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Abstract  
 
Hepatitis C virus (HCV) is a significant global pathogen and a leading cause of liver 

disease. HCV is highly effective at establishing a chronic infection, however its acute 

infection is often asymptomatic, for reasons that remain undefined. It is HCV’s ability to 

successfully modulate immune responses and create a host environment that enhances 

viral survival, that has led us to hypothesise a specific role for HCV proteins in limiting 

pathology and allowing the virus to remain clinically silent in many patients. One strategy 

used by HCV to modulate innate immunity, is the upregulation of a key suppressor of 

cytokine signalling (SOCS) protein, SOCS3; a powerful inhibitor of cytokine signalling. 

HCV infection induces SOCS3 expression in both immune cells and hepatocytes, 

suggesting that it is an important component in HCV’s arsenal of weapons that target anti-

viral immunity. We hypothesised that individual HCV proteins could induce SOCS3 and 

that their identification and mechanistic elucidation might pave the way for future novel 

anti-inflammatory therapeutics. We found that the HCV proteins, Core, E2, p7 and NS2, 

all induced SOCS3 protein expression. Focusing on p7, we found that its immune-

regulatory induction of SOCS3 was linked to its ion channel activity. 

 

We then sought to determine the intracellular signalling pathways responsible for SOCS3 

induction, and carried out oPPOSUM web-based bioinformatic analysis to identify potential 

transcriptional targets. We found putative transcription factor binding sites for STAT3, 

STAT1, AP-1 and ELK1, directing us towards both the JAK/STAT and MAPK pathways, 

as regulators of p7-induced SOCS3. We found that p7 enhanced STAT3 phosphorylation 

and subsequent GAS promoter activity, while shRNA knockdown of STAT3 abrogated p7-

mediated SOCS3 induction, strongly suggesting that STAT3 was required for p7-induced 

SOCS3 expression. Interestingly, while STAT1 is well known as a regulator of SOCS3, p7 

expression had no effect on its activation, but as predicted by oPPOSUM, ERK was 

phosphorylated in the presence of p7. In fact, a significant increase in both AP-1 and ELK1 

promoter activity indicated that MAPK signalling was involved in p7’s immuno-modulatory 

activity. In agreement with our hypothesis, inhibition of ERK activation prevented p7-

mediated SOCS3 upregulation, revealing its importance in SOCS3 induction.    

 
Having observed that p7’s ion channel activity and p7-induced STAT3 and ERK pathways 

regulated SOCS3, we wondered what this immuno-modulatory process achieved for the 

virus. Since our lab had previously found that the HCV polyprotein reduced TNF-a 

signalling via SOCS3, we wondered if p7 induction of SOCS3 could individually suppress 

not only TNF-a, but also other key cytokine responses, such as proinflammatory IL-1b 
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signalling and anti-viral IFN-a-mediated STAT1 activity. We found that p7 significantly 

inhibited IL-1b-mediated NF-kB promoter activity, however to our surprise, overexpression 

of p7 did not affect IFN-a-induced pSTAT1 or ISRE transcriptional activity. We discovered 

that p7 significantly inhibited TNF-a-mediated NF-kB promoter activity. In fact, p7 also 

prevented TNF-a-stimulated IkBa degradation and even TRAF2 and TRAF6-driven NF-

kB promoter activity, revealing the consistently strong immuno-modulatory effect of p7.  

 

In conclusion, here we have shown that p7 can modulate STAT3 and ERK signalling, 

leading to the upregulation of SOCS3 induction. This suggests a possible mechanism by 

which HCV could inhibit TNF-a signalling, thus limiting its inflammatory effects. This 

immuno-modulatory process may therefore explain why infection in many HCV patients 

remains silent. Overexpression of TNF-a has been implicated in the pathogenesis of 

several human inflammatory disorders, including Rheumatoid arthritis and Inflammatory 

bowel disease. Identification of HCV derived peptides that regulate TNF-a signalling may 

provide novel therapeutic avenues for their treatment.
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1.1 Hepatitis C Virus  

 
An estimated ~71 million people are chronically infected with HCV worldwide [1]. HCV was 

identified in 1989 and belongs to the Flaviviriade family, which also contains viruses such 

as Dengue Fever, Yellow Fever, West Nile Virus and Zika [2, 3]. HCV is a blood-borne 

virus, commonly transmitted through unsafe drug use, inadequate sterilisation of medical 

equipment and the transfusion of unscreened blood [4]. The site of HCV replication is the 

liver, where it targets hepatocytes by binding to host cell surface receptors [5]. However, 

HCV can also infect immune cells, including monocytes, B-cells and T-cells [6-9]. HCV 

causes both acute and chronic infection, with acutely infected patients often asymptomatic 

[10]. Acute infections are characterised by expansion of polyclonal CD4+ and CD8+ T-cell 

populations. In contrast, chronic infections are associated with reduced CD4+ effector 

functions and functionally exhausted CD8+ T-cells [11]. It is thought that between 15-45% 

of patients spontaneously clear the virus within 6 months, however the remaining 60-80% 

develop chronic infection, with 15-30% of these individuals at risk of developing cirrhosis 

and hepatocellular carcinoma (HCC) [12]. HCV-linked HCC is the leading cause for liver 

transplantation worldwide [13], making HCV a significant global health problem.  

 

The HCV burden in developed countries such as Australia, Western Europe and the United 

States is <2%, while incidence is higher (>3%) in Africa, Eastern Europe, Latin America, 

the Middle East and Southern Asia. Egypt is thought to have the highest infection levels 

in the world (>15%) [14]. The difference in HCV numbers across the globe can be 

explained in part by the genetic variability of the virus, which has driven the evolution of 

HCV into seven genetic lineages (genotypes 1-7) [15]. Genotypes 1, 2, 3, 4, and 6 are 

further divided into subtypes. The genetic sequence of each genotype differs by >30%, 

while subtypes within a genotype differ by 15% to 25% [16].  

 

Previously, treatment for HCV consisted of a pegylated IFN-a-based therapy, used in 

conjunction with the nucleoside analogue, Ribavirin. This was aimed at modulating the 

immune system to inhibit HCV replication [17]. However, this had poor response rates 

against several genotypes and brought with it serious side effects. Indeed, only 40-50% of 

patients were likely to achieve a sustained virological response (SVR), which is defined by 

the absence of detectable HCV RNA [18]. Current treatment now consists of direct-acting 

anti-viral drugs (DAAs), which are safer and better tolerated [19]. DAAs, such as protease 

inhibitors, target specific non-structural (NS) proteins of the virus and result in the 

disruption of the viral replication cycle. However, one barrier to DAA treatment are the high 
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prices [20]. Indeed, pegylated IFN-a and Ribavirin is still a treatment option in countries 

with underdeveloped health systems [21, 22].  

1.1.1 HCV viral proteins  
 
The HCV genome is a single stranded RNA molecule, which contains a single open 

reading frame (ORF), encoding a polyprotein of 3000 amino acids (9.6kb) [23]. The ORF 

is flanked either side by a 5’ and 3’ untranslated region (UTR), that both contain highly 

conserved RNA structures required for polyprotein translation and genome replication [24]. 

Within the 5’ UTR lies an internal ribosome entry site (IRES), which binds the 40S 

ribosomal subunit and initiates polyprotein translation [24]. The 5’ UTR is composed of 

four ordered domains (I-IV) [25]. Domain I is not required for IRES activity, however 

domain II and III are essential for HCV RNA replication [26]. The 3’ UTR is composed of a 

variable region, a poly (U/UC) tract and a 98 nucleotide RNA element [27]. These 

conserved elements have been shown to be essential for HCV replication in cell culture 

and in vivo [28, 29]. Translation of the HCV ORF, leads to a polyprotein precursor. The 

polyprotein is both co-translationally and post-translationally processed at the 

endoplasmic reticulum (ER) by host and viral proteases, generating ten individual 

structural and NS HCV proteins [30]. The structural proteins are encoded at the N-terminal 

region of the ORF and include the Core protein (which forms the nucleocapsid, that 

surrounds the viral genome) and two surface envelope glycoproteins, E1 and E2. The 

remaining section of the ORF encodes the NS proteins, of which there are 7; the ion 

channel p7, NS2, NS3, NS4A, NS4B, NS5A and NS5B (Figure 1.1) [30].  

 

Core: The first of the structural proteins is the Core, which forms the viral nucleocapsid. 

An immature 191 amino acid precursor is further processed by a signal peptide peptidase, 

to generate a mature 21 kDa Core protein of 173-179 amino acids [31]. The protein 

consists of three domains, an N-terminal hydrophilic domain (D1), a C-terminal 

hydrophobic domain (D2) and the remaining domain serves as a signal sequence for the 

downstream E1 protein [32, 33]. Domain 1 is thought to be involved in RNA binding and 

nuclear localisation, due to three predicted nuclear localisation signals [32]. Domain 2 is 

required for the protein to associate with the ER, the outer mitochondria membrane and 

lipid droplets [32]. Cell culture models have illustrated that when expressed within 

mammalian, insect or bacterial cell lines, the Core protein can form nucelocapsid-like 

particles [34]. In addition to its role during capsid assembly, the Core protein has been 

shown to interact with cellular proteins including STAT3, thereby regulating the activity of 

cellular genes including B-cell lymphoma-extra large (Bcl-xL) and cyclin-D1, thereby 
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leading to cellular transformation [35]. The Core protein also induces the expression of 

suppressor of cytokine signalling 3 (SOCS3), which impairs interferon (IFN)-a induced 

STAT1 tyrosine phosphorylation and anti-viral signalling [36].  

 

E1 and E2: The two HCV envelope glycoproteins, E1 and E2, are essential for entry into 

the host cell, by binding to cellular receptors and initiating fusion with the cell membrane 

[37]. They are type 1 transmembrane glycoproteins and assemble into non-covalent 

heterodimers [37, 38]. Both E1 and E2 proteins are highly glycosylated, with glycans 

accounting for nearly 50% of the heterodimer mass and evidence shows they are 

structurally different from other Flavivirus homologs [39, 40]. Both envelope proteins are 

anchored to the ER via a C-terminal transmembrane domain [41]. E2 contains a number 

of hypervariable regions with amino acid sequences that differ across HCV genotypes [42, 

43]. Like other Flavivirus proteins, HCV E1 and E2 both require a low pH to fuse with cell 

membranes [37]. Due to their location on the viral surface, E1 and E2 are major targets of 

the humoral response. Studies have illustrated that while a strong and vigorous CD4+ and 

CD8+ T-cell response is required to spontaneously clear infection [44, 45], neutralising 

antibodies targeting epitopes of E1 and E2 play a major role in conferring protection to 

HCV [46]. As such, both E1 and E2 have been candidates for the development of HCV 

vaccines [46]. 

 

p7: The first NS protein is the 63 amino acid ion channel, p7, which is located between 

the envelope glycoprotein E2 and NS2 [47, 48]. A homologous protein to p7 is found in 

the Bovine Virus Diarrhoea Virus (BVDV) [49], while the Yellow Fever Virus and West Nile 

Virus do not contain proteins similar to p7 [50, 51]. HCV p7 crosses the ER membrane 

twice and consists of two transmembrane domains (TMD1 and TMD2), separated by a 

short cytoplasmic loop which has been shown to be essential for the infectivity of HCV [52-

54]. Indeed, p7 mutants with substitutions of two conserved residues in the cytoplasmic 

loop do not produce infectious virus [55]. Moreover, the N-terminal region of the ion 

channel is critical for infectious virus production [56]. Both the N- and C-terminal regions 

have been shown to function as signal sequences, directing p7 to the ER [57]. Although 

the main target of p7 is the ER [58], it has also been found to locate to the mitochondria 

and induce mitochondrial depolarisation [59].  

 

Initial experiments investigating the function of p7 showed that it formed an ion channel 

and its activity was blocked by the Influenza Virus ion channel inhibitor amantadine [60] 

and by the iminosugar, N-nonyl-deoxynojirimycin (NN-DNJ) [61, 62]. A recent study has 

also found that p7 is inhibited by the drug BIT225, which inhibits ion conductance through 
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binding to a hydrophobic pocket in p7 [63]. In fact, ion channel activity of p7 could 

substitute for that of Influenza Virus [64], suggesting that p7 could be classed as a virally 

encoded ion channel (viroporin). Viroporins constitute a large family of proteins, are mainly 

concentrated in RNA viruses and have several important functions, such as the modulation 

of membrane permeability to support virus assembly or release [65]. The Influenza viral 

ion channel M2, is activated in acidic environments and is required for the unpacking of 

the viral genome [66]. Studies have shown that inhibiting the proton conductance of M2 

inhibits viral replication [66]. Indeed, other important viroporin containing viruses include 

Human Immunodeficiency Virus (HIV), Respiratory Syncytial Virus (RSV), Severe Acute 

Respiratory Syndrome (SARS) and Middle East Respiratory Syndrome (MERS) [67-70].  

 

Viroporins play essential roles during viral infection and p7 has been shown to be crucial 

during the late stages of the viral replication cycle, especially during viral particle assembly 

[53, 71], making p7 an attractive candidate for anti-viral drugs [72, 73]. p7 is also important 

during the maturation of HCV particles and during viral egress [74], as it maintains pH 

gradients in the secretory pathway, which stabilises HCV particles [53]. Moreover, p7 

prevents acidification in intracellular compartments, which is required for productive HCV 

infection [75]. Indeed, Wozniak et al., found that p7 mediated H+ equilibrium in Huh7 

hepatocyte cells [75]. Additionally, mutated p7 constructs result in the accumulation of 

deformed capsids, suggesting that p7 is important during the capsid assembly process 

[76].  

 

p7 interacts with several other HCV proteins including NS2, Core, E2, NS5A and NS5B 

[77, 78]. Interestingly, p7 was found to even protect glycoprotein E2 from degradation [79]. 

Atoom et al., found that mutations in the cytoplasmic loop of p7, significantly reduced E2 

glycoprotein levels [79]. Although a number of functions have been discovered regarding 

the role of p7 during HCV replication, few immune properties have been documented for 

this protein. Interestingly, p7 RNA was found to induce IL-1b secretion in THP-1 cells, 

which was prevented when p7 was blocked using the ion channel inhibitor amantadine 

[80]. It has recently been discovered that p7 can antagonize the anti-viral responses of 

IFN, by inhibiting the function of the IFN stimulated gene (ISG) IFI6-16 [81].  
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Figure 1.1 – The structure of FLAG-p7 

Solution-nuclear magnetic resonance (sNMR) illustrates that p7 (GT1b) forms a hairpin 

structure. The first part of the hairpin is made up of an a-helix. A turn-helix-turn motif 

separates the N-terminal from the C-terminal. His17, Ser21 and Phe25 are important 

residues predicted to form part of the luminal surface in the channel. A short interhelical 

loop includes the conserved basic residue Lys33. Pro49 forms a kink in the C-terminal 

helix. Image taken from [82].  
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NS2: NS2 is a 21-23 kDa protein located in the ER. It contains hydrophobic N-terminal 

residues, that form 3-4 transmembrane helices in the ER, while the C-terminal region 

protrudes into the cytoplasm [83]. NS2 (genotype 1a) has a short half-life and following 

cleavage from the NS3 protein, is phosphorylated by casein kinase 2 (CK2), leading to its 

degradation via the proteasome [84]. As such, CK2 is involved in signalling that leads to 

NS2 degradation. NS2 can associate with the N-terminal region of NS3 to form the NS2-

3 protease, which cleaves NS2 from NS3 [85, 86]. Other functions for NS2 include 

inhibiting apoptosis [87], blocking IFN signalling [88] and inhibiting cell proliferation [89].  

 

NS3: NS3 is a multifunctional viral protein containing a serine protease domain in its N-

terminal region and a helicase/NTPase domain in its C-terminal region [90]. The helicase 

domain of NS3 is essential for viral RNA replication [90]. The catalytic activity of NS3 is 

due to its catalytic triad, consisting of His-1083, Asp-1107 and Ser-1165 [90]. NS3 has 

been shown to disrupt host cell signal transduction. It can interact with the host cell protein, 

protein kinase A (PKA), leading to its retention in the cytoplasm, thereby preventing it from 

translocating to the nucleus [91]. NS3 is bound to the ER, where it associates with NS4A 

to form a stable complex [92]. NS3/4A can target host cell signalling pathways and has 

been found to cleave the adaptor protein Toll-IL-1 receptor domain-containing adaptor 

inducing IFN-b (TRIF), thereby inhibiting anti-viral signalling [93]. The protease activity of 

NS3/NS4A is essential for the HCV life cycle, as it catalyses cleavage of the HCV 

polyprotein at the NS3/NS4A, NS4A/NS4B, NS4B/NS5A and NS5A/NS5B junctions [94], 

highlighting NS3/4A as a prime target for the design of specific inhibitors [95]. Anti-viral 

drugs directed at NS3/4A include the food and drug administration (FDA) approved 

Simeprevir, Boceprevir and Telaprevir [96].  

 

NS4B: A 27kDa hydrophobic protein located at the ER and contains four to six 

transmembrane domains [97]. Studies using electron microscopy illustrated that NS4B can 

induce morphological changes in the ER, forming a structure known as the membranous 

web [98]. Moreover, due to its association with the ER, NS4B is known to induce ER stress 

[99]. Following ER stress, the unfolded protein response (UPR) is induced. Its function is 

to adapt to the changing environment and to induce mechanisms to enable the cell to 

regain homeostasis [100]. Interestingly, NS4B is required for NS5A localisation to the 

replication complex and is thought to form a scaffold, to enable the replication complex to 

assemble [101]. Moreover, NS4B can also modulate the activity of other HCV viral 

proteins, including NS5B [102]. Of interest, NS4B can interact with several host cell 

signalling pathways. NS4B induces the intracellular NF-kB signalling cascade [103] and 
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was also found to transactivate the CXCL8 promoter, resulting in enhanced production of 

CXCL8 [104].  

 

NS5A: NS5A is a multifunctional hydrophilic phosphoprotein, which participates in viral 

replication, modulation of host cell signalling cascades and disruption of the anti-viral IFN 

response. NS5A is attached to the ER via an amphipathic α-helix located in its N-terminus 

[105]. Mutation of the NS5A sequence and the zinc-binding motif in the N-terminal region 

prevents RNA replication, indicating the importance of NS5A in this process [106, 107]. 

The phosphorylation state of NS5A modulates the efficiency of HCV RNA replication [108]. 

NS5A is predicted to form three domains. Domain I is located at the N-terminal region, 

while Domains II and III are in the C-terminal region [107]. While NS5A has no enzymatic 

function, it has been shown to interact with host cellular proteins [109]. A region within 

NS5A known as the IFN-a sensitivity-determining region (ISDR), can interact and bind to 

the host anti-viral protein, protein kinase R (PKR) [110]. Interestingly, mutations within the 

ISDR correlated with treatment efficacy of IFN-a [111]. Similar to NS3/4A, NS5A is a target 

for anti-viral therapies, including Ledipasvir and Daclatasvir [96].  

 

NS5B: NS5B belongs to a class of membrane proteins known as tail-anchored proteins 

and is essential for HCV replication in vivo and in cell culture [112]. The C-terminal region 

is required for membrane localisation and replication [113]. NS5B serves as an RNA 

polymerase and plays an essential role in the synthesis of new RNA genomes [114, 115]. 

Initiation of replication occurs via synthesis of a complimentary minus strand RNA, using 

the genome as a template and subsequently the synthesis of a positive strand RNA from 

the minus strand intermediate [114]. Due to its central role in RNA replication, NS5B has 

been a target of anti-viral therapies [116]. NS5B inhibitors are classified into non-

nucleoside inhibitors (NNIs) and nucleoside or nucleotide inhibitors (NIs) based on their 

mode of action [117]. NIs bind to the catalytic site of NS5B and include Sofosbuvir 

approved by the US FDA in 2013 [96]. NNIs such as Dasabuvir, bind to other sites of NS5B 

and induce a conformational change in the protein that compromises its catalytic activity 

[96]. Currently, the preferred regimens according to the World Health Organisation (WHO) 

are Sofosbuvir/Daclatasvir and the Sofosbuvir/Ledipasvir combination and can achieve 

cure rates above 95%. 
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Figure 1.2 - HCV genome organisation and polyprotein structure 

(A) HCV has a positive-sense RNA genome that contains an open reading frame (ORF), 

flanked by highly structured untranslated regions (UTRs). The 5’ UTR consists of four 

highly ordered domains (I-IV) and contains an internal ribosome entry site (IRES), which 

directs translation of the RNA genome. The 3’ UTR consists of a poly (U/UC) tract. The 

ORF encodes a polyprotein of ~3000 amino acids. (B) The polyprotein is cleaved co- and 

post-translationally into ten individual viral proteins. (C) The location of the ten HCV 

proteins relative to the ER membrane is shown above. HCV structural proteins consist of 

the Core, E1 and E2, while non-structural proteins include p7, NS2, NS3, NS4A, NS4B, 

NS5A and NS5B.   
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1.1.2 HCV life cycle  

 
Developments in cell culture and animal models, have enabled the HCV viral life cycle to 

be elucidated. In addition to infecting humans, HCV infects chimpanzees and the tree 

shrew (Tupaia belangeri) [118]. During its infection and replication, HCV has been shown 

to associate with low-density lipoproteins (LDL), very-low-density lipoproteins (VLDL), and 

immunoglobulins [119]. Profiling of HCVcc particles has shown that their lipid and 

cholesterol content is similar to serum lipoproteins [120]. Due to the interaction between 

virus particles and serum lipoproteins, HCV forms lipoviral particles (LVPs), which are 

thought to protect the virus from antibody neutralization, while also facilitating viral entry 

[48]. LVPs are low in density (<1.06 g/ml) and are very infectious. They contain 

triacylglycerol and cholesterol, in addition to viral RNA, the capsid protein, envelope 

glycoproteins E1E2 and apolipoproteins [121]. Moreover, evidence has shown that E1E2 

in complex with apolipoproteins B and E may initiate lipoviral particle morphogenesis at 

the ER [121].  

 

HCV cell entry is the first step in a cascade of events that result in infection and replication. 

Several host cell receptors aid the entry of HCV into hepatocytes. The LDL receptor and 

glycosaminoglycans (GAGs) initiate low affinity cell binding [122-124]. This is followed by 

E1-E2 interaction with the co-receptors, scavenger receptor class B member 1 (SR-BI) 

and cluster of differentiation 81 (CD81). E2 binds with high affinity to the external loop of 

CD81, which facilitates entry [125], while SR-BI (highly expressed on hepatocytes [126]), 

can mediate binding of HCV E2 [127]. SR-BI can also mediate virus attachment, through 

association with virus-associated lipoproteins. The lipid transfer activity of SR-BI mediates 

a post-binding event, which is also required for successful entry [128]. SR-BI interacts with 

the hypervariable region 1 (HVR1) of E2, which exposes determinants of E2 that enable it 

to bind to CD81 [129, 130].  

 

Claudin-1 (CLDN1) and occludin (OCLN) are also involved in HCV entry. CLDN1 was 

found to be essential for HCV entry into hepatic cells, acting at a late stage of infection, 

after the virus had bound to CD81 [131, 132]. Similar to CLDN1, OCLN acts at a late stage 

and facilitates a post-attachment step during HCV entry [133]. Two receptor tyrosine 

kinases, epidermal growth factor receptor (EGFR) and ephrin receptor type A2 (EphA2) 

are also essential host factors required for HCV entry (Figure 1.2) [134]. The role of these 

receptors during HCV entry is demonstrated via their inhibition by anti-cancer compounds, 

erlotinib and dasatanib, which block EGFR and EphA2, respectively [134]. Interestingly, in 
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addition to its role during viral entry, EGFR signalling antagonises anti-viral type I IFN-a 

signalling [135]. Indeed, inhibition of EGFR with erlotinib was found to enhance the IFN-

a-mediated anti-viral activity of STAT1 [135]. HCV entry is also aided by the transferrin 

receptor 1 and the cholesterol absorption receptor Niemann-Pick C1-like 1 [48].  

 

HCV uptake occurs via clathrin-mediated endocytosis, followed by fusion with the host 

membrane [136]. Entry also depends on acidification of the endosomal compartment, 

which is thought to trigger rearrangement of HCV glycoproteins [137]. The HCV genome 

is then released into the cytoplasm after the virus has been decapsidated and translation 

is initiated at the ER [138]. Structural proteins are cleaved by host signal peptidases, while 

NS proteins are cleaved by NS2-3 and NS3/4A [24]. During this process, NS4B expression 

induces rearrangements of intracellular membranes, leading to the formation of the 

membranous web [139]. Synthesis of HCV RNA is catalysed by the RNA-dependent RNA 

polymerase (RdRp) activity from NS5B and constituents of the host cell, including 

cyclophilin B (which interacts with NS5B and stimulates its RNA binding ability) and miR-

122 (which binds to HCV 5’ UTR and enhances HCV RNA replication) [140-143]. A 

negative-sense RNA intermediate is generated, from which multiple positive sense RNAs 

are made and used for RNA translation and replication or incorporated into new viral 

particles [23]. The process of HCV replication induces the expression of genes involved in 

lipid metabolism and fatty acid synthesis, such as ATP citrate lyase and acetyl-CoA 

synthetase [144]. As such, it is proposed that fatty acids may be required for the 

architecture of the membranous web to enable RNA replication to occur [144].  

 

The development of the HCV cell culture (HCVcc) system has created a better 

understanding of the final stages in the HCV life cycle (i.e. virion assembly, genome 

packaging and secretion of infectious particles). Particle assembly is thought to begin with 

interactions between the Core protein and viral RNA and is initiated on the cytosolic side 

of the ER [145]. Complete maturation then occurs in the ER lumen. Several studies have 

identified cytosolic storage organelles, known as lipid droplets (LDs) as contributors to 

virion assembly [145]. In the early stages of assembly, the Core protein is recruited to LDs, 

where it coats the surface of the LDs [146, 147]. Viral RNA is then recruited to the LDs in 

a Core- and NS5A-dependent manner [145, 148]. NS proteins p7, NS2, NS3 and NS4B 

also contribute to the assembly process [53, 149-151]. Late assembly involves the 

generation of a lipid envelope and incorporation of the E1 and E2 glycoproteins into the 

virions [145].  
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The VLDL pathway, which exports cholesterol and triglycerides from hepatocytes, is also 

used to release HCV virions [152]. In HCV+ patients, circulating virus particles are 

associated with VLDLs and are known as lipoviroparticles (LVPs) [153]. The exact 

interaction between HCV and VLDLs is unclear, but may occur before or during virus 

assembly. In addition, secreted virions contain apoB, apoE and microsomal transfer 

protein (MTP), all of which are required for VLDL assembly [154]. Thus, VLDL assembly 

is thought to be important for release of infectious HCV particles. Interestingly, it has 

recently been shown in Huh7 cells that the release of infectious HCV can also occur via a 

trans-Golgi network-to-Endosome pathway independent of VLDL secretion [155].  
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Figure 1.3 – Key receptors required for HCV entry into hepatocytes 

HCV binds to several cellular receptors on the surface of hepatocytes and triggers viral 

entry. Initial attachment of HCV requires glycosaminoglycans (GAGs) and low-density 

lipoprotein receptor (LDL-R). Other receptors important for HCV entry include ephrin 

receptor type A2 (EphA2), epidermal growth factor receptor (EGFR), scavenger receptor 

class B member 1 (SR-B1), CD81, claudin 1 (CLDN1) and occludin (OCLN). SR-B1 

interacts with virus associated lipoproteins, while CLDN1 contributes to the post-binding 

of HCV by interacting with CD81. Both EGFR and EphA2 signalling promote CD81-CLDN1 

interaction. Colocalisation of CD81 with EGFR induces EGFR signalling and contributes 

to clatherin-mediated endocytosis. All factors required for HCV entry are reviewed in [48].  
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1.1.3 HCV and ER stress  
 
HCV replication at the ER stimulates a stress response pathway [156]. The three main 

proteins involved in sensing ER stress and activating the UPR are inositol-requiring protein 

1 (IRE1), protein kinase RNA-like endoplasmic reticulum kinase (PERK) and activating 

transcription factor 6 (ATF6) [157]. The signalling pathways activated downstream of these 

sensors induce a response to allow cells to cope with a disruption in ER homeostasis. 

Activation of IRE1 and ATF6 lead to the induction of genes responsible for ER “quality 

control”, including glucose regulated protein 78 (GRP78) also known as binding 

immunoglobulin protein (BiP) [158], while activation of PERK, ATF6 and IRE1 upregulate 

the transcription of C/EBP homologous protein (CHOP) (Figure 1.3) [159-161]. Activation 

of IRE following ER stress leads to the homodimerisation and transphosphorylation of 

IRE1. Activated IRE1 splices the X-box-protein-1 (XBP1) mRNA into its spliced form (S-

XBP1), which can function as a transcriptional activator of UPR genes [162]. A number of 

pharmacological inhibitors are often used to induce ER stress in the lab, including 

thapsigargin, which causes Ca2+ release from the ER and Brefeldin A, which inhibits 

protein transport from the ER, leading to an accumulation of proteins within the ER, 

thereby triggering the UPR response [163]. 

 

HCV activates all three arms of the UPR [164], in fact, it has also been shown that ER 

stress develops in response to the expression of HCV viral proteins Core, E1, E2, NS2 

and NS4B [99, 165-167]. HCV induction of the UPR peaks and then subsides to a 

consistently active, but low level [168]. Indeed, ER stress is proportional to HCV viral load, 

and once HCV replication declines, ER stress decreases [168]. Interestingly, the UPR 

response has been shown to positively regulate HCV RNA replication. Sir et al., found that 

inhibition of PERK, IRE1 or ATF6, reduced HCV RNA levels, indicating that the UPR is 

important for HCV replication [169]. Furthermore, chronic ER stress has been shown to 

alter biochemical pathways which favour viral replication. For example, HCV induction of 

ER stress induces the upregulation of protein phosphatase 2A (PP2A), which 

subsequently inhibits anti-viral IFN-a signalling, thereby creating a positive environment 

for viral infection and replication [170, 171]. These findings may reveal that HCV-mediated 

ER stress is a viral immuno-modulatory mechanism that manipulates the host innate 

immune response in its favour. Moreover, ER stress can also activate the MAPK and 

JAK/STAT signalling pathways [172, 173], indicating that ER stress is intimately linked 

with signal transduction cascades.  
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Figure 1.4 - HCV replication induces ER stress 

The UPR is initiated by three ER-localised proteins: activating transcription factor 6 

(ATF6), inositol-requiring protein 1 (IRE1) and protein kinase RNA-like endoplasmic 

reticulum kinase (PERK). Following ER stress, ATF6 translocates from the ER to the Golgi. 

Full length ATF6 is cleaved by the proteases sphingosine 1-phosphate (S1P) and 

sphingosine 2-phosphate (S2P) and produces a cytosolic ATF6. The cytoplasmic form of 

ATF6 is a transcription factor, which translocates to the nucleus and induces the 

transcription of genes involved in the stress response. Activation of IRE1 by ER stress 

induces its homodimerization and transphosphorylation. IRE1 splices X-box protein-1 into 

its spliced form (S-XBP1) allowing it to translocate to the nucleus. PERK phosphorylates 

the translation initiation factor eIF2a, leading to attenuation of global protein synthesis. 

Inhibition of eIF2a allows the expression of ATF4 transcription factor, which controls genes 

important in protein folding.  
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1.2 Liver regeneration  
 
In addition to ER stress, chronic HCV infection can also lead to liver fibrosis, which is 

defined as the accumulation of extracellular matrix proteins [174]. However, following SVR, 

liver regeneration occurs to decrease fibrotic tissue generated by HCV [175]. Liver 

regeneration is essential as the liver has a central role in metabolic homeostasis and is 

the main detoxifying organ that removes wastes [176]. Interestingly, it is the only human 

organ with the ability to regenerate following the loss of tissue mass caused by viral 

infection, partial hepatectomy (PH) or toxic injury [177]. To compensate for lost tissue, the 

remaining liver expands in mass, which is achieved by the replication (cell division) of 

existing hepatocytes that are normally quiescent in a healthy liver [178]. Several cytokines 

and growth factors are required for hepatocyte proliferation and are important in regulating 

liver regeneration. These include interleukin-6 (IL-6), tumour necrosis factor-a (TNF-a), 

leukemia inhibitory factor (LIF), epidermal growth factor (EGF), transforming growth factor 

a (TGFa) and hepatocyte growth factor (HGF) [179, 180]. Evidence has shown that 

following PH, TNF-a binds to the TNF-a receptor on Kupffer cells, leading to the activation 

of the transcription factor NF-kB and production of IL-6 [181]. IL-6 binds to the IL-6 receptor 

on hepatocytes and leads to the activation of signal transducer and activator of 

transcription (STAT)3 and extracellular signal-related kinase 1 and 2 (ERK1/2) pathways 

[182, 183]. Both of these pathways are essential for cell cycle progression, cellular 

proliferation and survival [176]. Additionally, the IL-6-TNF-a and HGF pathways upregulate 

the transcription factor activating protein 1 (AP-1), which is also involved in the growth 

response and in combination with STAT3 amplifies the expression of liver regenerative 

genes [184, 185].  

 

Several studies have shown that IL-6 is an essential regulator of hepatocyte proliferation 

and liver regeneration [186, 187]. The critical importance of IL-6 during liver regeneration 

is also highlighted by the observation that in IL-6 knockout mice, liver regeneration is 

delayed [188]. Interestingly, IL-6 signalling has been shown to lead to the upregulation of 

suppressor of cytokine signalling (SOCS) proteins in the liver, such as SOCS3, which 

correlates with the downregulation of STAT3 phosphorylation [189]. Indeed, studies show 

that after PH, SOCS3 negatively regulates STAT3 signalling [190-192]. Further, it has 

been reported that SOCS3 hepatocyte-specific knockout (SOCS3 h-KO) mice have 

prolonged STAT3 phosphorylation and ERK1/2 activation after PH and also develop 

hepatocellular carcinoma at an accelerated rate [193]. These results suggest that SOCS3 
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may be a significant component regulating liver regeneration and an important tumour 

suppressor.   
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1.3 The innate anti-viral immune response  
 

Following entry into hepatocytes and immune cells, HCV is immediately recognised by the 

innate immune system [194]. The innate immune repertoire constitutes the first line of host 

defence and represents a formidable barrier to viral infection. The primary functions of the 

innate immune system are to 1) detect foreign pathogens and 2) recruit immune cells to 

areas of infection. In addition, physical defence mechanisms restrict pathogen invasion, 

including the epidermis, ciliated respiratory epithelium and mucosal surfaces with 

antimicrobial secretions [195]. Innate immune responses are rapid and antigen-

independent (non-specific) [196]. This is in contrast to the adaptive immune system, which 

is characterised by specificity, developed by clonal gene arrangements of antigen 

receptors [197].  

 

Innate immunity is initiated on recognition of evolutionary conserved structures on 

pathogens (known as pathogen associated molecular patterns [PAMPS]), through pattern 

recognition receptors (PRRs) [197]. Following PAMP recognition, PRRs initiate signalling 

cascades which result in the activation of gene expression and production of inflammatory 

molecules, such as cytokines, chemokines and cell adhesion molecules [198]. This leads 

to the recruitment of innate immune cells including dendritic cells (DCs), macrophages, 

granulocytes, cytotoxic natural killer (NK) cells and gd T-lymphocytes [197]. These 

collectively orchestrate the early host response, which plays an essential role during 

infection.  

 

PRRs are present at distinct cellular locations including the plasma membrane, 

endosomes, lysosomes and cytosol [199]. The detection of extracellular pathogens is 

mediated mainly by PRRs expressed on the plasma membrane, several of which are 

specialised in the recognition of common components of bacterial and fungal cell walls, 

such as lipopolysaccharide (LPS), lipoteichoic acids and flagellin. The detection of viral 

nucleic acids, including viral RNA and DNA, is mediated by cytosolic sensors. Several 

classes of PRRs have been identified and are now well-characterised [200]. These include 

the Toll-like receptors (TLRs), retinoic-acid-inducible gene I (RIG-I)-like receptors (RLRs), 

nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), C-type lectin 

receptors (CLRs) and viral DNA sensors [201].  
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1.4 Pattern recognition receptors  
 
1.4.1 RIG-I-like receptors (RLRs) 
 
RLRs are a family of cytosolic viral sensors and comprise RIG-I, melanoma differentiation-

associated factor 5 (MDA5) and laboratory of genetics and physiology 2 (LGP2) [202]. 

They contain a conserved structure that consists of a central DExD/H-box helicase domain 

and a C-terminal repressor domain (RD) embedded in the C-terminal domain (CTD) [203]. 

In addition, RIG-I and MDA5 also contain two N-terminal caspase activation and 

recruitment domains (CARDs) [203]. The CTD of MDA5 and RIG-I is believed to be 

responsible for the dsRNA binding [201].  

 

RIG-I specifically detects short RNA sequences (RNA molecules of approximately 20 bp) 

with a 5’ triphosphate (5’ppp) end, which is required for full activation and cannot be 

replaced by 5’monophosphates [204]. RIG-I also detects blunt-end dsRNA at the 

triphosphate end and not the at non-triphosphate end of RNA [205]. The recognition of 

5’ppp requires dsRNA to be at least 19 nucleotides, while a 3’overhang at the 

5’triphosphate and a 5’overhang at the 5’triphosphate end prevents RIG-I activation [204]. 

Schlee et al., found that genomes from negative sense RNA viruses that activate RIG-I 

have 5’ and 3’ sequences that form short double strands with a panhandle (blunt end), 

along with a 5’adenosine containing a triphosphate group [204]. Evidence has shown in 

vitro that base-paired stretches and the 5’triphosphate of RNA bind to particular sites of 

RIG-I and synergize to trigger its activation [206]. Moreover, viral nucleocapsids containing 

a 5’triphosphate and panhandle dsRNA structure activate RIG-I [207]. In addition to 5’ppp 

dsRNA, it has been reported that 5’diphosphorylated dsRNA (5’pp) is also a ligand for 

RIG-I [208]. Goubau et al., found that 5’pp RNA activated RIG-I signalling in reovirus 

infected cells and in mice [208]. The expression of RLRs is low in resting cells [202, 209] 

and phosphorylation of serine and threonine residues in the CARDs and CTD of RIG-I and 

MDA5 maintains signalling repression [210, 211]. In addition, RIG-I is held in an auto-

repressed state through an interaction between the helicase domain and CARDs [212].  

 

Following viral RNA recognition by the CTD and helicase, both MDA5 and RIG-I initiate 

signalling through the interaction of their CARD domains with the CARD domain of the 

adaptor protein mitochondria anti-viral signalling protein (MAVS, also called IPS-1, VISA 

or CARDIF) [213, 214]. MAVS is anchored to the mitochondria and peroxisomes via its 

transmembrane domain [213]. Recruitment of the phosphatase PP1 dephosphorylates the 

CARDs of RIG-I and MDA5 leading to their activation [211]. In addition, the E3 ubiquitin 
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ligases tripartite motif protein (TRIM)25 and Riplet are recruited to RIG-I and attach Lys63-

linked ubiquitin onto the CARDs and CTD, respectively [215, 216]. Activation of MAVS 

induces the formation of a “signalosome” complex, comprised of tumour necrosis factor 

(TNF) receptor-associated factor (TRAF) proteins, TANK-binding kinase 1 (TBK1) and IkB 

kinase – e (IKKe), which leads to the activation of IFN regulatory factor (IRF)3 and/or IRF7. 

Translocation to the nucleus of IRF3 and IRF7 induce the expression of type I IFNs [217].  

 

RIG-I is critical for the detection of HCV and several other RNA viruses, including Influenza 

and Japanese Encephalitis Virus (JEV) [218]. In addition, reports have also shown that 

HCV is sensed by MDA5 and initiates host immune responses [219, 220].  

 

1.4.2 NOD-like receptors (NLRs) and the inflammasome  

 
In addition to RLRs, viruses can also be sensed by NLRs, leading to the activation of the 

inflammasome [221]. The inflammasome is a multiprotein complex, which is assembled 

following PRR detection of pathogens and danger signals in the cytoplasm [222]. 

Inflammasomes promote the activation of caspases, that cleave pro-IL-1b and pro-IL-18, 

thus generating their mature, active forms [223]. Receptor proteins that activate 

inflammasomes include NLR family members NLRP1, NLRP3 and NLRC4, as well as 

proteins absent in melanoma 2 (AIM2) and pyrin [224, 225]. Interferon gamma-inducible 

protein 16 (IFI16) has also been shown to form an inflammasome by interacting with the 

adaptor molecule apoptosis –associated speck-like protein containing CARD (ASC). 

Indeed, evidence shows that infection with Kaposi Sarcoma Associated Herpesvirus 

(KSHV), induces caspase 1 activity via an inflammasome pathway involving IFI16 and 

ASC [226]. Additionally, sensing of the Epstein-Barr Virus (EBV) genome by IFI16 results 

in the activation of the inflammasome and synthesis of IL-1b, IL-18 and IL-33 [227]. NLRP3 

inflammasome activation requires two signals. The first signal, leads to the transcriptional 

upregulation of the pro-forms of IL-1b and IL-18. Signal 2, results in the activation of 

caspase 1, which cleaves pro-IL-1b and pro-IL-18 into their mature forms for secretion 

from the cell [228]. Several viruses have been shown to activate NLRP3, including the 

Influenza Virus [229], Rabies Virus [230] and HCV [231].  

 

The Influenza Virus activates “signal 1” through TLR7 stimulation in macrophages and 

DCs (synthesis of pro-IL-1b and pro-IL-18). After infection, the virus encoded ion channel, 

M2, induces the export of H+ from the Golgi, which in turn triggers “signal 2” and 
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inflammasome activity [232]. Moreover, HCV also induces inflammasome activity through 

a similar mechanism. HCV activation of the inflammasome occurs in Kupffer cells, which 

phagocytose HCV and drive TLR7 signalling, leading to the upregulation of pro-IL-1b. 

Potassium efflux is a trigger for “signal 2”, which leads to activation of caspase 1 and 

processing of IL-1b into its mature form [231].  

1.4.3 Toll-like receptors (TLRs) 
 
The TLR family is the most extensively studied class of PRRs. TLRs were identified as 

homologs to the Drosophila Toll protein, which regulates dorso-ventral embryonic polarity 

and is essential for antifungal immunity [233, 234]. The TLR family can be subdivided into 

those localised at the cell surface, which are activated in response to protein lipids and 

include TLR1, TLR2, TLR4, TLR5 and TLR6 (Figure 1.4) [235]. Heterodimers of TLR1 and 

TLR2 recognise bacterial triacylated lipoproteins [236], TLR2 and TLR6 heterodimers bind 

to bacterial diacylated lipoproteins [236], while TLR4 and TLR5 are receptors for gram 

negative bacterial cell wall components including LPS and bacterial flagellin, respectively 

[237, 238]. TLR2 is also known to be activated by viral proteins including the Core and 

NS3 proteins from HCV [239], glycoproteins B and H from the Human Cytomegalovirus 

(CMV) [240], glycoproteins gH/gL and gB of Herpes Simplex Virus (HSV) [241], and the 

hemagglutinin proteins of the Measles Virus [242].  

