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Abstract  

Despite being the only RNA virus listed as a class A carcinogen, attributing a 
direct oncogenic role for hepatitis C virus (HCV) infection during the 
development of hepatocellular carcinoma (HCC) is controversial: dogma 
attributes HCC development to increased cell turnover and the inflammatory 
microenvironment within the infected liver. Many studies focus upon the 
dedifferentiation of infected hepatocytes as a potential source of HCC 
cancer initiating cells (CICs), yet during chronic hepatitis the liver is mainly 
repopulated by immature hepatocytes arising from bi-potent hepatic 
progenitor cells (HPCs). 

Previously, we have shown that HCV is capable of infecting patient-derived 
hepatic progenitors ex vivo, setting a precedent for these cells as a potential 
source of malignancy. Using Huh7 cells sorted for low expression of CD24 
as a cell culture model of hepatic differentiation, we show that HCV infection 
led to increased expression of CIC-associated markers as well as a 
profound effect upon cellular differentiation. This manifested in delayed and 
diminished production of hepatocyte-like cells, instead resulting in 
maintenance of a mesenchymal-like morphology and altered gene and 
protein expression.  

Enrichment analysis and cellular architecture led us to examine a potential 
link between HCV infection and the Hippo pathway, perturbation of which is 
a major driver of HCC development. In agreement with our hypothesis, 
infected cells displayed enhanced nuclear localisation of the YAP1 and 
increased levels of TAZ transcriptional regulators which correlated with their 
lack of differentiation. This potentially occurred as a result of disrupted 
expression and localisation of the regulatory kinases MST1, LATS1 and 
AMOT mediated by interactions between NS5A and components of the 
Hippo pathway. Taken together, our data support a novel cellular origin, and 
a potential mechanism for primary cancer arising within the HCV infected 
liver.  
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1. Chapter: Introduction 

1.1  Hepatitis viruses  

Hepatitis viruses are as the name suggests viruses which infect the liver and 
lead to liver inflammation (hepatitis). The most common viruses to be 
responsible for viral hepatitis include: hepatitis A (HAV), hepatitis B (HBV), 
hepatitis C virus (HCV), hepatitis D (HDV) and hepatitis E (HEV). Despite 
the fact that these viruses all target the liver they are in fact unrelated. HAV 
is a picornavirus transmitted via contaminated food or water and causes 
acute hepatitis. Most people who become infected recover within 2 months 
(Lemon et al., 2017). HBV, a hepadnavirus and HCV of the flaviviridae family 
cause both acute and chronic hepatitis (Yuen et al., 2018). The risk of 
developing a chronic HBV infection varies with age with a risk of 90 % for 
infected infants under 1 year of age, 30 % for children between 1-5 years of 
age and 2 % for adults (Ozasa et al., 2006, Stevens et al., 1975), whereas 
HCV leads to chronic infection in about 60-80 % of cases (World Health 
Organization., 2017b). HCV and HBV combined were responsible for 1.34 
million deaths in 2015 (World Health Organization., 2017b). Both HBV and 
HCV can be passed on sexually (although less common for HCV) and via 
blood transmission (World Health Organization., 2018a, World Health 
Organization., 2018b). In addition HBV and HCV can be passed from mother 
to child via breast feeding or by crossing the placenta respectively (World 
Health Organization., 2018a, World Health Organization., 2018b). HDV is a 
defective virus belonging to the Deltavirus genus and requires HBV infection 
to replicate (Botelho-Souza et al., 2017, Rizzetto et al., 1980). HEV of the 
Hepeviridae family, usually only causes acute hepatitis but can lead to a 
chronic infection in the immune compromised. For those with pre-existing 
liver disease or pregnant women the infection is more severe (Krzowska-
Firych et al., 2018). HEV infection can cause rapid and severe liver failure 
(also known as fulminant hepatitis) in pregnant women leading to mother 
and infant mortality in up to 25 % of cases (Ranger-Rogez et al., 2002). HEV 
is spread in a similar way to HAV via the faecal-oral route (Krzowska-Firych 
et al., 2018). Vaccinations exist for HAV and HBV. Effective treatments now 
exist for HCV and will be discussed further in 1.2.3.  
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Figure 1.1.1 Flaviviridae phylogeny.  
The phylogeny is mapped using the conserved amino acid sequence of the RdRp 
(NS5 or NS5B). Multiple alignment was created using MUSCLE (Edgar, 2004). 
From the sequence alignment an unrooted phylogenetic tree was constructed. The 
data underwent bootstrap re-sampling 100 times.  
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  Flaviviridae phylogeny  

Viruses belonging to the Flaviviridae family are enveloped RNA viruses 
about 40- 60 nm in size (Simmonds et al., 2017). The most well know 
viruses belonging to this family include; HCV, yellow fever virus and dengue 
virus. Flaviviridae viruses have a positive sense, non-segmented RNA 
genome between 9-13 kb in length. The genome contains a single open 
reading frame (ORF) flanked by two untranslated regions (UTRs) at the 5’ 
and 3’ termini which form important secondary structures required for 
genome replication and translation. The genome is translated into a 
polyprotein which is cleaved by host and viral factors into several structural 
proteins (including the capsid protein and envelope proteins) and non-
structural proteins (NS) (including the RNA helicase and the RNA-dependent 
RNA polymerase (RdRp)). The Flaviviridae family contains 4 genera: 
Flavivirus, Hepacivirus, Pestivirus and Pegivirus (Figure 1.1.1) (Simmonds et 
al., 2017). The Flaviviruses are arthropod-borne viruses and primarily infect 
mammals and birds (Mukhopadhyay et al., 2005). Pestiviruses spread via 
infected secretions such as urine and respiratory droplets and usually infect 
pigs and ruminants (Tautz et al., 2015). Pegiviruses can lead to persistent 
infections in a range of mammals but as of yet have not been associated 
with disease (Stapleton et al., 2011). Hepaciviruses target the liver of 
horses, rodents, bats, cows and primates (Scheel et al., 2015) and include 
HCV and other more recently identified viruses. These newly identified 
Hepaciviruses have be classified further: Hepacivirus A (or non-primate 
Hepacivirus) which infects horses and dogs, Hepacivirus B (or GB virus B) 
which infects tamarins and other New World primates, Hepacivirus D which 
was identified in colobus monkeys, Hepacivirus E-I which infect rodents, 
Hepacivirus J-M identified in bats and Hepacivirus N which infects cows 
(Firth et al., 2014, Sibley et al., 2014, Walter et al., 2017, Corman et al., 
2015, Baechlein et al., 2015, Kapoor et al., 2011, Burbelo et al., 2012, 
Kapoor et al., 2013, Drexler et al., 2013, Quan et al., 2013).  

1.2 Hepatitis C Virus  

  Disease and Transmission  

In the twentieth century it became established that most cases of hepatitis 
were caused by viral infection. Depending on the disease characteristics 
viral hepatitis was classified as either Hepatitis A or B. Hepatitis A caused an 
acute disease, spread via contaminated food and water and had a short  
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incubation period. Hepatitis B had a longer incubation period, could lead to 
chronic illness and was passed on via blood and other bodily fluids.  

By the 1970s both HBV and HAV had been identified which enabled patients 
and blood products to be tested for the viruses. Screening for HBV and HAV 
lead to the realisation that another virus must exist which also causes liver 
inflammation, as a large proportion of hepatitis patients neither had HAV or 
HBV. Initially however, the agent responsible for the remaining cases could 
not be identified and was termed non- A, non- B hepatitis (Purcell et al., 
1976).  

HCV was finally identified in 1989 by molecular cloning (Choo et al., 1989). 
HCV infection can cause acute or chronic hepatitis. Acute hepatitis C is 
usually a mild asymptomatic illness and refers to the period immediately 
following infection (incubation period is two weeks – six months) up to six 
months after infection (World Health Organization., 2018b). Chronic hepatitis 
C can be a serious lifelong illness and refers to the continued presence of 
HCV six months after acquiring the infection. Although the acute infection is 
usually asymptomatic, for those infected persons that do develop symptoms, 
these include: fever, fatigue, nausea, abdominal pain, dark urine, grey-
coloured faeces and jaundice (World Health Organization., 2018b); 15- 45 % 
of infected persons will spontaneously clear the virus within the first six 
months, however the remaining 60- 80 % of infected individuals will develop 
chronic hepatitis C (World Health Organization., 2018b).  

For those suffering from chronic hepatitis C the risk of cirrhosis of the liver is 
15- 30 % within 20 years of infection (World Health Organization., 2018b). 
The World Health organisation (WHO) estimates that 71 million people are 
living with chronic HCV and that about 399 000 people die each year from 
hepatitis C, usually due to liver cirrhosis and HCC (World Health 
Organization., 2017a), a 22 % increase since 2000. In the UK, Public Health 
England (PHE) estimates that 214 000 people have hepatitis C, which 
represents 0.4 % of the adult population, and 90 % of infections are acquired 
through injecting drug use (Public Health England. et al., 2018). HCV is a 
blood borne virus which can be transmitted via exposure to a small quantity 
of infectious blood, usually via injection drug use, unsafe healthcare 
practices or blood transfusion of unscreened blood products (World Health 
Organization., 2018b). Sexual transmission and transmission via an infected 
mother to her baby is also possible however these transmission modes are 
less common (World Health Organization., 2018b).  
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Figure 1.2.1 Genotype distribution 
A) By Global Burden of Disease (GBD) region B) Combined genotype distribution 
data with total viraemic HCV infections by GDB region. From: (Polaris Observatory 
HCV Collaborators., 2017).   
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Chronic HCV represents a leading cause of cirrhosis, HCC, liver 
transplantation and ultimately liver disease-related death. The 69th World 
Health Assembly in 2016 approved the Global Health Sector Strategy to 
eliminate hepatitis B and C infection by 2030 (World Health Organization., 
2016b). Global targets for the care and management of HCV were 
introduced by the WHO: 90 % diagnosis of people living with a chronic viral 
hepatitis infection, 90 % reduction in new cases of chronic HCV infection, 65 
% reduction in HCV related deaths and to achieve treatment of 80 % of 
eligible chronic HCV infected people (World Health Organization., 2016a).  

  Global Distribution  

HCV is endemic worldwide with a total global prevalence of 1 %- 2.5 %, 
depending on the study (Polaris Observatory HCV Collaborators., 2017, 
Petruzziello et al., 2016). The WHO estimates that there were 1.75 million 
new HCV infections in 2015. Prevalence rates vary depending on the region 
with the highest prevalence rates in Central Asia, Sub-Saharan Africa and 
Eastern Europe (Polaris Observatory HCV Collaborators., 2017) (Figure 
1.2.1). Depending on country, HCV infection can be prevalent throughout the 
general population, or concentrated in certain high risk populations such as 
in the UK where HCV prevalence is high amongst injecting drug users (IDU) 
(Public Health England. et al., 2018). There are several different genotypes 
and subtypes and global prevalence of these vary. Worldwide genotype 1 is 
the most prevalent (44 %), followed by genotype 3 (25 %) and genotype 4 
(15 %) and 2 (11.0%). Genotype 4 is the most common in low-income 
countries, genotype 3 is common in middle-income countries and genotype 
1 dominates in high-income and upper-middle income countries (Polaris 
Observatory HCV Collaborators., 2017) (Figure 1.2.1). 

  Diagnosis and Treatment  

New direct-acting antiviral treatments can cure more than 95 % of infected 
people (Rockstroh, 2015). However access to diagnosis and treatment is low 
partly due to the asymptomatic nature of HCV infection. In 2015, only 20 % 
of the 71 million persons chronically infected with HCV knew their diagnosis 
(World Health Organization., 2017b). HCV diagnosis occurs in two steps. 
First a person is screened for anti-HCV antibodies by a serological test, this 
identifies whether the person has been exposed to the virus. In the case of a 
positive test result, a nucleic acid test for HCV RNA will confirm whether the 
person is suffering from a chronic infection (European Association for the 
Study of the Liver., 2018). After diagnosis the WHO recommends that an 
infected person should have an assessment to determine the degree of liver 
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damage (World Health Organization., 2017b). This is assessed by liver 
biopsy or via a variety of less invasive tests. The genotype with which the 
person is infected should be established. Infection with multiple genotypes is 
a possibility. Both the level of liver damage and the virus genotype will guide 
the treatment and disease management (Figure 1.2.2) (European 
Association for the Study of the Liver., 2018). With the development of new 
direct acting antivirals (DAAs), the standard of care has been changing 
rapidly.  

WHO guidelines recommend regiments including Sofosbuvir (SOF), 
Daclatasvir (DCV) and the SOF/Ledipasvir (LDV) combination (World Health 
Organization., 2017b) SOF is an inhibitor of the non-structural protein NS5B 
polymerase with a high barrier to resistance (Bhatia et al., 2014).DCV and 
LDV are both NS5A inhibitors (Smith et al., 2016, Lawitz et al., 2012). 
European Association for the Study of the Liver (EASL) have recently 
updated their recommendations on the treatment of HCV in 2018 (European 
Association for the Study of the Liver., 2018). The choice of DAAs depends 
on genotype, treatment experience and stage of liver disease (Figure 1.2.2). 
A very limited role is now remaining for the pegylated interferon and ribavirin 
regimen. The cure rate depends on virus subtype and the type of treatment 
received amongst other factors. A patient is considered ‘cured’ when 
sustained virologic response (SVR), defined as undetectable HCV RNA at 
24 weeks after treatment has ended, has been achieved (European 
Association for the Study of the Liver., 2018). Barriers exist to achieve the 
WHO target of eliminating hepatitis C by 2030. Although the cost of DAA 
production is low, the medicines remain very expensive in many high- and 
upper middle-income countries. The introduction of generic versions in some 
low-income countries has allowed the price of these medicines to drop. 
Access to HCV treatment is slowly improving however more needs to be 
done if the treatment target of 80 % is to be achieved by 2030. HCV 
resistance-associated variants (RAVs) are being identified which are 
associated with DAA treatment failure (European Association for the Study 
of the Liver., 2018, Pawlotsky, 2016, Sarrazin, 2016). Drug resistance is a 
common consequence of antiviral therapy however due to the genetic 
variability of HCV, RAVS have also been found to pre-exist in treatment 
naïve patients as naturally occurring variants (Harrington et al., 2018, 
Zeuzem et al., 2017).  
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Figure 1.2.2 EASL treatment recommendations for HCV infected 
patients  

Treatment recommendations for HCV mono-infected or HCV/HIV co-infected 
patients with cirrhosis (+C) or without cirrhosis (-C). Treatment recommendations 
also depends on the genotype the patient is infected with and whether the patient is 
treatment naïve (patient who has never been treated for HCV infection) or treatment 
experienced (patient who was previously treated with: pegylated IFN-α and 
ribavirin, pegylated IFN-α or ribavirin and Sofosbuvir. DSV- Dasabuvir, EBR- 
Elbasvir, GLE- Glecaprevir, GZR- Grazoprevir, LDV- Ledipasvir, OBV- Ombitasvir, 
PIB- Pibrentasvir, PTV- Paritaprevir, r- ritonavir, SOF- Sofosbuvir, VEL- Velpatasvir 
and VOX- Voxilaprevir.   
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  HCV genome, genetic variation and evolution 

HCV is an enveloped positive sense single- stranded RNA virus belonging to 
the Hepacivirus genus of the Flaviviridae family. The 9.6 kb genome with a 
single ORF encodes a single polyprotein of about 3000 amino acids, which 
is cleaved into 10 proteins: four structural proteins; E1, E2, core and p7 and 
six non-structural proteins; NS2, NS3, NS4A, NS4B, NS5A, NS5B (Penin et 
al., 2004) (Figure 1.2.3). Polyprotein processing into the distinct proteins 
occurs by cellular proteases signalase and signal peptide peptidase and the 
viral proteases: NS2- NS3 and NS3- NS4A (Scheel and Rice, 2013). Core 
maturation requires cleavage first by the cellular signal peptide peptidase 
and then by signalase. Signalase is also responsible for the cleavage of E1, 
E2 and p7 from the polyprotein. The NS2-NS3 protease is responsible for its 
own cleavage. The remaining non-structural proteins are cleaved by NS3-
NS4A. An additional ORF overlapping the core gene has led to the detection 
of alternative translation products (Varaklioti et al., 2002). This alternate 
ORF, although present in all genotypes (Walewski et al., 2001), has only 
been studied in the context of genotype 1. HCV has short UTRs at either 
end of the genome (5’UTR and 3’UTR) (Figure 1.2.3). The UTRs are highly 
structured RNA elements (Brown et al., 1992) and are required for 
translation and replication (Friebe and Bartenschlager, 2002, Kieft et al., 
2001, Zhang et al., 1999, Ito et al., 1998a). The 5’UTR contains an internal 
ribosome entry site (IRES) which allows cap-independent polyprotein 
translation by direct interaction with the 40S ribosomal subunit (Tsukiyama-
Kohara et al., 1992, Wang et al., 1993, Pestova et al., 1998). Both the 5’UTR 
and the 3’UTR are important for viral RNA replication.  

HCV is a heterogeneous virus with extensive genetic variation driven by the 
high error rate of the RdRp, the evolutionary pressure exerted by the 
immune system large viral population sizes and high replication rates 
(Domingo and Holland, 1997). Phylogenetic analysis led to the classification 
of seven HCV genotypes, further divided into a number of subtypes (Smith 
et al., 2014, Murphy et al., 2015). Over 30 % nucleotide sequence variation 
exists between genotypes and around 20 % between subtypes (Simmonds, 
2004). The genotype with which an individual becomes infected impacts the 
disease course, the choice of and response to antiviral therapy 
(McHutchison et al., 2009, Ghany et al., 2009, Bochud et al., 2009, Zhu and 
Chen, 2013, Foster et al., 2011, Manns et al., 2017). The high degree of 
genetic variation is an important feature of HCV and contributes to immune 
evasion and the emergence of drug resistant variants (De Francesco and 
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Migliaccio, 2005). The HCV mutation rate per round of replication has been 
estimated at 10-4-10-5 substitutions per site (Ribeiro et al., 2012, 
Bartenschlager and Lohmann, 2000). Mutation rates however vary in 
different regions of the genome. Genomic regions corresponding to essential 
viral functions and of structural importance (such as the 3’ and 5’UTR) are 
more conserved. With 90 % sequence identity, the 5’ UTR is the most 
conserved region of the HCV genome (Bukh et al., 1992). Whereas the 
genomic regions encoding proteins key to immune evasion, membrane 
glycoproteins E1 and E2 are the most variable with an evolution rate about 
up to nine times faster than the 5’ UTR (Salemi and Vandamme, 2002). The 
high mutation and replication rate of HCV leads to the continuous production 
of a large number of related viral variants during infection and is referred to 
as a quasispecies (Martell et al., 1992, Domingo et al., 1998, Laskus et al., 
2004). The quasispecies exists as a dynamic population and is subject to 
variation, competition and selection (Domingo and Gomez, 2007, Domingo 
et al., 2006).  

 HCV virion structure and protein function  

The 50-80 nm in diameter HCV virion consists of a nucleocapsid 
surrounding the RNA genome (Catanese et al., 2013). Surrounding the 
nucleocapsid is a lipid bilayer (viral envelope). Some hypothesise that HCV 
circulates as a lipoviral particles (LVPs) in the bloodstream (Bartenschlager 
et al., 2011). However the exact nature of the interaction between HCV viral 
particles and lipoproteins is unclear. Viral RNA in human-infected plasma 
has been shown to co-elute with very low density lipoproteins (VLDLs) which 
range in size from 30 to 80 mm. A broad density profile is exhibited by HCV 
particles from 1.00 to 1.25 g/ml with the most infectious fractions displaying 
a low buoyant density of <1.1 g/ml. Antibodies against protein components 
of VLDLs and low density lipoproteins (LDLs) can be used to capture viral 
RNA, in the low-density fractions (Lindenbach, 2013). Apolipoproteins (apo) 
including apoE and apoB, apoA1 and apoC1-3 have been found to be 
associated with HCV particles. Furthermore HCV entry relies on lipoproteins 
and their corresponding receptors (see section 1.2.6).  

The core protein is a RNA-binding protein which forms the nucleocapsid. 
Core often exists as dimeric or multimeric forms. HCV core protein has also 
been shown to interact with a number of cellular proteins and affect cellular 
signalling pathways (McLauchlan, 2000). E1 and E2 are glycoproteins which 
form heterodimers within the viral envelope. These structural proteins play 
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Figure 1.2.3 HCV genome and polyprotein 
The HCV genome is flanked by two UTRs at the 5’ and 3’ end. The 5’ UTR contains 
an IRES which directs translation of the ORF leading to the formation of a single 
polyprotein. The polyprotein is processed into 10 viral proteins classified into 
structural and non-structural by host and viral factors. Figure from (Abdel-Hakeem 
and Shoukry, 2014).   
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important roles during particle assembly, virus entry and endosomal 
membrane fusion (Lavillette et al., 2007, Mazumdar et al., 2011, Wahid et 
al., 2013). The structural proteins E1 and E2 have 5 and 11 glycosylation 
sites respectively. E2 also contains multiple hypervariable regions with great 
aa sequence variability between genotypes and subtypes (Weiner et al., 
1991). This high variability represents a hurdle for vaccine development. E2 
is believed to initiate viral attachment to the host cell whereas less is known 
about E1 but may play a role in the membrane fusion step during HCV entry 
(Flint and McKeating, 2000).  

 p7, located between E2 and NS2 in the viral polyprotein comprises a 63- 
amino acid protein that forms oligomers with cation channel activity and is a 
member of the viroporin family (Griffin et al., 2003). The p7 ion channel is 
important for viral particle assembly, release and in vivo infectivity (Jones et 
al., 2007, Steinmann et al., 2007, Sakai et al., 2003).  

The N-terminus of NS2, like p7, is not involved in viral genome replication 
but is involved in virus assembly (Jirasko et al., 2010), whilst the NS2 C-
terminus acts as an autoprotease which mediates cleavage between NS2 
and NS3 along with the N-terminal end of NS3 (Schregel et al., 2009). NS2 
is a small transmembrane protein which associates with the ER membrane 
(Yamaga and Ou, 2002).  

NS3 encodes a serine protease at its N-terminus which along with its 
cofactor NS4A is responsible for 4 cleavage sites of the polyprotein. NS4A 
acts to stabilise the NS3 serine protease (Bartenschlager et al., 1995). The 
C-terminus of NS3 encodes a RNA helicase- NTPase required for HCV RNA 
replication but which also functions during viral particle assembly (Murray et 
al., 2008). The NS3 helicase- NTPase acts to unwind the secondary RNA 
structures using NTP hydrolysis (Tai et al., 1996). The helicase- NTPase 
activity can be modulated by both the protease domain of NS3 itself and 
NS5B (Zhang et al., 2005).  

NS4B is a hydrophobic protein of 261 aa that is less well characterised. 
NS4B is a membrane protein which localises to the ER.(Hugle et al., 2001) 
NS4B is required for functional replication complex formation (Gouttenoire et 
al., 2009) specifically the formation of the membraneous web (Egger et al., 
2002). NS4B may also play a role in modulating NS5B activity (Piccininni et 
al., 2002).  

NS5A is a dimeric zinc-binding metalloprotein containing several 
phosphorylation sites. NS5A plays a role in HCV replication and particle 
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formation. NS5A exists as a basally phosphorylated 56 kDa and a 
hyperphosphorylated 58 kDa protein. NS5A has been shown to have a wide 
range of viral and cellular interaction partners, thus this protein must have 
numerous other potential functions. NS5A has 3 protein domains and within 
domain I is a zinc-binding motif (Tellinghuisen et al., 2004). NS5A is 
important for viral replication and mutations to the sequence inhibits RNA 
replication (Tellinghuisen et al., 2004, Elazar et al., 2003). The exact 
mechanism behind NS5A regulation of HCV replication however is not 
completely clear.  

NS5B is responsible for viral genome replication as the RdRp via the 
synthesis of a complementary negative-strand RNA, followed by the 
synthesis of a genomic positive strand RNA. The c-terminal domain forms a 
α-helix which targets the protein to the ER (Moradpour et al., 2004). The rest 
of the protein forms the RdRp as a so called ‘fingers, palm and thumb’ 
structure (Ago et al., 1999, Bressanelli et al., 1999, Lesburg et al., 1999).  

  Viral life cycle  

HCV virions circulate either as free particles or as a complex LVP by 
associating with LDLs, in the bloodstream (Andre et al., 2002). Viral entry 
proceeds in three steps: attachment, entry and fusion, involving a complex 
series of viral-host interactions (Figure 1.2.4). Viral attachment to the cell 
surface is a slow process and is mediated by the glycosylated structural 
proteins E1 and E2 interacting with host cell factors. Furthermore 
apolipoproteins on the surface of the LVP appear to also play a role in viral 
attachment. Many cellular proteins have been identified to be important for 
viral entry including the scavenger receptor class B type 1 (SRB1) (Scarselli 
et al., 2002), CD81 (Pileri et al., 1998), claudin-1 (Evans et al., 2007) and 
occludin (Ploss et al., 2009). More recently epidermal growth factor receptor 
(EGFR), ephrin A2 (Lupberger et al., 2011) and Niemann-Pick C1-like 1 
cholesterol absorption receptor (NPC1L1) (Sainz et al., 2012) have been 
added to the list of potential HCV entry factors. Initial low affinity binding to 
the host cell has been hypothesised to be mediated by glycosaminoglycans 
and the LDL receptor (Figure 1.2.4). It is hypothesised that the interactions 
with glycosaminoglycans are mediated by apoE (Morozov and Lagaye, 
2018). These initial interactions are then followed by E2 interacting with 
SRB1 and CD81 (Catanese et al., 2010, Sharma et al., 2011). The cellular 
proteins: claudin1, occludin, ephrin A2 and EGFR appear to be important for 
viral cell entry (Zeisel et al., 2013) (Figure 1.2.4). The E2-cell receptor 
complex then moves to the tight junction involving interactions with occludin 
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and claudin1, likely followed by interactions with NPC1L1 and EGFR to 
initiate cell entry. Following attachment, viral entry into the host cell proceeds 
via pH-dependent and clathrin-mediated endocytosis (Hsu et al., 2003, 
Blanchard et al., 2006). Following cell entry via endocytosis, the HCV 
genome is released into the cytoplasm by pH-dependent membrane fusion 
which requires acidification of the endoplasmic vesicle (Tscherne et al., 
2006, Blanchard et al., 2006). E1 has been indicated as the viral protein 
which mediates fusion (Tong et al., 2017). The nucleocapsid is destroyed 
following membrane fusion and the viral RNA is released into the host 
cytoplasm (Figure 1.2.4).  

Translation of the HCV genome occurs in the rough endoplasmic reticulum 
(ER), initiated by direct binding of the IRES to the 40S ribosomal subunit 
which induces assembly of the 80S ribosome (Spahn et al., 2001, Rijnbrand 
and Lemon, 2000, Kieft et al., 2001). Cis-acting RNA elements in the 3’ UTR 
along with two stem loop structures in the core-coding region of the HCV 
genome are proposed to stimulate HCV RNA translation which proceeds via 
a cap-independent mechanism associated with direct binding of the IRES to 
the ribosome (Honda et al., 1996). The liver specific microRNA 122 (miR-
122) plays an important role by binding at two sites within the 5’ UTR leading 
to viral genome stabilisation, replication and translation (Jopling, 2008, 
Mortimer and Doudna, 2013). In conjunction with Argonaute (Ago) 2, miR-
122 binds to the viral genome in the 5’ UTR to protect the genome from host 
Xrn1 5’ exonuclease activity thus protecting the genome from decay 
(Shimakami et al., 2012). This is an unusual function for a microRNA 
(miRNA) as usually miRNAs bind to the 3’ UTR, recruit Ago proteins to 
initiate mRNA translation repression and destabilisation. How exactly miR-
122 and Ago2 both binding to uncapped HCV RNA stimulates viral genome 
translation is unknown (Roberts et al., 2011). miR-122 also plays a role in 
increasing viral RNA synthesis, which appears to require the dissociation of 
Ago2 from the viral genome, to reduce the amount of viral RNA engaged in 
translation (Masaki et al., 2015). RNA replication occurs via a negative 
strand intermediate by the NS5B RdRp. Circulation of the HCV genome via 
motifs in the IRES and the NS5B sequence might function to prevent 
encounters between the ribosome and the viral replicase complex which 
move in the 5’ to 3’ and 3’ to 5’ direction respectively (Romero-Lopez et al., 
2014, Paul et al., 2014). Translation produces a polyprotein which is about 
3000 amino acid in length which (as already described in section 1.2.4) is 
processed by two host and two viral proteases. Viral assembly occurs via a 
multi-step process within the ER or  
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Figure 1.2.4 HCV life cycle  
Representation of the life cycle of HCV beginning with viral attachment mediated by 
apolipoproteins and HCV structural proteins E1 and E2 interacting with cellular 
proteins including LDLR, CD81 and SRB1. Attachment is followed by clathrin-
mediated endocytosis. Acidification of the endoplasmic vesicle triggers membrane 
fusion thought to be mediated by E1. Membrane fusion is followed by nucleocapsid 
decay and viral RNA release into the cytoplasm. Viral RNA is translated via the 
HCV IRES binding to the host ribosome. The polyprotein is processed and cleaved 
by two cellular factors and two viral proteins. NS4B amongst other viral proteins 
lead to the formation of the membraneous web (from ER membrane) and viral 
replication complexes where the viral RNA is replicated by NS5B. Release of the 
progeny RNA leads to nucleocapsid formation after which the forming viral particle 
buds of the ER. Viral particles are thought to be released through the VLDL and 
LDL formation pathway. Schematic from (Manns et al., 2017).  



16 
 

on the surface of lipid droplets (Figure 1.2.4). The viral replicase complex is 
constructed of the non-structural proteins of NS3 to NS5B which associates 
with the viral genome. The NS3 helicase domain is responsible for 
unwinding the RNA in a ratchet-like or inchworm manner (Gu and Rice, 
2010, Dumont et al., 2006). NS4A is responsible for localising NS3 to the ER 
membrane and regulating both its protease and helicase activities 
(Lindenbach et al., 2007). HCV infection leads to remodelling of intracellular 
membranes believed to be induced by NS4B, possibly in conjunction with 
NS5A (Romero-Brey et al., 2012, Egger et al., 2002). A membranous web is 
formed derived from the ER (Egger et al., 2002, Romero-Brey et al., 2012, 
Ferraris et al., 2013). The membraneous web is were RNA replication is 
thought to take place and are also referred to as viral replication factories 
(Paul et al., 2013) (Figure 1.2.4). Several cellular factors appear to be 
required or contribute towards the formation of the membraneous web and 
the viral replication factories such as Proline-Serine-Threonine Phosphatase 
Interacting Protein 2 (PSTPIP2) (Chao et al., 2012). NS4B and NS5A 
interact with PSTPIP2 which is an inducer of positive membrane curvature. 
The membraneous web includes altered cellular membranes, HCV non-
structural proteins, viral RNA, and lipid droplets (Egger et al., 2002, Gosert 
et al., 2003, Romero-Brey et al., 2012). HCV infection has also been shown 
to induce de novo lipid and membrane biosynthesis. Induction appears to 
occur via the sterol regulatory element-binding protein (SREBP) pathway 
(Waris et al., 2007). Viral assembly is not yet fully understood however, 
nucleocapsid formation requires the viral progeny RNA to be released from 
the replication site. Viral particle production is initiated on the cytosolic side 
of the ER membrane and once nucleocapsid formation is initiated the viral 
particle buds and is released on the luminal side of the ER membrane 
(Figure 1.2.4). Maturation and viral particle release appears to be linked to 
the production of VLDLs and LDLs (Figure 1.2.4). The distribution of lipid 
droplets changes from a generalised cytoplasmic pattern to accumulation 
around the perinuclear region during HCV infection (Popescu et al., 2011). 
Indeed there appears to be a strong link between HCV and lipid metabolism 
throughout the virus life cycle (Alvisi et al., 2011).  
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Figure 1.2.5 Liver lobule and portal triad  
A) The liver is made up of liver lobules which represents the basic structural unit of 
the liver. B) A liver lobule consists of cords of hepatocytes separated by the 
sinusoidal capillaries which carry blood from the hepatic portal vein to the central 
vein. The portal vein is part of the portal triad which also contains a branch of the 
hepatic artery and a branch of the bile duct. At the apical side of the hepatocytes 
are the bile canaliculi which collect the bile and transport it to the bile duct. Figure 
from (Junqueira and Mescher, 2013)  
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1.3 The Liver  

  Liver architecture and function 

The liver makes up about 2.5 % of total human body weight and is the 
largest gland in the body. The liver has many functions and is responsible for 
the synthesis, storage and breakdown of many substances. The liver 
consists of several different cell types divided into parenchymal and non-
parenchymal cells. Parenchymal cells include hepatocytes and 
cholangiocytes (biliary epithelial cells). Non-parenchymal cells only make up 
about 6.3 % of the liver tissue volume and include endothelial cells, Kupffer 
cells (liver resident macrophages) and hepatic stellate cells (HSCs), 
whereas hepatocytes make up about 78 % of the volume (Blouin et al., 
1977).  

The liver lobule represents the basic structural unit of the liver (Figure 1.2.5). 
The lobule is made up of plates of hepatocytes between which are the 
sinusoidal capillaries carrying blood from the portal tract to the terminal 
hepatic venule. The portal tract or portal vein is part of a portal triad of 
vessels also consisting of the bile duct and hepatic artery. The portal vein 
and the hepatic artery both supply blood to the lobule. Hepatocytes 
metabolise, transform and store a range of substances absorbed by the 
intestine and secreted by the pancreas, and spleen. Functional and gene 
expression differences exist between hepatocytes located closer to the 
portal venule (periportal hepatocytes) and those located closer to the central 
hepatic venule (centrilobular hepatocytes) (Gumucio, 1989) leading to 
functional compartmentation along the porto-central axis of metabolic 
activities also known as liver zonation. Liver zonation is required for 
metabolic homeostasis (Torre et al., 2010). Blood perfusion from portal to 
hepatic venule thus allows progressive qualitative modification of the 
sinusoidal blood composition.  

Hepatocytes are arranged in cords with tight junctions formed between cells. 
Hepatocytes are polarised epithelial cells where the basolateral surface 
faces the sinusoidal endothelial cells, whereas the apical surface is 
responsible for the transport of bile acid. Bile is collected by the canaliculi 
and carried to the bile duct within the portal triad, from which it is transported 
to the gall bladder. Canals of Hering are responsible for conducting bile from 
the canaliculi to the bile ducts in the portal triad and are lined with both 
cholangiocytes and hepatocytes. The Canals of Hering form the hepatocytic-
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biliary interface and have been identified as the location of adult bi-potential 
progenitor cells (Figure 1.3.1).  

 Liver cell types  

Hepatocytes are the main cell type of the liver and make up most of its 
mass. These specialised epithelial cells carry out many functions relating to 
the synthesis, detoxification, metabolism and storage a range of substances. 
Hepatocytes synthesise and secrete proteins such as albumin and clotting 
factors, produce bile and chemically process both exogenous substances 
such as drugs and medicines and endogenous substances such as 
hormones. Hepatocyte synthesis and storage functions are very important 
for nutrient homeostasis. Hepatocytes are cuboidal in shape and are highly 
polarised cells with a round nucleus and a large number of mitochondria 
(Treyer and Musch, 2013, Costa et al., 2003, Berasain and Avila, 2015).  

Cholangiocytes are bile duct epithelial cells which play a role in bile duct 
formation (Boyer, 2013). Cholangiocytes are responsible for the modification 
of bile as it is transported through the bile ducts to the gall bladder for 
storage. Cholangiocytes transport various ions, solutes and water across 
their apical and basolateral membranes in a coordinated fashion (Boyer, 
2013). 

Endothelial liver cells include the vascular endothelial cells and the liver 
sinusoidal endothelial cells (LSEs). LSEs are highly specialised endothelial 
cells that form the liver sinusoid, which is a fenestrated, and so therefore 
highly permeable endothelial barrier (Sorensen et al., 2015). Liver sinusoids 
receive nutrient-rich blood from the portal vein (70 %) and oxygen-rich blood 
from the hepatic artery (30 %). Liver sinusoids act to equalise blood 
pressure and maintain the hepatic venous pressure at about 4 mmHg (Lee 
et al., 1988). The discontinuous nature of LSEs basement membrane allows 
blood plasma to enter the space between the LSEs and the hepatocyte, 
known as the space of Disse, or peri-sinusoidal space (Figure 1.3.1).  

HSCs exist in the space of Disse with several protrusions which wrap around 
the sinusoids (Figure 1.3.1). HSCs are responsible for storing 80 % of 
retinoids within cytoplasmic lipid droplets (Hellerbrand, 2013). HSCs are 
usually quiescent however during liver injury these cells expand and play a 
prominent role in extracellular matrix (ECM) remodelling and liver fibrosis 
(Friedman, 2008). Recently HSCs have been suggested to be a form of non-
professional antigen-presenting cells (Vinas et al., 2003).  
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Figure 1.3.1 Schematic of the cells and vascular system of the liver 
Diagram of the micro anatomy of the liver and liver cell types. Hepatocytes are 
polarised cells which form plates separated by sinusoids. The endothelial cells of 
the sinusoids are separated from the hepatocytes by the space of Disse. Plasma is 
filtered through the sinusoidal endothelial cells into the space of Disse, the lymph 
then drains into the portal tract lymphatics through the space of Mall. The apical 
surface of hepatocytes is the site of bile acid transportation. Bile is collected by the 
canaliculi and carried to the bile duct within the portal triad. The bile ducts are line 
with both cholangiocytes and hepatocytes. The sites of hepatocytic-biliary interface 
are named the Canals of Hering and have been suggested to harbour bi-potent 
adult liver progenitor cells. Blood flows from the portal vein and hepatic artery 
through the liver sinusoid to the central vein. HSCs are located in the Space of 
Disse and have several protrusions which wrap around sinusoidal cells. Schematic 
from (Tanaka and Iwakiri, 2016). The numbers 1-3 show the flow of lymphatic fluid, 
1) highlights how the lymphatic fluid in the space of Disse flows through the space 
of Mall into the interstitium of the portal tract and then finally into the lymphatic 
capillaries. 2) some of the space of Disse lymphatic fluid also flows into the central 
vein interstitum and 3) also underneath the hepatic capsule.   
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Kupffer cells are the tissue resident specialised macrophages of the liver, 
located in the liver sinusoid. Kupffer cells represent about 80 % of tissue 
macrophages and play a crucial role in the innate immune response (Dixon 
et al., 2013). In addition to phagocytosing pathogens entering the liver from 
the portal or arterial circulation, Kupffer cells also represent a defence 
against immuno-reactive material entering from the intestinal tract. Kupffer 
cells are also responsible for clearing dead erythrocytes from the systemic 
circulation (Dixon et al., 2013).  

 Embryonic liver development  

Hepatogenesis is a widely conserved process which has allowed much to be 
elucidated from the use of animal models. The embryonic origin of liver cells 
differs: hepatocytes and cholangiocytes arise from the endoderm whereas 
stromal, hepatic stellate, Kupffer and endothelial cells arise from the 
mesoderm. A series of reciprocal interactions between these two germ 
layers are required for hepatogenesis. At embryonic day (E) 7 of mouse 
development the endoderm forms a primitive gut tube which is initiated by 
Nodal signalling (Figure 1.3.2). Low doses of Nodal induce the mesoderm 
whereas higher doses induce the endoderm (Shen, 2007, Zorn and Wells, 
2007) which leads to expression of the transcription factors SRY (sex 
determining region Y)-box (SOX)17 and Forkhead box protein (FOX) A1-3. 
These transcription factors in turn regulate a set of genes which commit cells 
to the endoderm lineage. The gut tube undergoes further patterning forming 
the foregut, midgut and hindgut domains (Figure 1.3.2), initiated by secreted 
factors which include fibroblast growth factor (FGF) (Dessimoz et al., 2006), 
Wnt (McLin et al., 2007), bone morphogenetic protein (BMP) (Tiso et al., 
2002) and retinoic acid (Chen et al., 2004) from the adjacent mesoderm 
(Kumar et al., 2003). The posterior mesoderm secrets FGF4 and Wnt to 
repress the foregut fate and promote hindgut formation. Wnt and FGF4 
signalling are inhibited in the anterior endoderm to allow foregut 
development (McLin et al., 2007, Wells and Melton, 2000, Dessimoz et al., 
2006). The gall bladder, pancreas, lungs and liver arise from the foregut 
(Chalmers and Slack, 2000, Deutsch et al., 2001, Serls et al., 2005) which is 
identified by hematopoietically-expressed homeobox protein (Hhex) 
expression (Moore-Scott et al., 2007). Specifically the hepatic fate is induced 
to develop from the ventral foregut endoderm (Tremblay and Zaret, 2005) by 
FGF signals from the developing heart and BMPs from the septum 
transversum mesenchyme (Fukuda-Taira, 1981, Gualdi et al., 1996, Jung et 
al., 1999, Douarin, 1975, Rossi et al., 2001).  
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Hepatic specification occurs at E8.5- E9.0, and the epithelium begins to 
express liver genes such as albumin, alpha-fetoprotein (AFP) and 
hepatocyte nuclear factor (HNF) 4α and form the liver diverticulum (Bort et 
al., 2006) (Figure 1.3.2). Formation of the liver diverticulum is marked by the 
transition from simple cuboidal cells to a pseudostratified columnar 
epithelium. The anterior of the liver diverticulum goes on to form the liver and 
biliary tree whereas the gall bladder and extrahepatic bile ducts arise from 
the posterior. Several transcription factors and signals from endothelial cells, 
lead to liver bud formation, during which bi-potent hepatoblasts delaminate 
from the epithelium and invade the adjacent septum transversum 
mesenchyme (Bort et al., 2006) (Figure 1.3.2). Hepatoblasts express 
hepatocyte genes (such as HNF4a and albumin), cholangiocyte genes (such 
as cytokeratin (CK) 19 and foetal liver gene AFP. Transcription factors 
including Hhex (Keng et al., 2000, Martinez Barbera et al., 2000), Gata4 
(Watt et al., 2007), Gata6 (Zhao et al., 2005) and the later acting prospero 
homeobox protein (Prox) 1 (Sosa-Pineda et al., 2000), HNF6 (or Onecut 
(OC)-1) and OC-2 (Margagliotti et al., 2007) regulate liver bud formation. 
The hepatic vasculature development through angiogenesis and 
vasculogenesis accompanies the formation of the liver bud (Matsumoto et 
al., 2001, Gouysse et al., 2002). The liver bud undergoes a period of growth 
and vascularisation from E10-E15 during which the liver bud is also 
colonised with hematopoietic cells (Figure 1.3.2). Liver bud growth is 
regulated by intrinsic hepatoblast gene expression and by signals from the 
hepatic mesenchyme including FGF, BMP, hepatocyte growth factor (HGF), 
Wnt, transforming growth factor beta (TGFβ) and retinoic acid. These signals 
promote hepatoblast migration, proliferation and survival. Interestingly, 
during earlier stages of liver development Wnt signalling must be repressed 
to allow hepatic specification, however during liver bud growth Wnt signalling 
from the mesenchyme promotes liver development (Lade and Monga, 2011). 
Hepatoblasts which are in contact with the portal vein initially form a 
monolayer and then a bilayer and begin to commit to the cholangiocyte 
lineage by decreasing hepatic gene expression and increasing biliary gene 
expression. Hepatoblasts not in contact with the portal veins undergo 
hepatocyte differentiation. From E17 hepatocytes become arranged in 
characteristic hepatic cords and the intrahepatic bile ducts form (Figure 
1.3.2).  



23 
 

 

Figure 1.3.2 Mouse model of embryonic liver development 
Diagram of mouse embryos at different developmental stages. The endoderm is 
highlighted in yellow, the liver in red and the gall bladder in green. Developmental 
events are listed below. During gastrulation (E6.5-E7.5 the endoderm is formed 
following which the endoderm is patterned into the foregut (fg), midgut (mg) and 
hindgut (hg) domains. The ventral foregut adjacent to the heart gives rise to the 
liver. Hepatic specification occurs by E8.5. By E9 the liver diverticulum (ld) is 
formed which grows and expands into the liver bud by E10. The liver bud 
undergoes a period of growth and hepatoblast differentiation into hepatocytes and 
cholangiocytes. The liver continues to develop and mature into the postnatal period. 
Figure from (Zorn, 2008)  
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 Hepatocyte differentiation  

Hepatocytes arise from bi-potential hepatoblasts which are also able to 
differentiate into cholangiocytes. The underlying mechanisms driving cell 
fate decision are unclear. It has been suggested however that signals from 
the periportal region including TGFβ, Notch, Wnt and FGFs lead to 
hepatoblasts committing to a cholangiocyte fate (Lemaigre, 2009, Zong and 
Stanger, 2012). However, lower level exposure to these signals for 
hepatoblasts located further away from the periportal region commit cells to 
a hepatocyte fate. Additionally, HGF is a growth factor that has been 
identified as an inducer of the hepatocytic lineage (Suzuki et al., 2003).  

Hematopoietic cells that migrate to the liver around mouse E10 have been 
shown to play a role during deciding hepatocyte cell fate by secreting 
hepatocyte inducing signals such as Oncostatin M. Oncostatin M induces 
the expression of hepatocyte markers such as serum proteins via signal 
transducer and activator of transcription (STAT) 3 mediated signalling (Ito et 
al., 2000, Kamiya et al., 1999). The transcriptional repressor T-box 
transcription factor (TBX) 3 appears to be important to ensure continued 
expression of hepatocyte differentiation regulators HNFα and 
CCAAT/enhancer-binding protein alpha (c/EBPa), whereas TBX3 needs to 
be eliminated to ensure cholangiocyte differentiation (Ludtke et al., 2009, 
Suzuki et al., 2008).  

