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Most surely in the creation of the heavens and earth and the alteration of the 

night and the day, and the ships that run in the sea with that which profit men, 

and the water that Allah sends down from the cloud, then gives life with it to 

the earth after its death and spreads in it all (kinds of) animals, and the changing 

of the winds and the clouds made subservient between the heaven and the earth, 

there are signs for people who use reason. 

(SURAH 2, AYAH 164) 
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SUMMARY 

Hepatitis C virus (HCV) infection affects a large number of patients worldwide. HCV 

is a major cause of chronic liver disease including cirrhosis and hepatocellular carcinoma. 

Therapeutic options are limited for Hepatitis C, as interferon based therapy has low efficacy 

on HCV 1a genotype infection which is second most prevailing genotype after 3a in 

Pakistan. HCV RNA is highly susceptible to RNAi, a sequence specific gene silencing 

mechanism. The destruction of HCV RNA by siRNA could induce failure of HCV replication 

and propagation. The aim of the present study was to evaluate the inhibitory effect of siRNA 

against HCV1a gene expression and propagation. Expression plasmids comprising all 

individual HCV genes (structural and non-structural) of genotype 1a have been constructed. 

Expression of HCV structural and non structural genes were analyzed through RT- PCR and 

western blotting. Specific inhibitory effects of siRNAs have been observed in transiently 

transfected human hepatoma cells. The selected siRNAs showed varied inhibitory effects and 

some of them resulted in up to 100% inhibition at mRNA and protein level. The effectiveness 

of  potent siRNAs was also verified by infecting liver cells with HCV infected serum of 1a 

genotype. These effective siRNAs (alone or in combination) dramatically resulted in greater 

than 90% inhibition of HCV RNA level in human hepatoma cells. Our results suggest that 

siRNAs targeting against HCV structural and non-structural genes efficiently inhibit HCV 

replication and combination of these siRNAs of different targets and interferon will be better 

option to treat HCV infection throughout the world. 

 

 

 

 

 

 

 

 



X 
 

ACKNOWLEDGEMENT 

All praises and thanks to Almighty Allah, Most Gracious and Most 

Merciful, Who is the ultimate source of  all the knowledge and endued man with 

intellectual power and understanding. His endless blessings showered upon me 

throughout my span of  life. All respects are for Holy Prophet Hazrat 

Muhammad (PBUH) Who is the symbol of  guidance, patron of  leadership and 

source of  knowledge for the whole universe. 

I would like to express my profound gratitude for my supervisors, Dr. Sajida 

Hassan and Dr. Zafar Nawaz for their special interests, inspiring guidance and 

devotion to incept in us the spirit to struggle with persistence and confidence. 

Thanks for their veteran guidance and constant encouragement without which the 

work described in this thesis would not have been possible. 

It is my privilege and honor to express my deep gratitude to our highly 

learned and dignified Professor Dr. S. Riazuddin, Director Research and Dean 

Postgraduate studies, Allama Iqbal Medical College, Lahore, (Ex-director 

National Center of  Excellence in Molecular  Biology, University of  the Punjab 

Lahore), who enabled me to make the best use of  all research facilities in the 

centre, and I would like to thank him for giving me the privilege to belong his 

work team. Special thanks to Dr. Tayyab Husnain, Director CEMB, University of  

the Punjab Lahore, for providing me with best possible opportunities to exercise 

my potentials. 

My special thanks to Saima Zafar and Myda Azhar who started working with 

me in siRNA group and helped to lay down the basis of  this project, and also for 

their moral support. My special gratitude to my fellow Usman Ali Ashfaq for his 

valuable help to finalize the research project described in this thesis. I do highly 

appreciate help and moral support offered by all my fellows especially Saba Khaliq, 



XI 
 

Bushra Ijaz, Rizwan Yousof, Humaira Kausar, Tahir Sarwar and Mureed Husain. I thank 

my all lab fellows for their corporation, patience and suggestions to my problems. 

It would have been unable to complete my research task without their help. 

Tremendous love and special gratitude to my beloved sister Fatima Nazeer, 

and brothers Muahammd Akbar and Muhammad Yousof  who always stand beside me 

whenever I need them and they always prayed for my success. Special thanks from 

depth of  my heart for my friend Zafar Iqbal, for his help, caring attitude, moral 

support and sharing the moments of  anxiety, and cheerful company throughout 

the span of  my higher education. I would like to thank my wife Rashida Ismail for 

her understanding and love during the past few years. Her support and 

encouragement was in the end what made this dissertation possible. She did more 

than her share around the house as I sat at the computer. 

