockdown in a single cycle production assay using an individual subclone
species of Huh-7/Lunet cells with depleted CD81 levels called Huh-7 Lunet/CD81N#4
(Huh7L-#4) cells (Witteveldt et al., 2009). Huh-7/Lunet cells represent a subclone of
Huh-7 cells that are highly permissive for HCV RNA replication and display a bimodal
expression level of the cell surface entry receptor CD81 (Koutsoudakis et al., 2007).
Huh7L-#4 cells produce infectious virus following JFH 1wt electroporation (Fig 3.30A),
but are virtually uninfectable with cell-free virus due to the minimal levels of CD81
they contain (Fig 3.30B). Thus, Huh7L-#4 cells were found to display characteristics
that were suitable for single-cycle infectious virus production experiments, which
measure virus titres released from transfected (primary) cells rather than from cells
infected by spreading (secondary) virus — measured in my earlier single cycle infection
assay (Fig 3.29B & C) - as they allow comparison of virus production from different
sets of transduced cells without bias from viral spread through limiting the replication

cycle of HCV to one round.

Because of these characteristics, I wished to observe infectious virus production in
DDX3-deficient Huh7L-#4 cells. I electroporated 10 ug JFHIwr RNA into Huh7L-#4
cells transduced for 48 h with different lentivirus. Extracellular and intracellular virus
titres were analysed by FFU assay at 48 h post-electroporation from each set of
transduced cells. Surprisingly, both the cell-free and cell-associated infectivity of
JFH1wr were found to be over 20-fold lower in DDX3-deficient cells compared to
shControl- and mock-transduced Huh7L-#4 cells, indicating that DDX3 knockdown
greatly alters infectious HCV production in Huh7L-#4 cells (Fig 3.31A). Huh7L-#4
cells transduced with shHCV were found to show reductions in extracellular and

intracellular virus titres similar to those observed in DDX3-depleted cells.
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Figure 3.30. Characteristics of Huh-7 Lunet/CD81N#4 cells.

(A) Huh-7 cells and Huh-7L-#4 cells were each electroporated with 10 pg JFHIwr
RNA. At 48 h post-electroporation, cell-released infectivity in both cell lines was
determined by FFU assay. Mean values and standard deviations represent a single
experiment performed with three technical repeats. (B) JFH1wr virus was titrated on
Huh-7 cells and Huh-7 Lunet/CD81N#4 (Huh7L-#4) cells. At 48 h post-infection,
cells were fixed and the levels of infectivity were determined by FFU assay. Mean
values and standard deviations represent a single experiment performed with three
technical repeats.
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Figure 3.31. Effect of DDX3 depletion on single cycle infection assay using
Huh7L-#4 cells.

(A) Huh7L-#4 cells were electroporated with 10 pg JFH1wr RNA at 48 h post-
transduction with indicated lentivirus. At 48 h post-electroporation, the cell-released
(black bars) and cell-associated (grey bars) infectivity were determined by FFU assay.
Error bars indicate the standard deviation of the mean of nine technical repeats
derived from three independent experiments. Student’s t-test was performed to
determine the P value. * P < 0.05, ** P <0.01, *** P < 0.001, NS, not significant. A
portion of transduced cells from each set of transduced cells were lysed in SB in each
experiment and probed with anti-DDX3 and anti-o-Tubulin mAbs to determine
protein levels at time of electroporation. (B) HCV extracellular particles from each set
of transduced cells were collected at 48 h post-electroporation. Pellets were suspended
in SB and probed with anti-Core mAb C7-50. Western blot analysis from two
independent experiments are shown.



Immunoblotting indicated minimal levels of extracellular core in samples from
shDDX3- and shHCV-transduced Huh7L-#4 cells compared to shControl- and mock-
transduced Huh7L-#4 cells, indicating that DDX3 knockdown impairs HCV particle
secretion as a whole (Fig 3.31B). Similar levels of particle production impairment was
observed in DDX3-deficient Huh7L-#4 cells infected with JFH1v354 virus instead of
JFH1wr virus, indicating that the core-DDX3 interaction, as well as being dispensable
in the context of HCV RNA replication, plays no role in regulating infectious virus
production either (Fig 3.32). I also determined that DDX3 depletion in Huh7L-#4 cells
already replicating JFHIwr RNA did not diminish infectious virus production levels

compared to control cells (Fig 3.33).

Given the adverse effect of DDX3 knockdown on infectious virus particle production in
Huh7L-#4 cells, I wished to determine if this effect was caused by greatly reduced
replication of replicon RNA, a phenotype I observed post-RNA replication in Huh-7
cells. Thus, N17 SGR/JFH1wr replicon RNA was transiently transfected into DDX3-
depleted Huh7L-#4 cells and luciferase readings were taken at specific time points post-
RNA electroporation to determine replication kinetics. Interestingly, luciferase readings
indicated no substantial difference in luciferase activity between DDX3-deficient cells
and shControl- or mock-transduced cells at any of the time points analysed, while
luciferase readings in shHCV-transduced cells declined dramatically at the 24 and 48 h
time points (Fig 3.34). Interestingly, this result indicates that DDX3 is not important for
efficient HCV replication in Huh7L-#4 cells, but seems to have a critical role in
infectious particle assembly. Repeating the experiment highlighted in Fig 3.34 but
replacing N17 SGR/JFH1wr RNA with B3P7wr RNA (N17 SGR/JFH 1wt replicon that
also encodes E1E2) gave similar results, with similar luciferase readings observed
between shDDX3- and shControl-transduced cells at all analysed time points post-RNA
electroporation (Appendix 2). This further illustrates that DDX3 is not required for
efficient HCV replication in Huh7L-#4 cells.
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Figure 3.32. Infectious Core mutant virus production in DDX3-depleted Huh7L-
#4 cells.

Huh7L-#4 cells were electroporated with 10 pg JFHI1y3sa RNA at 48 h post-
transduction with indicated lentivirus. At 48 h post-electroporation, the cell-released
(black bars) and cell-associated (grey bars) infectivity were determined by FFU assay.
Mean values and standard deviations represent a single experiment performed with
three technical repeats. . A portion of cells from each set of transduced cells were
harvested in SB at 48 h post-transduction and examined using the anti-DDX3 mAb
AO196. Anti-a-Tubulin mAb used as a loading control.
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Figure 3.33. Effect of DDX3 knockdown in cells replicating JFH1wr.

Huh7L-#4 cells were electroporated with 10 ug JFH1wt RNA and plated evenly onto
24-well culture dishes. At 24 h post-electroporation, cells were transduced with
indicated lentivirus. At 48 h post-transduction, the infectivity of the cell-culture
supernatant for each set of transduced cells was determined by FFU assay. Mean
values and standard deviations represent a single experiment performed with three
technical repeats. A portion of cells from each set of transduced cells were lysed in
SB at 48 h post-transduction and probed with anti-DDX3 mAb AO196. Anti-a-
Tubulin mAb was used as a loading control.
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Figure 3.34. Effect of DDX3 Knockdown in Huh7L-#4 cells transiently
replicating N17 SGR/JFH1wr replicon RNA at various timepoints.

(A) Huh7L-#4 cells were electroporated with 10 pg N17 SGR/JFH 1wt replicon RNA
at 48 h post-transduction with indicated lentivirus. Cell lysates were assayed at the
indicated time points post-electroporation for luciferase activity. Mean values and
standard deviations represent a single experiment performed with three technical
repeats. A portion of cells from each set of transduced cells were lysed in SB at 48 h
post-transduction and probed with the anti-DDX3 mAb AO196. Anti-a-Tubulin mAb
was used as a loading control. (B) Table showing the fold-changes in luciferase
activity in cells transduced with indicated lentivirus compared to cells transduced with

shControl.




3.2.4. shCD81 cells.

A recent study showed that CD81 is an important host factor required for HCV RNA
replication (Zhang et al., 2010). Therefore, it is possible that the different replication
levels observed after DDX3 knockdown may be related to the absence of CDS8I
expression in Huh7L-#4 cells. To investigate this possibility, I compared N17
SGR/JFH1wrt replication in Huh-7 cells and Huh7L-#4 cells alongside Huh-7 cells
transduced with shRNA against CD81 (shCD81 cells). While no prominent difference
was observed in luciferase expression between all three cell-lines from addition of RNA
until the 8 h time point, differences were observed between the cell-lines at 24 and 48 h
post-electroporation. Similar luciferase readings were observed in Huh7L-#4 and
shCD81 cells at these time points but viral RNA replicated far more slowly in these
cells compared to Huh-7 cells. Indeed, luciferase readings from Huh-7 cells were found
to be almost 10-fold higher than Huh7L-#4 and shCD81 cells at these later time points
(Fig 3.35). However, the similar replication levels of the Huh7L-#4 and shCDS81 cells
indicated that the unusual phenotype of the Huh7L-#4 cells could indeed be related to
the absence of CDS1.

