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Abstract 

 
Role of hepatocyte NADPH Oxidase 4 in oxidative stress  

and DNA damage by genotype 1a hepatitis C virus 

 

Nicole Leanne Bidaud Corder 

Master of Science 

 

University of California, Merced 

Dr. Jinah Choi 

 

 

Hepatitis C virus (HCV) infection can lead to chronic infection resulting in severe liver 

diseases, including cirrhosis and hepatocellular carcinoma (HCC). Chronic hepatitis C 

(CHC) is characterized by ongoing inflammation and generation of reactive oxygen 

species (ROS) such as superoxide (O2
.-) and hydrogen peroxide (H2O2). NADPH oxidase 

(Nox) enzymes produce ROS as their primary function and have been associated with 

oxidative stress in CHC. However, the precise role that Nox enzymes play in the 

pathogenesis of HCC is still unclear. We show that the structural core protein of genotype 

1a HCV is sufficient to elevate Nox1 and 4 mRNA, protein expression, and enzyme 

activity and H2O2 levels in vitro. Human hepatocytes constitutively expressing core 

exhibited elevated Nox4 in the nucleus and increased DNA damage markers. 

Furthermore, the novel Nox-specific inhibitor VAS-2870 was capable of decreasing the 

core-associated increase in Nox enzyme activity. Altogether, these results highlight the 

importance of developing therapeutic agents targeting Nox enzymes for use as adjunct 

treatment of CHC to prevent carcinogenesis.  
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Chapter 1 -  Introduction 

 

1.1 Viral hepatitis: disease, prevalence, treatment, and impact 

Hepatitis C virus (HCV) is a major etiologic agent of severe and progressive liver 

disease that results in extensive liver injury, predisposing individuals to development of 

cancer.1 Infection with HCV induces hepatic inflammation that can be characterized by 

two phases: acute and chronic infection. Acute hepatitis, the initial phase of the illness, 

lasts up to 6 months after primary viral exposure, and is characterized by a mild and often 

asymptomatic illness. Symptoms of acute infection, typically present in 20–30% of 

patients, are non-specific and can include mild fever, fatigue, muscle aches, loss of 

appetite, nausea/vomiting, joint pain, dark urine, or jaundice. Chronic hepatitis C (CHC) 

involves all intra- and extra-hepatic manifestations occurring after the acute phase of the 

infection.2 Similar to the symptoms of acute illness, chronic hepatitis often presents as an 

asymptomatic illness. However, underlying liver injury is common and occurs in a 

progressive manner. The typical cascade of progressive liver damage begins with chronic 

inflammation of the liver, leading to fibrosis and the development of cirrhosis, followed by 

development of hepatocellular carcinoma (HCC). About 20–30 % of CHC patients develop 

cirrhosis within 20–30 years, and 4–7% of these individuals progress to HCC and end stage 

liver disease each year.3 

In the United States, up to 85%, or an estimated 3.2 million HCV-infected persons 

suffer from chronic hepatitis C. Disease prevalence in the U.S. represents only a small 

proportion of the current global prevalence, estimated to be 174 million individuals, or 

3.2% of the world population.2,4,5 Regions with the highest prevalence (>3.5%) include 

Central and East Asia, North Africa, and the Middle East. Furthermore, it is estimated that 

between 3 and 4 million new cases of HCV arise every year.6,7 In 2011, the number of 

acute HCV infections reported to the CDC totaled 1,229, an increase of 44% over the 

previous year. This elevation correlated with an increase in prevalence from 0.3 cases per 

100,000 in 2010 to 0.4 cases per 100,000 in 2011 in the U.S. A total of 185,979 cases of 

CHC were reported to the National Notifiable Diseases Surveillance System (NNDSS) by 

34 states in 2011. Furthermore, among viral hepatitis A, B, and C, hepatitis C accounted 

for the highest proportion of deaths in 2011, and an increase in mortality rate was observed 

from 4.4 deaths per 100,000 in 2006 to 4.7 deaths per 100,000 in 2010 in the U.S. In 

addition to the recent statistics indicating an increase in HCV prevalence, it is still 

estimated that approximately 50% of CHC infections remain undiagnosed and unreported 

in the U.S.8 

Until recently, standard of care for treatment of HCV infection consisted of 

ribavirin and pegylated interferon (peg-IFN) administration, for which drug tolerance and 

treatment adherence is characteristically poor.9 Development of direct acting antiviral 

(DAA) therapies within the last decade offers an alternative to the standard of care and 
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have greatly enhanced treatment outcomes in CHC patients. Common viral targets of 

DAAs include non-structural (NS) 3/4A protease, NS5A, and HCV RNA-dependent RNA 

polymerase (RdRp). For example, 61% of treatment-naïve subjects who were administered 

telaprevir, a protease inhibitor, for 12 weeks and peg-IFN/ribavirin regiment for 48 weeks 

achieved sustained virological response (SVR), compared to 41% treated with 12 weeks of 

placebo and 48 weeks of peg-IFN/ribavirin.10 SVR, indicative of treatment success, is 

defined as having an undetectable HCV RNA level 24 weeks after the end of treatment. 

Furthermore, a nucleotide polymerase inhibitor, sofosbuvir, was recently approved by the 

FDA for use in conjunction with IFN, and as an IFN-free treatment option.11 A clinical 

phase III trial in which treatment naïve participants with genotype 2 or 3 HCV were 

administered sofosbuvir and ribavirin for 12 weeks (n=256), or 24 weeks of peg-IFN and 

ribavirin treatment (n=243), 67% of participants from both groups achieved SVR at 12 

weeks after discontinuation of therapy.12 Once-daily oral daclatasvir, an inhibitor of NS5A, 

and sofosbuvir was associated with high rates of SVR among patients infected with HCV 

genotype 1, 2, or 3.13  

Although significant advances have improved the overall survival and quality of 

life for patients with CHC, the incidence of HCC continues to rise.14 In contrast to hepatitis 

B virus (HBV), there is no vaccine to prevent HCV infection and following development 

of chronic infection, disease progression occurs slowly over several decades. Physiological 

events that lead to the various disease states associated with HCV infection are complex. 

Reports indicate that from 2000 to 2005, the incidence rates of HCC were significantly 

higher in Hispanic, black, and white middle-aged men in which 1 year survival rates 

remained below 50% in the United States.15 Given that many HCV-infected individuals 

experience only mild flu-like symptoms, or are asymptomatic, they are unaware of their 

HCV status.3,16 Furthermore, by the time they are diagnosed, many patients have already 

progressed to an advanced disease state, which can complicate subsequent treatment. 

 

1.2  Hepatitis C virus: history, transmission, genome, and replication cycle 

HCV was originally isolated from the serum of a patient with non-A, non-B 

hepatitis (NANBH). The infectious agent was successfully cloned in 1989 and 

subsequently found to be responsible for 90% of post-transfusion NANBH in the United 

States.17,18 Since its discovery, HCV remains a leading cause of chronic liver disease 

worldwide.3 HCV, a blood borne pathogen, is transmitted from person to person via contact 

with contaminated blood or blood products. Identifiable risk factors implicated in the 

spread of HCV include receipt of contaminated tissues, organs, blood and/or blood 

products. In fact, before implementation of routine screening of donor blood in the early 

1990’s, receipt of contaminated blood products during blood transfusions and/or organ 

transplantation served as a significant source of infection. Another common risk factor is 

exposure to the virus through shared and repeated needle sticks/punctures during injection 
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drug use or body modification. The last risk factor involves close contact that is primarily 

sexual, but can include non-sexual contact, with individuals who have hepatitis C or are at 

risk of contracting the virus. Several subpopulations that have been identified as “at risk” 

groups include current or former injection drug users, individuals receiving ongoing 

hemodialysis or receipt of blood transfusions/organ transplants before July of 1992 or 

clotting factors before 1987. In addition, those with previous HBV or human 

immunodeficiency virus (HIV) infection, children born to HCV-positive mothers, and 

persons with known exposures, such as health care workers and blood or organ recipients 

from which the donor later tested positive are also at risk. 

HCV is a single-stranded, positive sense RNA virus from the genus Hepacivirus of 

the family Flaviviridae. The viral genome is monopartite with a length of 9.6kb that 

contains coding and non-coding sequences. The non-coding sequences, or untranslated 

regions (UTR), flank either side of the coding sequence. The 5’ UTR forms secondary 

structures that include an internal ribosomal entry site (IRES) essential for cap-independent 

translation of viral RNA. The coding sequence encodes for both structural and non-

structural proteins. Structural regions include core, which encodes for the viral 

nucleocapsid protein and can code for F protein/Alternative Reading Frame Protein 

(F/ARFP), and envelope glycoproteins 1 and 2 (E1 and E2). Core protein will be discussed 

further below.  

Nonstructural regions include, in order of appearance, NS1, NS2, NS3, NS4A, 

NS4B, NS5A, and NS5B. NS1 protein, or p7, is an integral membrane protein that belongs 

to the viroporin family exhibiting calcium ion channel activity, and was shown to be 

essential for viral infectivity in the chimpanzee model.19–21 NS2, or p23, a transmembrane 

protein responsible for endoplasmic reticulum (ER) membrane association has been shown 

to exhibit protease activity facilitating cleavage of the NS2/3 region of the HCV 

polyprotein sequence.22–24 NS3, or p70, is a multifunctional protein that exhibits serine 

protease activity when coupled with the NS4A cofactor, or p8, yielding the NS3/4A 

protease.25 In addition, NS3/4A protease activity has been implicated in suppression of the 

host immune response by blocking activation of the antiviral signaling molecule, IRF-3.26 

NS4B, or p27, acts as an anchor for the viral replication complex and induces formation of 

the membranous web through rearrangement of the ER.27–29 NS5A, or P56/58 can exist in 

two phosphorylation states, hypo- or hyper-phosphorylated.30 NS5A induces formation of 

replication complexes necessary for genome replication and can also serve as a zinc 

metalloprotein.31–33 Lastly, NS5B, or p68, an RNA-dependent RNA polymerase is essential 

to viral genome replication.34,35 

Viral replication follows a series of sequential steps, beginning with attachment and 

receptor mediated endocytosis. Subsequent release of viral RNA, genome replication and 

translation occur in membranous webs associated with the ER. Lastly, viral assembly and 

release occur via budding through the plasma membrane. The process of HCV replication 
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has been described at length elsewhere.36–39 Briefly, hepatitis C virus enters host cells 

through a complex set of interactions with various cellular membrane proteins. Initial 

attachment of free virions to hepatocytes occurs by way of association with three cell 

surface receptors; low density lipoprotein receptor (LDLR), glycosaminoglycan (GAG), 

and heparan sulfate proteoglycan (HSPG). Entry of viral particles occurs through clathirin-

mediated endocytosis and requires interaction with the cell surface molecules, cluster of 

differentiation 81 (CD81), scavenger receptor B type 1 (SRB1), claudin (CLN1), and 

occludin (OCLN).40 After endocytosis, vesicle acidification uncoats and releases the viral 

RNA into the cytoplasm.  

Viral RNA is translated by host cell machinery and is initiated in a cap-independent 

and an IRES-dependent manner. In addition to the IRES, several viral proteins are involved 

in the translation of viral RNA, a process occurring in vesicular structures derived from the 

ER, known as membranous webs.41 Briefly, the 40S ribosomal subunit associates directly 

with the IRES site forming a complex near the start codon.42 Next, a 48S-like ribosomal 

initiation complex is formed by the adjoining eukaryotic initiation factors (eIF) 3 and eIF2, 

and a methionine initiator tRNA (Met-tRNAi) along with its associated GTP.43 The 

structural conformation of the IRES and the 48S-like complex allows dissociation of 

phosphorylated eIF2 once translation is initiated.44 

Translation occurs in the canonical 5’ to 3’ direction and produces a single 

polyprotein sequence approximately 3,000 amino acids in length that are processed by host 

and viral proteases co- and post-translation. Nine clearly defined proteolytic cleavage sites 

are located within the polyprotein sequence, generating at least ten non-overlapping 

proteins. Structural proteins are cleaved by cellular signal peptidases (SP), whereas non-

structural proteins are cleaved by the viral proteases NS2/3 and NS3/4A. Upon cleavage of 

the various viral proteins, replication of viral RNA occurs via generation of a negative-

sense RNA intermediate that serves as a template for mass production of positive-sense 

genomic RNA by viral RdRp. Positive-sense RNA generated de novo may be translated 

into viral proteins or encapsidated by core protein during virion assembly. 