Hepatocytes derived from hepatoblasts continue to differentiate and mature 
throughout the rest of embryonic development and into postnatal life. 
Maturing hepatocytes need to acquire several characteristic features to be 
able to support systemic homeostasis including quiescence, metabolic 
activation, cellular polarity and undergo a process of functional zonation. A 
set of core transcription factors have been identified that drive these 
processes, including HNF1α, HNF1β, FOXA2, HNF4, HNF6 and liver 
receptor homolog 1 (LRH1) (Kyrmizi et al., 2006, Schrem et al., 2002, 
Junqueira and Mescher, 2013). A model has been proposed where a 
threshold of each transcription factor is reached at a specific stage during 
development ensuring the correct temporal induction of target genes 
(Lemaigre, 2009). However extensive cross regulation exists between these 
transcription factors. Interestingly many of these transcription factors are 
also important for regulating gene transcription in the adult liver and it is 
unclear how these transcription factors fulfil different roles and induce 
different sets of genes during hepatogenesis compared with in the mature 
liver.  
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Genetic mouse models have highlighted a growing network of additional 
transcription factors, co-regulators and mRNA splicing factors that act 
alongside these core transcription factors to maintain hepatocyte gene 
expression in the adult liver (Wang et al., 1995, Flodby et al., 1996, Odom et 
al., 2004, Lokmane et al., 2008, Coffinier et al., 2002, Pontoglio et al., 1996, 
Le Lay and Kaestner, 2010, Bochkis et al., 2008). For example the 
transcription factor pregnane X receptor (PXR) which is regulated by HNF4α 
is required during foetal hepatocyte differentiation but is switched off in 
mature hepatocytes. Another study identified thousands of enhancers which 
were bound by HNF4α and FOX2A in a differentiation dependent manner. 
Enhancer switching was dependent on chromatin remodelling and led to 
differential expression of target genes. Hippo signalling appeared to play a 
crucial role in enhancer switching by influencing HNF4α and FOX2A 
interactions with temporal enhancers (Alder et al., 2014). Transcription 
factors may execute differential functions during development and in the 
adult liver by interacting with temporal enhancers. mRNA splicing can also 
play an important role as elucidated for HNF4α. HNF4α has at least nine 
isoforms which are generated by using two alternative promoters (P1 and 
P2) and the alternative splicing of the generated transcripts (Sladek et al., 
1990, Torres-Padilla et al., 2001). Structural differences exist between the 
different isoforms which alter their interaction with transcriptional co-
regulators and influence their gene-regulatory properties (Sladek et al., 
1999, Wang et al., 1998, Torres-Padilla et al., 2002, Briancon and Weiss, 
2006). Transcripts originating from the two different promoters appear to be 
sequentially expressed during development (Torres-Padilla et al., 2001).  

A complex series of transcriptional mechanisms are essential for functional 
liver zonation (Braeuning et al., 2006) with an essential role having been 
assigned to the Wnt/ β-catenin pathway. In peri-central hepatocytes active β-
catenin has been found whereas the β-catenin negative regulator, 
Adenomatosis Polyposis Coli (APC), has been discovered in periportal cells 
(Benhamouche et al., 2006). However other factors appear to play a role 
alongside β-catenin in modulating liver zonation including HNF4α.  

  Hepatocyte polarisation  

Hepatocytes are highly organised cells are polarised with distinct luminal 
and basolateral compartments. The basal membrane faces the liver 
sinusoidal endothelial cells and mediates the interaction with the 
extracellular matrix. The apical side faces the bile canaliculi. Hepatocyte 
polarity is tightly regulated and is essential for the many functions of these 
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cells. Polarity is maintained and regulated by certain cell adhesion 
molecules, cytoskeletal factors and intracellular trafficking factors (Treyer 
and Musch, 2013). Hepatocytes form chains of cells sealed by tight 
junctions. Cell polarity allows hepatocytes to absorb and secrete proteins 
and other solutes in a directional manner. This is essential to the function of 
hepatocytes as they take up, process and secrete sinusoidal blood 
components and also synthesise and secrete bile. Unlike other epithelial 
cells which are polarised in the plane of the tissue (Bryant and Mostov, 
2008), hepatocytes are unique in that two adjacent cells contribute towards 
an apical plasma membrane that form the bile canaliculi (Slim et al., 2013). 
Hepatocytes are organised into one or two cell thick plates which have 
multiple luminal and basal domains. Most epithelia establish a basal lamina 
however hepatocytes do not assemble extra cellular matrix molecules into a 
dense matrix. Basement membrane deposition during liver cirrhosis in fact 
disrupts tissue organisation and impairs hepatocyte function (Musch, 2014). 
Structural polarity is maintained by tight junctions which consist of claudins, 
occludins, and TJP proteins (Musch, 2014). E-cadherin is an important 
initiation factor for epithelial polarisation (Musch, 2014). E-cadherin is able to 
form a platform to assist the assembly of adherens junctions. Adherens 
junctions to link cell-cell contacts to the actin cytoskeleton and are essential 
in the maintenance of the actin belt (Treyer and Musch, 2013). Hepatocyte 
polarisation is tightly controlled during differentiation and liver development 
and abnormalities in hepatocyte polarisation can have major pathological 
consequences.  

  Response to liver damage & adult liver progenitor cells  

The liver has extraordinary regenerative capability, which has likely evolved 
due to its role as first line of exposure to foreign substances and toxins 
absorbed from the intestine and delivered to the liver for biotransformation. 
Under normal homeostatic conditions, hepatocytes and other liver cells are 
largely quiescent; the liver has a low rate of cell turnover. Hepatocytes can 
persist for weeks and even up to months without dividing and less than 1-2 
% of hepatocytes are cycling at any given time (Macdonald, 1961).  

The liver response to acute liver injury, for example from drugs, alcohol, 
toxins or surgical removal of liver mass, occurs via the synchronised cell 
cycle re-entry of hepatocytes. Hepatocytes undergo several rounds of 
division until the original liver mass is restored (Michalopoulos, 2007, 
Michalopoulos, 2013). Malato et al., demonstrated the high efficiency of 
hepatocyte replication to a variety of acute injuries by using genetic labelling 
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to show that in response to acute injury, new hepatocytes are derived from 
pre-existing hepatocytes (Malato et al., 2011). Liver organ size is tightly 
regulated via several redundant and interacting signalling pathways. Liver 
regeneration in response to acute liver injury has commonly been 
investigated using animal models of partial hepatectomy. Non-parenchymal 
cells in the liver including HSCs, LSEs and Kupffer cells also play a role in 
the response to acute injury and help control the epithelial regeneration 
(Forbes and Rosenthal, 2014).  

An alternative hypothesis of liver regeneration is that tissue resident stem 
cells help repopulate the liver after injury; this is known as the facultative 
stem cell hypothesis. Bi-potent HPCs appear to play a predominant role 
during chronic liver injury when hepatocyte replication is exhausted or 
inhibited, for example due to viral infection, metabolic disorders (e.g. 
diabetes) or persistent alcohol consumption (Blachier et al., 2013). Chronic 
liver injury induces what is commonly referred to as a ductular reaction 
during which adult liver progenitors emerge from the putative stem cell 
niche, the canals of Hering. The HPCs are able to differentiate into both 
hepatocytes and cholangiocytes, similar to hepatoblasts during development 
(Miyajima et al., 2014). These progenitors are able to differentiate into 
hepatocytes and contribute to liver regeneration (Stanger, 2015, Diehl and 
Chute, 2013, Williams et al., 2014), however the extent to which HPCs 
contribute to liver repair and hepatocyte replenishment is under research 
and still in debate (Diehl and Chute, 2013, Boulter et al., 2013, Huch et al., 
2013). Yoon et al., showed that in cirrhotic livers hepatocytes which were 
positive for the progenitor marker epithelial cell adhesion molecule (EpCAM) 
also had longer telomere length than those hepatocytes which lacked 
EpCAM expression and associated close to ductular reactions (Yoon et al., 
2011). Death of parenchymal cells due to liver injury induces cellular 
changes, leading to the infiltration of inflammatory cells and vascular 
alterations (Lawson et al., 1998). HPC associated liver regeneration is often 
accompanied by ECM remodelling and the deposition of collagens and 
laminins (Kallis et al., 2011, Klaas et al., 2016).  

HSCs and portal fibroblasts are both ECM producing and modifying cells 
which contribute to liver fibrosis and cirrhosis during chronic liver injury. 
HSCs are thought to be the main contributors however (Mederacke et al., 
2013). It is possible that HPCs may even contribute to profibrotic signals 
under certain circumstances (Chen et al., 2015b). The ECM may play a role 
in the regulation of HPC proliferation and differentiation (Tsukada et al., 
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2009). Several inflammatory signalling molecules have been implicated in 
the induction of HPC proliferation, including tumour necrosis factor (TNF) α, 
interleukin (IL)-6 and interferon (IFN) γ (Knight et al., 2000, Yeoh et al., 
2007, Akhurst et al., 2005). Growth factors such as HGF and epidermal 
growth factor (EGF) play a role in regulating both HPC proliferation and 
differentiation (Ishikawa et al., 2012, Kitade et al., 2013). Boulter et al., 
demonstrated that Notch induces cholangiocyte differentiation of HPCs and 
Wnt signalling by Kupffer cells, opposes Notch signalling to promote 
hepatocyte differentiation (Boulter et al., 2012).  

  Types of primary liver cancer 

Primary liver cancer represents the sixth most common cancer worldwide, 
yet is the second leading cause of cancer related death with a growing 
disease burden (International Agency for Research on Cancer., 2014). 
Primary liver cancer comprise a heterogeneous group of tumours, including 
hepatocellular carcinoma, intrahepatic cholangiocarcinoma (ICCA), mixed 
HCC-ICCA, fibrolamellar HCC, angiosarcoma (or haemangiosarcoma) and 
hepatoblastoma (Lozano et al., 2012, International Agency for Research on 
Cancer., 2010). HCC was thought to have a hepatocellular origin and is 
often associated with cirrhosis and fibrosis. The main risk factors for HCC 
include viral hepatitis (HBV and HCV), excessive alcohol consumption, and 
non-alcoholic fatty liver disease in patients with metabolic diseases such as 
diabetes. ICCA has features of cholangiocyte origin and risk factors include 
primary sclerosing cholangitis, biliary duct cysts, hepatolithiasis, parasitic 
biliary infestation with flukes and HCV (Bridgewater et al., 2014, Li et al., 
2015a). Fibrolamellar carcinoma is a rare subtype of HCC which is more 
common in younger adults and is not usually linked to cirrhosis or viral 
hepatitis. Angiosarcoma is an extremely rare primary liver cancer which 
begins in the blood vessels of the liver. Hepatoblastoma is also very rare 
and commonly affects young children under three. Hepatoblastoma cells 
have a mixed foetal hepatocyte, mature hepatocyte and cholangiocyte 
phenotype.  

HCC and ICCA are the most common forms of primary liver cancer; with 
HCC alone accounting for 90 % of all primary liver cancer cases (Llovet et 
al., 2016). Viral hepatitis represents a common risk factor for HCC and ICCA 
(Palmer and Patel, 2012). Tumours of the liver have a heterogeneous 
morphology both within the same tumour and between different tumours. 
Classification is not always straight forward and some HCC and ICCA have 
progenitor cell features such as expression of the progenitor marker CK19 
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(Roskams et al., 2003, Lee et al., 2006, Wang et al., 2011a, Roskams, 
2006). Mixed HCC-ICCA presents with a mixed hepatocyte & cholangiocyte 
phenotype (Singh et al., 2013). The cellular origin of HCC, ICCA and HCC-
ICCA is much debated and possible cells of origin include HPCs and mature 
hepatocytes and cholangiocytes (Figure 1.3.3). HPCs may give rise to either 
HCC, ICCA or HCC-ICCA. Mature hepatocytes may undergo a process of 
dedifferentiation and transformation to give rise to HCC. Hepatocytes also 
have significant plasticity (Tarlow et al., 2014) and may undergo a process of 
transdifferentiation. Some hypothesise that cholangiocyte cells only give rise 
to ICCA and that cholangiocytes lack the same plasticity (Guest et al., 2014). 
However a study by Forbes and his group demonstrated that cholangiocytes 
are in fact able to dedifferentiate into HPCs and give rise to hepatocytes 
during liver regeneration (Raven et al., 2017).  

Experimental evidence supports both a HPC and hepatocyte origin for HCC. 
For example genetic alterations of Hippo pathway genes in mice lead to the 
expansion of HPCs and ultimately the development of both HCC and ICCA 
(Lu et al., 2010, Lee et al., 2010, Fitamant et al., 2015). Alternatively, mature 
hepatocytes are able to dedifferentiate into nestin-positive HPC-like cells 
after the loss of tumour suppressor gene TP53, leading to HCC development 
after the acquisition of other subsequent oncogenic mutations 
(Tschaharganeh et al., 2014). Ultimately it is likely that both HPCs and 
mature hepatocytes are able to give rise to HCC, ICCA and HCC-ICCA 
primary liver cancer and this may vary depending upon the nature of the liver 
injury in question, or the hepatic background in which the cancer arises. 
Further research is needed to determine which circumstances give rise to 
tumours from HPCs or mature hepatocytes. Animal models are useful 
particularly for using cell fate tracing studies however discrepancies exist 
between mice and humans. The gap between cell fate tracing in animals and 
studies of patients with liver injury needs to be filled.  
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Figure 1.3.3 Possible cells of origin of HCC and ICCA 
Multiple cells types may be the cell of origin of HCC and ICCA. HCC and ICCA can 
develop from mature hepatocytes and cholangiocytes respectively, via 
dedifferentiation and transformation. HPCs can also give rise to HCC, ICCA and 
mixed HCC-ICCA tumours. Mature hepatocytes are plastic and evidence suggests 
that these cells can be reprogrammed and transdifferentiate and also lead to the 
development of ICCA. From (Sia et al., 2017).  
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1.4 Hepatocellular carcinoma  

  General background and features 

HCC commonly develops in patients with advanced hepatic fibrosis and 
cirrhosis due to chronic liver disease, particularly as a result of liver damage 
caused by viral hepatitis, HCV and HBV. Due to this HCC incidence is 
similar to the incidence of HCV and HBV, with the highest incidence rates in 
Asia and Sub-Saharan Africa. Development of HCC due to chronic HCV 
infection occurs almost exclusively in the presence of cirrhosis, however 
about 8 % HCC developed in patients with advanced fibrosis only (Lok et al., 
2009). Most commonly HCC is classified into five stages of disease (0-very 
early, A, B, C and D- end stage) based on the Barcelona Clinic Liver Cancer 
staging classification (European Association for the Study of the Liver, 
2012). Depending on the disease stage, the degree of liver impairment, and 
condition of the patient, patients undergo different treatments and the 
disease stage and chosen treatment impacts upon the prognostic outcome. 
Possible treatments include surgical resection, radiofrequency ablation, 
chemoembolization, Sorafenib (trade name Nexavar) treatment and liver 
transplantation (European Association for the Study of the Liver, 2012).  

Only about 40 % of HCC patients are diagnosed in the early stages (stages 
0 and A) of HCC and become eligible for potentially curative therapies such 
as resection and liver transplantation. Generally resection is recommended 
for patients with a single tumour and preserved liver function. Patients with 
single tumours of less than 5 cm or with up to three nodules of less than 3 
cm are recommended for liver transplantation. The median survival rate for 
stage 0 and stage A patients is over 60 months and therapies include liver 
resection, transplantation or local ablation. Chemoembolization represents 
the recommended therapy for patients diagnosed at stage B and Sorafenib 
therapy is recommended at stage C. Median survival stand at 26 and 3 
months for stages B and C, respectively. Patients diagnosed with end-stage 
HCC (stage D) receive symptomatic treatment only.  

HBV vaccination has been shown to effectively reduce the incidence of HCC 
in those regions with a high prevalence of HBV. Interferon antiviral therapy 
can reduce the risk of HCC for patients living with chronic HCV infection 
(Singal et al., 2010). However new non-interferon-based DAAs will need to 
be assessed for their effectiveness at reducing the HCC risk; conflicting 
evidence has been published so far, with some reports suggesting DAA 
treatment reduces HCC risk whereas others finding no such risk reduction 
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(ANRS collaborative group on HCC, 2016, Finkelmeier et al., 2018, Ioannou 
et al., 2017, Reig et al., 2016, Waziry et al., 2017, Nault and Colombo, 
2016).  

There appears to be several stages of HCC development (Figure 1.4.1). 
HCC begins with the development of pre-cancerous cirrhotic nodules with 
low-grade dysplasia which then go on to progress into high-grade dysplastic 
nodules. These nodules may then subsequently transform into early stage 
HCC. As discussed in the previous section the cellular origin of HCC is 
unclear and HCC CICs may arise from mature hepatocytes, cholangiocytes 
or HPCs. The liver is rarely a target of classical cancer predisposition 
syndromes and genetic syndromes which predispose carriers to breast, 
ovarian or colorectal cancer are not often associated with liver tumours 
(Dragani, 2010). However there have been a number of single nucleotide 
polymorphisms (SNPs) associated with HCC risk (Nahon and Zucman-
Rossi, 2012). These SNPs act at different disease stages and include SNPs 
which predispose carriers to HCC risk factors such as developing chronic, 
rather than acute HCV infection such as the IL28B SNPs (Ge et al., 2009, 
Suppiah et al., 2009, Tanaka et al., 2009). Other SNPs are associated with 
modulating the severity of liver disease, malignant transformation of cirrhotic 
nodules or the progression of hepatic tumours (Nahon and Zucman-Rossi, 
2012). Furthermore the genetic condition call haemochromatosis which 
leads to increased iron storage in the liver is associated with an increased 
risk of developing HCC (Kowdley, 2004). HCC commonly develops by the 
accumulation of somatic genomic alterations. On average HCC nodules 
carry 40 functional somatic alterations in coding regions. This is reflected in 
the heterogeneous nature of HCC to which epigenetic modifications; 
including changes to DNA methylation, histone patterns, chromatin 
remodelling, miRNAs and long noncoding RNAs (ncRNAs) expression, also 
contribute (Guichard et al., 2012, Nault et al., 2013, Schulze et al., 2015).  

The genetic alterations which accumulate in HCC do not appear to be 
entirely random. There appear to be common pathways which are altered 
and promote oncogenesis. Different pathways may be related to specific risk 
factors such as chronic HCV infection (Schulze et al., 2015). Whole genome 
sequencing has identified the pathways which are commonly altered in HCC. 
The pathways identified relate to telomere maintenance, the cell cycle such 
as p53 and the retinoblastoma (Rb) pathway, Wnt/β-catenin signalling, 
Hippo signalling, the oxidative stress pathway, the protein kinase 
B/mammalian target of rapamycin (Akt)/ (mTOR) pathway, Map kinase 
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signalling and epigenetic modification. The choice of HCC treatment 
currently relies mainly on phenotypic clinical staging; however molecular 
analysis has prognostic value using biomarkers and increases HCC 
understanding.  

HCC can be divided into two subtypes on a molecular level: proliferative and 
non-proliferative class. The proliferative class is more aggressive and is 
enriched in signals relating to cell proliferation and cell cycle progression 
(Sia et al., 2017, Villanueva et al., 2012, Martinez-Quetglas et al., 2016, Sia 
et al., 2013). The non-proliferative class appears to retain normal hepatic 
features, shows lower levels of progenitor features and is dominated by 
activation of Wnt signalling (Lachenmayer et al., 2012). Several biomarkers 
have been identified for HCC and can help inform on treatment and 
prognosis. Biomarkers are also referred to cancer-stem cell markers or 
cancer-initiating cell markers (CICs). CICs have been identified as a small 
subset of tumour cells which are hypothesised to be responsible for 
treatment resistance, tumour recurrence and metastasis. This is often 
referred to as the cancer stem cell theory (Clarke et al., 2006). Any cancer 
treatment needs to target and eliminate this subpopulation of cells to ensure 
the cancer does not recur. Indeed in HCC CICs have been suggested to 
play a role in tumour growth, recurrence, metastasis and resistance to 
treatment (Xu et al., 2010a, Xu et al., 2010b). A set of CIC markers have 
been identified for HCC. Some CIC markers are common to many different 
cancers, whilst others are unique to a specific type of cancer and other 
markers appear to have opposing roles in different cancer types. CIC 
markers are used for prognostic purposes (to help to determine HCC stage) 
and to further our understanding of this specific cancer cell subpopulation in 
the hope of better targeting CICs. HCC CIC markers include: CK19 (Kawai 
et al., 2015), CD133 (Suetsugu et al., 2006, Ma et al., 2007, Ma et al., 2008), 
CD90 (Yamashita et al., 2013, Yang et al., 2008b), CD44 (Yang et al., 
2008b, Zhu et al., 2010), EpCAM (Yamashita et al., 2009) and CD24 (Lee et 
al., 2011). Kawai et al., found that HCC lines expressing CK19 had higher 
proliferative capacity and when transplanted into immunodeficient mice 
generated large tumours. In addition CK19 positive patients had significantly 
poorer recurrence-free survival compared to CK19 negative patients (Kawai 
et al., 2015). Huh7 cells positive for CD133 have higher proliferative 
potential capacity and tumourigenic potential compared to CD133 negative 
Huh7 cells (Suetsugu et al., 2006). Ma et al., found when analysing HCC cell  
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Figure 1.4.1 Schematic of the multi-step development of HCC 
Chronic liver damage leads to fibrosis and cirrhosis via a continuous cycle of 
destruction and regeneration. Hepatocyte proliferation becomes exhausted and 
HSCs become activated. Abnormal pre-cancerous liver nodules develop with low-
grade dysplasia. These cirrhotic nodules progress into high-grade dysplastic 
nodules and can eventually undergo transformation and lead to the development of 
HCC. Schematic from (Farazi and DePinho, 2006).  
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lines that CD133 positive cells had a greater tumour forming ability in vivo. 
CD133 positive cells were found to express a number of stem cell genes and 
shared characteristics with HPCs such as self-renewal (Ma et al., 2007, Ma 
et al., 2008). CD90 positive cells were associated with metastasis by 
Yamashita et al. Furthermore CD90 positive cells of different HCC cell lines 
had a higher tumourigenic capacity (Yang et al., 2008b). CD44 has been 
identified as a CIC marker in many different tumour types. Tumour cells 
expressing CD44 along with other CIC markers such as CD90 and CD133 
display a more aggressive phenotype, are associated with metastasis and 
have stem cell properties (Yang et al., 2008b, Zhu et al., 2010). EpCAM is 
another CIC marker that is associated with a stem cell and HPC in tumour 
cells expression the marker (Yamashita et al., 2009). EpCAM positive cells 
were shown to be able to self-renew and differentiate. CD24 has been 
identified as a CIC marker for HCC and other tumours (Burgos-Ojeda et al., 
2015, Huang and Hsu, 1995, Kristiansen et al., 2002, Liu et al., 2013, 
Salaria et al., 2015, Yang et al., 2014, Yang et al., 2009). CD24 is a heavily 
glycosylated cell membrane protein which is expressed by stem cells and 
progenitors. Chemoresistant CD24 positive HCC cells appear to be 
important for self-renewal, maintenance and metastasis of tumours, and 
expression is associated with poor patient prognosis (Lee et al., 2011). 
Furthermore this CD24 CIC phenotype appeared to be driven via STAT3 
mediated NANOG regulation by inducing STAT3 phosphorylation at tyrosine 
705 (Lee et al., 2011). Liu et al., found that the transcription factor twist-
Related Protein (Twist) 2 was responsible for upregulation of CD24 in HCC 
cells (Liu et al., 2014).  

 Signalling Pathways involved in HCC development and 
progression 

1.4.2.1  Wnt Signalling Pathway 

Wnt signalling is dysregulated in many types of cancer including HCC. 
Bengochea et al., found a potentially activating Frizzled (FZD) event in 95% 
of HCC resections (Bengochea et al., 2008). Wnt plays a role in a wide 
range of cellular processes such as proliferation, survival, migration, self-
renewal, embryonic development and cell fate decision (Anastas and Moon, 
2013), including during liver development and hepatocyte differentiation. Wnt 
signalling activation occurs via the canonical pathway which is β-catenin 
dependent or via the non-canonical pathway which is β-catenin independent. 
Non-canonical Wnt signalling includes the planar cell polarity pathway and 
the Wnt/Calcium pathway. The planar cell polarity pathway leads to 
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activation of Rho associated coiled-coil containing protein kinase (Rock) and 
c-Jun N-terminal kinase (JNK). For the Wnt/Calcium pathway Wnt5a binds to 
frizzled receptor 2 (FZD2) to activate phospholipase C eventually leading to 
increased intracellular calcium. Calcium then activates calcium/calmodulin-
dependent protein kinase II (CAMK2) and protein kinase C (PKC). These 
kinases in turn inhibit the canonical Wnt pathway. A majority of HCC cases 
(up to 90 %) exhibit beta-catenin activation which promotes cell growth. The 
exact role of non-canonical Wnt signalling in HCC is less well understood 
(Liu et al., 2016).  

1.4.2.2  MAPK signalling  

Mitogen-activated protein kinase (MAPK) signal transduction regulates many 
cellular processes such as cell survival and proliferation. MAPK pathways 
interact and modulate other signalling pathways such as Wnt/β-catenin and 
TGFβ/Smads. MAPK signalling is commonly dysregulated in malignancies 
including HCC (Min et al., 2011). Many studies have observed increased 
expression and activation of MEK1/2 and ERK1/2 in HCC tissue (Ito et al., 
1998b, Schmidt et al., 1997, Huynh et al., 2003, Tsuboi et al., 2004). Indeed 
MEK inhibition has been shown to lead to reduced HCC cell growth and 
increased apoptosis, further supporting the role of the pathway in HCC 
tumour growth (Huynh et al., 2003, Klein et al., 2006). Dysregulation of the 
MAPK pathway in HCC occurs at different points along the signalling 
cascade. Ras and Raf activating mutations are rare in HCC, whereas 
downregulation of Ras/MAPK pathway inhibitors such as GTPase-activating 
protein (GAPs), Ras-association domain family (RASSF) proteins, Spred 
and Sprouty proteins appear to be largely responsible for aberrant MAPK 
signalling. The MAPK pathway is a therapeutic target in HCC; Sorafenib is 
an inhibitor of several tyrosine kinases including the RAF family kinases.  

1.4.2.3  TGF-β signalling  

TGF-β appears to have dual and opposite roles in HCC, both tumour 
suppressive and tumour promoting. TGF-β regulates cell proliferation 
thereby acting as a tumour suppressor but TGF-β also enhances cancer cell 
motility and invasion. TGF-β and its intracellular mediators, the SMAD 
proteins, are responsible for the activation and proliferation of stromal 
fibroblasts, promoting fibrosis during chronic liver injury (Hellerbrand et al., 
1999, Ueberham et al., 2003). The exact role of TGF-β signalling in HCC 
may depend on the stage of disease progression. As HCC progresses it 
appears that the tumour-suppressive activity of TGF-β are selectively 
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reduced whereas the pro-oncogenic activity is increased (Yoshida et al., 
2016) 

1.4.2.4  STAT3 signalling  

STAT3 is a member of the STAT family of proteins and is activated by 
Tyr705 and Ser727 phosphorylation (Wen et al., 1995). Activation and 
phosphorylation as a result of cytokine and growth factor signalling such as 
from IL-6, EGF and HGF (Takeda and Akira, 2000, Hirano et al., 2000) leads 
to STAT3 dimerization, nuclear translocation and DNA binding. Tyr705 
phosphorylation is mediated by Janus kinases (JAKs), particularly JAK2. 
Ser727 phosphorylation appears to modulate STAT3 activity (Wen et al., 
1995). In healthy cells STAT3 activation leads to a negative feedback loop 
with Suppressor of cytokine signalling (SOCS) 3 activation (Kubo et al., 
2003) ensuring STAT3 activity is transient. However in cancer cells including 
HCC STAT3 is constitutively active which is generally associated with poor 
prognosis (Niwa et al., 2005, Ogata et al., 2006a, Ogata et al., 2006b, Li et 
al., 2006a, Liu et al., 2011c, Liu et al., 2011d). STAT3 target genes include 
pro-proliferative, anti-apoptotic and pro-invasion proteins such as cyclin D1, 
BCL-xL and metalloproteinases (MMPs) (Johnson et al., 2018).  

  HIPPO pathway  

The Hippo signalling pathway is an important pathway involved in organ size 
regulation, cell fate decision and differentiation. The pathway was first 
identified and described in Drosophila (Wu et al., 2003); however since then 
a significant body of work has described the function and regulation of the 
Hippo pathway in mammalian cells. The core of the pathway consists of a 
central kinase cascade concerned with the inactivation of the transcriptional 
regulators Yes-associated protein (YAP1) and transcriptional coactivator 
with PDZ-binding motif (TAZ- gene name: WW domain containing 
transcription regulator 1- WWTR1). TAZ was identified as a paralog of YAP 
which shares almost 50 % sequence homology (Kanai et al., 2000). TAZ is 
only present in vertebrates. TAZ lacks several domains present on YAP: a 
second WW domain present, the N-terminal proline rich domain and the Src 
homology 3 (SH3) binding motif (Kanai et al., 2000) (Figure 1.4.2). In the 
absence of Hippo signalling, hypo-phosphorylated YAP1 and TAZ are 
present in the nucleus and bind to transcription factors including TEA 
Domain Transcription Factor (TEAD) 1-4, SMAD1-4 (activated by TGF-β) 
and p73 (Strano et al., 2001, Xiao et al., 2016, Papaspyropoulos et al., 2018, 
Kim et al., 2018, Ferrigno et al., 2002, Varelas et al., 2010b, Hau et al., 
2013, Chen et al., 2010b) leading to a gene expression profile associated  
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Figure 1.4.2 Protein domains and regulatory sites of transcriptional 
regulators YAP1 and TAZ. 

TAZ is a paralog of YAP1 sharing almost 50 % sequence homology. Protein 
regions of note present in both YAP1 and TAZ include the WW domains (of which 
YAP1 has two), the coiled-coil (CC) domain, the TEAD-binding domain, the 
transcriptional activation domain (TAD), and the PDZ- binding motif. YAP1 also 
contains an SH3 domain and a proline rich motif. Also highlighted are the key 
residues which are targeted for post-translational modifications. These post-
translational modifications regulate the cellular location and stability of YAP1 and 
TAZ. Diagram is from (Varelas, 2014).   



39 
 

with cell survival and proliferation (Zanconato et al., 2016, Zhi et al., 2012, 
Campbell et al., 2013). YAP1 and TAZ do not contain DNA- binding domains 
and function as regulators of transcription factors. The kinase cascade 
consists of the mammalian Ste20-like kinases 1/2 (MST1/2- gene name: 
Serine/Threonine kinase 4/3- STK4/3) which when activated phosphorylate 
in complex with Salvador family WW domain containing protein 1 (SAV1- 
gene name: WW45) and activate large tumour suppressor 1/2 (LATS1/2). 
LATS1/2 in complex with MOB kinase activator 1 (MOB1) phosphorylate 
YAP1 and TAZ. YAP1 and TAZ can be phosphorylated at several amino 
acid residues and phosphorylation of YAP1 and TAZ regulates the 
localisation and activity of these proteins. LATS1/2 phosphorylation at Ser89 
for TAZ and Ser127 for YAP1 results in these proteins binding to 14-3-3 
proteins, leading to their cytoplasmic retention (Zhao et al., 2007). Further 
phosphorylation at Ser397 and Ser11 for YAP1 and TAZ by LATS1/2 
respectively, primes these proteins for further phosphorylation by casein 
kinase 1δ/ε at Ser314 on TAZ and Ser400/403 on YAP1. Phosphorylation at 
Ser314 on TAZ and Ser400/403 on YAP1 leads to proteasomal degradation 
by recruitment of the β-TrCP/SCF ubiquitin ligase (Liu et al., 2010, Zhao et 
al., 2010) (Figure 1.4.2). YAP1 and TAZ were first thought to be largely 
functionally redundant; however more evidence is emerging describing 
differences in their regulation and ensuing transcriptional activation between 
these two transcriptional regulators. TAZ can also be phosphorylated by 
glycogen synthase kinase 3β (GSK3β) on Ser58 and Ser62 which also leads 
to degradation after β-TrCP ubiquitination (Huang et al., 2012). 
Homeodomain-interacting protein kinase (HIPK2) seems to be a specific 
regulator of YAP1, acting to stabilise the protein and promote its nuclear 
activity possibly by regulating β-TrCP/SCF activity (Poon et al., 2012). In 
addition YAP1 and TAZ can be phosphorylated at a tyrosine residue in the 
C-terminal region (Y407 and Y321 on YAP1 and TAZ respectively) by c-
ABL, Src and Yes (Figure 1.4.2). Phosphorylation at these tyrosine residues 
appear to regulate the transcriptional activity of YAP1 and TAZ by altering 
their binding selectivity to transcription factors (Zaidi et al., 2004, Levy et al., 
2008, Jang et al., 2012). MST1/2 are activated by phosphorylation by 
upstream kinases such as RASSF1 and by autophosphorylation (Praskova 
et al., 2004). Autophosphorylation is enhanced by MST1/2 dimerization 
(Glantschnig et al., 2002).  
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1.4.3.1 Regulation  

Hippo signalling is activated and regulated by physical cues and biochemical 
signals. The Hippo pathway responds to changes in cell density via cell-cell 
contacts, cell- ECM interactions and cytoskeletal changes. The Hippo 
pathway is also regulated by secreted factors via G-protein coupled 
receptors (GPCRs). Serum deprivation and energy stress will also alter the 
Hippo pathway. A degree of crosstalk exist between the Hippo pathway and 
other pathways involved in development, proliferation and differentiation 
such as Wnt signalling, BMP signals, Notch and Hedgehog (Attisano and 
Wrana, 2013, Hsu et al., 2017, Watanabe et al., 2017, Young et al., 2015, 
Huang and Kalderon, 2014). The localisation and function of Hippo effector 
proteins YAP1 and TAZ are largely regulated by the upstream Hippo kinases 
however there are a number of proteins or pathways which can directly 
regulate YAP1 and TAZ independent of LATS1/2 such as Angiomotin 
(AMOT) and HIPK2 or GSK3β respectively.  

Cell junctional protein complexes detect changes in cell density and tissue 
tension. Cell contact inhibition is believed to be largely mediated by Hippo 
signalling (Zhao et al., 2007, Ota and Sasaki, 2008). Furthermore regulation 
of the YAP1-TEAD transcription program in response to contact inhibition 
has been shown to be essential for embryonic development (Ota and 
Sasaki, 2008, Nishioka et al., 2009, Gumbiner and Kim, 2014). Cellular 
adherens and tight junctions influence LATS1/2 activity and YAP1/TAZ 
localisation and activity (Zhao et al., 2007, Silvis et al., 2011). YAP1 nuclear 
localisation has been reported to be induced via the activation of Rho-
GTPases or the FAK-Src-PI3K (phosphatidylinositol-4,5-bisphosphate 3-
kinase) pathway in response to cellular attachment to the ECM (Zhao et al., 
2012, Kim and Gumbiner, 2015). In addition mechanical forces such as the 
stretching of the epithelial sheet regulate YAP1/TAZ via Rho-GTPases and 
F-actin capping and severing proteins (Aragona et al., 2013).  

Neurofibromin 2 (NF2- also known as merlin) is one of the proteins identified 
to link cytoskeletal components and cell surface proteins with the Hippo 
pathway (Li et al., 2015c). NF2 knockout in mice led to the development of 
HCC via activation of YAP1 (Zhang et al., 2010). NF2 promotes 
phosphorylation of LATS1 and 2 by MST1/2-SAV by forming a complex with 
LATS1 and 2 at the cell membrane (Yin et al., 2013). Furthermore the 
interaction between NF2 and LATS1 and LATS2 is promoted by actin 
cytoskeleton disruption. Cytoskeletal and polarisation associated proteins 
including scribble and liver kinase B1 (LKB1) regulate proliferation by 



41 
 

inhibiting YAP1/TAZ activity (Skouloudaki et al., 2009, Ma et al., 2016). 
Adherens junction complex member α-catenin has also been linked to 
negative regulation of YAP1 by forming a complex with YAP1 and 14-3-3 
leading to cytoplasmic YAP1 retention (Schlegelmilch et al., 2011). 
Interestingly AMOT, also an adherens junction protein, appears capable of 
carrying out opposing functions in respect to YAP1 regulation. AMOT has 
been described to both be able to promote nuclear YAP1 translocation and 
YAP1 retention in the cytoplasm. The expression of this family of proteins 
which includes the two AMOT isoforms p80 and p130, AMOT-like protein 1 
(AMOTL1) and AMOT-like protein 2 (AMOTL2) differs depending on tissue-
type, cell-type and developmental stage. AMOT interacts with YAP1 and 
TAZ via the WW domains. The p130 AMOT isoform interaction with YAP1 
was shown to be able to prevent YAP1 phosphorylation by LATS1 and even 
associated with the YAP1-TEAD transcriptional complex to direct gene 
expression regulation (Yi et al., 2013). The same report showed that AMOT 
knockout in the liver resulted in reduced progenitor cell proliferation and 
tumorigenesis. In addition when liver-specific AMOT knockout mice were 
crossed with NF2 knockout mice, hepatomegaly and tumorigenesis usually 
associated with NF2 knockout was inhibited.  

The Hippo pathway is also modulated by soluble factors and GPCRs. 
GPCRs can either lead to the activation or suppression of YAP1 activity. 
Rho-GTPases are responsible for mediating the GPCR action on the Hippo 
pathway. Important GPCR ligands to note are Wnt proteins. Noncanonical 
Wnt signalling is activated by Wnt5a/b binding to FZD receptors and 
activates YAP1 and TAZ (Park et al., 2015). Epinephrine, oestrogen, 
sphingosine and thrombin are some of the other ligands which can regulate 
Hippo signalling (Mo et al., 2012, Miller et al., 2012, Yu et al., 2012). 
However more studies are needed to understand the role GPCRs play in the 
liver to modulate Hippo signalling. The Hippo pathway is also modulated by 
stress signals, for example glucose deprivation will lead to phosphorylation 
and inactivation of YAP1 and TAZ via LATS1/2 activation (DeRan et al., 
2014). During high glucose conditions O-GlcNAc (N-acetyl-D-glucosamine) 
transferase (OGT) attaches O-GlcNAc to Ser 109 of YAP1 which disrupts 
LATS1/2 ability to interact with YAP1 (Peng et al., 2017). Hypoxia induces 
YAP1/TAZ activation (Ma et al., 2015). 

Genetic YAP1 and TAZ deletions demonstrate the importance of these 
transcriptional regulators during development. However individual knockouts 
result in differing phenotypes. Knocking out YAP1 results defects in yolk sac 
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vasculature and body axis elongation and results in embryonic lethality 
(Morin-Kensicki et al., 2006) whereas knocking out TAZ leads to the 
development of renal cysts and emphysema and the mice are able to 
survive (Hossain et al., 2007, Makita et al., 2008). YAP1 is expressed 
ubiquitously in the adult liver; however expression levels vary depending on 
cell type and cell position. Cholangiocytes express the highest levels of 
YAP1 and expression is graded depending on location of hepatocytes 
(Yimlamai et al., 2014, Li et al., 2012, Bai et al., 2012), with the highest 
expression described for hepatocytes in the portal area and lowest 
expression by hepatocytes found in the central venous region (Fitamant et 
al., 2015). Consistent with these findings is the observation that in vitro 
LATS1/2 knockout hepatoblasts preferentially differentiate into 
cholangiocyte-like cells (Lee et al., 2016). In vivo LATS1/2 knockout results 
in expansion of the ductal plate and an increase in cholangiocyte cells and 
fewer hepatocytes. YAP1/TAZ activity has been shown to play a crucial role 
during liver regeneration after injury. Overall YAP1 levels increase, as does 
YAP1 nuclear localisation whereas YAP1 phosphorylation levels decrease in 
response to partial hepatectomy leading to upregulation of known YAP1 
target genes (Grijalva et al., 2014, Wu et al., 2013, Wang et al., 2012).  

Due to its critical role in regulating liver cell proliferation and cell survival, 
alteration of the hippo pathway is also implicated in the liver oncogenesis 
and the development of HCC and ICCA (Bai et al., 2012, Li et al., 2015b, 
Marti et al., 2015, Pei et al., 2015, Sugihara et al., 2018, Sugimachi et al., 
2017, Hayashi et al., 2015, Jie et al., 2013, Lee et al., 2010, Li et al., 2012, 
Patel et al., 2017, Sohn et al., 2016, Xiao et al., 2015, Xu et al., 2009, Zhou 
et al., 2009). Amplification of the genomic region encoding the YAP1 protein 
and YAP1 overexpression due to posttranscriptional regulation has been 
reported for several solid tumours, including liver cancer (Overholtzer et al., 
2006, Zender et al., 2006, Li et al., 2012). Furthermore YAP1 
overexpression led to hepatomegaly and HCC in mice; YAP1 is therefore a 
potent oncogene, contrasting the tumour suppressor phenotypes of 
upstream Hippo components (Camargo et al., 2007, Dong et al., 2007). 
Studies involving the genetic deletion of the upstream Hippo proteins 
MST1/2, SAV1, LATS1/2 and MOB1 further support these observations, and 
all led to decreased YAP1 phosphorylation, increased YAP1 nuclear activity 
and liver cancer (HCC and ICCA) (Zhou et al., 2009, Song et al., 2010, Lu et 
al., 2010, Chen et al., 2015c, Lee et al., 2010, Nishio et al., 2016, Nishio et 
al., 2012). In HCC patients a gene expression profile associated with a lack 
of Hippo signalling was identified and is associated with a reduced survival 
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time (Sohn et al., 2016). Increased levels of YAP1 and TAZ and the 
presence of nuclear YAP1 staining in HCC patients all associate with poor 
survival rates (Hayashi et al., 2015, Xiao et al., 2015, Reis et al., 2017).  

  HCV mediated manipulation of cellular signalling pathways 
associated with hepatocarcinogenesis  

Chronic HCV infection is a leading risk factor for the development of HCC. 
However, the mechanisms underpinning HCV induced HCC development 
are poorly understood. Chronic HCV infection usually leads to progressive 
hepatic fibrosis and cirrhosis before the development of HCC. However HCV 
associated HCC can occur in the absence of cirrhosis (depending on cohort 
it appears to be between 10- 20 % (Lewis et al., 2013)). Worldwide an 
estimated 25 % of HCC occurrences are due to HCV infection (Webster et 
al., 2015). Many assume that HCC arises in this context mainly due to the 
indirect effects of chronic inflammation which causes oxidative stress leading 
to DNA damage (Okuda et al., 2002, Bartsch and Nair, 2004, Koike, 2007) 
and high cell turnover due to immune mediated killing of infected cells 
leading to repeated liver regeneration (Karidis et al., 2015). However, 
increasing evidence highlights the direct role played by the virus.  

HCV contributes to HCC development by altering several host signalling 
pathways affecting the regulation of proliferation, energy metabolism, 
apoptosis and DNA repair. The oncogenic mechanism of HCV is less 
conspicuous than other better characterised oncogenic viruses such as 
Epstein- Barr virus (EBV) and human papilloma virus (HPV). The HCV RNA 
genome replicates outside of the nucleus and does not integrate into the 
host genome. Several HCV proteins have been described to manipulate and 
alter host cellular signalling pathways however, including core, NS2, NS3, 
NS5A and NS5B. In transgenic mice models HCV proteins either alone or 
together are able to promote cell growth and oncogenic transformation (Park 
et al., 2000, Lerat et al., 2002, Munakata et al., 2005, Moriya et al., 1998, 
Zemel et al., 2001). Core and NS5A are both implicated in interacting with a 
range of signalling pathways associated with regulating cell cycle, 
proliferation, apoptosis, lipid metabolism and epithelial to mesenchymal 
transition (EMT). HCV infection has been shown to profoundly affect cell 
cycle progression; for example, core was reported to increase proliferation of 
transfected Rat1 cells and upregulate the expression of Cyclin E mRNA 
(Cho et al., 2001). In addition the Core+1/ARF protein stemming from the 
alternative ORF was shown to modulate increase Cyclin D levels and 
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phosphorylated Rb levels (Moustafa et al., 2018). Cyclin E expression 
appears to be induced by NS2 also leading to increased cell growth. 

HCV proteins also interact with tumour suppressor proteins; NS5B forms a 
complex with Rb resulting in Rb being targeted for degradation (Munakata et 
al., 2005). Rb regulates cellular proliferation and apoptosis. p53 has been 
found to be disrupted by several HCV proteins including by Core, NS3, NS2 
and NS5A, however the underlying mechanisms these interactions have not 
been elucidated (McGivern and Lemon, 2011). NS2 sequesters p53 in the 
cytoplasm thereby altering the cellular localisation of the protein (Bittar et al., 
2013). Core protein has been reported to interact with the p53 binding 
protein apoptosis-stimulating of p53 protein 2 (ASPP2) leading to inhibition 
of p53-mediated apoptosis (Cao et al., 2004). NS3 and NS5A appear to 
interact with p53 directly to suppress p53 mediated transcriptional activation 
(Deng et al., 2006, Lan et al., 2002). In addition core protein is able to 
interact with and form a complex with p21 (gene expression of which is 
regulated by p53) which results in abrogation of the proliferating cell nuclear 
antigen (PCNA) binding site (Wang et al., 2000). p21 interaction with PCNA 
is an important regulatory mechanism of cell cycle arrest (Cayrol et al., 
1998).  