In the end, I feel that words are inadequate to acknowledge the appreciable 

efforts of  my dearest parents, Abbu and Amma, for their cooperation, kindness, 

prayers and guidance as a great strength to inspire me to complete my work. It is 

only due to their prayers that enabled me to reach over stairs of  life smoothly and 

helped me to reach the destination.  

Higher Education Commission (HEC) Pakistan is highly acknowledged for 

the financial support of  this project under indigenous Ph.D. fellowship program. 

  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 1 
 

INTRODUCTION 



1 
 

INTRODUCTION 

Hepatitis C virus (HCV) infection affects more than 170 million individuals 

worldwide and is  the main source of chronic liver disease, while 3–4 million new infections 

believed to occur each year (WHO, 2004). It is believed that HCV infection is more common 

than Hepatitis B Virus infection (HBV) (Cooreman and Schoondermark-Van de Ven, 1996). 

HCV 1a genotype infection which is second most prevailing genotype after 3a in Pakistan.  It 

is estimated that 40-60% of infected individuals progress to liver disease, including cirrhosis 

and hepatocellular carcinoma (Alter, 1997, Bradley, 2000). HCV was discovered after the 

cloning of all the nucleic acid isolated from the plasma of a chimpanzee that was infected 

with non-A, non-B hepatitis called contaminated factor XIII (Choo et al., 1989). HCV is the 

member of family Flaviviridae the genus is Hepacivirus (Lindenbach and Rice, 2001).  

On the bases of nucleotide sequence, HCV has been divided into six genotypes, and 

the difference between these genotypes is about 31 to 34%. In addition, there are several 

subtypes having the nucleotide sequence variability of about 20%. The length of HCV 

genome is 9.6 kb. It has single open reading frame which comprises untranslated region 

(UTR) at both ends. Viral proteins are translated via the internal ribosomal entry site (IRES) 

as a poly-protein precursor (Tsukiyama-Kohara et al., 1992, Wang et al., 1993).  The encoded 

poly-protein precursor is cleaved into 10 viral proteins (Core, E1, E2, P7, NS2, NS3, NS4A, 

NS4B, NS5A, and NS5B) by the viral and host cell enzymes.   

The development of vaccine has been hampered, because of the immense 

heterogeneity of the HCV genome, so the main emphasis should be on treatment. Currently, 

the available treatment for hepatitis C patients is alpha interferon (IFN-α) alone or given 

along with ribavirin. But still, there is no proper treatment for a huge percentage of patients, 

because there is a considerable variation among different HCV genotypes as well as sub 

types (McHutchison and Fried, 2003). Thus, alternative therapeutic approaches for hepatitis 

C are needed. According to some scientists RNA interference can be used as a potential 

therapy for HCV infections (Kapadia et al., 2003, Randall et al., 2003, Seo et al., 2003, 

Wilson et al., 2003). 
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Small interfering RNAs (siRNAs) can be used as potential therapeutic agent, because 

HCV replicates in the cytoplasm of hepatoma cells, and is not integrated into the host 

genome. The HCV genome is a single stranded RNA molecule that can functions both as 

mRNA and as a replication template, destruction of HCV RNA could eliminate not only 

virally directed protein synthesis, but also viral replication. Furthermore, because replication 

depends on a (-)-strand template as a replication intermediate, both (+) and (-)-strands are 

potential targets for RNA interference (RNAi). In tissue culture, siRNA directed against the 

viral genome, effectively blocked the replication of viral replicons (Kapadia et al., 2003, 

Randall et al., 2003, Yokota et al., 2003, Kronke et al., 2004). Naturally occurring siRNAs 

are small RNA duplexes approximately 21 nucleotides long (Elbashir et al., 2001b) with 

characteristic termini involving nucleotide 3'-overhangs and 5'-phosphate groups. These 

termini allow for incorporation of siRNA into protein complexes that regulate gene 

expression in a sequence-specific manner (Elbashir et al., 2001b, Elbashir et al., 2001c). In 

its natural form, RNAi is a cellular defense process that protects against genome-invading 

transposable genetic elements and viruses (Fire et al., 1998). The siRNAs are short enough to 

bypass the Interferon (IFN) system in mammalian cells, and are incorporated directly into the 

RISC complex that targets sequence-specific mRNA for destruction (Caplen et al., 2001, 