The comprehensive roles of the individual viral proteins encoded for by the HCV 

genome are still under investigation, but the process of assembly and packaging of new 

virions is facilitated by several key events. First, envelope glycoproteins 1 and 2 are 

trafficked to the lumen of the ER where they assemble into heterodimers. Next, core protein 

associates with cytoplasmic lipid droplets (cLD) under the assistance of cytosolic 

phospholipase A2 (cPLA2). Then, interactions between the ER transmembrane NS1 

protein, cytosolic NS2, and NS3/4A facilitate the recruitment of core in the cytoplasm. 

During this process, viral RNA generated in the membranous web associates with core 

protein, whereby they migrate across the cytoplasmic space and bud into the lumen of the 

ER. The action of budding into the ER lumen is, in part, mediated by the interaction 

between core protein and envelope glycoproteins. 
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The process of viral maturation and release follows the secretory pathway of very 

low-density lipoproteins (VLDL), believed to occur through a series of budding and fission 

events involving the endosomal sorting complex required for transport (ESCRT).25 Post-

translational modification of E1 and E2 occur as virions transport through the Golgi 

apparatus where the proteins are prepared for post-release pH-dependent uncoating of 

virions in newly infected cells. Evidence shows viral NS1 acts as an ion channel stabilizing 

vesicle pH during maturation.20,45–47 Finally, virions bud out through the plasma 

membrane. 

 

1.3 HCV and oxidative stress: evidence and mechanisms 

Oxidative stress is defined as a state of imbalance between the production and 

dismutation of reactive oxygen species (ROS) by cellular mechanisms that can disrupt 

cellular functions or induce cell damage. An important distinction should be made between 

the beneficial and detrimental effects of ROS. Specifically, though ROS are frequently 

associated with toxicity, their production is essential in the immunological destruction of 

microbes within phagosomes during the phagocytic respiratory burst (PRB).48 In addition, 

ROS can regulate a variety of cellular processes through redox signaling.49,50 Where the 

distinction between benefit and harm lies, is in the cumulative effect of ROS production 

occurring beyond the cell’s ability to offset their toxic effects.  

As the liver is the body’s primary detoxifying organ, continued and chronic 

elevation of ROS can alter the body’s antioxidant defenses. The antioxidant defense system 

is comprised of enzymatic components such as glutathione peroxidase (GSH-Px), 

superoxide dismutase (SOD), and catalase, in addition to non-enzymatic components 

including glutathione (GSH), and vitamins C and E. The enzymatic functions of GSH-Px, 

SOD, and catalase serve as a first line of defense against oxidative stress by facilitating the 

conversion of superoxide and hydrogen peroxide to less toxic species.51  

Disrupted antioxidant defenses observed with CHC include decreases in 

glutathione (GSH) and vitamins C and E.52 GSH is the most abundant non-protein 

endogenous thiol participating in redox homeostasis. GSH acts as a reducing agent in the 

detoxification of ROOH, a reaction catalyzed by GSH-Px that results in the formation of 

oxidized glutathione disulfide (GSSG). GSH also prevents membrane lipid peroxidation 

by maintaining the active forms of vitamin C and E in the cell.53–55 Furthermore, 

antioxidant supplementation was shown to attenuate oxidative stress in CHC.56 Structural 

proteins of HCV, specifically core protein, was shown to decrease reduced GSH and 

increase GSSG levels in hepatocytes in vitro. Conversely, hepatocytes expressing non-

structural proteins increased GSH levels.57 In addition, CHC patients showed higher GSH-

Px levels post-treatment with interferon α-2b and ribavirin compared to baseline values.58 

In addition to its role as the body’s detoxifying organ, the liver also serves as a 

primary reservoir of iron. In hepatocytes and macrophages, approximately 20–30% of the 
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iron present remains bound to ferritin and hemosiderin.59 Iron overload has been observed 

with CHC, and increased serum ferritin and iron levels were positively associated with 

HCV infection in the United States.60 CHC is also associated with decreased expression of 

hepcidin, a negative regulator of iron expression, and upregulation of the hepatic iron 

transporter, transferrin receptor 2.60–62 The role of iron in both the induction and 

propagation of oxidative stress is due, in part, to its oxidation and reduction properties. 

Ferrous iron (Fe2+) can become oxidized by hydrogen peroxide (H2O2), producing the ferric 

form (Fe3+) and hydroxyl radical (HO·) in a reaction known as the Fenton reaction.  

Hydroxyl radical is a highly reactive species that causes damage to lipids, proteins, 

and DNA. Hydroxyl radical is known to interact with polyunsaturated fatty acids (PUFA), 

initiating lipid peroxidation in the cell that result in the formation of reactive products such 

as 4-hydroxy-2-nonenal (HNE) and malondialdehyde (MDA). Increased concentrations of 

lipid peroxidation products, and decreased GSH resulting from oxidative stress, were 

associated with steatosis and insulin resistance in CHC patients.63,64  

Hepatocyte-specific sources originate primarily from enzymes in the mitochondria 

and the ER. A major source of mitochondrial ROS production is complex I of the electron 

transport chain (ETC).65,66 Both genomic and subgenomic replicons containing core 

protein, as well as infectious HCV, were shown to increase mitochondrial ROS production. 

This elevation was completely abolished upon treatment with the flavoprotein inhibitor 

diphenyleneiodonium (DPI), suggesting that inhibition of complex I activity in the ETC 

may serve as an important source of mitochondrial ROS.67–70 In addition, core protein was 

shown to associate with the outer mitochondrial membrane, leading to increased Ca2+ 

uptake and oxidation of glutathione pools, both of which enhanced susceptibility to 

mitochondrial depolarization.70–73  

Cytochrome P450 2E1 (CYP2E1), found primarily in the ER of hepatocytes, is an 

important metabolizer of various small toxicological chemicals, including ethanol.74 It is 

of note that CHC and ethanol consumption independently and cumulatively increase 

oxidative stress in the liver.75 One study showed elevation of CYP2E1 in the livers of five 

CHC patients exhibiting early fibrosis, and in vitro studies showed co-expression of 

CYP2E1 and HCV core protein was associated with increased ROS production.76–78 

Another enzyme of the ER that contributes to imbalances in redox homeostasis is inducible 

nitric oxide synthases (iNOS, or NOS2). Up-regulation of iNOS in hepatocytes, Kupffer 

cells, and macrophages occur in response to various pro-inflammatory cytokines, including 

tumor necrosis factor α (TNF-α), transforming growth factor β (TGF-β), interleukin-1β 

(IL-1β), interferon γ (IFN-γ) and/or lipopolysaccharide (LPS).79 iNOS catalyzes the 

formation of nitric oxide (NO-) from NADPH and L-citrulline, and it’s upregulation has 

been associated with HCV in cell culture systems.80–83  

Additional sources of oxidative stress in hepatocytes, and non-hepatocytes, are 

NADPH oxidase (Nox) enzymes. Nox enzymes perform diverse physiological roles, 
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ranging from thyroid hormone synthesis, maintenance of equilibrioception, signaling in the 

vascular system, and antimicrobial processes of the immune system. The Nox family 

consists of seven transmembrane proteins, Nox and Dual oxidase (Nox1 through 5 and 

Duox 1 and 2) whose primary function is to catalyze the transfer of electrons from NADPH 

to O2 to generate superoxide and H2O2.
84 Among these proteins, the role of Nox2 in the 

immune response has been widely characterized.  

Nox2, also referred to as gp91phox or simply phox (phagocytic oxidase), functions 

in the PRB. When activated in response to pathogens, transmembrane Nox2 coupled with 

its catalytic subunit p22phox, associate with various activating cytosolic factors, p67phox, 

p40phox, p47phox, and Rac. Upon their association, large quantities of oxygen are reduced to 

generate superoxide anion (O2
.-) that effectively destroys phagocytized pathogens. The 

importance of Nox2 in this process is easily observable in patients with chronic 

granulomatous disease (CGD), where mutations in one or more of the catalytic subunits of 

Nox2 or its cytosolic factors, produce an insufficient respiratory burst that results in 

aberrant inflammation and increased susceptibility to infections.85  

Several sources show activation of Nox2 in phagocytes and monocytes with HCV 

infection. Specifically, NS3 protease was shown to activate phagocytic Nox2 leading to 

apoptosis in T cells, natural killer (NK) cells, and cytotoxic T cells.86,87 In addition, 

extracellular secreted core protein of HCV was capable of inducing signal transducer and 

activator of transcription 3 (STAT3) in an IL-6 autocrine-dependent manner. As STAT3 is 

an activator of the p47phox cytosolic factor of Nox2, and authors report induction of 

myeloid-derived suppressor cells by HCV core protein, this suggests suppression of T cells 

may occur in an ROS-dependent manner.88,89  

Other Nox isoforms expressed in hepatocytes include Nox1 and 4, transmembrane 

proteins of the Nox family that remain bound to their p22phox catalytic subunit. Similar to 

Nox2, Nox1 produces ROS when activated by the association of the cytosolic subunits 

NoxO1, NoxA1, and Rac. Like other Nox enzymes, Nox4 is composed of six predicted 

transmembrane domains and an intracellular carboxyl-terminal region containing FAD and 

NADPH binding sites.90 Truncated Nox4 proteins lacking the C-terminal FAD and 

NADPH binding sites are unable to transport electrons and show negative effects on the 

endogenous Nox4 activity.91 Furthermore, the Nox4 intracellular B loop, located between 

transmembrane domains 2 and 3, is essential for its enzyme activity, and the intracellular 

D loop is necessary for the structural interaction between Nox4 and the p22phox subunit. To 

date, five alternatively spliced isoforms of Nox4 have been reported.92 Compared to full 

length Nox4 (~67kDa), variant B (~63kDa) lacks the first NADPH binding site, while 

variant C (26kDa) does not contain any FAD or NADPH binding sites due to a frameshift-

derived stop codon after transmembrane domain 5. Variant D (32kDa) contains 

transmembrane domain 1 and all FAD and NADPH binding sites, while variant E (28kDa) 

is similar to variant D, except for absence of the first NADPH binding domain.92 
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Nox4 was shown to contribute significantly to nuclear superoxide production in 

hepatocytes.93,94 Recently, Anilkumar et al. observed a functional 28kDa splice variant of 

Nox4 within the nucleus and nucleolus of vascular cells that was able to generate ROS in 

an NADPH-dependent manner.95 Furthermore, HCV has been shown to elevate superoxide 

and hydrogen peroxide production via an up-regulation of Nox1 and Nox4 protein 

expression in hepatocytes in addition to nuclear and/or perinuclear localization.93 

Dominant negative Nox4, and Nox4 knockdown, significantly decreased HCV-associated 

ROS production in hepatocytes.93,96 Additionally, increases in p22phox, p67phox, NOXA1, 

and NOXA2 mRNAs were also observed.93 Furthermore, Nox4 and Nox1 protein levels as 

well as Nox activity were elevated in human livers infected with HCV.85 Nox4 elevation 

by HCV and transcriptional activation of Nox4 promoter activity by core protein were 

shown to be mediated by TGF-β.96 

 

1.4 HCV induces DNA damage by increasing inflammation and oxidative stress 

Chronic inflammation of the liver occurs in response to HCV infection. 

