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Abstract 

 

The life cycle of HCV involves a dysregulation in host lipid metabolism that may 

precede metabolic complications such as insulin resistance (IR), type 2 diabetes 

mellitus (T2DM), and hepatic steatosis which are often associated with chronic 

infection. Thioredoxin-Interacting Protein (TXNIP), a host factor that is induced by 

oxidative stress, and associated with disturbances in host lipid and glucose 

metabolism, has been reported to be overexpressed during HCV infection where its 

siRNA-mediated knockdown resulted in a significant impairment of virus replication. 

This study investigated the mechanisms by which HCV may bring about the 

overexpression of TXNIP by examining the unfolded protein response (UPR) and 

mitochondrial dysfunction in HCV gt2a infection models. These pathways were 

tested in HCV SGR- and JFH-1 infected Huh7 cells by targeting inositol-requiring 

enzyme 1α (IRE-1α) activity and mitochondrial voltage-dependent anion channel 

(VDAC) oscillation, and the effects on TXNIP expression, lipid metabolism, and virus 

replication were measured. The data from this work indicate that the UPR is more 

relevant to HCV SGR replication, whilst ameliorating mitochondrial dysfunction 

appears to restore glucose metabolism, downregulate lipogenic gene transcription, 

inhibit lipid droplet (LD) biogenesis, and reduce JFH-1 RNA replication.  
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ASO Antisense oligonucleotides 

Asp Asparagine 

ATF6 Activating transcription factor 6 

ATP Adenosine triphosphate 

ATP5L ATP Synthase, Subunit G 

Bcl-2 B-cell lymphoma 2 protein 

BE Branching enzyme 

BiP Binding Immunoglobulin Protein 

BLAST Basic Local Alignment Search Tool 
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BMI Body-Mass Index 

BVDV Bovine Virus Diarrhoea Virus 

C Cytosine 

Ca2+ Calcium 

CBP Cyclic adenosine monophosphate response element binding protein 

CCNE1 Cyclin E1 

CDKN1B Cyclin dependent kinase 1B 

CERT Ceramide transfer protein 

CHC Chronic hepatitis C 
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CLDN1 Claudin-1 

CNS Central nervous system 

CO2 Carbon dioxide 
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Cs Cyclosporin 

C-Terminus Carboxy-Terminus 
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CYCS Cytochrome C 
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CYP4A Cytochrome P450 4A 
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DENV Dengue Virus 

DGAT1 Diacylglycerol O-acyltransferase 1 

DGAT1 Diacylglycerol acyl transferse-1  

dH20 Distilled water 
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DMEM Dulbecco's modified essential medium 

DNA Deoxyribonucleic acid 

DNL De novo lipogenesis 

DNS 3',5'-Dinitrosalicylic acid 

dsRNA Double stranded ribonucleic acid 
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EMCV Encephalomyocarditis virus 

EndoG Endonuclease G 

ER Endoplasmic reticulum 

ERK Extracellular signaling related kinase 

ESCRT Endosomal sorting complex required for transport 

ETC Electron transport chain 

EXPO Exportin 

FA Fatty acid 

FABP3 Fatty acid binding protein 3 

FAD Flavin adenine dinucleotide 
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FAPP2 Four phosphate adapter protein 2  
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G418 Geneticin 
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GBF1 Golgi-specific Brefeldin A resistance factor 1 
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GCKR Glucokinase regulatory protein  

GFP Green fluorescent protein 

GKRP Glucokinase regulatory protein 

Glcin Intracellular glucose 

Glcout Extracellular glucose 
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GLUT Glucose transporter 



19 
 

 

 

 

Gly Glycine 
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GO Gene ontology 

GOLPH3 Golgi phosphoprotein 3 

Grb2 Growth-factor-receptor-bound protein 2 

GS Glycogen synthase 

GSK3 Glycogen synthase kinase 3 

Gt Genotype 

H Helical region 

H2DCFDA 2',7'-dihydrofluoroscein diacetate 

HAT Histone Acetyltransferase 

HBE HNF-4 binding element 

HBV Hepatitis B virus 

HCC Hepatocellular carcinoma 

HCV Hepatitis C virus 

HCV SGR Hepatitis C virus subgenomic replicon 

HCVcc Cell-culture derived hepatitis C virus 

HCVpp Hepatitis C virus pseudo-particles 

HCVser Serum-derived HCV 

HDAC Histone deacetylase 

HDL High density lipoprotein 

HEK Human embryo kidney 

HepG2 Human epithelial G2 

HIF1α Hypoxia-inducible factor 1α  

His Histidine 

HIV-1 Human Immunodeficiency virus-1 

HK Hexokinase 

HNF-4 Hepatocyte nuclear factor-4  

HSP47 Heat shock protein 47 

HSP90 Heat shock 90kDa protein  

HSPA5 Heat shock 70kDa protein 5 (GRP78) 

Huh7 Human hepatoma 7 
h-VAP-33 33kDa human vesicle-associated membrane protein associated 

protein 

HVR Hypervariable Region 

HXK1 Hexokinase I 

HXK2 Hexokinase 2 

IF Immunofluorescence 

IFN Interferon 
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IKI Iodine-Potassium Iodide 

IKK IκB kinase 

IL Interleukin 

Ile Isoleucine 

IMM Inner mitochondrial membrane 

IMPDH Inosine monophosphate dehydrogenase 

IMS Intermembrane space 

Insig Insulin induced gene 

IP3R Inositol-1,4,5-triphosphate  

IPO Importin 

IPS-1 Interferon-β  promoter stimulator-1 

IR Insulin resistance 

IRE-1α Inositol requiring enzyme-1α 

IRES Internal ribosomal entry site 

IRF Interferon regulatory factor 

IRS Insulin receptor substrate 

ISDR Interferon sensitivity determining region 

ISG Interferon stimulated gene 

IVDAs Intravenous drug abusers 

JEV Japanese encephalitis virus 

JFH-1 Japanese Fulminant Hepatitis 1 

JNK c-Jun N-Terminal kinase 

KB Ketone Body 

KDa Kilodalton 

KGDHC α-ketoglutarate dehydrogenase complex  

LCAD long chain-specific CoA dehydrogenase 

LCFAs long-chain fatty acids 

LD Lipid Droplet 

LDL Low density lipoprotein 

LDLR Low density lipoprotein receptor 

Leu Leucine 

LNA Locked nucleic acid 

LPA Lysophosphatidic acid 

L-PBE L-peroxisomal bifunctional enzyme 

LTB Lymphotoxin B 

LVP Lipoviral particle 

LXRE Liver X receptor-elements 

Lys Lysine 

MAb Monoclonal antibody 

MAMs Mitochondrial associated membranes  
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MAPK Mitogen activated protein kinases 

MAVS Mitochondrial antiviral signaling protein  

MBD Membrane binding domain 

MCU Mitochondrial calcium uniporter 

Met-tRNA Methionine transfer RNA 

Mg2+ Magnesium 

MICA MHC class I polypeptide-related sequence A  

MiRISC MicroRNA-containing-RNA-induced silencing complex 

MiRs MicroRNA 

Mlx Max like protein 

MlxIP Max like protein-interacting protein 

MlxIPL Mlx interacting protein-like protein 

MoA Mechanism of action 

MOI Multiplicity of infection 

MPT Mitochondrial Permeability Transition 

mPTP Mitochondrial permeability transition pore 

mRNA Messenger RNA 

MS Metabolic syndrome 

mt∆Ψm (Change in) Mitochondrial membrane potential 

mTOR Mammalian target of rapamycin 

MTP Microsomal triglyceride transfer protein 

MUFAs Monounsaturated fatty acids 

MW Membranous web 

nAb Neutralising antibody 

NaCaE Sodium-calcium exchanger  

NAD Nicotinamide adenine dinucleotide 

NADH Nicotinamide adenine dinucleotide (reduced) 

NADPH Nicotinamide adenine dinucleotide phosphate 

NBM Nucleotide binding motif 

NDUFAF NADH dehydrogenase (Ubiquinone) complex I assembly factor  

NEMO, IKKγ NFκB essential modifier  
Neo Neomycin 

NES Nuclear export signal 

NF-AT Nuclear factor of activated T-cells  

NFκB Nuclear factor kappa B 

NK Natural killer 

NLRP3 Nod-like receptor family, pyrin domain containing 3 

NLS Nuclear Localisation Signal 

NPC Nucleopore Complex 

NPC1L1 Niemann-Pick C1 Like 1  
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N-terminus Amino-terminus 

NTR Non-translated region 

NUAK2 NUAK family kinase 2 

OAS 2’-5’-oligoadenylate synthase  
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OGDH Oxoglutarate (α-ketoglutarate) dehydrogenase 

OMM Outer mitochondrial membrane 

ORF Open reading frame 

ORO Oil-Red-O 

OSBP Oxysterol binding protein 

OXPHOS Oxidative phosphorylation 

p.i. Post-infection 

PA28-γ Proteasome Activator 28-γ 

PAMP Pathogen-associated molecular pattern 

PAZ Piwi-Argonaute-Zwille 

PBS Phosphate buffered saline 

PCK2 Phosphoenolpyruvate carboxykinase 2 

PCR Polymerase chain reaction 

PDH Pyruvate dehydrogenase 

PDHc Pyruvate dehydrogenase complex 

PDK4 Pyruvate dehydrogenase kinase 4 

PEG Polyethylene glycol 

Peg-IFN Pegylated-Interferon 

PFK Phosphofructokinase 

PGM Phosphoglucomutase 

PH Glycogen phosphorylase 

Phe Phenylalanine 

PHH Primary human hepatocytes 

PI Protease Inhibitor 

PI(4)P Phosphatidylinositol 4-phosphate 

PI[4,5]P2 Phosphatidylinositol (4,5)-bisphophate 

PI3K Phosphatidylinositol 3-kinase  

PI3P-5K 1-phosphatidylinositol 3-phosphate 5-kinase 

PI4K Phosphatidylinositol 4-kinase  

PiC Mitochondrial phosphate carrier 

PIK Phosphatidylinositol kinase 

PIP Phosphatidylinositol phosphate phosphatase 

PIWI P element-induced wimpy testes 

PK Pyruvate Kinase 



23 
 

 

 

 

PKA Protein kinase A 

PKC Protein kinase C 

PKR Protein kinase R 

Polβ Polymerase β 

Polγ Polymerase γ 

PPARGC1A Peroxisome Proliferator Activated Receptor-γ coactivator 1a 

PPAR-REs Peroxisome proliferator activated receptor response elements 

PPARα Peroxisome proliferator activated-receptor α 

PPARγ Peroxisome proliferator activated receptor-γ  

PPIase Peptidyl-prolyl cis-trans isomerase 

PPP Pentose phosphate pathway 

PRKAA2 5' AMP-activated protein kinase (AMPK) 

PSME3 Proteasome Activator Subunit 3 

PTL 3-ketoacyl-CoA thiolase 

PTP Protein tyrosine phosphatase 

PTP1b Protein-tyrosine phosphatase 1b 

PUFAs Polyunsaturated fatty acids 

PYGL Glycogen phosphorylase 

qRT-PCR Quantitative reverse transcription polymerase chain reaction 

RAV Resistance-associated variant 

RBA Ribavirin 

RCs Replication complexes 

RdRp RNA-dependent RNA polymerase 

RELA RELA proto-oncogene NFκB subunit 

RIG-I Retinoic acid-Inducible Gene 1 

RMM Relative molecular mass 

RNA Ribonucleic acid 

RNAi RNA Interference 

ROS Reactive oxygen species 

RPLP0 Large ribosomal protein 

rTCA cycle Reverse Tricarboxylic acid cycle 

RTN3 Reticulon 3 

RTP Ribavirin triphosphate 

RXRα Retinoid X receptor-α 

S Structural 

S1P, S2P Site 1 protease, Site 2 protease 

S6K1 mTOR substrate p70 ribosomal S6 Kinase 

Sac1 Sac1 phosphoinositide phosphatase 

SBD Sphingomyelin binding domain 

SCAP SREBP-cleavage activated protein 
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SCD1 Stearoyl co-enzyme A desaturase 1  

SD Standard deviation 

SDH Succinate dehydrogenase 

SEC14L2  SEC14 like lipid binding 2 

Ser Serine 

SERCA Sarco-endoplasmic reticulum Calcium ATPase 

SH3 Src homology 3 

SHIP2 SH2-containing 5'-inositol phosphatase 

shRNA Short-hairpin RNA  

siRNA Small Interfering RNA 

SL Stem-Loop 

SLC27A2 Fatty acid transport protein 2 

Smac Second mitochondria-derived activator of caspase  

SNP Single Nucleotide Polymorphisms 

SOC Standard of care 

SOCE Store operated calcium entry 

SOCS Suppressors of cytokine signaling 

SOD1 Superoxide dismutase 1 

SPP Signal peptide peptidase 

SR- β1 Scavenger receptor-β1  

SRE Sterol regulatory element 

SREBP Sterol regulatory element binding protein  

ssRNA Single stranded ribonucleic acid 

STC2 Stanniocalcin 2 

STING Stimulator of interferon genes  

SVR Sustained virological response 

T2DM Type 2 diabetes mellitus 

TBK1 TANK binding kinase 1 

TCA cycle Tricarboxylic acid cycle 

TG Triglyceride 

TGN Trans golgi network 

TIP47 Tail-interacting protein 47 

TIR Toll-IL1 receptor 

TLR Toll-like receptor 

TMD Transmembrane domain 

TMRE Tetramethylrhodamine ethyl ester 
TNFα Tumour necrosis factor α 

TRIB3 Tribbles pseudokinase 3 

TRIF Toll/IL-1 receptor domain-containing adaptor inducing IFN-β 
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TXNIP Thioredoxin-interacting protein 

Tyr Tyrosine 
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UDP Uridine diphosphate 

UDP-Glc Uridine diphosphate-Glucose 
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UPR Unfolded protein response 
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UTR Untranslated region 
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XBP-1 X-box binding protein 1 
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Chapter 1: Introduction 
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1.1. Overview of Hepatitis C virus (HCV) 

 

HCV is an ongoing prevalent health issue and a major cause of liver disease across 

the world affecting between 130 - 185 million people (1). Initially described as non-A, 

non-B hepatitis in 1989, according to estimates made by the World Health 

Organisation (WHO), it is possible that up to 3% of the world’s population may be 

infected with this pathogen (1,2). Furthermore, it is believed that up to 3 to 4 million 

cases of infection are diagnosed every year (1,3). Around 20 - 30% of carriers with an 

acute infection, which is largely asymptomatic, are thought to spontaneously clear 

the virus (4). The remaining 70 - 80% of infected individuals, however, may develop 

viral persistence and chronic disease, in which secondary pathologies such as 

cirrhosis, fibrosis, insulin resistance (IR), type 2 diabetes mellitus (T2DM), and 

hepatic steatosis are common (3–5). HCV is a leading cause of liver failure and liver 

cancer (hepatocellular carcinoma) thereby necessitating a demand for liver 

transplantation (3). 

 

HCV is a blood-borne virus that is mainly transmitted through contact with 

contaminated instruments, such as hypodermic needles as in the case of 

intravenous drug abusers (IVDAs), surgical instruments, or infectious donated 

organs and blood products (6). However, in addition to these possible sources of 

infection, there is evidence that suggests the virus may have limited horizontal 

transmission through sexual practices (7). 
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1.2. The Molecular biology of HCV 

 

Hepatitis C virus is a species of the hepacivirus genus that belongs to the 

Flaviviridae family which includes many other arthropod-borne viruses belonging to 

the Flavivirus, Pestivirus, and Pegivirus genera (8). HCV shares attributes, in terms of 

both polyprotein structure and genomic organisation, with other flaviviruses such as 

Japanese encephalitis virus (JEV), Yellow Fever virus, and Dengue virus (9). 

 

Hepatitis C virus is the aetiological agent of HCV infection and has been 

characterised as a comparatively small virus of spherical morphology that is 

estimated to be between 55 and 65nm in diameter (10). HCV is primarily hepatotropic, 

though the proportion of infected liver cells in vivo may vary between 1 and 5% but 

has also been reported to be as high as 4.8 – 87% (11,12). However, it has been 

reported that genetically distinct HCV RNA has also been isolated from neurological 

tissue (13). The virus is enveloped by a membrane that is derived from the host cell 

which is decorated with virally encoded glycoproteins (E1, E2) that mediate viral 

entry into naive cells (14,15). The envelope surrounds a capsid comprised of the viral 

core protein which contains a (+)-sense RNA genome of approximately 9.6kb that 

encodes a polyprotein of around 3,010 amino acids in length (Figure 1) (3,16). 
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Figure 1 - The Genomic Organisation of hepatitis C virus 
 
HCV Genomic RNA: The genome of HCV consists of (+)-sense RNA that is 9.6kb in length that is flanked by 5’- 
and 3’-nontranslated regions (NTRs/UTRs) which adopt secondary structures such as stem loops (SLs) and 
panhandles. HCV Polyprotein: Host cell ribosomes translate the HCV genome in an IRES dependent manner 
into a single polyprotein. Mature HCV proteins: The HCV polyprotein is proteolytically processed by host- and 
virally encoded proteases to yield 10 functional proteins that serve either a structural- or nonstructural role in 
virus replication 

(17)
. 

 

The viral polyprotein is subject to proteolytically cleavage into functional subunits by 

host cell and virally encoded proteases both co- and post-translationally at the 

Endoplasmic Reticulum (ER) (18). HCV has a single open-reading frame (ORF) and is 

flanked by 5’- and 3’ nontranslated regions (NTRs) that are also referred to as 

untranslated regions (UTRs) (15). The UTRs of the viral genome fold into highly 

conserved intramolecular secondary structures known as cis-acting replication 

elements (CREs) which rely on the interaction of co-factors to enhance the 

translation and transcription of viral genomes (19,20).  
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Both the structure and functions of the 5’-UTR of HCV are highly conserved among 

genotypes, indicating that these regions have an important role in viral fitness (21). 

The HCV 5’-UTR, which spans approximately 340 nucleotides in length, has an 

internal ribosomal entry site (IRES) that initiates translation in a cap-independent 

manner and consists of 4 structural domains (Stem Loops (SL) I – IV) (19,22,23).  This 

region of the HCV genome facilitates translation of the viral polyprotein through the 

recruitment of the 40S subunit of host cell ribosomes and translation initiation 

factors, eIF2 (Met-tRNA) and eIF3 (19,21). Additionally, stem loops III and IV of the  

5’-UTR have been found to activate protein kinase R (PKR), an inhibitor of protein 

translation in response to the recognition of pathogen associated molecular patterns 

(PAMPs) such as dsRNA, which has no effect on translation of the HCV genome (24).  

The 3’-UTR of HCV is around 220nt in length that comprise 3 domains, i.e. a variable 

region of around 40 nucleotides, a poly (U/UC) tract of variable size, both of which 

differ greatly between genotypes but are highly conserved within a given HCV 

genotype, and a highly conserved 98-base region termed the X-tail (25).  

The 3’-UTR of HCV regulates the transcription of viral RNA genomes through the 

binding of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which is primarily 

involved in glycolysis and known to interact with cytoskeletal proteins (actin, tubulin), 

to the poly (U/UC) tract (26).  
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The X-tail is formed by 3 stem loop structures (SLI – III), the integrity of which is 

critical for virus replication (27). A key feature of the HCV 3’-UTR is its ability to aid in 

the localisation of translation initiation factors, e.g. eIF2 and eIF3, to the 5’-UTR via 

so-called “long range” interactions (27). The delivery of translation initiation factors 

and association of both the 5’- and 3’-UTRs has been shown to stimulate the cap-

independent translation of the viral genome as well as stabilise the formation of 40S 

ribosomal subunits for subsequent rounds of IRES-mediated translation (ribosome 

recycling) following termination (25,27). Additionally, the interactions which occur 

between the 5’- and 3’-UTRs of HCV also act as a molecular switch that may allow 

alternation between replication and translation of the HCV genome (Figure 2) (28,29). 

 

Figure 2 - The secondary structure of HCV 5’- and 3’ UTRs 
 
The genome of HCV encodes a single open-reading frame (ORF) that is flanked by 5’- and 3’ untranslated 
regions (UTRs) which feature start- and stop codons, respectively. The 5’ UTR adopts several secondary 
structure domains identified by roman numerals, with subdomains denoted by lower case letters. The 3’ UTR 
features 3 stem loops (SL), a poly-U tract ((U)n) a hypervariable region (HV), and CRE domain that encompasses 
subdomains (5BSL3.1 – 5BSL3.4). Curved lines between secondary structure domains indicate long-range 
interactions within the HCV genome (30). 
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Between the 5’- and 3’-UTRs of the HCV genome is a single ORF encoding a 

polyprotein which is subsequently cleaved into 10 proteins that have either a 

structural (S) (core, E1, E2) or non-structural (NS) (p7/NS1, NS2, NS3, NS4A, 

NS4B, NS5A, and NS5B) function (3). 

 

1.2.1. HCV Structural (S) proteins 

 

The core, and envelope glycoproteins (E1 and E2) of HCV, are mainly concerned 

with the assembly of particles that package the viral genome (31). 

 

1.2.1.1. Core (C) 

 

The core protein of HCV has a molecular weight of 19 - 21kDa, consists of 191 

amino acids, and is the main constituent of the viral nucleocapsid that is involved in 

the binding of newly synthesised viral genomes and their encapsidation (17,32). 

Cleavage of core protein from the HCV polyprotein occurs at its C-terminus by a host 

cell signal peptidase situated at the endoplasmic reticulum (ER) and results in an 

immature core protein (p23) that is associated to the ER membrane by a signal 

peptide (33).  This precursor is further cleaved by an intramembrane presenilin-type 

aspartic protease signal peptide peptidase (SPP) at the ER which causes the 

maturation and release of the core protein from the ER membrane (33).  
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The structure of HCV core is comprised of two amphipathic helices (HI and HII) that 

flank a hydrophobic loop which are features essential to the interaction with 

intracellular lipid droplets (LDs) (34). Furthermore, the core protein has 3 domains  

(I - III) that vary in hydrophobicity (3).  

 

Domain I is comprised of the first 117 amino acids of the protein and despite the 

presence of two short hydrophobic regions, is largely hydrophilic due to an 

abundance of basic residues which give rise to its RNA binding properties as well as 

ability to mediate assembly of the viral capsid (35,36). Domain II, which spans from aa 

118 – 174, is hydrophobic and important to the folding and stability of HCV core 

where it interacts with LDs, a key determinant of virion assembly, in addition to the 

ER membrane (34,36,37). However, Domain III (aa 175 – 191) has the greatest 

hydrophobicity and serves as a signal sequence for targeting the E1 glycoprotein to 

the ER besides serving as a cleavage site to produce the mature form of the core 

protein (p21) (33,38). Upon release from the HCV polypeptide, core protein may exist 

as dimeric forms in the cytosol or as a multimer (39). The distribution of HCV core 

protein is widespread throughout an infected cell, where it can be found free in the 

cytoplasm and/or associated with various membrane structures such as lipid droplets 

(LDs,) the ER, mitochondria, and the nucleus (33,34,37,40–42). 
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The involvement of HCV core in the interplay of the ER and mitochondria might be 

explained by a study that found expression of this protein in liver cells resulted in a 

depletion of calcium ions stored within the ER lumen via decreased activity of sarco-

endoplasmic reticulum calcium ATPase (SERCA) channels, which otherwise 

regulate the influx of calcium ions to the ER. (43). The localisation of Ca2+ ions at the 

mitochondria may result in the bioenergetic dysfunction of this organelle to 

metabolise nutrients such as glucose, as well as induce cell death by the 

mitochondrial pathway of apoptosis (44,45). 

 

Expression of the core protein during HCV infection has also been found to strongly 

associate with the manifestation of hepatic steatosis and HCC (46,47). Furthermore, 

the expression of HCV core has been found to correlate with an increase in size and 

cholesteryl ester content of LDs (48). 

 

HCV core may interact with both viral and host proteins, which may lead to the 

dysregulation of lipid metabolism. For example, core may co-localise with the HCV 

NS5A and facilitate the association of HCV NS5A with Apolipoprotein A1 (ApoA1), a 

constituent of high density lipoproteins (HDLs) (49). Additionally, the expression of 

core protein leads to an inhibition of microsomal triglyceride transfer protein (MTP), a 

carrier of neutral lipids between membrane vesicles, that ultimately results in the 

reduced production and export of very-low density lipoproteins (VLDLs) (50,51). 
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Interestingly, core in addition to HCV NS proteins, i.e. NS3, NS5A, has been 

reported to have putative nuclear localisation signals (NLS) which facilitates 

localisation to the nucleus (42,52,53). This may result in their interaction with nucleopore 

complexes (NPCs) and nuclear transport factors (NTFs), e.g. importin α5 (IPOA5) 

and importin β3 (IPO5), and conversely Nuclear Export Signals (NES) via exportin 1 

(EXPO1/CRM1) which give rise to their nuclear entry and export (54). It has also been 

suggested that NTFs may be involved in guiding viral proteins to the membranous 

web for viral replication (55). 

 

1.2.1.2. Envelope glycoproteins (E1, E2) 

 

The two envelope proteins of HCV, E1 and E2, have approximate molecular weights 

of 31kDa and 70Da, respectively, and are heavily glycosylated though this varies 

among HCV genotypes (56,57). These glycosylated motifs are highly conserved and 

mainly consist of complex mannose side chains (58).  The glycans of HCV envelope 

proteins have important roles in antigenic variation, cell entry by receptor-mediated 

endocytosis, and protein folding to form noncovalent E1/E2 heterodimers linked by 

disulfide bridges (57,59–61). The E1E2 heterodimers of HCV fulfil a role in cell entry, the 

primary stage of virus infection. E2 may bind to scavenger receptor-β type 1  

(SR-β1), a high affinity receptor that is a requirement for the infection of cells that 

express co-receptors such as low-density lipoprotein receptor (LDLR), and CD81 (60).  
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Following this, the E1 glycoprotein is activated and serves as a fusogenic subunit, 

triggering the fusion and pH-dependent receptor mediated endocytosis of the virus 

particle with the phospholipid bilayer of the plasma membrane (62,63). 

 

E2 may be targeted by neutralising antibodies (nAb) though this is complicated by 

high selection pressure and, therefore, the frequency of mutation in domains known 

as hypervariable regions, e.g. HVR1, in vitro (64). Additionally, the ability of 

neutralising antibodies to bind to E2 is further impaired by the association and 

apparent “masking effect” of E2 with serum lipoproteins e.g. low-density lipoprotein 

(LDL) (65,66). Both envelope proteins feature transmembrane domains (TMDs) that 

are made up of two short hydrophobic regions, separated by a sequence of charged 

amino acids, which enables them to reside on the cytosolic side of ER membrane 

following cleavage in the ER lumen (67). The E1 and E2 glycoproteins interact with 

different ER-chaperone proteins such as calreticulin, GRP78 (BiP), and calnexin to 

form tertiary structure (68). Furthermore, the expression of HCV envelope proteins 

has been reported to result in the induction of the CCAAT-enhancer binding protein 

homologous protein (CHOP) and induce the splicing of X-box binding protein 1 

(XBP1), both of which are indicative of unfolded protein response (UPR) induction 

(69). 
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1.2.2. HCV Nonstructural (NS) proteins 

 

The non-structural (NS) proteins are mainly involved in replication of the HCV 

genome and alteration of the host cell environment and immune responses to 

facilitate the synthesis of progeny virus. 

 

1.2.2.1. p7 

 

p7 is flanked at its N- and C termini by the E2 glycoprotein and nonstructural protein, 

NS2, respectively, in the HCV polyprotein (70).  The sequences preceding these 

termini are conserved, hydrophobic, and characteristic of signal peptides which 

direct the translocation of E2/p7 and p7/NS2 polyprotein to the ER where cleavage 

by host SPPs can occur (71). p7 is a hydrophobic protein, comprised of approximately 

63 amino acids, which can form either hexameric or heptameric structures within 

lipid bilayers to function as cation selective channels and facilitate ion flux (72).  

 

p7 is a membrane spanning protein with two transmembrane alpha helices (TM1 and 

TM2) that face the ER lumen which are joined by a cytoplasmic loop (73). It has been 

shown that the integrity of this cytoplasmic loop is crucial to the ion channel activity 

of p7 (74). This is important to HCV replication as the ability of p7 to regulate the flux 

of H+ ions may affect the intravesicular pH of compartments such as the lysosome, 

as well as the production of infectious virions (75).  
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Furthermore, p7 co-localises at the ER, in a strain-specific manner, with NS2 in the 

recruitment of viral core protein from LDs to the ER (76). This finding is supported by a 

study that found p7 function to be crucial to the unloading of core protein from LDs in 

order for the encapsidation of viral RNA and envelopment of the nucleocapsid to 

occur (77). Thus, it is considered that both the proton channel and core recruitment 

properties of p7 are critical for the virion assembly and egress stages of the HCV life 

cycle (78). 

 

1.2.2.2. NS2 

 

HCV NS2 is a transmembrane protein that is approximately 217 amino acids in 

length and has a molecular weight of 23 kDa (56,79,80). The N-terminus of the NS2 is a 

highly hydrophobic membrane-binding domain (MBD) which associates with the ER 

(3). The C-terminus, meanwhile, is exposed to the cytoplasm where NS2 may form a 

cysteine protease dimer with composite active sites (81). The activity of this 

subdomain releases NS2 from the N-terminal third of NS3 via conformation-

dependent autocatalysis that is stimulated by exogenous zinc (81,82). Furthermore, 

this phenomenon is a requisite for active NS3  to accumulate so HCV RNA 

replication can occur (83). The complication of hepatic steatosis during HCV infection 

has, in part, been attributed to the expression of NS2 (84). Oem et al., found that NS2 

is capable of increasing expression and processing of the transcription factor, sterol 

regulatory element-binding protein-1c (SREBP-1c) (84).  
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The authors found that NS2 can upregulate the transcription of SREBP-1c through 

binding to sterol regulatory elements (SREs) and liver X receptor elements (LXREs) 

within the SREBP-1c promoter, and may induce the transcription of a downstream 

lipogenic genes, e.g. Fatty Acid Synthase (FASN) (84). Furthermore, SREBP-1c is a 

host factor that belongs to the helix-loop-helix leucine zipper family of transcription 

factors, associated with fatty acid biosynthesis, and is normally bound to SREBP-

cleavage activating protein (SCAP) and tethered to the ER by Insig (insulin induced 

gene) protein (85). 

 

In the context of oxidative stress during HCV infection, the SREBP-SCAP complex is 

released from Insig and translocates to the Golgi compartment to be processed by 

site 1- and 2 proteases (s1p, s2p) (85). Following proteolytic cleavage of the  

N-termini, SREBPs are imported to the nucleus where they can transcriptionally 

induce genes such as fatty acid synthase (FASN) (84,85). However, Oem et al., did not 

elaborate on how NS2 could transcriptionally activate SREBP-1c in the nucleus as 

NS2 is thought to be localised to the ER during virus assembly (84,86). However, a 

nuclear localisation signal (NLS) in HCV NS2 was identified to complex with the 

nuclear importin, IPOA5 (55). Similar to the NLS found in the core protein by the same 

research group, this was tested in a JFH-1 model using synthetic peptides to 

compete for association with cellular nuclear transport machinery, i.e. IPOA5 (55). 

With the mechanism for the nuclear import of NS2 reduced, it was found that intra- 

and extracellular replication of HCV was suppressed 1- and 2-fold, respectively (55).  
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Similarly, comparable effects on virus replication were also observed when the 

nuclear export signal (NES) of NS2 was antagonised using synthetic peptides to 

compete for the exportin, Xpo1/CRM1 (55).  

 

1.2.2.3. NS3 

 

NS3 is a large, hydrophobic viral protein composed of 631 amino acids with a 

molecular weight of approximately 70kDa (56,87). The N-terminus of NS3 is a trypsin-

like serine protease whilst the C-terminus has helicase and ATPase properties which 

are required for the replication of viral RNA (88,89). Upon synthesis of the viral 

polyprotein, NS3/NS4A undergo autocatalysis in cis, where the N-Terminus of NS3 

may perform downstream proteolytic cleavage of NS proteins, i.e. NS4B – NS5B, in 

trans (90). The serine-protease activity has been mapped to a triad of three residues 

namely His57, Asp81, and Ser139 (91,92). Mutation studies involving substitution of 

His57 or Ser139 resulted in a loss of trans protease activity, demonstrating the 

importance of these residues in processing the replicase region of the HCV 

polyprotein (93). Furthermore, the catalytic triad of NS3 is adjacent to a zinc binding 

motif which does not affect catalysis, but maintains the tertiary structure of the β-

barrel domains of the protein and, by proxy, the NS3 active site (94–96). In addition, it 

has been found that the viral RNA dependent RNA polymerase (RdRp) of HCV, i.e. 

NS5B, may enhance the helicase activity of NS3 up to 7-fold (97).  
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Thus, the NS3 protease is a desirable therapeutic target as in the case of Boceprevir 

and Telaprevir (98). However, it has been shown that drug resistance, owing to 

reduced binding affinity of Boceprevir to the NS3 active site through acquired point 

mutations remains problematic in the development of antiviral treatments  

(section 1.9.3.) (98–101). 

 

The helicase domain of NS3 is involved in the unwinding of dsRNA intermediates in 

an ATP-dependent manner (102,103). Further to this, helicase activity is able to remove 

secondary structures and nucleic acid binding proteins within template ssRNA which 

may otherwise interfere with replication of the viral genome (19,104). The unwinding 

activity has been found to occur sequentially at 18bp intervals and relies on the 

NS4A protein for optimal positioning of NS3 with substrate RNA (105,106). A report also 

suggests that the protease activity of NS3 is dependent on its complex with heat 

shock protein 90 (HSP90), a molecular chaperone that is involved in the folding and 

stabilisation of proteins following cellular stress (107). 

 

Additionally, NS3 may have other roles besides RNA helicase and protease 

functions. For example, Errington et al., found HCV NS3 to have both a cytoplasmic 

and nuclear localisation when human liver biopsies from donors infected with HCV 

were probed using anti-HCV NS3 antibodies and considered this an indication that 

NS3 may be involved in viral persistence (52).  
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This finding is supported by the work of Levin et al., who identified an IPOA5 binding 

peptide sequence in NS3 which led to a decrease in intra- and extracellular RNA 

synthesis when peptide constructs competed for this nuclear importin (55). 

 

HCV NS3 may also interact with the catalytic subunit of protein kinase A (PKA) via a 

peptide with similarity to the general consensus sequence of PKA (108).  

This association leads to the exclusion of PKA from the nucleus and its retention in 

the cytoplasm which results in the reduced phosphorylation of nuclear histones and, 

therefore, the transcription of genes, as well as affecting many cytoplasmic 

processes such as cytoskeletal motility, secretion, and ion channel function (108).  

 

In addition to the disruption of cellular functions, NS3 may also circumvent innate 

immune responses (section 1.5.1.1.) e.g. disable the induction of interferon by 

retinoic acid inducible gene I (RIG-I) and toll-like receptor 3 (TLR3) pathways via 

cleavage of signalling molecules such as mitochondrial antiviral signaling protein 

(MAVS) and Toll/IL-1 receptor domain-containing adaptor inducing IFN-β (TRIF) (109). 
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1.2.2.4. NS4A 

 

NS4A is a small protein (8kDa) comprised of 54 amino acids that is recognised as an 

essential co-factor of the HCV NS3 serine protease (56,110). The hydrophobic  

N-terminus of NS4A features an alpha-helical, single-pass transmembrane domain 

which undergoes homotypic dimerisation and is essential to RNA replication and 

virus assembly due to its association with the ER (111). Moreover, this association 

enables the targeting of the NS3 serine protease to the ER membrane in close 

proximity to the mitochondria which may affect calcium ion concentrations at the 

mitochondria and thus the metabolic function of this organelle (112,113).  

 

Besides playing a role in the localisation of NS3 serine protease, NS4A also 

functions as a co-factor which involves the association of 9 residues (aa 22 – 31) in 

its C-terminus with 22 amino acids of the NS3 N-terminus (114,115).  This stabilises 

HCV NS3 and enhances its protease activity at downstream cleavage sites of the 

HCV polyprotein, i.e. NS4A/NS4B/NS5A/NS5B (113–118).  

 

Further to interacting with the NS3 serine protease of HCV, the NS4A protein may 

associate with host factors such as glyceraldehyde-2-phosphate dehydrogenase 

(GAPDH), and 1-phosphatidylinositol 3-phosphate 5-kinase (PI3P-5K) which is 

involved in the nuclear transport of cellular proteins (110). 
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1.2.2.5. NS4B 

 

NS4B is a highly hydrophobic protein that consists of 261 amino acids with a 

molecular weight of 27kDa and is closely associated to the ER (56,119,120). The protein 

encompasses several structural elements which serve a variety of functions during 

the proliferation of HCV. The N-terminus (aa 1 - 69) of NS4B features two 

amphipathic helices (AH1 and AH2), which may translocate post-translationally 

between the ER lumen and cytosol and have been implicated in the formation of ER 

derived lipid vesicles as well as the recruitment of LDs (119,121–124).   

 

AH1 (aa 6 – 29) is a conserved structural motif that is flanked by positively charged 

amino acids. In terms of function, AH1 has diametric roles in the life cycle of HCV, 

i.e. HCV RNA replication and virus particle assembly (122). Conversely, the 2nd  

N-terminal amphipathic helix (AH2) of NS4B (aa 42 – 66) consists of mainly 

hydrophobic residues and is essential to the conformational change of the NS4B  

N-terminal and, therefore, its localisation between the cytosol and ER lumen (119,122). 

AH2 has been observed to preferentially associate with phosphatidyl inositol 

phosphates as well as various membrane structures depending on their lipid content 

(123). Additionally, it has been reported that AH2 has an important function in 

homotypic oligomerisation of NS4B which contributes to the formation of the 

replication complexes (RCs) and the membranous web (MW) (125,126).  

HCV replication occurs at the MW which is derived from ER membrane vesicles (121).   
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NS4B N-terminal AH2 may accumulate negatively charged lipids at the lipid bilayer 

and induce structural rearrangement whilst modulating biophysical properties, e.g. 

tensile strength, which may in turn affect the oligomeric state of NS4B  (121). It has 

also been reported that the N-terminus of NS4B is more effective in the targeting of 

LDs, owing to its hydrophobic residue content, than the C-terminus (119). 

 

A  central domain (aa 70 – 190) that has 4 - 5 TMDs therein, bridges the respective 

N- and C-termini of NS4B  (127–129). The function of this region has been attributed to 

a nucleotide binding motif (NBM) (aa 129 – 135) that is thought to be cytoplasmic 

and have GTPase activity, i.e. capable of nucleotide binding and hydrolysis (130).  

The NBM of NS4B has been shown to be fundamental to HCV RNA replication and 

also, in terms of pathogenesis, the development of HCC progression due to its 

tumorigenic potential both in vitro and in vivo  (130,131). 

 

Amino acids 191 – 261 constitute the C-terminus of HCV NS4B which features an 

RNA binding domain that is rich in Arg residues, 2 alpha-helical regions (H1 and H2) 

which flank the nucleotide binding motif (NBM), and two palmitoylation sites which 

may not be of functional importance to the replication of HCV RNA  (124,132–136).   

 

Similar to the N-terminus, the C-terminus of NS4B also has a cytoplasmic orientation 

where it may localise and bind with cellular membranes, particularly those composed 

of phospholipids (133,137).  
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The association of host membranes with the NS4B  

C-terminus has been found to arise through electrostatic forces between the highly 

conserved and positively charged H1 domain and the negative charge carried by 

membranous components such as phospholipids and sphingomyelin (137).  

 

Like AH2 at the N-terminus, H1 at the C-terminus (aa 201 – 213) of NS4B has been 

found to associate with phospholipid membranes depending on the their composition 

(124,137). Similarly, H2 (aa 228 – 254) is a membrane associated domain with an 

affinity for phospholipids and a suspected role in membrane biogenesis and/or the 

assembly of viral progeny (138).Terminal Cys residues located at the end of the NS4B 

C-terminus serve as palmitoylation sites which, as seen in the AH2 domain of the N-

terminus, are necessary for the oligomerisation of NS4B to occur (134).  

Additionally, it has been found that NS4B, in conjunction with the viral NS3/4A 

protein, may regulate the phosphorylation status of NS5A (section 1.2.2.6.) (139). 

 

Interestingly, it has been found that a variety of host proteins may interact with NS4B 

including stimulator of interferon genes (STING), a protein resident to the ER that is 

responsible for the induction of the interferon response via RIG-I, the 33kDa human 

vesicle-associated membrane protein associated protein (h-VAP-33) which is 

involved in RC formation on lipid rafts, and Reticulon 3 (RTN3) (140–143). Of these 

proteins, RTN3 is of particular relevance as it is a host factor that is associated to the 

ER and required for the replication of many (+)-sense RNA enteroviruses (143).  
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A study by Wu et al., however, found the converse to be true for HCV where RTN3 

served as a restriction factor with its 2nd TMD competitively binding to AH2 of the 

NS4B N-terminal that inhibited both self-oligomerisation and RNA replication (143).  

Additionally, RTN3 is induced by CHOP and activating transcription factor 6 (ATF6) 

following ER stress which may induce the translocation of B-cell lymphoma 2 (Bcl-2) 

protein to the mitochondria to counteract the pro-apoptotic effects of ER stress (144). 

 

1.2.2.6. NS5A 

 

NS5A is a hydrophilic phosphoprotein that exists in two different phosphorylation 

states, i.e. basal- or hyper phosphorylated, that have a molecular weight of 56- and 

58kDa, respectively (145,146). Unlike NS4B, NS5A does not feature any TMDs, 

although it does localise at intracellular membranes due to the presence of an 

amphipathic alpha helix membrane anchor (aa 5 – 25) (147).  

 

The N-terminus of NS5A contains a zinc-binding motif consisting of 4 cysteine 

residues that is required to maintain its structure and function and so NS5A is 

considered a zinc metalloprotein that is essential to virus replication (148). 

 

Interestingly, NS5A has been found to co-localise with core protein on LDs at the 

ER, a finding which was found to occur pan-genotypically during virus particle 

assembly (149).  
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A study by Camus et al., explained this phenomenon whereby diacylglycerol acyl 

transferse-1 (DGAT1), an enzyme that uses triglycerides (TGs) as a substrate in the 

development of LDs at ER membranes, forms a complex with HCV proteins and 

facilitates their interaction with LDs (150). Furthermore, Lin et al., found that 

Apolipoprotein J (ApoJ), a Golgi-associated chaperon that is induced by glucose and 

involved in regulating secretory protein folding, stabilises the interaction between 

core and NS5A during the production of infectious virus (151). 

 

Although HCV NS5A expression is mainly cytoplasmic and membrane-bound, it has 

a hidden NLS in its N-terminal that is anchored to the ER (53,55). Furthermore, the 

association between HCV NS5A and the ER has been found to affect intralumenal 

calcium stores via a mechanism that, unlike HCV core, is independent of SERCA 

pumps but involves the efflux of Ca2+ ions via inositol-1,4,5-triphosphate receptor 

(IP3R) channels (152). 

 

The NLS of NS5A is exposed following caspase-mediated cleavage in apoptotic cells 

and, under regulation by protein kinase A (PKA), translocates to the nucleus to 

transcriptionally induce host genes such as lymphotoxin B (LTB) and NUAK family 

kinase 2 (NUAK2), both of which are involved in cell survival (53). However, NUAK2, a 

member of the catalytic 5’ AMP-activated protein kinase (AMPK) α-subunits, may 

alternatively be induced by metabolic stress such as that caused by glucose 

deprivation (153). 
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Additionally, NS5A may disturb glucose metabolism by another mechanism that 

concerns the gluconeogenic transcription factor, Forkhead-box 1 (FoxO1) (154).  

HCV NS5A activates the serine-threonine kinase c-jun N-terminal kinase (JNK) via 

the generation of mitochondrial reactive oxygen species (ROS) (154). Activated JNK 

leads to the reduced phosphorylation of FoxO1 and thereby causes its nuclear 

accumulation and the transcriptional induction of genes such as 

phosphoenolpyruvate carboxykinase (PCK2) and glucose-6-phosphatase (G6Pase) 

(154). The activity of these genes, in turn, promotes endogenous glucose production 

(EGP) in hepatocytes which is thought to be a factor in the development of type 2 

diabetes mellitus (T2DM) (section 1.8.2.1.) (154,155).  

 

HCV NS5A may also interact with host factors that are related to cell growth. For 

instance, it has been reported that NS5A may disrupt the proliferation and 

differentiation of cells via a proline-rich motif in the NS5A C-terminus which binds to 

the Src homology 3 (SH3) domain of growth-factor-receptor-bound protein 2 (Grb2) 

adapter protein  (156,157). The direct interaction of NS5A and Grb2 results in the 

inhibition of extracellular signaling related kinase 1 and 2  (ERK1, ERK2) pathway, a 

subclass of mitogen-activated protein kinases (MAPK), that is otherwise activated by 

epidermal growth factor (EGF) (156). Furthermore, the N-terminus of NS5A may 

complex with Grb2-associated binder 1 (Gab1) protein, albeit indirectly, through the 

p85 subunit of phosphatidylinositol 3-kinase (PI3K) which leads to its increased Tyr 

phosphorylation as well as that of downstream AKT serine/threonine protein kinase 

and thereby promotes cell survival and tumourigenesis (156).  
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MAPKs are also phosphorylated and activated downstream in response to 

interferon-α (IFN α) (158). However, NS5A may disable this response through a region 

termed the interferon-α sensitivity determining region (ISDR) which correlates with 

viral resistance (159). This occurs by NS5A interacting with the catalytic domain  

(aa 244 – 366) of protein kinase R (PKR) that is induced by interferon-stimulated 

genes (ISGs) to bind dsRNA and inhibit the translation of proteins via 

phosphorylation of the α subunit of eukaryotic translation initiation factor 2 (eIF2α) 

(159).  