Elbashir et al., 2001a, Hamilton et al., 2002). Simeoni et al demonstrated the successful 

delivery of siRNAs into the cytoplasm, that promoted the down regulation of target mRNA 

by RNAi (Simeoni et al., 2003, 2005). And several other reports have shown that naked 

siRNAs are readily taken up by the liver in mice using hydrodynamic tail vein injection (Lewis 

et al., 2002, McCaffrey et al., 2002, Song et al., 2003, Morrissey et al., 2005). The HCV life-

cycle is entirely cytoplasmic. Replication occurs through a minus  (-)-strand intermediate in a 

membrane-bound compartment (Moradpour et al., 2004), yielding dsRNA intermediates. As 

an RNA virus, HCV is a prime candidate for RNAi. 

The aim of the present study was the evaluation of the inhibitory effect of gene 

specific siRNAs against HCV 1a gene expression and viral titer in human liver cell line 

(Huh-7). Several most conserved target regions were selected using the Ambion’s siRNA 

design tool, that can be effectively targeted by their respective siRNAs, in mammalian cells, 

by achieving better inhibition rate. Specific inhibitory effects of siRNAs have been observed, 

in vitro at RNA and protein level in the dose response manner. Ten expression plasmids were 
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constructed expressing all 10 individual HCV genes. Each gene was targeted by its specific 

siRNAs separately. Double-stranded siRNA molecules, designed to target all individual HCV 

genes were co-transfected along with their respective plasmids having HCV gene into a 

human hepatoma cell line (Huh-7). Effective siRNAs were screened by measuring the 

expression of all genes at RNA level through RT-PCR. The affectivity of effective siRNAs 

were further confirmed at protein level through western blot analysis after transient 

transfection into Huh-7 cells. The selected siRNAs showed varied inhibitory effects at 

mRNA and protein level. The effectiveness of selected potent siRNAs were also verified by 

infecting Huh-7 cells with HCV infected serum of 1a genotype. The selected siRNAs 

dramatically suppresses whole virus replication in Huh-7 cells. 

Our results suggested that siRNAs targeted against HCV structural and non-structural 

genes efficiently silence full length HCV particles and provide an effective therapeutic option 

against HCV infection. 
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LITERATURE REVIEW 

HCV was identified in 1989 for the first time, which is a single-stranded positive-

sense RNA flavivirus. HCV has 6 major genotypes and more than 70 sub-types (Choo et al., 

1989, Simmonds et al., 1994). According to the assessment of the World Health 

Organization, more than 170 million people, 3% of the world population, are HCV positive 

with 3 to 4 million de novo infections each year. Unfortunately, 55%-85% of those HCV 

infected fail to clear the virus and progress to develop chronic infection. Over a period of 20 

to 30 years cirrhosis develops in about 10% to 20% and hepatocellular carcinoma (HCC) 

develops in 1% to 7% of persons with chronic infection (Sarbah and Younossi, 2000). 

Currently, no effective vaccine is available to prevent HCV infection. Conventional treatment 

includes interferon taken alone or in combination with ribavirin, is only effective in part of 

the patients, but is often financially unreachable for people in developing countries 

(Hoofnagle and di Bisceglie, 1997, McHutchison and Patel, 2002). 

To investigate the potential of new therapeutic strategies, it is critical to better 

understand the viral and host factors involved in virus cell entry, replication and virus-cell 

interaction. An apparent two-way dialogue exists in which the virus apparently takes 

advantage of the cells’ own signal transduction systems to facilitate virus entry and support 

replication(Smith and Helenius, 2004). Actually, remarkable progress has been achieved in 

understanding the properties of the HCV genome and viral proteins.  

New technologies, particularly RNA interference (RNAi) induced by small interfering 

RNA (siRNA), are gaining support as effective therapeutic agents for HCV infections. RNAi 

works at a post-transcriptional level by degrading cognate mRNA. As HCV is a single-

stranded RNA that functions as both a messenger RNA and a template for replication, so it is 

a prime candidate for RNAi. Moreover, previous reports have shown that by blocking 

cellular determinants of viral entry and replication, such as CD81, HSP90, or p68, either by 

RNAi, anti-sense oligonucleotides or chemically engineered “antagomirs”, leads to 

significant reduction of viral invasion (Goh et al., 2004, Nakagawa et al., 2007). Here, I will 

discuss about the novel small RNA based technologies in designing therapeutic approaches 

for HCV treatment, particularly, about the promising evidence that a siRNA is involved in 

replication of HCV through a novel mechanism and outline its therapeutic potential. 
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2.1 HCV Genome Organization 

The family Flaviviridae is divided into three genera: flavivirus, pestivirus, and 

hepacivirus. Flaviviruses include yellow fever virus, dengue fever virus, Japanese 

encephalitis virus, and Tick-borne encephalitis virus. pestiviruses include bovine viral 

diarrhea virus, classical swine fever virus and Border disease virus. HCV, having at least 6-

genotypes and various subtypes, is a member of the hepacivirus genus (Lindenbach and Rice, 

2001). 