Inflammatory cells of the liver such as Kupffer cells and neutrophils generate ROS to 

combat viral infection. However, a prolonged state of inflammation may render HCV-

infected and naïve hepatocytes susceptible to ROS generated by immune cells. In 

particular, hydrogen peroxide is freely diffusible across plasma membranes and the 

extracellular space.97 Furthermore, superoxide generated in the intracellular space is 

readily converted to hydrogen peroxide and molecular oxygen by SOD enzymes; copper-

and-zinc SOD (Cu-Zn-SOD, or SOD1/3) are present in the cytoplasm of all eukaryotic 

cells, and manganese SOD (Mn-SOD, or SOD2) dismutate superoxide generated in the 

mitochondria.  

Long-term maintenance of inflammation in CHC occurs in response to activation 

of inflammatory cytokines such as TNF- α, TGF-β, and IL-1β. These cytokines are elevated 

with HCV infection, and have been shown to play a pivotal role in the development of 

CHC. TNF-α induces oxidative stress through the mitochondrial ETC and may play a role 

in the proliferation of hepatocytes characteristic of fibrosis and HCC.98 However, the 

primary inducer of liver fibrosis via a redox-sensitive mechanism is through elevated TGF-

β. Induction of TGF-β in hepatocytes and hepatic stellate cells (HSC) was shown to occur 

in a nuclear factor κB (NF-κB) –dependent manner. Specifically, one study showed core 

protein was able to directly upregulate TGF-β reporter activity and expression in hepatoma 

cells.99 In addition, activation and maturation of IL-1β is facilitated by inflammasome 

formation and cellular nod-like receptor protein 3 (NLRP3) expression, both of which were 

elevated in Kupffer and hepatoma cells.100,101  

Aside from the cyclic roles that inflammation and oxidative stress play in the 

maintenance of one another, consequential DNA damage is cumulative and capable of 

initiating carcinogenesis, a hallmark of CHC disease progression.102,103 This is particularly 
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true when lesions occur in tumor suppressor genes and proto-oncogenes. Potential to 

damage DNA exists with most ROS, particularly when generated in close proximity to the 

nucleus. DNA damage is characterized by lesions in bases and/or the deoxyribosyl 

backbone, and can include deaminated bases, abasic sites, formation of bulky adducts, 

single stranded breaks (SSB), and double stranded breaks (DSB). One specific redox 

mediated product of DNA damage that has been implicated in HCC is 8-

hydroxydeoxyguanosine (8-OHdG), which is formed by interaction of 2’-deoxyguanosine 

(dG) with reactive species such as HO·, O2
·-, and peroxynitrite (ONOO-).104 Once formed, 

8-OHdG can induce G:C to T:A transversions that are frequently observed in cancer. 

Levels of 8-OHdG have been positively correlated with HCC grade in CHC versus non-

CHC patients, and in HCV versus HBV.105–108 Furthermore, association of 8-OHdG with 

DSBs has been shown to occur by Fenton chemistry.109 Another product that augments 

DNA damage with HCV is ONOO., produced by reaction between O2
-. and NO.. ONOO- 

generated in the nucleus is capable of attacking bases and the deoxyribosyl backbone of 

DNA, where it forms 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodG), another biomarker 

of oxidative stress.110,111   

In addition to causing DNA damage, HCV exhibits the ability to block repair 

mechanisms that aim to correct oxidative damage. Common mechanisms of DNA damage 

repair include base excision repair (BER), nucleotide excision repair (NER), homologous 

recombination (HR), and non-homologous end joining (NHEJ). BER removes small, non-

helix-distorting lesions in the DNA such as those caused by deaminated, alkylated, or 

oxidized bases. Initiation of BER occurs when lesions are recognized and excised by DNA 

glycosylases, leaving either an SSB or an apurinic/apyrimidinic (AP) site. The enzyme AP 

endonuclease 1 (APE1) is essential in repair of ROS-mediated DNA damage. Indeed, HCV 

infection is associated with elevations in APE1 and 8-OHdG accumulation.112 

Functionally, APE1 is responsible for processing AP sites before initiating either short-

patch BER or long-patch BER.113 Short-patch BER inserts a single nucleotide via 

polymerase β and a complex containing DNA ligase III and XRCC1. In contrast, long-

patch BER replaces between 2 and 12 nucleotides by proliferating cell nuclear antigen 

(PCNA), flap endonuclease 1 (FEN1), and one, or more, of several polymerases.  

NER, in contrast to BER, removes bulky helix-distorting DNA adducts in one of 

two ways, through global genome NER, or transcription coupled NER. Both processes are 

initiated upon detection of bulky adducts by detector proteins that readily bind to oxidative 

lesions, namely XPC and XPE, or CSA and CSB in global genome NER and transcription 

coupled NER, respectively.114 However, the frequency with which NER is employed over 

BER in repairing oxidative damage is unclear. Upon recognition of damage, proteins of the 

transcription factor II H (TFIIH) complex guide unwinding of the DNA helix and removal 

of the bulky adduct. Subsequent gap filling requires PCNA and one of various polymerases, 

and is followed by ligation. Ligation is carried out by XRCC1 and DNA ligase III.115 
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HR and NHEJ are two widely studied pathways that repair extensive DNA damage 

caused by DSBs. The processes of HR and NHEJ have been described at length 

elsewhere.116 Between the two processes, NHEJ promotes direct ligation at the expense of 

introducing errors to the DNA in the form of insertions, deletions, substitutions, and 

translocations. In contrast, HR generates many single stranded DNA (ssDNA) overhangs 

that an assembled nucleoprotein filament capable of using homologous duplex DNA to 

produce crossover and non-crossover products.117 The mechanisms that contribute to the 

cellular decision to repair DSBs by HR versus NHEJ are complex, but the efficiency of 

repair are likely influenced by the location of the damage and cell cycle stage.118,119  

Both structural and non-structural proteins of HCV have been associated with 

alteration in DNA repair mechanisms. Structural core protein is capable of binding NBS1 

and preventing formation of the MRN complex that requires adjoining of Mre11 and Rad50 

to NBS1.120 The MRN complex is involved in the initial processing events that proceed 

HR and NHEJ, and has been suggested to act as a regulator when deciding between the 

two DSB repair mechanisms.116 Other proteins identified as potential decision makers with 

respect to undergoing HR are the breast cancer type 1, and 2 susceptibility (BRCA1/2) 

proteins. BRCA1 and BRCA2 are essential in the transcription-coupled repair of 8-OHdG 

lesions, a common occurrence with HCV infection.121,122 Non-structural proteins NS3 and 

NS4A decreased expression of ataxia-telangiectasia mutated (ATM), a serine/threonine 

protein kinase that phosphorylates cell cycle checkpoint proteins activated in response to 

DSBs.123 Downstream targets of ATM include p53, Chk2, and H2A histone family, 

member X (H2AX). Furthermore, core protein modulates p53, a tumor suppressor protein, 

by altering its DNA binding affinity, and interacting with its promoter region. These 

interactions lead to increased cell proliferation, independent of p53 expression, and 

suppression of apoptosis.124–128 Additional targets of core protein, for which the effects lead 

to increased cell proliferation, include the cyclin-dependent kinase inhibitor p21 (WAF1), 

and proto-oncogenes c-Myc and c-Jun, to name a few.127,129–132 Several other targets of core 

protein have been outlined elsewhere.133 

 

1.5 Project significance 

The study of HCV has been largely dictated by the availability of virus-producing 

cell culture systems and animal models that aim to mimic human infection. As the Japanese 

Fulminant Hepatitis 1 (JFH-1) strain of HCV was the first to support robust replication in 

vitro, it is reasonable that most work with HCV has been conducted using this genotype 2a 

system. However, it is of note that the severity of hepatitis C infection is correlated with 

genotype, as evidenced by the FDA’s recent approval of genotype tests to aid clinicians in 

treating and ultimately managing HCV infection in patients. Of the 6 distinct genotypes of 

HCV, genotype 1 is the most prevalent in North America and Europe, accounting for 

approximately 70% of cases in the United States. Given the importance of genotype in 
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assessing treatment response, this indicates that treatment outcome, and the severity of 

disease progression are associated with HCV genotype. Indeed, infection with genotype 1 

HCV is more highly associated with development of chronic infection and is 

characteristically harder to treat. For example, 80% of patients infected with HCV 

genotype 2 or 3 achieve SVR with standard IFN-based therapy, compared to 42–46% of 

those infected with genotype 1.13  

The primary efforts in treating HCV-induced disease are focused on reducing, or 

eliminating the virus from patients to prevent transmission as well as chronic liver injury. 

However, with over 170 million people chronically infected with the virus, the effects of 

increased oxidative stress have already predisposed these individuals to liver cirrhosis, and 

eventual development of HCC. Therefore, treatment aimed at halting the pathogenic 

mechanisms of HCV infection would provide many individuals with relief and perhaps 

prevent disease progression. To date, no studies have clearly determined the role of Nox 

proteins and oxidative stress-associated DNA damage with genotype 1 HCV. Therefore, 

the aim of this study is to assess the role Nox proteins play in DNA damage associated with 

genotype 1 HCV in HCC, and elucidate their potential relevance to therapy. We 

hypothesize that core protein is sufficient to elevate Nox enzymes, particularly Nox4, 

which may induce nuclear localization that can cause DNA damage.  
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Chapter 2 -  Methods 

 

2.1 Cell culture, collection, and drug treatments 

Human hepatocytes (Huh-7) were cultured and grown in Dulbecco’s Modified 

Eagles Medium (DMEM), supplemented with 10% fetal bovine serum (FBS), and 1% 

Penicillin/Streptomycin, all purchased from Life Technologies. Cells were grown in 60mm 

dishes purchased from Corning, corresponding to a surface area of 2.872cm2. Drug 

treatments were added to cell culture medium for 1 hour, unless otherwise noted. 

Diphenyleneiodonium chloride (Sigma Aldrich) was dissolved in water and administered 

at a final concentration of 10µM. VAS-2870 (Enzo Life Sciences) was dissolved in DMSO 

and administered at final concentrations ranging from 5–20µM. DMSO concentrations did 

not exceed 0.01% (vol/vol). All cell collections were performed by washing twice with 1x 

phosphate buffered saline (PBS) to remove residual media, followed by addition of an 

appropriate volume of 1x PBS with protease and phosphatase inhibitors; 10µM sodium 

fluoride, 1µM protease inhibitor cocktail, 1µM sodium orthovanadate, 1µM 

phenylmethanesulfonyl fluoride (PMSF). All chemicals used in this study were purchased 

from Sigma Aldrich, unless otherwise specified. Cells were then collected by scraping and 

were immediately placed on ice before processing. Cells were lysed in either 2x Laemmli 

buffer, or RIPA buffer with protease and phosphatase inhibitors, by sonication on ice 3 to 

4 times for 15 second intervals. Lysates were centrifuged at top speed for 10 minutes at 

4°C and then stored at -20°C until use.  

 

2.2 Transient and stable transfections 

Huh-7 cells were seeded and grown to 50–60% confluency before transfection. 

Transfections were conducted via calcium phosphate precipitation using ProFection® 

Mammalian Transfection System (Promega Corporation) with the following modifications 

to the manufacturer’s protocol. DNA-calcium phosphate co-precipitation was achieved by 

pipette-driven aeration from the bottom of each microcentrifuge tube for 60 seconds. 