To confirm if this is the case, infectious virus production and replicon luciferase activity
were determined in DDX3-depleted shCD81 cells. It was established that shCD81 cells
can also produce infectious virus following JFH 1wt electroporation (Fig 3.36A), but are
more susceptible to cell-free JFH 1wt virus infection than Huh7L-#4 cells, despite being
~ 100 fold less permissive for infection than Huh-7 cells (Fig 3.36B). Both the cell-free
and cell-associated infectivity of JFHlwr were found to be much lower in DDX3-
depleted shCD81 cells compared to shCDS81 cells transduced with shControl and mock
cells, with reductions in infectious HCV production at similar levels to those observed
in Huh7L-#4 cells (Fig 3.37). However, substantial changes in luciferase activity were
found in DDX3-deficient shCD81 cells at 48 h post-N17 SGR/JFHIwr RNA
electroporation compared to shControl- and mock-transduced cells. Levels of luciferase
activity in DDX3-depleted shCD81 cells were found to be almost as low as those seen
in shCD81 cells transduced with shHCV at 48 h post-RNA electroporation. Indeed
luciferase readings in DDX3-knockdown cells were found to be almost 30-fold lower

than shControl-transduced shCDS81 cells at this time point (Fig 3.38). The impaired
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Figure 3.35. Replication profile of N17 SGR/JFH1wr in various cell-lines.

An equal number of Huh-7 cells, Huh7L-#4 cells and shCD81 cells were each
electroporated with 10 pg N17 SGR/JFH 1wt replicon RNA. Cell lysates were assayed
at the indicated time points post-electroporation for luciferase activity. Mean values
and standard deviations represent a single experiment performed with three technical
repeats. Results of one representative experiment out of two independent repetitions
are shown. A portion of cells from each cell-line were lysed in SB at 48 h post-
electroporation and were immunoblotted with an anti-a-Tubulin mAb and the anti-
CD81 mADb 5A6 to determine relative protein levels.
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Figure 3.36. Characteristics of shCD81 cells.

(A) Huh-7 cells and shCDS81 cells were each electroporated with 10 pug JFH1wr RNA.
At 48 h post-electroporation, cell-released infectivity in both cell lines was
determined by FFU assay. Mean values and standard deviations represent a single
experiment performed with three technical repeats. (B) JFH1wr virus was titrated on
Huh-7 cells and shCD81 cells. At 48 h post-infection, cells were fixed and the levels
of infectivity were determined by FFU assay. Mean values and standard deviations
represent a single experiment performed with three technical repeats.
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Figure 3.37. Effect of DDX3 depletion on single cycle infection assay using
shCD81 cells.

ShCDS81 cells were electroporated with 10 pug JFH1wt RNA at 48 h post-transduction
with indicated lentivirus. At 48 h post-electroporation, the cell-released (black bars)
and cell-associated (grey bars) infectivity were determined by FFU assay. Error bars
indicate the standard deviation of the mean of six technical repeats derived from two
independent experiments. Student’s t-test was performed to determine the P value. * P
< 0.05, ** P <0.01, *** P <0.001, NS, not significant. A portion of transduced cells
from each cell-line were lysed in SB in each experiment and probed with anti-DDX3
and anti-a-Tubulin mAbs to determine protein levels at time of electroporation.
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Figure 3.38. Effect of DDX3 Knockdown in shCD81 cells transiently replicating
N17 SGR/JFH1wr replicon RNA at various timepoints.

(A) shCD8I1 cells were electroporated with 10 pg N17 SGR/JFH 1yt replicon RNA at
48 h post-transduction with indicated lentivirus. Cell lysates were assayed at the
indicated time points post-electroporation for luciferase activity. Mean values and
standard deviations represent a single experiment performed with three technical
repeats. A portion of cells from each set of transduced cells were lysed in SB (or NR-
SB, if analysing CDS81) at 48 h post-transduction and were immunoblotted with anti-
DDX3 mAb A0196, an anti-o-Tubulin mAb and the anti-CD81 mAb 5A6 to
determine relative protein levels. (B) Table showing the fold-changes in luciferase
activity in cells transduced with indicated lentivirus compared to cells transduced with
shControl.



RNA replication in DDX3-depleted shCD81 cells is almost certainly the reason for
subsequent reductions in infectious virus production levels, indicating that the absence

of CD8I is not responsible for the unusual phenotype observed in Huh7L-#4 cells.

3.2.5. Selection of a DDX3-independent Mutant Virus.

In order to gain insight into the exact role of DDX3 in the lifecycle, I attempted to select
JFH1 variants that could replicate efficiently in a DDX3-depleted background. The
adapted mutations observed in such a virus could potentially be used to study how
DDX3 influences viral RNA replication and virus production. I began by serially
passaging DDX3-depleted Huh-7 cells that had been infected with JFHIpgg virus.
JFH1psg virus was used in place of JFH1wr in this experiment because the mutant virus
can spread far more quickly in culture than JFH1wr, potentially promoting the selection

of variants resistant to DDX3 knockdown much more quickly.

Supernatant virus was collected after three passages and used to infect a fresh stock of
DDX3-deficient Huh-7 cells. After repeating this cycle of transduction, infection and
passaging four times (Fig 3.39A and B), the viral infectivity of transduced cells was
compared between JFH1pgg and the serially-passaged JFH1psg mutant virus by SEAP
assay. Unfortunately, instead of the emergence of a DDX3-depleted viral variant, the
JFH1psg mutant virus was observed to impair HCV replication to an even greater extent
than JFHIpgg virus, with a reduction of almost 90 % found between DDX3-depleted
cells and shControl-transduced cells infected with JFH1psg mutant virus (Fig 3.39C and
D).

3.2.6. Discussion

DDX3 knockdown caused a two-fold reduction to infectious HCV production in Huh-7
cells. This drop was potentially due to the effect of reduced RNA replication in DDX3-
depleted cells as observed in the reductions in luciferase activity in DDX3-depleted
Huh-7 cells at 48 h post-N17 SGR/JFH1wr RNA electroporation, which would
subsequently reduce viral titres. However, the possibility of direct viral cell-to-cell

spread in Huh-7 cells carried the risk of inaccurate titres and could perhaps mask the
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Figure 3.39. Attempted generation of a mutant virus that replicates
independently of DDX3 function.

(A) Schematic diagram of the method used to select and amplify a mutant virus that
replicates independent of DDX3 function. (B) Increase of JFHIpgg titres during cell
passages. Virus titres were determined by FFU assay for the indicated cell passages
during the 4t cycle of infection. Mean values and standard deviations represent a
single experiment performed with three technical repeats. (C and D) Comparison of
infection kinetics in transduced cell lines infected with JFH1pgg virus (C) or with
JFH1psg mutant virus (D). Mean values and standard deviations represent single
experiments, each performed with three technical repeats.



true effects of DDX3 knockdown on infectious virus production. Therefore, I employed
a single cycle production assay using Huh7L-#4 cells to remove this complication. On
doing this, I discovered that DDX3-depleted Huh7L-#4 cells produced markedly fewer
infectious virus particles compared to shControl-transduced Huh7L-#4 cells (> 20-fold
fewer particles). However, I also discovered that DDX3 knockdown does not impair
N17 SGR/JFH1wr luciferase activity in a Huh7L-#4 background, suggesting that the
drop in virus production in DDX3-depleted Huh7L-#4 cells is not due to reduced viral
replication, unlike the negative control shHCV-transduced Huh7L-#4 cells. For some as
yet unknown reason, the absence of DDX3 in this particular cell-line prevents the
efficient assembly of HCV particles. Similar to the effect on viral replication in Huh-7
cells, DDX3 depletion only reduced infectious virus production if performed prior to the

introduction of viral RNA into Huh7L-#4 cells.