 

1.2.2.7. NS5B 

 

NS5B is a 65kDa tail anchored protein that is central to virus replication as it 

functions as an RNA dependent RNA polymerase (RdRp), a property that has been 

attributed to a GDD motif which forms an RNA binding site with the C-terminal 

(160,161). The structure of NS5B can be described as resembling a “right-hand” shape 

where the “thumb” and “finger” sub-domains enclose the GDD motif located in the  

“palm” domain (161). The C-terminal tail folds across the “thumb” domain through the 

hydrophobic interaction of respective residues, and down into the active site of the 

NS5A “palm” domain forming an RNA binding groove with the GDD catalytic triad 

(161).  
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The NS5B RNA polymerase initiates transcription from the 98nt 3’ X-tail of the  

(+)-sense genome to produce a (-)-sense intermediate that serves as a template for 

the synthesis of (+)-sense progeny genomes (162).  

 

A study by Powdrill et al., found the fidelity of HCV NS5B to be low with a relatively 

high error-rate of 10-3 mutations per copied nucleotide which contrasts with the RNA 

polymerase activity of another member of the Flaviviridae, Yellow Fever virus, which 

has a higher fidelity with an error rate of 1.9 – 2.3 × 10-7  (163,164). The HCV 

polymerase is error-prone due to its lack of proof-reading activity along with a 

mutational bias towards G:U/U:G mismatches (163).  

 

However, the study by Powdrill et al., involved the replication of HCV RNA in the 

presence of purified NS5B from a gt1b construct in a cell-free, biochemical assay, 

and so does not describe the fidelity of NS5B in other isolates of the virus (163). 

Regardless, the error-rate of HCV NS5B may confer an evolutionary advantage to 

the virus by generating a population of viral quasispecies that are resistant to 

antiviral therapies over successive rounds of replication (163).  

 

NS5B may interact with other viral non-structural proteins within replication 

complexes (RCs), e.g. NS3 and NS4A, NS4B, and NS5A, which are known to 

modulate polymerase activity of the protein (120,165,166). Additionally, NS5B may 

regulate its own activity through the formation of homotypic oligomers (167). 

 



56 
 

 

 

 

Conversely, there is also evidence of NS5B interacting with host factors including 

eukaryotic translation initiation factor 4 A2 (eIF4A2) which functions as an RNA-

dependent ATPase/helicase, PKC-related kinase which regulates NS5B polymerase 

activity by phosphorylation, and both h-VAP-33 and human p68 in the synthesis of  

(-)-sense genomic intermediates (168–171). Another host protein that has been 

identified to interact with HCV NS5B is Nucleolin, a nucleolar phosphoprotein that 

functions as an RNA chaperone and escorts transcripts of host- and viral origin 

between nuclear and cellular compartments (172). Nucleolin has been found to benefit 

HCV replication through the interaction of its C-terminus with NS5B which is thought 

to aid the binding of the RdRp to the viral genome and/or stabilise single HCV NS5B 

subunits for oligomerisation in RCs (172).  

 

1.3. In vitro HCV infection systems 

 

To date, the lack of animal models for HCV infection besides those of Chimpanzees 

and humanised mice with liver xenografts, and the partial recapitulation of the HCV 

life cycle by surrogate models, e.g. GB virus-B (GBV-B) in Tamarins, have hampered 

research into how the virus operates in vivo. However, there are a number of cell-

based systems that have been developed which can be used to study the various 

molecular and cellular processes that are altered during HCV infection. These 

provide somewhat reliable models for both acute and chronic infection which can be 

used in basic research and drug development.  
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Tools that can used to study HCV include HCV pseudoparticles (HCVpp), HCV 

subgenomic replicons (HCV SGR), and cell culture-derived infectious HCV (HCVcc) 

e.g.bi-cistronic HCV chimeras such as JC1, and the gt2a JFH-1 isolate. 

 

1.3.1. HCV pseudoparticles (HCVpp)  

 

HCV pseudoparticles can be used to simulate host cell effects that are brought about 

during the early stages of HCV infection, i.e. virus entry (173). HCVpp are essentially 

‘empty’ virions comprised of the HCV envelope proteins, E1 and E2, exogenous 

retroviral Gag and Pol proteins from human immunodeficiency virus (HIV-1) to 

facilitate budding from the plasma membrane (PM), and a reporter gene such as 

green fluorescent protein (GFP) (174).  

 

The construction of HCVpp involves the transfection of 3 vectors that encode the 

components HCV E1/E2, HIV-1 Gag-Pol, and GFP into 293T Human Embryo Kidney 

cells (HEK293T) (174). HCV-like particles are then assembled and released by the 

transfected cells at low titre (~ 3 × 105 transducing units (TU) ml-1) (174). The resultant 

particles are then capable of receptor-mediated endocytosis that occurs during virus 

attachment and entry into Huh7 cells which is assessed by quantifying the 

expression of reporter genes (174). However, HCVpp are not capable of producing 

high titre stocks via serial passage but require repeated rounds of transfection  and 

so their use may be considered labour–intensive (175).  
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However, in spite of these considerations, HCVpp are a useful tool in the study of 

cellular receptors that mediate virus entry e.g. low density lipoprotein receptor 

(LDLR), CD81, and claudin-1 (CLDN-1) (174,176). 

 

1.3.2. HCV subgenomic replicons (HCV SGR) 

 

HCV subgenomic replicons (HCV SGR) feature the replicase genes (NS3 – NS5B) 

of the HCV genome and have the capacity to self-replicate in cells (177). Instrumental 

to the development of all HCV-based replication systems was the cloning of a full 

length gt1b isolate known as consensus genome 1 (Con1) (177). The Con1 replicon is 

a bi-cistronic construct that is comprised of 2 cassettes with different properties (177). 

The structural genes of HCV are replaced with an exogenous internal ribosomal 

entry site (IRES) derived from encephalomyocarditis virus (EMCV) along with a 

selectable marker, i.e. neomycin phosphotransferase gene (neo) (177).  

 

The presence of neo confers resistance to the antibiotic G418, which allows for 

selection of Huh7 cell transfectants that produce a high copy number (1,000 – 5,000) 

of replicated genomes per cell (177). The genes that are downstream from the 

neomycin-IRES cassette represent the viral replicase of HCV, i.e. NS3-NS5B 

(Figure 3).  
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Figure 3 – The genomic organisation of HCV subgenomic replicons 
 
5’- and 3’-nontranslated regions (NTRs) (blue) flank a gene conferring resistance to neomycin, neo (brown).  
An exogenous internal ribosomal entry site (IRES) from encephalomyocarditis virus (EMCV) drives the IRES-
dependent translation of HCV proteins downstream from NS3 to NS5B 

(83)
.  

 

While HCV SGR cells emulate the intracellular replication of HCV RNA when stably 

expressed, they are incapable of producing infectious virions due to the absence of 

HCV structural genes. Additionally, research has identified parallels between HCV 

SGR cells and the full-length virus model suggesting that both systems share 

commonalities, though differ in terms of magnitude, in virus replication e.g. 

impairment of mitochondrial fatty acid oxidation (178). 

 

1.3.3. Infectious HCV models 

 

A number of systems have been developed to investigate the molecular and cellular 

mechanisms of HCV that are considered to be representative of how virus infection 

occurs in vivo.  

 

These in vitro models include the use of primary human hepatocytes (PHH) with 

HCV that is either derived from patient serum (HCVser) or cell culture (HCVcc) 

where the latter involves use of the JFH-1 (gt2a) molecular clone of the virus (179–181).  

 



60 
 

 

 

 

The JFH-1 isolate of HCV was developed by a group led by Takaji Wakita circa 2005 

and involved cloning cDNA from an isolate derived from a Japanese patient with 

Fulminant Hepatitis (181). This model recapitulates the entire hepatitis C virus life 

cycle including stages of attachment and host cell entry, replication and assembly, 

and virus egress to produce cell-culture derived virus particles (HCVcc) in a 

permissive cell line of human hepatoma cells termed Huh7 (181). The JFH-1 model of 

HCV infection is a staple of HCV research in the development of therapeutic agents 

and understanding the viral mechanisms of pathology. Since its development, other 

variants of the JFH-1 Huh7 system have emerged such as the Huh7.5 mutant cell 

line that has a defective innate immune response, owing to a point mutation in 

retinoic acid-inducible gene-I (RIG-I), which is thought to contribute to its increased 

permissiveness to virus replication and production of higher virus titres compared to 

Huh7 cells (182,183). In parallel, JFH-1 has been used to engineer other viral constructs 

of HCV such as the JC1 chimera (184).   

 

JC1 is an intra-genotypic chimera that combines the JFH-1 replicase with the 

structural genes of J6 and has been said to yield infectious titres 100 – 1,000-fold 

greater than either of the parental isolates (184).  

 

However, efficient replication and high titres of infectious JFH-1 may be achieved via 

serial passage of the virus and maintenance of persistently infected Huh7.5 cells 

(185).  
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This process gives rise to cell-culture adaptive mutations in viral proteins, e.g. core, 

E1, NS2, NS3, NS5A, and NS5B, of which those occurring in NS2, NS3, and NS5A 

were found to significantly increase virus assembly through the promotion of viral 

protein interactions (186,187).  

 

The JFH-1 infection of Huh7 cells was the standard of research into HCV infection in 

vitro until August 2015, when Charles Rice’s research group at The Rockefeller 

University identified a host-factor known as SEC14 Like Lipid Binding 2 (SEC14L2) 

that, when expressed, rendered a number of hepatoma cell lines permissive for pan-

genotypic HCV replication (188). Interestingly, SEC14L2 is a protein that is involved in 

the exchange of phosphorylated vitamin E (Tocopherol) with phosphatidylinositol, 

which is related to cholesterol biosynthesis and protection against lipid peroxidation 

(188,189).  

 

In summary, there are several tools which can be used to study the mechanisms of 

HCV infection, though some are restricted to specific stages of the viral life cycle, 

e.g. HCVpp and HCV SGR cells, and therefore may not represent the scale of 

interactions that occur in full-length models where both structural and non-structural 

proteins are expressed in synergy. Thus, for comprehensive conclusions to be 

drawn, investigations should be carried out using both subgenomic and full-length 

systems of a consistent HCV genotype. 
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1.4. The HCV life cycle and Host Lipid Metabolism 

 

The life cycle of HCV is largely dependent on the enhanced infectivity of virions that 

occurs through the complexing of virus particles with very-low density lipoproteins 

(VLDL) to produce lipoviroparticles (LVPs). Virus entry is facilitated by a combination 

of interactions that occur between the virus particle and cell receptors as well as co-

receptors that bind to the VLDL component of the LVP (Figure 4) (190).  

 

Figure 4 – The HCV life cycle 
 
HCV virions (green spheres) complex with lipoproteins (yellow spheres) to form lipoviroparticles (LVPs) which 
enter naive liver cells via receptor-mediated endocytosis and membrane fusion. The nucleocapsid uncoats to 
release the viral genome which is translated to a single polyprotein that is processed by host- and viral proteases. 
HCV nonstructural proteins assemble replication complexes (RCs) within the membranous web which are 
adjacent to the ER and lipid droplets (LDs). Viral RNA is replicated and packaged in RCs which associate with 
very-low density lipoprotein (VLDL) precursor in the ER lumen to form immature lipoviroparticles (LVPs). 
Immature LVP are trafficked to the trans golgi network (TGN) where phosphatidylinositol-4-phosphate (PI4P) is 
localised and endosomal sorting complex required for transport complexes are recruited to facilitate virus egress 
(191–193)

. 
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The glycoprotein E1/E2 heterodimer that is expressed on the surface of the HCV 

particle docks with several receptors that are expressed on the surface of liver cells 

e.g. CD81, occludin (OCDN), claudin-1 (CLDN1) and scavenger receptor-β1 (SR-β1) 

(194,195). Following receptor-binding, virion entry takes place via clathrin–dependent 

receptor mediated endocytosis, where cholesterol absorption and/or cholesterol 

homeostasis may be a factor due to the involvement of Niemann-Pick C1 Like 1 

(NPC1L1) receptors (196,197). After attachment, HCV fuses with an endosomal 

compartment to release the viral genome to the cytosol in a pH-dependent manner 

where it may be translated by ribosomes present on rough ER (198,199). The 

synthesised viral polyprotein undergoes proteolytic processing via host and viral 

proteases and the viral genome replicates in replication complexes (RCs) that are 

shielded by the membranous web (MW) (section 1.2.). The 5’-UTR of nascent viral 

genomes are encapsidated by core protein in association with LDs at the ER 

membrane and, through interaction with E1 and E2 glycoproteins, the nucleocapsid 

buds into the lumen (200,201). The ER lumenal space is the site where very low density 

lipoprotein (VLDL) begins to assemble via the microsomal triglyceride transfer 

protein (MTP) mediated lipidation of apolipoprotein B (ApoB) which complexes with 

E1/E2 glycoproteins on the enveloped nucleocapsid to form an immature 

lipoviroparticle (LVP) (202–204).  
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Through an as yet unknown mechanism, the immature LVP  localises at the trans 

golgi network (TGN) that is enriched with phosphatidylinositol 4-phosphate (PI(4)P), 

a lipid species that recruits proteins involved in golgi trafficking to the TGN e.g. golgi 

phosphoprotein 3 (GOLPH3), oxysterol binding protein (OSBP), and the endosomal 

sorting complex required for transport (ESCRT) (192,205,206).  In addition to localising at 

the membranous web (MW), OSBP functions as a phosphatidylinositol 4-kinase 

(PI4K) effector and a regulator of cholesterol trafficking that is thought to play a role 

in the maturation of infectious virions (205,206).  Finally, the egress of LVPs from 

infected cells requires a system of cellular protein complexes termed ESCRT by 

which it can be said that HCV virion release exploits the anterograde transport of 

secretory proteins that is promoted by PI(4)P (193,207).  

 

1.4.1. HCV and Lipid Species 

 

The use of lipidome profiling in HCV infection has led to the identification of 

individual lipid species, as well as their mechanisms of biosynthesis, that are 

upregulated during virus infection (208–215). 

 

A study by Diamond et al., found that changes in host metabolism, namely those 

pertaining to glycolysis and oxidative phosphorylation, are induced during HCV 

infection in Huh 7.5 cells that were found to promote lipid metabolism whilst 

maintaining the energy requirements of the cell during proliferation of the virus (208).  
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Phospholipids and sphingomyelins were among the lipid species found to be 

increased during HCV infection which indicates their involvement in virus assembly 

and secretion, a finding that concurs with the findings by Blackham et al., (208,214). 

Phospholipids, however, primarily function in the structural repair of damaged 

intracellular membranes through recycling (216).  

 

A study investigating the role of sphingomyelins, however, has shown that this lipid 

species is involved in the activation of the viral RNA-dependent RNA polymerase by 

enhancing the interaction of the Sphingomyelin Binding Domain (SBD) of NS5B and 

template RNA, though this region appears to be active only in gt1b isolates (209). 

Furthermore, the SBD of the HCV NS5B RNA polymerase is also responsible for its 

localisation to lipid raft membranes (209). Additionally, phosphatidylinositols such as 

phosphatidylinositol (4,5)-bisphophate (PI[4,5]P2) and its precursor 

phosphatidylinositol 4-phosphate (PI(4)P) are lipids that have been identified as 

fulfilling many functions related to the plasma membrane and the mediation of 

cellular signaling pathways (210,217). The amphipathic N-terminal of HCV NS5A is 

important to lipid membrane interactions (210). Cho et al., attributed a conformational 

change in HCV NS5A to a specific binding motif within the viral protein that 

associates with PI[4,5]P2 which was found to be essential for the replication of the 

HCV genome (210).  
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The relationship between phosphatidylinositol biosynthesis and HCV infection has 

led to studies of both upstream proteins such as the enzymes that are involved in 

their synthesis i.e. phosphatidylinositol kinases (PIKs) and phosphatidylinositol 

phosphatases such as PI4-kinase alpha (PI4Kα) and Sac1 phosphoinositide 

phosphatase (Sac1), respectively, as well as downstream effectors that include the 

Retromer complex and tail-interacting protein 47 (TIP47).  

 

PI(4)P is derived from the phosphorylation of Inositol at position 4 of its group head 

by PI4Kα which has been found to be overexpressed in full length J6 and JFH-1 

derived HCV SGR models (211). PI(4)P primarily localises to the Golgi apparatus, 

although it has been observed to also localise to the endoplasmic reticulum (ER) in 

association with HCV NS5A prior to membrane rearrangement (211). It has been 

proposed that HCV hijacks PI4Kα and increases PI(4)P synthesis as a means of 

mobilising viral replicase proteins via the nucleation of cellular vesicles to facilitate 

the formation of replication complexes (RCs) (211,213). Similar mechanisms involving 

the dysregulation of host lipid metabolism have been observed in other species of 

Flaviviridae e.g. the NS3 protein of Dengue Virus overexpresses and recruits Fatty 

Acid Synthase (FASN) at sites of virus replication proximal to the ER to enhance 

lipogenesis (211).  

 

 

 



67 
 

 

 

 

Conversely, Li et al., investigated Sac1, a key factor in the coatomer protein I (COPI) 

pathway, that dephosphosphorylates PI(4)P during retrograde transport from the 

golgi to the ER which has been found to inhibit HCV replication when overexpressed 

in infected cells (212,213). A motif of Arg or Lys residues (aa 352 – 355) in HCV NS5A 

that is conserved among all HCV genotypes facilitates interaction with ADP-

Ribosylation factor GTPase Activating Protein 1 (ARFGAP1), a cofactor for the Sac1 

phosphatase-mediated regulation of PI(4)P abundance (212). The importance of 

Sac1-activity, as well as its co-factors i.e. vesicular transport proteins  

ADP-ribosylation factor 1 (ARF1) and Golgi-specific Brefeldin A resistance factor 1 

(GBF1), in HCV replication was demonstrated by the work of Zhang et al., where the 

siRNA-mediated knockdown of ARF1 and GBF1 resulted in significant impairment of 

virus synthesis (213). 

 

These studies, however, do not describe the functional importance or relevance of 

PI(4)P abundance to HCV replication which was clarified by Yin et al., who 

investigated the role of the Retromer protein complex during HCV infection (218). The 

Retromer complex is a part of the cellular transport machinery that has PI(4)P 

binding properties, and fulfils a role in the retrograde transport of cargo proteins from 

the trans golgi network (TGN) to subcellular locations enriched with PI(4)P that 

induces the unloading of protein cargoes (218). Thus, Retromer has been found to 

localise with the RCs during HCV infection due to their abundance of PI(4)P.  
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The PI(4)P effector proteins that are conveyed by the Retromer complex include 

OSBP which associates with HCV NS5A, four phosphate adapter protein 2 (FAPP2) 

that functions in the transport of glycosphingolipids, and ceramide transfer protein 

(CERT) with  golgi phosphoprotein 3 (GOLPH3) which are required for virion particle 

assembly (192,205,218). In addition to these effector proteins, cation independent 

mannose-6-phosphate receptor (CIPMR) is another cargo protein of the Retromer 

complex which is involved in the transport of hydrolases and other proteins from the 

endosomal compartment to the TGN (218). Additionally, tail-interacting protein 47 

(TIP47) is also known to interact with CIPMR and may be important to the production 

of infectious HCV particles and the dysregulation of lipid metabolism as it is involved 

in the biogenesis of lipid droplets through the reorganisation of liposomes (218,219).  

 

So far, it has been described how HCV exploits host metabolism through various 

interactions with host factors and cellular organelles to enhance its replication during 

infection. The following section outlines how the innate immune response may also 

contribute to the dysregulation of lipid metabolism during HCV infection. 
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1.5. HCV, Innate Immunity, and Lipid Metabolism 

 

HCV utilises lipid droplets during the process of infectious virion assembly in the 

form of lipoviroparticles (LVPs) (220). In addition to the mechanisms of lipogenesis 

that are to be investigated throughout this project, it has been demonstrated that 

host innate immunity is also associated with the formation of lipid droplets and, 

therefore, the propagation of HCV (221). The HCV genome features a pathogen 

associated molecular pattern (PAMP) within the 3’-untranslated region (UTR), the 

presence of which is responsible for the induction of interferon (IFN) by the nuclear 

factor kappa B (NFκB) pathway (222). The NFκB pathway involves the recruitment of 

the IκB kinases- alpha and beta (IKK-α, IKK-β) to the regulatory NFκB essential 

modifier (NEMO, IKKγ) protein to form the IKK complex which results in the 

phosphorylation and degradation of IκB following its dissociation from the RELA 

proto-oncogene NFκB subunit (RELA) and p50. Concomitantly, the liberated RELA 

protein and p50 complex translocate to the nucleus to transcriptionally induce NFκB-

stimulated genes (221,222). 

 

In addition to its involvement in the NFκB pathway, Li et al., showed that IKK-α 

protein has a secondary role in the transcriptional induction of sterol regulatory 

element binding proteins (SREBPs) (222). The key determinant underlying the dual 

antiviral and lipogenic properties of IKK-α depends on the interaction of the HCV 

genome 3’-UTR with the DExD box helicase, DEAD box polypeptide 3 X-linked 

(DDX3X) (221,222).  
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The association of DDX3X with HCV 3’-UTR leads to the phosphorylation of IKK-α 

and results in its translocation to the nucleus where it may complex with cyclic 

adenosine monophosphate response element binding protein (CBP) and the histone 

acetyltransferase, p300 (223). Upon entry to the nucleus, the IKK-α/CBP/p300 

complex transcriptionally induces sterol regulatory element binding protein-1 

(SREBP-1) which, in turn, may induce the transcription of various lipogenic genes via 

association with the sterol regulatory elements (SREs) in their respective promoter 

regions which is speculated to be the initial step of HCV-induced lipogenesis  

(Figure 5) (221).  

 

Figure 5 - HCV induced lipogenesis via IKKα 
 
The 3’-UTR of the HCV genome recruits the DExD box helicase DDX3X and the IKKα subunit of the IKK complex 
that is involved in activation of the NFκB pathway. IKKα is phosphorylated and translocates to the nucleus where 
it complexes with cyclic adenosine monophosphate (cAMP) response element binding protein (CBP) and p300 to 
transcriptionally induce sterol regulatory element binding protein-1 (SREBP-1). SREBP proceeds to induce the 
transcription of various genes associated with the formation of lipid droplets 

(221)
.   
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1.5.1. HCV and Innate Immune Sensing 

 

The innate immune response is activated following the detection of intrinsic features 

of viruses that are referred to as pathogen associated molecular patterns (PAMPs) 

e.g. dsRNA and 5’-triphosphates, by pathogen recognition receptors (PRRs) such as 

retinoic acid inducible gene-like receptors (RLRs) and Toll-like receptors (TLRs) 

(224,225). 

 

1.5.1.1. HCV and Retinoic Acid Inducible Gene-like Receptors (RLRs) 

 

The main retinoic acid induced gene-like receptor (RLR) that recognises HCV is 

retinoic acid inducible gene-I (RIG-I), a cytosolic RNA helicase that is comprised of 3 

domains namely a carboxy terminus, a DExD/H box, and an amino terminus that 

features 2 CARD domains (226,227). RIG-I detects HCV through the triphosphate group 

and a poly-U/UC region located at the respective 5’- and 3’-ends of the RNA genome 

(228,229). Following HCV PAMP recognition by RIG-I, the oligomerisation of RIG-I is 

promoted along with its translocation from the cytosol to membranes of the 

mitochondria, peroxisomes, and mitochondrial associated membranes (MAMs) to 

associate with the mitochondrial antiviral signaling protein (MAVS) adapter protein 

(225–229). This activation signal is then transduced via MAVS to activate the NFκB 

pathway, as well as proteins such as TANK binding kinase 1 (TBK1) and IKB Kinase 

ε (IKKε) which phosphorylate interferon regulatory factors 3 and 7 (IRF3, IRF7), to 

induce the transcription of interferon β (IFNβ) and interferon λ (IFNλ) (225).  
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However, it has been shown that expression of the HCV envelope protein 

heterodimer correlates with the downregulation of RIG-I (230). Additionally, this 

pathway of interferon induction may be disabled by NS3/4A of HCV whereby the viral 

protease inhibits signal transduction by cleaving MAVS (231–233). Additionally, the core 

protein may inhibit the dimerisation and phosphorylation of IRF3 which prevents the 

transcriptional induction of IFN-β (234). 

 

1.5.1.2. HCV and Toll-like Receptors (TLRs) 

 

Toll-like receptors (TLRs) are also a component of innate immune sensing that 

recognise intracellular pathogens (225). TLR3 is the chief TLR that is expressed within 

hepatocytes and associated Kupffer cells that triggers innate immune responses 

upon the detection of viral nucleic acids (228,235,236).  The cytosolic C-terminus of TLR3 

has Toll-IL1 receptor (TIR) homology that executes downstream signaling upon 

recognition of dsRNA (237). Upon recognition of viral nucleic acid by TLR3, a signal is 

relayed by the TIR domain to the adapter protein Toll/IL-1 receptor domain-

containing adaptor inducing IFN-β (TRIF) which activates the type I and III interferon 

response as well as inducing the expression of various pro-inflammatory cytokines 

and chemokines through IRF3 and NFκB pathways (237). This method of innate 

immune sensing, however, may be circumvented by the envelope glycoproteins of 

HCV which have been found to coincide with the reduced expression of TLR3 in vitro  

(230).  
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Furthermore, in addition to MAVS, HCV NS3/4A is also capable of proteolytically 

cleaving TRIF and inhibiting the induction of the interferon by TLR3 (231–233).  

As well as MAVS and TLR3, HCV also triggers another innate immune sensor, 

protein kinase R (PKR) (225). PKR is a serine/threonine protein kinase that doubles as 

a PRR and serves roles in regulating protein synthesis, cell proliferation, 

programmed cell death, and cell signaling (225). Upon binding to dsRNA, the kinase 

domain of PKR is activated and proceeds to phosphorylate the α subunit of 

eukaryotic translation initiation factor 2 (eIF2α) (238). The phosphorylation of eIF2α by 

PKR is a mechanism by which cap-dependent host cell protein synthesis is inhibited, 

though translation of the HCV genome remains unaffected as synthesis of the viral 

polyprotein occurs via an internal ribosomal entry site (IRES) (section 1.2.) (238). 

Moreover, HCV has also evolved to override the shutdown of host protein translation 

as a region of 8 amino acids in the E2 glycoprotein has been reported to inhibit the 

kinase activity of PKR (239). As mentioned in section 1.2.2.6., the interferon 

sensitivity determining region (ISDR) of HCV NS5A protein can also inhibit induction 

of the IFN response through interaction with the kinase catalytic domain of PKR (159). 

 

To summarise, HCV may be detected by innate immune sensing mechanisms that 

involve the recognition of PAMPs i.e. dsRNA, 5’-triphosphates, 3’-poly U/UC tract by 

molecules such as PKR, RIG-I, and TLR3, respectively. Following PAMP 

recognition, a signal is transduced to downstream effector proteins, i.e. MAVS and 

TRIF, to elicit the antiviral effects of the interferon response (Figure 6). 
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Figure 6 - Innate immune sensing of HCV to induce the interferon response 
 
Intracellular HCV is detected by signaling molecules such as retinoic acid inducible gene I (RIG-I) and Toll/IL-1 
receptor domain-containing adaptor inducing IFN-β (TRIF). The dsRNA within the IRES is detected by protein 
kinase R (PKR) which activates mitochondrial antiviral signaling protein (MAVS) and transduces the activation 
signal to TANK-binding kinase 1 (TBK1) and/or IKB kinase ε (IKKε) to phosphorylate Interferon Regulatory Factor 
3 (IRF3) dimers. Phosphorylated IRF3 undergoes nuclear translocation to transcriptionally induce interferon 
genes (IFN-β, IFN-λ). Alternatively, MAVS may be activated by recognition of the 5’-triphosphate group of the 
viral genome by RIG-I. Additionally, HCV dsRNA may be detected by toll-like receptor 3 (TLR3) which together 
with the adapter protein Toll/IL-1 receptor domain-containing adaptor inducing IFN-β (TRIF) may also induce 
interferon production by IRF3 phosphorylation 

(225)
. 

 

Given that HCV may induce the innate immune response by the recognition of 

PAMPs, the virus has evolved several defences to circumvent the antiviral effects of 

host innate immunity which may contribute to a persistent viral infection (240). Such 

viral countermeasures involve the interaction of viral proteins with the adapter 

proteins of PRRs, i.e. MAVS and TRIF (Figure 7). 
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Figure 7 - Mechanisms of Innate Immune Evasion by HCV 
 
(1) The secondary structure of the internal ribosomal entry site (IRES) binds to protein kinase R (PKR) to induce 
interferon (IFN) via mitochondrial antiviral signaling protein (MAVS) and is inhibited by HCV E2 and NS5A.  
(2) Viral dsRNA is detected by toll-like receptor 3 (TLR3) and the antiviral signal is transduced by the adapter 
protein TIR-domain-containing adaptor-inducing-interferon β (TRIF) which is also cleaved by HCV NS3/4A. 
(3) The 3’-triphosphate group of the HCV genome may be detected by RIG-I which associates with MAVS that is 
proteolytically cleaved by the serine/threonine protease activity of HCV NS3/4A. (4) The nuclear translocation of 
Interferon Regulatory Factor 3 via phosphorylation and dimerisation is inhibited by the expression of HCV core 
protein 

(225)
. 
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1.6. Diversity and Geographical distribution of HCV 

 

Studies on the sequence diversity of HCV have shown that the virus has 6 main 

genotypes (gts) denoted by the number 1 – 6 which may be further categorised into 

around 67 epidemiological subtypes that are differentiated by lower case letters, e.g. 

gt2a (241,242). The distinction between HCV gts is based on their distribution and 

prevalence around the world in addition to their whole genome sequences (241,243). 

HCV gts 1 - 3 are most prevalent in regions such North America, Western Europe, 

Australasia, and East Asia (243). Conversely, carriers of HCV in North Africa and the 

Middle-East are mostly infected with gts 1 and 4 (243). Genotype 1 and 2 infections 

are localised to West Africa, and East Africa has a prevalence of gts 1 – 5 (243). The 

majority of carriers in East Asia are infected with gt 6 (243). Additionally, a 7th gt of 

HCV has been identified in central Africa, although gt 4 it is the most common isolate 

in the majority of HCV carriers in this region (243,244). The worldwide distribution and 

prevalence of the most common HCV genotypes (1 – 6) is shown in Figure 8.  
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Figure 8 - The worldwide distribution and prevalence of HCV (gt 1- 6) 
 
The worldwide prevalence of HCV is shown by pie-charts corresponding to colour-coded HCV genotypes for 
each country. Pie-chart size represents scale of infected individuals diagnosed 

(243)
. 

 

A retrospective analysis of 1,217 studies concerning the national prevalence of HCV 

and incorporating estimates from the Global Burden of Disease project (GBD) 

between 1989 and 2013 reported that gt1 infections account for approximately half 

(46.2%) of global HCV incidence and gt3 was the second most common strain 

among the world’s population of HCV carriers (30.1%) (243). The authors of this study 

identified several trends with respect to global socio-economics. For example, 

infection with HCV gts 1 and 3 were mapped to countries of a higher national income 

in contrast to the higher prevalence of gt 4 and 5 infections found in lower income 

countries (243). In addition there was an apparent association between HCV genotype 

and subtype with mode of transmission, e.g. higher incidence of HCV gt3 infection in 

intravenous drug abusers (IVDAs) (243).  
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1.6.1. Evolution of HCV Genotypes 

 

With less than 72% sequence homology between genotypes, the variation in the 

genomic sequences of HCV strains exceed those found in human immunodeficiency 

virus type I (HIV-1) which is renowned for its high mutation rate (3×10-5 mutations 

per target base pair per replication cycle) (245,246). The large population of HCV 

quasispecies within carriers is due to the error-prone activity of the NS5B RNA-

dependent RNA polymerase and evolutionary pressure of the host 

microenvironment, e.g. drug therapy and immune responses (163,247). Sarwar et al., 

reported findings that were based on phylogenetic and amino acid sequence 

analysis of HCV NS4A using protein BLAST (247). It was suggested that gt1b was 

likely to be the progenitor to all other HCV genotypes due to the conservation of 

amino acids in NS4B between geographically and epidemiologically distant strains 

e.g. Cys22 in gts 1a, 2, 3, and 6, Gln46 and Gln47 in gts 3 – 6, and Val29, Val30, 

and Val38 in gt 1a, 4, and 3 (247). The authors of this study concluded that the amino 

acid sequences within the non-structural genes of HCV genotypes, though highly 

conserved, may have undergone substitution due to selective pressure by the 

immune response of the host (247).  
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However, this supposition assumes that only the immune response of the host is 

sufficient to promote viral evolution and does not acknowledge the effect of cell 

tropism, host metabolism and/or the integrity of cellular architecture on the evolution 

of HCV as HCV RNA isolated in tissue of the central nervous system (CNS) has 

been shown to have different sequences from hepatic isolates within the same host 

(13).  Furthermore, the diversity of HCV genotype correlates with distinct changes in 

host metabolism. Though metabolic complications may be a common feature among 

HCV genotypes, they may differ in their manifestations i.e. gts 1 and 4 are more 

associated with insulin resistance (IR) independent of steatosis whereas gt 3 may be 

directly steatogenic without incidence of IR (248–250).  These findings may represent 

how secondary complications may develop as a function of infecting HCV genotype. 

 

Thus, in order to understand how metabolic disease pathologies may be brought 

about during HCV infection, the following section will describe glucose metabolism in 

homeostasis.  

 

 

 

 

 

 

 

 



80 
 

 

 

 

1.7. Homeostatic Glucose Metabolism 

 

The key stages of glucose metabolism may be sub-divided into 3 main categories 

namely glucose uptake, glucose storage, and glucose metabolism i.e. glycolysis and 

the tricarboxylic (TCA) acid cycle. However, the metabolic pathologies of insulin 

resistance (IR), type 2 diabetes mellitus (T2DM), and hepatic steatosis that are 

associated with HCV infection may occur largely due to the improper metabolism of 

glucose and the production of substrates that are used for de novo lipogenesis 

(DNL).  

 

1.7.1. Glucose Uptake 

 

In the liver, glucose is primarily taken up cells from the serum by the membranous 

glucose transporter, GLUT2 (251). GLUT2, along with the enzyme glucokinase (GCK) 

comprise the “glucose sensor” within cells, has a 2 - 3-fold lower affinity for glucose 

compared to GLUT1 but a higher capacity for glucose transport (252,253). Furthermore, 

GLUT2 has been observed to be downregulated in HCV infection and may therefore 

be a contributing factor to the T2DM-like pathology that is associated with HCV (254). 

 

 

 

 

 



81 
 

 

 

 

1.7.2. Glucose Storage 

 

In the event of intracellular glucose concentrations exceeding that sufficiently 

required to produce energy within hepatocytes, surplus glucose may be stored as a 

polymer in the form of glycogen, a process that is regulated by hormones including 

insulin, adrenaline, and glucagon (255). This ensures that glucose may be available 

for ATP production during periods of fasting (253). Following the phosphorylation of 

glucose to produce glucose-6-phosphate (G6P) and its conversion to glucose-1-

phosphate (G1P) by the enzymes GCK and phosphoglucomutase (PGM), 

respectively, a short chain (3-4 residues) is formed through the covalent α-1,4-

linkage between G1P monomers catalysed by glycogenin (GN) (255–257). Subsequent 

polymerisation occurs by the enzyme glycogen synthase (GS) following its activation 

by glycogen synthase kinase 3 (GSK3), which is a downstream target of insulin-

mediated Akt/PI3K signaling (section 1.8.1) (253,255,258). Additionally, GS can be 

activated by G6P, thereby promoting Glycogenesis while protein kinase A (PKA) and 

5’ AMP-activated protein kinase (AMPK) are capable of inactivating GS through 

phosphorylation of Ser residues, though AMPK is reportedly inhibited in HCV 

infection (259–261). Furthermore, GSK3 is also involved in lipid metabolism due to its 

targeting of SREBP-1 for phosphorylation during instances of cell senescence and 

mitochondrial dysfunction (262).  

 

 



82 
 

 

 

 

After short chains comprised of G1P subunits have been synthesised, a branching 

enzyme (BE) continues the process of glycogen polymerisation by catalysing the 

formation of α-1,6-linkages between chains of 11 – 14 glucose residues (Figure 9) 

(255,258).  

 

Figure 9 - The Chemical Structure of a Glycogen Short Chain 
 
Glycogen short-chains are composed of a pentameric structure of 5 glucose monomer subunits involving a dimer 
covalently linked by α-1, 4-linkage, which branches to a trimer by an α-1,6-linkage. Carbon positions, and 
linkages therein are shown in orange 

(255)
. 

 

During times of fasting, glycogen polymers are broken down by a process called 

glycogenolysis (253). Glycogenolysis is catalysed by the enzyme glycogen 

phosphorylase (PYGL), which cleaves the α-1,4-glucosidic bonds of between 

glucose monomers and phosphorylates them to produce glucose-1-phosphate (G1P) 

(263). A debranching enzyme (DBE), amylo-alpha-1,6-glucosidase, cleaves the α-1, 6-

linkage between glycogen short chains (264).  

 

The G1P residues yielded from the catabolism of glycogen are primed for 

metabolism following conversion to G6P by phosphoglucomutase (PGM) (257).  
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The metabolic pathways of glycogen i.e. glycogenesis and glycogenolysis, are 

shown in Figure 10. 

 
 
Figure 10 - Glycogen Metabolic Pathways 
 
Extracellular glucose (Glcout) is taken up by cells (Glcin) via glucose transporters (GLUT) and is converted to its 
metabolically active form, glucose-6-phosphate (Glc-6-P) by hexokinase (HK). Glycogenesis Glycogen is 
synthesised from glucose-6-phosphate (Glc-6-P) that is produced from intracellular glucose (Glcin) or obtained 
from lactate/pyruvate following gluconeogenesis (GNG) and the action of glucose-6-phosphatase (G6Pase).  
Glc-6-P is converted to Glc-1-P in a reversible reaction by phosphoglucomutase (PGM). Uridine triphosphate 
(UTP) is further catalysed into uridine diphosphate-glucose (UDP-Glc) by the enzyme uridine phosphorylase 
(UP). UDP-Glc may be recycled into uridine monophosphate (UMP) by UDP-glucose pyrophosphorylase 
(UGGPase) or polymerised into glycogen by the sequential action of glycogenin (GN), glycogen synthase (GS), 
and branching enzyme (BE). Glycogenolysis Glycogen may be broken down into glucose monomers by the 
action of lysosomal α-glucosidase (GAA) or into Glc-1-P through the enzymatic activities of debranching enzyme 
(DBE) and glycogen phosphorylase (PH) (255). 
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1.7.3. Glucose Metabolism 

 

As summarised in the previous sections, glucose can be rendered intrahepatic either 

through the uptake from serum or via the catalysis of glycogen stores which is then 

metabolised to produce adenosine triphosphate (ATP) in order to satisfy the 

energetic requirements of various cellular functions. The metabolism of glucose may 

be described as a binary process involving 2 main processes, namely glycolysis and 

the tricarboxylic acid (TCA) cycle that are bridged by the process of oxidative 

phosphorylation. In mammalian cells, glucose is initially metabolised anaerobically in 

the cytosol by a cascade of biochemical reactions that are collectively referred to as 

glycolysis which involve the phosphorylation and oxidation of glucose-6-phosphate 

(G6P) to produce pyruvate via a series of intermediates (253).  

 

1.7.3.1. Glycolysis 

 

The first process of glucose metabolism, glycolysis, begins with the phosphorylation 

of monomeric glucose to its metabolically active form G6P by the rate-limiting 

enzyme glucokinase (GCK), a hexokinase that associates with the outer 

mitochondrial membrane (OMM) via its N-terminal domain  (256,259). Glucokinase is 

not inhibited by high G6P concentrations, and facilitates the storage of glucose as 

polymeric glycogen during fasting conditions (256). Under these conditions, the 

enzyme exists in an inactive state and is bound to glucokinase regulatory protein 

(GKRP) within the nucleus (265,266).  
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However, it has been found that a combination of elevated glucose concentration 

resulting from cellular uptake, and not EGP, with insulin signaling may induce the 

dissociation of this complex and the cytosolic translocation of GCK (265–267).  

The interplay between glucose- and lipid metabolism in the liver is further highlighted 

by GCK as it may be transcriptionally induced by pro-lipogenic transcription factors 

such as hepatocyte nuclear factor-4 (HNF-4) and sterol regulatory element binding 

protein-1c (SREBP-1c) via HNF-4 binding elements (HBEs) and sterol regulatory 

elements (SREs) in the GCK promoter (268–270).   

 

However, the production of G6P by GCK results in the displacement of hexokinases 

from the outer mitochondrial membrane (OMM) which induces the transcription of 

enzymes related to glycolysis to promote further metabolism (271). This has been 

suggested to occur via the spatial association between hexokinases and a 

transcription factor that is also resident to the OMM termed Max like protein (Mlx) in 

which displacement of the former causes the latter to complex with Max like 

interacting protein (MlxIP) (271). The formation of this complex leads to the nuclear 

translocation of Mlx where it may transcriptionally induce genes encoding enzymes 

such as hexokinase II (HXK2), phosphofructokinase (PFK), glyceraldehyde-3-

phosphate (GAPDH), and pyruvate kinase (PK) (271). In addition, it has also been 

found that the transcription of thioredoxin interacting protein (TXNIP), a protein which 

strongly correlates with dysregulated lipid metabolism, is dependent on both glucose 

and Mlx activity (214,215,271).  
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The anaerobic process of glycolysis ultimately yields 2 molecules of adenosine 

triphosphate (ATP) and 2 molecules of the reduced form of nicotinamide adenine 

dinucleotide (NADH) per molecule of glucose (Figure 11) (253).  

 

Figure 11 - The Glycolytic Pathway 
 
Metabolites are shown in black, co-factors in yellow, enzymes in blue, and products in green.  
Stage 1: Intracellular glucose is phosphorylated to form its metabolically active form, Glucose-6-Phosphate 
(G6P) and irreversibly converted to fructose-1,6,-bisphosphate at the cost of 2 ATP molecules  
Stage 2: Fructose-1,6-bisphosphate is converted to glyceraldehyde-3-phosphate. Stage 3: The net gain of ATP, 
per molecule of glucose, is 2

 
molecules 

(272)
. 
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Alternatively, G6P may be metabolised by the pentose phosphate pathway (PPP) in 

which nicotinamide adenine dinucleotide phosphate (NADPH) and the 

phosphorylated pentose sugar, ribose-5-phosphate, are generated for the respective 

synthesis of fatty acids and ribonucleotides as seen during the metabolic shift in 

tumour cells and cancers e.g. hepatocellular carcinoma (HCC) (273–275). However, 

HCV is known to upregulate glycolytic gene expression e.g. Hexokinase 1 (HXK1), 

via hypoxia-inducible factor 1α (HIF1α) which may explain why HCV replication is 

enhanced under hypoxic conditions and implies that the nonoxidative process of 

glycolysis is favoured by the host cell to metabolise glucose in response to virus 

infection (45,276,277). 

 

The range of biochemical processes which are involved in the metabolism of 

glucose, and particularly the interplay between the TCA cycle (section 1.7.3.2.) and 

DNL are shown in Figure 12 (253). 
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Figure 12 - The Network of Glucose Metabolic Pathways 
 
Intracellular glucose occurs either through uptake from the extra milieu by the glucose transporter, GLUT-2, 
glycogenolysis that results from glycogen phosphorylase activity stimulated by insulin signaling, protein kinase A 
PKA, and/or adenosine monophosphate (AMP), or gluconeogenesis that results from insulin and downstream Akt 
signaling and induction by transcription factors; Forkhead box (FOXO) proteins, peroxisome proliferator activated 
receptor α (PPARα), carbohydrate response element bind protein (CREBP), nuclear receptors such as farnesoid 
X receptor (FXR) and hepatocyte nuclear factor 4α (HNF4α), or elevated [acetyl-CoA] using amino acids or 
pyruvate. Glucose may be used for glycogen (GLY) synthesis as initiated through insulin and signal transduction 
through Akt/PI3K signaling. Glucose is metabolised directly by glycolysis or indirectly via the pentose phosphate 
shunt. In glycolysis, glucose-6-phosphate is produced from the phosphorylation of glucose by the hexokinase, 
glucokinase (GCK) which is further metabolised to produce ATP. Pyruvate resulting from glycolysis is catalysed 
into either lactate, or acetyl-CoA which may also be produced from fatty acid (FA) oxidation. Acetyl-CoA is 
metabolised to generate energy or alternatively used in de novo lipogenesis (DNL) 

(253)
. 

 

The pyruvate yielded from the glycolytic metabolism of glucose undergoes oxidative 

decarboxylation by pyruvate dehydrogenase (PDH) to form acetyl-CoA which may 

be further metabolised to produce ATP by the tricarboxylic acid (TCA) cycle in the 

mitochondrial matrix or, alternatively, stored as fat via de novo lipogenesis (DNL) 

(278).  
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1.7.3.2. The Tricarboxylic Acid (TCA) cycle 

 

The overall purpose of the tricarboxylic acid (TCA) cycle is to support the energy 

produced in the metabolism of glucose by glycolysis through the conversion of 

pyruvate to carbon dioxide (CO2) and water through a series of intermediates 

(Figure 13)  (279). 

 

Figure 13 - The Tricarboxylic Acid (TCA) Cycle 
 
Enzymes involved in the TCA cycle are shown in red. Pyruvate from glycolysis is oxidised by nicotinamide 
(NAD+) to acetyl-CoA which is converted to citrate and isocitrate. The catalysis of isocitrate to succinyl CoA via 
the production of intermediary α-ketoglutarate (AKG) is intensive on NAD+ supply. Alternatively, Asparagine 
(Asp) may be metabolised into Glutamate (Glu) which is broken down to produce pools of  
α-ketoglutarate (AKG) for oxaloacetate production. GTP or ATP is generated by the phosphorylation of 
nucleoside diphosphates during the catalysis of succinyl-CoA to succinate. The net ATP produced by this cycle is 
30 molecules per molecule of glucose. Enzymes catalysing each stage are shown in red 

(279–281)
. 
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The TCA cycle constitutes the second series of reactions involved in the metabolism 

of glucose and occurs within the matrix of the mitochondria whereby the product 

from glycolysis, pyruvate, is further metabolised to yield ATP  through the oxidation 

of Acetyl-CoA to CO2 
(279,281).  