Microcentrifuge tubes were then left at room temperature for 20 minutes to facilitate 

generation of a fine precipitate before drop-wise addition to cell culture medium. Four 

hours after addition of the transfection mixture, cells were washed twice with 1x PBS 

before fresh media was added. For transient transfections, cells were collected 48 hours 

post-transfection with empty vector pRc-CMV (Life Technologies), or pCMV-RC plasmid 

(full genotype 1a HCV core coding sequence of the RH strain) generated as described 

elsewhere.134 Stable cells were selected by daily treatment with 0.5mg/ml G418 sulfate 

(Gibco), as described previously.93  
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2.3 Western Blotting 

Western blotting was performed with Novex® Tris-Glycine gels (Life 

Technologies) using the manufacturer’s guidelines. Proteins were transferred to PVDF 

membranes (Immobilon-P from Millipore) overnight at 4°C with low voltage using Bio-

Rad’s Tetra Blotting Module. Membranes were washed 3 times with 1x Tris-buffered 

saline (TBS) for 10 minutes, and blocked with 5% (wt/vol.) non-fat dry milk (NFDM) in 

TBS for 1 hour at room temperature with gentle agitation. Primary antibodies were diluted 

in 5% NFDM in TBS supplemented with 0.1% (vol/vol) Tween-20 (TBS-T) before 

addition to membranes. Membranes were incubated with primary antibodies overnight at 

4°C with gentle agitation. Before addition of secondary antibodies, membranes were again 

washed 3 times with TBS-T for 10 minutes at room temperature. Secondary antibodies, 

diluted in 5% NFDM/TBS-T, were incubated with membranes at room temperature with 

agitation for 1 hour. Membranes were washed 3 times with TBS before chemiluminescent 

detection with Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare 

Life Sciences). Membrane visualization with a Kodak Image Station detector was 

performed 3–5 minutes after exposure to chemiluminescent reagent as per manufacturer’s 

protocol. Densitometry analyses were performed using Image Studio Lite (LI-COR 

Biosciences) and subsequent calculations included normalization to appropriate cellular 

protein intensities.  

Blotting and detection of phosphorylated proteins was performed as follows. After 

transferring, PVDF membranes were washed 3 times with TBS, and blocked with 5% 

bovine serum albumin (BSA)/TBS-T for 1 hour at 4°C with gentle agitation. BSA was 

purchased from Santa Cruz Biotechnologies. Membranes were then washed an additional 

3 times before overnight incubation at 4°C with phospho-specific primary antibodies 

diluted 1:1000 in 5% BSA/TBS-T. Membranes were then washed 3 times with TBS-T 

before a 1 hour incubation with secondary antibodies diluted 1:2000 in 5% BSA/TBS-T. 

Then, membranes were washed 3 more times before chemiluminescent detection described 

above.  

 

2.4 Immunofluorescence 

For immunofluorescence (IF) detection of proteins, cells were seeded and grown 

on glass coverslips for 24 hours in 35mm dishes (Corning). Cells were washed twice for 5 

minutes with 1x PBS before fixation. Cell fixation was achieved with 10 minutes of 1:1 

methanol-acetone treatment at -20°C. After fixation, cells were washed 3 times with 0.5% 

(wt/vol) BSA in 1x PBS (PBB) solution. Coverslips were blocked using 2% BSA in 1x 

PBS for 1 hour at room temperature. Primary antibodies, diluted in 1x PBB, were applied 

to coverslips and incubated overnight at 4°C in a moist environment. Coverslip were 

further washed before incubation with fluorophore-conjugated secondary antibodies (Santa 

Cruz Biotechnology, Inc.) diluted in PBB for 1 hour in the dark. Coverslips were then 
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washed with PBB and PBS before mounting on glass slides using Fluoromount-G 

(Southern Biotechnology Associates, Inc.) and visualization with a confocal microscope. 

 

2.5 Antibodies 

Primary antibody controls used for Western Blotting in this study were goat β-actin 

(I-20), goat calnexin (C-20), mouse HCV core (C7-50), goat PCNA (C-20), mouse LSD1 

(B-9), goat fibrillarin (A-16) and rabbit NF-κB p65 (C-20), all of which were purchased 

from Santa Cruz Biotechnology, Inc. Three rabbit Nox4 antibodies were used in Western 

Blotting and IF, NB110-58849, ab133303, and ABC271, from Novus Biologicals, Abcam, 

and EMD Millipore, respectively. Rabbit HCV core (ab58713) from Abcam was used for 

IF detection of core protein, and mouse lamin A/C (N-18) from Santa Cruz Biotechnology 

was used as a nuclear control marker. Antibodies used to study the DNA damage response 

by Western Blotting were rabbit HIF-1α (bs-0737R) from Bioss Inc., rabbit phospho-

Histone H2A.X (Ser139) (2577), and rabbit Histone H2A (2572) from Cell Signaling 

Technology. 

Secondary antibodies used in Western Blotting were donkey anti-goat IgG-HRP 

(sc-2020), goat anti-rabbit IgG-HRP (sc-2004), and goat anti-mouse IgG-HRP (sc-2005) 

all from Santa Cruz Biotechnology. Fluorophore-conjugated secondary antibodies used in 

IF were goat anti-mouse IgG, F(ab’)2-TRITC (sc-3796) and goat anti-rabbit IgG, F(ab’)2-

FITC (sc-3839) from Santa Cruz Biotechnology. In addition, goat anti-mouse IgG, F(ab’)2-

Alexa Fluor® 555 (H+L) from Life Technologies, a kind gift of Dr. Masashi Kitazawa, 

was used.  

 

2.6 Nox activity and hydrogen peroxide assays 

Nox activity was measured by SOD-inhibitable cytochrome c reduction. Assays 

were performed on cells seeded in 6-well plates and grown to 80% confluency before 

experiments. For whole cell cytochrome c reduction detection, cells were washed once with 

cold PBS, then once with cold intracellular-like buffer (ICLB). In contrast, lysed cell Nox 

activity was measured after physically dislodging cells in ICLB with protease and 

phosphatase inhibitors, followed by 3 rounds of sonication for 15 seconds while incubating 

on ice. ICLB was prepared before experiments and contained 140mM potassium chloride, 

1mM magnesium chloride, 10mM D-glucose, 10mM HEPES, 0.193mM calcium chloride 

dehydrate, and 1mM  ethylene glycol tetraacetic acid (EGTA). The pH was adjusted to 

7.40 with 2M potassium hydroxide, the solution was filter sterilized, and stored at 4°C 

before use. 

Cells were permeabilized with 0.4mM digitonin solution, dissolved in ICLB, for 5 

minutes at 35°C. Then, cells were washed 2 times with ICLB and incubated in pre-

treatment solutions for 15 minutes at room temperature. Pre-treatment solutions were 

10µM DPI dissolved in water, 200 units/ml SOD from bovine liver (dissolved in PBS), 
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and/or solvents as controls. Cytochrome c cocktail, prepared fresh before use, was added 

to each well with target concentrations of 80µM cytochrome c from equine heart, 100µM 

NADPH, 100µM ATP, and 100µM GTP. Cells were incubated with cytochrome c cocktail 

in a dry incubator with agitation for 60 minutes, unless otherwise specified. Supernatant 

solutions were collected and centrifuged briefly before plating in an optically clear 96-well 

plate. Absorbance at 550nm, with a reference at 540nm, was obtained using a SpectroMax 

M2 spectrophotometer (Molecular Devices). Measurements were normalized to total 

protein content measured by Pierce bicinchoninic acid (BCA) protein assay (Thermo 

Scientific) as indicated by the manufacturer’s protocol.  

Hydrogen peroxide production was measured by detection of the fluorescent 

dimerization of homovanillic acid (HVA). Cells were treated with 10µM DPI or solvent 

for 30 minutes in a 5% CO2 incubator. HVA-peroxidase reaction buffer, containing 

0.40mM HVA and 4.0 units/ml horseradish peroxidase (HRP) type II, dissolved in HBSS 

was prepared fresh before use. Reaction buffer was added to each well, followed by the 

treatment reagents at a final concentration of 10µM DPI, 200 units/ml, or solvent as a 

control. The cells were incubated in a 5% CO2 incubator for 120 minutes, unless otherwise 

specified. The supernatant was collected and the reaction was stopped by the addition of 

0.10M L-glycine, followed by plating in an optically clear 96-well plate. Fluorescence was 

then measured by excitation at 321nm and emission at 421nm, and the values were 

normalized by total protein content described above.  

 

2.7 Subcellular fractionation 

Cytoplasmic, nuclear, and post-nuclear extracts were obtained using the following 

protocol. Cells were seeded in 100mm dishes and grown to 80% confluency before 

fractionation. Cells were collected in 1x PBS with protease and phosphatase inhibitors, and 

then packed by centrifugation at top speed for 1 minute at 4°C. The cell pellet was 

suspended in an appropriate volume (dependent on pellet size) of hypotonic buffer with 

protease and phosphatase inhibitors. Hypotonic buffer contained 10mM HEPES (pH 7.90), 

0.5% (vol/vol) IGEPAL, 2mM magnesium chloride, 10mM potassium chloride, and 

0.1mM ethylenediaminetetraacetic acid (EDTA).  

The cells were mixed by vortexing well and then incubated on ice for 10 minutes. 

The samples were then centrifuged at top speed for 2 minutes at 4°C to obtain the 

cytoplasmic fraction. The remaining pellet was suspended in high salt buffer, at one fourth 

of the volume of hypotonic buffer, with protease and phosphatase inhibitors. High salt 

buffer contained 50mM HEPES (pH 7.90), 300mM sodium chloride, 50mM potassium 

chloride, and 0.1mM EDTA. Then, the samples were vortexed for 1 minute every 10 

minutes for a total of 1 hour. The nuclear extract was obtained from the resulting 

supernatant after 6 minutes of top speed centrifugation at 4°C. The leftover cell debris was 
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solubilized by sonication in 2x Laemmli buffer. BCA protein assay was performed on the 

cytoplasmic and nuclear fractions, followed by Western Blotting on all 3 fractions.  

 

2.8 Quantitative Reverse Transcriptase PCR 

Total intracellular RNA was extracted using TRIzol reagent (Life Technologies) as 

recommended by the manufacturer’s protocol. Nox mRNA levels were quantified using 

real time quantitative reverse transcriptase PCR (qRT-PCR). The EXPRESS SYBR 

GreenER Universal kit (Life Technologies) was used, and cycle threshold (CT) values were 

obtained using a 7500 RT-PCR system (Applied Biosystems). Nox1 and Nox4 mRNA 

levels were calculated using relative quantitation using the ΔΔCT method with 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an internal control. Primer 

sequences were as follows. Nox1 primers were CCTGAGTCTTGGAAGTGGATC 

(forward), and ACGCTTGTTCATCTGCAATTC (reverse). Nox4 primers were 

TCACAGAAGGTTCCAAGCAG (forward), and ACTGAGAAGTTGAGGGCATTC 

(reverse). GAPDH primers were GGTGGTCTCCTCTGACTTCAA (forward), and 

GTTGCTGTAGCCAAATTCGTT (reverse). All primer sequences are written in the 5’ to 

3’ direction.  