 

TLRs that respond to non-self nucleic acids in endosomal compartments include TLR3, 

TLR7, TLR8 and TLR9 (Figure 1.4) [235]. They detect viral derived and synthetic double-

stranded RNA, viral related single-stranded RNA and bacterial unmethylated CpG-DNA, 

respectively and lead to the production of type I IFNs and proinflammatory cytokines [243-

245]. Indeed, TLR3, TLR7 and TLR8 have all been shown to detect HCV in the hepatocyte 

cell line, Huh7, and trigger anti-viral responses [246, 247]. In addition, plasmacytoid DCs 

(pDCs) can sense HCV infected cells via TLR7 [248]. Other viruses detected by TLR3 

include RSV [249], Rhinovirus [250] and Influenza A [251].  

 

1.4.4 TLR signalling: NF-kB pathway  

 
TLRs are type I transmembrane receptors and contain a leucine rich repeat (LRR) ligand 

binding domain (ectodomain), a membrane spanning region and a cytosolic intracellular 

Toll/IL-1R (TIR) domain [252]. Stimuli bind to the receptor ectodomain and lead to the 

dimerisation of the TIR domains, which act as a scaffold for downstream adaptor proteins 
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[253]. The engagement of the adaptor proteins with the receptor dimers occurs through 

TIR-TIR interaction [254]. TIR-domain containing adaptor proteins that mediate TLR 

signalling include myeloid differentiation primary response protein 88 (MYD88) and 

MYD88-adaptor-like protein (MAL), TIR domain-containing adaptor protein inducing IFN-

b (TRIF) and TRIF-related adaptor molecule (TRAM) [254]. Interestingly, another TIR-

domain containing adaptor protein known as sterile-a and armadillo-motif-containing 

protein 1 (SARM1) was shown to inhibit TRIF activity [255]. Most TLRs are dependent on 

MYD88, except for TLR3 and as such, TLR signalling has been divided into MYD88-

dependent and MYD88-independent (TRIF-dependent) pathways [256].  

 

In the MYD88-dependent pathway, MYD88 interacts with a serine/threonine kinase known 

as IL-1R-associated kinase (IRAK)4, which activates other IRAK family members, IRAK1 

and IRAK2 [257]. MYD88 is made up of an N-terminal death domain (DD), an interdomain 

and a C-terminal TIR domain, and the DD of MYD88 is responsible for the recruitment of 

IRAK4, IRAK1 and IRAK2 [258]. The DD of MYD88 along with IRAK4, IRAK1 and IRAK2 

forms a multiprotein complex known as the Myddosome [259]. The crystal structure of the 

Myddosome illustrates that six MYD88 DDs, four IRAK4 and four IRAK2 DDs are arranged 

in a left-handed helix [260]. Formation of the Myddosome is initiated by MYD88 

oligomerization into a ringlike structure, which then allows the recruitment of a second DD 

ring consisting of the IRAK4 DD. The IRAK4 DDs provide a docking site for a ring of IRAK2 

DD [260]. DD-mediated Myddosome formation allows proximity-induced activation of 

IRAK4, IRAK1 and IRAK2 [261]. This complex is required to transfer signals from TLRs to 

TRAF6 and ultimately lead to the activation of the MAPK signalling pathway and the 

transcription factor NF-kB [262]. Importantly, MYD88 variants S34Y and R98C can 

interfere with MYD88-IRAK4-Myddosome assembly, and lead to reduced NF-kB 

activation, highlighting the functional importance of the Myddosome complex during innate 

immune signalling [263]. The IRAKs dissociate from MYD88 and interact with TRAF6, 

which acts as an E3 ubiquitin ligase [264]. Along with an E2 ubiquitin-conjugating enzyme 

complex comprised of Ubc13 and Uev1A, TRAF6 catalyses the formation of K63-linked 

polyubiquitin chains on TRAF6 and generates an unconjugated free polyubiquitin chain 

[265]. A complex comprising TGF-b-activated kinase (TAK)1, TAK1-binding protein 

(TAB)1, TAB2 and TAB3 is activated by the free polyubiquitin chain and phosphorylates 

IkBa kinase (IKK) and also the MAPK signalling pathway [266]. The IKK complex 

(comprised of IKK-a, IKK-b and NF-kB essential modulator [NEMO]) phosphorylates IkBa, 

the inhibitor of NF-kB. Phosphorylated IkBa undergoes degradation by the ubiquitin 
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proteasome system, which allows NF-kB to translocate to the nucleus and activate the 

expression of proinflammatory genes including IL-1b and TNF-a [267].  

 

Interestingly, the NF-kB transcription factors most frequently induced by TLR signalling, is 

a heterodimer complex composed of RelA (p65) and p50 [268]. The MYD88-independent 

pathway is activated by both TLR3 and TLR4/TRAM and requires the adaptor protein TRIF 

[269]. During TLR3 and TLR4 signalling, TRIF is responsible for initiating signalling and 

associates with TRAF3 and TRAF6 through its N-terminal portion [270]. TRAF3 activates 

both TBK1 and IKKe, which phosphorylate IRF3 and IRF7, allowing them to translocate to 

the nucleus resulting in type I IFN [267, 271]. Activation of NF-kB is essential for inducing 

the transcription of proinflammatory genes and as such, NF-kB is critical for innate immune 

responses to viral infections. In addition to NF-kB activation, TLR-mediated TAK1 also 

activates the MAPK pathway to induce proinflammatory gene expression [272].   
 

1.4.5 TLR signalling: MAPK pathway 
 

TLR stimulation also leads to the activation of MAPK signalling [272]. The MAPKs are 

serine-threonine kinases that mediate intracellular signalling leading to the induction of 

genes involved in proinflammatory signalling and cellular proliferation, metabolism, 

differentiation, and apoptosis [273]. In mammals, MAPKs are divided into 1) conventional 

and 2) atypical MAPKs [274]. The conventional mammalian MAPKs include: extracellular 

signal-regulated kinase (ERK), c-Jun NH2-terminal kinase ([JNK] also known as stress-

activated protein kinase or SAPK) and p38 (isoforms a, b, g and d) [275]. Atypical MAPKs 

include ERK3/7, ERK4 and Nemo-like kinase [275]. Each cascade consists of at least 

three evolutionarily conserved enzymes that are activated in series, a MAPK kinase kinase 

(MAPKKK), a MAPK kinase (MAPKK) and a MAP kinase (MAPK) [276]. The MAPKKK can 

be activated by phosphorylation or through interaction with a GTP-binding protein of the 

Ras family [277].  

 

Following TLR engagement, TRAF6 activates TAK1, which subsequently activates the 

MAPKs ERK1/2, p38 and JNK and leads to the activation of transcription factors including 

activating protein 1 (AP-1) [278, 279]. In addition to TLR stimulation, MAPK signalling is 

activated following receptor tyrosine kinase (RTK) engagement [280]. Activation of RTK 

stimulates the exchange of GTP for GDP on Ras, thereby enabling Ras to interact and 

activate downstream effector Raf [281]. Activation of Raf leads to the phosphorylation of 

MEK1/2, which phosphorylates ERK1/2 [282, 283]. Active ERK1/2 phosphorylates target 
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transcription factor proteins, such as ELK1 [284, 285]. Both the MAPK and NF-kB 

pathways lead to the upregulation of proinflammatory cytokines such as TNF-a and IL-1.  
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Figure 1.5 - TLR and RLR signalling pathways lead to the activation of anti-viral and 
proinflammatory cytokines and chemokines 

TLRs are present on the cell surface and in endosomes, where they sense the microbial 

cell-wall structures and non-self nucleic acids. Following stimulation, TLRs activate two 

pathways containing myeloid differentiation primary response protein 88 (MYD88) and/or 

TIR domain-containing adaptor protein inducing IFN-b (TRIF). This leads to the 

transcription of proinflammatory cytokines and chemokines and type 1 IFNs. RIG-I is a 

cytoplasmic viral RNA sensor that detects 5’ triphosphate dsRNA. Following the binding 

of RNA, RIG-I is dephosphorylated and becomes active leading to its interaction with the 

adaptor mitochondrial anti-viral signalling protein (MAVS). MAVS leads to the activation of 

TBK1, IKKe, which activate interferon regulatory factor (IRF)3 and IRF7 and induce type I 

IFNs.  
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1.5 Proinflammatory signalling and induction of chemotactic cytokines  

 
1.5.1 TNF-a 

 
Following the detection of viral infection, the induction of proinflammatory cytokines such 

as IL-1 and TNF-a amplify the inflammatory response and promote NF-kB activation. TNF-

a was first cloned in 1984 [286, 287]. It is produced by immune cells including 

macrophages, T-lymphocytes, NK cells and neutrophils in addition to endothelial cells, 

smooth and cardiac muscle cells and fibroblasts [288]. Through the use of TNF receptor 

knockout mice and in vitro studies, evidence demonstrated that TNF-a signalling led to 

both proinflammatory and programmed cell death responses [289, 290]. Moreover, the 

importance of TNF-a during inflammation is highlighted by the development of TNF-a 

inhibitors (including etanercept and infliximab), used to treat inflammatory diseases, 

including rheumatoid arthritis (RA) and inflammatory bowel disease (IBD) [291, 292].  

 

Soluble TNF-a exerts its effects by binding to and activating one of two receptors, known 

as TNF receptor 1 (TNFR1 or TNF-R55) and TNF receptor 2 (TNFR2 or TNF-R75) [293]. 

Both TNFR1 and TNFR2 are differentially expressed [293]. TNFR1 is found in most 

mammalian tissues and contains conserved death domain motifs [294]. TNFR2 is 

restricted to specific cell types including immune cells, neurons and endothelial cells and 

lacks death domain motifs [295, 296]. The intracellular domains of both TNFR1 and 

TNFR2 are devoid of enzymatic activity, and rely on the recruitment of cytosolic proteins 

to initiate signal transduction. Following the binding of TNF-a to TNFR1, TNFR-

associated-death-domain-protein (TRADD) is recruited [297]. Signalling is initiated by 

TRADD recruiting the serine/threonine kinase, receptor interacting protein-1 (RIP1) and 

the E3 ubiquitin ligase, TRAF2 [298, 299]. The building of a scaffolding ubiquitin network 

then occurs, where TRAF2 and cellular inhibitor of apoptosis protein 1 (cIAP1) and cIAP2 

promote Lys63-linked ubiquitination of RIP1 [300]. The linear ubiquitin chain assembly 

complex (LUBAC) strengthens the ubiquitin network and amplifies signalling [301]. Two 

signalling complexes are then activated,  the TAK1 complex (made up of TAK1, TAB2 and 

TAB3) and the IKK complex (made up of NEMO, IKK subunit-a and IKK subunit-b) [302]. 

IKK phosphorylates IkBa, leading to NF-kB release and its subsequent translocation to 

the nucleus. The NF-kB transcription factor binds to 9-10 base pair DNA sequences known 

as kB sites, in the promoter regions of genes [303]. This leads to the induction of target 

genes, such as CXCL8, CXCL10 and A20 (Figure 1.5) [304, 305]. Interestingly, Kempe at 

al., found that stimulation with TNF-a in the human microvascular endothelial cell-line 1, 
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led to the induction of >106 genes, which contained NF-kB binding sites in their promoters 

[305]. Additionally, Zhou et al., found that in HeLa cells, 30 minutes stimulation with TNF-

a upregulated 59 genes, while after 4 hours stimulation 61 genes were induced. Upon 

further analysis, they found that the majority of inducible genes were TNF-a dependent 

[306].  

 

Excessive TNF-a signalling can lead to chronic inflammation. Indeed, the TNF-a cascade 

is fine-tuned and tightly regulated to prevent continuous signalling. Mechanisms used to 

negatively regulate TNF-a signalling include the cleavage of TNF receptors [307] and the 

degradation [308] and inactivation [309] of TNF-a signalling pathway components. TNF-a 

induces fluctuations of NF-kB activation, which are suppressed over time, suggesting that 

NF-kB activity is progressively diminished [310]. The polyubiquitination of RIP1 is essential 

for NF-kB activation and when RIP1 is not ubiquitinated, TNF-a-mediated NF-kB signalling 

is turned off [311, 312]. As such, RIP1 activity is believed to be a central regulator of TNF-

a signalling. Several ubiquitin modifying proteins can regulate RIP1. The ubiquitin 

modifying enzyme A20 (also known as TNFAIP3) and Cezanne (also known as OTUD7B) 

can remove Lys63-linked polyubiquitin chains from RIP1 [313, 314]. A20 and the E3 

ubiquitin ligase caspase regulator 2 (CARP2, also known as RFFL), can add Lys48-linked 

polyubiquitin chains to RIP1, leading to its degradation and thereby preventing TNF-a-

mediated NF-kB activation [313]. SOCS proteins also regulate TNF-a signalling, in fact 

our lab has shown that SOCS3 interacts with TRAF2 and inhibits TRAF2-mediated NF-kB 

promoter activity [315].  
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Figure 1.6 - TNF-a-mediated NF-kB activation 

Following the binding of TNF-a to TNFR1, TRADD is recruited in addition to RIP1, TRAF2 

and cIAP1 and cIAP2. Both cIAP1 and cIAP2 add Lys63-linked ubiquitin chains to RIP1. 

The ubiquitin ligase activity of cIAP1/2, leads to the recruitment of LUBAC, which also 

adds Met1-linked linear ubiquitin chains to RIP1. Polyubiquitinated RIP1 then leads to the 

recruitment of TAK1, TAB2 and TAB3, which activates the IKK complex (NEMO, IKK-a, 

IKK-b). The IKK complex activates NF-kB, which translocates to the nucleus and induces 

downstream target genes including CXCL8, CXCL10 and A20.    
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1.5.2 IL-1   
 
As well as TNF-a [247], HCV infection has been shown to induce the secretion of many 

other proinflammatory cytokines, with the notable induction of IL-1b [316]. IL-1b belongs 

to a family of cytokines, which also contains IL-1a, IL-1 receptor antagonist (IL-1Ra), IL-

18 and IL-33 [317]. Since their gene structure is highly conserved, it is thought that IL-1 

family members arose from the duplication of a common ancestral gene [318]. IL-1b and 

IL-18 contain pro-domains at their amino termini, and as described above, require 

cleavage to generate biologically active forms for secretion [319]. Loss of IL-1b regulation 

can lead to serious inflammatory conditions, such as Muckle-Wells syndrome and neonatal 

onset multisystem inflammatory disease (NOMID) [320].  
 

As with TNF-a, many of the inflammatory genes induced by IL-1b are regulated by NF-kB 

activation. The IL-1 receptor mediates the effect of IL-1b, which is made up of the type I 

IL-1 receptor (IL-1RI) and IL-1 receptor accessory protein (IL-1RAcP) [321]. MYD88 is 

then recruited to the IL-1RI/IL-1RAcP complex, which subsequently leads to the 

recruitment of IRAK1 and IRAK4 [322]. IRAK4 activates IRAK1, leading to its 

autophosphorylation. Mice lacking IRAK4 and humans with mutations in IRAK4 exhibit 

severe defects in IL-1 signalling [323, 324]. IRAK1 and IRAK4 dissociate from the IL-

1RI/IL-1RAcP and interact with the E3 ubiquitin ligase, TRAF6, which auto-ubiquitinates 

and leads to the attachment of Lys63-ubiquitin proteins to itself [265]. Polyubiquitinated 

TRAF6 recruits TAK1, TAB2 and TAB3 [325]. Activated TAK1 leads to the subsequent 

activation of IKK, which phosphorylates IkB, leading to its degradation and allowing NF-

kB p50/p65 to translocate to the nucleus and induce the transcription of target genes 

including CXCL8, IL-6 and TNF-a (Figure 1.6) [326]. 

 

Due to its ability to induce the expression of numerous proinflammatory genes, NF-kB 

activity is tightly regulated at multiple levels, to ensure appropriate duration and magnitude. 

Tollip is an important constituent of the IL-1 signalling pathway. Prior to stimulation, Tollip 

interacts with IRAK1 and prevents its kinase activity thereby impairing activity of NF-kB 

[327]. Another negative regulator of IL-1 signalling includes IRAK-M. Published reports 

have shown that IRAK-M prevents the dissociation of the IRAK4 and IRAK1 complex from 

MYD88, which prevents the association of IRAK1-TRAF6 [328]. Studies have also 

demonstrated that IRAK-M-/- cells exhibit increased cytokine production following IL-1 

stimulation [328]. Interestingly, TRIM38 has also been found to inhibit IL-1 signalling. 

TRIM38 promoted the degradation of TAB2/3 through a lysosomal-dependent pathway 
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[329]. The E3 ubiquitin ligase membrane-associated RING-CH (MARCH8) suppresses IL-

1b-mediated NF-kB activation by targeting IL-1RAcP for degradation [330]. Another E3 

ubiquitin ligase, ring-B-box-coiled-coil protein interacting with protein kinase C-1 (RBCK1), 

can physically interact with TAB2/3 and facilitate its degradation, thereby preventing IL-

1b-stimulated NF-kB activity [331]. In addition, ubiquitin specific protease (USP)4 and 

USP20 were found to deubiquitinate TRAF6 and prevent NF-kB activation [332, 333]. 

Moreover, the dual-specificity phosphatase protein (DUSP)14 dephosphorylates TAK1 

and also prevents IL-1b-mediated activation of NF-kB [334].  

 

SOCS proteins have also been found to negatively regulate IL-1 signalling. SOCS1 was 

found to interact with p65 via the SOCS box domain, leading to the polyubiquitination and 

degradation of p65, which inhibited IL-1b-mediated NF-kB inducible genes [335]. SOCS3 

can also suppress IL-1-mediated NF-kB activation and was found to inhibit the association 

between TRAF6 and TAK1. Moreover, SOCS3 coimmunoprecipitated with both TAK1 and 

TRAF6 and inhibited ubiquitin modification of TRAF6 [336]. These studies highlight the 

spectrum of negative regulators that ensure a controlled immune response to IL-1 

signalling. They also indicate that IL-1 signalling is highly important for clearing infection. 

Both IL-1 and TNF-a signalling lead to the induction of chemotactic cytokines, such as 

CXCL8 and CXCL10 [335], which are essential for the recruitment of immune cells to sites 

of infection.   

 

1.5.3 CXCL8 and CXCL10  
 
CXCL8 can be produced by immune cells (including monocytes, T-cells, neutrophils and 

NK cells) and somatic cells (including endothelial cells, fibroblasts and epithelial cells) 

[337]. Both NF-kB and MAPK signalling are required for CXCL8 production, while CXCL8 

mRNA stability is mediated by p38 MAPK [338]. CXCL8 was originally identified for its role 

in the chemoattraction of neutrophils [339]. Following the binding of CXCL8 to CXCR1 and 

CXCR2, CXCL8 is internalised by endothelial cells, transcytosed to the luminal surface 

and presented to neutrophils [340]. In addition to recruiting neutrophils [341], CXCL8 also 

leads to the chemotactic migration of monocytes [342], basophils [343] and T-cells [344] 

to the site of inflammation.   
 

CXCL10 (also known as interferon g-induced protein 10 [IP-10]) is secreted from immune 

cells (leukocytes, neutrophils and monocytes) and somatic cells (endothelial cells and 

keratinocytes), where it binds to the CXCR3 receptor and induces chemotaxis, cell growth 
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and apoptosis [345-347]. CXCL10 transcriptional regulation is mediated by NF-kB [348], 

STAT1 [349] and MAPK signalling [350, 351]. Interestingly, detection of HCV infection by 

RIG-I and TLR3, leads to the recruitment of NF-kB and IRF3 to the CXCL10 promoter in 

hepatocytes revealing the importance of this chemokine during HCV infection [352]. 
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Figure 1.7 – Activation of NF-kB by IL-1b 

Binding of IL-1b to IL-1RI/IL-1RAcP complex leads to the recruitment of MYD88 and IRAK 

proteins. Phosphorylation of IRAK4 leads to the phosphorylation of IRAK1. IRAK1 and 

IRAK4 dissociate from MYD88 and interact with TRAF6, which recruits TAK1, TAB2 and 

TAB3. The IKK complex (NEMO, IKKa and IKKb) is then activated, which phosphorylates 

IkBa and promotes its K48-linked polyubiquitination and subsequent degradation by the 

proteasome. The p50 and p65 (RelA) units translocate to the nucleus and bind to a 

conserved DNA motif found in IL-1 responsive genes.   
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1.6 Anti-viral cytokine signalling 
 

Along with proinflammatory cytokines, the activation of TLR and RLR pathways lead to the 

induction of type I IFNs, which include 14 IFN-a subtypes in humans and mice, in addition 

to IFN-b, IFN-e, IFN-k, IFN-w, IFN-d, IFN-t and IFN-z [353, 354]. The function of type I 

IFNs is to induce an anti-viral state in virally infected cells and neighbouring non-infected 

cells [355]. IFN-a and IFN-b are well documented to achieve this anti-viral state through 

their binding to the type I IFN receptor (IFNAR) on the cell surface [356]. This triggers the 

activation of a downstream signalling pathway known as the janus kinase (JAK)-signal 

transducer and activator of transcription (STAT) signalling cascade [357]. Interestingly, 

IFN-b can also ligate to IFNAR1 and induce gene expression in an IFNAR2-independent 

manner [358]. De Weerd et al., found that the IFN-b-IFNAR1 interaction contributed to the 

proinflammatory action of IFN-b in a mouse model of LPS-induced toxicity [358]. Moreover, 

an important interface created by IFNAR1 residues Tyr240 and Tyr274 interacting with IFN-

b residues Phe63, Leu64, Glu77, Thr78, Val81 and Arg82 is essential for IFN-b-mediated 

IFNAR1 signalling [359]. 

 

The mammalian JAK family contains four members: JAK1, JAK2, JAK3 and tyrosine 

kinase 2 (Tyk2) [360]. Each JAK contains a conserved kinase domain and a pseudo kinase 

domain at the C-terminus (Figure 1.7) [361]. Seven STAT members comprise the STAT 

family: STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B and STAT6 [362]. All STATs 

contain a Src homology 2 (SH2) domain, a DNA binding domain and a C-terminal 

transactivation domain (Figure 1.7) [363]. The amino terminus regulates STAT activity via 

receptor association, phosphatase binding and nuclear translocation [364, 365].  

 

1.7 JAK/STAT pathway 
 

Binding of IFN-a and IFN-b activates IFNAR1 and IFNAR2 leading to the subsequent 

activation of the receptor-associated protein tyrosine kinases JAK1 and Tyk2 [357]. Upon 

activation of JAK1 and Tyk2, this leads to the phosphorylation of tyrosine residues in the 

cytoplasmic region of the receptors [366]. This creates a docking site for STAT 

transcription factors [366]. STATs bind to the receptor through their SH2 domain, leading 

to their phosphorylation [367, 368]. Tyrosine phosphorylated STAT1 and STAT2 dimerise 

and translocate to the nucleus, where they assemble with IFN-regulatory factor 9 (IRF9) 

and form a complex known as IFN-stimulated gene factor 3 (ISGF3) (Figure 1.7) [369].  
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ISGF3 binds to DNA sequences known as IFN-stimulated response elements (ISRE, 

consensus sequence TTTCNNTTTC), which directly activates the transcription of 

hundreds of ISGs [370]. Many ISGs restrict viral infection through a spectrum of 

mechanisms such as inhibiting viral translation and replication; blocking viral egress or 

entry; degrading viral nucleic acids or modulating cellular lipid metabolism [371]. Some of 

the well-known ISGs are summarised below (Table 1.1). As such, IFNs and the JAK/STAT 

pathway are powerful defence mechanisms to control and suppress viral replication. The 

type I IFN signalling pathway components are widely expressed, allowing most cells to 

mount type I IFN defences [372]. However, JAK/STAT signalling is tightly monitored and 

several negative regulators exist to switch off this powerful pathway, including 

phosphatases, protein inhibitors of activated STATs (PIAS) and SOCS proteins [373]. 
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Figure 1.8 – JAK/STAT signalling and protein structure of JAKs and STATs 

(A) The JAK/STAT pathway is induced following the binding of type I IFNs to IFNAR1 and 

IFNAR2. Receptor oligomerisation leads to the trans-activation of JAKs, which 

phosphorylate the cytoplasmic tail of the receptors creating a docking site for STATs. 

STATs become phosphorylated, dimerize and translocate to the nucleus. (B & C) 

Schematic showing the domain organisation of JAK and STAT proteins. JAK proteins 

contain seven JAK homology (JH) regions, which include a kinase domain (JH1), a pseudo 

kinase domain (JH2), an SH2 domain (JH3-4) and a 4.1 protein, ezrin, radixin, moesin 

(FERM) domain (JH4-7). Each STAT contains an amino terminal domain, a coiled-coil 

domain, a central DNA binding domain, a linker region, an SH2 domain and a C-terminal 

transactivation domain.   
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ISG Mode of action  Reference  

ADAR Viral RNA editing  [374] 

PKR Inhibition of viral replication through 

phosphorylation of eIF2a 

[375] 

2’-5’ OAS  Activates RNaseL to degrade the viral 

genome 

[376] 

ISG12a Ubiquitination and degradation of viral 

proteins  

[377] 

ISG15  Modulate protein function by 

ISGylation  

[378] 

ISG20  Degradation of viral RNA via 

exonuclease activity  

[379] 

ISG56  Interacts with the translation initiation 

factor eIF-3 and inhibits protein 

synthesis 

[380, 381] 

MxA Formation of highly ordered oligomers 

around viral nucleocapsid structures  

[382] 

IFIT (Interferon-

inducible 

transmembrane 

proteins) 1/3 

Interfere with viral entry and RNA 

replication  

Recognizes 5’-triphosphate RNA 

[383] 

Viperin (RSAD2) Inhibits viral protein function 

Inhibits RNA replication and release  

[384] 

Tetherin (BST2) Blocks release of virions [385] 

 
Table 1.1 – Summary of the diverse function of well-defined anti-viral ISGs 

Anti-viral ISGs that are upregulated following IFN-a stimulation, many of which have 

important functions during HCV infection. ISGs can target different steps of the HCV 

replication cycle, thereby inhibiting protein synthesis.   
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1.8 Suppressor of cytokine signalling proteins  

 
It is essential that proinflammatory and anti-viral pathways are tightly regulated to prevent 

excessive signalling. One effective host mechanism to ensure appropriate regulation is 

through the induction of SOCS proteins. SOCS are a family of eight intracellular inhibitors, 

which include cytokine-inducible SH2 protein CIS and SOCS1-SOCS7 [386]. CIS was the 

first family member identified in 1995, followed by SOCS1 (or JAK-binding protein, JAB) 

in 1997 [387, 388]. The SOCS family regulate several signalling cascades including the 

JAK/STAT [389] and NF-kB [390] pathways.  

 

1.8.1 The structure of SOCS proteins  
 
Each SOCS protein contains three distinct domains, an N-terminal domain, a central SH2 

domain and a highly conserved C-terminal SOCS box [391]. The N-terminal domain is 

variable in length, with SOCS1-3 containing a shorter N-terminal region in comparison to 

SOCS4-7 [392]. Both SOCS1 and SOCS3 contain a kinase inhibitory region (KIR) in their 

N-terminal domain, which enables them to inhibit cytokine receptor-associated JAKs 

(Figure 1.8) [393, 394]. The N-terminal regions of SOCS4 and SOCS5 contain an N-

terminal conserved region (NTCR) [395]. The function of the NTCR remains undecided, 

with only one report showing the NTCR within SOCS5 to mediate JAK1 inhibition [396]. In 

addition, the N-terminus of both SOCS6 and SOCS7 are required for their translocation to 

the nucleus [397, 398].  
 
The central SH2 domain determines the target of each SOCS protein [399]. The SH2 

domain interacts with phosphotyrosine residues on target proteins, including cell surface 

receptors [399]. A conserved sequence, adjacent to the SH2 domain, known as the 

extended SH2 sequence (ESS), also contributes to the high affinity binding of the SH2 

domain to the target phosphotyrosine [400]. The SH2 domain of SOCS1 binds to the 

activation loop of JAK [394], while the SH2 domains of SOCS2 and SOCS3 bind to 

phosphotyrosine residues on the growth hormone receptor and gp130 receptor, 

respectively [401-403].  

 

The function of the C-terminal SOCS box is the recruitment of the ubiquitin-transferase 

system and is also implicated in the stability of SOCS proteins [404]. The SOCS box is 

comprised of two subdomains. The first is a BC box region of 12 residues that recruits 

Elongin B and C [405]. The second is the Cul box that mediates Cullin5 binding [406]. The 
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resulting complex of Elongin B, Elongin C and Cullin5, binds an additional component 

known as RING box protein (RBX)2 [406]. SOCS4, SOCS5 and SOCS7 contain a C-

terminal extension to the SOCS box, which has been shown to interact with the N-terminus 

[406, 407]. Understanding SOCS protein structure is essential, as these proteins use their 

unique structure to regulate signalling cascades.   
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Figure 1.9 – The structure of SOCS proteins 

There are eight SOCS family members: the cytokine-induced Src-homology 2 (SH2) 

protein CIS and SOCS1-SOCS7. Each protein contains a central SH2 domain, (which 

determines the target of SOCS proteins), an amino terminal domain of variable length and 

a C-terminal SOCS box that contains two sites known as the BC box and the Cul box. 

SOCS proteins also contain an extended SH2 domain (ESS) adjacent to the SH2 domain, 

which is required for high affinity binding of the SH2 domain to phosphotyrosine targets. 

The BC box is a conserved N-terminal region of 12 residues that interacts with Elongins B 

and C and recruits Cullin5 and RING-box 2 (RBX)2 to form an E3 ubiquitin ligase complex. 

This leads to the ubiquitination and degradation of target proteins. Both SOCS1 and 

SOCS3 contain a kinase inhibitory region (KIR) adjacent to the SH2 domain that is 

required for binding to JAK proteins and inhibiting its kinase activity.  
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1.8.2 Regulation of SOCS by STATs 
 
Transcriptional activation of SOCS genes is classically mediated by the STAT transcription 

factors [386]. The CIS promoter region contains several STAT5 transcription factor binding 

sites (TFBS), which are required for EPO-mediated CIS induction [408], while STAT5 

activity also induces SOCS1, SOCS2 and SOCS3 gene expression [409]. STAT1 

mediates SOCS1 transcription in response to IFN-g [410] and TFBS for STAT3 and STAT6 

have also been identified in the SOCS1 promoter region [411, 412]. There is a large body 

of data showing that the transcription of SOCS3 is induced by STAT3 activity [413-416]. 

Indeed, activation of STAT3 is essential for oncostatin M (OSM)-induced SOCS3 gene 

expression [417]. In addition, both STAT3 and STAT1 can induce SOCS3 transcription 

rapidly, following cytokine stimulation with LIF [418]. Collectively, these results show an 

important role for the STAT transcription factors in the activation of SOCS gene 

transcription.  

 

1.8.3 Regulation of SOCS by STAT-independent mechanisms 
 
In addition to STAT-mediated transcriptional regulation of SOCS, STAT-independent 

induction of SOCS proteins has been reported. Indeed, the SOCS3 promoter region 

contains putative binding sites for transcription factors downstream of the MAPK pathway, 

including AP-1 [419]. Both TNF-a and IL-4-stimulated SOCS3 mRNA expression is 

dependent on p38 MAPK signalling [420, 421]. In addition, OSM, CpG-DNA and phorbol 

13-myristate 12-acetate (PMA)-mediated SOCS3 gene upregulation was found to be 

regulated by ERK1/2 signalling [417, 422, 423]. JNK signalling contributed to OSM and 

growth hormone (GH)-mediated SOCS3 gene expression [417, 424], while activation of 

all three MAPKs signalling proteins (ERK1/2, JNK and p38) was required for LPS-

mediated SOCS3 gene expression [425]. Taken together, these findings reveal a new 

body of evidence highlighting that SOCS expression is not only regulated by the JAK/STAT 

pathway.  
 
In fact, there is increasing evidence to show that an even wider spectrum of transcription 

factors are important in the regulation of SOCS expression. Both specificity factor (Sp)1 

and Sp3 transcription factors were found to modulate the activation of SOCS3 [426, 427]. 

Moreover, the Sp3 responsive element regulating SOCS3 expression was identified as a 

GC-rich region in the SOCS3 promoter [426]. In addition to this, studies have found that 

suppression of NF-kB led to a reduction in SOCS3 levels, indicating that NF-kB also plays 
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a role in SOCS3 induction [428, 429]. Lastly, a novel study identified that the SOCS3 

promoter region contained two TFBS for krüppel like factor (KLF)4, and showed that KLF4 

induction led to SOCS3 upregulation in microglia cells [419]. KLF4 is part of a family of 17 

KLF transcription factors, which function in a variety of processes including proliferation, 

differentiation and inflammation [430]. All members of the KLF family contain a triple zinc-

finger DNA binding domain in their C-terminus that binds to GC-rich DNA sequences. They 

also contain an activation domain in their N-terminus [430]. Interestingly, several viruses 

have been shown to induce the expression of KLF4, to regulate viral infectivity and 

survival, indicating that KLF4 plays an important role during viral infection [431, 432].   

 

1.8.4 The function of SOCS proteins  

 
Using their unique structure, SOCS proteins regulate receptor signalling by recruiting the 

proteasomal degradation components to their target protein [391]. This enables SOCS-

targeted proteins (including receptors and associated molecules) to be ubiquitinated, 

marking them for degradation by the proteasome (Figure 1.9) [391]. Binding of SOCS 

proteins to phosphotyrosine residues also blocks the access of other SH2-containing 

signalling molecules, thereby restricting signalling [433]. In vitro studies have shown that 

SOCS proteins can inhibit a variety of cytokine signalling pathways [336, 434, 435].  

 
CIS: CIS has been found to negatively regulate signalling induced by IL-2 [436], IL-3 [387], 

prolactin [437], erythropoietin (EPO) [408] and GH [438]. CIS was found to block GH and 

EPO signalling by binding to a phosphotyrosine site on the GH receptor (GHR) and EPO 

receptor (EPOR), preventing the docking of STAT5 [438]. CIS also inhibits STAT5 

activation through its SOCS box, which recruits Elongin B and C [439] and induces 

proteasomal degradation of the GHR and EPOR [440, 441].   
 
SOCS1: SOCS1 inhibits a diverse range of signalling pathways. SOCS1 inhibits JAK 

activation and prevents signalling by LIF, EPO and IL-6 [388, 442]. Other signalling 

cascades suppressed by SOCS1 include IFN-g [443], IFN-a [443], TNF-a [444], GH [445], 

prolactin [446], IL-2 [388], IL-3 [388], IL-4 [447], insulin [448] and TLRs [449]. SOCS1 

downregulates insulin signalling through proteasomal degradation of both insulin receptor 

substrate (IRS)-1 and IRS-2 [435]. Interestingly, SOCS1 inhibits type I IFN signalling 

through a direct interaction with Tyk2. This interaction is mediated through the SH2 domain 

of SOCS1 with the conserved phosphotyrosines 1054 and 1055 of Tyk2 [450]. SOCS1 

has also been found to suppress TLR4 signalling and interact with IRAK1 through its SH2 
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domain [451]. Moreover, ubiquitin-mediated degradation of Mal by SOCS1 inhibits TLR2 

and TLR4 signalling thereby limiting NF-kB signal transduction [449].   

 

SOCS2: SOCS2 exerts its effects by inducing the ubiquitination of target receptors such 

as GHR [401]. However, depending on the concentration of SOCS2, it can play a dual role 

by inhibiting or potentiating signalling [452]. Other pathways targeted by SOCS2 include 

LIF [453] and insulin [454]. Interestingly, SOCS2 regulates CIS, SOCS1 and SOCS3 

expression by targeting them for proteasomal degradation [455, 456], indicating that 

SOCS2 regulates the expression of SOCS family members.  

 

SOCS3: SOCS3 is a well-characterised regulator of STAT3 activity in response to several 

cytokines including IL-6 [442], IL-9 [457] and G-CSF [458]. Moreover, SOCS3 has been 

found to inhibit STAT1 [443], STAT4 [459], STAT5 [460] and STAT6 activity [461]. Like 

other SOCS family members, SOCS3 targets proteins for ubiquitin-mediated degradation, 

such as the IRS-1 and IRS-2 proteins of the insulin signalling pathway [435]. Interestingly, 

this occurs during HCV infection, as the Core protein induces SOCS3 expression, which 

causes the ubiquitination of IRS-1 and IRS-2 [462]. SOCS3 is known to interact with and 

suppress several proinflammatory signalling cascades, including IL-1 and TNF-a. SOCS3 

plays an important role during IL-1 signalling, where it prevents the ubiquitin-mediated 

modification TRAF6, by inhibiting the association of TRAF6 with TAK1 and directly 

interacting with TAK1 [336]. In comparison, others have found that SOCS3 degrades 

TRAF6 expression [463]. Further, SOCS3 regulates TNF-a signalling and prevents 

TRAF2-mediated NF-kB activation [315], while SOCS3 was also shown to bind to IkB and 

inhibit its degradation [464]. In addition to regulating cytokine signalling, SOCS3 has been 

found to play a tumour suppressor role. SOCS3 was shown to be protective against 

hepatitis-induced HCC, as SOCS3 depletion led to increased proliferation [465].  

 

SOCS4: While the functions of CIS and SOCS1-3 have been well-characterised, less is 

known regarding the roles of SOCS4-7. SOCS4 is induced by epidermal growth factor 

(EGF) and its protein expression is regulated by microRNA-98 and let-7 [466, 467]. In 

addition, SOCS4 regulates EGF receptor (EGFR) signalling in vitro through the binding of 

SOCS4 to phosphotyrosine residues on activated EGFRs [407, 466]. Interestingly, studies 

using the parasite Cryptosporidium parvum, a causative agent of human gastrointestinal 

disease worldwide, found that inhibition of SOCS4 promoted the phosphorylation of 

STAT3 and STAT6, suggesting a possible role for SOCS4 in the regulation of STAT 

proteins [467]. Further, in SOCS4 deficient mice there is a dysregulated proinflammatory 
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cytokine and chemokine response following infection with Influenza Virus, suggesting a 

protective role for SOCS4 during viral infection [468].  

 

SOCS5: Similar to SOCS4, SOCS5 also regulates EGFR signalling in vitro where it 

promotes EGFR degradation through SOCS box recruitment of the E3 ligase complex 

[434, 466]. Interestingly, inhibition of EGFR signalling by SOCS5 was found to restrict 

Influenza Virus infection in epithelial cells [469]. In addition to growth factor signalling, 

SOCS5 also inhibits IL-4-mediated signal transduction [433]. Intriguingly, SOCS5 is 

regulated by microRNA-432 and studies using JEV, showed that viral infection can 

downregulate microRNA-432, leading to the enhancement SOCS5 expression [470]. 

Moreover, this group also showed that knockdown of SOCS5 resulted in increased STAT1 

phosphorylation, which indicates that SOCS5 may regulate STAT1 signalling [470].  

 

SOCS6: SOCS6 negatively regulates insulin signalling and SOCS6 was found to interact 

with the insulin receptor in human HepG2 hepatoma cells [471]. SOCS6 has also been 

documented to inhibit RTK signalling, including the FMS-like tyrosine kinase-3 (Flt3) 

receptor, which is mainly expressed on hematopoietic progenitor cells in the bone marrow, 

thymus and lymph nodes [472]. Moreover, the binding of SOCS6 to Flt3 induces receptor 

ubiquitination and degradation [473]. SOCS6 also inhibited stem cell factor-mediated KIT 

activation, revealing its regulatory role of another RTK signalling cascade [474]. 

Interestingly, SOCS6 has been proposed to regulate glucose metabolism. Li et al., showed 

that in response to insulin stimulation, SOCS6 interacted with the p85 subunit of PI3-

Kinase, which led to increased AKT/PKB activation [475]. Moreover, they found that 

overexpression of SOCS6 improved glucose clearance, indicating that SOCS6 has a 

positive effect on PI3-Kinase-dependent signalling pathways. Similar to SOCS2, SOCS6 

can also promote the degradation of other SOCS proteins, suggesting it has a regulatory 

role within the SOCS family [476].  

 

SOCS7: Studies focused on the function of SOCS7 are few. However, SOCS7 has been 

shown to suppress prolactin, GH and leptin signalling, through the inhibition of STAT5 and 

STAT3 phosphorylation [477]. Moreover, inhibition of SOCS7 promotes the translocation 

of STAT3 to the nucleus, indicating that SOCS7 may regulate STAT3 signalling [478]. In 

addition, it has also been suggested that SOCS7 may regulate insulin signalling, as 

deletion of SOCS7 enhances insulin activity [479].  
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Figure 1.10 - SOCS-mediated ubiquitination and proteasomal degradation 

Binding of the SOCS SH2 domain to phosphorylated residues on target proteins brings 

the SOCS box-associated E3 ligase into the vicinity of the target. Elongins B/C are 

recruited to the BC box, while Cullin5 binds to the Cul box within the SOCS box. RBX2 

binds to the C-terminus of Cullin5 and recruits the E2 conjugating enzyme that facilitates 

the transfer of ubiquitin onto the target protein. Polyubiquitination leads to the recognition 

and degradation of the target protein by the proteasome.  
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1.9 Modulation of innate immunity by HCV  
 
The innate immune response is a formidable barrier to invading viruses. Therefore, 

subverting innate immunity is critical for pathogen survival and as such, PRRs and 

signalling responses are prime targets. Indeed, despite recognition of HCV by numerous 

receptors (including RIG-I, MDA5, TLR3, TLR7) and the induction of an anti-viral response, 

HCV can establish a persistent infection, with approximately 700,000 deaths per year from 

HCV-related liver disease [480]. Studies have revealed that HCV has developed numerous 

strategies that circumvent the host’s innate immune response leading to persistent 

infection and replication. Through its viral proteins, HCV curtails innate immune detection 

and downstream signalling cascades. However, a complex interplay also exists between 

HCV and innate signalling pathways, as some transcription factors enhance cellular 

proliferation, which is beneficial for HCV (Figure 1.10).   

 

1.9.1 HCV-mediated PRR inhibition  
 
IRFs are key transcription factors that initiate an anti-viral response. Following 

phosphorylation, IRF3 translocates to the nucleus and induces transcription of type I IFNs 

including IFN-b and ISGs, such as ISG56, RANTES and ISG15 [481]. As such, IRFs are 

an important determinant of viral persistence and are prime targets for viral inhibition. 

Indeed, reports demonstrate that several viruses inhibit IRF3 activation including the 

Sendai Virus, Measles Virus and HCV [482]. When the HCV viral protein NS3 is linked 

with NS4A forming the serine protease NS3/4A, this has been shown to block IRF3 

phosphorylation and inhibit IFN-b promoter activation [483]. Disrupting IRF3 function leads 

to a reduction in IFN-β synthesis and increased viral RNA abundance. In keeping with this, 

studies also illustrate that NS3/4A cleaves the upstream adaptor molecules, MAVS and 

TRIF, thereby blocking RIG-I and TLR3 signal transduction, respectively, and inhibiting 

IRF3 activation (Figure 1.10) [93, 484]. When signalling molecules downstream of both 

MAVS and TRIF were overexpressed, this circumvented both these adaptor proteins and 

restored IFN-β synthesis.  
 

In addition to NS3/4A, other HCV viral proteins also target IRF3. Stimulator of IFN genes 

(STING, also known as MITA, MYPS, TMEM173), is a 42kDa protein, localised mainly at 

the ER, which also mediates IRF3 activation [485]. Following dsDNA detection, STING 

translocates from the ER to autophagic like vesicles and forms a platform for TBK1 to 

interact and phosphorylate IRF3, leading to type I IFN gene expression [486]. In addition, 
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STING is also activated following RIG-I signalling [487, 488]. HCV NS4B binds to STING 

and inhibits its interaction with MAVS, thereby preventing IFN-b promoter activity [489]. 

