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Preface

Hepatitis C virus (HCV) is a hepatotropic virus that causes acute and chronic liver 

disease. According to the World Health Organization, 80 million people worldwide are 

infected with HCV, of which annually approximately 400,000 HCV-infected people die, 

mostly from cirrhosis and/or hepatocellular carcinoma. Estimates from 2015 suggest 

a global incidence of 1.75 million new HCV infections every year. Thus, HCV infection 

is a severe global health problem. In 2016, the World Health Organization announced 

its ambition to eliminate viral hepatitis as a public health problem before the year 

2030. Yet, irrespective of this great ambition and the significant advances in antiviral 

drug treatment and knowledge on HCV, important challenges still lie ahead of us, such 

as the development of effective vaccines and unraveling virus-host interactions. 

The research described in this thesis focuses on the stress response in hepatocytes 

expressing HCV proteins and its consequences for the interaction with hepatic 

stellate cells, the main cell type responsible for the excessive matrix production 

during fibrogenesis. We developed a model of external oxidative stress induction 

to mimic the in vivo situation of HCV infection. In this model, human Huh7 cells 

expressing viral proteins (Core, NS3/4A and NS5A), were subjected to an additional 

stressor (oxidative stress induced by the superoxide anion donor menadione). Using 

this model, we investigated the effect of the expression of these HCV proteins on the 

adaptation of hepatocytes to oxidative stress and ER stress. In addition, we developed 

a co-culture model of Huh7 cells expressing viral proteins and LX-2 human stellate 

cells, to investigate whether HCV protein expressing cells exert a pro-fibrogenic effect 

on these matrix-producing cells. Our studies reveal important novel information on 

the interaction between virus and host and suggest new therapeutic approaches. 
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Scope of the thesis

The research described in this thesis focuses on the cellular response to stress during 

hepatitis C virus (HCV) infection and the consequences for viral persistence and cell 

survival. We specifically investigated the adaptive response of hepatocytes expressing 

viral proteins to endoplasmic reticulum (ER) stress and oxidative stress. 

In Chapter 1 we present a general overview of the epidemiology, clinical aspects, 

treatment options as well as structure and life cycle of hepatitis C virus.

In Chapter 2  we review host-HCV interactions with special emphasis on the  

hepatocyte adaptive response to viral infection: HCV-infected hepatocytes have to 

cope with 1) HCV replication and expression of viral proteins and 2) inflammatory 

signals from the immune response or other sources of tissue/liver damage. The 

cellular stress response in the context of acute and chronic HCV infection is reviewed 

and discussed in this chapter. 

In Chapter 3, we introduce our first experimental approach. Huh7 cells and rat 

primary hepatocytes were transiently transfected with expression vectors for Core 

and NS3/4A production. Then, hepatocytes expressing HCV viral proteins were 

subjected to exogenous oxidative stress to mimic the events occurring during acute 

HCV infection in vivo. Next, this model is used to investigate the adaptive response of 

HCV-infected hepatocytes to an additional stressor (oxidative stress). 

In Chapter 4, we use Huh7 cells stably transfected with viral proteins as a model 

of chronic HCV protein expression. Different signaling pathways have evolved to 

mediate the cellular stress response. Between them, the activation of the eIF2a/ATF4 

pathway plays an important role to overcome the cellular stress through activation 

of autophagy. We observed the specific degradation of the proteins Core and NS5A 

after external oxidative stress induction, and their expression was recovered when 

menadione effect was blocked with an antioxidant. The phosphorylation of eIF2a and 

expression of ATF4 and CHOP suggested the activation of the eIF2a/ATF4 pathway.  

In Chapter 5, we investigate the interaction between HCV-protein expressing 

hepatocytes and hepatic stellate cells (HSC), the cells responsible for excessive 

matrix production leading to fibrosis. It is relevant to study this interaction, because 

chronic HCV patients typically develop liver fibrosis that may progress to cirrhosis 
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and predisposes for liver cancer. We describe an in vitro model of hepatocyte-HSC 

interaction using a trans-well co-culture system to mimic the conditions during HCV 

infection. Finally, in Chapter 6 we summarize our findings and present an integrated 

discussion of our results and its clinical relevance. Moreover, we present an outlook 

for further research.



Introduction
1
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General Introduction: The Hepatitis C Virus 

Global burden of hepatitis C virus infection
HCV Natural history and clinical outcome 

Hepatitis C virus (HCV) causes acute and chronic hepatitis, which can eventually lead 

to permanent liver damage and hepatocellular carcinoma (HCC). Patients with acute 

HCV infection are usually asymptomatic and spontaneous clearance occurs in 15-45% 

of cases over a period of 6 months. Approximately 55-85% develop a chronic infection 

and, 10-20% of these patients will develop liver cirrhosis and are at risk for HCC (1). 

HCV is transmitted via the blood-borne route. Transfusion of unscreened blood or 

blood products and unsafe medical procedures are the principal risk factors involved 

in the transmission in developing countries and some developed countries. Other 

risks of infection include tattooing, piercing and sharing needles between individuals 

who use injectable drugs. Sexual transmission has been considered low risk; however, 

unsafe and/or violent sex can increase the risk of exposure (2). HCV infection is rarely 

diagnosed during the acute phase, since most of the patients are asymptomatic. 

Therefore, the diagnosis of acute HCV is challenging and based on the detection of 

the HCV RNA (viral genome), which appears in circulation 1-2 weeks after the primary 

infection. The persistence of the HCV RNA, presenting with a plateau or fluctuating 

viremia and detection of antibodies against HCV (anti-HCV) in the serum for more 

than six months, is defined as a chronic infection (3,4). Liver fibrosis is the consequence 

of chronic infection and inflammation leading to disruption of hepatic architecture and 

impairment of liver microcirculation and cellular functions (5). Chronic hepatitis C is 

the most common cause of cirrhosis and occurs in 5-25% of patients with chronic HCV 

infection over a period of 25-30 years (6). Some environmental and host factors can 

increase the risk and/or accelerate the natural course of HCV-related disease. These 

factors include: daily alcohol consumption, infection at an older age (> 40 years), 

male gender, the level of inflammation, comorbidities such as immunosuppression or 

metabolic conditions like non-alcoholic steatohepatitis, obesity and insulin resistance 

(7). Finally, it has recently been demonstrated that HCV may also replicate in the 

liver in the absence of detectable virus in the blood, a condition referred to as “occult 

hepatitis C”, with lower potential for progressive disease (8). 
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Several mechanisms have been implicated in viral clearance and persistence. However, 

no consensus is defined about the parameters that can accurately predict spontaneous 

HCV resolution (5). A higher genetic diversity of the infecting virus is correlated 

with an inefficient immune response to control viral replication, resulting in chronic 

infection (9). Likewise, a lower viral load may predict a higher rate of clearance (10) 

and the co-infection with hepatitis B virus (HBV) or human immunodeficiency virus 

(HIV) also favors HCV viral resolution due to viral interference (11,12). Host factors 

related to spontaneous resolution are an efficient and robust CD4+ and CD8+ T cell 

response during the acute phase of infection (13), polymorphisms of the interleukin 

28B gene and female gender (5).

HCV epidemiology

The prevalence of HCV infection has been estimated from population-based studies 

on the seroprevalence of antibodies to HCV (anti-HCV) reported in the scientific 

literature. A systematic review in 2013 found that, between 1990 and 2005, the 

prevalence and number of people with anti-HCV antibodies increased from 2.3% (95% 

uncertainty interval [UI]: 2.1%-2.5%) to 2.8% (95% UI: 2.6%-3.1%), corresponding 

to approximately 185 million infected individuals in 2005. The review was based on 

the meta-analysis of 232 papers reporting on HCV seroprevalence (14). However, a 

more recent systematic review based on 4,901 studies from 87 countries and some 

unpublished reports, projected a lower HCV prevalence of 110 million anti-HCV 

positive individuals (95% UI: 92-149 million) and a chronic HCV prevalence of 80 

million individuals (95% UI: 64-103 million). The latter estimate is more in line with the 

updated prevalence reported by the World Health Organization (WHO) (15,16). The 

distribution of HCV infection is highly variable among individual countries ranging 

from <1% to >10% (Figure 1) (17). The highest prevalence has been reported in Africa, 

especially in Egypt and Cameroon (>10%), followed by the Middle East (18,19). The 

Americas, Australia, Northern and Western Europe are considered areas with low 

prevalence (20). In absolute numbers, the countries with the highest number of HCV-

infected individuals are China with approximately 30 million infected individuals, 

followed by India (18 million), Egypt (11 million) and Pakistan and Indonesia 

(approximately 9.5 million each) (17).
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Figure 1. HCV Epidemiology . The estimated prevalence of HCV infection and the global distribution of HCV 
genotypes are presented. Genotype 7, which was only recently identified in patients from Central Africa, is 
not included. Adapted with permission from Macmillan Publishers Ltd: Nature Reviews Gastroenterology 
and Hepatology form (20). License number 4231501427667.

In developed countries in North America (21–23), Northern and Western Europe 

(24), Australia and Japan, the HCV prevalence is low (<2%) (20). The patterns of HCV 

prevalence in developing countries are highly heterogeneous. The highest prevalence 

of HCV has been reported in Egypt (15% anti-HCV positivity in adults), followed by 

Pakistan and Iran (10 million infected individuals) (19,25,26). In the Caribbean area 

and Latin America, prevalence ranges from 0.5% to 2.3% (23,27).

Virus structure and replication cycle
HCV genome organization

Hepatitis C virus (HCV) is classified by the International Committee of Virus Taxonomy 

(ICVT) into the Flaviviridae family, genus Hepacivirus. The HCV genome is a positive-

sense, single-stranded RNA molecule (+ssRNA) of approximately 9.6 kilobases (kb). 

The genome contains a single open reading frame (ORF) that encodes a polyprotein of 

3,008 to 3,100 amino acids (aa), depending on the virus genotype (28). The polyprotein 

is processed co- and post-translationally by viral and cellular proteases into four 

structural proteins and six non-structural proteins (Figure 2). The structural proteins 

are located at the N-terminal end of the polyprotein and include the capsid protein 

Core, the glycoproteins E1 and E2 and the viroporin P7. The non-structural proteins 
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(NS): NS2, NS3, NS4A, NS4B, NS5A and NS5B, all with diverse biochemical functions 

described below, are located at the C-terminal end (Figure 2) (29). An additional 

protein has been identified as the alternative reading frame protein (ARFP), which is 

synthesized by an ORF overlapping at the coding sequence of Core at nucleotide +1 

(30). 

The ORF is flanked at the 5’- and 3’-ends by two highly conserved untranslated 

regions (UTRs) that regulate virus replication. The 5’-UTR region corresponds to 

341 nucleotides (nt)  located upstream of the start codon and is composed of 4 

domains numbered I to IV (32). It forms a secondary structure known as the internal 

ribosomal entry site (IRES) that is essential for translation of the viral genome via a 

cap-independent mechanism, contrary to the mechanism that is normally used for 

translation of messenger RNAs from the cell (33). The 3’-UTR region corresponds to 

a sequence of 230 nt and has a tripartite structure consisting of a short and variable 

region of 40 nt, a poly-uracil sequence and a 98 nt conserved element that is essential 

for viral replication (Figure 2) (34). 

HCV structural proteins

The cleavage of the polyprotein between the Core and E1 sequence by a signal peptidase 

yields an immature 191 aa long Core protein. Further C-terminal processing by the 

intramembrane cleaving protease SPP (Signal Peptide Peptidase) yields the mature 21 

kDa Core protein of  177 aa (35,36). Mature HCV Core is a homodimeric membrane 

protein stabilized through disulfide bond formation at the Cysteine-128 residue and is 

responsible for capsid formation (37). Three domains have been identified in the HCV 

core protein (191aa long), based on predicted structural and functional characteristics. 

Domain I (aa1-aa120), corresponding to the N-terminal region, is a highly basic 

domain that is involved in the recruitment of the viral RNA during formation of new 

virions and homo-dimerization and therefore important in nucleocapsid assembly. 

Domain II, located between aa 120 and aa 177, is a hydrophobic region predicted to 

form one or two α-helices that are involved in the association of HCV Core with the 

endoplasmic reticulum (ER) membrane and lipid droplets. Domain III, corresponding 

to the C-terminal (aa177-aa191) of the protein, is a highly hydrophobic region that 

serves as a signal sequence for the targeting of the E1 protein to the ER (38). 
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Figure 2. HCV Genome Organization and Polyprotein Processing. The single-stranded (ss) HCV RNA 
genome is shown in the top part. Numbers refer to nucleotide positions of the JFH-1 isolate (GenBank 
accession number AB047639). Secondary structures of cis-acting RNA elements in the untranslated 
regions (UTRs) and the coding region are schematically depicted. The internal ribosome entry site (IRES) 
is indicated in the 5´-UTR. The polyprotein precursor and cleavage products are shown below. Numbers 
refer to amino acid positions of the JFH-1 isolate. Scissors indicate proteases responsible for polyprotein 
cleavage. SP, signal peptidase; SPP, signal peptide peptidase. Functions of cleavage products are indicated 
for each viral protein. RdRp, RNA-dependent RNA polymerase. Adapted with permission from Elsevier 
Publishers Ltd from (31). License number 4231490048986.

The envelope glycoproteins E1 (160 aa) and E2 (360 aa) are type I transmembrane 

proteins with an N-terminal ectodomain and a short C-terminal transmembrane 

domain (TMD) of approximately 30 aa. E1 and E2 play pivotal roles in different steps 

of the HCV life cycle, including the assembly of viral particles, virus entry and fusion 

with the endosomal membrane in the host cell (39). P7 is a 63 aa integral membrane 

polypeptide that forms hexamers or heptamers with cation channel activity and 

therefore belongs to the viroporin family. P7, comprising two transmembrane 

α-helices connected by a positively charged cytosolic loop, facilitates virus production 

during assembly of new virions. P7 is not required for RNA replication in vitro, but is 

essential for the assembly and release of infectious HCV particles in vitro and in vivo 

(40) (Figure 2).
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HCV non-structural proteins.

NS2 is a viral cysteine autoprotease that cleaves the NS2/NS3 junction of the 

polyprotein. Once processed it is a protein of 217 aa and has a molecular weight of 

approximately 23 kDa (Figure 2). NS2 possesses a hydrophobic N-terminal subdomain 

as well as a C-terminal cytoplasmic domain. Its catalytic activity resides in the 

C-terminal domain between aa 94-217 (41). In addition to its protease activity, NS2 

plays a central role in virus assembly due the interaction with E1 and E2 and the non-

structural proteins NS3 and NS5A (42,43). NS3 is a 70 kDa multifunctional protein 

with serine protease activity located in the N-terminal domain (aa 1–180) and a 

nucleoside-triphosphatase (NTPase)/RNA helicase function in the C-terminal domain 

(aa 181–631) (Figure 2). Both enzyme activities have been well characterized and 

require the binding of NS4A (54 aa) that acts as a cofactor of the non-covalent complex 

NS3/NS4A (39,44). NS4B is a hydrophobic 27 kDa protein of 261 aa. It is an integral 

membrane protein comprising an N-terminal part (aa 1 to ~69), a central part harboring 

four predicted transmembrane domains (aa ~70 to ~190), and a C-terminal part (aa 

~191 to 261). The N-terminal part contains two amphipathic α-helices (AH), AH1 

and AH2, extending from aa 3-35 and 42-66, respectively, and upon oligomerization 

AH2 can cross the membranes. NS4B induces the formation of a membranous web, a 

specific membrane alteration consisting of locally-confined membranous vesicles that 

serves as a scaffold for the HCV replication complex at the ER (39). NS5A is a 447 

aa membrane-associated phosphoprotein that plays an important role in regulating 

HCV RNA replication and particle formation. HCV NS5A can be found in both basally 

phosphorylated (56 kDa) and hyper-phosphorylated (58 kDa) forms. It possesses 

3 domains (D1-D3) involved in different stages of viral replication. HCV NS5A has 

attracted considerable interest because of its role in modulating the response to 

interferon-alpha (IFN-α) therapy due to the presence of a region termed “interferon 

sensitivity determining region” (ISDR) (45). Finally, NS5B (591 aa) is a 68 kDa protein 

and is the viral RNA-dependent RNA polymerase (RdRp). It is responsible for HCV 

genome replication via synthesis of a complementary negative-strand RNA using the 

genome as a template and the subsequent synthesis of genomic positive-strand RNA 

from this negative-strand RNA template (46) (Figure 2).
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HCV replication

HCV is an enveloped virus of approximately 40-70 nanometers (nm) that circulates 

in the infected host associated with low-density lipoproteins (LDL) and very-low-

density lipoproteins (VLDL). Both types of particles appear to represent the infectious 

fraction. Additionally, HCV can also circulate bound to immunoglobulins and as free 

virions. The HCV Core protein and the envelope glycoproteins E1 and E2 are the 

principal protein components of the virion. E1 and E2 are anchored to a host cell-

derived double-layer lipid envelope that surrounds the nucleocapsid composed of 

multiple copies of the Core protein and the genomic RNA. E1 and E2 play an important 

role in the attachment of the virion to its receptors and co-receptors, which will be 

described below (47,48).

The first steps of the HCV viral lifecycle are the attachment to and entry into the host 

cell (Figure 3). HCV enters by clathrin-mediated endocytosis and the hepatocytes 

are the main target cells. However, the infection of B cells, dendritic cells and other 

types of immune cells have also been reported (49–51). The tetraspanin protein 

CD81, which is found at the surface of many cell types, including hepatocytes, the LDL 

receptor (LDLR) and the scavenger receptor class B type I (SR-BI) have been proposed 

to act as HCV receptors (Figure 3) (52–54). Claudin-1 (CLDN1) was identified as 

HCV co-receptor and was found to be essential for HCV entry into hepatocytes (55). 

Both, CD81 and SR-BI bind to E2 and are necessary, but not sufficient for HCV entry. 

In addition, HCV E2 also can bind to DC-SIGN (Dendritic Cell-Specific Intercellular 

adhesion molecule-3-Grabbing Non-integrin) and L-SIGN (Liver/Lymph node-specific 

intercellular adhesion molecule-3-grabbing integrin). L-SIGN is a calcium-dependent 

lectin expressed on liver sinusoidal endothelial cells that may facilitate the infection 

process by trapping the virus for subsequent interaction with hepatocytes (29). 

The translation of the HCV viral genome occurs with the formation of a complex of 

the IRES and the 40S ribosomal subunit. This is followed by the assembly of a 48S 

complex at the AUG initiation codon after the association of eukaryotic translation 

initiation factor 3 (eIF3) and the ternary complex (eIF2•Met-tRNA•GTP) (56). As 

described earlier, translation of the HCV ORF produces a polyprotein that is co- and 

post-translationally processed at the ER (Figure 3).
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The replication of the HCV genome occurs in a membrane-associated replication 

complex, composed of viral proteins NS3, NS4A, NS4B, NS5A and NS5B, the replicating 

RNA and cellular membranes derived from the ER, Golgi apparatus, mitochondria 

and lysosomes (Figure 3). The membranes are modified in specific ways and serve as 

physical support to organize the RNA replication complex and to protect the viral RNA 

from double-strand RNA-mediated host defenses or RNA interference (29).

Figure 3. HCV life cycle : HCV lipoviroparticles attach and enter target hepatocytes via interaction 
with CD81 and SR-B1 and subsequent receptor-mediated endocytosis (Step 1 and 2). Released viral 
RNA is translated at the ER producing a single polyprotein precursor that is cleaved by host and viral 
proteases (Steps 3 and 4). The RNA is replicated by the viral RdR-polymerase (NS5B) via a negative-strand 
intermediate at the membranous web (Step 5). Newly synthesized positive-strand RNA is encapsidated 
by the viral nucleocapsid core in close proximity to lipid droplets and envelope glycoproteins are acquired 
through budding into the ER lumen (Step 6). Lipoviroparticles mature in the ER through interactions with 
lipoproteins (Step 7) and exit the cell by via the cellular Golgi apparatus (Step 8). 

The final steps of HCV replication are the packaging, assembly and particle release 

(Figure 3). HCV particle assembly requires the spatial and temporal synchronization 

of the structural proteins and the replication complexes to facilitate the budding of 

an enveloped nucleocapsid. An environment rich in lipid droplets (LDs) is considered 



Chapter 1

24

essential for HCV assembly, hence the association of HCV with non-alcoholic 

steatohepatitis (NASH). LDs are intracellular lipid deposits of cholesterol esters and 

triacylglycerides and inhibition of the synthesis of these lipids can block HCV assembly 

(57). The HCV Core protein attaches to LDs through the D2 domain resulting in the 

accumulation of Core around LDs. The nascent particle matures further in a post-ER 

step, yielding the characteristic low-density infectious particle. The exit of the HCV 

particles occurs through the secretory pathway and depends on classical host factors 

of the secretory pathway (58) (Figure 3).

HCV genetic diversity and distribution of genotypes

HCV has a high genetic diversity resulting from the high rate of replication (estimated 

to generate 1012 new viral particles per day) and the absence of proofreading activity 

of the viral RNA polymerase (7). After the publication of the first complete genome 

sequence of HCV (47,59), it became clear that HCV isolates from different individuals 

showed substantial genetic diversity. This variation was subsequently organized 

as genotypes, subtypes and quasispecies. The complete coding region sequences 

available at the National Center for Biotechnology Information (NCBI) genome data 

base and the Los Alamos HCV data base reveal seven major phylogenetic groups 

corresponding to genotypes 1 to 7 (Table 1), that vary over 30% in nucleotide sequence 

(60). These genotypes are subdivided into 67 subtypes, indicated by a letter following 

the genotype number (Figure 4 and Table 1). The qualification as a subtype requires a 

complete or nearly complete coding region sequence difference of at least 15% from 

other sequences. Additionally, 20 provisionally assigned subtypes, and 21 unassigned 

subtypes have been reported at the web site of the ICTV (Figure 1 and 4) (61).

 Table 1. HCV subtypes. 

Genotype Subtypes

1 1a, 1b, 1c, 1e, 1g, 1h and 1l 

2 2a, 2b, 2c, 2d, 2e, 2i, 2j, 2k, 2m, 2q and 2r 

3 3a, 3b, 3g, 3h, 3l, and 3k 

4 4a, 4b, 4c, 4d, 4f, 4g, 4k, 4l, 4m, 4n, 4o, 4p, 4q, 4r, 4t, 4v, 4w 

5 5a 

6 6a to 6w and the subtype 6xa 

7 7a 
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The seven HCV genotypes represent a diverse global distribution, which reflects 

differences in the epidemiology, transmission modes, ethnic groups and social-

economic levels of the region (Figure 1). The genotypes 1, 2 and 3 are the most 

common across the world, whereas genotypes 4 to 7 are generally confined to specific 

geographical regions (20). Genotype 1 has the broadest geographical distribution and 

has been identified in North America (21,62), Northern and Western Europe (63), 

South America (20), Asia and Australia (64). Genotype 2 is found in Eastern, Southern 

and Northern Europe, South America and Asia (20). However, studies from Poland, 

Estonia and Greece have reported an increase in genotype 3 (subtype 3a) and decrease 

in genotype 2 over time (65–67). In addition, genotype 3 is predominant in Pakistan, 

South Asia and Australia (20). Genotype 4 is found predominantly in Africa and the 

Middle East (68), although the subtypes 4c and 4d have also been reported in Spain 

(69); genotype 5 is almost exclusively found in South Africa; genotype 6 is endemic 

in Southeast Asia and highly prevalent in Hong Kong and Southern China (20) and 

genotype 7 subtype 7a was recently identified in patients from Central Africa (70).

Hepatitis C virus: new treatment options and future 
perspectives 

Until recently, HCV therapy was based on interferon type I and ribavirin requiring up 

to 48 weeks of co-therapy. However, interferon is poorly tolerated due its side effects 

and its low efficacy: the sustained virological response (SVR) is often less than 50%. 

Subsequently, the introduction of two NS3/4A protease inhibitors used in combination 

with interferon marked the start of the era of Direct-Acting Antivirals (DAA). Since 

then, additional therapies have become available comprising interferon-free DAA 

regimes curing more than 90% of infected patients. The non-structural proteins are 

the targets for currently approved DAAs, including NS3/4A protease inhibitors (PI), 

NS5A inhibitors and NS5B nucleot(s)ide (NA) and non-nucleoside (NNA) analogues 

(71). At present, six interferon-free DAA regimes are approved for HCV treatment, 

including combinations of DAAs in fixed-dose pills (Table 2). All of these treatments 

require less than 24 months of treatment depending of the clinical status of the patient 

and the HCV genotype (72).



Chapter 1

26

Figure 4. HCV Genetic variability : Phylogenetic tree of 129 representative complete coding region 
sequences. Up to two representatives of each confirmed genotype/subtype were aligned and a neighbor 
joining tree constructed using maximum composite likelihood nucleotide distances between coding 
regions using MEGA5. Sequences were chosen to illustrate the maximum diversity within a subtype. Tips 
are labeled by accession number and subtype (*; unassigned subtype). For genotypes 1, 2, 3, 4, and 6, the 
lowest common branch shared by all subtypes and supported by 100% of bootstrap replicates (n = 1000) is 
indicated by ·. Adapted with permission from Elsevier Publishers Ltd from (61).

Table 2. Direct-Acting Antivirals (DAA) for HCV treatment. 

Regimen DAA treatment/combination 

1 Daclatasvir + Asunaprevir

2 Daclatasvir + Sofosbuvir ± Ribavirin

3 Ledipasvir/Sofosbuvir

4 Paritaprevir/Ritonavir/Ombitasvir + Dasabuvir ± Ribavirin

5 Simeprevir + Sofosbuvir 

6 Sofosbuvir + Ribavirin
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In contrast to DAAs that target viral proteins, host-targeting agents (HTAs) have been 

developed and studied to interfere with cellular factors involved in HCV viral life cycle. 

By acting through a complementary mechanism of action and by exhibiting a generally 

higher barrier to resistance, HTAs offer a promising option to prevent and treat viral 

resistance. Indeed, given their complementary mechanism of action, HTAs and DAAs 

can act synergistically to reduce viral loads. Some of the HTAs act as 1) virus entry 

inhibitors to prevent initiation of viral infection and viral dissemination, e.g. monoclonal 

antibodies that target cell entry receptors as CD81, SR-BI and co-receptor CLDN1 

(73,74); 2) translation inhibitors to prevent subsequent viral replication following viral 

endocytosis and fusion. Because HCV RNA is translated in an IRES-mediated manner, 

microRNA-122 (miR-122) plays an important role in HCV translation. miR-122, one of 

the most abundant liver-expressed miRNAs, binds to the HCV genome and enhances 

viral translation and replication. Sequestering miR-122 using Miravirsen, a locked 

nucleic acid-modified oligonucleotide complementary to the 5`-end of miR-122, 

showed prolonged and dose-dependent reduction in HCV viremia in patients without 

evidence of long-term safety issues (75); 3) assembly inhibitors, e.g. Celgosivir and 4) 

biological response modifiers, like agonists of the Toll-like receptors (TLR) 7 and TLR9 

(76).

Despite the advances in treatment options, the ability of HCV to develop resistance 

to antiviral drugs is quite high due to its high replication and mutation rate and 

lack of proof-reading activity. Therefore, the genetic diversity of HCV is currently 

the biggest challenge for the development and implementation of successful DAA 

and HTAs regimes. The best example in this regard is the existence of resistance-

associated variants (RAVs) of HCV that correspond to viral sequences with preexisting 

polymorphisms that can reduce the efficacy of the DAAs and HTAs. RAVs can emerge 

from the viral population as the dominant species during treatment (72).

DAAs do not offer protective immunity, which may limit the use of DAA therapy as 

a prevention strategy. Therefore, not only HCV treatment is important, but also the 

development of a vaccine to control and avoid new infections is required. Vaccine 

development for HCV has been challenging because of the high sequence variability 

within the protein coding regions, the evolution of quasispecies that can exhaust the 

immune response and the mechanisms used by HCV for the evasion of the immune 

system. Several HCV components have been used as a target for vaccine development 
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and to produce a neutralizing antibody response, like the glycoproteins E1 and E2, and 

the Core-E1-E2 DNA sequence (77). However, the efficacy is low and this area is still 

in development. 

Major obstacles still exist for the successful elimination of HCV infection: 1) improving 

public health surveillance, 2) increasing awareness in the infected population 3) 

provide the infected people with proper health care, and 4) improving access to 

effective treatments. In USA, the National Academy of Sciences released a plan for 

eliminating HBV and HCV as a public health problem. Likewise, the WHO launched a 

similar plan to eradicate HBV and HCV before the year 2030.

Conclusions

Despite the huge progress in our understanding of HCV pathogenesis in the recent 

years, some aspects still need more attention This is particularly true for the host-

virus interaction in HCV infection and the adaptation of host cells to HCV infection. In 

the next chapter (Chapter 2) we will review the current literature on the interaction of 

the virus with the host cell (hepatocyte). 
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Abstract

Oxidative- and endoplasmic reticulum (ER)-stress are common events during hepatitis 

C virus (HCV) infection and both regulate cell survival and determine clinical outcome. 

In response to intrinsic and extrinsic cellular stress, different adaptive mechanisms 

have evolved in hepatocytes to restore cellular homeostasis like the anti-oxidant 

response, the unfolded protein response (UPR) and the integrated stress response 

(ISR). In this review, we focus on the cellular stress response in the context of acute 

and chronic HCV infection. The mechanisms of induction and modulation of oxidative- 

and ER-stress are reviewed and analyzed from both perspectives: viral persistence 

and cell survival. Besides, we delve into the activation of the eIF2a/ATF4 pathway 

and selective autophagy induction; pathways involved in the elimination of harmful 

viral proteins after oxidative stress induction. For this, the negative role of autophagy 

upon HCV infection or negative regulation of viral replication is analyzed. Finally, we 

hypothesize that the cellular stress response in hepatocytes plays a major role for 

HCV control thus acting as an important host-factor for virus clearance during the 

early stages of HCV infection.
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Introduction

Mammalian cells are continuously exposed to internal and external stimuli. The 

adverse effects of these stimuli are defined as cellular stress and the ability to respond 

rapidly to these insults is essential for cell survival (1). The molecular pathways to 

handle cellular stress are controlled by both transcriptional and non-transcriptional 

regulators that can sense changes in the cellular environment and transmit the 

information to elicit adaptive responses (2). In the cellular response to endoplasmic 

reticulum (ER) stress and oxidative stress these molecular pathways are of major 

importance. Alterations in protein homeostasis at the ER can trigger the activation 

of signal transduction pathways defined as the Unfolded Protein Response (UPR) to 

restore protein homeostasis through the enhancement of the folding capacity of the 

ER or the Integrated Stress Response (ISR) which leads to global decrease in translation 

(3–5). Additionally, cells are able to respond to deleterious and toxic products like 

reactive oxygen species (ROS) during oxidative stress through the expression and/

or activation of endogenous antioxidant molecules and enzymes. In this context, the 

Nuclear factor [erythroid-derived 2]-like/Kelch-like ECH-associated protein 1 (Nrf2/

Keap1) pathway plays an important role in ROS detoxification and restauration of 

cellular homeostasis (6).