HCV infection also leads to altered RAF/MAPK/ERK signalling. Core protein 
binds to 14-3-3 leading to an increase in Raf-1 kinase activity (Aoki et al., 
2000). The core protein has also been described to activate MEK1 and 
Erk1/2 Map kinases. The activation of these kinases leads to a sustained 
response to EGF (Giambartolomei et al., 2001). Raf-1 was also identified as 
a binding partner of NS5A resulting increased Raf-1 phosphorylation 
(Burckstummer et al., 2006). NS5A has also been shown to interact with 
growth factor receptor-bound protein 2 (Grb2) via the SH3 domain (Tan et 
al., 1999). Grb2 is part of the MAPK cascade and NS5A interaction leads to 
activating protein-1 (AP1) inhibition (Macdonald et al., 2003). Activation of 
this pathway appears to facilitate viral replication by attenuating interferon 
signalling (Zhang et al., 2012). Taken together HCV perturbation of 
RAF/MAPK/ERK signalling may contribute to oncogenic transformation and 
proliferation.  

NS5A contains a proline rich motif which mediates interaction with the SH3 
domain of cellular proteins including the Src family of kinases, such as Hck, 
Lck, Lyn and Fyn (Macdonald et al., 2004). Lyn is known to activate STAT3 
and is considered a proto-oncogene. STAT3 itself has also been described 
as an oncogene in HCC and STAT3 activation via serine and tyrosine 
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phosphorylation is associated with cell survival and proliferation (Xie et al., 
2018, He and Karin, 2011). STAT3 is activated by cytokine signalling, 
particularly IL-6, via receptor tyrosine kinases including EGFR or non-
receptor kinases such as Src (Porta et al., 2008, Mair et al., 2011). NS5A is 
also able to interact with EGFR (Street et al., 2004, Mankouri et al., 2008).  

Wnt signalling is heavily implicated in hepatocarcinogenesis and both NS5A 
and Core have been shown to interact with this pathway. Expression of Core 
protein leads to activation of β-catenin/Transcription factor 4 (TCF4) -
dependent transcription by upregulating expression of Wnt ligands including 
Wnt3a, and upregulating FZD receptors and Low-density lipoprotein 
receptor-related protein (LRP) 5/6 co-receptors (Liu et al., 2011b). 
Furthermore core protein leads to stabilisation of β-catenin and an increase 
in β-catenin levels by inactivating GSK-3β. In a mouse HCC xenograft model 
core protein expression was able to increase cellular proliferation and 
promote Wnt3a induced tumour growth (Liu et al., 2011a). NS5A protein 
binds to and activates PI3K leading to activation of Akt (Street et al., 2004, 
He et al., 2002). Akt activation results in suppression of FOX and 
phosphorylation of GSK-3β, causing its inactivation. Expression of the HCV 
polyprotein leads to accumulation of β-catenin and an increase in β-catenin-
dependent gene expression (Street et al., 2005). It has also been shown that 
NS5A is able to interact directly with β-catenin and PI3K regulatory subunit 
p85 (Milward et al., 2010).  

TNF-α signalling plays is an important role in host defence. HCV core protein 
has been shown to be able to inhibit TNF-α mediated apoptosis by inhibiting 
caspase-8 activation via sustained expression of Fas-associated protein with 
death domain (FADD)-like interleukin-1β-converting enzyme-like inhibitory 
protein (c-FLIP) (Saito et al., 2006). Furthermore NS5A appears to also be 
able to repress TNF-α mediated apoptosis by blocking the activation of 
caspase-3 and inhibiting cleavage of death substrate poly (ADP-ribose) 
polymerase (Ghosh et al., 2000).  

The TGF-β signalling pathway is involved in liver regeneration, in liver 
fibrogenesis and the development of HCC. NS5A inhibits TGF-β signalling 
by interacting with TGF-β receptor 1 which diminished Smad2 
phosphorylation, nuclear translocation of Smad2 and the hetero-dimerisation 
of Smad3 and Smad4 (Choi and Hwang, 2006). Whereas the core protein 
activates the TGF-β 1 promoter and upregulates TGF-β expression 
(Taniguchi et al., 2004).  
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1.5  Cell culture models of HCV 

It took 10 years from when the HCV genome was first cloned (Choo et al., 
1989) to develop the first cell culture system for HCV (Lohmann et al., 1999). 
Developing robust and reliable systems to culture HCV was very difficult. 
Initial attempts to inoculate human hepatocytes were unsuccessful or 
inefficient. In addition, culturing human hepatocytes has its own difficulties, 
for example primary hepatocytes quickly loose their normal function in 2D 
culture including their ability to support viral infection (Lazaro et al., 2003). 
Furthermore attempted infection of cell lines with serum derived HCV was 
also unsuccessful with HCV only replicating at very low levels, requiring a 
sensitive detection assay using reverse transcription (RT)- polymerase chain 
reaction (PCR) (Seipp et al., 1997, Kato et al., 1995, Nakajima et al., 1996, 
Shimizu et al., 1992, Tagawa et al., 1995). Transfection based assays 
became a possibility after the first full length HCV genomes were cloned 
(Choo et al., 1989, Kato et al., 1990). However, initially replication of these 
cloned genomes was undetectable even though several transfection assay 
conditions were tested. Once it was determined that these cloned genomes 
lacked the full 3’ UTR sequence (Tanaka et al., 1995, Tanaka et al., 1996, 
Kolykhalov et al., 1996) and consensus HCV genomes were established 
which eliminated undesired or replication limiting mutations fully functional 
genomes were established based on a genotype 1a isolate named H77. 
These cloned genomes were demonstrated to be infectious and induced 
viremia in chimpanzees (Kolykhalov et al., 1997, Yanagi et al., 1997) but still 
did not replicate in cell culture. Subgenomic replicons were constructed 
based on the fact that for other related positive strand RNA viruses the 
structural proteins appeared unnecessary for genome replication (Kaplan 
and Racaniello, 1988, Khromykh and Westaway, 1997, Mittelholzer et al., 
1997, Behrens et al., 1998). The replicons were constructed by replacing the 
core to NS2 sequence either with the firefly luciferase reporter gene or the 
neomycin phosphotransferase selection gene; hence subgenomic replicon 
cannot lead to the production of viral particles. When cell lines were 
screened for replication Huh7 cells were found to produce the highest 
number of G418 resistant cell colonies (Krieger et al., 2001, Lohmann et al., 
2003, Lohmann et al., 1999). When these Huh7 clones were analysed it was 
found that the HCV subgenomic replicon replicated at high levels in these 
clones. The increased replication competency was revealed to be due to 
replication enhancing mutations or cell culture adaptive mutations (Lohmann 
et al., 2003, Lohmann et al., 2001). 
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More highly permissive cell clones which have included Huh7-Lunet (Friebe 
et al., 2005) and Huh7.5 cells (Blight et al., 2002). An increase in 
permissiveness results from higher expression of HCV dependency factors 
and from low expression of HCV restricting factors. Huh7.5 cells harbour a 
mutation in the gene encoding retinoic acid-inducible gene I (RIG-I). This 
cytoplasmic helicase recognises HCV RNA and then interacts with 
mitochondrial antiviral signalling protein (MAVS; also known as Interferon-
beta promoter stimulator 1- IPS-1) to activate an interferon response 
(Sumpter et al., 2005). Huh7.5 cells also express higher level of CD81, 
which is a HCV entry factor, this is important for full length viral infection. 
Other cell lines such as the HepG2 and Hep3B cell lines only support low 
HCV replication even despite defective interferon signalling. Low level 
replication was found to be due to a lack of miR-122 and overexpression of 
miR-122 increases viral replication (Keskinen et al., 1999, Narbus et al., 
2011, Thibault et al., 2013).  

JFH1, a genotype 2a isolate was cloned from a Japanese patient with 
fulminant hepatitis, and sub-genomic replicons derived from this sequence 
found to replicate to high levels without requiring cell culture adaptive 
mutations (Kato et al., 2003). A chimera constructed using JFH1 NS3- NS5B 
protein sequence and the core to NS2 protein sequence from another 
genotype 2a J6 produced high titres of infectious HCV particles when 
transfected into Huh7.5 cells (Wakita et al., 2005, Lindenbach et al., 2005). 
All these discoveries (including the identification of permissive cell lines, 
identification of cell culture replication enhancing mutations, discovery of 
HCV dependent factors such as miR-122, and the identification of the JFH1 
clone) contributed towards the development of robust and reliable cell 
culture models.  

Most HCV cell culture models are based on Huh7 cells as replication is 
generally lower in other cells lines. However the Huh7 cell line is a hepatoma 
cell line and is transformed. Huh7 cell gene expression is not completely 
comparable to normal mature hepatocytes (e.g. Huh7 cells express lower 
levels of P450 genes (Guo et al., 2011)) and Huh7 cells do not exhibit the 
same characteristic cell polarisation as hepatocytes (Sainz et al., 2009b). 
Hence, Huh7 cells may not be ideally suited to study certain aspects of viral 
infection, such as carcinogenesis. Primary human hepatocytes may 
theoretically represent a better model to investigate these aspects of HCV 
infection, however its can be difficult to maintain their cellular phenotype and 
function, results are less reproducible (due to patient variability) and HCV 
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replication levels are lower due to a strong interferon response (Helle et al., 
2013). It is important to note that the lower viral replication in primary 
hepatocytes likely represents the level of replication in vivo more accurately. 
Recently it has become possible to produce hepatocytes from induced 
pluripotent stem cells (iPSCs) and infect these with HCV (Roelandt et al., 
2012, Schwartz et al., 2012, Wu et al., 2012).  

1.6  Project Rationale  

Chronic HCV infection represents a major risk factor for the development of 
HCC. An estimated 25 % of HCC occurrences worldwide are due to HCV 
infection (Webster et al., 2015). HCC commonly develops in the setting of 
hepatic fibrosis and cirrhosis due to chronic liver damage caused by viral 
hepatitis. The incidence of HCC matches with the incidence of HCV and 
HBV infection. The mechanisms underlying HCV associated HCC 
development are poorly understood. Many assume that chronic HCV causes 
HCC indirectly due to HCV induced chronic inflammation leading to oxidative 
stress induced DNA damage (Okuda et al., 2002, Bartsch and Nair, 2004, 
Koike, 2007) and high cell turnover due to immune mediated killing of 
infected cells (Karidis et al., 2015). However increasing evidence supports a 
more direct role played by the virus in the development of HCC. HCV 
proteins either alone or in combination promote cellular growth, lead to 
cellular transformation and tumour development when expressed in 
transgenic mice (Park et al., 2000, Lerat et al., 2002, Munakata et al., 2005, 
Moriya et al., 1998, Zemel et al., 2001, Fukutomi et al., 2005). The incidence 
of HCV associated HCC arising in the presence of cirrhosis is greater than 
autoimmune hepatitis associated cirrhosis (Yeoman et al., 2008, Lok et al., 
2009). HCC occurs in the absence of cirrhosis in about 15 % of HCV 
associated HCC cases (Bralet et al., 2000). Elimination of viral infection by 
interferon treatment reduces an individual’s risk of developing HCC even 
when cirrhosis persists (Hsu et al., 2015). The exact mechanism behind 
HCV induced oncogenesis is not obvious compared to other oncogenic 
viruses which often express clear oncogenes (e.g. HBV X protein (Shin Kim 
et al., 2016)) or integrate into the host genome (e.g. HPV (Munger et al., 
2004)). However several HCV proteins have been shown to interact with and 
manipulate host signalling pathways (see section 1.4.4). Another aspect of 
HCC development which is uncertain is the origin of HCC CICs. Both mature 
hepatocytes (via a process of dedifferentiation and transformation) and 
HPCs (via perturbed differentiation and transformation) are hypothesised to  
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Figure 1.6.1 Diagram of the possible origin of HCC CICs 
CIC cells (which express various markers including EpCAM, CD133, CD24, ki67 
and CK19) may arise from the dedifferentiation and transformation of mature 
hepatocytes (which express hepatocyte proteins Albumin and CYP3A4) or from 
HPCs (express amongst other markers the proliferation marker ki67). HPCs can 
differentiate into hepatocytes and cholangiocytes (which express the marker CK7). 
CICs may arise from transformed HPCs.   
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give rise to HCC (possibly even cholangiocytes). Most studies investigating 
the link between HCV and HCC assume that mature hepatocytes are the cell 
of origin of CICs. However during chronic infection the liver will be largely 
repopulated by HPCs which can differentiate into both hepatocytes and 
cholangiocytes. Indeed HCV infection is also associated with and represents 
a risk factor for ICCA (Yamamoto et al., 2004, Li et al., 2015a). Furthermore 
HCC often has a mixed hepatocyte-cholangiocyte-progenitor phenotype. 
Thus we have been interested in examining whether HCV can infect HPCs. 
This project aimed to explore whether tissue resident bi potent liver 
progenitor cells are able to act as the cellular origin to HCV associated HCC 
(Figure 1.6.1). The first objective was to establish a cellular differentiation 
model to explore this hypothesis. The primary objective of this project was to 
explore whether HCV is able to perturb hepatocyte differentiation and 
whether this perturbation predisposes the cells to oncogenic transformation. 
The last objective of this project was to explore how the virus mediates this 
perturbation (i.e. which HCV protein(s) and cellular signalling pathway(s) are 
involved).  



51 
 

2. Chapter: Materials and Methods 

2.1 Transformation of Escherichia coli DH5α  

10 µl of transformation competent E.coli (DH5α, NEB) were thawed on ice. 
500 ng of plasmid DNA was added, mixed gently and incubated on ice for 30 
min. E.coli were heat shocked for 40 sec at 42 °C and placed back on ice for 
5 min. 50 µl of S.O.C. media (supplied with NEB) was added and incubated 
in the shaker for 1 ½ hr at either 30 °C for replicon plasmids or 37 °C for any 
other plasmids. The transformation mixture was spread onto agar plates 
containing 100 mg/ml ampicillin using a sterile spreader. Plates were 
cultured overnight at 30 °C or 37 °C. Agar plates were prepared using 
ampicillin containing LB agar (for recipe see section 2.24) which was poured 
into 100 mm petri dishes and allowed to cool. Agar plates were stored at 4 
°C but were warmed before use (for 1 hr at 30 °C).  

2.2 Plasmid preparation  

Single bacterial colonies were transferred into 2 ml of LB containing 100 
mg/ml ampicillin in 15 ml falcon tubes (Corning) and incubated in the shaker 
overnight at either 30 °C or 37 °C. The starter culture was transferred into 
200 ml of ampicillin (100 mg/ml) containing LB and incubated overnight in 
the shaker. Bacterial cells were pelleted by centrifugation at 4000 x g for 30 
min at 4 °C in a falcon polypropylene 225 ml graduated conical centrifuge 
tube (Corning). Plasmids were purified using Qiagen Plasmid Maxi kit as per 
manufacturer’s instructions and DNA was re-suspended in a suitable volume 
of distilled water to reach a final concentration of ~ 1 µg/µl 

2.3 Plasmid linearization and extraction  

The JFH1-replicon plasmid DNA was linearised using XbaI (NEB) restriction 
enzyme digest at 37 °C for 3-4hr. Following this, the reaction was inactivated 
by heating the reaction at 65 °C for 20 min. The linearization of the plasmid 
DNA was confirmed by running a sample on an agarose gel. The linearized 
DNA was then treated with Mungbean nuclease (NEB) for 40 min at 30 °C. 
The mung bean nuclease was inactivated by the addition of 1 % SDS. 
Phenol/Chloroform (Phenol:Chloroform:isomyl alcohol 25:24:1 saturated with 
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10 mM Tris pH 8.0 1mM EDTA, Sigma) was used to extract the linearised 
DNA.  

2.4 In vitro RNA transcription and RNA extraction  

RNA was synthesised from linearised template plasmid DNA using the 
RiboMAX™ large scale RNA T7 production system (Promega). The T7 
reaction mixture contained 5 µg template DNA, 20 µl T7 Transcription 5X 
buffer, 30 µl rNTPs (25 mM each of ATP, CTP, GTP and UTP), 10 µl of the 
enzyme mix and was made up to 100 µl total volume using nuclease-free 
water. Reactions were incubated for 3-4 hr at 37 °C. To remove template 
DNA, 5 µl RQ1 RNase free DNase was added and incubated at 37 °C for 15 
min. RNA was extracted using phenol:chloroform. An equal volume of acid 
phenol-chloroform (25:24:1 Phenol:Chloroform:Isoamyl alcohol pH 5.2, 
BDH) was added to the reaction mixture. Tubes were vortexed for 1 min and 
centrifuged in a microcentrifuge at top speed for 2 min. The upper aqueous 
phase was transferred to a new tube and an equal volume of chloroform 
(Merck Millipore) was added. The tube was vortexed for 1 min and 
centrifuged for 2 min. The upper phase was transferred to a fresh tube. 1/10 
volume sodium acetate (3 M, pH 5.2) and 1 volume isopropanol was added, 
mixed, incubated on ice for 5 min and centrifuged for 10 min. The pellet was 
washed with 1 ml of 70 % ethanol and centrifuged for 2 min. The ethanol 
was removed and the pellet air dried before being re-suspended in a suitable 
volume of nuclease-free water. RNA was stored in aliquots at -80 °C. 

2.5 RNA transfection by electroporation  

8 x106 cells in 400 μl phosphate buffered saline (PBS) were mixed with 10 
μg of RNA and transferred to an electroporation cuvette (4 mm 
electroporation cuvettes, Geneflow). The cells were pulsed using the Bio 
Rad gene pulser II (270 V, 950 microfarads) (Kato et al., 2003). After 6-18 hr 
the media was removed, the cells washed in PBS and fresh growth media 
added. Transfected cells were allowed to recover for at least 24 hr before 
further experiments or antibiotic selection.  

2.6 Transfection  

  Transfection of DNA plasmids 

Cells were seeded for transfection at 40 % confluence in either 10 cm2 
dishes or T75 flasks and allowed to settle overnight. The following morning 
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the transfection mixture was set up as follows: either 20 µg or 60 µg 
(depending on size of the dish) plasmid DNA in 500 µl Opti-MEM (Gibco) 
and in a separate tube 80 µl or 240 µl polyethylenimine (PEI -1 mg/ml in 20 
mM HEPES pH 7.5) (in a ratio of 4:1) in 500 µl Opti-MEM and incubated at 
room temperature (rt) for 5 min. The DNA and PEI preparations were then 
combined, mixed and incubated for a further 20 min. The medium was 
removed and the cells washed with PBS. Depending on the size of the 
vessel (10 cm2 dish or T75 flask) 9 ml or 10 ml Opti-MEM was added to the 
cells. After 20 min the PEI mixture was then added to the cell dishes and 
incubated for 4- 6hr. After the incubation period the PEI containing Opti-
MEM medium is removed, the cells washed with PBS and growth medium 
was added. The cells were then incubated for 48 hr and then processed 
depending on the following experiment.  

  Transfection for production of Lentivirus stocks 

Lentivirus stocks were created by transfecting HEK293T cells using PEI with 
three plasmids: the Gag-pol helper plasmid, the VSV-G envelope expressor 
plasmid and the vector containing the gene/construct of interest. The helper, 
expressor and the vector were combined in a ratio of 13:7:20 to a total of 20 
µg of DNA and mixed with 300 µl of Opti-MEM (Gibco) and incubated for 5 
min at rt. 40 µl of PEI was added to the DNA and incubated for a further 20 
min. The DNA PEI mixture slowly added to a 10 mm dish of HEK293T cells 
in Opti-MEM and incubated for 4-6 hr. The Opti-MEM transfection mixture 
was then removed from the dish, the cells washed in PBS and fresh growth 
medium was added. Lentivirus containing supernatant was harvested at 24 
and 48 hr post transfection. The Lentivirus containing growth medium was 
clarified by centrifugation at 400 x g for 5 min, filtered with a 0.22 µm filter 
(Millex-GP filter unit) and PEG concentrated. For PEG lentivirus 
concentration, 30 % w/w PEG8000 in PBS was added in a ratio of 1:3 and 
the mixture was incubated at 4 °C overnight. The following morning the 
mixture was centrifuged and re-suspended in an appropriate volume of 
growth media.  

2.7 Transduction  

Cells were seeded in 10 cm2 dishes at 50 % confluency at left to set for 4-6 
hr. After the cells had settled the growth medium was removed and the cells 
washed with PBS. After the wash step, clarified and PEG concentrated (see 
section 2.6.2) Lentivirus-containing supernatant was added to the cell culture 
dish and incubated overnight in the cell incubators. The following morning 
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the Lentivirus containing growth medium was removed, the cells washed 
and fresh growth medium was added to the cell culture dish. The cells were 
allowed to grow to confluence and bulked up as necessary for further 
experiments.  

2.8 Tissue culture maintenance and cell lines  

All cells were cultured at 37 °C in a humidified atmosphere containing 5 % 
CO2. Cells were maintained in 25 cm2, 75 cm2 and 150 cm2 vented plastic 
tissue culture flasks (Corning). Routine passaging of cells took place under 
aseptic conditions in a class II Microbiology Safety Cabinet. Adherent cells 
were passaged by removing the media and washing the cells with PBS. 
Cells were treated with an appropriate volume of Trypsin-EDTA (Sigma- 
0.25 % Trypsin, 0.02 % EDTA) and incubated at 37 °C. The trypsin was 
inactivated by the addition of serum-containing culture media in a ratio of 
2:1. An appropriate number of cells were then reseeded into a new flask. 
Viable cell counts were obtained using an improved Neubauer 
hoemocytometer (Marienfeld Superior) following dilution in 0.2 % trypan blue 
in PBS. All cell lines were routinely tested for Mycoplasma and found to be 
free of contamination. 

Human hepatoma Huh7 (Nakabayashi et al., 1982), HLE (human hepatoma 
cell line; (Dor et al., 1975)), HepG2 cells ((Knowles et al., 1980) HCC cell 
line) and human embryonic kidney HEK293T cells (Graham et al., 1977, 
DuBridge et al., 1987) stably expressing the simian vacuolating virus 40 
large T antigen) were cultured in glutamine containing Dulbecco’s Modified 
Eagle’s (DMEM high glucose- Sigma) with supplements (10 % Foetal bovine 
serum (FBS) (Gibco- heat inactivated), 1 % non-essential amino acids 
(Gibco), 50 000 units Penicillin and 50mg Streptomycin (Sigma). Human 
liver progenitor HepaRG cells (Gripon et al., 2002) were cultured in William’s 
media E (Gibco) with supplements (10 % FBS- Hyclone FetalClone II Serum 
(Fisher Scientific), 50 000 units Penicillin, 50 mg Streptomycin (Sigma), 1x 
GlutaMAX-I (Gibco), 0.023 IE/ml human insulin (Gibco) and 4.7 µg/ml 
hydrocortisone (Sigma). Cells were not used above passage 20.  

 Subgenomic Replicon 

The genotype 2a JFH1 clone (GeneBank accession number: AB047639.1) 
was isolated from a patient with fulminant hepatitis and a replicon was 
constructed by replacing the structural proteins core, E1 & E2, and proteins 
p7 and NS2 with the G418 resistance gene for selection and non-structural 
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proteins NS3-NS5B (GeneBank accession number: AB114136). The JFH1 
replicon is able to replicate efficiently in Huh7 cells without common amino 
acid mutations (Kato et al., 2003). 

Huh7 (and derivatives) replicon lines were generated using a T7 
polymerase-derived RNA transcript of JFH1 (Kato et al., 2003) (See section 
2.4). 8 x 106 cells were electroporated with JFH1-replicon RNA (See section 
2.5). Transfected cells were allowed to recover for at least 24 hr before 
beginning selection with 500 μg/ml G418 (Sigma-Aldrich). The growth media 
was replaced twice a week. The selection was considered complete once all 
mock electroporated cells died under G418 selection. G418 resistant cells 
were maintained thereafter with 500 μg/ml G418. However cells were not 
under G418 selection in any experimental conditions, G418 was usually 
withdrawn the night before. 

  Infectious HCV  

The infectious viral J6-JFH1 clone used which is comprised of Core- NS2 of 
the genotype 2a J6 clone (GeneBank accession number D00944.1) and 
NS3-5B of the genotype 2a JFH1 clone (Lindenbach et al., 2005). For GFP 
(Green fluorescent protein) trap a version of this recombinant clone was 
used which expresses an NS5A-eGFP fusion protein (Gottwein et al., 2011) 
(kindly gifted by Jens Bukh). CD24lo cells were infected at a MOI (multiplicity 
of infection) of 10 FFU/cell (Focus forming units) and passaged twice before 
being used for further experiments. Infected cells were used up to passage 
15. Level of infectivity was periodically measured by focus forming assay 
(see section 2.11).  

2.9 Creation of Cured CD24lo control cell line  

CD24lo JFH1-replicon and CD24lo cells were seeded in T25 flasks and 
treated with 1 μM DCV and 1 μM SOF in 5 ml of growth media for two 
weeks, changing the media twice a week and splitting the cells when 
needed. At the end of the treatment cells were reseeded for a G418 
challenge experiment. Treated cells were seeded in a 6 well plate and 
challenged with 500 μg/ml G418 alongside CD24lo and JFH1-replicon 
CD24lo controls. Immunofluorescence (IF) (See section 2.15) and Western 
blot analysis (See section 2.14) using anti- NS5A antibodies was used to 
determine whether the DAA treatment was successful. 
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2.10 Culture of Infectious HCV 

All infectious HCV cell culture was undertaken in biosafety level 3 (BSL3) 
containment following transfection of Huh7 cells with J6-JFH1 RNA (see 
section 2.5). Viral stocks were generated by seeding transfected cells into 
T150 flasks with 20 ml growth media buffered with 20 mM HEPES pH 7.5 
(Gibco). Virus containing media was harvested every day and the titres 
determined by serial dilution onto naïve Huh7 cells (see section 2.11). The 
harvested supernatant containing the infectious virus was precipitated using 
10 % PEG8000 in PBS (see section 2.6.2), snap frozen and stored at – 80 
°C. Chronically infected CD24lo cells were generated by infecting the cells 
with the J6-JFH1 viral stock at MOI of 10 FFU/cell and incubating the cells 
for 48 hr. Following the 48 hr incubation with the virus stock the CD24lo cells 
were passaged as usual and bulked up for further experiments. The level of 
infectivity was measured periodically and fresh CD24lo cells were added if 
necessary.  

2.11 Focus forming assay 

To measure HCV infectivity uninfected Huh7 cells were seeded at 8000/well 
in a 96 well plate and left to settle overnight. The 96 well plate was taken to 
BCL3 to set up the assay. The growth media was removed from the 96 well 
plate and the HCV stock to be titered was then added to the Huh7 cells in a 
10 fold serial dilution (covering a range of 101- 106) across the 96 well plate. 
The plate was then incubated for 48 hr. Following incubation the plate was 
fixed in 100 µl 4 % (w/v) Paraformaldehyde (PFA)/PBS per well for 20 min 
and then removed from the BCL3 laboratory. Following fixation the cells 
were lysed and stained for the HCV NS5A protein (For IF see section 2.15). 
The plate was then examined on a Microscope and wells scored positive if 
containing HCV infected cells and negative if lacking HCV infected cells and 
used to determine the titre of HCV stock. An uninfected well was used to 
determine the level of background staining.  

2.12 Differentiation Assays  

 Huh7 CD24lo cells  

Differentiation experiments were primarily assessed by Western blot and IF. 
For Western blot analysis (see section 2.14) cells were seeded at 6x105 
cells/well into 6 well plates and allowed to adhere overnight. For IF (see 
section 2.15) analysis cells were seeded at 2x105 cells/well onto 19 mm 
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coverslips (Thermo Fisher Scientific) in 12 well plate and left to adhere 
overnight. Seeding density was determined based on cells reaching 90 % 
confluency after overnight adherence. Cells were either fixed using 1 ml of 4 
% (w/v) PFA/PBS or lysed in 150 µl EBC buffer. The rest of the cells were 
washed with PBS and treated with growth media containing 1.8 % (v/v) 
DMSO (Dimethyl sulfoxide). The 1.8 % DMSO growth media was replaced 
every two days and samples for protein analysis were taken either every 
other day (during optimisation phase), or latterly more commonly on days 
one, five and nine post-DMSO addition. 

  HepaRG cells  

HepaRG cells were seeded at 8x105 cells/well into 6-well plates and allowed 
to adhere overnight (if not confluent cells were allowed to grow until they 
were. For IF analysis cells were seeded at 4x105 cells/well onto 19 mm 
coverslips (Thermo Fisher Scientific) in 12 well plates and left to adhere 
overnight (or until confluent). Cells were either fixed using 1 ml 4 % PFA or 
lysed in 150 µl EBC buffer. The rest of the cells were washed with PBS and 
growth media replaced. Cells were maintained at confluence for two weeks 
with the growth media being replaced twice a week. After two weeks 1.8 % 
DMSO was added to the growth media and the cells were again maintained 
for two weeks with 1.8 % DMSO growth media changes twice a week. 
Samples for protein analysis were taken throughout the differentiation 
process. 

  DAAs and inhibitors 

DAAs SOF and DCV, and pharmaceutical inhibitors were added to the 
differentiation assay 12 hr after seeding the cells. SOF and DCV were used 
at 1 µM, XMU-MP-1 was used at 5-2 µM, Verteporfin at 1 µM, Dobutamine 
at 20 µM, Pazopanib at 1 µM, and Chelerythrine at 5 µM.  

  De-differentiation  

Cured and JFH1-replicon cells were de-differentiated by adding 1 ml Trypsin 
to the 6 well plate and reseeding the cells 1:5 into a new 6 well plate so that 
the cells were subconfluent. Cells were lysed two days after reseeding for 
western blot analysis.  
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2.13 Fluorescent cell-based reporter system for the 
detection of HCV gene expression  

Huh7 and HepaRG cell lines expressing the fluorescent reporter system 
based on NS3-4A activity were created using a Lentivirus delivered plasmid. 
The reporter plasmid consisted of mitochondrial protein IPS-1, an internal 
nuclear localisation signal (NLS) and the red fluorescent protein (RFP) 
(Jones et al., 2010). The Lentivirus used in this system was a 2nd 
generation Lentivirus based on human immunodeficiency virus type 1 (HIV-
1). Lentivirus stocks were created by transfecting HEK293T cells using PEI 
with three plasmids: the Gag-pol helper plasmid, the VSV-G envelope 
expression plasmid and the vector containing the RFP reporter. The helper, 
VSV-G expressor and the vector were combined at a ratio of 13:7:20 as a 
total of 20 µg of DNA, mixed with 300 µl of Opti-MEM (Gibco) and incubated 
for 5 min at rt. 40 µl of PEI was added to the DNA and incubated for a further 
20 min. The DNA PEI mixture slowly added to a 10 mm dish of HEK293T 
cells in Opti-MEM and incubated overnight. The media was changed the 
next day to DMEM, harvested after 24- 48 hr, concentrated using PEG (see 
section 2.6.2) and transferred to either Huh7 or HepaRG cells which were 
incubated for 48 hr and visualised by direct fluorescence.  

2.14 Western Blotting  

To analyse cellular protein levels, cells were lysed in an appropriate amount 
of EBC lysis buffer (for recipe see section 2.24) (for 6 well plate cells were 
lysed in 150 µl lysis buffer). To lyse the cells, growth media was removed 
and cells were washed in PBS. PBS was then added (for a single well of a 6 
well plate 1 ml PBS was added) and the cells were scraped off the cell 
culture dish. The cell suspension was centrifuged at 6200 x g and the pellet 
was re-suspended in lysis buffer. The lysate was clarified by pelleting the 
cell debris by centrifugation and removing the cell lysate supernatant to a 
fresh tube. Lysates were normalised by total protein concentration using the 
Pierce BCA (bicinchoninic acid) Protein Assay kit (Thermo Fisher Scientific) 
and diluted in an equal volume of 2 x Laemmli buffer (for recipe see section 
2.24). Lysates were heated to 95 °C for 5-10 min. Following the boiling step, 
5-15 µl of the cell lysate/laemmli sample was loaded onto hand-cast 
polyacrylamide gels (for recipes see section 2.24), alternatively pre- cast 
gels were used (Tris-Glycine precast- mini-protean and Criterion TGX stain-
free 4-15 % polyacrylamide gradient gels). Depending on which protein of 
interest gels was blotted for, varying polyacrylamide concentrations were 
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used: either 8 %, 10 %, 12 % or 15 %. Lysates were resolved by SDS-PAGE 
(sodium dodecyl sulphate polyacrylamide gel electrophoresis) using Tris 
Glycine running buffer (for recipe see section 2.24) and electrophoresed at 
120-160 V for 1-2 hr (Bio-Rad).  

Proteins were transferred onto a PVDF (Polyvinylide fluoride- Immunoblot-
FL Merck Millipore) membrane by semi dry blot transfer (Hoefer). Following 
pre-activation of the membrane in methanol the gel and membrane were 
placed between sponges pre-soaked with Towbin buffer (for recipe see 
section 2.24) and allowed to transfer for 1-2.5 hr at 60-240 mA (depending 
on the number of gels). Membranes were blocked in 5 % fat-free milk 
(Oxoid) in TBST-T (Tris buffered saline (for recipe see section 2.24) with 0.1 
% Tween 20- Sigma-Aldrich) for 0.5-2 hr shaking at rt. Membranes were 
probed with primary antibody diluted in either 5 % fat-free milk or 5 % BSA 
(Bovine serum albumin, Fisher Scientific) in TBS-T overnight shaking at 4 
°C. Secondary Horseradish peroxidase (HRP) conjugated antibodies (see 
section 2.23 for list of antibodies used) diluted in either 5 % fat-free milk or 5 
% BSA were incubated with the membranes shaking at rt for 1 hr. The 
membranes were washed 3x 10 min with TBS-T shaking between each step. 
Immunoblots were visualised using either prepared enhanced 
chemiluminescence solution (ECL, for recipe see section 2.24) or ECL prime 
western blotting detection reagent (Amersham, GE Healthcare Life 
Sciences) on X-ray film using a Medical fil processor (SRX-101A, Konica 
Minolta Medical & Graphic, Inc.). Protein sample sizes were compared with 
pre-stained molecular weight markers (pre-stained Seeblue® Plus2, 
Invitrogen). X-ray films were scanned in as a TIF file image and band density 
was measured using Image J. The measured intensity for each sample for 
each different protein probed for were normalised to the GAPDH 
(Glyceraldehyde 3-phosphate dehydrogenase) reading for each sample. 
Results were presented as a percentage of the control (Cured or CD24lo) at 
day one of differentiation except for NS5A which was presented as the 
percentage of infected cell (JFH1-replicon or J6-JFH1) on day one. 
Statistical analysis was performed using a two- tailed paired Student’s t-test.  

2.15 Immunofluorescence  

Cells were seeded in either black walled flat bottom 96 well plates (Greiner 
Bio One) or on 19 mm coverslips (Thermo Fisher Scientific) in 12 well plates 
and allowed to settle and then treated/differentiated. Cells were washed 3x 
with PBS, fixed in 4 % (w/v) PFA/PBS for 10 min (BCL 3- 20 min) and 
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washed again 3x in PBS. If necessary cells were permeabilised with 0.1 % 
(v/v) Triton X-100/PBS for 10 min and washed 3x in PBS. Primary antibody 
(see 2.23 for a list of antibodies used) diluted in 10 % FBS in PBS was 
incubated for 1 hr at rt or overnight at 4 °C. Cells were washed in PBS and 
incubated with fluorescent secondary antibody (Alexa Fluor Invitrogen, see 
section 2.23) and Hoechst nuclear stain (Molecular Probes Hoechst 33342 
used at 1/10000) diluted in 10 % FBS for 1 hr at rt. F-actin was stained using 
Phalloidin 594 (Invitrogen, 5 µl per coverslip was used) for 1 hr at rt. Cells 
were washed 3x in PBS and visualised using a fluorescence microscope 
(Nikon A1R confocal LSM) or the EVOS FL Cell Imaging System. Coverslips 
were mounted on slides in ProLong Gold anti-fade mountant solution 
(Invitrogen) before visualisation. Exposure times were determined for each 
primary antibody based on the negative control (coverslip exposed to 
secondary antibody only) and the positive control and then kept constant for 
all treatment conditions. Images were captured in a random pattern. Images 
were processed and quantified using image J either by counting the number 
of positive cells (by comparing number of cell positive for probed protein 
against number of Hoechst positive cells) or by measuring the mean 
fluorescent intensity (MFI) of each image. The MFI for each experiment 
normalised to the control and the mean normalised MFI for multiple 
experiments was presented. During the image processing any changes to 
the contrast or brightness was applied consistently to all images in all 
conditions. Statistical analysis was performed using a two- tailed paired 
Student’s t-test. 

2.16 Fluorescence- activated cell sorting (FACS) and flow-
cytometry  

  Cell surface CD24 flow-cytometry 

Cells were trypsinised and transferred to a FACS tube and centrifuged at 
400x g for 5 min and washed in PBS. Following centrifugation the cell pellet 
was re-suspended in either 100 µl FACS buffer (for recipe see section 2.24) 
containing 10 µl anti-CD24-PE antibody or containing 10 µl IgG1-PE isotype 
control and incubated for 30 min. After 30 min the cell antibody suspension 
was topped up with 2 ml of FACS buffer and the cells were pelleted by 
centrifugation. The pellet was re-suspended in 1 % PFA and fixed for 10 min 
at rt. The suspension was topped up with PBS and centrifuged to wash the 
cells. The wash step was carried out twice. Finally the cell pellet was re-
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suspended in 250 µl FACS buffer and either kept at 4 °C or ran on the flow-
cytometer immediately (BD LSR II).  

  Intracellular ki67 flow-cytometry  

Cells were trypsinised and transferred to a FACS tube and centrifuged at 
400 x g for 5 min and re-suspended in 1 ml DMEM and 1 ml of pre-warmed 
Cytofix (BD) buffer. The cells were incubated for 10 min at 37 °C. Fixed cells 
were then pelleted by centrifugation and re-suspended in 1 ml pre-chilled 
Perm-buffer III (BD) and incubated on ice for 30 min. Following 
permeabilisation the cells were washed in Stain buffer (for recipe see section 
2.24) three times. After the wash step, cells were re-suspended in 100 µl 
stain buffer containing 5 µl anti-ki67-BV421 or 5 µl IgG isotype control- 
BV421 and incubated at rt for 30 min. Following incubation the stained cells 
were washed in stain buffer twice and finally re-suspended in 250 µl stain 
buffer. The cells were either kept at 4 °C or ran on the flow-cytometer 
immediately (BD LSR II). 

2.17 Reverse Transcription -Polymerase Chain Reaction  

RNA was extracted from cells using TRIzol® (Invitrogen). 2x106 cells were 
pelleted by centrifugation at 1400 rpm at 4 °C and re-suspended and lysed 
in 750 μl TRIzol. The sample was incubated at rt for 5 min. RNA was purified 
using phenol-chloroform extraction as in section 2.4. cDNA was synthesised 
from extracted RNA using SuperScript™ II reverse transcriptase (rT) 
(Invitrogen). The reaction mixture contained: 1 µg of RNA, 250 ng random 
primers and 1 µl dNTP mix (10 mM each) and was made up to 12 µl with 
nuclease-free water. The mixture was heated to 65 °C for 5 min. After a brief 
chill on ice, 4 µl 5X first strand buffer, 2 µl 0.1M DTT (Dithiothreitol) and 1 µL 
RNase OUT was added to the mixture. The reaction was mixed gently and 
incubated at 25 °C for 2 min. 1 µl of SuperScript II rT was added and 
incubated at 25 °C for 10 min. The reaction mixture was then incubated at 
42 °C for 50 min and inactivated by heating it to 70 °C for 15 min. 2 µl of the 
cDNA reaction mixture was used in the PCR (Polymerase Chain Reaction). 
2.5 µl 10X Standard Taq Reaction buffer, 10 mM dNTPs, 10 µM forward 
primer (AGCGTCTAGCCATGGCGT), 10 µM reverse primer 
(GGTGTACTCACCGGTTCCG) which recognise sequences in the 5’ UTR 
and 0.125 µl Taq DNA polymerase were added to the cDNA template, made 
up to 25 µl with nuclease-free water, mixed and transferred to a PCR 
machine (Veriti 96 well Thermal cycler, Thermo Fisher Scientific) 
Programmed PCR cycle: Step1: 5 min at 95 °C, (Step 2: 30 sec at 95 °C, 
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Step 3: 30 sec at 63 °C, Step 4: 30 sec at 72 °C) X 30, followed by Step 5: 5 
min at 72 °C. 15 µl of the reaction mixture was run on a 2 % agarose gel 
alongside 5 µl of a 25- 500 bp ladder (HyperLadder V, Bioline). 100 bp RNA 
bands were expected. 

2.18 Immunoprecipitation of GFP-Fusion Proteins using 
GFP-Trap® _Agarose beads 

Followed Chromotek Protocol for Immunoprecipitation of GFP-Fusion 
proteins using GFP-Trap® _A. CD24lo J6-JFH1 NS5A-GFP, CD24lo J6-
JFH1 and CD24lo cells were seeded in T75 flasks (Corning) at 40 % 
confluence and allowed to settle overnight. CD24lo and CD24lo J6-JFH1 
cells were transfected with GFP expression plasmid by PEI transfection (see 
section 2.6.1) and allowed to become confluent. After 48 hr 1x107 CD24lo 
J6-JFH1 NS5A-GFP, CD24lo J6-JFH1 and CD24lo cells were harvested by 
removing the growth medium, washing the cells with PBS and scraping the 
cells from the dish into 5 ml PBS. Cells were transferred into a pre-cooled 
tube and span in a centrifuge at 500 x g for 3 min at 4 °C. Cells were 
washed in PBS again and re-suspended in 200 µl ice-cold lysis buffer by 
pipetting. The cells were placed on ice for 30 min and repeatedly pipetted 
every 10 min. Cell lysates were centrifuged at 20,000x g for 10 min at 4 °C. 
Cell lysates were transferred to a pre-cooled tube and diluted with 300 µl 
dilution buffer. Cell lysates were then either stored at – 80 °C or processed 
further. 25 µl of the GFP-Trap® _A bead slurry was diluted in 500 µl ice-cold 
dilution buffer and centrifuged at 2,500x g for 2 min at 4 °C. The supernatant 
was discarded and the wash step repeated twice more. 50 µl of diluted 
lysate was saved for immunoblot analysis and diluted in 50 µl SDS-sample 
buffer (input sample). The rest of the diluted lysate was added to the 
equilibrated GFP-Trap® _A beads and allowed to tumble end-over-end for 1 
hr at 4 °C. The bead-lysate mixture was centrifuged at 2,500 x g for 2 min at 
4 °C. 50 µl of the supernatant was saved for immunoblot analysis and diluted 
in 50 µl SDS-sample buffer (unbound sample). The rest of the supernatant 
was discarded. The GFP-Trap® _A beads were re-suspended in 500 µl ice-
cold dilution buffer and centrifuged at 2,500x g for 2 min at 4 °C. The 
supernatant was discarded and the wash time was repeated twice more. 
The GFP-Trap® _A beads were re-suspended in 100 µl SDS-sample buffer 
(bound sample) and boiled for 10 min at 95 °C to dissociate the immuno 
complexes for the beads. The GFP-Trap® _A beads were then collected by 
centrifugation at 2,500x g for 2 min at 4 °C. SDS-PAGE and western blot 
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(see section 2.14) was performed with the input, unbound and bound 
samples.  

2.19 Luciferase Assay  

The luciferase assay was carried out using the Promega Firefly Luciferase 
Assay system. Growth medium was removed and the cells washed with 
PBS. Cells were lysed by scrapping the cells into an appropriate volume of 
Passive lysis buffer (PLB- provided by Promega) (e.g., 400 µl/60 mm culture 
dish, 900 µl/100 mm culture dish or 20 µl/well for a 96 well plate). Cell lysate 
was transferred to a tube and centrifuged to pellet the cell debris. After 
centrifugation the supernatant was transferred to a new tube. 20 µl cell 
lysate of each sample was transferred to a 96 well plate and 100 µl 
luciferase assay reagent was dispense by Berthold plate reader and the light 
produced was measured.  

2.20 MTT Assay  

Cell lines Huh7 CD24lo, JFH1-replicon CD24lo, CD24lo Cured, HLE and 
HepG2 were seeded at 8x103 cells/well into 96 well plates and left to adhere 
overnight. Cells were treated with inhibitors (Verteporfin, Dobutamine, XMU-
MP-1, Pazopanib, and Chelerythrine) for 24 hr. Following treatment 20 µl of 
5 mg/ml MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) 
was added to each well and incubated for 4 hr. After the 4 hr incubation the 
media was removed from the wells and cells were solubilised using 150 µl 
DMSO. Plates were incubated for 10 min shaking and the optical density 
absorbance readings were determined at 550 nm. 