I initially believed that the unusual phenotype observed in Huh7L-#4 cells may be
related to the absence of CD81, a theory buoyed by the fact that replicon replication
kinetics were very similar in Huh7L-#4 and shCDS81 cells, and quite distinct from
replicon replication levels in Huh-7 cells. However, while viral replication was
unaltered between DDX3-deficient and control Huh7L-#4 cells, it was almost abrogated
in DDX3-depleted shCD81 cells compared to control shCD81 cells. While this finding
is in line with results published by Zhang et al. (2010), which detail the importance of
CDS81 in HCV genome replication as well as viral entry, this result also confirms that
the absence of CD81 is not responsible for the phenotype observed in Huh7L-#4 cells.
A recent study by Sainz et al. (2009) noted the differences in permissiveness and
replication between phenotypically distinct Huh-7 cells and highlighted the potential of
phenotypic drift in these cells. Thus, while Huh7L-#4 cells may be defined by their
absence of CDS81, these cells may have a mutated or depleted form of another crucial
cellular factor(s) which explains the interesting phenotype I observe in them. Overall,
this section has uncovered a potential role for DDX3 in infectious virus production
unrelated to its other possible role in an aspect of viral RNA replication, suggesting that

there are two distinct responsibilities for the protein in the HCV lifecycle.
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4. Conclusions

4.1. Summary

A number of interesting results have emerged from this study regarding the role of
DDX3 in the HCV life cycle. The findings in this study are recapitulated below,
followed by a discussion section explaining some possible theories relating to the major

findings of the work.

1. DDX3 knockdown from Huh-7 cells impaired the replication of JFH1wr following

infection.

2. DDX3 acts at a post-translation stage of the HCV lifecycle in Huh-7 cells, impeding
some as yet undefined element of HCV RNA replication.

3. DDX3-depleted cells transiently transfected with SGR RNA have greatly reduced
viral replication compared to control cells, yet such an effect is not observed when
DDX3 is depleted in cells stably replicating SGR RNA, highlighting the possibility that
DDX3 influences the HCV replication complex (RC) machinery during HCV RNA

replication.

4. DDX3 knockdown greatly alters infectious HCV production in Huh7L-#4 cells, with
a ten-fold greater drop observed in these cells compared to Huh-7 cells. However,
DDX3 is not important for efficient HCV RNA replication in these cells, indicating a
possible pleiotropic role for the cellular helicase in the HCV lifecycle.

5. Analysis of HCV RNA replication and infectious virus production in shCD81 cells
confirm that the absence of CD81 is not responsible for the phenotype observed in
Huh7L-#4 cells.

6. Detailed characterisation studies indicated that the core-DDX3 interaction plays no

role in regulating HCV RNA replication or infectious virus production.
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4.2. Requirement of DDX3 During the Early Stages of the HCV
Lifecycle in Huh-7 Cells

My results have confirmed the important role of DDX3 in the HCV lifecycle and
deduced that DDX3 acts at a post-translation stage of the HCV lifecycle in Huh-7 cells.
My results indicated that DDX3 targets a transient event that is an important aspect of

HCV RNA replication, but does not alter steady-state HCV RNA replication.

While Geissler et al. (2012) postulated that DDX3 was a functional determinant of
IRES-mediated translation, I found no evidence for such a role in my work. Geissler et
al. (2012) found a 60-80 % reduction in replication in DDX3-depleted Huh-7 cells
transiently replicating HCV replicon RNA at 1 h post-RNA electroporation. My
experiments showed no significant difference in luciferase activity between DDX3-
depleted cells and shControl-transduced Huh-7 cells transiently replicating N17 SGR
JFH1 RNA at the same time point post-electroporation. I found similar results using
both a replication-competent (N17 SGR JFH1 RNAwr) and replication-deficient (N17
SGR JFH1 RNAgGnp) replicon construct. I also performed control experiments where I
varied levels of input replicon RNA or lengthened times of lentiviral transduction and
noted no change to my observed DDX3-deficient phenotypes confirming a clear
disparity between my results and those of Geissler et al. (2012). The reason behind such
dissimilarity may be due to differences in experimental conditions, particularly the use
of shRNA technology (present study) instead of siRNA (Geissler et al., 2012). Although
shRNA and siRNA can be applied to achieve similar functional outcomes, they are
intrinsically different molecules. The molecular mechanisms of action, the RNA
interference pathways and the off-target effects of these systems have distinct variations
between them. For instance, Dicer, an integral component of the RNA interference
pathway, is known to promote mitotic localisation of DDX3 (Pek & Kai, 2011). It has
been established that Dicer helps mediate the cleavage of shRNA to siRNA by forming
part of the TRBP/PACT/Dicer complex (Murchison et al., 2005). Dicer-depleted
mammalian cells can effectively load processed siRNAs onto the RNA-induced
silencing complex (RISC) to allow RNA interference to begin, but ShARNAs cannot be
effectively processed and loaded onto RISC in Dicer’s absence (Kok et al., 2007). Not

only do these findings emphasise the different efficiencies in RNA1 processing that may
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account for the differences observed between this work and that of Geissler et al.
(2012), they also suggest possible changes in cell-cycle regulation between DDX3-
depleted cells treated with shRNA or siRNA. On the other hand, while siRNA can be
loaded onto RISC without interacting with Dicer, TRBP or PACT, the loading process
is ten times less efficient than shRNA, as shRNA can assimilate into the endogenous
miRNA pathway. Concentrations of siRNAs needed for effective knockdown are often
much higher than those required for shRNA and are introduced into cells by methods
such as lipofection or electroporation which are more likely to trigger IFN induction in
target cells compared to shRNA transduction. It has also been noted that siRNAs
synthesised using a phage RNA polymerase system can trigger IFN induction in a
variety of cell-lines due to the presence of 5’-triphosphates on such transcripts
(Hornung et al., 2005; Hornung et al., 2006; Kim et al., 2004; Pichlmair et al., 2006).
Another important point to note when considering conflicting results obtained by
siRNA and shRNA is that shRNAs can be continuously synthesised by the host cell,
ensuring a more durable knockdown effect compared to siRNAs, which undergo high

levels of turnover and degradation after introduction into target cells.

My results also suggested that DDX3 influences the HCV replication complex
machinery in enacting its important role in an aspect of RNA replication. This concept
is supported by my findings which highlight diminished viral replication in DDX3-
depleted cells transiently transfected with SGR RNA compared to control cells, in
contrast to the minimal reductions observed in DDX3-deficient cells stably replicating
SGR RNA. Not only are these results in line with findings published by Ariumi et al.
(2007) and Randall et al. (2007), Geissler et al. (2012) also independently reported
similar results at the same time I was undertaking these experiments. However, [ was
unable to state definitively whether DDX3 is incorporated into RC during viral
replication or whether the cellular helicase influences the RC machinery via an indirect
mechanism. Although I could not find evidence for DDX3’s presence in RCs by IF
analysis, it is possible that the protein may function in these structures at a level
undetectable by this assay. If directly incorporated into the RC, I speculate that the
presence of DDX3 in these structures prior to shRNA targeting may allow viral RNA
replication to be sustained even in the face of nascent DDX3 depletion due to the low
turnover rate of these complexes. The cellular autophagy machinery has recently been

shown to be vital for the translation of incoming HCV genomes but unnecessary for
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translation of progeny genomes (Dreux et al., 2009b). This observation and the results
presented herein suggest that the cellular and viral factors required to initiate viral
replication are different from those required to maintain it once RCs have formed, with
DDX3 perhaps a crucial element of HCV replication initiation only. Another possible
interpretation of my results may derive from the fact that expression of HCV proteins
causes the reorganisation of cellular membranous compartments, which promotes the
formation of RCs in modified cellular membranes. Thus, it is possible that the role of
DDX3 could be to promote membrane alterations that are to harbour RCs, as has been
suggested for cellular proteins such as ANXA2 (Saxena et al., 2012), known to directly
interact with viral replicase factors such as NS5A and GBF1 (Goueslain et al., 2010),
which is believed to influence RC activity despite being undetectable in the HCV RC by

IF analysis.