 

2.9 Statistical Methods 

Data were analyzed using student’s t-test, or one way analysis of variance 

(ANOVA) with SigmaPlot version 13.0 (Systat Software, Inc.). A P value ≤ 0.05 was 

considered statistically significant, and data were calculated as average ± standard error of 

the mean (SEM).  
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Chapter 3 -  Results/Data Analysis 

HCV is a major contributor to severe and progressive liver diseases, including 

fibrosis, cirrhosis and HCC. Approximately 75–85% of those who become infected will 

develop CHC, defined as infection persisting greater than 6 months.2 Of those who develop 

CHC, 20–30% will progress to cirrhosis within 2–3 decades, and 4–7% will develop HCC 

each year thereafter.3 Furthermore, the Centers for Disease Control (CDC) reported a 44% 

increase in new cases of HCV infection in 2011 over the previous year. Despite heightened 

awareness and routine screening of donor blood and tissue products, most infected 

individuals are asymptomatic during the course of their illness, it is estimated that 50% of 

CHC cases remain undiagnosed and thus unreported in the United States.8  

HCV is an enveloped, positive sense RNA virus of the family Flaviviridae. The 

monopartite genome is 9.6kb in length and consists of structural and nonstructural genes 

flanked by untranslated regions that aid in viral gene replication and expression. There are 

six distinct genotypes (1–6) and various subtypes ranging from a–h, where genotype 1 

comprises the majority of infections in North America and Europe; up to 70% of infections 

in the U.S. are of genotype 1.13 Translation of the HCV genome produces a single 

polyprotein that is cleaved by viral and cellular signal peptidases. Structural proteins 

include core, responsible for nucleocapsid formation, and envelope glycoproteins 1 and 2. 

NS proteins, responsible for viral replication, polyprotein processing and viral assembly 

and exit, consist of P7, NS2, NS3, NS4A/B, and NS5A/B. The functions of NS proteins 

have been reviewed elsewhere.25,135  

A hallmark of CHC is increased oxidative stress, a consequence that is widely 

believed to serve as the primary mechanism by which the accumulation of liver damage 

predisposes carcinogenesis. Oxidative stress is defined as an imbalance between the 

cellular production and detoxification of ROS such as superoxide (O2
.-), H2O2, and HO.. A 

key feature of ROS, as the name implies, is their ability to react with cellular components 

and effectively perturb homeostasis. Oxidative damage to the liver that is consistent with 

CHC arises from both non-hepatocyte and hepatocyte sources. Non-hepatocytes such as 

monocytes and Kupffer cells produce and release superoxide during the phagocytic 

respiratory burst (PRB) in response to invading pathogens.136 Superoxide can readily 

dismutate to H2O2 by the enzymatic action of superoxide dismutase (SOD). Then, H2O2 

can be reduced to HO. by ferrous iron (Fe2+) in Fenton chemistry, converted to 

hypochlorous acid (HOCl) by myeloperoxidase (MPO) where it exerts a powerful toxic 

effect on invading microbes, or detoxified by glutathione (GSH) to water. However, despite 

the antimicrobial benefit of the PRB, the cytotoxicity induced by the production and release 

of ROS in the intra- and extracellular space of hepatic immune cells can overwhelm 

antioxidant defenses in hepatocytes, and thus contribute to oxidative stress.  

Hepatocytes produce oxidative stress in response to HCV through a number of 

mechanisms. One mechanism considered to be the largest contributor to hepatocyte 
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oxidative stress occurs via inhibition of complex I in the electron transport chain of 

mitochondria by core protein, resulting in excessive production of O2
-. and elevation of 

CYP2E1 and iNOS enzyme expression in the ER. In addition, the depletion of 

mitochondrial GSH pools in response to disruptions in calcium release from the ER has 

been attributed to the association of core protein with the outer mitochondrial membrane. 

The liver is the primary detoxifying organ in the body and serves as a significant reservoir 

of the body’s iron remaining bound to hemosiderin and ferritin. Therefore, hepatocyte 

sources of oxidative stress exhibit a significant effect on other functions of the liver, leading 

to extra-hepatic manifestations.  

Another mechanism by which hepatocytes produce ROS, is through increased 

expression of NADPH oxidase (Nox) enzymes. Nox4 has been identified in various 

subcellular compartments, including the plasma membrane, ER, and mitochondria.137,138 

In addition to full-length Nox4, four other splice variants have been identified and 

characterized in human lung (A549) cells.92 Comparison of prototype Nox4 with its splice 

variants revealed structural differences largely characterized by the absence of one or more 

exons. For example, isoforms B and E lack one of several NADPH-binding domains. In 

addition, isoforms D and E lack all but one transmembrane domain, which may serve as an 

explanation for differences in subcellular location of Nox4. Recently, Anilkumar, et al. 

demonstrated, by immunofluorescence and Western Blotting, that a 28kDa splice variant 

corresponding to isoform D localizes to the nuclear and/or nucleolar space in human 

embryonic kidney (HEK) cells. Furthermore, they confirmed ROS production by nuclear 

Nox4D, measuring H2O2 production by homovanillic acid (HVA) assay, and O2
.- 

production by lucigenin-enhanced chemiluminescence.95  

Additionally, several authors have reported the effects of ROS generation on cell 

signaling, and oxidative stress-associated DNA damage. For example, overexpression of 

Nox4 was shown to disrupt phosphorylation events in the nucleus that increased 

phosphorylated extracellular signal-regulated kinase (ERK) 1/2, resulting in alterations in 

vascular smooth muscle cell (VSMC) signaling.95 Furthermore, Boudreau et al. showed 

genotype 1a HCV increased Nox4 mRNA and protein expression, as well as superoxide 

generation in human hepatoblastoma (HepG2) cells.96 In addition, core-dependent 

increases in Nox4 and oxidative stress were shown to occur through an autocrine-

dependent up-regulation of the profibrogenic cytokine TGF-β1.96,99 

Core-dependent inhibition of DNA damage repair has also been suggested. Keigo 

et al. showed genotype 1b core protein interacted with the DNA repair protein NBS1, 

preventing formation of the MRN complex and subsequent activation of ATM, necessary 

for repair of DSBs in the DNA.120 In this study, we show that genotype 1a core is sufficient 

to increase oxidative stress by elevation of Nox1 and Nox4 at the mRNA and protein levels, 

in addition to increasing Nox enzyme activity and hydrogen peroxide production. Also, the 

oxidative stress induced by core protein elevated markers of DNA damage consistent with 
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breaks in the genome. Furthermore, treatment with the novel Nox-specific inhibitor VAS-

2870 was capable of decreasing core-associated elevations in Nox activity. 

 

3.1 Transient expression of HCV core upregulates Nox levels in hepatocytes 

To test whether HCV core expression led to increased Nox levels in hepatocytes, 

Huh-7 cells were transiently transfected with 0–2µg of HCV core (1a) expressing plasmid 

under the CMV promoter, or control plasmid (pRc-CMV) and evaluated for Nox 

expression by Western Blotting. Core protein could be detected in all samples transfected 

with core expression construct, and the protein level was 1.55- and 2.65-fold higher in 

transfectants with 1.0µg and 2.0µg of core, respectively when compared to samples 

transfected with 0.5µg of core plasmid DNA. Nox1 protein expression showed similar 

elevation in all core-transfected samples with an average fold change in expression of 

3.02±0.09 compared to control-transfected cells. Nox4 expression increased ~2.5-fold in 

transfectants with 1.0 and 2.0µg of core compared to control plasmid transfected cells (see 

Figure 1a–d). Both Nox1 and Nox4 mRNA expression was elevated with core, with Nox1 

mRNA levels elevated by 45.7±7.25%, and 38.57±4.69% with 0.5µg and 1.0µg of core, 

respectively (p<0.05 vs. control). Nox1 mRNA with 2.0µg of core was also elevated, 

although slightly less than at lower doses, by 27.49±1.89% (p<0.05). Nox4 mRNA did not 

increase significantly (see Figure 1e-f).  

Nox enzymes produce O2
.- that can dismutate to H2O2 in a reaction catalyzed by 

SOD. H2O2 can further be detoxified by catalase or GSH-Px to produce water. Nox activity 

in the form of O2
.- generation was quantified by cytochrome c reduction in Huh-7 cells 

transfected with HCV core or control vector (2µg/2.872cm2) for 48 hours. Cytochrome c 

reduction measured after reaction for 30 minutes produced a 61.86±2.99% (p<0.001) 

increase in core-transfected cells compared to control cells not treated with DPI (see Figure 

2a). Treatment with 10µM DPI significantly decreased cytochrome c reduction in both 

control and HCV core transfected cells, corresponding to decreases from 1.00±0.03 to 

0.22±0.01 folds and 1.62±0.03 to 0.18±0.03 folds, respectively (p<0.001 for control and 

HCV core transfected cells, see Figure 2b). Upon extension of the reaction time from 30 

minutes to 60 minutes, fold change in cytochrome c reduction increased to 4.63±0.05 in 

core transfected cells (p<0.001 vs. untreated control cells). Furthermore, treatment with 

10µM DPI significantly decreased cytochrome c reduction in HCV core transfected cells 

(p<0.001). Measurement of H2O2 generation by fluorescent detection of HVA dimerization 

after 120 minutes yielded 56.32±10.19% more H2O2 with HCV core decreasing to near 

baseline at 0.97±0.17 –fold control with 10µM DPI (see Figure 2c). 

3.2 Stable expression of HCV core upregulates Nox levels in hepatocytes 

Huh-7 cells that were stably transfected with core plasmid, or empty vector, were 

selected for neomycin resistance with G418, and Nox levels were examined. Western 

blotting of whole cell lysates confirmed core protein expression, and Nox4 bands ranging 
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in size from 37kDa to above 115kDa were observed. The predicted size of the full length 

Nox4 protein, consisting of 578 amino acids, is 67kDa. Bands corresponding to 67kDa 

were only observed in stable core cells. A number of additional bands of both higher and 

lower molecular weight were also observed in hepatocytes expressing core, but not control 

cells. Nox protein levels in stable cells expressing core protein were overall significantly 

higher when compared to controls cells, corresponding to a 3.32±0.24 higher fold change 

in intensity (see Figure 3a-b). In addition, Nox1 and Nox4 mRNA levels were examined. 

Changes in Nox1 mRNA were not statistically significant in the core-expressing cells 

compared to controls. However, core cell clones 33.72±7.94% more Nox4 mRNA (p<0.05) 

compared to controls (see Figure 3c-d).  

Nox enzyme activity, assessed by cytochrome c reduction, was 10-fold higher with 

core compared to controls (1.00±0.017 vs. 10.01±0.106, p<0.001). Furthermore, this 

elevation was reduced to undetectable levels by treatment with 10µM DPI during the 60 

minute reaction time (see Figure 3e). Hydrogen peroxide production measured by HVA 

assay for 90 minutes showed an approximate 2-fold increase over controls. Furthermore, 

this increase was reduced to near baseline levels (1.09±0.17 vs. 1.00±0.008, p<0.001) upon 

treatment with 10µM DPI (see Figure 3f). In contrast, hydrogen peroxide production 

measured over 120 minutes, although also catalase-inhibitable, did not decrease with DPI 

treatment in controls or core-expressing cells (data not shown).   

3.3 HCV core and Nox4 can localize to the nucleus and/or perinuclear space 

To determine the localization of HCV core and Nox4 in stable core cells, 

immunofluorescence and subcellular fractionation were performed. As indicated by the 

replication cycle of HCV, core protein is readily detectible in the cytoplasm of hepatocytes 

by immunofluorescence (see Figure 4a). However, core protein exhibits a degree of 

overlap with the nuclear envelope protein, lamin A/C. Immunofluorescence detection of 

Nox4 protein showed a clear increase in the presence of core compared to control cells not 

expressing core, in addition to cytoplasmic staining in control and core-expressing cells. 

Furthermore, Nox4 showed staining in perinuclear and nuclear regions, a feature that was 

detected less frequently in the control cells (see Figure 4b). Western blotting analysis of 

subcellular fractions from core-expressing cells showed an elevation in Nox4 protein 

within the nuclear fraction and the corresponding whole cell lysate (WCL) (see Figure 5a-

b). Furthermore, PCNA was elevated, between 45–50% higher than controls, in the 

cytoplasm and WCL. The nuclear fraction showed ~80% higher expression of PCNA with 

core versus the control fraction. In contrast, the post-nuclear fraction that contained 

fibrillarin (marker) showed ~80% less PCNA compared to the control cell post-nuclear 

fraction (see Figure 5c). Qualitatively, activated NF-κB heterodimer (~105kDa) was 

elevated in the cytoplasmic and nuclear fractions with constitutive expression of core 

protein compared to control. As was observed with PCNA, expression of activated NF-κB 

was primarily absent from the post-nuclear fraction in the presence of core. Collectively, 

these results show Nox4 can localizes to the nuclear region of core-expressing hepatocytes 
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that correlate with activation of cellular responses consistent with elevated ROS, such as 

NF-κB signaling and DNA synthesis and/or repair. 