Intriguingly, the NS4B viral protein from the Yellow Fever Virus (another Flavaviridae 

virus), also colocalises and interacts with STING [490].  

 

TLR signalling is an essential mediator of NF-kB activation and proinflammatory gene 

upregulation. As such, several viruses have been shown to counteract the TLR response, 

including the Vaccinia Virus [491], Measles Virus [492], Molluscum Contagiosum Virus 

[493] and HCV [494]. Expression of the HCV viral protein, NS5A, inhibits TLR-MYD88 

signalling through a direct interaction with the death domain of MYD88 and prevents the 

recruitment of IRAK1 (Figure 1.10) [494]. Moreover, NS3, NS3/4A, NS4B and NS5A all 

inhibited the activation of TLR2, TLR4, TLR7 and TLR9 and prevented IL-6 production 

[494]. Collectively, this indicates that HCV uses several mechanisms to modulate NF-kB 

signalling and thus regulate downstream effector functions for its benefit.  

 

1.9.2 HCV modulation of MAPK signalling  
 

In addition to proinflammatory cytokine induction by NF-kB, TLR stimulation also activates 

MAPK signalling which leads to inflammatory gene expression. The MAPK signalling 

cascade is a crucial regulator of the inflammatory response, inducing proinflammatory 

cytokines and chemokines which control viral infection [495]. The MAPK family also has 

fundamental roles in normal cellular processes, such as cellular proliferation and 

differentiation [276]. Given the importance of MAPK signalling it is not surprising that 

viruses have developed mechanisms to directly modulate its activation. Indeed, HCV has 

been reported to elicit several effects on MAPK signalling. HCV NS5A was found to inhibit 

ERK phosphorylation [494], a result consistent with other reports, showing NS5A can 

directly interact with adaptor proteins upstream of ERK [496]. In contrast to these reports, 

HCV has been shown to activate MAPK signalling. Constitutive expression of the Core 

protein activates Raf and MEK. This induces ERK phosphorylation, leading to activation 

of the downstream transcription factor, ELK1 [497]. Additionally, the Core protein is 

thought to interfere at or upstream of MEK, which was elucidated using a specific MEK 

inhibitor [498]. In keeping with this study, HCV E2 was also found to induce ERK 

phosphorylation in both human hepatic stellate cells [499] and HEK293T cells [500]. 

Interestingly, HCV infection promotes ERK phosphorylation and downstream AP-1 activity 

[501], while blocking ERK signalling reduces HCV replication in human hepatoma cells 

[502]. Moreover, Gretton et al., found that ERK signalling is required for HCV replication 
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[503]. Additional reports demonstrate that HCV can induce ERK, JNK and p38 

phosphorylation, which surprisingly lead to STAT3 activation [504, 505]. This indicates that 

MAPK signalling can regulate STAT3 during viral infection and reveals an interesting 

crosstalk between these pathways. Taken together, these reports suggest that HCV has 

evolved a dual strategy of both inhibition and activation of MAPK signalling, which may 

contribute to sustaining viral replication. Indeed, perturbation of MAPK signalling at 

different times may be a mechanism to regulate HCV RNA replication levels.  
 

1.9.3 HCV inhibition of proinflammatory TNF-a signalling  

 

TNF-a is a potent proinflammatory cytokine, induced by both MAPK and NF-kB signalling, 

that orchestrates powerful responses to viruses, including the direct killing of infected cells 

[506]. Elevated TNF-a serum levels are found in HCV infected patients [507, 508]. 

Intriguingly, HCV is resistant to TNF-a, as reports have shown that TNF-a does not affect 

HCV RNA replication and protein synthesis in Huh7 cells [509]. This indicates that HCV 

can modulate the TNF-a signalling cascade [509]. Indeed, several HCV viral proteins 

target the TNF-a pathway, which prevents its normal inflammatory messages being 

executed during the infection. NS3 inhibits TNF-a signalling by directly interacting with the 

ubiquitin ligase complex, LUBAC, and thus preventing LUBAC-mediated ubiquitination of 

NEMO and subsequent activation of NF-kB [510]. Additionally, NS5A interacts with TRAF2 

and prevents subsequent TNF-a-mediated NF-kB activation [511]. The HCV Core protein 

inhibits TNF-a-stimulated NF-kB activation through its direct interaction with IKKb [512]. 

Moreover, the Core protein also inhibits TNF-a-mediated apoptosis, by sustaining the 

expression of the caspase 8 inhibitor cellular FLICE (FADD-like IL-1b-converting enzyme)-

like inhibitory protein (c-FLIP) [513, 514]. In the absence of c-FLIP, caspase 8 leads to 

apoptosis, however, Core-mediated c-FLIP stabilisation inhibits caspase 8 and prevents 

apoptosis. By suppressing TNF-a signalling, HCV prevents the induction of 

proinflammatory genes and the subsequent broad spectrum of inflammatory responses 

designed to clear viral infection. Indeed, by targeting the TNF-a pathway, HCV may even 

enhance its own persistence, through the reduction of TNF-a-mediated apoptosis. In 

addition to TNF-a signalling, HCV has evolved to target the JAK/STAT pathway.  
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1.9.4 HCV modulation of JAK/STAT signalling  
 
As IFN signalling is essential for anti-viral immunity, it is not surprising that HCV can target 

this pathway in multiple ways. One method which HCV implements to downregulate this 

pathway is through STAT protein degradation. Our lab found that both STAT1 and STAT3 

expression was reduced in immune cells and hepatocytes from HCV-infected patients and 

also in Huh7 hepatocytes. Further, in the presence of HCV, STAT3 was ubiquitinated and 

degraded. This process could be blocked following MG132 treatment, which inhibits the 

proteasome, illustrating that HCV inhibits IFN-a signalling via proteasomal degradation of 

JAK/STAT components [515]. Indeed, this is in keeping with several other reports. The 

Mumps Virus degrades STAT3 by ubiquitination and degradation [516], while the Zika 

Virus degrades STAT2, also in a proteasome dependent manner [517]. Another 

mechanism to downregulate IFN signalling is through the inhibition of STAT 

phosphorylation. The HCV Core protein binds to STAT1 preventing STAT phosphorylation 

and blocking STAT1 heterodimerisation with STAT2, thereby suppressing ISGF3 activity 

[518]. Indeed, by directly binding to STAT1, NS5A can also impair downstream ISG 

induction [519]. Targeting and inhibiting STAT proteins impairs IFN signalling and may 

hamper the induction of ISGs. However, HCV can also interfere directly with the 

expression and function of specific ISGs.  
 
While HCV targets the JAK/STAT pathway components, several HCV proteins also inhibit 

the function of ISGs. E2 contains a 12 amino acid sequence that is similar to the eukaryotic 

initiation factor 2a (eIF2a) phosphorylation and PKR phosphorylation site. This region 

inhibits PKR-dependent phosphorylation of eIF2a and blocks its inhibitory effect on protein 

synthesis [520]. NS5A also binds to and represses PKR activity via the ISDR within NS5A 

[521]. Gale et al., found that disruption to PKR dimerisation by NS5A resulted in the 

inhibition of PKR function and blocked PKR-mediated eIF2a phosphorylation [521]. Given 

the crucial importance of PKR activity in the anti-viral response, several viruses have also 

been shown to inhibit its function including the Influenza [522], Ebola [523], and Vaccinia 

Virus [524]. Independent of ISDR, NS5A can disrupt 2’5’OAS by physically interacting with 

it, thereby inhibiting the anti-viral activity of IFN-a. Mutagenesis studies showed that the 

amino terminus of NS5A (amino acids 1-148) and two separate regions of 2’5’OAS (amino 

acids 52-104 and 184-275) are necessary for this interaction [525]. IFI6-16 (also known 

as G1P3) is highly inducible following IFN stimulation [526] and is known to inhibit several 

viruses, including Dengue [527], Yellow Fever [528] and West Nile [529]. It has recently 

been discovered that the ISG, IFI6-16, is inhibited by the HCV ion channel, p7. IFI6-16 
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inhibits HCV entry by impairing EGFR-mediated CD81/CLDN1 interactions [530], in fact, 

p7 was found to directly interact with and inhibit IFI6-16 function [81], revealing a HCV 

immune evasion mechanism targeted against IFI6-16.  

 
While the JAK/STAT signalling pathway plays a crucial role in regulating anti-viral 

responses, STAT signalling and in particular STAT3, also mediates cell growth and 

survival [531]. Several viruses regulate STAT3 to enhance viral replication and survival 

[532, 533], and a large body of evidence shows that HCV infection activates STAT3. 

Indeed, STAT3 is actively phosphorylated in the presence of HCV, and STAT3 knockdown 

significantly decreases HCV RNA levels, implicating STAT3 as a proviral host factor [534]. 

The HCV Core protein directly interacts with and activates STAT3 through phosphorylation 

of tyrosine 705 [35], this leads to the constitutive activation of STAT3 and the upregulation 

of downstream genes cyclin-D1 and Bcl-XL, which are known to promote tumorigenesis 

[35]. NS5A also induces STAT3 phosphorylation [535], by inducing ER stress, which leads 

to Ca2+ release from the ER, triggering reactive oxygen species (ROS) production [536]. 

Indeed, this is in agreement with reports showing that HCV-induced STAT3 is inhibited in 

the presence of Ca2+ chelators [505]. This indicates that HCV-mediated STAT3 activation 

may occur following cellular stress. Interestingly, NS4B causes ER stress, which activates 

STAT3 signalling and the induction of STAT3-dependent genes, including VEGF, c-Myc 

and MMP9 [537]. These studies highlight that STAT3 is an important target induced by 

HCV, and is critical for viral replication and survival. Indeed, HCV enhances STAT3 activity 

to regulate its life cycle, and the ability of HCV to constitutively activate STAT3 may 

contribute to the development of HCC in chronic HCV patients. Importantly, STAT3 is a 

highly important transcription factor leading to the induction of SOCS3 expression.  

 

1.9.5 HCV and SOCS induction 
 
HCV is well-known to suppress JAK/STAT signalling through its modulation of SOCS 

proteins. Interestingly, the Core protein induced the expression of SOCS7, which led to 

the degradation of IRS-1 [538]. This is speculated to be one mechanism leading to the 

inhibition of insulin signalling [539]. HCV viral proteins (including the Core and E2) regulate 

SOCS3 expression, which is thought to be an immuno-modulatory mechanism that HCV 

uses to create a favourable environment for its replication, while also preventing a robust 

anti-viral and proinflammatory response.  
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Indeed, subsequent studies demonstrated that Core-mediated SOCS3 induction led to the 

ubiquitination and degradation of IRS-1 and IRS-2 in HepG2 cells. This effect was blocked 

by proteasomal inhibition with MG132, while IRS-1 and IRS-2 degradation was not 

observed in SOCS3 -/- murine embryonic fibroblasts [462]. This result suggested that like 

SOCS7, SOCS3 can also block insulin signalling.  

 

In fact, the HCV surface glycoprotein, E2, also induced SOCS3 in Huh7 cells, which was 

accompanied with a downregulation of IRS-1 expression that was restored with MG132 

treatment. This indicated that E2-mediated SOCS3 could induce IRS-1 and IRS-2 

degradation through the proteasome pathway [540]. This again highlights that HCV-

induced SOCS3 regulates insulin signalling. Insulin resistance is often found in HCV 

infected patients, and as such, SOCS-mediated IRS degradation may be one mechanism 

that contributes to this. Moreover, HCV may regulate insulin and glucose metabolism to 

enhance viral pathogenesis and survival [541]. Taken together, these reports highlight an 

important role for SOCS3 in HCV’s immune-modulation strategies.  

 
In addition to regulating insulin signalling, Bode et al., were the first to show that the 

expression of the HCV Core protein in the human hepatic cell line HepG2, increased 

SOCS3 expression, which subsequently led to the inhibition of IFN-a-mediated tyrosine 

phosphorylation and activation of STAT1 (Figure 1.10) [36]. This indicated that Core-

induced SOCS3 interferes with type I IFN responses. Indeed, Core-induced SOCS3 

upregulation was also confirmed in mouse fibroblast (NIH3T3) cells [35], Huh7 cells and 

HepG2 cells [462]. Moreover, HCV-mediated SOCS3 can directly regulate 

proinflammatory TNF-a signalling. Our lab discovered that the expression of the HCV 

polyprotein in Huh7 cells induced SOCS3, which suppressed TNF-a-stimulated CXCL8 

production. This effect was reversed following shRNA-mediated SOCS3 depletion, 

revealing the importance of SOCS3 in the process of silencing TNF-a responses [315]. 

However, the actual mechanism of SOCS3 induction remains unclear.  
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Figure 1.11 – HCV modulation of proinflammatory and anti-viral innate signalling 

HCV modulates several innate signalling pathways to enhance its survival and replication. 

HCV viral protein NS3/4A cleaves the adaptor molecules MAVS and TRIF, thereby 

blocking RIG-I and TLR3 signalling respectively. NS3/4A also blocks downstream IRF3 

phosphorylation and prevents the induction of IFN-b. NS5A binds to MYD88 and inhibits 

its interaction with IRAK1, thereby preventing the activation of downstream transcription 

factor NF-kB. NS5A also interacts with TRAF2 and inhibits TNF-a signalling, while the 

Core protein interacts with IKKb. NS3 interacts with LUBAC and prevents TNF-a-mediated 

NF-kB induction. SOCS3 expression is induced by the Core, which prevents STAT1 

phosphorylation and translocation to the nucleus. HCV has been shown to activate MAPK 

ERK signalling through its viral proteins E2 and the Core.  
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1.10 Rationale and hypothesis  

 
1.10.1 Rationale  

 
Innate immune responses confer immediate protection to pathogens. Viruses are detected 

by a wide array of host PRRs, leading to the secretion of type I IFNs, which signal through 

the JAK/STAT pathway and induce the transcription of ISGs, that specifically limit viral 

infection, replication and egress, while also inducing protection for uninfected surrounding 

cells. In addition to anti-viral mediators, the ISG “army” also contains proinflammatory 

cytokines and chemokines, that amplify the inflammatory response and recruit immune 

cells to sites of infection. As such, the innate system mounts powerful defences against 

incoming pathogens. Since these are strong and effective processes, our immune system 

contains several control mechanisms to ensure an appropriate response to infection.  

 

SOCS proteins are critical regulators of intracellular signalling, which are classically known 

to effectively suppress the JAK/STAT and NF-kB pathways in a negative feedback loop 

and thus maintain the appropriate levels of inflammatory mediators, such as 

proinflammatory TNF-a and IL-1. While the JAK/STAT pathway was initially discovered as 

being essential for SOCS induction, a growing body of evidence indicates that additional 

signalling cascades, such as the MAPK pathway, are equally important in regulating SOCS 

expression.  
 
As the innate system orchestrates potent anti-viral mechanisms for limiting early virus 

spread, viruses have evolved complex end effective methods to subvert innate responses. 

In order to replicate, persist and spread, HCV has evolved multiple strategies to tame the 

“first line of defence”. Given their ability to effectively regulate host proinflammatory and 

anti-viral signal transduction cascades, SOCS proteins are prime targets for invading 

viruses to control the innate immune response. HCV-mediated induction of SOCS3 is one 

strategy which may modulate innate responses. However, the molecular mechanism used 

by HCV to regulate SOCS3 expression is not known. Additionally, by investigating the 

mechanisms used by viruses to suppress proinflammatory signalling, this may provide 

novel therapeutic insights.  
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1.10.2 Hypothesis  
 
Since our lab and others have discovered that HCV upregulates SOCS3, we hypothesise 

that specific HCV proteins mediate this induction and that virally-induced SOCS3 

expression acts to control anti-viral and proinflammatory signalling. 

 

1.10.3 Specific aims  
 

In order to test this hypothesis we aim to:  

 

1. Elucidate which HCV viral protein/s induce SOCS3 expression.  

2. Further examine the effect of the SOCS3-inducing viral protein/s upon the full 

SOCS family (CIS-SOCS7).  

3. Investigate the molecular induction of SOCS3 via predictive bioinformatic analysis 

4. Examine the effect of this SOCS3-inducing viral protein on key anti-viral and 

proinflammatory signalling responses.  

 

1.10.4 Overall objectives  
 
Therefore in achieving these aims we will have addressed our main objectives, to 

determine which specific HCV proteins induce SOCS3 expression and elucidate the 

mechanism by which SOCS3 is upregulated, while also investigating if this virally induced 

SOCS3 affects proinflammatory and anti-viral signalling.   
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Chapter 2  

 

Materials and Methods 
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2.1 Materials 

2.1.1 General Materials  

 
General laboratory chemicals were purchased from Sigma, USA, with the exception of 

Western blotting molecular weight marker and enhanced chemilumescent (ECL), SYBRÒ 

green qRT-PCR mastermix, 96-well PCR plates and seals (BioRad, Fannin), Roferon-AÒ 

(IFN-a) (Roche, Switzerland), CXCL8 and CXCL10 ELISA kits (Peprotech, Rocky Hill, NJ, 

USA), SensiFASTÔ reverse transcription cDNA kit, TransITÒ-2020 transfection reagent, 

Hyper ladder 100 bp & 1 kb lanes, Mini prep kit, InFusionÒ Eco DryÔ enzyme kit (MSC, 

Dublin), LDH assay kit, 6 well cell culture plates, 1.5 ml reaction tubes, dithiothreitol (DTT), 

polyvinylidene difluoride (PVDF) membrane (Fisher), restriction enzymes EcoRI and SalI 

(Brennan & Co), GeneJuiceÒ (Millipore), StellarÔ competent cells, PowerUpÔ SYBRÒ 

Green Master Mix, LipofectamineÒ 2000 (BioSciences, Dublin), Midori green (Anachem), 

RNA purification kit (Roche), 35 mm µ-Dish confocal plates (Ibidiâ).  

 

2.1.2 Cell lines and constructs 

 
The Huh7 hepatocyte cell line, was a kind gift from Prof. Ralf Bartenschlarger, (University 

of Heidelberg, Germany). The HCV plasmid pBRTM/HCV1-3011con was a gift from Prof. 

Charles Rice (The Rockefeller University, USA). The human embryonic kidney cell line 

HEK293T stably transfected with the large T antigen was a gift from Prof. Luke O’Neill 

(Trinity College, Dublin). The empty vector pCMV-HA, NF-κB, pFA-ELK1, PGL3 Renilla, 

pFR-luciferase and pFA-CHOP plasmids were kind gifts from Prof. Andrew Bowie (Trinity 

College, Dublin). The AP-1 luciferase was a gift from Dr. Stephen Griffin (University of 

Leeds). ISRE-luciferase and GAS-luciferase were purchased from Stratagene, USA. The 

control and ERK2 shRNA plasmids were a kind gift from Dr. Manik Chatterjee (University 

Hospital Würzburg, Germany).  
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Plasmid name  Vector  Antibiotic 

resistance  
Tag Source 

Empty vector pCMV Ampicillin N/A Clontech 

HCV p7 pCMV Ampicillin  HA Cloned 

HCV Core pCMV Ampicillin HA Cloned  

HCV E1 pCMV Ampicillin HA Cloned  

HCV E2 pCMV Ampicillin HA Cloned  

HCV NS2 pCMV Ampicillin HA Cloned 

HCV NS4B pCMV Ampicillin HA Cloned 

HCV NS5A pCMV Ampicillin HA Cloned  

E2-p7-NS2 pcDNA 3.1 Ampicillin N/A Cloned  

pBRTM/HCV1-

3011con 

pBRTM Tetracycline N/A Prof. Charles Rice 

[542] 

(The Rockefeller 

University, USA) 

GAS cis-Reporter 

plasmid 

Ampicillin N/A Stratagene, USA 

ISRE cis-Reporter 

plasmid 

Ampicillin N/A Stratagene, USA 

pFA-ELK1 pFA trans-

Activator plasmid 

Kanamycin N/A Agilent 

Technologies 

AP-1 (PRD IV) pcDNA 3.1  Ampicillin FLAG [543] 

pFA-CHOP pFA trans-

Activator plasmid 

Kanamycin N/A Agilent 

Technologies  

NF-kB pGL3-5xkB-luc Ampicillin N/A Dr. R. Hofmeister, 

(Universitat 

Regensburg, 

Germany) 

TRAF2 pRK-FLAG Ampicillin FLAG Tularik Inc. 

TRAF6 pRK-FLAG Ampicillin FLAG Tularik Inc. 

pFR-Luciferase pFR trans-

Reporter plasmid 

Ampicillin N/A Agilent 

Technologies 

PGL3 Renilla PGL3-Basic 

Vector 

Ampicillin N/A Promega  
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STAT3 shRNA psiRNA-h7sk 

GFPzeo 

Zeocin N/A Invivogen 

ERK2 shRNA pcDNA 3.1  Ampicillin N/A [544] 

mEmerald-

Calreticulin-N-

16 

mEmerald-N1 Kanamycin  mEmerald  Dr. Michael Davidson 

(Addgene plasmid 

number 54023) 

Used in [545] 

 
Table 2.1 – Plasmid name, vector, antibiotic resistance and tag. 
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Reporter 
construct   

Description  Source 

AP-1  AP-1 is also called the Positive Regulatory Domain IV (PRD 

IV). It is a heterodimer of activating transcription factor 2 

(ATF2) and c-JUN.  

[543] 

pFA-

CHOP 

CCAAT-enhancer-binding protein homologous protein 

(CHOP) is induced by ER stress and mediates apoptosis. 

Using the PathDetect system (Agilent Technologies) the 

activation domain of CHOP is fused to the yeast GAL4 DNA 

binding domain. CHOP is phosphorylated by p38 MAPK and 

its activity reflects the activation of p38 MAPK. For more 

information see the following link 

https://www.agilent.com/cs/library/usermanuals/public/21900

0.pdf  

Agilent 

Technologies  

pFA-ELK1 ETS domain-containing protein ELK1 forms a ternary 

complex with serum response factor [SRF] and the ETS and 

SRF motifs of the serum response element [SRE] on the 

promoter region of genes. ELK1 phosphorylation occurs at 

specific residues in response to ERK MAPK signalling. Using 

the PathDetect system (Agilent Technologies), the activation 

domain of ELK1 is fused to the yeast GAL4 DNA binding 

domain. The transcriptional activity of ELK1 reflects the 

activation of ERK MAPK. For more information see the 

following link 

https://www.agilent.com/cs/library/usermanuals/public/21900

0.pdf 

Agilent  

Technologies 

GAS  Phosphorylation of STAT3 on a single tyrosine residue 

induces its dimerization and translocation to the nucleus, 

where it binds to interferon g-activated sequence (GAS) DNA 

binding sites [546]. Following transfection, expression of the 

firefly luciferase gene is under the control of the GAS 

promoter. For more information see the following link 

http://www.chem-agilent.com/pdf/strata/219073.pdf  

Stratagene 
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ISRE  Type 1 interferon stimulation leads to the phosphorylation of 

a heterodimer complex made up of STAT1 and STAT2. Both 

STAT1 and STAT2 bind to interferon regulatory factor 9 

(IRF9), which translocates to the nucleus and binds to the 

interferon-stimulated response element (ISRE) [370]. 

Following transfection, expression of the firefly luciferase 

gene is under the control of the ISRE promoter. For more 

information see the following link  

http://www.chem-agilent.com/pdf/strata/219073.pdf  

Stratagene 

NF-kB Nuclear Factor-kappaB is a heterodimer protein complex 

composed of different members of the Rel family of 

transcription factors. The NF-kB signalling pathway is 

activated in response to stress, immune and inflammatory 

stimuli. The NF-kB luciferase reporter (contains five kB 

elements) has a firefly luciferase gene under the control of 

the NF-kB promoter.  

Dr. R. 

Hofmeister, 

(Universitat 

Regensburg, 

Germany 

 
Table 2.2 – Reporter assay description and source 
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Gene  
Name  

Forward primer sequence  
(5’-3’) 
 

Reverse primer sequence  
(5’-3’)  
 

Source of 
primers 

RPS15  CGGACCAAAGCGATCTCT

TC 

 

CGCACTGTACAGCTGCATC

A 

 

Sigma  

CIS  GATCTGCTGTGCATAGCC

AA 

 

ACAAAGGGCTCGACCAGTT

T 

 

Sigma  

SOCS1 CACTTCCGCACATTCCGTT

C 

 

AGGGGAAGGAGCTCAGGTA 

 

Sigma  

SOCS2 GAGCTCGGTCAGACAGGA

T 

 

CAGAGATGGTGCTGACGTG

T 

 

Sigma  

SOCS3 ATCCTGGTGACATGCTCCT

C 

 

CAAATGTTGCTTCCCCCTTA 

 

Sigma  

SOCS4 CTTAGATCATTCCTGTGGG

C 

 

ATGCCACCTAAGGCTAAATC 

 

Sigma  

SOCS5 TACAGCAAGCAGTCAAAG

CC 

 

ACAGAGAAGAGGTAGTCCT

C 

 

Sigma  

SOCS6 TCTCACCATTGCTACCTCC

A 

 

GAGTCCCTGATTGAATGCTC 

 

Sigma  

SOCS7 CTTCTCGGAAGGGCTCCT

TC 

 

AACGCTGGCTACAAAGCTG

C 

 

Sigma  

STAT1 CCGTTTTCATGACCTCCTG

T 

 

TGAATATTCCCCGACTGAGC 

 

Sigma  



	 61	

STAT3 GAGAAGGACATCAGCGGT

A 

 

GCTCTCTGGCCGACAATAC

TTT 

 

Sigma  

LIF TGAACCAGATCAGGAGCC

AA 

 

TCGGTTCACAGCACACTTCA 

 

Sigma  

TNF-a TGGCCCAGGCAGTCAGAT

CA 

 

GTAGGAGACGGCGATGCGG 

 

Sigma  

CXCL8 GCAGAGGGTTGTGGAGAA

GTTT 

 

ACCCTACAACAGACCCACA

CAAT 

 

Sigma  

CXCL10  GGAAGCACTGCATCGATTT

TG 

 

CAGAATCGAAGGCCATCAA

GA 

 

Sigma  

A20 CTCAACTGGTGTCGAGAA

GTCC 

 

TTCCTTGAGCGTGCTGAACA

GC 

 

Sigma  

KLF4 CGAACCCACACAGGTGAG

AA 

 

TACGGTAGTGCCTGGTCAG

TTC 

 

Sigma  

ZFX GGCAGTCCACAGCAAGAA

C 

 

TTGGTATCCGAGAAAGTCA 

 

Sigma  

Sp1 TTGAAAAAGGAGTTGGTG

GC 

 

TGCTGGTTCTGTAAGTTGG

G 

 

Sigma  

VEGFA GCAGAATCATCACGAAGT

GGTG 

 

TCTCGATTGGATGGCAGTA 

 

Sigma  

HIF1a GAAACTTCTGGATGCTGGT

GATTT 

GCAATTCATCTGTGCTTTCA

TGTCA 

 

Sigma  

c-Myc AATGAAAAGGCCCCAAGG

TAGTTATCC 

GTCGTTTCCGCAACAAGTC

CTCTTC 

 

Sigma  
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PKR TCTCAGCAGATACATCAGA

GATAAATTCT 

 

AGTATACTTTGTTTCTTTCAT

GTCAGGAA 

 

Sigma  

OAS GAAGCCCTACGAAGAATG

TCAGA 

 

TCGGAGTTGCCTCTTAAGAC

TGT 

 

Sigma  

ISG15 TCCTGCTGGTGGTGGACA

A 

 

TTGTTATTCCTCACCAGGAT

GCT 

 

Sigma  

MxA GGTGGTGGTCCCCAGTAA

TG 

 

ACCACGTCCACAACCTTGTC

T 

 

Sigma  

 
Cloning: 
 

Protein Forward primer sequence  
(5’-3’) 

Reverse primer sequence  
(5’-3’) 
 

Source of 
primers  
  

Core 
 

ATGGAGGCCCGAATTATG

AGCACGAATCCTAAACC 

 

AGAGATCTCGGTCGAGGCT

GAAGCGGGCACAGT 

 

Sigma 

E1 ATGGAGGCCCGAATTTAC

CAAGTGCGCAATTCCT 

AGAGATCTCGGTCGACGCG

TCGACGCCGGCAAA 

 

Sigma 

E2 ATGGAGGCCCGAATTGAA

ACCCACGTCACCGGG 

 

AGAGATCTCGGTCGATGGG

ATATGAGTAACATCATC 

 

Sigma  

NS5A ATGGAGGCCCGAATTTCC

GGCTCCTGGCTAAGG 

AGAGATCTCGGTCGAGCAG

CACACGACATCTTC 

 

Sigma  

pCMV-
HA 

GATCCGGTACTAGAGGAA

CTGAAAAAC 

 

TGTGGTTTGTCCAAACTCAT

CAATG 

 

Sigma  

 

Table 2.3 - Forward and reverse primer sequences for qRT-PCR  
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2.1.3 Antibodies 

 
For Western blotting, anti-SOCS3 was purchased from Abcam (Cambridge, UK). Anti-

pSTAT3, anti-pSTAT1, anti-STAT1, anti-pERK1/2, anti-ERK1/2, anti-pJNK, anti-JNK, anti-

pp38, anti-p38, anti-HA and anti-KLF4 were purchased from Cell Signaling (USA). Anti-

STAT3, anti-SOCS5 and anti-SOCS4 were purchased from Santa Cruz (USA) and anti-β-

actin was purchased from Sigma (USA). Anti-NS2 was a kind gift from Prof. Charles Rice 

(The Rockefeller University, New York, NY, USA). Anti-IkBa was a kind gift from Prof. Ron 

Hay, (University of Dundee, Scotland, UK).  

 

2.1.4 Cell culture reagents 

 
Dulbecco’s Modified Eagle Media (DMEM), Penicilin-Streptomycin, trypsin-EDTA and FBS 

were all purchased from Sigma (USA). LipofectamineÒ 2000 was purchased from 

BioSciences (Dublin) and TransITÒ-2020 was purchased from MSC (Dublin). GeneJuiceÒ 

was purchased from Millipore. ZeocinÔ was purchased from Invivogen (USA).  

 

2.2 Methods 

2.2.1 Culture of Huh7 and HEK293T cell lines 

 
Huh7 cells are a hepatocyte cellular carcinoma cell line, derived from a 57-year-old 

Japanese male in 1982. Huh7 and HEK293T cells were cultured in DMEM supplemented 

with 10% foetal calf serum (FCS) and 250 U/ml penicillin, 250 μg/ml streptomycin. For use 

in transfection assays, both Huh7 and HEK293T cells were seeded at 2.5 x 105 cells/ml 

24 hours before transfection. Cells were maintained in a humidifier at 37 °C and supplied 

with 5% CO2. Cells were passaged every 3-5 days when reaching 80% confluence. Upon 

reaching confluence, cells were removed from the flask by incubating with 5 ml of trypsin-

EDTA for 3 minutes at 37 °C. 5 ml of DMEM was added and centrifuged at 1200 x g for 5 

minutes at RT. The cell pellet was re-suspended in DMEM before being transferred to a 

sterile T175 flask.  

 

2.2.2 Cell counting  

 
Cells were counted using a haemocytometer under a light microscope to ensure the same 

quantity of cells were aliquoted per well per experiment. Briefly, 10 μl of cells was added 
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to the haemocytometer and the total number of cells/ml was calculated from the following 

formula:  

 

(Number of cells in 5 squares) x 5 x 10,000 

x5 = To calculate the number of cells in 25 squares  

x10,000 = Correction factor provided with the haemocytometer  

2.2.3 Huh7 and HEK293T cell transfection 

 
For transfection of Huh7 and HEK293T cells, 6 well plates were seeded at a density of 2.5 

x 105 cells/ml in DMEM supplemented with 10% FCS and 250 U/ml penicillin, 250 μg/ml 

streptomycin. Cells were transfected 24 hours later with 1 μg/4 μg of vector using 

LipofectamineÒ 2000 at 2.5 μl per 1 μg of plasmid. LipofectamineÒ 2000 was incubated 

at RT with 248 μl of serum-free (SF) DMEM for 5 minutes. 250 μl of lipofectamineÒ 2000-

SFM mix was added to DNA and incubated for a further 20 minutes before being added to 

cells drop wise. 

 

2.2.4 Stimulations and treatments  

 
After seeding, cells were incubated at 37 °C for 24 hours before any stimulation. IFN-a 

was prepared from Roferon-AÒ and used at a working concentration of 1000 IU/ml, 200 

IU/ml or 100 IU/ml using DMEM. For PD98059 treatment, cells were pretreated with 10 

μM or 20 μM of PD98059 for 45 minutes before transfection of 1 μg of pCMV-HA empty 

vector (EV) or p7. For NN-DNJ treatment, cells were transfected with 1 μg of pCMV-HA 

empty vector (EV) or p7 for 16 hours prior to treatment with 10 μM, 20 μM, 40 μM, 80 μM 

or 100 μM of NN-DNJ for 8 hours. TNF-a was used at 10 ng/well or 20 ng/well diluted from 

a stock concentration of 100 μg. IL-1β was used at 10 ng or 20 ng per well from a stock 

concentration of 20 μg. LPS and PMA were used at 100 ng/well diluted from a stock 

concentration of 50 μg/ml.  

 

2.2.5 RNA extraction using the TRI ReagentÒ protocol 

 
Total RNA was isolated from Huh7 cells following the TRI ReagentÒ manufacturer’s 

protocol (Sigma). Cells were re-suspended in 500 μl of TRI ReagentÒ and incubated at 

RT for 5 minutes. 100 μl of chloroform was added and samples were vigorously shaked 

for 15 seconds to ensure complete mixing of chloroform and TRI ReagentÒ. Samples were 
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then incubated for 2 minutes before centrifugation at 12,000 x g for 15 minutes at 4 °C. 

The upper aqueous layer (the layer containing the RNA) was carefully removed, re-

suspended in 250 μl of isopropanol and vortexed for 30 seconds before being incubated 

at RT for 15 minutes. Samples were then centrifuged at 10,000 x g for 10 minutes at 4 °C. 

Supernatant was removed and RNA washed by adding 1 ml of 75% ethanol. Samples 

were then centrifuged at 7500 x g for 5 minutes at 4 °C. Ethanol was removed and the 

RNA was air dried for 5 minutes before being re-suspended in 30 μl of RNase free H2O 

and incubated at 60 °C for 5 minutes to dissolve the RNA pellet. All samples were stored 

immediately on ice to prevent RNA degradation. RNA yield and quality was then assessed 

using a NanoDropÒ ND-1000 spectrophotometer (Thermo scientific, Waltham, MA, USA).  

 

2.2.6 Reverse transcription  

 
1 μg of total RNA from each sample was reverse transcribed into cDNA using the 

SensiFASTÔ reverse transcription cDNA kit (Bioline, MSC, Dublin) using the following 

reaction: 0.25 μl of reverse transcriptase and 2.25 μl of 5X TransampÔ buffer was added 

to 1 μg RNA and made up to 17.5 μl in RNAse free DNAse free H20 (Sigma). Following 

this, the reaction was placed on the thermocycler at 25 °C for 10 minutes (for primer 

annealing), 42 °C for 15 minutes (for reverse transcription), 85 °C for 5 minutes (for 

inactivation of the enzyme) and 4 °C hold. cDNA was quantified using a NanoDropÒ ND-

1000 spectrophotometer.  

2.2.7 quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 

 
Each qRT-PCR reaction was carried out in duplicate in a 96-well PCR plate. Total volume 

per well was 10 μl. This included 1 μl of a 1 in 10 dilution of cDNA, 4 μl of SYBRÒ green 

PCR master mix (Biorad), 0.5 μl of forward and reverse primer and 4 μl of H20. qRT-PCR 

was performed using the Biorad quantitative PCR system using the following cycling 

parameters: 95 °C for 15 minutes, 92 °C for 30 seconds, 65 °C for 1 minute, 72 °C for 30 

seconds. The cycle was repeated 40 times. All gene amplifications were normalised to 

ribosomal protein 15 (RPS15). A list of human primers used in this study can be found in 

Table 2.3.  
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2.2.8 qRT-PCR data analysis 

 
Data analysis was carried out using the 2-ΔΔCt method [547]. A ratio of gene of interest 

relative to housekeeping gene was generated, by normalising the gene of interest to a 

stable internal housekeeping control gene (RPS15). RPS15 was selected as it was found 

to be the most stably expressed gene compared to other normalisers (including 

glyceraldehyde 3-phosphate dehydrogenase [GAPDH],  b-actin, peptidylprolyl isomerase 

A protein (PPIA) b2 microglobulin, glucuronidase b and RPS9) using GeNorm analysis. 

ΔCt was calculated by subtracting the housekeeping Ct value from gene of interest Ct 

value. To calculate the ΔΔCt values, the ΔCt value of the control was subtracted from the 

ΔCt value of each test sample. To calculate the expression fold change, the ΔΔCt is 

inputted into the formula 2-ΔΔCt.  

 

2.2.9 Bicinchoninic acid (BCA) protein assay  

 
A BCA assay was carried out according to the manufacturer’s instructions, to determine 

the total protein concentration in lysates. This method relies on the reduction of Cu+2 to 

Cu+1 by protein in an alkaline medium, followed by the colorimetric detection of Cu+1 using 

a reagent containing BCA. Briefly, standards were prepared from bovine serum albumin 

(BSA) using radioimmunoprecipitation (RIPA) lysis buffer (in the range 0-2000 µg/ml). 

Protein samples were diluted 1 in 2 with RIPA, prior to loading into a 96-well plate. 10 µl 

of standard or sample was added to the 96-well plate in duplicate. 200 µl of the working 

reagent (Reagent A + Reagent B) was added to each well, mixed gently and incubated for 

30 minutes at RT. The absorbance was read at 562 nm using the VERSAmax tunable 

microplate reader. A standard curve of concentration versus absorbance was plotted to 

determine the equation of the line, which was used to determine the protein concentration 

in the unknown samples. Following the determination of the protein concentration, 5X 

sample buffer with DTT was added to each sample and 10 µg of protein was loaded into 

a Western gel.  
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Duplicate 1 Duplicate 2 Average  Average minus blank Concentration 

1.243 1.1922 1.2176 1.1027 2000 

0.9927 0.959 0.97585 0.86095 1500 

0.7573 0.6952 0.72625 0.61135 1000 

0.5919 0.5726 0.58225 0.46735 750 

0.4384 0.426 0.4322 0.3173 500 

0.2829 0.2738 0.27835 0.16345 250 

0.2074 0.2099 0.20865 0.09375 125 

0.1356 0.1376 0.1366 0.0217 25 

0.1137 0.1161 0.1149 0 0 

 
 

 
 

Figure 2.1 – An example of a BCA standard curve used to determine protein 
concentration in an unknown sample. 

The standard curve above represents the spread of the average absorbance of duplicate 

values minus the blank plotted against the respective concentration (blue line). The 

trendline (grey line) shows the R-squared value and the Y value as determined by Excel.   
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2.2.10 Sample preparation for Western blot 

 
All cells for Western blotting were harvested in radioimmunoprecipitation assay (RIPA) 

lysis buffer (1 M tris(hydroxymethyl)aminomethane (Tris) pH 8.0, 5 M NaCl, 20% v/v Triton 

X-100, 20% w/v SDS made up in dH20, supplemented prior to use with the protease 

inhibitors 5 µg/ml of leupeptin, 1 mM of phenylmethylsulfonyl fluoride (PMSF), 1 mM of 

sodium orthovanadate (Na3VO4) and 1 mM of dithiothreitol (DTT). For cell lysis, cells were 

incubated in the RIPA buffer at 4 °C for 1 hour. The cells were then centrifuged at 12,000 

x g for 10 minutes. Cell supernatants, containing the proteins of interest, were harvested 

and stored at -20 °C.  

 

2.2.11 Western blotting 

 
Reducing SDS-PAGE is a technique in which a protein is denatured, i.e. it loses its 

quaternary and tertiary structure, and run through a polyacrylamide gel using 

electrophoresis, which will separate proteins based on their molecular weight. Proteins are 

then transferred to a polyviniyidene diflouride (PVDF) membrane where a protein of 

interest can then be probed using a specific antibody for that protein. A secondary antibody 

is then used which will bind the primary antibody. The protein of interest can then be 

visualised on a Biorad Gel Image station. BioRad’s vertical gel kit was used to perform 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). This involved the 

casting of 15% w/v SDS polyacrylamide resolving gel and a 5% w/v SDS polyacrylamide 

stacking gel. The gels were assembled using BioRad apparatus with 1X running buffer 

(250 mM Trisaminomethane, 1.8 M glycine, 1% w/v SDS). Gels were loaded with 10 μl of 

sample and 2 μl of molecular weight marker. Gels were initially run at 80 V for 20 minutes 

until the protein had run through the stacking gel, the voltage was then increased to 100 

V and samples ran until the protein reached the end of the gel.  

 

Protein was transferred from the gel to a PVDF membrane. The PVDF was activated by 

soaking in methanol for 1 minute and then rinsed in 1X transfer buffer (Tris, glycine, 

methanol, made up in dH20). Two pieces of filter paper and blotting sponges were soaked 

in 1X transfer buffer. The transfer was set up as follows: blotting sponge, filter paper, 

membrane, gel, filter paper, blotting sponge. Air bubbles were removed before being run 

on the BioRad transfer apparatus at 100 V for 90 minutes. 

 

Membranes were blocked to prevent the non-specific binding of antibody in 5% w/v marvel 

(5% w/v powdered milk in 1X TBST) for 1 hour. Membranes were incubated overnight at 
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4 °C with primary antibody diluted 1:1000 in either 5% w/v milk or 3% w/v BSA. The 

following day, the relevant secondary antibody was added in a dilution of 1:2000 in 5% w/v 

marvel solution and was incubated at RT for 1 hour. Antibodies used in this study are 

shown in Table 2.5. The presence of proteins was analysed using the BioRad Gel DocÔ 

XR+ Gel Documentation System.  

 

2.2.12 Densitometry Analysis  

 
Images were analysed using the Image Labä software version 5.2.1. The background 

was subtracted from a given band selected and normalised to the loading control (b-

actin). The fold change was determined by finding the ratio of the protein of interest to 

the total protein or β-actin band intensity (numerical value), relative to EV control which 

was normalised to 1. (For more information see  

https://biochimie.umontreal.ca/wp-content/uploads/sites/37/2015/07/Gel-Doc-ChemiDoc-

Image-Lab-User-Guide.pdf).   