Another interesting point to note from my results is that my colony forming assays
indicate that DDX3-depleted replicon cells cannot be maintained in culture. This is
unsurprising given the large number of cellular and viral processes in which the protein
has been implicated (reviewed in Schroder, 2010), most notably apoptosis, where
DDX3 has been found to be a component of an anti-apoptotic death receptor complex
(Sun et al., 2008). Therefore, studies of the HCV lifecycle are limited to transient assays
on early time points after infection in order to avoid disrupting additional host factors
necessary for efficient cellular function. While cell viability is known to be unchanged
up to 96 h post-DDX3 silencing (Ishaq et al., 2008; Angus et al., 2010; Ariumi et al.,
2007; Randall et al., 2007), the results of Geissler et al. (2012) state that general
translation is impaired in Huh-7 cells three days after addition of DDX3 siRNAs. Thus,
it is possible that an altered translation pattern occurs in DDX3-depleted Huh-7 cells
after lentivirus transduction, which may modify the replication kinetics of HCV
genomes subsequently introduced into these cells. There are a number of studies which
assert that DDX3 facilitates cellular translation initiation through association with
initiation factors, ranging from elF4F (Soto-Rifo et al., 2012), eIF4A, elF2a, PABP (Lai
et al., 2008) to eIF3 (Lee et al., 2008). elF3 was also found to interact with DDX3 by
Geissler et al. (2012). However, there have been reports published which disagree with
this theory, with studies which describe DDX3 as a repressor rather than a facilitator of
cap-dependent translation while enhancing IRES-dependent viral translation (Shih et

al., 2008). A recent study also published results where knockdown of the 40S ribosomal
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subunit, found by Geissler et al. (2012) to interact with DDX3, can suppress translation
activity controlled by an HCV IRES yet leave cellular translation unperturbed (Huang et
al., 2012), which suggests DDX3 does not affect cellular translation. Nevertheless,
despite the differences between my study and that of Geissler et al. (2012), my data
clearly illustrates the importance of DDX3 at a post-translation stage of the HCV
lifecycle in Huh-7 cells, possibly impeding some as yet undetermined element of HCV
RNA replication. Further work is required to understand why the two studies gave such
divergent results and determine which gives a more accurate representation of the role
of DDX3 in vivo. Repeating experiments performed in this study with siRNAs from the
Geissler et al. (2012) study and the development of a functional HCV minigenome
system would help me to clarify the disparities. Analysis of positive- and negative-
strand HCV RNA by Reverse Transcription-Quantitative PCR (RT-qPCR) in shDDX3-
and shControl-transduced cells would be extremely valuable in determining the role (if
any) DDX3 plays in HCV genome synthesis. Biochemical assays looking at the
stoichiometry of DDX3 in RCs as well as EM analysis investigating possible membrane
alterations and potential interactors would also be very beneficial in determining the

exact role of the helicase in these structures and in the HCV lifecycle in general.

4.3. Role of DDX3 in Infectious HCV Production

While the data from this study has confirmed that DDX3 acts at an undetermined stage
of HCV RNA replication in Huh-7 cells, I also wished to determine if DDX3 depletion
had any specific effect on HCV infectious virus production. Single cycle infectious
virus production assays using Huh7L-#4 cells were developed to separate the different
stages of the lifecycle and to eliminate the inaccuracy that viral spread poses to
assembly assays. DDX3-deficient phenotypes observed in these cells showed
substantial decreases in infectious virus production without impairment to levels of viral

RNA replication, indicating a specific role for DDX3 in assembly of HCV particles.

Host factor requirement and their mechanisms of action are poorly understood in the
context of HCV assembly, but numerous cellular factors have been found to be essential
for this process. siRNA studies have confirmed that cellular factors apolipoprotein E

(apoE) (Chang et al., 2007; Jiang & Luo, 2009), Annexin A2 (ANXA2) (Backes et al.,
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2010), heat shock cognate protein 70 (HSC70) (Parent et al., 2009), p subunit of
clathrin adapter protein complex AP2MI1 (Neveu et al.,, 2012), diacylglycerol
acyltransferase-1 (DGAT1) (Camus et al., 2013; Herker et al., 2010) and the late
endosomal protein HRS (Tamai et al., 2012) are each vital for HCV assembly. While
virus production levels are not reduced by DDX3 depletion if HCV infection has
already been established in the host system, viral assembly was greatly diminished in
HCV-infected cells subsequently transfected with apoE siRNA (Jiang et al., 2009) or
HSC70 siRNA (Parent et al., 2009). This disparity points to the potential importance of
DDX3 in influencing HCV RC function. Given that LDs are in close proximity to RCs
(Targett-Adams et al., 2008a), DDX3 may play a direct role in virus assembly by
transferring the viral genome to sites of assembly. A recent study adds weight to this
argument, as another host protein does exactly this role while also maintaining a
separate vital role in viral RNA replication, showing similar characteristics to DDX3.
The cytosolic phospholipase A2 gamma (PLA2G4C), an enzyme involved in lipid
metabolism, is believed to be essential in the formation of membranous webs (MWs)
during the early stages of HCV infection and is an integral part of the HCV RC. After
sufficient accumulation of viral proteins during replication, stimulation of PLA2G4C
expression occurs, causing the protein to interact with LDs and initiating translocation
of the RC to sites of virion assembly (Xu et al., 2012). PLA2G4C’s role in RC transfer
may bridge the steps of RNA replication and HCV assembly. Although it is as yet
undetermined whether DDX3 is incorporated into RCs or not, the potential dual role of

DDX3 in the HCV life cycle may be of similar aspect.

The interaction of HCV core with cellular proteins has been found to play numerous
diverse roles in the viral assembly process. Abrogating the core-DGATI interaction
leads to the accumulation of core on ER membranes, with traffic of the capsid protein
subsequently impeded to LDs, suggesting a defect at an early stage of assembly (Herker
et al., 2010). Disrupting core-AP2M1 binding, however, leads to the accumulation of
core on LDs by altering AP2M1’s recruitment to LDs, resulting in decreased core
localisation with E2 and elements of the trans-golgi network, suggesting the core-
AP2M1 interaction mediates a later stage of assembly post-accumulation of core on
LDs but before envelopment at ER sites (Neveu et al., 2012). In my study, disruption to
the core-DDX3 interaction caused no adverse effects to HCV assembly. This result is

strengthened after analysis of a conserved glycine residue, G33, located very close to
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the tyrosine residue on core (Y35) essential for the core-DDX3 interaction. This
glycine, when mutated to alanine during alanine-scanning mutagenesis studies, has been
found to be critical for HCV assembly (Angus et al., 2012). Despite being unable to
decipher the level of interaction with DDX3 in this G33A mutant, findings from the
study excluded changes to the core-DDX3 interaction as an explanation for the
assembly phenotype observed (Angus, unpublished). Another study which shows the
irrelevance of the DDX3-core interaction in HCV replication and assembly comes from
Kang et al. (2012), who observed that adaptive core mutants generated in a JFH1
background which exhibit enhanced viral infectivity display greatly reduced affinity for
DDX3 in tandem.

It must always be borne in mind that Huh7L-#4 cells represent an individual subclone
species of Huh-7/Lunet cells, a “cured” replicon cell line with a bimodal level of CD81
expression (Witteveldt et al., 2009). The Huh7L-#4 subspecies with low endogenous
CDS81 levels were generated after subjecting these cured cells to FACS analysis and
limiting dilution cloning. Therefore, this cell-line may have different characteristics to
Huh-7 cells. While Huh7L-#4 cells may be defined by their absence of CD81, I quickly
confirmed that a lack of CD81 was not responsible for the interesting assembly
phenotype they possess. This suggests that host cell factors essential for HCV RNA
replication or virus production are differentially expressed in Huh7L-#4 cells compared
to Huh-7 cells. The identification of this novel DDX3 function in Huh7L-#4 cells
indicates that DDX3 plays a pleiotropic role in the HCV lifecycle. My data suggests that
DDX3 may also play a vital part in efficient infectious virus production unrelated to its
well-defined role in viral RNA replication. A microarray investigating differences in
gene expression between Huh-7 and Huh7L-#4 cells followed by detailed functional
studies on cellular factors exhibiting significant differences in this microarray would

provide us with vital information on the role of DDX3 in infectious virus production.
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4.4. The Importance of DDX3’s Interactions with Viral Proteins

The core-DDX3 interaction has been previously found to be dispensable for HCV
replication (Angus et al., 2010). Using the in-vitro cell systems available to us, I
confirmed that the DDX3-core interaction did not play any role at any stage of the HCV
life cycle, either in Huh-7 cells, Huh7.5 cells or in Huh7L-#4 cells (although the
presence of specific high molecular weight species was observed only in cells with a
functional core-DDX3 interaction when cellular extracts were lysed in non-reducing
sample buffer (NR-SB) and examined with the anti-DDX3 mAb AO196 — see appendix
5). Replicon experiments performed in a Y35A or Acore background showed no
difference to replication results obtained in a WT background, both in cells stably
expressing SGR RNA or those transiently transfected with SGR RNA. Although these
results seem conclusive, there are several considerations that must be taken into account
when interpreting these results. Firstly, the limitations and peculiarities of both the
HCVcc and SGR systems may not truly represent HCV replication in vivo and thus
mask the functions exerted by the core-DDX3 interaction. The cell-lines used in this
study, Huh-7 cells and their subclones, may limit the necessity of core binding to DDX3
if they lack efficient immune defences. My results showed no difference in HCV
replication between Huh-7 cells and Huh-7.5 cells, a subclone of Huh-7 cells which
have a defective IFN response caused by a mutation in the RIG-I gene, suggesting that
the proviral role of DDX3 is not influenced by the T551 RIG-I mutation. However,
Huh-7 cells may not have an efficient immune response either, even in the presence of
an unaltered RIG-I gene, a theory which would help explain why Huh-7 cells are the
only cell-line capable of supporting high levels of HCV RNA replication.