3.4 HCV core elevates DNA damage markers through Nox protein 

The ratio of phosphorylated H2A.X (H2A.X-γ) versus non-phosphorylated H2A.X 

(H2A.X) was used as a primary indicator of DNA damage consistent with formation of 

double-stranded breaks in the DNA (see Figure 6a-b). Constitutive expression of core 

protein produced a 62% higher fold change in DNA damage compared to controls 

(1.62±0.05 versus 1.00±0.05, respectively, p<0.001). One hour of treatment with the 

flavoprotein inhibitor DPI at a final concentration of 10µM, or an equal volume of water 

solvent as a control, decreased DNA damage significantly (see Figure 6c). Hypoxia 

inducible factor 1α (HIF-1α) and H2AX-γ ratios were assessed by densitometry in the 

presence and absence of DPI. With respect to HIF-1α levels, treatment with solvent 

produced a small increase in protein expression, although not statistically significant. In 

contrast, treatment with DPI nearly diminished the HIF-1α signal, from 1.29±0.10 fold 

higher than control to 0.33±0.01-fold lower (p=0.007) than solvent-treated controls (see 

Figure 6d). Without DPI, H2A.X-γ levels of core-expressing cells treated with solvent 

exhibited a 2.09±0.18 –fold increase versus control cells (1.00±0.04, p<0.001). Treatment 

with DPI reduced H2A.X-γ levels from 2.08-fold higher than solvent-treated controls to 

0.74±0.10-fold control (p<0.001), corresponding to a decrease below baseline levels (see 

Figure 6e).  

To assess the ability of the novel Nox-specific inhibitor VAS-2870 (Enzo Life 

Sciences) to decrease Nox enzyme activity that causes DNA damage, SOD-inhibitable 

cytochrome c reduction was measured in lysed hepatocytes with and without core 

expression at three time points: 45 minutes, 60 minutes, and 75 minutes (see Figure 7). 

After 45 minutes, Nox activity was significantly higher in solvent treated core cells versus 

control, corresponding to an increase of 2.79±0.00 versus 1.00±0.07, respectively 

(p<0.001). DPI was capable of inhibiting Nox enzyme activity, however the percent 

inhibition in both control and core lysates was approximately 35% versus their respective 

solvent-treated samples (not statistically significant). In contrast, treatment with VAS-2870 

at final concentrations between 5 and 20µM significantly reduced enzyme activity by 

approximately 1.3-fold (p<0.001). However, larger fluctuations in average fold change 

were observed with higher concentrations of VAS-2870; a final concentration of 5µM was 

sufficient to reduce enzyme activity (see Figure 7a). At 60 minutes, enzyme activity in 

solvent-treated core cells was 48.0±16.0% higher than controls, although this increase was 

not statistically significant. As was the case with the 45 minute reaction, treatment with 

10µM DPI reduced control cell enzyme activity by ~40.00±14.42% (p<0.05). In contrast, 

DPI treatment of core cells did not decrease enzyme activity as efficiently nor as 

consistently as was observed at 45 minutes, corresponding to a 16.00±24.98% reduction. 

However, treatment with VAS-2870 at a final concentration of 5µM reduced Nox activity 

to levels 52% below solvent-treated control cell baseline (p<0.05). Higher concentrations 
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of VAS-2870 (10 and 20µM) also decreased Nox activity below solvent-treated baseline 

by 44.00±4.00% and 60.00±4.00%, respectively (p<0.05). With respect to control cells 

treated with VAS-2870, enzyme activity was 90% abolished by treatment with 20µM 

VAS-2870 (see Figure 7b). Lastly, after a 75 minute reaction, cytochrome c reduction 

remained elevated in solvent-treated core cells versus controls, corresponding to a 

1.87±0.03–fold increase (p<0.001). As described above, treatment with DPI reduced 

enzyme activity between 35–45% in control and core-expressing cells, versus 

corresponding solvent-treated cells (significant in core cells, p<0.05). Similar to 

observations in the 60 minute reaction, treatment of HCV core cells with VAS-2870, 

particularly at a concentration of 5µM, decreased Nox activity 20% below solvent-treated 

control cells at 75 minutes (p<0.001). VAS-2870 treatment of control cells also 

significantly reduced Nox activity, although only between 45 and 55% below solvent-

treated controls (see Figure 7c). In summary, core-expressing cells exhibited markers of 

oxidative stress consistent with lesions in the DNA and hypoxic signaling frequently 

observed in cancer. Furthermore, inhibition of flavoproteins with DPI decreased DNA 

damage markers, and observed elevation in oxidative stress was reducible by the novel 

Nox-inhibitor, VAS-2870.  
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Chapter 4 -  Discussion and conclusion 

A causal link between CHC and progression of severe liver diseases such as 

cirrhosis and HCC has been widely recognized since the identification of HCV in the late 

1980’s. Many studies have aimed to elucidate the pathogenic mechanisms of individual 

viral proteins, as well as by infectious virus production using cell culture systems and 

animal models. However, as is the case in many viral pathogenesis studies, the availability 

of sufficiently susceptible animal models and virus-producing cell culture systems present 

significant limitations in the field. Such limitations are not nonexistent in the field of HCV 

research. In particular, variations in disease progression and response to treatment are 

believed to be, at least in part, dependent on viral genotype. Currently, the most widely 

used models to study the pathogenic mechanisms of HCV utilize the JFH-1 strain of 

genotype 2a. However, a recent epidemiological study revealed that genotype 1 accounts 

for 46% of global HCV infections.139 Furthermore, studies show that genotype prevalence 

varies with geographic distribution. For example, although genotype 1 is the most prevalent 

globally, Gower, et al. reported that genotype 4 is responsible for 93.1% of cases in Egypt 

and between 60.0 – 96.8% of cases in central sub-Saharan Africa, northern Africa, and the 

Middle East. With respect to genotype 1a, the highest prevalence occurs in Andean South 

America, North America, and various countries such as the Philippines, the Dominican 

Republic, Peru, and Puerto Rico.139   

The role of genotype in predicting progression to HCC is widely debated, in part 

due to the lack of studies with sufficient sample size that account for confounding variables 

such as alcohol consumption and other comorbidities including metabolic conditions, all 

of which may impact the overall results. However, a hallmark pathogenic feature of chronic 

HCV infection, identified as early as 1996, is increased oxidative stress.102 Several sources 

of elevated oxidative stress induced by CHC have been identified, including Nox proteins. 

This study establishes a framework for the elucidation of the role that genotype 1a core 

protein plays in carcinogenesis through upregulation of Nox enzyme expression and 

generation of ROS. The greater implication is to investigate the therapeutic benefit of 

targeting the decrease of specific Nox proteins to mitigate disease progression.  

Upregulation of Nox4 and 1 was observed after 48 hours of transient transfection 

of human hepatocytes with plasmid containing genotype 1a (H77 strain) core protein 

coding sequence or control plasmid. Upon transfection of varying dose combinations of 

core-containing and control plasmid DNA, each totaling 4µg, revealed elevations in Nox1 

and 4 protein expression and Nox1 mRNA levels. Overall, among the concentrations tested 

(0–2µg), optimal expression of Nox4 and 1 was achieved with 2µg of core-containing 

plasmid, corresponding to a 2.5-fold increase in Nox4 protein and a 3.0-fold increase in 

Nox1 protein levels versus control, whereas 0.5µg was sufficient to achieve maximal Nox1 

protein increase (see Figure 1). Although the data in Figure 1 represents one assessment 

of Nox protein expression with core, two additional experiments (data not shown) confirm 
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elevation in Nox4 expression ranging from 2.0–3.0-fold higher with HCV core. 

Corresponding elevations in Nox1 expression were also confirmed with transfection of 2µg 

of core plasmid, although the fold elevations in Nox1 tended to vary from one experiment 

to another (e.g., 1.5–2.0-fold higher than controls versus the data shown in Figure 1). 

Interestingly, Nox4 mRNA levels did not increase significantly, suggesting potential 

translational or post-translational regulation of Nox4 protein level. Additional experiments 

revealed elevation of Nox4 mRNA 48 hours after transient transfection with core plasmid 

DNA, confirming elevation by approximately 50% over control. Despite this intriguing 

elevation in Nox4 mRNA, further experiments are required to determine the significance 

of Nox4 mRNA alterations or lack of significant alterations by HCV core in these cells. In 

contrast, Nox1 mRNA levels presented in Figure 1 showed statistically significant 

elevation with 2µg of core, in addition to lower plasmid levels. Two additional experiments 

also confirmed Nox1 elevation (approximately 50%) with transient transfection of HCV 

core construct for 48 hours.  

To determine Nox enzyme activity, superoxide production was assayed by 

cytochrome c reduction in permeabilized cells after transient transfection with genotype 1a 

core for 48 hours. In this study, Nox activity measurements lasting 30 and 60 minutes 

produced a 1.6 and 4.6-fold increase with core that was statistically significant, respectively 

(see Figure 2). Furthermore, treatment with DPI significantly reduced Nox activity in 

hepatocytes transfected with core. However, the reduction of ferricytochrome c (Fe3+) to 

ferrocytochrome c (Fe2+) by superoxide is inherently susceptible to a wide variety of 

electron carriers that can also reduce cytochrome c and DPI is not a specific inhibitor of 

Nox1 or Nox4. To partly address this, we demonstrated that the cytochrome c assay is 

sensitive to SOD with the addition of DPI that inhibits flavoproteins and is commonly used 

to inhibit Nox enzymes. However, additional flavoproteins are capable of producing 

superoxide, such as complex I of the ETC in the mitochondria, and thus the assay must be 

complemented with other techniques to conclusively prove that elevated superoxide with 

HCV core is the result of Nox proteins. Additional methods to detect superoxide production 

resulting from elevated Nox proteins would be beneficial in future studies, such as non-

chemiluminescent methods like HPLC detection of dihydroethidium (DHE) fluorescence, 

or electron spin resonance using various probes.140  

Another method to monitor elevations in oxidative stress is production of H2O2.
141 

It is speculated that Nox4 can produce H2O2 in addition to superoxide, and as superoxide 

would dismutate to H2O2 inside the cell and diffuse across the plasma membrane, H2O2 

production that is catalase-inhibitable can be measured extracellularly and used as an 

indicator of intracellular ROS production.142 Indeed, 48 hours after transient transfection 

with core, 120 minutes of HVA reaction monitoring dimerization into a fluorogenic 

compound in the presence of HRP demonstrated elevated fluorescence by genotype 1a 

HCV core. A 56% elevation in catalase-inhibitable H2O2 production was observed and its 
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reduction by 60% with DPI treatment suggested elevated H2O2 resulting from a DPI-

sensitive factor upon expression of the core protein (see Figure 2). 

Taken together, these results suggest that genotype 1a core protein is sufficient to 

elevate both Nox4 and Nox1 protein levels, in addition to increasing production of ROS 

48 hours post-transfection. However, investigation of Nox expression assessed in two 

separate experiments at additional time points, including 24, 72, and 96 hours after 

transfection (data not shown), revealed variable alterations in Nox protein levels, and thus 

require additional studies to clarify the time course of changes in Nox gene expression. 