 

This pathway may be considered pivotal to cell metabolism and energy production 

as, together with the electron transport chain which includes the oxidative 

phosphorylation of the reduced forms of nicotinamide adenine dinucleotide (NADH) 

and flavin adenine dinucleotide (FADH2), the majority of adenosine triphosphate 

(ATP) is produced (32 - 34 molecules of ATP per molecule of glucose) and 

approximately 2/3 of cellular oxygen is consumed to generate approximately 2/3 of 

systemic energy (279,282). The TCA cycle is also capable of aerobically metabolising 

other substrates besides carbohydrates as a means to produce energy and maintain 

the pool size of carbon compounds when glucose concentrations are low (281,283). 

Additional substrates that are also processed by the TCA cycle include fatty acids 

(FAs) which are oxidised to produce acetyl-CoA, NADH, FADH2, and ketone bodies 

resulting from the process of β-oxidation prior to TCA cycle entry, and amino acids 

including leucine (Leu), isoleucine (Ile), tyrosine (Tyr), phenylalanine (Phe), and 

tryptophan (Trp) (279,283,284). Further to the catabolism of metabolites, the TCA cycle is 

also amphibolic in that it may synthesise glucose using amino acids via 

gluconeogenesis or the reverse TCA (rTCA) cycle, carry out the transamination and 

deamination of amino acids, and synthesise FAs (279,281). 
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To date, there are few disease states that have been linked to TCA cycle defects. 

Those that are known have been attributed to heritable genetic mutations  

e.g. Leigh’s syndrome, a neurological disorder that has been mapped to mutations in 

the gene for the E1α subunit of the pyruvate dehydrogenase complex (PDHc) and to 

gene-deletions in the E3 binding protein (E3BP) (285). Additionally, metabolic 

disorders can arise from deficient or inactive enzymes that are key to the TCA cycle 

e.g. α-ketoglutarate dehydrogenase complex (KGDHC) and succinate 

dehydrogenase (SDH), which contribute to Friedrich’s ataxia and respiratory chain 

deficiency, respectively (286,287).  

 

The TCA cycle is comprised of 8 stages that begins with the decarboxylation of 

pyruvate to produce the two-carbon molecule, acetyl-CoA  which is condensed with 

oxaloacetate by citrate synthetase to produce the six-carbon intermediate, citrate 

(288,289).  Citrate is then dehydrated to form cis-aconitate and converted to isocitrate 

by an enzyme termed aconitase (290). Isocitrate is decarboxylated to produce  

α-ketoglutarate (AKG) by the enzyme isocitrate dehydrogenase in a catalytic step 

that also involves the reduction of nicotinamide adenine dinucleotide (NAD+) to 

NADH2 and the production of CO2 
(279). α-ketoglutarate (AKG) is decarboxylated by 

the AKG dehydrogenation complex to produce succinyl-CoA which, through the 

action of succinate thiokinase (also referred to as succinyl CoA synthetase), is 

subsequently  converted to succinate whilst generating ATP and GTP from their 

respective nucleoside diphosphates (291,292). 
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Succinate undergoes dehydration by the enzyme succinate dehydrogenase to form 

fumarate in a step that also results in the simultaneous reduction of FAD+ to FADH2 

(279). The hydration of fumarate by fumarate hydratase (fumarase) leads to the 

formation of malate which is then oxidised by malate dehydrogenase to produce 

oxaloacetate in a reaction that also reduces NAD+ to NADH2 (293,294). Following entry 

to the electron transport chain (ETC), each NADH and FADH2 molecule produced 

per round of the TCA cycle is the equivalent of a further 3- and 2 molecules of ATP, 

respectively (279).  

 

Repeated rounds of the TCA cycle are induced by the reaction between 

oxaloacetate and acetyl-CoA (279). Overall, the net gain of ATP yielded by the 

combination of glycolysis, TCA cycle, and ETC in the metabolism of molecular 

glucose is 36 molecules (279).  

 

1.7.3.3. Regulation of The TCA Cycle 

 

Under physiological conditions, the TCA cycle may be affected by changes in 

intramitochondrial calcium ion concentration [Ca2+] that may arise from endoplasmic 

reticulum (ER) stress and possibly lead to the induction of apoptosis via the 

mitochondria-associated pathway (295,296).  
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Following ER stress, Ca2+ ions are released from storage in the ER lumen through 

inositol-1,4,5-triphosphate receptor (IP3R) channels, which migrate across the 

cytosol to the mitochondria where they may be taken up by voltage dependent anion 

channels (VDACs) that are present on the outer mitochondrial membrane (OMM) 

(43,295,297). VDACs, along with adenine nucleotide translocator (ANT) and cyclophilin 

D (CypD) that associates with a mitochondrial phosphate carrier (PiC), comprise the 

mitochondrial permeability transition pore (mPTP) (295,298). Depending on the 

membrane potential generated by protons from the respiratory chain, VDACs can 

switch between “open” and “closed” conformations which give rise to states of either 

high- or low conductance that are selective for anions and cations, respectively 

(299,300). Closure of VDACs renders them permissive for an increase in Ca2+ ion influx 

and impairs ATP efflux from the mitochondria which would otherwise occur in an 

“open” state (301,302).  

 

Furthermore, excessive Ca2+ concentrations at the mitochondria may also induce 

dilation of mPTP and depolarisation of mitochondrial membranes which is 

characterised by a loss in mitochondrial membrane potential (mt∆Ψm) (296). 

Collectively, these hallmarks of mitochondrial dysfunction are indicative of the 

induction of apoptosis by the mitochondria-associated pathway (296,303).  
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Following the VDAC-mediated uptake of calcium by the mitochondria, Ca2+ ions in 

the intermembrane space (IMS) between the outer- and inner mitochondrial 

membranes (IMM) may enter the mitochondrial matrix as a function of osmosis by 

the action of the mitochondrial calcium uniporter (MCU), which is regulated by 

mitochondrial calcium uptake 1 (MICU1) protein, and may ultimately affect TCA cycle 

rate (299,304,305).  

 

The energetic output of the TCA cycle, which relies on an abundance of acetyl co-A 

as a substrate, may also be affected by the concentration of intramitochondrial 

calcium through the stimulation of key enzyme activity i.e. pyruvate dehydrogenase 

phosphate phosphatase, NAD-isocitrate dehydrogenase, and α-ketoglutarate 

dehydrogenase (also referred to as oxoglutarate dehydrogenase (OGDH)) in the 

mitochondrial matrix (305–309).  

 

Wan et al., investigated the effect of Ca2+ ions localised to the mitochondrial matrix 

on the concentrations of these enzymes and their substrates and found that AKG 

undergoes a 135% increase in ADP-stimulated oxidation under conditions of 

elevated [Ca2+] (305).  

 

The authors of this study also found that under conditions of depleted ADP and 

increased AKG, the cofactor NAD underwent increased reduction compared to 

controls, thereby contributing to ATP synthesis by the electron transport chain (305).   
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Interestingly, concentrations of pyruvate dehydrogenase (PDH), an enzyme that is 

responsible for producing acetyl-CoA as the key substrate for TCA cycling, was not 

affected by Ca2+ concentration. However, under conditions of pyruvate depletion and 

excess AKG, activity of PDH was reduced to 20% as an effect of substrate saturation 

though optimal activity was restored following an increase in mitochondrial [Ca2+] 

(305). The mechanism behind this finding was described by McCormack in an earlier 

study that found an increase in mitochondrial [Ca2+] gave rise to a 7-fold increase in 

the activation of the pyruvate dehydrogenase complex (PDHc) by its 

dephosphorylation through the action of pyruvate dehydrogenase phosphatase 

(305,306). 

 

These studies demonstrate the potential of intramitochondrial [Ca2+] to stimulate the 

activity of TCA cycle enzymes. However, it has also been speculated that elevations 

in mitochondrial calcium may also result in an increased production of mitochondrial 

reactive oxygen species (ROS) as a consequence of mitochondrial dysfunction 

(Figure 14) (310,311). 
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Figure 14 - Mitochondrial Ca
2+

 Import from the Endoplasmic Reticulum 
 
Calcium ions (Ca

2+
) enter the endoplasmic reticulum (ER) lumen through the sarco/endoplasmic reticulum Ca

2+
 

ATPase (SERCA) pumps. Ca
2+

 ions migrate out of the ER through the Inositol-1,4,5-triphosphate receptor (IP3R) 
channels and are funnelled to the mitochondria across the cytosol by mitochondria associated membranes 
(MAMs). Depolarisation of the outer mitochondrial membrane (OMM) occurs and the mitochondrial membrane 
potential (mt∆Ψm) is reduced. Mitochondrial pore transition protein (mPTP) increases, and OMM becomes 
permeable to Ca

2+
 ions. Ca

2+
 ions enter the mitochondrial intermembrane space between the outer- (OMM) and 

inner mitochondrial membranes (IMM) by the oscillation of voltage dependent anion channels (VDACs) or 
through the synergistic action of the sodium-calcium exchanger (NaCaE). Intramitochondrial Ca

2+
 may enter the 

site of the tricarboxylic acid (TCA) cycle, the mitochondrial matrix, through the action of the mitochondrial calcium 
uniporter (MCU) (127). Mitochondrial dysfunction is induced by elevated intramitochondrial Ca2+ ions and disturbs 
the TCA cycle and thus the metabolism of carbohydrates and lipids. The incidence of mitochondrial dysfunction 
results in oxidative stress and the increased production of reactive oxygen species (ROS), e.g. Hydrogen 
Peroxide (H2O2) and singlet oxygen (O

2-
), and also leads to the induction of the mitochondrial associated 

pathway of apoptosis which is characterised by secretion of cytochrome C (CytC), endonuclease G (EndoG), 
second mitochondria-derived activator of caspase (Smac), and apoptosis inducing factor (AIF) (311). 
 

 

It is possible that calcium ion overload and ROS production may be induced through 

the intracellular activity of HCV proteins e.g. core, NS4B, NS5A, which in addition to 

direct physical interactions of viral proteins with the mitochondria, e.g. p7, NS4A, 

may result in mitochondrial dysfunction (40,74,152,312–314).  
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Mitochondrial dysfunction is a phenomenon that is characterised by increased 

mitochondrial [Ca2+], decreased mitochondrial membrane potential (mt∆Ψm) and 

ATP production, as well as increased ROS production (315).  

Furthermore, mitochondrial calcium ion flux may contribute to the imbalance of 

additional processes that regulate the rate of the TCA cycle, namely anaplerosis and 

cataplerosis, whereby mitochondrial anions are replenished and removed, 

respectively (281,316). Both anaplerosis and cataplerosis regulate the production of 

intermediates that impair TCA cycle function and ATP production, i.e. four-carbon 

and five-carbon compounds derived from the metabolism of amino acids that cannot 

undergo full oxidation (281).  Anaplerosis involves the replacement of anions in the 

form of α-ketoglutarate (AKG), that is produced from the metabolism of amino acids 

such as glutamine (Gln), in order to sustain TCA cycle flux and balance the anions 

that are removed as citrate by cataplerosis (281,317). Furthermore, the inter-

relationship between glucose and lipid metabolism can also be demonstrated by the 

cataplerosis of citrate where it is translocated from the mitochondria to the cytosol, 

converted to acetyl-CoA by ATP-citrate lyase (ACLY), and serves as a precursor to 

fatty acid synthesis  (Figure 15) (281,318,319). 
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Figure 15 - Anaplerosis and Cataplerosis in the Tricarboxylic Acid (TCA) Cycle 
 
Cataplerosis: The removal of the 6-carbon intermediate, Citrate, from the TCA cycle and the mitochondria for 
fatty acid synthesis and gluconeogenesis. Anaplerosis: The replenishment of the 4-carbon intermediate, α-
ketoglutarate (AKG) from the deamination of glutamine that maintains TCA cycle function and ATP production

 

(281)
. 

 

In conclusion, the metabolism of glucose occurs in two stages namely glycolysis and 

the tricarboxylic acid (TCA) cycle to generate energy in the form of ATP. However, it 

appears that host lipid metabolism may occur as a consequence of an imbalance of 

anaplerosis and cataplerosis which serve to maintain TCA cycle flux. Glucose 

homeostasis may be compromised during HCV infection and give rise to the 

manifestation of secondary complications such as insulin resistance (IR), type II 

diabetes mellitus (T2DM), and hepatic steatosis. The pathogenesis of each condition 

during HCV infection is described as follows. 
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1.8. Metabolic Disorders associated with HCV infection 

 

Chronic HCV infection may bring about pathologies that disturb host metabolism 

such as visceral obesity, low high-density lipoprotein (HDL) cholesterol, 

hyperglycaemia, hyperlipidaemia, and hypertension (320). A clinical presentation of 3 

of these disorders is termed metabolic syndrome (MS), a condition that is highly 

associated with HCV gt3 infection, disturbed lipid and glucose homeostasis, poor 

treatment outcome in chronic hepatitis C (CHC) patients, and associated with the 

development of insulin resistance (IR) (321,322). Some reports suggest that HCV is an 

aetiological agent of IR, T2DM-like pathology, and MS e.g. there is a heightened 

incidence of T2DM occurring in infected recipients of liver transplants (323). 

Conversely, a reduced incidence of T2DM also correlates with the attainment of a 

sustained virological response (SVR) following antiviral treatment (324).  

The metabolic complications that are often associated with CHC infection, i.e. insulin 

resistance (IR), type 2 diabetes mellitus (T2DM), and hepatic steatosis are outlined 

in the following sub-sections.  

 

1.8.1. Insulin Resistance (IR) 

 

Insulin resistance (IR) is a manifestation that is characterised by the increased 

production of endogenous glucose from glycogen stores in the liver together with a 

decreased uptake of glucose by skeletal muscle cells, which is thought to arise from 

both defective insulin signalling and the compromised metabolism of glucose (325).  
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Under physiological conditions, upon binding of insulin by its cellular receptor, a 

signal is transduced by one of two functionally distinct insulin receptor substrate 

proteins, IRS-1 and IRS-2, that are concerned with the regulation of glucose 

synthesis and metabolism (325). Insulin signaling is transduced by Tyr 

phosphorylation of insulin receptor substrates by protein kinases such as 

phosphatidylinositol-3-kinase (PI3K) and protein kinase B (Akt) that leads to glucose 

uptake, inhibition of gluconeogenesis, and glycogen synthesis (326,327). Additionally, 

IRSs may be phosphorylated at Ser residues by other kinases e.g. protein kinase C 

(PKC), mTOR substrate p70 ribosomal S6 Kinase (S6K1), and c-jun N-terminal 

kinases (JNKs) which counteract Tyr phosphorylation and block PI3K/Akt-mediated 

signal transduction (327–330). This may explain why concentrations of glucose are 

elevated in HCV-infected liver cells. 

 

Additionally, PI3K may be indirectly affected by the action of protein tyrosine 

phosphatases (PTPs) and phosphatidylinositol phosphate phosphatases (PIPs)  

e.g. protein-tyrosine phosphatase 1b (PTP1b) and SH2-containing 5’-inositol 

phosphatase (SHIP2), respectively, which may be involved in T2DM and underlying 

insulin resistance on account of their ability to negatively regulate insulin signaling by 

dephosphorylating Tyr residues on IRSs and activated insulin receptors (331–333).  

An example of this that has been found to underlie IR in HCV and involves the 

overexpression of protein phosphatase 2a (PP2A) as a response to ER stress and 

inhibition of the insulin signalling cascade through the dephosphorylation of Akt (334). 
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In addition, suppressors of cytokine signalling (SOCS) proteins such as SOCS1 and 

SOCS3 feature elongin BC-binding motifs that interact with the E3 ubiquitin ligase 

complex and are capable of disrupting insulin signaling by mediating the ubiquitin-

dependent proteasomal degradation of IRS1 and IRS2 (335). This particular 

mechanism of insulin-signaling blockade was found to be caused by the core protein 

of HCV in vitro whereby SOCS3 was upregulated and the expression of insulin 

receptor substrates 1 and 2 was reduced by proteasomal degradation (336).  

The expression of HCV core may also lead to the production of ROS and an 

increased mitochondrial uptake of calcium which inhibits the initial step of 

mitochondrial respiration by electron transport chain complex I (NADH ubiquinone 

oxidoreductase) (337–339). Furthermore, HCV core may be subject to ubiquitin-

independent proteasomal degradation via the action of Proteasome Activator 28-γ 

(PA28γ) which has been linked to the development of IR and steatosis in transgenic 

mice (340,341). 

 

1.8.2. Type 2 Diabetes Mellitus (T2DM) 

 

The incidence of glucose intolerance may induce liver cells to undergo a diabetic 

state, referred to as type 2 diabetes mellitus (T2DM) which is characteristic of all liver 

diseases (342). The mechanisms underlying this condition are described as follows. 

 

 

 



102 
 

 

 

 

1.8.2.1. Insulin Signaling in T2DM 

 

T2DM in HCV patients has previously been attributed to defects in insulin signaling 

where the phosphorylation of IRS-1 Tyr residues by PI3K have been reported to be  

2-fold lower in HCV carriers compared to controls (327). An explanation for this has 

been proposed by Shinatni et al., based on data produced by examining insulin 

signaling in murine models (343). The group suggest that HCV impairs the metabolism 

of glucose by mechanisms involving innate immunity as they observed that 

expression of HCV core protein in transgenic mice was capable of inducing a 

diabetic state, marked by high serum insulin and plasma glucose (343). These 

characteristics of disordered glucose metabolism progressed to overt diabetes when 

a high-fat diet was fed to these animals (343).  The authors found that high expression 

of tumour necrosis factor α (TNFα) was responsible for the induction of glucose 

intolerance due to defective insulin signaling by suppressed Tyr phosphorylation of 

IRS-1 as the symptoms of T2DM in this model were alleviated through the 

administration of anti-TNFα antibodies (343). 

 

In addition to the involvement of SOCS1 and SOCS3-mediated blockade of insulin 

signaling as mentioned in section 1.8.1., HCV core from a gt3a isolate was found to 

bring about the degradation of IRS-1 by modulating SOCS7 expression via the 

nuclear receptor peroxisome proliferator activated receptor-γ (PPARγ) (344). 

Additionally, the insulin signaling cascade was inhibited through mTOR by S6K1 in 

cells expressing the core protein from a gt1b isolate (345).  
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The activation of S6K1 results in the downregulation of the GLUT4 glucose 

transporter which leads to reduced glucose uptake, while the gluconeogenic enzyme 

phosphoenolpyruvate carboxykinase 2 (PCK2) is upregulated to facilitate EGP (345). 

However, the underlying cause of T2DM in HCV may be due to the inappropriate 

anabolism of glucose via gluconeogenesis and glycogenolysis as opposed to 

defective insulin signaling. This is a reasonable assumption as in vitro models of 

HCV have reduced glucose uptake due to the decreased expression of glucose 

transporters GLUT1 and GLUT2, whilst chronic HCV patients often present elevated 

levels of endogenous glucose (254,325).  

 

Collectively, these findings suggest that it may be possible for T2DM associated with 

HCV infection to share commonalities with non-viral T2DM but vary in terms of 

pathophysiology. 

 

1.8.3. Hepatic steatosis 

 

Despite a strong correlation between all genotypes of HCV infection and IR, there 

are differences when it comes to extent by which host lipid metabolism is 

dysregulated during infection. The association between HCV and hepatic steatosis is 

well established but whether this complication is caused by the virus directly as a 

cytopathic effect or by the host response to viral infection remains to be clarified. 
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Hepatic steatosis is often a hallmark of CHC infection where prevalence can be as 

high as 55% in patients, although this may vary depending on several other factors 

including lifestyle and infecting genotype (346,347).  However, irrespective of lifestyle 

factors, hepatic steatosis is commonly associated with gt3 infections of HCV 

compared to other genotypes which suggests that this particular genotype has a 

specific mechanism of inducing hepatocellular lipogenesis (347).  This has been 

investigated by studies that have attributed this phenomenon to the replication of the 

HCV genome as the quantity of intrahepatic (-)-sense RNA intermediates correlates 

with the incidence of steatosis which, in turn, accords with clearance of the virus by 

antiviral treatment (348,349). In addition to the steatogenic (-)-sense RNA intermediate 

of HCV gt3, it has been reported that the core protein of gt3a may induce the 

accumulation of triglycerides and increase levels of cholesteryl esters, ceramides, 

and glycosylceramides thereby contributing to the synthesis of large lipid droplets 

(LDs) that are typical of infection with this genotype (48,350).  

 

Furthermore, it has been found in a replicon model that a C-terminal region of NS5A 

may also be involved in the development of hepatic steatosis due to its inhibition of 

ApoB, a protein involved in VLDL synthesis and secretion (section 1.4.) (351). 

However, there is evidence suggesting that a number of host factors such as nuclear 

receptors e.g. retinoid X receptor-α (RXRα) and peroxisome proliferator activated-

receptor α (PPARα), and transcription factors such as sterol regulatory element 

binding proteins, e.g. SREBP-1c, are also involved in the dysregulation of lipid 

metabolism during HCV infection.  



105 
 

 

 

 

The nuclear receptors PPARα and RXRα form heterodimers in the presence of the 

high-affinity ligand, 9-cis retinoic acid, and bind to peroxisome proliferator activated 

receptor response elements (PPAR-REs) in target genes to induce their transcription 

(352,353). The PPARα/RXRα heterodimer transcriptionally induces genes such as acyl 

CoA oxidase (AOX), L-peroxisomal bifunctional enzyme (L-PBE), 3-ketoacyl-CoA 

thiolase (PTL), and the cytochrome P450 4A isoforms CYP4A1 and CYP4A3 which 

concern the metabolism of very long chain fatty acids (VLCFAs) and long-chain fatty 

acids (LCFAs) via peroxisomal β-oxidation (354). 

 

However, Cheng et al., found that the mRNA transcription and protein expression of 

PPARα, as well as carnitine palmitoyl acyl-CoA transferase 1a (CPT1a), a 

downstream target of PPARα that concerns the mitochondrial import of fatty acids for 

β-oxidation, to be downregulated during HCV infection  (355). Thus, with respect to 

this project, the role of nuclear receptors in the dysregulation of lipid metabolism 

during HCV infection can be ruled out. 

 

1.9. Treatment for HCV infection 

 

Until recently the standard treatment for hepatitis C virus infection was pegylated 

interferon-α in combination with Ribavirin, a nucleoside analogue. However, this 

treatment is associated with varied clinical outcomes as an effect of HCV genotype 

diversity.  
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However, a number of new therapeutics targeting either host factors or viral proteins 

have been developed that are reported to be both efficacious and well tolerated in 

HCV patients. 

 

1.9.1. Ribavirin (RBA) 

 

Ribavirin (RBA), the trade name for 1-beta-D-ribofuranosyl-1,2,4-triazole-3-

carboxaminde,  is a purine analogue that was first implemented in the treatment of 

children with respiratory syncitial virus (RSV) (356). When RBA is used in conjunction 

with pegylated interferon-α (peg-IFN) in the treatment of HCV, efficacy of the latter 

has been shown to be greatly improved, although the mechanisms by which this 

occurs have not been well defined (356). However, there have been a number of 

proposed mechanisms of action for RBA including the upregulation of interferon 

stimulated gene (ISG) expression, inhibition of host inosine monophosphate 

dehydrogenase (IMPDH), lethal mutagenesis when ribavirin triphosphate (RTP) is 

misincorporated into nascent viral genomes, and chain termination during viral RNA 

synthesis (357–359).  
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1.9.2. Interferon-based therapies 

 

Interferons (IFN) are a class of signaling molecules that are a part of the innate 

immune response following pathogen recognition by dsRNA (360).  There are three 

classes of IFN that can be produced and released by virally infected cells i.e. type I 

such as IFN α- and β that can be expressed by most cells, type II which is also 

referred to as IFN γ which is limited to immune cells, and type III interferon, e.g. IFN 

λ, which is mainly expressed by epithelial cells and hepatocytes (361,362).  

Interferons function as antiviral cytokines that inhibit HCV replication by inhibiting the 

IRES-mediated translation of viral genomes thereby limiting transcription and also 

through promoting the degradation of viral RNA by the RNAse L pathway through 

expression of 2’-5’-oligoadenylate synthase (OAS) (363,364).  

 

1.9.2.1. Interferon (peg-IFN α, λ) 

 

Treatment of HCV infection was limited to weekly injections of pegylated IFN α (peg-

IFN α) which has a longer plasma half-life than IFN α due to the addition 

polyethylene glycol (PEG) (365,366). The efficacy of the standard of care (SOC) 

treatment involving Ribavirin and peg-IFN α is varied, dose-dependent, and 

genotype specific, i.e. higher dosage of peg-IFN α is more effective at achieving SVR 

in gt3 (~80%) than gt1 infections (~42%) (367).  
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This variation in the efficacy of peg-IFN α has been found to negatively correlate with 

the frequency of amino acid mutations in a region called the interferon sensitivity 

determining region (ISDR) of HCV NS5A (section 1.2.2.6.) which presents a major 

limitation to the use of IFN-α based treatments against HCV (368). However, Interferon 

λ (peg-IFN λ) may bind to receptors which are expressed by a smaller range of cells 

than Interferon α which allows them greater specificity in therapeutic applications. 

For example, IFN λ1 (IL-29) binds to IL-29 receptors that are mainly expressed by 

hepatocytes, as opposed to lymphocytes and monocytes, and thereby prevents 

immunological complications, e.g. leukopenia, that are often seen with peg-IFN α 

treatment (369,370). Additionally, treatment of HCV with IFN λ demonstrates better 

safety and efficacy compared to peg-IFN α in vivo, and in suppressing viral RNA 

synthesis in vitro  when it is used in combination with direct acting antivirals (DAAs) 

such as Daclatasvir (DCV) (section 1.9.4.2) (371).  

 

1.9.3. 1st generation direct acting antivirals (DAAs) 

 

The 1st generation of direct acting antivirals (DAAs) that were developed to treat 

HCV include the protease inhibitors (PI), Boceprevir and Telaprevir. These drugs 

inhibit the serine protease activity of HCV NS3 by occupying its active site through 

the reversible, covalent interaction between a featured ketoamide moiety and a 

catalytic residue (Ser139) that inhibits post-translational processing of the viral 

polyprotein (372,373).  
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However, the ketoamide binding site of both Boceprevir and Telaprevir is sensitive to 

amino acid sequence and, hence, conformation of the NS3 active site. Therefore, the 

1st generation DAAs may not be effective at inhibiting pre-existing quasispecies that 

have variations in these residues, as seen in gt1 infections, as well as escape 

mutants that result from the selective pressure of such antiviral treatment (100,101,374).  

 

1.9.4. 2nd generation direct acting antivirals (DAAs) 

 

The drawbacks associated with Boceprevir and Telaprevir, such as resistance 

arising from amino acid variants in HCV quasispecies, led to the development of 2nd 

generation direct acting antivirals (DAAs) that target the replicase proteins of HCV, 

i.e. NS3 – NS5B, as a means to treat virus infection. 

 

1.9.4.1. Simeprevir 

 

Simeprevir is a 2nd generation HCV NS3/4A protease inhibitor that is both highly 

specific and potent (375). Similar to the mechanism of action (MoA) of Boceprevir and 

Telaprevir, Simeprevir targets the active site of HCV NS3. However, unlike the 1st 

generation DAAs, Simeprevir is a non-covalent inhibitor that is associated with a 

better safety profile, relatively higher SVR rates, and more tolerable adverse drug  

reactions compared to peg-Interferon based therapies (376,377).  
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Additionally, the drug has been shown to be effective at low nanomolar 

concentrations against HCV gt1, although like Boceprevir and Telaprevir, Simeprevir 

is susceptible to resistance mutations (375,376).  Finally, Simeprevir has been found to 

decrease treatment duration and improve the efficacy of SOC treatment when 

included as part of triple therapy (377,378). 

 

1.9.4.2. Daclatasvir (DCV) 

 

Daclatasvir (DCV) is a potent, small molecule inhibitor of HCV NS5A where it is 

effective at picomolar concentrations against various HCV genotypes, including  the 

JFH-1 isolate, in vitro (379). Furthermore, the treatment of cirrhotic- and non-cirrhotic 

HCV gt3 patients with DCV and Sofosbuvir combination therapy is reported to have 

SVR rates of 59 - 69% and 94 - 97%, respectively (380).  

 

The mechanism of action of DCV involves its binding to a poly-proline region 

between residues 31 - 93 within Domain I of HCV NS5A which affects both the 

localisation and function of the viral protein during HCV replication (381).  

The association of DCV with HCV NS5A results in the redistribution NS5A from the 

endoplasmic reticulum (ER) to intracellular lipid droplets (LDs) as well as the 

inhibition of protein-protein interactions that are involved in the formation and 

function of RCs which, in turn, effects virus replication, virion assembly, and egress 

(381,382).  
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DCV is promising in the treatment of pan-genotypic HCV infection, although 

mathematical models along with experiments involving saturation mutagenesis and 

next-generation sequencing have revealed that DCV-resistant mutants, termed 

resistance-associated variants (RAVs) with substitutions in terminal residues  

i.e. aa positions 31 and 93  of HCV NS5A Domain I, may evolve if the drug is used 

as a standalone monotherapy (383,384). However, the resistance of HCV to Daclatasvir 

has been reported to coincide with resistance to SOC treatment whilst appearing to 

enhance the sensitivity of RAVs to protease inhibitors (384). 

 

1.9.4.3. Sofosbuvir 

 

Sofosbuvir is a uridine phosphoramidate precursor that is metabolised in the liver to 

β-D-20-deoxy-20-R-fluoro-20-β-C-methyluridine nucleoside, an active uridine-

triphosphate (UTP) analogue which functions as potent inhibitor of the HCV NS5B 

RNA-dependent RNA polymerase (RdRp) (385,386). Sofosbuvir has demonstrated high 

rates of SVR in cirrhotic and non-cirrhotic HCV patients infected with genotypes 1, 2, 

4, 5, and 6 infections when used with Velpatasvir, a pan-genotypic inhibitor of HCV 

NS5A, and also in gt2 and 3 infections when used in dual therapy with Ribavirin (387–

389). Additionally, Sofosbuvir as a dual-therapy with Ribavirin is well tolerated by 

recipients compared to Interferon-based treatments (390). However, NS5B variants 

with a C136N/H polymorphism have been identified in treatment of naive patients 

with chronic HCV gt1b infection (391). 
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1.9.5. Host-Factor Therapeutics 

 

In contrast to the advent of direct acting antiviral agents targeting viral proteins as a 

means to inhibit virus replication and the development of secondary complications, 

research into the development of antiviral therapeutics is currently examining the role 

of host factors that are recruited during the HCV life cycle. 

 

1.9.5.1. Cyclophilin Inhibitors 

 

Cyclophilins are a subgroup of enzymes with peptidyl-prolyl cis-trans isomerase 

(PPIase) activity that function in the isomerisation and post-translational folding of 

newly synthesised proteins (392,393). These enzymes are resident to organelles such 

as the endoplasmic reticulum (ER), e.g. heat shock protein 47 (HSP47) and 

cyclophilin B (CypB), and the mitochondria, e.g. cyclophilin D (CypD) which may 

affect host metabolism by its involvement in opening the mitochondrial permeability 

transition pore (mPTP) (section 1.7.3.3.) (394–396). Additionally, cyclophilins such as 

cyclophilin A (CypA) are targeted by cyclophilin inhibitors, e.g. cyclosporin A (CsA), 

which are often administered to recipients of organ transplants as 

immunosuppressants to reduce the likelihood of graft rejection.  
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For example, CsA dampens the innate immune response concerning natural killer 

(NK) cell activation by binding to CypA with high affinity and blocking the calcineurin-

mediated nuclear translocation of nuclear factor of activated T-cells (NF-AT) to inhibit 

the transcriptional induction of cytokines, e.g. IL-2 (397–399). Though treatment of Huh7 

cells with CsA has been reported to induce the unfolded protein response (UPR), the 

mechanism of action for CsA in the inhibition of HCV replication and has been found 

to involve its interaction with the HCV NS5B polymerase (393,400). Conversely, the 

mechanism of action for Alisporivir (ALV) is reported to involve the inhibition of HCV 

NS5A Domain II isomerisation by CypA (401). 

 

Furthermore, CypD may play a role in regulating mitochondrial calcium ion 

concentrations which has consequences on the opening of mPTP and hence 

mitochondrial function (section 1.7.3.3), that may further explain why HCV 

replication is suppressed by CsA and ALV (395,396,400–403). The application of ALV in 

triple therapy regimens with peg-IFN and Ribavirin is well tolerated with minimal 

adverse drug reactions (ADRs) in recipients and appears to be effective against HCV 

gt 1 - 4 infections (404). 
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1.9.5.2. Miravirsen 

 

MicroRNAs (miRs) are short sequences (18 - 23nt) of non-coding RNA that play a 

role in the regulation of protein expression at either a transcriptional- or translational 

level by annealing to complementary sequences at the 3’-untranslated region (UTR)  

of target mRNAs and mediating their degradation (405).  

 

Initially genes encoding miRs are transcribed in the nucleus by RNA Polymerase II 

(pol II) to produce long primary miR transcripts (pri-miRNAs) which are then 

processed into stem-loop structures of around 65 - 70nts (pre-miRNAs) by the 

nuclear microprocessor complex which is comprised of DGCR8, a dsRNA-binding 

protein called Pasha, and Drosha, an RNAse III enzyme (406–410). Pre-miRNAs are 

subsequently exported from the nucleus to the cytoplasm by Exportin-5 (XPO5) in 

the presence of Ran-GTP where they are further processed into shorter (~22nts) 

mature miRNAs by the RNAse III enzyme, Dicer (408).  

 

Upon maturation, miRNAs associate with Slicer (Ago2), an Argonaute protein that 

features Piwi-Argonaute-Zwille (PAZ) and MID domains which bind to the 3’-end and 

anchors the 5’-end of miRNA, respectively, and a P element-induced wimpy testes 

(PIWI) domain that has endonuclease activity to form the microRNA-containing-

RNA-induced silencing complex (miRISC) (411,412). However, this mechanism is 

contingent on 100% complementarity between the “seed region”, i.e. nucleotide 

positions 2 - 8 of a given miR and the 3’-UTR of a target mRNA (405,413).  
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Alternatively, Ago proteins 1, 3, and 4 do not have endonuclease activity and may 

directly bind to miR-mRNA duplexes which thereby leads to repressed protein 

translation (412). Protein expression may also be reduced by either mRNA 

destabilisation or, to a greater extent, translational inhibition even in the event of 

single mismatched base-pairs in either the “seed regions” or more commonly in the 

“centred sites” of bound miRs through disrupting translation initiation (414,415). In this 

respect, the mechanism of action of miRNA is analogous to that of small interfering 

RNAs (siRNAs) which are commonly used in research as mRNA destabilisers and/or 

translational repressors of target genes. An exception to the microRNA dogma, 

however, is microRNA-122 (miR-122) in HCV infection. miR-122 is highly expressed 

in hepatocytes, accounting for approximately 70% of total miRNA in the liver and is 

involved in the regulation of genes that are associated with the synthesis of hepatic 

triglycerides e.g. fatty acid synthase (FASN), and mitochondria-associated acetyl-

CoA carboxylase 2 (ACC2) (416–419).  

 

miR-122 also demonstrates anti-tumour properties by regulating mRNA transcript 

abundance for cutlike homeobox1 (CUTL1), a gene that is implicated in 

hepatocellular carcinoma (HCC) due to its involvement in the proliferation and 

differentiation of liver cells (417,420). 
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In addition to regulating host genes, miR-122 may bind to S1 and S2 sites within the 

5’-UTR together with an S3 site in the 3’-UTR of the HCV genome to enhance 

replication by recruiting Argonaute 2 protein which shields template RNA from 

degradation in the cytoplasm by 5’-3’ exoribonuclease 1 (Xrn1) (421–423). 

 

The occupation of S1, S2, and S3 sites by miR-122 and the resultant protection of 

the HCV genome from Xrn1 also increases translation due to the increased stability 

of viral RNA, and thus, miR-122 is an appealing target for the treatment of HCV 

(421,423). 

 

Miravirsen is a specific inhibitor of both the biogenesis and function of miR-122 with 

pan-genotypic antiviral activity against HCV, including strains that have acquired 

resistance to direct acting antivirals (DAAs) (423). Miravirsen is a synthetic, antisense 

oligonucleotide (ASO) therapy which consists of a phosphorothioate backbone with 

interspersed locked nucleic acid (LNAs) ribonucleotides (424). The phosphorothioate 

modification to oligonucleotides confers resistance of the construct to nucleases and 

promotes its cellular uptake as well as its distribution to organelles such as the 

nucleus and mitochondria (425,426). The LNAs in Miravirsen offer increased affinity of 

the oligonucleotide for miR-122, and further impairs the recruitment of exonucleases 

e.g. RNAse H, thereby extending its half-life due to improved stability (424,427).  
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The MoA of Miravirsen involves its high affinity binding to the stem-loops of both pri- 

and pre-miR-122 in the nucleus and inhibits processing by Drosha and Dicer, 

respectively, to ultimately inhibit the biogenesis of mature miR-122 (424). 

 

Triple therapy of Miravirsen with peg-IFN α and Ribavirin is well tolerated and shown 

great efficacy in the treatment of chronic HCV gt1 infection where SVR has been 

achieved in recipients with no reported ADRs, off-target effects, or development of 

secondary complications, e.g. hepatocellular carcinoma (HCC) (428,429).  

 

Additionally, Miravirsen monotherapy is effective in achieving HCV clearance albeit 

in a dose-dependent manner (430). Besides inhibiting the replication of HCV, 

treatment with Miravirsen also results in reduced cholesterol which supports the 

notion that HCV is reliant upon elements of host lipid metabolism that are recruited 

by miR-122 during the life cycle of the virus (423). Given that the 5’-UTR of HCV is 

highly conserved between genotypes and Miravirsen targets a host-factor, miR-122, 

this therapy is thought to present a high genetic barrier to the evolution of resistant 

strains, although point mutations in the HCV 5’-UTR following prolonged treatment 

with Miravirsen and serial passage of the virus in vitro have been reported (423,431). 

 

Thus, the study of pathogen virulence factors is important to the understanding the 

mechanisms of disease pathogenesis and treatment thereof. However, a key 

concept in dissecting the underlying molecular biology of infection is identifying and 

characterising the influence of host factors.  
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1.10. Study of Host Factors in HCV Infection 

 

The study of host factors and the modulation thereof by HCV may further the 

understanding of how certain biological processes are exploited or circumvented 

during infection and lead to the development of novel therapeutics.  

The implementation of methods such as microarray analysis and functional 

genomics in the study of HCV infection has demonstrated the interplay between 

virally encoded proteins and host molecular biology that occur throughout disease 

progression whilst revealing potential therapeutic targets in the process.  

 

1.10.1. RNA Microarray 

 

RNA microarray is a chip-based platform from that can yield vast amounts of data 

relating to cellular gene transcription under certain conditions, e.g. HCV infection 

over 48 hours, from which hypotheses can be formulated and tested using functional 

genomics e.g. RNAi (432).  The advantages of microarray are that thousands of genes 

can be assayed in a single experiment and the sensitivity of transcript detection is up 

to over four orders of magnitude (432). Microarray data can also be analysed using 

gene ontology tools, e.g. GeneGO™ MetaCore™, to identify cellular pathways that 

involve genes which are differentially transcribed.  
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However, RNA microarray also has associated drawbacks. For example, because 

gene expression is measured in terms of transcript abundance, it is assumed that all 

RNA transcripts are expressed as protein without accounting for miRNA activity, 

regulation of protein translation, or mRNA stability. Another caveat in interpreting 

microarray data is that the intensity of the signal produced from the hybridisation of a 

labelled probe to target RNA cannot be distinguished as to whether it is generated 

due to a single cell expressing multiple transcripts or multiple cells expressing single 

transcripts (432). Thus, microarray data is often validated using polymerase chain 

reaction (PCR) experiments and supported through proteomic techniques such as 

flow cytometry and Western Blotting.  

 

1.10.2. Microarray in HCV  

 

In a study by Wu et al., whole-genome microarray analysis was performed on 

cirrhotic liver tissue samples from a cohort of patients with HCV and HCV-related 

hepatocellular carcinoma (HCV-HCC) in which it was found that the development of  

complications such as hepatic steatosis and HCC in HCV infection could be 

attributed to abnormalities in host lipid metabolism that occur during virus infection 

(433).  
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The authors reported the transcription of genes involved in fatty acid biosynthesis 

and lipid metabolism was dysregulated in both HCV and in HCV-related HCC, e.g. 

fatty acid synthase (FASN, no fold-change in HCV; +2.70-fold in HCV-HCC), acyl-

CoA synthetase long-chain family member 4 (ACSL4, +9.19-fold in HCV; +15.40-fold 

in HCV-HCC), and ELOVL fatty acid elongase 1 (ELOVL1, +1.81-fold in HCV; + 

2.29-fold in HCV-HCC) (433). Concomitantly, there was also a downregulation in the 

expression of genes involved in the catabolism of fatty acids, e.g. peroxisome 

proliferator-activated receptor α (PPARα, -2.04-fold in HCV; -3.60-fold in HCV-HCC), 

and peroxisome proliferator-activated receptor γ coactivator 1A (PPARGC1A, -1.93-

fold in HCV; -6.53-fold in HCV-HCC) (433).  

 

Similarly, it was also found that the transcription of genes associated with the 

synthesis, uptake, and transport of cholesterol were also dysregulated during HCV 

infection i.e. Very Low-Density Lipoprotein Receptor (VLDLR, + 4.25-fold in HCV; 

+3.56-fold in HCV-HCC), Niemann-Pick C1-like 1 (NPC1, -1.98-fold in HCV; -2.26-

fold in HCV-HCC), and Apolipoprotein A-I (ApoA1, -1.50-fold in HCV; -1.77-fold in 

HCV-HCC) (433). These findings were supported by biochemical assays in which 

serum-cholesterol and serum-triglycerides were lower and higher, respectively, in 

subjects with HCV-alone than in those with HCV-HCC (433). The authors concluded 

that the de novo synthesis and uptake of fatty acids were enhanced which, together 

with reduced FA catabolism in HCV infection, contribute to the increased synthesis 

and retention of triglycerides in the liver (433).  
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RNA microarray was performed in a separate study which examined the regulation 

of host genes using an in vitro model for acute HCV infection, namely the JFH-1 

isolate and Huh7 cells over the course of 48 hours, and also reported the virus to 

induce the differential transcription of genes involved in lipid metabolism, as well as 

those concerning oxidative stress, vesicle trafficking, and intracellular transport (214). 

This investigation found over 2,000 genes to be differentially transcribed during 

replication of the full-length HCV genome compared to mock infected cells over 48 

hours (214).  This finding contrasts with the effect seen in HCV SGR cells where the 

expression of the viral replicase affected the transcription of under 200 host genes 

(214).  Specifically, this study found that genes involved in the synthesis and transport 

of phospholipids and sphingolipids, e.g. sphingosine-1-phosphate phosphatase 

(SGPP1), serine-palmitoyl-CoA transferase 1 (SPTLC1), choline kinase α (CHKA), 

as well as that of fatty acids, e.g. ELOVL fatty acid elongase 4 (ELOVL4), fatty acid 

binding protein 3 (FABP3), and acyl-CoA synthetase long-chain family member 3 

(ACSL3), were overexpressed during HCV infection (214). Additionally, the increased 

anabolism of fatty acids occurred in synergy with a downregulation of genes 

concerning their degradation and oxidation e.g. acetyl-CoA acetyltransferase 2 

(ACAT2) and short/branched chain specific acyl-CoA dehydrogenase (ACADSB) 

(214).  
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A 2-fold threshold of significance was used in selecting genes of interest for 

supporting RNAi experiments, where the siRNA-mediated knockdown of genes 

concerning lipid metabolism e.g. Thioredoxin-interacting protein (TXNIP, +20.51-fold 

at 24 hours p.i., +21.96-fold at 48 hours p.i.) and cytochrome P450 1A1 (CYP1A1, 

+5.19-fold at 24 hours p.i., +2.58-fold at 48 hours p.i.) resulted in an 85% and 60% 

reduction in viral RNA synthesis, respectively (214). Furthermore, the siRNA-mediated 

knockdown of TXNIP and CYP1A1 in JFH-1 infected Huh7 cells lowered virus 

secretion by 90% and 75%, respectively (214). This study indicated that TXNIP 

regulates the expression of downstream targets, e.g. TXNIP functions as a negative 

regulator of the mitochondrial β-oxidation of fatty acids (FAs) via PPARα, and that 

the modulation of genes such as TXNIP may affect cellular pathways e.g. lipid 

metabolism, upon which the HCV life cycle is dependent (214,434).  

 

1.10.3. Functional genomics 

 

The functions of differentially expressed host factors during virus infection identified 

from RNA microarray analyses can be validated and further investigated by 

incorporating techniques such as RNA interference (RNAi) and quantitative-reverse 

transcription polymerase chain reaction (qRT-PCR), along with supporting 

proteomics and biochemical assays, to determine the effect such proteins have on 

the replication of a pathogen.  
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For example, a study by Blackham involving JFH-1 infected Huh7 cells  

(MOI - 3) and qRT-PCR showed that TXNIP mRNA was upregulated by 

approximately 35-fold and 50-fold at 24 hours and 48 hours post-infection (p.i.), 

respectively, which contrasts with the ~20-fold increase seen at both timepoints in 

the microarray study (215).  