Indeed, there is ample evidence in recent reports to suggest that DDX3 does positively
regulate IFN-induction. DDX3’s interaction with kinases IKK-¢ (Schréder et al., 2008),
TBK1 (Soulat et al., 2008) and IPS-1 (Oshiumi et al., 2010b) have all been found to
contribute to this process. Schroder et al. (2008) found that a direct interaction between
the vaccinia virus K7 protein and DDX3 could inhibit IFN-induction. The hypothesis
that core was employing a similar strategy to K7, interacting with DDX3 so as to limit
the role of the helicase role in positively regulating IFN-induction, was given weight by

results published by Oshiumi et al. (2010a). In this study, Oshiumi et al. (2010a)
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indicated that core protein could abrogate DDX3’s role in IPS-1-mediated IFN-
induction by blocking the interaction between the C-terminal region of DDX3 and the
CARD-like region of IPS-1 through its own interaction with DDX3. It is important to
note that the authors used HEK293T cells instead of Huh-7 cells to observe these
effects, so it is possible that an efficient innate immune response in HEK-293T cells
allow changes in IFN-regulation to be accurately observed. It is also vital to remember
that the results obtained in this study were achieved after transfecting large quantities of
expression plasmids encoding tagged versions of IPS-1 or DDX3 into target cells.
Overexpressed exogenous proteins may not accurately represent how endogenous
cellular factors behave in vivo. Kang et al. (2012) reported that the IFN-modulating
activity of adapted core mutants was greater than WT core due to their decreased
binding activity to DDX3 after transfecting Huh-7 and Huh-7.5 cells with plasmids
expressing tagged core and DDX3 proteins. The discrepancy between the results of
Oshiumi et al. (2010a) and Kang et al. (2012) could be due to the adverse effects to
cellular function brought about by excess quantities of different exogenous proteins

introduced into cells by transfection.

In spite of this possibility, one must recognise that Huh-7 cells may not be the most
suitable cell-line for analysing viral [FN-induction because they are a hepatocyte-
derived cellular carcinoma cell-line. Differential regulation of DDX3 has been reported
in a number of tumour cell-lines, including HCC (Botlagunta et al., 2008; Chang et al.,
2006; Chao et al., 2006; Huang et al., 2004). This not only suggests that there may be
differences in how the core-DDX3 interaction functions in Huh-7 cells compared to
how it functions in vivo because of the likely altered DDX3 levels in this carcinoma
cell-line, it also implies that DDX3 and its interaction with core may be involved in
HCV-associated pathogenesis (Chang et al., 2006; Huang et al., 2004). DDX3 has also
been found to be upregulated during HIV-1 replication (Krishnan & Zeichner, 2004),
during the immune response to lipopolysaccharide-induced inflammation (Saban et al.,
2006) and during interferon treatment (de Veer et al., 2001). These results, placed
alongside data from Oshiumi et al. (2010a), insinuates that during active viral
replication, HCV can recruit DDX3 to evade host immune responses and contribute to

viral pathogenesis (Rosner & Rinkevich, 2007).
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On the other hand, there are other hypotheses that account for the dispensable nature of
the core-DDX3 interaction. One of the best explored is the theory that abrogation of the
interaction could be supplanted through the recruitment of another cellular factor(s) by
HCV. In line with this, another DEAD-box protein, DDX1, is present on LDs alongside
DDX3 in core expressing Hep39 cells (Sato et al., 2006). DDX1, like DDX3, has been
implicated in HIV-1 RNA nuclear export (Fang et al., 2004; Yedavalli et al., 2004).
Another DEAD-box protein, DDXS5, has also been reported to interact with core and
NS5B (Goh et al., 2004; Kang et al., 2005). Such related cellular proteins may be

functionally interchangeable with DDX3 during virus replication.

My data obtained in a JFH1y3s54 background suggests that the important role(s) DDX3
plays in the HCV lifecycle may derive through interaction with another viral protein(s)
other than core or because of indirect associations with viral elements. I attempted to
generate a mutant virus that functions independently of DDX3 function by selecting
JFH1 variants that were resistant to the antiviral effect of DDX3 knockdown. If
successful, the adapted mutations observed in these variants would have been
introduced into the relevant viral protein of JFH1wt from which they arose and used to
determine whether they were crucial for viral RNA replication or infectious virus
production. This experiment would also have helped determine other viral protein(s)
that interacted with DDX3. A similar approach was used to uncover the target of an
antiviral drug that inhibited initiation of HCV RNA replication at the onset on infection
(Gastaminza et al., 2011). Unfortunately, developing such a virus variant proved
elusive. Despite this disappointment, there are numerous published reports detailing the
range and importance of DDX3’s association with viral proteins in other viruses which
provide us with clues to its mechanism of action and potential HCV interactors.
DDX3’s interactions with these proteins have been shown to be both proviral -inhibiting
interferon induction by binding the vaccinia virus K7 protein (Schroder et al., 2008) or
aiding HIV-1 replication by targeting incompletely spliced mRNAs to cellular nuclear
export protein CRM1 for export from the nucleus through its direct interaction with the
viral rev protein (Yedavalli et al., 2004) - and antiviral in nature — DDX3 can be
incorporated into HBV nucleocapsids through its direct association with the HBV
polymerase protein, where it inhibits reverse transcription of the virus (Wang et al.,
2009a). These results clearly illustrate that DDX3 can bind to a whole range of different

viral proteins, both structural and non-structural.
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As DDX3’s influence on the RC machinery may drive its important function in both
HCV RNA replication and viral assembly, it is conceivable that DDX3 may interact
with viral non-structural proteins vital to the integrity of these structures. The NS
proteins encompassing NS3 to NS5B are all known to be implicated in these complexes
(Quinkert et al., 2005). If DDX3 promotes membrane alterations that are to harbour
RCs, an interaction with NS4B is a distinct possibility, as NS4B induces the formation
of the MW, a series of membrane alterations that serve as a scaffold for HCV RC
formation (Egger et al., 2002; Gosert et al., 2003). DDX3 depletion could disrupt the
ability of NS4B to bind to ER membranes and lead to a loss of proteins at the MW,
resulting in diminshed viral replication. While DDX3 was not found to co-localise with
NSS5A by IF analysis, it is interesting to note that NS5A, an essential element of the RC,
has been shown to be a key mediator of both viral RNA replication and infectious virus
production through distinct mechanisms (Appel et al., 2005; Tellinghuisen et al., 2008a;
Tellinghuisen et al., 2008b), as is also hypothesised for DDX3. These findings were
derived from analysis of NS5A’s hyperphosphorylation status. Given that NS4A can
influence NS5A hyperphosphorylation (Lindenbach et al., 2007), it could be the case
that DDX3 regulates NS5A’s vital roles in viral replication and assembly indirectly
through NS4A or, alternatively, directly with NS5A but at minute levels undetectable
by IF assay. NS3 has also been found to play distinct roles in RNA replication and
infectious particle assembly in the HCV lifecycle (Lohmann et al., 2003; Ma et al.,
2008; Phan et al., 2009; Yi et al., 2007). While DDX3’s direct interaction with the HBV
polymerase (Wang et al., 2009a) implies that a similar interaction is possible between
DDX3 and the HCV RNA-dependent RNA polymerase NS5B, Ariumi et al. (2007)
found no association between DDX3 and NS5B by immunoprecipitation during that
study’s investigation of DDX3’s role in HCV replication. Ariumi et al. (2007) did not

observe an interaction between DDX3 and NS5A either, in line with my findings.