One factor that may be attributable to differences in protein expression is the assessment 

of transfection efficiency. Assessment of transfection efficiency via co-transfection with a 

β-galactosidase plasmid, driven by an SV40 promoter with subsequent collection for β-

galactosidase activity, revealed 2–3-fold elevations in enzyme activity with core protein, 

compared to empty vector control transfections. One study suggested that HCV core 

protein exhibits a trans-activating effect on the SV40 promoter, thus enhancing β-

galactosidase expression, measured at levels up to 5-fold higher than control plasmid.143 

An additional factor that can impact consistent delivery of plasmid DNA to cells is the 

transfection method. In this study, co-precipitation of plasmid DNA with calcium 

phosphate was used. Indeed, this method has been reported to produce variations in 

transfection efficiency and cell survival that are affected by slight changes in the 

concentration of plasmid DNA and the duration of exposure to the co-precipitate.144 To 

further confirm time-dependent expression of Nox proteins and mRNA, further studies 

need to be conducted using additional transfection techniques (liposome or electroporation) 

and other reporter systems to assess transfection efficiency. For example, transfection of 

Huh-7 cells with HCV-ribozyme construct of genotype 1b (CG1b) containing the secreted 

alkaline phosphatase (SEAP) reporter gene has been used to measure transfection 

efficiency by SEAP enzyme activity in cell culture media.145  

To address any variations in the transfection efficiencies between experiments, 

stable cell clones that constitutively express core were used for the remainder of 

experiments. One potential benefit of constitutive expression of core protein, is that it could 

mirror the chronic HCV core expression in hepatitis C patients who experience severe 

disease progression in the liver after infection. Indeed, constitutive expression of core 

produced significant elevations in Nox4 protein expression (see Figure 3a-b). Of note is 

that additional high and low molecular weight bands, not seen upon transient transfection, 

were observed above 115kDa and below 49kDa (see Figure 3a). Based on the complete 

sequence of Nox4, 9 possible isoforms can be produced by alternative splicing with 

corresponding molecular weights ranging from 6 to 64kDa.146 However, the tissue-specific 

expression profiles for each of the 9 possible isoforms has not been fully elucidated, nor 

have their individual relevance in oxidative stress and the development of HCC been 

completely determined, particularly in hepatocytes. The appearance of bands above and 
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below ~67kDa, the predicted molecular weight of full-length Nox4, may represent 

isoforms corresponding to Nox4D or Nox4E, whose predicted molecular weights are 32 

and 28kDa, respectively. Upon recent evidence suggesting that Nox4D, corresponding to 

isoform 4, localizes to the nucleus of vascular smooth muscle cells (VSMCs) when Nox4 

is over-expressed, it is reasonable that overexpression of Nox4 by core may result in 

alternative splicing of full-length Nox4 mRNA to produce additional isoforms with 

differing properties. In fact, Nox4D and E isoforms lack all but one hydrophobic 

transmembrane domain in the N-terminus, and are thus considered “soluble” Nox4 

enzymes. However, Nox4D exhibited comparable enzyme activity to full-length Nox4, 

whereas Nox4E did not produce elevated ROS.92 Although this result is intriguing, further 

studies would be required to characterize the array of bands observed in this experiment to 

validate such a conclusion.  

Constitutive expression of core protein corresponded with a significant elevation in 

Nox4 mRNA levels (p<0.05). Similar findings have been described by our lab with 

genomic JFH1 RNA, but these results were not observed with subgenomic RNA.93 

However, in this study, Nox1 mRNA elevation was not significant. Furthermore, de 

Mochel et al. described elevated superoxide activity and hydrogen peroxide production 

with genotype 2a virus-producing Huh-7 cells. In this study, constitutive expression of 1a 

core produced 10-fold higher Nox activity that decreased upon treatment with DPI. Similar 

to observations with transient expression of core, H2O2 showed a 2-fold increase with core. 

This elevation in ROS production was reduced to near or below baseline levels with DPI 

treatment, suggesting that core expression is sufficient to increase ROS generation as 

previously described.71,96,147  

The ability of ROS to induce oxidative damage is dependent on the subcellular 

location as well as context in which it is generated. For example, ROS production in 

contained phagocytic vesicles provides valuable antimicrobial functions. However, the 

biological functions of ROS, as the name implies, are not limited to the destruction of 

microbes. In addition, ROS contribute to various widespread physiological functions, 

including alteration of intracellular signaling that are capable of dictating progression 

through the cell cycle as well as induction of adaptations to cellular metabolism. Given this 

potential, ROS production is tightly regulated, and it may be hypothesized that ROS 

produced in excess may be harmful, particularly in close proximity to sensitive DNA-

containing organelles, such as the nucleus. Therefore, since this study has thus far shown 

that expression of core protein is sufficient to elevate oxidative stress, the subcellular 

localization of both core protein, and Nox4 were investigated.  

Some authors report that core protein is observable in the nucleus of hepatocytes, 

despite the cytoplasmic life cycle of HCV.148–150 It was shown that trafficking of core 

protein to the nucleus likely occurs under the direction of a nuclear localization signal 

(NLS) in the form of three polypeptide stretches rich in hydrophobic arginine and lysine 
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sequences.151 This observation of nuclear localization is confirmed by our study (see 

Figure 4a). Although not solely localized in the nucleus, core protein was largely observed 

throughout the cytoplasm, and in the perinuclear space by immunofluorescence. As Nox4 

expression is increased with core, the sub-cellular localization of Nox4 with constitutive 

expression of core may constitute, at least in part, the basis for oxidative damage to key 

molecules like DNA in hepatocytes that would contribute to tumor formation. Consistent 

with our Western Blotting results, Nox4 fluorescence was elevated with constitutive 

expression of core protein. In addition, punctate nuclear staining of Nox4 was visible with 

continuous expression of core protein (see Figure 4b). Subcellular location, however, was 

not confirmed by immunofluorescence after transient transfection with core protein. These 

results are intriguing as they align with the hypothesis that expression of core protein 

induces Nox4 upregulation, as well as localization to the nucleus.  

To confirm our IF results, subcellular fractionation was performed on stable core-

expressing cells (see Figure 5). Interestingly, core protein was observed in the nuclear and 

post-nuclear fractions, consistent with our IF results in Figure 4. Additionally, elevation of 

Nox4 (approximately 20%) in the nucleus was observed with the predicted molecular 

weight of ~67kDa representing full length Nox4. Interestingly, lower molecular weight 

isoforms were also observed in nuclear and post-nuclear fractions as well as the WCL. 

Previous descriptions of Nox4 isoforms indicate that N-glycosylation of isoforms D and E 

can produce bands between 28 and 39kDa.92 Goyal et al. report that isoforms D and E of 

Nox4 are 17% more likely to be found in the nucleus compared to Nox1. Furthermore, 

ROS generation was significantly higher in Nox4D transfected human pulmonary 

epithelial (A549) cells, and inhibition of glycosylation by administration of tunicamycin 

reduced ROS generation. Although these results are intriguing, several weaknesses exist in 

the sub-cellular fractionation results presented in this study. Most importantly, the 

fractionation results are representative of one experiment, and thus would need to be 

repeated several more times to conclusively confirm the IF results. Also, challenges were 

faced in selecting fractionation markers suitable for this application, as the core protein has 

been reported to alter the expression of a wide array of cellular proteins.133  

Additional proteins for which expression was assessed in the presence of core after 

fractionation include PCNA and NF-κB. Interestingly, expression of PCNA was elevated 

in cytoplasmic and nuclear fractions, as well as in WCLs. As PCNA is a cell cycle regulator 

essential for DNA synthesis and repair, elevated expression in the nucleus is suggestive of 

increased proliferation and/or genotoxicity. Indeed, PCNA was increased by 

approximately 80% in the core expressing nuclear fraction compared to the nuclear control 

fraction (see Figure 5c). Interestingly, one study found that transgenic core mice 

homozygous dominant for peroxisome proliferator-activated receptor alpha (PPARα), a 

transcription factor and major regulator of lipid metabolism, developed severe hepatic 

steatosis and HCC. Furthermore, examination of the livers of these mice showed significant 
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elevation of PCNA in the nuclei by immunohistochemistry and in whole liver lysates 

analyzed by Western Blotting.152 Another transcription factor that core protein interacts 

with is NF-κB, for which its activation by core is associated with hepatocyte proliferation 

through induction of TGF-α signaling.153 However, activation of NF-κB is one of several 

proliferative mechanisms through which core protein may contribute to the generation of 

HCC. In the cytoplasm, the NF-κB heterodimer consisting of subunits RelA (p65) and p50 

remain bound to its regulatory subunit IκBα. Upon activation, IκB kinase (IKK) 

phosphorylates the regulatory subunit causing its release, which then allows migration of 

the 105kDa heterodimer to the nucleus were it acts as a transcription factor for a number 

of target genes.154 In this study, constitutive expression of core protein did not produce 

elevations of NF-κB at the predicted molecular weight, 65kDa (see Figure 5a). Although, 

higher molecular weight bands, ~100kDa, were observed despite protein denaturation and 

separation by SDS-PAGE prior to Western Blotting. The assessment of NF-κB activation 

by Western Blotting has been regarded as cautionary, and indeed these results are evidence 

of this.155 Although the apparent elevation in intensity of bands migrating near 100kDa are 

an intriguing finding, they require repetition to validate the results. Furthermore, use of 

additional techniques such as electrophoretic mobility shift assay (EMSA) to show NF-κB-

DNA interactions in nuclear fractions, or ELISA reporter assay, chromatin 

immunoprecipitation (ChIP) assay, or IKB degradation are required to show activation. 

The connection between HCV and the development of HCC has been widely 

demonstrated. The pathogenic mechanisms by which HCC develops upon infection with 

HCV, however, is still not fully understood. Specifically, many studies indicate conflicting 

effects resulting from expression of HCV proteins, specifically non-structural proteins 3 

and 5a, and structural core protein. For example, authors report differential effects of core 

on the tumor suppressor protein p53, each suggesting either enhanced activation or 

suppression of p53.124,125,156,157 Additional studies add controversy to the subject of core 

protein and apoptosis, with some indicating an inhibitory effect of core on TNF-α induced 

apoptosis, and others more recently suggesting that core interacts with TNF receptor 1 

(TNFR1) promoting apoptosis.158,159  

Nonetheless, the correlation between enhanced DNA damage and oxidative stress 

with HCV has been widely observed in vitro and in vivo.104,106,147 Therefore, to elucidate 

the role of upregulated Nox proteins by core on DNA damage, lesions in the DNA were 

investigated. One of the most severe types of damage in DNA is strand breakage, and in 

particular DSBs. Phosphorylation of H2A.X serves as an important indicator of DSBs, and 

its presence is necessary for damage recognition by repair proteins. In this study, DNA 

damage was measured by the ratio of phosphorylated-to-non-phosphorylated H2AX 

(H2AX-γ/H2AX) protein in the presence of core. We showed that stable expression of core 

protein was sufficient to increase H2AX-γ/H2AX by 1.6–2.0-fold when compared to stable 

cells transfected with empty vector (see Figure 6). This finding is consistent with the 



29 

 

 

observation of enhanced H2AX-γ in pre-neoplastic lesions within the livers of HCC 

patients, the majority of which were infected with CHC.160 Furthermore, a study published 

this year showed similar elevation in H2AX-γ with infectious genotype 1a HCV in post-

attachment primary hepatocytes (PPHs).161 Interestingly, the observed elevation in H2AX-

γ was shown to be mediated by loss of nuclear phosphatase and tensin homologue (PTEN), 

an important tumor suppressor protein that exhibits an array of downstream effects, such 

as mediating genome stability and centromere stabilization. Ultimately, PTEN protein 

serves as an important regulator of cell cycle control, and its loss in the nucleus is 

associated with more aggressive cancers.162–164  

To demonstrate the role of Nox proteins in DNA damage, we showed that 

administration of DPI yielded a significant reduction in H2AX-γ/H2AX protein levels. One 

question raised by these findings, evident in Figure 6c, is the increase in baseline H2AX 

expression of control cells after treatment with DPI. Although this elevation does not alter 

the overall trend as quantified in Figure 6e, further analysis is required to explain the effect 

of DPI on H2AX levels in stable control-transfected cells. Another interesting finding that 

occurred with constitutive expression of core, was the apparent decrease in core protein 

expression after DPI treatment. However, further studies are required to identify and 

characterize interactions between DPI and translation of core protein.  