During viral infections, virus replication and synthesis of viral proteins can also impose 

cellular stress and contribute to the imbalance of cellular homeostasis. Viral infection 

can be considered as an additional stimulus for intrinsic cellular stress and increase 

the risk of cell death. As the case of hepatitis C virus (HCV) infection, hepatocytes 

correspond to its principal target cells, however, they have evolved special mechanisms 

to avoid cell death induction from cellular stress (7). Likewise, the establishment 

of a chronic infection during hepatitis C requires that cell death of hepatocytes is 

avoided. Thus, the cellular stress response can determine both cell survival and viral 

persistence and respond in different ways to stress, depending on the inducers of 

damage (8) (Figure 1). 
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Figure 1. The cellular stress response during HCV infection and the balance between cell survival and 
viral persistence. During HCV infection, cellular stress is increased together with the risk of cell death (A). 
However, for persistence, HCV has evolved different mechanisms to modulate the cellular stress response 
and suppress death stimuli (B). Finally, the cellular stress response determines both cell survival and viral 
persistence (C).

Several studies have demonstrated that HCV induces and modulates different 

signaling pathways related to oxidative stress, ER-stress, autophagy and apoptosis 

(9,10). In this review, we summarize the knowledge about the mechanisms of induction 

and modulation of cellular stress in the context of HCV infection (Figure 1). In addition, 

the adaptive response to oxidative stress and ER-stress as a positive or negative factor 

in HCV replication is discussed. We will also discuss the different types of autophagy 

-macroautophagy, microautophagy and chaperone-mediated autophagy (CMA)- as 

adaptive mechanisms to attenuate oxidative stress and ER-stress after HCV infection 

and the role of autophagic pathways in viral propagation and persistence. 
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The cellular stress response to oxidative stress in HCV 
infection

Oxidative stress is induced during HCV infection 

HCV was identified in 1989 as the infectious agent that caused non-A, non-B post-

transfusion hepatitis (11). According to reports from the World Health Organization 

(WHO) an estimated 3% of the human population is infected by HCV. Approximately 

71 million individuals have a chronic infection and annually almost 400.000 patients 

die from HCV worldwide, making this viral entity one of the major causes of morbidity 

and mortality worldwide (12). HCV contains a 9.6-kb positive single-stranded RNA 

genome with a single open reading frame encoding a polyprotein precursor of about 

3000 amino acids (aa) that is co- and post-translationally processed by cellular and viral 

proteases into the mature structural proteins, Core, E1, E2, p7 and the non-structural 

(NS) proteins, NS2, NS3, NS4A, NS4B, NS5A and NS5B (13). As was mentioned before, 

hepatocytes in the liver are the predominant targets for HCV and the infection is 

associated with alterations in the redox state of the host cells, either by the oxidative 

stress generated by the immune response to eliminate the virus or by viral proteins 

acting as pro-oxidant molecules in different signaling pathways (14). 

The occurrence of oxidative stress during HCV infection has been extensively 

demonstrated  in liver tissue of chronic HCV-infected patients and in in vitro models 

using HCV-infected cells or cells expressing individual viral proteins (15,16). A method 

referred to as radical-probe electron paramagnetic resonance (EPR) was developed to 

measure ROS in human hepatic tissue. A significant increase in the production of ROS 

was observed in liver biopsies from patients with chronic HCV infection compared to 

liver biopsies from patients with non-viral liver disease or healthy controls (17). Other, 

more indirect, approaches included the measurement of antioxidants molecules, 

the levels and activity of antioxidant enzymes and the products of ROS-modified 

macromolecules, e.g. DNA and protein oxidation (16).

The increased generation of ROS by HCV has been associated with its pathogenic 

role during development of chronic liver disease. From the 10 viral proteins, HCV 

Core protein is the strongest inducer of ROS, followed by the non-structural proteins 

NS3 and its cofactor NS4A and NS5A (10,18). Ivanov et al, using transfected Huh7 
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cells with several plasmids expressing the full-length HCV Core protein or truncated 

forms, depicted several mechanisms by which HCV Core can induce oxidative stress. 

Several enzymes involved in ROS production were induced by HCV Core. In particular, 

the N-terminal region of the viral protein induced the expression of nicotinamide 

adenine dinucleotide phosphate oxidase 1 (NOX1), NOX4 and cyclo-oxygenase 

2 (COX2). In addition, the expression of cytochrome P450-2E1 and Endoplasmic 

Reticulum Oxidoreductase 1A (ERO1A) were increased upon the expression of the 

truncated form (aa 37-191) of HCV Core. This study not only demonstrated that HCV 

Core caused the induction of ROS-producing enzymes but also that different regions 

of HCV Core are responsible for this induction (19). Meanwhile, other studies have 

shown a differential contribution of HCV viral proteins to oxidative stress. Garcia-

Mediavilla et al explored the effect of Core and NS5A HCV protein expression on the 

production of ROS and other reactive molecules like nitric oxide (NO) in Huh7 cells. 

They observed that both proteins increased the production of superoxide anions to a 

similar extent, whereas production of hydrogen peroxide (H
2
O

2
), NO and peroxynitrite 

was predominantly mediated through NS5A expression, suggesting a differential 

contribution of these proteins to the production of free radicals (20). These previous 

studies indicate that HCV has the capability to induce oxidative stress through the 

expression of individual viral proteins. In addition, some viral proteins like HCV Core 

uses multiple mechanisms to trigger ROS production.  

HCV can also generate ROS indirectly, e.g. via activation of the host immune response 

against the infection, thus immune-mediated cytotoxicity has been suggested as a 

key factor in the pathogenesis of HCV-related liver damage and oxidative stress. E.g. 

human monocytes from healthy blood donors were incubated with Core, NS3, NS4A 

and NS5A HCV recombinant proteins and ROS production was measured. Surprisingly, 

only NS3 triggered ROS production through the activation of the stress-activated 

protein kinase, p38 and phosphorylation of the p47PHOX factor resulting in activation 

of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activation (21). In 

addition to ROS, NO production can have detrimental effects as well. The production 

of NO occurs after overexpression of the inducible nitric oxide synthase (iNOS) by 

immune cells during the pro-inflammatory response to infection. Interestingly, the 

expression of iNOS has been described in patients with HCV infection and correlated 

with the  content of viral HCV RNA in the liver (22). 
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HCV can modulate the response against oxidative stress 

The cellular response to oxidative stress involves, among others, the expression 

of low-molecular weight antioxidants and phase II detoxifying enzymes for the 

elimination of ROS and free radicals. The Nrf2/ARE (Nuclear factor erythroid 2 related 

factor 2/Antioxidant Response Elements) pathway is the major determinant for the 

expression of γ-glutamylcysteine synthetase (GCL), Glutathione peroxidase (GPX), 

Glutathione S-transferase (GST), Heme oxygenase-1 (HO-1), N-acetyltransferase 

(NAT), NADPH quinine oxidoreductase 1 (NQO-1), Peroxiredoxin (PRX), Thioredoxin 

reductase (TrxR) and many other genes (23). During HCV replication in cell culture, the 

activation of the Nrf2/ARE pathway protects the cells from oxidative stress-induced 

apoptosis, suggesting that HCV, besides its pro-oxidative role, also modulates the 

cellular response to increase cell survival (24). Indeed, the expression of HCV proteins 

Core, E1, E2, NS4B and NS5A in Huh-7 cells resulted in the activation of the Nrf2/

ARE pathway. Furthermore, in Huh-7 cells expressing Core and NS5A HCV proteins, 

the activation of the above mentioned antioxidant response was dependent on 

protein kinase C (PKC), casein kinase 2 (CK2) and phosphoinositide-3-kinase (PI3K) 

activation. Therefore, it was suggested that in the early stages of viral infection and 

viral protein expression, the activation of the Nrf2/ARE pathway plays an important 

role to control the harmful effects of HCV-induced oxidative stress (14). On the other 

hand, HCV-dependent inhibition of the Nrf2/ARE pathway and its regulated genes has 

also been demonstrated (25).

Endoplasmic reticulum stress and HCV infection

ER stress and the Unfolded protein Response 

HCV protein synthesis takes place in the cytoplasm in a membrane network generated 

from the ER. Therefore, infection is strongly dependent on cellular ER function (13). 

The sequence of events by which HCV modifies the ER structure and its functions 

to establish a viral factory are not fully understood; however, it has been shown that 

several non-structural viral proteins such as NS4B and NS5A cause rearrangements 

in the ER membrane structure to facilitate viral genome replication, biosynthesis of 

envelope proteins and assembly of viral particles (26,27). The consequences of this are 

ER-stress and the activation of the UPR pathway.
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The UPR is the cellular adaptive response to restore ER homeostasis using several 

mechanisms. It constitutes a transcriptional and translational program activated to: i) 

promote protein folding capacity via the synthesis of chaperone molecules to reduce 

protein load at the ER, ii) to inhibit protein synthesis, iii) to activate the ER-associated 

degradation (ERAD) pathway to eliminate unfolded proteins and iv) to expand the 

ER membrane (3). There are three molecular sensors located at the ER membrane: 

i) inositol requiring enzyme 1 (IRE1), ii) double-stranded RNA-activated protein 

kinase (PKR)–like ER kinase (PERK) and iii) activating transcription factor 6 (ATF6). 

These sensors operate in parallel and use unique signal transduction pathways. IRE1 

is an ER-transmembrane factor with a dual function as kinase and endoribonuclease. 

Its activation occurs after direct binding of unfolded proteins and consecutive 

autophosphorylation and oligomerization (28). IRE1 cleaves the mRNA encoding the 

X-box binding protein 1 (XBP1), a UPR-specific transcription factor for the synthesis of 

chaperones and ERAD proteins. PERK is a kinase that is activated by dimerization and 

autophosphorylation upon sensing ER-stress. It specifically phosphorylates the alpha-

subunit of the eukaryotic translation initiation factor 2 (eIF2α) causing inhibition of 

protein synthesis. PERK enhances the translation of the transcription factor ATF4 

and subsequently C/EBP homologous protein (CHOP) and growth arrest and DNA 

damage-inducible 34 (GADD34) (3). ATF6 works as a transcription factor that is 

initially synthetized as an ER-resident transmembrane protein. Upon accumulation 

of unfolded proteins, ATF6 is translocated to the Golgi apparatus and processed by 

the resident site-1 (SP1) and site-2 (SP2) proteases. It then moves to the nucleus and 

regulates the expression of UPR-genes such as the chaperone immunoglobulin heavy-

chain binding protein (BiP) also known as glucose-regulated protein 78kDa (GRP78), 

protein disulfide isomerase and glucose-regulated protein 94 (GRP94) (29).

HCV replication can modulate the response against ER-stress 

The mechanism(s) of HCV replication induced ER-stress and modulation of the 

UPR pathway to sustain viral persistence have been described (30). However, the 

occurrence of ER-stress in patients with HCV infection is less well described. ER-

stress and UPR were investigated in liver biopsies from individuals with chronic HCV 

infection without treatment and liver biopsies from adults with normal liver histology. 

The HCV group was further subdivided according to fibrosis classification (mild and 

advanced). Electron microscopic analysis revealed a more dilated and disorganized ER 
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structure in HCV cases compared to the controls. Moreover, the activation of the three 

ER-stress sensors, ATF-6, IRE1, and PERK was demonstrated in advanced chronic 

hepatitis C, suggesting increased ER-stress in HCV-related fibrosis (31). In another 

study, ER-stress markers were investigated in tissue samples from patients with 

HCV-associated HCC. In these samples, UPR markers like sXBP1, BiP, and ATF6 were 

increased (32). However, contradictory results have also been published: Mcperson 

et al, concluded that the UPR does not play a prominent role in development of liver 

injury, since no significant variation in the mRNA levels of UPR-genes such as GRP94, 

processing of XBP1 or expression of ERAD proteins was observed in liver biopsies of 

124 patients with a chronic HCV infection (33). 

In vitro studies repeatedly demonstrated the activation of the three ER-stress sensors 

after HCV infection. Huh7.5.1 cells infected with HCV showed an acute ER-stress 

response including phosphorylation of IRE1 and eIF2α, XBP1 splicing, ATF6 cleavage 

and increased expression of ER-stress markers GADD34, ATF4, and CHOP (34). The 

above results were confirmed using Huh7.5 cells infected with HCV: an acute ER-stress 

response, peaking at 6-9 days post-infection was observed followed by attenuation of 

the ER-stress response 15-22 days post-infection (35). These results are compatible 

with a model in which HCV infection induces an early and strong ER-stress response, 

followed by a cellular adaptive response that attenuates the ER-stress and allows cell 

survival and sustained viral replication (Figure 2). 

Figure 2. ER-Stress induction and modulation in response to HCV infection. In acute and chronic HCV 
infection, the induction of ER-stress has been demonstrated. To overcome ER-stress, an adaptive response 
is initiated during acute infection to ensure cell survival and allow viral replication. During chronic infection 
both ER-stress and the adaptive responses to stress are balanced (A). ER-stress modulation via inhibition of 
one or more of the UPR pathways during chronic infection is related to HCV-pathogenesis and may affect 
viral replication, cell death and fibrogenesis (B).
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Inhibition of (parts of) the UPR by HCV plays an important role in HCV replication 

and pathogenesis. The IRE1/XBP1 pathway was repressed in Huh7 cells expressing a 

subgenomic HCV replicon resulting in increased internal ribosome entry site (IRES)-

mediated HCV protein translation (36). On the other hand, HCV ER-stress induction 

is also linked to viral pathogenicity: Chusri et al demonstrated that inhibition of the 

IRE1/XBP1 pathway decreases the expression of the fibrogenic cytokine transforming 

growth factor-b1 (TGF-b1). This suggests that inhibition of HCV-induced ER-stress 

and UPR activation may attenuate fibrogenesis (37). HCV-induced pathogenicity 

linked to the ER-stress response has also been proposed for insulin resistance: 

peroxisome proliferator-activated receptor gamma coactivator 1  (PGC-1a) is an 

inducible transcription factor that controls cellular energy metabolism and has been 

linked to insulin resistance (38,39). Yao et al, observed that HCV infection induced-

ER-stress increases PGC-1a levels, facilitating HCV replication via phosphorylation 

of cyclic AMP (cAMP)-responsive element-binding protein (CREB). In contrast, the 

pharmacological inhibition of HCV-induced ER-stress impaired PGC-1a expression 

and decreased CREB phosphorylation (40). 

Oxidative stress and ER-stress converge into an integrated 
stress response during HCV infection

The previous sections convincingly demonstrate that HCV is a master in the 

manipulation of the cellular stress responses and that HCV infection triggers adaptive 

mechanisms to overcome cellular stress. The Integrated Stress Response (ISR) 

refers to the activation of multiple stress responses in eukaryotic cells (induced by 

multiple stressors) to restore cellular homeostasis (41). The central event of the ISR 

is the phosphorylation of serine 51 of the alpha subunit of eIF2a (Figure 3). eIF2a 

phosphorylation causes a reduction in total protein synthesis and allows the translation 

of selected genes such as ATF4 and CHOP (3). If the ISR fails to restore homeostasis, 

e.g. when the cellular stress is too severe, additional pathways are activated inducing 

cell death. Depending on the environmental or physiological stress, there are four 

protein kinases able to phosphorylate eIF2a. These are: i) PERK; ii) double-stranded 

RNA-dependent protein kinase (PKR); iii) heme-regulated eIF2a kinase and iv) 

general control nonderepressible 2 (GCN2) kinase. These kinases are activated after 

the accumulation of unfolded proteins at the ER, viral infections, oxidative stress 

or nutrient deprivation, respectively (Figure 3) (42). ATF4 is the best characterized 
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effector molecule of the ISR. It is a basic leucine zipper (bZIP) transcription factor 

involved in the regulation of metabolic and redox-related processes. ATF4-mediated 

transcription leads to the induction of additional bZIP transcriptional regulators, such 

as Activation Transcription Factor 3 (ATF3) and CHOP via binding to C/EBP-ATF 

response elements. Due to the presence of a leucine zipper domain, ATF4 can interact 

with other proteins forming homodimers and heterodimers and this interaction can 

influence the outcome of the ISR (41). Ohoka et al, demonstrated that ATF4/ATF3 

interactions enhance cellular homeostasis whereas ATF4/CHOP interaction promotes 

cell death or autophagy after ER-stress (43,44).

Figure 3. Cellular stress and the integrated stress response. Oxidative stress and ER-stress induce adaptive 
responses such as the antioxidant response and UPR response, to overcome stress stimuli. Sustained stress 
stimuli can induce cell death (red arrows). The induction of adaptive mechanisms to stress is called the ISR. 
The central event of the ISR is the activation of the eIF2a/ATF4 signaling pathway which has been associated 
with induction of autophagy and cell survival. Viral infections like hepatitis C as well as oxidative stress can 
activate the eIF2a/ATF4 pathway. 

The ISR is primarily a homeostasis-restoring program in response to stress and 

correlates with the activation of other pro-survival signals like autophagy. Thus, 

the phosphorylation of eIF2a appears to be crucial for stress-induced autophagy 
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(Figure 3). Several studies have implied a role for ATF4 and CHOP in the induction 

of autophagy (45,46). These transcription factors can bind either individually or as a 

complex to specific cis promotor elements leading to the activation of genes involved 

in autophagy (45). Since our studies also investigated the role of autophagy markers 

in HCV infection we will briefly introduce some general concepts of cellular stress 

induced-autophagy in the next section. 

Autophagy is a rescue signal activated after cellular stress
 
Several groups have shown that autophagy can act as a cell survival mechanism 

under stress conditions through activation of the eIF2a/ATF4 pathway (45,47). 

B´chir et al, using mouse embryonic fibroblasts treated with tunicamycin, an agent to 

induce ER-stress, demonstrated that the eIF2a/ATF4 pathway directs an autophagy 

gene transcriptional program involved in adaptation to stress (45). After ER-stress 

induction the activation of PERK leads to eIF2a phosphorylation and subsequent ATF4 

translation. A set of ATF4/CHOP target genes implicated in the formation, elongation 

and function of autophagosomes was identified: the expression of Atg16l1, Map1lc3b, 

Atg12, Atg3 and Gabarapl2 were ATF4-dependent. The interaction between ATF4 and 

CHOP controlled the expression of p62/Sqstm1 and Atg7, while Atg10 and Atg5 were 

CHOP-dependent (Figure 4) (45). A similar study using electron microscopic analysis 

of neuroblastoma SK-N-SH cells exposed to ER stressors demonstrated an increased 

autophagosome formation during ER-stress. Activation of the IRE1 signaling pathway 

was required for autophagy induction which protected the cells from ER-stress- 

induced apoptosis, since cells treated with the autophagy inhibitor 3-methyladenine 

(3-MA) underwent cell death (48).

Autophagy constitutes a major protective mechanism in response to cellular stress. 

In its simplest form, as in yeast, autophagy represents the adaptation to starvation. 

However, autophagy has multiple roles leading to both adaptive and harmful 

outcomes (49). Three types of autophagy have been described: macroautophagy, 

microautophagy and chaperone-mediated autophagy (CMA). These three autophagic 

pathways all contribute to lysosomal degradation but differ in their regulation, type of 

cargo and the mechanisms that determine the targeting of the cargo to the lysosomal 

compartment for degradation. In macroautophagy, isolated membranes, referred to as 

phagophores have the capability to engulf intracellular components including a portion 

of the cytoplasm, soluble proteins, aggregated proteins, organelles, macromolecular 

complexes, and foreign bodies resulting in the formation of cellular structures 

surrounded by a double membrane called autophagosome. The autophagosomes fuse 

with the lysosomes to form the autolysosome leading to the degradation of engulfed 

material (49,50). 

Figure 4. Autophagy gene transcriptional program after eIF2a/ATF4 pathway activation. ATF4 and CHOP 
individually or as a heterodimer trigger the activation of a set of genes involved in autophagy after activation 
of the eIF2a/ATF4 pathway.

 

In microautophagy, the lysosomal membrane is invaginated and differentiated into a 

structure termed “autophagic tube” to enclose portions of the cytosol. Microautophagy 

is characterized by several sequential stages. The process starts with invagination of 

the lysosomal membrane and formation of the autophagic tube. In this stage, specific 

lipids and lipid-modifying proteins together with dynamin-related GTPases play an 

important role in membrane fission and fusion events as well as with the expansion 

and separation of the vesicle from the lysosomal membrane. After separation, the 

vesicle can move into the lysosomal lumen. Subsequently, hydrolases from the family 

of autophagy-related proteins (Atg), like Atg15p, degrade the vesicle and its content is 

recycled by the action of proteins like Atg22p (51).

Chaperone-mediated autophagy (CMA) is a selective lysosomal pathway for the 

degradation of cytosolic proteins. In contrast to macro- and microautophagy, it acts 

as a recycling system that mediates the breakdown of specific proteins and/or as a 
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of the cytoplasm, soluble proteins, aggregated proteins, organelles, macromolecular 

complexes, and foreign bodies resulting in the formation of cellular structures 

surrounded by a double membrane called autophagosome. The autophagosomes fuse 

with the lysosomes to form the autolysosome leading to the degradation of engulfed 

material (49,50). 
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quality control mechanism to remove damaged or incorrectly synthesized proteins. It 

may also serve as a cellular defense mechanism for the elimination of harmful proteins 

from e.g. pathogens (52). The selectivity of CMA is determined by the amino acid motif 

KFERQ present in all substrate proteins in CMA. The exact order of amino acids in this 

motif is not essential, but rather the charge of the residues in this sequence (53). The 

CMA targeting motif always contains a glutamine (Q), one acidic aspartic acid (D) or 

glutamic acid (E) amino acid, a basic lysine (K) or arginine (R) amino acid, a hydrophobic 

amino acid and a basic or hydrophobic (not negatively charged) amino acid (54). The 

KFERQ-like CMA targeting motif is recognized in the cytosol by a group of chaperones 

and co-chaperones. The heat shock cognate protein of 70 kDa (hsc70) transports the 

substrate to the lysosomal membrane and facilitates substrate unfolding for protein 

translocation across to the lysosomal membrane. The translocation involves a luminal 

form of hsc70 (lysosomal (lys)-hsc70) and a set of co-chaperones like heat shock 

cognate protein of 90 kDa (hsc90), heat shock cognate protein of 40 kDa (hsc40), 

Bcl-2 associated athanogene 1 (Bag-1), hsc70-hsc90 organizing protein (Hop) and 

hsc70-interacting protein (Hip) (52,55). Once at the lysosomal surface, the uptake 

of the substrate is mediated by CMA receptors, including the lysosome-associated 

membrane protein type 2A (LAMP-2A) (52). 

Autophagy is essential for HCV replication and viral 
persistence 

All three types of autophagy are observed in HCV infected cells in liver biopsies and in 

several cell culture models. Using various techniques, including electron microscopy 

and immunoblotting for microtubule-associated protein 1A/1B-light chain 3 (LC3), an 

increased number of autophagic vesicles in liver tissue of chronic HCV patients was 

observed compared to liver biopsies from patients with a different etiology of liver 

disease like HBV infection, nonalcoholic steatohepatitis and alcoholic liver disease 

(56). In addition, increased levels of autophagy parameters like Beclin-1, activation 

of the mammalian target of rapamycin (mTOR) signaling pathway and conversion 

of the cytosolic form of LC3 (LC3-I) to the phosphatidylethanolamine-conjugated 

form LC3-II (which is recruited to autophagosomal membranes) were observed after 

HCV infection (35,57,58). HCV-induced autophagy is essential for the persistence of 

infection since knockdown of autophagy-related factors or the chemical inhibition of 

autophagy abrogates HCV replication (35,58–60). It is now well established that HCV 
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induces autophagy to support its own replication. However, the molecular mechanisms 

by which HCV induces the biogenesis of autophagosomes and how its RNA replication 

complex is assembled on autophagosomes are largely unknown, in particular the 

mechanism(s) by which preautophagosomal structures (phagophores) elongate their 

membranes and mature towards fully formed autophagosomes. Phagophores were 

thought to extend their membranes to form the enclosed autophagosomes, but more 

recent studies indicate that they can also undergo homotypic fusion to generate 

autophagosomes (61). Wang et all, using Huh-7 cells harboring an HCV subgenomic 

RNA replicon identified crescent membrane structures that resembled phagophores, 

which appeared to be able to undergo homotypic fusion to form autophagosomes. This 

process was dependent on SNARE (Soluble NSF [N-ethylmaleimide-sensitive factor] 

Attachment Protein Receptor) protein syntaxin 7 (STX7), which is known to play an 

important role in mediating the fusion of vesicular membranes in cells (62). 

There is controversy whether HCV can efficiently induce the fusion between 

autophagosomes and lysosomes. The term “autophagic flux” is used to denote the 

dynamic process of autophagosome synthesis, delivery of autophagic substrates to 

the lysosome, and degradation of autophagic substrates inside the lysosome (63). 

Therefore, it seems likely that impairment or inhibition of the final stages of autophagy 

is mandatory for successful HCV replication. UV Radiation Resistance Associated 

(UVRAG) protein plays an important role in the maturation of autophagosomes. 

Together with the homotypic fusion and protein-sorting/class C vacuole protein-

sorting (HOPS/class C Vps) complex it activates the GTPase Rab7 and facilitates 

fusion between autophagosomes and lysosomes (64,65). The activity of UVRAG is 

antagonized by the protein Rubicon (RUN domain and cysteine-rich domain containing 

Beclin 1-interacting protein), which can sequester UVRAG preventing interaction 

with HOPS/class C Vps complex and activation of Rab7 and hence, preventing the 

maturation of autophagosomes. In Huh7.5 cells infected with HCV, the expression 

levels of Rubicon and UVRAG were determined at various time points after infection. 

Rubicon levels were increased 6-48 hours post-infection. These results suggest an 

impaired maturation of the autophagosomes in the first 24 hours after HCV infection, 

allowing enhanced viral replication. These results were confirmed by Rubicon siRNA 

knockdown and transient Rubicon overexpression. Therefore, HCV can regulate the 

autophagic flux to enhance its own replication through the differential expression of 

Rubicon and UVRAG (66).
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To successfully establish a chronic HCV infection, the virus has evolved sophisticated 

mechanisms to evade the host immune response. E.g. the HCV NS3/4A protease can 

cleave mitochondrial antiviral signaling protein (MAVS) to suppress the induction of 

type I interferons after the recognition of pathogen-associated molecular patterns 

(PAMPs) via pattern recognition receptors (PRRs) (67). Another example is the HCV 

protein NS3/4A mediated cleavage of Toll–interleukin-1 [IL-1] receptor domain 

containing adaptor-inducing interferon beta (TRIF), an adaptor molecule involved in 

Toll-Like receptor 3 (TLR3) signaling (68). Recently, tumor necrosis factor receptor 

(TNFR)-associated factor 6 (TRAF6), an important adaptor molecule that mediates 

the TNFR family and interleukin-1 (IL-1)/TLR signaling cascades, was shown to be 

degraded via autophagy in Huh7 cells containing a subgenomic HCV replicon resulting 

in suppression of proinflammatory cytokines and enhancing HCV replication. 

Interestingly, treatment of these cells with Bafilomycin 1A, an inhibitor of autophagic 

protein degradation via lysosome, prevented TRAF6 degradation, suggesting a link 

between autophagy induction and impairment of the innate immune response by HCV. 

In  these experiments TRAF6 degradation was mediated by the p62/sequestosome 1 

(SQSTM1) protein (69). 

Autophagy also regulates HCV protein synthesis during 
cellular stress 

As discussed in section 4., autophagy may facilitate and promote HCV replication 

and viral persistence. However, autophagy has also been implicated to control and 

suppress HCV replication and persistence.

In hepatocytes, the different types of autophagy can be observed simultaneously as 

a result of cellular stress. The function of macroautophagy and CMA in hepatocyte 

resistance to oxidative stress was examined in a model of oxidative stress induced 

by the superoxide anion generator menadione. The inhibition of macroautophagy 

by autophagy-related gene 5 (ATG5) knockdown resulted in a deleterious effect and 

sensitized cells to death from a nontoxic concentration of menadione. This cell death 

was mediated by the c-Jun N-terminal kinase (JNK) signaling pathway, cytochrome 

c release from mitochondria and effector caspases 3 and 7 activation (70). A similar 

effect was observed after inhibition of CMA by knockdown of LAMP-2A, although 

in this case no hyperactivation of JNK was detected. Pharmacological inhibition of 
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macroautophagy in cells with genetic knockdown of CMA aggravated menadione-

induced cell death. These results suggest that both types of autophagy play important 

roles in the resistance against oxidative stress and that there is some redundancy 

between the two types of autophagy (70,71). 

Since different types of autophagy can be activated simultaneously during stress 

conditions in hepatocytes, a similar effect can be expected during HCV infection. 

Indeed, all three types of autophagy have been described in HCV infection (58,72,73) 

and probably the activation of some pathways, like macroautophagy, could represent 

a positive effect for HCV replication while other types like CMA or microautophagy 

can induce the opposite effect and negatively regulate virus production. However, the 

net result of the simultaneous activation of different autophagic pathways in HCV 

infection on viral replication and persistence may therefore be difficult to predict. 

Although the activation of autophagic pathways appear to be protective to the 

infected cells, the effect of activation of these pathways on actual HCV replication and 

HCV protein synthesis may vary. 