The members of the Flaviviridae family share a number of basic structural and 

virological characteristics. They are all enveloped in a lipid bi-layer in which two or more 

envelope proteins (E) are anchored. The envelope surrounds the nucleocapsid, which is 

composed of multiple copies of a small basic protein (core or C), and contains the RNA 

genome. The Flaviviridae genome is a positive-strand RNA molecule ranging in size from 

9.6 to 12.3 thousand nucleotides (nt), with an open reading frame (ORF) encoding a 

polyprotein of 3000 amino acids (aa) or more. (Chevaliez and Pawlotsky, 2006) 

 

 

 

 

 

Figure 2.1: Structure of HCV genome. The 9.6 kb positive-stranded RNA genome is schematically depicted. 

The genome carries a long open reading frame (ORF) encoding a polyprotein precursor of 3000 amino acids. 5` 

and 3`untranslated regions are shown.  

Flaviviridae bind to one or more cellular receptors organized as a receptor complex 

and appear to trigger receptor-mediated endocytosis. Fusion of the virion envelope with 

cellular membranes delivers the nucleocapsid to the cytoplasm. After decapsidation, 

translation of the viral genome occurs in the cytoplasm, leading to the production of a 

precursor polyprotein, which is then cleaved by both cellular and viral proteases into 

structural and nonstructural proteins. Replication of the viral genome is carried out by the 

viral replication complex which is associated with cellular membranes. Viral replication 
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occurs in the cytoplasm via the synthesis of full-length negative-strand RNA intermediates. 

Progeny virions are assembled from cytoplasmic vesicles formed by budding through 

intracellular membranes. Finally, mature virions are released into the extracellular milieu by 

exocytosis. 

HCV has a narrow host specificity and tissue tropism. HCV is transmitted exclusively 

through direct blood-to-blood contacts between humans. HCV has a high chronicity rate in 

humans (50%–80%, depending on the age at infection). HCV infection induces an immune 

response that fails to prevent chronicity in most cases and does not confer protection against 

reinfection with homologous and heterologous strains in the chimpanzee model (Farci et al., 

1997). The structural organization of HCV genome is schematically depicted in Figure 2.2. 

(Chevaliez and Pawlotsky, 2006) 

 

Figure 2.2: HCV genome organization and polyprotein processing. The 5'UTR consists of four highly 

structured domains and contains the IRES. The 3'UTR consists of stable stem-loop structures and an internal 

poly(U)-poly(U/C) tract. The central 9.6-kb ORF codes for a polyprotein of slightly more than 3000 aa 

depending on the HCV genotype. S and NS correspond to regions coding for structural and nonstructural 

proteins, respectively. The polyprotein processing and the location of the 10 HCV proteins relative to the ER 

membrane are schematically represented. Scissors indicate ER signal peptidase cleavage sites; cyclic arrow, 

auto-catalytic cleavage of the NS2-NS3 junction; black arrows, NS3-NS4A protease complex cleavage sites; 

intramembranous arrow, cleavage by the signal peptide peptidase. The trans-membrane domains of E1 and E2 
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are shown after signal-peptidase cleavage and reorientation of the respective C-terminus hydrophobic stretches 

(dotted rectangles). Spots denote glycosylation sites of the E1 and E2 envelope proteins. Reproduced from 

Chevaliez and Pawlotsky 2006. 

 2.2 5′ Untranslated Region 

The HCV 5′ UTR contains 341 nt located upstream of the ORF translation initiation 

codon. It is the most conserved region of the genome (Choo et al., 1991, Han et al., 1991). 