2.21 In vivo tumourigenicity experiments  

1.4x106 cells were re-suspended in 700 µl PBS in the lab and 1x105 cells in 
50 μl PBS were subcutaneously injected, into each severe combined 
immunodeficient (SCID) mouse in the animal house by Teklu Egnuni,. Seven 
mice were injected per group with Huh7, CD24lo or CD24hi cells. The size of 
tumours and survival (defined by tumour volume- V=[widthx2] x [length/2]) 
percentage were recorded. 
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2.22 RNA-Seq 

Cured and JFH1-replcion cells were seeded 6x105 cells/well into 6 well plate. 
Cells were differentiated for nine days by adding 1.8 % DMSO to the culture 
media and changing the media every two days. Cured cells were also 
treated with 2 µM XMU-MP-1 and JFH1-replicon cells were treated with 1 
µM SOF and DCV. RNA was isolated using the Qiagen RNA easy mini kit 
protocol. The cells were initially washed in PBS. Following the wash step 
600 µl RLT buffer was added to the cell monolayer to lyse the cells. Cells 
were collected using a cell scraper and transferred to a microcentrifuge tube. 
The tube was vortexed briefly to ensure no cell clumps were left. The lysate 
was then transferred into a QIAshredder spin column to homogenise the 
lysate and centrifuged for 2 min at full speed to collect the flow through. 600 
µl of 70 % Ethanol was added to homogenised lysate and mixed by repeated 
pipetting. Up to 700 µl of the sample was transferred to an RNeasy spin 
column, centrifuged for 15 sec at over 8000 x g and the flow through was 
discarded. For on column DNase digestion 350 µl Buffer RW1 was added to 
the column, centrifuged at over 8000 x g for 15 sec and the flow through 
discarded. 80 µl DNase incubation mix was added to the spin column and 
incubated at rt for 15 min. Following incubation 350 µl Buffer RW1 was 
added to the spin column and the column was centrifuged for another 15 sec 
at over 8000 x g. The flow through was discarded. After DNase digestion the 
column was washed again using 700 µl Buffer RW1 and centrifuged again 
for 15 sec. 500 µl Buffer RPE was added to the column next and centrifuged 
for 15 sec. After a second wash step with RPE Buffer the column was 
centrifuged for 2 min. An additional spin step was carried out after placing 
the spin column in a fresh collection tube and centrifuging it for 1 min. The 
RNeasy spin column was then placed in a fresh 1.5 ml collection tube and 
30 µl RNase-free water was added to the membrane. To elute the RNA the 
column was then centrifuged for 1 min at 8000 x g. Following RNA isolation 
the RNA was kept on ice and analysed on the NanoDrop to determine the 
concentration and the 280/260 and 230/260 ratios to check RNA purity. RNA 
samples were then sent to Manchester Genomic Technologies Core Facility 
for further quality assessment, RNA-seq library construction, sequencing 
and analysis. 
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2.23 List of Antibodies used  

 

 



66 
 

 

 

2.24 Buffers and Solutions 

DMEM glutamine containing, high glucose (4500 mg/l) DMEM (Sigma) with 
10 % (v/v) FBS (Gibco- heat inactivated), 1 % (v/v) non-essential amino 
acids (Gibco), 50 000 units Penicillin and 50mg Streptomycin (Sigma).  

William’s E (Gibco) with 10 % (v/v) FBS- Hyclone FetalClone II Serum 
(Fisher Scientific), 50 000 units Penicillin, 50 mg Streptomycin (Sigma), 1x 
GlutaMAX-I (Gibco), 0.023 IE/ml human insulin (Gibco) and 4.7 µg/ml 
hydrocortisone (Sigma). 

SKSCM 60 % (v/v) low glucose (1000 mg/l) DMEM containing glutamine 
(Sigma), 40 % (v/v) MCDM-201 (Sigma) with 0.05 % (v/v) N-2 supplement 
(Gibco), 1 % (v/v) B-27 Supplement (Gibco), 10 ng/ml PDGF (Platelet-
derived growth factor, Sigma), 20 ng/ml LIF (Leukaemia Inhibitory Factor, 
Sigma), 10 ng/ml EGF (Sigma), 0.1 mM L-ascorbic acid (Sigma)  

EBC lysis buffer: 50 mM Tris HCl pH 8.0, 140 mM NaCl, 100 mM NaF, 200 
µm Na3VO4, 0.1 % (w/v) SDS, 1 % (v/v) Triton X100, 1 tablet protease 
inhibitor per 50 ml (cOmplete ULTRA tablets, Roche) 
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Luria Bertani broth (LB): 1 % (w/v) NaCl, 1 % (w/v) Tryptone, 0.5 % (w/v) 
Yeast extract 

LB Agar plates: 1 % (w/v) NaCl, 1 % (w/v) Tryptone, 0.5 % (w/v) Yeast 
extract, 0.75 % (w/v) Bacterio Agar 

Towbin: 25 mM Tris base, 250 mM Glycine, 20 % (v/v) Methanol  

Tris Glycine: 25 mM Tris base pH 8.0, 250 mM Glycine, 0.1 % (w/v) SDS 

Laemmli SDS PAGE gel loading buffer: 100 mM Tris HCl pH 6.8, 4 % 
SDS, 20 % (v/v) Glycerol, 10 mM DTT, 0.025 % (w/v) Bromophenol Blue  

Tris-buffered Saline: 50 mM Tris HCl pH 7.5, 150 mM NaCl  

FACS buffer 0.5 % (w/v) BSA, 0.05 % (w/v) NaAz in PBS 

Stain Buffer 2 % (w/v) FBS, 0.09 % (w/v) NaAz in PBS 

GFP-Trap® Lysis buffer: 10 mM Tris/Cl pH 7.5; 150 mM NaCl; 0.5 mM 
EDTA; 0.5 % (v/v) NP-40  

GFP-Trap® Dilution buffer: 10 mM Tris/Cl pH 7.5; 150 mM NaCl; 0.5 mM 
EDTA 

ECL Reagent: Solution 1: 0.4 mM p-Coumaric acid, 2.5 mM Luminol, 0.1 
Tris pH 8.5; Solution 2: 0.02 % (v/v) H2O2 0.1 mM Tris pH 8.5 

PEI 1 mg/ml stock solution in 20 mM HEPES pH 7.5 

Pre- cast resolving gel recipe for Tris- glycine SDS- polyacrylamide Gel 
electrophoresis 

8, 10, 12 or 15 % (v/v) Acrylamide 

390 mM Tris (pH 8.8)  

0.1 % (v/v) SDS 
0.1 % (v/v) ammonium persulphate  

0.04 % (v/v) Tetramethylethylenediamine   

Pre- cast 5 % stacking gel recipe Tris- glycine SDS- polyacrylamide Gel 
electrophoresis 

5 % (v/v) Acrylamide  

130 mM Tris (pH 6.8)  

0.1 % (v/v) SDS 

0.1 % (v/v) ammonium persulphate  

0.1 % (v/v) Tetramethylethylenediamine   
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3. Chapter: Establishing laboratory models of hepatic 
differentiation amenable to hepatitis C virus infection 

3.1 Introduction  

Chronic HCV infection is a leading risk factor for developing HCC, which is 
one of the most common forms of primary liver cancer (Llovet et al., 2016). 
HCV is implicated in the development of HCC both indirectly, via the 
induction of chronic inflammation, and directly via the manipulation of host 
signalling pathways by viral proteins. Due to the fact HCV causes liver 
inflammation and disease, traditionally it was thought that HCV only infects 
hepatocytes however increasing evidence suggests that these cells are only 
one of many cell types HCV targets, which include B-cells (Ito et al., 2010b, 
Pham et al., 2008, Pham and Michalak, 2008), T-cells (Sarhan et al., 2012), 
monocytes, macrophages (Caussin-Schwemling et al., 2001) including other 
macrophage-like cells such as dendrocytes (Goutagny et al., 2003). Indeed 
HCV infection has also been associated with the development of 
lymphoproliferative disorders such as mixed cryoglobulinemia and non-
Hodgkin’s lymphoma (Mele et al., 2003, Monti et al., 2005, Ferri et al., 1994, 
Ferri et al., 1991, Zignego et al., 1997). It has also been suggested that 
peripheral blood mononuclear cells (PBMC) can serve as a reservoir for 
persistent infection (Ito et al., 2010a).  

The origin of HCC CICs remains largely unclear. Parenchymal hepatocytes 
are the most abundant type of cell in the liver (80 % of liver volume). Non-
parenchymal cells include: LSEs, which line the sinuses and regulate the 
passage of nutrients and other molecules from the blood vessels into the 
liver (Fraser et al., 1995, Wisse et al., 1985); Kupffer cells which are 
specialised macrophages (Naito et al., 1997), and stellate cells which reside 
in the perisinusoidal space between a hepatocyte and a sinusoid and are the 
body’s main storage of retinoids (D'Ambrosio et al., 2011). Cholangiocytes 
are the epithelial cells which line the intra-hepatic bile ducts and function in 
bile formation. Bi-potent HPCs reside in the canal of Hering which is 
considered a putative hepatic stem cell niche in an adult liver (Theise et al., 
1999). HPC are able to divide and differentiate to replenish both hepatocytes 
and cholangiocytes.  

Following injury, the liver has the remarkable ability to regenerate (Taub, 
2004). In response to acute injury, mature hepatocytes are able to re-enter 
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the cell cycle and replicate, being largely responsible for liver maintenance 
and regeneration as revealed by lineage-tracing studies (Malato et al., 
2011). However, chronic liver injury and impairment of hepatocyte replicative 
potential (due to extreme hepatocyte loss, replicative exhaustion and chronic 
inflammation) induces mobilisation of HPCs via alteration of signalling 
pathways, including HGF/c-Met, TGF-β, Hedgehog and Hippo signalling 
which play key regulatory roles in defining HPC proliferation (Organ and 
Tsao, 2011, Zhao et al., 2008, Choi et al., 2011, Steiling et al., 2004, Ihn, 
2002), known as a ductal reaction, to supply new hepatocytes and maintain 
the functional integrity of the liver (Theise et al., 1999).  

Whilst the phenotype of murine HPCs and human embryonic bi-potent 
hepatoblasts (aka “oval cells”) are relatively well defined (Li et al., 2006b, 
Passman et al., 2016, Espanol-Suner et al., 2012, Haruna et al., 1996), the 
phenotype of adult human HPC is less clear. However, most studies of adult 
human HPC reveal multiple phenotypes involving numerous cellular 
biomarkers (Lee et al., 2012). However, some consensus is possible to 
discern, and it is generally accepted that HPCs express markers such as 
CD133, EpCAM and CK19, which are also considered markers of CIC. Both 
mature hepatocytes and HPCs have been suggested to be the cell of origin 
for HCC CIC. A recent HCC mouse model showed evidence that both 
hepatocytes and HPCs can lead to HCC formation and contribute to tumour 
heterogeneity (Tummala et al., 2017). 

It is unclear whether HCV-associated HCC originates in the same way as 
other forms of HCC, or which cells give rise to HCC CICs in the context of a 
chronic HCV infection. It is conceivable that CICs either arise from the 
transformation and de-differentiation of mature infected hepatocytes, or that 
HCV may be able to infect HPCs cells and perturb their differentiation, thus 
predisposing cells towards transformation into HCC CICs. In support of the 
latter scenario, chronic HCV infection has also been associated with the 
development of ICCA (Li et al., 2015a), with HPCs being a potential common 
origin for both ICCA and HCC. Notably, classes of HCC and ICCA have 
been shown to harbour related gene transcription signatures despite 
histological differences (Marquardt et al., 2015), in accordance with their 
potential derivation from a common HPC ancestor. Thus we hypothesised 
that HCV may be able to infect HPCs, perturb their differentiation during 
chronic hepatitis and so predispose them towards transformation into HCC 
CICs. Accordingly, we pursued several options in order to establish a HPC-
like cell culture model to explore whether HCV infection perturbs hepatic   
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Figure 3.1.1 Hepatic progenitor cell characterisation and HCV infection 
ex vivo 

A) Immunofluorescence of HPCs stained with anti-Nestin, anti-CK19, anti-CD24 
antibodies and 488 labelled secondary antibodies green). The nuclei were 
counterstained using DNA stain Hoechst (blue). Phase images were taken at a 
magnification of 200x and immunofluorescence were taken at 40x. Phase image is 
representative of cell density. B) HPCs were labelled with CT-G and co-cultured 
with JFH-1 infected Huh7.5 cells. Images were taken at 200x. Cells were fixed 
using 4 % PFA and stained for HCV structural protein E2 using the AP33 antibody 
and an Alexa Fluor 594 nm conjugated secondary antibody. Nuclei were 
counterstained using DNA stain Hoechst (blue) The merged image shows two 
infected Huh7.5 cell (1-red) and one infected CT-G labelled HPC (2- red & green). 
Work carried out by Dr Matthew Bentham.   
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Figure 3.1.2 HepaRG cell differentiation 
A) HepaRG cells were differentiated by seeding cells at confluence and changing 
the media twice a week for two weeks. After two weeks 1.8 % DMSO was added to 
the culture media and the cells were differentiated for another two weeks. Phase 
images were taken every seven days using an EVOS cell imaging system (20x 
objective). Islands of hepatocyte- and cholangiocyte-like cells are highlighted by 
white and black dotted lines, respectively. Images are representative of cell density. 
B) HepaRG cells were differentiated as described above with regular samples taken 
for whole cell protein lysates (Methods section 2.14). Lysates were separated by 
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and then 
immunoblotted using antibodies specific to CK7, albumin, CD24 and GAPDH.   
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differentiation, including the pathways involved and the HCV proteins that 
potentially mediate this effect.  

3.2 A precedent for ex vivo infection of HPC by HCV 

A key factor in establishing this PhD project was our laboratory’s prior 
unpublished demonstration that cells retaining HPC-like properties, derived 
from primary adult liver tissue, were indeed permissive to HCV infection; this 
data is therefore summarised here in brief with kind permission from my 
supervisors Dr Matthew Bentham and Dr Stephen Griffin. 

To isolate cells with the hallmarks of HPCs, healthy margins from hepatic 
colorectal metastasis resections were dissected and crudely dissociated 
using scalpels in collagenase-containing buffer. Resulting tissue aggregates 
were then cultured on fibronectin in a defined serum-free “stem cell media” 
in order to select for the growth of cells with inherent self-renewal capacity, 
without bias for particular biomarkers. After 8- 15 days, cellular outgrowths 
were evident from tissue, and these were subsequently expanded as 
polyclonal cell populations for up to seven passages; infection experiments 
described below were conducted using cells from passages 2 and 3.  

Isolated cells were characterised by immunofluorescence, which showed 
expression of stem cell markers such Nestin, CK19 and CD24 (Figure 
3.1.1A; work performed by Dr Matthew Bentham). Importantly, cells lacked 
expression of smooth muscle actin, ruling out contamination by fibroblasts or 
stellate cell precursors (data not shown). Overall, the cells isolated from 
patient liver samples shared characteristics with HPCs. To determine 
whether the isolated patient derived HPC were susceptible to HCV infection, 
cells were labelled with cytotracker green (CT-G) and co-cultured with HCV- 
infected (JFH-1 strain) Huh7.5 cells at a ratio of 10:1. Using this method a 
low level infection of progenitor cells was evident, with single or small groups 
of cells staining positively for HCV E2 antigen (AP33 monoclonal antibody) 
(Figure 3.1.1B; work carried out by Dr Matthew Bentham). However invasive 
liver biopsies are less common now, making it difficult to obtain liver samples 
from infected and non infected patients.   
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3.3 HepaRG immortalised hepatic progenitor cells- a 
potential new HCV model?  

We have shown that adult patient derived HPC were in fact susceptible to 
infection by HCV ex vivo. This observation is in accordance with other 
studies describing that human foetal liver stem cells supported replication of 
blood-derived HCV (Guo et al., 2017) and another that showed susceptibility 
of human embryonic stem cells to HCV initially occurred at the stage of 
hepatic stem cells/hepatoblasts during differentiation towards mature 
hepatocytes (Yan et al., 2017, Wu et al., 2012). However, isolation and 
culture of adult patient derived liver progenitor cells described above is 
technically challenging, laborious, yields small cell numbers and leads to low 
level and frequency of infection. Hence a robust cell culture model was 
needed to test our hypothesis of whether HCV is able to infect HPCs and 
perturb their differentiation and so predispose towards HCC development.  

  Chemically induced differentiation of HepaRG cells into 
hepatocyte-like and cholangiocyte-like cells  

HepaRG cells are immortal, but importantly not transformed, bi-potent 
progenitor-like cells which can be chemically induced (by DMSO) to 
differentiate into hepatocyte- and cholangiocyte-like cells over a period of 
four weeks (Parent et al., 2004). Ndongo-Thiam et al., demonstrated that 
HepaRG progenitor cells could support the infection and replication of 
serum-derived HCV (Ndongo-Thiam et al., 2011). Thus, HepaRG cells have 
the potential to be a model of hepatic differentiation to study the effect of 
HCV infection at various stages of differentiation, yet infection with cell 
culture HCV isolates has not been demonstrated in the literature. To use 
HepaRG cells as a model to study the effect of HCV on hepatic 
differentiation our first aim was to establish the HepaRG differentiation in our 
laboratory and characterise these cells at various stages of differentiation. 
The purpose of the characterisation was to determine whether they express 
similar markers to the HPCs and the patient derived HPCs isolated in our 
lab. The next aim was to determine whether HepaRG cells supported 
infection and replication of cell culture isolates of HCV. 

Differentiation of HepaRG cells is induced in two stages, first by culturing the 
cells for two weeks at confluence, secondly by the addition of 1.8 % DMSO 
to the media and culturing the cells for a further two weeks. DMSO has been 
used to induce and maintain differentiation in multiple primary and tumour   
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Figure 3.3.1 Immunofluorescence of undifferentiated and differentiated 
HepaRG cells stained for c-kit, CD90 or CK19, CK8, EpCAM, ki67 
and Nestin  

HepaRG cells were either seeded at sub-confluence, allowed to settle overnight or 
differentiated for 2 weeks and fixed using 4 % PFA in PBS. The cells were 
permeabilised using 0.2 % Triton X-100 in PBS and stained using antibodies 
against c-kit, CD90, CK19, CK8, EpCAM, ki67 and Nestin. Fluorescently labelled 
secondary antibodies with the fluorophore Alexa Fluor 488 nm (green) were used. 
Nuclei were counterstained using DNA stain Hoechst (blue). Images were taken 
using the 40x objective of the Nikon Eclipse Ti-E Widefield Fluorescent Inverted 
Microscope. Images are representative of cell density.   
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Figure 3.3.2 Immunofluorescence of undifferentiated and differentiated 
HepaRG cells stained for CD81 and Occludin  

HepaRG cells were either seeded at sub-confluence (8x103/ml), allowed to settle 
overnight, then fixed using 4 % PFA in PBS either immediately, or after 
differentiation for two weeks. Cells were stained using antibodies against CD81, 
occludin, and CD24. Fluorescently labelled secondary antibodies with fluorophore 
Alexa Fluor 488 nm (green) were used to detect specific proteins. Nuclei were 
counterstained using DNA stain Hoechst (blue). Images were taken using the 40x 
objective of a Nikon Eclipse Ti-E Widefield Fluorescent Inverted Microscope. 
Images are representative of cell density.   
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cell lines (Cable and Isom, 1997, Azuma et al., 2003, Cheung et al., 2006, 
Villa et al., 1991). However, it’s mode of action and the mechanism by which 
differentiation is induced remains unclear. The pleotropic effects of DMSO, 
such as; reducing cell membrane integrity (Melkonyan et al., 1996), altering 
intracellular signalling pathways including Wnt/β-catenin and TGF-β 
signalling (Fiore and Degrassi, 1999, Makowske et al., 1988, Choi et al., 
2015) and affecting alternative mRNA splicing (Bolduc et al., 2001) have all 
been implicated in its ability to promote differentiation.  

At low density, HepaRG cells appeared undifferentiated with an elongated 
morphology and unpronounced nuclei (Figure 3.1.2A). Once confluency was 
reached the cells differentiated into islands of hepatocyte-like cells 
surrounded by cholangiocyte-like cells (Figure 3.1.2A), as shown previously 
in the literature (Parent et al., 2004, Guillouzo et al., 2007), the islands of 
hepatocyte like cells displayed a more compact morphology with 
pronounced nuclei and a low nucleus-to-cytoplasm ratio. Correspondingly an 
increase in expression of the specific hepatocyte marker albumin and the 
cholangiocyte marker CK7 was observed by western blot (Figure 3.1.2B).  

HepaRG cells were characterised by immunofluorescence for the expression 
of a panel of progenitor markers, which have been previously described as 
being expressed by HPC including; c-kit (also known as CD117), CD90, 
CK19, CK8, Nestin and EpCAM (Schmelzer et al., 2006, Weiss et al., 2008, 
Goldman et al., 2016). Ki67 was included as a marker of proliferation 
(Gerdes et al., 1984, Gerdes, 1990). ‘Progenitor’ or ‘undifferentiated’ and 2 
week differentiated HepaRG cells expressed all progenitor markers tested, 
except Nestin (Figure 3.3.1); however the abundance and cell frequency of 
expression differs between progenitor and differentiated cells. Fewer 
HepaRG cells which had been cultured for 2 weeks in the absence of DMSO 
expressed the progenitor markers CD90, c-kit, CK19, EpCAM and ki67. 
HepaRG cells were also stained for HCV entry factors Occludin and CD81 
(Figure 3.3.2). CD81 was expressed in the differentiated and progenitor 
stage however CD81 levels increased post differentiation. Progenitor 
HepaRG cells only expressed a low level of Occludin and the protein was 
not expressed by all cells. Expression of Occludin increased upon 
differentiation and more cells expressed the protein (Figure 3.3.2). This 
analysis largely mirrored similar studies of HepaRG cells in the literature 
(Parent et al., 2004, Gripon et al., 2002, Cerec et al., 2007, Narayan et al., 
2009). Such studies also confirmed expression of liver specific mRNAs and 
protein such as albumin, transferrin, aldolase B and detoxification enzymes  
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such as Cytochrome P450 Family 3 Subfamily A Member 4 (CYP3A4) are 
generally absent in progenitor stage and increase over differentiation, 
especially after addition of DMSO (Parent et al., 2004, Gripon et al., 2002). 
HepaRG cells are negative for AFP at all stages (Gripon et al., 2002). Oval 
or progenitor markers analysed include CK19, CD90, c-kit, N-CAM, gp130 
and CD34 (Cerec et al., 2007, Parent et al., 2004). CK19 is expressed 
throughout and accumulates in the cholangiocyte-like cells. Expression of 
CD34, CD90 and gp130 are lost during differentiation (Cerec et al., 2007). 

  Are HepaRG cells permissive to infection with cell culture 
derived HCV? 

HepaRG cells could represent a novel cellular model for HCV infection. 
Unlike Huh7 cells, HepaRG cells are not transformed and are able to be 
differentiated from a bi-potent HPC-like cell into cholangiocyte-like and 
hepatocyte-like cells. However whilst others have shown patient-derived 
virus to infect these cells in a differentiated state (Ndongo-Thiam et al., 
2011), no such studies have been reported using cell-culture derived viruses 
based on the JFH-1 isolate (Wakita et al., 2005, Kato et al., 2001). Initial 
experiments to determine whether HepaRG cells might be permissive to 
HCV comprised transfection of wildtype (WT) HepaRG cells with JFH-1 
subgenomic replicon (Kato et al., 2003) RNA using transient electroporation. 
48 hr post-electroporation, cells were analysed by immunofluorescence 
using a well-characterised polyclonal anti-HCV NS5A antibody (Macdonald 
et al., 2003). However, no NS5A staining was detected in the transfected 
HepaRG cells.  

Ensuing experiments involved taking advantage of the Neomycin 
Phosphotransferase (NPT) selection marker expressed by the JFH1-
replicon, conferring resistance to G418 (Figure 3.3.3). Following a G418 kill-
curve titration on HepaRG cells (data not shown); a concentration of 500 
µg/ml G418 was chosen for optimal selection of transfected HepaRG cells. 
Although transfected HepaRG cells survived under G418 selection while 
control mock transfected HepaRG cells died after 1-2 weeks of G418 
selection, the transfected cells were sparse and grew slowly. Even in the 
selected HepaRG cells no HCV antigen was detectable by 
immunofluorescence. To circumvent growth inhibition within selected cells, a 
G418 pulse selection protocol was attempted, whereby cells were pulsed 
with 500 µg/ml G418 for one week and then released, to ensure selection of 
JFH-1 harbouring HepaRG and left to recover for another week, which again 
successfully selected resistant cells whilst controls were eliminated.   
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Figure 3.3.3 Structures of HCV full length and subgenomic replicon 
constructs 

Diagram representing the structures of the full length J6/JFH1 (Lindenbach et al., 
2006) and subgenomic replicon constructs JFH1-rep (Lohmann et al., 1999) and 
N17/JFH1-rep (Angus et al., 2012a). The HCV UTR regions flank the ORF. 
J6/JFH1 full length clone is a genotype 2a/2a intragenotypic chimaera, which 
contain the structural proteins Core, E1, E2, p7 and NS2 from the HC-J6 strain, 
which are linked to the remaining non-structural proteins NS3-NS5B from the JFH1 
strain. The JFH1 replicon lacks the structural protein core, E1 and E2 in addition to 
proteins p7 and NS2. These proteins have been replaced by the firefly luciferase 
gene, the neomycin phosphotransferase gene (Luc-Neo) and the IRES of the 
encephalomyocarditis virus (EMCV). This IRES directs the expression of the HCV 
polyprotein. The Luc-Neo is under control of the HCV IRES present in the 5'UTR. 
The N17/JFH1 replicon construct encodes the firefly luciferase and the puromycin 
N-acetyl-transferase genes (Luc-PAC) in the JFH1 ΔE1/E2 background (Wakita et 
al., 2005) which lacks the genes encoding structural proteins E1 and E2.   
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Figure 3.3.4 Diagram of the constructs used to transduce the HepaRG 
cells 

The GFP-miR-122 lentivirus construct was obtained from abm and additionally 
encodes a puromycin resistance gene (Puror). The IPS-1 protein is cleaved by the 
HCV NS3-4A protease at amino acid 508 (arrow). The protein also contains a 
mitochondrial transmembrane domain leading to the protein being directed to the 
outer membrane of the mitochondria. The RFP-NLS-IPS lentivirus construct 
encodes a RFP and the SV40 NLS which have been fused to the 462-540 residue 
section of the IPS-1 gene. The V-protein RFP-NLS-IPS1 lentivirus construct is a bi-
cistronic construct consisting of the V-protein from either PIV 5 or MV or the Firefly 
luciferase gene (Fluc) and the RFP-NLS-IPS-1 cassette.   
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However, semi-quantitative RT-PCR targeting a conserved region of the 
HCV 5' UTR was unable to detect any HCV RNA in any combination of the 
electroporated and G418 selected HepaRG cells (Figure 3.3.5B) (sensitivity 
down to 10 pg). To examine whether an alternative method of selection 
might be more successful, HepaRG cells were also transfected with the 
N17/JFH1 subgenomic replicon (Angus et al., 2012a), which contains both a 
Firefly luciferase reporter and puromycin N-acetyl-transferase (PAC), 
conferring puromycin resistance, preceding the HCV polyprotein carrying a 
deletion of the majority of the E1 and E2 sequences (Figure 3.3.3). However, 
following transfection luciferase activity again remained undetectable 
compared with baseline even after seemingly successful selection using 1 
µg/ml puromycin (data not shown). Native HepaRGs grown as exponential 
‘progenitor-like’ cells were poorly permissive for HCV infection. As they 
appeared to express major HCV receptors (such as CD81, Occludin), we 
reasoned that HepaRGs may either lack (or have low level expression) an 
essential cofactor(s) for HCV replication, or effectively suppress HCV 
replication via an innate interferon response to viral antigen. HepaRG have 
been shown to elicit potent IFNβ response to virus infection and to adopt 
robust interferon stimulated gene (ISG) responses (Maire et al., 2008). 
Accordingly, inhibition of type 1 IFN pathway, by neutralising anti-IFN β 
antibodies, results in enhanced HBV replication in these cells (Lucifora et al., 
2010). In addition, the progenitor-like phenotype of these cells meant that 
they were unlikely to express significant levels of miR-122, an essential HCV 
cofactor, expression of which increases throughout liver development and 
hepatic differentiation (Jung et al., 2011). Thus, HepaRG were transduced 
using Lentiviruses expressing Paramyxovirus V proteins (Andrus et al., 
2011), which are a potent antagonists for both IFN responses and 
production due to their action upon STAT1/2 signalling and cytosolic pattern 
recognition receptors (PRRs), respectively (Xu et al., 2012, Poole et al., 
2002). Specifically, V proteins from parainfluenza 5 virus (PIV5) and the 
Measles virus (MV) were used; PIV5 V protein targets STAT1 for 
proteasomal degradation (Didcock et al., 1999) (Figure 3.3.4) and interacts 
with mda-5 to inhibit activation of the IFN-β promoter (Andrejeva et al., 2004) 
and the MV V protein targets both STAT1 and STAT2 to prevent their 
nuclear translocation (Caignard et al., 2009). Both the PIV5 and MV V 
proteins interact with the RIG-I/tripartite motif containing (TRIM) 25 
regulatory complex to inhibit RIG-I signalling (Sanchez-Aparicio et al., 2018). 
HIV-based lentivirus stocks were established to transduce HepaRG cells 
with appropriate vectors.  
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Figure 3.3.5 Transfection of HepaRG cells with the JFH1 replicon 
A) Immunofluorescence of HepaRG cells which were fixed in 4 % PFA in PBS 48 
hrs after electroporation +/- JFH1-replicon RNA (8x106 cells + 10 µg RNA). The 
cells were permeabilised using 0.2 % Triton-X100 in PBS and stained with DNA 
stain Hoechst (blue) and anti-NS5A antibody (green). Alexa fluor 488 nm 
fluorophore labelled secondary antibody was used. Images were taken using the 
40x objective of the Nikon Eclipse Ti-E Widefield Fluorescent Inverted Microscope. 
Images are representative of cell density. B) HepaRG cells were either mock 
electroporated or with JFH1-replicon RNA (8x106 cells + 10 µg RNA) and treated 
+/- 500 µg/ml G418 for one week and left to recover for another week. An RT-PCR 
was performed to detect JFH1-replicon RNA in the cells. A band of about 100 bp 
was expected as seen for the positive control for which the HCV replicon was used. 
A DNA ladder with bands between 25- 500 bp was used. For the positive control 
dilution series 1 µg of HCV replicon RNA was used in the cDNA synthesis reaction 
and 1 µl of the cDNA reaction mixture followed by a 10 fold serial dilution was used 
in the RT-PCR reaction. No replicon RNA was detected in any of the HepaRG 
samples.  



83 
 

 

Figure 3.3.6 Huh7 cells transduced with an RFP HCV reporter system 
Fluorescence microscopy (20x objective of the EVOS cell imaging system) of Huh7 
cells transduced with a lentivirus encoding a real-time RFP cell-based reporter and 
transfected +/- the JFH1 replicon. The RFP construct contains a nuclear localisation 
sequence (NLS) in between the RFP protein sequence and the IPS-1. In the 
absence of HCV infection the RFP reporter exhibits mitochondrial localisation 
because of the IPS-1 mitochondrial targeting sequence, however in the presence of 
HCV infection the RFP translocates to the nucleus as the IPS-1 protein is 
recognised by the HCV NS3-4A protease and cleaved, revealing the nuclear 
localisation sequence. Images are representative of cell density.   
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Figure 3.3.7 HepaRG cells transduced with RFP-NLS-IPS and PMV V 
proteins 

Immunofluorescence (20x objective of the EVOS cell imaging system) of HepaRG 
cells transduced with a lentivirus encoded the RFP-NLS-IPS reporter system and 
PMV V proteins. The V proteins of either the MV or PIV5, or a firefly luciferase 
control (Fluc) were introduced using the same lentiviral vector encoding the RFP 
HCV reporter. After transduction with the RFP reporter, HepaRG cells were 
transfected with the JFH1 replicon, fixed (4 % PFA) 48 hr post electroporation and 
stained using an anti-NS5A antibody and Alexa Fluor 488 conjugated Donkey anti-
sheep secondary antibody. Images are representative of cell density.   
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The miR-122 expression vector expresses precursor miR-122 linked to 
eGFP via a foot-and-mouth disease virus (FMDV) 2A translational inhibitory 
sequence to serve as an indirect marker of expression (Figure 3.3.4). The V 
proteins of PIV5 and MV were introduced into the HepaRG cells using a bi-
cistronic Lentiviral vector, which also encoded a fluorescent reporter for HCV 
infection (Andrus et al., 2011) (Figure 3.3.4). The fluorescent reporter 
system allows real-time imaging of HCV infection and relies upon expression 
of the HCV NS3 protease to cleave a fusion protein consisting of IPS-1 
fused to an NLS-tagged RFP. HCV infection therefore promotes release of 
the NLS-tagged RFP, translocating the RFP signal from the mitochondria to 
the nucleus (Jones et al., 2010). Initially the HCV-RFP reporter was tested in 
Huh7 cells and Huh7 cells transiently transfected with the JFH1-replicon. 
Obvious nuclear RFP localisation was visible for the Huh7 cells harbouring 
the JFH1-replicon (Figure 3.3.6). 

HepaRG cells transduced with the PMV V protein HCV-RFP reporter viruses 
were subsequently transfected with the JFH1-replicon and stained for HCV 
NS5A protein. No nuclear RFP was detected in the transfected HepaRG 
cells, possibly due to a low transduction efficiency. However a low level of 
NS5A staining was detected (Figure 3.3.7). The JFH1-replicon construct 
contains the sequence for the firefly luciferase enzyme which is used as a 
bioluminescent reporter. By performing a luciferase assay to measure the 
relative light units produced from HepaRG lysates taken 4, 24 and 32 hr post 
electroporation we were unable to detect a luciferase signal after the initial 
sample taken 4 hr post electroporation, indicating that whilst initial translation 
of input RNA takes place, HCV RNA is unable to replicate efficiently within 
these cells (Figure 3.3.8). HepaRG cells were transduced with a combination 
of the MV V protein reporter and the miR-122 eGFP lentiviruses, followed by 
transfection with the JFH1-replicon. Interestingly following electroporation a 
very small number of cells with nuclear RFP re-localisation were visible 
(Figure 3.3.9). In addition, infection of the dual miR-122 and V protein 
transduced HepaRG cells using full length the J6-JFH1 virus again resulted 
in detection of a small number of nuclear RFP and NS5A positive cells 
(Figure 3.3.10). By virtue of the miR-122 lentiviral construct also containing a 
PAC puromycin resistance gene, these cells had first been pre-selected for 
puromycin resistance. These results suggest a combination of an increase in 
HCV cofactor expression and a reduction in anti-viral signalling can increase 
HepaRG HCV permissiveness.   
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Figure 3.3.8 Firefly luciferase measurement of electroporated HepaRG 
MV miR-122 

Firefly luciferase measurement of HepaRG MV miR-122 cells electroporated with 
JFH1-replicon RNA (4x106 cells, 5 µg RNA). Cells were lysed 4, 24 and 32 hr post 
electroporation in passive lysis buffer and the relative light units were measured 
after addition of the firefly substrate. Readings represent the mean ± standard 
deviation between replicate wells. 

  

Figure 3.3.9 HepaRG cells transduced with the RFP-NLS-IPS reporter 
and miR-122-GFP 

Fluorescence microscopy of HepaRG cells which have been transduced by two 
lentiviruses encoded either the MV RFP-NLS-IPS or a viral vector containing a miR-
122-GFP sequence. After the HepaRG cells were transduced and undergone 
antibiotic selection for miR-122-GFP and MV RFP-NLS-IPS, HepaRG cells were 
transfected by electroporation with JFH1-replicon RNA (4x106 cells and 5 μg RNA). 
Images are representative of cell density.   
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Figure 3.3.10 RFP-LS-IPS and miR-122-GFP transduced HepaRG cells 
infected with J6-JFH1 

Immunofluorescence of HepaRG cells transduced by two lentiviruses encoded 
either the MV RFP-NLS-IPS or a viral vector containing a miR-122-GFP sequence. 
After transduction and selection for GFP positive cells the HepaRG cells were 
infected with J6-JFH1 and fixed in 4 % PFA in PBS, permeabilised with 0.2 % 
Triton-X100 in PBS 48 hr after infection and stained with an anti-NS5A antibody 
and Alexa Fluor 647 nm labelled secondary antibody. Images are representative of 
cell density.   
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3.4 Adaptation of Huh7 cells to use as a HPC model  

  CD24lo Huh7 cells- a less tumourigenic Huh7 cell model 

HepaRG cells were found to be poorly permissive to HCV infection, even 
when supplemented with IFN antagonist proteins and over-expression of the 
mir122 cofactor. Thus, an in vitro model for hepatic differentiation remained 
elusive. Huh7 cells are the most common HCC-derived cell line used to 
study HCV infection as they are highly permissive to HCV as a result of 
expressing HCV entry factors including CD81, Occludin, Claudin-1 and SR-
B1, high levels of essential HCV cofactor miR-122 and showing poor 
induction of interferon in the face of PRR stimulation (Yoo et al., 1995, 
Lohmann et al., 1999). However Huh7 cells are a transformed cell line with 
many genomic mutations, epigenetic modifications and copy number 
alterations (Bressac et al., 1990, Phillips et al., 2005, Keskinen et al., 1999, 
Kawai et al., 2001, Seow et al., 2001). Huh7 cells grow in 2D cell culture as 
a heterogeneous polyclonal population and previous studies have shown 
that they can be sub-defined into populations retaining greater or lesser 
tumour-promoting ability, based upon surface expression of CIC markers 
such as CD133 (Yang et al., 2011) and CD24 (Lee et al., 2011). CD24 is a 
sialoglycoprotein which modulates growth and differentiation, which is 
commonly over-expressed in many types of cancer including HCC (Huang 
and Hsu, 1995) and often correlates to poor patient prognosis (Lee et al., 
2011). Thus, we hypothesised that selecting Huh7 cell sub-populations 
expressing low levels of CD24 would generate a cell culture model with a 
less transformed phenotype that better reflects resident HPCs rather than 
transformed CICs. 

Huh7 cells were FACS sorted based upon cell surface CD24 expression 
(Figure 3.4.1) through two rounds, taking each time the top/bottom 20 % of 
cells (Figure 3.4.1A; experiment carried out by Dr Matthew Bentham). To 
confirm that the resultant two populations expressing high (CD24hi) and low 
(CD24lo) levels of CIC marker CD24, did indeed exhibit differences in 
tumourigenicity, we employed an established subcutaneous flank xenograft 
model (Samson et al., 2018) using SCID mice injected with low numbers of 
cells (1x105), comparing tumour growth over time alongside the parental 
Huh7 line. Pleasingly, CD24 expression correlated directly with Huh7 cell 
tumourigenicity as CD24lo cells were less tumourigenic than parental Huh7 
cell (intermediate) and CD24hi cells (Figure 3.4.1B; Work carried out by Drs 
Matthew Bentham and Adel Samson). In addition, expression of other CIC  
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Figure 3.4.1 Polyclonal Huh7 cells sorted for high and low expression 
of the cancer initiating cell marker CD24 by fluorescence-activated 
cell sorting 

A) Histogram of parental Huh7 cells (grey) sorted for high (dark grey) and low (light 
blue) expression of CIC marker CD24 (using an anti-CD24 antibody) by FACS. 
These results represent the second round of Huh7 cells sorting for CD24. B) Mouse 
xenograft experiment of CD24lo, CD24hi and parental Huh7 cells- Survival 
tumourigenicity SCID mouse xenografts experiment represented as percentage 
survival over the number of days post cell implantation. Eight mice were 
subcutaneously injected with either 1x105 Huh7 parental cells, CD24hi cells or 
CD24lo cells (log rank test: CD24hi vs Huh7, p=0.0316, CD24hi vs CD24lo, 
p=0.0012, Huh7 vs CD24lo, p=0.0431). Experiments performed by Teklu Egnuni. 
C) Immunofluorescence of CD24hi and CD24lo Huh7 cells fixed in 4 % PFA in PBS 
and permeabilised. Cells were stained with DNA stain Hoechst (blue) and 
antibodies against CD24, Nestin, EpCAM or CK19. Alexa Fluor 488 nm fluorophore 
labelled secondary antibodies and images were taken using the 10x objective of the 
Nikon Eclipse Ti-E Widefield Fluorescent Inverted Microscope. Images are 
representative of cell density. Experiment performed by Matthew Bentham.   
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markers such as EpCAM and CK19 segregated with the CD24hi population 
(Figure 3.4.1C); Work carried out by Dr Matthew Bentham). 

Thus, Huh7 CD24 low expressing cells were considered (hereafter referred 
to as CD24lo) as a more useful approximation to a non-transformed HPC 
compared with parental Huh7 cells or CD24hi cells, which bore the 
hallmarks of CICs. CD24lo cells supported HCV infection and replication to a 
similar degree as parental Huh7 cells (data not shown) and a polyclonal 
stable JFH1 replicon cell line was derived by G418 selection (referred to as 
CD24lo JFH1-replicon) (Figure 3.4.3). A control cell line to compare against 
G418 selected JFH1-replicon CD24lo cells was created by taking advantage 
of newly available DAAs (SOF and DCV) to ‘cure’ replicon cells of the viral 
RNA. This ensured that control cells retained the same provenance, with all 
subsequent experiments using equivalent stocks of these lines (Figure 
3.4.3). In addition, Cured cells were more appropriate than an alternative 
control cell line where CD24lo cells were transfected with a G418 resistant 
plasmid (pcDNA3.1) and selected in parallel to replicons (Figure 3.4.3). 
These pcDNA3.1 CD24lo cells took on a distinct phenotype compared with 
either parental or control cells, with enhanced CIC marker expression and 
increased tumourigenicity (data not shown).  

To confirm the complete removal of HCV RNA and antigen, Cured CD24lo 
cells re-challenged with G418 did not subsequently survive, unlike CD24lo 
JFH1-replicon cells. Moreover, western blotting and immunofluorescence for 
HCV NS5A protein and were both negative (Figure 3.4.2). 

  Differentiation of Huh7-derived cell sub-clones as a model 
of hepatic progenitor cell differentiation 

DMSO has been shown to be effective for differentiating Huh7 cells (Sainz 
and Chisari, 2006, Choi et al., 2009, Mowbray et al., 2010). Reminiscent of 
HepaRG protocols, confluent (seeded at 3x105/ml and left to settle overnight 
prior to the addition of DMSO) CD24lo and CD24hi cells were differentiated 
in the presence of 1.8 % DMSO for up to 11 days. Morphological changes 
were clearly observed in both CD24hi and CD24lo cells during 
differentiation; cells formed tightly packed islands, which displayed typical 
“cobblestone-like” features of primary hepatocytes (Herzog et al., 2016), 
alongside an obviously low nucleus-to-cytoplasm ratio (Figure 3.5.1). Such 
islands of hepatocyte-like cells were reminiscent of the islands that form 
during DMSO induced differentiation of HepaRG cells. Accordingly, 
expression of the hepatocyte marker CYP3A4 increased in both CD24hi and 
CD24lo cells as differentiation proceeded (Figure 3.5.2).   
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Figure 3.4.2 Elimination of viral protein expression after DAA treatment 
of CD24lo cells harbouring the JFH1 replicon 

CD24lo cells harbouring the JFH1 replicon were treated with 1 µM SOF and DCV 
for two weeks. To confirm the CD24lo cells had been cured of the JFH1 replicon 
cells were analysed by western blot (A) and by immunofluorescence (B) and 
stained for viral protein NS5A (green) using an anti-NS5A antibody and an Alexa 
Fluor 488 nm fluorophore labelled secondary antibody. Images were taken using 
the 40x objective of the Nikon Eclipse Ti-E Widefield Fluorescent Inverted 
Microscope. Images are representative of cell density. 

 

Figure 3.4.3 Diagram of the derivation of cell culture models and lines 
used 

Huh7 cells were sorted by FACS for high and low cell surface expression of CD24, 
giving rise to two Huh7 lines: CD24hi and CD24lo. CD24lo Huh7 cells were 
transfected with the JFH1-replicon or the pcDNA3.1 plasmid and maintained under 
G418 selection to create a CD24lo cell line harbouring the JFH1 replicon named 
JFH1-rep and a G418 control line named pcDNA3.1 CD24lo cells. JFH1-rep 
CD24lo cells were then treated with 1 µM SOF and DCV for two weeks to cure the 
line of the JFH1 replicon and create the CD24lo Huh7 line named Cured. The 
Cured cells act as a control cell line to the CD24lo JFH1-rep cells.   
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Based on the observations that CD24lo cells were less tumourigenic in a 
mouse xenograft model and expressed lower levels of CIC markers, and that 
these cells can be induced to differentiate, CD24lo cells can be considered 
to be a robust HPC-like model for further experiments. 

3.5 Discussion 

To begin to understand our hypothetical link between chronic HCV infection 
and the development of HCC and to clarify which cells in the liver give rise to 
HCC CICs, we required a laboratory cell culture model. Relevant literature 
suggests that HCC CICs likely arise from dedifferentiated hepatocytes or 
from HPCs (Kitade et al., 2013, Chiba et al., 2007, Tschaharganeh et al., 
2014, Shin et al., 2016, He et al., 2013a, Marquardt, 2016, Sia et al., 2017). 
HCC CICs cells have a mixed phenotype and express progenitor, 
hepatocyte and cholangiocyte markers such as CK19, AFP and EpCAM 
(Yamashita et al., 2008). During chronic HCV infection the liver is largely 
repopulated by the proliferation and differentiation of HPCs.  

Our aim was to establish whether HCV is able to infect bi-potent HPCs and 
perturb the differentiation of these cells, thus potentially predisposing to the 
formation of HCC CICs. We were able to isolate HPCs from patient liver 
samples, based upon growth in defined media, rather than selection using 
one or more HPC markers. We determined that these cells were permissive 
to HCV infection via co-culture with J6-JFH1 chronically infected Huh7.5 
cells. However HPC infection was sporadic and these cells were difficult to 
isolate in large numbers in order to conduct biochemical analysis.  