Since hepatocytes can activate different types of autophagy to overcome oxidative 

stress, in previous studies our group have investigated the role of autophagic pathways 

in cell survival of hepatocytes that overexpress HCV viral proteins and additionally 

were treated with an inductor of oxidative stress, this two hits inducing oxidative 

stress model was used to mimic in vitro the in vivo conditions of HCV infection. Huh7 

cells expressing the pro-oxidant HCV proteins Core, NS3/4A or NS5A, were treated 

with menadione. Surprisingly, Huh7 cells transiently expressing the viral proteins 

Core and NS3/4A were more resistant to menadione-induced oxidative stress and 

cell death. A significant reduction in total and mitochondrial ROS production was 

observed together with suppression of oxidative-stress induced apoptosis. In addition, 

in Huh7 cells expressing HCV NS3/4A and subjected to external oxidative stress 

(menadione) the expression of ER-stress markers (Grp78, sXBP1) was also reduced 

(Submitted manuscript). In a subsequent study, using stably transfected Huh7 cells 

expressing HCV Core, NS3/4A and NS5A, we observed increased degradation of 

HCV Core and NS5A proteins after menadione treatment. This menadione-induced 

degradation was prevented by the antioxidant N-acetyl-L-cysteine (NAC). HCV 

Core and NS5A degradation also occurred after H
2
O

2
 treatment, suggesting that 

the degradation is the consequence of oxidative stress in general and not because of 
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a specific menadione effect. HCV protein degradation correlated with reduced ROS 

production and oxidative stress-induced apoptosis. Since oxidative stress induced the 

activation of the eIF2a/ATF4 pathway and expression of CHOP, we hypothesize that 

selective autophagy is involved in HCV protein degradation (Figure 5). This hypothesis 

is further supported by the observation that the autophagic receptor/adaptor protein 

p62/SQSTM1 is essential for the elimination of the viral proteins Core and NS5A 

(Manuscript in preparation) (74). 

Future perspectives

Since the discovery and identification of HCV in 1989 (11), research in this field has 

grown rapidly with significant advances in the understanding of viral biology and 

pathophysiology and importantly in the development of successful antiviral treatments. 

Today, the safety, tolerability and effectiveness of antiviral treatment has improved to 

>90% for all HCV genotypes worldwide (75). Therefore, the cure for HCV infection is 

near and the ambition of the WHO to eliminate viral hepatitis before 2030 is realistic 

(76). Nonetheless, there are still some unanswered questions and challenges: global 

HCV eradication, also in less well-developed countries; development of a preventive 

vaccine; access and cost of the therapy and virus resistance. In addition, there are still 

(scientific) questions with regard to viral persistence and pathology and host-virus 

interaction. 

The host-HCV interaction is the topic of our research and this review, with special 

emphasis on the adaptive response of the host cell (hepatocyte) to virus-induced 

cellular stress, including oxidative stress and ER-stress (Figure 1 and Figure 5). 

We conclude from published studies and our own research that viral protein synthesis 

activates adaptive responses, including autophagy pathways, that act to limit viral 

protein load and thereby reduce oxidative stress and cell death (Figure 5). Exploitation 

of these pathways to reduce viral replication will be the next goal and might be a 

valuable addition to antiviral therapy. However, the first challenge will be to translate 

our in vitro studies to more clinically relevant models and conditions. 
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Figure 5. HCV proteins are selectively degraded in response to oxidative stress. In Huh7 cells expressing 
HCV viral proteins and subjected to oxidative stress, Core and NS5A HCV proteins as well as the 
autophagic receptor/adaptor protein p62 are selectively degraded. Involvement of the eIF2a pathway was 
demonstrated by the increased expression of ATF4 and CHOP. 
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Abstract

The occurrence of oxidative stress and endoplasmic reticulum (ER) stress in hepatitis 

C virus (HCV) infection has been demonstrated and suggested to play an important 

role in liver injury, fibrogenesis, cirrhosis and hepatocellular carcinoma (HCC). During 

viral infection, hepatocytes must handle not only the replication of the virus and 

expression of viral proteins, but also inflammatory signals generating oxidative stress 

and damage. Although several mechanisms exist to overcome cellular stress, little 

attention has been given to the adaptive response of hepatocytes during exposure 

to multiple noxious triggers. In the present study, Huh-7 cells and hepatocytes 

expressing HCV Core or NS3/4A proteins, both inducers of oxidative and ER stress, 

were additionally challenged with the superoxide anion generator menadione to mimic 

external oxidative stress. The production of reactive oxygen species (ROS) as well as 

the response to oxidative stress and ER stress were investigated. We demonstrate 

that hepatocytes diminish oxidative stress through a reduction in ROS production, 

ER-stress markers (HSPA5 [GRP78], sXBP1) and apoptosis (caspase-3 activity) despite 

external oxidative stress. Interestingly, the level of the autophagy substrate protein 

p62 was downregulated together with HCV Core degradation, suggesting that 

hepatocytes can overcome excess oxidative stress through autophagic degradation 

of one of the stressors, thereby increasing cell survival. In conclusion, hepatocytes 

exposed to direct and indirect oxidative stress inducers are able to cope with cellular 

stress associated with viral hepatitis and thus promote cell survival.
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Introduction

Hepatitis C Virus (HCV) infection is a major infectious disease characterized by 

high morbidity and mortality. According to the World Health Organization (WHO), 

71 million people have chronic HCV infection causing around 400,000 deaths each 

year worldwide (1). Acute and chronic hepatitis caused by HCV can vary in severity 

and outcome although 60% to 85% of all cases progress to chronic infection (1). The 

treatment of chronic HCV infection has been revolutionized with the introduction 

of direct-acting antivirals (DAA) and more than 95% of patients who complete DAA 

treatment eliminate the virus (2). Despite these advances in therapeutic approaches, 

HCV is still an important global public health problem and many unanswered questions 

about HCV pathogenesis and biology remain. 

HCV is an enveloped virus belonging to the Flaviviridae family. The viral genome is 

a positive-sense single-stranded RNA (+ssRNA), which encodes a polyprotein of 

around 3,100 amino acids (3). During viral replication, the polyprotein is co- and post-

translationally cleaved into 4 structural (Core, E1, E2 and p7) and 6 nonstructural 

proteins (NS2, NS3, NS4A, NS4B, NS5A and NS5B) by host and viral proteases (4). An 

additional protein, the F protein, may be the product of an alternative reading frame in 

the Core encoding sequence (5).

It has been demonstrated that HCV replication and expression of viral proteins induce 

cellular stress that may play an important role in the pathogenesis of liver injury and 

liver fibrogenesis (6,7). The altered cellular homeostasis due to the infection can result 

in increased oxidative stress and/or endoplasmic reticulum (ER) stress. This may lead 

to an adaptive response to maintain or restore homeostasis and prevent cell death, 

but this has not been investigated in HCV-infected cells (8). 

Increased oxidative stress has been observed in liver biopsies from patients with 

chronic HCV infection and the generation of reactive oxygen species (ROS) was 

significantly higher in patients infected with HCV compared to other liver diseases 

(9,10). In addition, consequences of oxidative stress like free radical-mediated 

lipid peroxidation, steatosis and increased levels of pro-oxidant markers were also 

increased during chronic HCV (11).



Chapter 3

60

HCV Core, NS3, NS4A and NS5A proteins can all induce oxidative stress directly, 

although Core appears to be the strongest inducer (12–15). HCV Core (21 kDa) is 

a highly conserved protein and is the subunit of the viral capsid (16). Core triggers 

ROS generation via multiple mechanisms such as induction of nicotinamide adenine 

dinucleotide phosphate oxidases 1 and 4 (NOX1, NOX4) and cyclo-oxygenase 2 

(COX2) (17). NS3 is a 67 kDa protein. Its N-terminal region has serine protease activity 

and its C-terminal region has an NTPase/helicase function. The enzymatic activity of 

NS3 requires the presence of NS4A as a cofactor (18). 

HCV protein synthesis also induces ER stress in the host cell, as shown for Core and 

NS3/4A (19–22). In response to ER stress, mammalian cells activate the Unfolded 

Protein Response (UPR). The UPR is an adaptive mechanism that reduces stress 

by enhancing protein folding, decreasing protein load at the ER and promoting the 

expansion and rearrangement of the ER membrane. The UPR is composed of three 

classes of ER-stress sensors: Protein kinase R (PKR)-like Endoplasmic Reticulum 

Kinase (PERK), Activating Transcription Factor 6 (ATF6) and Inositol-Requiring 

protein 1 (IRE1 or the human homologue Endoplasmic reticulum to nucleus signaling 

1) (23). Glucose-Regulated Protein 78 (GRP78, also known as immunoglobulin heavy 

chain-binding protein [BiP] encoded by the HSPA5 gene) plays an important role as 

inducible chaperone in the UPR. Since HCV infection results in accumulation of HCV 

proteins in the ER, GRP78 can bind to unfolded viral proteins, triggering the activation 

of PERK, ATF6 and IRE1 (24,25). Inability to resolve ER stress can lead to cell death by 

apoptosis (26). 

During chronic HCV infection, the combination of oxidative stress and ER stress 

induced by viral protein synthesis poses a severe threat to the hepatocyte. The aim 

of this study was to investigate whether hepatocytes can resist the effects of direct 

and indirect oxidative stress e.g. by activating an antioxidant response and/or UPR. 

To answer this question, we decided to use transfected primary rat hepatocytes and 

human hepatoma cells expressing HCV Core or NS3/4A protein, exposed to external 

oxidative stress induced by the superoxide anion donor menadione (2-Methyl-1,4-

Naphthoquinone) which has been extensively used to study redox biology of the cell 

(27–29). In previous studies of our group, we demonstrated that menadione-induced 

apoptosis is mediated by superoxide anions and dependent on phosphorylation of 

c-Jun N-Terminal Kinases (JNK) and subsequent activation of caspase-9, -6 and -3 
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(30). We found that hepatocytes expressing HCV proteins Core and NS3/4A are more 

resistant to external oxidative stress than non-infected hepatocytes.

Methods

Vectors and cloning

The mammalian expression vector pTracerTM-EF/V5-His (Invitrogen) was used as 

backbone for subcloning HCV Core and NS3/4A coding sequences. The expression 

of HCV Core and NS3/4A recombinant proteins was under the control of the human 

elongation factor 1a (hEF-1a) promotor. The expression of green fluorescent protein 

(GFP) under the control of the human cytomegalovirus immediate-early promotor 

was used to determine the transfection efficiency. Sets of primers were designed to 

amplify the HCV sequences from the full-length HCV JFH-1 replicon, genotype 2a 

(kind gift of Dr. Wakita from National Health Institute of Japan [Apath, strain reference 

APP1025]). Primer sequences are described in Supplementary Table 1. Fragments 

of 574 and 2,050 base pairs (bp) were amplified, corresponding to the sequences of 

Core and NS3/4A, respectively. The sequences were inserted into pTracerTM-EF/V5-

His, using the EcoRI and Xba1 restriction sites. The pTracerTM-EF/V5-His was used as a 

negative control (empty vector). Cloning and generation of plasmids were confirmed 

by sequencing (BaseClear, Leiden, the Netherlands).

Isolation and transfection of rat primary hepatocytes

Primary hepatocytes were isolated from pathogen-free male Wistar rats (220-250 g; 

Harlan, the Netherlands) using a two-step collagenase perfusion method as described 

previously (31). Trypan blue staining was used as viability test and only hepatocyte 

isolations with a viability above 85% were used. The animals were housed and 

treated following the guidelines of the local committee for care and use of laboratory 

animals from the University of Groningen. After isolation, 1.5x106 hepatocytes 

were cultured in collagen-coated T25 flasks with William’s E medium (Gibco, Cat N 

32551020) (Supplementary Table 2 for detailed description of medium composition) 

supplemented with 50 μg/mL of gentamycin (BioWhittaker, Verviers) and 50 nmol/L 

of dexamethasone (Sigma) for 4 h at 37°C and 5% CO
2 

to allow cells to attach. After 

the attachment period, cell cultures were 70% confluent and transfected with 
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LipofectamineTM 3000 transfection reagent (Invitrogen) and the expression vectors 

pTracerCore, pTracerNS3/4A and the empty vector (pTracerTM-EF/V5-His), separately. 

A ratio 2 mL:1 mg (Lipofectamine 3000: plasmid vector) was used. The Lipofectamine 

3000 and the plasmids were prepared in OPTI-MEMTM I (1X) reduced serum medium 

(Gibco) following the manufacturer’s instructions. Media was replaced 6 hours post-

transfection (hpt) and hepatocytes were subsequently cultured in William’s E medium 

supplemented with gentamycin (Gibco), and 1% penicillin-streptomycin (Gibco) for 24 

h. Transfection efficiency and cell toxicity were determined using flow cytometry and 

trypan blue exclusion staining, respectively. Experiments were conducted in duplicate 

wells and results are expressed as the average of three independent experiments.

Cell sorting of rat primary hepatocytes

Rat primary hepatocytes were sorted by fluorescence-activated cell sorting 

(FACS) using a Beckman Coulter MoFlo XDP cell sorter. Fluorescent (GFP+) and 

non-fluorescent (GFP-) populations were harvested in FACS buffer (1X Hank´s 

Balanced Salt Solution [HBSS] Ca2+ Mg2+/ 10% fetal bovine serum [FBS]) 30 hpt. The 

negative population was used as control cells, since they had been exposed to DNA-

lipofectamine complexes, but not transfected. To avoid cell damage we used a nozzle 

tip with a 100 μm diameter. The flow rate was kept at 6,000-8,000 events/sec. The 

yield was usually 1x106-1.5x106 cells.

Transfection and treatment of hepatoma cell line Huh-7

Huh-7 cells were maintained in Dulbecco’s modified Eagle medium (1X) + 

GlutaMAXTM- I (DMEM; Gibco, Cat N 10569010) (Supplementary Table 3 for detailed 

description of medium composition) supplemented with 10 % FBS (Gibco) and 1% 

penicillin-streptomycin (Gibco) at 37°C and 5 % CO
2
. Cells (3.0x105) were seeded in 

6-well plates and transfected after 24 h. Confluence was 80%. LipofectamineTM 3000 

(Invitrogen) and the expression vectors pTracerCore, pTracerNS3/4A and the empty 

vector were used separately at a ratio of 4 mL:1 mg (Lipofectamine 3000: plasmid 

vector). The Lipofectamine 3000 and the plasmids were prepared in OPTI-MEMTM I 

(1X) reduced serum medium (Gibco) following the manufacturer’s instructions. Six 

hours after transfection the plasmid DNA-Lipofectamine complexes were removed 

and media was replaced. Transfection efficiency was determined using fluorescence 
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microscopy and flow cytometry based on the expression of GFP 24 h after media 

were replaced, which means 30 hpt. Additionally, cell toxicity after transfection was 

determined by trypan blue exclusion staining. Cells were treated 30 hpt with 50 

µmol/L menadione, used as a donor of superoxide anions, to induce oxidative stress 

for 6 h and viability was determined by trypan blue staining. As a control, Huh-7 cells 

were pre-treated 30 minutes before induction of oxidative stress with 5 mmol/L NAC 

(Sigma), an antioxidant, to suppress the menadione effect. Additionally, Huh-7 cells 

pre-treated with 5 mg/mL tunicamycin (Sigma) for 6 h were used as a positive control 

for ER stress experiments. Experiments were conducted in duplicate wells and results 

are expressed as the average of five independent experiments.

RNA isolation and RT-qPCR

Huh-7 cells and rat primary hepatocytes were harvested on ice and washed three times 

with ice-cold 1X HBSS. Total RNA was isolated with TRI-reagent (Sigma) according to 

the manufacturer’s instructions. Reverse transcription (RT) was performed using 2.5 

µg of total RNA, 1 X RT buffer (500 mmol/L Tris-HCl [pH 8.3]; 500 mmol/L KCl; 30 

mmol/L MgCl
2
; 50 mmol/L DTT), 1 mmol/L deoxynucleotides triphosphate (dNTPs, 

Sigma), 10 ng/µL random nanomers (Sigma), 0.6 U/µL RNaseOUTTM (Invitrogen) and 4 

U/μL M-MLV reverse transcriptase (Invitrogen) in a final volume of 50 μL. The cDNA 

synthesis program was 25°C/10 min, 37°C/60 min and 95°C/5 min. Complementary 

DNA (cDNA) was diluted 20 X in nuclease-free water. Real-Time qPCR was carried 

out in a StepOnePlus™ (96-well) PCR System (Applied Biosystems, Thermofisher) 

using TaqMan probes, the sequences of the probes and set of primers are described 

in Supplementary Table 4. For qPCR, 2 X reaction buffer (dNTPs, HotGoldStar DNA 

polymerase, 5 mmol/L MgCl
2
) (Eurogentech, the Netherlands), 5 μmol/L fluorogenic 

probe and 50 µmol/L of sense and antisense primers (Invitrogen) were used. mRNA 

levels were normalized to the housekeeping gene 18S and further normalized to the 

mean expression level of the control group.

Cellular oxidative stress and mitochondrial superoxide determination

The fluorogenic probe CellROX® Deep Red Reagent (Invitrogen) was used to measure 

total cytoplasmic ROS according to the manufacturer’s instructions. After menadione 

treatment, 5 µmol/L of CellROX reagent was added to the cells. After incubation, 
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media was removed and cells were washed three times with 1 X HBSS Ca2+ Mg2+ 

(Gibco), harvested with 1 X trypsin (Gibco) and analyzed by flow cytometry using a BD 

FACSVerse system and 635 nm laser. Mitochondrial production of superoxide anions 

was measured using MitoSOX™ Red reagent. 5 µmol/L MitoSOX™ reagent working 

solution was added to the cells. After 10 min, media was removed and cells were 

washed with 1 X HBSS Ca2+ Mg2+ (Gibco) and harvested for flow cytometry analysis 

using a 488 nm laser. Five independent experiments were carried out and the results 

are expressed as average.

Apoptosis and detection of caspase 3 activity

Apoptosis of transfected Huh-7 cells was detected using MitoProbeTM DilC1(5) 

combined with propidium-iodide (PI) (Thermo-Fisher Scientific) following the 

manufacturer’s instructions. After transfection, Huh-7 cells were harvested in FACS 

buffer and incubated with 50 nmol/L of DilC1(5) during 20 min at 37°C and 5 % CO
2
. 

Cells were washed three times and pelleted in FACS buffer. Subsequently 1 µL of a 

100 µg/mL PI solution was added and cells were incubated for 15 min at 37°C. Flow 

cytometry was performed using the BD FACSVerse system with 488 nm and 633 

nm excitation lasers and analysis of apoptotic cells was plotted against reduction of 

DilC1(5) staining, indicating mitochondrial membrane potential disruption. Three 

independent experiments in duplicate were analyzed. A fluorometric assay was 

performed to determine caspase 3 activity in Huh-7 cells transfected and treated 

with menadione. Caspase 3 activity was measured as described previously (32). 

Fluorescence was quantified in a spectrofluorometer at an excitation of 380 nm and 

emission of 430 nm. The arbitrary units of fluorescence (AUF) from three independent 

experiments were used to calculate the results.

Immunofluorescence microscopy

Huh7 cells (9.0x104) were grown on glass cover slips placed in 12-well plates. After 

24 h, attached cells were transfected according to the protocol described above. 24 

hpt, media were removed and cover slips were carefully washed three times with 1X 

HBSS Ca2+ Mg2+ (Gibco). Then, cells were fixed using a 4% paraformaldehyde solution 

in 1X HBSS Ca2+ Mg2+ (Gibco) for 10 min at room temperature and washed 3 times 

with 1X HBSS-10% FBS solution. Permeabilization was performed by incubation of 
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the samples for 10 min in 1X HBSS containing 0.1% Triton X-100 (Sigma). 1% Bovine 

serum albumin (BSA, Sigma) in 1X HBSS + 0.1% Tween 20 (Sigma) solution was used to 

block non-specific binding of the antibodies for 30 min. Monoclonal antibodies against 

HCV Core (Clone B12-F8, kindly provided by prof. Dr. Mondelli (33) and HCV NS3/4A 

(Clone 8 G2, (Abcam)) were used at a dilution of 1:1,000 in 1% BSA/1X HBSS in a 

humidified chamber for 1 h at room temperature. Samples were subsequently washed 

three times with 1% BSA in 1X HBSS solution. Finally, cells were incubated with goat 

anti-mouse Alexa Fluor® 568 in 1% BSA/1X HBSS for 1 h at room temperature in the 

dark. Slides were evaluated using fluorescence microscopy and analyzed by Leica ALS 

AF Software (Leica).

Western blot

Cell lysates were resolved on Mini-PROTEAN® TGX Stain-FreeTM Precast Gels 

(BioRad). Semi dry-blotting was performed using Trans-Blot Turbo Midi Nitrocellulose 

Membrane with Trans-Blot Turbo System Transfer (BioRad). Ponceau S 0.1% w/v 

(Sigma) staining was used to confirm protein transfer. The monoclonal antibodies 

human anti-HCV Core B12-F8, kindly provided by prof. Dr. Mondelli (33) and mouse 

anti-HCV NS3/4A (8 G-2; Abcam) were used at a dilution of 1:1,000 and mouse anti-

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Calbiochem) at a dilution 

of 1:10,000. Polyclonal rabbit anti-Microtubule Associated Protein 1 Light Chain 3 

Beta (LC3B) (Cell Signaling) and anti-p62/SQSTM1 (Sequestosome 1) (Cell Signaling) 

were used at 1:1,000 dilution. Secondary horseradish peroxidase (HRP)-conjugated 

antibodies were used. The blots were analyzed in a ChemiDoc XRS system (Bio-Rad). 

Protein band intensities were quantified by ImageLab software (BioRad).

Statistical analysis 

All experiments were performed using at least three different hepatocyte isolations 

for the rat primary hepatocytes and at least three independent experiments using 

Huh-7 cells. The average ± standard deviation (s.d.) were calculated for each 

experiment. The Graphpad Prism 5 software (GraphPad Software) was used for 

statistical analysis and comparisons were evaluated by unpaired, two-tailed t-test. 

For the group analysis two-tail ANOVA and Bonferroni post-test were performed. A 

p value of <0.05 was considered statistically significant. 
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Results

Reactive oxygen species production is attenuated in hepatocytes 
expressing HCV Core or NS3/4A proteins.

Huh-7 cells were transiently transfected with HCV Core or NS3/4A expression 

vectors and transfection efficiency was approximately 60%  4.8 (Fig. S1a and S1b). Cell 

viability after transfection was 95% ± 1.4, 92.5% ± 3.5, 94.5% ± 2.12 and 95% ± 1.4 for 

not transfected (NT), Empty, Core, and NS3/4A transfected cells respectively, which 

suggests that HCV Core and NS3/4A expression did not induce a cytotoxic effect (Fig. 

S1c). The expression of Core and NS3/4A proteins was demonstrated by Western blot 

and immunofluorescence (IF) 30 hpt (hours post-transfection) (Fig. S1d and S1e). The 

superoxide anion donor menadione significantly increased total ROS levels, which was 

blocked by the anti-oxidant NAC (N-Acetyl-L-cysteine) (Fig. S2). Transfection of Huh-7 

cells did not affect total ROS production (Fig. 1a: white bars). Although not statistically 

significant, menadione-induced total ROS production tended to be lower in Core and 

NS3/4A transfected Huh-7 cells compared to empty vector transfected and NT Huh-

7 cells (Fig. 1a). Since HCV Core and NS3/4A can translocate to the mitochondria, 

mitochondrial superoxide anion production was also evaluated (Fig. 1b). As before, 

transfection did not affect mitochondrial superoxide production (Fig. 1b: white 

bars). Mitochondrial ROS production was significantly increased after menadione 

treatment. Interestingly, mitochondrial ROS production was significantly reduced 

in cells expressing HCV Core and additionally exposed to external oxidative stress 

(menadione treatment), but not in NS3/4A expressing cells (Fig. 1b). 

mRNA levels of antioxidant enzymes are not affected by expression of 
viral proteins or exposure to oxidative stress.

In response to oxidative stress, cells can activate an enzymatic antioxidant response for 

ROS detoxification. Therefore, we investigated the expression of key anti-oxidant genes 

in Huh-7 cells transfected with viral proteins and exposed to menadione as oxidative 

stressor. The mRNA expression of both cytosolic copper and zinc-dependent superoxide 

dismutase (SOD1) and mitochondrial manganese-dependent superoxide dismutase 

(SOD2) did not change in response to expression of viral proteins and after menadione 

treatment (Fig. 2a). Likewise, the mRNA expression of two additional important anti-

oxidant genes, catalase (CAT) and glutathione peroxidase 1 (GPx1) were not changed by 
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any of the interventions (Fig. 2b). The heme oxygenase-1 (HO-1) mRNA expression (Fig. 

2c) was determined to analyze activation of the Nrf2/ARE (nuclear factor E2-related 

factor 2/antioxidant responsive element) pathway as well as an indirect marker of 

oxidative stress (34). Expression of HO-1 was significantly induced after menadione 

treatment in non-transfected cells. Transfection with empty vector had no significant 

effect on HO-1 expression, indicating that transfection did not induce oxidative stress. 

In contrast, expression of Core alone did induce HO-1 mRNA confirming its capacity 

to induce activation of the Nrf2/ARE pathway and confirming the pro-oxidative role 

from HCV Core (13). Expression of NS3/4A did not induce HO-1 expression (Fig. 2c). 

Additionally, in Core-transfected cells exposed to menadione, HO-1 mRNA expression 

was significantly reduced compared to menadione-exposed non-transfected cells or 

cells transfected with empty vector (Fig. 2c). According to these results, the enzymatic 

antioxidant response, with the exception of HO-1, was not changed, at least not at the 

transcriptional level, by the expression of viral proteins or exposure to menadione.

Figure 1. Reactive oxygen species production is attenuated in hepatocytes expressing HCV Core or 
NS3/4A proteins and under external oxidative stress induction. Total reactive oxygen species (a) and 
mitochondrial superoxide anion production (b) were detected using a set of fluorogenic probes (Cell ROX® 
Deep Red Reagent and MitoSOXTM Red Reagent, respectively) in Huh-7 cells transiently transfected with 
the empty vector, pTracerCore or pTracerNS3/4A. Cells were treated with menadione (50 mM) 24 h post-
transfection for 6 h. As a control and to inhibit the effect of menadione, cells were pre-treated 30 min 
prior to menadione treatment with the anti-oxidant NAC (5mM). 2-way ANOVA was performed for group 
comparisons of the means with a Bonferroni post-test and in specific cases a t test was applied to compare the 
means between single comparisons; the asterisks represent the p value as: ***<0.001, **<0.003 and, *<0.05. (p 
value>0.05). NT=No treated cells.
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Figure 2. Antioxidant enzymes are not regulated by expression of viral proteins or exposure to oxidative 
stress in Huh-7 cells. The mRNA expression levels of the antioxidant SOD enzymes SOD1 and SOD2 (a), 
scavenging enzymes of H

2
O

2
, CAT and GPx1 (b), and HO-1 (c) were determined using qPCR in Huh-7 cells 

transiently expressing the empty vector, pTracerCore or pTracerNS3/4A with or without menadione 
treatment for 6 h. The relative mRNA expression was normalized to the expression of 18S. 2-way ANOVA 
was performed for a group comparison of the means with a Bonferroni post-test and t test was applied to 
compare the means between single comparisons; the asterisks represent the p value as: ***<0.001, **<0.003 
and, *<0.04. (p value>0.05). NT=No treated cells.

Core induces gene expression of heme-oxygenase-1 in rat primary 
hepatocytes.

To confirm the results obtained with transfected Huh-7 cells and to determine if HCV 

proteins are able to induce expression of antioxidant enzymes we repeated part of the 

experiments in primary rat hepatocytes. Rat primary hepatocytes were transiently 

transfected with the empty vector and pTracerCore or pTracerNS3/4A. Transfection 
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efficiency was determined using flow cytometry of GFP positive cells; transfection 

efficiency was 9.5% ± 3.2 for the empty vector, 16% ± 4.2 for pTracerCore, and 10.5% 

± 0.7 for pTracerNS3/4A (Fig. S3a). The expression of Core and NS3/4A in primary 

rat hepatocytes was confirmed by Western blot (Fig. S3b). After transfection, primary 

hepatocytes were sorted based on the expression of GFP. The expression of HO-1 was 

significantly increased in hepatocytes expressing HCV Core, but not NS3/4A protein, 

confirming the pro-oxidant role of Core protein and the results in Huh-7 cells (Fig. 3a). 

Expression levels of the antioxidant genes SOD1 (Fig. 3b) and SOD2 (Fig. 3c) were not 

affected by expression of Core or NS3/4A proteins, in line with the results obtained 

with Huh-7 cells.

Figure 3. Core induces gene expression of heme-oxygenase-1 in rat primary hepatocytes. Hepatocytes 
were transfected with the empty vector, pTracerCore and pTracerNS3/4A separately. 24 hpt cells were 
harvested and sorted according to the expression of GFP. Transfected [GFP(+)] and not transfected [GFP(-)] 
cells were obtained. (a) The mRNA expression of HO-1 was significantly increased in primary hepatocytes 
expressing HCV Core but not NS3/4A. The mRNA expression of antioxidant enzymes (b) SOD1 and (c) SOD2 
was not changed in hepatocytes expressing HCV Core or NS3/4A. mRNA levels were quantified by qPCR. 
Relative expression was normalized to 18S. t test was performed to compare the means and the asterisks 
represent p value *<0.03. (p value>0.05). NT=No treated cells.
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Hepatoma cells expressing Core and NS3/4A are resistant to apoptotic 
cell death induced by oxidative stress.

To determine whether HCV Core and NS3/4A-expressing cells are protected against 

external oxidative stress-induced apoptotic cell death, we exposed Core or NS3/4A-

expressing Huh-7 cells to menadione. Transfection alone (empty vector) did not 

affect survival of cells compared to non-transfected cells (Fig. 4a). A slight increase 

in apoptosis was observed in Huh-7 cells expressing HCV Core and NS3/4A (Fig. 4a). 

Menadione treatment significantly induced caspase 3 activity (Fig. 4b). After external 

oxidative stress induction, apoptosis was significantly reduced in cells expressing Core 

and NS3/4A compared to cells transfected with the empty vector, suggesting an anti-

apoptotic role of these proteins during oxidative stress induction (Fig. 4b). To confirm 

our results, cells were also treated with the antioxidant NAC to suppress the effect 

of menadione. As shown in Fig. 4b (gray bars), treatment with NAC restored the pro-

apoptotic profile of Core and NS3/4A.