Is is also possible that DDX3’s potential roles in viral replication and infectious virus
production may derive from interactions with non-structural proteins that are not
directly involved in RCs. NS2, known to be essential for the production of infectious
virus particles, has been found to be localised to sites adjacent to RCs. Here, it has been
observed to interact with NS5A (and potentially other RC components), potentially

facilitating the co-ordination of genome replication and virion assembly (Tedbury et al.,
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2011). The subcellular location of NS2 suggests it may provide a mechanism for the
exportation of nascent genomes from RCs. By positioning at an exit site of the RC, NS2
may mediate the interaction between the RC and the structural proteins. Alternatively, it
may function in the release of RNA from the RC and allow its encapsidation into
nascent HCV particles. A serine residue (S168) within NS2 and an ion channel-
independent function of p7 have been found to be essential for the efficient localisation
of NS2 adjacent to RCs (Tedbury et al., 2011). The effects of DDX3 depletion on the
subcellular localisation of NS2 are worthy of investigation, particularly if a direct
interaction is subsequently observed between DDX3 and p7 or NS2. One must also take
into account the fact recent RNA-protein interaction studies have discovered that DDX3
can bind directly to norovirus RNA. This interaction may be vital for norovirus
replication, given that RNAi mediated knockdown of DDX3 inhibits norovirus
replication in cell culture (Vashist et al., 2012). A similar event may be responsible for
DDX3’s role in the HCV life cycle, as RNA-protein interaction studies have suggested
that DDX3 interacts with the 3’UTR of the HCV RNA genome in an as yet unknown
manner (Harris et al., 2006). Indeed, a recent publication by Li et al. (2013b) has
highlighted that DDX3 interacts directly with the 3’UTR, resulting in activation of IKK-
a, which subsequently translocates to the nucleus and induces a CBP/300-mediated
transcriptional programme involving sterol regulatory element binding-proteins
(SREBPs). The induction of this innate pathway induces lipogenic genes and enhances
lipid droplet formation, facilitating viral assembly (Li et al., 2013b). Determining
whether this 3’'UTR-DDX3 interaction, confirmed by co-immunoprecipitation analysis
by Li et al. (2013b), was responsible for the reduced infectious virus production
observed in DDX3-knockdown Huh-7 and Huh7L-#4 cells in this study would be an

interesting next step in my lab’s investigations into the proviral role of DDX3.

While DDX3 has been postulated as an integral component of cellular stress granules
(Shih et al., 2012) (section 1.12.2.9), it has also been found to be one of a subset of
cellular proteins that colocalise in discrete cytoplasmic foci similar in nature to stress
granules known as processing (P) bodies. P-bodies are distinct granular structures where
untranslated mRNAs can be stored for later release or where mRNAs undergo decay
and translation repression. HCV and other members of the Flaviviridae family such as
West Nile virus (WNV) have been found to hijack numerous P-body components,

including DDX3, and recruit them to viral replication sites (Ariumi et al., 2011; Chahar
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et al., 2013). Another P-body component is the DEAD-box helicase DDX6, which is an
mRNA effector and has been found to associate directly with DDX3. DDXG6, like
DDX3, has also been found to positively regulate HCV RNA replication and was found
to co-localise with core protein (Ariumi et al., 2011), suggesting that DDX3 may co-
modulate DDX6 function and that the core-DDX3 interaction may be pivotal to this
process. The reason why so many components of P-bodies are recruited to HCV
replication sites has yet to be determined, although it has been proposed that they might
influence switching between RNA replication and viral assembly (Beckham & Parker,
2008). The presence of DDX3 in P-bodies and its interaction with constituent elements
of these cytoplasmic structures may help explain how DDX3 performs its pleiotropic

role in the HCV life cycle.
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4.5 Finishing Statement

The aim of this project was to determine the role of DDX3 in the HCV lifecycle. To this
end, I have shown the importance of DDX3 at a post-translation stage of the HCV
lifecycle in Huh-7 cells, impeding an undetermined aspect of HCV RNA replication. I
also discovered a possible dual role for DDX3 in the lifecycle, with my data suggesting
that DDX3 plays a significant part in efficient infectious virus production in Huh7L-#4
cells unrelated to its role in HCV RNA replication. As well as fulfilling the major aim
of the project, my data also suggests that DDX3 plays a important function in HCV
replication complex activity, in which it may perform its pleiotropic role in the HCV
lifecycle, although I have not determined whether DDX3 performs this duty through a
direct incorporation into the RC or via an indirect mechanism. Furthermore, I confirmed
the lack of correlation between virus replication and the level of core-DDX3 binding.
My investigations in a number of in vitro cell systems found no role for the core-DDX3
interaction, confirming its dispensable nature in the viral lifecycle. Undoubtedly, the
data and reagents generated in this project will be of great utility for future studies
investigating the molecular mechanisms behind DDX3’s multiple roles in the HCV

lifecycle, particularly its exact role in the HCV replication complex (Fig 4.1).
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Figure 4.1. Potential roles of DDX3 in the HCYV lifecycle.

The potential importance of DDX3 at different stages of the HCV lifecycle is
highlighted. (A) Geissler et al. (2012) state that DDX3 is a functional determinant of
translation, both cap- and IRES-mediated. (B) Oshiumi et al. (2010a) postulate that
core protein participates in suppression of DDX3-augmented IPS-1-mediated IFN-3
induction through its association with DDX3. Angus et al. (2010) also unearthed a
direct core-DDX3 interaction, abrogation of which had no effect on HCV RNA
replication on infectious virus production.(C, D) DDX3 has been found to interact
with the HCV 3’UTR (Harris et al., 2006, Li et al., 2013b). Li et al. (2013b)
hypothesize that this interaction activates an innate pathway that induces lipogenic
genes and enhances core-associated lipid droplet formation to facilitate viral
assembly. (E) Data presented in this thesis suggests that DDX3 acts at a post-
translation stage of the HCV lifecycle in Huh-7 cells, impeding some as yet
undetermined element of HCV RNA replication. There is a possibility that DDX3
may be incorporated directly into HCV replication complexes to perform this
potential role. (F) Another prominent finding in this thesis highlights how DDX3
knockdown alters infectious virus production in Huh7L-#4 cells despite having no
effect of HCV RNA replication, indicating that DDX3 alters virus production in some
as yet undetermined manner in this cell-line.



Appendices

Appendix 1: Primers used for core mutagenesis

Primer Sequence (5’ - 3°) Function
Name
F130E CACCCTAACGTGTGGCGAGGCCG Forward primer for site-
sense ACCTCATGGGGT directed
mutagenesis of F130E in N17
SGR/JFH1wrt plasmid
F130E ACCCCATGAGGTCGGCCTCGCCA Reverse primer for site-
antisense =~ CACGTTAGGGTG directed
mutagenesis of F130E in N17
SGR/JFH1wr plasmid
Y35A ATCGTTGGCGGAGTAGCCTTGTT  Forward primer for site-
sense GCCGCGCAGG directed
mutagenesis of Y35A in N17
SGR/JFH1wrt plasmid
Y35A CCTGCGCGGCAACAAGGCTACTC Reverse primer for site-
antisense =~ CGCCAACGAT directed
mutagenesis of Y35A in N17
SGR/JFH1wr plasmid
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Appendix 2. Effect of DDX3 Knockdown in Huh7L-#4 cells transiently

replicating B3P7wr replicon RNA at various timepoints.

(A) Huh7L-#4 cells were electroporated with 10 ug B3P7wr replicon RNA at 48 h
post-transduction with indicated lentivirus. Cell lysates were assayed at the indicated
time points post-electroporation for luciferase activity. Mean values and standard
deviations represent a single experiment performed with three technical repeats. A
portion of cells from each set of transduced cells were lysed in SB at 48 h post-
transduction and probed with the anti-DDX3 mAb AO196. Anti-a-Tubulin mAb was
used as a loading control. (B) Table showing the fold-changes in luciferase activity in
cells transduced with indicated lentivirus compared to cells transduced with

shControl.
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Appendix 3. Effect of DDX3 Knockdown in Huh-7 cells transiently replicating
N17 SGR/JFH1wry replicon RNA at various timepoints.

Analysis of data presented in Fig 3.14 on a linear scale. Graphs plotted for individual
time points of interest post-electroporation, 1 h (A) 2h (B) 24 h (C) and 48 h (D).
Error bars indicate the standard deviation of the mean of three individual experiments.
Student’s t-test was performed to determine the P value. * P < 0.05, ** P < 0.01, ***
P <0.001, NS, not significant.
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Appendix 4. Effect of DDX3 knockdown on HCV translation.