Broadly speaking we took two approaches to developing an in vitro model 
system. In the first instance we took a non-transformed cell line which is well 
establish to mimic differentiation into both hepatocyte- and cholangiocyte-
like cells (HepaRG) and tried to make it permissive for HCV infection. The 
alternative approach was to take the only known HCV permissive cell culture 
line (without the need of introducing HCV cofactors) (Huh7) and develop that 
towards a model mimicking hepatocyte differentiation. The HepaRG cell line 
appeared to be a useful alternative to in vivo derived HPC’s to investigate 
whether HCV can perturb HPC differentiation. These cells behave similarly 
to bi-potent HPCs, plus whilst they are an immortal cell line they are not 
transformed, making them preferable to hepatoma-derived lines (Gripon et 
al., 2002, Parent et al., 2004).   
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Figure 3.5.1 Differentiation of CD24hi cells and Cured CD24lo cells 
Phase images of differentiating CD24hi and Cured CD24lo cells using the 20x 
objective of the EVOS cell imaging system. Images were taken on day one and 
every other day thereafter up to day eleven. Cells were seeding at 3x105/ml and left 
to settle overnight. Confluent cells were differentiated by the addition of 1.8 % 
DMSO to the culture media. Hepatocyte-like cell islands which develop during 
differentiation are highlighted by the dashed lines. Images are representative of cell 
density.   
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Figure 3.5.2 Western blot for proteins CYP3A4 and GAPDH using 
differentiating CD24hi and CD24lo Cured cells 

CD24hi and CD24lo Cured cells were differentiated during which a well of a 6 well 
cell culture plate was lysed at day one and every two days up to day eleven for 
western blot analysis. A) Membranes were stained using anti-CYP3A4 and anti-
GAPDH antibodies. B) Quantification of CYP3A4 western blot band intensity 
(Arbitrary densitometry units (ADU)) normalised to GAPDH band intensity using 
ImageJ and displayed as a percentage of Cured Day 1.   
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HepaRG cells have the ability to differentiate into hepatocyte-like and 
cholangiocyte-like cells, as well as then de-differentiating upon re-plating 
and retaining the capability to differentiate again in response to DMSO. 
Considerable effort was devoted to establish whether HepaRG cells are 
permissive to infection by cell culture HCV strains. Only one group so far 
have demonstrated HepaRG cells to be permissive to HCV using serum-
derived HCV particles (Ndongo-Thiam et al., 2011). The infection was 
performed at day three post-plating (progenitor state); from day 14 post 
plating (differentiating HepaRG cells) extracellular HCV RNA was detected 
by qPCR. HCV particles released from the infected HepaRG cells were 
found to be infectious and able to infect naïve HepaRG cells. HepaRG cells 
were allowed to differentiate for these experiments whereas HepaRG cells 
were maintained at the progenitor cell state during our experiments. It would 
have been interesting to investigate how the infection compares at different 
stages along the differentiation and whether differentiation would have 
increased permissiveness.  

We instead focused on whether HepaRG cells at the progenitor-like stage 
were permissive to cell culture derived HCV or the JFH1-replicon. Infection 
using cell culture derived HCV in comparison to serum-derived HCV 
samples can produce higher yields in other cell lines, the infection is more 
reproducible and supports the potential use of reverse genetics for future 
experiments. Wild-type ‘progenitor’-stage HepaRG cells were transfected 
with the G418 resistant JFH1-replicon and puromycin-resistant N17-replicon 
and subjected to antibiotic selection in an attempt to establish a stable 
HepaRG cell line harbouring a HCV replicon. Early signs during the antibiotic 
selection encouraged the belief that HepaRG cells were permissive, as 
HCV-replicon transfected cells had a prolonged survival time under antibiotic 
selection when compared to control cell. However after a prolonged culture 
of transfected HepaRGs, cells would become growth arrested and 
senescent and ultimately undergo cell death. In addition, transfected and 
selected HepaRG cells were found to not express viral protein NS5A and 
HCV RNA was undetectable by RT-PCR.  

Due to the fact that transfected HepaRG cells appeared to survive under 
G418 and puromycin selection (depending on the construct used) but we 
were subsequently unable to detect any HCV antigen or luciferase activity 
may mean that the virus is unable to replicate in HepaRG cells but at such 
low levels to be beneath the limit of detection for IF, luciferase, or PCR 
assays. Indeed evidence exists that HCV can persist in cells at very low 
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levels even after treatment with interferon, DAAs or instances of 
spontaneous clearance resulting in apparent SVR (Chen et al., 2015a, Chen 
et al., 2013a, Pham et al., 2010, Pham et al., 2004). The development of a 
PCR assay which had enhanced sensitivity led to the identification of a form 
of HCV infection which has been shown to persist even in the presence of 
HCV antibodies and with apparent normal levels of liver enzymes after 
spontaneous clearance or antiviral therapy induced resolution. This has 
been referred to as occult HCV (Pham et al., 2010). During occult HCV 
infection HCV RNA is detected either in the liver or in PBMCs (Carreno, 
2006). The existence of occult HCV is controversial, however increasing 
evidence supports the occurrence of this type of infection (Attar and Van 
Thiel, 2015). During occult infection HCV RNA was detected and found to 
not exceed 200 genome copies/ml of serum whereas during ‘normal’ 
infection HCV RNA levels are around 1x109 copies/ml. Ndongo-Thiam et al., 
observed that 4-7 days after infection of HepaRG cells, HCV became 
undetectable using their PCR method but subsequently became detectable 
again after cells began to differentiate. It is plausible that in our experiments 
using JFH1 based virus and replicon, HCV RNA is able to infect progenitor-
like HepaRG cells and persist at a low level. Our experiments showed us 
that HCV is able to infect HepaRGs which have been transduced with miR-
122 and V protein and that replicon transfected HepaRG cells can persist 
during selection when the mock electroporated cells die, making it a 
possibility that HCV is able to persist at very low levels (below the limit of 
detection of our assays: Western blot, IF, PCR and luciferase).  

It was possible that the intact and robust interferon response within HepaRG 
cells (Lucifora et al., 2010) was responsible for very low levels of HCV 
replicon replication, resulting in increasingly low levels of antibiotic 
resistance gene expression and eventual elimination of the virus from cell 
cultures. Thus, HepaRG cells were transduced with a lentivirus encoding the 
V proteins from either measles virus or parainfluenza virus 5, which are 
known to vigorously suppress both interferon production and responses. It is 
important to note that we did not confirm whether the interferon response 
was effectively suppressed, this would have been an important aspect to 
validate if we had taken the HepaRG line forward. 

In addition we hypothesised that HepaRG cells may lack sufficient 
expression of HCV cofactors such as miR-122. Transcription of miR-122 is 
important for liver development and is switched on by liver enriched 
transcription factors (TFs) such as HNF6. HNF6 and miR-122 exist in a 
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positive feedback loop, which drives differentiation and leads to increased 
levels as differentiation proceeds (Laudadio et al., 2012). Thus HepaRG 
cells particularly at the progenitor-like stage may have an insufficient level of 
miR-122 transcription. Jung et al., showed that miR-122 was the most 
strongly upregulated miRNA upon HepaRG differentiation, by almost 2000 
fold from day 2 to day 28 (Jung et al., 2016). However, according to Murrone 
et al., miR-122 was not the most abundant miRNA in terminally differentiated 
HepaRG cells (Marrone et al., 2016). Previous observations have 
demonstrated that hepatocellular cell lines express lower levels of miR-122 
compared to primary hepatocytes however the cell lines tested only included 
HepG2, Huh7 and Hep3B cells (Song et al., 2013). These cell lines are 
however still able to support HCV replication. To determine whether a 
possible lack of miR-122 could enhance HepaRG cell permissiveness to 
HCV, miR-122 was also introduced by lentivirus transduction, however miR-
122 on its own was not enough to increase HepaRG permissiveness to 
HCV. 

Evidence of HCV replication was only obtained when HepaRGs were co-
transfected with both miR-122 and the V protein, additionally a very high 
MOI (about 50 FFU/cell) was needed, yet the number of cells infected was 
low. HepaRG cells may lack expression of further HCV cofactors such as 
SEC14L2 (Saeed et al., 2015), phosphatidylinositol 4-kinase III alpha 
(PI4KA) (Berger et al., 2009, Borawski et al., 2009, Li et al., 2009) or 
cyclophilin A (CypA) (Kaul et al., 2009, Yang et al., 2008a) and are thus 
unable to support replication and virus production. However Huh7 and 
HepaRG cells have been shown to express higher amounts of PI4KA mRNA 
than normal hepatic specimens (Ilboudo et al., 2014). CypA is also 
detectable in both differentiated and non-differentiated HepaRG cells 
(Petrareanu et al., 2013). Moreover, we have shown that HepaRG cells 
express known HCV entry factors such as Occludin and CD81 (Figure 
3.3.2). This leaves the possibility of unknown factors.  

Another reason why we could not establish efficient HCV infection may be 
that HepaRG cells are not permissive to the viral clones used in cell culture 
and are unable to tolerate the cell culture adaptations of these strains. 
HepaRG cells appear to be closer to primary cells than other hepatocellular 
cell lines such as HepG2 and Huh7 cells. This may be the reason why cell 
culture adapted strains and JFH1 based viral constructs are unable to 
persist in these cells. Bukh et al., showed that a Con1 genome containing 
cell culture adaptive mutations led to increased replication levels in cell 
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culture. However the same transcript failed to achieve HCV infection of 
chimpanzees compared to the WT Con1 genome (Bukh et al., 2002). 

Having exhausting the most likely co-factors to enhance HCV infection of 
HepaRG cells we next tried to take an permissive cell line and adapt that to 
a differentiation model. Huh7 cells are permissive to HCV infection and 
support a high level of replication however these cells are transformed. Huh7 
cells are known to be polyclonal (Sainz et al., 2009a) which opens up the 
possibility of sorting these cells for low expression of CIC markers. Lee and 
colleagues found that HCC patients with high CD24 expressing tumours 
cells had a reduced survival rate compared to patients with CD24low 
expressing tumours (Lee et al., 2011). Huh7 cells sorted for low expression 
of CD24 were found to be less tumourigenic in vivo and expressed lower 
levels of other CIC markers such as EpCAM. CD24lo cells were found to 
support HCV replication to a similar level as parental Huh7 cells thus the 
CD24lo represents a better cellular model to investigate the link between 
HCV infection and the development of HCC. Lee et al., also found that cell 
populations expressing high levels of CD24 overlapped with other CIC 
markers including EpCAM and CD133 and suggested that these markers 
may share common self-renewal pathways (Lee et al., 2011), possibly via 
Nanog. The EpCAM locus is directly bound by Nanog (Polo et al., 2012) 
whereas CD133 is regulated by STAT3 which is itself amplified by Nanog 
(Ghoshal et al., 2016, Stuart et al., 2014). Other Huh7 subclones have in the 
past been isolated, however, these have usually been selected due to 
increased permissiveness to virus replication, for example Huh7.5s (Blight et 
al., 2002). We are unaware of a similar less tumourigenic Huh7 subclone.  

Huh7 cells can be chemically induced to differentiate, as has been shown 
previously in the literature (Choi et al., 2009, Sainz and Chisari, 2006). The 
mechanism behind DMSO induced differentiation is unclear. DMSO is 
however, used in many differentiation protocols for both primary cells and 
cell lines (Cable and Isom, 1997, Azuma et al., 2003, Cheung et al., 2006, 
Villa et al., 1991). DMSO affects cell membrane integrity (Melkonyan et al., 
1996), and alters intracellular signalling pathways such as Wnt/β-catenin and 
TGF-β signalling. Postulated to occur via upregulation of Wnt molecules 
such as Wnt2a and Wnt9a and TGF-β family members such as Tgfb1 and 
Gdf1 (Fiore and Degrassi, 1999, Makowske et al., 1988, Choi et al., 2015) 
and alternative mRNA splicing (Bolduc et al., 2001). The addition of DMSO 
to the culture medium induces several changes to CD24lo and CD24hi cells 
alike. Clear morphological changes became apparent; islands of hepatocyte-
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like cells developed over the course of an 11 day differentiation. These 
islands consisted of cuboidal cells with a low nucleus-to-cytoplasm ratio and 
clear border definition which resembled primary hepatocytes more closely 
than proliferating Huh7 cells. Alongside these morphological changes both 
CD24lo and CD24hi Huh7 cells increased expression of the hepatocyte 
marker CYP3A4 which is an enzyme involved in drug metabolism and 
synthesis of cholesterol and steroids. Our results of differentiating CD24lo 
Huh7 cells confirmed previous findings of differentiating Huh7 cells. Similar 
morphological changes were observed by Sainz & Chisari, who also 
observed tightly packed monolayers with cells with a low nucleus-to-
cytoplasm ratio and multiple distinct nucleoli. Similar to our observations of 
culturing CD24lo Huh7 cells in the absence of DMSO, Sainz & Chisari also 
observed how in the absence of DMSO Huh7 cells initially start to form a 
similarly tight monolayer however this monolayer becomes compromised 
and increased cell death follows. We observed that CD24lo Huh7 cells 
appear to continue to proliferate in the absence of DMSO, appear to lack cell 
contact induced growth arrest and followed by an increase in cell death. 
Concordant with our observations of increased hepatocyte marker 
expression (Figure 3.5.2) previous studies also measured an increase in 
albumin RNA levels alongside other markers such as alpha-1-antitrypsin 
(A1AT) and HNF4α. Choi et al., not only measured increased expression of 
P450 metabolic enzymes including CYP3A4 but also measured the activity 
of these enzymes which increased upon DMSO driven differentiation. These 
indicate that like polyclonal Huh7 cells CD24lo cells can be induced to 
differentiate further and can serve as a model of hepatic differentiation.  

In summary, of the two potential cellular models evaluated to use to 
investigate whether HCV can perturb hepatocyte differentiation, only one 
was actually permissive for HCV replication to detectable levels. As the initial 
assays indicated that both model systems were amenable to differentiation 
(via DMSO) we therefore took the permissive CD24lo Huh7 line forward as a 
candidate model system.  
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4. Chapter: The influence of HCV infection on CD24lo Huh7 
cellular differentiation 

4.1  Introduction 

As introduced in Chapter 3, DMSO can be used to differentiate Huh7 cells 
(Sainz and Chisari, 2006, Choi et al., 2009, Mowbray et al., 2010). Similar to 
previous studies of DMSO treated Huh7 cells, CD24lo cells become growth 
arrested and undergo morphological changes. These morphological 
changes manifested in the development of islands of hepatocyte-like cells 
which resembled the “cobblestone-like” features of primary hepatocytes 
(Herzog et al., 2016). In addition these hepatocyte-like cells displayed a low 
nucleus to cytoplasm ratio and multiple distinct nucleoli similar to primary 
hepatocytes. As well as exhibiting morphological changes reminiscent of 
hepatocytes; DMSO treated Huh7 cells expressed higher levels of 
hepatocyte markers such as albumin and drug-metabolising enzymes such 
as CYP3A4 (Choi et al., 2009). We observed a similar increase in 
expression of the metabolic enzyme CYP3A4 when CD24lo and CD24hi 
Huh7 cells were differentiated using DMSO. The next step was to determine 
what effect HCV infection, either using the JFH1-replicon or the J6-JFH1 full 
length virus, had upon DMSO induced differentiation of CD24lo cells.  

4.2 HCV infection perturbs CD24lo cell differentiation  

  HCV infection delays and reduces CD24lo cell 
differentiation associated morphological changes 

Huh7 cells were sorted into a subpopulation of cells expressing low levels of 
CD24, a CIC marker (see section 3.4.1). These CD24lo cells were found to 
be less tumourigenic in a mouse xenograft model compared to parental 
Huh7 and CD24high cells. Based on this, lower expression of selected CIC 
markers (EpCAM, CK19 etc.), and the fact that these cells can be induced to 
differentiate, CD24lo cells were considered to be a more useful 
approximation to HPCs compared with more heterogeneous cultures of 
parental Huh7 cells. CD24lo Huh7 cells were chosen as a tractable, robust 
model capable of accommodating HCV infection. Alternative models such as 
deriving HPC-like cells from iPSCs or from embryonic stem cells (ESCs) 
were considered but disregarded based on cost and time constraints. A 
CD24lo line stably expressing the JFH1-replicon was first derived by G418  
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Figure 4.2.1 NS5A expression of CD24lo JFH1-rep and chronically 
infected JFH1-J6 CD24lo cells  

CD24lo cells either harbouring the JFH1-replicon or chronically infected with full 
length JFH1-J6 were fixed using 4 % PFA, permeabilised and stained for HCV 
NS5A expression using polyclonal anti-NS5A antibodies and Alex Fluor 488 nm 
conjugated secondary antibodies. Images are representative of cell density. 

 

Figure 4.2.2 Phase images of the differentiation of CD24lo cells and J6-
JFH1 infected CD24lo cells 

CD24lo cells and chronically infected cells were differentiated over the course of 
nine days by the addition of 1.8 % DMSO to the culture media. The media was 
changed every two days and phase images were taken on the 10x objective of the 
Nikon Eclipse Ti-E Widefield Fluorescent Inverted Microscope from samples fixed in 
4 % PFA in PBS on day one and nine of differentiation. Highlighted by white dashed 
lines are the islands of cells which have undergone a morphological change and 
are more hepatocyte-like in appearance. Images are representative of cell density.   
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Figure 4.2.3 Phase images of DMSO-differentiated Cured and JFH1-
replicon containing CD24lo cells  

Cured and JFH1-replicon CD24lo cells were differentiated over the course of eleven 
days by the addition of 1.8 % DMSO to the culture media. The media was changed 
every two days and phase images were taken on the 20x objective of the EVOS cell 
imaging system. Highlighted by white dashed lines are the islands of cells which 
have undergone a morphological change and are more hepatocyte-like in 
appearance. Images are representative of cell density.   
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selection, followed by a control cell line where cells were “cured” of the 
replicon using DAAs (SOF & DCV), referred to hereafter as Cured. Using 
cell culture infection models also provides a measured and defined means of 
investigating the effect of HCV infection of differentiation. These replicon 
lines were compared to parental CD24lo chronically infected with the J6-
JFH1 full length virus, providing a means to compare between the complete 
virus lifecycle and expression of the minimal HCV replicase (NS3, 4A/B, 
5A/B).  

When CD24lo JFH1-replicon cells were differentiated using DMSO 
alongside Cured CD24lo cells, we observed not only that the expected 
hepatocyte-like morphological changes were delayed, but that the JFH1-
replicon cells developed far fewer islands of hepatocyte-like cells by day 
eleven of differentiation (Figure 4.2.3). These same morphological 
differences were observed when CD24lo and chronically infected J6-JFH1 
CD24lo cells (Figure 4.2.1) were differentiated (Figure 4.2.2); further 
supporting the observed changes were dependent on viral infection.  

  Differentiation associated protein expression are altered by 
HCV infection  

Previous studies have demonstrated that DMSO induced differentiation of 
Huh7 cells alters expression of multiple proteins, including albumin, A1AT, 
P450 enzymes and HNF4α and proliferation (Choi et al., 2009, Sainz and 
Chisari, 2006), indicative of cells both exiting the cell cycle and activating 
hepatocyte-like transcriptional programmes. We chose to monitor expression 
of ki67, albumin and CYP3A4 to serve as markers for cell cycle exit (into G0) 
and hepatocyte differentiation, respectively, with a view to determining 
whether morphological changes induced by HCV infection alters the 
outcome of chemical differentiation. Ki67 is a nuclear protein that is 
expressed during all active phases of the cell cycle from G1 to M phase 
(Gerdes et al., 1991), particularly M phase (Sobecki et al., 2017), and so is 
commonly used as a marker of proliferation (Scholzen and Gerdes, 2000). 
However, ki67 may still be expressed by G1/S or G2/M cell cycle arrested 
cells and it is therefore an indirect marker (van Oijen et al., 1998). As 
expected, the majority of proliferating CD24lo, Cured JFH1-replicon and J6-
JFH1 cells expressed ki67 on day one of differentiation (Figure 4.2.4, Figure 
4.2.5, Figure 4.2.6, Figure 4.2.7, Figure 4.2.9 & Figure 4.2.10). However, for 
CD24lo and Cured cells by day nine ki67 levels decreased close to the limit 
of detection (by western blot and immunofluorescence) (Figure 4.2.4, Figure 
4.2.5, Figure 4.2.7 & Figure 4.2.9).   
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Figure 4.2.4 Protein levels of differentiated Cured and JFH1-rep cells 
A) Cells were differentiated over a course of nine days with media changes every 
two days. Approximately 1x106 cells were lysed for Western blot analysis on days 
one, five and nine. Membranes were probed for GAPDH, NS5A, ki67, CYP3A4 or 
albumin. B) Quantification of NS5A, ki67, CYP3A4 and albumin western blot 
intensity (arbitrary densitometry units (ADU)) normalised to GAPDH band intensity 
using ImageJ. Displayed as the percentage of Cured Day 1 for except NS5A which 
is displayed as the percentage of JFH1-rep Day 1. Two-tailed Student t-test, * 
≤0.05, **≤0.01, ***≤0.00; NS5A n=7, ki67 n=3, CYP3A4 n=5 and albumin n=2.   
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Figure 4.2.5 Western blot of differentiated CD24lo and J6-JFH1 virus 
CD24lo cells 

A) Cells were differentiated over a course of nine days during which the media was 
changed every two days. About 1x106 cells were lysed for Western blot analysis on 
days one, five and nine. Membranes were probed for GAPDH, NS5A, ki67, 
CYP3A4 or albumin. B) Quantification of NS5A, ki67, CYP3A4 and albumin western 
blot intensity measured as arbitrary densitometry units (ADU) normalised to 
GAPDH band intensity using ImageJ. Displayed as the percentage of CD24lo Day 1 
for except NS5A which is displayed as the percentage of J6-JFH1 Day 1. Two-
tailed Student t-test, *≤0.05, **≤0.01, ***≤0.001; NS5A n=3, ki67 n=2, CYP3A4 n=3 
and albumin n=1. Results for NS5A and CYP3A4 were not statistically significant.  
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This decrease in ki67 was considerably less marked within HCV infected 
cells, with clear maintenance of ki67 levels compared with control cells. This 
trend was readily apparent on multiple western blots, with quantitation by 
densitometry attaining statistical significance on day five of differentiation 
(Figure 4.2.4, Figure 4.2.5, Figure 4.2.7 & Figure 4.2.9). By 
immunofluorescence we observed that JFH1-replicon cells and J6-JFH1 
infected cells retained a significantly higher number (20.4 % and 11.2 % 
respectively) of ki67 positive cells on day nine of differentiation compared to 
Cured (3.3 %) and CD24lo cells (1.6 %) respectively (Figure 4.2.6, Figure 
4.2.7 & Figure 4.2.9). We also confirmed these data on a single cell basis 
using flow-cytometry of differentiated Cured and JFH1-replicon cells, 
measuring both MFI and the percentage ki67 positive nuclei. The 
percentage of ki67 positive Cured cells dropped from 43 % at day one to just 
4.2 % at day nine, whereas CD24lo cells harbouring the JFH1-replicon 
maintained 10.2 % ki67 positive cells at day nine from at 37.3 % at day one 
(Figure 4.2.10).  

Hepatocyte function includes synthesis of the serum protein albumin (Zorn, 
2008), as well as catabolic drug metabolism through the expression of 
xenobiotic enzymes such as CYP3A4. CYP3A4 is a member of the 
cytochrome P450 superfamily of enzymes and is involved in the metabolism 
of many commonly used drugs (Wilkinson, 2005). Accordingly, both are 
commonly used as hepatocyte markers. Differentiation of CD24lo cells led to 
an increase in expression for these hepatocyte markers (Figure 4.2.4 & 
Figure 4.2.5). Strikingly, the increase in CYP3A4 and albumin was 
dramatically reduced within HCV-infected (replicon or full length virus) 
CD24lo cells, including a statistically significant increase in CYP3A4 levels at 
day nine of differentiation in Cured cells compared to JFH1-replicon cells by 
western blot densitometry (Figure 4.2.4 & Figure 4.2.5). Measuring the MFI 
of IF images also confirmed that albumin expression was significantly higher 
in Cured and cells at day nine compared to JFH1-replicon cells (Figure 4.2.6 
& Figure 4.2.7). The MFI was used as a measure of the level of Albumin 
expression. Due to the nature of the staining we were unable to measure the 
number of albumin positive cells.  

The change in expression level of albumin, CYP3A4 and ki67 indicated that 
CD24lo cells are exiting the cell cycle and undergoing a process of 
differentiation however the altered pattern of HCV infected CD24lo cells 
suggested that the virus was perturbing this process and the cells were 
unable to differentiate to the same extent.  
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Figure 4.2.6 Immunofluorescence of differentiated Cured and JFH1-
replicon CD24lo cells 

Cells were differentiated on cover slips in a 12 well plate and fixed using 4 % PFA 
at day one and day nine of differentiation. The cells were then permeabilised using 
0.2 % Triton-X100 and stained using antibodies against albumin (green) and ki67 
(red) and 488 nm and 594 nm fluorescently labelled Alexa fluor secondary 
antibodies respectively. The nuclei were counterstained using DNA stain Hoechst. 
Images were taken using the 40x objective of the Nikon Eclipse Ti-E Widefield 
Fluorescent Inverted Microscope. Islands of hepatocyte-like cells are highlighted by 
dashed white lines. Images are representative of cell density.   
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Figure 4.2.7 Quantification of IF images of Cured and JFH1-replicon 
cells during differentiation. 

Quantification of immunofluorescence of Cured and JFH1-replicon CD24lo cells at 
day one and day nine of differentiation using Image J. A) ki67 staining was 
quantified as the mean percentage of ki67 positive cells (n=3; two-tailed t-test * 
≤0.05, **≤0.01, ***≤0.001) B) Albumin staining was quantified as the MFI per image 
for albumin (n=3; two-tailed t-test * ≤0.05, **≤0.01, ***≤0.001).   

0

50

100

150

200

Albumin MFI during differentiation

M
ea

n 
Fl

uo
re

sc
en

t I
nt

en
si

ty

%ki67 positive cells during differentiation 

%
po

si
tiv

e 
ce

lls
 

***

A)

B)

*
*

*



109 
 

 

Figure 4.2.8 Immunofluorescence of CD24lo and J6-JFH1 CD24lo cells 
for albumin 

Cells were differentiated on cover slips in a 12 well plate and fixed using 4 % PFA 
in PBS at day one and day nine of differentiation. The cells were then 
permeabilised using 0.2 % Triton-X100 in PBS and stained using antibodies against 
albumin (green) and 488 nm fluorescently labelled Alexa Fluor secondary 
antibodies. The nuclei were counterstained using the DNA stain Hoechst. Images 
were taken using the 40x objective of the Nikon Eclipse Ti-E Widefield Fluorescent 
Inverted Microscope. Images are representative of cell density.  B) Albumin staining 
was quantified as the MFI intensity per image (n=2).   
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Figure 4.2.9 Immunofluorescence of CD24lo and J6-JFH1 CD24lo cells 
for ki67 

Cells were differentiated on cover slips in a 12 well plate and fixed using 4 % PFA 
in PBS at day one and day nine of differentiation. The cells were then 
permeabilised using 0.2 % Triton-X100 in PBS probed using antibodies against ki67 
(red) and 594 nm fluorescently labelled Alexa Fluor secondary antibodies. The 
nuclei were counterstained using the DNA stain Hoechst. Images were taken using 
the 40x objective of the Nikon Eclipse Ti-E Widefield Fluorescent Inverted 
Microscope. Images are representative of cell density.  B) ki67 staining was 
quantified as the mean percentage of ki67 positive cells (n=3; two-tailed t-test * 
≤0.05, **≤0.01, ***≤0.001).   
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  The effect of differentiation on viral protein expression  

NS5A is a HCV non-structural RNA binding protein that is required for both 
viral RNA replication as well as particle assembly (Fridell et al., 2011, 
Macdonald and Harris, 2004, Ross-Thriepland and Harris, 2015) and is often 
used as a surrogate marker of viral replication. NS5A also interacts with 
other HCV non-structural proteins and a wide variety of cellular proteins (He 
et al., 2006). An interesting protein expression pattern was observed for the 
viral NS5A protein during the course of differentiation (Figure 4.2.4 & Figure 
4.2.5). NS5A levels initially increased at days three and five, suggestive of 
an increase in viral replication, yet then began to decrease below initial 
levels as differentiation continued (Figure 4.2.11). For five out of seven 
replicon experiments NS5A expression almost dropped below the threshold 
of detection entirely (Figure 4.2.11). A similar pattern was observed for J6-
JFH1 infected cells with NS5A levels being much lower at day 9 compared 
to day 1. As we observed NS5A expression almost disappearing entirely in 
the majority of our experiments, differentiated (day 9 post-DMSO) JFH1-
replicon cells were ‘de-differentiated’ by reseeding the cells at sub-confluent 
density in DMSO free media, to determine whether the virus persists during 
differentiation and whether viral replication and protein expression can be 
rescued. Both differentiation and de-dedifferentiation occurred in the 
absence of G418 selection. NS5A expression was rescued by allowing the 
CD24lo JFH1-replicon cells to ‘dedifferentiate’ (Figure 4.2.12). This indicates 
that HCV may preferentially replicate in cells which have been stimulated by 
DMSO but which have not yet become terminally differentiated. It also 
demonstrates that it is able to persist in the more terminally differentiated 
CD24lo cells, despite an obvious lack of replicase protein expression, and in 
the absence of selection. Both genome replication and gene expression are 
rescued when cells were no longer contact inhibited and allowed to 
proliferate. 

  Direct acting antiviral treatment during differentiation 
restores CD24lo differentiation phenotype 

To elucidate whether the altered differentiation pattern observed in J6-JFH1 
infected CD24lo cells and cells harbouring the JFH1-replicon was dependent 
upon ongoing HCV replication, differentiation experiments were repeated in 
the presence of the direct acting antivirals SOF and DCV which included a 
24 hr pre-treatment prior to setting up the differentiation. DAA treatment was 
maintained throughout differentiation. Both of these DAAs are now 
commonly used in the clinic to treat patients (Section 1.2.3).  
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Figure 4.2.10 Flow-cytometry for ki67 stained Cured and JFH1-replicon 
CD24lo cells over differentiation. 

Cured and JFH1-replicon cells were collected for flow-cytometry at day 1 and day 9 
of differentiation. Cells were permeabilised stained for ki67 using BV421 conjugated 
anti-ki67 antibodies. After the cells were stained and fixed, the samples were 
analysed for ki67 expression by flow-cytometry. Gates are set based on 5 % of the 
isotope control of each sample B) Quantification of ki67 flow-cytometry of 
differentiated Cured and JFH1-replicon CD24lo cells. The percentage of ki67 
positive cells and the MFI of the cells were recorded.   



113 
 

 

 

Figure 4.2.11 Western blot of JFH1-replicon CD24lo cells over the 
course of differentiation 

A) Cells were differentiated over eleven days with media changes every two days. 
Lysates were also taken every two days for Western blot. Membranes were probed 
with anti-GAPDH and anti-NS5A antibodies. Quantification using ImageJ of NS5A 
western blot band intensities normalised to GAPDH band intensities. B) An example 
Western blot for NS5A of a differentiation experiment in which NS5A levels 
disappear almost entirely at day nine. Quantification of NS5A western blot intensity 
normalised to GAPDH band intensity using ImageJ (measured as Arbitrary 
densitometry units (ADU)). Displayed as percentage of JFH1-rep Day 1. Two tailed 
student t-test p=0.0002, n=7.   
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Figure 4.2.12 Western blot of Cured and JFH1-replicon de-
differentiation experiment 

A) Cured and JFH1-replicon CD24lo cells were differentiated for nine days and then 
trypsinized and re-seeded at sub-confluence in the absence of DMSO and G418. 
Lysates were taken at day one, five, nine and two days post re-seeding (day -2) for 
Western blot. Membranes were stained using anti-β-actin, NS5A, ki67 or CYP3A4 
antibodies. B) NS5A western blot band intensity quantification using ImageJ 
normalised to β-actin band intensities. C) CYP3A4 western blot band intensity 
quantification using ImageJ normalised to β-actin band intensities (measured as 
Arbitrary densitometry units (ADU)). Displayed as percentage of JFH1-rep day 1 for 
NS5A and percentage of Cured day 1 for CYP3A4.   
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Based upon NS5A western blotting, DAA 24 hr pre-treatment of infected 
CD24lo cells cleared virus rapidly during differentiation experiments, with an 
initial decrease evident at day 1 (Figure 4.2.13 & Figure 4.2.14). DAA 
treatment and resulting elimination of HCV infection, restored the CD24lo 
differentiation phenotype. Specifically, we observed an increase in the 
number of hepatocyte-like islands in DAA treated cells to a level similar to 
CD24lo cells (Figure 4.2.15). In addition, DAA treated cells expressed higher 
levels of the hepatocyte marker CYP3A4 at day nine of the differentiation 
when compared to the infected cells (Figure 4.2.13 & Figure 4.2.14). DAA 
treatment of infected CD24lo cells also lead to a decrease in ki67 protein 
levels over the course of differentiation when compared to untreated control 
infections. This protein expression pattern of DAA treated cells resembled 
that of the uninfected CD24lo cells more closely than differentiated infected 
cells (Figure 4.2.13 & Figure 4.2.14). It is important to note that the CYP3A4 
pattern for the untreated J6-JFH1 cells in the DAA J6-JFH1 experiment was 
not as pronounced, CYP3A4 levels were not as reduced as previously 
observed. These findings further support that the observed alteration of the 
differentiation phenotype is dependent upon HCV infection.  

  The effect of differentiation and HCV infection on cell-cell 
adhesion and cytoskeletal proteins 

As hepatic cells differentiate, they become polarized and form sheets of 
tightly linked hepatocytes, a result of changes to cell adhesion, tight junction 
and cytoskeletal protein expression and rearrangement (Treyer and Musch, 
2013, Braiterman and Hubbard, 2009). Differentiation of CD24lo cells drove 
clear changes in cell morphology and we observed that these were less 
marked in HCV infected compared with control cells. These observations led 
us to investigate whether cell cytoskeletal architecture and cell surface 
adhesion molecules might be differentially affected by HCV infection 
compared with controls during DMSO induced differentiation. Differentiated 
cells were analysed by immunofluorescence for selected cell adhesion, cell-
cell contact and cytoskeletal proteins including; EpCAM, E-cadherin, N-
cadherin, occludin and F-actin. Occludin is an important part of tight 
junctions and a HCV entry factor. E-cadherin and N-cadherin are important 
cell-cell adhesion molecules and the E/N-cadherin ratio is important marker 
of EMT. F-actin forms the actin cytoskeleton which is essential for many 
cellular functions. EpCAM is often used as a marker for HCC CICs.  
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Figure 4.2.13 Western blot of CD24lo and J6-JFH1 CD24lo cells +/- DAA 
over differentiation 

A) Cells were differentiated in the presence or absence of direct acting antivirals 
(DAAs) DCV (1 μM) and SOF (1 μM) and lysed for western blot analysis at day one, 
five and nine of differentiation. Membranes were stained using anti-GAPDH, anti-
NS5A, anti-ki67 or anti-CYP3A4 antibodies. B) Quantification of NS5A, ki67 and 
CYP3A4 western blot intensity normalised to GAPDH band intensity measured 
using ImageJ (measured as Arbitrary densitometry units (ADU)) (n=1). Displayed as 
the percentage of CD24lo Day 1 except for NS5A which is the percentage of J6-
JFH1 Day 1.   
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Figure 4.2.14 Western blot of differentiated Cured and JFH1-replicon 
CD24lo cells +/- DAA 

A) Cells were differentiated in the presence or absence of direct acting antivirals 
(DAAs) DCV (1 μM) and SOF (1 μM) and lysed for western blot analysis at day one, 
five and nine of differentiation. Membranes were stained using anti-GAPDH, anti-
NS5A, anti-ki67 or anti-CYP3A4 antibodies. B) Quantification of NS5A (n=2), ki67 
(n=1) and CYP3A4 (n=2) western blot intensity normalised to GAPDH band 
intensity measured using ImageJ (measured as Arbitrary densitometry units 
(ADU)). Displayed as the percentage of CD24lo Day 1 except for NS5A which is the 
percentage of J6-JFH1 Day 1.   
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Figure 4.2.15 Phase images of the differentiation of Cured and JFH1-
replicon cells +/- DAAs 

Cells were differentiated in the presence or absence of direct acting antivirals DCV 
(1 μM) and SOF (1 μM) over nine days. After seeding and allowing the cells to 
settle overnight, DMSO was added to the culture media, which was replaced every 
two days. At days one, five and nine phase images were taken using the 20x 
objective of the EVOS cell imaging system. Images are representative of cell 
density.   
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(Figure 4.2.17) shows that expression of EpCAM increased over the course 
of differentiation, particularly within islands of hepatocyte-like cells. 
Correspondingly fewer JFH1-replicon cells expressed EpCAM at day nine of 
differentiation compared to the HCV negative Cured cells. Expression of the 
cell-cell adhesion protein E-cadherin, followed a similar trend to EpCAM, 
with the biggest difference observed between JFH1-replicon and Cured cells 
at day nine of differentiation. Again E-cadherin expression predominantly 
resided within the islands of hepatocyte-like cells, but was less punctate in 
the Cured cells at day nine of differentiation compared the JFH1-replicon 
cells (Figure 4.2.17).  

Interestingly, JFH1-replicon cells expressed higher levels of N-cadherin at 
day one of differentiation compared to Cured cells. The localisation of N-cad 
changed over the course of the differentiation, becoming much more 
pronounced at the cell-cell junctions. It can be seen by comparing the day 9 
images of (Figure 4.2.18) that JFH-replicon reduced this effect. 

Occludin expression increased in both Cured and JFH1 cells over the course 
of differentiation (Figure 4.2.19). Expression of Occludin became more 
organised at day nine of differentiation and resided at the cell borders of non 
hepatocyte-like cells. Expression of occludin within the islands of 
hepatocyte-like cells localised to a single point, characteristic of the 
formation of tight junctions.  

Analysis of the cytoskeletal protein F-actin revealed that stress fibres were 
more common in JFH1-replicon and J6-JFH1 CD24lo cells at day one of 
differentiation compared to HCV negative CD24lo cells (Figure 4.2.20 & 
Figure 4.2.21). Differentiated cells appear to form F-actin structures more 
similar to adhesion belts between cells.  

Analysis of these proteins indicates that DMSO is able to induce some of the 
cytoskeletal and cell-adhesion changes associated with hepatocyte 
differentiation. For example the cell membrane associated N-cadherin and 
occludin tight junction formation. However we did observe differences in 
expression and localisation of some proteins compared to what is usually 
found in primary hepatocytes, such as the expression of EpCAM which is 
usually lost in primary hepatocytes. HCV infection was able to alter the 
expression and localisation pattern of E-cadherin, N-cadherin, occludin, 
EpCAM and F-actin during differentiation.   
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Figure 4.2.16 Immunofluorescence of Cured and JFH1-replicon CD24lo 
cells for EpCAM 

Cells were differentiated on cover slips in a 12 well plate and fixed at day one and 
day nine of differentiation using 4 % PFA in PBS. The cells were then 
permeabilised using 0.2 % Triton-X100 in PBS and stained using antibodies against 
EpCAM (green) and 488 nm fluorescently labelled Alexa Fluor secondary 
antibodies. Nuclei were counterstained using DNA dye, Hoechst. Images were 
taken using the 40x objective of the Nikon Eclipse Ti-E Widefield Fluorescent 
Inverted Microscope. Islands of hepatocyte-like cells are highlighted by dashed 
white lines. Images are representative of cell density.   
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Figure 4.2.17 Immunofluorescence of Cured and JFH1-replicon CD24lo 
cells for E-cadherin 

Cells were differentiated on cover slips in a 12 well plate and fixed at day one and 
day nine of differentiation using 4 % PFA in PBS. The cells were then stained using 
antibodies against E-cadherin (green) and 488 nm fluorescently labelled Alexa 
Fluor secondary antibodies. Nuclei were counterstained using DNA dye Hoechst. 
Images were taken using the 40x objective of the Nikon Eclipse Ti-E Widefield 
Fluorescent Inverted Microscope. Islands of hepatocyte-like cells are highlighted by 
dashed white lines. Images are representative of cell density.   
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Figure 4.2.18 Immunofluorescence of Cured and JFH1-replicon CD24lo 
cells for N-cadherin 

Cells were differentiated on cover slips in a 12 well plate and fixed at day one and 
day nine of differentiation using 4 % PFA in PBS. The cells were stained using 
antibodies against N-cadherin (green) and 488 nm fluorescently labelled Alexa 
Fluor secondary antibodies. Nuclei were counterstained using DNA dye Hoechst. 
Images were taken using the 40x objective of the Nikon Eclipse Ti-E Widefield 
Fluorescent Inverted Microscope. Islands of hepatocyte-like cells are highlighted by 
dashed white lines. Images are representative of cell density.   
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Figure 4.2.19 Immunofluorescence of Cured and JFH1-replicon CD24lo 
cells for Occludin 

Cells were differentiated on cover slips in a 12 well plate and fixed at day one and 
day nine of differentiation using 4 % PFA in PBS. The cells were stained using 
antibodies against Occludin (green) and 488 nm fluorescently labelled Alexa Fluor 
secondary antibodies. Nuclei were counterstained using DNA dye Hoechst. Images 
were taken using the 40x objective of the Nikon Eclipse Ti-E Widefield Fluorescent 
Inverted Microscope. Islands of hepatocyte-like cells are highlighted by dashed 
white lines. Images are representative of cell density.    
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Figure 4.2.20 Immunofluorescence of Cured and JFH1-replicon CD24lo 
cells for F-actin 

Cells were differentiated on cover slips in a 12 well plate and fixed at day one and 
day nine of differentiation using 4 % PFA in PBS. The cells were then 
permeabilised using 0.2 % Triton-X100 in PBS and stained using 594 nm 
fluorescently labelled Phalloidin for F-actin (red). Nuclei were counterstained using 
DNA dye Hoechst. Images were taken using the 40x objective of the Nikon Eclipse 
Ti-E Widefield Fluorescent Inverted Microscope. Islands of hepatocyte-like cells are 
highlighted by dashed white lines. Images are representative of cell density.   
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Figure 4.2.21 Immunofluorescence of CD24lo and J6-JFH1 CD24lo cells 
for F-actin 

Cells were differentiated on cover slips in a 12 well plate and fixed at day one and 
day nine of differentiation using 4 % PFA in PBS. The cells were then 
permeabilised using 0.2 % Triton-X100 in PBS and stained using 594 nm 
fluorescently labelled Phalloidin for F-actin (red). Nuclei were counterstained using 
DNA dye Hoechst. Images were taken using the 40x objective of the Nikon Eclipse 
Ti-E Widefield Fluorescent Inverted Microscope. Islands of hepatocyte-like cells are 
highlighted by dashed white lines. Images are representative of cell density.   
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4.3 JFH1-replicon cells express higher levels of CIC marker 
CD24 

CD24 is a well-accepted CIC marker and is over expressed on many human 
cancers such as ovarian (Kristiansen et al., 2002), bladder (Liu et al., 2013), 
and liver cancer (Lee et al., 2011). It is a small surface glycol-protein which 
has functions related to cell-cell and cell-matrix interactions, mainly binding 
to P-selectin. CD24 can be used as a marker of HCC patient prognosis 
(Yang et al., 2009) and is involved in cellular self-renewal and metastasis 
(Lee et al., 2011). Previous work in the lab showed that parental Huh7s 
harbouring the JFH1-replicon express higher levels of CD24 (data not 
shown). This increase in CD24 levels may be due to a selection artefact, in 
that JFH1 may replicate more efficiently in CD24 high expressing Huh7 cells 
leading to these cells being selected for under the G418 selection. This was 
another reason polyclonal Huh7 cells were sorted for high and low 
expression of CD24. Due to CD24 being an important ‘stemness’/CIC 
marker and its involvement in many oncogenic pathways such as STAT3 
and Hif1α signalling (Lee et al., 2011, Thomas et al., 2012), we wanted to 
investigate whether HCV was able to increase CD24 expression in the 
CD24lo background. CD24lo Cured and JFH1-replicon cells were probed for 
CD24 expression by flow-cytometry to determine whether CD24 expression 
was switched on and increased by the JFH1-replicon in a CD24lo 
background and whether CD24 levels change over the course of 
differentiation. Indeed, at day one of differentiation we found there was a 
higher percentage of CD24 positive JFH1-replicon cells (97 %) and that the 
MFI of these cells (7,463) was higher than for Cured cells for which the 
percentage of positive cells was 73 % and the MFI 4,143 (Figure 4.3.1). The 
percentage of CD24 positive Cured cells increased from 73 % to 92 % at 
day nine and the MFI increased very slightly to 4,482. The number of 
positive JFH1-replicon cells stayed at a similar level of 98 % at day nine 
however the MFI increase to 8,504 (Figure 4.3.1). A similar trend of 
differentiation induced increase in CD24 expression was observed in 
HepaRG cells (Figure 3.1.2). The same phenomenon was observed by 
Immunofluorescence with CD24 levels increasing over differentiation but 
with overall levels further elevated in JFH1-replicon cells compared to 
controls (Figure 4.3.2). This indicates that HCV is able to increase CD24 
expression even in a CD24lo background and that differentiation has an 
impact on CD24 levels. This is interesting as Lee et al., observed an inability 
of FACS sorted CD24 negative PLC/PRF/5 cells  
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Figure 4.3.1 Flow-cytometry for CD24 of Cured and JFH1-replicon 
CD24lo cells during differentiation 

Cured and JFH1-replicon CD24lo cells were differentiated and stained for CD24 
using PE fluorescently labelled anti-CD24 antibodies. After the cells were stained 
and fixed, the samples were analysed for CD24 expression by flow-cytometry at 
day one and day nine of differentiation. Gates are set based on 5 % of the isotope 
control of each sample B) Quantification of CD24 flow-cytometry of differentiated 
Cured and JFH1-replicon CD24lo cells. The percentage of CD24 positive cells and 
the MFI of the cells were recorded.  
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Figure 4.3.2 Immunofluorescence of CD24lo and J6-JFH1 CD24lo cells 
for CD24lo 

Cells were differentiated on cover slips in a 12 well plate and fixed at day one and 
day nine of differentiation using 4 % PFA in PBS. The cells were stained using 
antibodies against CD24 (green) and 488 nm fluorescently labelled Alexa Fluor 
secondary antibodies. The nuclei were counter stained using the DNA stain 
Hoechst (blue). Images were taken using the 40x objective of the Nikon Eclipse Ti-
E Widefield Fluorescent Inverted Microscope. Islands of hepatocyte-like cells are 
highlighted by dashed white lines. Images are representative of cell density.   
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to increase CD24 expression whereas a significant number of CD24 positive 
cells lost CD24 expression after a 2 weeks culture in 10 % serum 
supplemented media (Lee et al., 2011).  