 

Resolving Gel: 

Gel percentage 
(based on molecular 
weight of protein) 

5% 
(250+) 

7.5% 
(120-250) 

10% 
(40-120) 

12.5% 
(15-40) 

15% 
(<15) 

Acrylamide  2.5 ml 3.75 ml 5 ml 6.25 ml 7.5 ml 

dH2O 6.7 ml 5.45 ml 4.8 ml 3.55 ml 4.2 ml 

1.5 M Tris-HCL pH (8.8) 5.6 ml 5.6 ml 5.6 ml 5.6 ml 5.6 ml 

10% SDS  150 µl 150 µl 150 µl 150 µl 150 µl 

10% APS 150 µl 150 µl 150 µl 150 µl 150 µl 

TEMED 15 µl 15 µl 15 µl 15 µl 15 µl 

 

Stacking gel: 

Acrylamide 1 ml 

dH2O 4.61 ml 

1 M Tris-HCL (pH 6.8) 750 µl 

10% SDS 60 µl 

10% APS 60 µl 

TEMED 12 µl 

Table 2.4 - Composition of resolving and stacking gels  



	 70	

 
Primary 
Antibody 
(Specificity) 
 

Description 
 

Species 
 

Company 
 

Code 
 

Probing 
Dilution 

Secondary 
Antibody 

HA Rabbit mAb Rabbit 

IgG 

Cell 

Signaling 

3724 1:1000 Anti-Rabbit 

HRP  

(Fisher: 

11859140) 

KLF4 Rabbit pAb Rabbit Cell 

Signaling 

4038 1:1000 Anti-Rabbit 

HRP  

(Fisher: 

11859140) 

Phospho 

ERK1/2 

Rabbit pAb 

Phosphorylati

on sites  

Thr202, 

Tyr204 

(ERK1),  

Thr185, 

Tyr187 

(ERK2) 

Rabbit  Cell 

Signaling 

9101 1:1000 Anti-Rabbit 

HRP  

(Fisher: 

11859140) 

Phospho JNK Rabbit pAb 

Phosphorylati

on sites 

Thr183, 

Tyr185 

Rabbit Cell 

Signaling 

9251 1:1000 Anti-Rabbit 

HRP  

(Fisher: 

11859140) 

Phospho p38 Mouse mAb 

Phosphorylati

on sites 

Thr180, 

Tyr182 

Mouse 

IgG1 

Cell 

Signaling 

9216 1:1000 Anti-Mouse 

HRP 

(Fisher: 

10158113) 

Phospho 

STAT1 

Rabbit mAb 

Phosphorylati

on site  

Tyr701 

Rabbit 

IgG 

Cell 

Signaling 

9167 1:1000 Anti-Rabbit 

HRP  

(Fisher: 

11859140) 
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Phospho 

STAT3 

Rabbit pAb 

Phosphorylati

on site 

Tyr705 

Rabbit Cell 

Signaling 

9131 1:1000 Anti-Rabbit 

HRP  

(Fisher: 

11859140) 

SOCS3 Rabbit pAb Rabbit 

IgG 

Abcam  ab1603

0 

1:1000 Anti-Rabbit 

HRP  

(Fisher: 

11859140) 

SOCS4 Rabbit pAb Rabbit 

IgG 

GeneTex GTX33

513 

1:500 Anti-Rabbit 

HRP  

(Fisher: 

11859140) 

SOCS5 Mouse mAb Mouse  

IgG1 

Santa 

Cruz  

sc-

100858 

1:500 Anti-Mouse 

HRP 

(Fisher: 

10158113) 

Total ERK1/2 Rabbit pAb  Rabbit Cell 

Signaling 

9102 1:1000 Anti-Rabbit 

HRP  

(Fisher: 

11859140) 

Total JNK Rabbit pAb Rabbit Cell 

Signaling 

9252 1:1000 Anti-Rabbit 

HRP  

(Fisher: 

11859140) 

Total p38  Rabbit pAb Rabbit Cell 

Signaling 

9212 1:1000 Anti-Rabbit 

HRP  

(Fisher: 

11859140) 

Total STAT1 Rabbit pAb  Rabbit Cell 

Signaling 

9172 1:1000 Anti-Rabbit 

HRP  

(Fisher: 

11859140) 

Total STAT3 Rabbit pAb  Rabbit 

IgG 

Santa 

Cruz  

sc-482 1:1000 Anti-Rabbit 

HRP  

(Fisher: 

11859140) 
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β-actin Mouse mAb Mouse 

IgG2a 

Sigma-

Aldrich  

A5316 1:1000 – 

1:5000 

Anti-Mouse 

HRP 

(Fisher: 

10158113) 

IkBa Gift 

Prof. Ron 

Hay 

(University of 

Dundee, 

Scotland, 

UK) 

Mouse  Gift  N/A 1:1000 Anti-Mouse 

HRP 

(Fisher: 

10158113) 

NS2 Gift  

Prof. Charles 

Rice 

(The 

Rockefeller 

University, 

New York, 

USA) 

Mouse Gift N/A 1:1000 Anti-Mouse 

HRP 

(Fisher: 

10158113) 

 

Table 2.5 - Antibodies for Western blotting used in this study 
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2.2.13 Cloning  

 
To clone the HCV proteins Core, E1, E2, NS5A into the multiple cloning site of pCMV-HA, 

primers were designed to amplify the specific region of the HCV protein of interest. 

Restriction sites for EcoRI (GAATTC) and SalI (GTCGAC) were incorporated into the forward 

and reverse primers respectively (Table 2.3).  

 
The PCR reaction was set up as follows: 12.5 μl of 1x CloneAmp HiFi PCR premix, 0.25 

μM of forward and reverse primer, 1 ng of the HCV DNA construct made up to 25 μl with 

dH20. The insert was amplified using the following cycling parameters for 35 cycles: 98 °C 

for 10 seconds, 55 °C for 10 seconds, 72 °C for 5 seconds. The PCR product was run on 

a 1% high melting-point agarose gel and the remaining PCR product was purified using 

NucleoSpinÒ Gel and PCR Clean-up (Clontech). The pCMV-HA vector was digested 

using the following reaction: 1 μl of EcoRI, 1 μl of SalI, 3.5 μl of 10x bovine serum albumin 

(BSA), 1 μg DNA, 3.5 μl of EcoRI Buffer made up to 35 μl with dH20 and incubated at 37 

°C overnight. The reactions were visualised on a 1% agarose gel and the digested DNA 

was extracted from the gel using the WizardÒ SV Gel and PCR Clean-up System 

(Promega). For ligation, the vector: insert ratio was calculated by a molar ratio tool on 

Clontech:  

(http://www.clontech.com/FR/Products/Cloning_and_Competent_Cells/Cloning_Resourc

es/Cloning_Resource_Portal).  

 

The reaction was set up as follows: 2 μl of 5x InFusionÒ Eco DryÔ enzyme premix, 50-

100 ng of purified PCR fragment, 50-100 ng of linearized vector made up to 10 μl of dH20. 

The reaction was incubated for 15 minutes at 50 °C and then transformed into StellarÔ 

competent cells (Clontech), which are a competent Escherichia coli (E.coli) HST08 

bacterial strain that provide good transformation efficiency. Following transformation, 5 

colonies were picked for mini-prep to confirm the presence of the ligated insert. Following 

confirmation of the insert, midi-preps were carried out from colonies picked and grown up 

in 100 ml of LB broth for large-scale preparation of plasmid DNA.  
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Figure 2.2 – Vector map of pCMV-HA  

The pCMV-HA construct (Clontech) was used for cloning. The vector contains an ampicillin 

resistance gene, used for the selection of transformed bacterial cells.  
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2.2.14 Gel clean up 

 
To extract DNA from an agarose gel, a Clontech Gel and PCR clean up kit was used. 200 

μl of Buffer NTI was added for every 100 mg of agarose gel. The sample was incubated 

for 10 minutes at 50 °C and vortexed every 2 minutes until the gel was dissolved. 700 μl 

of sample was added to the NuceloSpin Gel and PCR clean up column and centrifuged at 

11000 x g for 30 seconds and the flow through discarded. Any remaining sample was 

added and the centrifugation step was repeated. 700 μl of Buffer NT3 was added to the 

NucleoSpin column to wash the membrane and centrifuged for 30 seconds at 11000 x g. 

The column was centrifuged for a further minute to completely remove any Buffer NT3. 

The DNA was eluted by placing the column into a sterile 1.5 ml eppendorf and adding 20 

μl of Buffer NE. After incubating for 1 minute at RT, the sample was centrifuged for 1 

minute at 11000 x g. DNA concentration was assessed using a NanoDrop ND-1000 

spectrophotometer.  

 

2.2.15 Gel electrophoresis of PCR products  

 
PCR products were visualised on 1% agarose gels. Agarose was dissolved in 1x TAE 

buffer (50x stock: 242 g Tris base. 57.1 ml acetic acid, 100 ml 0.5M EDTA pH 8 adjusted 

to 500 ml) in a glass and heated until completely dissolved. Midori green (1:10000 dilution) 

was added to the flask, which was used to visualise the bands and poured into a cassette. 

The cassette was placed into a gel rig and covered with 1X TAE buffer. Gels were run at 

120 V for 40 minutes and visualised under UV light.  

 

2.2.16 Plasmid transformation 

 
Transformation is the process of introducing exogenous genetic material into competent 

bacterial cells. This method allows for the rapid generation of large quantities of plasmid 

DNA. StellarÔ competent cells (Clontech, competent E.coli cells HST08 bacterial strain) 

were used. Aliquoted cells were kept at -80 °C and when required thawed on ice. 1 μl of 

plasmid DNA was added to 10 μl of StellarÔ cells (Clontech). The mix was carefully swirled 

and incubated on ice for 30 minutes. The mixture was heat shocked at 42 °C for 45 

seconds to induce the uptake of plasmid DNA and then transferred to ice for 2 minutes. 

200 μl of pre-warmed SOC media (Clontech) was added and placed on a shaker for 1 

hour. Following this, 100 μl was plated onto LB agar plates containing 100 μg/ml of 

ampicillin.   
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2.2.17 Plasmid preparation and purification 

 
A single colony was added to 100 ml of LB broth containing 100 μg/ml ampicillin and grown 

for 16 hours at 37 °C on a shaker rotating at 200 rpms. 1 ml of each culture was added to 

500 μl of glycerol and stored at -80 °C for future use. The remainder of the cultures were 

midi prepped to isolate the plasmid DNA. To purify the plasmid DNA, the Qiagen Midi prep 

kit was used according to the manufacturer’s protocols. Plasmid concentration was 

assessed using a NanoDrop ND-1000 spectrophotomoter.  

 

2.2.18 Sequencing 

 
To confirm that each construct contained the correct insert in the multiple cloning site 

(MCS), plasmids were sent to MWG Eurofins for sequencing. Samples were prepared by 

adding 100 ng of each plasmid into 1.5 ml eppendorfs and dissolving the DNA in RNase 

and DNase free water in a total volume of 15 μl. Forward and reverse primers were 

designed to sequence in both directions. Sequencing results were aligned with the H77 

template using Clustal omega (http://www.ebi.ac.uk/Tools/msa/clustalo/). Sequencing 

results can be found in the appendix.  

 

2.2.19 Luciferase reporter gene assay 

 
To measure NF-κB, GAS, ISRE and AP-1 activity, a firefly luciferase reporter gene assay 

was carried out where the promoter of interest is upstream of a luciferase gene and when 

stimulated emits light, allowing activation to be measured (Figure 2.3). The constitutively 

active PGL3 Renilla was co-transfected with all luciferase vectors as an internal 

transfection control.  

 

Cells were transfected with 1 μg of luciferase reporter gene plasmid, 1 μg of PGL3 Renilla 

and 1 μg of pCMV-HA or p7 in triplicate using GeneJuiceÒ (Millipore) or LipofectamineÒ 

2000 (BioSciences, Dublin). 48 hours later, cells were harvested by removing the 

supernatant and adding 1 ml of pre-chilled PBS to each well. The cells were then scraped 

into 1.5 ml sterile eppendorfs and centrifuged at 13000 x g for 5 minutes. The pellet was 

resuspended in 200 μl of 1X Reporter Lysis Buffer (Promega) and incubated at 4 °C for 

45 minutes. 50 μl of lysate was added to a 96 well plate. To assay firefly luciferase activity, 

100 μl luciferase assay mix was added to 50 μl of cellular lysates. To quantify Renilla 
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luciferase activity, 100 μl of 2 μg/ml Coelenterazine (diluted from stock in PBS) was added 

to 50 μl of cellular lysates. Luminescence was read using a Reporter microplate 

luminometer (ThermoFisher Scientific). All firefly luciferase values were normalised to 

Renilla values for that sample and expressed as fold induction over empty vector pCMV-

HA (EV) control.  

 

To assay for pFA-ELK and pFA-CHOP activity the transactivation system was used. In this 

system, the activation domain of ELK or CHOP is fused to the yeast GAL4 DNA binding 

domain (DBD). The protein of interest phosphorylates ELK or CHOP directly or indirectly 

via upstream kinases. ELK or CHOP then bind and activate the pFR-luciferase reporter. 

Once bound, the pFR-luciferase reporter induces the expression of firefly luciferase. The 

amount of light emitted following the addition of luciferase substrate, is proportional to the 

amount of transcription factor activation (Figure 2.4)  
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Figure 2.3 – Illustration of luciferase reporter assay 

The luciferase assay system is a commonly used tool to study promoter activity. The 

reporter vector consists of the promoter of interest upstream of a luciferase gene 

sequence. The reporter vector is transfected into cells and regulates the expression of the 

luciferase gene. The luciferase protein catalyses a reaction with luciferin to produce light. 

The amount of expressed luciferase protein can be determined by the light intensity, which 

indicates promoter activity. To remove sample to sample variability, firefly luciferase values 

are normalised to Renilla values.   
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Figure 2.4 – Transactivation of luciferase reporter assay 

The transactivation system was used to assay for ELK and CHOP activity following p7 

expression in Huh7 cells. Using this system, the protein of interest phosphorylates 

ELK/CHOP directly or indirectly. The trans-activator protein (ELK/CHOP) binds to and 

activates pFR-luciferase via its GAL4 DBD.  
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2.2.20 Short hairpin RNA (shRNA) 

 
For shRNA, HEK293T cells were seeded at 2.5 x 105 cells/ml in 6 well plates. Cells were 

transfected with 1 μg of control psiRNA plasmid (psiRNA-Luc) or psiRNA hSTAT3 (psiRNA 

plasmids, Invivogen) using LipofectamineÒ 2000 for 24 hours or 36 hours before being 

transfected with 1 μg of EV or p7 for 24 hours or 12 hours. Cells were harvested for protein 

analysis after 48 hours. The psiRNA system from Invivogen consists of psiRNA-

h7SKGFPzeo plasmids that feature the human 7SK RNA Pol III promoter that generates 

high amounts of short hairpin RNAs (shRNAs). The psiRNA hSTAT3 plasmid expresses 

shRNAs that silence the expression of STAT3. The control plasmid (psiRNA-Luc) does not 

express the STAT3 shRNA and as such, cannot target this gene (both the control and 

STAT3 shRNA plasmids were purchased together from Invivogen). The following paper 

has also used the control and STAT3 shRNA plasmids from Invivogen [548].  

 

For ERK2 knockdown, 2 μg of control shRNA (pcDNA 3.1) or ERK2 shRNA (pSUPER-

ERK2shRNA) were transfected into HEK293T cells for 36 hours using LipofectamineÒ 

2000. Cells were then transfected with 1 μg of EV or p7 for 12 hours. The ERK2 shRNA 

plasmid was constructed to express small interfering RNAs against ERK2 and was 

designed by [549] and used in the following studies; [550] (to reduce ERK2 expression in 

multiple myeloma cells) and [544] (to reduce ERK2 in the cancer cell line Michigan cancer 

foundation 7 [MCF7 cells]). The control plasmid (pcDNA 3.1) does not express small 

interfering siRNAs against ERK2 and cannot target the ERK2 gene.  

 

2.2.21 Confocal microscopy  

 
HEK293T cells were seeded at 2.5 x 105 cells/ml in a 35 mm high μ-Dish (Ibidiâ), which 

contains a polymer coverslip bottom. After 24 hours, cells were transfected with 2 μg of 

mEmerald-Calreticulin-N-16 in the presence of 1 μg of EV or p7 for 24 hours. Prior to 

imaging, cells with treated with 5 μg of brefeldin A for 4 hours to induce ER stress (positive 

control). Cells were imaged live using the Lecia SP8 scanning confocal microscope.  

 

2.2.22 Enzyme-linked immunosorbent assay (ELISA) 

 
To measure CXCL8 and CXCL10 cytokine production by ELISA, Huh7 cells were seeded 

at 2.5 x 105 cells/ml in 6 well plates. Cells were transfected with 1 μg of EV or p7 for 24 

hours. Cells were rested in SFM (DMEM with no FCS and p/s) for at least 4 hours before 
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being treated with 20 ng/well of TNF-α for 18 hours. Supernatants were harvested and the 

concentration of CXCL8 and CXCL10 was quantified using the Peprotech ELISA kit. The 

procedure was carried out in accordance with the manufacturer’s protocol. Briefly, a 96 

well high binding ELISA plate was coated with 100 μl of capture antibody diluted with PBS 

and incubated overnight at RT. The plate was aspirated to remove the liquid and washed 

4 times with 300 μl of wash buffer per well (0.05% (v/v) Tween20 in PBS). After the last 

wash, the plate was inverted and blot on paper to remove residual buffer. 300 μl of block 

buffer (1% BSA in PBS) was added to each well and incubated at RT for 1 hour. The plate 

was then aspirated and washed 4 times using wash buffer before 100 μl of samples and 

standards in duplicate (recombinant cytokines of known concentrations), diluted in diluent 

(0.05% (v/v) Tween20, 0.1% BSA in PBS), were added to the plate. The plate was 

incubated at RT for 2 hours. The plate was then aspirated and washed 4 times in wash 

buffer. 100 μl of detection antibody diluted in diluent to a concentration of 0.50 μg/ml, was 

added to the plate and incubated at RT for 2 hours before the wells were aspirated and 

the plate washed 4 times in wash buffer. Horseradish peroxidase-conjugated (HRP)-

conjugated streptavidin was diluted in diluent and 100 μl was added per well and incubated 

at room temperature for 30 minutes. The plate was finally aspirated and washed 4 times 

in wash buffer, before 100μl of 3,3’,5,5’-Tetramethylbenzidine liquid substrate (TMB) 

solution was added to each well. The plate was incubated at RT for colour development 

and ELISA assays were stopped with 100 μl/well of 1 M H2SO4. The absorbance at 405 

nm was measured using a VERSAmax tunable microplate reader and the data analysed 

using SoftMax Pro v4.8 software. A standard curve was generated and used to determine 

the concentration of cytokine in the supernatants.  

 

2.2.23 Lactate Dehydrogenase Assay 

 
Extracellular LDH in cell culture media can be measured by an enzymatic reaction where 

LDH catalyses the conversion of lactate to pyruvate via NAD+ reduction to NADH. 

Diaphorase then uses NADH to reduce a tetrazolium salt to a red formazan product that 

is then measured at 490 nm. The level of formazan is proportional to the quantity of LDH 

release, which is indicative of cytotoxicity. To assess the cytotoxicity of p7 and NS2 

transfections, the Pierce LDH Cytotoxicity Assay Kit was used in accordance with the 

manufacturer’s guidelines. Reaction mixture was prepared by adding 0.6 ml of the supplied 

assay buffer to one vial of the substrate mix supplied (reconstituted with 11.4 ml of 

ultrapure water). Huh7 cells were seeded at 2.5 x 105 cells/ml in 6 well plates. Controls 

included untreated cells (blank) to determine spontaneous LDH activity and cells treated 
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with 10X lysis buffer (to determine the maximum LDH activity). 10 μl of 10X lysis buffer 

was added for 45 minutes at 37 °C and served as the maximum LDH activity control. After 

24 hours, 50 μl of culture medium was transferred to a flat bottom 96 well plate. 50 μl of 

reaction mixture was added to each sample and the plate was incubated at RT in the dark 

for 30 minutes. 50 μl of the supplied stop solution was added to each sample and the 

absorbance measured at 490 nm and 680 nm using the VERSAmax tunable microplate 

reader. Percentage cytotoxicity was calculated as follows:  

	

% Cytotoxicity = !"##	%&"'%(")%	*+,	'-%./.%01234)%')"452	*+,	'-%./.%0
6'7.(5(	*+,	'-%./.%01234)%')"452	*+,	'-%./.%0

 x 100 

 

Figure 2.5 - Equation to calculate % LDH release 

2.2.24 Bioinformatics 

 
To align multiple protein sequences in order to compare similarities, the Clustal Omega 

sequence alignment tool was used (http://www.ebi.ac.uk/Tools/msa/clustalo/). To identify 

transcription factors present within the SOCS promoter regions, the oPPOSUM database 

version 3.0 was used (http://www.opposum.cisreg.ca). This identifies conserved over-

represented transcription factor binding sites within the promoter region of sets of genes.   

 

2.2.25 Statistical Analysis 

 
Statistical comparisons between groups were performed using GraphPad Prism statistical 

analysis software (version 6). Data is represented as the mean ± SEM unless otherwise 

stated. Differences between two groups at a single time point were analysed using an 

unpaired Students t-test, as normal distribution was assumed within a cell line. Differences 

between multiple groups at multiple different time points were analysed using a two way 

ANOVA with Bonferroni correction post test. A p value <0.05 was considered significant.  
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HCV p7 and NS2 induce SOCS3 
expression 
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3.1 Introduction 

 
Within HCV-infected hepatocytes, the virus is detected by the PRRs, TLR3 and RIG-I 

[551]. Following activation, TLR3 recruits the adaptor molecule TRIF [552], while RIG-I 

recruits MAVS, which stimulates downstream signalling, including the translocation of 

IRF3 to the nucleus and induction of type 1 IFNs, such as IFN-b [213]. Secreted IFN-b 

induces an anti-viral state in neighbouring non-infected cells by binding to the IFN a/b 

receptor and activating the JAK/STAT signalling cascade [553]. This leads to the induction 

and synthesis of over 300 ISGs that control and block viral replication at different stages 

of the replication cycle [554]. Stimulation of the JAK/STAT signalling pathway also induces 

negative regulators, including SOCS proteins. The SOCS family consists of eight members 

(CIS and SOCS1-SOCS7), which prevent the over-production of proinflammatory and anti-

viral genes, by suppressing several well-characterised signalling cascades including the 

JAK/STAT and NF-kB pathways [412]. Given that the induction of SOCS proteins is an 

effective host mechanism to suppress proinflammatory signalling, numerous viruses, 

including HCV, have been shown to induce SOCS expression to promote viral replication 

[399]. HCV infection can go undetected for years and can establish chronic infection even 

in the face of a strong anti-viral host response, revealing HCV’s ability to effectively 

suppress the immune response, but also highlighting HCV as a model to elucidate viral 

immune evasion strategies. As previous work in our lab showed that HCV enhanced 

SOCS3 expression both in PBMCs from HCV-infected patients and in the Huh7 

hepatocyte cell line transfected with HCV [315], we were interested in further exploring the 

relationship between HCV and SOCS proteins and initially sought to specifically determine 

which viral proteins enhanced SOCS3 expression. 

 

3.1.1 The induction of SOCS proteins  

 
SOCS proteins are induced by numerous stimuli including cytokines, growth factors, 

hormones and the presence of bacteria and viruses [391]. Expression of CIS, SOCS1, 

SOCS2 and SOCS3 are induced by cytokines such as IFN-g, EPO, G-CSF, granulocyte-

macrophage colony-stimulating factor (GM-CSF), LIF, GH, prolactin, IL-2, IL-3, IL-4 and 

IL-6 [412]. Both SOCS1 and SOCS3 can also be induced by CpG-DNA, LPS, TNF-a and 

IL-10 [422, 555]. While most published reports focus on the induction of SOCS1-SOCS3, 

the stimuli that induce SOCS4-7 are less characterised. However, evidence suggests that 

SOCS4, SOCS5 and SOCS7 are induced by EGF [434, 466]. SOCS6 and SOCS7 

expression can be induced by insulin [475, 479], and both GH and prolactin have been 
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reported to increase SOCS7 expression [477]. While the expression of SOCS proteins is 

inducible, the structure of the eight SOCS family members is highly conserved. 

Interestingly, SOCS2 is most closely related to CIS, while SOCS1 is highly homologous to 

SOCS3 [556]. In addition, SOCS5 is most closely related to SOCS4 [466]. Each of the 

eight SOCS proteins contains a central SH2 domain, an amino-terminal domain of variable 

length and a conserved carboxy-terminal 40 amino acid region, known as the SOCS box 

[557]. The central SH2 domain is critical in determining the target of SOCS proteins [558].  

 

3.1.2 The function of SOCS proteins  

 
Elucidation of the function of SOCS proteins as repressors of cytokine signalling was 

derived from knockout studies [558]. Moreover, it is now known that SOCS proteins use 

their unique structure to regulate signal transduction [559]. Two examples of SOCS 

inhibition mechanisms involve binding to activated receptors or inhibiting JAK kinase 

activity. SOCS1, SOCS2 and SOCS3 bind to phosphorylated tyrosine residues on active 

cytokine receptors via their SH2 domains [560]. Studies have illustrated that SOCS3 binds 

to gp130-related cytokine receptors, via the phosphorylated tyrosine residue 757, while 

SOCS1 binds to the tyrosine residue 1007 in the active site of JAK2 [560]. After the binding 

of SOCS proteins to target proteins, this leads to the recruitment of the Elongin B/C 

heterodimers, Cullin5 and other components of the E3 ubiquitin ligase complex [405]. 

Targeted proteins are then ubiquitinated and are readily degraded by the proteasome 

[560]. In addition to the suppression of signalling by ubiquitin-mediated degradation of the 

signalling complex, Yoshimura et al., found that the KIR region in SOCS1 and SOCS3 

enabled them to directly inhibit the catalytic activity of JAK proteins [393, 561]. In addition 

to the regulation of JAK/STAT signalling, SOCS4 and SOCS5 have been shown to 

negatively regulate the EGFR signalling pathway. SOCS5 binds to the EGFR via its SH2 

domain and recruits the Elongin B/C complex to the receptor, leading to EGFR degradation 

[466]. By promoting degradation of receptor signalling components and suppressing JAK 

activity, cytokine signalling can be tightly controlled by SOCS proteins. As this is an 

effective system to suppress anti-viral and proinflammatory signalling, it is not surprising 

viruses have harnessed mechanisms to exploit it. 

 

3.1.3 Viral exploitation of SOCS protein function  

 
Members of the SOCS family are induced by several different viruses. JEV was found to 

regulate the expression of SOCS5, and SOCS5 knockdown led to enhanced STAT1 
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phosphorylation and reduced viral replication [470]. In addition, the Avian Influenza Virus 

H5N1 strain led to an upregulation of SOCS5 expression [562]. Reports show that HIV-1-

mediated SOCS3 induction attenuated IFN-b signalling in macrophages by inhibiting 

STAT1 signalling and ISG upregulation [552]. In addition, the Hepatitis B Virus (HBV), 

Herpes Simplex Virus Type 1 (HSV-1) and Epstein-Barr Virus (EBV) were found to impair 

IFN-a signalling through the induction of SOCS3 [563-565]. Moreover, viruses have been 

found to regulate SOCS1 and SOCS3 through expression of their viral proteins. RSV 

induces both SOCS1 and SOCS3 through its NS proteins NS1 and NS2, while the 

Influenza A viral protein NS1 also induced SOCS3 expression [566, 567].  

 

3.1.4 HCV and SOCS proteins  

 
HCV infection leads to an increase in SOCS protein expression, which can modulate both 

proinflammatory and anti-viral signalling. Upregulation of SOCS3 following HCV infection 

was first reported in 2003, when Bode et al., found that the HCV Core induced both the 

transcriptional activation of the SOCS3 promoter and the expression of SOCS3 mRNA. In 

addition, the authors found that HCV Core induction of SOCS3 inhibited IFN-a-mediated 

activation of STAT1 [36]. This result was echoed by Huang et al., who showed that SOCS3 

was elevated in the livers of HCV infected chimpanzees and HCV+ patients, which 

corresponded to a decrease in STAT1 phosphorylation [568]. Further evidence 

demonstrates that genotype 1b infected patients, who were non-responders to pegylated 

IFN-a and Ribavirin treatment, had significantly higher SOCS3 protein expression 

compared to therapeutic responders [569]. Indeed, complimentary findings were observed 

in other published reports showing that non-responders had significantly higher SOCS3 

mRNA expression compared to responders in both genotype 1 and 2 HCV infected 

patients [570, 571].  

 

In addition to JAK/STAT signalling, HCV-mediated SOCS3 induction targets other host 

signalling pathways. The Core protein was found to lead to the degradation of IRS-1 and 

IRS-2 expression, via SOCS3-mediated ubquitination and subsequent proteasomal 

degradation [462]. Indeed, the HCV capsid protein E2 also induced SOCS3 mRNA and 

protein expression in Huh7 cells, which correlated with IRS-1 degradation, that was 

blocked using the proteasome inhibitor MG132 [540]. These results indicated that HCV 

could modulate insulin signalling by enhancing SOCS3, and suggested a mechanism for 

impaired insulin signalling often associated with HCV infection.  
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SOCS3 is not the only SOCS family member associated with HCV infection. Shao et al., 

found that knockdown of SOCS1 in the presence of HCV JFH1 enhanced anti-viral IFN-a 

activity and overexpression of SOCS1 prior to IFN-a stimulation inhibited JAK/STAT 

signalling and induction of IRF9, ISG15 and PKR [572]. However, in contrast, the HCV 

Core protein has also been found to downregulate SOCS1 gene expression which, as 

SOCS1 is also known to have tumour suppressor functions, may contribute to HCC [573]. 

In keeping with this finding, another group discovered that aberrant methylation in CpG 

islands of the SOCS1 promoter, was found to lead to SOCS1 transcriptional silencing in 

HCC cell lines, while restoration of SOCS1 suppressed growth rates [574]. Furthermore, 

it was also found that SOCS1 was silenced in pre-malignant HCV infected patients [575]. 

While most studies highlight the multifaceted roles of SOCS3 and SOCS1 during HCV 

infection, little is known about the remaining SOCS family proteins. In fact, the only study 

detailing other SOCS shows that the HCV Core protein from genotype 3a enhanced 

SOCS7 expression via PPAR-g [538].   

 

The consistent correlation between chronic HCV infection and increased SOCS 

expression indicates an important role for SOCS proteins in HCV’s immune evasion and 

modulation strategy. Unlike many viral infections, acute HCV infection is often 

asymptomatic, but 60-80% of HCV patients still go on to develop chronic liver infection. 

The reason for this lack of a symptomatic response remains unknown, but indicates a key 

HCV immuno-regulatory mechanism. Induction of SOCS proteins is one method by which 

HCV employs to inhibit anti-viral and proinflammatory signalling. The potential for induction 

of SOCS3 by HCV NS components also seemed likely, following reports of other viral NS 

proteins inducing SOCS3, including Influenza A NS1 protein [567] and RSV NS1 and NS2 

proteins [566]. Previous work from our lab demonstrated that HCV polyprotein expression 

led to enhanced SOCS3 in Huh7 cells. In addition, PBMCs from HCV-infected patients 

had elevated endogenous SOCS3 expression and less proinflammatory cytokine 

production compared to healthy controls [315]. As such, we set out to investigate which 

HCV protein/s were responsible for SOCS3 induction in Huh7 cells. 
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3.1.5 Hypothesis 

 
We hypothesised that specific HCV proteins could individually enhance SOCS3 

expression. In addition, we also hypothesised that additional SOCS proteins could be 

induced by these HCV proteins. Therefore, the overall objective of this study was to 

investigate which viral proteins upregulate SOCS3 mRNA and protein expression and to 

determine if these HCV proteins enhance SOCS1-7.  

 

3.1.6 Specific aims 

 
1. To clone HCV proteins Core, E1, E2 and NS5A into pCMV-HA  

2. To confirm expression of transfected HCV Core, E1, E2, p7, NS2, NS4B and NS5A 

in Huh7 cells  

3. To identify which HCV proteins induce SOCS3 expression in Huh7 cells and to 

determine their effect on cellular viability using a lactate dehydrogenase (LDH) 

assay  

4. To examine the effect of HCV proteins upon CIS, SOCS1, 2, 4, 5, 6 & 7 gene 

expression  
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3.2 Results  

3.2.1 Cloning of HCV Core, E1, E2 and NS5A into pCMV-HA vector  
 

To investigate which HCV proteins induced SOCS3 expression, individual HCV proteins 

were initially cloned into a pCMV-HA vector. Previously, p7, NS2 and NS4B were cloned 

into the pCMV-HA vector. Here, Core, E1, E2 and NS5A were cloned from the HCV GT1a 

H77 construct (a kind gift from Prof. Charles Rice, Rockefeller University), into the pCMV-

HA expression vector using EcoRI and SalI restriction sites. Primers were designed to bind 

to the Core, E1, E2 and NS5A regions of HCV and a PCR reaction then amplified the 

respective genes. The pCMV-HA vector was digested and the product ran on an agarose 

gel. The DNA was extracted and cleaned up and the digested pCMV-HA and insert were 

ligated and transformed into Stellar™ competent cells. To ensure the genes were correctly 

inserted into pCMV-HA, DNA was purified from 5 colonies and used as a template for 

PCR, using primers for each of the HCV genes (Table 2.3). DNA was then electrophoresed 

on 1% agarose gels. All of these steps are described in detail in Materials and Methods 

(section 2.2.13).  

 

The Core and E1 proteins migrated to the correct predicted size (572 bp for the Core and 

575 bp for E1) (Figure 3.1 & 3.2). The bands for E2 and NS5A are just below the predicted 

size (1088 bp for E2 and 1343 bp for NS5A) (Figure 3.2 & 3.3), possibly due to the ladder 

not running correctly or because both proteins are larger in size compared to the Core and 

E1. A lower resolution gel (such as 0.7% rather than 1% agarose gel) could have been 

used instead for improved accuracy. However, sequencing of E2 and NS5A confirmed that 

their DNA sequence aligned to the template H77 sequence. All HCV proteins used in this 

study were sequenced (by MWG Eurofins), to confirm sequence identities (see appendix 

Figures 1.1-1.7). Several attempts were made to clone NS3 and NS4A, however 

sequencing of these proteins revealed that they were not identical to the template H77 

(pBRTM/HCV1-3011con) sequence, therefore these proteins could not be used.   
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Figure 3.1 - HCV Core protein cloned into pCMV-HA expression vector 

(A) Schematic of HCV H77 sequence, highlighting the Core gene (in red). (B) Core gene 

was PCR amplified using primers containing EcoRI and SalI restriction sites. The amplified 

Core gene was cloned into the pCMV-HA vector using these restriction enzymes to obtain 

pCMV-HA-Core. DNA was purified from 5 colonies (lanes 1-5), before being amplified by 

PCR using primers in Table 2.3. DNA was electrophoresed on a 1% agarose gel revealing 

bands of the predicted sizes. HCV Core is made up of 191 amino acids in length and is 

572 bp. Sequencing result in appendix Figure 1.1.  
  

Lane bp 

A 

B 

5’	UTR 3’	UTR

C E1 E2 p7 NS2 NS3 4A NS4B NS5A NS5B
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342 914 1490 2579 2768 3419 5312 5474 6257 7601 9374
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Figure 3.2 - HCV E1 and E2 proteins cloned into pCMV-HA expression vector 

(A) Schematic of HCV H77 gene sequence, highlighting the E1 and E2 genes (in red). (B) 

E1 and E2 genes were PCR amplified using primers containing EcoRI and SalI restriction 

sites. The amplified products were cloned into pCMV-HA to obtain pCMV-HA-E1 or pCMV-

HA-E2. DNA was purified from 5 colonies (E1 lanes 1-5, E2 lanes 6-10), and used as a 

template for PCR amplification, using primers in Table 2.3. DNA was electrophoresed on 

a 1% agarose gel revealing bands of the predicted sizes. E1 is made up of 191 amino 

acids in length and is 575bp. E2 is made up of 362 amino acids and is 1088 bp. 

Sequencing results in appendix Figures 1.2 and 1.3.   
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Figure 3.3 - HCV NS5A protein cloned into pCMV-HA expression vector 

(A) Schematic of HCV H77 sequence, highlighting the NS5A gene (in red). (B) NS5A was 

PCR amplified using primers containing EcoRI and SalI restriction sites. The amplified 

NS5A was cloned between these sites in pCMV-HA to obtain pCMV-HA-NS5A. DNA was 

purified from 5 colonies (lanes 1-5), and used as a template for PCR amplification, using 

primers in Table 2.3. DNA was electrophoresed on a 1% agarose gel revealing bands of 

the expected sizes. NS5A is made up of 448 amino acids in length and is 1343 bp. 

Sequencing results in appendix Figure 1.7.  
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3.2.2 Expression of HCV proteins Core, E1, E2, p7, NS2, NS4B and NS5A in Huh7 
cells  
 

Protein expression of each of the constructs was next confirmed in the hepatoma cell line, 

Huh7. Cells were transfected with DNA encoding HCV Core, E1, E2, p7, NS2, NS4B or 

NS5A and viral protein expression was analysed by Western blotting, by probing for HA-

tag expression. Each of the constructs expressed following 24h of transfection.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 - Expression of HCV proteins Core, E1, E2, p7, NS2, NS4B and NS5A in 
Huh7 cells 

Huh7 cells were seeded at 2.5 x 105 cells/ml in 6 well plates. Cells were transfected with 

1 μg of DNA encoding (A) Core (21 kDa & 23 kDa), (B) E1 (33-35 kDa), (C) E2 (38 kDa, 

unglycosylated form), (D) p7 (7 kDa), (E) NS2 (23 kDa), (F) NS4B (27 kDa), (G) NS5A 

(56-58 kDa). Cells were harvested 24 hours later and lysates resolved by SDS-PAGE. 

Protein expression was assayed by immunoblotting for HA. Blots shown are representative 

of three independent experiments.   
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3.2.3 Core, E2, p7 and NS2 induce SOCS3 protein expression in Huh7 cells  
 

We next sought to investigate the effect of the HCV Core, E1, E2, p7, NS2, NS4B and 

NS5A proteins upon SOCS3 protein expression. Expression of HCV derived proteins p7 

and NS2 led to a robust upregulation of SOCS3 protein. While p7 and NS2 have known 

roles in HCV infectivity and replication, this is the first demonstration of an immune 

regulatory role for these proteins. In agreement with previously published studies [36, 540], 

Core and E2 induced SOCS3 expression after 24 hours. Expression of E1, NS4B and 

NS5A had no effect on SOCS3 compared to the EV control.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 - HCV proteins Core, E2, p7 and NS2 induce SOCS3 protein expression 
in Huh7 cells 

(A) Huh7 cells were transfected with 1 μg of EV or DNA encoding Core, E1, E2, p7, NS2, 

NS4B, NS5A for 24 hours. Lysates were generated and SOCS3 protein expression was 

analysed by immunoblotting. β-actin expression was measured as a loading control (n=3). 

(B) Densitometry analysis of three Western blots was carried out to quantify protein levels 

using Image Lab software. Bar graph represents the ratio of SOCS3 to β-actin band 

intensity relative to EV control which was normalised to 1 and analysed using an unpaired 

Student’s t test. *p<0.05.   
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3.2.4 p7 expression leads to an upregulation of SOCS mRNA and protein expression  
 

Since p7 has few characterised roles in the immune response, we sought to further 

investigate its effect on SOCS3 expression. We first assessed whether p7 expression 

affected SOCS3 mRNA levels in Huh7 cells. Huh7 cells were transfected with 1 μg or 4 

μg of p7 or EV control for 16 hours or 24 hours. RNA was extracted and SOCS3 mRNA 

expression was analysed by qRT-PCR. 1 μg of p7 significantly induced SOCS3 mRNA 

expression after 16 hours (p=0.013), and 24 hours (p=0.0183) (Figure 3.6 A & B). We then 

examined the effect of p7 on SOCS3 protein expression in Huh7 cells and SOCS3 protein 

expression was increased following expression of both 1 μg and 4 μg of p7 (Figure 3.6 C 

& D). In addition, we also found that expression of p7 in another cell line (HEK293T), led 

to an increase of SOCS3 mRNA (Figure 3.6E).  

 

An LDH assay was carried out to assess cellular viability following p7 transfection. LDH is 

a cytosolic enzyme found in numerous cell types. When the plasma membrane is 

damaged, LDH is released into the cell culture media. Results illustrated that cells 

transfected with 1 μg or 4 μg of p7 did not release any more LDH than cells transfected 

with 4 μg of EV control (Figure 3.6F).  

 
  



	 96	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 – p7 expression leads to SOCS3 upregulation 

Huh7 cells were transfected with 1 μg/4 μg of DNA encoding HCV-p7-HA or EV control. 

Cells were harvested (A) 16 hours or (B) 24 hours later and RNA was extracted and 

reversed transcribed into cDNA, before mRNA levels of SOCS3 were analysed by qRT-

PCR (n=3). Statistical differences were determined using an unpaired Student’s t test. 

*p<0.05. (C) Huh7 cells were transfected with 1 μg or 4 μg of DNA encoding HCV-p7-HA 

or EV control for 24 hours. Blots shown are representative of three independent 

experiments. (D) Densitometry analysis of three Western blots was carried out. Bar graph 

represents the ratio of SOCS3 to β-actin band intensity relative to EV control which was 

normalised to 1 and analysed using an unpaired Student’s t test. **p<0.01. (E) HEK cells 

were transfected with 1 μg or 4 μg of DNA encoding HCV-p7-HA or EV control for 24 hours 

and SOCS3 expression was analysed by qRT-PCR. (F) Supernatants were assessed for 

LDH activity (n=3).  
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3.2.5 The effect of p7 inhibition on SOCS3 expression   
 

A previous study found that NLRP3 inflammasome activity was triggered by the Influenza 

Virus ion channel, M2, via export of H+ from the Golgi [232]. The inflammasome is a 

multiprotein complex, which plays an important role in innate immunity by participating in 

the production of proinflammatory cytokines IL-1b and IL-18. Inflammasome-mediated 

cytokine release by NLRP3 requires two signals, signal one is induced by TLR stimulation, 

which leads to the synthesis of pro-IL-1b or pro-IL-18. Signal two, is triggered by agents 

that cause membrane perturbations including potassium efflux, or pore forming toxins, and 

induces the activation of caspase-1, which cleaves pro-IL-1b into its mature form that is 

secreted out of the cell [576]. This result suggested that pathogen-encoded ion channels 

could modulate innate immunity. Therefore, having identified that HCV ion channel p7, led 

to an increase in SOCS3, we next hypothesised that its ion channel activity could be 

responsible for this induction. To test this hypothesis, we transfected Huh7 cells with p7 

for 16 hours and treated cells with a p7 inhibitor, NN-DNJ, using a concentration gradient 

of between 0 and 100 µM for 8 hours. We found that 20 µM and 100 µM inhibited SOCS3 

expression (Figure 3.7 A & B).  

 

We also tested the effect of the p7 inhibitor NN-DNJ in an alternative cell type (HEK293T). 

HEK293T cells were transfected with p7 for 16 hours prior to 8 hours of NN-DNJ treatment. 

Cells were lysed and SOCS3 expression was analysed by immunoblotting. Treatment with 

100 µM of NN-DNJ resulted in a decrease in SOCS3 expression in p7-transfected 

samples, compared to EV control (Figure 3.8 A & B). An LDH assay was carried out to 

assess cellular viability following p7 transfection and treatment with NN-DNJ. Cells 

transfected with p7 and treated with 20 µM of NN-DNJ did not release any more LDH than 

cells transfected with EV control and treated with DMSO. 100 µM NN-DNJ treatment led 

to only a small increase in LDH release compared to EV control with DMSO (Figure 3.8C). 