 

In addition to this, the transcriptional fold-changes of a panel of genes involved in 

fatty acid (FA) metabolism including ELOVL4, ELOVL7, ACSL3, SREBP1, and 

PPARγ, as well as PPARGC1A (PGC1A) were also upregulated to levels higher than 

those observed in the microarray study (215). Blackham also developed an HCV gt2a 

subgenomic replicon (SGR) cell line using Huh7 cells in which it was found that the 

expression of HCV NS proteins did not affect the transcription of genes concerned 

with the metabolism of FAs. In contrast, PPARGC1A is involved in the production of 

intracellular lipid droplets (LDs) and was found to undergo a significant (~6-fold) level 

of transcription in HCV SGR cells (215).  

 

In addition to validating data from the microarray study, Blackham also performed 

small interfering RNA (siRNA) experiments which targeted TXNIP in JFH-1 infected 

Huh7 cells (MOI - 3), where an 90% suppression of this host protein resulted in a 

reductions of HCV RNA, extracellular virus titre, and HCV NS3 expression by 82%, 

90%, and 80%, respectively (215).  
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Interestingly, the siRNA-mediated knockdown of TXNIP in JFH-1 infected Huh7 cells 

led to the increased expression of genes that are targeted by PPARα and related to 

host metabolism such as long chain-specific acyl-CoA dehydrogenase (LCAD), 

tribbles pseudokinase 3 (TRIB3), carnitine palmitoyl transferase 1a (CPT1a), 

pyruvate dehydrogenase kinase 4 (PDK4), enoyl-CoA hydratase 1 (ECH1), and acyl 

CoA oxidase 1 (ACOX1) (215). In tandem, knockdown of TXNIP brought about the 

reduced expression of pro-lipogenic genes such as acyl-CoA synthetase long-chain 

family member 3 (ACSL3) and fatty acid transport protein 2 (SLC27A2) with no 

observable effects on cell viability (215). Blackham also performed biochemical assays 

to determine the effect of viral protein expression on the intracellular concentration of 

lipid metabolites in JFH-1 and HCV SGR models in which an increased abundance 

of both triglycerides (TGs) and lipid droplets (LDs) was attributed to the 

overexpression of TXNIP. 

 

1.10.4. Thioredoxin-interacting protein (TXNIP) 

 

Thioredoxin-interacting protein (TXNIP) is a 50 kDa protein, consisting of 397 amino 

acids, that has structural homology to the arrestin family of proteins, i.e. arrestin-

domain containing (ARRDC) proteins 1 – 5,  which function as intracellular 

scaffolding molecules involved in receptor mediated endocytosis, ubiquitination, and 

signal transduction (435,436). As described in the previous section, TXNIP is a factor in 

the dysregulation of host lipid metabolism during HCV infection in which it also 

appears to enhance proliferation of the virus.  
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Therefore, in order to understand how HCV may induce the overexpression of 

TXNIP, the mechanisms underlying the transcriptional induction and regulation as 

well as the functions of this protein will be described. 

 

1.10.4.1.  TXNIP Transcriptional induction 

 

In the context of HCV infection, there are two mains sources of TXNIP expression, 

namely elevated glucose concentrations, via the transcriptional activity of Mlx-MlxIP 

heterodimers following their nuclear translocation, and oxidative stress brought by 

ROS and/or misfolded and oxidised proteins (section 1.10.5.).  

 

As described in section 1.7.3.1., the phosphorylation of glucose to glucose-6-

phosphate by hexokinase (HXK2), causes displacement of the enzyme from the 

outer mitochondrial membrane which, in turn, induces the nuclear translocation of 

Max like protein (Mlx) by its complex with Max like protein-interacting protein (MlxIP) 

(271). Following nuclear entry, Mlx may induce the transcription of either lipogenic 

genes such as TXNIP or other glycolytic targets e.g. HXK2, by binding to CACGTG 

E-box motifs that comprise carbohydrate response elements (ChoREs) within in their 

respective promoters (271,437,438). Interestingly, the induction of TXNIP by Mlx-MlxIP 

heterodimers is reported to be promoted by the combination of hypoxic conditions, 

high glucose concentration, and an abundance of intracellular Ca2+ ions (271,438,439).   
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This phenomenon has been tested in neuronal cells both in vivo and in vitro, where 

the expression of TXNIP was pharmacologically inhibited with the use of calcium 

channel blockers, e.g. diltiazem, verapamil, and 2-aminoethoxydiphenyl borate  

(2-APB) (439). The authors report that the treatment of cortical neurons with 2-APB, 

which prevents calcium store depletion through the inhibition of inositol-1,4,5-

triphosphate receptors (IP3R), fully inhibited TXNIP expression, and contrasts with 

the blockade of calcium ion efflux from L-type calcium channels, analogous to 

voltage dependent anion channels, which significantly reduced TXNIP expression, 

although in a dose-dependent manner (439). 

 

Similarly, Chen et al., investigated the mitochondrial localisation of TXNIP in diabetic 

cardiomyopathy and its involvement in the mitochondrial associated pathway of 

apoptosis, a process that is characterised by cytochrome C (CYCS) release, and 

caspase-3 cleavage (440,441). Similar to the study by Kim et al., this study also found 

TXNIP expression as well as caspase-3 cleavage, and the apoptosis of 

cardiomyocytes to be reduced when verapamil was applied to a mouse model for 

obesity-induced diabetes (441). The group remarked that calcium may contribute to 

the overexpression of TXNIP through the control of key transcriptional mediators 

such as MlxIP (441). Furthermore, similar results were also found in pancreatic β-cells 

where loss of β-cell mass is symptomatic of diabetes (442).  
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Additionally, Xu et al., treated both INS-1 and primary human islet cells with 

Verapamil and found TXNIP expression to be inhibited in vitro (442). The group also 

applied this treatment to streptozotocin- and obesity induced murine models for 

diabetes, where an improvement in  endogenous insulin levels and glucose 

metabolism, as well as a prevention of T2DM was observed (442).  However, Xu et al, 

suggested an alternative mechanism for the promotion of β-cell survival which, in 

addition to a reduction of intracellular calcium, involved the transcriptional repression 

of TXNIP due to diminished occupation of the ChoRE in its promoter by Max like 

interacting protein like protein (MlxIPL), a paralog of MlxIP (271,442). 

 

Collectively, these studies demonstrate that the concentration of intracellular calcium 

ions may be an important factor in the transcriptional induction, and therefore, 

overexpression of TXNIP that is mediated by Mlx (215,271,442,443). Thus, the abundance 

and localisation of intracellular Ca2+ ions may be contributing factors in the 

dysregulation of host lipid metabolism during HCV replication. 

 

1.10.4.2.  TXNIP mRNA Regulation 

 

TXNIP protein expression may be regulated at a post-transcriptional level through 

mechanisms that modulate the abundance of mRNA transcripts which occur due to 

the induction of the unfolded protein response (UPR), and the expression of both 

histone deacetylases (HDACs) and histone acetyltranferases (HATs). 
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1.10.4.2.1. TXNIP mRNA Regulation by the Unfolded Protein Response (UPR) 

 

The abundance of TXNIP mRNA may be regulated post-transcriptionally via the 

action of microRNA 17 (miR-17) in a mechanism that is outlined in section 1.9.5.2., 

which may be disabled following the induction of ER stress and the unfolded protein 

response (UPR).  

 

Lerner et al., reported that TXNIP mRNA may be regulated by the endoribonuclease 

activity of inositol requiring enzyme-1α (IRE-1α) that follows the induction of the UPR 

in pancreatic β-cells (444). In non-stressed cells, the 3 effector proteins of the UPR, 

i.e. IRE1-α, PKR-like ER Kinase (PERK), and activating transcription factor 6 (ATF6), 

are tethered to the ER by GRP78. However, perturbation of the ER membrane, as in 

the rearrangement induced by HCV NS4B, causes the release of activated IRE1-α, 

PERK, and ATF6 from GRP78, as a means to reduce protein synthesis at various 

levels (445). miR-17 may regulate the translation of TXNIP through the destabilisation 

of mRNA transcripts. However, miR-17 is subject to degradation by the 

endoribonuclease properties of active IRE-1α following induction of the UPR, which 

leads to unregulated levels of TXNIP mRNA and, therefore, an overexpression of 

protein (Figure 16) (444).  
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Figure 16 - TXNIP mRNA regulation by activated IRE-1α following ER stress 
 
(1) No ER stress: Under physiological conditions, IRE-1α is inactive and bound to GRP78 and TXNIP mRNA is 
destabilised by the regulatory microRNA, miR-17. (2) ER stress: Following induction of the UPR, IRE-1α 
dissociates from GRP78, undergoes autophosphorylation, and miR-17 is degraded by the endoribonuclease 
activity of active IRE-1α. TXNIP mRNA is preserved as a result of diminished miR-17 levels due to active IRE-1α 
(444)

. 

 

1.10.4.2.2. TXNIP mRNA Regulation by Histone Deactylases (HDACs) and 
Histone Acetyltransferases (HATs) 

 

Nuclear DNA is packaged with proteins known as histones to form chromatin of 

which histone acetylation is a pre-requisite for chromatin structure and, therefore, 

gene expression (446). Such histones feature conserved Lys residues that may be 

acetylated by histone acetylases (HATs) to promote gene transcription or, in the 

instance of TXNIP, deactylated by histone deacetylases (HDACs) to repress the 

transcription of its mRNA (446). The transcription of TXNIP mRNA may be regulated 

by the action of the cytoplasmic class II histone deactylase, HDAC10 (446). Lee et al., 

targeted the expression of HDAC10 for siRNA-mediated knockdown which was 

found to increase both TXNIP mRNA and protein, intracellular ROS, and pro-

apoptotic markers such as CYCS that are characteristic of the mitochondria-

associated pathway of apoptosis being induced (440,447).  
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Thus, the authors of this study concluded that TXNIP expression may also be 

affected by the abundance of class II HDACs which affects both redox signaling and 

apoptosis in gastric cancer (447). Conversely, elevated glucose in INS-1 and primary 

islet cells leads to the co-localisation of Mlx-MlxIPL heterodimers and p300 HAT 

protein at the ChoRE in the TXNIP promoter which enhances the transcription of 

TXNIP mRNA by acetylating histone H4 and facilitating the recruitment of RNA 

polymerase II (448).  

 

1.10.5. TXNIP Function 

 

Thioredoxin interacting protein (TXNIP) is primarily a regulator of cellular redox state 

that binds to and inhibits the activities of both isoforms of Thioredoxin (Trx1, Trx2), a 

thiol oxidoreductase (440,449). In cells where the microenvironment is reduced, 

intermolecular disulfide bridges are formed between cysteine (Cys) residues 

between the Trx1 active site (Cys32, Cys35) and TXNIP (Cys63, Cys247). However, 

in the presence of ROS, both Cys32 and Cys35 of the Trx1 active site are oxidised 

and the Trx1-TXNIP complex dissociates to enable the reducing properties of Trx1 

(435,440). 

 

Conversely, Thioredoxin-2 (Trx2) is localised to the mitochondrial compartment 

where it is bound to and inhibits the mitogen activated protein kinase kinase kinase 

(MAPKKK), apoptosis signal-regulating kinase 1 (ASK1) (440).  
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However, TXNIP may also bind to Trx2 during oxidative stress which leads to the 

release of ASK1 in its active form to initiate the stress related, mitochondria-

associated pathway of apoptosis (section 1.10.4.1.) (440,441). 

 

1.10.5.1. TXNIP and Glucose Metabolism 

 

The functions of TXNIP, in addition to binding Thioredoxin and inhibiting its thiol-

oxidoreductase properties, include regulating the cellular metabolism of both glucose 

and lipids. The expression of TXNIP, as well as its paralog arrestin domain-

containing 4 (ARRDC4) protein, has been found to correlate with the decreased 

uptake of glucose by cells but compensates for this by promoting endogenous 

glucose production (EGP) (section 1.8.1) (450,451). This has been shown by Chutkow 

et al., who engineered a strain of mice to have a liver-specific TXNIP-gene deletion 

and were characterised as having a hypoglycaemic and hyperinsulinaemic 

phenotype as well as impaired EGP (451). It was found that hepatocellular glucose-

release was 2-fold lower than controls, whereas the secretion of β-hydroxybutyrate, 

a ketone body resulting from the oxidation of fatty-acids, was 2.4-fold higher in this 

model (451). EGP was not present in these animal models, where the absence of 

TXNIP  expression did not affect the transcription of gluconeogenic genes such as 

phosphoenolpyruvate carboxykinase 1 (PCK1), G6Pase, and pyruvate carboxylase 

(451).  
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Furthermore, genes concerning lipid anabolism such as fatty acid synthase (FASN), 

acetyl co-A carboxylase 2 (ACC2) and carnitine palmitoyl transferase 1 (CPT1) were 

downregulated in this animal model, although transcription of lipoprotein lipase (LPL) 

was significantly increased (+3-fold) (451). The authors of this work found that 

overexpression of wild-type TXNIP, but not a mutant variant featuring a mutation in 

Cys247 that is crucial to its interaction with Trx, rescued glucose production in 

TXNIP-null mice and concluded that TXNIP is important to the regulation of host 

metabolism (451). 

 

1.10.5.2. TXNIP and Lipid Metabolism 

 

The expression of TXNIP also correlates with the dysregulation of host lipid 

metabolism which occurs in parallel to processes that are involved in the production 

and utilisation of intracellular glucose. Many of the effects of TXNIP on host lipid 

metabolism are brought about via its activation of the NLRP3 inflammasome,  

a tri-partite protein complex that consists of NACHT, LRR, and PYD domains-

containing 3 (NLRP3) protein in association with apoptosis-associated speck-like 

protein containing a caspase-recruitment domain (ASC) that recruits the active form 

of caspase-1 (CASP1) (452,453). As mentioned in section 1.10.4., TXNIP features 

arrestin domains in its respective amino- and carboxy terminals (453). Current 

evidence suggests that during oxidative stress and the dissociation of TXNIP from 

Trx, the arrestin domains of TXNIP interact with the NACHT and LRR domains of 

NLRP3.  
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This activating signal is then transduced by the sequential recruitment of ASC and 

CASP1 to complete formation of the NLRP3 inflammasome complex in the 

perinuclear space between the endoplasmic reticulum (ER) and mitochondria (453–

455). Following assembly of the active NLRP3 inflammasome complex, CASP1 

mediates the processing of immature interleukin-1β (IL-1β) and IL-18 that are 

induced by NF-κB signaling to produce bioactive and secretory pro-inflammatory 

cytokines, and activates sterol regulatory element binding proteins (SREBPs) that 

stimulate lipogenesis via the induction of genes, e.g. fatty acid synthetase (FASN) 

(85,456,457). It has also been reported that the hepatocellular expression of HCV 

proteins can induce the upregulation of inflammasome components, i.e. NLRP3 and 

ASC, which together with the overexpression of TXNIP may account for the 

increased production of IL-1β and IL-18, as well as the dysregulation of lipid 

metabolism via SREBP-processing, e.g. SREBP-1c, that occurs during HCV 

infection (85,214,215,454,456–458). Furthermore, the presence of intracellular ROS and 

NLRP3 inflammasome activation is reportedly suppressed following inhibition of 

mitochondrial VDACs which suggests that the source of TXNIP-Trx dissociation, and 

hence the dysregulation of lipid metabolism in HCV infection may be related to the 

perinuclear ER-mitochondrial interface (455). Therefore, TXNIP overexpression may 

contribute to the dysregulation of host lipid metabolism and the proliferation of HCV 

by way of activating the NLRP3 inflammasome which processes SREBP-1c to 

transcriptionally induce lipogenic genes such as acetyl CoA-carboxylase (ACC), fatty 

acid synthase (FASN), pyruvate kinase (PK), and Glucokinase (GCK) (459). 
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Hypothesis & Aims 

 

Hypothesis 

The dysregulation of lipid metabolism caused by TXNIP overexpression during HCV 

infection can be suppressed through: the inhibition of pathways concerning 

Endoplasmic Reticulum (ER) stress and induction of the unfolded protein response 

(UPR), and mitochondrial dysfunction caused by calcium ion overload. 

 

Aims 

 

Microarray data concerning the JFH-1 infection of Huh7 cells over 48 hours will be  

re-evaluated using GeneGo™ Metacore™ software and examined for changes in 

gene transcription related to ER stress and the unfolded protein response (UPR)  

and to identify whether glucose may contribute to the dysregulation of lipid 

metabolism during HCV replication.  To see if the induction of ER stress gives rise to 

disturbances in calcium homeostasis and host gene transcription, cytosolic calcium 

concentrations will be measured in HCV SGR- and JFH-1 infected Huh7 cells. To 

show whether host lipid metabolism is dysregulated in HCV replication models 

relative to uninfected controls, baseline measurements for TXNIP and downstream 

lipogenic gene transcription will be determined over 48 hours.  
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To observe the extent by which induction of the UPR contributes to the dysregulation 

of lipogenic gene transcription and the replication of replicon and virus, the IRE-1α 

arm of the UPR will be inhibited in both HCV SGR- and JFH-1 infected Huh7 cells 

and the effects determined over 48 hours.  

 

The effects of alterations in Ca2+ homeostasis on genes involved in lipid and glucose 

metabolism will be examined in HCV gt2a infection models by measurement of 

mitochondrial calcium ion concentration and by inhibition of calcium ion overload.  

To determine whether mitochondrial dysfunction brought about by calcium ion 

overload contributes to the dysregulation of lipid metabolism and the replication of 

virus and replicon in HCV gt2a infection models, mRNA transcript abundance for 

genes concerning glucose and lipid metabolism, intracellular glucose and triglyceride 

concentration, together with glycogen and lipid droplet (LD) content, and virus 

replication will be measured. 
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Chapter 2: Materials & Methods 
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2.1. Materials 

The items that were required during this project and the supplier from which they 

were obtained are listed as follows. 

 

2.1.1. Reagents 

Item Supplier 

DMEM high Glucose, GlutaMAX™, pyruvate. Invitrogen, UK 

DMEM, no Glucose  Invitrogen, UK 

PBS, pH 7.4 (×10) Invitrogen, UK 

PBS 1× without calcium magnesium and phenol red Fisher Scientific, UK 

DMSO Fisher Scientific, UK 
Fetal Bovine Serum, qualified, E.U. approved, South 
America origin Invitrogen, UK 

Penicillin-Streptomycin Invitrogen, UK 

Geneticin (G418) [50 mg/ml] Invitrogen, UK 

TRIzol®  Invitrogen, UK 

Chloroform  Sigma-Aldrich, UK 

Nuclease Free Water  Invitrogen, UK 

Isopropanol VWR, UK 

25:24:1 Phenol:Chloroform:Isoamyl Alcohol Sigma-Aldrich, UK 

Sodium Citrate [0.1M] 

Sodium citrate dehydrate Sigma-Aldrich, UK 

Absolute Ethanol VWR, UK 

Sodium Acetate [3M] 

Sodium Acetate Sigma-Aldrich, UK 

PCR Primers  Invitrogen, UK 

Oligo(dT)18 Primer Thermo Scientific, UK 

Oligo d(T) primers Invitrogen, UK 

dNTP Mix Promega, UK 

Absolute Ethanol VWR, UK 
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2.1.2. Consumables 

Item Supplier 

6-Well Cell Culture Plates, Corning  VWR, UK 

12-well plates, Corning® CellBIND® surface VWR, UK 

96-well F-bottom plate with lid VWR, UK 

60-well plates VWR, UK 

T75cm2 cell culture flask, TC treated VWR, UK 

T25cm2 cell culture flask, TC treated VWR, UK 

Cryogenic vial CryoTube internal thread 1ml  Fisher Scientific, UK 

50ml freestanding centrifuge tubes VWR, UK 

15ml BD Falcon tubes VWR, UK 

Serological pipettes (5ml)  VWR, UK 

Serological pipettes (10ml)  VWR, UK 

Serological pipettes (25ml)  VWR, UK 

1.7ml Axygen microtubes Fisher Scientific, UK 

0.45 μm Stericup® 150ml filter units Fisher Scientific, UK 
Amicon Ultra-15 Centrifugal Filter Unit with Ultracel-
100 membrane Millipore, UK 

Rinzl Plastic Coverslips, Size 18x18mm Emsdiasum, USA 
Nitrocellulose Pre-Cut Blotting Membranes, 0.45 µm 
pore size Invitrogen, UK 

2 - 200μl yellow pipette tips  VWR, UK 

50 - 1000μl blue pipette tips VWR, UK 

1-10μl Maximum recovery filter tip Thistle Scientific, UK 

20μl Maximum recovery filter tip Thistle Scientific, UK 

200μl Maximum recovery filter tip Thistle Scientific, UK 

1000μl Maximum recovery filter tip Thistle Scientific, UK 

Lightcycler Capillaries Roche, UK 

Shandon Microscope Slides VWR, UK 

Coverglass 20×20mm VWR, UK 
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2.1.3. Enzymes 

Item Supplier 

XbaI [20,000 units ml-1] New England Biolabs, USA 

Mung Bean Nuclease New England Biolabs, USA 

10× Mung Bean Nuclease Buffer New England Biolabs, USA 

100× BSA New England Biolabs, USA 

Proteinase K (20mg/ml) ThermoFisher Scientific, UK 

M-MLV Reverse Transcriptase Promega, UK 
Recombinant RNAsin ribonuclease inhibitor (40 
units μl-1) Promega, UK 

TURBO DNA-free™ (DNAse) Invitrogen, UK 

 

2.1.4. Kits 

Item Supplier 

Mitochondrial ToxGlo® Assay Promega, UK 

Triglyceride Quantification kit Abcam, UK 

QuantiTect SYBR Green RT-PCR Kit Qiagen, UK 

Hs_miR-17_2 miScript Primer Assay Qiagen, UK 

Hs_RNU6-2_11 miScript Primer Assay Qiagen, UK 

miScript II RT Kit Qiagen, UK 

miScript SYBR Green PCR Kit Qiagen, UK 

QuantiTect SYBR Green PCR Kit Qiagen, UK 

2× PCRBIO UltraMix PCR Biosystems, UK 

QIAprep Spin Mini-prep kit Qiagen, UK 

T7 Megascript Kit Invitrogen, UK 
 

2.1.5. Markers 

Item Supplier 

10kb DNA ladder Promega, UK 

BenchmarkTM Pre-Stained Protein Ladder Invitrogen, UK 
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2.1.6. Buffers 

Item Supplier 

M-MLV Reverse Transcriptase Buffer Pack Promega, UK 

Resolving gel buffer National Diagnostics, USA 

Stacking gel buffer National Diagnostics, USA 

10× Tris/Glycine/SDS Running buffer National Diagnostics, USA 

6× DNA Loading Buffer Promega, UK 

NEBuffer 2 New England Biolabs, USA 
4× Laemmli sample loading buffer  

Tris-HCl [50mM] (pH 6.8)  
Glycerol (4% v/v)  

Ethylenediaminetetraacetic acid (EDTA) [12.5mM] 
Bromophenol Blue (0.02% w/v) 

Sigma-Aldrich, UK 
VWR, UK 
Sigma-Aldrich, UK 
BDH Laboratory Supplies, UK 

Triton X-100 Lysis Buffer 
Tris-HCl [20mM] 

Sodium chloride [150mM] 
Ethylenediaminetetraacetic acid (EDTA) [1mM] 

Triton X-100 (0.5% v/v) 
HALT Protease Inhibitors [1×] 

Sigma-Aldrich, UK 
Sigma-Aldrich, UK 
Sigma-Aldrich, UK 
Sigma-Aldrich, UK 
Thermo Scientific, UK 

TBE buffer 

Tris Base [89mM] Sigma-Aldrich, UK 
Ethylenediaminetetraacetic acid (EDTA) [2mM]  

Boric Acid [89mM] 
Sigma-Aldrich, UK 
Amresco, UK 

TE Buffer (pH 8.3) 

Tris-HCL [10mM] Sigma-Aldrich, UK 

Ethylenediaminetetraacetic acid (EDTA) [1mM] Sigma-Aldrich, UK 

Transfer Buffer 

Tris/Glycine/SDS running buffer [1×] National Diagnostics, USA 
Methanol (20% v/v) VWR, UK 
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Item Supplier 

TBS-T   

Tris [0.25 mM]  Sigma-Aldrich, UK 

Sodium chloride [137mM]  Sigma-Aldrich, UK 

Potassium chloride [2.7mM]  Sigma-Aldrich, UK 

Tween-20 (0.05% v/v) Sigma-Aldrich, UK 

Mitochondrial Isolation Buffer 

Calcium chloride [0.75mM] Sigma-Aldrich, UK 

HEPES [20mM] Sigma-Aldrich, UK 

Sodium chloride [130mM] Sigma-Aldrich, UK 

Potassium chloride [4.5mM] Sigma-Aldrich, UK 
Magnesium chloride [1.2mM] 

Disodium phosphate [1mM] 
Sigma-Aldrich, UK 
Sigma-Aldrich, UK 

D-Glucose [21mM] Sigma-Aldrich, UK 

Sodium pyruvate [5mM] Sigma-Aldrich, UK 
 

2.1.7. Antibodies 

Item Supplier 

Anti-HCV NS3 antibody (Mouse monoclonal) Virogen, UK 

Anti-Hepatitis C Virus Core Antigen antibody (C7-50) Abcam, UK 

Alexa Fluor® 594 Donkey Anti-Mouse IgG (H+L)  Invitrogen, UK 

Alexa Fluor® 488 Donkey Anti-Mouse IgG (H+L)  Invitrogen, UK 

Anti-HCV NS3 antibody (Mouse monoclonal) Virogen, UK 

Mouse Anti-TXNIP/VDUP1  JY1 clone antibody MBL International, USA 

Rabbit anti-Actin Sigma-Aldrich, UK 

Polyclonal Goat Anti-mouse Immunoglobulins HRP Dako, UK 
 

2.1.8. siRNA sequences (simplex) – Sigma-Aldrich 

siRNA Sequence 

siTXNIP (TXNIP-1) 5’-CAUCCUUCAAAGGAAAAUA[dT][dT]-3’ 

siN/T                                 5’-GAUCAUACGUGCGAUCAGA[dT][dT]-3’ 

siMlx (Mlx-1) 5’-GAGUAUGCCUACAGCGACA[dT][dT]-3’ 
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2.1.9. Primer Sequences – Invitrogen 

2.1.9.1. Reference 

Gene Forward Reverse 

GAPDH 5’-CCCAATACGACCAAATCCG-3’ 5’-CTCTGCTCCTCCTGTTCGAC-3’ 

HCV 5’-TCTGCGGAACCGGTGAGTA-3’ 5’-TCAGGCAGTACCACAAGGC-3’ 

 

2.1.9.2. ER stress markers 

Gene Forward Reverse 

STC2 5’-TACCTCAAGCACGACCTGTG-3’ 5’-AGCAAGTTCACGAGGTCCAC-3’ 

HSPA5 5’-CACAGTGGTGCCTACCAAGA-3’ 5’-TGTCTTTTGTCAGGGGTCTTT-3’ 

 

2.1.9.3. Mitochondrial DNA (mtDNA) 

Gene Forward Reverse 

mtDNA  

5’-TCTAAGCCTCCTTATTCGAGC-

CGA-3’ 

5’-TTTCATCATGCGGAGATGTTGGA-

TGG-3’ 
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2.1.9.4. Glucose metabolism 

Gene Forward Reverse 

CYCS 5’-GGCGTGTCCTTGGACTTAGA-3’ 5’-GTGTGGCACTGGGAACACTT-3’ 

ATP5L 5’-ATGGCCCAATTTGTCCGTAA-3’ 5’-CAGCTCAACCTTGGCGTAGT-3’ 

NDUFAF4 5’-AGCAAGATGAAGCCCTCTGT-3’ 5’-TCCTTCGGCTCTTGACATGT-3’ 

NDUFAF5 5’-TGCATCGAGACACAATGCTG-3’ 5’-CCGGTGGCATAAGGTTGTTT-3’ 

OGDH 5’-GGCCAGATCCAGCTTTGATG-3’ 5’-AGGAGGTCAAAGGGGAATGG-3’ 

ACLY 5’-CCACACTGCAAACTTCCTCC-3’ 5’-GTGGTGCTCTTTCCTTGTGG-3’ 

PPARGC1A 5’-TCAAGCCACTACAGACACCG-3’ 5’-GCCTCTCGTGCTGATATTCC-3’ 

MLX 5’-GTGTGTCTTCAGCTGGATCG-3’ 5’-CCTCTTGTTGGCTGTTCTCC-3’ 

 

2.1.9.5. Lipid metabolism 

Gene Forward Reverse 

TXNIP 5’-ATAAAAGCCCTTTGAACCCC-3’ 5’-GCTCAGTGCTCTGACACAGG-3’ 

ELOVL4 5’-CTGGTCCATCGCAGATAAGC-3’ 5’-AGGTTCTCGGTCCTTCATCC-3’ 

ELOVL7 5’-CTATGGACTTTCTGCATTGGG-3’ 5’-AACTGGCTTATGTGGATGGC-3’ 

FABP3 5’-AGTTCAGTCAGTGATGGGGC-3’ 5’-GAACCTGAATTCTGGAAAGGG-3’ 

IRS2 5’-ACCTACGCCAGCATTGACTT-3’ 5’-CATCCTGGTGATAAAGCCAGA-3’ 

ACSL3 5’-ACACAAGGGCGCATATCTTC-3’ 5’-AGGGTGGCAAATGTTACAGC-3’ 

ARRDC4 5’-TTGGTTTTGTGAGCTGAGAGC-3’ 5’-CAGTATTCTGCAGGGGAAGC-3’ 
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2.1.10. Cells 

Item Supplier 

Huh7 Dr. Marcus Dorner (Imperial College) 

Huh7.5 Dr. Marcus Dorner (Imperial College) 

HCV SGR (gt2a) Samantha Blackham (Imperial College) 
 

2.1.11. Plasmids 

Item Supplier 

pJFH-1 
Takaji Wakita (National Institute of 
Infectious Diseases) 
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2.2. Methods 

2.2.1. Re-evaluation of Microarray Data 

 

The datasets from a microarray study involving the infection of Huh7 cells with the 

JFH-1 isolate of HCV were downloaded as .CEL files from the Gene Expression 

Omnibus (accession: GDS4160) (214). A database of genes was produced from the 

raw data using Partek software and analysed using Principle Components Analysis 

(PCA) with 2-way ANOVA. The Gene IDs and corresponding fold changes were 

cross-referenced with the GeneGO™ Metacore™ database for gene ontology and 

pathway analysis.  

 

2.2.2. Cell culture 

a) Propagation of cell lines: 

Frozen stocks of cells were thawed and resuspended in 9 ml of complete DMEM in a 

T75cm2 tissue culture flask. Growth medium was replaced 24 hours later and cells 

were grown to full confluence at 5% CO2 and 37oC. HCV SGR cells received a 1% 

(v/v) supplement of G418 (Geneticin) in complete DMEM. 

b) Trypsinisation of cell lines: 

T75cm2 culture flasks were removed from incubation and cells were washed with 

phosphate buffered saline (PBS). Cells were treated with 1× Trypsin, incubated at 

37oC for 3 minutes, and displaced by agitation.  
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1× Trypsin was inactivated by the addition of complete DMEM. Trypsinised cells 

were centrifuged at 400×g for 5 minutes at room temperature, and resuspended in  

5 ml of complete DMEM.  

c) Quantification of cells: 

This method was based on instructions provided by Abcam 

(http://www.abcam.com/protocols/counting-cells-using-a-haemocytometer). A 10μl 

aliquot of resuspended cells was diluted 1:2 to with Trypan Blue. Total cell number 

was determined by duplicate cell counts in 4 fields of a Neubauer haemocytometer 

using a ×10 objective lens under light microscopy.  

d) Cell seeding densities for functional experiments: 

Gene expression: 5×105 Huh7 cells for JFH-1 experiments and 4.5×105 cells for 

HCV SGR experiments were seeded into T25cm2 tissue culture flasks.  

Fluorometric/colourimetric analyses: 5×103 cells were seeded in triplicate wells of 

a 96-well plate. 

ORO staining/siRNA transfection: 1.48×105 cells were seeded in triplicate wells of 

a 6-well plate. 

Immunofluorescence: 6×104 cells were seeded onto Rinzl plastic coverslips. 

JFH-1 virus titration:  9×104 Huh7.5 cells were seeded onto plastic square 

18×18mm coverslips for titration of JFH-1 virus. 

e) HCV gt2a infection models: 

The JFH-1 infection of Huh7 cells was prepared by replacing the culture medium of 

Huh7 cells cultured in T25cm2 flasks at 24 hours post-seeding with 5mls of complete 

DMEM.  
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Cells were infected with HCV at MOI – 7.5 or mock infected with an equal volume of 

conditioned medium. Cells were incubated at 37oC and 5% CO2, and analyses were 

carried out at 24 hours and 48 hours post-infection. HCV SGR experiments were 

performed by seeding Huh7 and HCV SGR cells into T25cm2 tissue culture flasks 

and incubated at 37oC and 5% CO2. Analyses were carried out 24 hours and 48 

hours post-seeding. 

f) Treatment of cell lines:  

HCV gt2a infection models were treated with 50 µM of STF-083010 or an equivalent 

volume of DMSO for ER stress and UPR experiments. For mitochondrial dysfunction 

and calcium homeostasis experiments, HCV gt2a infection models were treated with 

a volume of L-glutamate dissolved in complete DMEM [5 mM] at a final concentration 

of 0.5 mM. 

g) Preparation of frozen stocks of cells: 

Huh7 and HCV SGR cell lines were grown to confluence, washed, trypsinised, and 

resuspended in 1ml of foetal bovine serum with 10% (v/v) of DMSO in a 1ml 

cryogenic vial. Stocks were stored at -80oC. 

 

2.2.3. Isolation and Purification of Nucleic Acids 

a) Cell Lysis using TRIzol® Reagent 

This method was adapted from Blackham (215). Growth media was removed from 

cells cultured in T25cm2 flasks prior to treatment with 750 μl of TRIzol® reagent and 

incubation at room temperature for 5 minutes. TRIzol® lysates were homogenised 

and transferred to sterile 1.7 ml Eppendorf tubes.  
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b) Isolation of Total Cellular RNA 

RNA was isolated by adding 200 μl of chloroform to TRIzol® lysate, shaken 

vigorously for 15 seconds, and incubated at room temperature for 3 minutes. 

Samples were spun at 12,201×g and 4˚C for 15 minutes in a Hawk 15/05 

microcentrifuge (MSE, UK). The aqueous phase was transferred to a 1.7 ml 

Eppendorf tube and 500 μl of Isopropanol was added. Samples were mixed by 

inversion and incubated at room temperature for 10 minutes. Samples were 

centrifuged at 12,201×g for 10 minutes at 4˚C and supernatant was discarded.  

RNA pellets were washed with 1 ml of 75% (v/v) ethanol and centrifuged at 7,532×g 

for 5 minutes at 4oC, the supernatant discarded, and the RNA pellet was air-dried for 

15 minutes. Total cellular RNA was dissolved in 20 μl of nuclease-free water and 

genomic DNA was removed using the DNA-free Turbo DNAse kit according to 

manufacturer’s instructions. The concentration and purity (A260/280) of RNA was 

determined using a NanoDrop Lite Spectrophotometer (Thermo Fisher Scientific, 

UK) prior to storage at -80oC.  

c) Isolation of Extracellular viral RNA 

A 500 µl aliquot of growth medium was removed from JFH-1 infected Huh7 cell 

culture and cleared by centrifugation at 2,000×g for 5 minutes at room temperature 

before transfer to a new 1.7ml Eppendorf tube. TRIzol®/Chloroform extraction of 

RNA was performed as described (section 2.2.3b.). 
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d) Isolation of Total Cellular DNA 

This method was based on manufacturer’s instructions (Invitrogen, UK). 150 µl of ice 

cold absolute ethanol was added to the lower organic phases of TRIzol® lysates 

used to extract total RNA. Samples were mixed and incubated at room temperature 

for 5 minutes. Samples were centrifuged at 5,183×g for 5 minutes at 4oC in a Hawk 

15/05 microcentrifuge (MSE, UK) and the supernatant discarded. Nucleic acids were 

washed with 750 µl of 0.1M sodium citrate in 10% ethanol for 30 minutes at room 

temperature and pelleted via centrifugation at 5,183×g for 5 minutes at 4oC in a 

Hawk 15/05 microcentrifuge (MSE, UK). The supernatant was discarded and the 

wash step repeated. The pellet was washed with 1 ml of 75% ethanol and incubated 

at room temperature for 1 hour. Samples were then centrifuged at 5,183×g for 5 

minutes at 4oC and the supernatant discarded. The DNA pellet was air-dried for 15 

minutes, dissolved in 20 µl of nuclease-free water, and made to 350 μl with TE 

buffer. 350 μl of 25:24:1 phenol:chloroform:isoamyl alcohol was added and the 

mixture was shaken for 15 seconds prior to centrifugation at 15,682×g for 15 minutes 

at room temperature in a 5415 D microcentrifuge (Eppendorf, UK). The aqueous 

phases were transferred to 1.7 ml Eppendorf tubes and 0.1 volumes of 3M Sodium 

Acetate (pH 5.2) and 2.5 volumes of ice cold 100% ethanol were added.  

Mixtures were stored overnight at -80oC, and centrifuged in a 5415 D microcentrifuge 

(Eppendorf, UK) at 15,682×g for 45 minutes at room temperature. The pellets were 

washed in 1 ml of 75% ethanol and centrifuged at 15,682×g for 5 minutes at room 

temperature before air-drying for 15 minutes.  
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DNA pellets were dissolved in 20 μl of nuclease-free water and the concentration 

and purity (A260/280) was determined using a NanoDrop Lite spectrophotometer 

(Thermo Fisher Scientific, UK).  

 

2.2.4. PCR Primer Design 

 

Primer sequences were obtained from previous work or via submission of the 

Human Genome Organisation (HUGO) name for genes of interest to the 

qPrimerDepot database (http://primerdepot.nci.nih.gov/) (214,215). Sequences were 

cross-referenced for target specificity using PrimerBLAST. Primer annealing 

temperatures were optimised by preparing single qRT-PCR reactions using 200ng of 

template RNA and tested empirically at 50 – 60oC. 

 

2.2.5. Quantitative Reverse-Transcription Polymerase Chain Reaction  
(qRT-PCR) 

 

This protocol was adapted from the method used by Blackham and used for 

measuring gene transcription in Huh7 and HCV SGR cells (215). A PCR mastermix 

containing 2× QuantiTect SYBR Green (5 μl per reaction) and reverse transcriptase 

(RT, 0.1 μl per reaction) was prepared in a 1.7 ml Eppendorf tube and dispensed into 

separate Eppendorf tubes. To the reaction mix, 1 μl of forward and reverse primers 

[5mM] were added and the volume adjusted to 10 µl using nuclease-free water 

(minus the volume containing 400 ng of total cellular RNA (section 2.2.3b.)).  

PCR mixes were mixed and dispensed into PCR lightcycler capillaries in triplicate.  
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400 ng of total cellular RNA was added to each reaction and a no-template control 

(NTC) was included for each primer tested. The following program was used to 

perform qRT-PCR; 1 cycle at 50oC for 15 minutes (Reverse Transcription) and 40 

cycles for qPCR; 95oC for 15 minutes (Activation), 50 - 60oC for 30 seconds 

(Annealing), 72oC for 30 seconds (Extension), and 94oC for 15 seconds 

(Denaturation). Relative gene expression was calculated using the ∆∆CT equation 

(Equation 1) (460). 

 

Equation 1. –The ΔΔCT Equation 

 

1. ∆∆�� = ���� (���� �� �������� �� − ��������� ���� ��) −  

������� (���� �� �������� �� − ��������� ���� ��) 

�������� ���� ������ �� ���� ������������� =  ��∆∆�� 

2. �������� ������� =  
��

∆∆��
 

 

2.2.6. Isolation of JFH-1 Plasmid DNA (pJFH-1) from bacterial stocks 

 

Frozen stocks of E. coli cells containing the pJFH-1 plasmid construct (pJFH-1) were 

picked and spread on LB Agar plates before overnight incubation at 37oC. Colonies 

were picked and used to inoculate 5 ml of Luria Broth [50 μg ml-1 Ampicillin] prior to 

overnight incubation at 220rpm and 37oC in a shaking incubator.  
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Bacterial sub-cultures were centrifuged at 1,261×g for 10 minutes at room 

temperature and pJFH-1 plasmid DNA was extracted using a QIAprep Spin Mini-

prep kit according to manufacturer’s instructions.  

 

2.2.7. Preparation of pJFH-1 Plasmid DNA 

 

13 μg of pJFH-1 plasmid DNA was linearised by adding 0.5 μl of 100× BSA, 1 μl of 

XbaI [20,000 units ml-1], 5 μl of 10× NEBuffer 2, 2 μg of pJFH-1, and the volume 

made to 50 μl with nuclease-free water. The mixture was incubated at 37oC for 6 

hours and heat-inactivated at 65oC for 20 minutes.  2 μl Mung Bean Nuclease 

(10,000u ml-1), 2.5 μl 10× Mung Bean Nuclease Buffer, and 10.5 μl nuclease-free 

water was added to 10 μl of linearised JFH-1 DNA, and the reaction mix was 

incubated in a water bath at 37oC for 1 hour. The reaction was inactivated by 

proteinase K digestion and JFH-1 DNA was extracted using sodium acetate/ethanol 

precipitation (section 2.2.3d.) 
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2.2.8. In vitro transcription of JFH-1 RNA 

 

JFH-1 RNA was synthesised using the T7 Megascript kit according to manufacturer’s 

instructions. In summary, a 20 μl T7 Megascript reaction mix was prepared in a  

1.7 ml Eppendorf tube containing 2 μl of each ribonucleotide (rATP, rUTP, rGTP, and 

rCTP), ~1 μg of linearised JFH-1 DNA, 2 μl of 10× Reaction Buffer, 2 μl of Enzyme 

Mix, and the volume made to 20 µl using nuclease-free water. The transcription 

reaction was incubated overnight in a water bath at 37oC, and JFH-1 RNA was 

isolated using TRIzol® extraction (section 2.2.3b.). 

 

2.2.9. Production of infectious Hepatitis C virus (JFH-1) 

 

This method was adapted from Baillie (461). 6×105 Huh7.5 cells were seeded into a 

well of a 6-well plate in 2 ml of DMEM supplemented with 10% FBS without 

antibiotics and incubated overnight at 37oC and 5% CO2. Cells were removed from 

incubation and culture medium was replaced with 1 ml OptiMEM transfection 

medium and returned to incubation for 1 hour. 2 μg of T7 JFH-1 RNA in 500 μl of 

OptiMEM was incubated at room temperature for 20 minutes to prepare a JFH-1 

RNA mastermix.  4 μl of Lipofectamine 3000™ in 500 μl of OptiMEM was incubated 

at room temperature for 5 minutes to prepare a Lipofectamine mastermix. JFH-1 

RNA and Lipofectamine 3000™ mastermixes were combined, mixed, and incubated 

at room temperature for 20 minutes. Cells were removed from incubation and 

OptiMEM was replaced with 1 ml of Lipofectamine 3000™/JFH-1 RNA mix.  
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Cells were incubated overnight and transfection media was replaced with 2 ml of 

antibiotic-free DMEM the following day. 

 

2.2.10. Production of JFH-1 virus stocks via serial passage 

 

This method was based on a protocol published by Yi (462). Huh7.5 cells were 

prepared 1:4 in T75cm2 cell culture flasks (section 2.2.2.). The following day, growth 

media was removed and the cells treated with 1.5 ml of JFH-1 infectious media and 

incubated at 37oC and 5% CO2 for four hours before a further 13.5 ml of complete 

DMEM was added. Infected  

 

2.2.11. Preparation of JFH-1 virus stocks 

 

Infectious media was collected every 4 days and cleared by centrifugation at 

2,000×g for 5 minutes. The supernatant was filtered through a 0.45μm 150 ml filter 

unit and concentrated using an Amicon® Ultra-15 Centrifugal Filter Device by 

centrifugation at 4,000×g and 4oC for 20 minutes. Growth media from naive Huh7.5 

cells was collected, cleared, filtered, and concentrated as above to prepare 

conditioned medium for mock infected controls. 
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2.2.12. Immunostaining of HCV Antigens 

 

At 24 hour and 48 hour time points, cells were removed from incubation, growth 

media was discarded and the cells washed with PBS. Cells were fixed with 4% 

paraformaldehyde for 30 minutes at room temperature. Fixed cells were 

permeabilised using 0.1% Triton X-100 in PBS for 20 minutes at room temperature 

and blocked with 1% BSA in PBS for 30 minutes. 1% BSA in PBS was removed and 

the cells were incubated with 1/100 mouse anti-HCV NS3 antibody (HCV SGR, Huh7 

cells), or 1/200 mouse anti-HCV core C7-50 (mock, JFH-1 infected Huh7 cells) for 

one hour at room temperature. The cells were washed three times with PBS for 5 

minutes at room temperature and incubated with either 1/200 Alexa Fluor 488 

donkey-anti mouse (HCV SGR, Huh7 cells) or 1/600 Alexa Fluor 594 donkey-anti 

mouse (mock, JFH-1 infected Huh7 cells) antibodies for one hour at room 

temperature. The cells were washed three times with PBS for 5 minutes at room 

temperature and coverslips were mounted onto Shandon microscope slides using 

1/1000 4',6-diamidino-2-phenylindole (DAPI) in Mowiol mounting medium. Slides 

were observed under a Nikon TE2000-S fluorescent microscope and images were 

captured with Lucia G software. 
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2.2.13. Titration of JFH-1 infectivity 

 

9×104 Huh7.5 cells were seeded onto 0.1% gelatin-coated plastic coverslips in a  

12-well plate and incubated at 37oC and 5% CO2 overnight. At time of infection, 

growth media was replaced with 650 μl of DMEM.  Duplicate wells were inoculated 

with a 100 μl volume of concentrated JFH-1 virus stock in DMEM that corresponded 

to 1×10-2, 1×10-3, or 1×10-4 dilutions. Infected cells were incubated at 37oC and 5% 

CO2 for 48 hours, after which the infectious media was discarded, cells were fixed 

and stained for HCV core (section 2.2.12.). Focus Forming Units (FFUs) of HCV 

core protein were counted and the titre of the virus stock calculated. 