Figure 4. Hepatocytes expressing Core and NS3/4A are resistant to apoptotic cell death induced by 
oxidative stress. (a) Huh-7 cells were transfected with empty vector, pTracerCore and, pTracerNS3/4A. 
24 hpt apoptotic cells were detected using DilC1(5) and propidium iodide (PI) and evaluated by flow 
cytometry according to manufacturer`s instructions. Expression of HCV Core and NS3/4A alone induces 
minor apoptosis. (b) Caspase 3 activity was determined in transfected Huh-7 cells treated with menadione 
(50 mM). Caspase 3 activity was significantly reduced in menadione-treated cells expressing HCV Core 
and NS3/4A compared to cells transfected with the empty vector. Treatment with the antioxidant NAC 
(5 mM) restored and even aggravated the apoptotic profile of HCV Core and NS3/4A. 2-way ANOVA was 
performed for group comparisons of the means with a Bonferroni post-test and in specific cases a t test was 
applied to compare the means between single comparisons; the asterisks represent p values: ***<0.001 and 
*<0.05. (p value>0.05). NT=No treated cells.
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Figure 5. ER stress is reduced in hepatocytes expressing HCV NS3/4A proteins after external oxidative 
stress induction. ER stress was assessed by determining mRNA expression of the ER stress markers GRP78 
(HSPA5) (a) and sXBP1 (b). Tunicamycin was used as a positive control to induce ER stress. Transfection with 
NS3/4A, but not with empty vector or Core, induced ER stress comparable to the ER stress induced by 
tunicamycin (5 mg/mL). In our model (menadione treatment), NS3/4A-induced ER stress was significantly 
reduced (a and b). t test was performed to compare the means of mRNA expression and the asterisks 
represent the p value: **<0.01 and *0.05. (p value>0.05). NT=No treated cells. DMSO=Dimethyl sulfoxide.

ER-stress is reduced in hepatocytes expressing HCV NS3/4A after 
external oxidative stress induction. 

Accumulation of viral proteins and RNA intermediates at the ER during HCV 

replication generate stress. Transient protein expression can also induce ER stress. 

To elucidate the ER stress profile in Huh-7 cells expressing Core and NS3/4A and 

after external oxidative stress induction, the mRNA levels of the ER stress markers 

GRP78 (HSPA5) and sXBP1 (spliced X-box binding protein 1) were determined (Fig. 

5). Transfection with empty vector or Core did not affect the expression of GRP78 
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(HSPA5) (Fig. 5a) or sXBP1 (Fig. 5b) in Huh-7 cells. In contrast, transfection of NS3/4A 

induced a statistically significant increase of GRP78 (HSPA5) and sXBP1 mRNA levels, 

comparable to the induction observed with the ER stress inducer tunicamycin (Fig. 5a 

and 5b). Interestingly, when cells were additionally treated with menadione (external 

oxidative stress induction), NS3/4A-induced ER stress was significantly reduced (Fig. 

5a and 5b). 

p62 may be involved in the reduction of oxidative stress via degradation 
of HCV Core protein

Autophagy is a survival mechanism after oxidative stress and ER stress (8,35). To 

explore the hypothesis that autophagy may be involved in the Core/NS3/4A-mediated 

adaptation to menadione-induced oxidative stress and cell death, we investigated the 

modulation of autophagy proteins, such as LC3 and p62/SQSTM1 (ubiquitin-binding 

protein p62/Sequestosome-1), in our model. Core and NS3/4A expression resulted 

in significantly increased LC3-II (Microtubule-associated protein 1A/1B-light chain 

3 (LC3)-phosphatidylethanolamine conjugate) levels and simultaneous degradation 

of p62/SQSTM1 (Fig. 6a). This autophagy profile was similar to the profile observed 

in Huh-7 cells under starvation for 2 h (Fig. S4). Menadione treatment induced 

degradation of p62/SQSTM1 in non-transfected cells, Huh-7 cells transfected with 

empty vector and in Huh-7 cells transfected with Core and NS3/4A, whereas LC3-

II levels did not change in response to menadione (Fig. 6b). Interestingly, when cells 

were treated with menadione (external oxidative stress induction), HCV Core protein 

level was significantly decreased in response to menadione, while the level of NS3/4A 

protein remained stable (Fig. 6b and 6c).
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Figure 6. p62 may be involved in the reduction of oxidative stress via degradation of HCV Core protein. 
(a) Huh-7 cells were transfected with the empty vector, pTracerCore and pTracerNS3/4A. 24 hpt the 
expression of LC3-I/II, p62, Core, NS3/4A and GAPDH (loading control) were determined by Western blot. 
Protein expression of LC3-II was increased, whereas expression of p62 was significantly decreased in cells 
expressing HCV Core and NS3/4A indicating autophagy. (b) Treatment with menadione also decreased 
expression of p62, whereas protein levels of LC3-II remained stable. Cells expressing HCV Core and NS3/4A 
also displayed clearly reduced levels of p62 whereas levels of LC3-II remained stable. (c) After menadione 
treatment, the protein level of HCV Core and NS3/4A was quantified. HCV Core was significantly reduced 
while the protein level of NS3/4A remained stable. t test was performed to compare the means from the 
densitometry analysis and the asterisks represent p values: **<0.06 and *<0.02. (p value>0.05). NT=No 
treated cells. MW=Molecular weight. 
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Discussion

During HCV infection, hepatocytes are exposed to direct and indirect stressors. 

We hypothesized that cells infected with HCV virus, may resist to these stressors, 

conferring a survival advantage to the infected cells, thus sustaining the viral infection. 

Firm evidence for this adaptive response and its mechanism is lacking, mainly due to 

the lack of suitable model systems to investigate this adaptive response. In this study, 

hepatocytes expressing HCV viral proteins are subjected to an additional stressor 

to mimic different sources of damage reflecting the in vivo situation. We chose 

oxidative stress as the additional stressor because of the close association between 

HCV infection and oxidative stress observed in clinically relevant liver samples and 

animal models (9,36). In our model, oxidative stress was generated by the superoxide 

anion donor menadione which has been extensively used before in redox studies 

(30). It is extremely difficult to reproduce the HCV replication cycle in vitro in primary 

non-transformed hepatocytes, because of the rapid dedifferentiation, the species-

specificity, the limited life-span of cultured primary hepatocytes and their resistance 

to transfection procedures (37,38); nonetheless, some reports exist in the literature 

(39). Therefore, we used Huh-7 hepatoma cells expressing the HCV proteins Core or 

NS3/4A to mimic the stress of viral protein synthesis. Yet, in some experiments we 

did use primary, non-transformed hepatocytes to validate our results. HCV Core and 

NS3/4A proteins were chosen since they are known to induce oxidative stress and  

ER stress respectively (12–14). In addition, it has been described that these proteins 

are localized in membranous structures like mitochondria and ER and therefore they 

are relevant with respect to modulation of mitochondrial redox state and ER stress 

(19,40). 

There are only a few reports that investigated adaptive mechanisms of HCV-infected 

liver cells (21,41). Seo et al, reported that HCV Core expressing HepG2 and Huh-

7.5 cells are more resistant to hydrogen peroxide (H
2
O

2
)-induced toxicity. H

2
O

2 

treatment increased the levels of protein p14 and induced the ubiquitin-dependent 

degradation of mouse double minute 2 (MDM2) protein with a subsequent reduction 

of MDM2-p53 interaction, accumulation of p53 and activation of p53-dependent 

apoptotic pathways. In this model, HCV Core decreased p14 expression, resulting in 

inactivation of the p14-MDM2-p53 pathway (41). 
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In our study, we demonstrate that HCV Core expression attenuates menadione-

induced mitochondrial ROS production as well as Core and/or NS3/4A attenuates 

apoptotic cell death. Although Core expression did not lead to a significant reduction 

in total ROS production, there was clearly a trend towards reduced total ROS 

production in cells expressing Core or NS3/4A. Furthermore, it has been described 

that selective depletion of only mitochondrial anti-oxidant status may provoke 

significant detrimental effects in hepatocytes (42). A very interesting observation 

is that antioxidants restore the sensitivity of Core and NS3/4A expressing cells to 

undergo apoptosis, indicating that some level of ROS production is essential for the 

protective effect of Core and NS3/4A against oxidative stress. These observations 

correlate well with the observed expression pattern of HO-1 mRNA. We and others 

have previously shown that HO-1, and its products bilirubin and carbon monoxide 

(CO) have antioxidant and anti-apoptotic effects. In fact, we have shown that CO 

protects against menadione-induced hepatocyte apoptosis (43). Our results are also in 

line with the phenomenon of preconditioning in ischemia-reperfusion injury, in which 

donor organs are exposed to a low level of oxidative stress, which protects against or 

attenuates subsequent major reperfusion injury. This phenomenon is, at least partially, 

mediated by HO-1 (44) and is in line with our results that expression of Core induces a 

low level of oxidative stress and HO-1 expression. Many genes responsive to oxidative 

stress, including HO-1, are regulated by the transcription factor Nrf2 which binds to 

Antioxidant Response Elements (ARE) in the promotor sequences of antioxidant genes 

(45). It has been shown that HCV infection can also activate Nrf2 and apparently Core 

and NS5A play an important role in this process (46,47). However, we did not observe 

transcriptional regulation of other major anti-oxidant genes like SOD1 and SOD2, CAT 

and GPx1, although we cannot rule out regulation at the post-transcriptional level.

Another mechanism by which HCV infection could interfere in cellular stress pathways 

is ER stress and the response to ER stress, the UPR system. ER stress is characterized 

by activation of the UPR via one or more of the signal transduction pathways PERK, 

ATF6 and IRE-1. The UPR serves to diminish ER stress (21). HCV infection will lead 

to the accumulation of viral proteins in the ER and viral protein synthesis can lead 

to ER stress (48,49). Consequences of ER stress and UPR are increased mRNA 

levels of GRP78 (HSPA5) that acts as an inducible chaperone in the UPR and sXBP1 

activation (23). We observed a clear activation of the UPR in response to ER stress 

in Huh-7 cells expressing NS3/4A, but not in Huh-7 cells expressing Core. This is in 
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line with a previous studies showing that NS3/4A is able to induce ER stress (50–52). 

Interestingly, when cells were exposed to external oxidative stress, the ER stress 

response and UPR activation in response to NS3/4A protein synthesis were reduced, 

indicating that despite the direct and indirect stressors in our model, hepatocytes 

attenuates not only apoptotic cell death but also ER stress. 

Finally, we investigated another stress response, autophagy, in our model using direct 

and indirect stressors. Autophagy has been described as a critical survival mechanism 

against a variety of death stimuli, including oxidative stress (35). Wang et al. reported 

that inhibition of autophagy in hepatocytes exposed to menadione-induced oxidative 

stress sensitizes cells to death from non-toxic concentrations of menadione and that 

autophagy-related pathways, like chaperone-mediated autophagy (CMA), plays an 

important role in this acquired resistance to oxidative stress (29). The inhibition of 

CMA sensitized the cells to death since oxidized proteins, pro-oxidant proteins and 

damaged organelles can no longer be degraded (53). In our experiments, expression 

of Core and NS3/4A resulted in significantly increased LC3-II levels and simultaneous 

degradation of p62. This autophagy profile was similar to that observed in Huh-7 cells 

under starvation for 2 h, indicating a shift towards autophagy. Menadione treatment 

alone only induced degradation of p62, but LC3-II levels did not change, indicating that 

menadione alone did not induce a shift from apoptosis to autophagy. We hypothesize 

that the expression of Core and NS3/4A shifts the cells towards autophagy and 

that this shift protects the cells against subsequent menadione toxicity. These 

results are in line with recent publications that show a similar protective effect of 

the autophagic phenotype (54–56). E.g. in tumor cells, degradation of the apoptotic 

initiator caspase 8 by autophagy was observed, resulting in reduced cellular stress 

and apoptosis. Likewise, in cholestasis, hepatotoxicity can be prevented by autophagy 

resulting in diminished ROS exposure. Autophagy is also involved in degradation of 

saturated fatty acids that induce hepatotoxicity (54–56). Interestingly, in our study 

we demonstrate that the shift towards autophagy after oxidative stress induction is 

accompanied by increased degradation of Core protein in hepatocytes. Since Core is 

a more potent inducer of oxidative stress than NS3/4A, this would also explain the 

reduced oxidative stress in hepatocytes expressing Core (Fig. 1) and it also explains 

the role of the antioxidant NAC in reversing the adaptive mechanisms in the model of 

several sources of damage. Additional experiments are necessary to confirm the role 

of autophagy and CMA in HCV Core degradation and the consequent resistance to 
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apoptosis due to oxidative stress. Our results do not unequivocally demonstrate that 

autophagy was involved in Core degradation. However, the simultaneous degradation 

of p62/SQSTM1 supports the idea that autophagy-related proteins may be involved in 

degradation of stress factors like Core. 

In summary, we demonstrate that expression of HCV proteins Core and NS3/4A 

induce a mild apoptotic and oxidative stress response in hepatocytes and this 

resistance attenuates the toxic effect of subsequent oxidative stress. The resistance 

to oxidative stress involves increased expression of protective anti-oxidant genes 

like HO-1, a shift towards an autophagic phenotype and a corresponding decrease in 

one of the stressors (Core protein) and reduced ER stress. Our study provides novel 

insights in the mechanism by which HCV infected hepatocytes adapt to survive in a 

hostile environment and suggests novel targets for intervention. Although we focused 

in our study mainly on HCV proteins Core and NS3/4A it will be interesting to evaluate 

additional HCV proteins like NS5 or even to extend these studies to other (hepatitis) 

viruses.
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Suplementary figures and tables

Supplementary Figure 1. Expression of HCV core and NS3/4A in Huh-7 cells. (a) Graphic representation 
of the HCV constructs pTracerEmpty, pTracerCore and pTracerNS3/4A generated from HCV JFH1 strain. 
(b) Transfection efficiency was determined by FACS based on GFP expression of transfected cells at 30 hpt. 
A representative experiment (histogram) and the average of three independent experiments are shown. (c) 
Cell viability of transfected cells was determined using trypan blue exclusion staining. (d) The expression of 
HCV Core and NS3/4A was demonstrated by Western blot in Huh-7 cells 30 hpt using anti-HCV Core and 
anti-NS3/4A antibodies. The expression of GAPDH was used as loading control. (e) The expression of HCV 
Core and NS3/4A was also demonstrated by immunofluorescence in Huh-7 cells 30 hpt using anti-HCV Core 
and anti-NS3/4A antibodies, the viral proteins are indicated by white arrows. Huh-7 cells transfected with 
the empty vector were used as a control. Red arrows in (a) indicated the restriction sites. P

EF-1a
= Elongation 

factor 1a promotor. BGHpA= Bovine growth hormone polyadenylation signal. P
CMV

=Cytomegalovirus 
Promotor. SV40pA= Simian virus 40 polyadenylation signal.
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Supplementary Figure 2. Oxidative stress induction using menadione treatment. Huh-7 cells were seeded 
in 6-well plates 24 h prior to Menadione treatment (50mM) for 6 h. Total ROS were quantified using CellROX 
fluorogenic probe according to manual instructions. As a control, Huh-7 cells were pre-treated with NAC 
during 30 min before oxidative stress induction. t test was performed to compare the means of the signal 
intensity and the asterisks represent p values: **<0.06 and *<0.02. (p value>0.05).

 

Supplementary Figure 3. Transfection of rat primary hepatocytes. (a) Transfection efficiency was 
determined by FACS based on GFP expression of transfected cells. A representative experiment (histogram) 
and the average of three independent experiments are shown. (b) The expression of HCV Core and NS3/4A 
was confirmed by Western blotting 24 hpt using anti-HCV Core and anti-NS3/4A antibodies. The expression 
of GAPDH was used as loading control.
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Supplementary Figure 4. Starvation of Huh-7 cells. Huh-7 cells were seeded and 24 h were subjected 
to serum and glucose starvation for 2 h. Then cells were harvested and lysed.  LC3-I/II and p62 were 
determined by western blot using specific antibodies. Densitometry analysis were performed to LC3-I/
II and p62 protein expression. t test was performed to compare the means of the signal intensity and the 
asterisks represent p values: *<0.02. (p value>0.05). MW=Molecular weight.
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Supplementary Table 1. Primer sets for HCV Core and NS3/4A cloning.

Name Sense Fragment* Sequence (5´ - 3´)

Core_F Forward 365 to 386 GAGAGAATTCACCACCATGAGCACAAATCCTAAACCTT

Core_R Reverse 920 to 937 GAGATCTAGAAGCAGAGACCGGAACGGT

NS3/4A_F Forward 3455 to 3473 GAGAGAATTCACCACCATGGCTCCCATCACTGCTTATG

NS3/4A_R Reverse 5491 to 5509 GAGATCTAGAGCATTCCTCCATCTCATCA

*Fragment represent the nucleotide position for annealing, based on the full-length HCV JFH1 replicon 
genotype 2a, strain reference APP1025 (Apath)

Supplementary Table 2. Detailed description of the William´s E Medium, GlutaMAX™ 

Supplement (Gibco, Cat N 32551020).
Components Concentration (mg/L) mM

Glycine 50.0 0.6666667

L-Alanine 90.0 1.011236

L-Alanyl-L-Glutamine 434.0 2.0

L-Arginine 50.0 0.28735632

L-Asparagine-H2O 20.0 0.13333334

L-Aspartic acid 30.0 0.22556391

L-Cysteine 40.0 0.3305785

L-Cystine 2HCl 26.07 0.08329073

L-Glutamic Acid 50.0 0.34013605

L-Histidine 15.0 0.09677419

L-Isoleucine 50.0 0.3816794

L-Leucine 75.0 0.57251906

L-Lysine hydrochloride 87.46 0.47792348

L-Methionine 15.0 0.10067114

L-Phenylalanine 25.0 0.15151516

L-Proline 30.0 0.26086956

L-Serine 10.0 0.0952381

L-Threonine 40.0 0.33613446

L-Tryptophan 10.0 0.04901961

L-Tyrosine disodium salt dihydrate 50.65 0.19406131

L-Valine 50.0 0.42735043

Ascorbic Acid 2.0 0.011363637

Biotin 0.5 0.0020491802

Choline chloride 1.5 0.010714286

D-Calcium pantothenate 1.0 0.002096436

Ergocalciferol 0.1 2.5188917E-4

Folic Acid 1.0 0.0022675737

Menadione sodium bisulfate 0.01 3.6231882E-5

Niacinamide 1.0 0.008196721

Pyridoxal hydrochloride 1.0 0.004901961

Riboflavin 0.1 2.6595744E-4

Thiamine hydrochloride 1.0 0.002967359
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Vitamin A (acetate) 0.1 3.0487805E-4

Vitamin B12 0.2 1.4760147E-4

alpha Tocopherol phos. Na salt 0.01 1.8027762E-5

i-Inositol 2.0 0.011111111

Calcium Chloride (CaCl2) (anhyd.) 200.0 1.8018018

Cupric sulfate (CuSO4-5H2O) 1.0E-4 3.9999998E-7

Ferric sulfate (FeSO4-7H2O) 1.0E-4 3.5971223E-7

Magnesium Sulfate (MgSO4) (anhyd.) 97.67 0.8139166

Manganese Sulfate (MnSO4-H20) 1.0E-4 5.9171595E-7

Potassium Chloride (KCl) 400.0 5.3333335

Sodium Bicarbonate (NaHCO3) 2200.0 26.190475

Sodium Chloride (NaCl) 6800.0 117.24138
Sodium Phosphate monobasic (NaH2PO4) 
anhydrous 140.0 1.0144928

Zinc sulfate (ZnSO4-7H2O) 2.0E-4 6.9444445E-7

D-Glucose (Dextrose) 2000.0 11.111111

Glutathione (reduced) 0.05 1.6286645E-4

Methyl linoleate 0.03 1.0169491E-4

Phenol Red 10.0 0.026567481

Sodium Pyruvate 25.0 0.22727273

Supplementary Table 3. Detailed description of the DMEM, high glucose, GlutaMAX™ 

Supplement, pyruvate Medium (Gibco, Cat N 10569010) 
Components Concentration (mg/L) mM

Glycine 30.0 0.4

L-Alanyl-Glutamine 862.0 3.9723501

L-Arginine hydrochloride 84.0 0.39810428

L-Cystine 2HCl 63.0 0.20127796

L-Histidine hydrochloride-H2O 42.0 0.2

L-Isoleucine 105.0 0.8015267

L-Leucine 105.0 0.8015267

L-Lysine hydrochloride 146.0 0.7978142

L-Methionine 30.0 0.20134228

L-Phenylalanine 66.0 0.4

L-Serine 42.0 0.4

L-Threonine 95.0 0.79831934

L-Tryptophan 16.0 0.078431375

L-Tyrosine disodium salt dihydrate 104.0 0.39846742

L-Valine 94.0 0.8034188

Choline chloride 4.0 0.028571429

D-Calcium pantothenate 4.0 0.008385744

Folic Acid 4.0 0.009070295

Niacinamide 4.0 0.032786883

Pyridoxine hydrochloride 4.0 0.019417476

Riboflavin 0.4 0.0010638298

Thiamine hydrochloride 4.0 0.011869436

i-Inositol 7.2 0.04
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Calcium Chloride (CaCl2) (anhyd.) 200.0 1.8018018

Ferric Nitrate (Fe(NO3)3"9H2O) 0.1 2.4752476E-4

Magnesium Sulfate (MgSO4) (anhyd.) 97.67 0.8139166

Potassium Chloride (KCl) 400.0 5.3333335

Sodium Bicarbonate (NaHCO3) 3700.0 44.04762

Sodium Chloride (NaCl) 6400.0 110.344826

Sodium Phosphate monobasic (NaH2PO4-H2O) 125.0 0.9057971

D-Glucose (Dextrose) 4500.0 25.0

Phenol Red 15.0 0.039851222

Sodium Pyruvate 110.0 1.0

Supplementary Table 4. Primer sets and probes for qPCR.

Name Type Specie Sequence (5´- 3´)

18S_F P. Forward Human/Rat CGG CTA CCA CAT CCA AGG A

18S_R P. Reverse Human/Rat CCA ATT ACA GGG CCT CGA AA

18S_P Probe Human/Rat CGC GCA AAT TAC CCA CTC CCG A

HO-1_F P. Forward Human GAC TGC GTT CCT GCT CAA CAT

HO-1_R P. Reverse Human GCT CTG GTC CTT GGT GTC ATG

HO-1_P Probe Human TCA GCA GCT CCT GCA ACT CCT CAA AGA G

MnSOD2_F P. Forward Human/Rat CAC CGA GGA GAA GTA CCA CGA

MnSOD2_R P. Reverse Human/Rat GAA CTT CAG TGC AGG CTG AAG A

MnSOD2_P Probe Human/Rat CCT GAG TTG TAA CAT CTC CCT TGG CCA G

CuZnSOD_F P. Forward Human CTCACTTTAATCCTCTATCCAGAAAACA

CuZnSOD_R P. Reverse Human ATCTTTGTCAGCAGTCACATTGC

CuZnSOD_P Probe Human CAACATGCCTCTCTTCATCCTTTGGCC

CAT _F P. Forward Human TTC GAT CTC ACC AAG GTT TGG

CAT _R P. Reverse Human GTT GCT TGG GTC GAA GGC TAT

CAT _P Probe Human CAC AAG GAC TAC CCT CTC ATC CCA GTT GG

GPx1_F P. Forward Human CGGCTTCCCGTGCAAC

GPx1_R P. Reverse Human GAGGGAATTCAGAATCTCTTCGTTC

GPx1_P Probe Human TGGCGTTCTCCTGATGCCCAAACT

GRP78_F P. Forward Human TGG TGA TCA AGA TAC AGG TGA CCT

GRP78_R P. Reverse Human GTG TTC CTT GGA ATC AGT TTG GT

GRP78_P Probe Human TCC CCT TAC ACT TGG TAT TGA AAC TGT GGG

sXBP1_F P. Forward Human GCT GAG TCC GCA GCA GGT

sXBP1_R P. Reverse Human CCC AAA AGG ATA TCA GAC TCA GAA TC

sXBP1_P Probe Human CCC AGT TGT CAC CTC CCC AGA ACA TCT

ATF4_F P. Forward Human CAG CAA GGA GGA TGC CTT CT

ATF4_R P. Reverse Human CCA ACA GGG CAT CCA AGT C

ATF4_P Probe Human CCA TTT TCT CCA ACA TCC AAT CTG TCC C
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DDIT3_F P. Forward Human GGAAATGAAGAGGAAGAATCAAAAAT

DDIT3_R P. Reverse Human GTTCTGGCTCCTCCTCAGTCA

DDIT3_P Probe Human TTCACCACTCTTGACCCTGCTTCTCTGG

HO-1_F P. Forward Rat TGGCGTTCTCCTGATGCCCAAACT

HO-1_R P. Reverse Rat CTG GTC TTT GTG TTC CTC TGT CAG

HO-1_P Probe Rat CAG CTC CTC AAA CAG CTC AAT GTT GAG C

CuZnSOD_F P. Forward Rat CCGTACAATGGTGGTCCATGA

CuZnSOD_R P. Reverse Rat CCCAGCATTTCCAGTCTTTGTACT

CuZnSOD_P Probe Rat CTT CAT TTC CAC CTT TGC CCA AGT CAT C
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Abstract 

HCV infection is accompanied by increased oxidative stress as a consequence of 

viral replication, production of viral proteins, and inflammatory signals from immune 

cells. We investigated the role of stress pathways and autophagy-related proteins in 

the resistance of HCV protein expressing-cells to oxidative stress-induced damage. 

Huh7 cells stably expressing HCV Core, NS3/4A or NS5A proteins were treated with 

menadione. Production of reactive oxygen species and activation of caspase 3 were 

quantified. The activation of the eIF2a/ATF4 pathway and changes in the steady state 

levels of the autophagy-related proteins LC3 and p62 were determined by qPCR 

and Western blotting. Huh7 cells expressing Core or NS5A demonstrated reduced 

oxidative stress and apoptosis. In addition, phosphorylation of eIF2a and increased 

ATF4/CHOP expression were observed with subsequent HCV Core and NS5A protein 

degradation.

Our results suggest that autophagy plays an important role in the degradation of 

HCV proteins leading to decreased oxidative stress and apoptosis and providing 

hepatocytes with a survival advantage.
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Introduction

Hepatitis C virus (HCV) is a member of the Flaviviridae family and was identified in 

1989 as the infectious agent of non-A, non-B hepatitis. Currently, HCV is the leading 

cause of end stage liver disease as a result of cirrhosis and/or hepatocellular carcinoma 

(HCC). An estimated 71 million people are chronically infected and approximately 

400,000 associated deaths occur each year worldwide (1,2). Although safe, tolerable 

and curative therapies for HCV infection have emerged in recent years, the prevention, 

clinical management and access to treatment remain important determinants 

in the control of HCV infection. Despite the recent therapeutic advances, HCV 

pathophysiology is still not entirely elucidated justifying continued research in this 

field (3).

HCV-infected hepatocytes are exposed to several stressors that may affect their 

function and viability. These stressors include viral replication and viral protein 

production within hepatocytes, as well as the inflammatory response of the host. It 

is known that HCV infection leads to increased oxidative stress in the liver and in 

particular in the hepatocytes (4). Since HCV replication and protein expression are 

also closely linked to the endoplasmic reticulum (ER), both ER stress and oxidative 

stress may contribute to the progression of chronic HCV-related liver disease (5–9). 

HCV contains a positive sense single-stranded RNA (ssRNA+) genome that encodes 

for a polyprotein of approximately 3,100 amino acids, depending on the genotype, 

that is cleaved co- and post-translationally by cellular and viral proteases to produce 

10 viral proteins with various structural and biochemical functions (Core, E1, E2, 

p7, NS2, NS3, NS4A, NS4B, NS5A and NS5B) (10). The role of HCV proteins in the 

generation of oxidative stress and ER stress has been demonstrated and Core and the 

non-structural proteins NS3/4A and NS5A are the most potent inducers (11–13). 

In mammalian cells, different signaling pathways have evolved to mediate the cellular 

stress response. One of the most conserved regulatory events activated in response 

to stress is the phosphorylation of the a subunit of eukaryotic translation Initiation 

Factor 2 (eIF2a) at serine 51 and subsequent ATF4 (Activation Transcription Factor 4) 

activation (14). It has been demonstrated that activation of the eIF2a/ATF4 pathway 

directs an autophagy gene transcriptional program to overcome the cellular stress. 

Furthermore, the transcription factors ATF4 and CCAAT/Enhancer-Binding Protein 
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Homologous Protein (CHOP) are involved in the transcriptional activation of other 

autophagy genes, including p62/SQSTM1 (Sequestosome 1) [hereafter referred to as 

p62] (15). 

Autophagy can also be induced via activation of the Unfolded Protein Response 

(UPR) through phosphorylation of the ER stress sensors: Protein Kinase R (PKR)-

like endoplasmic reticulum kinase (PERK) and Inositol-Requiring protein 1 (IRE1, or 

Endoplasmic reticulum to nucleus signaling 1, human homologue). Both sensors can 

induce and activate Beclin-1, as well as the expression of autophagy-related genes 

(ATGs), ATG5 and ATG12 (16,17). Additionally, PERK phosphorylation is known to 

couple distinct upstream stress signals to eIF2a/ATF4 pathway activation and further 

autophagy gene expression (15). In Huh7 hepatoma cells, infection with HCV leads 

to induction of the UPR and subsequently to an inhibition of the phosphatidylinositol 

3-kinase (PI3K)/AKT/mammalian Target of the Rapamycin (mTOR) signaling pathway, 

resulting in induction of autophagy (16). HCV-induced autophagy can also be mediated 

via an UPR-independent mechanism, since silencing of the UPR-sensor IRE1 in HCV-

infected Huh7.5 cells did not affect HCV replication or the induction of autophagy 

(18). 