To further investigate if p7 ion channel activity is involved in SOCS3 induction, we 

expressed an E2-p7-NS2 construct in Huh7 cells. Within this construct, p7 is not cleaved 

from E2 and NS2 and thus, is prevented from oligomerising to form ion conducing 

channels. Results demonstrated that expression of E2-p7-NS2 had no effect on SOCS3 

protein expression in Huh7 cells, compared to EV control (Figure 3.9 A & B) indicating that 

indeed, p7 ion channel activity may be required for SOCS3 induction. 
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Figure 3.7 – Optimisation of NN-DNJ concentrations in Huh7 cells 

(A) Huh7 cells were seeded at 2.5 x 105 cells/ml in 6 well plates. 1 μg of DNA encoding 

HCV-p7-HA or EV control was transfected into cells for 16 hours, followed by treatment 

with 10 μM, 20 μM, 40 μM, 80 μM or 100 μM of NN-DNJ for 8 hours. Cells were harvested 

and lysates probed for SOCS3, β-actin and HA. Blots shown are representative of three 

independent experiments. (B) Densitometry analysis of three Western blots was carried 

out. Bar graph represents the ratio of SOCS3 to β-actin band intensity relative to EV control 

which was normalised to 1.  
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Figure 3.8 – p7 induction of SOCS3 is blocked by a p7 inhibitor 

(A) HEK293T cells were transfected with 1 μg of DNA encoding HCV-p7-HA or EV control 

for 16 hours, followed by treatment with 20 μM or 100 μM of NN-DNJ for 8 hours. Cells 

were harvested and lysates probed for SOCS3, β-actin and HA. Blots shown are 

representative of three independent experiments. (B) Densitometry analysis of three 

Western blots was carried out. Bar graph represents the ratio of SOCS3 to β-actin band 

intensity relative to EV control which was normalised to 1 and analysed using an unpaired 

Student’s t test. *p<0.05. (C) Cell culture supernatants were removed and assessed for 

LDH activity (n=3).  
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Figure 3.9 – p7 induction of SOCS3 is blocked when p7 is unable to form a separate 
protein 

(A) Huh7 cells were transfected with 2 μg of E2-p7-NS2 or EV control for 24 hours. Cells 

were harvested and lysates probed for SOCS3, β-actin and HA. Blots shown are 

representative of three independent experiments. (B) Densitometry analysis of three 

Western blots was performed. Bar graph represents the ratio of SOCS3 to β-actin band 

intensity relative to EV control which was normalised to 1.  
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3.2.6 NS2 expression leads to an upregulation of SOCS3 mRNA and protein 
expression  
 

Having initially observed that a second non-structural protein, NS2, could induce SOCS3 

protein expression (Figure 3.5), we set out to further investigate the effect of NS2 on 

SOCS3 mRNA and protein expression. Huh7 cells were transfected with 1 μg or 4 μg of 

NS2 or EV control for 16 hours or 24 hours. RNA was extracted and SOCS3 mRNA 

expression was analysed by qRT-PCR. Although not statistically significant (1 μg 

p=0.0599), expression of NS2 after 16 hours in Huh7 cells exhibited a trend towards 

induction of SOCS3 mRNA (Figure 3.10A). However, after 24 hours NS2 expression led 

to a significant induction of SOCS3 gene expression, in a dose dependent manner (1 μg 

p=0.0241, 4 μg p=0.0020) (Figure 3.10B). While 1 μg and 4 μg of NS2 induced SOCS3 

mRNA, only 1 μg of NS2 (but not 4 μg), induced SOCS3 protein. This was confirmed by 

densitometry analysis (Figure 3.10 C & D). Expression of NS2 also led to an upregulation 

of SOCS3 mRNA expression after 24 hours in a second cell line (HEK293T) (Figure 

3.10E). An LDH assay was carried out to assess LDH release following NS2 transfection. 

Cells transfected with 1 μg of NS2 did not release any more LDH than cells transfected 

with 4 μg of EV control, while 4 μg of NS2 led to a greater release of LDH compared to EV 

control, suggesting that higher concentrations of NS2 may lead to cellular stress (Figure 

3.10F).  
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Figure 3.10 – SOCS3 mRNA and protein expression is increased following NS2 
expression 

Huh7 cells were transfected with 1 μg/4 μg of DNA encoding HCV-NS2-HA or EV control 

for (A) 16 hours or (B) 24 hours. RNA was extracted, reversed transcribed into cDNA and 

mRNA levels of SOCS3 were analysed by qRT-PCR (n=3). (C) Huh7 cells were 

transfected with 1 μg/4 μg of DNA encoding HCV-NS2-HA or EV control for 24 hours. Blots 

shown are representative of three independent experiments. (D) Densitometry analysis of 

three Western blots was performed. Bar graph represents the ratio of SOCS3 to β-actin 

band intensity relative to EV control which was normalised to 1. *p<0.05, **p<0.01. (E) 

HEK293T cells were transfected with 1 μg/4 μg of DNA encoding HCV-NS2-HA or EV 

control for 24 hours and SOCS3 expression was analysed by qRT-PCR. (F) Supernatants 

were removed and assessed for LDH activity (n=3).  
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3.2.7 HCV p7 and NS2 expression increase SOCS4 and SOCS5 mRNA, but not 
protein levels 
 

Having found that p7 and NS2 induced SOCS3 mRNA and protein, we next sought to 

determine whether both proteins had an effect on the remaining members of the SOCS 

family (CIS, SOCS1-SOCS7). Compared to CIS and SOCS1-3, relatively little is known 

about the functions of SOCS4-7. SOCS4 has been shown to regulate anti-viral immunity 

during Influenza infection [468], while SOCS5 is upregulated during JEV infection to 

modulate STAT1 signalling and promote viral pathogenesis [470], therefore, we were 

particularly interested to investigate the effect of HCV upon the expression of SOCS4 and 

SOCS5. Our results showed that p7 significantly induced SOCS4 (1 μg p=0.0338, 4 μg 

p=0.0280), and SOCS5 mRNA levels (p=0.0113) (Figure 3.11 A & B). NS2 also lead to an 

upregulation of SOCS4 (1 μg p=0.0291, 4 μg p=0.0197) and SOCS5 (1 μg p=0.0013, 4 μg 

p=0.0216) (Figure 3.12 A & B) mRNA. We next examined the effect of p7 and NS2 on 

SOCS4 and SOCS5 protein expression. Results showed that while there were subtle 

increases in SOCS4 and SOCS5 protein expression following p7 and NS2 transfection, 

densitometry analysis indicated that these increases were not significant (Figure 3.11 C-

F, Figure 3.12 C-F respectively).  
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Figure 3.11 – Expression of p7 in Huh7 cells leads to an increase in SOCS4 and 
SOCS5 mRNA, which is not reflected at the protein level. 

Huh7 cells were seeded at 2.0 x 105 cells/ml in 6 well plates. 1 μg of DNA encoding HCV-

p7-HA or EV control was transfected into cells for 24 hours. RNA was extracted according 

to the phenol-chloroform method and reverse transcribed to cDNA. mRNA levels of (A) 

SOCS4 and (B) SOCS5 were analysed by qRT-PCR. Results shown are the mean ± SEM 

of seven independent experiments and analysed using an unpaired Student’s t test. 

*p<0.05. (C & D) Huh7 cells were transfected with 1 μg or 4 μg of DNA encoding HCV-p7-

HA or EV control. 24 hours later cells were harvested and lysates probed for SOCS4, 

SOCS5, β-actin and HA. (E & F) Densitometry analysis of three Western blots was 

performed. Bar graph represents the ratio of SOCS4 or SOCS5 to β-actin band intensity 

relative to EV control which was normalised to 1.   
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Figure 3.12 – SOCS4 and SOCS5 mRNA is increased following NS2 expression, 
while protein expression is unchanged in Huh7 cells 

Huh7 cells were seeded at 2.0 x 105 cells/ml in 6 well plates. 1 μg of DNA encoding HCV-

NS2-HA or EV control was transfected into cells for 24 hours. RNA was extracted 

according to the phenol-chloroform method and reverse transcribed to cDNA. mRNA 

levels of (A) SOCS4 and (B) SOCS5 were analysed by qRT-PCR. Results shown are the 

mean ± SEM of seven independent experiments and analysed using an unpaired 

Student’s t test. *p<0.05, **p<0.01. (C & D) Huh7 cells were transfected with 1 μg/4 μg of 

DNA encoding HCV-NS2-HA or EV control. 24 hours later cells were harvested and 

lysates probed for SOCS4, SOCS5, β-actin and HA. (E & F) Densitometry analysis of three 

Western blots was performed. Bar graph represents the ratio of SOCS4 or SOCS5 to β-

actin band intensity relative to EV control which was normalised to 1.  
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3.2.8 The effect of p7 and NS2 on CIS, SOCS1, SOCS2, SOCS6 and SOCS7  
 

Since viruses such as RSV [566], HSV [564], HBV [563] and HIV [577] have been shown 

to induce SOCS1 and SOCS2, while the HCV Core protein has been shown to induce 

SOCS7 [538], we were next interested to determine the effect of both p7 and NS2 upon 

the remaining members of the SOCS family: CIS, SOCS1, SOCS2, SOCS6 and SOCS7. 

Results found that p7 expression had no significant effect on CIS, SOCS2 and SOCS7, 

while a low level of CIS, SOCS1 and SOCS6 induction was observed (Figure 3.13). In 

comparison, we found that NS2 had no effect on CIS, SOCS2 and SOCS7 mRNA (Figure 

3.14). Although not significant, NS2 expression led to an increase in SOCS6 mRNA and 

significantly induced SOCS1 (1 μg p=0.0020, 4 μg p=0.0092) (Figure 3.14).  
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Figure 3.13 – The effect of p7 on CIS, SOCS1, SOCS2, SOCS6 and SOCS7 mRNA 
expression in Huh7 cells 

Huh7 cells were seeded at 2.0 x 105 cells/ml in 6 well plates. 1 μg of DNA encoding HCV-

p7-HA or EV control was transfected into cells for 24 hours. RNA was extracted according 

to the phenol-chloroform method and reverse transcribed to cDNA. mRNA levels of (A) p7, 

(B) CIS, (C) SOCS1, (D) SOCS2, (E) SOCS6 and (F) SOCS7 were analysed by qRT-

PCR. Results shown are the mean ± SEM of seven independent experiments. 
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Figure 3.14 – NS2 induces SOCS1 mRNA expression, but has no significant effect 
on CIS, SOCS2, SOCS6 and SOCS7 

Huh7 cells were seeded at 2.0 x 105 cells/ml in 6 well plates. 1 μg of DNA encoding HCV-

NS2-HA or EV control was transfected into cells for 24 hours. RNA was extracted 

according to the phenol-chloroform method and reverse transcribed to cDNA. mRNA 

levels of (A) NS2, (B) CIS, (C) SOCS1, (D) SOCS2, (E) SOCS6 and (F) SOCS7 were 

analysed by qRT-PCR. Results shown are the mean ± SEM of seven independent 

experiments and analysed using an unpaired Student’s t test. **p<0.01. 
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3.3 Discussion 
 

Anti-viral and proinflammatory signalling is the first line of defence against viral infection. 

Pathogens have developed many mechanisms to subvert detection and limit the 

inflammatory response. In particular, JAK/STAT signalling, a key orchestrator of anti-viral 

activity, has been targeted by many viruses. SOCS proteins are natural regulators of 

inflammation and HCV has previously been found to promote its own survival by inducing 

SOCS3 expression [36]. Our lab previously discovered that PBMCs from HCV-infected 

patients had significantly enhanced SOCS3 levels, compared to healthy controls and 

expression of the HCV polyprotein in Huh7 cells also upregulated SOCS3 [315]. However, 

the specific HCV proteins and mechanism responsible for SOCS3 induction remained 

elusive. Due to SOCS3’s multifaceted role in repressing cytokine signalling [578] and the 

fact that 60-80% of HCV-infected patients can “silently” develop chronic infection without 

symptomatic inflammation [579], we hypothesised that specific HCV proteins are 

responsible for SOCS3 induction and that the elevated levels of SOCS3 may explain the 

inflammatory suppression observed during a HCV infection. Therefore, the aim of this first 

stage of our study was to determine which HCV proteins enhanced SOCS3 expression 

and investigate if additional SOCS proteins were also regulated by these specific, 

“SOCS3-inducing”, HCV proteins. To this end, Core, E1, E2 and NS5A were cloned into 

expression vectors and expressed along with p7, NS2 and NS4B in the hepatocyte cell 

line, Huh7.  

 

We observed expression of Core, p7, NS2, NS4B and NS5A; whereas E1 and E2 

expressed at lower levels, possibly because they are surface envelope proteins and are 

normally expressed as a stable dimer during the replication cycle [40]. Following 24 hours 

transfection of Huh7 cells with Core, E1, E2, p7, NS2, NS4B and NS5A, we found that 

both Core and E2 expression increased SOCS3 protein levels. This is consistent with 

published literature showing that E2 expression induces SOCS3 in Huh7s [540]. While the 

Core protein has been documented to induce SOCS3 in the hepatocyte cell line, HepG2 

[36], our data provides additional support for this observation, by showing that SOCS3 is 

also induced following Core expression in second hepatocyte cell line, Huh7. Our results 

also demonstrated that SOCS3 expression was unchanged following E1, NS4B and NS5A 

expression, which has not been shown before.  

 

It was of specific interest to discover that HCV p7 enhances SOCS3 mRNA and protein 

expression. In fact, this is the first time p7 has been observed to regulate SOCS3 and 

gives p7 a potential immune-regulatory role. To further explore this induction, we 
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investigated if p7 could induce SOCS3 in another cell type, human embryonic kidney cells 

(HEK293T). We found that p7 expression also increased SOCS3 mRNA in this additional 

cell type. HCV has been found to induce hepatocyte cell death [580]. As such, to ascertain 

if the upregulation of SOCS3 was an artefact of cell death, cellular viability was measured 

using an LDH assay following 24 hours transfection of p7. We observed that p7 expression 

did not increase LDH release, compared to EV, indicating that indeed, p7-mediated 

SOCS3 upregulation did not occur as a result of indirect cell necrosis.  

 

Given that HCV-mediated induction of SOCS3 is thought to regulate TNF-a responses 

[315], we hypothesised that p7-mediated SOCS3 upregulation may therefore contribute to 

the inhibition of TNF-a signalling. To begin exploring this hypothesis, we next investigated 

if p7 ion channel activity was responsible for the modulation of SOCS3 expression. 

Previous reports have shown that p7 functions as an ion channel, which is essential to 

produce infectious viral particles [60]. Moreover, impaired channel function of p7 prevents 

viral egress and infectivity of assembled particles [74]. It would be interesting to further 

investigate if transfection of p7 into Huh7 cells forms an ion channel using the black lipid 

membrane conductivity system. This system, which has been used by others [60, 61], 

measures ion channel activity as a flow of current across a membrane. 

 

Our collaborator, Prof. Steve Griffin in the University of Leeds, who has widely published 

on the function and role of p7, recommended to use NN-DNJ, the genotype 1a specific p7 

inhibitor. From our literature investigations, we discovered that this p7 inhibitor was also 

reported to inhibit virus production in vitro [61, 72]. It has been reported that NN-DNJ’s 

long-alkyl chain iminosugar directly interacts with p7 molecules and prevents the channel 

from forming and opening [61]. Upon treatment with NN-DNJ, we observed that it 

decreased the induction of SOCS3 that we observed upon expression of p7, suggesting 

that the ion channel activity was required for the observed induction of SOCS3. However, 

further investigation into this could examine the effect of NN-DNJ treatment on NS2-

mediated SOCS3 expression. If NS2-stimulated SOCS3 upregulation was insensitive to 

NN-DNJ, this would further support the evidence presented in this study that p7 ion 

channel activity induces SOCS3. Additionally, other inhibitors could be used such as 

Rimantadine, as this has also been shown to inhibit p7 (GT1a) ion channel activity [72]. 

Moreover, it would be interesting to examine the effect of p7 mutants on SOCS3 

expression. For example, site directed mutagenesis could be carried out to mutate amino 

acid residues required for p7 ion channel activity, such as His17, which has been shown 

to line the channel lumen [82, 581] or Leu20, Trp48, Leu50 or Gly46 [82].   
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To further investigate the role of p7’s ion channel activity in SOCS3 induction, we 

expressed an E2-p7-NS2 construct, which forms an uncleaved “triple-protein”. Normally, 

during HCV replication a host signal peptidase catalyses the cleavage of Core/E1, E1/E2, 

E2/p7, p7/NS2 [47, 582]. As p7 is not cleaved from E2 and NS2, it is unable to oligomerise 

and form a functioning ion channel in the ER. We found that this uncleaved version of p7 

had no effect on SOCS3 expression, again indicating that its ion channel activity was 

required to induce SOCS3. Interestingly, other viral ion channels have been reported to 

modulate signalling pathways, including the E5 ion channel of Human Papillomavirus Type 

16 (HPV16), which induces MAPK ERK phosphorylation, in an ion channel inhibitor-

sensitive fashion [583]. Furthermore, activity of both the Influenza Virus ion channel, M2, 

and the Encephalomyocarditis ion channel, 2B, activate the NLRP3 inflammasome [232, 

584]. It is also possible that p7 ion channel activity may not contribute to SOCS3 

upregulation. The cytoplasmic loop of p7 protrudes into the cytoplasm, and as such it is 

possible that this could interact with cellular proteins that could result in SOCS3 

upregulation. Interestingly, the Epstein-Barr Virus protein LMP1 activates STAT3 through 

its carboxyl-terminal activation domain 1 [585]. Moreover, a yeast two-hybrid screen has 

shown that several host proteins can interact with p7, such as tetraspanins and 

nucleoporins [586]. Taken together, evidence indicates that viroporin activity contributes 

to changes in cell signalling pathway activity and in doing so viruses regulate innate 

immune responses. Our novel discovery that the p7 ion channel regulates SOCS3 

expression provides evidence that HCV may also harness immune signalling in this way.  

 

In addition to p7, we also found that expression of NS2 led to an increase in SOCS3 mRNA 

expression after 16 hours, with statistically significant induction after 24 hours. While two 

concentrations of NS2 (1 µg and 4 µg) increased SOCS3 gene expression after 24 hours, 

only the lower concentration of NS2 led to a statistically significant increase in SOCS3 

protein expression. As well as these findings in Huh7 cells, an increase in SOCS3 mRNA 

was also observed in another cell type, HEK293T cells. Interestingly, while 1 µg of NS2 

had no effect on LDH release, 4 µg enhanced LDH release compared to EV control, 

indicating that higher concentrations of NS2 may cause cell stress-mediated death, 

possibly explaining why only lower concentrations resulted in SOCS3 induction. Moreover, 

our finding that NS2 induces SOCS3, also supports the role of NS2 as an immune evasion 

protein, that can regulate important signalling pathways. NS2 was found to suppress anti-

viral responses by preventing type I and type III IFN production, along with inhibiting both 

CCL5 and CXCL10 gene expression via direct interaction with IKKe and TBK1 in vitro [88]. 
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These studies highlight the diverse targets of NS2 which may act together to create an 

environment conducive to viral replication. In fact, p7 and NS2 induction of SOCS3 may 

reveal a novel viral immune-modulatory mechanism.  

 

As this is also the first report of HCV p7 and NS2 enhancing SOCS3 expression, it was 

important to explore the effects of these viral proteins upon the other members of the 

SOCS family. Here we showed that expression of both p7 and NS2 in Huh7 cells led to an 

induction of SOCS4 and SOCS5 mRNA, but not protein expression, compared to EV 

control. This data highlights a regular phenomenon of changes in gene expression not 

being translated to the protein level. It also suggests that SOCS4 and SOCS5 may be 

post-translationally modified. However, it is also possible that the time points chosen in 

this study to analyse SOCS4 and SOCS5 protein expression did not capture the changes 

we observed at the mRNA levels; as such, a time course, in future studies, analysing 

SOCS4 and SOCS5 protein expression may reveal changes in protein level. Interestingly, 

evidence shows that SOCS expression is regulated by microRNAs. Indeed, both 

microRNA-98 and let-7 can target the 3’UTR of SOCS4 causing translational suppression 

[467], while microRNA-432 [470] and microRNA-130b [587] target the 3’UTR of SOCS5. 

Taken together, this suggests that while p7 expression may lead to an increase in SOCS4 

and SOCS5 mRNA levels, microRNAs could prevent the upregulation of SOCS4 and 

SOCS5 protein expression.  

 

Having found that p7 and NS2 could modulate SOCS3 (mRNA and protein), SOCS4 

(mRNA) and SOCS5 (mRNA) expression, we next analysed the effect of both viral proteins 

upon the rest of the SOCS family: CIS, SOCS1, SOCS2, SOCS6 and SOCS7. Previous 

research had found that the Core protein, from genotype 3a HCV, enhanced SOCS7 

expression via peroxisome proliferator activated receptor-g (PPAR-g) in Huh7 cells [538]. 

We found that transfection of Huh7 cells with p7 had no effect on CIS, SOCS1, SOCS2 

and SOCS7 mRNA expression. Although not statistically significant, an induction of 

SOCS6 was observed with both 1 µg and 4 µg concentrations. In comparison, NS2 

expression had no effect on CIS, SOCS2 and SOCS7, although not statistically significant, 

an induction of SOCS6 was noted. In contrast, a significant induction of SOCS1 mRNA 

was observed following NS2 transfection. Interestingly, the NS2 protein from RSV has 

been shown to induce SOCS1, which inhibits IFN-a-mediated anti-viral and chemokine 

induction [566]. As such, this may suggest that HCV NS2-mediated SOCS1 induction 

could regulate IFN-a signalling. Moreover, SOCS6 regulates insulin receptor signalling 

and glucose homeostasis [471]. Given that chronic HCV infection induces insulin 
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resistance [588], p7 and NS2 induction of SOCS6 may contribute to the modulation of 

insulin signalling.  

 

In conclusion, we have found that SOCS3 mRNA and protein expression is enhanced 

following HCV p7 or NS2 expression. This section of our study also found that inhibition of 

p7 ion channel activity prevents SOCS3 expression, indicating that viroporin activity may 

negatively impact innate immunity. As the mechanism of HCV-mediated SOCS3 induction 

is unknown, understanding how p7 regulates SOCS3 expression may provide further 

insights into the strategies HCV uses to control anti-viral and proinflammatory signalling.  

  



	 114	

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 4  

 

p7 induces STAT3 and ERK 
phosphorylation leading to SOCS3 

induction 
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4.1 Introduction  
 
As a classical feedback inhibitor of STAT signalling, SOCS3 expression is regulated by 

members of the STAT family of transcription factors, in particular STAT3 [386]. 

Furthermore, in recent years, MAPK signalling was found to play a central role in the 

regulation of SOCS3 expression in response to different stimuli [589, 590]. Evidence also 

shows that several transcription factors including NF-kB [428], KLF4 [419] and Sp1 [427] 

contribute to the direct regulation of SOCS3. This suggests that STAT-independent 

mechanisms play a crucial part in controlling SOCS3 expression. Having found that p7 

increased SOCS3 expression, and given that the molecular mechanism of HCV-mediated 

SOCS3 induction is unclear, we wondered if p7 could modulate STAT3 and MAPK 

signalling, leading to the upregulation of SOCS3.  

 

4.1.1 Regulation of SOCS3 by STAT3 and STAT1 

 
The transcriptional activation of SOCS3 is mediated by STAT transcription factors, most 

notably STAT3 [386]. Activation of STAT3 rapidly induces SOCS3 in response to several 

cytokines including IL-6 [591], LIF [418, 592], leptin [593] and G-CSF [594]. Indeed, 

deletion of STAT3 in hematopoietic cells prevents SOCS3 upregulation by G-CSF, 

indicating that STAT3 is required for SOCS3 induction in response to G-CSF signalling 

[595]. STAT3 activation is also critical for OSM-stimulated SOCS3 expression. Evidence 

shows that OSM stimulation results in the robust recruitment of STAT3 to the SOCS3 

promoter, and siRNA-mediated STAT3 depletion abolishes SOCS3 induction [417]. 

Moreover, overexpression of STAT3 dominant negative mutants can inhibit LIF-mediated 

SOCS3 promoter activity and gene expression [418], again illustrating the essential role 

of STAT3 in the regulation of SOCS3.   

 

While plenty of evidence demonstrates that STAT3 is required for SOCS3 upregulation, 

several reports highlight an important role for STAT1. The SOCS3 promoter of rats and 

mice both contain putative TFBS for STAT1 and STAT3. Indeed, both STAT1 and STAT3 

use their individual binding sites to promote SOCS3 expression in response to LIF 

stimulation [418]. Moreover, IFN-g induces SOCS3 expression via activation of STAT1, 

but not STAT3 in macrophages and J774 cells [596]. Additionally, IL-27 treatment of CD4+ 

T-cells induces SOCS3 via activation of STAT1 and not STAT3, identifying differential 

signalling across cell types [597]. Collectively, these studies highlight a significant role for 

both STAT1 and STAT3 in the regulation of SOCS3 expression. For many years the 

classical molecular mechanism of SOCS3 induction was through the JAK/STAT pathway, 
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however there is increasing evidence to show that additional pathways also control its 

expression.  

 

4.1.2 Regulation of SOCS3 by STAT-independent mechanisms 
 

More recently, the NF-kB signalling cascade has been shown to regulate SOCS3 

expression. Pharmacological inhibition of NF-kB blocks TGF-b-induced SOCS3 

expression in osteoclasts [598]. Interestingly, reports show that pathogen-induced SOCS3 

is dependent on NF-kB signalling. The Influenza Virus enhances SOCS3 mRNA 

expression in an NF-kB dependent manner, as treatment with an NF-kB inhibitor (BAY 11-

7085) reduced Influenza-mediated SOCS3 gene expression [428]. Additionally, Narayana 

et al., described a putative NF-kB site in the murine SOCS3 promoter and showed that 

Mycobacterium bovis Bacille Calmette-Guérin (BCG) uses NF-kB to induce SOCS3 

expression in macrophages [429]. Taken together, these studies highlight a strong role for 

NF-kB in the regulation of SOCS3. 

 

SOCS3 regulation by the MAPK signalling pathway has also been widely reported. Indeed, 

evidence implicates a prominent role for ERK1/2, p38 and JNK signalling [275]. OSM 

upregulation of SOCS3 depends on STAT3, but also activation of ERK1/2 MAPK, as 

inhibition of MEK reduced SOCS3 expression. This indicates that both STAT3 and ERK 

are critical in OSM-mediated SOCS3 upregulation [417]. Furthermore, another study 

discovered that ERK1/2 signalling stabilises SOCS3 mRNA expression following OSM 

treatment in primary hepatocytes and fibroblasts [589]. Additionally, ERK1/2 signalling 

induces SOCS3 in response to several stimuli including PMA [423], CpG-DNA [422] and 

flavonoids [599]. This indicates a broad spectrum of stimuli initiate MAPK ERK1/2 

signalling to induce SOCS3, providing further evidence of STAT-independent mechanisms 

which regulate SOCS3 expression. In addition to ERK1/2, both p38 and JNK signalling 

induce SOCS3 expression in response to GH [424], IL-4 [421] and bacterial stimuli such 

as LPS [425]. Interestingly, p38 signalling directly induces SOCS3 expression following 

Mycobacterium avium [600] and Mycobacterium tuberculosis infection [464]. Furthermore, 

p38 signalling regulates SOCS3 mRNA stability in response to TNF-a in macrophages 

[420]. Collectively, these studies highlight the importance of MAPK signalling in the 

regulation of SOCS3.   

 

MAPK signalling is triggered by cytokines (OSM, IL-4 and TNF-a) and ER stress. In 

response to ER stress, the UPR is activated and can induce all three MAPK signalling 
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pathways [173, 601, 602]. For example, ER stress leads to rapid ERK1/2 signalling, which 

protects cells against apoptosis and has been found to promote cell survival [603, 604]. 

Many viruses use the ER as a site of replication and as such, viral infection is one stimulus 

known to drive ER stress [605-610]. However, viruses have been shown to regulate ER 

stress to modify the outcome and benefit viral replication [610]. This suggests that HCV 

viral infection may induce ER stress, which could activate MAPK signalling.  

 

In addition to MAPK and NF-kB signalling cascades, the Sp and KLF family of transcription 

factors can regulate SOCS3. Following cytokine stimulation, the Sp family (Sp1-Sp9) bind 

to GC-rich motifs in the promoter region of genes [610, 611], and lead to transcriptional 

activation of numerous genes involved in metabolism, cell growth, angiogenesis and 

apoptosis [612, 613]. Interestingly, mutation of the GC-rich region in the SOCS3 promoter 

prevented Sp3 activation and abolished IL-6-mediated SOCS3 induction [426]. This 

suggests that Sp3 can solely induce SOCS3 expression directly. Additionally, Sp1 induces 

SOCS3 expression in response to prostaglandin E2 (PGE2), while inhibition of Sp1 

prevents PGE2-mediated SOCS3 induction [427]. This again indicates that Sp 

transcription factors have a direct role in regulating SOCS3 expression.   

 

The Sp transcription factors are part of a large multigene family that also include the KLF 

transcription factors. The defining feature of the Sp/KLF family is a highly conserved DNA-

binding domain at the C-terminus that contains three zinc finger motifs [614, 615]. KLFs 

are a set of 17 zinc finger DNA-binding proteins, capable of regulating gene expression. 

Drosophila Melanogaster studies have linked them to control of embryogenesis, 

proliferation, differentiation and inflammation. Interestingly, there are two putative KLF4 

binding sites within the SOCS3 promoter. In addition, Ghosh et al., found that Gemfibrozil, 

a therapeutic lipid lowering drug used to treat high cholesterol, induced KLF4, which 

consequently upregulated SOCS3 expression in glial cells [419]. Interestingly, siRNA-

mediated KLF4 knockdown prevented SOCS3 induction indicating that KLF4 directly 

regulates SOCS3 expression. Taken together, these studies highlight the variety of STAT-

independent mechanisms that can regulate SOCS3.  
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Figure 4.1 - STAT-dependent and independent mechanisms induce SOCS3 
expression 

STAT1 and STAT3 activation induce SOCS3 gene expression. MAPK ERK1/2, p38 and 

JNK signalling regulate SOCS3 expression, while ERK1/2 can also activate STAT3. All 

three MAPK signalling pathways activate downstream transcription factors AP-1 and ELK1 

which have putative TFBS in the SOCS3 promoter. NF-kB signalling also contributes to 

the regulation of SOCS3. STAT3 signalling has been shown to induce KLF4 and Sp 

transcription factors, which have putative binding sites upstream of the SOCS3 

transcriptional start site.  
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4.1.3 Hypothesis 
 
Having observed that HCV-p7 induced SOCS3 we wanted to ascertain the molecular 

mechanism which led to increased SOCS3 expression. Since SOCS3 levels are classically 

regulated by STAT transcription factors, we initially hypothesised that p7-mediated 

induction of SOCS3 was dependent on STAT1 and STAT3 activity. As transcriptional 

regulation of SOCS3 is also STAT-independent, we hypothesised that p7 may also use 

MAPK signalling to enhance SOCS3 expression. In addition, as p7 is an ER ion channel, 

we hypothesised that p7 may induce ER stress, which could contribute to MAPK signalling.   

 

4.1.4 Specific aims  
 

1. To carry out bioinformatic analysis of the SOCS3 promoter region to identify 

putative TFBS  

2. Investigate the effect of p7 on STAT1 and STAT3 activity in order to assess if they 

are involved in p7-mediated SOCS3 induction 

3. Determine if p7 expression enhances MAPK signalling that could lead to SOCS3 

induction  

4. Examine if p7 expression enhances ER stress  
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4.2 Results  
 
4.2.1 Predictions of putative transcription factor binding sites in the SOCS3, SOCS4, 
SOCS5 and SOCS6 promoter regions  
 

Having shown enhancement of SOCS3 mRNA and protein expression by p7 (section 

3.2.4), we next wanted to investigate the underlying mechanisms. To determine this, we 

carried out bioinformatic analysis to investigate the putative TFBS in the SOCS3 promoter. 

SOCS3 is highly conserved in mammals and its promoter region contains over 100 

putative TFBS [616]. Therefore, to increase the likelihood of identifying significant 

transcription factors, we included the promoter regions of SOCS4, SOCS5 and SOCS6, 

as these genes were also induced by p7. Therefore, our first aim was to determine putative 

TFBS in the SOCS3, SOCS4, SOCS5 and SOCS6 promoter regions.  

 

oPPOSUM version 3.0 is a web-based tool that uses the JASPAR database of TFBS to 

investigate conserved and over-represented (occurs more times in a sequence than is 

expected by chance) TFBS in the promoter regions of gene sets [617]. It is used to provide 

insight into potential transcription factors regulating sets of genes. oPPOSUM uses two 

statistical measures of conservation and over-representation, the Z-score and the Fisher 

score. The Z-score compares the rate of occurrence of a TFBS in the target set of genes 

(n=4) to the expected rate from the background control set (n=24,752 genes in the 

oPPOSUM database). It therefore takes into account the number of times a binding site is 

found within a region. The Fisher score looks at the proportion of co-expressed genes that 

contain a particular TFBS compared to the background control set. The TFBS is regarded 

as being present or absent and is useful for predicting rare TFBS.  

 

We used this predictive tool to identify putative TFBS 5kb upstream and downstream of 

the transcriptional start site of SOCS3, SOCS4, SOCS5 and SOCS6. The four promoter 

regions (SOCS3, SOCS4, SOCS5 and SOCS6) were inserted into the database, which 

generated a list of putative TFBS detected in all four genes. To identify a cut-off Z-score 

(measure of significance) and determine significant TFBS, a histogram of all Z-scores 

found was created. Results showed that the bulk of the TFBS had a Z-score of <10, with 

5 outliers scoring >10 (ZFX, Sp1, KLF4, STAT1 and NF-kB) (Figure 4.2). Based on this 

analysis, a Z-score >10 was considered statistically significant compared to the 

background control set, which was all 24,752 genes in the oPPOSUM database.  
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From this analysis we discovered that the same binding sites for ZFX, Sp1 and KLF4 

transcription factors were present in the promoter regions all four genes. Given that the Z-

scores of ZFX, Sp1 and KLF4 were 19.285, 11.794 and 11.841 respectively, these genes 

were considered statistically significant as they were >10. However, the Fisher score was 

less significant for these sites. NF-kB and STAT1 TFBS were also found to be statistically 

significant, as their Z-scores values were 10.546 and 10.467 respectively, however, these 

sites were only predicted to be present in SOCS3 and SOCS5. This analysis provided us 

with insight into transcription factors which may be important for p7-mediated induction of 

SOCS3.  
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Figure 4.2 – Predictions of putative TFBS within the SOCS3, SOCS4, SOCS5 and 
SOCS6 promoter regions 

Predictions of conserved transcription factor binding sites found in the SOCS3, SOCS4, 

SOCS5 and SOCS6 promoter regions using the oPOSSUM database. The same three 

putative TFBS (ZFX, Sp1 and KLF4) were found in all four SOCS promoter regions 

(SOCS3, SOCS4, SOCS5, SOCS6) and were statistically significant compared to the 

background control (all 24,752 genes in the oPOSSUM database) using the Z-score but 

not the fisher score. (A) Histogram of the distribution of all TFBS found and (B) their 

representation on a dot blot.  
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4.2.2 Expression of p7 leads to an induction of KLF4 mRNA and protein 
expression, while having no effect on ZFX and Sp1 in Huh7 cells 
 

Having identified putative TFBS for ZFX, Sp1 and KLF4 in the four SOCS promoter regions 

(SOCS3, SOCS4, SOCS5 and SOCS6), we next sought to investigate if these predicted 

transcription factors had a role in p7-mediated upregulation of SOCS3 expression. KLF4 

is a zinc-finger containing transcription factor, which is one of the four factors that 

reprogram somatic cells to become induced pluripotent stem cells [618]. ZFX controls the 

self-renewal potential of embryonic stem cells [619], while Sp1 induces genes involved in 

proliferation and the DNA damage response [620]. To this end, we examined the effect of 

p7 on ZFX, Sp1 and KLF4 mRNA expression. Huh7 cells were transfected with 1 µg of EV 

control or p7 for 24 hours before ZFX, Sp1 and KLF4 mRNA levels were analysed by qRT-

PCR. We discovered that Sp1 and ZFX mRNA levels were unaffected by p7 expression 

after 24 hours (Figure. 4.3 A & B), but a significant increase in KLF4 mRNA expression 

was observed (Figure. 4.3C). Induction of KLF4 mRNA was mirrored at the protein level 

(Figure. 4.3D). This was also confirmed by densitometry analysis of three repeated 

experiments, where a 3.5 increase was observed (Figure. 4.3E). A future detailed time 

course experiment investigating the effect of p7 on the activation of Sp1, ZFX and KLF4 

would be informative and could identify if their expression was induced earlier. However, 

these results indicate that p7 expression leads to an induction of KLF4 and that this 

transcription factor could, at least in part, be responsible for the induction of SOCS3.  
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Figure 4.3 – Expression of p7 leads to increased KLF4 mRNA and protein 
expression, but has no effect on ZFX and Sp1 mRNA in Huh7 cells 

Huh7 cells were seeded at 2.5 x 105 cells/ml in 6 well plates. 1 μg of DNA encoding HCV-

p7-HA or EV control was transfected into cells for 24 hours. RNA was extracted according 

to the Roche RNA extraction kit and reverse transcribed to cDNA. mRNA levels of (A) Sp1, 

(B) ZFX and (C) KLF4 were analysed by qRT-PCR. Results shown are the mean ± SEM 

of three independent experiments and analysed by an unpaired Student’s t test. *p<0.05. 

(D) Huh7 cells were transfected with 1 μg of DNA encoding HCV-p7-HA or EV control for 

24 hours. Cells were harvested and lysates probed for KLF4, β-actin and HA. Blots are 

representative of three independent experiments. (E) Densitometry analysis of three 

Western blots was performed. Bar graph represents the ratio of KLF4 to β-actin band 

intensity relative to EV control which was normalised to 1.   
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4.2.3 Expression of p7 has no effect on NF-kB promoter activity in Huh7 cells  

 

Our bioinformatics analysis of the promoter region of the SOCS genes (Figure. 4.2) also 

predicted five putative NF-kB binding sites within the SOCS3 promoter. This was of 

particular interest, since several viruses, including HIV [577] and Influenza A [428], induce 

SOCS3 expression via NF-kB. Therefore, by next analysing if p7 could drive NF-kB 

luciferase activity, we sought to investigate if the presence of these NF-kB binding sites 

had any functional link to the induction of SOCS3 by p7. Huh7 cells were transfected with 

1 µg of PGL3 Renilla and an NF-kB-reporter gene construct in the presence of EV control 

(1 µg), p7 (1 µg) or a construct encoding FLAG-TRAF6 (1 µg) (a protein well known to 

drive NF-kB signalling). As expected overexpression of TRAF6 drove NF-kB luciferase 

activity, which is consistent with the literature [621]. However, we also discovered that p7 

expression did not drive NF-kB promoter activity, indicating that in Huh7 cells NF-kB is not 

involved in the induction of SOCS3 by HCV-p7.  
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Figure 4.4 – p7 has no effect on NF-κB promoter activity  

(A) Huh7 cells were transfected with NF-κB regulated firefly luciferase (1 μg), constitutively 

expressed PGL3 Renilla luciferase (1 μg) in the presence of DNA encoding HCV-p7-HA, 

EV control or FLAG-TRAF6 (1 μg). Cell lysates were assayed 24 hours later for firefly 

luciferase activity and normalised for transfection efficiency using PGL3 Renilla luciferase 

activity. Results shown are the mean ± SEM of three independent experiments in triplicate. 

(B) Lysates were subjected to Western immunoblotting for SOCS3, β-actin and HA (N=3).  
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4.2.4 Expression of p7 enhances STAT3 phosphorylation, while it has no effect on 
pSTAT1 
 

Given that four STAT1 and six STAT3 putative binding sites were also identified in the 

SOCS3 promoter region, and the fact that both of these transcription factors are 

extensively documented to regulate SOCS3 [417, 418], we next investigated the effect of 

p7 expression upon STAT1 and STAT3 mRNA expression. We found that expression of 1 

µg of p7 (12 hours or 24 hours post transfection) had no effect on STAT1 and STAT3 

mRNA levels (Figure 4.5 A & B). Since it is the phosphorylation of STATs that is required 

for their transcriptional activity, we next sought to determine if STAT1 or STAT3 

phosphorylation is modulated following p7 expression. Huh7 cells were transfected with 1 

µg of p7 or EV for 12 hours and 24 hours and the phosphorylation of STAT1 and STAT3 

was determined by immunoblotting. In accordance with the literature [622], our positive 

control cytokine, IFN-a, induced STAT1 phosphorylation. However, expression of 1 µg of 

p7 had no effect on STAT1 tyrosine phosphorylation levels at 12 hours or 24 hours (Figure 

4.6 A & B); which was also confirmed by densitometry analysis of results from three 

independent experiments (Figure 4.6 C & D).  

 

While there was no change in STAT1 activity, we found that expression of 1 µg of p7 

enhanced STAT3 phosphorylation after 12 hours (Figure 4.7A). This was also confirmed 

by densitometry analysis from three independent experiments, which showed a 1.5 fold 

increase in STAT3 phosphorylation after 12 hours expression of p7 (Figure 4.7C). 

Interestingly no STAT3 phosphorylation was observed after 24 hours, indicating that HCV-

p7 induces STAT3 phosphorylation transiently (Figure 4.7 B & D). In addition, we also 

noted that expression of p7 mildly enhanced total STAT3 expression but not STAT1 

(Figure 4.7 E & F and Figure 4.6 E & F respectively). To further examine the effect of p7 

on STAT3 phosphorylation, a time course experiment was carried out. Huh7 cells were 

transfected with 1 µg of p7 or EV control for 6 hours, 8 hours, 12 hours or 24 hours. We 

observed that p7 enhanced STAT3 phosphorylation as early as 6 hours (Figure 4.8). In 

keeping with our previous results (Figure 4.7), we found that p7 led to an increase in 

STAT3 phosphorylation after 12 hours, while no induction of pSTAT3 was found after 24 

hours compared to EV control (Figure 4.8). These data indicate that expression of HCV-

p7 results in a transient increase in STAT3 tyrosine phosphorylation, while it has no effect 

on STAT1 activation. Indeed, STAT3 is well reported to be a key transcription factor in the 

induction of SOCS3, so these results could suggest that p7-mediated STAT3 activation is 

linked to our observed induction of SOCS3 by p7.   
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Figure 4.5 – STAT1 and STAT3 mRNA expression is not significantly induced in 
Huh7 cells after 12 hours and 24 hours transfection with p7 

Huh7 cells were transfected with 1 μg of DNA encoding HCV-p7-HA or EV control for 12 

hours or 24 hours. RNA was extracted, reverse transcribed to cDNA and mRNA levels of 

(A) STAT1 and (B) STAT3 were analysed by qRT-PCR. Gene expression was normalised 

using the housekeeping gene RPS15. Results shown are the mean ± SEM of three 

independent experiments. 
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Figure 4.6 – STAT1 phosphorylation and total STAT1 is unchanged at 12 hours and 
24 hours following p7 expression 

Cells were transfected with 1 μg of DNA encoding HCV-p7-HA or EV control. Cells were 

stimulated with 1000 IU/ml of IFN-a for 15 minutes prior to being harvested after (A) 12 

hours or (B) 24 hours and lysates probed for phospho-STAT1, total STAT1, β-actin and 

HA. Blots shown are representative of three independent experiments. Densitometry 

analysis of three Western blots was performed. (C & D) Bar graph represents the ratio of 

phospho-STAT1 to total STAT1 band intensity relative to EV control which was normalised 

to 1. (E & F) Bar graph represents the ratio of total STAT1 to b–actin band intensity relative 

to EV control which was normalised to 1.  
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Figure 4.7 – Expression of p7 enhances STAT3 phosphorylation and total STAT3 in 
Huh7 cells 

Cells were transfected with 1 μg of DNA encoding HCV-p7-HA or EV control. Cells were 

harvested after (A) 12 hours or (B) 24 hours and lysates probed for phospho-STAT3, total 

STAT3, β-actin and HA. Blots shown are representative of three independent experiments. 