4.4 Discussion  

Huh7 cells sorted for low expression of CIC marker CD24 serve as a useful 
approximation to a HPC as these cells are less tumourigenic than parental 
Huh7 cells (Figure 3.4.1) and yet remain amenable to in vitro differentiation. 
DMSO has been shown to be able to induce differentiation of various 
primary cells and cell lines (Czysz et al., 2015, Cheung et al., 2006, Choi et 
al., 2009, Mowbray et al., 2010). DMSO, via an unknown mechanism, 
induces changes to cell morphology, cell adhesion, cell junction and 
cytoskeletal protein expression (Pal et al., 2012). The addition of DMSO to 
the culture medium of CD24lo cells led to the development of cells which 
resemble hepatocytes more closely (Figure 4.2.2 & Figure 4.2.3). 
Identification of hepatocyte-like islands was based upon clear morphological 
differences. However, protein markers could be used to help measure and 
quantify these islands. We attempted using the Incucyte® Zoom to quantify 
the islands however the software was unable to distinguish between the 
hepatocyte-like islands and surrounding cells. One possible marker which 
could be used to define these hepatocyte-like islands is EpCAM, as our 
results indicated that EpCAM is predominantly expressed by the hepatocyte-
like cells (Figure 4.2.16).  

HCV infection perturbed CD24lo cell differentiation, evidenced by changes in 
cell morphology and an altered pattern of protein expression. Reduced 
expression of the hepatocyte markers albumin and CYP3A4, which our 
results suggest to be due to both a combination of fewer cells expressing 
these markers and reduced expression by individual cells, implies that HCV 
infection is able to resist/delay transcriptional programmes associated with 
hepatocyte differentiation. Moreover, a significant proportion of infected 
CD24lo cells seemingly did not exit the cell cycle and maintained expression 
of the proliferation marker ki67 despite DMSO treatment.  

It is unclear from these results whether HCV infected cells are less likely to 
initiate a DMSO-induced differentiation programme (resist), or whether they 
are blocked/slowed at an early stage along this pathway (delay). It is also 
unclear why not all of the control cells undergo differentiation. The addition 
of DAAs SOF and DCV was able to partially restore differentiation and the 
associated hepatocyte protein marker expression pattern, supporting the 
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conclusion that resistance to differentiation was dependent upon ongoing 
viral replication. The perturbation of differentiation was observed in both 
CD24lo cells harbouring the JFH1-replicon and cells which were chronically 
infected with the J6-JFH1 full length cell culture  

strain. This suggests that the viral protein or proteins responsible are HCV 
non-structural proteins NS3-NS5B, as the JFH1-replicon lacks genomic 
regions encoding the structural proteins (core, E1 & E2), the viral ion 
channel, p7, and non-structural protein NS2.  

Fiore & Degrassi showed that DMSO was able to restore contact growth 
inhibition of Chinese hamster ovary (CHO) cells accompanied by changes to 
CHO cell morphology (Fiore and Degrassi, 1999). DMSO appears to have a 
similar effect on CD24lo Huh7 cells. Indeed, Choi et al. demonstrated that 
Huh7 cells remained viable without passaging for over 60 days in the 
presence of DMSO (Choi et al., 2009). By contrast, Huh7 cells cultured 
under standard conditions in the absence of DMSO continue proliferating 
and by day 10 post-seeding considerable cell death is observed (Sainz and 
Chisari, 2006). We observed CD24lo cell death at an earlier stage in the 
absence of DMSO at day five. The restoration of CHO cell contact inhibition 
was shown to potentially be due to an increase in E-cadherin and N-
cadherin expression and ultimately an increase in cell-cell and cell-ECM 
adhesion capacity (Fiore and Degrassi, 1999).  

Mature hepatocytes are polarised epithelial cells and polarisation is vital for 
their function (Treyer and Musch, 2013). Polarised epithelial cells require a 
closely linked system of cell-cell adhesion and structural organisation. 
Functional polarity is maintained by the cytoskeleton (Ezzell et al., 1993). 
Differentiated CD24lo cells were analysed for expression and localisation of 
cell adhesion/ tight junction proteins EpCAM, E-cadherin, N-cadherin and 
occludin and for the cytoskeletal protein F-actin. EpCAM is a 
transmembrane glycoprotein which is frequently overexpressed on CICs of 
epithelial origin (Yamashita et al., 2009) and adult stem cells. Its expression 
is usually absent in mature hepatocytes (de Boer et al., 1999). The functions 
of EpCAM relate to pluripotency maintenance, cell-cell adhesion, migration, 
proliferation and the regulation of differentiation (Schnell et al., 2013). 
Polyclonal Huh7 cells express EpCAM (Yamashita et al., 2009). However, 
after sorting Huh7 cells into subpopulations expressing high and low levels 
of CD24, EpCAM expression was found to co-segregate with high CD24 
expression with minimal expression observed in CD24lo cells (Figure 3.4.1). 
Nevertheless, EpCAM expression was induced by the DMSO-mediated 
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differentiation and accumulated in the islands of hepatocyte-like cells. 
Accordingly, more Cured cells were positive for EpCAM expression than 
JFH1-replicon cells. Although it can not be excluded that this increase in 
EpCAM expression may be an artefact of chemically induced differentiation, 
it may represent a terminal differentiation marker in these cells. In renal 
cancer EpCAM expression is favourable and associated with a longer 
progression-free survival (Zimpfer et al., 2014). For HCC, however, EpCAM 
represents a CIC marker (Yamashita et al., 2008, Yamashita et al., 2013, 
Yamashita et al., 2009).  

E-cadherin is a marker of epithelial cells and is expressed on mature 
hepatocytes (Ihara et al., 1996). E-cadherin is involved in cell-cell contact 
formation and has a role in cell signalling and differentiation (van Roy and 
Berx, 2008). Loss of E-cadherin expression is generally associated with poor 
patient prognosis in several cancers including HCC (Onder et al., 2008, He 
et al., 2013b, Chen et al., 2014). The loss of E-cadherin and increase in N-
cadherin is usually associated with induction of epithelial-to-mesenchymal 
transition and has been observed to be a consequence of HCV infection (Li 
et al., 2016). E-cadherin is associated with tight junction proteins claudin-1 
and occludin on the cell membrane (Hartsock and Nelson, 2008), both of 
which are considered HCV entry factors (Meertens et al., 2008, Ploss et al., 
2009), and has been suggested to play a role in the proper localisation of 
these proteins for HCV entry (Li et al., 2016, Colpitts et al., 2016). Following 
infection E-cadherin is downregulated by core (Arora et al., 2008, Park and 
Jang, 2014). However HCV may have another mechanism of E-cadherin 
downregulation as we see similar effects for the JFH1-replicon (Figure 
4.2.17). E-cadherin loss is a common feature associated with oncogenic 
virus such as for HBV via protein X (Shin Kim et al., 2016). Indeed DMSO 
induced differentiation of Cured cells did lead to an increase in cytoplasmic 
E-cadherin levels whereas this increase was not observed for JFH1-replicon 
cells (Figure 4.2.17). Furthermore E-cadherin appears to be predominantly 
associated with the cell membrane at day 9 for Cured cells whereas this is 
less apparent for infected cells.   

N-cadherin is commonly used as a marker of EMT and an increase in N-
cadherin levels during HCV infection has previously been described (Iqbal et 
al., 2013, Hu et al., 2017). We made the same observation in proliferating 
(day 1) JFH1-replicon cells compared to Cured cells (Figure 4.2.18). 
However N-cadherin has multiple functions depending on the cellular context 
(Derycke and Bracke, 2004). A gradient of N-cadherin expression exists 
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from high levels in perivenous hepatocytes, to low levels in periportal ones, 
at least in mouse livers (Hempel et al., 2015), and reflects the functional 
gradient of hepatocytes in the liver lobule. At day nine of differentiation we 
observed an apparent increase in expression of N-cadherin with it localising 
to the cell membrane in both Cured and JFH1-replicon cells. For HCC, 
down-regulation of N-cadherin has been linked with metastatic potential and 
poor surgical prognosis, compared to normal liver tissue where N-cadherin is 
strongly expressed on cell borders (Zhan et al., 2012). The ratio of E/N-
cadherin may be a more helpful prognostic tool. Generally reduced 
expression and aberrant expression of N-cadherin have been associated 
with human carcinoma cells and poor patient prognosis. Cho et al., found 
that a loss of E-cadherin and discontinuous staining of N-cadherin in HCC 
was a predictive marker for HCC recurrence after resection (Cho et al., 
2008).  

Occludin is an integral part of tight junctions (Zona Occludens). Tight 
junctions are a regulator of polarisation and act as a measure of hepatic 
polarisation and maturation (Palakkan et al., 2015, Treyer and Musch, 
2013). HCV has been shown to increase occludin expression in Huh7 cells 
during viral entry, however occludin is downregulated during infection to 
prevent super infection (Liu et al., 2009). Orban et al. found occludin was 
downregulated in HCC tissue compared to normal tissue (Orban et al., 
2008). This downregulation is likely regulated by core (Liu et al., 2009), and 
may be the reason we did not observe a downregulation of Occludin in 
JFH1-rep cells at day 1 of differentiation (Figure 4.2.19). Differentiation of 
Cured cells lead to an increase in occludin expression with a localisation 
concentrated in a single point likely representing the formation of tight 
junctions between cells (Figure 4.2.19). This localisation was not discernible 
in JFH1-replicon cells.  

The cytoskeletal protein F-actin localises along the plasma membrane in 
mature hepatocytes (Benkoel et al., 1992). The cytoskeleton is important for 
polarisation initiation and cell polarity maintenance (Treyer and Musch, 
2013). This localisation pattern was not common for proliferating Cured cells 
and entirely absent for JFH1-replicon cells. In addition the F-actin appeared 
to form stress fibres in JFH1-replicon cells and J6-JFH1 cells (Figure 4.2.20 
& Figure 4.2.21). Stress fibres are associated with motile and migratory cells 
(Tojkander et al., 2012, Hotulainen and Lappalainen, 2006). The F-actin in 
differentiated Cured cells, however, became more concentrated at the 
plasma membrane in regions of cell-cell contact. Stress fibres largely 
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disappeared in JFH1-replicon cells by day 9 of differentiation however we 
did not observe the same F-actin re-organisation as in Cured cells with the 
F-actin not localising to the plasma membrane as clearly when compared to 
Cured cells.  

Alteration of cell-adhesion and cytoskeletal proteins due to HCV infection 
such as we have recorded could represent a predisposition step towards 
HCC CIC development. Indeed alteration to proteins such as EpCAM, E and 
N-cadherin have been recorded in HCC specimens (Yamashita et al., 2013, 
Chen et al., 2014, Zhan et al., 2012).  

We showed that the HCC CIC marker protein levels were upregulated by 
HCV infection even in the CD24lo background. This is an interesting results 
as not only is CD24 associated with poor patient prognosis, tumour 
initiation/maintenance and metastasis but a previous report suggested that 
CD24 expression was unable to be switched on in CD24 negative cells. 
CD24 is involved in many oncogenic signalling pathways such as STAT3 
and Hif1α signalling (Lee et al., 2011, Thomas et al., 2012), and upregulation 
of CD24 by HCV may be an important mediator of HCV driven oncogenesis. 
It is unclear however how HCV is able to increase CD24 protein levels. HCV 
could affect CD24 protein stability, mRNA translation or gene expression.  

We have demonstrated that HCV infection perturbs/alters differentiation 
however it is important to consider why HCV would have evolved to do so. Is 
the perturbation a consequence of HCV interaction with cellular proteins to 
support replication viral production or is perturbation of differentiation a direct 
mechanism to improve viral replication and production? Differentiation and 
resultant senescence may represent a problem to HCV replication as to 
support viral gene expression and genome replication the virus requires the 
availability of the host translation and lipid biosynthesis machinery, such as 
eukaryotic translation initiation factors, ribosomal proteins and sterol 
regulatory element-binding proteins (Randall et al., 2007, Waris et al., 2007, 
George et al., 2012). It is likely that HCV requires a degree of hepatocyte 
differentiation in terms of requiring expression of essential cofactors such as 
miR-122 (likely already in excess however in Huh7 cells) and entry factors 
such as occludin however viral replication also requires access to cellular 
translation and lipid biosynthesis machinery hence requiring cells to be 
actively dividing and not in a senescent state associated with mature 
hepatocytes. The intermediate stage during differentiation may offer optimal 
conditions for HCV replication and gene expression. This may explain why 
we observed an initial increase in NS5A protein levels followed by a 
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decrease in protein level as the differentiation proceeds (Figure 4.2.12). 
However HCV induced alterations to cellular protein expression and 
localisation to maintain cells in this state may predispose these cells to 
oncogenic transformation.   
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5. Chapter: HCV effect on HIPPO signalling during CD24lo 
cell differentiation 

5.1 Introduction 

HCV infection perturbs DMSO induced differentiation of CD24lo Huh7 cells, 
apparent by the development of a reduced number of islands of hepatocyte-
like cells, maintenance of proliferation marker ki67 expression and reduced 
expression of hepatocyte markers Albumin and CYP3A4. The next logical 
step was to determine which cellular pathway(s) are involved, and which 
viral protein(s) might be responsible.  

The RNA genome of HCV replicates in the cytoplasm and does not integrate 
into the host genome. Accordingly, HCV proteins alone (for example core 
and NS5A) or together are able to promote cellular growth and lead to 
cellular transformation in transgenic mice (Park et al., 2000, Lerat et al., 
2002, Wang et al., 2009, Moriya et al., 1998, Zemel et al., 2001, Fukutomi et 
al., 2005). HCV associated carcinogenesis appears to be complex and the 
oncogenic role of HCV is less conspicuous than other better characterised 
oncogenic viruses such as EBV and HBV. Carcinogenic mechanisms 
associated with HCV include the oncogenic effect of HCV proteins, chronic 
inflammation, fibrosis, oxidative stress and chromosomal instability (Okuda 
et al., 2002, Bartsch and Nair, 2004, Koike, 2007, Park et al., 2000, Lerat et 
al., 2002, Munakata et al., 2005, Moriya et al., 1998, Zemel et al., 2001, 
McGivern and Lemon, 2011, McGivern and Lemon, 2009). A number of viral 
proteins have been shown to interact with and alter cellular signalling 
pathways (Deng et al., 2006, Lan et al., 2002, Wang et al., 2000, Aoki et al., 
2000, Burckstummer et al., 2006, Macdonald et al., 2004, Street et al., 2004, 
Mankouri et al., 2008, He et al., 2002, Cho et al., 2001, Moustafa et al., 
2018, Munakata et al., 2005, McGivern and Lemon, 2011, Cao et al., 2004, 
Bittar et al., 2013).  

HCV proteins have been associated with oncogenesis including core, NS3, 
NS5A and NS5B. HCV proteins have been shown to activate oncogenes, 
inactivate tumour-suppressor genes and alter signal-transduction pathways. 
NS3 transfected fibroblasts were shown to proliferate rapidly, lost contact 
inhibition and formed tumours in mice (Zemel et al., 2001). In addition NS3 
interacts with p53 which leads to suppression of p53 mediated 
transcriptional activation (Deng et al., 2006, Kwun et al., 2001, Ishido et al., 
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1998). Indeed Core (Ray et al., 1998, Otsuka et al., 2000), NS2 (Bittar et al., 
2013), NS5A (Lan et al., 2002, Qadri et al., 2002, Majumder et al., 2001) and 
NS5B (Goh et al., 2004) have all been associated with p53 disruption. It is 
important to note however that Huh7 cells overexpress a defective p53 
mutant and p53 has a prolonged half-life in these cells leading to the protein 
accumulating in the nucleus (Bressac et al., 1990).  

Core and NS5A are both implicated interacting with a range of signalling 
pathways, leading to alterations to the cell cycle, cellular proliferation, cell 
survival, lipid metabolism and EMT. For example core protein can form a 
complex with p21 resulting in abrogation of the PCNA binding site (Wang et 
al., 2000). Core protein can also bind to 14-3-3 with a consequent increase 
in Raf-1 kinase activity (Aoki et al., 2000) 

NS5A has been implicated in the dysregulation of many cell signalling 
pathways and can interact with a wide range of cellular signalling proteins. 
NS5A interacts with signalling proteins such as PI3K/Akt, NFкB and Wnt 
(Macdonald and Harris, 2004). NS5A contains a conserved proline rich motif 
that can interact with the SH3 domain of cellular proteins including the Src 
family of kinases (Macdonald et al., 2004).  

NS5B is able to bind to Rb to form a complex which is targeted for 
degradation, leading to a reduction of Rb levels (Munakata et al., 2005). Rb 
is a key regulator of cellular proliferation and apoptosis and loss of Rb leads 
to expression of E2F responsive genes and cell proliferation.  

However, as the subgenomic replicon induces the same perturbation of 
differentiation as full length virus, this suggests that the structural proteins, 
notably core, as well as NS2 are not responsible for changes observed in 
our experimental system. Here we attempted to determine the mechanism 
behind HCV-induced perturbation of DMSO stimulated Huh7 CD24lo cell 
differentiation caused by the NS3-NS5B region of the HCV polyprotein.  

5.2  The Hippo pathway 

We performed enrichment gene analysis using Enrichr and a published gene 
expression data set of J6-JFH1 infected cycling Huh7.5 cells (Woodhouse et 
al., 2010). The study from Woodhouse et al., also including DNA microarray 
analysis, it is important to note that we used the data from the RNA 
sequencing (RNA-seq) experiment for enrichment analysis. Enrichment 
analysis can be used to analyse gene data sets which have been generated  
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Figure 5.2.1 Enrichr pathway analysis 
Enrichr pathway analysis using the KEGG signalling database. KEGG pathways 
predicted to be altered based on the input gene expression data, are ranked by p-
value. The length and the brightness of the bar reflects the significance of that 
term/gene set, i.e. the longer and brighter the bar, the more significant the 
term/gene set is. A grey bar means the term/gene-set is not significant. The input 
data set is from Woodhouse et al., 2010. Bar Graph representation of the Enrichr 
KEGG pathway analysis. The p-value is calculated from the Fisher exact test which 
is commonly used by most enrichment analysis tools. The combined score 
represents a calculated combination of the p-value and the z-score. The z-score 
represents the deviation from an expected rank and is calculated using a modified 
Fisher’s exact test. Sourced from Enrichr website and publications where further 
explanation of the different scores can be found (Chen et al., 2013b, Kuleshov et 
al., 2016).   



138 
 

 

Figure 5.2.2 Hippo pathway diagram 
Simplified diagram of the Hippo signalling pathway. In the absence of Hippo 
signalling YAP1/TAZ translocate to the nucleus and bind to transcription factors 
such as TEAD4 leading to the transcription of proliferative, pro-survival and stem 
cell maintenance genes. When Hippo signalling is activated in response to cell-cell 
contact via tight junctions, adherens junction or via TGF-ß signalling or Wnt 
signalling pathways, this leads to the phosphorylation and activation of MST1/2 
which in turn phosphorylates SAV1. Next in the signalling pathway LATS1/2 is 
phosphorylated and activated which leads to the phosphorylation of Mob1. LATS1/2 
phosphorylates YAP1 which leads to YAP1 being sequestered in the cytoplasm and 
being degraded.   
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by genome-wide experiments. Enrichment analysis draws upon curated and 
annotated gene-set libraries to visualise and better understand the input 
gene data set and associates a functional biological term to a collection of 
genes. This type of analysis compares the input gene data set to annotated 
gene sets. By comparing the input data set with annotated gene sets the 
analysis can calculate whether the input gene set significantly overlaps with 
the annotated gene set and infers knowledge about the input gene. Enrichr 
is a popular enrichment analysis tool (Chen et al., 2013b, Kuleshov et al., 
2016). A functional term such as a pathway or disease has been associated 
with every gene set on the Enrichr database. This way Enrichr can predict 
which pathways may be leading to the observed gene profile of the input 
data set or which may be altered by the input gene data set by using 
annotated databases such as the Kyoto Encyclopaedia of genes and 
genomes (KEGG) (Kanehisa and Goto, 2000).  

The top three pathways highlighted by the KEGG analysis when ranked by 
p-value were expected from the published literature, and included the MAPK 
signalling pathway (p=9.5x10-9) and the TNF signalling pathway (p=3.6x10-6) 
(Figure 5.2.1). MAPK signalling pathway has previously been shown to be 
activated by HCV infection. NS5A interacts directly with Grb2 via the SH3 
domain which inhibits the activation of ERK1/2 by EGF (He et al., 2001, Tan 
et al., 1999, Macdonald et al., 2004). Core can activate the Raf/MEK/ERK 
cascade (Giambartolomei et al., 2001, Hayashi et al., 2000, Fukuda et al., 
2001) independently to EGF and TGF-α signalling (Hayashi et al., 2000). 
TNF signalling was another pathway highlighted by the Enrichr analysis. 
TNF-alpha (TNF- α) plays a crucial role in the host immune response to 
infection and is activated by HCV infection apparent by elevated levels of 
circulating TNF- α and soluble TNF receptors (Nelson et al., 1997).  

Interestingly, the 4th-ranked pathway highlighted by the Enrichr KEGG 
analysis was the Hippo pathway, which is an important signalling pathway 
during liver development, regeneration and hepatocyte differentiation (Meng 
et al., 2016). The pathway is regulated by cell-cell contact, cell polarity, the 
actin cytoskeleton, mechanical transduction and hormonal signals via G-
protein coupled receptors (Meng et al., 2016). The core of the pathway 
consists of a kinase cascade which functions to inhibit the activation of the 
transcriptional co-activators YAP1 and TAZ. MST1/2 in complex with Sav1 
phosphorylate and activate LATS1/2 and co-activator MOB1. The LATS1/2 
kinases in turn phosphorylate transcriptional regulators YAP1 and TAZ 
(Figure 5.2.2). Phosphorylation of YAP1 and TAZ promotes their nuclear exit 
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and ultimately inhibits their function. LATS1/2 phosphorylation at TAZ(Ser89) 
and YAP1(Ser127) results in 14-3-3 binding and cytoplasmic retention of 
YAP1 and TAZ (Zhao et al., 2007). Further LATS1/2 phosphorylation at 
YAP1(Ser397) and TAZ(Ser11) primes these proteins for casein kinase 
1δ/1ε (CK1δ/ε) phosphorylation at TAZ(Ser314) and on YAP1(Ser400/403). 
TAZ(Ser314) and YAP1(Ser400/403) phosphorylation leads β-TrCP/SCF 
dependent ubiquitination and proteasomal degradation (Liu et al., 2010, 
Zhao et al., 2010). Nuclear YAP1 and TAZ promote cell proliferation, cell 
survival and tissue growth by binding to and regulating transcription factors 
such as TEADs and SMADs (Hong and Guan, 2012). Since the pathway 
was first identified in Drosophila over 20 years ago many studies have 
revealed the Hippo pathway as a complex network with over 30 components 
with a large protein interactome (Moya and Halder, 2014). Abnormal Hippo 
signalling is associated with liver tumorigenesis (both HCC and ICCA) (Lu et 
al., 2010, Chakraborty and Hong, 2018, Lee et al., 2010, Patel et al., 2017, 
Sugimachi et al., 2017, Pei et al., 2015). MST1/2 ablation in mice leads to 
YAP1-dependent liver overgrowth and eventually HCC and ICCA (Zhou et 
al., 2009, Song et al., 2010).  

  HCV effects upon on Hippo pathway associated proteins  

Hippo pathway inactivation and resultant nuclear localisation of 
transcriptional regulators YAP1 and TAZ is associated with proliferation, cell 
survival and stem cell maintenance (Pan, 2010). The Hippo pathway is an 
essential regulator of liver development, hepatocyte differentiation and so is 
a potent tumour suppressor pathway (Nguyen et al., 2015, Alder et al., 2014, 
Sebio and Lenz, 2015). Hepatocyte differentiation requires Hippo signalling 
activation and inactivation of YAP1 (Yimlamai et al., 2014). Activation signals 
come from tight junction and adherens junction proteins, Wnt signalling, 
GPCRs and the actin cytoskeleton (Meng et al., 2016). Differentiated 
CD24lo Huh7 cells were analysed for expression and localisation of Hippo 
pathway associated proteins. This analysis revealed that HCV infection 
altered both Hippo pathway protein expression and localisation during 
differentiation. We expected to observe an increase in MST1 and LATS1 
activation over the course of CD24lo differentiation with a parallel drop in 
nuclear YAP1 and TAZ levels corresponding to the activation of the Hippo 
signalling pathway. An increase in Hippo signalling should lead to YAP1 and 
TAZ being sequestered in the cytoplasm and being degraded.  
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Figure 5.2.3 Western blot of differentiated Cured and JFH1-rep CD24lo  
Cells were differentiated over a course of nine days during which the media was 
changed every two days. A well of a 6 well plate was lysed in 150 µ EBC buffer for 
Western blot analysis on day one, five and nine. Membranes were probed for β-
actin, NS5A, CYP3A4, MST1, pLATS1, LATS1, YAP1, TAZ, or CTGF. 
Quantification of MST1 (n=2), LATS1 (n=2), pLATS1, YAP1 (n=2), TAZ (n=2) and 
CTGF western blot intensity normalised to β-actin band intensity (arbitrary 
densitometry units (ADU)) measured using ImageJ. Displayed as the percentage of 
Cured Day 1.   
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Figure 5.2.4 Western blot of differentiated CD24lo and J6-JFH1 infected 
CD24lo 

Cells were differentiated over a course of nine days during which the media was 
changed every two days. A well of a 6 well plate was lysed in 150 µ EBC buffer for 
Western blot analysis on day one, five and nine. Membranes were probed for 
GAPDH, NS5A, CYP3A4, MST1, TAZ, or pYAP1. Quantification of MST1 (n=2), 
TAZ (n=1) and pYAP1 (n=2) western blot intensity normalised to GAPDH band 
intensity (arbitrary densitometry units (ADU)) measured using ImageJ. Displayed as 
the percentage of Cured Day 1. Two-tailed Student’s t-test *≤0.05.   
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By Western blot we observed that MST1 levels are maintained over the 
course of differentiation in Cured and CD24lo cells (Figure 5.2.3 & Figure 
5.2.4). However for virus infected cells (both J6-JFH1 and JFH1-replicon) 
there was a trend towards a reduction in MST1 levels over differentiation 
(Figure 5.2.3 & Figure 5.2.4) and MST1 protein levels were significantly 
lower in JFH1-replicon cells at day 5 and 9 compared to day 1 Cured cells. 
MST1 levels in J6-JFH1 infected cells followed a similar pattern (Figure 
5.2.4). MST1 immunofluorescence revealed that the MFI of MST1 for Cured 
cells was significantly higher at day one of differentiation compared to JFH1-
replicon cells (Figure 5.2.5 & Figure 5.2.7). The MFI increased for both 
Cured and JFH1-replicon cells over differentiation however the MFI 
remained significantly higher for Cured cells compared to JFH1-replicon 
cells at day 9 (Figure 5.2.7). At day one of differentiation the MST1 protein 
resided in both the nucleus and the cytoplasm in Cured and JFH1-replicon 
cells. At day nine of differentiation MST1 was concentrated to the 
centrosome in both Cured and JFH1-replicon cells (Figure 5.2.5). The 
centrosome staining remained for the JFH1-replicon cells whereas the 
cytoplasmic staining appeared diminished. A similar trend was observed 
when comparing differentiated CD24lo cells and J6-JFH1 infected cells 
(Figure 5.2.6 & Figure 5.2.7).  

By western LATS1 levels increased over the course of differentiation. LATS1 
levels were however significantly lower throughout the course of 
differentiation for JFH1-replicon cells (Figure 5.2.3). pLATS1 levels 
surprisingly dropped over the course of differentiation for both Cured and 
JFH1-replicon cells however this observation stemmed from one experiment 
(Figure 5.2.3). IF showed that on day one of differentiation, LATS1 was 
unexpectedly located in the nucleus in both CD24lo and JFH1-replicon cells 
(Figure 5.2.8). The consequence of LATS1 nuclear localisation is not fully 
understood, however the localisation does appear to impact on LATS1 
activity, for example LATS1 targeting to the membrane increases LATS1 
activity (Hergovich et al., 2006, Hergovich, 2013). By day nine of 
differentiation LATS1 localisation in Cured cells became predominantly 
cytoplasmic, whereas JFH1-replicon cells maintained LATS1 in the nucleus 
in (Figure 5.2.8). This same difference in localisation was not observed 
between CD24lo and J6-JFH1 cells (Figure 5.2.9). The same trend of lower 
LATS1 levels in the virus containing cells compared to control cells was 
observed for both the replicon and full length virus infected CD24lo cells 
(Figure 5.2.8 & Figure 5.2.9).  
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Figure 5.2.5 Immunofluorescence of differentiated Cured and JFH1-rep 
CD24lo cells stained for MST1 

Cells were differentiated on cover slips in a 12 well plate and fixed in 4 % PFA in 
PBS at day one and day nine of differentiation. The cells were then permeabilised 
using 0.2 % Triton-X100 and stained using antibodies against MST1 (red) and 594 
nm fluorescently conjugated Alexa Fluor secondary antibodies. The nuclei were 
counterstained using the DNA stain Hoechst (blue). Images were taken using the 
40x objective of the Nikon Eclipse Ti-E Widefield Fluorescent Inverted Microscope. 
Islands of hepatocyte-like cells are highlighted by dashed white lines. Images are 
representative of cell density.   
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Figure 5.2.6 Immunofluorescence of differentiated CD24lo and J6-JFH1 
CD24lo cells stained for MST1 

Cells were differentiated on cover slips in a 12 well plate and fixed in 4 % PFA in 
PBS at day one and day nine of differentiation. The cells were then permeabilised 
using 0.2 % Triton-X100 and stained using antibodies against MST1 (gray) and 594 
nm fluorescently conjugated Alexa Fluor secondary antibodies. The nuclei were 
counterstained using the DNA stain Hoechst (blue). Images were taken using the 
40x objective of the Nikon Eclipse Ti-E Widefield Fluorescent Inverted Microscope. 
Islands of hepatocyte-like cells are highlighted by dashed white lines. Images are 
representative of cell density.   
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Figure 5.2.7 Quantification of MST1 immunofluorescence 
A) Quantification of immunofluorescence of Cured and JFH1-replicon CD24lo cells 
at day one and day nine of differentiation using Image J. MST1 staining was 
quantified as the MFI per image for MST1 (two-tailed student t-test, *p≤0.05, 
**p≤0.01, ***p≤0.001, ***p≤0.0001 n=3). B) Quantification of immunofluorescence of 
CD24lo and J6-JFH1 infected CD24lo cells at day one and day nine of 
differentiation using Image J. MST1 staining was quantified as the MFI per image 
for MST1 (n=1).  
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YAP1 protein levels were unaffected over course of differentiation in both 
Cured and JFH1-replicon cells and overall levels were similar in both control 
and HCV containing cells (Figure 5.2.3). YAP1 becomes phosphorylated in 
the response to Hippo activation by LATS1/2 activity at up to five sites; S127 
is one of the best characterised and results in 14-3-3 binding and 
cytoplasmic retention (Zhao et al., 2007). For J6-JFH1 infected and CD24lo 
cells pYAP1(S127) levels were probed and there was a trend towards a 
slight increase in pYAP1 levels over the course of differentiation in both 
control and infected cells (Figure 5.2.4), supporting an increase in Hippo 
signalling pathway activity.  

The localisation of transcription regulator YAP1 is an important indicator of 
its activity (Zhao et al., 2007). At day one of differentiation YAP1 was located 
in the nucleus of HCV negative and HCV containing CD24lo cells (Figure 
5.2.10 & Figure 5.2.11). At day nine of differentiation YAP1 was located 
predominantly in the cytoplasm of HCV control CD24lo lines. However, in 
HCV containing CD24lo cells more cells maintained nuclear YAP1 
expression. YAP1 and TAZ share regulatory mechanisms, and are both 
phosphorylated and sequestered to the cytoplasm by Hippo activation. 
However, different regulatory mechanisms have been identified for these two 
transcriptional regulators and there appears to be a reciprocal regulatory 
feedback mechanism between the proteins (Moroishi et al., 2015). 
Interestingly we saw a maintenance in TAZ levels in JFH1-replicon cells 
compared to Cured cells and TAZ levels remained high throughout 
differentiation for the JFH1-replicon cells, when YAP1 levels appear 
unchanged and at a similar level in these cells lines (Figure 5.2.3). The 
same trend was observed in J6-JFH1 cells compared to CD24lo cells 
(Figure 5.2.4).  

Connective tissue growth factor (CTGF) has been identified as one of the 
direct target genes of YAP1/TEAD interactions and plays an important 
protein mediating YAP1-dependent cell growth (Zhao et al., 2008). However, 
CTGF levels were similar in both Cured and JFH1-replicon cells and 
remained unaltered throughout differentiation (Figure 5.2.3). This is just one 
example of a YAP1/TAZ responsive gene. Activation of different genes will 
be cell type and context specific. Taken together these changes in protein 
expression and localisation suggest HCV infection is able to alter and 
perturb this signalling pathway but how this effect is mediated is not clear. It 
is important to bear in mind that Hippo signalling and YAP1 and TAZ activity 
and phosphorylation are regulated and altered by a range of proteins.  
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Figure 5.2.8 Immunofluorescence of differentiated Cured and JFH1-rep 
CD24lo cells stained for NS5A and LATS1 

Cells were differentiated on cover slips in a 12 well plate and fixed in 4 % PFA in 
PBS at day one and day nine of differentiation. The cells were then permeabilised 
using 0.2 % Triton-X100 and stained using antibodies against LATS1 (gray) and 
NS5A (red) and 488 nm and 594 nm fluorescently conjugated Alexa Fluor 
secondary antibodies respectively. The nuclei were counterstained using the DNA 
stain Hoechst (blue). Images were taken using the 40x objective of the Nikon 
Eclipse Ti-E Widefield Fluorescent Inverted Microscope. Islands of hepatocyte-like 
cells are highlighted by dashed white lines. Images are representative of cell 
density.   
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Figure 5.2.9 Immunofluorescence of differentiated CD24lo and J6-JFH1 
CD24lo cells stained for LATS1 

Cells were differentiated on cover slips in a 12 well plate and fixed in 4 % PFA in 
PBS at day one and day nine of differentiation. The cells were then permeabilised 
using 0.2 % Triton-X100 and stained using antibodies against LATS1 (grey) and 
488 nm fluorescently labelled Alexa Fluor secondary antibodies. The nuclei were 
counterstained using the DNA stain Hoechst (blue). Images were taken using the 
40x objective of the Nikon Eclipse Ti-E Widefield Fluorescent Inverted Microscope. 
Islands of hepatocyte-like cells are highlighted by dashed white lines. Images are 
representative of cell density.   
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Figure 5.2.10 Immunofluorescence of differentiated Cured and JFH1-J6 
CD24lo cells stained for YAP1 and ki67 

Cells were differentiated on cover slips in a 12 well plate and fixed in 4 % PFA in 
PBS at day one and day nine of differentiation. The cells were then permeabilised 
using 0.2 % Triton-X100 and stained using antibodies against YAP1 (green) and 
ki67 (red) and 488 nm and 594 nm fluorescently conjugated Alexa Flour secondary 
antibodies respectively. The nuclei were counterstained using the DNA stain 
Hoechst (blue). Images were taken using the 40x objective of the Nikon Eclipse Ti-
E Widefield Fluorescent Inverted Microscope. Islands of hepatocyte-like cells are 
highlighted by dashed white lines. Images are representative of cell density.   
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Figure 5.2.11 Immunofluorescence of differentiated CD24lo and J6-
JFH1 CD24lo cells stained for NS5A and YAP1 

Cells were differentiated on cover slips in a 12 well plate and fixed in 4 % PFA in 
PBS at day one and day nine of differentiation. The cells were then permeabilised 
using 0.2 % Triton-X100 and stained using antibodies against NS5A (green) and 
YAP1 (red) and 488 nm and 594 nm fluorescently conjugated Alexa Fluor 
secondary antibodies respectively. The nuclei were counterstained using the DNA 
stain Hoechst (blue). Images were taken using the 40x objective of the Nikon 
Eclipse Ti-E Widefield Fluorescent Inverted Microscope. Islands of hepatocyte-like 
cells are highlighted by dashed white lines. Images are representative of cell 
density.   
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  Interaction between the HCV NS5A protein and Hippo 
pathway protein MST1  

Immunofluorescence and western blot characterisation demonstrated that 
HCV infection alters Hippo protein expression and localisation however it is 
unclear how this effect is mediated. Our results showed that MST1 levels 
were reduced and that the cytosolic expression is reduced whereas centriole 
localisation remains in Control cells after differentiation. It is likely that this 
effect is mediated by a viral protein and, as we see the same trend in 
replicon cells and full length virus infected cells, the viral protein(s) 
responsible must be contained within the NS3-NS5B replicon polyprotein. As 
already mentioned, NS5A is known to interact with a range of cellular 
proteins so we hypothesised that it may also interact with and negatively 
regulate Hippo pathway components. To investigate this notion, we 
performed co-staining immunofluorescence using antibodies targeting NS5A 
as well as Hippo pathway proteins (LATS1, MST1 and YAP1). 
Immunofluorescent detection of NS5A and MST1 using a Widefield 
Fluorescent Inverted Microscope supported co-localisation between the two 
proteins within JFH1-replcion cells (Figure 5.2.12). To explore this further 
CD24lo cells were infected with a J6-JFH1 clone which contains enhanced 
green fluorescent protein inserted into domain III of NS5A (J6-eGFP) 
(Gottwein et al., 2011) (Figure 5.2.13). Differentiation of the J6-eGFP cells 
confirmed that the same differentiation pattern was observed with this HCV 
clone as cells infected with the WT J6-JFH1 clone (Figure 5.2.14), 
suggesting that domain III of NS5A is unlikely to be involved in manipulating 
relevant host cell pathways. However, the NS5A-eGFP fusion protein 
allowed us to take advantage of GFP-trap pulldowns to investigate potential 
interaction partners associated with the NS5A-eGFP fusion protein. 
Precipitates were probed for selected core Hippo pathway proteins for which 
reliable immunological reagents were available (MST1, LATS1, MOB1 and 
YAP1). Of these, MST1 specifically accumulated within the bound fragment 
of the GFP-trap pulldown (Figure 5.2.15) whereas other Hippo components 
did not (data not shown). 
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Figure 5.2.12 Immunofluorescence showing the possible co-
localisation of MST1 and NS5A in JFH1-replicon CD24lo cells 

Fluorescence microscopy of JFH1-replicon CD24lo cells using the 60x objective of 
the Nikon Eclipse Ti-E Widefield Fluorescent Inverted Microscope. Cells were fixed 
using 4 % PFA in PBS and permeabilised using 0.2 % Triton-X100 in PBS. Cells 
were stained using antibodies against MST1 (red) and NS5A (green) and 594 nm 
and 488 nm fluorescently conjugated secondary antibodies respectively.  

 

 

 

 

Figure 5.2.13 Diagram of the J6-JFH1 clone expressing an NS5A-eGFP 
fusion protein (J6-eGFP) 

The enhanced green fluorescent protein was inserted into domain III of NS5A in the 
background of the J6-JFH1 viral construct. Diagram adapted from (Matsui et al., 
2012).   
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Figure 5.2.14 Western blot of differentiated CD24lo cells and CD24lo 
cells infected with J6-JFH1 and J6-eGFP  

Cells were differentiated over a course of nine days with media changes every two 
days. About 1x106 cells were lysed for Western blot analysis on day one, five and 
nine. Membranes were probed for GAPDH, NS5A and CYP3A4. Arrows on the 
NS5A blot indicate NS5A bands. The top band is a non specific band associated 
with the polyclonal anti-NS5A antibody. The top arrow indicates the NS5A-eGFP 
fusion protein with a higher molecular weight than the NS5A protein, marked by the 
bottom arrow. 

  

Figure 5.2.15 Pulldown for NS5A-eGFP using the GFP-trap technique  
J6-eGFP infected CD24lo cells and CD24lo cells transfected with the GFP protein 
were lysed and incubated with agarose beads conjugated with anti-GFP antibodies. 
Samples were taken from the initial lysate (input), from the unbound fragment 
(unbound) and from the fragment eluted from the beads (bound). Western blot 
membranes were stained for GFP, NS5A or MST1. Representative blot from three 
experimental repeats.   
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  Exploring the link between CD24lo differentiation and the 
Hippo pathway through Hippo protein inhibitors and RNA 
knockdown 

  Attempted shRNA- mediated knockdown of YAP1 
expression and pharmaceutical manipulation of its activity  

We have demonstrated that Hippo protein expression and localisation is 
altered during differentiation and in the presence of virus infection. However 
we wanted to explore whether differentiation was dependent on Hippo 
pathway signalling and whether the altered differentiation phenotype 
observed in infected CD24lo cells was due to perturbation of Hippo 
signalling. We explored interference of YAP1 expression via shRNA 
mediated knock down (Origene technologies), as well as attempting to 
remove YAP1 from the Huh7 genome using the ABM All-in-one CRISPR-
Cas9 nuclease system with a panel of YAP1-targeted guide RNAs. CD24lo 
cells were transduced with Lentiviral vectors expressing short hairpin RNA 
designed to target YAP1. No observable YAP1 knockdown was noted after 
transduction by immunofluorescence (Figure 5.2.16) or by Western blot 
(data not shown).  

Several drugs exist which are reported to inhibit YAP1 and/or TAZ activity 
such as Verteporfin, Dobutamine (Dob) and Pazopanib (Pazo). Verteporfin is 
a suppressor of the YAP1-TEAD complex via binding to YAP1 to alter the 
protein conformation and prevent YAP1 binding to TEAD (Liu-Chittenden et 
al., 2012). Dobutamine and Pazopanib prevent YAP1 nuclear translocation 
and lead to YAP1 phosphorylation (Bao et al., 2011, Oku et al., 2015). 
Dobutamine stimulates the β-adrenergic receptor which is a G-protein 
coupled receptor that regulates YAP1/TAZ phosphorylation (Yu et al., 2012). 
Pazopanib multi-kinase inhibitor not only prevents YAP1/TAZ nuclear 
translocation by increases their phosphorylation but also stimulates the 
proteasomal degradation of YAP1 and TAZ. 

Cured cells were treated with YAP1 inhibitors Verteporfin (10 µM- 0.3 µM), 
Dobutamine (80 µM- 0.6 µM) and Pazopanib (20 µM- 0.2 µM) for 24 hr. 
However, by immunofluorescence these inhibitors appeared unable to 
induce a change in YAP1 nuclear localisation in Cured cells at a range of 
concentrations (Figure 4.2.17). Verteporfin induced significant cell death 
above 1 µM or in treatments longer than 48 hr. Indeed, differentiation of 
Cured and JFH1-replicon cells in the presence of 1 μM of the YAP1 inhibitor 
Verteporfin led to pronounced cytotoxicity to both cell lines (data not shown). 
Inhibitor concentrations were chosen based on the literature as well as 
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optimisation of assay windows using MTT assays (data not shown). 
Differentiation in the presence of Dobutamine (20 µM) and Pazopanib (1 µM) 
did not induce any morphological differences in terms of the number of 
hepatocyte islands observed between untreated or treated cells. 
Dobutamine, but not Pazopanib, did however induce an increase in CYP3A4 
levels within JFH1-replicon cells, although the levels observed in control 
cells were not restored (Figure 5.2.18 & Figure 5.2.19).  

  Pharmaceutical manipulation of MST activity  

Chemical inhibition or activation of upstream YAP1 regulators would help 
investigate the role of Hippo signalling in CD24lo differentiation. XMU-MP-1 
(XMU) is the only published inhibitor of MST1/2 kinase activity. The potent 
and selective MST1/2 inhibitor was identified in a high-throughput screen 
and underwent rounds of structure-activity optimisation (Fan et al., 2016). 
XMU-MP-1, which is an ATP-competitive inhibitor for MST1/2, was shown to 
reduce phosphorylation of MST1/2, MOB1, LATS1/2 and YAP1 (Fan et al., 
2016).  