In a previous study, we established a model of double injury in Huh7 cells, as well as 

in primary rat hepatocytes, to investigate the adaptive responses activated under 

HCV protein expression and external cellular oxidative stress. HCV Core or NS3/4A 

were transiently expressed and subsequently treated with menadione, a superoxide 

anion donor. We observed that in this double injury condition, hepatocytes adapt to 

oxidative stress via a reduction in reactive oxygen species (ROS) production as well as 

reduction of oxidative stress induced-apoptosis. In addition, we observed an increased 

degradation of the HCV Core protein together with the autophagy adaptor protein 

p62 in hepatocytes resistant to oxidative stress (Rios-Ocampo et al., submitted).

In the present study, autophagy-related proteins and changes in their steady state 

protein levels were investigated and related to protection of HCV-infected cells 

against oxidative stress and ER stress. We observed that selective degradation of HCV 

Core and NS5A proteins via activation of the eIF2a/ATF4 pathway plays an important 

role in the adaptive response of hepatocytes to stress.



Hepatitis C Virus proteins Core and NS5A are highly sensitive to oxidative stress-induced degradation after eIF2a/ATF4 
pathway activation

93

C
h

ap
ter 4

Material and methods

Cell lines and culture 

Huh7 cells were maintained in Dulbecco’s Modified Eagle Medium (1X) + GlutaMAXTM- 

I (DMEM; Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% 

penicillin-streptomycin (Gibco) at 37°C and 5% CO
2
. The stable cell lines Huh7_puro 

[3 µg/ml puromycin] (containing the empty vector), Huh7_Core_[Jc1]_bla [10 µg/ml 

blasticidin], Huh7_NS3/4A_[Con1] [0.75 µg/ml G418] and Huh7_NS5A_[JFH1]_puro [3 

µg/ml puromycin] were generated and kindly provided by Prof. Dr. Ralf Bartenschlager 

from the University of Heidelberg, Germany (19). 

Reagents and treatments 

Cells (3.0x105) were grown until 80% confluence in 6-well plates 24 hours (h) prior to 

treatment. Cells were treated for 6 h with 50 µmol/L menadione (Sigma) or 5 mmol/L 

hydrogen peroxide (H
2
O

2
) (Sigma) to induce oxidative stress. Subsequently, cells 

were harvested and viability was determined by trypan blue exclusion staining. For 

the kinetic assays cells were collected after menadione treatment every hour for 6 

h. In control experiments, 5 mmol/L N-Acetyl-L-Cysteine (NAC, Sigma) was added 30 

minutes prior to menadione treatment. In some experiments 50 mmol/L chloroquine 

(CQ) diphosphate salt (Sigma) was used to inhibit autophagic flux and 100 nmol/L 

bafilomycin A1 (Sigma) or a mixture of 20 mmol/L ammoniumchloride (NH
4
Cl) / 

100 mmol/L leupeptin / 100 mmol/L pepstatin was used to inhibit the lysosomal 

degradation pathway. For proteasome inhibition 10 mmol/L MG132 (Sigma) was 

added 3 h prior to menadione treatment. Experiments were conducted in duplicate 

and the results are expressed as the average of three independent experiments. 

Tissue samples 

Liver tissue samples from patients submitted for liver transplantation were obtained 

from the tissue bank of the Gastrohepatology Group, University of Antioquia, 

Colombia. The samples were selected according to etiology and used for RNA 

isolation and qPCR analysis. The liver tissues were from patients with cirrhosis 

associated to HCV infection (6 patient samples), HCV-associated hepatocellular 

carcinoma (HCC) (7 patient samples), hepatitis B virus (HBV)-associated cirrhosis 
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(4 patient samples) and non-viral liver disease (4 patient samples). The demographic 

and clinical characteristics of the samples are presented in Table 1. For total RNA 

isolation 100 mg of tissue was processed using TriZOL reagent (Invitrogen) following 

the manufacturer’s instructions. Total RNA (2.5 μg) was used for reverse transcription 

(RT). Complementary DNA (cDNA) was diluted 20 X in nuclease free water and stored 

at -20°C until use.

Cell culture, RNA isolation and qPCR

After treatment, Huh7 cells stably expressing the empty vector, Core, NS3/4A and 

NS5A were harvested on ice and washed three times with ice-cold 1X Hank´s Balanced 

Salt Solution (HBSS) with Ca2+ and Mg2+ (Gibco). TRI reagent (Sigma) was added to the 

cells for total RNA isolation according to the manufacturer’s instructions. Total RNA 

(2.5 µg) was used for RT in 1X RT buffer (500 mmol/L Tris-HCl -pH 8.3-; 500 mmol/L 

KCl; 30 mmol/L MgCl
2
; and 50 mmol/L DTT), 1 mmol/L deoxynucleotides triphosphate 

(dNTPs, Sigma), 10 ng/µL random nanomers (Sigma), 0.6 U/µL RNaseOUTTM 

(Invitrogen) and 4 U/μL reverse transcriptase M-MLV (Invitrogen) in a final volume of 

50 µL. cDNA was diluted 20 X in nuclease free water and qPCR was carried out in 

a StepOnePlus™ (96-well) PCR System (Applied Biosystems) using TaqMan probes; 

the sequences of the probes and primers are described in Supplementary Table 1. For 

qPCR, 2X reaction buffer (dNTPs, HotGoldStar DNA polymerase, 5 mmol/L MgCl
2
) 

(Eurogentech, the Netherlands), 5 μmol/L fluorogenic probe and 50 μmol/L of primers 

sense and antisense (Invitrogen) were used. mRNA levels were normalized to 18S gene 

expression and compared between groups (20). The experiments were performed in 

duplicate and presented as the average of three independent experiments.
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Table 1. Liver biopsy samples: characteristics of patients with liver diseases.
Sample No. Internal code* Gender Age Infection Diagnostic

1 TH2 M 59 HCV Cirrhosis

2 TH6 M 48 HCV Cirrhosis

3 TH10 F 68 HCV Cirrhosis

4 TH15 F 68 HCV Cirrhosis

5 TH17 F 59 HCV Cirrhosis

6 TH35 M 47 HCV Cirrhosis

7 TH3 M 68 HCV HCC

8 TH7 M 54 HCV HCC

9 TH9 M 53 HCV HCC

10 TH14 M 47 HCV HCC

11 TH16 F 63 HCV HCC

12 TH70 F 61 HCV HCC

13 TH86 M 52 HCV HCC

14 TH33 M 53 HBV Cirrhosis

15 TH42 F 22 HBV Cirrhosis

16 TH43 M 59 HBV Cirrhosis

17 TH75 F 45 HBV Cirrhosis

18 TH19 F 65 - Cirrhosis

19 TH20 F 57 - Cirrhosis

20 TH23 F 57 - Cirrhosis

21 TH28 F 46 - Cirrhosis

*Sample code at the tissue bank of the Gastrohepatology Group, University of Antioquia.
F=Feminine/M=Masculine/- =No viral liver disease 

Determination of cellular oxidative stress

Total cytoplasmic ROS was quantified using the fluorogenic probe CellROX® Deep Red 

(Invitrogen) following the manufacturer`s instructions. After induction of oxidative 

stress, 5 µmol/L of CellROX reagent was added to the cells and cells were subsequently 

incubated at 37°C and 5 % CO
2 

for 30 minutes. Media was removed and cells were 

washed three times with 1X HBSS with Ca2+, Mg2+ (Gibco) and subsequently harvested 

using 1X trypsin (Gibco) and analyzed by flow cytometry using a BD FACSVerse system 

and a 635nm laser. Three independent experiments were carried out and the results 

are expressed as an average.

Caspase 3 activity determination

After treatment, cells were scraped on ice and lysed by three cycles of freezing (liquid 

nitrogen) and thawing (37°C) in lysis buffer (25 mmol/L HEPES, 150 mmol/L KAc, 2 

mmol/L EDTA, 0.1% NP-40) supplemented with protease and phosphatase inhibitors 

(10 mmol/L NaF, 50 mmol/L PMSF, 1 µg/µL of α-protenin/pepstatin/leupeptin and 1 
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mmol/L DTT) followed by centrifugation for 10 minutes at 12.000 rpm. For the caspase 

3 activity assay (21), 30 μg of protein was mixed with the synthetic fluorogenic caspase 

3 substrate, Ac-DEVD-AMC and the release of fluorogenic AMC was quantified in a 

spectrofluorometer at an excitation wavelength of 380 nm and emission wavelength 

of 430 nm. The arbitrary units of fluorescence (AUF) from three independent 

experiments were used to depict the results.

Transfection of siRNA

For silencing of p62, 4x104 cells were seeded in 12-well plates pre-treated with 1.5 

mL Lipofectamine 3000 (Invitrogen) and 50 mmol/L esiRNA human p62/SQSTM 

1 (esiRNA1) (Sigma, Cat. #EHU027651) or scrambled siRNA (esiRNA Egfp Cat. 

#EHUEGFP-20UG, Sigma) as a control. The Lipofectamine 3000 and the esiRNAs 

were prepared in 75 mL OPTI-MEMTM I (1X) reduced serum medium (Gibco) following 

the manufacturer’s instructions then wells were cover with the mixture (reverse 

transfection). After cells were added, media was completed to 750 mL final volume 

per well. 12 h post-transfection, media were replaced and a second transfection round 

was performed using the same amounts of Lipofectamine 3000 and esiRNA for 12 h. 

Subsequently, cells were treated with 50 mmol/L menadione for 6 h. After treatment 

cells were scraped and lysed by freezing and thawing cycles in lysis buffer containing 

protease and phosphatase inhibitors as described above, followed by centrifugation 

for 10 minutes at 12.000 rpm. Supernatant was collected and stored at -20°C until 

use. Three independent experiments were performed and the results are expressed 

as means +/- S.D.

Western Blotting

Cell lysates (20 mg) were resolved on Mini-PROTEAN® TGX Stain-FreeTM Precast 

Gels (BioRad) and semi-dry blotting transfer was performed using Trans-Blot Turbo 

Midi Nitrocellulose Membrane with Trans-Blot Turbo System (BioRad). To confirm 

the electrophoretic transfer, Ponceau S 0.1% w/v (Sigma) staining was used. The 

monoclonal antibodies human anti-HCV Core B12-F8 (kindly provided by prof. Dr. 

Mondelli, University of Pavia, Italy) (22), mouse anti-HCV NS3/4A (8 G-2) (Abcam) 

and mouse anti-HCV NS5A (9E10) (kindly provided by prof. Dr. Charles M. Rice), 

were used at a dilution of 1:1000 and mouse anti-Glyceraldehyde 3-phosphate 
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dehydrogenase (GAPDH) (Calbiochem) at a dilution of 1:10000. ER stress markers 

were also determined using the polyclonal rabbit antibodies anti-peIF2a (Cell 

Signaling), anti-eIF2a (total) (Cell Signaling), anti-ATF4 (Cell Signaling) and anti-

Glucose-Regulated Protein of 78kDa (GRP78) (Cell Signaling) at 1:1000 dilution. 

Polyclonal rabbit anti-Microtubule Associated Protein 1 Light Chain 3 Beta (LC3B) 

(Cell Signaling) and anti-p62 (Cell Signaling) were also used at 1:1000 dilution. For 

detection of ubiquitinated proteins mouse anti-a-Ubiquitin (1/1000) (Hycult, Biotech) 

was used. Secondary horseradish peroxidase (HRP)-bound antibodies were used. The 

blots were analyzed by chemiluminescence in a ChemiDoc XRS system (Bio-Rad). 

Protein band intensities were quantified by ImageLab software (BioRad).

Statistical analysis

All experiments were performed at least three times and the mean ± standard 

deviation (s.d.) is depicted. The Graphpad Prism 5 software (GraphPad Software) 

was used and comparisons were evaluated by unpaired, two-tailed  t-test. For the 

group analysis two tails Anova and Bonferroni post-test were performed. A p value 

of <0.05 was considered statistically significant.

Results

ROS generation is attenuated in Huh7 cells expressing NS3/4A and 
NS5A

We first investigated the generation of ROS in Huh7 cells, stably expressing either 

Core, NS3/4A or NS5A (Supplementary Figure S1) with and without menadione 

treatment as second external stressor. As expected, Huh7 cells transfected with 

empty vector showed an increase in ROS production after menadione treatment and 

this effect was suppressed by NAC pre-treatment (Figure 1A). A similar response was 

observed for Huh7 cells expressing Core (Figure 1B). Remarkably, the ROS generation 

in response to menadione in Huh7 cells stably expressing NS3/4A (Figure 1C) or NS5A 

(Figure 1D) was much less prominent compared to empty vector and Core expressing 

cells, suggesting that after external oxidative stress the HCV proteins NS3/4A and 

NS5A attenuate menadione-induced ROS generation and therefore cellular oxidative 

stress. Importantly, basal levels of ROS production were similar in all 4 cell lines.
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Figure 1. ROS generation is attenuated in Huh7 cells expressing NS3/4A and NS5A. Total ROS production 
was determined in stably transfected Huh7 cells expressing the empty vector (A), Core (B), NS3/4A (C) and 
NS5A (D). Cells were plated in 6-well plates and 24 h post-seeding treated with menadione (50 mmol/L) for 
6 h. In some experiments, cells were pre-treated with 5 mmol/L NAC 30 min prior to addition of menadione. 
ROS production was determined using flow cytometry and the relative main signal intensity is depicted. The 
graphs show means ± SD of three independent experiments. t test was performed to compare the means 
and the asterisks represent the p value **<0.0093 and *<0.0127. n.s = non-significant, (p values > 0.05 are 
considered not statistically significant).

Huh7 cells expressing HCV Core and NS5A are protected against 
apoptosis induced by oxidative stress

We next investigated the effect of expression of HCV proteins on susceptibility to 

oxidative stress-induced toxicity. As shown in Figure 2A menadione treatment alone 

induced caspase 3 activation in Huh7 cells expressing the empty vector and this 

effect could be completely reversed by the antioxidant NAC (Figure 2A). Huh7 cells 

expressing Core or NS5A (Figure 2B and Figure 2D), but not NS3/4A (Figure 2C), were 

completely protected against menadione-induced caspase 3 activation (Figure 2B and 

Figure 2D). Interestingly, NAC treatment abolished the protective effect observed in 

Huh7 cells expressing HCV Core or NS5A on menadione-induced apoptosis (Figure 2B 

and Figure 2D). These results suggest that after external oxidative stress, hepatocytes 

expressing Core or NS5A viral proteins activate an adaptive response to attenuate 

caspase 3 activation and thereby the apoptotic effect of oxidative stress. 
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eIF2a/ATF4 pathway is involved in the adaptive response against 
external oxidative stress-induced damage

To elucidate the mechanism behind the protective effect of Core and NS5A against 

menadione-induced apoptosis, first, the transcriptional regulation of genes encoding 

antioxidant enzymes (copper zinc superoxide dismutase [CuZnSOD, SOD1] and 

catalase [CAT]) were determined. No regulation of antioxidants genes was observed 

(Supplementary Figure S2), suggesting that other mechanisms are involved in the 

adaptive resistance to oxidative stress.

An important pathway in the adaptation to cellular oxidative stress is the 

phosphorylation of eIF2a and subsequent induction of ATF4 and CHOP expression 

(14). The eIF2α/ATF4 pathway has been associated with the induction of autophagy 

after cellular stress as an essential mechanism of survival (15). Therefore, we 

investigated the eIF2α/ATF4 pathway in our model. Menadione robustly induced 

phosphorylation on serine 51 of eIF2α of Huh7 cells expressing the empty vector, 

Core, NS3/4A or NS5A, which was completely abolished by antioxidant treatment 

with NAC (Figure 3A). Remarkably, mRNA levels of ATF4 were not significantly 

increased after menadione treatment in any of the 4 Huh7 cell lines (Supplementary 

Figure S3). However, at the protein level, increased ATF4 protein expression was 

observed after menadione treatment in Huh7 cells expressing the empty vector and 

all the HCV viral proteins and this increase was reversed by the antioxidant NAC 

(Figure 3B). The expression of CHOP (DDIT3) is required for the transcription of a 

set of autophagy genes after activation of the eIF2α/ATF4 pathway. DDIT3 mRNA 

levels were significantly increased after menadione treatment in cells expressing 

Core and NS5A even after treatment with NAC (Figure 3C). The expression of the ER 

stress marker GRP78 (HSPA5) was also analyzed to determine whether the eIF2α/

ATF4 pathway was activated as a consequence of ER stress. We did not observe any 

regulation of HSPA5 mRNA or GRP78 protein levels in any of the cell lines and by any 

of the treatments (Figure 3A and Figure 3D). This result suggests that the eIF2α/ATF4 

pathway was not activated in response to ER stress, but as an adaptive response to 

attenuate external oxidative stress.
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Figure 2. Huh7 cells expressing HCV Core and NS5A are protected against apoptosis induced by oxidative 
stress. Apoptosis was determined by measuring caspase 3 activity in Huh7 cells expressing (A) empty vector, 
(B) Core, (C) NS3/4A and (D) NS5A after menadione treatment (50 mmol/L). In some experiments, cells were 
pre-treated with 5 mmol/L NAC 30 min prior to addition of menadione. Cells were plated in 6-well plates 
and 24 h post-seeding treated with menadione for 6 h. Caspase 3 activity was determined as described in 
Materials and Methods and represented as fold change in arbitrary units of fluorescence (AUF). The graphs 
depict means ± SD of three independent experiments. t test was performed to compare the means and the 
asterisks represent the p value ***<0.0009, **˂0.002 and *˂0.02. n.s = non-significant, (p values > 0.05 are 
considered not statistically significant).

Expression of ATF4 and DDIT3 (CHOP) is induced in HCV-related 
cirrhosis

To confirm our in vitro data in clinical samples, we determined the mRNA expression 

of transcription factors ATF4 and DDIT3 in liver biopsies from patients with end-stage 

liver diseases (Table 1). Both ATF4 and DDIT3 mRNA expression were significantly 

increased in samples of patients with HCV-related cirrhosis, where HCV viral load is 

fluctuating compared to tumor tissue of patients with HCV-associated HCC where 

HCV viral load decrease (23) (Figure 4A and Figure 4B). The increased expression 

of ATF4 and DDIT3 was specific for HCV-related cirrhosis since their expression was 
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not induced in liver samples of patients with non-HCV end-stage liver disease as HBV 

associated cirrhosis (Figure 4A and Figure 4B).

Figure 3. eIF2a/ATF4 pathway is involved in the adaptive response in the double injury model. Huh7 cells, 
expressing empty vector, Core, NS3/4A and NS5A HCV proteins were treated with and without 50 µmol/L 
menadione. In some experiments, cells were pre-treated with 5 mmol/L NAC 30 min prior to addition of 
menadione. Protein levels of total- and phosphorylated-eIF2a, GRP78 and GAPDH (A) and ATF4 (B) were 
determined by Western blotting as described in Materials and Methods. mRNA levels of DDIT3 (C) and 
HSPA5 (D) were evaluated by qPCR. The relative expression was normalized based on the expression of 18S. 
t test was performed to compare the means and the asterisks represent the p value **˂0.007 and *˂0.03. n.s 
= non-significant, (p values > 0.05 are considered not statistically significant).

HCV Core and NS5A are preferentially degraded after menadione 
treatment: involvement of autophagy adaptor proteins

Activation of the eIF2a/ATF4 pathway in response to stress can induce autophagy 

as a survival mechanism (15). Therefore, we investigated changes in the steady state 

protein levels of LC3-II and the autophagy adaptor protein p62 and determined 

whether these changes correlated with increased resistance to external oxidative 

stress. In cells expressing the empty vector, or any of the HCV proteins, the steady 
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state levels of LC3-II diminished significantly after menadione treatment and were 

recovered by the antioxidant NAC.  A similar pattern was observed with the expression 

of p62 (Figure 5A-5D). Thus, after menadione treatment, both p62 and LC3-II were 

virtually absent in all Huh7 cell lines.

Figure 4. Expression of ATF4 and DDIT3 (CHOP) is induced in HCV-related cirrhosis. Total mRNA was 
isolated from liver tissues obtained from patients with chronic liver diseases and the expression levels of 
ATF4 (A) and DDIT3 mRNA (B) were determined by qPCR and compared. Patient characteristics are in Table 
1.  The relative expression of the genes was normalized based on the expression of 18S mRNA. t test was 
performed to compare the means and the asterisks represent the p value as follow ***˂0.0006 and *˂0.04. 
n.s = non-significant, (p values > 0.05 are considered not statistically significant). 

Menadione treatment also induced the loss of HCV Core and NS5A in the Huh7 

cells. This degradation was reversed by the antioxidant NAC (Figure 5B and 5D). This 

result was not observed for NS3/4A (Figure 5C) which was apparently upregulated, 

suggesting that HCV Core and NS5A degradation is a selective process. The 

degradation of Core and NS5A viral proteins occurred simultaneously with a decrease 

in the levels of p62 and LC3-II, which may account for their degradation, suggesting that 

autophagy adaptor proteins may play an important role in the selective elimination of 

Core and NS5A after external oxidative stress induction.

To confirm that oxidative stress affects the protein levels of HCV Core and NS5A, we 

used H
2
O

2 
as an alternative source of external oxidative stress and indeed we obtained 

similar results: a pronounced loss of Core which was reversed by the anti-oxidant 

NAC (Supplementary Figure 4A). NS3/4A levels did not change in the presence of 

H
2
O

2
 (Supplementary Figure 4B). In contrast, NS5A protein level diminished after 
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H
2
O

2 
treatment, which indicates increased susceptibility of NS5A to degradation 

after external oxidative stress. This effect was not reversed by NAC treatment 

(Supplementary Figure 4C). These data suggest that HCV proteins Core and NS5A 

are highly sensitive to oxidative stress-induced degradation.

Figure 5. HCV Core and NS5A are preferentially degraded after menadione treatment. LC3-I/II and p62 
autophagy markers were detected by Western blotting in Huh7 cells stably expressing the empty vector 
(A), Core (B) NS3/4A (C) and NS5A (D) HCV proteins. Non-treated cells (-/-) were used as control. Oxidative 
stress was induced by 50 mmol/L menadione (+/-) and in some experiments cells were treated with 5 
mmol/L NAC (+/+). Protein band intensities were quantified using ImageLab software (BioRad). The relative 
protein expression was calculated based on the expression of GAPDH and compared to the expression of 
the control cells. The graphs depict means ± SD of three independent experiments. t test was performed to 
compare the means and the asterisks represent the p value ***<0.0007, **˂0.0072 and *˂0.04. (p values > 
0.05 are considered not statistically significant).  
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The ubiquitin-proteasome pathway is not involved in HCV Core and 
NS5A degradation 

The ubiquitin-proteasome pathway selectively degrades a wide range of protein 

substrates employing a ubiquitin conjugation cascade. We investigated whether the 

proteasome pathway is involved in HCV Core and NS5A degradation after external 

oxidative stress. Huh7 cells were treated with the proteasome inhibitor MG132 and 

accumulation of ubiquitinated proteins was observed after 2 hours (Figure 6A). As 

already shown in Figure 5, menadione treatment reduced protein levels of Core and 

NS5A, but not NS3/4A (Figures 6B-6D). Pre-treatment of Huh7 cells expressing Core 

or NS5A with MG132 did not prevent the degradation of Core and NS5A in Huh7 

cells exposed to menadione (Figure 6B and 6C). Huh7 cells expressing HCV NS3/4A 

were used as a control and MG132 treatment did not affect protein levels of NS3/4A 

(Figure 6D). These results suggest that the proteasome pathway is not involved in the 

degradation of HCV Core and NS5A proteins.

Menadione-induced NS5A degradation involves the autophagy-
related proteins LC3 and p62

Autophagic flux was blocked using chloroquine (CQ) to determine whether lysosomal 

degradation of HCV proteins occurs. The experiments were performed using Huh7 

cells expressing NS5A since in these cells we observed a complete degradation of the 

viral protein after menadione treatment and strong recovery after NAC treatment 

(Figure 5D). As shown in Figure 7A, treatment of Huh7 cells expressing NS5A with 

only CQ showed accumulation of LC3-II and p62 which indicates inhibition of the 

late steps of autophagy (Figure 7A). Consistent with previous results, menadione 

treatment reduced the levels of LC3-II, p62 and NS5A. When autophagic flux was 

blocked in cells exposed to menadione (+/+), no recovery of NS5A or p62 protein 

expression was observed suggesting that at least p62 is involved in NS5A degradation 

and supporting the hypothesis that p62 plays a role in the elimination of NS5A 

(Figure 7A). We also explored the effect of other inhibitors of lysosomal degradation, 

Bafilomycin A1 and a mix of protease inhibitors (NH
4
Cl/Leupeptin/Pepstatin). After 

cells were treated with Bafilomycin A1 and exposed to menadione (+/+), NS5A 

protein levels were partially restored. Though full restoration of NS5A protein levels 

was not observed, the recovery of the NS5A protein was statistically significant as 
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demonstrated by densitometry analysis (Figure 7B). Similar results were observed 

using NH
4
Cl/Leupeptin/Pepstatin as inhibitor of the lysosomal pathway (Figure 7C). 

The above results suggest that although lysosomal degradation inhibition partially 

restored NS5A protein, other mechanism must be involved in its elimination and even 

the transcriptional regulation of NS5A and p62 should be analyzed.

Figure 6. Ubiquitin-proteasome pathway is not involved in HCV Core and NS5A degradation. Huh7 
cells were plated in 6-well plates and treated with 10 mmol/L MG132 for 3 h. After treatment, Western 
blotting was performed to detect ubiquitinated proteins, GAPDH was used as loading control (A). Huh7 
cells expressing HCV Core, NS3/4A, and NS5A were treated with menadione (50 mol/L) (+/-). In some 
experiments 10 mol/L MG132 was added for 3 h followed by addition of menadione (+/+). The expression of 
HCV Core (B), NS5A (C) and NS3/4A (D) was determined by Western blotting. GAPDH was used as a loading 
control. The relative protein expression was calculated based on the expression of GAPDH and compared to 
the expression of the control cells using ImageLab software (BioRad). The graphs depict means ± SD of three 
independent experiments. t test was performed to compare the means and the asterisks represent the p 
value **˂0.0039 and *˂0.0163. (p values  0.05 are considered not statistically significant).
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Figure 7. Menadione-induced NS5A degradation involves LC3-II and p62 autophagy markers. Huh7 cells 
expressing HCV NS5A were exposed or not to 50 mol/L menadione. Autophagic flux (A) was blocked using 
50 mmol/L chloroquine (CQ; +/+) and the lysosomal pathway (B, C) was blocked using bafilomycin A1 (B) 
or NH

4
Cl/Leupeptin/Pepstatin (C). The expression of NS5A, LC3-I/II, p62 and GAPDH were determined by 

Western blotting. The graphs depict means ± SD of three independent experiments. t test was performed to 
compare the means and the asterisks represent the p value ***<0.0007, **˂0.0072 and *˂0.04. (p values > 
0.05 are considered not statistically significant.

A role for the autophagic adaptor protein p62 in the degradation of 
Core and NS5A

To further analyze the role of p62 in HCV Core and NS5A protein degradation, we 

performed a time course of the degradation of HCV Core, NS5A and p62 in Huh7 cells 

(Figure 8A and B). Protein levels of HCV Core and NS5A remained relatively stable 

during the first 2 h of menadione treatment, after which their levels rapidly dropped in 

the following hour(s) (Figure 8A and B).
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Figure 8. Role for the autophagic adaptor protein p62 in the degradation of Core and NS5A. Huh7 cells 
expressing Core and NS5A were treated or not with 50 mmol/L menadione. Expression of Core (A), NS5A 
(B), p62 and GAPDH proteins were evaluated by Western blotting at 1 h intervals for 6 h as described in 
Materials and Methods. For p62 silencing, Huh7 cell expressing HCV Core (C) and NS5A (D) were transfected 
twice with esiRNAs. Cells were plated and reverse transfected with esiRNA p62 and random esiRNAs as 
described in Materials and Methods. Transfected cells were treated with menadione (50 mmol/L) and the 
expression Core, NS5A and p62 protein were detected by Western blot. The experiments were repeated 
three times. The relative HCV Core and NS5A expression was determined by densitometry and t test was 
performed to compare the means and the asterisks represent the p value as follow **˂0.001 and *˂0.04. n.s 
= non-significant, (p values > 0.05 are considered not statistically significant).  

Remarkably, a virtually identical response of p62 to menadione was observed (Figure 

8A and B). Since degradation of p62 parallels the elimination of HCV Core and NS5A, 

and since p62 functions as an adaptor protein, we further investigated the relation 

between p62 and the viral proteins by selective p62 silencing. Expression of p62 was 

suppressed in Huh7 cells using siRNA technology and Huh7 cells transfected with a 

random control siRNA served as controls (Figure 8C and D). As expected, degradation 

of Core, NS5A and p62 was observed after exposure to menadione, (Figure 8C and D). 

When p62 was silenced prior to menadione treatment of Huh7 cells, the expression of 
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Core and NS5A were significantly recovered (Figure 8C and D). These results confirm 

the role of p62 as an adaptor protein for selective degradation of HCV Core and NS5A 

after external oxidative stress. 

Discussion

The goal of the present study was to investigate the adaptive response of hepatocytes 

to multiple stressors resulting from HCV infection. To investigate this adaptive 

response, we used external oxidative stress. We found that Huh7 cells expressing 

HCV Core and NS5A resist the deleterious effects from additional oxidative stress 

through selective degradation of these viral proteins and autophagy adaptor proteins 

such as p62 and LC3. The degradation occurs in response to activation of the eIF2a/

ATF4 pathway and suggest elimination of harmful viral proteins (Figure 9). 

Infection of cells by viruses constitutes an important stress to the host cells. Cells 

must support viral replication and synthesis and shedding of newly synthesized 

virions. In addition, in most viral infections, cells are also exposed to immune and/

or inflammatory response to the viral infection. Therefore, cells have to adapt to 

multiple stressors in order to survive and thus also sustain the viral replication 

cycle. HCV infection of hepatocytes is an example in which cells are subjected to 

multiple stressors: viral protein synthesis may lead to ER stress and HCV infection 

is also accompanied by oxidative stress (4,24). In a previous study, we observed 

increased resistance to menadione-induced oxidative stress using Huh7 cells and 

primary rat hepatocytes transiently expressing HCV Core or NS3/4A proteins. Both 

mitochondrial ROS production and menadione-induced apoptosis were significantly 

decreased together with reduced levels of the ER stress markers GRP78 and sXBP1 

in Huh7 cells expressing HCV Core and NS3/4A proteins. This increased resistance 

was accompanied by increased degradation of HCV Core protein in these cells, 

suggesting that selective degradation of one stressor may be in part responsible for 

this increased resistance (Rios-Ocampo et al., submitted). In the present study, using 

stably-transfected Huh7 cells, we confirm increased resistance to oxidative stress and 

the selective degradation of HCV proteins Core and NS5A, as well as the activation of 

the stress pathway eIF2a/ATF4. 