 

2.2.14. cDNA synthesis (Two-step PCR) 

 

This method was taken from Blackham and used for measuring gene transcription in 

Mock- and JFH-1 infected Huh7 cells (215). 1μg of d(T) primers were added to 2 μg of 

total RNA from mock and JFH-1 infected Huh7 cells and the volume made to  

12.5 μl with nuclease-free water. Samples were incubated at 70oC for 5 minutes in a 

Progene DNA Thermocycler (Techne, UK), and placed on ice for 2 minutes.  

1 μl of M-MLV Reverse Transcriptase (200 units μl-1), 5 μl of 5× M-MLV Reverse 

Transcriptase Buffer, 0.625 μl of Recombinant RNAsin ribonuclease inhibitor  

(40 units μl-1), 5 μl of dNTP mix (10 mM), and 0.875 μl of nuclease-free water were 

added to each reaction.  
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Reactions were incubated at 42oC for 60 minutes in a Progene DNA Thermocycler 

(Techne, UK) and cDNA concentration was determined using a NanoDrop Lite 

spectrophotometer (Thermo Fisher Scientific, UK) prior to storage at -20oC.  

qPCR reactions to measure gene transcription in JFH-1 infected Huh7 cells were 

prepared by combining 2× QuantiTect SYBR Green PCR Mastermix (5 μl per 

reaction), 1 μl of forward and reverse primer mix [5 mM], and the volume adjusted to 

10 μl using nuclease-free water (minus the volume containing 900 ng of cDNA). PCR 

mixes were mixed and dispensed into PCR lightcycler capillaries in triplicate.  

900 ng of cDNA was added to each reaction and a no-template control (NTC) was 

included for each primer tested. The PCR program was run under the same 

conditions as described section 2.2.5., and fold changes were calculated using the 

∆∆CT method (Equation 1). 

 

2.2.15. Absolute Quantitation of Intracellular/Extracellular HCV 

 

qRT-PCR reactions were prepared as described in section 2.2.5. using 1 μg of total 

RNA from HCV SGR- or JFH-1 infected Huh7 cells (section 2.2.3b)  for intracellular 

virus quantitation, or 0.1 volumes of RNA isolated from infectious media (section 

2.2.3c) for extracellular virus quantitation along with a series of JFH-1 RNA 

standards [6 ng – 60 fg]. A standard curve was generated using Roche Lightcycler 

software and the second derivative maximum method. Absolute values (computed 

concentration) were converted to genome copy number by Equation 2 (215). 
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Equation 2. – Calculation of Absolute Genome Copy Number 

 

  ������ ���� ��.  =  
�������� ������������� × ��� �������� ��� 

���������� ��������
 

Therefore: 

������ ���� ��.  =  
�������� ������������� × �����

� × ����
 

 

2.2.16. Preparation of Total Cellular Protein 

a) Cell Lysis 

HCV gt2a infection models were removed from incubation at 37oC and 5% CO2 at 24 

hour and 48 hour time points and growth medium was discarded. The cells were 

washed with room temperature PBS, treated with 1 ml of Triton X-100 lysis buffer 

and incubated at room temperature for 5 minutes. The cell lysates were transferred 

to 1.7 ml Eppendorf tubes and stored at 4oC for 30 minutes, followed by 

centrifugation in a Hawk 15/05 microcentrifuge (MSE, UK) at 11,984×g and 4˚C for 

20 minutes. Protein supernatants were transferred to 1.7 ml Eppendorf tubes before 

quantification using the Bradford assay. 

b) Bradford Assay 

2 µl of protein lysate was dispensed into triplicate wells of a 96-well plate along with 

bovine serum albumin (BSA) standards [0.25 – 2.5 mg ml-1] in Triton X-100 lysis 

buffer.  
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Samples were treated with 98 µl of Bradford reagent and incubated at room 

temperature for 5 minutes before absorbance was read at 595nm in a Multiskan™ 

GO Microplate reader (Thermo Fisher Scientific, UK).  

c) Concentration of Total Cellular Protein Lysates  

Total cellular protein lysates were mixed with 1 ml of ice cold acetone and stored at  

-80oC for 1.5 hours. The mixtures were centrifuged in a Hawk 15/05 microcentrifuge 

(MSE, UK) at 12,201×g and 4˚C for 20 minutes, the supernatant discarded, and the 

pellet air dried for 15 minutes prior to resuspension in 100 µl of Triton-X 100 lysis 

buffer. Protein concentrate was quantified using the Bradford assay (section 

2.2.16b.). 

 

2.2.17. miR-17 Expression (miScript PCR) 

 

300 ng of Total cellular RNA (section 2.2.3b.) was used to synthesise miR-17 cDNA 

using the miScript II RT kit as suggested by the manufacturer. 3 ng of miR-17 cDNA 

was used to perform qRT-PCR with miR-17 and U6 (internal control) primers in 

triplicate using the miScript primer assay kit according to manufacturer’s instructions. 
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2.2.18. 2% TBE Agarose Gel Electrophoresis 

 

50 ml of 1× Tris-Borate EDTA buffer (TBE) was filtered into a conical flask.  

1 g of molecular grade agarose was dissolved by heating and allowed to cool before 

3 μl of Sybr Safe was added. Agarose gel was poured into an electrophoresis tank 

and allowed to set prior to immersion in 1× TBE buffer. 12 μl of PCR product in 6× 

DNA loading buffer and nuclease-free water, and a 10kb DNA Ladder was loaded 

before the gel was run at 60v for 50 minutes. Visualisation was performed using a 

Molecular Imager® Gel Doc XR+ (Bio Rad, UK) and images were taken using Image 

4.1 software. 

 

2.2.19. Measurement of Intracellular Calcium 

a) Cytosolic calcium 

This protocol was modified from a method published by Griffiths et al (463).   

At 24 hour and 48 hour time points, growth media was removed from HCV gt2a 

infection models. The cells were washed twice with Ca2+/Mg2+-free PBS, treated with 

Indo-1 [10µM] in Ca2+/Mg2+-free PBS, and incubated at 37oC and 5% CO2 for 30 

minutes. The Indo-1 stain was removed and the cells were washed twice with 

Ca2+/Mg2+-free PBS. The cells were rested in Ca2+/Mg2+-free PBS for 15 minutes 

before cytosolic calcium was measured by reading absorbance at 405nm using a 

Multiskan™ GO Microplate reader (Thermo Fisher Scientific, UK).  
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b) Mitochondrial calcium 

Following measurement of cytosolic calcium ion concentration, Ca2+/Mg2+-free PBS 

was removed and the cells were treated with 150 µl of Mitochondrial Isolation Buffer. 

The cells were incubated at room temperature for 2.5 hours and 37oC and 5% CO2 

for an additional 1.5 hours. Mitochondrial Isolation Buffer was removed following 

incubation and the cells were washed twice with Ca2+/Mg2+-free PBS. The cells were 

rested in Ca2+/Mg2+-free PBS at room temperature for 15 minutes before 

Mitochondrial calcium was measured by reading absorbance at 405nm in a 

Multiskan™ GO Microplate reader (Thermo Fisher Scientific, UK). 

 

2.2.20. Measurement of Reactive Oxygen Species (ROS) 

 

At 24 hour and 48 hour time points, growth medium was removed from HCV gt2a 

infection models, the cells washed twice with PBS, and stained with  

2’,7’-dichlorofluoroscein diacetate (H2DCFDA) [50 µM]  in PBS. The cells were 

incubated at 37oC and 5% CO2 for 30 minutes. The stain was removed, the cells 

washed twice with PBS, and rested in PBS for 15 minutes. Absorbance was read at 

490nm in a Multiskan™ GO Microplate reader (Thermo Fisher Scientific, UK). 

 

 

 

 



162 
 

 

 

 

2.2.21. Determination of Mitochondria-Associated Apoptotsis Activity 

(Mitochondrial ToxGlo™) 

 

At 24 hour and 48 hour time points, Huh7 and HCV SGR cells were removed from 

incubation, the growth medium removed, and the cells washed with PBS. The cells 

were treated with 30 µl of bis-AAF-R110 in Assay Buffer and incubated at 37oC and 

5% CO2 for 30 minutes before fluorescence was measured at 485nm in a 

Multiskan™ GO Microplate reader (Thermo Fisher Scientific, UK) in accordance with 

manufacturer’s instructions. A standard curve was prepared by treating Huh7 cells 

with H2O2 [10 μM – 10 nM] and incubating at 10% CO2 and 37oC for 30 minutes prior 

to assay. 

 

2.2.22. Assessment of Mitochondrial Membrane Potential 

 
At 24 hour and 48 hour time points, growth medium was removed and cells were 

treated with 50 µl of tetramethyl rhodamine ethyl ester (TMRE) [500 nM] in DMEM 

and incubated at 37oC and 5% CO2 for 20 minutes. Cells were washed once in 0.2% 

bovine serum albumin in PBS and rested in 50 µl of 0.2% BSA for a further 15 

minutes. A subset of cells was treated with carbonyl cyanide-4-

(trifluoromethoxy)phenyl hydrazone (FCCP) as a control. Fluorescence was 

measured at 549nm by reading in a Multiskan™ GO Microplate reader (Thermo 

Fisher Scientific, UK). 
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2.2.23. Long PCR of Mitochondrial DNA (mtDNA) 

 

This protocol was modified from that published by Santos et al (464). Reactions were 

prepared using 75 ng of total cellular DNA (section 2.2.3d.), 12.5 μl of 2× PCRBIO 

Ultra Mix™, 1 μl of  forward and reverse primer mix [5μM] and the volume adjusted 

to 25 μl using nuclease-free water. PCR reactions were run in a Progene 

thermocycler (Techne, UK) under the following cycling conditions; 75oC for 2 minutes 

(activation), 94oC for 1 minute (denaturation), 19 cycles of 94oC for 15 seconds 

followed by 64oC for 12 minutes, 72oC for 10 minutes (extension), and 25oC (final 

hold). PCR products were run on a 2% TBE agarose gel (section 2.2.18.). 

 

2.2.24. Staining of Intracellular Lipid Droplets (LDs) 

a) Oil-Red-O staining: 

Fixed HCV gt2a infection models were stained with 500 µl of Oil-Red-O and placed 

on an orbital shaker at 100rpm for 30 minutes. The ORO stain was removed and the 

cells differentiated using 1 ml of 60% isopropanol at room temperature for 5 minutes.  

Cells were washed with 1 ml of dH2O and the nuclei were counterstained with  

500 µl of Harris’ Haematoxylin. Cells were placed on an orbital shaker at 100rpm for 

1 minute. The cells were rinsed with 1 ml of dH2O following removal of Harris’ 

Haematoxylin and placed on an orbital shaker at 100rpm for 10 minutes. Cells were 

examined under light microscopy using a ×40 objective lens on a Nikon TE2000-S 

microscope. Images were acquired with ACT-1 software. 
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b) Quantitation of intracellular lipid droplets using ImageJ: 

This method was taken from that published by Deutsch et al (465). Lipid quantitation, 

expressed as % area of image was achieved by converting original microscope 

images into an RGB stacked Montage, setting the threshold to include specific ORO 

stains, and percentage area measured using ImageJ software. 

 

2.2.25. Determination of Intracellular [glucose] 

 

This method was taken from The University of Maryland and prepared by Nam Sun 

Wang. 3.75 μg of total cellular protein in Triton X-100 lysis buffer (section 2.2.16c.) 

was made to 150 µl using dH2O in sterile 0.6 ml microfuge tubes and 150 µl of 3',5'-

Dinitrosalicylic acid (DNS) reagent solution was added. Samples were incubated at 

90oC for 15 minutes. 40% (v/v) potassium sodium tartrate solution was added to 

each sample before cooling to room temperature for 30 minutes. The absorbance for 

each sample was measured at 575nm in a Multiskan™ GO Microplate reader 

(Thermo Fisher Scientific, UK). 
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2.2.26. Determination of Intracellular glycogen content 

 

This method was taken from that published by Kumari et al (466). 3.75 µg of whole cell 

protein lysate in Triton X-100 lysis buffer was dispensed in triplicate wells of a 96-

well plate and adjusted to 25 µl using Triton X-100 protein lysis buffer. 25 μl of 

Iodine-Potassium Iodide (IKI) working solution was added to each well and the plate 

was incubated on ice for 20 minutes. Absorbance was measured at 560nm using a 

Multiskan Go™ plate reader (Thermo Fisher Scientific, UK). 

 

2.2.27. Quantification of Intracellular [triglyceride]  

 

The Triglyceride Quantification kit (Abcam) was used according to manufacturer’s 

instructions. 5 μg of total cellular protein in Triton X-100 lysis buffer was dispensed 

into triplicate wells of a 96-well plate. 1 μl of Lipase was added to each sample and 

the volume adjusted to 25 μl using triglyceride assay buffer. Reactions were 

incubated at room temperature for 20 minutes.  23 μl of triglyceride assay buffer, 1 μl 

of triglyceride probe, and 1 μl of triglyceride enzyme mix were added to each 

reaction. Reactions were incubated at room temperature for 1 hour and absorbance 

was read at 570nm in a Multiskan™ GO Microplate reader (Thermo Fisher Scientific, 

UK).  
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2.2.28. Western Blotting of Host and Viral Protein expression 

 

This method was adapted from a method published by Bio-Rad. Samples were 

prepared by combining 50 µg of protein lysate with an equal volume of 4× Laemmli 

sample loading buffer and the volume adjusted to 50 µl using dH2O. Samples were 

incubated at 95oC for 5 minutes and placed on ice. Protein samples were loaded 

onto a 12% acrylamide gel along with 5 µl of Benchmark™ pre-stained protein 

standard and run at 200v for 45 minutes. Gel transfer was performed in 1× Transfer 

buffer at 100v for 1.5 hours and washed twice with 0.05% TBST for 5 minutes at 

room temperature, and blocked using 4% dry milk in TBST for one hour at room 

temperature. Proteins of interest were stained using primary antibodies (1/1000 

dilution of mouse anti-VDUP1 (TXNIP) Clone JY1 Clone, 1: 2,000 rabbit anti-actin, 

1/100 mouse anti-HCV NS3, mouse anti-HCV core) in 4% dry milk overnight at 4oC. 

The membrane was washed three times with TBST for 5 minutes at room 

temperature and incubated with HRP-conjugated secondary antibodies (1/10,000 

anti-mouse IgG, 1/10,000 anti-rabbit IgG) for one hour at room temperature.  

The membrane was washed three times with TBST for 5 minutes and treated with 

Clarity™ Luminol Enhancer reagent. Visualisation was performed in a Fusion 

FX7/SL Advance gel dock (Peqlab) and images were taken using Fusion-Capt 

Advance software.  
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2.2.29. siRNA-Mediated Knockdown of Host Genes 

 

This method was obtained from Blackham (215). HCV gt2a infection models were 

removed from incubation and growth medium was discarded. The cells were washed 

with 1 ml of OptiMEM before treatment  with 500 μl of fresh OptiMEM and incubated 

at 37oC and 5% CO2 for 1 hour. siRNA mixes were prepared using [25 nM]  

(siTXNIP) or [50 nM] (siMlx, siGAPDH) in 500 μl of OptiMEM and incubated at room 

temperature for 5 minutes. Lipofectamine 3000™ mixes were prepared by adding  

1 μl of Lipofectamine 3000™ in 500 μl of OptiMEM and incubated at room 

temperature for 5 minutes. siRNA and Lipofectamine 3000™ mixes were combined 

and incubated at room temperature for 20 minutes. The cells were treated with 

siRNA and Lipofectamine 3000™ transfection mixes for and incubated at 37oC and 

5% CO2 for 8 hours. Transfection mixes were removed and replaced with 1 ml of 

antibiotic-free DMEM. Total cellular RNA from cell transfectants (section 2.2.3b.) 

and extracellular viral RNA (section 2.2.3c.) from infectious media was isolated at 

24 hour and 48 hour time points. 

 

2.2.30. Statistical Analysis 

 

Statistical analysis was performed using single-factor ANOVA (MS Excel 2007) on 

triplicate 2-∆∆CT values, calculated genome copy numbers, and 

fluorometric/colourimetric measurements (α = 0.05). 
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Chapter 3: ER stress and Dysregulated Lipid 
Metabolism in HCV Infection 
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3.1. Overview:  

 

The datasets from the microarray study of JFH-1 infected Huh7 cells by Blackham et 

al., were downloaded from the Gene Expression Omnibus (accession: GDS4160) 

and re-evaluated using Partek software with gene ontology analysis (GeneGO™ 

Metacore™) to identify cellular pathways that were disrupted during HCV infection. 

Two pathways that were induced during HCV infection included the glucose-

dependent synthesis of polyunsaturated fatty acids (PUFAs) and the induction of the 

unfolded protein response (UPR) that follows Endoplasmic Reticulum (ER) stress. 

Initial transcriptomic profiling and measurement of intracellular [glucose] in HCV 

SGR cells cultured under glucose rich (control) and glucose-free conditions 

confirmed the results from the re-evaluated microarray data. Lerner et al., reported 

that TXNIP mRNA is regulated by mIR-17 abundance that is subject to degradation 

by the endoribonuclease activity of the UPR effector, inositol-requiring enzyme 1α 

(IRE-1α), which in turn can be inhibited by STF-083010. STF-83010 was applied to 

HCV gt2a models of infection and the effects on lipogenic gene transcription and 

HCV replication were measured using qRT-PCR. Inhibition of IRE-1α led to a 

downregulation of lipogenic gene transcription and a significant (p= 5.4×10-4) 3-fold 

reduction in intracellular virus replication in HCV SGR cells at 48 hours post-

treatment whereas little difference was observed in the JFH-1 model. Data from this 

investigation suggest that UPR induction is more involved in the TXNIP-mediated 

dysregulation of lipid metabolism and replication of viral RNA in the HCV SGR model 

than in JFH-1 infected Huh7 cells. 
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3.2. Results & Discussion 

 

As an initiative for this project, where the mechanisms by which TXNIP is 

overexpressed during HCV infection was investigated, the datasets from the 

microarray study of JFH-1 infected Huh7 cells by Andrew Baillie and Samantha 

Blackham (Imperial College) was obtained from the Gene Expression Omnibus and 

re-evaluated in collaboration with Dr. Stathis Giotis (Imperial College) (214). 

 

3.2.1. Gene Ontology pathway analysis of re-evaluated Microarray data  
(PUFA Biosynthesis)  

 

GeneGO™ Metacore™ pathway analysis was carried out using the re-evaluated 

datasets from the microarray study of JFH-1 infected Huh7 cells over 48 hours to 

identify candidate pathways that related to the upregulation of ELOVL4, ELOVL7, 

and ACSL3 that occurs during HCV infection as reported by Blackham (Figure 17) 

(214,215).  
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Figure 17 - GeneGO™ Metacore™ pathway analysis from re-evaluated microarray data  
(PUFA Biosynthesis)  
 
PUFA biosynthesis is dysregulated during HCV infection. Red thermometers indicate gene upregulation and blue 
thermometers flag genes that are downregulated. Numbers 3 and 4 on each thermometer correspond to 24 hours 
and 48 hours post-infection, respectively. Genes of interest related to PUFA biosynthesis can be seen on the far-
left of the diagram: ACSL3 (+2.18-fold at 24 hours, p= 4.23×10

-11
; +2.05-fold at 48 hours, p= 1.65×10

-10
), 

ELOVL4 (+2.38-fold at 48 hours, p= 1.62×10
-8

), ELOVL7 (+2.61-fold at 48 hours, p= 2.13×10
-15

)
 (214,215)

. 

 

Figure 17 supports the observations made by Blackham and shows that the 

upregulation of genes involved in fatty acid elongation (ELOVL4, ELOVL7) and fatty 

acid condensation (ACSL3) occurs during HCV infection. These are related to the 

biosynthesis of polyunsaturated fatty acids (PUFAs) which are reported to inhibit 

HCV replication (214,467).  
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These genes may be induced as a response to the intake of dietary glucose (food) 

during HCV replication and so preliminary studies involving the cell culture of Huh7- 

and HCV SGR cells under glucose-rich [25mM] (control) and glucose-free conditions 

were conducted to examine the influence of glucose concentration in the 

extracellular milieu on the transcription of TXNIP and lipogenic genes of interest over 

the course of 48 hours. The rationale for this experiment was to simulate the effect of 

glucose intolerance that is commonly seen in HCV and to identify other cellular 

pathways that may be peripheral to the dysregulation of host lipid metabolism which 

occurs during HCV RNA replication. 

 

qRT-PCR was used to measure the transcription of genes examined in previous 

work that were considered to be representative of dysregulated lipid metabolism in 

JFH-1 infected Huh7 cells, i.e. lipogenesis (TXNIP),  lipid droplet formation (ACSL3), 

fatty acid synthesis (ELOVL4, ELOVL7), and fatty acid transport (FABP3), along with 

glyceralde-3’-phosphate dehydrogenase (GAPDH) as an internal control at 24 hours 

and 48 hours post-seeding (Figure 18 (A, B)) (215). 
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3.2.2. Lipogenic Gene Transcription in HCV SGR cells +/- glucose  
(24, 48 Hours) 

 

 

 

 
Figure 18 (A, B) – Lipogenic gene transcription in HCV SGR cells +/- glucose [25 mM] (24, 48 Hours) 
 
Relative fold changes of lipogenic gene transcription measured in HCV SGR cells, compared to Huh7, seeded in 
control (white columns) and glucose-free (grey columns) culture medium at 24 hours and 48 hours post-seeding. 
Huh7- and HCV SGR cells were seeded under these conditions from a stock grown under glucose rich 
conditions. (A) Mean fold changes in HCV SGR gene transcription at 24 hours. (B) Mean fold changes in HCV 
SGR gene transcription at 48 hours. Genes assayed; Thioredoxin-interacting Protein (TXNIP), Acyl CoA 
synthetase long chain family member 3 (ACSL3), ELOVL Fatty Acid Elongase 4 (ELOVL4), ELOVL Fatty Acid 
Elongase 7 (ELOVL7), Fatty Acid Binding Protein 3 (FABP3). Data shown are averages of triplicate 
measurements from a single experiment with error bars representing standard deviation (SD).  
Graphs representing differences in cycle thresholds (ΔCT) between cell lines under these conditions are shown in 
Appendix A1.1 (A, B). 
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As shown in Figure 18 (A), genes such as TXNIP (+11.40-fold, SD +/- 2.86), 

ELOVL4 (+7.92-fold, SD +/- 3.56), and ELOVL7 (+4.31-fold, SD +/- 2.35) are 

upregulated in HCV SGR cells under control conditions at 24 hours post-seeding. 

However, there is a significant (p= 0.05) reduction in the transcription of TXNIP 

(+3.58-fold, SD +/- 1.33), and a noticeable decrease in the mRNA abundance of 

downstream effectors of fatty acid synthesis, i.e. ELOVL4 (+1.39-fold, SD +/- 0.83) 

and ELOVL7 (-2.57-fold, SD +/- 0.13) when HCV SGR cells are cultured under 

glucose-free conditions at this time point. This finding indicates that glucose is a 

contributing factor to the transcription of TXNIP. However, FABP3, a protein that 

binds to and transports the phospholipid intermediate, lysophosphatidic acid (LPA), 

from the cytoplasm to the nucleus is upregulated (+6.93-fold, SD +/- 2.07) at  

24 hours post-seeding when HCV SGR cells are deprived of glucose, which 

contrasts with that measured under the control condition (+1.53-fold, SD +/- 0.27) 

(468,469). Additionally, the transcription of ACSL3, which is associated with the 

degradation of fatty acids as well as their condensation to form LDs at the ER is 

upregulated (+3.37-fold, SD +/- 1.46) under conditions of glucose deprivation and is 

comparable to transcription of this gene measured in HCV SGR cells under control 

conditions (+2.10-fold, SD +/- 0.93) at 24 hours post-seeding. This result could either 

mean that there is an increase in the mitochondrial or peroxisomal β-oxidation of 

fatty acids or, alternatively, that LD formation is upregulated in HCV SGR cells under 

conditions of glucose deprivation at 24 hours post-seeding (470,471).  
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The upregulation of lipogenic gene transcription in HCV SGR cells, in the absence of 

glucose, may result from ER stress and induction of the UPR that has been found to 

occur in the absence of glucose (472). 

 

Figure 18 (B) shows that TXNIP transcription is downregulated in HCV SGR cells 

cultured under both control (-1.33-fold, SD +/- 0.47) and glucose-free conditions  

(-1.25-fold, SD +/- 0.95) at 48 hours post-seeding that suggests there is a refractory 

period in which the stimulus of TXNIP induction subsides. Moreover, the transcription 

of lipogenic genes downstream of TXNIP induction are downregulated less than  

2-fold in HCV SGR cells grown under glucose-free conditions. This finding contrasts 

with the transcript abundance of ACSL3 (+10.65-fold, SD +/- 2.98), ELOVL4 (+5.17-

fold, SD +/- 1.89), and ELOVL7 (+2.44-fold, SD +/- 0.91), that remain upregulated in 

HCV SGR cells cultured under control conditions which implies that intracellular 

glucose is a factor in PUFA biosynthesis and LD biogenesis in cells expressing HCV 

NS proteins over 48 hours post-seeding. 

 

To see whether the presence of glucose in the extracellular milieu of Huh7- and HCV 

SGR cells corresponded to alterations in the transcription of genes concerned with 

glucose metabolism and calcium homeostasis, qRT-PCR was also performed to 

measure the transcript abundance of Max like protein (Mlx) and stanniocalcin 2 

(STC2) in HCV SGR cells under control and glucose-free conditions at 24 hours and 

48 hours post-seeding (Figure 19 (A, B)). 
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3.2.3. Gene Transcription of STC2 and Mlx in HCV SGR cells +/- glucose  
(24, 48 Hours) 

 

 

Figure 19 (A, B) - Gene transcription of STC2 and Mlx in HCV SGR cells +/- glucose [25 mM]  
(24, 48 Hours) 
 
Relative fold changes in transcription of genes related to calcium regulation (STC2) and glucose metabolism 
(Mlx) measured in HCV SGR cells, compared to Huh7, seeded in control (white columns) and glucose-free (grey 
columns) culture medium at 24 hours and 48 hours post-seeding. Huh7- and HCV SGR cells were seeded under 
these conditions from a stock grown under glucose rich conditions. (A) Mean fold changes of gene transcription 
in HCV SGR cells at 24 hours. (B) Mean fold changes of gene transcription in HCV SGR cells at 48 hours. Data 
shown are averages of triplicate measurements from a single experiment with error bars representing standard 
deviation (SD). Genes assayed; Stanniocalcin 2 (STC2), Max like protein (Mlx). Graphs representing differences 
in cycle thresholds (ΔCT) between cell lines under these conditions are shown in Appendix A1.2 (A, B). 

 

Figure 19 (A) shows that glucose concentration in the extracellular milieu does not 

affect the disturbance of calcium homeostasis, characterised by STC2 transcription, 

in HCV SGR cells as mRNA abundance is comparable under both control  

(+3.58-fold, SD +/- 0.25) and glucose-free (+3.02-fold, SD +/- 0.75) conditions.  
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This result also indicates that ER stress may be induced by the expression of HCV 

NS proteins as STC2 functions in the negative regulation of store operated calcium 

entry (SOCE) and the promotion of cell survival following induction of the unfolded 

protein response (UPR) (473).  

 

Conversely, the transcript abundance of Max like protein (Mlx) is upregulated in HCV 

SGR cells under both control (+3.49-fold, SD +/- 1.25) and glucose-free  

(+12.96-fold, SD +/- 0.86) conditions. This is curious under glucose-free conditions 

as Mlx is a glucose-responsive protein that is displaced from the outer mitochondrial 

membrane (OMM), in tandem with hexokinase II, by glucose-6-phophate (G6P) in 

the initial stage of glycolysis. However, the upregulation of this gene may arise due 

to endogenous glucose production (EGP) via glycogenolysis or gluconeogenesis as 

a response to glucose deprivation which could explain the increase seen in TXNIP 

transcription at 24 hours post-seeding (271).  

 

Figure 19 (B) shows that the transcription of both STC2 and Mlx in HCV SGR cells 

normalise to basal levels (< 2-fold) under both control and glucose-free conditions at 

48 hours post-seeding which implies that the transcriptional induction of STC2, Mlx 

and TXNIP is an acute response to HCV NS protein expression in HCV SGR cells.  
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Thus, the DNS assay was performed on whole cell protein lysates isolated from 

Huh7 and HCV SGR cells cultured under control and glucose-free conditions to 

determine whether the upregulation in Mlx and TXNIP mRNA in HCV SGR cells 

were reflective of changes in intracellular glucose concentration via EGP  

(Figure 20 (A, B)).  

 

3.2.4. Intracellular glucose concentration in Huh7 and HCV SGR cells +/- 
glucose (24, 48 Hours) 

 

 

 

 
Figure 20 (A, B) - Average intracellular [glucose] (µM) in Huh7 and HCV SGR cells +/- glucose [25 mM]  
(24, 48 hours)  
 
Intracellular [glucose] measured in Huh7 and HCV SGR cells cultured under control (glucose [25 mM]) and 
glucose-free conditions at 24 hours (white columns) and 48 hours (grey columns) post-seeding.  
Huh7- and HCV SGR cells were seeded under these conditions from a stock grown under glucose rich 
conditions. (A) Intracellular glucose concentrations (μM) measured in Huh7 and HCV SGR cells grown in control 
and glucose-free DMEM. (B) The standard curve produced at the time of assay using D-glucose standards [0 – 
20 µM]. Data shown are averages of triplicate measurements from a single experiment with error bars 
representing standard deviation (SD). 
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Figure 20 (A) shows that intracellular glucose concentration does not alter in either 

Huh7 or HCV SGR cells cultured in medium containing high glucose [25mM] over 48 

hours (mean= 25.05 µM, SD +/- 0.91). However, intracellular glucose concentration 

is higher at 24 hours and 48 hours post-seeding in both cell lines under glucose-free 

conditions, in comparison to controls, which suggests EGP is active under conditions 

of glucose deprivation. Given that TXNIP mRNA is elevated in HCV SGR, compared 

to Huh7 cells, at 24 hours post-seeding and intracellular glucose concentration is 

comparable between both cell lines over 48 hours, it can be said that the 

upregulation of TXNIP mRNA is not involved in the production of endogenous 

glucose in HCV SGR cells (451). 

 

Thus, to examine whether the reduced overexpression of TXNIP had an effect on the 

replication of viral RNA under glucose-free conditions, absolute quantitation of HCV 

genome copy number was performed using one-step qRT-PCR, JFH-1 RNA 

standards [6 ng – 60 fg], and total cellular RNA isolated from HCV SGR cells 

cultured under control and glucose-free conditions at 24 hours and 48 hours post-

seeding (Figure 21).  
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3.2.5. Intracellular HCV SGR genome copy number in HCV SGR cells +/- 
glucose (24, 48 Hours) 

 

 

 
Figure 21 - Intracellular HCV SGR replication in HCV SGR cells +/- glucose [25 mΜ] (24, 48 hours) 
 
Intracellular HCV SGR genome copy number measured in HCV SGR cells seeded in control (white columns) and 
glucose-free culture medium (grey columns) at 24 hours and 48 hours post-seeding. HCV SGR cells were 
seeded under these conditions from a stock grown under glucose rich conditions. Data shown are averages of 
triplicate measurements from a single experiment with error bars representing standard deviation (SD). 

 

Figure 21 shows that 24 hours post-seeding, intracellular HCV SGR genome copy 

number is comparable between HCV SGR cells under both conditions  

(mean= 9.50×107 genome copies, SD +/- 1.49×107). However, at 48 hours post-

seeding, intracellular virus is slightly higher in HCV SGR cells grown under glucose-

free conditions (5.58×108 genome copies, SD +/- 1.48×108) than those cultured in 

medium containing high-glucose (4.41×108 genome copies, SD +/- 1.97×107).  

This result illustrates that the replication of intracellular viral RNA is not significantly 

affected by glucose concentration in the extracellular milieu.  
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The data from these experiments performed on gt2a HCV SGR cells collectively 

suggest that TXNIP overexpression occurs, in part, due to the concentration of 

glucose in the extracellular milieu but may be exacerbated by other cellular pathways 

such as ER stress, inferred by the comparable levels of STC2 upregulation seen at 

24 hours post-seeding under both control and glucose-free conditions (473).  

The re-evaluated data from the microarray study of JFH-1 infected Huh7 cells found 

STC2 transcription to be upregulated at 24 hours (+22.27-fold, p= 1.29×10-16) and 48 

hours (+14.37-fold, p= 1.88×10-15) post-infection in accordance with levels previously 

reported by Blackham (214). Thus, gene ontology pathway analysis was performed on 

the re-evaluated microarray data using GeneGO™ Metacore™ to identify genes 

involved in the unfolded protein response (UPR) that also undergo differential 

transcription during HCV infection (Figure 22).   
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3.2.6. Gene Ontology pathway analysis of re-evaluated microarray data  

(UPR induction) 

 

 

Figure 22 – GeneGO™ Metacore™ pathway analysis from re-evaluated microarray data  
(UPR induction)  
 
Re-evaluated data from the Microarray study of Human hepatoma cells infected with the JFH-1 isolate of HCV 
was analysed by GeneGO™ Metacore™ software to reveal that endoplasmic reticulum stress and the unfolded 
protein response (UPR) are induced during HCV infection which is characterised by the release of  
IRE-1α (IRE1) and ATF-6 from the anchor protein, GRP78. Gene downregulation at 24 hours  
post-infection is indicated by number 3 on the blue thermometer. Genes of interest; GRP78 (-2.04 at 24 hours,  
p =2.98×10

-10
), IRE1 (No change), ATF-6 (No change).  

 

Figure 22 shows that glucose regulated protein 78 (GRP78) is significantly  

(p= 2.98×10-10) downregulated (-2.04-fold) at 24 hours post-infection in the 

microarray study of JFH-1 infected Huh7 cells. GRP78 is the protein encoded by the 

heat shock protein family A member 5 (HSPA5) gene that functions as a calcium 

dependent ER-chaperone and an inhibitory anchor protein of the UPR effectors, i.e. 

inositol-requiring enzyme 1α (IRE-1α) and activating transcription factor 6 (ATF6) 

(474,475). These proteins are concerned with reducing accumulated proteins at various 

levels of synthesis following the induction of ER stress.  
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IRE-1α is associated with the degradation of mRNAs localised to the ER and ATF6 

induces the transcription of ER chaperones via ER stress response elements 

(ESREs) in the promoters of target genes (444,475). Following the induction of ER 

stress and the release of intralumenal Ca2+ ions, GRP78 dissociates from the UPR 

effector proteins which leads to their activation, as GRP78 facilitates the removal of 

unfolded proteins from the ER by autophagy and translocates to the mitochondria to 

inhibit mitochondrial dysfunction caused by calcium ion overload (445,474–476).  

 

Thus, to indicate whether or not the UPR was induced in both HCV gt2a infection 

models, control data for STC2 transcription in HCV SGR cells (Figure 19) was 

compared to that measured in JFH-1 infected Huh7 cells along with the 

quantification of HSPA5 mRNA abundance (Figure 23 (A, B)). 
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3.2.7. Gene Transcription of STC2 and HSPA5 in HCV gt2a Infection Models 
(24, 48 Hours) 

 

 

 

Figure 23 (A, B) – Gene Transcription of STC2 and HSPA5 in HCV gt2a infection models  
(24, 48 hours)  
 
Relative fold change in transcription of STC2 (white columns) and HSPA5 (grey columns) measured in HCV SGR 
and JFH-1 infected Huh7 cells, compared to controls, at 24 hours and 48 hours post-seeding and post-infection, 
respectively. (A) Mean fold changes in HCV SGR and JFH-1 infected Huh7 cells at 24 hours. (B) Mean fold 
changes in HCV SGR and JFH-1 infected Huh7 cells at 48 hours. Genes assayed; Stanniocalcin 2 (STC2), Heat 
shock 70kDa protein A5 (HSPA5). Data shown are averages of triplicate measurements from a single experiment 
with error bars representing standard deviation (SD). Graphs representing differences in cycle thresholds (ΔCT) 
between cell lines under these conditions are shown in Appendix A1.3 (A, B) 

 

Figure 23 (A) shows that stanniocalcin 2 (STC2) is elevated in both HCV SGR 

(+3.58-fold, SD +/- 0.25) and JFH-1 infected Huh7 cells (+2.87-fold, SD +/- 1.03), 

compared to controls at 24 hours post-seeding and post-infection, respectively.  

Conversely, HSPA5 transcription is downregulated in both HCV SGR (-3.12-fold, SD 

+/- 0.20) and JFH-1 infected Huh7 cells (-1.35-fold, SD +/- 0.64) at this time point. 
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At 48 hours, levels of STC2 transcription recover to below a 2-fold threshold of 

significance in both HCV gt2a infection models. However, while there is no change, 

i.e. < 2-fold, in HSPA5 transcription in HCV SGR cells, transcription of HSPA5 

mRNA is further downregulated (-3.42, SD +/- 0.22) in JFH-1 infected Huh7 cells. 

The downregulation of HSPA5 transcription has been found to be characteristic of 

ER stress induction and elevated intracellular calcium. Additionally suppression of 

this gene may enhance apoptosis by upregulating the expression of C/EBP-

homologous protein (CHOP) (477). Thus, these data so far indicate that ER stress and 

the UPR are induced in both the acute and chronic models of HCV replication.  

 

Given that the lumenal space of the ER is a store for calcium ions and that calcium 

store depletion may occur through the incidence of ER stress, HCV gt2a infection 

models were stained with Indo-1 and fluorescence (405nm) was measured at  

24 hour and 48 hour time points to determine whether the induction of ER stress and 

the UPR gave rise to alterations in cytosolic concentrations of calcium (Figure 24) 

(473). 
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3.2.8. Cytosolic Ca2+ in HCV gt2a Infection Models (24, 48 Hours) 

 

 

 

Figure 24 - Cytosolic Ca
2+

 in HCV gt2a Infection Models (24, 48 hours)  
 
Cytosolic calcium measured in HCV SGR and JFH-1 infected Huh7 cells, compared to controls, at 24 hours and 
48 hours post-seeding and post-infection, respectively. (A) Cytosolic calcium measured in Huh7 and HCV SGR, 
mock- and JFH-1 infected Huh7 cells at 24 hour (white columns) and 48 hour (grey columns) time points.  
(B) A standard curve produced at the time of the assay using calcium chloride dihydrate dissolved in H2O [10 µM 
– 10 nM]. Data shown are averages of triplicate measurements from a single experiment with error bars 
representing standard deviation (SD). 

 

Figure 24 (A) shows a comparable level of fluorescence detected at 405nm 

following Indo-1 staining in both HCV SGR- and JFH-1-infected cells, as well as 

controls, at 24 hours post-seeding and post-infection, respectively (mean= 0.0266, 

SD +/- 0.002). The concentration of cytosolic calcium in Huh7 and HCV SGR cells 

increase and decrease, respectively, at 48 hours post-seeding.  
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Conversely, cytosolic [calcium] in mock infected Huh7 cells remains stable at both 

time points, whereas that measured in JFH-1 infected Huh7 cells (MOI – 7.5) 

increases at 48 hours post-infection. The elevation in cytosolic calcium in both Huh7 

and JFH-1 infected Huh7 cells at 48 hours may be explained by increased influx of 

Ca2+ ions from the culture medium as it is formulated with calcium chloride.  

However, the reduced cytosolic [Ca2+] seen in HCV SGR cells at 48 hours may occur 

as a consequence of the increased transcription of STC2 seen at 24 hours as it 

inhibits the import of extracellular calcium in response to calcium store depletion 

following ER stress (473).  

 

These results suggest that disturbances in cytosolic calcium ion concentration may 

arise from HCV protein expression in HCV SGR- and JFH-1 infected Huh7 cells 

which may also have consequences in ATP production as the mitochondria buffers 

intracellular Ca2+ concentration (section 1.7.3.3.) (478). Considering the GeneGo™ 

Metacore™ pathway analysis, the differential transcription of STC2 and HSPA5 

implicating the UPR to be active in HCV SGR- and JFH-1 infected Huh7 cells, and 

the findings by Lerner et al., it was hypothesised that the endoribonuclease activity of 

IRE-1α may be involved in the regulation of TXNIP mRNA transcript abundance in 

HCV gt2a infection models (444).  
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To test whether TXNIP mRNA is regulated by miR-17, which in turn is modulated by 

the endoribonuclease activity of IRE-1α following UPR induction, HCV SGR cells 

were treated with a cell permeable inhibitor, STF-083010, and miR-17 expression 

levels were measured in total RNA isolated at 24 hours and 48 hours post-seeding 

by using qRT-PCR and U6 as an internal control (Figure 25 (A, B)).  

 

3.2.9. miR-17 expression in HCV gt2a Infection Models (24, 48 Hours) 

 

Figure 25 (A, B) - miR-17 expression levels in HCV gt2a infection models treated with  
STF-083010 (24, 48 hours) 
 
miR-17 expression levels measured in HCV gt2a infection models treated with STF-083010, compared to DMSO 
controls, at 24 hour and 48 hour time points. (A) miR-17 expression in HCV SGR cells, compared to Huh7 cells, 
treated with STF-083010 or DMSO measured at 24 hours (white columns) and 48 hours (grey columns) post-
seeding. (B) miR-17 expression in JFH-1 infected Huh7 cells, compared to mock infected Huh7 cells, treated with 
STF-083010 or DMSO measured at 24 hours (white columns) and 48 hours (grey columns) post-infection. Data 
shown are averages of triplicate measurements from a single experiment with error bars representing standard 
deviation (SD). Graphs representing differences in cycle thresholds (ΔCT) between cell lines under these 
conditions are shown in Appendix A1.4 (A - D). 
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As shown in Figure 25 (A), miR-17 is significantly (p= 8.1×10-3) upregulated  

(+3.81-fold, SD +/- 0.36) in HCV SGR cells treated with STF-083010 which contrasts 

with the DMSO-treated control where miR-17 is downregulated (-1.29-fold, SD +/- 

0.15) at 24 hours post-seeding. The upregulation of miR-17 expression in  

STF-083010-treated HCV SGR cells is also significant (p= 3.1×10-3) at 48 hours 

(+3.35-fold, SD +/- 0.69) post-seeding, whereas miR-17 expression is at basal levels 

in the DMSO control (-1.15-fold, SD +/- 0.93). The difference in the abundance of 

miR-17 between STF-083010 treated HCV SGR cells and the DMSO control is 

representative of the UPR being induced during HCV RNA replication. Furthermore, 

the inhibitory effects of STF-083010 on the endoribonuclease domain of IRE-1α 

appear to be active in HCV SGR cells. The endoribonuclease domain of IRE-1α  

serves to suppress ER protein translation through the degradation of mRNAs and 

enhance protein folding through the activation of X-box binding protein 1 (XBP1), via 

the cleavage of a 26nt intron, during irremediable ER stress (444). 

 

Figure 25 (B) shows that miR-17 abundance is increased  

(+12.64-fold, SD +/- 0.20) in STF-083010 treated JFH-1 infected Huh7 cells, 

compared to mock infected cells, at 24 hours post-infection. This contrasts with  

JFH-1 infected Huh7 cells that were treated with DMSO, where there is a low 

abundance of miR-17 (+1.31-fold, SD +/- 0.01). However, miR-17 expression is 

reduced (+3.09-fold, SD +/- 0.34) in STF-083010-treated JFH-1 infected Huh7 cells, 

whilst that in the DMSO-control is suppressed (-2.09-fold, SD +/-1.13) at 48 hours 

post-infection.  
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These data further demonstrate that ER stress and the UPR are induced in HCV 

gt2a infection models and that the stability of miR-17 may be increased by inhibiting 

the endoribonuclease activity of IRE-1α.  

 

To correlate the involvement of miR-17 abundance in the regulation of TXNIP 

mRNA, as well as downstream lipogenic gene transcription, namely those involved 

PUFA biosynthesis (ELOVL4, ELOVL7), fatty acid transport (FABP3), and lipid 

droplet formation (ACSL3), qRT-PCR was performed using total RNA that was 

isolated from HCV SGR cells treated with STF-083010 and DMSO at 24 hours and 

48 hours post-seeding (Figure 26 (A, B)).  
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3.2.10. Lipogenic Gene Transcription in HCV gt2a Infection Models 

Treated with STF-083010 (24, 48 Hours) 

 

 

Figure 26 (A, B) - Lipogenic gene transcription in HCV SGR cells treated with STF-083010  
(24, 48 Hours) 
 
Relative fold change of lipogenic gene transcription measured in HCV SGR cells, compared to Huh7 cells, 
treated with STF-083010 (white-columns) or DMSO (grey columns) at 24 hours and 48 hours post-seeding.  
(A) Mean fold changes in HCV SGR cells at 24 hours post-seeding. (B) Mean fold changes in HCV SGR cells at 
48 hours post-seeding. Genes assayed; Thioredoxin-interacting Protein (TXNIP), Acyl CoA synthetase long-chain 
family member 3 (ACSL3), ELOVL Fatty Acid Elongase 4 (ELOVL4), ELOVL Fatty Acid Elongase 7 (ELOVL7), 
Fatty Acid Binding Protein 3 (FABP3). Data shown are averages of triplicate measurements from a single 
experiment with error bars representing standard deviation (SD). Graphs representing differences in cycle 
thresholds (ΔCT) between cell lines under these conditions are shown in Appendix A1.5 (A, B). 