Excitingly, treatment of both Cured and JFH1-replicon cells with the MST1/2 
inhibitor profoundly altered their differentiation pattern. Significantly fewer 
islands of hepatocyte-like cells were observed for both Cured and JFH1-
replicon CD24lo cells (Figure 5.2.20). Furthermore differences in protein 
expression were evident by western blot (Figure 5.2.21). CYP3A4 protein 
levels remained low over the course of differentiation in treated Cured and 
JFH1-replicon cells and overall levels at day 9 were considerably lower in 
treated Cured and JFH1-replicon cells compared to untreated Cured and 
JFH1-replicon cells respectively. Interestingly NS5A protein levels remained 
high throughout differentiation of treated JFH1-replicon cells compared to 
untreated JFH1-replicon cells, for which we observed the usual drop in 
NS5A levels at day 9 (Figure 5.2.21).  

In addition a decrease in levels of MST1, pMST1 and MOB1 were observed 
for XMU-MP-1 treated Cured and JFH1-replicon cells compared to the 
untreated cells. A decrease in pMST1 levels was an expected consequence 
of XMU-MP-1 treatment. As observed previously, LATS1 levels increased 
over differentiation in both Cured and JFH1-replicon cells, and overall levels 
appeared to be reduced in JFH1-replicon cells. Surprisingly pLATS1 levels 
decreased slightly over the course of differentiation in both Cured and JFH1-
replicon cells. Differences in overall LATS1 levels between XMU-MP-1 
treated cells and untreated cells were not apparent however pLATS1 levels  
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Figure 5.2.16 Immunofluorescence CD24lo cells transduced with 
Lentivirus particles expressing shRNA designed to target YAP1.  

CD24lo cells were transduced with lentivirus particles either expressing four 
different shRNA to target YAP1 or a scrambled shRNA control. Transduced cells 
were selected using 1µg/ml puromycin for one week after which the mocks were 
dead. After selection cells were fixed using 4 % PFA, permeabilised using 0.2 % 
Triton-X100 and stained using anti-YAP1 (red) and 594 nm fluorescently 
conjugated Alexa Fluor secondary antibodies. The nuclei were counterstained using 
the DNA stain Hoechst (blue). Images were taken using the EVOS Cell Imaging 
System. Images are representative of cell density. 
  

 

Figure 5.2.17 CD24lo cells treated with YAP1 inhibitors Dobutamine 
and Pazopanib  

CD24lo cells were either left untreated or treated with Dobutamine (80 µM) or 
Pazopanib (10 µM) for 24hrs. Cells were then fixed using 4 % PFA and 
permeabilised using 0.2 % Triton-X100. The fixed CD24lo cells were stained with 
an anti-YAP1 (green) and 488 nm fluorescently conjugated Alexa Fluor secondary 
antibodies. The nuclei were counter stained using the DNA stain Hoechst (blue). 
Images were taken using an EVOS Cell Imaging System. Images are 
representative of cell density.   



158 
 

 

Figure 5.2.18 Cured and JFH1-replicon CD24lo cells treated with YAP1 
inhibitor Dobutamine during differentiation 

Cured or JFH1-rep cells were differentiated and treated with 20 μM Dobutamine. A) 
Lysates were taken at day one, five or nine of differentiation and western blot 
membranes were probed for β-actin, NS5A or CYP3A4. B) Quantification of 
CYP3A4 (n=1) and NS5A (n=1) western blot intensity normalised to β-actin band 
intensity (as arbitrary densitometry units (ADU)) measured using ImageJ. Displayed 
as the percentage of CD24lo Day 1 except for NS5A which is the percentage of 
JFH1-rep Day 1.  
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Figure 5.2.19 Cured and JFH1-replicon CD24lo cells treated with YAP1 
inhibitor Pazopanib during differentiation 

Cured or JFH1-rep CD24lo cells were differentiated and treated with 1 μM 
Pazopanib. A) Lysates were taken at day one, five or nine of differentiation and 
western blot membranes were probed for β-actin, NS5A, CYP3A4, MST1 or YAP1. 
B) Quantification of CYP3A4 (n=1), NS5A (n=1), MST1 (n=1) and YAP1 (n=1) 
western blot intensity normalised to β-actin band intensity (as arbitrary densitometry 
units (ADU)) measured using ImageJ. Displayed as the percentage of CD24lo Day 
1 except for NS5A which is the percentage of JFH1-rep Day 1.  
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appeared further reduced at day 9 of differentiation in treated cells compared 
to untreated cells. 

YAP1 levels were decreased in treated Cured cells throughout differentiation 
compared to untreated Cured cells however the same trend was not 
observed between treated and untreated JFH1-replicon cells. A complex 
pattern was observed for TAZ. Similarly as before overall TAZ levels were 
elevated in JFH1-replicon cells compared to Cured cells throughout 
differentiation. XMU-MP-1 treatment of Cured cells increased TAZ levels 
from day 1 to day 9 of differentiation, whereas treatment of JFH1-replicon 
cells caused TAZ to decrease over differentiation.  

These results suggest that DMSO induced differentiation of CD24lo cells 
depends on Hippo signalling and MST1/2 activity. Inhibition of Hippo 
signalling in differentiating CD24lo cells appears to largely affect levels of the 
transcriptional regulator TAZ protein levels rather than YAP1. The protein 
expression profile of NS5A in MST1/2 inhibitor treated cells also suggests 
that an undifferentiated state is preferred for HCV replication and protein 
expression.  

Chelerythrine (CHE) in the concentration range of 6- 10 µM induced 
apoptosis in cardiac myocytes (Yamamoto et al., 2001) and on further 
investigation was found be a potent MST1 activator (Yamamoto et al., 2003). 
Chelerythrine was shown to act upon caspase-cleaved MST1, which 
comprises a 34 kDa active kinase (Yamamoto et al., 2003). Differentiation of 
Cured and JFH1-replicon cells in the presence of 5 µM the MST1 activator 
Chelerythrine did not appear to alter the differentiation pattern (Figure 
5.2.22). The concentration of 5 µM was chosen based on the literature. No 
apparent increase in CYP3A4 levels in treated Cured and JFH1-replicon 
cells compared to untreated Cured and JFH1-replicon cells respectively was 
observed. In addition there was no difference in NS5A levels of treated 
JFH1-replicon cells compared to untreated. This suggests that MST1 
activation on its own is not enough to override the effect of HCV infection 
and ‘increase’ differentiation in JFH1-replicon cells. However it should be 
noted that we were unable to confirm whether Chelerythrine did indeed 
activate MST1 in CD24lo cells and further experiments are needed to 
measure the levels of pMST1, pLATS1, pMOB1, and both the 
phosphorylated and unphosphorylated forms of YAP1 and TAZ.  
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Figure 5.2.20 Differentiated Cured and JFH1-replicon cells at day nine 
+/- XMU-MP-1 

Cells were differentiated over a course of nine days either in the absence or 
presence of 5 μM XMU-MP-1. During the differentiation the media was changed 
every two days. Phase images were taken on day nine using the EVOS cell 
Imaging System. Islands of hepatocyte-like cells are highlighted by white dashed 
lines. Images are representative of cell density. 

 

 

Figure 5.2.21 Cured and JFH1-replicon CD24lo cells treated with MST1 
inhibitor XMU-MP-1 during differentiation 

Cured or JFH1-rep CD24lo cells were differentiated and treated with 5 μM XMU-
MP-1. Lysates were taken at day one, five or nine of differentiation and western blot 
membranes were probed for β-actin, NS5A, CYP3A4, MST1, YAP1, pMST1, 
LATS1, pLATS1, MOB1 or TAZ.  
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Figure 5.2.22 Cured and JFH1-replicon CD24lo cells treated with MST 
activator CHE during differentiation 

Cured or JFH1-rep CD24lo cells were differentiated and treated with 5 μM 
Chelerythrine. A) Lysates were taken at day one, five or nine of differentiation and 
western blot membranes were probed for β-actin, NS5A or CYP3A4. Quantification 
of CYP3A4 (n=1) and NS5A (n=1) western blot intensity normalised to β-actin band 
intensity (as arbitrary densitometry units (ADU)) measured using ImageJ. Displayed 
as the percentage of CD24lo Day 1 except for NS5A which is the percentage of 
JFH1-rep Day 1.  
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5.3 RNA-seq analysis of differentiated Cured, JFH1-replicon, 
JFH1-replicon +DAA and Cured +MSTi cells 

To better understand the effect of HCV on CD24lo differentiation we 
performed RNA sequencing (RNA-seq) analysis on RNA samples from day 
nine differentiated Cured (Control), JFH1-rep (HCV), JFH1-replicon cells 
differentiated in the presence of DAAs (1 µM SOF and 100 nM DCV) (HCV 
Cure) and Cured cells differentiated in the presence of the MST1/2 inhibitor 
XMU-MP-1 (2 µM) (MSTi). An RNA-seq analysis sequences the whole 
transcriptome and enables a global analysis of the gene expression changes 
induced in the different conditions. RNA-seq requires careful experimental 
design, RNA isolation and purification, library construction, sequencing, data 
analysis and interpretation (Figure 5.3.1).  

RNA was isolated from six experimental replicates per condition followed by 
NanoDrop quantification and purity assessment (Figure 5.3.2). Three 
samples with the best RNA quality assessed by both the 260/280 and 
260/230 ratios (for RNA both these ratios should be close to 2) were sent to 
the Manchester Genomic Technologies Core Facility for sequencing and 
analysis, carried out by Claire Morrisroe and Dr Ping Wang respectively. 
RNA quality was further assessed by the Bioanalyser, which analyses the 
samples using electrophoresis and assigns a RNA integrity number (RIN) 
based on the 18S and 28S bands. A RIN close to 10 indicates the highest 
RNA quality. All samples had a RIN between 9.6 and 10 (Figure 5.3.3). 
Sequencing libraries were created for each RNA sample by reverse 
transcribing the RNA into cDNA and adding sequencing adaptors. 
Sequencing library quality was assessed using electrophoresis on the 
TapeStation Agilent 2200. Using the D1000 ScreenTape assay the cDNA 
concentration and fragment average size was determined (Figure 5.3.4). 
qPCR was carried out to determine the cDNA library concentration (Figure 
5.3.5). A summary of the RNA-seq analysis demonstrated that sufficient 
reads of around 50 million- 70 million were generated to analyse and 
compare gene expression of moderate to high expressed transcripts (Figure 
5.3.6). The data was filtered and mapped to the human reference genome 
hg38. Pair-end sequencing involves the use of adaptors which contain 
sequencing priming sites at both ends and is used to increase the mapping 
accuracy. Principal Component analysis is used to assess the quality of the 
sample replicates and whether the gene expression data for each condition 
is distinct from one another. 
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Figure 5.3.1 RNA-seq Workflow 
CD24lo, JFH1-rep, JFH1-rep +DAA (1μM SOF and 100nM DCV) and CD24lo 
+MSTi (2 µM) cells were seeded in 6 well plates and differentiated for nine days 
according to the established differentiation protocol. RNA was isolated and purified 
using the Qiagen RNAeasy kit following the protocol provided. The isolated RNA 
quality was initially assessed using the NanoDrop. RNA samples were sent to the 
Manchester Genomic Technologies Core Facility for were the library was created, 
sequenced and analysed by Claire Morrisroe and Dr Ping Wang. Further analysis 
and data interpretation was carried out in Leeds on the data received from Dr Ping 
Wang.   
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Figure 5.3.2 NanoDrop RNA Quantification and Assessment 
RNA isolated from day 9 DMSO differentiated Cured (Control), JFH1-rep (HCV), 
JFH1-rep +DAA (HCV Cure) and Cured +MST inhibitor (MSTi) was quantified and 
assessed using the NanoDrop. Out of six isolated RNA samples per condition, 
three samples with the best purity (260/280 and 260/230 ratios) were chosen for 
RNA-seq analysis and sent to Manchester Genomic Technologies Core Facility, 
labelled SG1- SG12).   
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Figure 5.3.3 RNA sample Integrity 
Agilent Bioanalyzer 2100 electrophoresis run summary. The RNA samples were 
separated on a microfabricated chip by electrophoresis and detected by laser 
fluorescence. The Bioanalyzer produced a gel-like image (A) and electrograms for 
the ladder (B) and samples (C). D) RNA concentration, the ribosomal ratio and the 
RNA Integrity number (RIN) were measured for each sample.   
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Figure 5.3.4 cDNA library electrophoresis results 
The Agilent D1000 ScreenTape Assay was used to separate and analyse the DNA 
fragments of the cDNA library by electrophoresis. A) Gel-image of the cDNA 
electrophoresis. B) Sample concertation, average fragment size and molarity were 
measured for each sample.   
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Principal component analysis (PCA) demonstrated that based on two 
principal components the gene expression profile for each treatment group 
was distinctive and that there was considerable overlap between the 
experimental replicates of each condition, Control, HCV, HCV Cure and 
MSTi (Figure 5.3.8) demonstrating the quality of the RNA-seq data. By 
mapping the unfiltered sequencing reads to the JFH1 subgenomic replicon 
sequence (GeneBank accession number: AB047639), replicon HCV RNA 
was detected only in the HCV condition, which demonstrated the effective 
curing of the replicon in the JFH1-rep cells treated with DAAs over the 
course of differentiation (HCV Cure) (Figure 5.3.7). Stringent cut offs were 
applied to the filtered and mapped gene expression data and only genes 
with at least a 2fold increase/decrease, a p-value of 0.01 and a base mean 
over 100 were considered significantly regulated compared to the Control. 
The gene expression differences between HCV, HCV Cure and MSTi 
compared to the control were visually represented by plotting the analysed 
RNA-seq data on a MA plot which plots the log2 fold change against the 
log10 mean expression (Figure 5.3.9). There were 956 differentially regulated 
genes for HCV, 1087 and 2427 for HCV Cure and MSTi compared to Control 
respectively. As expected, the MSTi condition had the most pronounced 
effect and induced the most gene expression changes compared to the 
Control. Interestingly transcription of the proliferation marker ki67 gene was 
significantly increased in the HCV and MSTi condition but downregulated in 
the HCV Cure condition compared to the control (Figure 5.3.10). Albumin 
gene expression remained unaltered in HCV and HCV Cure conditions, but 
expression was significantly downregulated in the MSTi condition (Figure 
5.3.10). CYP3A4 gene expression remained unaltered in all conditions 
compared to the control. However, expression of several other cytochrome 
P450 enzymes were altered in various condition. The expression of most 
cytochrome P450 enzyme genes followed a similar pattern, expression 
remained unaltered in the HCV and HCV Cure condition and was 
significantly downregulated in the MSTi condition compared to the control 
(Figure 5.3.10). 

Next, the list of differentially regulated genes compared to the Control for 
each condition were analysed for overlapping differentially regulated genes 
(Figure 5.3.11). The three conditions, HCV, HCV Cure and MSTi shared 313 
differentially regulated genes. HCV and HCV Cure shared a further 195 
differentially regulated genes, HCV and MST1 and HCV Cure and MSTi 
shared a further 257 and 317 differentially regulated genes respectively. This 
suggests that all treatment conditions may induce some similar patterns of 
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gene expression changes but that each condition also induces some distinct 
changes via distinct mechanisms.  

Enrichment analysis using the ChEA ChIP-seq database revealed that all 
three conditions, HCV, HCV Cure and MSTi, induced gene expression 
changes associated with the transcription factors FOXM1 and Sox2 (Figure 
5.3.12). This was confirmed using enrichment analysis on the 313 genes 
which are differentially regulated in all three conditions (Figure 5.3.14). 
Interestingly gene expression of FOXM1 itself was significantly increased by 
the JFH1-replcion and MSTi treatment compared to Control cells at day 9 of 
differentiation (Figure 5.4.11). Other transcription factors which were likely to 
regulate these shared genes are E2F4 and TP63. Enrichment analysis using 
the KEGG signalling pathway database highlighted that the gene expression 
changes of each condition likely had an effect on cell cycle regulation. In 
addition enrichment analysis on the 313 genes which were differentially 
regulated in all three conditions that the expression changes of these genes 
were likely affecting the p53 pathway, amongst other signalling pathways 
(Figure 5.3.14).  

The 195 differentially regulated genes shared between HCV and HCV cure 
were likely regulated by the transcription factors ESR1, ESR2, PRDM16 and 
SOX2 and affected key signalling pathways often involved in carcinogenesis 
such as P3IK-Akt signalling pathway, p53, TNF, inflammatory signalling and 
the Hippo pathway amongst other pathways (Figure 5.3.15). HCV infection 
was driving similar TFs as MSTi. The gene expression profile was not 
reversed completely by HCV Cure and similar TFs were predicted to be 
driving the expression changes.  

Transcription factors associated with the 257 differentially regulated genes in 
the HCV and MSTi condition included FOXM1 again, KLF2/5/4, FOXO1, 
TP63 and HNF4α (Figure 5.3.16). The gene expression profiles likely lead to 
alteration of pathways involved in fatty acid metabolism and metabolism in 
general (Figure 5.3.16).  

The genes which were uniquely differentially regulated in the HCV condition 
compared to the control appeared to be predominantly regulated by the 
transcription factor HIF1α (Figure 5.4.2) and likely lead to the alteration of 
pathways involved in viral pathogenesis, p53 signalling pathway, thyroid 
hormone signalling and regulation of focal adhesion (Figure 5.4.2). Gene 
expression changes induced by HCV were predicted to also affect signalling 
pathways involved in fatty acid metabolism and lipid metabolism. Amino acid  
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Figure 5.3.5 qPCR results 
Applied Biosystems StepOnePlus qPCR results. cDNA library assessment after 
adaptor addition. A) Standard Curve created using Cycle Threshold and 
concentration of standards. B) Sample quantitation was determined using the 
Standard Curve.   
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Figure 5.3.6 RNA-seq data output 
The library was sequenced at Manchester Genomic Technologies Core Facility by 
Claire Morrisroe and analysed by Dr Ping Wang. The total number of reads 
represents the sequencing depth. Over 30 million reads is required to detect 
transcripts of moderate to high abundance and quantify gene expression. The total 
number of reads were filtered for suspected reads containing sequencing errors. 
The reads were then mapped to the human reference genome hg38. Some reads 
may align multiple times hence why the mapped reads were higher than the filtered 
reads. Pair-end reads were only counted as one read if both ends align to the 
genome. Unique reads represent reads which only align at one position of the 
genome.  

 

 

Figure 5.3.7 The number of HCV NS3-5b (JFH1 SGR) reads 
The unfiltered RNA-seq data was analysed and mapped to the JFH1 subgenomic 
replicon sequence (GeneBank accession number: AB047639). Only in the JFH1-
rep condition did any sequencing reads map to the JFH1 sequence, demonstrating 
that DAA treatment was able to eliminate the virus from the treated JFH1-rep cells.   
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Figure 5.3.8 RNA-seq Principal Component analysis 
PCA analysis reduces a dataset with multiple variables to two dimensions and gives 
an indication of the quality of the experimental replicates and how distinct the gene 
expression data is for each condition. PC analysis was applied to the RNA-seq data 
for differentiated Control, JFH1-rep (HCV), JFH1-rep+DAA (HCV cure) and 
Control+ MSTi cells. The analysis demonstrated that based on two principal 
components, the gene expression profile for each treatment group was different 
and there was considerable overlap between the replicates within each condition.   
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Figure 5.3.9 MA plots of RNA-seq data 
Visual representation of the RNA gene expression differences between the Control 
and either HCV, HCV cure or MSTi by plotting mRNA fold change against the mean 
expression or base mean. Gene expression for which there was a fold increase are 
labelled orange and gene expression for which there was a fold decrease are 
labelled in blue. There were about 1000-2000 significantly differentially regulated 
genes in each condition with p≤0.01 and a minimum base mean expression of 100. 
RNA-seq reads were filtered and mapped to the human reference genome hg38 
prior to MA analysis.   
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Figure 5.3.10 Gene expression of hepatocyte markers and proliferation 
marker ki67 

A) RNA-seq analysis revealed the gene expression status of the hepatocyte marker 
albumin and the proliferation marker ki67 during HCV replicon infection at day 9 off 
differentiation at day 9. HCV replicon infection +DAA and under MSTi treatment. 
Albumin expression remained unaltered in the HCV and HCV Cure condition but 
was significantly downregulated in MSTi. Ki67 expression was significantly 
upregulated in the HCV and MSTi condition and downregulated in the HCV Cure 
condition. The dashed line serves to highlight in which conditions gene expression 
was significantly upregulated and is arbitrarily set on the graph. B) The expression 
of many Cytochrome P450 genes (CYP4V2, CYP3A5, CYP8B1, CYP19A1, 
CYP4F3, CYP4F12 and CYP27A1) followed a similar pattern of expression, 
remaining unaltered in HCV and HCV Cure and being downregulated in the MSTi 
condition. Expression of CYP26B1, CYP1A1, CYP51A1 and CYP2J2 did not follow 
the same pattern.   
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biosynthesis associated pathways were also included, and regulation of 
these pathways by HCV may be necessary for viral protein expression.  

Genes which were uniquely differentially regulated in the MSTi condition are 
largely regulated by the transcription factors FOXA2, ESR1, PPARA and 
HNF4α (Figure 5.4.4). MSTi induced genes expression changes predicted to 
alter metabolic pathways and pathways involved in DNA replication (Figure 
5.4.4).  

Hierarchical cluster analysis was performed on the whole gene expression 
data set after the cut-offs of p≤0.01, bm≥100 and 2foldchange≥1 were 
applied. The Cluster analysis identified ten clusters with differential gene 
expression profiles compared to the Control (Figure 5.4.5). Some clusters 
showed shared patterns of gene expression changes between HCV and 
MSTi treatment, such as cluster 7 and 3 suggesting that HCV infection 
induces a set of gene expression changes also induced by Hippo signalling 
inhibition (Figure 5.4.5). Interestingly, whilst certain clusters demonstrated a 
gene expression profile associated with HCV that was reversed by DAA 
treatment in the HCV Cure condition (e.g. clusters 3 and 4 which contained 
931 and 117 genes respectively) (Figure 5.4.6), others contained patterns of 
expression changes induced by HCV that were not reversed by DAA 
treatment; for example clusters 7 and 5, with 182 and 219 genes 
respectively (Figure 5.4.7). This implies that HCV may induce gene 
expression changes which last even after the virus is eliminated by DAA 
treatment. Cluster 1 is an interesting cluster which contains 359 genes which 
are similarly regulated in the HCV and HCV Cure conditions whereas gene 
expression remains similar to the Control for MSTi, indicating that these 
genes are not regulated by Hippo signalling (Figure 5.4.8). Analysis of the 
genes contained within this cluster reveals that these genes expression 
changes are associated with many signalling pathways implicated during 
carcinogenesis such as PI3K-Akt, Hippo and MAPK signalling pathways 
(Figure 5.4.8).  

In terms of the Hippo pathway associated genes, the RNA-seq revealed 
several differentially regulated genes by HCV compared to the Control 
(Figure 5.4.11 & Figure 5.4.12). These genes included YAP1/TAZ 
responsive genes which were either downregulated (MYC, CCND1, 
SERPINE1 and CDKN1A -p21) or upregulated (BIRC5, AURKA, AURKB, 
CCNB1, CDC20, DKK1, CCNA2, PLK1, ANKRD1). Many of these 
responsive genes encode proteins which are anti-apoptotic (e.g. BIRC5 also 
known as Survivin), involved in cell cycle regulation (e.g. CCNB1- Cyclin B1, 
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CDC20 or CCNA2-Cyclin A2) or are involved in the regulation of other 
pathways (e.g. DKK1 which regulates Wnt signalling). BIRC5 inhibits 
caspase activation and thus negatively regulates apoptosis (Tamm et al., 
1998). BIRC5 was also significantly upregulated by MSTi treatment but was 
found to be significantly downregulated in the HCV Cure condition compared 
to the Control (Figure 5.4.11). Cyclin B1, CDC20 and CCNA2 encode 
proteins which are all involved in cell cycle regulation and generally promote 
cell cycle progression. Cyclin B1 is expressed in the G2/M phase and is 
commonly overexpressed in different types of cancer (Yuan et al., 2006, 
Wang et al., 1997, Kawamoto et al., 1997, Mashal et al., 1996, Kushner et 
al., 1999). CDC20 activates APC and promotes cell cycles progression 
through the M phase (Fang et al., 1998b, Fang et al., 1998a). Cyclin A2 
promotes transition through G1/S and G2/M phases of the cell cycle by 
interacting with CDK kinases (Pagano et al., 1992). DKK1 has been 
associated with HCC migration and invasion by promoting β-catenin 
expression (Chen et al., 2013c). Interestingly of all the YAP1/TAZ 
responsive genes highlighted here which were upregulated in the HCV 
condition were also upregulated in the MSTi condition however in the HCV 
Cure condition these genes were all downregulated except for AURKA for 
which the gene expression remained unaltered compared to the Control. 
Expression of MYC and CCND1 was also downregulated in the HCV Cure 
condition and unaltered in the MSTi condition compared to the Control. 
Expression of SERPIN1 was downregulated in all conditions. Yet expression 
of CDKN1A (p21) was downregulated by both the JFH1-replicon and by 
MST1/2 inhibition but unaffected by curing the JFH1-replicon (HCV Cure). 
p21 is a cyclin-dependent kinase inhibitor and expression of p21 is tightly 
regulated by p53 (Gartel and Tyner, 1999). p21 mediates p53 dependent cell 
cycle arrest in G1 (Cayrol et al., 1998). Loss of p21 is associated with 
carcinogenesis (Willenbring et al., 2008). 

Several genes which encode Hippo regulatory proteins were either 
upregulated such as PPP2R2B and AMOT or downregulated such as 
RASSF6, FRMD6, ACTG1 (Gamma-actin) and ACTB (beta-actin) (Figure 
5.4.9 & Figure 5.4.12). PPP2R2B and AMOT were also found to be 
upregulated in HCV Cure and MSTi conditions. ACTG1 downregulated in all 
conditions however RASSF6 was only downregulated in the HCV and MSTi 
condition. FRMD6 was also downregulated in HCV Cure but not in the MSTi 
condition and ACTB was only downregulated by HCV. Several of these 
genes encode proteins which regulate the function of MST1/2 by either 
inhibiting the kinase activity including RASSF6 (Ikeda et al., 2009) and  
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Figure 5.3.11 Venn diagram of RNA-seq expression data 
The diagram displays the number of overlapping differentially regulated genes 
between each condition, HCV, HCV and MSTi. Genes were considered significantly 
differentially regulated compare to control for p≤0.01, ≥2fold change and Base 
mean≥100. All conditions shared 313 genes which were found to be differentially 
regulated compared to the control. HCV and HCV cure shared another 195 
differentially regulated genes. HCV and MSTi shared another 257 differentially 
regulated genes and HCV cure and MSTi shared another 317. MSTi appeared to 
have the most uniquely regulated genes at 1540 compared to 189 for HCV and 262 
for HCV cure. Overall HCV had 954 differentially regulated genes compared to 
control, HCV cure had 1087 and MSTi had 2427. The Venn diagram was created 
using UGent Bioinformatics & Evolutionary genomics Venn diagram tool.   
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Figure 5.3.12 ChEA Transcription Factor ChIP-Seq Database 
Enrichment analysis of significantly differentially regulated genes 
of HCV, HCV Cure and MSTi compared to Control 

Enrichment analysis using Enrichr and the ChEA TF Database to predict which 
transcription factors are responsible for the gene expression changes observed in 
the RNA-seq analysis. Transcription factors were ranked by combined score which 
takes into account the p-value (calculated using the Fisher’s exact test) and the z-
score (the z-score is a measure of the deviation from an expected rank). The length 
and the brightness of the bar reflects the significance of that term/gene set, i.e. the 
longer and brighter the bar, the more significant the term/gene set is. A grey bar 
means the term/gene-set is not significant.  
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Figure 5.3.13 KEGG Signalling Pathway Database Enrichment analysis 
of significantly differentially regulated genes of HCV, HCV Cure 
and MSTi compared to Control 

Enrichment analysis using Enrichr and the KEGG Signalling Pathway Database to 
predict which transcription factors are responsible for the gene expression changes 
observed and which signalling pathways are affected by the gene expression 
changes observed in the RNA-seq analysis. Transcription factors and signalling 
pathways were ranked by combined score which takes into account the p-value 
(calculated using the Fisher’s exact test) and the z-score (the z-score is a measure 
of the deviation from an expected rank). The length and the brightness of the bar 
reflects the significance of that term/gene set, i.e. the longer and brighter the bar, 
the more significant the term/gene set is. A grey bar means the term/gene-set is not 
significant.  
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Figure 5.3.14 Enrichment analysis of significantly differentially 
regulated genes of shared by HCV, HCV Cure and MSTi compared 
to Control  

Enrichment analysis using Enrichr, the ChEA Transcription Factor ChIP-seq 
Database and the KEGG Signalling Pathway Database to predict which 
transcription factors are responsible for the gene expression changes observed and 
which signalling pathways are affected by the gene expression changes observed 
in the RNA-seq analysis. Transcription factors and signalling pathways were ranked 
by combined score which takes into account the p-value (calculated using the 
Fisher’s exact test) and the z-score (the z-score is a measure of the deviation from 
an expected rank). The length and the brightness of the bar reflects the significance 
of that term/gene set, i.e. the longer and brighter the bar, the more significant the 
term/gene set is. A grey bar means the term/gene-set is not significant.  



181 
 

 

Figure 5.3.15 Enrichment analysis of significantly differentially 
regulated genes shared by HCV and HCV Cure compared to 
Control 

Enrichment analysis using Enrichr, the ChEA Transcription Factor ChIP-seq 
Database and the KEGG Signalling Pathway Database to predict which 
transcription factors are responsible for the gene expression changes observed and 
which signalling pathways are affected by the gene expression changes observed 
in the RNA-seq analysis. Transcription factors and signalling pathways were ranked 
by combined score which takes into account the p-value (calculated using the 
Fisher’s exact test) and the z-score (the z-score is a measure of the deviation from 
an expected rank). The length and the brightness of the bar reflects the significance 
of that term/gene set, i.e. the longer and brighter the bar, the more significant the 
term/gene set is. A grey bar means the term/gene-set is not significant.  
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Figure 5.3.16 Enrichment analysis of significantly differentially 
regulated genes shared by HCV and MSTi compared to Control 

Enrichment analysis using Enrichr, the ChEA Transcription Factor ChIP-seq 
Database and the KEGG Signalling Pathway Database to predict which 
transcription factors are responsible for the gene expression changes observed and 
which signalling pathways are affected by the gene expression changes observed 
in the RNA-seq analysis. Transcription factors and signalling pathways were ranked 
by combined score which takes into account the p-value (calculated using the 
Fisher’s exact test) and the z-score (the z-score is a measure of the deviation from 
an expected rank). The length and the brightness of the bar reflects the significance 
of that term/gene set, i.e. the longer and brighter the bar, the more significant the 
term/gene set is. A grey bar means the term/gene-set is not significant.  
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PPP2R2B by regulating PP2A (Ribeiro et al., 2010) or by activating MST1/2 
activity such as FRMD6 (Angus et al., 2012b). Indeed NS5A has been show 
to be a regulator of PP2A and increase PP2A activity (Georgopoulou et al., 
2006). Overall the effects of these gene expression changes appeared to 
lead to a reduction in activation signals for MST1/2.  

AMOT was the most highly upregulated gene within HCV-containing cells 
compared to the Control with a 2fold change of 5.7 (Figure 5.4.9). AMOT 
regulates the cellular localisation of YAP1 and TAZ and depending on cell 
polarity and cell state can either sequester YAP1 and/or TAZ to the 
cytoplasm, or promote nuclear translocation of YAP1 and/or TAZ (Zhao et 
al., 2011, Hong, 2013, Moleirinho et al., 2017). It will be important to 
determine whether the increase in gene expression translates to an increase 
in AMOT protein levels and what effect exactly AMOT is having on YAP1 
and TAZ localisation in our CD24lo differentiation system.  

FOXM1 was predicted by enrichment analysis to be the transcription factor 
largely responsible for the gene expression changes observed in all three 
conditions: HCV, HCV Cure and MSTi (Figure 5.3.12). Interestingly FOXM1 
gene expression was upregulated in HCV , downregulated in HCV Cure and 
unchanged in MSTi compared to the control (Figure 5.4.11). Transcriptional 
regulators YAP1 and TAZ have been shown to interact with FOXM1 in a 
subset of soft-tissue sarcomas and be necessary for cell proliferation and 
tumorigenesis (Eisinger-Mathason et al., 2015). FOXM1 responsive genes 
highlighted by enrichment analysis included for example CDC20 and 
AURKB.  

Of particular interest was the transcriptional upregulation of TAZ (Figure 
5.4.10) but not YAP1 in the HCV condition compared to Control cells. This 
was especially interesting as we have demonstrated elevated protein levels 
of TAZ but not YAP1 in differentiated JFH1-replicon cells compared to Cured 
cells (Figure 5.2.3 & Figure 5.2.4). TAZ was not upregulated in either the 
HCV Cure condition however expression was also upregulated in response 
to Hippo signalling inhibition by the MST1/2 inhibitor (Figure 5.4.10). TAZ is 
an important transcriptional regulator which interacts with many transcription 
factors including TEAD1-4, SMAD1-4, and p73 (Varelas et al., 2008, Zhang 
et al., 2009, Kim et al., 2018). The only other Hippo protein with an altered 
expression profile was LATS2 which was interestingly upregulated in 
response to MST1/2 inhibition (Figure 5.4.10). TEAD4 the most commonly 
described transcription factor which YAP1 and TAZ bind to and alter but its 
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transcriptional activity was upregulated only in the MSTi condition compared 
to the Control (Figure 5.4.11).  

The RNA-seq analysis has helped to reveal the gene expression differences 
between differentiated HCV, HCV Cure and MSTi compared to the Control. 
Some of these gene expression changes are shared between the different 
conditions and some gene expression changes are unique to the individual 
condition. In addition Cluster analysis highlighted that although HCV Cure 
was able to reverse some of the gene expression changes induced by HCV, 
DAA treatment did not reverse all gene expression changes compared to the 
control indicating that HCV infection may have a lasting effect on gene 
expression long after the virus is cured. By comparing HCV gene expression 
to the Control several genes associated with the Hippo pathway were found 
to be differentially regulated by HCV and overall appears to favour the 
inactivation of Hippo signalling and an increase of the transcriptional 
regulator TAZ.  

5.4 Discussion  

Our results showed that HCV infection perturbs DMSO induced CD24lo cell 
differentiation, evidenced by differences in cell morphology and altered 
expression of hepatocyte markers CYP3A4 and Albumin and the 
proliferation marker ki67. Thus, HCV appeared able to resist or delay the 
transcriptional programmes associated with DMSO-induced differentiation.  

Following this observation we investigated how HCV perturbed 
differentiation by exploring which signalling pathway(s) and which viral 
protein(s) might be responsible using enrichment analysis. Enrichment 
analysis associates a functional term to a collection of genes by comparing 
the input gene data to databases of annotated gene sets and helps to infer 
which transcription factors may be responsible for the gene expression data 
and which pathways may be altered in response to the list of input genes by 
taking advantage of the Kyoto Encyclopaedia of genes and genomes 
(Kanehisa and Goto, 2000) and the ChEA Transcription factor ChIP-seq 
database (Lachmann et al., 2010). Enrichr is a popular and user-friendly 
enrichment analysis tool described by (Chen et al., 2013b, Kuleshov et al., 
2016). 
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Figure 5.4.1 Enrichment analysis of significantly differentially regulated 
genes shared by HCV Cure and MSTi compared to Control 

Enrichment analysis using Enrichr, the ChEA Transcription Factor ChIP-seq 
Database and the KEGG Signalling Pathway Database to predict which 
transcription factors are responsible for the gene expression changes observed and 
which signalling pathways are affected by the gene expression changes observed 
in the RNA-seq analysis. Transcription factors and signalling pathways were ranked 
by combined score which takes into account the p-value (calculated using the 
Fisher’s exact test) and the z-score (the z-score is a measure of the deviation from 
an expected rank). The length and the brightness of the bar reflects the significance 
of that term/gene set, i.e. the longer and brighter the bar, the more significant the 
term/gene set is. A grey bar means the term/gene-set is not significant.  



186 
 

 

Figure 5.4.2 Enrichment analysis of significantly differentially regulated 
genes unique to HCV compared to Control 

Enrichment analysis using Enrichr, the ChEA Transcription Factor ChIP-seq 
Database and the KEGG Signalling Pathway Database to predict which 
transcription factors are responsible for the gene expression changes observed and 
which signalling pathways are affected by the gene expression changes observed 
in the RNA-seq analysis. Transcription factors and signalling pathways were ranked 
by combined score which takes into account the p-value (calculated using the 
Fisher’s exact test) and the z-score (the z-score is a measure of the deviation from 
an expected rank). The length and the brightness of the bar reflects the significance 
of that term/gene set, i.e. the longer and brighter the bar, the more significant the 
term/gene set is. A grey bar means the term/gene-set is not significant.  
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Figure 5.4.3 Enrichment analysis of significantly differentially regulated 
genes unique to HCV Cure compared to Control 

Enrichment analysis using Enrichr, the ChEA Transcription Factor ChIP-seq 
Database and the KEGG Signalling Pathway Database to predict which 
transcription factors are responsible for the gene expression changes observed and 
which signalling pathways are affected by the gene expression changes observed 
in the RNA-seq analysis. Transcription factors and signalling pathways were ranked 
by combined score which takes into account the p-value (calculated using the 
Fisher’s exact test) and the z-score (the z-score is a measure of the deviation from 
an expected rank). The length and the brightness of the bar reflects the significance 
of that term/gene set, i.e. the longer and brighter the bar, the more significant the 
term/gene set is. A grey bar means the term/gene-set is not significant.  
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Figure 5.4.4 Enrichment analysis of significantly differentially regulated 
genes unique to MSTi compared to Control 

Enrichment analysis using Enrichr, the ChEA Transcription Factor ChIP-seq 
Database and the KEGG Signalling Pathway Database to predict which 
transcription factors are responsible for the gene expression changes observed and 
which signalling pathways are affected by the gene expression changes observed 
in the RNA-seq analysis. Transcription factors and signalling pathways were ranked 
by combined score which takes into account the p-value (calculated using the 
Fisher’s exact test) and the z-score (the z-score is a measure of the deviation from 
an expected rank). The length and the brightness of the bar reflects the significance 
of that term/gene set, i.e. the longer and brighter the bar, the more significant the 
term/gene set is. A grey bar means the term/gene-set is not significant.  
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We used Enrichr to carry out an enrichment analysis on a published gene 
expression data set of J6-JFH1 infected cycling Huh7.5 cells (Woodhouse et 
al., 2010) (Figure 5.2.1). The top pathways highlighted by the analysis were 
consistent with previous literature, including MAPK and TNF signalling (He 
et al., 2001, Tan et al., 1999, Macdonald et al., 2004, Giambartolomei et al., 
2001, Hayashi et al., 2000, Fukuda et al., 2001, Nelson et al., 1997). 
However, Enrichr also highlighted the Hippo pathway, which is heavily 
implicated in liver development, hepatocyte differentiation and HCC 
development (Meng et al., 2016). To our knowledge, HCV-induced 
regulation of Hippo signalling has not been previously reported. 

The Hippo pathway (Figure 5.4.12) is regulated by many different signals 
and responds to changes in cell-cell contact, cell-ECM interactions and cell 
polarity (Meng et al., 2016). The core of the pathway consists of two 
transcriptional regulators YAP1 and TAZ (gene name WWTR1) which, in the 
absence of Hippo signalling, translocate to the nucleus and interact with 
transcription factors such as TEADs and SMADs (Hong and Guan, 2012) 
and induce a transcriptional profile consistent with cell survival, proliferation 
and stem cell maintenance (Pan, 2010). YAP1 and TAZ are regulated by the 
kinase cascade consisting of MST1/2 which complexes with Sav1 to 
phosphorylate LATS1/2 and co-activator MOB1. LATS1/2 activation leads to 
phosphorylation of YAP1 and TAZ, cytoplasmic retention and eventually 
proteasomal degradation. Altered Hippo signalling and aberrant activation of 
YAP1 and TAZ is associated with liver tumorigenesis (Lu et al., 2010, Hong 
and Guan, 2012, Lee et al., 2010, Patel et al., 2017, Sugimachi et al., 2017, 
Pei et al., 2015). Hepatocyte differentiation and liver regeneration are 
dependent on Hippo signalling (Alder et al., 2014, Liu et al., 2012, Lu et al., 
2018, Yimlamai et al., 2014). As previously stated, the Hippo pathway is 
regulated by many different signals including from tight junctions, adherens 
junctions, Wnt signalling, TGF-β signalling, GPCRs, the actin cytoskeleton 
and other intracellular proteins (Yu et al., 2012, Yang et al., 2015, Kim and 
Jho, 2014, Kim et al., 2017, Pefani et al., 2016, Sun and Irvine, 2016, Zhao 
et al., 2012). Indeed, during our characterisation of CD24lo differentiation we 
observed altered expression and localisation of junction proteins such as E-
cadherin and EpCAM and cytoskeletal protein F-actin upon HCV infection 
(Figure 4.2.19). Our expectation was that Hippo signalling might be activated 
in differentiating CD24lo cells, sequestering and YAP1/TAZ to the cytoplasm 
and degrading them, but that this may not occur within cells harbouring HCV 
during DMSO induced differentiation.  
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Characterising the expression and localisation of Hippo pathway proteins in 
our differentiation model at day nine revealed a reduction of cytoplasmic 
MST1 levels whereas centrosome localisation was maintained, a reduction 
of LATS1 levels and altered localisation, an increase in TAZ levels and 
maintenance of nuclear YAP1 localisation during differentiation of HCV 
infected cells compared to Control cells. It will be important to further 
investigate any change in MST1 and also MST2 activity by further 
measuring the levels of phosphorylated MST1 and MST2 as this will give a 
clearer understanding of whether activity levels change in response to 
differentiation induction. The trend for MST1 levels in virus infected cells 
however was a reduction in MST1 levels over the course of differentiation 
and overall a significant reduction of MST1 protein levels. This indicates that 
virus infection is able to either alter the transcription or the protein stability of 
MST1, and thus influence Hippo signalling. As the MST1 gene was not 
downregulated in the HCV condition, the change in mST1 protein level is 
likely due to a change in protein stability. Further experiments involving 
qPCR analysis to measure MST1 and MST2 mRNA levels and protein 
stability assays such as by using the protein synthesis inhibitor 
Cyclohexamide (Schneider-Poetsch et al., 2010), will help us understand the 
effect of HCV infection better. Immunofluorescence of MST1 also revealed 
that differentiation induces an alteration in localisation of the protein in both 
control and HCV infected cells. At day one of differentiation MST1 was 
located in both the nucleus and cytoplasm however at day nine of 
differentiation MST1 was largely located in the cytoplasm and was 
concentrated to the centrosome. For HCV infected cells the centrosome 
MST1 expression/localisation was maintained however the cytoplasmic 
fraction was reduced. This observation is not completely surprising as 
MST1/MOB1 signalling controls centrosome duplication independent of the 
Hippo pathway by promoting phosphorylation of NDR which is required for 
centrosome duplication (Hergovich et al., 2009). NDR kinases are part of the 
same family of serine/threonine protein kinases as LATS1/2, however 
LATS1/2 are not directly involved in regulating centrosome duplication 
(Hergovich et al., 2007). 

CD24lo cell differentiation induced an increase in LATS1 levels, yet LATS1 
levels were significantly lower for HCV infected cells. This observation 
suggests that LATS1 protein stability is increased during differentiation and  
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Figure 5.4.5 Cluster analysis 
Cluster analysis found 10 different clusters of genes with similar expression profiles 
across the different conditions (HCV, HCV Cure, and MSTi) compared to the 
control. 3056 genes were included in the analysis based on stringent criteria: 
p≤0.01, 2foldchange≥1, bm≥100.   
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Figure 5.4.6 Gene expression changes which are reversed by DAA 
treatment 

The cluster analysis revealed a few clusters of genes which were either upregulated 
(e.g. Cluster 3) or downregulated (e.g. Cluster 4) by HCV compared to the Control 
and for which the expression profile was reversed by DAA treatment.   
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Figure 5.4.7 Gene expression changes which are not reversed by DAA 
treatment 

The cluster analysis revealed a few clusters of genes which were either upregulated 
(e.g. Cluster 7) or downregulated (e.g. Cluster 5) by HCV compared to the Control 
and for which the expression profile was not reversed by DAA treatment.  
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Figure 5.4.8 Genes within cluster 1 are members of signalling pathways 
associated with carcinogenesis  

Further enrichment analysis using Enrichr, the ChEA Transcription Factor ChIP-seq 
Database and the KEGG Signalling Pathway Database to predict which 
transcription factors are responsible for the gene expression changes observed and 
which signalling pathways are affected by the gene expression changes of 
differentially regulated genes within cluster 1 revealed that this cluster contained 
many members of signalling pathways commonly associated with carcinogenesis. 
Transcription factors and signalling pathways were ranked by combined score 
which takes into account the p-value (calculated using the Fisher’s exact test) and 
the z-score (the z-score is a measure of the deviation from an expected rank).  
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that HCV counteracts this as we did not see a decrease in LATS1 
transcription for HCV in the RNA-seq experiment. However pLATS1 levels 
surprisingly decreased over the course of Cured and JFH1-replicon 
differentiation. This was particularly apparent for JFH1-replicon cells, 
indicating a drop in Hippo signalling activation. However, this was an 
observation based upon a single experiment and further experiments should 
continue to elucidate the pattern of phosphorylated LATS1 levels.  