Densitometry analysis of three Western blots was performed. (C & D) Bar graph 

represents the ratio of phospho-STAT3 to total STAT3 band intensity relative to EV control 

which was normalised to 1. (E & F) Bar graph represents the ratio of total STAT3 to b–

actin band intensity relative to EV control which was normalised to 1.   
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Figure 4.8 – Time course of STAT3 phosphorylation in Huh7 cells 

Cells were transfected with Lipofectamine only (M=Mock), or 1 μg of DNA encoding HCV-

p7-HA or EV control. Cells were harvested after 6 hours, 8 hours, 12 hours or 24 hours 

and lysates probed for phospho-STAT3, total STAT3, β-actin and HA. Blots shown are 

representative of three independent experiments.  
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4.2.5 Gas activity is increased following p7 expression 
 
Having found that expression of p7 enhanced STAT3 phosphorylation, we next sought to 

further investigate the functional consequences of this discovery. Following 

phosphorylation, STAT3 dimerises and translocates to the nucleus, where it binds to IFN-

g activated sequences (GAS) sites, leading to the transcription of target genes [546]. 

Therefore, we hypothesised that the activation of STAT3 observed after 12 hours of p7 

expression (Figure 4.7A), might affect GAS promoter activity. In addition, having shown 

that p7 had no effect on STAT1 phosphorylation (Figure 4.6 A & B), as a control experiment 

we also carried out an ISRE luciferase assay, which is driven upon binding of the STAT1-

STAT2-IFN regulatory factor 9 (IRF-9) trimer (Interferon-stimulated gene factor 3 [ISGF3]) 

to the ISRE promoter (and is thus STAT3-independent) [370]. Huh7 cells were transfected 

with either a GAS or ISRE regulated luciferase construct (1 µg), PGL3 Renilla (1 µg), along 

with p7 or the EV construct control (1 µg). As expected, in accordance with the literature 

[623], our positive control, IFN-a treatment for 24 hours, induced both GAS and ISRE 

luciferase activity (Figure 4.9 A & B). p7 expression significantly induced activation of GAS 

(Figure 4.9A); but only low levels of ISRE activation were observed following p7 

expression, compared to the EV control (Figure 4.9B). Lysates were subjected to Western 

blotting to confirm expression of p7 (Figure 4.9 C & D). Taken together, these findings 

indicate that p7-mediated STAT3 phosphorylation may lead to subsequent GAS activation, 

which may be linked to the induction of SOCS3.  
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Figure 4.9 – GAS, but not ISRE, activity is significantly increased following HCV-p7 
expression in Huh7 cells 

Huh7 cells were seeded at 2.5 x 105 cells/ml in 6 well plates. Cells were transfected with 

plasmids encoding (A) GAS-regulated firefly luciferase (1 μg) or (B) ISRE-regulated firefly 

luciferase (1 μg), along with constitutively expressed PGL3 Renilla luciferase (1 μg) in the 

presence of DNA encoding HCV-p7-HA or EV control (1 μg). Transfected cells were left 

over night and then treated with 1000 IU/ml of IFN-a for 24 hours. Cell lysates were 

assayed for firefly luciferase activity and normalised for transfection efficiency using PGL3 

Renilla luciferase activity. Results shown are the mean ± SEM of at least four independent 

experiments in triplicate and statistical differences determined by a Student’s t test. 

*p<0.05, **p<0.01. (C & D) Lysates were subjected to Western immunoblotting for β-actin 

and HA.  
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4.2.6 p7 expression leads to an increase in c-Myc and IL-6, while has no effect on 

HIF-1a or VEGFA mRNA expression 

 
Having observed that p7 enhanced STAT3 phosphorylation and induced GAS activation, 

we next sought to determine if p7 also enhanced expression of STAT3 target genes. 

STAT3 activity promotes transcription of genes required for cell differentiation, 

proliferation, angiogenesis, apoptosis and immunity [624]. In fact, since STAT3 has been 

linked to the oncogenic activity of HCV [35], we chose to analyse genes involved in cell 

growth, including hypoxia inducible factor-1a (HIF-1a), vascular endothelial growth factor 

A (VEGFA) and c-Myc. Furthermore, since STAT3 is a key regulator of proinflammatory 

gene transcription [625, 626], we also measured the effect of p7 expression upon IL-6 

mRNA levels.  

 

Huh7 cells were transfected with 1 µg of p7 or EV control constructs for 12 hours and 24 

hours, before HIF-1a, VEGFA, c-Myc and IL-6 expression was determined by qRT-PCR. 

We found that expression of p7 had no significant effect on HIF-1a and VEGFA mRNA 

levels after either 12 hours or 24 hours transfection (Figure 4.10 C & D). However, while 

p7 was expressed within 12 hours of transfection (Figure 4.10E), a significant increase in 

c-Myc and IL-6 gene expression was only observed after 24 hours (Figure 4.10 A & B).  

 

In addition, to assess any functional effect of p7 expression on cell proliferation, Huh7 cells 

were transfected with increasing concentrations of the p7 encoding construct or the EV 

control for 24 hours and 48 hours, before being counted using trypan blue. In agreement 

with our observed lack of proliferative gene induction (HIF-1a and VEGFA) (Figure 4.10 C 

& D), there was no significant change in cell numbers following expression of p7 (Figure 

4.10F). Together these results indicate that while p7 expression does not upregulate 

proliferative genes or affect cell proliferation levels, it does induce expression of key 

proinflammatory genes.  
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Figure 4.10 – p7 expression leads to an increase in c-Myc and IL-6, while has no 

effect on HIF-1a or VEGFA mRNA expression 

Huh7 cells were seeded at 2.5 x 105 cells/ml in 6 well plates. 1 μg of DNA encoding HCV-

p7-HA or EV control was transfected into cells for 12 hours or 24 hours. RNA was extracted 

according to the Roche RNA extraction kit and reverse transcribed to cDNA. mRNA levels 

of (A) c-Myc, (B) IL-6, (C) HIF-1a, (D) VEGFA, (E) p7 were analysed by qRT-PCR. Results 

shown are the mean ± SEM of three independent experiments and statistical differences 

analysed by a two-way ANOVA, with a Bonferroni’s multiple comparison test. *p<0.05, 

**p<0.01 (F) Huh7 cells were transfected with 1 μg and 4 µg of DNA encoding HCV-p7-

HA or EV control for 24 hours or 48 hours. Cells were collected in 1 ml of PBS and counted 

in Trypan blue (n=3).   
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4.2.7 shRNA knockdown of STAT3 prevents p7-mediated SOCS3 induction 
 
Having established that p7 expression enhances pSTAT3 we wondered if the induction of 

the key regulatory protein, SOCS3, was also mediated via this pathway. To investigate if 

p7 directly induced SOCS3 via STAT3, we first suppressed endogenous STAT3 

expression using a STAT3-specific shRNA construct. HEK293T cells were chosen for 

these studies due to their highly transfectable nature and were transfected for 24 hours 

with control or STAT3 shRNA, prior to transfection with p7 or its EV control for 24 hours. 

Knockdown of STAT3 protein was confirmed via immunoblotting (Figure 4.11A) and by 

optical densitometry analysis (Figure 4.11 B & C). We discovered that following 

transfection of control shRNA, p7-mediated SOCS3 expression was significantly 

enhanced (Figure 4.11 A & C), which is consistent with our previous results (Figure 3.6C). 

Again, as previously observed (Figure 4.7 E & F), expression of p7 enhanced STAT3 

(Figure 4.11 A & B). Of importance, was our observation that when expression of STAT3 

was suppressed by shRNA, p7 expression no longer enhanced SOCS3 levels (Figure 4.11 

A & C). Densitometric analysis of 3 independent experiments showed a statistically 

significant induction of SOCS3 following p7 expression, that was lost following shRNA-

mediated STAT3 depletion (Figure 4.11C). This data indicates that enhancement of 

SOCS3 by p7 is dependent on STAT3 activation.  
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Figure 4.11 – STAT3 knockdown prevents p7-mediated SOCS3 induction 

(A) HEK293T cells were seeded at 2.5 x 105 cells/ml in 6 well plates. 1 μg of STAT3 shRNA 

or control shRNA was transfected into cells for 24 hours prior to transfection of 1 μg of 

DNA encoding HCV-p7-HA or EV control for 24 hours. Cells were harvested and lysates 

probed for STAT3, SOCS3, β-actin and HA. Blots shown are representative of three 

independent experiments. (B & C) Densitometry analysis of three Western blots was 

performed and analysed by a Student’s t test. *p<0.05. Bar graph represents the ratio of 

STAT3 or SOCS3 to b–actin band intensity relative to EV control which was normalised to 

1. 
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4.2.8 The effect of shRNA STAT3 knockdown on p7-mediated KLF4 induction 
 
Interestingly, expression of the transcription factor, KLF4 (which we previously observed 

to be induced by p7 [Figure 4.3 C & D]), is regulated by STAT3 [627]. Therefore, having 

found that p7 required STAT3 for SOCS3 induction, we next explored the hypothesis that 

p7-mediated upregulation of KLF4 might also be STAT3-dependent. To study the possible 

interplay between STAT3 and KLF4 we investigated the effect of shRNA-mediated STAT3 

suppression on p7-induced KLF4 expression in HEK293T cells.  

 

Knockdown of STAT3 was confirmed by immunoblotting and optical densitometry of three 

independent experiments. Results found that following transfection of control shRNA, 

expression of p7 enhanced KLF4 protein induction in HEK293T cells compared to EV 

control (Figure. 4.12A), which is consistent with our previous results (Figure. 4.3 C & D). 

Interestingly, reduction of STAT3 prevented the upregulation of KLF4 following p7 

transfection (Figure 4.12A). This was confirmed by densitometry analysis, where a 

significant induction of p7-mediated of KLF4 was observed, which was not apparent 

following shRNA-mediated STAT3 suppression (Figure 4.12C).  

 

Having now observed that p7 expression increased KLF4 (Figure 4.3) and that KLF4 

induction is dependent on STAT3 (Figure. 4.12), we next sought to determine if p7 was 

inducing a cytokine stimulator of this pathway. Therefore, since the cytokine, LIF, is known 

to regulate KLF4, in a STAT3-dependent manner [618], we investigated the effect of p7 

transfection (12 hours and 24 hours), on LIF mRNA levels in Huh7 cells. We discovered a 

1.5 increase in LIF mRNA upon expression of p7, however this was not statistically 

significant (Figure 4.12D). Taken together, these findings indicate that p7-mediated KLF4 

induction may require STAT3 signalling, which may be linked to the p7-mediated induction 

of SOCS3. However, the role of LIF remains to be determined.  
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Figure 4.12 – Inhibition of STAT3 prevents p7-mediated KLF4 induction, while p7 
has no significant effect on LIF mRNA expression 

(A) HEK293T cells were seeded at 2.5 x 105 cells/ml in 6 well plates. 1 μg of STAT3 shRNA 

or control shRNA was transfected into cells for 24 hours prior to transfection of 1 μg of 

DNA encoding HCV-p7-HA or EV control for 24 hours. Cells were harvested and lysates 

probed for STAT3, KLF4, β-actin and HA. Blots shown are representative of three 

independent experiments. (B & C) Densitometry analysis of three Western blots was 

performed and analysed by a Student’s t test. *p<0.05. Bar graph represents the ratio of 

STAT3 or KLF4 to b–actin band intensity relative to EV control which was normalised to 

1. (D) 1 μg of DNA encoding HCV-p7-HA or EV control was transfected into Huh7 cells for 

12 hours or 24 hours. RNA was extracted according to the Roche RNA extraction kit and 

reverse transcribed to cDNA. mRNA levels of LIF were analysed by qRT-PCR. Results 

shown are the mean ± SEM of three independent experiments.  
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4.2.9 p7 expression induces ERK phosphorylation, while has no effect on JNK and 
p38 phosphorylation 
 
SOCS3 expression is classically regulated by STAT proteins, in particular STAT3 [625]. 

However, more recent evidence has shown additional pathways to control SOCS3 

expression. In response to proinflammatory cytokines, MAPK proteins have been found to 

regulate SOCS3 [590], however the molecular mechanism by which MAPK signalling does 

this is poorly understood. Both AP-1 and ELK1 are transcription factors downstream of 

MAPK signalling. Interestingly, the three MAPK signalling pathways ERK, p38 and JNK 

contribute to AP-1 activity in response to a wide array of stimuli [628]. For example, it has 

been reported that ERK signalling leads to AP-1 activity via c-fos synthesis [628]. 

Moreover, ERK signalling also induces the phosphorylation and transcriptional activity of 

ELK1 [628]. Our bioinformatic analysis of the SOCS3 promoter region predicted six 

putative AP-1 binding sites and at least one ELK1 binding site. In fact, deletion of AP-1 

sites within the SOCS3 promoter prevents LPS-mediated SOCS3 induction, revealing the 

functional importance of the MAPK signalling in SOCS3 expression [425].  

 

Having found that the induction of SOCS3 by p7 required STAT3, we next investigated if 

p7 had an effect on MAPK signalling. Additionally, we also wanted to determine if the 

presence of AP-1 and ELK1 binding sites in the SOCS3 promoter might have a functional 

significance. To analyse this, we first assessed the effect of p7 on JNK and p38 

phosphorylation. Huh7 cells were transfected with EV control or p7 for 24 hours, before 

JNK and p38 phosphorylation was measured by immunoblotting. We discovered that 

expression of p7 did not enhance either JNK nor p38 phosphorylation (Figure 4.13 A & B), 

and this was also confirmed by densitometry analysis of three independent experiments 

(Figure 4.13 C & D). This indicates that p7 may not use these proteins for SOCS3 

induction, however there may have been activation of JNK and p38 earlier than 24 hours 

and this could be investigated in the future.   

 

To further investigate the role of MAPK signalling during p7-mediated SOCS3 induction, 

we carried out a time course to analyse the effect of p7 on ERK phosphorylation. Huh7 

cells were transfected with 1 µg of p7 or EV control for 6 hours, 8 hours, 12 hours or 24 

hours. Interestingly, we found that p7 enhanced ERK phosphorylation after each time-

point compared to EV control (Figure 4.14A). As the strongest expression of p7 (HA) was 

observed after 24 hours, we sought to further investigate ERK phosphorylation at this time 

point using two concentrations of p7. In agreement with our time course, a clear 

enhancement of ERK1/2 phosphorylation was observed following expression of 1 µg of p7 
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after 24 hours, however this was not observed with 4 µg (Figure 4.14B). We next 

investigated the effect of p7 on downstream MAPK driven transcription factors AP-1 and 

ELK1, using luciferase assay reporters. Huh7 cells were transfected with plasmids 

encoding PGL3 Renilla, AP-1-regulated firefly luciferase or pFR-regulated firefly luciferase 

and pFA-ELK1, in the presence of 1 µg of p7 or EV control. Cells were transfected for 24 

hours and then stimulated with either 100 ng/well of LPS or PMA (both shown to drive AP-

1 and ELK1 activity respectively [629, 630]) for 24 hours. After 48 hours cells were 

harvested and assayed for firefly luciferase activity. We found that our control stimuli, LPS 

and PMA, increased AP-1 and ELK1 luciferase activity, respectively and that expression 

of p7 significantly drove both AP-1 and ELK1 luciferase activity (Figure 4.14 C & D). 

Lysates were subjected to immunoblotting to confirm expression of p7 (Figure 4.14 E & 

F). Taken together this data demonstrates that as well as STAT3 activation (Figure 4.7 

and Figure 4.8), the HCV protein, p7, enhances ERK phosphorylation and activates the 

downstream MAPK transcription factors, AP-1 and ELK1.  
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Figure 4.13 - Expression of p7 has no effect on JNK or p38 phosphorylation after 24 
hours in Huh7 cells 

(A & B) Huh7 cells were seeded at 2.5 x 105 cells/ml in 6 well plates. Cells were transfected 

with 1 μg of DNA encoding HCV-p7-HA or the EV control. Cells were harvested 24 hours 

later and lysates were probed for phospho-JNK, JNK, phospho-p38, p38, β-actin and HA. 

Blots shown are representative of three independent experiments. (C & D) Densitometry 

analysis of three Western blots was performed. Bar graph represents the ratio of phospho-

JNK or phospho-p38 to total JNK or total p38 band intensity respectively, relative to EV 

control which was normalised to 1.  

  

Phospho-p38

Total p38

β-actin 

HA

Phospho-JNK

Total JNK

β-actin 

HA

EV p7 EV p7

A B 

C D 



	 143	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.14 – Expression of p7 enhances ERK phosphorylation and induces AP-1 
and ELK1 driven luciferase activity 

(A) Huh7 cells were transfected with Lipofectamine only (M=Mock) or 1 μg of p7 or EV 

control, and cells were harvested after 6 hours, 8 hours, 12 hours or 24 hours. Blots shown 

are representative of three independent experiments. (B) Huh7 cells were transfected with 

1 μg/4 μg of p7 or EV control and harvested after 24 hours. Blots shown are representative 

of three independent experiments. (C & D) Huh7 cells were transfected with PRDIV6 (AP-

1)-regulated firefly luciferase or pFR-regulated firefly luciferase (1 μg), pFA-ELK1 (1 μg), 

and constitutively expressed PGL3 Renilla luciferase (1 μg) in the presence of DNA 

encoding p7 or EV control. Transfected cells were left over night and then treated with 100 

ng of LPS or 100 ng of PMA for 24 hours. Cell lysates were assayed for firefly luciferase 

activity and normalised for transfection efficiency using PGL3 Renilla luciferase activity. 

Results shown are the mean ± SEM of three independent experiments in triplicate and 

analysed by a Student’s t test. *p<0.05, **p<0.01. (E & F) Lysates were subjected to 

Western immunoblotting for β-actin and HA.   

pERK 1/2

Total ERK 1/2

β-actin

HA

EV p7
1μg

p7
4μg

HA

β-actin

EV p7 LPS

HA

β-actin

EV p7 PMA

pERK 1/2

Total ERK 1/2

β-actin

HA

M EV p7 EV EV EVp7 p7 p7

6h 8h 12h 24hA B 

C D 

E F 



	 144	

4.2.10 Inhibition of MEK prevents p7-mediated SOCS3 induction 
 
Having observed that p7 expression led to an increase in ERK phosphorylation, next we 

investigated if ERK had a role in p7-mediated SOCS3 induction. To inhibit ERK signalling 

we used a pharmacological inhibitor of MEK activation (PD98059), which is upstream of 

ERK. We first “tested” the effect of PD98059 inhibition on LPS-mediated ERK 

phosphorylation, as LPS is known to induce ERK phosphorylation [631]. Huh7 cells were 

treated with 10 µM and 20 µM of PD98059 for 45 minutes prior to stimulation with LPS for 

30 minutes. As expected, we found that LPS treatment induced robust phosphorylation of 

ERK, which was reduced with both 10 µM and 20 µM of PD98059. This was confirmed by 

densitometry analysis, which showed a statistically significant decrease in ERK 

phosphorylation in the presence of PD98059 (Figure 4.15 A & B).  

 

Having confirmed that PD98059-mediated inhibition of MEK prevents downstream ERK 

phosphorylation, we used this inhibitor to investigate the effect of ERK inhibition on p7-

mediated SOCS3 induction. Huh7 cells were treated with either 10 µM or 20 µM of 

PD98059 or DMSO for 45 minutes prior to transfection with 1 µg of EV control or p7 for 24 

hours. SOCS3 expression was then analysed by immunoblotting. Following DMSO 

treatment, expression of p7 induced SOCS3; although just “outside” statistical significance 

(p=0.0539) when determined by densitometric analysis of five independent experiments 

(Figure 4.15 C & D). Treatment with PD98059 and transfection of EV control resulted in a 

mild increase in SOCS3 expression, however treatment with PD98059 blocked SOCS3 

induction in the presence of p7, suggesting that, as we observed with STAT3 (Figure 4.11), 

ERK activation is also required for p7-mediated upregulation of SOCS3. Interestingly, this 

result is consistent with published data, which illustrate that inhibition of MEK and ERK 

with PD98059 prevents SOCS3 induction [632]. 
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Figure 4.15 – Inhibition of MEK prevents p7-mediated SOCS3 induction 

Huh7 cells were seeded at 2.5 x 105 cells/ml in 6 well plates. Cells were treated with 10 

μM or 20 μM of PD98059 for 45 minutes prior to treatment with (A) 100 ng of LPS for 30 

minutes or (C) transfection of 1 μg of DNA encoding HCV-p7-HA or EV control for 24 

hours. Blots shown are representative of five independent experiments. (B & D) Bar graph 

represents the ratio of pERK or SOCS3 to total ERK and b–actin band intensity 

respectively, relative to EV control which was normalised to 1. Results were analysed by 

a Student’s t test. *p<0.05, **p<0.01.  
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4.2.11 The effect of ERK2 knockdown on STAT3 phosphorylation 
 

Since ERK and STAT3 were both phosphorylated by p7, we next analysed if they could 

be regulating each others activation. Published reports show that ERK signalling induces 

STAT3 serine [633, 634] and tyrosine [635] phosphorylation. Therefore, we first 

investigated if ERK could be enhancing STAT3 phosphorylation. Due to a technical issue 

ERK1 could not be suppressed and so this experiment focused on suppressing ERK2. 

HEK293T cells were transfected with 2 µg of control or ERK2 shRNA for 36 hours prior to 

transfection with 1 µg of EV and p7 for 12 hours. After 48 hours cells were harvested and 

the expression of total ERK1/2 and tyrosine pSTAT3 was determined by immunoblotting. 

ERK2 knockdown was confirmed via immunoblotting for total ERK and by optical 

densitometry. Consistent with our previous findings (Figure 4.7), we found that following 

transfection of control shRNA and then expression with p7, STAT3 tyrosine 

phosphorylation was enhanced (Figure 4.16A). Interestingly, knockdown of ERK2 (using 

shRNA), followed by EV transfection, enhanced basal tyrosine STAT3 phosphorylation, 

which is in keeping with published reports [636]. However, no further increase of STAT3 

phosphorylation was observed following expression of p7 (Figure 4.16A). Densitometry 

analysis of three independent experiments also confirmed this finding (Figure 4.16 B & C). 

These results indicate that 1) suppression of ERK signalling triggers STAT3 

phosphorylation, possibly as part of a compensatory signalling mechanism and 2) indicate 

that ERK2 depletion affects the ability of p7 to enhance STAT3 phosphorylation above the 

basal level. The induction of basal STAT3 phosphorylation made it difficult to determine 

the crosstalk between ERK and STAT3 in this experiment, thus we next sought to 

determine if inhibiting ERK activation affected STAT3 phosphorylation.  
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Figure 4.16 – The effect of ERK2 knockdown on STAT3 phosphorylation 

(A) HEK293T cells were seeded at 2.5 x 105 cells/ml in 6 well plates. 2 μg of ERK2 shRNA 

or control shRNA were transfected into cells for 36 hours prior to transfection of 1 μg of 

DNA encoding HCV-p7-HA or EV control for 12 hours. Cells were harvested and lysates 

probed for total ERK, phospho-STAT3, STAT3, β-actin and HA. Blots shown are 

representative of three independent experiments. (B & C) Densitometry analysis of three 

Western blots was performed and results analysed by a Student’s t test. *p<0.05. Bar 

graph represents the ratio of total ERK or pSTAT3 to b–actin and total STAT3 band 

intensity respectively, relative to EV control which was normalised to 1.  
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4.2.12 The effect of MEK inhibition on STAT3 phosphorylation  
 
To further investigate this cross-talk between ERK and STAT3, we inhibited ERK activation 

with the MEK inhibitor, PD98059. Huh7 cells were pre-treated with either 10 µM or 20 µM 

of PD98059 or DMSO for 45 minutes prior to transfection with 1 µg of EV control or p7 for 

12 hours, before cells were harvested and pSTAT3 expression was analysed by 

immunoblotting. In line with our previous findings (Figure 4.7), following DMSO, p7 

expression enhanced STAT3 phosphorylation (Figure 4.17). Similar to the results 

observed when ERK2 was silenced using shRNA (Figure 4.16), inhibition of ERK with 10 

µM or 20 µM of PD98059 (followed by transfection of EV control), enhanced basal pSTAT3 

levels, again, possibly revealing STAT3’s compensatory mechanism for lack of ERK 

activity (Figure 4.17). Furthermore, as we also observed in our shRNA experiments (Figure 

4.16), expression of p7, in PD98059 treated cells, did not further enhance pSTAT3, when 

compared to EV control (Figure 4.17). Overall, this data shows that suppression of ERK 

expression or activation (via shRNA or PD98059), induces STAT3 phosphorylation in EV 

control cells, which is not further increased in the presence of p7, suggesting that ERK 

may be required for p7-mediated STAT3 phosphorylation. 

  



	 149	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 – The effect of MEK inhibition on STAT3 phosphorylation in Huh7 cells 

(A) Huh7 cells were seeded at 2.5 x 105 cells/ml in 6 well plates. Cells were treated with 

10 μM or 20 μM of PD98059 for 45 minutes prior to transfection of 1 μg of DNA encoding 

HCV-p7-HA or EV control for 12 hours. Blots shown are representative of three 

independent experiments. (B) Densitometry analysis of three Western blots was 

performed. Bar graph represents the ratio of pSTAT3 to total STAT3 values, relative to EV 

control which was normalised to 1. 
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4.2.13 STAT3 knockdown enhances ERK phosphorylation 
 

Having investigated the effect of knocking down ERK2 and inhibiting ERK activation upon 

p7-mediated STAT3 phosphorylation, to further elucidate the cross-talk between STAT3 

and ERK, we next analysed the effect of STAT3 depletion upon p7-mediated ERK 

phosphorylation. HEK293T cells were transfected with 1 µg of control shRNA or STAT3 

shRNA for 36 hours prior to the transfection of 1 µg of EV or p7 for 12 hours. After 48 

hours, cells were harvested and lysates probed for pERK via immunoblotting. Western 

blotting confirmed that control shRNA had no effect on STAT3 protein levels, while STAT3 

shRNA suppressed STAT3 protein expression and this was confirmed by densitometry 

analysis (Figure 4.18 A & B). As expected and in line with our previous findings (Figure 

4.14), p7 expression enhanced ERK (p42 and p44) phosphorylation in the shRNA control 

cells (Figure 4.18A). This was confirmed by densitometry of three independent 

experiments (Figure 4.18 C & D). Previously we observed enhanced pSTAT3 when we 

silenced ERK2 (Figure 4.16 & 4.17) and interestingly, a similar phenomenon occurred 

when STAT3 was knocked down, which resulted in basal ERK phosphorylation (Figure 

4.18A). Previously we observed that in the absence of ERK2, p7 was unable to further 

enhance pSTAT3, but here (while not statistically significant when analysed by optical 

densitometry), we found that in the absence of STAT3, p7 expression further enhanced 

ERK phosphorylation compared to EV control (Figure 4.18A). These results suggest that 

STAT3 is not required for ERK phosphorylation, as depletion of STAT3 did not block p7-

mediated enhancement of ERK phosphorylation. Taken together, this indicates that while 

p7-mediated STAT3 phosphorylation may require ERK, ERK signalling is independent of 

STAT3. In fact, our findings indicate that while both STAT3 and ERK are involved in p7-

induced SOCS3, ERK has revealed itself as a key protein in this process.  
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Figure 4.18 – p7 expression still enhances ERK phosphorylation following 
suppression of STAT3 

(A) HEK293T cells were seeded at 2.0x105 cells/ml in 6 well plates. 1μg of STAT3 shRNA 

or control shRNA were transfected into cells for 36 hours prior to transfection of 1μg of 

DNA encoding HCV-p7-HA or EV control for 12 hours. Cells were harvested and lysates 

probed for STAT3, β-actin, pERK, total ERK and HA. Blots shown are representative of 

three independent experiments. (B - D) Densitometry analysis of three Western blots was 

performed and results analysed by a Student’s t test. *p<0.05, **p<0.01, ****p<0.0001. Bar 

graph represents the ratio STAT3 or pERK to b–actin and total ERK band intensity 

respectively, relative to EV control which was normalised to 1.  
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4.2.14 The effect of p7 on ER stress markers  
 

Having observed activation of STAT3 and ERK upon p7 expression, we next sought to 

investigate which stimuli may trigger this. Since p7 creates an ion channel in the ER 

membrane, and ER stress is known to promote intracellular signal transduction, we next 

investigated if p7 causes ER stress. We analysed the effect of p7 upon two ER-related 

genes, C/EBP homologous protein (CHOP) (induced by ER stress and mediates 

apoptosis) and glucose related protein 78 (GRP78/BiP) (involved in sensing stress within 

the ER) [637, 638]. Huh7 cells were transfected with 1 µg of EV control or p7 initially for 0 

hours, 3 hours and 6 hours and the expression of CHOP and GRP78 mRNA was analysed 

by qRT-PCR. We found that after 3 hours, p7 expression induced both CHOP and GRP78 

mRNA expression (Figure 4.19 B & C), however, this effect seemed to be transient, as p7 

had no effect at 6 hours (Figure 4.19 B & C), nor did it induce either gene in subsequent 

experiments after 12 hours or 24 hours p7 transfection (Figure 4.19 D & E). These results 

reveal the induction of ER stress genes within 3 hours of p7 expression, indicating the 

early and dynamic nature of this process. Having observed that CHOP mRNA was 

upregulated upon p7 expression, we next examined the effect of p7 upon CHOP activity. 

Huh7 cells were transfected with 1 µg of pFR-regulated firefly luciferase, 1 µg of pFA-

CHOP, 1 µg of PGL3 Renilla and 1 µg of either EV control or p7 for 48 hours. As a positive 

control, cells also treated with 5 µg of the ER stress inducer, Brefeldin A overnight, which 

significantly increased CHOP luciferase activity, compared to EV control. Expression of p7 

also increased activation of CHOP luciferase activity, which trended “close” to significance 

(p=0.0544). This result suggested that p7 induced mild ER stress (Figure 4.20A). Lysates 

were subjected to immunoblotting to confirm the expression of p7 (Figure 4.20B).  

 

To further investigate the effects of p7 upon ER stress we used confocal microscopy to 

analyse calreticulin, another important ER marker. Calreticulin is a chaperone protein, 

which is induced by ER stress and aids protein folding in the ER [639, 640]. HEK293T 

cells were transfected for 24 hours with 2 µg of DNA encoding mEmerald-Calreticulin, 

which fluoresces the ER, in the presence of either 1 µg of EV control or p7 and cells were 

analysed by confocal microscopy. Under ER stress calreticulin translocates to the ER, and 

as expected treatment with Brefeldin A for 4 hours led to the translocation of calreticulin to 

the ER compared to EV control. Transfection of p7 also led to a subtle translocation of 

calreticulin, albeit at a lower level than Brefeldin A (Figure 4.21, Appendix Figures 1.8 & 

1.9). Taken together, the data suggest that expression of p7 induces mild ER stress, which 

we postulate may be linked to the observed activation of signalling pathways.   
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Figure 4.19 – The effect of p7 on CHOP and GRP78 mRNA expression in Huh7 cells 

Huh7 cells were transfected with 1 μg of DNA encoding HCV-p7-HA or EV control for (A - 

C) 3 hours or 6 hours, (C & D) 12 hours or 24 hours. RNA was extracted according to the 

phenol-chloroform method, reverse transcribed to cDNA and mRNA levels of p7, CHOP 

and GRP78 were analysed by qRT-PCR. Results shown are the mean ± SEM of three 

independent experiments.  
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Figure 4.20 – The effect of p7 on CHOP luciferase activity  

(A) Huh7 cells were transfected with pFR-regulated firefly luciferase (1 μg), pFA-CHOP (1 

μg), constitutively expressed PGL3 Renilla luciferase (1 μg) in the presence of HCV-p7-

HA or EV control (1 μg). Cells were left overnight and then treated with 5 μg of Brefeldin 

A for 12 hours. Cell lysates were assayed for firefly luciferase activity and normalised for 

transfection efficiency using PGL3 Renilla luciferase activity. Results shown are the mean 

± SEM of five independent experiments in triplicate and analysed by a Student’s t test. 

*p<0.05 (B) Lysates were subjected to immunoblotting for HA and β–actin.  

 

 

  

A 

B 

HA

β-actin

EV p7



	 155	

 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21 – p7 has a mild effect on calreticulin expression 

HEK293T cells were seeded at 2.5 x 105 cells/ml in 35 mm high μ-dishes. Cells were 

transfected with 2 μg of mEmerald-Calreticulin-N-16 and 1 μg of DNA encoding HCV-p7-

HA or EV control for 24 hours. Cells were treated with 5 μg of Brefeldin A for 4 hours and 

viewed under the Lecia SP8 scanning confocal microscope. Images are representative of 

an individual experiment repeated three times. The bottom panels show increased 

magnification of the framed region in the top panel. Scale bars: 10 μM. 
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4.2.15 Supernatants from cells expressing p7 enhance SOCS3 mRNA and protein 
expression  
 

Given that signalling pathways and SOCS proteins are induced by cytokines, we next 

sought to determine if p7 expression led to the secretion of “secondary” cytokine 

mediator/s, which could act back on the cells to upregulate our observed SOCS3 

expression. To investigate this, HEK293T cells were transfected with 1 µg of EV control or 

p7 for 24 hours before cells and supernatants were harvested. Supernatants were then 

added to “fresh” (untransfected) HEK293T cells over a 6h time course before SOCS3 

mRNA and protein expression were measured by qRT-PCR and Western blotting, 

respectively. We discovered that the supernatants stimulated an increase in SOCS3 

mRNA within 30 minutes, which peaked with statistical significance at 60 minutes, 

compared to EV control (Figure 4.22A). SOCS3 mRNA induction appeared to be transient, 

with levels decreasing after 120 minutes and 340 minutes. We also found that SOCS3 

protein was increased after 60 minutes of supernatant incubation, and remained 

expressed even after 360 minutes, compared to incubation with supernatants from EV 

control cells (Figure 4.22B). While supernatants from EV control cells induced low levels 

of SOCS3 after 60 minutes and 240 minutes, supernatants from p7 transfected cells 

induced more SOCS3 (Figure 4.22B). Densitometry of three independent experiments 

also confirmed this (Figure 4.22C). Overall, this data suggests that expression of p7 may 

induce a cytokine mediator, which can then act back on the cell to enhance SOCS3 

expression.   
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Figure 4.22 - Supernatants from cells expressing p7 enhance SOCS3 mRNA and 
protein expression 

(A) HEK293T cells were seeded at 2.5 x 105 cells/ml in 6 well plates. Cells were transfected 

with 1 μg of DNA encoding HCV-p7-HA or EV control for 24 hours. Supernatants were 

collected and added to HEK293T cells for a time course. RNA was extracted according to 

the phenol-chloroform method and reverse transcribed to cDNA and SOCS3 mRNA 

expression analysed by qRT-PCR. Results shown are the mean ± SEM of three 

independent experiments and statistical differences analysed by a two-way ANOVA, with 

a Bonferroni’s multiple comparison test. *p<0.05. (B) SOCS3 protein expression was 

analysed by immunoblotting. (C) Densitometry analysis of three Western blots was 

performed.   
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4.3 Discussion 
 

Clinicians have long reported that HCV infection has limited pathology resulting in the virus 

going undetected in many patients until liver disease presents its own clinical symptoms 

[641]. This lack of inflammatory symptoms, associated with “normal” viral infection, 

suggests that HCV has developed mechanisms to dampen the host innate immune 

response. HCV induction of SOCS3, may be one method by which HCV suppresses 

proinflammatory and anti-viral signalling [36, 540]. While the HCV Core protein induces 

SOCS3 expression [36], the mechanism of SOCS3 upregulation remains unknown. As we 

described in chapter three, that the HCV viral protein, p7, also induces SOCS3 expression; 

the aim of this study was to elucidate the mechanisms involved in p7-induced SOCS3 

expression.   

 

Bioinformatic analysis was carried out in order to predict TFBS in the SOCS3 promoter, 

which may be important for SOCS3 upregulation. SOCS3 is highly conserved across 

species and its promoter region contains >100 putative TFBS [616]. Since p7 also induced 

the mRNA expression of SOCS4, SOCS5 and SOCS6 (Chapter 3, Figure 3.11 and Figure 

3.13), to increase the likelihood of identifying key transcription factors, we included these 

promoter regions of in our analysis. The oPPOSUM web-based system, which investigates 

putative TFBS in sets of genes, was used to predict conserved over-represented 

(occurring more times in a sequence than is expected by chance) TFBS in the SOCS3, 

SOCS4, SOCS5, SOCS6 promoter regions. A limitation of this bioinformatic analysis is 

that it is only a predicative tool, which generates a huge amount of data. As such, stringent 

criteria were put in place to increase the likelihood of accurate targets been proposed, 

which resulted in the identification of the same three putative TFBS (ZFX, Sp1 and KLF4) 

in all four SOCS genes. 

 

In order to investigate if these transcription factors might be present during p7 expression, 

we  examined the mRNA expression of each of the genes. Both Sp1 and ZFX mRNA levels 

were unaffected by p7 after 24 hours; however, a future detailed time course experiment 

might identify if their expression was induced earlier. Indeed, one possibility may be that 

both ZFX and Sp1 are induced early but their expression then declines. Additionally, a 

luciferase assay would determine if their transcriptional activity is modulated following p7 

transfection. Our molecular analysis revealed that one of our predicted transcription 

factors, KLF4 was increased by p7 expression; in fact, p7 led to a significant increase in 

KLF4 mRNA and protein expression in Huh7 cells, indicating that KLF4 may be involved 

in SOCS3 induction. A detailed time course investigating the effect of p7 on KLF4 would 
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be informative. Additionally, to further examine this, knockdown of KLF4 would have to be 

carried out to analyse the effect on SOCS3 protein expression. While mRNA and protein 

analysis of the transcription factor KLF4 shows that it was induced in the presence of p7, 

a chromatin immunoprecipitation (ChIP) assay, would also tell us if KLF4 actually interacts 

with the DNA TFBS in the SOCS3 promoter in Huh7 cells. Our results are in keeping with 

another published study, which demonstrated that KLF4 induces SOCS3 expression [419]. 

Indeed, this group showed that siRNA-mediated KLF4 knockdown, prevented SOCS3 

induction in glial cells [419]. Another highly important function of KLF4, is to promote cell 

survival by suppressing apoptosis [642]. Moreover, KLF4 enhances melanoma cell growth 

by decreasing apoptosis [643]. Interestingly, SOCS3 can also play an anti-apoptotic role, 

and has been shown to suppress apoptosis by sustaining activation of the PI3K/AKT 

pathway in keratinocytes [644]. Therefore, in addition to potentially regulating immune 

responses, KLF4-mediated SOCS3 induction may regulate apoptosis to enhance cell 

survival.  

 

While our bioinformatic analysis predicted a KLF4 TFBS and our results found that p7 

induced KLF4 expression, further analysis also identified five putative NF-kB TFBS within 

the SOCS3 promoter region. Multiple studies highlight NF-kB activity as an important 

regulator of SOCS3 expression [428, 429]. However, we observed no difference in NF-kB 

promoter activity following p7 transfection, indicating that NF-kB activity may not be 

required for induction of SOCS3.  

 

SOCS3 transcription is classically regulated by STAT3 [386]. In keeping with this, we 

identified six putative TFBS in the SOCS3 promoter, highlighting the importance of this 

transcription factor in the regulation of SOCS3. We demonstrated that expression of p7 

enhanced STAT3 tyrosine phosphorylation, while a significant increase in GAS activity 

indicated that p7 expression induced STAT3 transcriptional activity. Knockdown of STAT3 

prevented SOCS3 induction in the presence of p7, further confirming the importance of 

STAT3 in p7-mediated SOCS3 upregulation. Interestingly, cross-talk between STAT3 and 

NF-kB has been reported and STAT3 can negatively regulate NF-kB activation [645, 646]. 

As such, p7-mediated STAT3 upregulation may supress NF-kB and possibly explain why 

its transcriptional activity was unaffected. In support of our results, HCV infection is well-

known to modulate STAT3. The Core protein directly interacts with STAT3 and mediates 

the phosphorylation of its tyrosine residue [35]. NS4B induces STAT3 activation and 

stimulates the expression of STAT3 target genes VEGF and c-Myc [537]. Several studies 

also demonstrate that STAT3 enhances HCV replication [505, 534]. This indicates that 
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STAT3 signalling is important for HCV infection and our finding that p7 modulates STAT3 

expression and activation is in keeping with these published reports. Importantly, our 

results also suggest that STAT3-mediated SOCS3 induction may be a potential 

mechanism that contributes to the suppressed inflammation observed in HCV-infected 

patients. 

 

Interestingly, published reports show that oxidizing agents can modulate the DNA binding 

activity of STAT3. Indeed, oxidative stress has been found to trigger STAT3 tyrosine 

phosphorylation, possibly by inhibiting the activity of intracellular tyrosine phosphatases 

[647]. Evidence shows that HCV induces oxidative stress leading to the translocation of 

STAT3 to the nucleus [536]. In confirmation of this, Waris et al., show that HCV 

subgenomic replicon-induced STAT3 activation was inhibited by antioxidants [505]. Of 

interest, oxidative stress has been shown to inhibit Src homology region 2 domain-

containing phosphatase 1 (SHP1) and SHP2, leading to increased STAT3 activation that 

contributed to the development of HCC in mice [648]. Collectively, these results highlight 

that STAT3 activation is sensitive to oxidative stress induced by HCV replication. 

 

STAT3 signalling has also been documented to regulate KLF4 expression [649]. Indeed, 

our data found that without STAT3 (shRNA knockdown), KLF4 protein was no longer 

induced by p7, indicating that STAT3 is required for p7-mediated KLF4 induction. This 

finding is novel, but in keeping with published data showing that viral proteins induce KLF4 

expression to regulate host inflammatory responses and enhance viral replication. In fact, 

EBV induces the expression of KLF4 to promote lytic EBV infection [431]. KLF4 binds to 

and induces the activation of two EBV immediate-early genes BZLF1 and BRLF1 [431]. 

Human Papillomavirus (HPV)-induced KLF4 regulates viral gene expression and controls 

genes involved in differentiation [650], indicating that during HPV infection KLF4 is 

essential for the viral life cycle. Additionally, KLF4 even regulates the survival of 

Mycobacterium tuberculosis in macrophages [432]. Interestingly, as p7 is essential for 

HCV infectivity [55], p7-induced KLF4 may play an important role in the HCV life cycle. 

Expansion of this project in future analysis could identify if KLF4 knockdown affects HCV 

infectivity. Moreover, p7-activated STAT3 may indeed be facilitating KLF4 expression and 

thus represent a novel mechanism by which HCV induces SOCS3. Similar to STAT3, 

KLF4 activity can be induced by oxidative stress. Clerk et al., found that exposure to H2O2 

led to an increase in KLF4 mRNA expression in cardiac myocytes [651, 652]. Moreover, 

antioxidants can inhibit oxidative stress-induced KLF4 expression in human 

neuroblastoma SH-SY5Y cells [653]. These studies highlight that KLF4 expression is 

sensitive to oxidative stress.  
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STAT1 is also reported to regulate SOCS3 transcription [418]. However, in our study 

STAT1 phosphorylation was not observed after 12 hours or 24 hours transfection of p7 in 

Huh7 cells. While a mild induction of ISRE activity was detected, this was not statistically 

significant. While it is possible that STAT1 phosphorylation occurred earlier than 12 hours, 

these findings indicate that STAT1 may not be required for p7-induced SOCS3. 