The additive effects of DNA damage over time are certainly capable of altering cell 

cycle regulation, promoting cell transformation. In addition, disruption of cellular 

metabolism and angiogenesis are also frequently observed hallmarks of cancer.165 One 

such alteration in cellular metabolism is the tendency of cancer cells to shift from aerobic 

to anaerobic glycolysis, termed the “Warburg Effect”.166 This shift in glycolytic 

metabolism has been attributed to mitochondrial dysfunction, an effect observed in 

cancers.167 Furthermore, tumor development requires a constant supply of oxygen from 

blood vessels to support continuous growth and proliferation, typically followed by 

invasion and metastasis. Increased proliferation is not only energetically consuming, but 

can promote hypoxic signaling, a common feature in cancer cells. Hypoxia-inducible factor 

1 (HIF-1) is a heterodimeric protein that is essential in the maintenance of cellular oxygen 

metabolism. Both subunits of HIF-1, termed α and β, are expressed under conditions of 

normal oxygen, but the HIF-1α subunit is readily degraded when oxygen is available, 

preventing nuclear translocation. Under hypoxic conditions HIF-1α is stabilized, allowing 

subsequent translocation to the nucleus where the HIF-1 heterodimer can act as a 

transcription factor. It has been reported that infection with HCV is capable of stabilizing 

the HIF-1α subunit by activation of transcription factors, including NF-κB, that promote 

angiogenesis and the development of HCC.168  

In our study, HIF-1α protein expression was not significantly elevated with core 

expression. However, upon treatment with DPI for 60 minutes, HIF-1α levels decreased 

significantly in core cell clones (see Figure 6d). These results suggest that inhibition of 
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flavoproteins, such as Nox proteins, may decrease excessive hypoxic signaling that 

contributes to angiogenesis and initiation of metastatic events in the presence of genotype 

1a HCV core. Although these results are encouraging, further studies are required to 

investigate the effect of Nox inhibition on other signaling molecules involved in the 

hypoxic response pathway. 

Recent development of the novel Nox-specific inhibitor VAS-2870 has 

significantly advanced the study of Nox proteins, as it may serve as a potential therapeutic 

agent to reduce oxidative stress derived from Nox protein overexpression. The current 

standard for specific inhibition of Nox proteins is through gene knockdown experiments 

that involve using small interfering RNAs (siRNAs). However, proper validation of their 

effectiveness at silencing Nox expression at the RNA and protein level could be 

challenging.169 Therefore, we investigated the ability of VAS-2870 to inhibit Nox activity 

via the cytochrome c reduction assay. Interestingly, we found that administration of VAS-

2870 at final concentrations of 5, 10, and 20µm produced significant decreases in 

cytochrome c reduction measured at three different time points in hepatocyte lysates 

prepared from Huh-7 cells constitutively expressing core (see Figure 7).  The inhibition of 

cytochrome c reduction in core-expressing cells by VAS-2870 was significantly better than 

inhibition with DPI, which supports the hypothesis that the source of oxidative stress 

measured by the Nox activity assay are Nox proteins, rather than other flavoproteins such 

as xanthine oxidase. In fact, ROS generation in vascular smooth muscle cells after 

treatment with 10µM VAS-2870 was significantly inhibited without disruption of xanthine 

oxidase activity, further indicating that VAS-2870 is Nox-specific.170 Even more 

encouraging is that lower concentrations of VAS-2870 (down to 5µM final) could reduce 

Nox activity, in addition to the sustained reduction over time, a desirable quality in 

validating the use of chemical inhibitors for therapeutic purposes. These results are 

extremely encouraging and offer additive validation of the role Nox-derived ROS 

generation serves in HCV-associated oxidative stress. The commercial availability of 

VAS-2870 makes it an exciting compound to employ in the study of Nox proteins, which 

most certainly warrants further consideration.  

Altogether, the findings of this study provide supporting evidence that genotype 1a 

HCV core protein is, on its own, sufficient to elevate Nox1 and 4 at multiple levels, 

including mRNA, protein, and enzyme activity. Furthermore, results suggest that core 

protein is also capable of inducing DSBs in DNA, possibly promoting oncogenic changes 

which would contribute to the development of HCC. Although many of the findings in this 

study require further validation and development, they may serve as a step toward 

increasing our understanding of how a single virus can be responsible for such global health 

concern. In contrast to chronic hepatitis B, for which there is now a vaccine, no vaccine 

against HCV has been developed. Recently developed antiviral drug treatments have 

shown promise with respect to increasing rates of sustained virological response, but 
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evidence also suggests that HCC can develop in individuals with pre-treatment liver 

disease who clear the virus after treatment.171,172 Therefore, the development of anti-

oxidative stress therapies may present a viable option in cancer prevention, specifically for 

those with chronic hepatitis C infection, whose primary metabolic detoxifying organ, the 

liver, could act as a ticking time bomb. 
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Chapter 6 -  Figures 

 
Figure 1. Nox expression with transient transfection of HCV core. (A) Western blotting on 10µL of whole 

cell lysate solubilized in 2x Laemmli buffer. Samples were run in duplicates on the same gel and incubated 

with antibodies for Nox proteins separately to avoid signal overlap due to insufficient reblot and/or antibody 

host similarity. Relative intensities were normalized with respect to β-Actin and fold change was calculated 

relative to the control transfected sample. (B) Core protein expression was assessed by normalization to 

samples transfected with 0.5µg of HCV core protein. (C) Nox1 expression as measured by the intensity of 

the bands between 64 and 89kDa relative to control. (D) Nox4 expression as determined by the additive 

intensity of the bands between 64 and 89kDa with appropriate normalization. Data in B, C, and D were 

normalized by β-actin bands and expressed as average fold change from respective controls, performed twice 

(E and F) Relative amounts of Nox1 and Nox4 mRNA levels were assessed by quantitative RT-PCR using 
GAPDH mRNA as a control (n=3).
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Figure 2. Nox activity and hydrogen peroxide levels in hepatocytes transiently expressing HCV core. 

Reduction of SOD-inhibitable cytochrome c was calculated by the change in absorbance at 550nm with 

reference at 540nm (n=3). Treatment with 10µM DPI, an inhibitor of flavoproteins including Nox enzymes, 

was used to test the source of elevations in Nox activity and hydrogen peroxide. (A) Nox activity, measured 

by absorbance after 30 minutes of SOD-inhibitable cytochrome c reduction in the presence of 10µM DPI or 

water solvent control. (B) Nox activity after 60 minutes of SOD-inhibitable cytochrome c reduction. (C) 

Hydrogen peroxide level measured by catalase-inhibitable HVA dimerization in the presence of HRP, 

measured at an excitation wavelength of 321nm and emission at 420nm. 
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Figure 3. Nox protein, mRNA, and enzyme activity, and H2O2 levels in hepatocytes stably expressing HCV 

core. All experiments were conducted in triplicates. (A) Western blotting on 10µL of whole cell lysate 

solubilized in 2x Laemmli buffer and run in triplicates. Intensities were normalized by calnexin bands and 

expressed as average fold change from respective controls (B) Nox4 expression was calculated for each lane 

by densitometry analysis of all bands above 37kDa for control and HCV core expressing cells. (C and D) 
Relative amounts of Nox1 and Nox4 mRNA were assessed by quantitative RT-PCR using GAPDH mRNA 

as a control. (E) Nox activity was measured by SOD-inhibitable cytochrome c reduction after a 60 minute 

reaction. (F) Hydrogen peroxide was measured by catalase-inhibitable HVA dimerization in the presence of 

HRP, after a 90 minutes reaction measured at an excitation wavelength of 321nm and excitation at 420nm.
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Figure 4. Immunofluorescence detection of core and Nox4 proteins in hepatocytes stably expressing HCV 

core. FITC-conjugated antibodies were excited by a 488nm laser with emission detected at 515±30nm. Alexa 

Fluor® 555-conjugated antibodies (Life Technologies) excited at 543nm with emission detected at 

590±50nm. TRITC-conjugated antibodies (Santa Cruz Biotechnology) were excited at 543nm with emission 

detection at 650LP. Mouse lamin A/C (Santa Cruz Biotechnology) was used to identify the nucleus. All slides 
were viewed at 600x magnification with the same laser intensity for corresponding samples. (A) HCV core 

localization in Huh-7 cells fixed with 1:1 methanol-acetone. Core was detected using rabbit core antibody 

(Abcam). (B) Nox4 localization in Huh-7 cells fixed with 1:1 methanol-acetone. Nox4 was detected by rabbit 

Nox4 antibody (EMD Millipore).  
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Figure 5. Characterization of subcellular fractions and whole cell lysates from stable hepatocytes expressing 

core. (A) Western blotting of subcellular fractions and whole cell lysates from Huh-7 cells with and without 
expressing core (n=1). For the cytoplasmic and nuclear fractions, 10µg of protein was loaded per well, and 

equal volume of post-nuclear fraction and whole cell lysate (both solubilized in 2x Laemmli buffer) were 

used for core and control samples. Calnexin was used as a marker for the cytoplasmic fractions and WCL, 

LSD1 was used as a nuclear marker, and fibrillarin was intended to be used as a nucleolar marker. (B) Nox4 

levels were calculated using the 67kDa band as it was present in all fractions in addition to the WCL. 

Intensities were normalized to the respective fractionation markers, and fold changes were determined with 

reference to corresponding control samples. (C) PCNA expression was assessed by semi-quantitative 

densitometry in a manner similar to that of Nox4. 
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Figure 6. DNA damage markers in stable hepatocytes expressing core. All DPI treatments were conducted 
for 60 minutes followed by collection and processing for Western Blotting, and experiments were performed 

in triplicates. Phosphatase inhibitors were used during cell collection and processing to obtain lysates. No 

DPI-treated cells were administered an equal volume of water as a solvent. (A and B) Western Blotting and 

densitometry analysis of H2A.X-γ/H2A.X in hepatocytes constitutively expressing core. Intensities of 

H2A.X-γ and H2A.X were normalized to respective levels of β-actin before the ratio was determined. (C) 

Western Blotting of stable core-expressing cells treated with DPI at a final concentration of 10µM. Samples 

were processed in the same manner as described above. (D) HIF-1α levels were assessed by densitometry 

with normalization to β-actin. (E) Ratio of H2A.X-γ/H2A.X was assessed as described above. Average fold 

change was calculated with respect to control cells treated with solvent. 
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Figure 7. Nox activity is diminished in lysed hepatocytes treated with the novel Nox inhibitor, VAS-2870. 

Enzyme activity was measured by SOD-inhibitable cytochrome c reduction in lysed hepatocytes treated with 

varying final concentrations of Nox-specific VAS-2870 (Enzo Life Sciences) inhibitor. Lysis was achieved 
by sonication of cell pellets in ICLB with protease inhibitors, all performed on ice. Equal concentrations of 

protein, determined by BCA assay, were used for each sample (n=3). Absorbance was measured at 550nm 

with a reference at 540nm. (A) Cytochrome c reduction measured after a 45 minute reaction. (B) Cytochrome 

c reduction after an additional 15 minutes of reaction time, corresponding to 60 minutes. (C) Cytochrome c 

reduction 30 minutes after the initial reaction measurement, for a total reaction time of 75 minutes.  
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