 

As shown in Figure 26 (A), the treatment of HCV SGR cells with STF-083010 results 

in a general suppression of lipogenic gene transcription that corresponds with the 

upregulation of miR-17 abundance seen at 24 hours post-seeding.  
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The downregulation of TXNIP mRNA transcription (-7.21-fold, SD +/- 0.13) is 

significant (p= 1.1×10-4) at 24 hours post-seeding which may also account for the 

basal transcription of downstream lipogenic genes, i.e. ACSL3, ELOVL4, ELOVL7, 

and FABP3, at this time point. The treatment of HCV SGR cells with DMSO, 

however, produces a similar effect by suppressing the transcription of TXNIP and 

downstream lipogenic genes to basal levels, i.e. <2-fold, at 24 hours post-seeding 

with the exception of ELOVL4 where mRNA is upregulated (+8.94-fold, SD +/- 3.08). 

 

Figure 26 (B) shows the decrease in TXNIP and downstream lipogenic gene 

transcription in HCV SGR cells treated with STF-083010 is maintained at 48 hours 

post-seeding where the greatest effect is seen in ELOVL4 transcription (-7.85-fold, 

SD +/- 0.10). ACSL3 mRNA transcription, however, recovers to levels that are just 

below threshold of significance (+1.99-fold, SD +/- 0.71).  In DMSO-treated HCV 

SGR cells, the transcription of all genes examined in the panel for dysregulated lipid 

metabolism during HCV replication are downregulated approximately 2-fold.  

 

These results suggest that induction of the UPR, following ER stress, is integral to 

the transcription of TXNIP and downstream lipogenic genes during genome 

replication in HCV SGR cells which may be suppressed by targeting the 

endoribonuclease activity of IRE-1α.  
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The suppression of TXNIP using STF-083010 accords with the findings by Lerner et 

al., where it was reported that the inhibition of IRE-1α activity by STF-083010 

increases the abundance of miR-17 which, in turn, destabilises TXNIP mRNA and 

prevents activation of the NLRP3 inflammasome in the induction of programmed cell 

death following irremediable ER stress (444). 

 

Thus, the protocol of STF-083010 treatment and relative quantification of lipogenic 

gene transcription was also applied to JFH-1 infected Huh7 cells to examine whether 

the IRE-1α arm of the UPR also contributes to the dysregulation of lipogenic gene 

transcription in HCV infection. This was determined by using qPCR to measure 

lipogenic gene transcription in cDNA synthesised from total cellular RNA of mock- 

and JFH-1 infected Huh7 cells, co-treated with STF-083010 or DMSO, at 24 hours 

and 48 hours post-infection (Figure 27 (A, B)). 
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Figure 27 (A, B) - Lipogenic gene transcription in JFH-1 infected Huh7 cells treated with  
STF-083010 (24, 48 Hours)  
 
Relative fold changes of lipogenic gene transcription measured in JFH-1 infected Huh7 cells, compared to mock 
infected Huh7 cells, treated with STF-083010 (white-columns) or DMSO (grey columns), at 24 hours and 48 
hours post-infection. (A) Mean fold changes in JFH-1 infected Huh7 cells at 24 hours post-infection.  
(B) Mean fold changes in JFH-1 infected Huh7 cells at 48 hours post-infection. Genes assayed; Thioredoxin-
interacting Protein (TXNIP), Acyl CoA synthetase long-chain family member 3 (ACSL3), ELOVL Fatty Acid 
Elongase 7 (ELOVL7), Fatty Acid Binding Protein 3 (FABP3). Data shown are averages of triplicate 
measurements from a single experiment with error bars representing standard deviation (SD). Graphs 
representing differences in cycle thresholds (ΔCT) between cell lines under these conditions are shown in 
Appendix A1.6 (A, B). 

 

Figure 27 (A) shows that the transcript abundance of TXNIP mRNA remains 

upregulated (+3.69-fold, SD +/- 2.23) in JFH-1 infected Huh7 cells that were co-

treated with STF-083010 at 24 hours post-infection. This contrasts with the 

downregulation of TXNIP seen in HCV SGR cells following co-treatment with  

STF-083010, as well as the downregulation of TXNIP transcription in DMSO treated 

JFH-1 infected Huh7 cells (-4.25-fold, SD +/- 0.02).  
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However, ACSL3 mRNA transcription is at a basal level (+1.05-fold, SD +/- 0.42), 

and the transcript abundance of ELOVL7 as well as FABP3 remain unaltered in  

STF-083010 treated JFH-1 infected Huh7 cells. Likewise, there is a < 2-fold change 

in lipogenic gene transcription following the treatment of JFH-1 infected Huh7 cells 

with DMSO at 24 hours post-infection.  

 

Figure 27 (B) shows that the suppression of lipogenic gene transcription following 

the treatment of JFH-1 infected Huh7 cells with STF-083010 is maintained at 48 

hours post-infection where no changes are observed in the transcription of TXNIP 

(+1.47, SD +/- 0.47), ACSL3 (+1.20-fold, SD +/- 0.65), ELOVL7 (+1.12-fold, SD +/- 

0.05), or FABP3 (+1.35-fold, SD +/- 0.22). A similar effect is seen in DMSO-treated 

cells, where lipogenic gene transcription is stabilised at around a 2-fold level of 

transcription. ELOVL4 was excluded from the panel of genes used to characterise 

dysregulated lipid metabolism in JFH-1 infected Huh7 cells as transcription of this 

gene did not change in control experiments, i.e. no qPCR amplification was 

observed after 36.00 cycles. 

 

The levels of lipogenic gene transcription in JFH-1 infected Huh7 cells treated with 

STF-083010 and DMSO are comparable which suggests that the latter is largely 

responsible for the downregulation of lipogenic gene transcription as it is the solvent 

in which the former is dissolved.  
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Furthermore, data from this experiment indicates that ER stress and UPR induction 

of are not as involved in the dysregulation of lipid metabolism in the JFH-1 model of 

HCV infection as they appear to be in HCV SGR cells.  

 

To observe how the suppression of dysregulated host lipid metabolism affects the 

replication of HCV RNA, intracellular virus was quantitated by qRT-PCR using  

JFH-1 RNA standards [6 ng – 60 fg] and total RNA extracted from STF-083010-

treated HCV SGR cells and controls at 24 hours and 48 hours post-seeding  

(Figure 28). 

 

3.2.11. HCV genome copy number in HCV gt2a Infection Models Treated 

with STF-083010 (24, 48 Hours) 

 

 

Figure 28 - Intracellular HCV SGR replication in HCV SGR cells +/- STF-083010 (24, 48 hours) 
 
Intracellular virus genome copy number measured in HCV SGR cells treated with STF-083010 or DMSO at 24 
hours (white columns) and 48 hours (grey columns) post-seeding. Data shown are averages of triplicate 
measurements from a single experiment with error bars representing standard deviation (SD). 
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Figure 28 shows that HCV SGR cells treated with STF-083010 have an increase in 

HCV SGR genome replication (2.51×108 genome copies, SD +/- 3.25×107) 

compared to the DMSO control (1.35×108 genome copies, SD +/- 1.18×107) at 24 

hours post-seeding. Conversely, there is a significant (p= 5.4×10-4) 3.33-fold 

reduction in HCV genome copy number in STF-083010-treated HCV SGR cells 

(5.12×108 genome copies, SD +/- 1.85×108) relative to those treated with DMSO 

(1.70×109 genome copies, SD +/- 1.67×108) at 48 hours post-seeding. 

 

Similarly, to examine the suppression of dysregulated lipid metabolism brought about 

by inhibition of IRE-1α on virus replication in JFH-1 infected Huh7 cells co-treated 

with STF-083010, intracellular virus was quantitated using qRT-PCR, JFH-1 RNA 

standards [6 ng – 60 fg], and total RNA harvested at 24 hours and 48 hours post-

infection (Figure 29). 

 

 

Figure 29 - Intracellular HCV replication in JFH-1 infected Huh7 cells (MOI – 7.5) +/- STF-083010  
(24, 48 hours) 
 
Intracellular virus genome copy number measured in JFH-1 infected cells treated with STF-083010 or DMSO at 
24 hours (white columns) and 48 hours (grey columns) post-infection. Data shown are averages of triplicate 
measurements from a single experiment with error bars representing standard deviation (SD). 
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Figure 29 shows that there is little difference in genome copy number between  

JFH-1 infected Huh7 cells treated with STF-083010 (2.67×107 genome copies, SD 

+/- 1.10×07) and DMSO (3.50×107 genome copies, SD +/- 1.42×107) at 24 hours 

post-infection. However, intracellular HCV replication increases slightly in JFH-1 

infected Huh7 cells treated with STF-083010 (3.67×107 genome copies, SD +/- 

2.92×107) at 48 hours post-infection, whereas intracellular virus titre is reduced in the 

DMSO control (5.65×106 genome copies, SD +/- 1.96×06) at this time point. 

 

The effects of STF-083010 treatment on extracellular virus secretion was also 

determined in the JFH-1 Huh7 model of HCV infection by using viral RNA harvested 

from infectious media at 24 hours and 48 hours post-infection, JFH-1 standards  

[6 ng – 60 fg] and qRT-PCR (Figure 30). 

 

 
Figure 30 - Extracellular HCV secretion in JFH-1 infected Huh7 cells (MOI – 7.5) +/- STF-083010  
(24, 48 hours) 
 
Extracellular viral RNA measured in culture media from JFH-1 infected Huh7 cells treated with STF-083010 or 
DMSO at 24 hours (white columns) and 48 hours (grey columns) post-infection. Data shown are averages of 
triplicate measurements from a single experiment with error bars representing standard deviation (SD). 
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Figure 30 shows that no difference is seen in extracellular virus secretion between 

JFH-1 infected Huh7 cells co-treated with STF-083010 and DMSO at either 24 hours 

or 48 hours post-infection. 

 

The findings from this series of experiments show that while the levels of UPR 

induction, as indicated by the differential transcriptional of STC2 and HSPA5, are 

similar between HCV gt2a infection models, the effects of inhibiting IRE-1α 

endoribonuclease activity on the regulation of TXNIP mRNA and the induction of 

downstream lipogenic targets involved in fatty acid synthesis (ELOVL4), 

condensation (ACSL3) and transport (FABP3), and intracellular virus replication, in 

HCV SGR- and JFH-1 infected Huh7 cells are different. 

 

As the inhibition of IRE-1α activity was more effective in suppressing lipogenic gene 

transcription and replication of viral RNA in the HCV SGR model of HCV infection, 

Western Blotting using whole cell protein lysates prepared from HCV SGR cells 

treated with STF-083010 and controls at 24 hours and 48 hours post-seeding was 

performed to see if the effects observed on host gene transcription and intracellular 

virus replication corresponded to changes in host (TXNIP) and viral (HCV NS3) 

protein expression (Figure 31). 
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3.2.12. Host and Viral Protein Expression in HCV SGR cells Treated with 
STF-083010 (24, 48 Hours) 

 

 

Figure 31 - Protein quantification in Huh7 and HCV SGR cells +/- STF-083010 (24, 48 hours) 
 
Western Blot on 12% SDS-PAGE of intracellular protein (HCV NS3, TXNIP, β-actin) isolated from  
STF-083010 treated Huh7 and HCV SGR cells, and controls at 24 hours (24h) and 48 hours (48h) post-seeding.  

 

As shown in Figure 31, there is high background staining in the Western Blot of host 

and viral proteins at 24 hours post-seeding which may be due to the method used, 

i.e. triple-staining of proteins using mouse and rabbit antibodies, being sub-optimal. 

However, due to time constraints, this experiment was not repeated and so the 

protein bands produced from this Western Blot were quantified by densitometry 

analysis using ImageJ software (Figure 32). 
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Figure 32 – Densitometry analysis of TXNIP protein expression in Huh7 and HCV SGR cells +/-  
STF-083010 (24, 48 hours) 
 
Densitometry analysis of protein bands (TXNIP) following the Western Blot of intracellular protein isolated from 
HCV SGR cells treated with STF-083010 and controls at 24 hours (white columns) and 48 hours (grey columns) 
post-seeding. Data shown are averages of triplicate densitometry measurements from a single experiment with 
error bars representing standard deviation (SD). 

 

Figure 32, shows that TXNIP expression is higher in Huh7 cells at 24 hours post-

seeding than in HCV SGR cells, which is most likely to arise from the process of 

trypsinisation during the preparation of this experiment as the enzymatic cleavage of 

cell adhesion molecules in the sub-culture of confluent cells may induce changes in 

the expression of proteins that regulate cell metabolism and mitochondrial electron 

transport, e.g. glutamate dehydrogenase and ATP synthase subunit β (479). However, 

TXNIP expression is lower in HCV SGR cells where IRE-1α endoribonuclease 

activity is inhibited using STF-083010 at 24 hour and 48 hour time points, compared 

to untreated cells and the DMSO control. These data further demonstrate that the 

UPR is active during HCV replication, and that TXNIP mRNA transcript abundance is 

regulated by miR-17 abundance which can be increased through the inhibition of 

IRE-1α in accordance with the findings by Lerner et al (444).  
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In addition, densitometry analysis was also used to quantify HCV NS3 to confirm the 

effects of miR-17-mediated destabilisation of TXNIP mRNA on viral protein 

expression in HCV SGR cells co-treated with STF-083010 (Figure 33).  

 
 

Figure 33 – Densitometry analysis of HCV NS3 protein expression in HCV SGR cells +/-  
STF-083010 (24, 48 hours)  
 
Densitometry analysis of protein bands (HCV NS3) following the Western Blot of intracellular protein isolated 
from HCV SGR cells treated with STF-083010 and controls at 24 hours (white columns) and 48 hours (grey 
columns) post-seeding. Data shown are averages of triplicate measurements from a single experiment with error 
bars representing standard deviation (SD). 

 

Figure 33 shows that there is minimal expression of HCV NS3 in untreated HCV 

SGR cells (536.17, SD +/- 189.45) at 24 hours post-seeding. The expression of HCV 

NS3 is significantly enhanced (p= 0.02) following treatment of HCV SGR cells with 

STF-083010 which supports data showing an increase in HCV RNA synthesis seen 

under this condition, compared to controls, at this time point (Figure 28).  However, 

HCV NS3 expression is lower in HCV SGR cells treated with STF-083010 (3698.32, 

SD +/- 2056.04) than in untreated cells (4228.23, SD +/- 1032.20) and the DMSO 

control (5979.09, SD +/- 778.32) at 48 hours post-seeding which accords with the 

qRT-PCR data for HCV RNA replication.  
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This experiment supports the findings that induction of the UPR and ER stress are 

actively involved in the dysregulation of lipid metabolism in the HCV SGR model of 

HCV RNA replication. However, this experiment cannot be relied upon to draw 

conclusions as the control band (β-Actin) produced in the blot at 24 hours is not well 

defined.  

 

3.3. Conclusion 

 

In summary, initial studies involving the culture of HCV SGR cells under both 

glucose-free and control conditions showed similar levels of STC2 upregulation 

which suggests that intracellular calcium homeostasis is dysregulated and that this 

may be a factor in the upregulation of TXNIP and downstream lipogenic gene 

transcription. Moreover, intracellular [glucose] appears to be comparable between 

HCV SGR- and Huh7 cells over 48 hours post-seeding, though this does not appear 

to affect HCV SGR replication. However, additional studies showed that ER stress 

and the UPR are factors relevant to the regulation of TXNIP mRNA which may affect 

downstream lipogenic gene transcription and the replication of viral RNA in HCV 

SGR cells. TXNIP transcript abundance is regulated via miR-17 which, in turn, is 

regulated by the endoribonuclease domain of IRE-1α. The inhibition of IRE-1α 

endoribonuclease activity by STF-083010 is more effective in the HCV SGR model 

than in JFH-1 infected Huh7 cells, which indicates that ER stress is more involved in 

the dysregulation of lipid metabolism that is brought about during viral RNA 

replication in the absence of HCV structural proteins. 
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The key findings from this series of experiments and how they relate to the pathways 

involved in the upregulation of TXNIP in HCV SGR cells are shown in Figure 34. 

 

Figure 34 - ER Stress Induced Mechanism of TXNIP Overexpression  

 
A diagram of how the induction of ER stress and the UPR contribute to the upregulation of TXNIP.  
(1) HCV NS4B induces stress at the endoplasmic reticulum (ER) membrane and causes perturbations in 
membrane arrangement. (2) HCV NS5A induces the efflux of intralumenal calcium ions from the ER by inositol-
1,4,5-triphosphate (IP3R) channels. (3) Unfolded protein response (UPR) is activated leading to the 
autophosphorylation of the endoribonuclease, IRE-1α. IRE-1α has endoribonuclease activity degrades target 
RNAs including messenger RNAs (mRNAs), and micro RNAs (miRs). (4) miR-17, which regulates the abundance 
of TXNIP mRNA, is degraded by active IRE-1α. (5) Degradation of miR-17 leads to increased TXNIP mRNA 
stability and therefore feeds back into the translation machinery of the ER. 
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Chapter 4: Mitochondrial Dysfunction and 
dysregulated Lipid Metabolism in HCV 

infection 
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4.1. Overview  

 

The phenomenon of ER stress was evident in both HCV SGR and JFH-1 Huh7 

models of HCV infection which could have been behind the variations seen in 

cytosolic calcium concentration as shown in Chapter 3. Given that the mitochondria 

of eukaryotic cells are adjacent to the ER where they may buffer intracellular calcium 

ion concentration and this may consequently affect cellular metabolism, the 

possibility of mitochondrial dysfunction contributing to the dysregulation of lipid 

metabolism, mediated by Thioredoxin-interacting protein (TXNIP), was investigated 

in HCV gt2a infection models. The mitochondrial uptake of intracellular calcium by 

voltage dependent anion channels (VDACs), as described in section 1.7.3.3., was 

inhibited through the treatment of HCV gt2a infection models with L-glutamate.  

This treatment gave rise to a reduction in TXNIP and downstream lipogenic gene 

transcription, triglyceride concentration, lipid droplet (LD) formation, apparent 

restoration of cellular glucose metabolism, and a considerable decrease in 

intracellular virus replication in JFH-1 infected Huh7 cells, compared to controls, at 

24 hours and 48 hours post-infection. 
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4.2. Results & Discussion 

 

As shown in Chapter 3, the concentration of intracellular calcium was altered 

following ER stress in HCV gt2a infection models which may, in turn, give rise to 

differences in concentrations localised to the mitochondria. Thus, mitochondrial 

calcium ion (Ca2+) abundance was examined in HCV gt2a infection models. This was 

achieved by staining intracellular calcium with the Indo-1 fluorophore, removal of 

cytosolic calcium via the activation of cellular anion pumps by heat-treatment in a 

mitochondrial isolation buffer, and the fluorescence (405nm) was measured at 24 

hour and 48 hour time points  (Figure 28 (A, B)) (463). 
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4.2.1. Mitochondrial Ca2+ in HCV gt2a Infection Models (24, 48 Hours) 

 

 

 

Figure 35 (A - C) - Mitochondrial Ca
2+

 in HCV gt2a Infection Models (24, 48 hours) 
 
Mitochondrial calcium measured in HCV gt2a infection models at 24 hour (white columns) and 48 hour (grey 
columns) time points. (A) Mitochondrial calcium measured in Huh7 and HCV SGR cells at 24 hours and 48 hours 
post-seeding. (B) Mitochondrial calcium measured in mock- and JFH-1 infected Huh7 cells at 24 hours and 48 
hours post-infection. (C) The standard curve, demonstrating linearity, produced at the time of the assay using 
calcium chloride dihydrate dissolved in H2O [10 µM – 10 nM]. Data shown are averages of triplicate 
measurements from a single experiment with error bars representing standard deviation (SD). 
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Figure 35 (A) shows that mitochondrial Ca2+ is higher in HCV SGR cells (0.0169, SD 

+/- 0.002) compared to Huh7 cells (0.0121, SD +/- 0.007) at 24 hours post-seeding. 

However, at 48 hours post-seeding, the abundance of mitochondrial calcium ions is 

lower in HCV SGR cells (0.0067 SD +/- 0.006) than that measured in Huh7 cells 

(0.0144, SD +/- 0.008).  

 

Figure 35 (B) illustrates that the abundance of Ca2+ ions at the mitochondria in  

JFH-1 infected Huh7 cells (0.0177, SD +/- 0.007) is higher than that measured in 

mock infected Huh7 cells (0.0079, SD +/- 0.001) at 24 hours post-infection. Similarly, 

mitochondrial calcium is greater in JFH-1 infected Huh7 cells (0.0339, SD +/- 0.004) 

than mock infected Huh7 cells (0.0151, SD +/- 0.004) at 48 hours post-infection. 

Furthermore, there is comparable +1.90-fold increase in mitochondrial calcium in 

both mock- and JFH-1 infected Huh7 cells at this time point.  

 

The data from this experiment indicate that the abundance of calcium ions at the 

mitochondria is generally higher in the JFH-1 model of HCV infection than in the 

HCV SGR model of HCV replication. This phenomenon may occur as Ca2+ ions are 

released from the ER lumen via Inositol-1,4,5-triphosphate (IP3R) channels, 

following the induction of ER stress, and localise to the mitochondria via the  

action of the transmembrane GTPase, mitofusin II (43,295,480).  
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It has been reported that calcium ion overload at the mitochondria may induce 

dilation of the mitochondrial permeability transition pore (mPTP), swelling of the 

mitochondrial matrix, rupture of the outer mitochondrial membrane (OMM), increase 

the mitochondrial production of reactive oxygen species (ROS), and incur oxidative 

damage to mitochondrial DNA (mtDNA) (481–483).  

 

To qualitatively assess the integrity of mtDNA in the JFH-1 model of HCV,  

2% agarose gel electrophoresis was performed to detect a large fragment (~9kb) of 

mtDNA that was amplified using long PCR and total cellular DNA isolated from 

mock- and JFH-1 infected Huh7 cells at 24 hours and 48 hours post-infection 

(Figure 36).  
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4.2.2. Mitochondrial DNA (mtDNA) in JFH-1 infected Huh7 cells (24, 48 Hours) 

 

 

Figure 36 - PCR Amplification of Mitochondrial DNA (mtDNA) in Mock- and JFH-1 infected Huh7 cells 
(MOI – 7.5) (24, 48 Hours) 
 
Large mitochondrial DNA amplified using total cellular DNA isolated from mock- and JFH-1 infected Huh7 cells at 
24 hours and 48 hours post-infection. L: Reference marker (10,000bp DNA ladder). NTC: No template control. 

 

As shown by Figure 36, a band of around 9kb can be seen in the lane which ran 

PCR product that was amplified using long PCR and total cellular DNA isolated from 

mock infected Huh7 cells at 24 hours (24h) post-infection, whereas there is an 

absence of detectable product amplified from the DNA of JFH-1 infected Huh7 cells.  

This indicates that mtDNA is intact in mock infected Huh7 cells whilst mtDNA may be 

damaged by ROS through the occurrence of DNA lesions and strand breaks in  

JFH-1 infected Huh7 cells. Furthermore, the impact of HCV infection on 

mitochondrial DNA was reported by a cohort study where mtDNA was found to be 

reduced in CHC patients by 19% (483,484).  
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Conversely, bands of around 9kb are detectable for both mock- and JFH-1 infected 

Huh7 cells at 48 hours (48h) post-infection, which suggests enzymes involved in the 

base excision repair (BER) of mtDNA, e.g. polymerase β (Polβ) and polymerase γ 

(Polγ) are induced (485). However, the induction of DNA repair mechanisms was not 

assessed in this project due to time constraints. Furthermore, the integrity of mtDNA 

in HCV SGR cells was also investigated but proved inconclusive (data not shown).  

 

The data shown in Figure 35 and Figure 36 suggest that mitochondrial calcium ion 

overload is present in human hepatoma cells that express HCV proteins and this 

appears to coincide with the compromised integrity of mtDNA in the JFH-1 model. 

Therefore, the phenomenon of calcium-dependent mitochondrial dysfunction was 

further characterised and tested as a potential source of dysregulated lipid 

metabolism in HCV gt2a infection models.  

 

To determine whether uptake of calcium ions could be inhibited via mitochondrial 

voltage dependent anion channels (VDACs), the abundance of mitochondrial Ca2+ 

ions in L-glutamate treated HCV gt2a infection models and controls was determined 

by Indo-1 staining, removal of cytosolic calcium, and measuring fluorescence 

(405nm) at 24 hour and 48 hour time points. These data was compared to control 

conditions (Figure 35 (A – C)) and are shown in Figure 37 (A – C) (486).  
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4.2.3. Inhibition of Mitochondrial Ca2+ Uptake in HCV gt2a Infection Models  

(24, 48 Hours) 

 

 

 

 

Figure 37 (A - C) - Mitochondrial Ca2+ ions in HCV gt2a infection models +/- L-glutamate  
(24, 48 hours) 
 
Mitochondrial calcium measured in control and L-glutamate treated HCV gt2a infection models at 24 hour (white 
columns) and 48 hour (grey columns) time points. (A) Mitochondrial Calcium ions measured in control and  
L-glutamate treated Huh7 and HCV SGR cells at 24 hours and 48 hours post-seeding.  
(B) Mitochondrial Calcium ions measured in control and L-glutamate treated mock- and JFH-1 infected Huh7 
cells at 24 hours and 48 hours post-infection. (C) The standard curve, demonstrating linearity, produced at the 
time of the assay using calcium chloride dihydrate dissolved in H2O [10 µM – 10 nM]. Data shown are averages 
of triplicate measurements from a single experiment with error bars representing standard deviation (SD). 
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As shown in Figure 37 (A), control HCV SGR cells have a higher abundance of 

mitochondrial calcium ions (0.0169, SD +/- 0.002) than that observed in control Huh7 

cells (0.0121, SD +/- 0.0069) at 24 hours post-seeding. However, treatment with  

L-glutamate appears to increase mitochondrial calcium content in Huh7 cells  

(0.0192, SD +/- 0.0012) whilst comparatively reducing that measured in HCV SGR 

cells (0.0129, SD +/- 0.0049) at this time point. Conversely, L-glutamate appears to 

have little effect at 48 hours post-seeding as mitochondrial Ca2+ ions in  

L-glutamate treated Huh7 (0.0144, SD +/- 0.0079) and HCV SGR  

(0.0060, SD +/- 0.0048) cells are comparable to that measured in the respective 

controls. 

 

Figure 37 (B) shows that mock infected Huh7 cells have a moderate presence of 

mitochondrial calcium ions (0.0079, SD +/- 0.0001) which is almost half (44.6%) of 

that seen in control JFH-1 infected Huh7 cells (0.0177, SD +/- 0.007) at 24 hours 

post-infection. The measurement of Ca2+ ions in L-glutamate treated mock- (0.0110, 

SD +/- 0.0016) and JFH-1 infected Huh7 cells (0.0088, SD +/- 0.0038) is comparable 

to the untreated mock control at this time point. 
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At 48 hours post-infection, the treatment of mock infected Huh7 cells with  

L-glutamate results in a slight increase in mitochondrial calcium (0.0165, SD +/- 

0.011) that is comparable to the untreated control (0.0151, SD +/- 0.004) while 

mitochondrial Ca2+ ions are significantly (p= 0.04) reduced in L-glutamate treated 

JFH-1 infected Huh7 cells (0.0201, SD +/- 0.001) compared to the control  

(0.0339, SD +/- 0.004) at this time point. 

 

These results demonstrate that the treatment of HCV gt2a infection models with  

L-glutamate is effective at reducing calcium localised to the mitochondria at 24 

hours. This effect is retained at 48 hours in the JFH-1 model, though mitochondrial 

calcium levels are comparable between L-glutamate treated HCV SGR cells and the 

control at this time point.  

 

With mitochondrial calcium ion abundance reduced at 24 hours in HCV gt2a infection 

models treated with L-glutamate, the effect on mitochondrial membrane potential 

(mt∆Ψm) was examined as calcium ion overload is associated with a loss of 

mitochondrial membrane polarity (487). This was achieved by staining control and  

L-glutamate [0.5 mM] treated HCV gt2a infection models with a cationic dye, 

Tetramethylrhodamineethyl ester (TMRE), that preferentially binds to depolarised 

outer mitochondrial membranes, and measuring fluorescence (549nm) at 24 hour 

and 48 hour time points (Figure 38 (A, B)). 
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4.2.4. Mitochondrial Membrane Potential (mt∆Ψm) in HCV gt2a Infection 

Models (24, 48 Hours) 

 

 

 

Figure 38 (A, B) – Mitochondrial Membrane Potential (mt∆Ψm) in HCV gt2a Infection Models +/-  
L-glutamate (24, 48 hours) 
 
Mitochondrial membrane potential (mt∆Ψm) measured in control and L-glutamate treated HCV gt2a infection 
models at 24 hour (white columns) and 48 hour (grey columns) time points. Huh7 cells treated with carbonyl 
cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) were included as a positive control. (A) Mitochondrial 
membrane potential in control and L-glutamate treated Huh7 and HCV SGR cells at 24 hours and 48 hours post-
seeding. (B) Mitochondrial membrane potential measured in control- and L-glutamate treated mock- and JFH-1 
infected Huh7 cells at 24 hours and 48 hours post-infection. Data shown are averages of triplicate measurements 
from a single experiment with error bars representing standard deviation (SD). 

 

Figure 38 (A) shows there is little difference in mt∆Ψm between Huh7 and  

HCV SGR controls as well as L-glutamate treated HCV SGR cells (mean= 0.019, SD 

+/- 0.001) at 24 hours post-seeding, although L-glutamate treated Huh7 cells have 

an elevated mitochondrial membrane potential (0.097, SD +/- 0.049) at this time 

point.  
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A similar pattern is seen at 48 hours post-seeding where there is little difference in 

the mt∆Ψm of control Huh7 and HCV SGR cells as well as HCV SGR cells treated 

with L-glutamate (mean= 0.030, SD +/- 0.004), whereas Huh7 cells treated with  

L-glutamate have a high mt∆Ψm (0.071, SD +/- 0.012).  

 

Figure 38 (B) shows that mt∆Ψm is markedly reduced in control JFH-1 infected 

Huh7 cells (0.0244, SD +/- 0.0135) compared to that seen in the mock infected 

control (0.0557, SD +/- 0.0139). Conversely, mitochondrial membrane potential is 

significantly (p= 1×10-3) enhanced following treatment of JFH-1 infected cells with  

L-glutamate (0.1266, SD +/- 0.0004), whereas that measured in L-glutamate treated 

mock infected cells is reduced (0.0183, SD +/- 0.0045) at 24 hours post-infection.  

 

The mitochondrial membrane potential in all control and L-glutamate treated cells is 

generally decreased at 48 hours post-infection (mean= 0.0115, SD +/- 0.004), 

though L-glutamate treated JFH-1 infected cells have the greatest reduction in 

mt∆Ψm (0.0036, SD +/- 0.002) at this time point. Furthermore, there is little 

difference seen in mitochondrial membrane potential of mock infected Huh7 cells 

treated with L-glutamate between 24 hours and 48 hours post-infection. 

 

The efflux of calcium ions from the ER may accumulate at the mitochondria and 

induce depolarisation of the inner mitochondrial membrane (IMM) for which 

Tetramethylrhodamine ethyl ester (TMRE), a lipophilic, cationic ionophore, has a 

high binding affinity (488,489).   
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The reduced mt∆Ψm observed in control JFH-1 infected Huh7 cells is validated by 

the treatment of Huh7 cells with carbonyl cyanide-4-

(trifluoromethoxy)phenylhydrazone (FCCP) which activates proton conductance in 

the uncoupling of mitochondrial oxidative phosphorylation and induces depolarisation 

of the IMM (490). Given that mitochondrial membrane potential is reduced in the  

JFH-1- and the HCV SGR models of HCV at 24 hours post-infection and 48 hours 

post-seeding, respectively, this may reflect differences in the induction of ER stress 

and mitochondrial dysfunction caused by the expression of HCV structural proteins 

in addition to the viral replicase. 

 

The data from this experiment illustrate that the potential between the inner- and 

outer mitochondrial membranes is reduced in JFH-1 infected Huh7 cells and further 

indicate that mitochondrial dysfunction may be induced during virus replication as a 

consequence of calcium ion overload.  

 

Further studies were conducted to see if the mitochondrial-associated pathway of 

apoptosis was induced in the HCV SGR model as pro-apoptotic caspases, e.g. 

caspase-3, are released from the mitochondria in the instance of calcium ion 

overload which may indicate a disruption in the the functional capacity of this 

organelle.  
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Thus, the Mitochondrial ToxGlo™ assay was used to measure the activity of “Dead 

Cell Protease”, presumably caspase-3, in HCV SGR cells over the course of 48 

hours post-seeding (Figure 39 (A, B)). 

 

4.2.5. Mitochondrial-Associated Apoptosis in HCV SGR cells (24, 48 Hours) 

 

  

 

 

Figure 39 (A, B) – Induction of Mitochondria-Associated Apoptosis in HCV SGR cells  
(24, 48 Hours) 
 
“Dead cell protease” activity measured in Huh7 and HCV SGR cells at 24 hours and 48 hours post-seeding.  
(A) Apoptotic protease activity measured in Huh7 and HCV SGR cells at 24 hours (white columns) and 48 hours 
(grey columns) post-seeding. (B) The standard curve produced at the time of assay for dead cell protease activity 
in Huh7 cells treated with H2O2 [10 µM – 10 nM]. Data shown are averages of triplicate measurements from a 
single experiment with error bars representing standard deviation (SD). 

 

Figure 39 (A) shows that there is little mitochondrial apoptotic protease activity Huh7 

cells (0.0101, SD +/- 0.0003) at 24 hours, though this increases  

(0.0183, SD +/- 0.0013) at 48 hours post-seeding. In contrast, HCV SGR cells have 

high “Dead Cell Protease” activity (0.0190, SD +/- 0.009) at 24 hours post-seeding, 

that increases 2.95-fold (0.0561, SD +/- 0.02) at 48 hours.  
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The increased activity of “Dead Cell Protease” in HCV SGR cells shown by the 

higher fluorescence (485nm), compared to Huh7 cells, at 24 hours and 48 hours 

post-seeding demonstrates that the mitochondria-associated pathway of apoptosis is 

induced in this model.  

 

The induction of programmed cell death via the mitochondria may be related to the 

upregulation of TXNIP that follows the induction of ER stress by the viral replicase 

proteins in HCV SGR cells at 24 hours post-seeding (Chapter 3) (491).  

It has been previously shown that the mitochondrial-associated pathway of apoptosis 

may occur through oxidative stress causing TXNIP to dissociate from Trx1 in the 

cytoplasm or, alternatively, induce the nuclear export and mitochondrial translocation 

of TXNIP where it may competitively bind to Trx2 and induce the release of  

apoptosis signaling kinase 1 (ASK1) to bring about caspase-mediated apoptosis 

(435,440,491). The measurement of “Dead Cell Protease” activity could not performed in 

the JFH-1 model due to the requirement for live cells and containment level 3 (CL3) 

restrictions.  

 

As an alternative means of assessing mitochondrial function in the JFH-1 model,  

the transcription of genes related to the oxidative phosphorylation of glucose in 

control and L-glutamate treated HCV gt2a infection models was measured using 

qRT-PCR and qPCR over 48 hours to assess whether the induction of apoptosis via 

the mitochondria had consequence on the transcription of genes concerned with the 

metabolism of glucose.  
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A panel of genes was selected from the re-evaluated microarray data (data not 

shown), and included Max like protein (Mlx) due to its involvement in the 

transcriptional induction of glycolytic genes and TXNIP (Figure 40 (A, B)) (215,443). 

 

4.2.6. Oxidative Phosphorylation Gene Transcription in HCV gt2a Infection 
Models +/- L-glutamate (24, 48 Hours) 

 

 

 

Figure 40 (A, B) – Oxidative Phosphorylation gene transcription in HCV SGR cells 
+/- L-glutamate (24, 48 hours) 
 
Relative fold change in transcription of genes related to oxidative phosphorylation measured in control and  
L-glutamate treated (grey columns) HCV SGR cells, compared to Huh7 cells, at 24 hours and 48 hours post-
seeding. (A) Mean fold changes in HCV SGR cells at 24 hours post-seeding. (B) Mean fold changes in HCV 
SGR cells at 48 hours post-seeding. Genes assayed; Max like protein (Mlx), Arrestin domain containing 4 
(ARRDC4), ATP Synthase subunit G (ATP5L), NADH Dehydrogenase (Ubiquinone) Complex I, Assembly 
Factor 4 (NDUFAF4), NADH Dehydrogenase (Ubiquinone) Complex I, Assembly Factor 5 (NDUFAF5), 
Cytochrome C (CYCS), Oxoglutarate Dehydrogenase (OGDH). Data shown are averages of triplicate 
measurements from a single experiment with error bars representing standard deviation (SD). Graphs 
representing differences in cycle thresholds (ΔCT) between cell lines under these conditions are shown in 
Appendix A2.1 (A, B). 
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As shown in Figure 40 (A), there is an upregulation of Mlx mRNA in HCV SGR cells 

treated with L-glutamate at 24 hours post-seeding (+19.24-fold, SD +/- 2.79) 

compared to the transcript abundance seen in the untreated control  

(+3.49-fold, SD +/- 1.25) which indicates that glucose uptake and the transcription of 

glucose-responsive genes are enhanced under this condition (492,493). This finding is 

supported by the transcriptional data for ARRDC4, a paralog of TXNIP that is 

repressed by glucose deprivation, where transcript abundance is downregulated  

(-2.70-fold, SD +/- 0.16) in the untreated control and transcribed at basal levels in 

HCV SGR cells treated with L-glutamate (+1.34-fold, SD +/- 0.17) (493).  

 

Gene transcription for the G subunit of the ATP Synthase (ATP5L) is upregulated in 

HCV SGR cells treated with L-glutamate (+5.16-fold, SD +/- 1.10) at 24 hours post-

seeding which contrasts with that measured for the untreated control (+2.06-fold, SD 

+/- 0.52) at this time point. The gene product of ATP5L has a transmembrane 

segment that forms the F0 domain of ATP synthase (complex V) which is embedded 

in the inner mitochondrial matrix (IMM) as part of a H+ channel that facilitates the 

proton motive force generated by complex I of the mitochondrial respiratory chain to 

produce ATP in the initial stages of oxidative phosphorylation (494–496).  

The transcription of complex I assembly factors, NDUFAF4 and NDUFAF5, are 

upregulated by +2.45-fold, SD +/- 0.83 and +2.76-fold, SD +/- 0.63, respectively, in 

control HCV SGR cells at 24 hours post-seeding.  
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However, treatment of this model with L-glutamate leads to a repression in 

NDUFAF4 transcription (-2.34-fold, SD +/- 0.29) whilst promoting the transcript 

abundance of NDUFAF5 (+3.38-fold, SD +/- 1.06) at this time point. In control HCV 

SGR cells, cytochrome C (CYCS) transcription undergoes fold-changes of  

+1.30-fold, SD +/- 0.79 and +2.38-fold, SD +/- 1.06 at 24 hours and 48 hours post-

seeding, respectively. This upregulation may result from the ROS-mediated 

degradation of cardiolipin and release of CYCS from the mitochondria, or through the 

homooligomerisation of the pro-apoptotic proteins, Bax and Bak (481,497).  

However, following the treatment of HCV SGR cells with L-glutamate, transcription of 

this gene is upregulated by +2.54-fold, SD +/- 1.26 and +3.60-fold, SD +/- 1.94 at  

24 hours and 48 hours post-seeding, respectively, that suggests the enhancement of 

respiratory chain function through the inhibition of mitochondrial Ca2+ uptake due to 

the reduced oscillation of mitochondrial VDACs.  

 

At 24 hours post-seeding, the transcript abundance of oxoglutarate dehydrogenase 

(OGDH), which catalyses the conversion of oxoglutarate (α-ketoglutarate) to 

succinyl-co A and CO2 during the tricarboxylic acid (TCA) cycle, is upregulated in 

control HCV SGR cells (+8.33-fold, SD +/- 3.60), and to a lesser extent in those 

treated with L-glutamate (+3.60, SD +/- 1.94). This effect is maintained at 48 hours 

post-seeding (Figure 40 (B)), where OGDH transcription is maintained at a 

comparable level in HCV SGR cells treated with L-glutamate (+3.67, SD +/- 2.20), 

but is highly upregulated (+15.23-fold, SD +/- 6.71) in the untreated control. 
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Additionally, the treatment of HCV SGR cells with L-glutamate appears to generally 

stabilise the transcription of genes related to oxidative phosphorylation at 48 hours 

post-seeding, where the transcript abundance of ATP5L, NDUFAF4, and NDUFAF5 

is < 2-fold. However, ATP5L and NDUFAF4 remain slightly upregulated in the 

untreated control with fold changes of +2.14-fold, SD +/- 1.49, and +2.08-fold, SD +/- 

1.79, respectively. Moreover, at 48 hours post-seeding, Mlx mRNA is downregulated 

(-6.20-fold, SD +/- 0.08) and ARRDC4 transcript abundance is upregulated  

(+3.25-fold, SD +/- 2.13) in HCV SGR cells treated with L-glutamate whilst Mlx 

transcription is basal (+1.08-fold, SD +/- 0.77) and ARRDC4 remains downregulated 

(-3.46-fold, SD +/- 1.02) in the untreated control. 

 

These results suggest that in the HCV SGR model of HCV replication, L-glutamate 

treatment may enhance oxidative phosphorylation as an effect of inhibiting 

mitochondrial dysfunction induced by calcium ion overload. Thus to observe the 

effects in the JFH-1 model of HCV infection, a similar panel of genes were assessed 

in JFH-1 infected Huh7 cells treated with L-glutamate and compared to controls 

using qPCR and cDNA synthesised from total RNA isolated at 24 hours and 48 

hours post-infection (Figure 41 (A, B)). 
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Figure 41 (A, B) – Oxidative phosphorylation gene transcription in JFH-1 infected Huh7 cells (MOI – 7.5) 
+/- L-glutamate (24, 48 hours) 
 
Relative fold change in transcription of oxidative phosphorylation-related genes measured in control (white 
columns) and L-glutamate treated (grey columns) JFH-1 infected Huh7 cells, compared to mock infected Huh7 
cells, at 24 hours and 48 hours post-infection. (A) Mean fold changes in JFH-1 infected Huh7 cells at 24 hours 
post-infection. (B) Mean fold changes in JFH-1 infected Huh7 cells at 48 hours post-infection. Genes assayed; 
Max like protein (Mlx), ATP Synthase (ATP5L), NADH Dehydrogenase (Ubiquinone) Complex I, Assembly 
Factor 4 (NDUFAF4), NADH Dehydrogenase (Ubiquinone) Complex I, Assembly Factor 5 (NDUFAF5), 
Oxoglutarate Dehydrogenase (OGDH). Data shown are averages of triplicate measurements from a single 
experiment with error bars representing standard deviation (SD). Graphs representing differences in cycle 
thresholds (ΔCT) between cell lines under these conditions are shown in Appendix A2.2 (A, B). 

 

As shown in Figure 41 (A), transcription of Max like protein (Mlx) is upregulated in 

control JFH-1 infected Huh7 cells (+17.98-fold, SD +/- 11.33) compared to the mock 

infected Huh7 cells, and is suppressed following treatment with L-glutamate  

(-1.04-fold, SD +/- 0.32) at 24 hours post-infection.  
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Similarly, ATP5L transcription is upregulated (+14.27-fold, SD +/- 9.00) in control 

JFH-1 infected Huh7 cells but is downregulated following treatment with L-glutamate 

(-1.23-fold, SD +/- 0.57) at 24 hours post-infection. NDUFAF4 transcription is 

downregulated (-2.13-fold, SD +/- 0.08) in control JFH-1 infected Huh7 cells but is 

maintained at basal levels following treatment with L-glutamate  

(+1.40-fold, SD +/- 0.02). NDUFAF5 mRNA, however, is significantly  

(p= 4.47×10-10) downregulated (-81.61-fold, SD +/- 0.01) in control JFH-1 infected 

Huh7 cells but significantly (p= 6.32×10-4) upregulated (+3.10-fold, SD +/- 0.55) 

following treatment with L-glutamate. 

 

Figure 41 (B) shows that there is basal transcription, i.e. < 2-fold, of all genes 

related to oxidative phosphorylation under both control and L-glutamate treated 

conditions at 48 hours post-infection, with the exception of NDUFAF5 where mRNA 

abundance is significantly (p= 1.46×10-7) downregulated in control JFH-1 infected 

Huh7 cells (-7.50-fold, SD +/- 0.02). In contrast, the treatment of  

JFH-1 infected Huh7 cells with L-glutamate augments NDUFAF5 transcription to 

basal levels (+1.22-fold, SD +/- 0.68) at this time point. ARRDC4 was not included in 

this experiment as this gene was not transcriptionally altered in control JFH-1 Huh7 

infection experiments. 

 

These data indicate that the regulation of glucose metabolism by oxidative 

phosphorylation is disordered in HCV infection but may be alleviated by inhibiting the 

mitochondrial uptake of calcium through treatment with L-glutamate.  
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It can be said from this experiment that mitochondrial dysfunction, induced by 

calcium ion overload, is evident to different degrees in both HCV gt2a infection 

models and that treatment with L-glutamate can produce significant effects on the 

transcription of genes relating to oxidative phosphorylation, an intermediary stage in 

the metabolism of intracellular glucose that bridges the metabolic processes of 

glycolysis and the TCA cycle.  