Interestingly, STAT1 and STAT3 have opposing biological effects. STAT3 is a known 

oncogene, while STAT1 has been shown to act as a tumour suppressor [654, 655]. Indeed, 

HCV is a leading cause of HCC [656], and STAT3 has been shown to be important in the 

development of HCC [657]. Given that STAT3 is important for cell growth [658], it is 

plausible that p7 enhances STAT3 rather than STAT1 (tumour suppressor) to increase 

cell proliferation. Additionally, as STAT1 mediates the anti-viral effect of type I IFN [372], 

it would not be advantageous for HCV to enhance its activation. Therefore, HCV may try 

to specifically increase STAT3 and not STAT1, to regulate cell growth for its own infectious 

benefit.  

 

While STAT1 and STAT3 transcription factors are crucial regulators of SOCS3 expression, 

MAPK signalling is also known to regulate SOCS3 [590]. Our bioinformatic analysis also 

identified putative binding sites for the MAPK transcription factor ELK1 in the SOCS3, 

SOCS4, SOCS5 and SOCS6 promoter regions. However, putative binding sites for AP-1, 

another transcription factor downstream of MAPK signalling, was only identified in SOCS3, 

SOCS5 and SOCS6. Armed with this predictive knowledge, we focused our analysis on 

the effects of p7 expression upon MAPK pathways and found that p7 enhanced ERK 

signalling and indeed, significantly induced downstream transcription factors, AP-1 and 

ELK1. These results are in agreement with reports that show 1) HCV viral proteins 

enhance ERK phosphorylation [498, 659] and 2) viral ion channels (from HPV) modulate 

ERK signalling [583]. While no increase in JNK or p38 phosphorylation was observed after 

24 hours transfection with p7 compared to EV control, activation could have occurred 

earlier and this could be investigated in future work.  

 

In addition to promoting cell growth and survival [660], ERK signalling also regulates 

SOCS3 expression [589], as such, to determine if p7 used ERK to directly induce SOCS3, 

we analysed if ERK inhibition abrogated p7-mediated SOCS3 induction. Since the MEK 

inhibitor, PD98059, had previously been shown to inhibit SOCS3 expression at the protein 

and promoter level [632] we analysed its effect upon p7-induced ERK. Our data 

demonstrated that pre-treatment of Huh7 cells with this MEK inhibitor prevented p7-

mediated SOCS3 upregulation, suggesting that ERK signalling was required for p7’s 
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induction of SOCS3. Our findings are in keeping with previous studies showing that HCV 

manipulates ERK signalling to enhance cell growth and regulate RNA replication [503, 

661]. Interestingly, the ERK signalling cascade has recently been shown to regulate KLF4 

and promote melanoma cell growth [643]. Given that p7 induces both KLF4 and ERK, 

future analysis could investigate if ERK signalling also regulates p7-mediated KLF4 

expression.  

 

The data from this study revealed that several transcription factors including KLF4, STAT3, 

AP-1 and ELK1 are induced following p7 expression and may play an important role in the 

regulation of SOCS3 expression. However, it is unclear which transcription factors are 

primarily induced by p7 and which are a secondary effect. A detailed time course 

investigating the effects of p7 on the activation of each of the transcription factors would 

be informative and help elucidate cross-talk between these signalling pathways.   

 

ERK signalling has been shown to induce STAT3 tyrosine and serine phosphorylation 

[634, 635], which led us to hypothesise that our observed p7-mediated ERK activation may 

be driving STAT3 activation. Due to a technical issue ERK1 could not be suppressed in 

this study and so our experiment focused on suppressing ERK2. To our surprise, we found 

that inhibition of ERK2 expression (using ERK2 shRNA), induced a basal level of STAT3 

phosphorylation. However, in the presence of p7, no further increase in basal STAT3 

phosphorylation was found. A limitation of this experiment is that only ERK2 was 

suppressed and as such, ERK1 expression was unaffected. This was due to a technical 

reason, as an ERK1 shRNA construct was unavailable at the time. It is thought that ERK1 

and ERK2 are functionally redundant, with the favoured hypothesis that ERK quantity is 

the important determinant for ERK function and not isoform specificity [662]. Future work 

could use siRNA targeting both ERK1 and ERK2 to investigate the effect on p7-mediated 

STAT3 phosphorylation.  

 

Our results showed that inhibition of ERK activation (using PD98059), had a similar effect 

to knocking down ERK2 (also inducing basal STAT3 phosphorylation, with no further 

increase above this basal STAT3 phosphorylation following p7 expression). This basal 

induction of STAT3 phosphorylation makes it difficult to test our hypothesis that p7-

mediated ERK activation may be driving STAT3 activation. Indeed, ERK might be required 

for STAT3, but this is masked by basal STAT3 induction. However, it is also possible that 

ERK is not required, but basal STAT3 again masks this. Interestingly, others have also 

observed that MEK inhibitors (U0126, AZD6244, PD98059 and Trametinib) all induce 

STAT3 phosphorylation [636, 663]. Indeed, ERK inhibition may activate STAT3 
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phosphorylation to compensate for the loss of a pathway that is critical for proliferation and 

cell survival. As such, these compensatory mechanisms may have evolved to protect the 

cell.  

 

This study examined if ERK 1/2 signalling was leading to the phosphorylation of tyrosine 

705 of STAT3. However, several published studies show phosphorylation of serine 727 of 

STAT3 by ERK 1/2 [634, 664]. Indeed, the serine 727 phosphorylation site contains a 

MAPK consensus target sequence (PXS/TP) [664]. Furthermore, evidence shows that 

both S727 and Y705 are required for full activation of STAT3 [665, 666]. Future work could 

investigate if p7-mediated ERK 1/2 signalling leads to STAT3 S727 phosphorylation by 

using CRISPR-Cas9 to carry out site directed mutagenesis to mutate S727 to S727A in 

Huh7 cells. As this site cannot be phosphorylated by ERK 1/2 anymore, we would 

anticipate no upregulation of SOCS3 in the presence of p7. Moreover, this method could 

also be used to mutate S727 to S727D, which mimics MAPK induced phosphorylation of 

STAT3 and would be a useful control.  

 

When the “reverse experiment” was performed (i.e. inhibition of STAT3 expression using 

STAT3 shRNA), loss of STAT3 also induced basal ERK phosphorylation, however when 

we expressed p7 pERK levels were further enhanced. Importantly, these results indicate 

that basal phosphorylation levels of ERK can be increased by p7. As such, we can 

conclude from this that STAT3 is not required for ERK activation.  

 

MAPK signalling is activated in response to growth factors, cytokines and ER stress [173]. 

Since p7 localises to the ER [57], we wondered if p7 was causing ER stress that acted as 

a potential stimulus for ERK activation. Several approaches are widely used to investigate 

ER stress, including the analysis of mRNA expression and transcriptional activity of ER 

stress “markers” such as CHOP and GRP78. Additionally, ER stress can be investigated 

via UPR-induced protein expression, or via live cell imaging of fluorescent proteins [667]. 

In this study we carried out qRT-PCR, a luciferase assay and confocal microscopy to 

assess the effect of p7 on ER stress markers.  

 

As ER stress fluctuates and can occur very early following stimulation, we examined the 

effect of p7 on ER stress markers over a time course of 3, 6, 12 and 24 hours. Our results 

found that p7 expression upregulated CHOP and GRP78 mRNA expression after 3 hours 

but not after 6, 12 or 24 hours. While our results found that p7 mRNA was expressed as 

early as 3 hours, it is also possible that this time point is too early for transcription and 

translation of the plasmid. As such, some of the p7 expression measured by qRT-PCR 
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could represent plasmid DNA. Future experiments could investigate the effect of p7 on 

CHOP and GRP78 protein levels, as p7 protein expression could be confirmed by probing 

for the p7 HA tag.   

 

We observed that p7 led to an increase in CHOP luciferase activity compared to our EV 

control. Interestingly, using live cell imaging, we found that p7 expression led to a subtle 

translocation of calreticulin to the ER compared to the EV control (experimental repeats 

shown in Appendix Figures 1.8 & 1.9). Combined analysis of these results, indicate that 

p7 may induce mild ER stress. Under conditions of ER stress, the kinase, PERK, 

phosphorylates the downstream target eIF2a [668]. To further investigate our findings, a 

time course of eIF2a phosphorylation might provide additional insight into p7’s effect on 

ER stress. Several studies have shown that HCV induces ER stress [164, 168]. Moreover, 

in keeping with our findings, HCV viral proteins (E1 and E2) have also been found to 

increase GRP78 mRNA expression [669], while E2 and NS2 induces GRP78 promoter 

activity [167, 670]. Additionally, the Core protein upregulates GRP78 and CHOP protein 

expression in HepG2 and Huh7 cells [165]. Taken together, these studies indicate that ER 

homeostasis is modulated by HCV viral protein expression. As our results indicate that p7 

is capable of inducing mild ER stress, this may result in enhanced ERK signalling.  

 

Regulation of SOCS3 is known to be dependent on cytokine stimulation [671]. We 

therefore hypothesised that p7 induces cytokines which act back on the cell, enhancing 

SOCS3 expression. Our data found that supernatants taken from cells expressing p7, and 

added to “fresh” (untransfected) cells, stimulated a significant increase in SOCS3 mRNA 

expression after 1 hour and that this increase of SOCS3 was mirrored at the protein level, 

most notably after 6 hours. A similar paracrine effect has been observed in other viral 

infections, such as Kaposi’s sarcoma-associated herpesvirus (KSHV), where 

supernatants taken from cells infected with KSHV induced SOCS3 expression in 

uninfected cells. This study determined that the cytokine responsible was IL-6 [672]. 

Interestingly, we found that expression of p7 led to a significant increase in IL-6 mRNA 

levels after 24 hours (Figure 4.10B). As IL-6 is known to enhance STAT3 phosphorylation 

resulting in SOCS3 induction [673], this could be a possible mechanism used by p7. 

Indeed, future investigations with p7, could analyse secreted proteins in the supernatant, 

via a multiplex assay. A neutralising antibody against the identified protein could 

subsequently be used, to investigate if it prevents SOCS3 induction.  
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In conclusion, data from this chapter of our study suggest that p7 induces mild ER stress, 

which may lead to enhanced ERK phosphorylation. Both ERK and STAT3 activation are 

required for p7-mediated SOCS3 expression. Additionally, p7-induced STAT3 may also 

upregulate KLF4, which could enhance SOCS3 (Figure 4.23). The paracrine induction of 

cytokine mediators may also amplify SOCS3 expression. Our observations may provide a 

link to understanding how HCV modulates host signalling pathways, and may reveal a 

significant role for SOCS3 induction in creating a suppressive environment. As SOCS3 

suppresses several important signalling cascades, investigations into the effect of p7 on 

proinflammatory and anti-viral responses, will further characterise the immune regulatory 

role of p7.  
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Figure 4.23 - p7 enhances MAPK and STAT3 signalling in Huh7 cells 

The expression of p7 leads to the phosphorylation of STAT3, which induces SOCS3 

upregulation. p7-mediated STAT3 signalling may induce KLF4 expression, which may also 

upregulate SOCS3. Upon expression in Huh7 cells, p7 enhances ERK phosphorylation, 

possibly through mild ER stress and induces downstream transcription factors AP-1 and 

ELK1. Through modulating ERK and STAT3 signalling, p7 regulates SOCS3 induction. 
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Chapter 5  

 

TNF-a-mediated NF-kB activity is 
inhibited by p7 
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5.1 Introduction 
 

HCV is recognised and targeted by the innate immune system, leading to the induction of 

type 1 IFNs, activation of the JAK/STAT pathway and subsequent induction of anti-viral 

ISGs [219, 246]. This potent anti-viral response limits viral replication, however the virus 

frequently establishes a persistent infection by modulating these host cellular signalling 

pathways and immune responses [553]. While the strategies developed by HCV to impair 

innate immune responses are not fully elucidated, the expression of HCV viral proteins in 

cell lines has provided significant advances in our understanding of HCV’s interference 

with the JAK/STAT signalling pathway and its blockade of ISG induction [674]. Moreover, 

the modulation of proinflammatory signalling and subsequent inhibition of NF-kB, also 

dampens the innate response [510]. While several HCV proteins, including the Core [36], 

NS3/4A [93], and NS5A [110] are known to target innate immunity, surprisingly the effect 

of HCV-p7 on innate immune responses has been largely unstudied. Since our lab 

previously showed that HCV-induced SOCS3 regulates TNF-a signalling [315], and given 

our findings that p7 induces SOCS3, we hypothesised that the non-structural protein, p7, 

was involved in this modulation of TNF-a-mediated NF-kB activity. In addition, as HCV-

induced SOCS3 prevents IFN-a-stimulated STAT1 signalling [36], we also sought to 

determine the effect of p7 on IFN-a-mediated STAT1 activity and ISG induction.  

 

5.1.1 HCV inhibition of TNF-a-mediated NF-kB activation 

 

TNF-a orchestrates powerful mechanisms to prevent viral persistence, including the direct 

killing of infected cells, induction of apoptosis and the upregulation of diverse host 

responses [675]. Viruses have evolved elegant strategies to interfere with TNF-a-

mediated NF-kB activation, by targeting different parts of the TNF-a signalling pathway 

and thus avoiding elimination. These diverse mechanisms include direct binding of viral 

proteins to TNF-a signalling components [511], and even expression of viral TNF receptor 

homologs that sequester extracellular TNF-a [676]. Collectively, these mechanisms 

dampen proinflammatory signalling and inhibit apoptosis, which enables increased viral 

replication. Interestingly, TNF-a concentrations are elevated in HCV infected patients [507, 

508], however HCV is resistant to TNF-a treatment [509]. HCV RNA replication is 

unaffected by TNF-a in Huh7 cells, indicating that the elevated TNF-a concentrations in 

HCV patients, does not contribute to HCV clearance [509]. This suggests that HCV 

encodes proteins that modulate the TNF-a signalling pathway.  
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Indeed, several HCV viral proteins have been shown to inhibit TNF-a signalling. Chen et 

al., found that HCV infection inhibited TNF-a-mediated NF-kB promoter activity. Moreover, 

they found that both NS3 and NS5B inhibited TNF-a-stimulated NF-kB activation, while 

NS3 suppressed TNF-a-simulated NF-kB activation by directly interacting and inhibiting 

the linear ubiquitin chain assembly complex (LUBAC), which prevented LUBAC-mediated 

linear ubiquitylation of NF-kB essential modulator (NEMO) [510]. The HCV Core protein 

also interferes with TNF-a signalling, and inhibits TNF-a-mediated apoptosis [677]. 

Additionally, it was then reported that the Core protein sustains the expression of cellular 

FADD-like interleukin-1b-converting enzyme (c-FLIP), an endogenous caspase 8 inhibitor, 

which is responsible for preventing TNF-a-mediated apoptosis [514]. The Core protein 

also suppresses NF-kB activation by directly interacting with IKKb. This subsequently 

inhibits downstream NF-kB-dependent genes, including cyclooxygenase-2, which is 

required to catalyse the production of prostaglandins [512]. As prostaglandins promote 

inflammation, this mechanism suggests that HCV alters the gene expression of key 

inflammatory molecules, thereby inhibiting the proinflammatory response. HCV’s 

membrane associated phospho-protein NS5A has also been shown to negatively regulate 

TNF-a-stimulated NF-kB activation, via direct interaction with TNF receptor-associated 

factor (TRAF)2 [511] and TNF receptor type 1-associated death domain (TRADD) [678]; 

while the HCV polymerase NS5B, inhibits TNF-a-mediated NF-kB activation via 

association with IKKa [679]. 

  

Previous work in our lab by Collins et al., found that HCV expression inhibited TNF-a-

mediated CXCL8 production in a SOCS3-dependent manner. Moreover, our lab and Zhu 

et al., showed that SOCS3 binds to TRAF2 [315, 680] and overexpression of SOCS3 

inhibits TRAF2-driven NF-kB promoter activity [315]. Zhu et al., also described that 

Porcine Circovirus Type 2 infection in pigs, which is asymptomatic, is associated with 

elevated SOCS3 that inhibits TNF-a-mediated IkBa degradation [680]. Indeed, SOCS3 

knockdown significantly increased TNF-a production in these pigs, again indicating that 

virally induced SOCS3 can suppress inflammatory responses, and may contribute to the 

mild symptoms of the disease. 

 

As well as suppressing TNF-a signalling, SOCS3 has also been found to negatively 

regulate IL-1-mediated NF-kB responses, by inhibiting the association between TRAF6 

and TAK1. In fact, SOCS3 physically interacts with both TAK1 and TRAF6, thus inhibiting 

ubiquitin modification of TRAF6 [336, 463]. Phosphorylated SOCS3 has also been 
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reported to interact with IkBa, preventing the translocation of NF-kB p50 and p65 proteins 

to the nucleus [464]. Taken together, these results highlight a central role for SOCS3 in 

regulating both TNF-a and IL-1-mediated NF-kB signalling. 

 

5.1.2 HCV modulation of IFN-a-signalling  

 

The secretion of type I IFNs is the first line of defence in response to viral infection. IFN-a 

and b stimulate the cell surface receptor subunits IFNAR1 and IFNAR2 [681]. Intriguingly, 

IFN-b has also been shown to ligate to IFNAR1, and induce genes independent of IFNAR2 

[358]. Additionally, an important interface created by IFNAR1 residues Tyr240 and Tyr274 

interacting with key IFN-b residues (Phe63, Leu64, Glu77, Thr78, Val81 and Arg82) is essential 

for IFN-b-mediated IFNAR1 signalling [359]. This leads to activation of JAK family 

members, including JAK1 and Tyk2. Activated JAKs phosphorylate the cytoplasmic region 

of the receptors, leading to the recruitment and phosphorylation of STATs, including 

STAT1 and STAT2 [372]. Phosphorylated STAT1 and STAT2 hetero-dimerise and 

assemble with IFN regulatory factor 9 (IRF9), forming a complex known as interferon-

stimulated gene factor 3 (ISGF3) [682]. ISGF3 then translocates to the nucleus where it 

binds to interferon-sensitive response elements (ISRE) and induces the transcription of 

hundreds of interferon stimulated genes (ISGs) [683]. ISGs, such as RNA-dependent 

protein kinase R (PKR), myxovirus resistance gene A (MxA), interferon-stimulated gene 

15 (ISG15) and 2’-5’ oligoadenylatesynthetase (2’5’ OAS), act to block viral replication at 

different stages of the viral life cycle [674]. PKR was initially discovered due to its ability to 

inhibit the translation of viral mRNAs in IFN treated Vaccinia Virus infected cells [684]. It 

is now known to phosphorylate eIF2a and inhibit protein synthesis, thereby suppressing 

viral propagation [685]. MxA is part of the Mx family of GTPases, which comprise MxA and 

MxB in humans and both proteins recognise and target viral components, such as 

nucleocapsid-like structures [686]. 2’5’ OAS and ribonuclease L (RNase L) act in concert 

to degrade viral RNA in the cytosol [687], while ISG15 is a ubiquitin like protein that is 

covalently attached to target proteins [378]. These broad mechanisms highlight the 

importance of ISG activity and as such, make them a prime target for incoming viruses 

including HCV.  

 

HCV can prevent the induction of an anti-viral state through several mechanisms. One 

strategy is to inhibit ISG activity. NS5A and E2 have both been shown to inhibit PKR [110, 

520]; NS5A also inhibits 2’5’ OAS [525], while the Core protein inhibits the expression of 

several ISGs, including IRF-1 and IL-15 [688]. HCV infection also induces miR-130a, 
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which specifically inhibits IFN-induced transmembrane 1 (IFITM1) expression [689]. 

Furthermore, it has recently been discovered that p7 counteracts the function of the ISG 

IFI6-16 [81]. IFI6-16 can delay cellular apoptosis by stabilising the mitochondria, which is 

thought to extend the anti-viral effects of IFN-a signalling [690]. By depolarising the 

mitochondria and inducing mitochondria dysfunction, p7 interferes with IFI6-16 function, 

thereby interfering with the anti-viral state of the cell. Interestingly, the effect of p7 on other 

ISGs is unknown. Another mechanism to downregulate anti-viral activity, is to inhibit 

components of the JAK/STAT pathway, including STAT proteins. Our lab has shown that 

HCV targets STAT1 and STAT3 proteins for proteasomal degradation [515]; while HCV 

NS5A and the Core prevent STAT1 phosphorylation and translocation through a direct 

interaction [518, 519]. A final strategy to block IFN production is to modulate the negative 

regulation of the IFN response. Studies by Bode et al., found that SOCS3 induction by the 

Core acted to impair IFN-a-induced STAT1 translocation [36]. Given that p7 also induces 

SOCS3, we wanted to examine if it could modulate IFN-a signalling and downstream ISG 

induction.  

 

5.1.3 Hypotheses 
 

HCV-mediated SOCS3 induction regulates TNF-a signalling and proinflammatory 

responses in Huh7 cells. Having observed that p7 induces SOCS3 expression, we 

hypothesised that p7 could inhibit TNF-a-stimulated NF-kB activity. As SOCS3 also 

regulates IL-1 signalling, we proposed that p7 suppresses IL-1b-mediated NF-kB activity. 

In addition, given that HCV-mediated SOCS3 can inhibit STAT1 activity, we also proposed 

that p7 may modulate IFN-a-mediated STAT1 phosphorylation and ISG induction.   

 

5.1.4 Specific Aims  
 
We proposed to test these hypotheses using 3 main experimental aims. 

 

1. To determine the effect of p7 expression on IL-1b-stimulated IkBa degradation and 

subsequent NF-kB activation 

2. To investigate if p7 inhibits TNF-a-induced NF-kB activation and subsequent NF-

kB-dependent gene expression  

3. To examine if p7 expression effects IFN-a-mediated STAT1 phosphorylation and 

ISG induction   
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5.2 Results  
 

5.2.1 IFN-a-mediated ISRE activation and STAT1 phosphorylation is unaffected by 

p7 expression 
 
Reports have found that HCV-mediated SOCS3 induction can prevent STAT1 

phosphorylation and translocation to the nucleus [36]. Having observed that p7 enhanced 

SOCS3, we wanted to examine if p7 affected IFN-a-mediated STAT1 phosphorylation and 

ISRE activation. Huh7 cells were transfected with 1 µg of p7 or EV control for 24 hours, 

prior to stimulation with 100 IU/ml or 200 IU/ml of IFN-a for 15 minutes. As predicted, 

stimulation with IFN-a led to a clear increase in STAT1 phosphorylation using both 

concentrations of IFN-a (Figure 5.1 A & B), however, expression of p7 did not affect 

phosphorylation levels of STAT1, suggesting that p7 did not affect anti-viral IFN-a 

signalling (Figure 5.1 A & B). This was confirmed by densitometry analysis of three 

independent experiments (Figure 5.1 C & D).  

 

To further test the effects of p7 upon IFN-a signalling responses, we next assessed the 

effect of p7 expression on IFN-a-stimulated ISRE promoter activity. Huh7 cells were 

transfected with 1 µg of ISRE-regulated firefly luciferase and 1 µg of constitutively 

expressed PGL3 Renilla, in the presence of either 1 µg of p7 or EV control. 24 hours post-

transfection, the cells were stimulated with IFN-a for 24 hours, before determining 

luciferase activity. While we observed significant IFN-a-induced ISRE promoter activity 

following EV transfection (p=0.0227), this was not affected by the presence of p7 

(p=0.2528) (Figure 5.2A). Immunoblotting confirmed expression of p7 (Figure 5.2B). 

Together, these results indicate that STAT1 phosphorylation or the promoter activity of 

ISRE (which is regulated by STAT1, STAT2 and IRF9) is not altered, indicating that p7 

alone cannot modulate this component of the IFN-a pathway.  
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Figure 5.1 - IFN-a-mediated STAT1 phosphorylation is unaffected by p7 expression 

(A & B) Huh7 cells were seeded at 2.5 x 105 cells/ml in 6 well plates and allowed to grow 

to 90% confluency. Cells were then transfected with 1 μg of HCV-p7-HA or EV control for 

24 hours prior to being stimulated with 100 IU/ml or 200 IU/ml of IFN-a for 15 minutes. 

Cells were harvested and lysates probed for phospho-STAT1, total STAT1, b-actin and 

HA. Blots shown are representative of three independent experiments. (D & E) 

Densitometry analysis of three Western blots was performed. Bar graph represents the 

ratio of pSTAT1 to STAT1 band intensity relative to EV control which was normalised to 1.  
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Figure 5.2 - IFN-a-mediated ISRE activation is unchanged by p7 

(A) Huh7 cells were seeded at 2.5 x 105 cells/ml in 6 well plates. Thereafter, cells were 

transfected with plasmids encoding ISRE-regulated firefly luciferase (1 μg), constitutively 

expressed PGL3 Renilla luciferase (1 μg) and DNA constructs encoding HCV-p7-HA or 

EV control. Transfected cells were left over night and then treated with 1000 IU/ml of IFN-

a for 24 hours. Cell lysates were assayed for firefly luciferase activity and normalised for 

transfection efficiency using PGL3 Renilla luciferase activity. Results shown are the mean 

± SEM of three independent experiments in triplicate and analysed by a Student’s t test. 

*p<0.05. (B) Lysates were subjected to Western immunoblotting for HA and β-actin (N=1).  
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5.2.2 The effect of p7 on IFN-a-stimulated ISG expression in Huh7 cells  

 

While p7 did not affect STAT1 activity, or ISRE promoter activity, it has been reported that 

ISG expression can be regulated in a STAT1-independent manner [548, 691]. Moreover, 

p7 expression modulates downstream IFN-a signalling by inhibiting ISG function [81]. We 

next sought to investigate the effect of p7 on IFN-a-mediated ISG expression. To identify 

the optimal time-point for ISG expression, we first examined the induction of ISG15 and 

MxA in response to IFN-a stimulation in Huh7 cells. We found that 2h treatment with 1000 

IU/ml of IFN-a led to increased ISG15 and MxA gene expression, which was potentiated 

following 4h treatment (Figure 5.3 A & B).  

 

Next, we investigated the effect of p7 expression on IFN-a-mediated induction of PKR, 

OAS, MxA and ISG15 mRNA. Huh7 cells were transfected with 1 µg of p7 or EV control 

for 24h, prior to stimulation with 1000 IU/ml of IFN-a for 4h, before expression of PKR, 

OAS, MxA and ISG15 was determined by qRT-PCR. Our results indicated that expression 

of p7 did not affect IFN-a-mediated OAS, MxA and ISG15 induction (Figure 5.3 D - F), 

however, although not significant (p=0.461), a reduction in PKR mRNA expression was 

observed (Figure 5.3C). Collectively, this data provides evidence that while p7 does not 

affect IFN-a-mediated STAT1 phosphorylation or ISRE reporter activity, it may subtly 

reduce IFN-a-mediated PKR induction.  
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Figure 5.3 – The effect of p7 on IFN-a-mediated PKR, OAS, MxA and ISG15 mRNA 
induction in Huh7 cells 

(A & B) Huh7 cells were treated with 1000 IU/ml of IFN-a for 0 hours, 2 hours, 4 hours. 

RNA was extracted, reverse transcribed to cDNA and the mRNA expression of ISG15 and 

MxA were analysed by qRT-PCR. Results shown are the mean ± SD (n=1). (C - F) Huh7 

cells were transfected with 1 μg of DNA encoding HCV-p7-HA or EV control for 24 hours, 

prior to stimulation with 1000 IU/ml of IFN-a for 4 hours. RNA was extracted by the phenol-

chloroform method, reverse transcribed to cDNA and the levels of PKR, OAS, MxA and 

ISG15 were analysed by qRT-PCR. Gene expression was normalised using the house-

keeping gene RPS15. Results shown are the mean ± SEM of three independent 

experiments.   
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5.2.3 p7 expression has no effect on IL-1β-mediated IκBα degradation, but prevents 
its NF-κB promoter activity 
 
Several viral proteins including Molluscum Contagiosum Virus MC132 and Vaccinia Virus 

A46R inhibit IL-1-mediated NF-kB promoter activity [491, 493]. Since SOCS3 regulates 

IL-1 signalling through its interaction with TRAF6 [336] we wondered if the induction of 

SOCS3 upon p7 expression also inhibited IL-1-mediated NF-kB signalling. To study this, 

Huh7 cells were cotransfected with 1 µg of NF-κB-regulated firefly luciferase, 1 µg of 

constitutively expressed PGL3 Renilla, in the presence of 1 µg of p7, EV control or our 

positive control construct, FLAG-TRAF6. After 24 hours, cells were stimulated with 20 

ng/well of IL-1b for 24 hours. Cells were harvested and assayed for firefly and Renilla 

luciferase activity after 48 hours. In line with published data, we saw that overexpression 

of TRAF6 induced activation of NF-kB and IL-1b induced significant NF-kB activity 

(p=0.0029) (Figure 5.4A). Expression of p7 significantly inhibited IL-1b-driven NF-kB 

activation compared to EV control (p=0.0076) (Figure 5.4A). Immunoblotting confirmed p7 

expression (Figure 5.4B).  

 

Having observed a block in NF-kB activity upon expression of p7, we next assessed its 

effect upstream of NF-kB, specifically on IL-1b-induced IkBa degradation. Huh7 cells were 

transfected with 1 µg of p7 or EV control for 24 hours prior to stimulation with 20 ng/well 

of IL-1b for 20 minutes. Interestingly, although NF-kB luciferase activity was reduced in p7 

expressing cells, we found that expression of p7 did not inhibit upstream IkBa degradation 

in response to stimulation with IL-1b (Figure 5.5A). This was confirmed by densitometry 

analysis of three independent experiments (Figure 5.5B). Taken together, these results 

show that the expression of p7 inhibits IL-1b-mediated NF-kB activation, but has no effect 

on IL-1b-induced IkBa degradation. This indicates that p7 expression may inhibit the NF-

kB pathway downstream of IkBa, possibly affecting its DNA binding activity.  
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Figure 5.4 - IL-1β-stimulated NF-κB activation is suppressed by p7 in Huh7 cells 

(A) Huh7 cells were seeded at 2.5 x 105 cells/ml in 6 well plates and left overnight. Cells 

were transfected with constructs encoding NF-κB regulated firefly luciferase (1 μg), 

constitutively expressed PGL3 Renilla luciferase (1 μg) in the presence of DNA encoding 

HCV-p7-HA, EV control or FLAG-TRAF6 (1 μg). Transfected cells were left for 24 hours 

and then treated with 20 ng/well of IL-1β for 24 hours. Cell lysates were assayed for firefly 

luciferase activity and normalised for transfection efficiency using PGL3 Renilla luciferase 

activity. Results shown are the mean ± SEM of three independent experiments in triplicate 

and analysed by a Student’s t test. **p<0.01. (B) Lysates were subjected to Western 

immunoblotting for HA and β-actin (n=2).  
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Figure 5.5 - IL-1β-mediated IkBa degradation is unaffected by p7 expression 

Huh7 cells were seeded at 2.5 x 105 cells/ml in 6 well plates and left overnight. Cells were 

transfected with 1 μg of DNA encoding HCV-p7-HA or EV control for 24 hours prior to 

stimulation with 20 ng/well of IL-1β for 20 minutes. Blots shown are representative of three 

independent experiments. (C & D) Densitometry analysis three Western blots was 

performed. Bar graph represents the ratio of IkBa to b-actin band intensity relative to EV 

control which was normalised to 1. Statistical analysis was performed using a Student’s t 

test. **p < 0.01, ****p < 0.0001.  

  

A 

B 

EV p7

IL-1β
(20 ng)

- + - +

IκBα

β-actin

HA



	 180	

5.2.4 TNF-a-stimulated NF-kB activation is inhibited by p7 in Huh7 cells  

 

HCV viral proteins inhibit TNF-a-signalling by targeting various components of its pathway 

[510]. Previous work in our lab found that peripheral blood mononuclear cells (PBMCs) 

from HCV infected patients had elevated SOCS3 expression and less TNF-a-mediated 

IkBa degradation, while HCV polyprotein expression also induced SOCS3 which directly 

inhibited TNF-a-mediated CXCL8 production [315]. Given that we have observed an 

increase in SOCS3 upon p7 expression, we hypothesised that this viral protein may be 

using SOCS3 to suppress TNF-a-stimulated NF-kB activity. To test this hypothesis we 

assessed the effect of p7 on TNF-a-induced NF-kB promoter activity. Huh7 cells were 

cotransfected with 1 µg of NF-κB-regulated firefly luciferase, 1 µg of constitutively 

expressed PGL3 Renilla, in the presence of 1 µg of either p7, EV control or FLAG-TRAF6. 

After 24 hours, cells were stimulated with 20 ng/well of TNF-a for 24 hours. Cells were 

harvested and assayed for firefly and Renilla luciferase activity after 48 hours. As 

expected, our results showed that overexpression of TRAF6 induced NF-kB activation 

(p=0.0008), while TNF-a also led to robust activation of NF-kB (p=0.028) (Figure 5.6A). 

However, expression of p7 significantly prevented TNF-a-mediated NF-kB activation 

(p=0.0175) (Figure 5.6A). Immunoblotting confirmed the expression of p7 (Figure 5.6B).  

 

Having observed that p7 inhibited TNF-a-mediated NF-kB promoter activity, we next 

investigated if p7 affected upstream TNF-a-mediated IkBa degradation. Huh7 cells were 

transfected with 1 µg of p7 or EV control for 24 hours, prior to stimulation with TNF-a for 

20 minutes. We observed that TNF-a-mediated IkBa degradation was inhibited in cells 

expressing p7 (Figure 5.7A). This was also confirmed by densitometry analysis of four 

independent experiments. A significant reduction in IkBa protein expression was found 

following EV transfection and stimulation with TNF-a (p=0.0022), which was not observed 

in p7 transfected cells (Figure 5.7B). Taken together, these results suggest that p7 can 

inhibit both TNF-a-mediated NF-kB promoter activity and IkBa degradation. This reveals 

new insights into the immune evasion mechanism by HCV and a novel immune evasion 

role for p7.  
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Figure 5.6 - TNF-a-stimulated NF-κB activation is inhibited by p7 in Huh7 cells 

(A) Huh7 cells were transfected with DNA constructs encoding NF-κB regulated firefly 

luciferase (1 μg), constitutively expressed PGL3 Renilla luciferase (1 μg) in the presence 

of HCV-p7-HA, EV control or FLAG-TRAF6 (1 μg). Transfected cells were left over night 

and then treated with 20 ng/well of TNF-a for 24 hours. Cell lysates were assayed for firefly 

luciferase activity and normalised for transfection efficiency using PGL3 Renilla luciferase 

activity. Results shown are the mean ± SEM of four independent experiments in triplicate 

and analysed by a Student’s t test. *p<0.05. (B) Lysates were subjected to Western 

immunoblotting for HA and β-actin (n=3).  
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Figure 5.7 – Expression of p7 leads to inhibition of TNF-a-mediated IkBa 
degradation in Huh7 cells 

(A) Huh7 cells were seeded at 2.5 x 105 cells/ml in 6 well plates and left overnight. Cells 

were transfected with 1 μg of DNA encoding HCV-p7-HA or EV control for 24 hours, prior 

to stimulation with 20 ng/well of TNF-a for 20 minutes. Blots shown are representative of 

four independent experiments. (B) Densitometry analysis of four Western blots was 

performed. Bar graph represents the ratio of IkBa to b-actin band intensity relative to EV 

control which was normalised to 1. Statistical analysis was performed using a Student’s t 

test. **p < 0.01.  

  

TNF-a
(20 ng)

- + - +
EV p7

IκBα

HA

β-actin

A 

B 



	 183	

5.2.5 TRAF2 and TRAF6-driven NF-κB promoter activity is attenuated by p7 
 

TRAF2 is a key regulatory component of the TNF-a signalling pathway [296], while TRAF6 

is required for IL-1 signalling [692]. Moreover, SOCS3 is thought to inhibit NF-kB signalling 

via its interaction with both TRAF2 and TRAF6 [315, 463, 680]. Having found that p7 

inhibited TNF-a signalling (NF-kB promoter activity and IkBa degradation) and partially 

inhibited IL-1 signalling (NF-kB promoter activity, but not IkB degradation), we next 

examined the effect of p7 expression upon TRAF2 and TRAF6-mediated NF-kB promoter 

activity. Huh7 cells were transfected with 1 µg of NF-kB-regulated firefly luciferase, 1 µg 

of PGL3 Renilla, in the presence of either 1 µg of FLAG-TRAF2, FLAG-TRAF6, p7 or EV 

control. Cells were harvested after 48 hours for firefly and Renilla luciferase activity. As 

expected both TRAF2 and TRAF6 expression increased NF-kB promoter activity (Figure 

5.9A). Interestingly, while expression of p7 decreased both TRAF2 and TRAF6-mediated 

NF-kB promoter activity, only the reduction of TRAF2 promoter activity was statistically 

significant (p<0.0380) (Figure 5.9A). Expression of p7 was confirmed by immunoblotting 

(Figure 5.9C).  

 

In addition, the presence of p7 also inhibited TRAF2 and TRAF6-mediated NF-kB activity 

in HEK293T cells (Figure 5.9B), suggesting that inhibition is cell type independent. 

Although not significant, there was a trend towards p7 suppressing TRAF2-mediated NF-

kB activity (p<0.1765) more than TRAF6 (p<0.2195). This again indicates that p7 

expression specifically prevents TRAF2 more than TRAF6-driven NF-kB promoter activity 

(Figure 5.9B). Immunoblotting confirmed p7 expression (Figure 5.9D). Taken together, 

these results further confirm that p7 inhibits TNF-a signalling and although not as potent, 

may also block IL-1 signalling.  
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Figure 5.8 - TRAF2 and TRAF6-driven NF-κB activation is attenuated by p7 in both 
Huh7 and HEK293T cells 

 (A) Huh7 and (B) HEK293T cells were seeded at 2.5 x 105 cells/ml in 6 well plates and 

left overnight. Cells were transfected with plasmids encoding NF-kB-regulated firefly 

luciferase (1 μg), PGL3 Renilla luciferase (1 μg) and DNA encoding HCV-p7-HA (1 μg), 

EV control (1 μg), FLAG-TRAF6 (1 μg) or FLAG-TRAF2 (1 μg). Cell lysates were assayed 

48 hours later for firefly luciferase activity and normalised for transfection efficiency using 

PGL3 Renilla luciferase activity. Results shown are the mean ± SEM of at least three 

independent experiments in triplicate and analysed by a Student’s t test. *p < 0.05. (C & 

D) Lysates from A & B were subjected to Western immunoblotting for HA and β-actin (n=3).  
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5.2.6 TNF-a-induced A20, CXCL8 and CXCL10 expression is unchanged following 

p7 expression 
 

Given that p7 expression attenuated TRAF2 and TNF-a-driven NF-kB promoter activity, 

along with TNF-a-induced IkBa degradation, we next sought to investigate if p7 affected 

the TNF-a induction of NF-kB-dependent genes, such as A20, CXCL8 and CXCL10. A20 

(also known as TNF-a induced protein 3, TNFAIP3), is induced by TNF-a and acts to 

inhibit IKK activation and subsequent IkBa degradation [693]. Both CXCL8 and CXCL10 

are induced by TNF-a-mediated NF-kB signalling and are best known for the recruitment 

of immune cells to sites of infection [341, 694]. Our lab previously found that HCV inhibited 

TNF-a-induced CXCL8 production in Huh7 cells, further indicating that TNF-a-mediated 

proinflammatory gene expression is suppressed by HCV [315].  

 

Therefore, to expand our analysis of p7’s effects upon TNF-a signalling, Huh7 cells were 

transfected with 1 µg of p7 or EV control for 24 hours, prior to stimulation with 20 ng/well 

of TNF-a for 0 hours, 1 hour, 3 hours and 6 hours. RNA was extracted and the expression 

of A20, CXCL8 and CXCL10 was analysed by qRT-PCR. Results showed that TNF-a 

induced all three genes, but the presence of p7 had no significant effect on any of these 

levels (Figure 5.10 A-C). To determine if the secreted levels of CXCL8 and CXCL10 

mirrored their mRNA, Huh7 cells were transfected with 1 µg of p7 or EV control for 24 

hours, stimulated with TNF-a for 18 hours, before supernatants were analysed by ELISA. 

Indeed, upon analysing the protein levels of these chemokines, we found that, as with the 

mRNA, the presence of p7 had no effect on either CXCL8 or CXCL10 protein, when 

compared to EV control (Figure 5.10 D & E). Collectively, our results show that the 

induction of these particular TNF-a-mediated genes is unchanged by p7 expression.  
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Figure 5.9 – TNF-a-induced A20, CXCL8 and CXCL10 expression is unchanged 

following p7 expression in Huh7 cells 

Huh7 were seeded at 2.5 x105 cells/ml in 6 well plates and left overnight. 1 μg of DNA 

encoding p7 or EV control was transfected into cells for 24 hours, prior to cells being 

stimulated with 20 ng/well of TNF-a for (A-C) 0 hours, 1 hour, 3 hours and 6 hours or (D & 

E) 18 hours. RNA was extracted, reverse transcribed to cDNA and mRNA levels of A20, 

CXCL8 and CXCL10 were analysed by qRT-PCR. Results shown are the mean ± SEM of 

four independent experiments. (D & E) Cell culture supernatants were harvested and 

assessed for the presence of CXCL8 and CXCL10 by ELISA. Results shown are the mean 

± SEM of three independent experiments in duplicate and analysed by a Student’s t test. 

**p<0.01, ***p < 0.001.   
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5.3 Discussion  
 

Acute HCV infection is asymptomatic in most patients, and the vast majority of those 

infected have mild disease symptoms [579]. These clinical characteristics indicate that 

HCV has evolved diverse mechanisms to suppress host signalling pathways and immune 

responses. TNF-a is a potent proinflammatory cytokine, essential for orchestrating 

immune defences in response to invading pathogens [288]. TNF-a signalling leads to 

activation of the downstream transcription factor NF-kB, which regulates the expression 

of critical proinflammatory and anti-viral genes [695]. Therefore, the TNF-a pathway is an 

attractive target for viruses, including HCV, and numerous studies have identified the 

elegant strategies these viruses have evolved to inhibit its signalling [675]. While p7’s role 

in the viral replication cycle has been established (it is required for infectious HCV 

particles), the effect of p7 on innate immunity is poorly understood. Given that HCV can 

block TNF-a-mediated proinflammatory induction via SOCS3 upregulation [315], we 

hypothesised that p7 could modulate TNF-a signalling. As HCV-induced SOCS3 also 

suppresses STAT1 signalling [36], we sought to investigate if p7 could modulate IFN-a-

mediated STAT1 phosphorylation and downstream ISG expression. 

 

As well as HCV [36], several studies have shown that virally induced SOCS3 antagonizes 

the JAK/STAT pathway, including the Epstein-Barr Virus [565], Influenza A Virus [428], 

and Herpes Simplex Virus [564]. This indicates a conserved mechanism by which several 

viruses harness SOCS3 to control immune responses of the JAK/STAT pathway. To this 

end, we sought to investigate if p7-induced SOCS3 inhibits the IFN-a JAK/STAT pathway. 