Analysis of data presented in Fig 3.20 on a linear scale. Graphs plotted for individual
time points of interest post-electroporation, 1 h (A) and 2h (B). Error bars indicate the
standard deviation of the mean of three individual experiments. Student’s t-test was
performed to determine the P value. * P < 0.05, ** P < 0.01, *** P < (0.001, NS, not

significant.



Appendix 5. Investigating the Potential Role of the
HCV Core-DDX3 Interaction in DDX3

Oligomerisation

5.1. Introduction

DDX3 has been shown to interact with, and be phosphorylated by, TBK1 and IKKZe,
kinases central to the induction of the cellular IFN response (Soulat et al., 2008).
Indeed, results from Soulat et al. (2008) suggest that phosphorylation of DDX3 by
TBK1 is vital for efficient IFN induction. Given that DDX3 depletion studies in HCVcc
revealed that the requirement of DDX3 for HCV replication is unrelated to its
interaction with viral core protein (Angus et al., 2010), the possibility of this interaction

in phosphorylation of the helicase was investigated.

No difference in DDX3 species or intensity was seen at ~ 73 kDa between HEK-293T
cells in the presence or absence of a functional core-DDX3 interaction. However, the
presence of specific high molecular weight species was observed when HEK-293T cells
with a functional core-DDX3 interaction were lysed in non-reducing sample buffer
(NR-SB) and examined with the anti-DDX3 mAb AO196. These high molecular weight
complexes were also observed in Huh-7 cells under similar conditions but were absent
from both HEK-293T and Huh-7 extracts if samples were treated with reducing sample
buffer (SB).

Analysis of these complexes in a modified 2-D gel system revealed the presence of
DDX3 at high molecular weights in all cellular extracts, including those where a core-
DDX3 interaction was not functional or where core was absent. Core was also detected
in high molecular weight species under these conditions, but only in samples where an
intact DDX3-core interaction could be observed, highlighting the possibility of a

functional DDX3-core interaction being involved in core oligomerisation.
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5.2. Results

Results from Soulat et al. (2008) highlighted the possibility that phosphorylation of
DDX3 by TBKI1 is vital for efficient IFN induction in HEK-293T cells. In this study,
the authors observed two distinct species upon immunoblot analysis of HA-tagged
derivatives of DDX3, one which the authors remarked was representive of a basal form
of the protein, the other indicative of a phosphorylated species. In the present study,
three predominant species were observed at ~ 73 kDa from lysates extracted from HEK-
293T cells in non-reducing sample buffer (NR-SB) (composed of 30 mM Tris-HCI, pH
6.7; 1 % SDS; 5 % glycerol, 1 ug/ml bromophenol blue) and probed with the anti-
DDX3 monoclonal mAb AO196. This difference in DDX3 species between my work
(see appendix Fig 5.2A and B) and that of Soulat et al. (2008) may be explained by the
fact that Soulat et al. (2008) detected overexpressed forms of DDX3, in contrast to the
endogenous DDX3 detected in appendix Fig 5.2A. However, it was unclear whether any
of the DDX3 species I observed represented a phosphoylated form of the protein
(Transfection of tagged TBK1 or IKK-¢ proteins into our cell-lines of interest, as Soulat
et al. (2008) performed, could potentially be very useful in determining the
phosphorylated status of each of the DDX3 species observed).

I wished to determine the effects the presence of a functional HCV core-DDX3
interaction had on endogenous DDX3 expression in these cells and whether 1 would
observe changes to DDX3 species or intensity in cells where a core-DDX3 interaction
was present compared to where it was absent. Thus, I transduced HEK-293T cells with
a retroviral vector expressing the wild-type versions of the JFHI1 structural proteins
core, E1 and E2 (PQCXIP CEl1E2wr) (see materials and methods, section 2.2.9).
Mutant versions of this construct were transduced in parallel, notably PQCXIP
CE1E2y3s5a, which contains the core point mutation Y35A that abrogates the DDX3-
core interaction, and PQCXIP CE1E2p,4y, which contains the core point mutation F24Y
that is responsible for a greatly enhanced DDX3-core interaction (Angus, unpublished
material, see also appendix Fig 5.1). I also transfected HEK-293T cells with MLV
gag/pol HCV E1E2 (see materials and methods, section 2.2.4.2) in parallel as a negative
control. At 24 h post-transduction, cells were extracted in in Lysis Buffer A (20mM
Tris-HCI pH 7.4, 135 mM NaCl, 0.1 % Triton X-100, 50mM NaF, 5 mM Na3VQy, 1

151



& < & w
1P 20KDa
ety 20kDa
Lysate — cosmem—— —

IP: DDX3 (R648)
IB: Core (C7:50)

Appendix 5.1. The interaction of DDX3 with JFH1 core mutants.

HEK-293T cells were plated out at a density of 2 x 10° cells/dish onto 10-cm culture
dishes. At 24 h post-seeding, cells were transfected with 30 pg of a PQCXIP
expression vector (harbouring either JFH1wr core or a mutant derivatives of this
protein, as indicated) using the calcium phosphate precipitation method. A plasmid
encoding MLV gag-pol E1E2 was transfected in parallel as a negative control. At 24
h post-transfection, cells were lysed in 400 ul lysis buffer A. Each sample lysate was
immunoprecipitated with the anti-DDX3 pAb R648. The resulting precipitates were
examined by immunoblotting using anti-core mAb C7-50 (top panel). One twentieth
of the cell lysate used in the co-immunoprecipitation assay was immunoblotted for
core with mAb C7-50 as an input control (bottom panel).



mM PMSF), aliquots of which were subsequently treated with non-reducing sample
buffer, loaded onto a 7.5% SDS-PAGE gel and examined via immunoblotting with the
anti-DDX3 mAb AO196. I found no difference in endogenous DDX3 species or
intensity at ~ 73 kDa between HEK-293T cells in the presence or absence of a
functional core-DDX3 interaction. Furthermore, no such differences were observed in
these cells in the presence or absence of core protein itself. However, I did observe the
presence of specific high molecular weight species (appendix Fig 5.2A and B) in lysates
from cells with a functional core-DDX3 interaction (appendix Fig 5.1) that had been
probed with the anti-DDX3 mAb AO196. Two species were observed, one at ~ 150
kDa, one at ~ 220 kDa, which may represent dimers and trimers of DDX3, respectively.
Interestingly, these complexes were absent from aliquots of the same cellular extracts
that had been treated with a reducing sample buffer (SB) (composed of 200 mM Tris-
HCI, pH 6.7; 0.5 % SDS; 5 % B-mercaptoethanol; 10 % glycerol, 1 pg/ml bromophenol
blue) instead of non-reducing sample buffer (appendix Fig 5.3). These high molecular
weight species were not observed in samples where the core-DDX3 interaction was
abrogated or where core was absent, regardless of whether cellular lysates were loaded

in reducing or non-reducing sample buffer.

A similar phenomenon was noted in Huh-7 cells replicating JFH1wr and JFHIpy
viruses, with specific species observed after examination with AO196 at ~ 150 kDa and
~ 220 kDa (species also observed above 220 kDa, possibly representative of tetramers)
in cellular extracts where a functional DDX3-core interaction was present that had been
loaded onto SDS-PAGE gels with non-reducing sample buffer (appendix Fig 5.4A and
B). Again, these high molecular weight species were absent from identical Huh-7
lysates that had been loaded onto SDS-PAGE gels with reducing sample buffer
(appendix Fig 5.5). High-molecular weight species were not observed in JFH1ys3sa,
JFHIgnp and mock Huh-7 samples under either reducing or non-reducing buffer

conditions.

To try and confirm whether these high molecular weight species were specific to cells
with a functional core-DDX3 interaction, I analysed each of these complexes in a 2-D
gel system, which I believed to be the most effective and accurate way of determining
the protein composition of these complexes. Normally, 2-D electrophoresis involves

using NativePAGE™ Gels (Invitrogen) in the first dimension followed by analysing
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Appendix 5.2. Effect of overexpression of HCV Core and mutant variants on
endogenous DDX3 protein in HEK-293T cells.

Two independent experiments represented by A and B. HEK-293T cells were plated
out at a density of 2 x 10° cells/dish onto 10-cm culture dishes. At 24 h post-seeding,
cells were transfected with 30 pg of a PQCXIP expression vector (harbouring either
JFH1wr core or a mutant derivative of this protein, as indicated) using the calcium
phosphate precipitation method. A plasmid encoding MLV gag-pol E1E2 was
transfected in parallel as a negative control. At 24 h post-transfection, cells were lysed
in 400 pl lysis buffer A. 20 pl of lysate from each sample was added to 6 pl non-
reducing sample buffer (NR-SB) and analysed by immunoblotting for DDX3 and
core expression using the mAbs AO196 and C7 -50, respectively. Anti-a-Tubulin
mAb was used as a loading control.
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Appendix 5.3. Effect of overexpression of HCV core and mutant variants on
endogenous DDX3 protein in HEK-293T cells.