Hepatitis C Virus proteins Core and NS5A are highly sensitive to oxidative stress-induced degradation after eIF2a/ATF4 
pathway activation

109

C
h

ap
ter 4

Figure 9. Graphical abstract: HCV proteins are susceptible to degradation after oxidative stress induction. 
In Huh7 cells expressing HCV viral proteins and under oxidative stress conditions, we observed, that HCV 
Core or/and NS5A proteins were susceptible to degradation after induction of external oxidative stress. 
The phosphorylation of eIF2a  was followed by increased expression of ATF4 and CHOP. Autophagy-related 
proteins (LC3-II/p62) are involved in the degradation of HCV proteins.

The increased resistance to oxidative stress, demonstrated by reduced apoptosis, 

observed in Huh7 cells expressing the HCV proteins Core and NS5A is probably not 

caused by altered levels of anti-oxidant enzymes. Gene expression of prominent anti-

oxidant genes like SOD1 and CAT were not changed by any of the treatments, although 

we cannot rule out a regulation at the level of antioxidant enzyme activity.

Autophagy has been described as an important adaptive survival mechanism to 

cope with cellular stress, e.g. ER stress and oxidative stress (25). The initial step in 

activation of the autophagic program is activation of the eIF2a/ATF4 pathway (15,26). 

In our model, we were able to demonstrate activation of the eIF2a/ATF4 pathway and 

downstream events like increased ATF4 and CHOP (DDIT3) expression. Increased 

levels of autophagy markers have also been observed in liver biopsies of patients 

with HCV infection and in cell culture models of HCV infection (27,28). In our study, 

we demonstrate increased expression of the transcription factors ATF4 and CHOP 
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(DDIT3), key elements of the eIF2a/ATF4 pathway, in liver biopsies from patients 

with HCV-related cirrhosis, but not in liver tumor tissue of patients with HCV-related 

HCC or liver tissue of non-HCV-related cirrhosis. These clinical data support our 

experimental data and also highlight the specificity of the observed changes for HCV 

during its replication at early stages of the infection and during cirrhosis but not for 

late stages of the infection as HCC because HCV replication considered low.

Sir et al. demonstrated that HCV infection induces the accumulation of 

autophagosomes in cells without increasing autophagic protein degradation, whereas 

accumulation of autophagosomes and protein degradation were increased in Huh7 

cells under starvation, the ‘gold standard’ for induction of autophagy (29). We did 

observe increased viral protein degradation in HCV Core and NS5A expressing 

Huh7 cells after exposure to external oxidative stress. However, this degradation 

was independent of the ubiquitin-proteasomal degradation pathway and was also 

not prevented by blocking autophagic flux with chloroquine. Blocking the lysosomal 

pathway partially restored HCV protein levels, however additional experiments are 

required to demonstrate the involvement of selective autophagic pathway and role of 

autophagy adaptor markers (30).

Selective autophagy, also known as microautophagy, in which lysosomes invaginate and 

directly sequester cytosolic components, has been suggested to play an important role 

in the elimination of harmful proteins. In this pathway, LC3-II and p62 play an important 

role as adaptor proteins (31). In our study, we confirm that selective HCV Core and 

NS5A degradation can be induced in response to oxidative stress. The identification of 

autophagy receptor proteins such as p62, which also binds to ubiquitinated proteins, 

has provided a molecular link between the ubiquitination pathway and autophagy. p62 

is a scaffold protein that has been implicated in processes like signal transduction, cell 

proliferation, cell survival, cell death and oxidative stress response (32) and also plays 

an important role as receptor for selective autophagy (33). In our study, the HCV Core 

and NS5A degradation occurred simultaneously with a decrease of p62 protein level, 

suggesting the involvement of p62 as receptor protein for degradation of viral proteins 

after oxidative stress induction. Supporting this hypothesis is our observation that 

silencing of p62 allows the recovery of the expression of HCV Core and NS5A after 

external oxidative stress. Since we observed a partial restauration of NS5A expression 

after p62 silencing (Figure 8D), other mechanism must also be considered. It is also 
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important to demonstrate a direct interaction between HCV Core or NS5A with p62 

by immunoprecipitation assay. Although we have performed some experiments with 

promising results, we need to optimize the immunoprecipitation conditions (Data not 

show).

Wang et al., suggested that macroautophagy and chaperone-mediated autophagy 

(CMA) are required for hepatocyte resistance to oxidative stress, because inhibition 

of macroautophagy sensitized cells to apoptotic and necrotic cell death induced by 

menadione (34). Our results indicate a more prominent role for autophagy adaptor 

proteins like p62. The reason for this difference may be due to differences in the model 

systems used, but are in accordance with the suggestion of  Czaja et al., who propose 

that two types of autophagy are better that one to face the effects of oxidative stress 

in hepatocytes and that  adaptor proteins play an important role in this effect (25).

In summary, our study demonstrates that hepatocytes can adapt to multiple stressors, 

like HCV protein expression and external oxidative stress. We conclude that 

activation of the eIF2/ATF4 pathway and subsequent selective degradation, involving 

LC3-II and p62 contributes to the resistance of hepatocytes to oxidative stress by 

selective removal of one of the stressors (HCV proteins). This mechanism suggests an 

important role for autophagy in viral replication and persistence of viral infection and 

may provide new leads for clinically applicable therapeutic interventions. In addition, 

it might be suggested to re-investigate in more detail the value of anti-oxidants in HCV 

patients, since anti-oxidants may abolish the adaptive response of hepatocytes against 

hepatocytes and prevent the degradation of viral proteins in hepatocytes.   
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Supplementary figures and tables

Supplementary Figure 1. HCV Core-, NS3/4A- and NS5A-protein expression. The expression of HCV Core, 
NS3/4A and NS5A proteins was determined by Western blotting in stably transfected Huh7 cells. The 
expression of GAPDH was used as a loading control.

Supplementary Figure 2. Transcriptional regulation of antioxidant enzyme genes is not involved in the 
protection against menadione-induced apoptosis. The mRNA levels of antioxidant enzymes SOD1 (A) 
and CAT (B) were quantified using qPCR in Huh7 cells expressing the empty vector, HCV Core and NS5A. 
Cells were treated with menadione (50 mmol/L) to induce oxidative stress and in some experiments NAC (5 
mmol/L) was used as antioxidant. The relative mRNA expression was normalized relative to 18S. The graphs 
depict means ± s.d. of three independent experiments. t test was performed to compare the means (p values 
> 0.05 are considered not statistically significant).
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Supplementary Figure 3. Degradation of HCV Core and NS5A is independent of menadione treatment. 
H

2
O

2
 (5 mmol/L) was used as an alternative inducer of oxidative stress to confirm the results obtained using 

menadione. Huh7 cells expressing HCV Core, NS3/4A and NS5A were treated with H
2
O

2 
for 6 h. In some 

experiments cells were treated with 5 mmol/L NAC 30 min prior to H
2
O

2 
treatment. Protein band intensities 

were quantified using ImageLab software (BioRad). The relative protein expression was calculated based on 
the expression of GAPDH and compared to the expression of the control cells.

Supplementary Figure 4. ATF4 mRNA expression. ATF4 mRNA expression in Huh7 cells treated with 
menadione was quantified using qPCR in Huh7 cells expressing the empty vector, HCV Core, NS3/4A and 
NS5A. Cells were treated with 50 mol/L menadione and/or 5 mmol/L NAC. The relative expression was 
normalized relative to 18S. The graphs depict means ± s.d. of three independent experiments. t test was 
performed to compare the means (p values  0.05 are considered not statistically significant).
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Supplementary Table 1. Primers and probes for qPCR.
Name Type Specie Sequence (5´- 3´)

18S_F Pr. Forward Human/Rat CGG CTA CCA CAT CCA AGG A

18S_R Pr. Reverse Human/Rat CCA ATT ACA GGG CCT CGA AA

18S_P Probe Human/Rat CGC GCA AAT TAC CCA CTC CCG A

CuZnSOD_F Pr. Forward Human CTCACTTTAATCCTCTATCCAGAAAACA

CuZnSOD_R Pr. Reverse Human ATCTTTGTCAGCAGTCACATTGC

CuZnSOD_P Probe Human CAACATGCCTCTCTTCATCCTTTGGCC

CAT _F Pr. Forward Human TTC GAT CTC ACC AAG GTT TGG

CAT _R Pr. Reverse Human GTT GCT TGG GTC GAA GGC TAT

CAT _P Probe Human CAC AAG GAC TAC CCT CTC ATC CCA GTT GG

GRP78_F Pr. Forward Human TGG TGA TCA AGA TAC AGG TGA CCT

GRP78_R Pr. Reverse Human GTG TTC CTT GGA ATC AGT TTG GT

GRP78_P Probe Human TCC CCT TAC ACT TGG TAT TGA AAC TGT GGG

ATF4_F Pr. Forward Human CAG CAA GGA GGA TGC CTT CT

ATF4_R Pr. Reverse Human CCA ACA GGG CAT CCA AGT C

ATF4_P Probe Human CCA TTT TCT CCA ACA TCC AAT CTG TCC C

DDIT3_F Pr. Forward Human GGAAATGAAGAGGAAGAATCAAAAAT

DDIT3_R Pr. Reverse Human GTTCTGGCTCCTCCTCAGTCA

DDIT3_P Probe Human TTCACCACTCTTGACCCTGCTTCTCTGG

F=Forward/R=Reverse/P=Probe/Pr=Primer



Chapter 4

116

References

1.  Choo Q, Kuo G, Weiner AMYJ, Overby LR, 
Bradley DW, Houghton M. Isolation of a 
cDNA Clone Derived from a Blood- Borne 
Non-A , Non-B Viral Hepatitis Genome. 
Science (80- ). 1989;244(4902):359–62. 

2.  World Health Organization [Internet]. 
2017 [cited 2017 Jun 20]. Available 
from: http://www.who.int/mediacentre/
factsheets/fs164/en//

3.  Forns X, Berg T. Hepatitis C virus – 
A teacher of clinical research, cell 
biology and immunology. J Hepatol. 
2016;65(1):S1. 

4.  Vasallo C, Gastaminza P. Cellular stress 
responses in hepatitis C virus infection: 
Mastering a two-edged sword. Virus Res. 
2015;209:100–17. 

5.  Ke PY, Chen SS. Hepatitis C virus and 
cellular stress response: implications to 
molecular pathogenesis of liver diseases. 
Vol. 4, Viruses. 2012. 2251-2290 p. 

6.  Farinati F, Cardin R, L NDM, Liberal G 
Della, Marafin C, Lecis E, et al. Iron storage, 
lipid peroxidation and glutathione 
turnover in chronic anti-HCV positive 
hepatitis. J Hepatol. 1995;22(4):449–56. 

7.  Pal S, Polyak SJ, Bano N, Qiu WC, 
Carithers RL, Shuhart M, et al. Hepatitis 
C virus induces oxidative stress, DNA 
damage and modulates the DNA repair 
enzyme NEIL1. J Gastroenterol Hepatol. 
2010;25(3):627–34. 

8.  Codogno P, Maryam M, Tassula P-C. 
Canonical and non-canonical autophagy: 
Variations on a common theme of 
self-eating? Nat Rev Mol Cell Biol. 
2011;13(1):7–12. 

9.  Chan S-W. Unfolded protein response 
in hepatitis C virus infection. Front 
Microbiol. 2014;5(May):233. 

10.  Bartenschlager R, Lohmann V. Replication 
of hepatitis C virus. J Gen Virol. 2000;81 
Pt 7:1631–48. 

11.  Ivanov A V., Smirnova OA, Ivanova ON, 
Masalova O V., Kochetkov SN, Isaguliants 
MG. Hepatitis C virus proteins activate 
NRF2/ARE pathway by distinct ROS-

dependent and independent mechanisms 
in HUH7 cells. PLoS One. 2011;6(9). 

12.  Bureau C, Bernad J, Chaouche N, 
Orfila C, Béraud M, Gonindard C, et al. 
Nonstructural 3 Protein of Hepatitis 
C Virus Triggers an Oxidative Burst 
in Human Monocytes via Activation 
of NADPH Oxidase. J Biol Chem. 
2001;276(25):23077–83. 

13.  Gong G, Waris G, Tanveer R, Siddiqui  a. 
Human hepatitis C virus NS5A protein 
alters intracellular calcium levels, induces 
oxidative stress, and activates STAT-3 and 
NF-kappa B. Proc Natl Acad Sci U S A. 
2001;98(17):9599–604. 

14.  Wek RC, Jiang H-Y, Anthony TG. 
Coping with stress: eIF2 kinases and 
translational control. Biochem Soc Trans. 
2006;34(1):7–11. 

15.  B’Chir W, Maurin AC, Carraro V, Averous 
J, Jousse C, Muranishi Y, et al. The eIF2α/
ATF4 pathway is essential for stress-
induced autophagy gene expression. 
Nucleic Acids Res. 2013;41(16):7683–99. 

16.  Huang H, Kang R, Wang J, Luo G, Yang W, 
Zhao Z. Hepatitis C virus inhibits AKT-
tuberous sclerosis complex (TSC), the 
mechanistic target of rapamycin (MTOR) 
pathway, through endoplasmic reticulum 
stress to induce autophagy. Autophagy. 
2013;9(2):175–95. 

17.  Wang J, Kang R, Huang H, Xi X, Wang 
B, Wang J, et al. Hepatitis C virus core 
protein activates autophagy through 
EIF2AK3 and ATF6 UPR pathway-
mediated MAP1LC3B and ATG12 
expression. Autophagy. 2014;10(5):766–
84. 

18.  Mohl B-P, Tedbury PR, Griffin S, Harris 
M. Hepatitis C Virus-Induced Autophagy 
Is Independent of the Unfolded Protein 
Response. J Virol. 2012;86(19):10724–
32. 

19.  Lee J, Acosta EG, Stoeck K, Long G, 
Hiet M, Mueller B, et al. Apolipoprotein 
E likely contributes to a maturation 
step of infectious hepatitis C virus 
particles and interacts with viral 
envelope glycoproteins. J Virol. 
2014;88(21):12422–37. 

20.  Shajari S, Laliena A, Heegsma J, Tuñón 



Hepatitis C Virus proteins Core and NS5A are highly sensitive to oxidative stress-induced degradation after eIF2a/ATF4 
pathway activation

117

C
h

ap
ter 4

M, Moshage H, Faber K. Melatonin 
suppresses activation of hepatic stellate 
cells through RORα-mediated inhibition 
of 5-lipoxygenase.pdf. J Pineal Res. 
2015;59(3):391–401. 

21.  Moshage H, Casini A, Lieber S. 
Acetaldehyde Selectively Stimulates 
Collagen Production in Cultured Rat Liver 
Fat-storing Cells but not in Hepatocytes. J 
Hepatol. 1990;12(3):511–8. 

22.  Esposito G, Scarselli E, Cerino  a, Mondelli 
MU, La Monica N, Traboni C. A human 
antibody specific for hepatitis C virus 
core protein: synthesis in a bacterial 
system and characterization. Gene. 
1995;164(2):203–9. 

23.  Moradpour D, Penin F, Rice CM. 
Replication of hepatitis C virus. Nat Rev 
Microbiol. 2007;5(6):453–63. 

24.  Chan SW. Establishment of chronic 
hepatitis C virus infection: Translational 
evasion of oxidative defence. World J 
Gastroenterol. 2014;20(11):2785–800. 

25.  Czaja MJ. Two types of autophagy are 
better than one during hepatocyte 
oxidative stress. Autophagy. 
2011;7(1):96–7. 

26.  Luo B, Lin Y, Jiang S, Huang L, Yao H, 
Zhuang Q, et al. Endoplasmic reticulum 
stress eIF2 α – ATF4 pathway-mediated 
cyclooxygenase-2 induction regulates 
cadmium-induced autophagy in kidney. 
Cell Death Dis. 2016;7(1):1–12. 

27.  Rautou P, Cazals-hatem D, Feldmann 

G, Mansouri A, Grodet A, Duces A, et 
al. Changes in Autophagic Response 
in Patients with Chronic Hepatitis 
C Virus Infection. Am J Pathol. 
2011;178(6):2708–15. 

28.  Shrivastava S, Bhanja Chowdhury J, 
Steele R, Ray R, Ray RB. Hepatitis C Virus 
Upregulates Beclin1 for Induction of 
Autophagy and Activates mTOR Signaling. 
J Virol. 2012;86(1):8705–12. 

29.  Sir D, Chen W, Choi J, Wakita T, Yen 
TSB, Ou JJ. Induction of Incomplete 
Autophagic Response by Hepatitis C 
Virus via the Unfolded Protein Response. 
Hepatology. 2008;48(4):1054–61. 

30.  Ohsumi Y. Molecular dissection of 
autophagy: two ubiquitin-like systems. 
Nat Rev Mol Cell Biol. 2001;2(3):1–6. 

31.  Kirkin V, Mcewan DG, Novak I, Dikic I. A 
Role for Ubiquitin in Selective Autophagy. 
Mol Cell. 2009;34(3):259–69. 

32.  Katsuragi Y, Ichimura Y, Komatsu M. 
p62 / SQSTM1 functions as a signaling 
hub and an autophagy adaptor. FEBS J. 
2015;282(24):4672–8. 

33.  Sharon Manley, Jessica A. Williams, Ding 
W-X. The role of p62/SQSTM1 in liver 
physiology and pathogenesis. Exp Biol 
Med. 2014;238(5):525–38. 

34.  Wang Y, Singh R, Xiang Y, Czaja MJ. 
Macroautophagy and chaperone-
mediated autophagy are required for 
hepatocyte resistance to oxidant stress. 
Hepatology. 2010;52(1):266–77.



Chapter 4

118



5
Huh7 cells expressing hepatitis 
C virus Core or NS3/4A protein 
activate human LX-2 hepatic 
stellate cells through paracrine 
signaling: preliminary results

W. Alfredo Ríos-Ocampo1,2,3, María-Cristina Navas3, Klaas Nico Faber1, Toos Daemen2, 

Han Moshage1

In preparation

1University of Groningen, University Medical Center Groningen, Department of Gastroenterology and Hepatology, 
Groningen, The Netherlands. 

2University of Groningen, University Medical Center Groningen, Department of Medical Microbiology, Groningen, 
The Netherlands. 

3University of Antioquia, Gastrohepatology group, Medicine School, Medellin, Colombia.



Chapter 5

120

Abstract

Chronic hepatitis C virus (HCV) infection is associated with development of hepatic 

fibrosis. HCV predominantly infects hepatocytes and the expression of HCV proteins 

in these cells induces oxidative stress. During liver injury hepatic stellate cells (HSCs) 

undergo a well-characterized activation process and are the major fibrogenic cells 

contributing to the excessive deposition of extracellular components leading to 

fibrosis. Although the activation of HSCs has been extensively studied, knowledge on 

the role of HCV protein expressing hepatocytes on HSC activation is scarce. The aim 

of this study is to establish an in vitro cell-cell interaction model to mimic conditions 

observed during HCV infection. LX-2 cells were used to represent human HSCs. LX-2 

cells were either co-cultured with Huh7 cells that express HCV Core or NS3/4A 

protein or exposed to conditioned medium of these HCV protein-expressing Huh7 

cells. Moreover, Huh7 cells were exposed to menadione to test whether exogenous 

oxidative stress to hepatocytes affects activation and/or stress response of HSCs.

mRNA levels of HSC activation markers COL1A1 and ACTA2 were increased in LX-2 

cells when co-cultured with either Core- or NS3/4A-expressing Huh7 cells. In contrast, 

conditioned media of Core-expressing Huh7 cells increased TGF-1 mRNA levels in 

LX-2 cells, but not COL1A1 and ACTA2. HCV-protein expressing Huh7 cells did not 

cause oxidative stress or endoplasmic stress in LX-2 cells in co-culture conditions. 

Oxidative stress induction did not affect HSC activation or expression of enzymatic 

antioxidant markers as HMOX-1, SOD1, SOD2, and CAT neither cellular stress markers 

as HSPA5, ATF4, DDIT3 and sXBP1.

Our preliminary results demonstrate that transient expression of HCV Core or 

NS3/4A leads to the secretion of pro-fibrogenic factors by Huh7 cells expressing viral 

proteins, potentially revealing a pro-fibrotic paracrine interaction between HCV-

infected hepatocytes and stellate cells in HCV patients. 
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Introduction

An estimated 80 million individuals worldwide are chronically infected with HCV and 

at risk to develop liver fibrosis, cirrhosis and, eventually, hepatocellular carcinoma 

(HCC) (1). It has been suggested that progression to chronic hepatitis C occurs in 55 to 

85% of infected individuals while less that 20% resolve the infection (2,3). 

Hepatic fibrosis is characterized by excessive deposition of extracellular matrix 

(ECM) components, like collagen type I and fibronectin in conjunction with decreased 

degradation of ECM through matrix metalloproteinases (MMP). Type I collagen is 

composed of two collagen type I alpha-1 chains (hereafter referred to as COL1A1) 

and one collagen type I alpha 2 chain (COL1A2), encoded by the COL1A1and COL1A2 

genes, respectively. The hepatic stellate cells (HSCs) are considered the most 

prominent fibrogenic cell type in the liver (4,5). HSCs undergo a well-characterized 

transdifferentiation and activation process from quiescent, non-proliferating vitamin 

A-storing cells in the healthy liver to highly proliferative, contractile, matrix-producing 

myofibroblasts in response to chronic liver inflammation that causes fibrosis (5).

HCV primarily infects hepatocytes, although evidence of extra-hepatocytic replication 

in several types of immune cells has also been reported (6–9). Human HSCs are not 

infected by HCV, despite the expression of the Cluster of Differentiation 81 (CD81), 

one of the surface molecules involved in HCV entry into hepatocytes (10). Thus, 

transdifferentiation and activation of HSCs in chronic HCV infection is the result of 

indirect effects and inflammatory cells are likely to mediate these indirect effects on 

HSCs via the secretion of pro-inflammatory and pro-fibrogenic factors (11).

However, HCV-infected hepatocytes, producing viral proteins, may also release 

signals that activate HSCs. HCV replication and expression of viral proteins, such as 

Core, NS3/4A and NS5A, in hepatocytes induce oxidative stress and endoplasmic 

reticulum (ER) stress (12). In addition, HCV can modulate lipid metabolism and 

signal transduction pathways (13–16). Thus, HCV-infected hepatocytes undergo 

phenotypic changes that may change their interaction with other hepatic cell types 

like HSCs. Schuzel-Krebs et al. determined the profibrogenic potential of conditioned 

media of Huh7 cells, stably expressing non-structural viral proteins (NS3-NS5B) on 

the activation of HSCs. They found that these cells release factors that modulate the 
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expression of fibrogenic genes in HSCs, including increased expression of transforming 

growth factor beta 1 (TGF-β1), COL1A1 and Collagen Type III Alpha 1 Chain (COL3A1), 

in conjunction with decreased expression of fibrolytic matrix metalloproteinases (17). 

Recently, we developed an in vitro model using several sources of damage (Chapter 

3 and 4), in which HCV protein-expressing (first injury) cells are additionally exposed 

to external oxidative stress (second injury) to mimic chronic HCV infection in vivo, 

in which HCV-infected hepatocytes are also exposed to oxidative stress elicited by 

inflammatory cells. 

The aim of this pilot study is to establish an in vitro cell-cell interaction culture model 

to investigate the interaction between Huh7 cells expressing HCV proteins Core or 

NS3/4A and HSCs. Using this cell-cell interaction model, we investigated paracrine 

signaling between HCV protein-expressing Huh7 cells and HSCs. Moreover, we also 

investigated the effect of additional oxidative stress in Huh7 cells on HSC activation. 

Material and methods

Cell culture and treatments

The human hepatoma cell line Huh7 (National Institutes of Biomedical Innovation, 

JCRB Cell Bank, Japan) and human LX-2 cells (kind gift from dr. S. Friedman) were 

maintained in Dulbecco’s modified Eagle medium (1X) + GlutaMAXTM-I (DMEM; 

Gibco) supplemented with 10% fetal bovine serum (FBS) (Gibco) and 1% penicillin-

streptomycin (100 IU/mL penicillin and 100 g/mL streptomycin) (Gibco) in the presence 

of 5% CO
2
 at 37°C. Recombinant human TGF-β1 (2.5 ng/mL) (Sigma-Aldrich, T-5050) 

was used in some experiments to induce activation of LX-2 cells. Two independent 

experiments in duplicate were conducted. The results are expressed as the mean of 

two independent experiments.

Transfection of Huh7 cells

Huh7 cells (1.8x105) were seeded in 6-well plates and transfected after 24 hours 

(h) at a confluency of 70%. LipofectamineTM 3000 (Invitrogen) and the expression 

vectors pTracerTM-EF/V5-His (Invitrogen) (Huh7-Empty), pTracerCore (Huh7-Core) 

and pTracerNS3/4A (Huh7-NS3/4A) (Chapter 3) were used separately at a ratio of 4 
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µL:1 µg (Lipofectamine 3000: plasmid vector). Lipofectamine 3000 and the plasmids 

were prepared in OPTI-MEMTM I (1X) reduced serum medium (Gibco) following the 

manufacturer’s instructions. Six hours post-transfection (hpt), the plasmid DNA-

Lipofectamine complexes were removed and medium was refreshed. The expression 

of green fluorescent protein (GFP) under the control of the human cytomegalovirus 

immediate-early promotor was used to determine the transfection efficiency 24 hpt. 

The expression of recombinant HCV Core and NS3/4A was under the control of the 

human Elongation Factor 1α (hEF-1α) promotor. 

Transwell co-culture of transfected Huh7 cells with LX-2 cells

LX-2 cells (1x105) were seeded in 6-well plates in DMEM without FBS and antibiotics, 

24 h prior to co-culture with transfected Huh7 cells. 24 hpt, Huh7-Empty, Huh7-Core, 

Huh7-NS3/4A and Huh7-NT cells were harvested using trypsin 1X (Gibco) and the 

viability of the cells was determined by trypan blue staining. Huh7 cells (1.5x105) were 

placed into the 6-well format cell culture insert with 0.4 µm pore PET track-etched 

membrane (Falcon). Huh7 cells and LX-2 cells were co-cultured for 24 h and 48 h, 

after which LX-2 cells were harvested for analysis. In some co-culture experiments, 

Huh7 cells seeded in the upper insert were treated with the superoxide anion donor 

menadione (50 µmol/L) to induce oxidative stress 6 h prior to harvesting HSCs. In some 

experiments, the anti-oxidant N-Acetyl-L-cysteine (NAC, 5 mmol/L, Sigma) was added 

to Huh7 cells 30 min before menadione treatment. The experiments were conducted 

twice with two biological repetitions. The results are expressed as the mean of two 

independent experiments. 

Preparation of conditioned media and LX-2 treatment

Twenty-four hpt, Huh7-Empty, Huh7-Core, Huh7-NS3/4A and Huh7-NT (non-

transfected) cells were washed 3 times with 1X Hank´s Balanced Salt Solution (HBSS) 

with Ca2+ and Mg2+, followed by culture in DMEM without FCS or antibiotics for an 

additional 24 h. Then, medium was harvested, centrifuged at 1,000 rpm for 10 minutes 

to remove cell debris and used immediately for the treatment of LX-2 cells. Two 

independent experiments in duplicate were performed and the results are expressed 

as a mean.
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RNA isolation and RT-qPCR

LX-2 cells were harvested on ice and washed three times with ice-cold 1X HBSS. Total 

RNA was isolated with TRI-reagent according to the manufacturer’s instructions 

(Sigma). Reverse transcription (RT) was performed using 2.5 µg of total RNA, 1X RT 

buffer (500 mmol/L Tris-HCl, pH 8.3; 500 mmol/L KCl; 30 mmol/L MgCl
2
; 50 mmol/L 

DTT), 1 mmol/L deoxynucleotides triphosphate (dNTPs, Sigma), 10 ng/µL random 

nanomers (Sigma), 0.6 U/µL RNaseOUTTM (Invitrogen) and 4 U/µL M-MLV reverse 

transcriptase (Invitrogen) in a final volume of 50 μL. Reverse transcription program 

was 25°C/10 min, 37°C/60 min and 95°C/5 min. Complementary DNA (cDNA) was 

diluted 20X in nuclease-free water. Real-Time qPCR was carried out in a StepOnePlus™ 

(96-well) PCR System (Applied Biosystems, ThermoFisher) using TaqMan probes. The 

sequences of the probes and primers are described in Supplementary Table 1. For 

qPCR, 2X reaction buffer (dNTPs, HotGoldStar DNA polymerase, 5 mmol/L MgCl
2
) 

(Eurogentech, the Netherlands), 5 μmol/L fluorogenic probe and 50 μmol/L of sense 

and antisense primers (Invitrogen) were used. mRNA levels were normalized to 18S 

and further normalized to the mean expression level of the control group.

Mitochondrial superoxide production determination 

The fluorogenic probe MitoSOXTM Red reagent (Invitrogen) was used to quantify 

mitochondrial production of superoxide anions in Huh7 cells according to the 

manufacturer’s instructions. MitoSOX™ reagent working solution was added to the 

cells at final concentration of 5 mmol/L. After 10 min, media was removed and cells 

were washed three times with 1X HBSS Ca2+ Mg2+ (Gibco) and harvested for flow 

cytometry analysis using a 488 nm laser. Three independent experiments were carried 

out and the results are expressed as a mean.