 

To observe whether the differential transcription of genes concerning oxidative 

phosphorylation translated to differences in intracellular [glucose] in HCV SGR- and 

JFH-1 infected Huh7 cells, the 3’,5’-dinitrosalicylic acid (DNS) assay was performed 

using whole cell protein lysate isolated from control and L-glutamate treated  

HCV gt2a infection models and absorbance (575nm) was measured at 24 hours and 

48 hour time points (Figure 42 (A - C)).  
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4.2.7. Intracellular [Glucose] in HCV gt2a Infection Models +/- L-glutamate  

(24, 48 Hours) 

 

 

 

 

Figure 42 (A – C) - Average intracellular [glucose] (µM) in HCV gt2a Infection Models +/- L-glutamate  
(24, 48 hours) 
 
Intracellular [glucose] measured in control and L-glutamate [0.5 mM] treated HCV gt2a infection models at  
24 hour (white columns) and 48 hour (grey columns) time points.  (A) Intracellular glucose concentrations (μM) 
measured in control and L-glutamate treated Huh7 and HCV SGR cells at 24 hours (white columns) and 48 hours 
(grey columns) post-seeding. (B) Intracellular glucose concentrations (μM) measured in control and L-glutamate 
treated mock- and JFH-1 infected Huh7 cells at 24 hours and 48 hours post-infection. (C) The standard curve 
using D-glucose standards [0 – 20 µM] produced at the time of assay from which intracellular glucose 
concentrations were deduced. Data shown are averages of triplicate measurements from a single experiment 
with error bars representing standard deviation (SD).  
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Figure 42 (A) shows that comparable glucose concentrations (mean= 23.79 μM, SD 

+/- 2.52) are seen in control and L-glutamate treated Huh7 and HCV SGR cells at 24 

hours post-seeding. Likewise, a similar concentration of intracellular glucose  

(mean= 24.56 μM, SD +/- 0.89) is seen in both the Huh7 and HCV SGR control at 48 

hours post-seeding. However, a lower concentration of intracellular glucose is 

present in Huh7 cells treated with L-glutamate (8.76μM, SD +/- 1.01) at 48 hours 

post-seeding, whereas the concentration of glucose in L-glutamate treated HCV 

SGR cells increases (33.05μM +/- 3.03).  

 

As shown in Figure 42 (B), intracellular glucose concentrations in mock- and JFH-1 

infected Huh7 cells are comparable (mean= 68.93 μM, SD +/- 10.50) under both 

control and L-glutamate treated conditions at 24 hours post-infection.  

At 48 hours post-infection, however, there is a 3.4-fold increase in intracellular 

[glucose] in mock infected Huh7 cells (mean= 305.67 μM, SD +/- 25.59) under both 

control and L-glutamate treated conditions. Conversely, intracellular glucose 

concentration does not significantly change between 24 hours (83.05 μM, SD +/- 

27.76) and 48 hours (76.98 μM, SD +/- 18.12) post-infection in control JFH-1 

infected hepatocytes. However, there is an approximate 3.06-fold increase in 

intracellular [glucose] in L-glutamate treated JFH-1 infected Huh7 cells between 24 

hours (69.48 μM, SD +/- 13.75) and 48 hours (212.81 μM, SD +/- 24.20) post-

infection. 
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The data presented here indicate that control Huh7 and HCV SGR cells have similar 

concentrations of intracellular [glucose] where little difference is observed over 48 

hours post-seeding. However, treatment with L-glutamate results in decreased and 

increased intracellular [glucose] in Huh7 and HCV SGR cells, respectively, at 48 

hours post-seeding. JFH-1 infected Huh7 cells have a similar pattern of intracellular 

[glucose], though higher in comparison by almost 4-fold, to that seen in control Huh7 

and HCV SGR cells where glucose concentration does not appear to alter over 48 

hours and reflects data for the JFH-1 model previously shown by Blackham (215). 

However, L-glutamate treatment noticeably increases glucose concentration in JFH-

1 infected Huh7 cells, compared to the untreated control, at 48 hours post-infection.  

 

Thus, to determine whether the differences in intracellular [glucose] in control and  

L-glutamate treated HCV gt2a infection models corresponded to changes in 

intracellular glycogen over the course of 48 hours, the Iodine-Potassium Iodide (IKI) 

method was performed on whole cell protein lysates isolated from control and  

L-glutamate treated HCV gt2a infection models and absorbance (560nm) was 

measured at 24 hour and 48 hour time points (Figure 43 (A, B)).  

 

 

 

4.2.8. Intracellular Glycogen Content in HCV gt2a Infection Models  
+/- L-glutamate (24, 48 Hours) 
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Figure 43 (A - C) - Intracellular Glycogen Content (μg μl
-1

) in HCV gt2a Infection Models  
+/- L-glutamate (24, 48 Hours) 
 
Intracellular glycogen content measured in control and L-glutamate [0.5 mM] treated HCV gt2a infection models 
at 24 hour (white columns) and 48 hour (grey columns) time points. (A) Intracellular glycogen (μg μl

-1
) measured 

in control and L-glutamate treated Huh7 and HCV SGR cells at 24 hours (white columns) and 48 hours (grey 
columns) post-seeding. (B) Intracellular glycogen (μg μl

-1
) measured in control and L-glutamate treated mock- 

and JFH-1 infected Huh7 cells at 24 hours (white columns) and 48 hours (grey columns) post-infection. (C) The 
standard curve produced at the time of assay using glycogen standards [3.125 – 12.5 mg ml-1] from which 
intracellular glycogen content was deduced. Data shown are averages of triplicate measurements from a single 
experiment with error bars representing standard deviation (SD). 

Figure 43 (A) shows that intracellular glycogen content in Huh7 and HCV SGR cells 

under both control and L-glutamate treated conditions are comparable at 24 hours 

post-seeding  (mean= 429.13 μg μl-1, SD +/- 35.76). Intracellular glycogen content in 

0.00

200.00

400.00

600.00

Huh7 HCV SGR Huh7 +           L-
glutamate

HCV SGR +           
L-glutamate

G
ly

c
o

g
e

n
(μ

g
 μ

l-1
)

Cell line

(A) 24 Hours
48 Hours

0.00

50.00

100.00

150.00

200.00

Mock Huh7 JFH-1 Huh7 Mock Huh7 +                   
L-glutamate

JFH-1 Huh7 +            
L-glutamate

G
ly

c
o

g
e

n
(μ

g
 μ

l-1
) 

Cell line

(B) 24 Hours
48 Hours

y = 0.0024x + 0.1497
R² = 0.967

0.150

0.160

0.170

0.180

0.190

0.00 5.00 10.00 15.00

A
b

s
o

rb
a

n
c

e
 

(5
6

0
n

m
)

Glycogen (mg ml-1)

(C)



232 
 

 

 

 

control Huh7 and HCV SGR cells, as well as L-glutamate treated Huh7 cells, 

comparably decrease to similar levels (mean= 243.14 μg μl-1, SD +/- 14.06) at 48 

hours post-seeding.  However, intracellular glycogen content in HCV SGR cells 

treated with L-glutamate increases by 39.7% (360.23 μg μl-1, SD +/- 126.61) 

compared to the control at this time point (257.71. μg μl-1, SD +/- 116.81). This 

indicates that there is a surplus of intracellular glucose that is stored as glycogen 

polymers. 

 

As shown in Figure 43 (B), the glycogen content in control mock- and JFH-infected 

cells is comparable at 24 hours post-infection (mean= 73.74 μg μl-1, SD +/- 5.12) that 

is substantially lower than the results for the HCV SGR model at this time point.  

No data was obtained when intracellular glycogen was measured in mock infected 

Huh7 cells treated with L-glutamate at 24 hours post-infection. However, glycogen 

content in L-glutamate treated JFH-1 infected Huh7 cells is lower  

(38.35 μg μl-1, SD +/- 12.69) than that seen in the untreated control at 24 hours post-

infection which supports the observations indicating that glucose metabolism in HCV 

gt2a infection models is stimulated by this treatment.  

 

 

At 48 hours post-infection, intracellular glycogen in control mock infected Huh7 cells  

(20.52, μg μl-1, SD +/- 5.22) is comparable to that in L-glutamate treated mock 

infected Huh7 cells (18.71 μg μl-1, SD +/- 6.43). Conversely, control JFH-1 infected 
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Huh7 cells contain a higher level of glycogen (54.06 μg μl-1, SD +/- 14.28,) and there 

is a significant (p= 1.64×10-3) increase in intracellular glycogen in L-glutamate 

treated JFH-1 infected Huh7 cells (114.93 μg μl-1, SD +/- 29.84) at 48 hours post-

infection (498).  

 

These data suggest that mitochondrial dysfunction caused by calcium ion overload is 

evident in both HCV gt2a infection models which may account for disturbances in 

glucose metabolism at the point of oxidative phosphorylation, and, which may also 

affect glycogen synthesis. However, this experiment shows that these effects of 

mitochondrial dysfunction may be alleviated by L-glutamate treatment, possibly as a 

result of reducing mitochondrial calcium uptake. 

 

To examine the effects of inhibiting mitochondrial dysfunction on the dysregulation of 

lipid metabolism at a transcriptional level, qRT-PCR was used to measure the mRNA 

transcript abundance of genes characterising dysregulated lipid metabolism in HCV 

infection using total RNA isolated from control and L-glutamate treated Huh7 and 

HCV SGR cells at 24 hours and 48 hours post-seeding. The results obtained were 

compared to the control data from Chapter 3 (Figure 44 (A, B)). 

 

4.2.9. Lipogenic Gene Transcription in HCV gt2a Infection Models  
+/- L-glutamate (24, 48 Hours) 
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Figure 44 (A, B) – Lipogenic gene transcription in HCV SGR cells +/- L-glutamate  
(24, 48 hours) 
 
Relative fold change of transcription of lipogenic genes measured in control (white columns) and L-glutamate 
treated (grey columns) HCV SGR cells, compared to Huh7 cells, at 24 hours and 48 hours post-seeding.  
(A) Mean fold changes in HCV SGR cells at 24 hours post-seeding. (B) Mean fold changes in HCV SGR cells at 
48 hours post-seeding. Genes assayed; Insulin receptor substrate 2 (IRS2), Thioredoxin-interacting Protein 
(TXNIP), Acyl CoA synthetase long-chain family member 3 (ACSL3), ELOVL Fatty Acid Elongase 4 (ELOVL4), 
ELOVL Fatty Acid Elongase 7 (ELOVL7), Fatty Acid Binding Protein 3 (FABP3). Data shown are averages of 
triplicate measurements from a single experiment with error bars representing standard deviation (SD). Graphs 
representing differences in cycle thresholds (ΔCT) between cell lines under these conditions are shown in 
Appendix A2.3 (A, B). 

 

As shown in Figure 44 (A), treatment of HCV SGR cells with L-glutamate enhances 

IRS2 transcription (+7.54-fold, SD +/- 0.10) compared to the control (+4.49-fold, SD 

+/- 1.34) at 24 hours post-seeding.  

 

 

Conversely, the treatment of HCV SGR cells with L-glutamate gives rise to a 

significant (p= 0.04) reduction in TXNIP transcription (-3.03-fold, SD +/- 0.16) 

compared to the control (+11.40-fold, SD +/- 2.86) at 24 hours post-seeding.  
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However, ACSL3 transcription increases in L-glutamate treated HCV SGR cells 

(+3.53-fold, SD +/- 1.01) compared to the control (+2.10-fold, SD +/- 0.93) at this 

time point which may give rise to an increase in either the degradation of fatty acids 

via β-oxidation or the formation of lipid droplets (LDs) (470,471). Additionally, there is a 

significant (p= 0.05) reduction in ELOVL4 transcription in L-glutamate treated HCV 

SGR cells (+2.01, SD +/- 0.99) compared to the control (+7.92-fold, SD +/- 3.96) 

which occurs in tandem with a reduction in ELOVL7 mRNA (+2.44-fold, SD +/- 0.53) 

compared to the control (+4.31-fold, SD +/- 2.35) at 24 hours post-seeding.  

FABP3 transcription is significantly (p= 0.01) increased (+7.89-fold, SD +/- 2.16) in  

L-glutamate treated HCV SGR cells at 24 hours post-seeding relative to that 

measured in the untreated control (+1.53-fold, SD +/- 0.27) which suggests an 

increase in fatty acid transport from the cytoplasm to the nucleus (468). 

 

Figure 44 (B) shows that the suppression of lipogenic gene transcription in  

HCV SGR cells by L-glutamate treatment is sustained at 48 hours post-seeding. 

However, insulin receptor substrate 2 (IRS2) mRNA remains upregulated  

(+4.54-fold, SD +/- 1.38) in L-glutamate treated HCV SGR cells though this 

measurement is lower than that found in the control (+5.80-fold, SD +/- 3.85) at this 

time point.  

IRS2 was assayed in this experiment due to its upregulation  

(+5.26-fold, p= 5.35×10-19) at 48 hours post-infection in the current microarray data 

analysis and is of relevance to this study as this gene is reported to stimulate pro-

lipogenic effects which may contribute to the development of hepatic steatosis (499).  
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The qRT-PCR data from this experiment, however, suggests that the transcriptional 

induction of this gene is not related to the incidence of mitochondrial dysfunction in 

HCV SGR cells (499).  

 

The effects of L-glutamate treatment on lipogenic gene transcription was also 

measured in the JFH-1 model using qPCR and cDNA synthesised from total RNA 

that was isolated at 24 hours and 48 hours post-infection. The results were 

compared to the control data described in Figure 18 (A, B) (Figure 45 (A, B)).  
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Figure 45 (A, B) – Lipogenic gene transcription in JFH-1 infected Huh7 cells  
(MOI – 7.5) +/- L-glutamate (24, 48 hours) 
 
Relative fold change of transcription in lipogenic genes measured in control (white columns) and L-glutamate 
treated (grey columns) JFH-1 infected Huh7 cells, compared to mock infected Huh7 cells, at 24 hours and 48 
hours post-infection. (A) Mean fold changes in JFH-1 infected cells at 24 hours post-infection.  
(B) Mean fold changes in JFH-1 infected cells at 48 hours post-infection. Genes assayed; Thioredoxin-interacting 
Protein (TXNIP), Acyl CoA synthetase long-chain family member 3 (ACSL3), ELOVL Fatty Acid Elongase 7 
(ELOVL7), Fatty Acid Binding Protein 3 (FABP3), Peroxisome proliferator activated receptor-γc1a (PPARGC1A). 
Data shown are averages of triplicate measurements from a single experiment with error bars representing 
standard deviation (SD). Graphs representing differences in cycle thresholds (ΔCT) between cell lines under 
these conditions are shown in Appendix A2.4 (A, B). 

 

As shown in Figure 45 (A), the treatment of JFH-1 infected Huh7 cells with  

L-glutamate leads to a significant (p= 1.37×10-4) reduction in TXNIP transcription  

(-2.50-fold, SD +/- 0.09) at 24 hours post-infection, compared to that observed in the 

control (+12.77-fold, SD +/- 3.34).  
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ACSL3 mRNA transcripts are also lower in L-glutamate treated JFH-1 infected Huh7 

cells (+1.07-fold, SD +/- 0.04) compared to the control (+8.45-fold, SD +/- 5.81) at 24 

hours post-infection.  Additionally, transcription of FABP3 in L-glutamate treated 

JFH-1 infected Huh7 cells is significantly (p= 0.03) downregulated (-1.11-fold, SD +/- 

0.13) compared to the control (+4.93-fold, SD +/- 1.57), and PPARGC1A mRNA is 

transcribed at basal levels (+1.08 fold, SD +/- 0.37) which contrasts with the levels of 

upregulation seen in the control (+7.99-fold, SD +/- 4.29) at this timepoint. 

 

Figure 45 (B) shows that the transcription of lipogenic genes in JFH-1 infected Huh7 

cells treated with L-glutamate is comparable to the levels seen in the untreated 

control at 48 hours post-infection. However, ELOVL7 transcript abundance is 

significantly (p= 9×10-3) reduced (+3.31-fold, SD +/- 1.16) in comparison to the 

control (+20.16-fold, SD +/- 8.66). Similarly, PPARGC1A is upregulated (+3.21-fold, 

SD +/- 1.08) in L-glutamate treated JFH-1 infected Huh7 cells relative to the 

untreated control (-2.38-fold, SD +/- 0.19) which may be relevant to the alleviation of 

disturbances in glucose and lipid metabolism that are brought about by HCV 

infection as PPARGC1A transcriptionally co-activates genes that are associated with 

gluconeogenesis, oxidative metabolism, mitochondrial biogenesis, and lipid transport 

(500).  

 

Generally, the transcription of TXNIP and downstream lipogenic genes are 

suppressed in both HCV SGR- and JFH-1 infected Huh7 cells following treatment 

with L-glutamate.  
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However, the panel of genes used to characterise dysregulated lipid metabolism in 

control and L-glutamate treated HCV gt2a infection models differed slightly as the 

transcript abundance of IRS2 and ELOVL4 was not altered in control JFH-1 

experiments, i.e. no data produced after 36.00 cycles.  

 

To observe whether the differences in TXNIP and downstream lipogenic gene 

transcription manifested phenotypically in the HCV gt2a infection models, 

intracellular triglyceride concentrations were quantified using the Triglyceride 

Quantification Kit, whole cell protein lysate isolated from control and L-glutamate 

treated HCV SGR and JFH-1 infected Huh7 cells, and the absorbance (570nm) was 

measured at 24 hour and 48 hour time points (Figure 46 (A - C)). 
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4.2.10. Intracellular [triglyceride] in HCV gt2a Infection Models  

+/- L-glutamate (24, 48 Hours) 

 

 

 

 

Figure 46 (A - C) - Intracellular [triglyceride] (µM) in HCV gt2a Infection Models +/- L-glutamate  
(24, 48 Hours) 

 
Intracellular triglyceride concentration (µM) measured in control and L-glutamate treated HCV gt2a infection 
models at 24 hour and 48 hour time points. (A) Intracellular triglyceride concentration in control and L-glutamate 
treated Huh7 and HCV SGR cells at 24 hours (white columns) and 48 hours (grey columns) post-seeding.  
(B) Intracellular triglyceride concentration in control and L-glutamate treated mock- and JFH-1 infected Huh7 cells 
at 24 hours (white columns) and 48 hours (grey columns) post-infection. (C) The standard curve produced using 
triglyceride standards [0 – 1.2 µM] at the time of assay from which intracellular [triglyceride] was deduced.  
Data shown are averages of triplicate measurements from a single experiment with error bars representing 
standard deviation (SD). 
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As shown in Figure 46 (A), control Huh7 cells have a low concentration  

(0.06 µM, SD +/- 0.01) of triglycerides at 24 hours post-seeding that increases 

approximately 20-fold (0.12 µM, SD +/- 0.0014) at 48 hours post-seeding.  

In comparison, there is a greater concentration of intracellular triglycerides in control 

HCV SGR cells at 24 hours (0.52 µM, SD +/- 0.33) and 48 hours  

(0.64 µM, SD +/- 0.30) post-seeding. The concentration of triglycerides in  

L-glutamate treated HCV SGR cells is reduced compared to the control at 24 hours 

(0.02 µM, SD +/- 0.01) and is undetectable at 48 hours post-seeding. These data 

reflect the differences in lipogenic gene transcription shown by the qRT-PCR 

analyses. 

 

Figure 46 (B) shows mock infected Huh7 cells have a high intracellular [triglyceride] 

at 24 hours (1.42 µM, SD +/- 0.20) and 48 hours (1.54 µM, SD +/- 0.38) post-

infection. In comparison, intracellular triglyceride concentration is reduced by 53.3% 

(0.72 µM, SD +/- 0.50) and 78% (0.34 µM, SD +/- 0.04) in untreated JFH-1 infected 

Huh7 cells at 24 hours and 48 hours post-infection, respectively. This may occur as 

a consequence of virus assembly, egress, and the overexpression of genes involved 

in intracellular transport of secretory vesicles, e.g. RAB27A, RAB27B, being active in 

the JFH-1 model of HCV infection (214).  
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Meanwhile, the treatment of mock infected Huh7 cells with L-glutamate results in an 

intracellular triglyceride concentration that is comparable to the untreated control 

(1.39 µM, SD +/- 0.20), whereas that measured in JFH-1 infected Huh7 cells treated 

with L-glutamate (0.41 µM, SD +/- 0.15) is lower than the control  

(0.73 µM, SD +/- 0.50) at 24 hours post-infection.  

 

However, at 48 hours post-infection, a significant (p= 0.03) decrease in intracellular 

triglyceride is seen in L-glutamate treated mock infected Huh7 cells (0.05 µM, SD +/- 

0.01) relative to the mock infected control, and little difference in intracellular 

[triglyceride] (mean= 0.31 µM, SD +/- 0.04) can be seen between control and  

L-glutamate treated JFH-1 infected Huh7 cells. 

 

This experiment shows that JFH-1 infected Huh7 cells have a higher concentration 

of intracellular triglycerides than the HCV SGR model which is most likely due to the 

presence of structural proteins compounding the dysregulation of lipid metabolism 

caused by the viral replicase proteins. Furthermore, the intracellular [triglyceride] in 

HCV gt2a infection models reflect the fold-changes seen in the transcription of 

TXNIP and downstream lipogenic genes as well as the suppression thereof by 

treatment with L-glutamate.  
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To observe the effect of inhibited mitochondrial calcium ion uptake, and so reduced 

intracellular triglyceride concentration, on the formation of lipid droplets (LDs) in HCV 

gt2a infection models, L-glutamate treated HCV SGR- and JFH-1 infected Huh7 cells 

and controls were stained with Oil-Red-O, a specific stain for LDs and neutral 

triglycerides at 24 hour and 48 hour time points, and examined using light 

microscopy (Figures 47 - 50) (501). 
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4.2.11. Intracellular Lipid Droplets (LDs) in HCV gt2a Infection Models  
+/- L-glutamate (24, 48 Hours) 

 

 

 

 
Figure 47 (A – L) - Oil-Red-O stained Huh7 and HCV SGR cells (24, 48 hours) 
 
Huh7 and HCV SGR cells were stained for lipid droplets using Oil-Red-O under control conditions at 24 hours 
and 48 hours post-seeding. Nuclei are stained blue. Lipids are stained red. A – C; Huh7 cells are negative for the 
presence of lipid at 24 hours post-seeding. D – F; HCV SGR cells are positive for the presence of lipid at  
24 hours post-seeding. G – I; Huh7 cells show limited staining for the presence of lipid at 48 hours post-seeding. 
J – L; ORO staining of lipid in HCV SGR cells is of greater intensity at 48 hours post-seeding. Images shown 
represent 3 fields of view of for each condition. 
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Figure 48 (A – L) - Oil- Red-O stained Huh7 and HCV SGR cells + L-glutamate (24, 48 hours) 
 
Huh7 and HCV SGR cells were stained for lipid droplets using Oil-Red-O following treatment with L-glutamate at 
24 hours and 48 hours post-seeding. Nuclei are stained blue. Lipids are stained red. (A – C) Huh7 cells are 
negative for the presence of lipid at 24 hours post-seeding. (D – F) HCV SGR cells are negative for the presence 
of lipid at 24 hours post-seeding. (G – I) Huh7 cells show limited staining for the presence of lipid (red stains) at 
48 hours post-seeding. (J – L) ORO staining of intracellular lipid is undetectable in HCV SGR cells at 48 hours 
post-seeding. Images shown represent 3 fields of view of for each condition. 
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Figure 49 (A – L) - Oil-Red-O (ORO) staining of intracellular lipid droplets in Mock- and JFH-1 infected 
Huh7 cells (MOI – 7.5) (24, 48 Hours)  
 
Mock- and JFH-1 infected Huh7 cells were stained for lipid droplets using Oil-Red-O under control conditions at 
24 hours and 48 hours post-infection. Nuclei are stained blue. Lipids are stained red. (A – C) Mock infected Huh7 
cells are negative for the presence of lipid at 24 hours post-infection. (D – F) JFH-1 infected Huh7 cells are 
positive for a nuclear localisation of lipid (purple nuclei) at 24 hours post-infection. (G – I) Mock infected Huh7 
cells show limited staining for the presence of lipid at 48 hours post-infection. (J – L) ORO staining of lipid in  
JFH-1 infected Huh7 cells is of greater intensity at 48 hours post-infection. Images shown represent 3 fields of 
view of for each condition. 
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Figure 50 (A – L) - Oil-Red-O (ORO) staining of intracellular lipid droplets in Mock- and JFH-1 infected 
Huh7 cells (MOI – 7.5) + L-glutamate (24, 48 Hours) 
 
Mock- and JFH-1 infected Huh7 cells were stained for lipid droplets using Oil-Red-O following treatment with  
L-glutamate at 24 hours and 48 hours post-infection. Nuclei are stained blue. Lipids are stained red.  
(A – C) Mock infected Huh7 cells + L-glutamate are negative for the presence of lipid at 24 hours post-infection. 
(D – F) JFH-1 infected Huh7 cells + L-glutamate have limited staining of nuclear lipid (purple nuclei) at 24 hours 
post-infection. (G – I) Mock infected Huh7 cells are negative for the presence of lipid at 48 hours post-infection.  
(J – L) JFH-1 infected Huh7 cells + L-glutamate have a limited amount of lipid at 48 hours post-infection. Images 
shown represent 3 fields of view of for each condition. 
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The treatment of HCV gt2a infection models with L-glutamate results in a substantial 

reduction of intracellular LDs at 24 hour and 48 hour time points. To confirm this, the 

images produced from this experiment were quantitated using a ImageJ software 

(Figure 51 (A, B)) (465). 

 

 
Figure 51 (A, B) - Quantification of ORO stained intracellular LDs in HCV gt2a infection models  
+/- L-glutamate (24, 48 Hours) 
 
Images of ORO stained lipid droplets (LDs) in HCV gt2a infection models were converted to 8-bit RGB stacks 
using ImageJ. Thresholds for LD were set and percentage area per field of view area was determined.  
(A) Quantification of LD abundance in control Huh7 and HCV SGR cells at 24 hours (white columns) and 48 
hours (grey columns) post-seeding. No data was obtained for Huh7 or HCV SGR cells treated with L-glutamate. 
(B) Quantification of LD abundance in mock- and JFH-1 infected Huh7 cells +/- L-glutamate at 24 hours (white 
columns) and 48 hours (grey columns) post-infection. Data shown are averages of triplicate measurements from 
a single experiment with error bars representing standard deviation (SD). 

 

As shown in Figure 51 (A), control Huh7 cells do not stain for lipid droplets (LDs) 

using ORO at 24 hours post-seeding, although a low abundance (8.35%, SD +/- 

5.83) is present at 48 hours post-seeding.  
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However, LDs are detectable in control HCV SGR cells at 24 hours (10.14%, SD +/- 

3.26) which increases by approximately 2.5-fold at 48 hours (24.95%, SD +/- 11.94) 

post-seeding. Huh7 and HCV SGR cells are negative for the presence of ORO-

stained LDs at 24 hours and 48 hours post-seeding following treatment with  

L-glutamate. This indicates that the formation of LDs in the replicon model of HCV 

replication is largely dependent on mitochondrial dysfunction caused by calcium ion 

overload.  

 

Figure 51 (B) represents the quantitation of ORO-stained LDs in mock- and JFH-1 

infected Huh7 cells treated with L-glutamate and controls at 24 hours and 48 hours 

post-infection. In control mock infected Huh7 cells, there is a minimal presence of 

intracellular LDs at both 24 hours (1.02%, SD +/- 0.81) and 48 hours (1.26%, SD +/- 

0.38) post-infection. However, LDs are significantly abundant in control  

JFH-1 infected Huh7 cells at 24 hours (20.23%, SD +/- 4.26) (p= 0.02) and 48 hour 

(8.32%, SD +/- 1.59) (p= 1.6×10-3) time points in relation to mock infected Huh7 

cells. There are trace amounts of LDs in mock infected Huh7 cells, following 

treatment with L-glutamate, at both 24 hours (0.21%, SD +/- 0.10) and 48 hours 

(1.64%, SD +/- 0.93) post-infection.  
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Similarly, there is a significant (p= 0.03) reduction in intracellular LDs in  

L-glutamate treated JFH-1 infected Huh7 cells at 24 hours (3.47%, SD +/- 1.29)  

and 48 hours (1.58%, SD +/- 0.78) (p= 2×10-3) post-infection compared to the control 

which suggests that mitochondrial dysfunction induced by calcium ion overload is 

also a contributing factor to the development of intracellular LDs in HCV infection. 

 

This experiment suggests that both HCV gt2a models of infection share a common 

pathway in the formation of LDs during virus replication, namely the incidence of 

mitochondrial dysfunction which may occur as a consequence of ER stress 

induction. However, as shown by the images taken of HCV gt2a infection models 

stained with ORO, control HCV SGR cells have a clear cytoplasmic localisation of 

LDs while those in the JFH-1 model appear to have a nuclear localisation.  HCV core 

protein has been reported to localise to the nucleus in many different liver cell types, 

as well as with large lipid droplets in the case of stellate cells (41). Furthermore, HCV 

core has been shown to be instrumental to the redistribution of LDs to the 

perinuclear compartment in infected cells (502). These data also appear to correlate 

with the reduction of triglycerides that were measured in HCV gt2a infection models 

following treatment with L-glutamate (Figure 46 (A, B)). 
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Thus, intracellular virus was quantitated using qRT-PCR, total cellular RNA isolated 

from HCV SGR cells treated with L-glutamate and controls, and JFH-1 RNA 

standards [6 ng – 60 fg] to examine the effects of suppressed lipid metabolism, 

induced through glutamate treatment, on virus replication at 24 hours and 48 hours 

post-seeding (Figure 52). 

 

4.2.12. HCV genome copy number in HCV gt2a Infection Models  
+/- L-glutamate (24, 48 Hours) 

 

 

Figure 52 - Intracellular HCV SGR replication in HCV SGR cells +/- L-glutamate (24, 48 Hours) 

 
Intracellular HCV SGR genome copy number measured in control and L-glutamate treated HCV SGR cells at 24 
hours (white columns) and 48 hours (grey columns) post-seeding. Data shown are averages of triplicate 
measurements from a single experiment with error bars representing standard deviation (SD). 

 

As shown in Figure 52, intracellular replicon transcript in HCV SGR cells treated with 

L-glutamate is significantly (p= 0.03) higher (1.08×1011, SD +/- 6.30×109) than the 

control (1.41×1010, SD +/- 6.35×108) at 24 hours post-seeding.  

HCV SGR RNA replication is also greater in HCV SGR cells treated with L-glutamate 

(6.30×1013, SD +/- 2.29×1013) relative to the untreated control (2.45×1011, SD +/- 

1.37×1010) at 48 hours post-seeding. 
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Likewise, to determine the effects of suppressed lipid metabolism via inhibited 

mitochondrial dysfunction on intracellular virus replication in the JFH-1 model of HCV 

infection, absolute viral genome copy number was quantitated using qRT-PCR,  

JFH-1 RNA standards [6 ng – 60 fg], and total cellular RNA isolated from JFH-1 

infected Huh7 cells treated with L-glutamate and controls at 24 hours and 48 hours 

post-infection (Figure 53).  

 

Figure 53 - Intracellular HCV replication in JFH-1 infected Huh7 cells (MOI – 7.5) +/- L-glutamate  
(24, 48 Hours) 
 
Intracellular virus genome copy number measured in control and L-glutamate treated JFH-1 infected Huh7 cells 
at 24 hours (white columns) and 48 hours (grey columns) post-infection. Data shown are averages of triplicate 
measurements from a single experiment with error bars representing standard deviation (SD). 

 

Figure 53 shows that treatment of JFH-1 infected Huh7 cells with  

L-glutamate significantly (p= 7.57×10-3) reduces intracellular virus genome copy 

number (4.24×106, SD +/- 2.85×106) compared to the untreated control (2.74×107, 

SD +/- 3.54×105) at 24 hours  post-infection.  
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Similarly, there is a significant (p= 2.9×10-4) reduction in intracellular genome copy 

number in L-glutamate treated JFH-1 infected Huh7 cells (1.84×107, SD +/- 

5.58×106), compared to the untreated control (3.41×108, SD +/-6.67×107), at 48 

hours post-infection. 

 

To determine the effects of inhibited mitochondrial dysfunction, and the suppressed 

dysregulation of lipid metabolism, on extracellular virus titre in the  

JFH-1 model, HCV genome copy number was quantitated using qRT-PCR, JFH-1 

RNA standards [6 ng – 60 fg], and RNA isolated from media used to culture  

L-glutamate treated JFH-1 infected Huh7 cells and controls at 24 hours and 48 hours 

post-infection (Figure 54). 

 

Figure 54 - Extracellular HCV secretion in JFH-1 infected Huh7 cells (MOI – 7.5) +/- L-glutamate  
(24, 48 Hours) 
 
Extracellular virus genome copy number measured in RNA isolated from media used to culture control and  
L-glutamate treated JFH-1 infected Huh7 cells at 24 hours (white columns) and 48 hours (grey columns) post-
infection. Data shown are averages of triplicate measurements from a single experiment with error bars 
representing standard deviation (SD). 
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As Figure 54 shows, treatment of JFH-1 infected Huh7 cells with  

L-glutamate gives rise to a significant (p= 0.02) increase in extracellular virus 

secretion (5.24×107, SD +/- 2.26×106) compared to the control (1.20×107, SD +/- 

5.17×106) at 24 hours post-infection. 

 

This effect is also seen at 48 hours post-infection where there is a significant  

(p= 0.01) 1.7-fold increase in extracellular virus (1.28×108, SD +/- 3.06×107) in JFH-1 

infected cells treated with L-glutamate relative to the untreated control (7.51×107, SD 

+/- 1.71×07). Taken together, data for intra- and extracellular virus in JFH-1 infected 

Huh7 cells treated with L-glutamate indicate that this treatment may promote HCV 

particle secretion. 

 

With L-glutamate appearing to affect both lipogenic gene transcription and virus 

replication in treated HCV gt2a infection models, Western Blotting was performed on 

whole cell protein lysates isolated from L-glutamate treated HCV SGR cells and  

JFH-1 infected Huh7 cells, as well as controls, to quantify both host (TXNIP) and 

viral (HCV NS3, HCV core) protein expression at 48 hours post-seeding  

(Figures 55 - 57). 
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4.2.13. Host and Viral Protein Expression in HCV gt2a Infection Models 
+/- L-glutamate (48 Hours) 

 

 

Figure 55 - Protein quantification (HCV NS3, TXNIP, Actin) in Huh7 and HCV SGR cells +/- L-glutamate 
(24, 48 hours) 
 
Western Blot on 12% SDS-PAGE of intracellular protein (HCV NS3, TXNIP, β-Actin) isolated from control and  
L-glutamate treated Huh7 and HCV SGR cells at 48 hours (48h) post-seeding.  

 

The protein expression of TXNIP relative to β-Actin in Huh7- and HCV SGR cells 

under control and L-glutamate treated conditions were quantified via densitometry 

using ImageJ software at 48 hours post-seeding (Figure 56).  

 
 
Figure 56 - Densitometry analysis of TXNIP protein expression in Huh7 and HCV SGR cells  
+/- L-glutamate (48 Hours) 
 
Densitometry analysis of protein bands (TXNIP) following the Western Blot of intracellular protein isolated from 
control and L-glutamate treated Huh7 and HCV SGR cells at 48 hours (grey columns) post-seeding.  
Data shown are averages of triplicate densitometry measurements from a single experiment with error bars 
representing standard deviation (SD). 
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Figure 56 shows that there is an approximate 3-fold increase (1696.88, SD +/- 

907.35) in TXNIP expression in control HCV SGR cells whilst that in L-glutamate 

treated HCV SGR cells is reduced by ~31.1% (1169.88, SD +/- 576.43) at 48 hours 

post-seeding. 

 

This result supports the qRT-PCR data for TXNIP transcription in  

L-glutamate-treated HCV SGR cells where a downregulation of mRNA at 24 hours 

post-seeding corresponds to a suppression of protein expression at 48 hours.  

 

To examine the effect of reduced TXNIP expression on that of viral protein in HCV 

SGR cells, HCV NS3 was also quantified in control and L-glutamate treated HCV 

SGR cells using densitometry analysis (Figure 57). 

 

 
 

Figure 57 - Densitometry analysis of HCV NS3 protein expression in HCV SGR cells +/- L-glutamate  
(48 Hours) 
 
Densitometry analysis of protein bands (HCV NS3) following the Western Blot of intracellular protein isolated 
from control and L-glutamate treated HCV SGR cells at 48 hours (grey columns) post-seeding. Data shown are 
averages of triplicate measurements from a single experiment with error bars representing standard deviation 
(SD). 
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Figure 57 shows that the untreated control shows a high level of HCV NS3 protein 

expression (4228.28, SD +/- 1032.20) which is comparatively reduced (3154.83, SD 

+/- 544.49) in HCV SGR cells treated with L-glutamate at 48 hours post-seeding 

 

The effect of L-glutamate treatment on the expression of TXNIP and HCV core was 

also verified in the JFH-1 model by Western Blotting but produced unsatisfactory 

results. 

 

Thus, to investigate whether the accumulation of mitochondrial calcium ions 

contribute to the presence of intracellular reactive oxygen species (ROS) and, 

hence, the transcriptional induction of TXNIP in HCV infection, mock- and JFH-1 

infected Huh7 cells were stained with 2’,7’-dihydrofluoroscein diacetate (H2DCFDA) 

under control and L-glutamate treated conditions and fluorescence (490nm) was 

measured at 24 hours and 48 hours post-infection (Figure 58 (A, B)). 
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4.2.14. Intracellular reactive oxygen species (ROS) in JFH-1 infected 
Huh7 cells +/- L-glutamate (24, 48 Hours) 

 

 

 

Figure 58 (A, B) - Fluorometric analysis of reactive oxygen species (ROS) in Mock- and JFH-1 infected 
Huh7 cells +/- L-glutamate [0.5 mM] (24, 48 Hours) 
 
Intracellular ROS in mock- and JFH-1 infected Huh7 cells under both control and L-glutamate treated conditions 
at 24 hours and 48 hours post-infection. (A) Intracellular ROS in control and L-glutamate treated mock- and  
JFH-1 infected Huh7 cells at 24 hours (white columns) and 48 hours (grey columns) post-infection.  
(B) The standard curve produced at the time of assay using Huh7 cells treated with H2O2 [1 µM – 1 nM] to 
demonstrate linearity. Data shown are averages of triplicate measurements from a single experiment with error 
bars representing standard deviation (SD). 

 

As shown in Figure 58 (A), the presence of intracellular reactive oxygen species 

(ROS) in the mock control is baseline (0.0005, SD +/- 0.0002) at 24 hours post-

infection, which contrasts with the abundance measured in control  

JFH-1 infected Huh7 cells (0.0427, SD +/- 0.001). However, L-glutamate treatment 

leads to an increase in intracellular ROS in both mock (0.019, SD +/- 0.015) and 

JFH-1 infected Huh7 cells (0.050, SD +/- 0.024).  
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Additionally, there is an incremental increase in ROS abundance in control mock 

infected Huh7 cells (0.0033, SD +/- 0.0013) whilst that measured in Huh7 cells 

infected with the JFH-1 isolate of HCV decreases (0.0071, SD +/- 0.0015) at 48 

hours post-infection. Treatment with L-glutamate, however, reduces the abundance 

of ROS in both mock (0.0115, SD +/- 0.007) and JFH-1 infected Huh7 cells (0.002, 

SD +/- 0.001) at this time point.  

 

Furthermore, this experiment was performed using HCV SGR cells that were treated 

with L-glutamate and the effects on intracellular ROS abundance were measured at 

24 hours and 48 hours post-seeding. However, no difference was seen between 

treatments (data not shown). 

 

Additionally, this experiment suggests that the source of intracellular ROS, and 

possibly the source of TXNIP overexpression, is not related to the mitochondrial 

generation of physiological ROS, i.e. the diffusion of superoxide anions (O2
-.) from 

the mitochondrial matrix to the cytosol via VDACs where they are catalysed into 

H2O2 by superoxide dismutase 1 (SOD1) (503,504). 
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4.3. Conclusion 

 

This investigation aimed to study the occurrence of mitochondrial dysfunction and its 

involvement in the dysregulation of lipid metabolism during HCV infection. 

Experiments assessing the concentration of calcium ions localised to the 

mitochondria, thought to originate from ER stress, indicated that mitochondrial 

dysfunction was evident in both HCV SGR- and JFH-1 infected Huh7 cells. 

 

This phenomenon was further characterised by examining changes in mitochondrial 

membrane potential, the initial stages of mitochondrial respiration (oxidative 

phosphorylation), and lipogenic gene transcription over the course of 48 hours in 

HCV gt2a infection models. 

 

Mitochondrial dysfunction was found to correlate with abnormalities in intracellular 

glucose and glycogen concentrations, as well as the upregulated transcription of 

TXNIP and downstream lipogenic genes which may account for an increase in 

intracellular triglycerides (TGs), lipid droplets (LDs), and intracellular virus titres in 

HCV gt2a infection models. Disturbances in host metabolism were tested by 

inhibiting the mitochondrial uptake of calcium ions by mitochondrial voltage 

dependent anion channels (VDACs) using a high concentration of L-glutamate  

[0.5 mM]. This treatment was previously reported to reduce the concentration of 

calcium ions in isolated mitochondria but is shown here, for the first time, to be 

effective in decreasing mitochondrial Ca2+ when applied to whole cells.  
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In conclusion, the treatment of HCV gt2a infection models with L-glutamate generally 

led to a stimulation of glucose metabolism that is thought to arise from anaplerosis, a 

suppression of TXNIP and downstream lipogenic gene transcription, a reduction in 

intracellular triglycerides and lipid droplets, and a decrease intracellular virus 

replication in JFH-1 infected Huh7 cells. 

 

The findings from this study of mitochondrial dysfunction in the context of 

dysregulated lipid metabolism during HCV infection and the pathways to which they 

relate require further investigation but are putatively illustrated in Figure 59. 
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Figure 59 – TXNIP upregulation through mitochondrial dysfunction induced by calcium ion overload 
following ER stress 
 
(1) HCV NS5A induces the efflux of intralumenal calcium ions from the ER by inositol-1,4,5-triphosphate (IP3R) 
channels to the cytosol following ER stress induced by HCV NS4B. (2) Cytosolic calcium localises at the 
mitochondria via the action of Mitofusin 2 (MFN2), causing dilation of voltage dependent anion channels (VDACs) 
an increase in mitochondrial permeability pore transition, and possibly displacement of Max like protein (Mlx).   
(3) Mitochondrial respiratory function is compromised and further metabolism of energetic substrates, e.g. 
glucose-6-phosphate (G6P), Fatty acids (FAs), and Acetyl Co-A is impaired. (4) Mlx complexes with Max like 
protein-interacting protein (MlxIP) to facilitate nuclear entry. (5) Mlx transcriptionally activates genes involved in 
glycolysis, as well as TXNIP, via interaction with the carbohydrate response elements featured within their 
promoters. (6) Abundant TXNIP mRNA transcripts lead to an increase in TXNIP protein turnover. 
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Chapter 5: The Role of Host Genes in  
HCV Replication 
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5.1. Overview 

 

To investigate the interplay of host gene expression and HCV replication, a series of 

siRNA experiments were conducted to validate the effect of suppressing TXNIP 

mRNA on replicon replication in HCV SGR cells in comparison to previous work that 

used the JFH-1 model (215). Additionally, the transcriptional induction of Thioredoxin-

interacting protein (TXNIP) by Max-like protein (Mlx) was studied using siRNA where 

it was found that the knockdown of Mlx gave rise to a 3.5-fold reduction in 

intracellular replicon RNA. However, TXNIP transcript abundance remained 

upregulated by 2-fold which indicates that factors besides Mlx may be active in the 

overexpression of TXNIP in HCV SGR cells.  
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5.2. Results and Discussion 

 

To further the study the impact of host-gene transcription on the replication of HCV, 

a series of siRNA experiments were conducted to knock down host genes that were 

related to the transcription of TXNIP while assessing the effects on the replication of 

viral RNA in HCV SGR cells. The siRNA sequences used in this series of 

experiments were identical to those used in previous work where they were used to 

investigate the role of host genes, e.g. TXNIP and Mlx, in JFH-1 infected Huh7 cells 

(214,215).  

 

As a control to validate the results of TXNIP suppression reported in Chapter 3 and 

Chapter 4, and for consistency with the work performed by Blackham, siRNA 

targeting TXNIP (TXNIP 1), referred to henceforth as siTXNIP, was transfected into 

HCV SGR cells to examine the effects of TXNIP knockdown on mRNA transcript 

abundance using qRT-PCR and total RNA isolated at 24 hours and 48 hours post-

transfection (Figure 60) (214,215).  
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5.2.2. Effects of TXNIP Silencing in HCV SGR Cells (24, 48 Hours) 

 

 

Figure 60 - TXNIP transcription in HCV SGR cells transfected with siRNA targeting TXNIP (siTXNIP)  
(24, 48 Hours) 
 
Relative fold change of TXNIP transcription in HCV SGR cells transfected with either targeting (siTXNIP) or non-
targeting (siN/T) siRNA at 24 hours (white columns) and 48 hours (grey columns), post-transfection.  
Data shown are averages of triplicate measurements from a single experiment with error bars representing 
standard deviation (SD). A graph representing differences in cycle thresholds (ΔCT) between cell lines are shown 
in Appendix A3.1. 

 

As shown in Figure 60, TXNIP mRNA transcription is downregulated (-11.99, SD +/- 

0.09) in HCV SGR cells transfected with siTXNIP relative to the non-targeting control 

(siN/T) at 24 hours post-transfection and remains downregulated, albeit to a lesser 

extent, at 48 hours post-transfection (-2.53, SD +/- 0.03). 

 

To examine the effect of TXNIP knockdown on the replication of replicon RNA in 

HCV SGR cell transfectants, in comparison to the effects reported by Blackham in 

the JFH-1 model, intracellular virus was quantitated using qRT-PCR, JFH-1 RNA 

standards [6 ng – 60 fg], and total RNA isolated at 24 hours and 48 hours post-

transfection (Figure 61) (214,215). 
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Figure 61 - Intracellular HCV SGR replication in HCV SGR cells transfected with siRNA targeting TXNIP 
(siTXNIP) (24, 48 Hours) 
 
Intracellular HCV SGR genome copy number measured in HCV SGR cells transfected with either targeting  
(siTXNIP, white columns) or non-targeting (siN/T, grey columns) siRNA at 24 hours and 48 hours post-
transfection. Data shown are averages of triplicate measurements from a single experiment with error bars 
representing standard deviation (SD). 

 

Figure 61 shows that HCV replication in HCV SGR cells is reduced by 59.6% 

following transfection with siTXNIP (2.05×108 genome copies, SD +/- 1.26×108), 

relative to the genome copy number measured in the non-targeting control  

(5.07×108 genome copies, SD +/- 1.84×108) at 24 hours post-transfection. This level 

of suppression is comparable to the reduced viral RNA synthesis in JFH-1 infected 

Huh7 cells found by Blackham and translates to a 2.48-fold reduction in intracellular 

replicon replication (215).  