Interestingly, our results showed that p7 had no effect on IFN-a-mediated STAT1 

phosphorylation. In support of this, we also found that expression of p7 had no effect on 

IFN-a-mediated ISRE (STAT1:STAT2 heterodimer) promoter activity. This is in keeping 

with a recent study by Qi et al., who found that neither a WT or p7 mutant protein inhibited 

the activation of ISRE induced by IFN-a. However, they illustrated that p7 expression 

inhibited the ISG, IFI6-16, by depolarising the mitochondria potential [81]. Moreover, 

Sarkis et al., found that IFN-a can regulate PKR, ISG15 and Mx1 in a STAT1-independent 

manner. They showed that STAT2 or IRF9 knockdown prevented IFN-a-mediated PKR, 

Mx1 and ISG15 upregulation in the liver cell line Hep3B cells [691]. This indicates that 

STAT2 and IRF9 are important for the induction of these genes. Furthermore, STAT3 has 

been found to regulate PKR, MxB, OAS2 and ISG15 in Huh7 cells [548], again indicating 

another mechanism regulating ISG expression independent of STAT1. In this study we 

observed that in the presence of p7, the induction of downstream IFN-a-induced OAS, 
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MxA and ISG15 was unaffected. However, although not statistically significant, we noted 

that expression of p7 subtly decreased IFN-a-mediated PKR induction. Collectively, this 

data suggests that IFN-a-stimulated STAT1 signalling is intact in the presence of p7, 

however the induction of specific ISGs may be affected; indeed, a wider microarray 

investigation of ISGs would be useful to ascertain the full functional effect of p7 upon anti-

viral gene induction.  

 

In addition to JAK/STAT signalling, SOCS3 can also regulate IL-1-stimulated NF-kB 

activity by targeting TRAF6 [336]. Moreover, several viral proteins have been shown to 

inhibit IL-1-mediated NF-kB activation. Brady et al., found that the poxviral protein, MC132, 

of the Molluscum Contagiosum Virus, could inhibit both TNF-a and IL-1-stimulated NF-kB 

promoter activity [493]. Furthermore, the A46R protein from the Vaccinia Virus also inhibits 

IL-1-mediated NF-kB promoter activity [491]. In light of these discoveries, we postulated 

that HCV p7 might also suppress IL-1 signalling and subsequently analysed its effect upon 

both IL-1b-mediated NF-kB activity and IkBa degradation. Interestingly, p7 expression 

inhibited IL-1b-stimulated NF-kB activation in Huh7 cells. However, in contrast, we found 

that p7 did not prevent IL-1b-mediated IkBa degradation. At present, the reason for this is 

unclear, but suggests that the differences observed may be time-dependent. Indeed, IkBa 

degradation was detected within 15 minutes following IL-1b stimulation (24 hours total 

expression of p7), while NF-kB promoter activity was measured after 24h stimulation with 

IL-1b (48 hours total expression of p7). To further investigate this finding, a time course of 

IL-1b-mediated IkBa degradation could be carried out and confocal microscopy could be 

used to examine the expression of p65. Additionally, an NF-kB-GFP construct could be 

used. Moreover, future studies could analyse NF-kB DNA binding activity by chromatin 

immunoprecipitation or by an electrophoretic mobility shift assay. It has been shown that 

p7 induces IL-1b secretion in LPS-primed RAW 264.7 cells [696] and THP-1 cells [80]. 

While our results in Huh7 hepatocytes are in contrast to these showing that p7 induces IL-

1b secretion, this discrepancy could be cell type specific. Indeed, HCV infected 

hepatocytes do not produce IL-1b [80], an observation also found by others [231]. 

Importantly, liver cells are constantly exposed to blood borne microbes and secretion of 

IL-1b could cause toxicity.  

 

In this study we show for the first time, that HCV p7 protein expression prevents TNF-a-

induced NF-kB promoter activity in Huh7 cells. Moreover, p7 also inhibited TNF-a-

stimulated IkBa degradation in Huh7 cells. Interestingly, expression of p7 even inhibited 
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TRAF2 and TRAF6-driven NF-kB promoter activity in both Huh7 and HEK293T cells, 

indicating that inhibition is cell-type independent. Further analysis could determine if 

downstream components of the TNF-a signalling pathway are affected, such as IKK-b 

and/or p65. Moreover, to validate the transient transfection results presented in this study, 

it would be interesting to examine the effect of p7 on TNF-a signalling using cells with an 

inducible expression of p7. This could include HEK293T cells with p7 expression under 

the control of a promoter that can be induced by cadmium chloride. However, our results 

compliment the growing body of published reports showing that HCV modulates TNF-a 

signalling through several of its viral proteins, including the Core [514], NS3 [510], and 

NS5A [511]. Interestingly, in support of our results, published data show that the viral ion 

channel from HIV, Vpu, also inhibits TNF-a signalling and has been shown to block TNF-

a-induced IkBa degradation in both T-cells and HeLa cells [697, 698]. These findings 

reveal that viral ion channels may control proinflammatory signalling pathways and that 

this may indeed be a novel, conserved mechanism.  

 

As HCV-mediated SOCS3 can regulate TNF-a responses [315], we hypothesised that p7-

induced SOCS3 might also be responsible for the observed inhibition of TNF-a signalling. 

We made several attempts to knockdown SOCS3 expression using shRNA, however its 

knockdown was unsuccessful. Therefore, we suggest that future studies analysing if 

SOCS3 is involved in p7-mediated TNF-a inhibition, would knockout SOCS3 in Huh7 cells 

using the clustered regularly interspaced short palindromic repeat-CRISPR associated 

(CRISPR-Cas) technique. This system was initially identified as an important component 

of the bacterial immune system, to provide protection against invading viruses [699, 700]. 

However, CRISPR-Cas has now become a tool used in genome engineering. The central 

mechanism of this system uses an RNA guide, that targets the Cas nuclease to specific 

DNA sequences of interest, where it catalyses DNA cleavage. One advantage of using 

this technique is its effectiveness and specificity, enabling precise genetic alterations.  

 

Given that upstream TNF-a signalling was inhibited upon expression of p7, we 

investigated if p7 expression affected TNF-a-stimulated NF-kB-dependent gene 

expression. Interestingly, we found that TNF-a-stimulated A20, CXCL8 and CXCL10 

mRNA expression was unaffected by p7 expression, indicating that p7 does not affect the 

induction of these particular NF-kB-driven genes. While CXCL8 transcriptional activity is 

controlled through NF-kB [306], studies have also found that inhibition of NF-kB does not 

completely prevent CXCL8 induction [701]. This indicates that CXCL8 induction is 

regulated by several other transcription factors [701]. Indeed, this may explain why CXCL8 
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induction was not inhibited by p7. Furthermore, CXCL8 expression is regulated at the 

transcriptional and post-transcriptional levels [702]. The CXCL8 promoter region contains 

putative binding sites for NF-kB, AP-1, C/EBPb, C/EBP homologous protein (CHOP) and 

cAMP response element binding protein (CREB) [702]. Moreover, several studies have 

highlighted that ERK signalling is required for CXCL8 production [703, 704]. Given that p7 

induces ERK phosphorylation and activates downstream transcription factors, AP-1 and 

ELK1, this may explain why p7 did not inhibit TNF-a-mediated CXCL8 expression. As 

such, even though TNF-a-mediated NF-kB signalling may be suppressed by p7, TNF-a 

may still be promoting MAPK signalling and this is potentiated by the constitutive activation 

of ERK by p7.  

 

Moreover, it is clear a complex relationship exists between CXCL8 and HCV infection; 

while proinflammatory CXCL8 expression is elevated in chronic HCV patients, removal of 

CXCL8 (in a cell culture system) inhibits HCV replication [705, 706]. HCV viral proteins 

have also been shown to induce CXCL8 expression, possibly suggesting that this 

chemokine is proviral [707]. In fact, this notion is supported by the discovery that the 

induction of CXCL8 mRNA and protein expression by NS5A, correlates with a reduction in 

anti-viral IFN activity [708], a result also in keeping with other reports showing that CXCL8 

inhibits IFN-a activity [709].  

 

Even though CXCL10 is increased during HCV infection and is thought to play a role in 

the development of fibrosis [710, 711], we observed no change in CXCL10 levels 

(compared to EV) in the presence of p7. Like CXCL8, CXCL10 induction is also regulated 

by transcription factors other than NF-kB. CXCL10 is a chemoattractant for immune cells, 

including T-lymphocytes and monocytes and is transcriptionally regulated by NF-kB [352, 

712], STAT1 and CREB [349]. Additionally, the CXCL10 promoter region also contains a 

putative AP-1 transcription factor binding site [349], indicating that MAPK signalling may 

induce CXCL10 activity. Indeed, inhibition of ERK and p38 reduce CXCL10 mRNA 

expression [713, 714], suggesting that MAPK signalling is an important regulator of 

CXCL10.  

 

Intriguingly, the Rabies Virus was found to induce CXCL10 production via MAPK ERK 

signalling [715]. Further, reports have found that ERK signalling is important for IFN-g-

mediated CXCL10 induction [716]. Moreover, Lombardi et al., found that TNF-a and IFN-

g-mediated CXCL10 expression was dependent on ERK activation in addition to NF-kB 

and STAT1, and suppression of MEK inhibited TNF-a and IFN-g-stimulated CXCL10 
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production [351]. Taken together, evidence suggests that expression of CXCL10 is 

controlled by several signalling pathways. Indeed, even though we observe inhibition of 

the TNF-a-mediated NF-kB pathway in the presence of p7, TNF-a may be inducing MAPK 

signalling and as p7 activates AP-1, this may lead to the enhancement of CXCL10. Thus, 

in order to test this hypothesis, future studies should investigate if MEK inhibition, in the 

presence of p7, could suppress TNF-a-stimulated CXCL10.  

 

In conclusion, this study has identified p7 as a novel inhibitor of TNF-a-stimulated NF-kB 

activation, and suggests that p7 functions as an immune evasion protein (illustrated in 

Figure 5.11). Given that the overexpression of TNF-a has been implicated in the 

pathogenesis of many human disorders, identifying mechanisms of TNF-a inhibition used 

by viruses may provide novel therapeutic insights. Importantly, this could be followed up 

in the development of new therapeutic strategies to prevent excessive TNF-a signalling.    
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Figure 5.10 – Expression of p7 inhibits TNF-a-stimulated NF-kB activation in Huh7 
cells 

Schematic representation illustrating that p7 inhibits TNF-a-stimulated IkBa degradation 

and TRAF2-driven NF-kB activation in Huh7 cells. Induction of SOCS3 by p7 may inhibit 

TRAF2-mediated activation of NF-kB, while SOCS3 induction my also prevent IkBa 

degradation.  
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Chapter 6  

 

General Discussion and Future Work 
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6.1 Introduction  

 
The innate immune system is a formidable barrier to viral replication. Despite the induction 

of a strong anti-viral response, acute HCV infection is often either asymptomatic or 

generates mild, non-specific symptoms that might not prompt a patient to be concerned, 

meaning the virus can remain undiagnosed for years [12, 579]. Moreover, even patients 

with chronic infection have few symptoms, which are also usually mild and non-specific, 

until the effects of fibrosis emerge [579]. Indeed, HCV has evolved many elegant strategies 

to suppress anti-viral and proinflammatory responses. SOCS proteins are highly effective 

regulators of anti-viral signalling [560], and several viruses including HCV, have hijacked 

SOCS family members to tame innate immune responses and create an environment 

conducive to viral replication [36, 428, 564, 570]. Our lab found that HCV induced SOCS3 

in Huh7 hepatocyte cells and in immune cells, which directly regulated proinflammatory 

signalling [315]. Therefore, our first aim was to investigate which HCV viral proteins could 

induce this SOCS3 and examine if those specific proteins could induce additional SOCS 

family members. Our findings show for the first time that HCV viral proteins NS2 and p7 

induce SOCS3 expression. Moreover, inhibition of p7 function prevents SOCS3 induction, 

indicating the importance of its ion channel activity. We also found that suppression of 

STAT3 or ERK, prevented p7-mediated SOCS3 induction, which in agreement with 

previous studies showing that STAT3 and MAPK signalling regulate SOCS3 expression 

[417]. Given that SOCS3 negatively regulates TNF-a responses, we speculated that p7 

may also suppress TNF-a signalling. Our results showed that p7 inhibited TNF-a-mediated 

NF-kB promoter activity and IkBa degradation, indicating that p7 can target crucial 

proinflammatory signalling cascades (Figure 6.1).  

 

6.1.1 HCV-mediated SOCS3 upregulation by p7 and NS2 

 
Expression of HCV viral proteins Core, E1, E2, p7, NS2, NS4B and NS5A in Huh7 cells 

revealed that the Core and E2 upregulated SOCS3 protein expression, which is in keeping 

with published reports [36, 540]. The Core-mediated SOCS3 induction is associated with 

the inhibition of STAT1 tyrosine phosphorylation, thereby blocking anti-viral signalling [36], 

while E2-mediated SOCS3 induction targets IRS-1, leading to its proteasomal degradation 

and impairing insulin signalling [540]. While E1, NS4B and NS5A had no effect on SOCS3, 

both p7 and NS2 expression induced SOCS3 protein expression. Indeed, this observed 

p7-mediated SOCS3 upregulation was the first demonstration of an immune-regulatory 

role for this viral protein.  
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p7 is classified as a viroporin, or virally encoded ion channel [60]. Other viroporins include 

the M2 ion channel from Influenza A and Vpu from HIV [67, 717]. A unique feature of these 

proteins is their ability to self-organise in cellular membranes and thus form ion conducting 

channels; with several studies having demonstrated this function of p7 [61, 62]. Mutations 

in the cytoplasmic loop of p7, impair infectious viral particle production, indicating that p7 

function is essential for HCV infectivity [54]. Additionally, impaired p7 ion channel function 

also prevents viral egress [74]. The effect of p7 on innate immune responses has largely 

been unstudied and therefore warranted further investigation, as such, we were indeed 

interested to observe that SOCS3 expression was increased following p7 transfection in 

Huh7 and HEK293T cells. Interestingly, it has recently been discovered that the ion 

channel activity of M2 from Influenza A Virus, induces activation of the NLRP3 

inflammasome [232], revealing the importance of viral ion channels in modulating innate 

immune responses. Moreover, given that p7’s ion channel activity is important for HCV 

infectivity and egress [74], we hypothesised that its ion channel function may be 

responsible for our observed induction of SOCS3. To investigate this, we used a genotype-

specific (G1a) p7 inhibitor NN-DNJ, which has previously been found to block p7’s ion 

channel activity [72]. Our results showed that treatment with 100 µM of NN-DNJ decreased 

p7-mediated SOCS3 protein induction in both Huh7 and HEK293T cells. Furthermore, we 

discovered that when p7 was expressed as an uncleaved E2-p7-NS2 protein (and thus 

unable to form an ion channel), there was no induction of SOCS3, indicating that the ion 

channel activity is essential for this immune-modulatory effect of p7. Importantly, the effect 

of viral ion channels on innate immune responses is poorly described and the reason for 

this is unclear. Given that our data indicates that p7 function may contribute to SOCS3 

upregulation, it would be interesting to investigate if other virally encoded ion channels 

could induce SOCS3. 

 

Our findings are also of clinical interest, as several inhibitors of p7 are in clinical trials 

including BIT225 and Amantadine. Studies have found that both Amantadine and 

Rimantadine have limited efficacy, having no direct inhibitory effects against HCV [718, 

719]. However, BIT225 (a derivative of amiloride and a GT1a p7 inhibitor) was effective in 

combination with IFN-a-2b and Ribavirin in vitro [720] and in a small clinical study [721], 

while also found to be safe and well-tolerated in patients. Computational analysis has 

found that BIT225 can bind to a hydrophobic pocket of p7 and allosterically inhibit ion flow 

[722].  
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Having also been the first to observe that NS2 led to an increase in SOCS3 expression, 

we sought to further investigate this. SOCS3 mRNA levels increased following NS2 

expression in Huh7 cells and HEK293T cells, however, NS2 increased SOCS3 protein 

expression in a concentration-dependent manner. While this is the first report of NS2-

mediated SOCS3 upregulation, NS2 has been postulated to have an immune evasion 

function; in fact, NS2 can interact with TBK1 and IKKe, thereby preventing IRF3 activation 

and inhibiting type I IFN induction [88]. NS2 has also been found to inhibit IFN-b promoter 

activity, again demonstrating NS2 as a potent IFN antagonist [723]. Intriguingly, reports 

show that NS2 from other viruses, such as Respiratory Syncytial Virus can induce SOCS1 

and SOCS3 and impair anti-viral signalling [566]. Collectively, our results compliment 

these previous findings that HCV NS2 modulates innate immune responses  

 

Previous studies have found that HCV-Core from genotype 3a induces SOCS7 mRNA and 

protein expression in Huh7 cells [538]. In contrast, our results found that SOCS7 mRNA 

levels were unchanged following p7 and NS2 expression in Huh7 cells. Moreover, no 

significant induction of SOCS1, SOCS2 and CIS mRNA was found following p7 and NS2 

transfection. Interestingly, while SOCS4 and SOCS5 gene expression were significantly 

increased by p7 and NS2, their protein expression was endogenously expressed and 

remained unchanged in the presence of either p7 or NS2, suggesting post-transcriptional 

modifications might occur. Some examples of this include mRNA stability, regulation of 

translation initiation and microRNAs [467, 470]. Another example of post-transcriptional 

gene regulation is by mRNA modifications such as mRNA methylation. For example, N6-

methyladenosine has been linked to mRNA translation and reduced mRNA stability [724]. 

Several mechanisms have also been documented to regulate post-translational protein 

expression and abundance, including E3 ubiquitin ligases and proteases [725, 726].  

6.1.2 The molecular mechanism of p7-mediated SOCS3 induction  
 

While HCV-mediated SOCS3 induction has been previously shown [36], the molecular 

mechanism responsible for this induction has not been studied. Bioinformatic analysis of 

the promoter regions of SOCS3, SOCS4, SOCS5 and SOCS6 (the only SOCS genes 

induced by p7), was carried to increase the likelihood of identifying key transcription 

factors. This identified the same putative TFBS for ZFX, Sp1 and KLF4, which were 

conserved across the promoter regions of all four SOCS. While investigating if p7 

regulated the expression levels of these three “predicted” transcription factors, we found 

that p7 expression only increased KLF4 mRNA and protein expression in Huh7 cells. 

Subsequently, we also found that inhibition of STAT3 prevented p7-mediated KLF4 
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expression, indicating that STAT3 may be required for KLF4 upregulation. This result is in 

keeping with several reports showing that STAT3 signalling regulates KLF4 [618, 649]. 

However, further research (possibly using KLF4 knock-down experiments) is required to 

examine if KLF4 directly regulates p7-mediated SOCS3 induction. In support of our 

findings, KLF4 is targeted and induced by other viruses including the Human 

Papillomavirus [650] and Epstein-Barr Virus [431]. Collectively, these reports indicate that 

KLF4 is an important transcription factor, which is upregulated to control viral replication 

and survival. Additionally, as KLF4 can promote cell growth [643], it is possible that viruses 

(especially oncogenic viruses) may target it to enhance cell proliferation. In light of these 

studies, we postulate that p7-mediated KLF4 induction may contribute to the life cycle of 

HCV. Moreover, it would be interesting to suppress KLF4 and examine the effect on HCV 

infectivity in an infection model.  

 

In keeping with reports that NF-kB regulates SOCS3 [428], our bioinformatic analysis 

identified five putative NF-kB TFBS in the SOCS3 promoter. However, our results found 

no difference in NF-kB promoter activation following p7 expression, indicating that NF-kB 

is not required for p7-mediated SOCS3 induction. Since STAT3 and STAT1 are also 

classically known to regulate SOCS3 transcription [386] and our bioinformatic analysis 

identified four putative STAT1 and six putative STAT3 TFBS in the SOCS3 promoter 

region, we hypothesised that STAT3 and STAT1 were important for p7-mediated SOCS3 

upregulation. However, our results found that STAT1 phosphorylation was unchanged 

following p7 expression and ISRE promoter activity was not significantly induced, 

indicating that STAT1 was not involved in p7’s immuno-regulation. In contrast, STAT3 

phosphorylation was enhanced after 12h expression of p7 and a significant increase in 

GAS promoter activity was observed. Furthermore, shRNA-mediated STAT3 knockdown 

prevented p7-induced SOCS3 expression. Collectively, this indicates that STAT3 is 

activated by p7 and is required for p7-mediated SOCS3 induction. In agreement with these 

findings, STAT3 has also been shown to be activated by HCV viral proteins, NS5A [535] 

and the Core [35]. Taken together, these discoveries reveal an important role for STAT3, 

while possibly ruling out the involvement of NF-kB and STAT1 in p7-mediated SOCS3 

induction. 

 

In addition to STAT3, MAPK signalling is also known to regulate SOCS3 expression [420]. 

Our study found that p7 enhanced ERK phosphorylation in Huh7 cells and led to a 

significant induction of AP-1 and ELK1 promoter activity. These results support previous 

findings showing that HCV infection induces ERK signalling [727] and activates ELK1 
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[498]. ERK1/2 signalling is known to directly regulate SOCS3 expression [599]; indeed, 

OSM regulates SOCS3 mRNA stability via ERK1/2 signal transduction [589]. Interestingly, 

OSM-mediated SOCS3 upregulation depends on both ERK1/2 and STAT3 signalling 

[417]. In agreement with these reports, our results found that inhibition of MEK activation 

(with PD98059), reduced p7’s induction of SOCS3, leading us to conclude that ERK 

activation is important for p7-induced SOCS3 expression. Collectively, our results suggest 

that both ERK and STAT3 signalling are important for p7-mediated SOCS3 upregulation.  

 

Since ERK signalling has been documented to induce STAT3 phosphorylation [634, 635], 

we explored the possibility that ERK might be required for p7-mediated STAT3 

phosphorylation. Moreover, HCV infection has been shown to induce STAT3 tyrosine 

phosphorylation through ERK and JNK [504], indicating that the virus uses ERK signalling 

to stimulate STAT3 activity. We approached this question using both shRNA-mediated 

ERK2 knockdown and inhibition of MEK using the pharmacological inhibitor PD98059. Our 

results showed that ERK2 suppression induced basal STAT3 phosphorylation, which was 

not further enhanced following p7 expression. Interestingly, several other published 

reports have also observed that STAT3 becomes phosphorylated in response to ERK 

inhibition [636, 663]. Additionally, we found that MEK inhibition also induced basal STAT3 

phosphorylation, which was again not further enhanced by p7 expression. Taken together, 

as no further induction of basal pSTAT3 was observed by p7, we postulated that ERK may 

be required for p7-mediated STAT3 phosphorylation. However, it is possible that induction 

of pSTAT3 still occurs in response to p7, but this induction may be masked by the high 

basal levels observed during ERK2 suppression or MEK inhibition; therefore, we cannot 

conclusively determine from these findings if ERK is essential for p7’s activation of STAT3. 

Of interest, HCV NS4B has been shown to induce STAT3 activity through the protein 

kinase C (PKC) family [504], which is made up of multiple isoforms, that are activated by 

phosphatidylserine, diacylglycerol and calcium [728]. Indeed, this finding is in agreement 

with several published studies showing that PKC phosphorylates STAT3 [585, 729, 730]. 

As such, PKC may represent another mechanism that could lead to p7-mediated STAT3 

activity. Intriguingly, our results also found that STAT3 suppression led to basal ERK 

phosphorylation, but in this case pERK was further enhanced (above the basal level) 

following p7 expression, allowing us to more confidently hypothesise that p7-mediated 

phosphorylation of ERK does not require STAT3.  

 

ERK signalling is a highly-conserved signal transduction pathway, that is activated in 

response to cytokines and cellular stress [660]. Indeed, perturbations in ER homeostasis 

result in ERK activation [173, 731]. As p7 contains internal targeting regions directing it to 
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the ER [52, 57], we hypothesised that p7-induced ER stress may stimulate our observed 

enhancement of ERK phosphorylation. Indeed, our results showed that p7 expression 

transiently induced mRNA levels of the key markers of ER stress, CHOP and GRP78, 

along with a subtle increase in CHOP promoter activity. We also observed some 

translocation of calreticulin following p7 transfection, adding to the collective indication that 

p7 expression may only lead to subtle ER stress. Indeed, future work to further investigate 

if p7-mediated ER stress modulates ERK phosphorylation could analyse the effect of p7 

inhibition on the protein expression of ER stress markers (such as PERK, eIF2a, CHOP 

or GRP78) over a time course and concurrently analyse ERK phosphorylation.  

 

Thus far, our results demonstrated that p7-mediated SOCS3 induction required both ERK 

and STAT3 signalling. However, SOCS3 expression is known to be classically upregulated 

following cytokine stimulation [386]. Therefore, we hypothesised that p7-mediated SOCS3 

induction could be mediated through the induction of cytokines that mediate an 

autocrine/paracrine effect upon the cells. Our results found that supernatants taken from 

cells expressing p7, quickly induced SOCS3 mRNA and protein expression in non-

transfected cells. This indicates that an autocrine/paracrine signalling mechanism may be 

responsible for enhanced SOCS3 upregulation. Our findings are similar to a report 

showing that supernatants from Kaposi’s sarcoma-associated herpesvirus also induced 

SOCS3 in uninfected cells and that this was mediated via IL-6 [672]. Interestingly, OSM 

has also been shown to induce SOCS3 expression in an ERK and STAT3 dependent 

manner [417] and is elevated in the livers of chronic HCV patients [732]. Moreover, G-CSF 

stimulation induces STAT3 activation and SOCS3 expression, and G-CSF also induces 

ERK signalling [595]. To this end, OSM and G-CSF are possible cytokines that could lead 

to SOCS3 upregulation, however a multiplex analysis of p7 supernatants would confirm 

this.   

 

6.1.3 HCV p7 inhibits TNF-a-mediated NF-kB activation  

 
HCV-mediated SOCS3 induction is known to suppress IFN-a-mediated STAT1 activity 

[36], indicating that virally induced SOCS3 targets the JAK/STAT pathway. As the effect 

of p7 on anti-viral immunity has largely gone unstudied, we were interested to investigate 

if p7 expression could modulate IFN-a-mediated STAT1 phosphorylation and ISG 

induction. However, our results showed that p7 had no effect on IFN-a-induced STAT1 

phosphorylation or IFN-a-mediated ISRE (STAT1:STAT2 heterodimer) promoter activity. 

This indicated that the upstream STAT1 signalling pathway is unaffected by p7. 
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Interestingly, this result is in keeping with a recently published report showing that p7 had 

no effect on ISRE promoter activity [81]. Qi et al., found that a WT or p7 mutant protein did 

not inhibit the activation of ISRE promoter in response to IFN-a in HEK293T cells [81]. 

While p7 did not affect STAT1, ISG expression by IFN-a can still be regulated in a STAT1-

independent manner [691] and as such we investigated the effect of p7 on IFN-a-mediated 

PKR, OAS, ISG15 and MxA gene expression. Our results found that p7 led to a subtle 

decrease in IFN-a-mediated PKR mRNA expression, while had no effect on OAS, MxA 

and ISG15 mRNA levels.  

 

In addition to the JAK/STAT pathway, SOCS3 can inhibit both IL-1 and TNF-a signalling 

[315, 336]. Studies from our lab found that HCV-induced SOCS3 regulates 

proinflammatory TNF-a signalling [315]. In keeping with this, our current study found that 

p7 inhibited TNF-a-mediated NF-kB promoter activity and IkBa degradation in Huh7 cells. 

We also found that p7 prevented TRAF2 and TRAF6-driven NF-kB promoter activity in 

both Huh7 and HEK293T cells. This indicates that p7 blocks TNF-a signalling. Our results 

are also in agreement with published reports showing that HCV viral proteins NS3, NS5A 

and the Core target TNF-a signalling [510, 511, 514]. Of note, the viral ion channel Vpu 

from HIV inhibits TNF-a signalling by preventing the degradation of phosphorylated IkBa 

[697]. Additionally, the Coxsackievirus ion channel 2B also suppresses apoptotic signalling 

by modulating intracellular Ca2+ homeostasis [733]. Collectively, this indicates that viral ion 

channels may target the TNF-a pathway in multiple ways to enhance viral replication and 

survival. Further work is needed to determine a direct role for SOCS3. To investigate the 

direct role of p7-induced SOCS3 on TNF-a signalling, SOCS3 should be knocked-out 

using CRIPSR in human Huh7 cells. Indeed, knocking out SOCS3 would allow us to 

ascertain if it is responsible for preventing TNF-a signalling in the presence of p7.  

 

6.1.4 Impact for HCV infection  
 

Evidence shows that HCV is highly effective at suppressing different parts of the innate 

response, to enhance viral replication, survival and persistence. In confirmation of this, 60-

80% of patients develop a chronic infection, which is often associated with non-specific, 

mild symptoms. Notwithstanding the wealth of studies that have elucidated different 

strategies employed by HCV to inhibit innate immune signalling, many questions still 

remain unanswered. Moreover, how HCV causes a mild, asymptomatic disease in the 

majority of patients is unclear. Given that HCV can regulate SOCS proteins, powerful 
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inhibitors of anti-viral and proinflammatory signalling, this indicates that the SOCS family 

are important. Our results found that four HCV viral proteins (Core, E2, p7 and NS2) can 

induce SOCS3 expression, indicating that HCV uses multiple viral proteins to target 

SOCS3. Additionally, we found that p7 induced KLF4 expression, which may be required 

for the induction of SOCS3 and KLF4 may also play an important role during the HCV life 

cycle. We observed that both STAT3 and ERK signalling play a crucial role in p7-mediated 

SOCS3 induction. Taken together, these discoveries may indicate a novel mechanism 

used by HCV to regulate SOCS3, which could contribute to the limited pathology observed 

in HCV infected patients. Furthermore, the inhibition of TNF-a-mediated NF-kB activity by 

p7 sheds further light on the combination of strategies HCV uses to modulate TNF-a 

signalling and may represent another mechanism to suppress apoptosis and 

proinflammatory signalling. 

 

6.1.5 Impact for inflammatory disorders  

 
TNF-a is a central cytokine that has a major role in driving inflammation, which is required 

to orchestrate immune responses to clear an invading pathogen. However, the 

inappropriate overexpression of TNF-a is involved in the pathogenesis of many human 

disorders such as inflammatory bowel disease (IBD, including Crohn’s disease and 

ulcerative colitis) [734] and rheumatoid arthritis (RA) [735]. The source of TNF-a during 

RA is from monocytes/macrophages, T-cells, neutrophils, mast cells and the endothelium 

[735], while in IBD, mucosal immune cells such as macrophages, T-cells and innate 

lymphoid cells (ILCs) can respond to microbial products and produce TNF-a [734, 736].  

 

Interestingly, studies found that synovial cell proinflammatory IL-1 production was 

significantly reduced by anti-TNF-a antibodies in cultures from patients with RA [737]. This 

indicated that TNF-a was important in promoting inflammation in RA patients. Moreover, 

this finding had profound consequences, as current therapies for both RA and IBD now 

target TNF-a. The FDA approved TNF antagonists used are infliximab (chimeric 

monoclonal antibody), etanercept (fusion protein of the human 75 kDa TNFR fused to the 

Fc portion of human IgG1) and adalimumab (human monoclonal antibody) [738]. However, 

multiple adverse side effects have been reported such as neutropenia and infections [739]. 

Indeed, mechanisms that suppress TNF-a signalling is currently a field of intense interest. 

To this end, investigating the multiple strategies used by viruses to inhibit TNF-a signalling, 

may provide novel therapeutic insights. As such, TNF-a inhibitors derived from viral 

proteins may even offer therapeutic opportunities to reduce excessive TNF-a. Indeed, our 
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discovery that p7 can inhibit TNF-a-mediated NF-kB activity, represents a novel target that 

could be used to treat disorders with exacerbated TNF-a signalling.  

 

6.1.6 Conclusion 

 
This study hypothesised that individual HCV viral proteins could induce SOCS3 and 

identified that the Core, E2, p7 and NS2 upregulated SOCS3 expression. It has revealed 

a novel immune-regulatory role for p7 and found that p7 ion channel activity may contribute 

to the induction of SOCS3, indicating that viroporin function can modulate cell signalling 

pathway activity (Figure 6.1). This study has found that p7 may induce mild ER stress, 

which we hypothesise enhances ERK phosphorylation and downstream transcription 

factors AP-1 and ELK1. Expression of p7 induces STAT3 activity, which is also required 

for KLF4. AP-1, ELK1, STAT3 and KLF4 can all bind to the SOCS3 promoter, and lead to 

the upregulation of SOCS3 expression. This mechanism may be important for the 

induction of SOCS3 in HCV+ patients, which could contribute to the lack of obvious clinical 

symptoms during acute infection (Figure 6.1). The suppression of TNF-a signalling by p7 

may dampen inflammation and inhibit apoptosis, resulting in enhanced cell survival and 

viral persistence. Importantly, this finding may also provide a therapeutic strategy for 

suppressing the inappropriate overexpression of TNF-a, thereby reducing the pathological 

effects of excessive TNF-a signalling.   
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Figure 6.1 – HCV p7-mediated STAT3 and ERK signalling lead to SOCS3 induction 

Within hepatocytes, HCV p7 induces SOCS3 through activation of STAT3 and ERK 

signalling. KLF4 expression is induced by p7, possibly through STAT3 signalling, which 

could translocate to the nucleus and lead to SOCS3 upregulation. A complex interplay 

exists between ERK and STAT3, and ERK activity may induce STAT3 phosphorylation. In 

addition, targeting signals in p7 directing it to the ER may induce mild ER stress, that could 

enhance ERK phosphorylation. Expression of p7 modulates TNF-a signalling by inhibiting 

TNF-a-stimulated NF-kB activation and IkBa degradation. Expression of p7 also prevents 

TRAF2-mediated NF-kB activity in Huh7 cells.  
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Appendix Figures 

 

 
 
Appendix Figure 1.1 – Sequencing of pCMV-HA-Core aligned to H77 HCV template 
sequence 

Following cloning of HCV Core into pCMV-HA, the resulting construct was sent for 

sequencing to confirm it was the correct sequence. Results were compared to template 

sequence H77 using Clustal Omega. *(asterisk) indicates nucleotides that have a single, 

fully conserved residue. Red lines indicate the start and end of the protein.  
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Appendix Figure 1.2 – Sequencing of pCMV-HA-E1 aligned to H77 HCV template 
sequence 

Following cloning of HCV E1 into pCMV-HA, the resulting construct was sent for 

sequencing to confirm it was the correct sequence. Results were compared to template 

sequence H77 using Clustal Omega. *(asterisk) indicates nucleotides that have a single, 

fully conserved residue. Red lines indicate the start and end of the protein.  
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Appendix Figure 1.3 – Sequencing of pCMV-HA-E2 aligned to H77 HCV template 
sequence 

Following cloning of HCV E2 into pCMV-HA, the resulting construct was sent for 

sequencing to confirm it was the correct sequence. Results were compared to template 

sequence H77 using Clustal Omega. *(asterisk) indicates nucleotides that have a single, 

fully conserved residue. Red lines indicate the start and end of the protein.  
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Appendix Figure 1.4 – Sequencing of pCMV-HA-p7 aligned to H77 HCV template 
sequence 

Following cloning of HCV p7 into pCMV-HA, the resulting construct was sent for 

sequencing to confirm it was the correct sequence. Results were compared to template 

sequence H77 using Clustal Omega. *(asterisk) indicates nucleotides that have a single, 

fully conserved residue. Red lines indicate the start and end of the protein.   
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Appendix Figure 1.5 – Sequencing of pCMV-HA-NS2 aligned to H77 HCV template 
sequence 

Following cloning of HCV NS2 into pCMV-HA, the resulting construct was sent for 

sequencing to confirm it was the correct sequence. Results were compared to template 

sequence H77 using Clustal Omega. *(asterisk) indicates nucleotides that have a single, 

fully conserved residue. Red lines indicate the start and end of the protein.    
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Appendix Figure 1.6 - Sequencing of pCMV-HA-NS4B aligned to H77 HCV template 
sequence 

Following cloning of HCV NS4B into pCMV-HA, the resulting construct was sent for 

sequencing to confirm it was the correct sequence. Results were compared to template 

sequence H77 using Clustal Omega. *(asterisk) indicates nucleotides that have a single, 

fully conserved residue. Red lines indicate the start and end of the protein.   
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Appendix Figure 1.7 – Sequencing of pCMV-HA-NS5A aligned to H77 HCV template 
sequence 

Following cloning of HCV NS5A into pCMV-HA, the resulting construct was sent for 

sequencing to confirm it was the correct sequence. Results were compared to template 

sequence H77 using Clustal Omega. *(asterisk) indicates nucleotides that have a single, 

fully conserved residue. Red lines indicate the start and end of the protein.   
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Transcription 
factor  

Family  Target 
gene 

Z-score Fisher 
score  

Zfx BetaBetaAlpha-zinc 
finger 

4 19.285 3.676 

Klf4 BetaBetaAlpha-zinc 
finger 

4 11.841 2.382 

SP1 BetaBetaAlpha-zinc 
finger 

4 11.794 2.767 

NFKB1 Rel 2 10.546 2.103 
STAT1 Stat 2 10.467 1.288 
REL Rel 2 8.904 0.567 
MZF1_5-13 BetaBetaAlpha-zinc 

finger 
2 6.504 0.29 

Pax6 Homeo 1 6.45 1.699 
NF-kappaB Rel 2 6.24 0.875 
RREB1 BetaBetaAlpha-zinc 

finger 
1 6.188 1.496 

Stat3 Stat 2 6.117 0.647 
Myb Myb 4 5.416 2.419 
NFE2L2 Leucine Zipper 1 4.874 0.44 
Zfp423 BetaBetaAlpha-zinc 

finger 
2 4.849 1.477 

MZF1_1-4 BetaBetaAlpha-zinc 
finger 

4 4.656 1.535 

ELK1 Ets 4 4.642 2.383 
NHLH1 Helix-Loop-Helix 2 4.486 1.45 
FOXA1 Forkhead 3 4.324 0.983 
Tcfcp2l1 CP2 3 4.097 1.547 
Esrrb Hormone-nuclear 

Receptor 
1 3.887 0.128 

Foxa2 Forkhead 1 3.773 0.082 
ZEB1 BetaBetaAlpha-zinc 

finger 
4 3.675 1.397 

PBX1 Homeo 1 3.571 0.661 
MAX Helix-Loop-Helix 1 3.493 0.236 
MIZF BetaBetaAlpha-zinc 

finger 
1 3.123 1.217 

EBF1 Helix-Loop-Helix 2 3.119 0.48 
AP1 Leucine Zipper 3 3.09 0.537 
HIF1A::ARNT Helix-Loop-Helix 3 3.086 1.472 
Mycn Helix-Loop-Helix 2 2.367 0.884 
TEAD1 Homeo 2 2.346 1.62 
CTCF BetaBetaAlpha-zinc 

finger 
1 2.317 0.846 

NFYA NFY CCAAT-binding 2 2.087 1.427 
FOXD1 Forkhead 3 1.799 1.031 
Ddit3::Cebpa Leucine Zipper 1 1.633 0.447 
HNF1A Homeo 1 1.606 0.895 
Arnt Helix-Loop-Helix 1 1.595 0.303 
ELK4 Ets 2 1.562 1.381 
Gfi BetaBetaAlpha-zinc 

finger 
2 1.547 0.268 

HLF Leucine Zipper 1 1.526 0.455 
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SPIB Ets 3 1.445 0.404 
MYC::MAX Helix-Loop-Helix 1 1.246 0.798 
Hand1::Tcfe2a Helix-Loop-Helix 3 1.229 0.995 
Tal1::Gata1 Helix-Loop-Helix 2 1.218 1.334 
PPARG::RXRA Hormone-nuclear 

Receptor 
1 1.154 0.393 

USF1 Helix-Loop-Helix 2 1.147 0.724 
HNF4A Hormone-nuclear 

Receptor 
1 0.986 0.361 

INSM1 BetaBetaAlpha-zinc 
finger 

1 
 

0.911 
 

0.263 
 

IRF1 IRF 1 0.82 0.392 
NFATC2 Rel 3 0.631 0.697 
RUNX1 Runt 3 0.61 0.934 
Myc Helix-Loop-Helix 2 0.576 0.891 
RORA_1	
 

Hormone-nuclear	
Receptor	

2	
 

0.453	
 

0.834	
 

Arnt::Ahr	 Helix-Loop-Helix	 1	 0.338	 0.942	
Nr2e3	 Hormone-nuclear	

Receptor	
3	 0.326	 0.364	

CREB1	 Leucine	Zipper	 2	 0.178	 0.743	
NKX3-1	 Homeo	 3	 0.035	 0.059	
ZNF354C	 BetaBetaAlpha-zinc	

finger	
0	 0.034	 1.372	

GABPA	 Ets	 2	 -0.099	 0.721	
HNF1B	 Homeo	 3	 -0.12	 0.661	
MEF2A	 MADS	 3	 -0.625	 0.307	
FEV	 Ets	 2	 -0.669	 0.168	
ELF5	 Ets	 2	 -0.687	 0.116	
NFIL3	 Leucine	Zipper	 3	 -0.704	 0.33	
Gata1	 GATA	 1	 -0.965	 0.82	
Nkx3-2	 Homeo	 0	 -1.018	 1.891	
HOXA5	 Homeo	 1	 -1.413	 0.396	
Pax4	 Homeo	 4	 -1.414	 0	
EWSR1-FLI1	 Ets	 4	 -1.415	 0	
YY1	 BetaBetaAlpha-zinc	

finger	
2	 -1.426	 0.092	

REST	 BetaBetaAlpha-zinc	
finger	

4	 -1.44	 0	

ESR1	 Hormone-nuclear	
Receptor	

4	 -1.505	 0	

NR1H2::RXRA	 Hormone-nuclear	
Receptor	

4	 -1.506	 0	

RXRA::VDR	 Hormone-nuclear	
Receptor	

4	 -1.506	 0	

 
Appendix Table 1.1  – Transcription factors identified in our bioinformatic analysis 
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Appendix Figure 1.8 – Investigating the effect of p7 on calreticulin expression. 
Repeat number two. 

HEK293T cells were seeded at 2.5 x 105 cells/ml in 35 mm high μ-dishes. Cells were 

transfected with 2 μg of mEmerald-Calreticulin-N-16 and 1 μg of DNA encoding HCV-p7-

HA or EV control for 24 hours. Cells were treated with 5 μg of Brefeldin A for 4 hours and 

viewed under the Lecia SP8 scanning confocal microscope. The bottom panels show 

increased magnification of the framed region in the top panel.  

 
  

HCV-p7Brefeldin A EV control
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Appendix Figure 1.9 – Investigating the effect of p7 on calreticulin expression. 
Repeat number three 

HEK293T cells were seeded at 2.5 x 105 cells/ml in 35 mm high μ-dishes. Cells were 

transfected with 2 μg of mEmerald-Calreticulin-N-16 and 1 μg of DNA encoding HCV-p7-

HA or EV control for 24 hours. Cells were treated with 5 μg of Brefeldin A for 4 hours and 

viewed under the Lecia SP8 scanning confocal microscope. The bottom panels show 

increased magnification of the framed region in the top panel.  

 

  

HCV-p7Brefeldin A EV control

30μm 30μm 30μm
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