Immunofluorescence microscopy

Huh7 cells (9.0x104) were grown on glass cover slips placed in 12-well plates. After 

24 h, attached cells were transfected according to the protocol described above. 24 

hpt media were removed and cover slips were carefully washed three times with 1X 

HBSS Ca2+ Mg2+ (Gibco). Then, cells were fixed using a 4% paraformaldehyde solution 

in 1X HBSS Ca2+ Mg2+ (Gibco) for 10 min at room temperature and washed 3 times 
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with 1X HBSS-10% FBS solution. Permeabilization was performed by incubation of 

the samples for 10 min in 1X HBSS containing 0.1% Triton X-100 (Sigma). 1% Bovine 

serum albumin (BSA, Sigma) in 1X HBSS + 0.1% Tween 20 (Sigma) solution was used 

to block non-specific binding of the antibodies for 30 min. Monoclonal antibodies 

against HCV Core (Clone B12-F8, kindly provided by prof. Dr. Mondelli (18)) and HCV 

NS3/4A (Clone 8 G2, (Abcam)) were used at a dilution of 1:1,000 in 1% BSA/1X HBSS 

in a humidified chamber for 1 h at room temperature. Then, samples were washed 

three times with 1% BSA in 1X HBSS solution. Finally, cells were incubated with goat 

anti-mouse Alexa Fluor® 568 in 1% BSA/1X HBSS for 1 h at room temperature in the 

dark. Slides were evaluated using fluorescence microscopy and analyzed by Leica ALS 

AF Software (Leica).

Western blotting

Cells were scraped on ice and lysed by three cycles of freezing in liquid nitrogen and 

thawing at 37°C in lysis buffer (25 mmol/L HEPES, 150 mmol/L KAc, 2 mmol/L EDTA, 

0.1% NP-40) supplemented with protease and phosphatase inhibitors (10 mmol/L 

NaF, 50 mmol/L PMSF, 1 µg/µL of α-protenin/pepstatin/leupeptin and 1 mmol/L DTT) 

followed by centrifugation for 10 minutes at 12,000 rpm. Cell lysates were resolved 

on Mini-PROTEAN® TGX Stain-FreeTM Precast Gels (BioRad). Semi-dry blotting was 

performed using Trans-Blot Turbo Midi Nitrocellulose Membrane with Trans-Blot 

Turbo System Transfer (BioRad). Ponceau S 0.1% w/v (Sigma) staining was used to 

confirm protein transfer. The monoclonal antibodies against HCV Core and NS3/4A 

were used at a dilution of 1:1,000 and mouse anti-Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) (Calbiochem) at a dilution of 1:10,000. 

Monoclonal antibodies against Alpha-Smooth Muscle Actin (α-SMA) (Sigma-Aldrich) 

and Col1A1 (SouthernBiotech, USA) were used at 1:1,000 dilution. The primary 

antibodies were incubated overnight (16 h) at 4°C. Secondary anti-mouse-, anti-

human- and anti-goat-horseradish peroxidase (HRP)-conjugated IgGs were used at 

1:5,000 dilution and incubated for 1 h at room temperature. The blots were analyzed 

in a ChemiDoc XRS system (Bio-Rad). Protein band intensities were quantified by 

ImageLab software (BioRad).
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Statistical analysis

The experiments described in this chapter have to be considered as pilot experiments. 

Two independent experiments were performed in duplicate and the mean ± standard 

deviation (s.d.) is depicted. To perform a thorough statistical analysis, part of the 

experiments need to be repeated. These experiments are currently in progress. 

The Graphpad Prism 5 software (GraphPad Software) was used and comparisons 

were evaluated by unpaired, two-tailed  t-test. A p value of <0.05 was considered 

statistically significant.

Results

LX-2 hepatic stellate cells become activated when co-cultured with 
Huh7 cells that express HCV Core or NS3/4A.

Huh7 cells were transiently transfected with HCV Core or NS3/4A expression vectors. 

Transfection efficiency was 70% ± 5.0 for empty vector, 69.8 ± 6.5 for HCV Core 

vector and 68.7 ± 3.6 for HCV NS3/4A vector according to GFP detection by FACS 

(Supplementary Figure 1A). The expression of HCV Core and NS3/4A proteins was 

demonstrated by immunofluorescence 24 h post-transfection (hpt). Both proteins 

were detected at the perinuclear area and NS3/4A showed a stronger signal intensity 

than Core. No staining for Core or NS3/4A was detected in Huh7 cells transfected 

with the empty vector (Supplementary Figure 1B).

To mimic the in vivo situation of HCV infection, we employed trans-well co-cultures to 

study the effect of HCV-infected cells on LX-2 cells. LX-2 cells were co-cultured with 

non-transfected and transfected Huh7 cells. 24 hpt, Huh7 were harvested. Viability 

of cells was 96% ± 1.4, 94.5% ± 2.1, 94%  1.4 and 93.5% ± 3.5, for non-transfected 

Huh7, Huh7-Empty, Huh7-Core and Huh7-NS3/4A, respectively after harvesting 

(Supplementary Figure 2A). Transfected Huh7 cells were placed in the upper insert of 

the transwell system and their attachment to the insert membrane was confirmed by 

fluorescence microscopy at 24 h post-seeding (Supplementary Figure 2B). Co-culture 

of LX-2 cells for 24 h with Huh7 NS3/4A-transfected cells increased the expression of 

activation markers: a-SMA encoded by Actin Alpha 2, Smooth Muscle gene (ACTA2) 

and COL1A1, whereas expression of TGF-b1 was not changed. Co-culture of LX-2 cells 
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with Huh7 cells expressing HCV Core did not induce the expression of HSC activation 

markers after 24 h (Figure 1A). However, when the co-culture was prolonged to 48 h, 

both Huh7 Core and NS3/4A induced expression of ACTA2, and Huh7 

Figure 1. Transwell co-culture of LX-2 cells with Huh7 cells expressing HCV Core or NS3/4A increase 
the expression of activation markers. The mRNA levels of activation markers α-SMA, Col1A1 and pro-
fibrogenic cytokine TGF-β1 were quantified in LX-2 cells after 24 h (A) and 48 h (B) of indirect co-culture 
with Huh7 cells expressing the empty vector, HCV Core or NS3/4A using a transwell system. The relative 
mRNA expression was normalized to 18S gene expression. The graphs show means ± s.d. of two independent 
experiments performed in duplicate. t test was performed to compare the means and the asterisks represent 
the p value as follow *˂0.01 and **˂0.006, (p values > 0.05 are considered not statistically significant). 
NT=Non-Transfected.

Core also induced expression of COL1A1 expression in LX-2 cells (Figure 1B). Again, no 

effect on TGF-b1 levels was observed. Next, the expression of HCV Core and NS3/4A 

proteins in Huh7 cells was evaluated by Western blotting after 24 and 48 hpt (Figure 

2). Densitometry analysis revealed that HCV Core expression was significantly higher 

at 48 h co-culture compared to 24 h co-culture, whereas NS3/4A protein levels were 

similar at 24 h and 48 h of co-culture (Figure 2A, and 2B). Thus, the effects of Huh7 

Core and NS3/4A on LX-2 activation correlated with the protein levels of Core and 

NS3/4A.



Chapter 5

128

Figure 2. Expression of HCV Core and NS3/4A in transfected Huh7 cells. Protein levels of HCV Core (A) and 
NS3/4A (B) were determined and quantified in transfected Huh7 cells 24 and 48 h post-transfection (hpt). 
The relative HCV Core and NS3/4A protein expression was determined by densitometry in a representative 
experiment.

Next, we investigated the effects of Huh7 Core and NS3/4A on LX-2 activation 

markers at the protein level. Huh7 and LX-2 cells were co-cultured for 48 h and a-SMA 

and COL1A1 protein levels were evaluated by Western blotting and compared to 

treatment of LX-2 cells with recombinant TGF-b1. A significant increase in a-SMA and 

COL1A1 protein levels was observed after recombinant TGF-b1 treatment of LX-2 

cells (Figure 3A-3C), indicating that the effect of TGF-1 treatment is mainly at the 

post-transcriptional level since ACTA2 and COL1A1 mRNA levels were not affected 

by TGF-b1 treatment (Figure 1A and 1B). Although a-SMA and COL1A1 protein 

levels were increased by co-culture of LX-2 cells with Huh7 cells expressing HCV 

Core protein, this increase was not statistically significant (Figure 3A-3C). Similarly, 

a slight but not significant increase of a-SMA in LX-2 cells co-cultured with Huh7 cells 

expressing NS3/4A was observed (Figure 3B).
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Figure 3. HCV Core and NS3/4A transfected Huh7 cells increase protein levels of activation markers 
in LX-2 cells during transwell co-culture. Protein levels of activation markers α-SMA and Col1A1 were 
determined in LX-2 cells after treatment with 2.5 ng/mL human recombinant TGF-β1 and co-culture with 
Huh7 cells expressing empty vector, HCV Core or NS3/4A (A). The relative levels of α-SMA (B) and Col1A1 
(C) protein expression were determined by densitometry in two independent experiments performed in 
duplicate and t test was performed to compare the means and the asterisks represent the p value as follow 
*˂0.03, (p values > 0.05 are considered not statistically significant).
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Conditioned media from hepatocytes expressing HCV Core and 
NS3/4A did not affect activation of hepatic stellate cells 

Conditioned media from non-transfected and transfected Huh7 cells were harvested 

48 hpt (which means 24 h-conditioned medium, see material and methods) and added 

to LX-2 cells. The expression of activation markers ACTA2, COL1A1 and TGF-b1 in 

LX-2 cells was measured and compared to the expression levels in LX-2 cells treated 

with recombinant TGF-b1. Treatment with recombinant TGF-b1 did not affect ACTA2 

(Figure 4A) and COL1A1 (Figure 4B) expression at the transcriptional level. However, 

TGF-b1 did increase the expression of TGF-b1 in LX-2 cells, indicating a positive 

feedback effect after recombinant TGF-b1 treatment (Figure 4C). Conditioned media 

from Huh7 cells expressing HCV proteins did not induce activation of LX-2 cells 

(Figures 4A and 4B). TGF-b1 expression in LX-2 cells was significantly increased after 

treatment with conditioned medium from HCV Core expressing-Huh7 cells, mimicking 

the effect of recombinant TGF-b1 (Figure 4C).

Figure 4. Conditioned media from hepatocytes expressing HCV Core or NS3/4A does not increase the 
expression of activation markers in LX-2 cells. The mRNA levels of activation markers ACTA2 (A), COL1A1 
(B) and pro-fibrogenic cytokine TGF-β1 (C) were quantified in LX-2 cells treated with conditioned media 
from Huh7 cells expressing the empty vector, HCV Core or NS3/4A and in LX-2 cells treated with 2.5 ng/mL 
recombinant TGF-b1. The relative mRNA expression was normalized to 18S gene expression. The graphs 
show means ± s.d. of two independent experiments. t test was performed to compare the means and the 
asterisks represent the p value: *˂0.04, (p values > 0.05 are considered not statistically significant).
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Menadione treatment of Huh7 cells expressing HCV Core and NS3/4A 
proteins has no additional effect on LX-2 activation

To mimic oxidative stress conditions observed during HCV infection, we induced 

external oxidative stress described earlier (Chapters 3 and 4) to the co-culture 

model, using the superoxide donor menadione. Menadione (50 mmol/L) increased 

mitochondrial superoxide anion production in both non-transfected and transfected 

Huh7 cells and this effect was abolished by the antioxidant NAC (Figure 5). Next, we 

evaluated the effect of external oxidative stress induced by menadione in transfected 

and non-transfected Huh7 cells on the expression of activation markers in LX-2 cells. 

Figure 5. Menadione induces oxidative stress in Huh7 cells. Non-transfected Huh7 cells and cells 
transfected with empty, HCV Core and NS3A74A expression vectors were treated with the superoxide 
donor menadione (50 mmol/L) for 6 h. Superoxide anion production was quantified using the MitoSOX 
fluorogenic probe. As a control, Huh7 cells were pre-treated with 5 mmol/L NAC for 30 min prior to 
menadione treatment. Two independent experiments were performed in duplicate and t test was performed 
to compare the means of the signal intensity and the asterisks represent p values: *<0.048 and **<0.01, (p 
values > 0.05 are considered not statistically significant).

As shown in Figure 6, menadione treatment of Huh7 cells did not change the 

expression of the activation markers ACTA2, COL1A1 or TGF-b1 in LX-2 cells. In 

addition, menadione treatment of Huh7 cells did not change the expression of the anti-

oxidant genes Heme Oxygenase 1 encoded by HMOX-1, Superoxide Dismutase 1 and 2 

encoded by SOD1 and SOD2, respectively and Catalase (CAT) in LX-2 cells (Figure 7A-

7D). Finally, we also determined the transcriptional expression of proteins involved in 

the ER stress response. For that, we quantified mRNA encoding Glucose-Regulated 

Protein 78 (GRP78, also known as immunoglobulin heavy chain-binding protein (BiP) 

encoded by the HSPA5 gene), which is an ER stress-inducible chaperone (Figure 8A). 

In addition, we determined the levels of the stress response inducible transcription 

factors ATF4 (Activation factor 4) (Figure 8B) and CCAAT/Enhancer-Binding Protein 

Homologous Protein (CHOP) encoded by the DDIT3 gene (Figure 8C) and spliced 
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version of the X-box binding protein 1 (XBP1) (Figure 8D). mRNA levels of none of 

these inducible stress response (ISR) markers were affected in LX-2 cells co-cultured 

with Huh7 cells expressing HCV proteins and additionally treated with menadione. 

Figure 6. Oxidative stress induction in Huh7 cells expressing HCV Core and NS3/4A proteins has no 
additional effect on LX-2 activation markers. The mRNA levels of activation markers ACTA2 (A), COL1A1 
(B) and pro-fibrogenic cytokine TGF-β1 (C) were quantified in LX-2 cells after 48 h of transwell co-culture 
with Huh7 cells expressing the empty vector, HCV Core or NS3/4A and treated with menadione50 mmol/L. 
5 mmol/L NAC was used to inhibit the menadione effect. The relative mRNA expression was normalized to 
18S gene expression. Two independent experiments were performed in duplicate. The graphs show means 
± s.d. of two independent experiments. t test was performed to compare the means (p values > 0.05 are 
considered not statistically significant).
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Figure 7. Oxidative stress induction in Huh7 cells expressing HCV Core and NS3/4A proteins has no 
effect on LX-2 expression of anti-oxidant genes. The mRNA levels of antioxidant enzymes HMOX-1 (A), 
SOD1 (B), SOD2 (C) and CAT (D) were quantified in LX-2 cells after 48 h of transwell co-culture with Huh7 
cells expressing the empty vector, HCV Core or NS3/4A and menadione treatment (50 mmol/L)) using a 
trans-well system. 5 mmol/L NAC was used to inhibit the menadione effect. The relative mRNA expression 
was normalized relative to 18S gene expression. The graphs show means ± s.d. of one experiment. 

Discussion

Oxidative stress has been implicated in the development of chronic inflammatory 

diseases, including viral hepatitis (19). The goal of the present study was to mimic the 

interaction between hepatocytes expressing HCV viral proteins and HSCs in vitro, 

with a special emphasis on the significance of oxidative stress. First, we employed a 

transwell system for the co-culture of Huh7 cells expressing HCV Core or NS3/4A 

with LX-2 cells. This model more closely mimics the in vivo situation of HCV infection 

than the conditioned medium used in other studies (17), since the interacting cells are 

at close proximity of each other allowing the continuous exposure to any secreted 
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factors. After 24 h co-culture we observed a pro-fibrogenic effect of HCV NS3/4A-

transfected Huh7 cells, whereas after 48 h of co-culture, we observed a pro-fibrogenic 

effect of both HCV NS3/4A and HCV Core-transfected Huh7 cells (Figure 1). The 

delayed pro-fibrogenic effect of HCV Core transfected cells compared to NS3/4A 

transfected Huh7 cells correlated with the protein levels of Core and NS3/4A in the 

transfected cells (Figure 2). The pro-fibrogenic effect of Core-transfected Huh7 cells 

appeared to be stronger than that of NS3/4A-transfected cells. This correlates with 

the relative pro-oxidant effect of these proteins in transfected Huh7 cells (Chapter 3 

and 4).

Figure 8. Oxidative stress induction in Huh7 cells expressing HCV Core and NS3/4A proteins has no 
effect on LX-2 markers of ER stress. The mRNA levels of ER stress markers HSPA5 (A), DDIT3 (B) ATF4 (C) 
and XBP1 (D) were quantified in LX-2 cells after 48 h of indirect co-culture with Huh7 cells expressing the 
empty vector, HCV Core or NS3/4A and menadione treatment (50 mmol/L)]) using a transwell system. 5 
mmol/L NAC was used to inhibit the menadione effect. The relative mRNA expression was normalized to 
18S gene expression. The graphs show means ± s.d. of two independent experiments. t test was performed 
to compare the means. (p values > 0.05 are considered not statistically significant).
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We demonstrate that conditioned medium from Huh7 cells expressing HCV Core or 

NS3/4A proteins did not or very weakly activate LX-2 cells based on the expression of 

the activation and fibrogenic markers ACTA2, COL1A1 and TGF-b (Figure 4A and 4B). 

A significant effect of conditioned medium was only observed for conditioned medium 

from Core-transfected Huh7 cells and only for the expression of TGF-b1. HCV Core 

and NS3/4A proteins were chosen, because both proteins have been shown to induce 

oxidative stress in infected hepatocytes with HCV Core protein being a stronger 

inducer than NS3/4A (14,20–22). The lack of -or only weak- effect of conditioned 

medium may have several reasons, including the stability of secreted factors, the 

timing of the collection of the conditioned medium and/or the concentration of any 

secreted factors in the conditioned medium. On the other hand, recombinant TGF-b1 

also induced only TGF-b1 expression, thus mimicking the effect of Core-transfected 

Huh7-conditioned medium.

Recently, Bataller et al. suggested that the direct interaction between HCV proteins 

and HSCs could play a role in HCV-induced liver fibrosis. They used two different 

approaches to test their hypothesis: human HSCs were incubated with recombinant 

HCV Core or NS3/4A proteins and additionally, HCV Core or NS3-NS5 proteins were 

expressed in HSCs using a recombinant adenovirus. Both HCV Core and NS3/4A 

induced oxidative stress in human HSCs, an effect that was attenuated by treatment 

with diphenylene iodonium, an NADPH oxidase inhibitor. Additionally, both viral 

proteins induced the activation and proliferation of HSCs. Thus, HCV proteins 

regulated key biological functions involved in liver fibrogenesis in human HSCs (23). 

In another study, conditioned medium from HCV replicon transfected Huh7-5-15 

cells had pro-fibrogenic effects on both rat and human hepatic stellate cells (30). Our 

results are in line with these results, however, our model more closely mimics the in 

vivo situation in which viral proteins are produced and secreted mainly by infected 

hepatocytes and not by hepatic stellate cells, since it has been shown that HSCs are 

not susceptible for HCV infection (11).

Although our results and the study of Bataller et al. suggest a direct pro-fibrogenic 

effect of HCV Core and NS3/4A proteins on hepatic stellate cells, it cannot be 

excluded that HCV-infected hepatocytes produce and secrete additional pro-

fibrogenic cytokines. The most likely candidate is TGF-β1, as is also supported by our 

experiments with conditioned medium. Additional experiments, using neutralizing 
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antibodies to TGF-β1 in the co-culture system and/or the evaluation of pro-fibrogenic 

cytokines in the transfected Huh7 cells are necessary to identify these pro-fibrogenic 

factors. TGF-b1 is a cytokine involved in several important processes like cell growth, 

adhesion, migration, apoptosis and cell differentiation and is the most important 

cytokine involved in fibrogenesis (24). It has been suggested that Kuppfer cells are 

the main source of TGF-b1. However it has also been reported that hepatocytes 

infected by HCV or expressing HCV viral proteins as Core can secrete TGF-b1 (25). 

Additionally, increased reactive oxygen species in HCV-infected hepatocytes induce 

TGF-b1 expression (26). Jee et al. reported that TGF-b1 production is increased 

in HCV-infected hepatocytes and in liver tissue of HCV-infected patients and this 

production was sufficient to activate HSC. The TGF-b1 production was triggered by 

HCV glycoprotein E2 (27). 

The second goal of our study was to investigate whether HCV protein-expressing 

cells, subjected to an additional stress (described in Chapters 3 and 4) modulate the 

activation and/or stress response in LX-2 stellate cells. Huh7 cells, subjected to external 

oxidative stress did not increase any markers of oxidative stress or ER stress in LX-2 

cells. These results suggest that Huh7 cells expressing HCV proteins and exposed to 

oxidative stress do not induce any stress response in stellate cells, indicating that the 

pro-fibrogenic signals from HCV protein expressing Huh7 cells is indeed the result 

of soluble, secreted factors and not the result of a stress response in LX-2 cells. This 

result is relevant, since it has been proposed that ER stress, autophagy and/or oxidative 

stress directly activate stellate cells. We did not observe any indications for ER stress 

or anti-oxidant response in LX-2 cells co-cultured with Huh7 cells subjected to external 

oxidative stress. However, we cannot completely rule out a role of oxidative stress in 

the pro-fibrogenic response of LX-2 cells, since we only measured expression levels of 

anti-oxidant genes and did not directly quantify oxidative stress, like ROS production 

or intracellular redox status. 

The experiments described in this chapter have to be considered as pilot experiments. 

All experiments were performed at least two times. However, to perform a thorough 

statistical analysis, (part of) the experiments need to be repeated. These experiments 

are currently in progress.   
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In summary, in these pilot studies we established an in vitro model for cell-cell 

interaction between hepatocytes and HSCs to study the activation of HSCs and the 

cellular stress response in the context of HCV infection. In this model, we demonstrate 

a pro-fibrogenic effect of Huh7 cells expressing HCV Core or NS3/4A on LX-2 hepatic 

stellate cells. The identity of the pro-fibrogenic factors released by HCV-infected cells 

still needs to be elucidated, but TGF-b1 appears to be a likely candidate. The existence 

of a pro-fibrogenic action of HCV-infected cells on HSC, independent of inflammatory 

cells, provides novel insights in the pathogenesis of HCV-related liver fibrosis and may 

lead to novel therapeutic targets. 
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Supplementary figures and tables

Supplementary Figure S1. Transfection efficiency and expression of HCV Core and NS3/4A in Huh7 cells. 
Transfection of Huh7 cells was determined by flow cytometry based on GFP expression of transfected cells. 
A representative experiment (dot plot cytogram) and the average of three independent experiments are 
shown (A). The expression of HCV Core and NS3/4A was demonstrated by immunofluorescence in Huh7 
cells 24 hpt using anti-HCV Core and anti-NS3/4A antibodies. The red signal detecting the viral proteins is 
indicated by white arrows. Huh7 cells transfected with the empty vector were used as a control. The graphs 
show means ± s.d. of three independent experiments.
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Supplementary Figure S2. Indirect co-culture of Huh7 cells expressing HCV Core and NS3/4A with 
LX-2 cells. Huh7 cells were harvested 48 hpt using 0.5 mg/mL trypsin. Then, cell viability was determined 
by trypan blue exclusion staining. The graphs show means ± s.d. of three independent experiments (A). 
Attachment of Huh7 cells to the membrane in the upper insert of indirect co-culture was confirm by 
fluorescent microscopy (B). 
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Supplementary Table 1. Primer sets and 

probes for qPCR.
Name Type Specie Sequence (5´- 3´)

18S_F P. Forward Human/Rat CGG CTA CCA CAT CCA AGG A

18S_R P. Reverse Human/Rat CCA ATT ACA GGG CCT CGA AA

18S_P Probe Human/Rat CGC GCA AAT TAC CCA CTC CCG A

HO-1_F P. Forward Human GAC TGC GTT CCT GCT CAA CAT

HO-1_R P. Reverse Human GCT CTG GTC CTT GGT GTC ATG

HO-1_P Probe Human TCA GCA GCT CCT GCA ACT CCT CAA AGA G

MnSOD2_F P. Forward Human/Rat CAC CGA GGA GAA GTA CCA CGA

MnSOD2_R P. Reverse Human/Rat GAA CTT CAG TGC AGG CTG AAG A

MnSOD2_P Probe Human/Rat CCT GAG TTG TAA CAT CTC CCT TGG CCA G

CuZnSOD_F P. Forward Human CTCACTTTAATCCTCTATCCAGAAAACA

CuZnSOD_R P. Reverse Human ATCTTTGTCAGCAGTCACATTGC

CuZnSOD_P Probe Human CAACATGCCTCTCTTCATCCTTTGGCC

CAT_F P. Forward Human TTC GAT CTC ACC AAG GTT TGG

CAT_R P. Reverse Human GTT GCT TGG GTC GAA GGC TAT

CAT_P Probe Human CAC AAG GAC TAC CCT CTC ATC CCA GTT GG

α-SMA_F P. Forward Human GGG ACG ACA TGG AAA AGA TCT G

α-SMA_R P. Reverse Human CAG GGT GGG ATG CTC TTC A

α-SMA_P Probe Human CAC TCT TTC TAC AAT GAGCTT CGT GTT GCC C

Grp78_F P. Forward Human TGG TGA TCA AGA TAC AGG TGA CCT

Grp78_R P. Reverse Human GTG TTC CTT GGA ATC AGT TTG GT

Grp78_P Probe Human TCC CCT TAC ACT TGG TAT TGA AAC TGT GGG

sXBP1_F P. Forward Human GCT GAG TCC GCA GCA GGT

sXBP1_R P. Reverse Human CCC AAA AGG ATA TCA GAC TCA GAA TC

sXBP1_P Probe Human CCC AGT TGT CAC CTC CCC AGA ACA TCT

ATF4_F P. Forward Human CAG CAA GGA GGA TGC CTT CT

ATF4_R P. Reverse Human CCA ACA GGG CAT CCA AGT C

ATF4_P Probe Human CCA TTT TCT CCA ACA TCC AAT CTG TCC C

DDIT3_F P. Forward Human GGAAATGAAGAGGAAGAATCAAAAAT

DDIT3_R P. Reverse Human GTTCTGGCTCCTCCTCAGTCA

DDIT3_P Probe Human TTCACCACTCTTGACCCTGCTTCTCTGG

Col1A1_F P. Forward Human GGC CCA GAA GAA CTG GTA CAT C

Col1A1_R P. Reverse Human CCG CCA TAC TCG AAC TGG AA

Col1A1_P Probe Human CCC CAA GGA CAA GAG GCA TGT CTG

TGF-β1_F P. Forward Human GGCCCTGCCCCTACATTT

TGF-β1_R P. Reverse Human CCGGGTTATGCTGGTTGTACA

TGF-β1_P Probe Human ACACGCAGTACAGCAAGGGTCCTGGC
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Introduction

Since the isolation of the hepatitis C virus (HCV) genome in 1989 (1), research on 

HCV biology and pathogenesis  has progressed rapidly and today we are witnessing 

the ambition of the World Health Organization (WHO) to eliminate viral hepatitis 

before the year 2030 (2). However, despite these advances there are still gaps in our 

knowledge on this virus that may challenge this goal. HCV pathogenesis is complex and 

not completely clear yet. In particular, the host-virus interaction requires additional 

research, since it determines to a large extent the outcome of HCV infection and the 

clinical management of infected individuals.

The research described in this thesis focused on aspects of host-virus interaction: the 

impact of viral protein expression on adaptive mechanisms in the host cell (hepatocyte). 

More specifically, we investigated the molecular mechanisms involved in the adaptive 

response to cellular stress in hepatocytes expressing HCV viral proteins while 

subjected to an additional stressor: oxidative stress. This is an important aspect in 

HCV research as HCV-infected hepatocytes have to cope simultaneously with 1) HCV 

replication and expression of viral proteins and 2) inflammatory signals and oxidative 

stress. We developed a cell culture model to mimic these stresses. Additionally, we 

used a co-culture system of Huh7 cells expressing HCV proteins and hepatic stellate 

cells (HSC) to study the interaction between virus-infected cells (hepatocytes) and 

fibrogenic cells (HSC). The study of this interaction is highly relevant, since activated 

HSC are the principal fibrogenic cell type. In Figures 1 a graphical abstract of the 

models used in this thesis is presented together with the major findings. Initially, we 

used Huh7 cells with transient expression of HCV Core or NS3/4A proteins (viral 

proteins with pro-oxidative activity) to study the adaptations to external oxidative 

stress exposure (menadione treatment) (Figure 1A). We observed that Huh7 cells 

expressing HCV proteins resist the pro-apoptotic effect of external oxidative stress 

(Chapter 3). Then, the molecular mechanism of resistance to external oxidative stress 

was unraveled and described in Chapter 4 using Huh7 cells with stable expression 

of HCV proteins (Figure 1B). Finally, the co-culture of hepatocytes and HSCs was 

presented to study activation of HSC under oxidative stress conditions (Figure 1C).
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Figure 1. Summary of the main results obtained in this thesis. A. Huh7 cells with transient HCV Core or 
NS3/4A protein expression can overcome oxidative stress-effects, through reduction in ROS production, 
apoptosis and ER stress markers, therefore, survival of Huh7 cells increased. B. The molecular mechanism 
behind oxidative stress resistance in Huh7 cells expressing HCV viral proteins were elucidated. After 
oxidative stress induction and HCV protein expression, eIF2α was phosphorylated and further ATF4 and 
CHOP expression were observed, thus, eIF2α/ATF4 pathway was activated. Autophagy markers were 
suggested to play an important role during HCV Core or NS5A degradation and concomitant cell survival. 
C. Cellular stress response was determined also in HSC after co-culture with Huh7 cells expressing HCV 
Core and NS3/4A. 

From our results, we conclude that the adaptive response to cellular stress 

(specifically to oxidative stress) could play an important role in the outcome of HCV 

infection (Figure 2). In the acute phase of HCV infection, the adaptive response to 

cellular stress may promote virus resolution as consequence of degradation of pro-

oxidant HCV proteins as Core and NS5A, which will limit virus production. Reduced 

virus production may benefit the hepatocytes, since it prevents the death of host cells 

(and hence a reduction in virus ‘factories’). In chronic infection, we suggest that the 

adaptive response to cellular stress in HCV-infected hepatocytes can be modulated 

by HCV viral proteins which may benefit viral persistence (Figure 2). From the point of 

view of the hepatitis C virus: ‘What doesn’t kill me, makes me stronger’.
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Effects of HCV protein expression on mitochondria, 
ER stress and cell death

In Chapters 3 and 4, we report that HCV protein expression increases the production 

of mitochondrial reactive oxygen species (ROS), endoplasmic reticulum (ER) stress and 

apoptotic cell death. These phenomena are most likely interrelated: HCV replication 

involves the rearrangement of intracellular membrane systems, including the ER, 

mitochondria and other organelles, to establish the membrane-associated replication 

complex (Figure 3 in Chapter 1) (3). The specific modifications at the ER are mediated 

by various non-structural HCV proteins, such as NS4B and NS5A that are localized 

inside the ER lumen or integrated in the ER membrane (4). HCV also uses components 

of the intracellular lipid transport system for the production of new infectious viral 

particles (5). Thus, HCV infection disrupts normal ER function and induces ER stress. 