The 5′ UTR contains four highly structured domains, numbered I to IV, containing numerous 

stem-loops and a pseudoknot (Brown et al., 1992, Wang et al., 1995). Domains II, III and IV 

together with the first 12 to 30 nt of the core-coding region constitute the IRES (Honda et al., 

1996). Structural characterization by electron microscopy (EM) indicated that domains II, III 

and IV form distinct regions within the molecule, with a flexible joint between domains II 

and III (Beales et al., 2001). The HCV IRES has the capacity to form a stable pre-initiation 

complex by directly binding the 40S ribosomal subunit without the need of canonical 

translation initiation factors, an event that likely constitutes the first step of HCV polyprotein 

translation. 

2.3 3′ Untranslated Region 

The 3′ UTR contains approximately 225 nt. It is organized in three regions including, 

from 5′ to 3′, a variable region of approximately 30–40 nt, a long poly(U)-poly(U/UC) tract, 

and a highly conserved 3′-terminal stretch of 98 nt (3′ X region) that includes three stem-loop 

structures SL1, SL2 and SL3 (Tanaka et al., 1995, Kolykhalov et al., 1996, Tanaka et al., 

1996). The 3′ UTR interacts with the NS5B RdRp and with two of the four stable stem-loop 

structures located at the 3′ end of the NS5B -coding sequence (Cheng et al., 1999, Lee et al., 

2004a). The 3′ X region and the 52 upstream nt of the poly(U/C) tract were found to be 

essential for RNA replication, whereas the remaining sequence of the 3′ UTR appears to 

enhance viral replication (Ito and Lai, 1997, Friebe and Bartenschlager, 2002, Yi and Lemon, 

2003a, b). 

2.4 HCV Proteins Functions 

The HCV ORF contains 9024 to 9111 nt depending on the genotype. The ORF 

encodes at least 10 proteins, including 3 structural proteins (C or core, E1 and E2), a small 
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protein, p7, whose function has not yet been definitively defined, and 6 nonstructural (NS) 

proteins (NS2, NS3, NS4A, NS4B, NS5A and NS5B). 

2.4.1 Structural Proteins 

2.4.1.1 Core Protein 

The HCV core protein is a highly basic, RNA-binding protein, which presumably 

forms the viral capsid. The HCV core protein is released as a 191 aa precursor of 23-kDa 

(P23). Although proteins of various sizes (17 to 23 kDa) were detectable, the 21-kDa core 

protein (P21) appeared to be the predominant form (Yasui et al., 1998). The core protein 

contains three distinct predicted domains : an N-terminal hydrophilic domain of 120 aa 

(domain D1), a C-terminal hydrophobic domain of about 50 aa (domain D2), and the last 20 

or so aa that serve as a signal peptide for the downstream envelope protein E1 (Harada et al., 

1991, Grakoui et al., 1993a, Santolini et al., 1994). Domain D1 contains numerous positive 

charges. It is principally involved in RNA binding and nuclear localization, as suggested by 

the presence of three predicted nuclear localization signals (NLS) (Chang et al., 1994, Suzuki 

et al., 1995, Suzuki et al., 2005). Domain D2 is responsible for core protein association with 

endoplasmic reticulum (ER) membranes, outer mitochondria membranes and lipid droplets 

(Schwer et al., 2004, Suzuki et al., 2005). 

Both membrane-bound and membrane-free core proteins appear to exist as dimeric or 

multimeric forms. When expressed in various in vitro systems, including cell-free or 

mammalian, bacterial, insect or yeast cell culture models, the HCV core protein can form 

nucleocapsid-like particles (NLPs) (Mizuno et al., 1995, Shimizu et al., 1996, Dash et al., 

1997, Iacovacci et al., 1997, Serafino et al., 1997, Baumert et al., 1998, Blanchard et al., 

2002, Ezelle et al., 2002, Blanchard et al., 2003, Klein et al., 2004, Pawlotsky and 

McHutchison, 2004). The region between aa 82 and 102 of hydrophilic domain D1 contains a 

tryptophan-rich sequence and has been suggested to allow the P21 core protein to interact 

with itself, a property not borne by the precursor P23 (Nolandt et al., 1997, Zhao et al., 

2011). On the other hand, the 75 N-terminal residues of the core protein appear sufficient for 

NLP assembly in a bacterial system (Majeau et al., 2004). Recently, two clusters of basic 

residues located in the 68 N-terminal nt were shown to play a critical role in capsid assembly 

in a cell-free system, whereas the region between aa 82 and 102 did not play a major role 
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(Klein et al., 2005). The critical residues for capsid assembly remain to be precisely 

identified. 