 

The siRNA-mediated downregulation of TXNIP continues to impair virus replication 

at 48 hours post-transfection where there is a 29.11% reduction in replicon 

replication in HCV SGR cells transfected with siTXNIP  

(8.72×108 genome copies, SD +/- 5.19×108) compared to the non-targeting control 

(1.23×109 genome copies, SD +/- 8.23×108).   
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This finding confirms the importance of TXNIP to HCV RNA replication and so efforts 

were made to investigate whether upstream induction was brought about by 

mechanisms additional to that of IRE-1α degradation of miR-17, specifically 

focussing on the Mlx pathway. 

 

5.2.3. Effects of Mlx Silencing in HCV SGR Cells (24, 48 Hours) 

 

siRNAs targeting Max like protein (siMlx, referred to as Mlx 1 by Blackham), as well 

as non-targeting siRNAs (siN/T), were transfected into HCV SGR cells and the 

effects on Mlx transcription determined using qRT-PCR and total RNA isolated from 

HCV SGR cell transfectants at 24 hours and 48 hours post-transfection  

(Figure 62) (215).   

 
 
Figure 62 - Mlx transcription in HCV SGR cells transfected with siRNA targeting Mlx (siMlx)  
(24, 48 Hours) 
 
Relative fold change of Mlx transcription in HCV SGR cells transfected with either targeting (siMlx) or non-
targeting (siN/T) siRNA at 24 hours (white columns) and 48 hours (grey columns), post-transfection.  
Data shown are averages of triplicate measurements from a single experiment with error bars representing 
standard deviation (SD). A graph representing differences in cycle thresholds (ΔCT) between cell lines are shown 
in Appendix A3.2. 
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Figure 62 shows that transcription of Mlx in HCV SGR cells transfected with 

targeting siRNA (siMlx) is downregulated (-3.07-fold, SD +/- 0.43), compared to the 

non-targeting control, at 24 hours post-transfection. However, Mlx transcription 

recovers to basal levels (-1.51-fold, SD +/- 0.18) in Mlx-targeted transfectants 

compared to the non-targeting control at 48 hours post-transfection. This experiment 

was elaborated upon by measuring the effects of Mlx knockdown on the transcription 

of TXNIP mRNA in HCV SGR cells at 24 hours and 48 hours post-transfection 

(Figure 63). 

 
 

Figure 63 - TXNIP transcription in HCV SGR cells transfected with siRNA targeting Mlx (siMlx) 
(24, 48 Hours) 
 
Relative fold change of TXNIP transcription in HCV SGR cells treated with either targeting (siMlx) or non-
targeting (siN/T) siRNA at 24 hours (white columns) and 48 hours (grey columns), post-transfection.  
Data shown are averages of triplicate measurements from a single experiment with error bars representing 
standard deviation (SD). A graph representing differences in cycle thresholds (ΔCT) between cell lines are shown 
in Appendix A3.3. 
 

As shown by Figure 63, the siRNA-mediated knockdown of Mlx has a downstream 

effect on TXNIP transcription where mRNA abundance is slightly upregulated  

(+2.21-fold, SD +/- 1.77) at 24 hours, and is downregulated (-3.12-fold, SD +/- 0.34) 

at 48 hours post-transfection.  
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This experiment suggests that the upregulation of TXNIP in HCV SGR cells may be 

dependent on factors other than the glucose-responsive, Mlx-mediated 

transcriptional induction as discussed in Chapter 4. 

 

To determine the effects of suppressed TXNIP transcription on virus replication in 

HCV SGR cells transfected with siMlx, intracellular replicon RNA was measured 

using qRT-PCR, JFH-1 RNA standards [6 ng – 60 fg], and total RNA isolated from 

HCV SGR cells transfectants at 24 hours and 48 hours post transfection (Figure 64). 

 

Figure 64 - Intracellular HCV SGR replication in HCV SGR cells transfected with siRNA targeting Mlx  
(siMlx) (24, 48 Hours) 
 
Intracellular HCV SGR genome copy number measured in HCV SGR cells transfected with either targeting 
(siMlx, white columns) or non-targeting (siN/T, grey columns) siRNA at 24 hours and 48 hours post-transfection.  
Data shown are averages of triplicate measurements from a single experiment with error bars representing 
standard deviation (SD). 

 

Figure 64 shows that the siRNA-mediated silencing of Mlx transcription in HCV SGR 

cells results in a significant (p= 0.006) 4.02-fold reduction (1.72×108  HCV SGR 

genome copies, SD +/- 4.12×107) in intracellular replicon replication, compared to 

the non-targeting control (6.02×108 HCV SGR genome copies, SD +/- 9.08×107) at  

24 hours post-transfection.  
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Additionally, a significant (p= 0.01) decrease in intracellular virus replication is seen 

in HCV SGR cells transfected with siMlx (4.13×108 HCV SGR genome copies, SD 

+/- 1.91×108) compared to the non-targeting control (1.46×109 HCV SGR genome 

copies, SD +/- 3.93×108) at 48 hours post-transfection which suggests that Mlx 

transcription of glucose responsive genes is important to HCV replication. Thus, it 

could be said that that genes involved in the metabolism of glucose, particularly 

glycolysis, may contribute to HCV replication and the dysregulation of lipid 

metabolism.  

 

Additionally, data presented here may be reflective of HCV replication being 

dependent on substrates produced by glycolysis as genes associated with this form 

of anaerobic glucose metabolism are transcriptionally induced by Mlx (437,505). 

Therefore, the re-evaluated data from the Microarray experiment of JFH-1 infected 

Huh7 cells was inspected for fold-changes in the transcription of glycolytic genes e.g. 

lactate dehydrogenase A, phosphofructokinase (PFK), and Aldolase, as well as 

Hexokinase II (HXK2) to support the hypothesis that Mlx is responsible for the 

transcriptional induction of TXNIP (437). 
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Following analysis of the re-evaluated microarray data (data not shown) it was found 

that lactate dehydrogenase A was not transcriptionally altered in the JFH-1 infected 

Huh7 cells and PFK (-2.04-fold, p= 4.58×10-8) and Aldolase A  

(-2.08-fold, p= 2.45×10-9) were downregulated at 24 hour and 48 hour time points 

(data not shown). Conversely, HXK2 was identified as being significantly upregulated 

at both 24 hours and 48 hours post-infection (Figure 65). 

 

Figure 65 - GeneGO™ Metacore™ pathway analysis from re-evaluated microarray data  
(Hexokinase 2 (HXK2) Transcription) 
 
The re-evaluated data from the Microarray study of Human hepatoma cells infected with the JFH-1 isolate of 
HCV was analysed by GeneGO™ Metacore™ software to further validate the findings of Blackham and identify 
genes and pathways of interest for this study. Hexokinase 2 (HXK2) transcription is dysregulated during HCV 
infection. Red thermometers indicate gene upregulation. Numbers 3 and 4 on each thermometer correspond to 
24 hours and 48 hours post-infection, respectively. HXK2 is upregulated at 24 hours (+2.49-fold, p= 5.79×10

-12
) 

and 48 hours (+3.08-fold, p= 1.68×10-13) post-infection. 

 

The analysis shown in Figure 65 suggests that HXK2 transcription is upregulated in 

JFH-1 infected Huh7 cells at 24- and 48 hours post-infection. This finding indicates 

that the process of glycolysis and thus the transcriptional activity of Mlx are favoured 

during HCV infection, which support the findings shown in Chapter 4 as the 

promoter of HXK2 is transcriptionally induced by Mlx (271).  
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5.3 Conclusion 

 

This series of experiments sought to validate the dependence of HCV replication on 

the transcriptional activity of TXNIP by Mlx in HCV SGR cells. The findings 

presented here may go some way to support the hypothesis that virus replication is 

dependent on glucose metabolism, and that the dysregulation of lipid metabolism 

occurs as a consequence of impairment of this pathway (Chapter 4). This is also 

supported by knockdown experiments in which Max like protein (Mlx), an upstream 

transcription factor of TXNIP that is glucose-responsive, was targeted for 

knockdown. However, the knockdown of Mlx in HCV SGR cells showed that TXNIP 

remains upregulated ~2-fold which suggests that other factors, besides Mlx, may be 

responsible its induction (Chapter 3). 

 

Finally, studies investigating the siRNA-mediated knockdown of TXNIP confirmed 

that RNA replication in HCV SGR cells could be impaired by targeting this host-

factor, thus validating the results seen in Chapter 3 and Chapter 4.  
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Chapter 6: General Discussion & Conclusion 
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6. General Discussion 

 

The objective of this Ph.D. project was to investigate the cause(s) of Thioredoxin-

interacting protein (TXNIP) overexpression during HCV infection which was 

observed in previous work that involved the microarray analysis of host gene 

expression in JFH-1 infected Huh7 cells over 48 hours (214,215,461).  

 

The datasets from the microarray study were re-evaluated and gene ontology 

analysis was performed using Partek software and GeneGO MetaCore™, 

respectively, in collaboration with Dr. Stathis Giotis of the Skinner Lab at Imperial 

College in order to identify gene networks that were peripheral to the dysregulation 

of lipid metabolism during HCV infection and previously unreported (214).  

Following the re-evaluation, no significant differences were observed in lipogenic 

gene expression between the re-evaluated microarray data and those reported by 

Blackham et al., (214). However, several genes relating to the induction of ER stress 

(HSPA5, STC2) and the metabolism of glucose (ARRDC5, ATP5L, CYCS, 

NDUFAF4, and NDUFAF5) were identified to be differentially transcribed in JFH-1 

infected Huh7 cells during the microarray data re-evaluation. Thus, inhibition of the 

unfolded protein response and mitochondrial dysfunction was studied to examine 

their contribution to the dysregulation of lipid metabolism in HCV gt2a infection 

models, i.e. HCV SGR- and JFH-1 infected Huh7 cells.  
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From the outset, 24 hours and 48 hours post-infection were chosen as the time 

points of interest as these were the intervals in which the transcription of TXNIP and 

the majority of other host genes were found to be differentially transcribed in the 

microarray study of JFH-1 infected Huh7 cells (214). However, 24 hours and 48 hours 

post-seeding were used for studies involving the model for chronic HCV replication, 

i.e. HCV SGR cells. Following the optimisation of each protocol used during this 

project, single experiments for the transcriptomic, biochemical, and proteomic 

analyses were performed on HCV gt2a infection models as a biological triplicate 

from which technical triplicates were acquired for statistical purposes. The datasets 

produced from this study remained consistent and several significant observations 

were made despite the regular passage and maintenance of cell lines. 

 

In this study, TXNIP transcription was found to be increased in both HCV SGR- and 

JFH-1 infected Huh7 cells (MOI – 7.5) at 24 hours post-seeding and post-infection, 

respectively, with a recovery to basal levels of transcription observed at 48 hours.  

This finding contrasts with previous work where TXNIP mRNA was upregulated 

approximately +5-fold and +50-fold in HCV SGR and JFH-1 infected Huh7 cells  

(MOI – 3) at 24 hours post-seeding and post-infection, respectively (214,215,461).  

 

The JFH-1 model was optimised by infecting Huh7 cells with newly synthesised  

JFH-1 virus stock at a range (0.001 – 7.5) of multiplicity of infection (MOI) (data not 

shown). TXNIP mRNA abundance was quantified using qPCR where transcription 

was found to be upregulated at 24 hours post-infection using an MOI of 7.5.  
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Thus, MOI – 7.5 was used for all experiments involving the JFH-1 isolate of HCV as 

TXNIP transcript abundance was similar to that observed in HCV SGR cells at 24 

hours post-seeding when comparable cell-seeding densities, i.e. ~5×105 cells, were 

used.  Several reasons may underlie the differences in TXNIP transcription seen in 

this study and previous work including differences in virus preparation, experimental 

set-up, cell passage, and seeding density.  

 

Finally, though not demonstrated in this project, TXNIP expression has been 

reported to activate the NLRP3 inflammasome during HCV infection where it is 

responsible for the processing of SREBP-1 and, therefore, the downstream 

expression of genes related to fatty acid synthesis, which may explain its role in the 

dysregulation of lipid metabolism during HCV infection (85,444,453,454,457,506). 

 

6.1. ER stress and Dysregulated Lipid Metabolism during HCV infection 

 

The re-evaluated microarray data and gene ontology pathway analysis indicated that 

pathways related to the onset of ER stress and the induction of the unfolded protein 

response (UPR) may be related to the biosynthesis of polyunsaturated fatty acids 

(PUFAs) and that this may, therefore, contribute to the dysregulation of lipid 

metabolism caused during HCV infection (214,215). Furthermore, the uptake of dietary 

glucose (food) was suggested to be a contributing factor to the transcriptional 

induction of genes related to PUFA biosynthesis, e.g. ELOVL4, ELOVL7, and 

ACSL3. 
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Thus, to investigate the source of TXNIP overexpression and dysregulated lipid 

metabolism during HCV infection in the context of glucose supplementation, 

experiments were initially conducted using Huh7 and HCV SGR cells cultured under 

control (glucose [25mM]) and glucose-free conditions. In HCV SGR cells it was 

found that TXNIP transcription is upregulated at 24 hours post-seeding compared to 

Huh7 cells grown under both conditions. However, the fold-change in TXNIP mRNA 

in HCV SGR cells cultured under glucose-free conditions was significantly (p= 0.03) 

lower than that found in HCV SGR cells grown in glucose-rich [25 mM] growth 

medium. This indicates that the uptake of glucose, as opposed to endogenous 

glucose production (EGP), significantly contributes to the upregulation of TXNIP 

transcription during HCV replication. However, it has been reported that glucose-

deprivation may also induce ER stress, as well as the unfolded protein response 

(UPR), and so interpretation of the results from these preliminary experiments should 

acknowledge that the absence of glucose in the extracellular milieu may exacerbate 

lipogenic responses in HCV SGR cells (472,507). 

 

Additionally, it was suggested that ER stress may be induced due to the 

transcriptional upregulation of stanniocalcin 2 (STC2) which is involved in the 

negative regulation of store operated calcium entry (SOCE) at 24 hours (+22.3-fold, 

p= 1.29×10-16) and 48 hours (+20.9-fold, p= 2.58×10-21) post-infection as reported 

previously and confirmed by the re-evaluated microarray data (214,473).  
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The differential transcription of this gene was comparable in both HCV SGR- and 

JFH-1 infected Huh7 cells over 48 hours, and so calcium homeostasis was further 

investigated by measuring cytosolic calcium ion (Ca2+) levels. 

 

A decrease in cytosolic Ca2+ was observed in HCV SGR cells, compared to Huh7 

cells, at 48 hours post-seeding which accords with the inhibition of calcium uptake 

from the extracellular milieu as per the induction of STC2. However, cytosolic [Ca2+] 

was increased in JFH-1 infected Huh7 cells at 48 hours post-infection. This 

difference may be due to the induction of chronic ER stress by the constitutive 

expression of HCV NS proteins in the HCV SGR model of HCV replication as 

opposed to the acute insult brought by newly translated HCV proteins in the JFH-1 

model. Furthermore, the HSPA5 gene, which encodes the GRP78 protein that 

functions as an anchor protein of the UPR effectors (IRE-1α, ATF6, and PERK), was 

found to be downregulated in both HCV gt2a infection models, and indicated that 

apoptosis may be enhanced through the upregulation of CCAAT-enhancer binding 

protein (C/EBP) homologous protein (CHOP) following ER stress (477). These findings 

led to the induction of the unfolded protein response (UPR) being further investigated 

in HCV SGR- and JFH-1 infected Huh7 cells to identify whether this process was 

involved in the transcriptional induction of TXNIP and the dysregulation of lipid 

metabolism in HCV gt2a infection models (Chapter 3).  
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Following the induction of stress and the accumulation of unfolded proteins in the 

endoplasmic reticulum, GRP78 releases IRE-1α where it dimerises and, following 

autophosphorylation of its allosteric kinase domain, exerts endoribonuclease activity 

through the degradation of untranslated mRNA (508,509).  

 

Additionally, the endoribonuclease activity of IRE-1α may process X-box binding 

protein 1 (XBP1) mRNA, whereby a 26nt intronic sequence is removed and the 

exons are ligated by RNA ligase, to produce an active truncated isoform that induces 

the transcription of ER chaperone proteins (510). 

 

However, Lerner et al., reported that TXNIP mRNA abundance is also affected by 

the activity of IRE-1α in pancreatic β cells and tested this using an inhibitor,  

STF-083010 (444,511). Thus, the association between ER stress, TXNIP transcript 

abundance and dysregulated lipid metabolism during HCV infection was tested by 

treating HCV gt2a infection models with STF-083010 at a 50 μM concentration (444). 

This concentration was based on a method published by Lerner et al., and was 

supported by studies that involved the optimisation of [STF-083010] in HCV SGR 

cells which found 50 μM to be optimal for functional experiments  (data not shown) 

(512). The treatment of HCV SGR cells with STF-083010 gave rise to a 4-fold increase 

in miR-17, a 7-fold decrease in TXNIP mRNA, and a 3.33-fold reduction in the 

replication of HCV replicon RNA over 48 hours post-seeding.  
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Conversely, a 50 µM concentration of STF-083010 had no effect on the upregulation 

of TXNIP mRNA or virus replication in JFH-1 infected Huh7 cells despite an 

approximate 12-fold increase in miR-17 abundance at 24 hours post-infection. 

 

Thus, the difference in suppressing TXNIP and downstream lipogenic gene 

transcription and, by proxy, virus replication through the inhibition of IRE-1α 

endoribonuclease activity in HCV gt2a infection models indicates that UPR induction 

is not as involved in the dysregulation of lipid metabolism and virus replication during 

HCV infection as it appears to be in the HCV SGR model of replication.  

 

6.2. Mitochondrial Dysfunction and Dysregulated Lipid Metabolism during 

HCV infection 

 

The differences in cytosolic calcium ion concentration observed in HCV gt2a 

infection models indicated that the incidence of ER stress and calcium store 

depletion via inhibition of SERCA activity and Ca2+ ion efflux via IP3R channels may 

also affect the function of the mitochondria to generate ATP from the metabolism of 

glucose and fatty acids (43–45). Thus, to examine if changes in intracellular calcium 

may correlate with the overexpression of TXNIP and the dysregulation of lipid 

metabolism in HCV gt2a infection models, the incidence of mitochondrial dysfunction 

due to mitochondrial calcium ion overload was investigated.  
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Initially, total cellular calcium was measured following the staining of HCV gt2a 

infection models with Indo-1. However, through the use of a modified protocol 

involving a mitochondrial isolation buffer and heat-treatment to remove cytosolic 

calcium through the activation of cellular anion pumps, the abundance of calcium 

ions at the mitochondria could be determined (96). 

 

Indeed, mitochondrial calcium ion overload was present in both HCV SGR- and  

JFH-1 infected Huh7 cells where fluorescence (405nm) was higher than that 

observed in controls at 24 hours post-seeding and post-infection, respectively (463).  

 

Collectively, the consequences of calcium ion overload, i.e. mitochondrial 

permeability transition (MPT), reduced mitochondrial membrane potential (mt∆Ψm), 

and the ROS-mediated degradation of mitochondrial contents, e.g. mtDNA, were 

found to be particularly evident in the JFH-1 infection model of HCV infection 

(296,482,484). Furthermore, there was an increase in apoptotic enzyme activity in HCV 

SGR cells which indicated that expression of HCV non-structural proteins may lead 

to changes that are characteristic of the mitochondria-associated pathway of 

apoptosis being induced (441,513).  

 

Therefore, to investigate the effects of mitochondrial dysfunction on the metabolism 

of glucose in HCV gt2a infection models, the re-evaluated microarray data was 

examined to identify whether genes concerning the oxidative phosphorylation of 

glucose were affected at a transcriptional level during HCV infection.  
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It was found that the transcription of ARRDC4, a TXNIP paralog that is induced in 

response to elevated cellular glucose, was significantly upregulated at 24 hours  

(+11.3-fold, p= 3.42 × 10-15) and 48 hours (+10.7-fold, p= 4.96 × 10-15) post-infection 

(data not shown).  

 

However, when ARRDC4 transcript abundance was quantified using qRT-PCR, this 

gene was found to be downregulated in HCV SGR cells at 24 hours and 48 hours 

post-seeding, whilst no change was observed in JFH-1 infected Huh7 cells at either 

time point.  

 

The re-evaluated microarray data showed that Hexokinase 2 (HXK2), an enzyme 

that couples glycolysis to mitochondrial oxidative phosphorylation, was also 

significantly upregulated at 24 hours (+2.49-fold, p= 5.79×10-12) and 48 hours (+3.08-

fold, p= 1.68×10-13) post-infection (514). Additionally, other genes involved in the 

oxidative phosphorylation (OXPHOS) of glucose such as ATP5L, NDUFAF4 and 

NDUFAF5 were found to be upregulated approximately +2-fold at 48 hours post-

infection in the re-evaluated microarray data (data not shown), and so transcription 

of these genes was measured in HCV SGR- and JFH-1 infected Huh7 cells at 24 

hours and 48 hours post-seeding and post-infection, respectively.  
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The transcriptional fold changes of ATP5L, NUDFAF4 and NDUFAF5 in HCV SGR 

cells were upregulated approximately +2-fold at 24 hours and 48 hours post-seeding 

whereas the transcript abundance of ATP5L and NDUFAF5 was greatly 

downregulated at 24 hours and 48 hours post-infection in JFH-1 infected Huh7 cells. 

These results demonstrate that the mitochondrial respiration of glucose is highly 

impaired during oxidative phosphorylation when the entire life cycle of HCV is 

recapitulated.  

 

The differential transcription of genes involved in oxidative phosphorylation also 

reflected a common phenotypic difference in glucose metabolism between HCV gt2a 

infection models, i.e. glucose intolerance, as intracellular glucose concentrations did 

not alter over the course of 48 hours in accordance with data previously shown by 

Blackham (215).  

 

The accumulation of calcium ions at the mitochondria, in addition to the effects 

observed on the transcription of OXPHOS genes and intracellular glucose 

concentration, appeared to coincide with the upregulation of TXNIP transcription and 

downstream lipogenic genes. It has been reported that the treatment of isolated 

mitochondria with L-glutamate reduces the uptake of intracellular calcium through 

binding specifically to Asp-rich sites within mitochondrial voltage dependent anion 

channels (VDACs) where oscillation between closed and open conformations are 

induced, and channel conductance is inhibited along with the opening of mPTP 

(section 1.7.3.3) (486).  
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However, a working concentration of L-glutamate [0.5mM] was used to treat whole 

cells in this experiment based on a method published by Gincel et al., where the 

dilation of VDACs were inhibited in isolated mitochondria.  

Thus, this concentration may be excessive and so further study may be required to 

optimise the effective dose in cellulo (486).  

 

Thus, studies involving the inhibition of calcium ion uptake by mitochondrial VDACs 

in HCV gt2a infection models were carried out using L-glutamate with the effects on 

glucose and lipid metabolism,  as well as virus replication, measured over 48 hours 

(486). Treatment of both HCV SGR- and JFH-1 infected Huh7 cells with L-glutamate 

resulted in reduced amounts of mitochondrial calcium, increases in mitochondrial 

membrane potential, and a general regulation of OXPHOS gene transcription in 

comparison to untreated controls. In addition, intracellular glucose concentrations 

remained stable in untreated HCV gt2a infection models but an increase was seen in 

both HCV SGR- and JFH-1 infected Huh7 cells at 48 hours following treatment with 

L-glutamate.  

 

Additionally, similar findings were made when intracellular glycogen content was 

measured in HCV gt2a infection models treated with L-glutamate.  
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These results suggest that the mitochondrial respiration of glucose, i.e. the TCA 

cycle, is enhanced in HCV gt2a infection models following treatment with 

L-glutamate and may be due to the anaplerosis of key metabolites,  

e.g. α-ketoglutarate, or due to the preservation of mitochondrial membrane potential 

when the mitochondrial uptake of calcium ions by VDACs is limited.  

 

Furthermore, the transcription of TXNIP and downstream lipogenic genes associated 

with fatty acid elongation (ELOVL4, ELOVL7) and condensation (ACSL3) in both 

HCV SGR- and JFH-1 infected Huh7 cells also correlated with that of OXPHOS 

genes where the transcription profiles of both pathways were normalised,  

i.e. < 2-fold, following treatment with L-glutamate.  

 

The normalisation of lipogenic gene transcription, following treatment of HCV gt2a 

infection models with L-glutamate was verified biochemically by measuring 

intracellular triglyceride (TG) concentration and using Oil-Red-O (ORO) to stain 

intracellular lipid droplets (LDs). Both the measurement of intracellular TG and LD in 

HCV SGR- and JFH-1 infected Huh7 cells showed an abundance in untreated 

controls that was reduced to trace amounts following treatment with L-glutamate 

which contrasts with reports that suggest that ER stress, calcium release, and 

mitochondrial dysfunction may occur as an effect of lipotoxicity rather than a cause 

dysregulated lipid metabolism (309).  
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The abundance of LD in HCV SGR cells may have arisen due to co-treatment with 

Geneticin (G418) which was used on the basis of neomycin resistance being a 

selectable marker for the expression of HCV NS proteins in this model.  

However, this is unlikely as ORO staining was also applied to JFH-1 infected Huh7 

cells which do not require G418 and so confirm that the expression of HCV proteins 

correlate with an increase in intracellular LDs.  

 

However, intracellular LDs are present in different cellular compartments between 

HCV gt2a infection models, i.e. HCV SGR cells have a cytoplasmic distribution of 

LDs presumably due to initial budding from the ER, whilst JFH-1 infected Huh7 cells 

appear to have a nuclear localisation which may serve as a reservoir of fatty acids 

for the nuclear membrane (515). The images acquired from the ORO stain of JFH-1 

infected Huh7 cells have poor differentiation compared to those obtained from the 

ORO stain of HCV SGR cells and so this experiment needs to be repeated before 

any conclusions can be made. However, the implied nuclear LDs correlate with the 

increased transcription of FABP3 in JFH-1 infected Huh7 cells under control 

conditions observed at 24 hours post-infection as this gene is involved in the delivery 

of fatty acids and other lipid-based molecules to the nucleus (468).  Furthermore, a 

study identified the presence of nuclear LDs, separate to cytoplasmic LDs 

invaginated by the nuclear envelope, in serial liver sections isolated from a patient 

infected with the gt1b isolate of HCV through the use of electron microscopy (515). 

 



288 
 

 

 

 

The reduced FA and LD content observed in HCV gt2a infection models treated with  

L-glutamate corroborate the effects of this amino acid derivative on cell metabolism 

that were previously reported to occur in HA1ER cells, a human embryonic kidney 

cell line in which HRas Proto-Oncogene (HRAS) is transgenically expressed (516).  

Kaadige et al describe how the anti-lipogenic effects of glutamine occur through the 

inhibition of glucose-derived citrate export, which otherwise provides substrates for 

FA biosynthesis, that follows mitochondrial anaplerosis and the replenishment of 

TCA cycle intermediates via glutaminolysis. However, the authors also comment that 

the repression of TXNIP following glutamine supplementation may only be relevant 

to highly glycolytic tumour cells (516). 

 

Furthermore, Kaadige et al., show that the addition of glutamine, a precursor to 

glutamate, may lead to the repression of TXNIP, and therefore stimulate the uptake 

of glucose, by blockade of transcriptional induction by Mlx through the recruitment of 

a histone-deactylase dependent corepressor to the NH3 terminus of MlxIP via 

mitochondrial anaplerosis (516). Thus, whether this activity is responsible for the 

downregulation of TXNIP, in addition to a decrease in mitochondrial calcium, in  

L-glutamate treated HCV gt2a infection models remains to be determined (516).  
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This phenomenon seems likely as initial transcriptomic studies involving the 

treatment of HCV SGR cells with 4,4′-diisothiocyanatostilbene-2,2′-disulfonic acid 

(DIDS), which exclusively inhibit the uptake of Ca2+ ions by mitochondrial VDACs, 

showed that TXNIP mRNA downregulation  was not as great at either 24 hours 

(+1.29-fold, SD +/- 0.43) or 48 hours (+1.79-fold, SD +/- 0.66) post-seeding in 

comparison to those treated with L-glutamate (data not shown)(517). 

 

Taken together with data from Chapter 3, these results suggest that LD formation 

may be a general response to cellular stress in which mitochondrial dysfunction and 

metabolic reprogramming to favour glycolysis manifest under hypoxic conditions 

during HCV infection (276,518). Additionally, these results indicate that the 

transcriptional induction of TXNIP by Mlx may be conditional on an increase in 

mitochondrial calcium (215,271,439,441–443). 

 

The effects of suppressed TXNIP and downstream lipogenic gene transcription, as 

well as LD biosynthesis, on HCV replication and secretion was also examined in 

HCV gt2a infection models co-treated with L-glutamate over 48 hours.  

 

In HCV SGR cells, increased HCV genome replication was observed at both 24 

hours and 48 hours post-seeding, whereas intracellular HCV genome copy number 

in L-glutamate treated JFH-1 infected Huh7 cells was comparable to that seen in the 

untreated control at 24 hours post-infection.  
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Additionally, there was a significant (p= 0.004) decrease in intracellular virus in  

JFH-1 infected Huh7 cells following treatment with L-glutamate at 48 hours post-

infection.  

 

Treatment of JFH-1 infected Huh7 cells with L-glutamate also produced increased 

secretion of extracellular virus at 24 hours, though this decreased to a comparable 

titre measured in the untreated control at 48 hours post-infection.  

 

However, the infectivity of extracellular virus secreted by JFH-1 infected Huh7 cells 

following L-glutamate treatment remains to be determined and is worth investigating 

in future studies given that abundance of intracellular LDs are diminished following 

the inhibition of mitochondrial calcium ion uptake.  

 

The transcriptional data for TXNIP and HCV genome copy number in control and  

L-glutamate treated HCV gt2a infection models was verified using Western Blotting 

and densitometry analysis.  

 

In HCV SGR cells treated with L-glutamate, TXNIP expression was lower than levels 

seen the untreated control at 48 hours post-seeding. This finding accords with that 

from the qRT-PCR analysis, where TXNIP mRNA was downregulated in HCV SGR 

cells following treatment with L-glutamate at both 24 hours and 48 hours post-

seeding.  
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However, expression of HCV NS3 protein was also found to be lower in L-glutamate 

treated HCV SGR cells which conflicts with the higher measurement of replicon 

transcripts, compared to the control, at 48 hours post-seeding. The discrepancy 

between the Western Blot and qRT-PCR data in HCV SGR cells at 48 hours post-

seeding may be due to the methodology, i.e. triple staining with antibodies, being 

sup-optimal and so this experiment will need to be repeated in future work.  

 

The data from this series of experiments highlight a fundamental difference between 

JFH-1 and HCV SGR models where the cellular pathways on which virus replication 

are associated appear to diverge, i.e. full-length HCV infection relates to 

mitochondrial dysfunction whereas HCV SGR genome replication correlates with the 

induction of ER stress.  

 

The overexpression of TXNIP in HCV may also signify that the products from 

glycolysis are used as substrates for de novo lipogenesis (DNL), instead of being 

further metabolised by the mitochondria via oxidative phosphorylation and the 

tricarboxylic acid (TCA) cycle, as a result of mitochondrial dysfunction being induced 

in HCV gt2a infection models (253,278). Thus, TXNIP may have an indirect role in 

sensing mitochondrial integrity whereby its expression may reflect the capacity of the 

mitochondria to further metabolise glucose (443).  
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Finally, the concentration of intracellular ROS was determined in HCV gt2a infection 

models treated with L-glutamate to assess whether physiological ROS, e.g. H2O2, 

O2
-., emanating from the mitochondria contributes to the induction of TXNIP during 

HCV replication (519).  

 

This experiment found that the inhibited dilation of mitochondrial VDACs in HCV gt2a 

infection models lead to an increase in intracellular ROS which contrasts with the 

findings by Tikunov et al., where it was reported that closure of mitochondrial VDACs 

using G3139, an 18mer phosphorothioate oligonucleotide, exacerbates calcium 

induced mPTP and oxidative stress by preventing the efflux of O2
-. (520). This finding 

suggests that the abundance of intracellular ROS during HCV replication is not 

generated by the mitochondria. 

 

Collectively, data from these experiments show a correlation between the TXNIP-

mediated dysregulation of lipid metabolism and intracellular virus replication in the 

replicon model of HCV whereby the former may be suppressed through targeting 

calcium ion overload at the site of mitochondrial VDACs.  
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6.3. The Role of Host Genes in HCV Replication 

 

The role of host genes in the replication of HCV was further investigated by carrying 

out a series of experiments involving the siRNA-mediated knockdown of genes 

relating to the transcriptional induction of TXNIP in HCV SGR cells.  

The siRNA sequence used for TXNIP knockdown (TXNIP-1, siTXNIP) in JFH-1 

infected Huh7 cells was transfected into HCV SGR cells to validate the targeting of 

this host gene as a strategy to impair HCV replicon replication (215).  

 

Following the transfection of HCV SGR cells with TXNIP-1 siRNA, referred to as 

siTXNIP in this work, a 92% knockdown in TXNIP transcript abundance was seen 

compared to the non-targeting control at 24 hours post-transfection which led to a 

59.6% reduction in HCV replicon replication at this time point and accords with the 

findings reported by Blackham in the JFH-1 model of HCV infection (215).   

 

However, at 48 hours post-transfection, HCV genome replication is impaired by 

29.11% which is likely due to the decreased stability of targeting siRNA or dilution 

thereof as an effect of cell proliferation (521).  

 

Thus, with the impairment of virus replication by suppression of TXNIP validated 

through siRNA-mediated knockdown, the same method was applied to Mlx, an 

upstream transcription factor of TXNIP, as a means to confirm its role in response to 

intracellular glucose as described in Chapter 3 and Chapter 4 (271).  
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Transfection of HCV SGR cells with siRNA targeting Mlx resulted in an 8.52-fold 

downregulation of Mlx transcription whilst that of TXNIP was at the threshold of 

significance (2-fold) at 24 hours post-transfection. The knockdown of Mlx also 

brought about a significant (p= 0.001) reduction in HCV replication in HCV SGR cells 

at 48 hours post-transfection which confirms that TXNIP, by way of glucose-induced 

Mlx transcriptional induction, plays a significant role in the replication of HCV.  

 

6.4. Conclusion 

 

In summary, it can be said from this study that both ER stress and mitochondrial 

dysfunction may play a crucial and synergistic role in the TXNIP-mediated 

dysregulation of lipid metabolism during HCV infection. However, virus quantitation 

carried out during the suppression of TXNIP via these pathways showed varying 

effects between HCV gt2a infection models suggesting that there are inherent 

differences in the pathways that are induced and exploited during virus replication. 

Furthermore, downregulation of TXNIP in the JFH-1 model by the aforementioned 

pathways gave rise to equivalent or heightened levels of extracellular virus in 

comparison to the untreated controls at 24 hours. This indicates that TXNIP 

expression, along with defects in lipid metabolism, may arise as a host response to 

organelle stress induced by the virus that serves a role in the post-replicative steps 

of the virus life cycle.  



295 
 

 

 

 

Thus, the assembly of intact lipoviroparticles (LVPs) and the infectivity of the virus 

produced in cells where the upregulation of TXNIP has been inhibited by the 

mechanisms described in this project are worth investigating in future research.  

 

Another issue that may be addressed by future research is whether the targeting of 

TXNIP by these pathways ameliorates the metabolic complications that are 

associated with chronic HCV infection e.g. T2DM, hepatic steatosis, and obesity, and 

whether treatment of ER stress and mitochondrial dysfunction enhances the efficacy 

of existing therapies that are impaired by metabolic syndrome (MS). 

 

In summary, the following conclusions of this project can be drawn from the 

investigations of ER stress and mitochondrial dysfunction that have been found to 

occur in JFH-1 infected Huh7 cells:  

 

1. The cellular uptake of glucose during HCV replication correlates with the 

upregulation of TXNIP transcription.  

 

2. ER stress and the induction of the unfolded protein response (UPR) are 

evident in HCV SGR- and JFH-1 infected Huh7 cells, though inhibition of  

IRE-1α endoribonuclease activity appears to be effective in the suppression of 

TXNIP and downstream lipogenic gene transcription, and intracellular replicon 

replication in HCV SGR cells only.  
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3. Mitochondrial dysfunction is evident in both HCV SGR- and JFH-1 infected 

Huh7 cells and is likely to emanate from calcium store depletion following ER 

stress which contributes to the dysregulation of lipid metabolism in HCV gt2a 

infection models.  
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Appendix A1 – ΔCT Graphs for qRT-PCR Data (Chapter 3) 

A1.1. –  ΔCT for Lipogenic gene transcription in HCV SGR cells +/- glucose  

[25 mM] (24, 48 Hours)  

 

 

 

A1.1. represents the difference in raw cycle threshold values (ΔCT) between genes of interest (GOI) and an 
internal control (GAPDH) in Huh7 cells compared to HCV SGR cells cultured under both control (glucose-rich) 
and glucose free conditions. (A): ΔCT values at 24 hours post-seeding. (B): ΔCT values at 48 hours  
post-seeding. Data shown are averages of triplicate measurements from a single experiment with error bars 
representing standard deviation (SD). Relative fold changes in gene transcription (ΔΔCT) are shown in Figure 18 
(A, B). 
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A1.2. –  ΔCT for STC2 and Mlx transcripton in HCV SGR cells +/- glucose  

[25 mM]  (24, 48 Hours)  

 

 

 

 
A1.2. represents the difference in raw cycle threshold values (ΔCT) between genes of interest (GOI) and an 
internal control (GAPDH) in Huh7 cells compared to HCV SGR cells cultured under both control (glucose-rich) 
and glucose free conditions. (A): ΔCT values at 24 hours post-seeding. (B): ΔCT values at 48 hours  
post-seeding. Data shown are averages of triplicate measurements from a single experiment with error bars 
representing standard deviation (SD). Relative fold changes in gene transcription (ΔΔCT) are shown in Figure 19 
(A, B). 
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A1.3. - ΔCT for STC2 and HSPA5 transcripton in HCV gt2a infection models  

(24, 48 hours)  

 

 

 

A1.3. represents the difference in raw cycle threshold values (ΔCT) between genes of interest (GOI) and an 
internal control (GAPDH) at 24- and 48 hours in Huh7 cells compared to HCV SGR cells (post-seeding), and 
mock infected controls relative to JFH-1 infected Huh7 cells (post-infection). (A): ΔCT values at 24 hours post-
seeding. (B): ΔCT values at 48 hours. Data shown are averages of triplicate measurements from a single 
experiment with error bars representing standard deviation (SD). Relative fold changes in gene transcription 
(ΔΔCT) are shown in Figure 23 (A, B).  
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A1.4. - ΔCT for miR-17 expression levels in HCV gt2a infection models treated 

with STF-083010 (24, 48 hours)  

 

 

A1.4. represents the difference in raw cycle threshold values (ΔCT) between miR-17 and an internal control (U6) 
in Huh7 cells compared to HCV SGR cells, and mock infected controls relative to JFH-1 infected Huh7 cells 
treated with STF-083010 or DMSO. (A): ΔCT values at 24 hours post-seeding. (B): ΔCT values at 48 hours post-
seeding. (C): ΔCT values at 24 hours post-infection. (D): ΔCT values at 48 hours post-infection. Data shown are 
averages of triplicate measurements from a single experiment with error bars representing standard deviation 
(SD). Relative fold changes in gene transcription (ΔΔCT) are shown in Figure 25 (A, B). 
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A1.5. - ΔCT for Lipogenic gene transcription in HCV SGR cells treated with  

STF-083010  (24, 48 Hours)  

 

 

 

A1.5. represents the difference in raw cycle threshold values (ΔCT) between genes of interest (GOI) and an 
internal control (GAPDH) in Huh7 cells compared to HCV SGR cells treated with STF-083010 or DMSO.  
(A): ΔCT values at 24 hours post-seeding. (B): ΔCT values at 48 hours post-seeding. Data shown are averages of 
triplicate measurements from a single experiment with error bars representing standard deviation (SD). Relative 
fold changes in gene transcription (ΔΔCT) are shown in Figure 26 (A, B). 
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A1.6 - ΔCT for Lipogenic gene transcription in JFH-1 infected Huh7 cells 

treated with  STF-083010 (24, 48 Hours)  

 

 

 

A1.6. represents the difference in raw cycle threshold values (ΔCT) between genes of interest (GOI) and an 
internal control (GAPDH) in mock- and JFH-1 infected Huh7 cells treated with STF-083010 or DMSO.  
(A): ΔCT values at 24 hours post-infection. N.B: ELOVL7 and FABP3 are not transcriptionally induced in either 
mock- or JFH-1 infected Huh7 cells under both DMSO and STF-083010 treatments at 24 hours post-infection.  
(B): ΔCT values at 48 hours post-infection. Data shown are averages of triplicate measurements from a single 
experiment with error bars representing standard deviation (SD). Relative fold changes in gene transcription 
(ΔΔCT) are shown in Figure 27 (A, B).  
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Appendix A2 – ΔCT Graphs for qRT-PCR Data (Chapter 4) 

A2.1. –  ΔCT for Oxidative Phosphorylation gene transcription in Huh7 and HCV 

SGR cells +/- L-glutamate (24, 48 hours)  

 

 

A2.1. represents the difference in raw cycle threshold values (ΔCT) between genes of interest (GOI) and an 
internal control (GAPDH) in Huh7 cells compared to HCV SGR cells under control conditions or treated with  
L-glutamate. (A): ΔCT values at 24 hours post-seeding. (B): ΔCT values at 48 hours post-seeding. Data shown 
are averages of triplicate measurements from a single experiment with error bars representing standard deviation 
(SD). Relative fold changes in gene transcription (ΔΔCT) are shown in Figure 40 (A, B). 
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A2.2. –  ΔCT for Oxidative phosphorylation gene transcription in Mock- and 

JFH-1 infected Huh7 cells (MOI – 7.5) +/- L-glutamate (24, 48 hours)  

 

 

A2.2. represents the difference in raw cycle threshold values (ΔCT) between genes of interest (GOI) and an 
internal control (GAPDH) in mock- and JFH-1 infected Huh7 cells under control conditions or treated with  
L-glutamate. (A): ΔCT values at 24 hours post-infection. (B): ΔCT values at 48 hours post-infection. Data shown 
are averages of triplicate measurements from a single experiment with error bars representing standard deviation 
(SD). Relative fold changes in gene transcription (ΔΔCT) are shown in Figure 41 (A, B).  
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A2.3. – ΔCT for Lipogenic gene transcription in Huh7 and HCV SGR cells +/-  

L-glutamate  (24, 48 hours)  

 

 

A2.3. represents the difference in raw cycle threshold values (ΔCT) between genes of interest (GOI) and an 
internal control (GAPDH) in Huh7 cells compared to HCV SGR cells under control conditions or treated with  
L-glutamate. (A): ΔCT values at 24 hours post-seeding. (B): ΔCT values at 48 hours post-seeding. Data shown 
are averages of triplicate measurements from a single experiment with error bars representing standard deviation 
(SD). Relative fold changes in gene transcription (ΔΔCT) are shown in Figure 44 (A, B). 
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A2.4. - ΔCT for Lipogenic gene transcription in Mock- and JFH-1 infected Huh7 

cells  (MOI – 7.5) +/- L-glutamate (24, 48 hours)  

 

 
 
A2.4. represents the difference in raw cycle threshold values (ΔCT) between genes of interest (GOI) and an 
internal control (GAPDH) in mock- and JFH-1 infected Huh7 cells under control conditions or treated with  
L-glutamate. (A): ΔCT values at 24 hours post-infection. (B): ΔCT values at 48 hours post-infection. Data shown 
are averages of triplicate measurements from a single experiment with error bars representing standard deviation 
(SD). Relative fold changes in gene transcription (ΔΔCT) are shown in Figure 45 (A, B).  
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Appendix A3 – ΔCT Graphs for qRT-PCR Data (Chapter 5) 

 

A3.1. –  ΔCT for TXNIP transcription in HCV SGR cells transfected with siRNA 

targeting TXNIP (siTXNIP)  (24, 48 Hours)  

 

A3.1. represents the difference in raw cycle threshold values (ΔCT) between Thioredoxin-interacting protein 
(TXNIP) and an internal control (GAPDH) in HCV SGR cells transfected with either targeting (siTXNIP) or non-
targeting (siN/T) siRNA at 24- and 48 hours post-transfection. Data shown are averages of triplicate 
measurements from a single experiment with error bars representing standard deviation (SD). Relative fold 
changes in gene transcription (ΔΔCT) are shown in Figure 60. 
 

A3.2. –  ΔCT for Mlx transcription in HCV SGR cells transfected with siRNA 

targeting Mlx (siMlx)  (24, 48 Hours)  

 

A3.2. represents the difference in raw cycle threshold values (ΔCT) between Max-like protein (Mlx) and an 
internal control (GAPDH) in HCV SGR cells transfected with either targeting (siMlx) or non-targeting (siN/T) 
siRNA at 24- and 48 hours post-transfection. Data shown are averages of triplicate measurements from a single 
experiment with error bars representing standard deviation (SD). Relative fold changes in gene transcription 
(ΔΔCT) are shown in Figure 62. 
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A3.3. –  ΔCT for TXNIP transcription in HCV SGR cells transfected with siRNA 

targeting Mlx (siMlx) (24, 48 Hours)  

 

A3.3. represents the difference in raw cycle threshold values (ΔCT) between Thioredoxin-interacting protein 
(TXNIP) and an internal control (GAPDH) in HCV SGR cells transfected with either targeting (siMlx) or non-
targeting (siN/T) siRNA at 24- and 48 hours post-transfection. Data shown are averages of triplicate 
measurements from a single experiment with error bars representing standard deviation (SD). Relative fold 
changes in gene transcription (ΔΔCT) are shown in Figure 63. 
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