In turn, ER stress may result in increased oxidative stress (6) and, together with ROS 

generated during the immune response against HCV, impose significant oxidative 

stress on the hepatocytes, resulting in apoptotic cell death (7,8). 

The ER is responsible for protein synthesis and protein quality control (6). Elimination 

of misfolded proteins occurs through activation of the ER-associated protein 

degradation pathway and the ubiquitin-proteasome pathway (9). Autophagy also plays 

an important role in sequestering misfolded proteins inside ER-derived membrane 

vesicles (10) and subsequent degradation of these misfolded proteins (11). Thus, ER 

stress and autophagy are intertwined cellular mechanisms. Overload of these systems, 

e.g. by misfolded or aberrant  proteins, induces ER stress and initiates the Unfolded 

Protein Response (UPR). In our studies, we demonstrate the involvement of several 

components of the UPR in response to HCV protein expression, notably double-

stranded RNA-activated protein kinase (PKR)–like ER kinase (PERK) signaling, via its 

downstream effectors alpha-subunit of the eukaryotic translation initiation factor 

2 (eIF2a), Activating Transcription Factor 4 (ATF4) and C/EBP homologous protein 

(CHOP) (Chapter 3 and 4). 
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Figure 2. Adaptive response to cellular stress and outcome during HCV infection. The adaptive response 
to cellular stress during acute HCV infection can play an important role for resolution of the infection due 
the negative regulation of the viral replication and concomitant ROS production and oxidative stress-
induced apoptosis diminution, thus, cell survival of hepatocytes increased. The molecular mechanism 
behind resistance to cellular stress involve activation of the eIF2a/ATF4 pathway and further selective 
autophagy of harmful proteins as HCV Core and NS5A (see Chapter 4). However, in the context of chronic 
HCV infection we suggest that the adaptive response to cellular stress could be modulated by HCV to 
enhance its replication. 

Increased resistance to external oxidative stress in 
hepatocytes expressing HCV core and NS3/4A

Several HCV proteins are known to induce or enhance ROS production directly. Core 

is reported to have the highest pro-oxidant capacity, but E1, E2, NS3, NS4B and NS5A 

have all been shown to promote ROS production in hepatocytes (8-14). We analyzed 

the role of three important pro-oxidant HCV proteins, Core, NS3/4A and NS5A, in our 

in vitro model. 

In Chapter 3, we show that Huh7 cells and hepatocytes transiently expressing the 

pro-oxidant viral proteins Core or NS3/4A are more resistant to apoptosis induced 

by external oxidative stress (menadione treatment): these cells demonstrate reduced 

ROS production, ER stress (glucose-regulated protein 78kDa [GRP78], spliced X-box 
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binding protein 1 [sXBP1]) and apoptotic cell death (caspase-3 activity). Interestingly 

and contrary to earlier reports, we do not see a direct effect on general ROS 

production in cells expressing HCV Core, NS3/4A or NS5A. However, mitochondrial 

superoxide anion production and expression of the oxidative stress-marker Heme 

Oxygenase-1 (HO-1) encoded by HMOX-1 gene was significantly increased in Huh7 

cells and primary hepatocytes transfected with HCV Core protein (Figure 1 and 3B 

in Chapter 3). Increased resistance of Core-expressing cells to cell death induced by 

oxidative stress has been reported before and shown to be dependent on inhibition 

of p53-mediated apoptosis (12). These results are different from ours and may be 

related to the use of different inducers of oxidative stress: hydrogen peroxide versus 

superoxide anions (menadione), leading to different modes of cell death, e.g. necrosis 

and apoptosis, respectively (13). Several studies have been performed to explore 

the direct pro-oxidative role of HCV proteins in HCV infection, while other studies 

focused on the anti-oxidative response after HCV protein expression. The results 

suggest a dual effect: HCV proteins induce oxidative stress, resulting in activation 

of the Nuclear factor [erythroid-derived 2]-like/Kelch-like ECH-associated protein 1 

(Nrf2/Keap1) pathway and increased cell survival (14–17). 

In Chapter 3, we demonstrate significantly reduced levels of p62/sequestosome 

1 (SQSTM1) protein (hereafter referred to as p62) and increased levels of the 

phosphatidylethanolamine-conjugated form of microtubule-associated protein 

1A/1B-light chain 3 (LC3-II) in Huh7 cells expressing HCV Core or NS3/4A. The 

degradation of HCV Core protein correlates with the decrease in p62 and suggests 

a correlation between activation of autophagy, degradation of Core protein and 

the resistance to oxidative stress. The effects on p62 and LC3-II are potentiated by 

exposure to external oxidative stress (Figure 5B in Chapter 3). Additional studies are 

required to demonstrate a causal relationship between p62 and Core degradation, 

autophagy and resistance to oxidative stress in the model of transient expression of 

HCV viral proteins in Huh7 cells (Chapter 3). 

Another intriguing finding reported in Chapter 3 is that the adaptive response 

to cellular oxidative stress is abolished by the anti-oxidant N-acetyl-L-cysteine 

(NAC). This indicates that some level of ROS production is necessary to activate 

the adaptive response. This observation is very similar to the phenomenon of ‘pre-

conditioning’ in which toxic effects of a specific stressor can be prevented by a 
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priori exposure to low (non-toxic) levels of the same stressor. In fact, HO-1 has been 

shown to be instrumental in the protective effect of pre-conditioning in the context 

of ischemia-reperfusion injury (18,19). A similar phenomenon may be operational 

in our external oxidative stress induction model, in which HO-1 expression is also 

increased. Interestingly, HO-1 is a Nrf2 target gene. The Nrf2-Keap1 pathway, also 

defined as Nrf2/Antioxidant Response Elements (ARE) pathway, is the major regulator 

of a cytoprotective response to oxidative stress. Burdette et al. investigated the 

mechanism of Nrf2 activation in human hepatoma cells transfected with an HCV-

replicon. Activation and nuclear translocation of Nrf2 was observed and this was 

inhibited by the antioxidant pyrrolidine dithiocarbamate (PDTC) and the Ca2+-chelator 

1,2-bis (aminophenoxy)ethane N,N,N,N-tetraacetic acid tetra(acetoxymethyl)ester 

(BAPTA-AM), suggesting a role for both ROS and Ca2+ signaling in Nrf2-activation 

(16). Phosphorylation of glycogen synthase kinase 3β (GSK3β) is correlated with 

Nrf2 activation in liver biopsy specimens from HCV-infected patients and inversely 

correlated with the degree of liver injury. Since GSK3β is an indispensable regulator 

of the oxidative stress response, therapeutic targeting of GSK3β has been proposed to 

enhance the antioxidant Nrf2-dependent response during chronic HCV infection (20). 

Although we did not specifically investigate the Nrf2-Keap1/GSK3β pathway, it may 

be a relevant topic for future studies.

In addition to HO-1, other antioxidant enzymes that detoxify ROS were evaluated, 

such as superoxide dismutase (SOD1 and SOD2), catalase (CAT) and glutathione 

peroxidase 1 (GPx1). We did not observe any changes in the expression of these 

genes, indicating that the observed resistance to oxidative stress is not mediated by 

transcriptional regulation of these enzymes (Figure 2 in Chapter 3; Supplementary 

Figure 2 in Chapter 4). This is in line with previous studies reporting a lack of induction 

of antioxidant proteins such as CAT, Nqo1, and GPx1 in a HCV acute infection model 

(21,22). 

Adaptive mechanisms in hepatocytes to external 
oxidative stress induction

In Chapter 4, we explore the molecular mechanism(s) contributing to the resistance 

to oxidative stress in Huh7 cells stably expressing these HCV proteins, mimicking 

chronic infection. We demonstrate activation of the eIF2a and subsequent expression 
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of transcription factor ATF4 in response to oxidative stress and the selective 

degradation of Core and NS5A HCV proteins, resulting in a reduction of cellular 

oxidative stress (Figure 3 in Chapter 4). ATF4 has an important role in regulating both 

normal metabolic and redox processes, as well as acting as a master transcription 

factor during the Integrated Stress Response as described in Chapter 2 and in (23). 

ATF4 regulates the transcription of target genes like ATF5 and DDIT3 via binding to 

the C/EBP-ATF response element (CARE) (24). 

 

The expression of DDIT3, the gene encoding CHOP, is induced in Huh7 cells expressing 

Core or NS5A. Similarly, in liver samples of patients infected with HCV, the increased 

expression of ATF4 and DDIT3 is also observed. The increased expression of these 

markers is restricted to the cirrhotic stage of HCV infection and is not observed in 

samples from HCV-associated hepatocellular carcinoma and non-HCV-related liver 

diseases (Figure 4 in Chapter 4). The specificity of ATF4/DDIT3 induction for HCV-

related liver disease is striking and supports our in vitro data. In line with our results, 

increased expression of ATF4 and CHOP and modulation of the steady state of 

autophagy markers has been reported in Huh7 cells expressing HCV Core protein 

(25). Furthermore, HCV-infected Huh7.5.1 cells and HCV-transgenic mice (expressing 

the entire HCV genotype 1b genome under alpha-1 antitrypsin promoter) display 

increased phosphorylation of eIF2a and induction of downstream genes like ATF4 and 

DDIT3. In the HCV-transgenic mice, suppression of HCV replication by interferon-a2a 

treatment normalized ATF4 and DDIT3 expression (26).

Several findings suggest a role of the eIF2a/ATF4 pathway in regulating autophagy in 

response to stress (27,28). Important autophagy-related target genes of the eIF2a/

ATF4 pathway are the cargo receptors that are involved in the specific degradation of 

ubiquitinated substrates, such as p62 and Neighbor of BRCA1 gene 1 protein (Nbr1) 

(27). p62 is a conserved, stress-inducible multifunctional protein that acts as a receptor 

for ubiquitinated cargos in autophagy (29). p62 has several domains that mediate its 

interactions with various binding partners involved in selective autophagy, nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-kB) activation, apoptosis, 

mammalian target of rapamycin complex 1 (mTORC1) activation, oligomerization, 

adipogenesis and the Nrf2/Keap1 pathway, making it an important signaling hub (30–

33). 
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p62 is mostly localized in the cytoplasm, however, it can also be found in the nucleus, 

autophagosomes and in lysosomes. In response to cellular stress, p62 translocates 

to autophagy substrates, such as protein aggregates and damaged proteins and 

organelles, like mitochondria. Cytoplasmic p62 is removed mainly by autophagy 

and its presence in the cytoplasm is generally considered to inversely correlate with 

autophagic activity (34). Presence of p62 is associated with a basal level of autophagy, 

whereas accumulation of p62 is used as an indicator of impaired autophagy (34). 

Since p62 acts as an autophagy receptor for ubiquitinated cargos and based on the 

results presented in Chapter 3, we hypothesize in Chapter 4 that p62 may play an 

important role in HCV Core and NS5A degradation and the resistance to oxidative 

stress. Levels of p62 are strongly downregulated after induction of oxidative stress 

in Huh7 cells stably expressing HCV Core, NS3/4A and NS5A proteins. Similar to 

the results observed in Chapter 3, degradation of HCV Core correlates with p62 

degradation. In addition to elimination of Core, we also observed degradation of NS5A 

in stably transfected cells in Chapter 4. This phenomenon is specific for HCV Core and 

NS5A proteins, since the level of NS3/4A is not affected by exposure to menadione 

(Figure 5 in Chapter 4). A possible explanation is that HCV Core and NS5A are the 

major pro-oxidant factors compared to the other viral proteins and their elimination 

may therefore rescue the cells from oxidative stress-induced apoptosis (14). The 

involvement of p62 in HCV Core and NS5A degradation is confirmed using p62 

silencing (Figure 8C and 8D in Chapter 4). Thus, HCV Core and NS5A can increase 

oxidative stress and the p62-dependent degradation of these proteins via selective 

autophagy may represent a new mechanism to reduce oxidative stress and prevent 

cell death, explaining the resistance to oxidative stress observed in our model of injury.

Autophagy is an important characteristic during HCV infection and it is now well 

established that HCV induces autophagy to support its own replication (35). Different 

studies have addressed the molecular mechanism(s) underlying the modulation 

of autophagy by HCV (35–38). Our studies suggest that selective degradation via 

lysosome of harmful viral proteins thereby preventing hepatocyte cell death.
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Interaction between HCV-infected hepatocytes and 
hepatic stellate cells

In Chapter 5, we study cell-cell interaction between two important cell types involved 

in HCV-induced fibrogenesis, e.g. hepatocytes and HSC, using a transwell co-culture 

system of Huh7 cells expressing the HCV proteins Core or NS3/4A and HSCs. We 

confirm that Huh7 cells expressing HCV proteins activate HSCs as indicated by the 

increased expression of fibrogenic markers like Actin Alpha 2, Smooth Muscle gene 

(a-SMA), Collagen Type I Alpha 1 Chain (COLl1A1) and transforming growth factor 

beta 1 (TGF-b1) (39,40). The transwell co-culture system is more representative than 

the use of conditioned media to study the interaction between the different cell types 

involved in HCV-induced fibrogenesis, because of the close proximity of the cell types 

and the sustained release of any factors secreted by these cells, e.g. cytokines or pro-

fibrogenic factors. Other studies using conditioned media of Huh7 cells expressing 

HCV proteins have also shown the fibrogenic activation of HSC, but these studies used 

HCV-replicon Huh7 cells expressing HCV non-structural proteins (39), while we used 

transiently transfected Huh7 cells. These methodological differences may explain why 

we were not able to detect activation of HSC using conditioned media. Interestingly, 

induction of external oxidative stress to our co-culture model did not induce markers 

of oxidative stress or ER stress in HSC. This might be due to the fact that the oxidative 

stress is limited to hepatocytes (Huh7 cells), because the viral proteins are only 

expressed in Huh7 cells and menadione metabolism (generating ROS) is also mainly 

active in hepatocytes. These results demonstrate that the Huh7 cells, subjected to 

external oxidative stress, do not release any factors that induce oxidative stress or ER 

stress in HSC. 

Concluding remarks and perspectives 

In this thesis, we investigated the adaptive response of hepatocytes expressing HCV 

proteins to an additional stressor, oxidative stress. We focused on several aspects of 

the Integrated Stress Response in hepatocytes expressing the HCV proteins. Our main 

conclusion is that HCV Core and NS5A precondition hepatocytes to resist oxidative 

stress. The adaptation involves a p62-dependent mechanism of selective autophagy 

and reduction of the pro-oxidant viral proteins Core and NS5A. The consequences 
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of this adaptive response have to be carefully interpreted in the context of acute or 

chronic infection. During acute infection, the adaptive response to cellular stress, e.g. 

oxidative stress, could induce the degradation of harmful pro-oxidative proteins as 

Core and NS5A thereby limiting the viral infection. On the other hand, during chronic 

HCV infection the infected hepatocytes survive and infection persists, because of 

the modulation of the adaptive response to cellular stress by the expression of HCV 

proteins. Thus, this adaptive response is a double-edged sword, limiting liver injury 

(by protecting hepatocytes) and maintaining viral infection. Our results identify novel 

potential targets for intervention in viral infection (autophagy, ER stress), but also 

highlight the dilemma’s when intervening in processes that at the same time promote 

cell survival and viral replication.

We also observed an intriguing role for anti-oxidants in our model: the adaptive 

response is abolished by anti-oxidants. This could be related to the fact that the 

adaptive response is an example of ‘pre-conditioning’ in which low level exposure to 

a particular stress confers protection against a subsequent high-level exposure to the 

same stress. In this model, anti-oxidants would abolish the low-level exposure to ROS, 

preventing ‘pre-conditioning’. The effect of anti-oxidants also has clinical implications: 

the use of anti-oxidants to prevent oxidative stress in various liver diseases (HCV, 

non-alcoholic fatty liver disease) may not always be recommended and, in fact, be 

detrimental.

It is important to confirm and validate our findings in clinically relevant situations, i.e. 

in liver tissue of patients infected with HCV as well as in a full replication model of 

HCV in Huh7 cells. In this thesis, we demonstrate the increased expression of ER stress 

response genes (ATF4, DDIT3) in liver tissue of HCV-infected patients. Moreover, 

this increased expression appears to be specific for HCV infection. More extensive 

and detailed studies are necessary to confirm whether the adaptive mechanisms 

observed after external oxidative stress induction are also operative in clinically 

relevant HCV infection. Another interesting area of follow-up research may be the 

effect of ER stress relieving agents in our model: compounds like valproate, oleic acid 

and tauroursodeoxycholic acid (TUDCA) have been reported to attenuate ER stress.  

Testing these compounds in our model and, eventually, in a clinical setting would be of 

major interest.
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Research  summary            

Hepatitis  C  virus  (HCV)  is  a  virus  that  infects  hepatocytes,  the  parenchymal  liver  

cells.  HCV  infection  causes  acute  and  chronic  liver  disease  and  is  associated  

with  cirrhosis  and  development  of  liver  cancer.  Approximately  80  million  people  

worldwide  are  infected  with  HCV  and  400,000  individuals  die  each  year  due  the  

infection.  In  recent  years  our  understanding  of  HCV  has  improved  significantly  and  

it  is  expected  that  in  2030  HCV  infections  will  be  eliminated.  Despite  advances  

in  antiviral  drug  treatment  and  knowledge  on  HCV,  there  are  still  important  

challenges  to  be  addressed  such  as  the  development  of  an  effective  vaccine  and  

unraveling  virus-host  interactions.  

During  natural  HCV  infection,  hepatocytes  have  to  deal  with:  1)  HCV  replication  

and  expression  of  viral  proteins  and  2)  with  the  host  antiviral  immune  response.  

To  deal  simultaneously  with  multiple  stresses,  the  hepatocytes  require  adaptive  

responses.  The  major  stresses  resulting  from  viral  infection  and  replication  are  

oxidative  stress  and  endoplasmic  reticulum  (ER)  stress.  Indeed,  some  of  the  viral  

proteins,  in  particular  the  proteins  Core,  NS3/4A  and  NS5A  are  strong  pro-

oxidants.  

In  this  thesis,  we  focus  on  the  adaptation  of  hepatocytes  to  cellular  stress  induced  

by  HCV  virus  proteins  Core,  NS3/4A  and  NS5A.  Furthermore,  we  have  also  

investigated  the  interaction  between  infected  and  stressed  hepatocytes  on  hepatic  

stellate  cells,  the  principal  cell  type  involved  in  liver  fibrosis.  Finally,  we  speculate  

whether  the  adaptive  response  to  cellular  stress  in  hepatocytes  plays  a  major  role  

in  the  control  of  HCV  infection  and  therefore  could  be  a  target  for  therapeutic  

intervention. 
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Samenvatting  

Het  Hepatitis  C  virus  is  een  virus  dat  hepatocyten,  de  functionele  levercellen,  

infecteert.  Deze  infectie  leidt  tot  acute  en/of  chronische  hepatitis  (leverontsteking)  

en  kan  uiteindelijk  leiden  tot  leverfibrose  en  leverkanker.  Wereldwijd  zijn  ongeveer  

80  miljoen  mensen  geïnfecteerd  met  het  virus  en  dit  resulteert  jaarlijks  in  400.000  

sterfgevallen.  Onze  kennis  over  het  virus  is  in  de  laatste  decennia  belangrijk  

toegenomen  en  ook  zijn  goede  antivirale  middelen  ontwikkelt.  Deze  zijn  echter  

niet  overal  in  gelijke  mate  beschikbaar.  Ondanks  deze  vooruitgang  blijven  er  nog  

belangrijke  vragen  onbeantwoord,  met  name  wat  betreft  de  interactie  tussen  virus  

en  gastheercel  (de  hepatocyt).    

Wanneer  hepatocyten  worden  geïnfecteerd  door  het  HCV  worden  zij  blootgesteld  

aan  zowel  de  stress  van  virusvermenigvuldiging  als  de  immuunrespons  van  de  

gastheer  tegen  het  virus.  Deze  gelijktijdige  blootstelling  aan  meerdere  stressoren  

leidt  er  toe  dat  de  geïnfecteerde  hepatocyt  zich  aanpast  om  deze  stressoren  het  

hoofd  te  bieden.  

Het  onderzoek  beschreven  in  dit  proefschrift  richt  zich  op  deze  adaptieve  

mechanismen.  De  belangrijkste  stressoren  tijdens  virale  infectie  in  de  hepatocyt  

zijn  oxidatieve  stress  en  endoplasmatisch  reticulum  stress  (ER  stress).  In  dit  

proefschrift  beschrijven  wij  een  celkweekmodel  waarin  hepatocyten  tegelijkertijd  

worden  blootgesteld  aan  meerdere  stressoren  (ER  stress  en  oxidatieve  stress)  en  

bestuderen  wij  de  adaptatie  van  hepatocyten  aan  deze  stressoren.  Wij  hebben  

onder  anderen  kunnen  aantonen  dat  hepatocyten  specifiek  bepaalde  virale  eiwitten  

afbreken  om  de  stress  van  virusreplicatie  tegen  te  gaan.  Deze  studies  dragen  bij  

aan  ons  begrip  van  virus-gastheer  interacties  en  kunnen  op  termijn  leiden  tot  

nieuwe,  therapeutische  interventies.                       
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Nederlandse Samenvatting

Het hepatitis C virus (HCV) is een virus dat hepatocyten, de parenchymale 

levercellen, infecteert. Deze infectie veroorzaakt een acute en/of chronische 

leverontsteking (hepatitis) en kan uiteindelijk leiden tot leverfibrose en 

leverkanker. Volgens gegevens van de WHO zijn wereldwijd ongeveer 80 

miljoen mensen geïnfecteerd met het virus en overlijden jaarlijks 400.000 

patiënten aan een HCV-gerelateerde ziekte.  

Onze kennis over het virus is in de laatste decennia belangrijk toegenomen en 

ook zijn goede antivirale middelen ontwikkeld. Deze zijn echter wereldwijd 

niet overal beschikbaar. Ondanks deze vooruitgang blijven er nog belangrijke 

vragen onbeantwoord, met name wat betreft de interactie tussen virus en 

gastheercel (de hepatocyt). 

HCV behoort tot de familie van Flaviviridae, genus Hepacivirus. Het HCV 

genoom is een positief, enkelstrengs RNA molecuul dat een polyproteïne 

codeert welke uiteindelijk in 10 verschillende functionele eiwitten wordt 

gesplitst. 

Het HCV infecteert voornamelijk de parenchymale levercel of hepatocyt, 

hoewel extrahepatische replicatie van het virus ook is aangetoond. Na 

infectie met het virus vindt replicatie en synthese van virale eiwitten in de 

hepatocyt plaats. Tegelijkertijd leidt de infectie tot een antivirale immuun- 

en ontstekingsreactie in de gastheer. Beide processen veroorzaken stress in 

de hepatocyt, met name oxidatieve stress en stress in het endoplasmatisch 

reticulum (ER) waar de virale eiwitsynthese plaatsvindt. Een aantal virale 

eiwitten, met name Core, NS3/4A en NS5A veroorzaken oxidatieve stress. 

Geïnfecteerde hepatocyten worden dus tegelijkertijd blootgesteld aan 

meerdere stressoren en dit kan celdood veroorzaken. Om celdood te 

voorkomen hebben hepatocyten adaptieve mechanismen ontwikkeld 

waardoor zij beter bestand zijn tegen deze stressoren.  

Het onderzoek beschreven in dit proefschrift richt zich op deze adaptieve 

mechanismen en de consequenties van het activeren van deze mechanismen 
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voor persistentie van het virus en bescherming tegen celdood. Wij hebben 

ons in dit onderzoek vooral gericht op i) ER stress, het gevolg van de synthese 

van virale eiwitten en ii) oxidatieve stress, het gevolg van de immuun/

ontstekingsreactie tegen geïnfecteerde cellen. Wij hebben hierbij vooral 

aandacht geschonken aan de virale eiwitten Core, NS3/4A en NS5A omdat 

van deze eiwitten bekend is dat ze oxidatieve stress veroorzaken. 

Hoofdstuk 1 geeft een overzicht van de epidemiologie, klinisch beloop en 

behandeling van HCV infecties, alsmede de structuur en replicatiecyclus van 

het virus. 

Hoofdstuk 2 geeft een overzicht van de huidige kennis over de interactie tussen 

de gastheercel en het  virus. Hierbij wordt vooral ingegaan op de adaptieve 

response na blootstelling aan oxidatieve stress en ER stress. Gastheercellen 

beschikken over verschillende adaptieve mechanismen om zich tegen deze 

stressoren te beschermen, b.v. verminderde virale eiwitsynthese, verhoging 

van de eiwitvouwingscapaciteit en inductie van anti-oxidatieve mechanismen, 

zoals ROS-detoxificerende enzymen (ROS: reactive oxygen species: 

reactieve zuurstofverbindingen), verhoogde glutathion synthese etc.  In het 

vervolg van dit hoofdstuk worden de consequenties van de activatie van 

adaptieve mechanismen voor viruspersistentie en -infectie besproken en het 

‘gastheerdilemma’. Het gastheerdilemma behelst het feit/de theorie (?) dat 

bescherming van de gastheer(cel) tegen oxidatieve stress en ER stress, kan 

leiden tot instandhouding van de virusinfectie en dat activatie van adaptieve 

mechanismen daarmee ook onbedoelde neveneffecten heeft. 

In Hoofdstuk 3 beschrijven wij ons eerste modelsysteem om het effect van 

virale eiwitsynthese op de stress respons van hepatocyten te bestuderen. Huh7 

humane hepatoma cellen werden getransfecteerd met constructen die de 

HCV eiwitten, Core en NS3/4A kortstondig tot expressie brengen. Vervolgens 

werden deze cellijnen blootgesteld aan externe oxidatieve stress, opgewekt 

door middel van menadione, een superoxide anion donor. Parameters die 

werden gemeten waren o.a. productie van ROS, apoptose (caspase-3 activiteit), 

expressie van anti-oxidant genen en merkers van ER stress en autofagie (LC3 

en p62). Hepatoma cellen die Core en NS3/4A tot expressie brengen bleken 
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minder gevoelig voor externe oxidatieve stress opgewekt door menadione. 

Dit bleek o.a. uit verminderde (mitochondriële) ROS productie en ROS-

geïnduceerde apoptose. In Huh7 cellen getransfecteerd met NS3/4A trad 

ook minder ER stress op. Een interessante waarneming was de toegenomen 

afbraak van het Core eiwit en het autofagie-gerelateerde eiwit p62 na 

blootstelling aan externe oxidatieve stress. Dit geeft aan dat de combinatie van 

stressoren niet leidt tot een synergistisch schadelijk effect, maar juist tot een 

vermindering van oxidatieve stress door toegenomen afbraak van één van de 

stressoren (Core). Dit adaptieve mechanisme kan bijdragen tot de overleving 

van de (geïnfecteerde) gastheercel (hepatocyt). 

In Hoofdstuk 4 hebben wij Huh7 cellen gebruikt die stabiel getransfecteerd 

zijn met verschillende virale eiwitten als model voor chronische HCV infectie. 

In dit hoofdstuk hebben wij ook in meer detail de betrokkenheid van stress-

gerelateerde signaaltransductie routes onderzocht en de rol van autofagie als 

‘anti-stress’ mechanisme. Autofagie treedt op bij HCV infectie en het proces 

van autofagie kan op verschillende niveaus gemoduleerd worden: inductie, 

flux en lysis/degradatie van autofagiesubstraten. Huh7 cellen, die Core, 

NS3/4A of NS5A stabiel tot expressie brachten werden blootgesteld aan 

externe oxidatieve stress door menadione. Onder deze omstandigheden trad 

specifieke afbraak van Core en NS5A op. Deze afbraak werd voorkomen door 

anti-oxidanten (N-acetylcysteine). Afbraak van de HCV eiwitten correleerde 

met sterk verminderde ROS productie en oxidatieve stress-geïnduceerde 

apoptose. Fosforylering van het stress-gerelateerde signaaltransductie 

eiwit eIF2a en de toegenomen expressie van ATF4 en CHOP suggereren 

de betrokkenheid van de eIF2a/ATF4 signaaltransductie route. HCV Core 

en NS5A degradatie correleerde tevens met een afname van de autofagie-

gerelateerde eiwitten p62/SQSTM1. Daarnaast bleek knockdown van p62/

SQSTM1 door middel van siRNA techniek de afbraak van de HCV eiwitten, 

Core en NS5A, deels te voorkomen, hetgeen suggereert dat p62/SQSTM1 

een belangrijke rol speelt als receptoreiwit voor de eliminatie van schadelijke 

eiwitten zoals HCV Core en NS5A. 

In Hoofdstuk 5 hebben wij de interactie bestudeerd tussen hepatocyten die 

HCV eiwitten tot expressie brengen en lever stellaatcellen. Stellaatcellen 
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zijn fibroblast-achtige cellen in de lever die verantwoordelijk zijn voor de 

overmatige productie van extracellulaire matrix tijdens leverfibrogenese. 

Het doel van dit pilot-onderzoek was om te bepalen of virus-geïnfecteerde 

hepatocyten signalen afscheiden die stellaatcellen kunnen activeren en 

aanzetten tot verhoogde extracellulaire matrix productie, zoals gebeurt 

tijdens HCV-gerelateerde leverfibrose. Wij presenteren in dit hoofdstuk een 

in vitro model voor hepatocyt-stellaatcel interactie met gebruikmaking van 

een trans-well co-culture systeem. Een pro-fibrogeen effect van Huh7 cellen 

die HCV Core en NS3/4A tot expressie brengen op stellaatcellen kon worden 

aangetoond. 

 

Hoofdstuk 6 is een samenvatting en discussie van onze belangrijkste 

bevindingen. Wij speculeren in dit hoofdstuk ook over de consequenties van 

ons onderzoek voor eventuele nieuwe aangrijpingspunten voor therapie. Onze 

studies dragen bij aan het begrip van virus-gastheer interacties en kunnen op 

termijn leiden tot nieuwe, therapeutische interventies.           
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