Interestingly immunofluorescence revealed a stark difference in LATS1 
localisation at day nine of differentiation in HCV infected cells compared to 
control with LATS1 being maintained in the nucleus instead of translocating 
the cytoplasm as in Control cells. There are only few mentions of nuclear 
LATS1 in the literature. LATS1 is predominantly described to localise to the 
cytoplasm, yet the subcellular localisation of LATS1 plays a role in regulating 
LATS1 activity. For example membrane localised LATS1 appears to 
increase its kinase activity (Hergovich et al., 2006). Indeed membrane 
targeting of related kinases NDR1/2 is enough to promote phosphorylation 
and activation of these proteins (Hergovich et al., 2005). As already 
described, LATS1/2 also contain phosphorylation sites. LATS1 activity is 
regulated by PP2A-mediated de-phosphorylation to decrease its activity 
(Hergovich et al., 2006). However, LATS1/2 has been described to be 
activated by MST1/2 in the nucleus in mouse keratinocytes (Lee et al., 
2008). To complicate the understanding of the relationship between 
subcellular localisation and LATS1 further Wei et al., describe that the CRL-
DCAF1 ubiquitin ligase complex targets LATS1/2 in the nucleus in response 
to NF2 loss (Li et al., 2014). What exactly LATS1 subcellular localisation 
difference means in our experiment requires further investigation. In addition 
investigating the role, expression and localisation of LATS2 would help us 
understand the role of Hippo signalling better.  

Surprisingly, YAP1 protein levels did not change over the course of 
differentiation for either Control or HCV infected cells and the overall levels 
were similar in these two conditions also. This indicated that in response to 
any upstream changes in Hippo signalling protein expression and 
stabilisation appeared to stay the same over differentiation and between 
Control and infected cells. However as with the upstream members of the 
Hippo pathway, MST/2 and LATS1/2, phosphorylation of YAP1 is an 
important indicator of YAP1 activity and Hippo signalling activation (Meng et 
al., 2016). Western blot analysis of CD24lo and infected cells revealed that 
YAP1 is phosphorylated at S127 at day one of differentiation in both J6-
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JFH1 infected and in CD24lo cells. Furthermore there was a trend towards a 
slight increase in pYAP1(S127) levels in response to DMSO addition in both 
conditions, this suggests that Hippo signalling is indeed activated in 
response to DMSO induced differentiation, at least at day 5. To better 
understand the functional state of YAP1 during differentiation and between 
control and infected cells, immunofluorescence was used to examine protein 
localisation. As expected for cycling cells, YAP1 was located in the nucleus 
at day one for both control and infected cells. In response to differentiation, 
YAP1 was sequestered to the cytoplasm in almost all control cells. However, 
a large proportion of infected cells maintained nuclear YAP1 expression, 
suggesting that YAP1 is still active in these cells and able to bind to 
transcription factors in order to regulate transcription of YAP1 responsive 
genes. Aberrant activation of YAP1 is associated with tumorigenesis of 
many cancers, particular of the liver including HCC and ICCA (Xu et al., 
2009, Li et al., 2015b). Total YAP1 levels and pYAP1 levels did not change 
dramatically during differentiation thus YAP1 localisation must be regulated 
by a different mechanism such as through binding to the YAP1/TAZ 
regulatory protein AMOT.  

The paralogs YAP1 and TAZ can be considered the effector proteins of the 
Hippo pathway and are both transcriptional regulators. Often, these proteins 
are described interchangeably as both proteins share similar regulatory 
mechanisms and regulate a similar set of genes (Meng et al., 2016). They 
share about 45 % amino acid sequence identity but are located on separate 
chromosomes (located at 11q22.1 and 3q24 respectively for YAP1 and TAZ) 
(Kanai et al., 2000, Overholtzer et al., 2006). However, more recently, novel 
distinct regulatory mechanisms have also been identified for these proteins 
and a degree of reciprocal regulation also exists between them (Finch-
Edmondson et al., 2015). These transcriptional regulators may also regulate 
the expression of a subset of unique genes to one another however this is 
has not been investigated thoroughly. Tissue specific, cell state specific 
mechanisms may guide YAP1 and TAZ gene regulation depending on the 
availability/expression of transcription factor binding partners. Thus it was 
interesting to observe an altered protein expression pattern of TAZ both as 
differentiation proceeded, and also between control and HCV infected cells, 
compared to seemingly invariant YAP1 expression. TAZ protein levels were 
significantly higher in HCV infected cells compared to control cells and 
remained elevated throughout differentiation. It would be interesting to 
explore these differences between YAP1 and TAZ further using  
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Figure 5.4.9 Gene expression of Hippo signalling regulators  
RNA-seq analysis revealed that the gene expression of several Hippo signalling 
regulators is altered in the HCV, HCV Cure and MSTi conditions compared to 
Control at day9 of differentiation, including; AMOT, RASSF6, ACTG1, ACTB, 
FRMD6 and PPP2R2B. The dashed line serves to highlight in which conditions 
gene expression was significantly upregulated and is arbitrarily set on the graph.  
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Figure 5.4.10 WWTR1 (TAZ) and LATS2 gene expression 
RNA-seq analysis revealed that WWTR1 (TAZ) gene expression was significantly 
upregulated in HCV and MSTi conditions compared to the Control at day 9 of 
differentiation. LATS2 expression was significantly upregulated only by MST1/2 
inhibition. The dashed line serves to highlight in which conditions gene expression 
was significantly upregulated and is arbitrarily set on the graph. 

 

 

 

 

Figure 5.4.11 Gene expression of YAP1/TAZ transcription factors and 
YAP1/TAZ responsive genes 

RNA-seq analysis revealed that the gene expression of several Hippo signalling 
regulators is altered in the HCV, HCV Cure and MSTi conditions compared to 
Control at day9 of differentiation, including; AMOT, RASSF6, ACTG1, ACTB, 
FRMD6 and PPP2R2B. The dashed line serves to highlight in which conditions 
gene expression was significantly upregulated and is arbitrarily set on the graph.  
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Figure 5.4.12 Differentially regulated Hippo genes by HCV compared to 
Control 

After applying the stringent cut-offs p≤0.01 base mean≥100 and log2fold change≥1, 
several genes associated with the Hippo signalling pathway were found to be 
differentially regulated by HCV compared to the Control. Some genes were 
YAP1/TAZ responsive genes; others are involved in the regulation of Hippo 
signalling. Genes which are significantly differentially regulated by HCV are 
indicated by a red arrow. The blue arrows indicate protein activation or inhibition.   
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TAZ/pTAZ specific antibodies, although these are uncommon and we were 
unable to source examples during the course of this study.  

As mentioned previously YAP1 and TAZ regulate the transcription of many 
genes by binding to various transcription factors including TEAD1-4, 
SMAD1-4, p73 and FOXM1 (Eisinger-Mathason et al., 2015) and regulating 
their activity. To better understand whether differentiation activated Hippo 
signalling it was important to examine the expression of YAP1/TAZ 
responsive genes. A very commonly described responsive gene which is 
often used as a marker of YAP1/TAZ activity is CTGF (Urtasun et al., 2011, 
Zhao et al., 2008). CTGF plays a role in modulating the cellular interaction 
with the ECM (Bornstein and Sage, 2002, Leask and Abraham, 2006, Shi-
Wen et al., 2008), and is a direct target of YAP1/TAZ interaction with TEAD4 
and helps mediate YAP1-dependent cell growth (Zhao et al., 2008). 
However western blot analysis revealed that intracellular CTGF levels 
remained unaltered during differentiation in both Cured and JFH1-replicon 
cells and overall levels were similar in both conditions. As CTGF is a 
secreted protein it will be important to validate this result using an ELISA 
assay.  

Lack of the expected drop in CTGF levels during differentiation and no 
difference between infected and control cells does not necessarily mean that 
Hippo signalling is not being activated during differentiation, or that the 
observed differences Hippo protein expression and location are not having 
an effect on YAP1/TAZ transcriptional activity. YAP1 and TAZ activate, and 
also to a degree repress, the transcription of a large number of genes. 
Transcriptional regulation depends on transcription factor availability 
depending on cell type and state (Plouffe et al., 2018).  

Interestingly the RNA-seq data revealed that many YAP1/TAZ responsive 
genes remained upregulated within HCV infected cells at day 9 of 
differentiation, such as BIRC5, AURKA/B, CCNB1, CDC20, CCNA2, DKK1, 
PLK1 and ANKARD1 whereas as some were also downregulated in 
response to HCV infection, such as MYC, CCND1, SERPINE1 and 
CDKN1A. CCND1 encodes the cyclin dependent kinase inhibitor also known 
as p21. p53 regulates p21 which mediates G1 cell cycle arrest. In addition 
p21 loss is associated with carcinogenesis (Cayrol et al., 1998, Gartel and 
Tyner, 1999, Willenbring et al., 2008). HCV is known to interact with p21 
activity (Cao et al., 2004, Kwun et al., 2001, Majumder et al., 2001). YAP1 
and TAZ are known to function in a tissue specific/ cell state specific way to 
alter gene expression. The observation that some known YAP1/TAZ 
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responsive genes are upregulated whereas others are downregulated by 
HCV may be a consequence of these cell type/state specific differences. In 
addition some genes may be exclusively or preferentially regulated by either 
YAP1 or TAZ, however not enough evidence exists to clearly define whether 
one gene is exclusively regulated by either YAP1 or TAZ. This may be 
particularly interesting as we found TAZ protein and mRNA levels to be 
elevated by HCV whereas YAP1 protein or mRNA levels were not.  

WWTR1 (TAZ) is a paralog of YAP1 only present in vertebrates. As stated 
YAP1 and TAZ share almost 50 % sequence homology (Kanai et al., 2000) 
but TAZ compared to YAP1 lacks an additional WW domain, the N-terminal 
proline rich domain and the SH3 binding motif (Kanai et al., 2000) (Figure 
1.4.2). Studies exploring the differences of YAP1/TAZ regulation and 
function are limited however and many studies either focus on YAP1 or less 
commonly just TAZ. In addition many refer to these proteins interchangeably 
due to their overlapping functions. YAP1 and TAZ do share many regulatory 
mechanisms, bind to many of the same transcription factors and are thought 
to regulate the transcription of a similar series of genes. However, whilst 
redundancy in their molecular activity clearly exists, evidence is mounting 
that these proteins have divergent functions. Even though YAP1 and TAZ 
share transcription factor targets it is still unclear how the individual proteins 
contribute to the function of these shared factors and the activation of unique 
targets is poorly studied. YAP1 and TAZ are not completely redundant and 
do not fully compensate each other when either is genetically knocked out. 
Different phenotypes emerged from YAP1 and TAZ knockout mice; knocking 
out YAP1 led to embryonic lethality, a shortened body axis and defects in 
the development of the yolk sac vasculature (Morin-Kensicki et al., 2006). 
TAZ knockout mice on the other hand were viable yet develop renal cysts, 
eventually leading to end stage kidney disease (Makita et al., 2008, Hossain 
et al., 2007). These differences suggest that either YAP1 and TAZ are 
expressed differently in different tissues or that tissue/cell- specific 
transcription factor binding partners exist or that differential regulatory 
mechanisms exist.  

Relatively few studies exist specifically exploring the differences between 
YAP1 and TAZ in terms of how they effect transcriptional regulation, or are 
themselves regulated. For example, differences exist in the TEAD binding 
domain of both proteins, namely that TAZ lacks the extended PxxOP loop 
(O=hydrophobic residue) of YAP1 (Chen et al., 2010a, Li et al., 2010). TAZ 
possess two TEAD binding modes and is able to form a hetero-tetramer 
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complex with TEAD (Kaan et al., 2017) in addition to the hetero-dimer 
formed between YAP1 and TEAD (Chen et al., 2010a, Li et al., 2010). This 
additional interaction mode may be able to affect DNA target selectivity and 
potentially lead to a stronger induction of gene expression of certain targets . 
Different regulatory factors have been identified for YAP1 and TAZ, such as 
GSK3β which only targets TAZ to induced phosphorylation, leading to TAZ 
degradation in the absence of Wnt signalling (Huang et al., 2012). In 
addition, the HIPK2 is a specific regulator of YAP1 and can increase YAP1 
cellular abundance. The mechanism by which HIPK2 increases YAP1 levels 
is unknown although HIPK2 has been shown to not interact with YAP1 
directly (Poon et al., 2012). YAP1 has also been shown to be able to 
regulate the abundance of TAZ by proteasomal degradation in a GSK3β 
dependent manner, whereas TAZ expression was unable to affect YAP1 
abundance (Finch-Edmondson et al., 2015). Furthermore, Parafibromin, 
which is a component of the RNA polymerase II associated factor, appears 
to regulate YAP1 and TAZ inversely; TAZ in complex with β-catenin interact 
with the dephosphorylated form of Parafibromin to stimulate TAZ/ β-catenin 
functions whereas YAP1 is activated by binding to the phosphorylated form 
of Parafibromin (Tang et al., 2018). Furthermore YAP1 does not interact with 
β-catenin.  

The most highly upregulated protein by HCV in the RNA-seq experiment 
was AMOT (Figure 5.4.9). AMOT was also upregulated in HCV Cure and 
MSTi but not as highly. AMOT is a regulatory factor of YAP1 and TAZ, 
apparently able to regulate these two proteins in opposing ways. AMOT is 
recruited to the cellular junction Crumbs complex. AMOT has been shown to 
be able to bind to YAP1 and TAZ leading to cytoplasmic retention (Wang et 
al., 2011b, Zhao et al., 2011). However other work shows that p130-AMOT 
is able to bind to YAP1/TAZ-TEAD complexes in the nucleus. p130-AMOT 
also disrupted LATS1/2 interaction with YAP1, leading to reduced 
phosphorylation of YAP1 and increased nuclear YAP1 localisation (Yi et al., 
2013). How these opposing roles are regulated however is not entirely clear 
and may be cell type specific.  

Hippo signalling responds to cytoskeletal changes. For example loss of F-
actin stress fibres has been associated with repression of nuclear activity of 
YAP1 and TAZ (Dupont et al., 2011). The RNA-seq analysis of differentiated 
CD24lo cells revealed that both beta-actin and gamma-actin transcription 
are downregulated by HCV infection. ACTG1 is also downregulated in HCV 
Cure and MSTi whereas ACTB is only downregulated in HCV (Figure 5.4.9). 
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However the exact impact of this upon Hippo signalling is unclear. F-actin 
assembly alterations by capping and severing proteins such as CapZ, cofilin 
or gelsolin are able to facilitate cytoplasmic retention of YAP1 and TAZ 
whereas depletion of these proteins has been associated with an increase in 
nuclear YAP1 and TAZ activity (Aragona et al., 2013). Gelsolin, the most 
potent actin filament severing protein is downregulated by HCV infection 
(and also in the MSTi and HCV Cure conditions) in our RNA-seq experiment 
(Figure 5.4.11). The fact that expression of this gene is also downregulated 
by MSTi suggests this gene may be regulated by Hippo signalling. 
Furthermore as the expression profile is not reversed by HCV Cure this may 
be an example of an gene which is epigenetically regulated by HCV infection 
similarly with beta-actin. Further experiments are needed to understand the 
exact effect of these observations on Hippo signalling and CD24lo 
differentiation. 

Overall our results have shown that Hippo signalling, resultant YAP1/TAZ 
localisation, expression and ensuing transcription of responsive genes are 
altered by HCV in response to DMSO-induced differentiation. However, the 
next question was how did HCV mediate these effects? It is likely that the 
differences of Hippo protein localisation and expression are mediated via a 
viral protein interaction with a member of the core/canonical Hippo pathway, 
or potentially an associated regulatory protein. The viral protein(s) 
responsible must reside within the NS3-NS5B replicon polyprotein as the 
same perturbation of differentiation and Hippo pathway alteration was 
observed for both infection with full length J6-JFH1 HCV and the 
subgenomic JFH1-replicon. NS5A is known to interact with a range of 
cellular proteins (Macdonald and Harris, 2004, Ross-Thriepland and Harris, 
2015). For example HCV is known to interact with PP2A to promote its 
activity. This is particularly interesting as PP2A is a known inhibitor of 
MST1/2 activity. This, combined with the unique ability of NS5A to 
accommodate genetic insertions, is why we first chose to investigate 
whether NS5A was able to interact with any of the main Hippo pathway 
proteins. Immunofluorescence of JFH1-replicon cells co-stained with anti-
NS5A and anti-Hippo protein antibodies revealed an apparent co-localisation 
between MST1 and NS5A. To further investigate this possible interaction 
between the two proteins GFP pulldown was performed with cells infected 
with the J6-eGFP clone which encodes a NS5A-eGFP fusion protein 
(Gottwein et al., 2011). The pulldown assay indeed showed that MST1 
accumulated in the bound fragment of the NS5A-eGFP pulldown sample, 
adding further evidence of an interaction between these proteins. We also 
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probed for LATS1, MOB1 and YAP1 but these proteins did not accumulate 
in the bound fragment of the pull down assay. To further confirm and 
understand the nature of this interaction further experiments are required. It 
would be interesting to know whether NS5A interacts directly with MST1 or 
in complex with other proteins. MST1 and MST2 contain a SARAH domain 
(named after the three classes of eukaryotic tumour suppressor proteins 
SAV, RASSF and Hpo) at the C terminus which mediates MST1 
dimerization, interaction with SAV1 and interactions with RASSF proteins 
(Constantinescu Aruxandei et al., 2011, Hwang et al., 2007). Whether this 
binding domain plays a role in NS5A interaction can only be speculated. The 
interaction between NS5A and MST1 may underpin the observed decrease 
in MST1 levels within HCV infected cells at late time points, and may be a 
major factor in the ability of HCV to alter Hippo signalling. However it will be 
important to investigate the effect of HCV infection on pMST1 levels, MST2 
and pMST2 levels also. Understanding the exact consequence of this 
interaction and how it is mediated would further elucidate the effect of HCV 
on CD24lo differentiation and Hippo signalling. It would be interesting to 
investigate whether NS5A or other viral proteins interact with other Hippo 
proteins and Hippo regulatory proteins.  

Pharmaceutical manipulation of signalling pathway proteins can be a useful 
tool to understand a pathway better and the importance of that pathway for a 
given cellular function. By manipulating the Hippo pathway we wanted to 
further explore the importance/the role of the Hippo pathway during CD24lo 
differentiation and effect of HCV on differentiation and Hippo signalling. The 
specificity of pharmaceutical effectors however, can be limited and off target 
effects may make interpreting the results more difficult. This is one of the 
reasons we attempted to knockdown YAP1 expression by using targeted 
shRNA and the CRISPR-Cas9 system. Yet attempts to transduce CD24lo 
cells with either YAP1 shRNAs or YAP1 all-in-one CRISPR Cas9 lentiviruses 
and select stably knockdown or YAP1 knockout lines was unsuccessful. 
YAP1 expression was maintained in cells lines transduced with either YAP1 
shRNAs or YAP1 gRNA even after antibiotic selection of successfully 
transduced cells. It is important to remember that Huh7 cells are a 
transformed cell line with a large list of genes with mutations or, perhaps 
more importantly with respect to CRISPR experiments, copy number 
alterations (Barretina et al., 2012). Although we were unable to find any 
references to alteration of Hippo pathway proteins in Huh7 cells, this may 
just represent a gap in the genetic characterisation of these cells. It will be 
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important to establish the genetic background for the Hippo pathway in Huh7 
cell going forward.  

Nonetheless a number of Hippo pathway inhibitors exist, largely targeting 
YAP1 activity indirectly. We chose to include a number of YAP1 inhibitors in 
our experiments with slightly different mechanisms but which have been 
described to lead to YAP1 cytoplasmic retention and a reduction in YAP1 
dependent transcription. Verteporfin was the first YAP1 inhibitor identified 
and the most commonly described YAP1 inhibitor in the literature. 
Verteporfin targets the interaction between YAP1 and TEAD and thus 
inhibits YAP1-induced transcription (Liu-Chittenden et al., 2012). 
Dobutamine and Pazopanib induce the phosphorylation of YAP1 which 
leads to the protein being sequestered in the cytoplasm (Bao et al., 2011, 
Oku et al., 2015). Dobutamine acts on the β-adrenergic receptor which is a 
G-protein coupled receptor that regulates YAP1/TAZ phosphorylation (Yu et 
al., 2012). Pazopanib is a multi-kinase inhibitor which in addition to 
increasing YAP1/TAZ phosphorylation was also shown to increase 
proteasomal degradation of YAP1 and TAZ. However Verteporfin was found 
to be cytotoxic to CD24lo cells at similar concentrations used in the literature 
(10 µM- 2 µM) and after choosing the concentration of 1 µM, informed by an 
MTT assay, further experiments was found to not alter YAP1 localisation as 
described in the literature. Furthermore even at 1 µM considerable cell death 
was observed for experiments lasting over 48 hrs. Dobutamine and 
Pazopanib were also found to have little effect on YAP1 nuclear localisation 
in cycling CD24lo cells at a range of concentrations informed from the 
literature. CD24lo differentiation in the presence of Dobutamine but not 
Pazopanib did however induce a slight increase in CYP3A4 levels for treated 
cells compared to untreated cells. However it is important to note that this 
observation is based on a single experiment and at least for treated JFH1-
replicon cells the increase in CYP3A4 levels was small compared to 
untreated JFH1-replicon cells at day nine. The reason why none of the YAP1 
inhibitors chosen produced the expected effect upon YAP1 phenotype is 
unknown. Again Huh7 cells are a transformed cell line and genetic alteration 
or expression changes may explain our observations. However Verteporfin 
and Pazopanib inhibitors have been used on HepG2 cells (Chiou et al., 
2010, Zhu et al., 2011, Simile et al., 2016) and when tested on this cell line, 
we still saw no effect on YAP1 localisation in the response to YAP1 inhibitor 
treatment (data not shown).  
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We chose to try to manipulate the Hippo pathway upstream of YAP1/TAZ, 
MST1 was a sensible target to begin with due to the identified interaction 
with NS5A. XMU-MP-1 is currently the only identified MST1/2 inhibitor (Fan 
et al., 2016). It acts as an ATP-competitive MST1/2 inhibitor and leads to the 
reduction in phosphorylation of MOB1, LATS1/2 and YAP1. Interestingly 
treatment of differentiating Cured and JFH1-replicon cells with the MST1/2 
inhibitor altered the differentiation assay outcome, far fewer cells underwent 
the usual morphological changes and CYP3A4 levels did not increase over 
the course of DMSO induced differentiation. This indicates that Hippo 
signalling is indeed required for CD24lo differentiation and inhibition of Hippo 
signalling can prevent differentiation. Furthermore the observation that NS5A 
levels remained high in treated JFH1-replicon cells throughout differentiation 
but not in untreated JFH1-replicon cells adds additional evidence that 
differentiation and MST1/Hippo signalling activation negatively affects virus 
replication and protein expression and that HCV appears to prefer a less 
differentiated state but more differentiated than undifferentiated CD24lo cells 
due to the increase in NS5A levels at day 3/5 (Figure 4.2.11). It is important 
that future experiments explore the effect of this inhibitor upon differentiation 
further, specifically relating to the effect on the transcriptional regulators 
YAP1/TAZ in terms of the phosphorylation state and cellular localisation. It 
will be interesting to explore whether knockdown of MST1/2 and the 
downstream kinases LATS1/2 has a similar effect as MST1/2 inhibition. 
Similarly manipulating the Hippo pathway to promote Hippo signalling would 
be a helpful tool to investigate the link between the Hippo pathway and 
CD24lo differentiation further. With this in mind we chose to investigate the 
effects of Chelerythrine treatment upon Cured and JFH1-replicon 
differentiation. Chelerythrine was identified as a potent MST1 activator 
(Yamamoto et al., 2003). However initial experiments demonstrated no 
change to the differentiation outcome in response to Chelerythrine 
treatment, and further experiments are needed to assess whether 
Chelerythrine has the expected effect of MST1 activation on CD24lo cells by 
assessing the levels of phosphorylated and total MST1, LATS1, YAP1 and 
TAZ, to draw any conclusion from the experiment.  

To truly begin to understand the effect of HCV infection upon CD24lo 
differentiation and the role Hippo signalling plays during differentiation we 
needed to obtain a more global view of the changes occurring in response to 
HCV infection and Hippo signalling inhibition. RNA-seq analysis generates a 
huge amount of data which needs to be appropriately analysed and 
interpreted. In our experiment we compared differentiated Cured, JFH1-
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replicon, JFH1-replicon +DAA, and Cured +MSTi cells. RNA-seq analysis 
involves many steps including RNA isolation and purification, reverse 
transcription to create a cDNA library, sequencing adaptor addition followed 
by library sequencing and data analysis. Quality control assays are carried 
out at every step to confirm the RNA and cDNA library are of a sufficient 
quality to continue to the next step. These steps involved RNA quality 
assessment initially using the NanoDrop followed by the Bioanalyser which 
assigns a RIN to each sample indicating RNA integrity. All samples had a 
high RIN indicating high RNA quality and integrity. The cDNA library was 
assessed after initial reverse transcription from the input RNA and post 
sequencing adaptor addition. After cDNA library assessment the samples 
were sequenced generating between 50- 70 million reads which is 
considered sufficient to compare gene expression of moderate to high 
expressed transcripts. After data was filtered and mapped to the human 
reference genome hg38 which enables the identification of the genes 
expressed in the sample. The number of reads per gene specifies the 
expression level of that gene. Principal component analysis demonstrated 
that the gene expression profile of each condition was distinctive and 
considerable overlap between the experimental replicates existed. A huge 
number genes were identified by initial mapping of the reads to the human 
genome. Stringent cut-offs identified 1000-2000 differentially expressed 
genes in each condition (HCV, HCV Cure and MSTi) compared to the 
Control. The strict cut-offs to determine whether or not a gene was 
significantly differentially regulated, were used to ensure confidence in our 
results.  

Comparison of the RNA-seq data of the different conditions HCV, HCV Cure 
and MSTi revealed that 313 significantly differentially regulated genes (either 
up or down compared to Control) were shared between the three conditions, 
however each condition also regulated a unique set of genes. MSTi 
produced the largest effect on gene expression in terms of the number of 
genes altered compared to the Control. This may reflect on the fact that a 
pharmacological inhibitor was used to reduce MST1/2 activity and there may 
be a number of off-target effects. On the other hand MST1/2 are known to 
regulate and phosphorylate a number of proteins including proteins involved 
in apoptosis and cell cycle. Interestingly there were 570 genes shared 
between MSTi and HCV which implies HCV infection may be causing similar 
pathways to be altered, leading to similar genes being acted upon as 
inhibition of the Hippo pathway. The overlap between HCV and HCV Cure of 
508 genes in total may represent that DAA treatment does not reverse the 
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effect of HCV infection completely at least not over a nine day treatment. 
Interestingly enrichment analysis revealed that similar transcription factors 
appeared to be responsible for the gene expression patterns observed in all 
conditions.  

FOXM1 was highlighted as the top transcription factor for HCV, HCV Cure 
and MSTi. FOXM1 is a transcription factor which plays a role in cell cycle 
progression (Wang et al., 2005, Wang et al., 2002, Leung et al., 2001). 
Interestingly FOXM1 is implicated as a proto-oncogene and upregulation is 
found in most solid cancers including liver cancer (Wierstra, 2013). FOXM1 
is considered a prognostic marker for HCC and FOXM1 cooperates with 
YAP1/TEAD complexes to induce chromosomal instability in HCC and CCA 
(Weiler et al., 2017, Rizvi et al., 2018). FOXM1 gene expression was 
significantly upregulated HCV infection and downregulated in HCV Cure 
whereas FOXM1 expression was not significantly altered by MSTi treatment 
(Figure 5.4.11). HCV and HCV Cure shared more transcription factors in the 
enrichment analysis including SOX2 and p63. This suggests that HCV may 
have a hit and run effect upon cells, with the risk if liver disease and liver 
cancer persisting post SVR. SOX2 is a transcription factor important for stem 
cell maintenance and self-renewal and loss or inhibition of SOX2 in tumour 
cells leads to loss of tumourigenicity (Gangemi et al., 2009). p63 is a 
member of the p53 family and plays a role in epithelial stem cell 
maintenance, in preventing senescence but also in the induction of 
differentiation. However the regulation and function of p63 is complex and 
different isoforms have different functions (ΔNp63 & TAp63) (Bergholz and 
Xiao, 2012). Enrichment analysis also revealed that signalling associated 
with cell cycle regulation was likely to be altered in all conditions in response 
to the gene expression changes observed. In addition enrichment analysis 
also predicted the p53 signalling pathway to be altered by the gene 
expression changes induced by HCV infection which is interesting due to 
evidence describing how HCV viral proteins interact with p53 and associated 
proteins such as p21. 

Cluster analysis of the RNA seq data revealed that DAA treatment did not 
completely reverse HCV induced gene expression changes, indicating that 
HCV infection is having a more long lasting effect on gene expression. This 
implies that HCV infection is able to alter the epigenetic regulation of these 
genes. Several studies have linked HCV infection with epigenetic 
modifications. One study showed that HCV infection enhanced promoter 
methylation of several genes in their panel, including p14, p73, RASSF1A, 
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RARB, CDH1 and APC (Zekri et al., 2014). It is interesting to note that p73 
and RASSF1A are associated with the Hippo pathway. Furthermore two 
groups presented work at the international HCV meeting in 2017 
demonstrating that HCV infection leaves an epigenetic signature which is not 
full reversed by DAA treatment (Hamdane et al., 2017, Perez et al., 2017). 
Epigenetic changes by HCV may help to explain why patients who have 
eradicated the virus by DAA treatment still develop HCC. Indeed Hamdane 
et al., presented that cells cured with DAA treatment displayed a pattern of 
gene regulation which is associated with a higher risk of HCC development 
(Hamdane et al., 2017). It would be interesting to include epigenetic analysis 
in future CD24lo +/-HCV differentiation experiments.  

It should be noted that our RNA-seq analysis involved pooling all the cells in 
the well which had been expose to DMSO to induce differentiation, however 
it would be interesting to explore the differences between the hepatocyte-like 
cells and the surrounding cells which appear to not differentiate to begin to 
explain why some cells appear unable to differentiate. The proportion of cells 
which do not seem to undergo differentiation but also do not proliferate, is 
higher in HCV infected cells and cells exposed to the MSTi inhibitor. There 
still remains a proportion of cells that do differentiate in these conditions and 
it is possible to speculate that this may mask some of the differences 
between the Control and the HCV and MSTi conditions. However how we 
would separate the ‘differentiated’ cells from the cells which appear not to 
differentiate is unclear. EpCAM may be a useful marker to separate the two 
cells populations as EpCAM appears to only be expressed in the 
hepatocyte-like islands and flow-cytometry for EpCAM could help separately 
characterised the morphologically different cells.  

In summary our results demonstrate that HCV is able to perturb CD24lo 
differentiation likely by acting upon the differentiation regulatory Hippo 
signalling pathway. It is likely that manipulating differentiation leads to more 
favourable conditions for virus replication, viral protein expression and 
particle production, but also potentially predisposes the infected cell to 
malignant transformation for example YAP1 and TAZ are oncogenes and 
whereas MST1 and 2 are tumour suppressors. It will be important to repeat 
our findings in a less transformed background possibly by infecting and 
differentiating liver progenitor cells derived from induced pluripotent stem 
cells. In addition it would be interesting to explore and compare Hippo 
pathway protein expression in HCV infected patient liver samples with 
uninfected individuals at different stages of liver disease and HCV disease 
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progression. The suggestion that HCV induces lasting epigenetic and gene 
expression patterns after DAA treatment may mean that individuals who 
have undergone DAA treatment and achieved SVR should continue to be 
monitored for liver disease and HCC development.  
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6. Final Discussion 

We have shown that HCV is able to perturb the differentiation of hepatic 
cells using a model based on DMSO induced differentiation of CD24lo Huh7 
cells. HCV infection and ensuing non-structural protein expression 
(observations consistent for both a subgenomic replicon and full-length 
infectious virus) leads to a reduction or delay in differentiation associated 
morphological changes and associated expression of hepatocyte/stem 
cell/proliferation markers, including an increased number of infected cells 
maintaining ki67 expression indicating that they do not exit the cell cycle. 
DMSO induced CD24lo differentiation is dependent on MST1/2 activity and 
we found HCV infection perturbs Hippo pathway proteins.  

Enrichment analysis of J6-JFH1 infected Huh7.5 cells and cellular 
architecture led us to examine a potential link between HCV infection and 
the Hippo pathway, perturbation of which is a major driver of HCC 
development. Infected cells displayed altered expression and localisation of 
the YAP/TAZ regulatory kinases MST1 and LATS1 upon differentiation. 
Furthermore an increased number of infected cells maintained nuclear YAP 
localisation and RNA-seq analysis revealed higher levels of TAZ mRNA 
expression. This analysis also revealed that expression of a number of 
YAP/TAZ responsive genes was altered, such as BIRC5, along with a 
number of Hippo regulatory proteins such as AMOT which was the top most 
differentially regulated gene by HCV infection. HCV infection led to altered 
expression of a number genes also altered by the MST1/2 inhibitor XMU-
MP-1. Enrichment analysis revealed that the transcription factor FOXM1 
appears to be important mediator of the gene expression changes observed. 
Furthermore HCV infection induces a number of gene expression changes 
which were not reversible upon DAA treatment. There are emerging reports 
that HCV infection leads to epigenetic changes which last after DAA 
treatment (Hamdane et al., 2017, Perez et al., 2017). There appears to be 
some controversy as to whether DAA treatment reduces your risk of 
developing HCC as does interferon treatment (Kanwal et al., 2017, Singer et 
al., 2018, Ioannou et al., 2017, Reig et al., 2016). The epigenetic changes 
induced by HCV and which persist after DAA treatment are associated with 
a higher risk of HCC development (Hamdane et al., 2017). 

An intermediate stage during differentiation may offer optimal conditions for 
HCV replication and gene expression and would begin to explain why we 
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observed an initial increase in NS5A protein levels followed by a decrease in 
protein level as the differentiation proceeds (Figure 4.2.11). The life-cycle of 
human papillomaviruses (HPVs) are particularly tied to cellular 
differentiation. HPVs infect basal cells of the stratified epidermis. HPV 
genomic DNA is kept to low-copy numbers within these cells and cellular 
differentiation is required for progression of the viral life cycle. Cross-talk 
exists between viral replication and cellular differentiation. Viral replication 
occurs in differentiated cells however HPV encodes oncogenes including E6 
and E7 which can target Rb and p53 tumour suppressor proteins (Yim and 
Park, 2005). These proteins promote differentiated cells to re-enter the S 
phase of the cell cycle. Following from these observations it would be 
interesting to explore the levels of virus production in cells infected with full 
length J6-JFH1 over the course of differentiation to determine whether virus 
production and infectivity follows a similar trend to NS5A expression. 
Furthermore exploring at which stage during differentiation HCV replication 
is supported most effectively and measuring the expression of HCV 
cofactors such as miR-122, and entry factors such as CD81, occludin or 
NPC1L1 over the course of differentiation could help understand the 
relationship between HCV replication and differentiation further. The 
alterations to cellular proteins required to maintain cells in this state and in 
the cell cycle may predispose these cells to oncogenic transformation, such 
as the gross alterations we observed to cell cycle signalling (Figure 5.3.13), 
alteration in expression of oncogenes such as Cyclin B1 or alterations to 
growth regulatory pathways such as the Hippo pathway by upregulation of 
TAZ (Figure 5.4.10). Some viruses depend on the cell being in the cell cycle 
and infection is often linked to a differentiation state such as for HPV (Yim 
and Park, 2005). Several studies have found altered expression of cell cycle 
genes including p21, p27 and cyclin E, which are linked to carcinogenesis 
(Bassiouny et al., 2010, Sarfraz et al., 2009). Indeed we found the p21 gene 
CDKN1A downregulated by HCV compared to the control in our RNA-seq 
experiment. There are many examples of viruses which stimulate cells to 
enter the cell cycle such as Human T-lymphotropic virus 1 (HTLV-1) which 
increases gene expression of cellular proteins such as IL-2 by the viral trans-
activator Tax protein (Farcet et al., 1991). Promoting cells to enter the cell 
cycle and proliferate by altering intracellular signalling pathways and by 
increasing levels of released stimulatory factors has the beneficial effect of 
promoting viral replication in an infected cell and make a neighbouring cell 
more suitable targets for infection. Virus induced cell cycle arrest in a certain 
stage of the cell cycle has been shown to be a beneficial mechanism 
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employed by some viruses such as HIV for which expression of the Vpr 
protein leads to infected cells arresting in G2 (Yoshizuka et al., 2005). This 
keeps the infected cells in a state which increases viral production. One 
study found that HCV induced cell cycle arrest at the level of mitosis 
imitation (Kannan et al., 2011). 

The exact mechanism of CD24lo differentiation is unclear. Further 
investigation is needed to determine to what degree differentiation depends 
on Hippo signalling activation and could include knocking out components of 
the core pathway such as MST1, LATS1 and YAP/TAZ or overexpressing 
these proteins. Furthermore how Hippo signalling is exactly activated in this 
model needs to be clarified. It is possible that there are a number of 
regulatory elements including cues from the actin cytoskeleton, cell-cell 
junctions and signals relayed from GPCRs. How much crosstalk exists 
between Hippo signalling and other important pathways involved in 
differentiation such as Wnt? Several examples of interactions between the 
Wnt pathway and Hippo signalling have been described, for example TAZ 
inhibits the Wnt3a- induced phosphorylation of dishevelled segment polarity 
protein 2 (Dvl2) thereby leading to lower levels of β-catenin (Varelas et al., 
2010a). Understanding how Hippo signalling is regulated during 
differentiation will help us understand how HCV infection alters Hippo 
signalling. Ideally this would be established in true HPCs derived from 
patient samples or in HPCs derived from iPSCs using established 
differentiation protocols using similar differentiation signals during 
hepatocyte specification rather than DMSO.  Further experiments should 
focus on elucidating the activation state of Hippo kinases and proteins by 
focusing on the level of phosphorylation of MST1/2, LATS1/2 and YAP/TAZ. 
In addition including MST1/2 and LATS1/2 regulatory proteins such as the 
RASSF family of proteins and PP2A and YAP/TAZ regulatory proteins such 
as AMOT in future analysis will help us understand the role of this pathway 
during differentiation further. Interestingly PP2A is a known NS5A interaction 
partner which may play an important role during HCV perturbation of Hippo 
signalling during differentiation. AMOT is able to regulate YAP1 and TAZ in 
opposing ways. AMOT can bind to YAP and TAZ and retain these proteins in 
the cytoplasm (Wang et al., 2011b, Zhao et al., 2011). However p130-AMOT 
has also been shown to be able to disrupt the interaction between LATS1/2 
and YAP1 thereby reducing YAP1 phosphorylation and increasing nuclear 
localisation (Yi et al., 2013). It is unclear however how these opposing 
functions of AMOT are regulated and may be cell type specific. Indeed the 
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p130 isoform of YAP appears to be necessary for hepatocyte proliferation 
and tumorigenesis (Yi et al., 2013). 

Differences between the levels of YAP and TAZ were observed during HCV 
infection (Figure 5.2.3 & Figure 5.2.4), and it will be important to explore this 
difference further. It is starting to emerge that YAP and TAZ can be 
differentially regulated and so in turn regulate gene expression differently. It 
is important to understand what the transcriptional consequence of YAP and 
TAZ are in infected cells and the RNA-seq experiment has begun to 
elucidate this; indeed we see several YAP/TAZ responsive genes 
upregulated by HCV infection such as BIRC5.  

It would be interesting to see which transcription factors are mediating this 
expression changes, and how YAP and TAZ are modulating the activity of 
these transcription factors. A chromatin immunoprecipitation analysis could 
help identify which transcription factors and gene promotors are being bound 
by YAP1 and TAZ. Enrichment analysis of our RNA-seq data highlighted 
FOXM1 as an important regulator of the gene expression changes observed 
in response to HCV infection. It will be interesting to see how inhibition of 
this transcription factor, by pharmacological modulation such as the FOXM1 
inhibitor Thiostrepton, or by knocking out FOXM1 using shRNA or CRISPR, 
affects CD24lo differentiation.  

To clarify how HCV alters Hippo signalling it will be important to validate and 
explore the interaction between cellular protein MST1 and viral protein NS5A 
further. Does NS5A interact with MST1 directly or in complex with other 
proteins and how this interaction is mediated including the binding domain 
involved are all questions to address. Expressing truncated NS5A constructs 
followed by pull-down assays could indicate which part of the viral protein 
mediates this interaction. Furthermore confocal microscopy and mass 
spectrometry of the bound fragment of the pulldown assay would be 
necessary to confirm the interaction between MST1 and NS5A. It would be 
interesting to probe whether any known interaction and regulatory proteins of 
MST1 also pulldown with NS5A. Over-expressing NS5A by itself in CD24lo 
cells and analysing whether this lead to a similar pattern of Hippo signalling 
perturbation as the HCV replicon would indicate the importance of the 
NS5A-MST1 interaction.  

Modulation of Hippo signalling could therefore represent a common target of 
oncogenic viruses. Other oncogenic viruses are able to activate YAP and 
TAZ. For example Kaposi’s sarcoma-associated herpesvirus encodes a viral 
GPCR which is able to activate a number of G-protein alpha subunits with 
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the consequence of inhibiting LATS1/2 (Liu et al., 2015). In the RNA-seq 
experiment we saw a number of GPCRs upregulated by HCV compared to 
the control differentiated cells, however whether this GPCRs regulate Hippo 
signalling could not be determined from the literature. Additionally the simian 
vacuolating virus 40 and Merkel cell polyomavirus both encode a small T 
antigen oncoprotein which inhibits NF2 and leads to activation of YAP 
(Nguyen et al., 2014). Modulation of Hippo signalling and activation of 
YAP/TAZ by these viruses were found to promote cellular tumorigenesis and 
transformation (Nguyen et al., 2014). The information gained from our RNA-
seq analysis has helped us to understand the mechanisms behind CD24lo 
differentiation and HCV induced perturbation of CD24lo cell differentiation. 
To validate the results of the RNA-seq experiment and to contribute to the 
interpretation it will be important to determine whether the changes in gene 
transcription translate into changes in protein levels. AMOT was found to be 
the most highly upregulated gene by HCV compared to the control, it will be 
interesting whether we also see a big increase in AMOT protein levels, 
especially as this protein is an important regulator of YAP1 and TAZ.  

Due to lack of an animal model of HCV infection it will be hard to replicate 
the differentiation model in vivo using a mouse xenograft model as we have 
observed from our experiments that differentiated CD24lo cells begin to de-
differentiate once reseeded. It may be possible to selectively express HCV 
viral proteins in mouse or rat oval cells (possibly by putting the NS5A protein 
under control of a HNF4 responsive promoter) during liver development to 
determine whether HCV viral protein expression has an effect on 
tumourigenicity in vivo. However we must bear in mind that viral proteins are 
often overexpressed in these conditions compared to expression levels 
observed in infected patients. In vitro assays to assess self-renewal or 
proliferation may serve better to determine whether HCV infection during 
differentiation promotes tumourigenicity. A colony formation assay is a 
popular method to determine a cell ability to self-renew and forms colonies 
at low density. Seeding control, HCV infection cells or after treatment with 
Hippo pathway inhibitor after differentiation in a limiting dilution would help 
determine whether HCV infection or Hippo inhibition changes the cells ability 
to self-renew and potential tumour forming ability. 

Lastly it is important to discuss the cellular model used. It is important to 
bear in mind that Huh7 cells are transformed and display many genetic 
mutations and copy number alterations. Whether any genes associated with 
the Hippo pathway are altered in Huh7 cells has not been established, 
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although our experiments indicate some alteration such as the observation 
of pLATS1 at day one of differentiation (Figure 5.2.3). Establishing whether 
the Hippo pathway is altered in Huh7 cells compared to primary hepatocytes 
or HPCs would be helpful to understand DMSO induced CD24lo 
differentiation further. Despite these limitations Huh7 cells are a helpful 
model particularly as it one of the only robust hepatocellular cell lines which 
support HCV replication without the need of introducing HCV cofactors. We 
explored the option of using HepaRG cells, as this cell line would be 
particularly suited for our experiments being a progenitor like cell line which 
is not transformed. However HepaRG cells appear to be but poorly 
permissive to HCV infection, which limits the application of the cell line. An 
option which is becoming more robust is the potential use of HPCs derived 
from iPSCs. Several studies show how iPSCs can be induced to differentiate 
along the hepatocellular fate to produce HPCs and furthermore mature 
hepatocytes using defined growth media at different stages of differentiation. 
Hepatocytes cells derived from iPSC have also been shown to be 
permissive to HCV infection (Wu et al., 2012), making it possible to replicate 
our findings in these cells by infected them at the HPC stage and inducing 
these cells to differentiate into mature hepatocytes. It would also be 
interesting to examine the expression of Hippo proteins in patient samples 
obtained from infected and non-infected patients. However invasive liver 
biopsies are less common now, making it more difficult to obtain patient liver 
samples. An additional problem includes the fact that histological detection 
of HCV in the liver is extremely difficult.  

We have shown evidence that HCV is able to perturb the differentiation of 
CD24lo Huh7 cells the accompanying alterations to host signalling pathways 
such as the Hippo pathway may predispose or represent a step towards 
oncogenic transformation.  
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