In this instance, lysates derived from experiment Appendix 5.1A were treated with
reducing sample buffer (SB) instead of non-reducing sample buffer (NR-SB) before
immunoblotting. Immunoblot analysis of DDX3 and core expression was performed
using the mAbs AO196 and C7-50, respectively. Anti-a-Tubulin mAb was used as a
loading control.
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Appendix 5.4. Effect on endogenous DDX3 protein in Huh-7 cells transiently
replicating JFH1wr and mutant variant RNA.

Two independent experiments represented by A and B. 10 pg of JFH1wr RNA (or
mutant derivative, as indicated) was electroporated into 2 x 10° Huh-7 cells. At 48 h
post-electroporation, each set of electroporated cells were lysed in 400 pl lysis buffer
A. 20 pl of lysate from each sample was added to 6 pl non-reducing sample buffer
(NR-SB) and analysed by immunoblotting for DDX3 and core expression using the
mAbs AO196 and C7-50, respectively. Anti-a-Tubulin mAb was used as a loading
control.
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Appendix 5.5. Effect on endogenous DDX3 protein in Huh-7 cells transiently
replicating JFH1wrt and mutant variant RNA.

In this instance, lysates derived from experiment Appendix 5.4A were treated with
reducing sample buffer (SB) instead of non-reducing sample buffer (NR-SB) before
immunoblotting. Immunoblot analysis of DDX3 and core expression was performed
using the mAbs AO196 and C7-50, respectively. Anti-o-Tubulin mAb was used as a
loading control.



proteins (usually from one lane of the gel) using second dimension SDS-PAGE.
Samples analysed in this way in my hands did not reveal anything after immonblotting
with core and DDX3, nor did analysis of DDX3 in a 1-D NativePAGE environment
show a specific protein after immunoblotting (data not shown). Thus, to investigate the
properties of these putative high molecular weight complexes, I employed a modified
form of 2-D gel electrophoresis. This involved running samples of interest in an SDS-
PAGE environment in both dimensions. Cellular extracts of interest (Huh-7 cells
replicating JFH 1wt or related mutant virus that had been treated in non-reducing sample
buffer) were run on a 7.5 % Bis-Tris SDS-PAGE Gel in the first dimension (as seen in
appendix Fig 5.4). A gel strip containing the separated proteins of interest was excised
from the first dimension gel before being equilibrated, reduced, and alkylated (see
materials and methods, section 2.2.11) and loaded onto a second dimension NuPAGE®
Novex® 4-12% Bis-Tris Gel (Invitrogen). This was then run and immunoblotted for
DDX3 and core. Unlike in a 1-D setting, high molecular weight complexes of DDX3
were present in all samples (appendix Fig 5.6). However, core was also detected at high
molecular weights under these conditions, but was only observed in JFHlwr and
JFH 124y cells (appendix Fig 5.6A and C), where an intact DDX3-core interaction could
be found. Core was not seen at these high molecular weights in extracts from JFH1y3sa

and mock Huh-7 cells (appendix Fig 5.6B and D).

5.2. Discussion

This appendix chapter highlights an interesting phenomenon that can be seen under
specific conditions in cells where a functional DDX3-core interaction is present. In both
HEK-293T and Huh-7 cells transiently expressing HCV core protein, high molecular
weight species were observed at ~150 kDa and ~ 220 kDa when cellular extracts were
treated with non-reducing sample buffer (NR-SB) and examined with the anti-DDX3
mAb AO196 unless the core-DDX3 interaction had been abrogated or HCV core was
absent. These species, which may represent oligomerised forms of DDX3 given the
specificity of AO196, were not observed under any other conditions. The anti-DDX3
mAb AO166 and pAb R648 did not recognize these species, or even endogenous
DDX3, after non-reducing sample buffer treatment in my hands (data not shown), and

the high molecular weight species were absent after AO196 analysis of cellular extracts

153



A

High Mol. Wt » Low Mol. Wt

DDX3
—

Core

JFH1

B

High Mol. Wt » Low Mol. Wt

DDX3
—

Core

JFH1y350



C

High Mol. Wt » Low Mol. Wt

DDX3
—

Core

JFH1 g0y

D

High Mol. Wt » Low Mol. Wt

DDX3
—

Core
—

Mock Huh-7



Appendix 5.6. Analysis of high molecular weight species by 2-D SDS-PAGE gel
electrophoresis.

Huh-7 lysates used in appendix fig 5.4 were also used in this experiment. Samples
(A: JFH1wr, B: JFH1y354 , C: JFH1g24y , D: mock Huh-7 cells) were run on a 7.5 %
Bis-Tris SDS-PAGE gel in the first dimension. The lane containing the sample of
interest was excised from the first dimension gel before being treated with reducing
buffers and loaded onto a second dimension 4-12% Bis-Tris SDS-PAGE gel and
analysed by immunoblotting for DDX3 and core expression using the mAbs AO196
and C7-50, respectively.



treated with reducing sample buffer (SB) instead of non-reducing sample buffer. The
presence of B-mercaptoethanol in the reducing buffer cleaves any disulfide bonds
present, denaturing the cellular proteins. This likely change in conformation may

prevent the identification of these high molecular weight species by AO196.

While these high molecular weight species are observed only in the presence of a
functional core-DDX3 interaction, I tried to determine whether this phenomenon was
specifically caused by the viral-host association or merely due to a change in antibody
reactivity because of conformational changes enacted by the Y35A core mutation.
Analysis of these high molecular weight complexes through 2-D gel electrophoresis
(albeit a modified form of the technique) helped provide more information towards the
composition of these species. Immunoblot analysis of Huh-7 cells expressing JFH 1wt or
mutant derivatives examined after 2-D gel electrophoresis revealed DDX3 was present
at high molecular weights in all cell-lines examined, including JFH1y3s4 cells where the
core-DDX3 interaction is abrogated and even in mock Huh-7 cells. While it can be
argued that DDX3 is far more concentrated at high molecular weights in JFH1py
extracts compared to JFHl1yssp extracts, the DDX3 immunoblot profile is almost

identical between JFH 1wt and mock Huh-7 cells after 2-D gel electrophoresis.

While this observation suggested that the high molecular weight species observed in the
presence of a DDX3-core interaction may be a non-specific phenomenon caused by
antibody reactivity, the results observed after immunoblotting with anti-core mAb
contradicted this theory. Core was found at high molecular weights after 2-D gel
electrophoresis in JFH1wr and JFH1p4y samples, but not in JFH1y3ss extracts. This
finding suggests that a functional core-DDX3 interaction may be required for core
oligomerisation or alternatively, that oligomerised core may need a functional core-
DDX3 interaction to interact with oligomerised DDX3. Such hypotheses are in line with
data presented by Mousseau et al. (2011), who state that the helicase region of the HCV
protein NS3 physically interacts with the oligomerised HCV core protein, an interaction
that requires the first 106 residues from core but is enhanced in the presence of a full-
length core protein. The interaction can be inhibited by the small molecule SL201, a
disruptor of core dimerization and of infectious HCV production (Mousseau et al.,
2011). The absence of core in high molecular weight complexes from JFH1y3s4 extracts

suggest a similar role for the core-DDX3 interaction is possible.
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However, while considering these prospects, it must be borne in mind that HCV RNA
replication and infectious virus production are unimpeded in JFH1yssp compared to
JFH 1w, at least in the in vitro HCVcc system (Angus et al., 2010). One must also note
that high molecular weight species indicative of core oligomerisation could not be
observed under any circumstances when immunoblotting with an anti-core antibody and
that DDX3 oligomerisation seemed unchanged in the presence or absence of a DDX3-
core interaction after 2-D gel electrophoresis. The observation that the high molecular
weight species evident after AO196 immunoblotting display substantial variation in
both species and intensity during my limited investigations must also be taken into
account when analysing these results. As I did not follow up these preliminary studies
or repeat the experiments shown in this appendix chapter, the importance of these
findings towards understanding the functional role (if any) of the core-DDX3
interaction are as yet inconclusive. However, they do form a basis upon which to begin

new investigations into the interaction.
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