In addition to its role in viral capsid formation, the core protein has been suggested to 

directly interact with a number of cellular proteins and pathways that may be important in the 

viral life-cycle (McLauchlan, 2000). The HCV core protein has pro- and anti-apoptotic 

functions (Kountouras et al., 2003, Chou et al., 2005, Meyer et al., 2005), stimulates 

hepatocyte growth in Huh-7 cell line by transcriptional up-regulation of growth-related genes 

(Fukutomi et al., 2005), and has been implicated in tissue injury and fibrosis progression 

(Nunez et al., 2004). The HCV core protein could also regulate the activity of cellular genes, 

including c-myc and c-fos, and alter the transcription of other viral promoters (Shih et al., 

1993, Ray et al., 1995). It induces hepatocellular carcinoma when expressed in transgenic 

mice (Moriya et al., 1997, Moriya et al., 1998). It could also induce the formation of lipid 

droplets and may play a direct role in steatosis formation (Barba et al., 1997, Moriya et al., 

1997, Moriya et al., 1998). 

2.4.1.2 Envelope Glycoproteins (E1 and E2) 

The two envelope glycoproteins, E1 and E2, are essential components of the HCV 

virion envelope and necessary for viral entry and fusion (Bartosch et al., 2003, Nielsen et al., 

2004). E1 and E2 have molecular weights of 33–35 and 70–72 kDa, respectively, and 

assemble as non-covalent hetero-dimers (Deleersnyder et al., 1997). E1 and E2 are type I 

trans-membrane glycoproteins, with N-terminal ectodomains of 160 and 334 aa, respectively, 

and a short C-terminal trans-membrane domain of approximately 30 aa. The E1 and E2 trans-

membrane domains are composed of two stretches of hydrophobic aa separated by a short 

polar region containing fully conserved charged residues. They have numerous functions, 

including membrane anchoring, ER localization and hetero-dimer assembly (Cocquerel et al., 

1998, Cocquerel et al., 2000). The ectodomains of E1 and E2 contain numerous proline and 

cysteine residues, but intramolecular disulfide bonds have not been observed (Matsuura et 

al., 1994). E1 and E2 are highly glycosylated, containing up to 5 and 11 glycosylation sites, 

respectively. In addition, E2 contains hyper variable regions with aa sequences differing up to 

80% between HCV genotypes and between subtypes of the same genotype (Weiner et al., 

1991). Hyper variable region 1 (HVR1) contains 27 aa and is a major (but not the only) HCV 
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neutralizing epitope (Farci et al., 1996, Zibert et al., 1997). Despite the HVR1 sequence 

variability, the physicochemical properties of the residues at each position and the overall 

conformation of HVR1 are highly conserved among all known HCV genotypes, suggesting 

an important role in the virus life-cycle (Penin et al., 2001). 

E2 plays a crucial role in the early steps of infection. Viral attachment is thought to be 

initiated via E2 interaction with one or several components of the receptor complex (Rosa et 

al., 1996, Flint and McKeating, 2000). Because HVR1 is a basic region with positively 

charged residues located at specific sequence positions, it can theoretically interact with 

negatively charged molecules at the cell surface. This interaction could play a role in host 

cell recognition and attachment, as well as in cell or tissue compartmentalization (Barth et 

al., 2003, Bartosch et al., 2003). In addition, it was recently shown that human serum 

facilitated infection of Huh7 cells by HCV pseudo particles, apparently mediated through an 

interplay between serum high-density lipoproteins (HDL), HVR1 and the scavenger receptor 

B type I (SR-BI)(Bartosch et al., 2005, Voisset et al., 2005). Less is known about E1, but it is 

thought to be involved in intra-cytoplasmic virus-membrane fusion (Rosa et al., 1996, Flint 

and McKeating, 2000). 

2.4.2 Nonstructural Proteins 

2.4.2.1 P7 

p7 is a small, 63 aa polypeptide, that has been shown to be an integral membrane 

protein (Carrere-Kremer et al., 2002). It comprises two transmembrane domains organized in 

α-helices, connected by a cytoplasmic loop. p7 appears to be essential, because mutations or 

deletions in its cytoplasmic loop suppressed infectivity of intra-liver transfection of HCV 

cDNA in chimpanzees (Sakai et al., 2003). In vitro studies suggested that p7 belongs to the 

viroporin family and could act as a calcium ion channel (Gonzalez and Carrasco, 2003). 

However, these results remain to be confirmed in vivo. 

2.4.2.2 NS2 

NS2 is a non-glycosylated transmembrane protein of 21–23 kDa. It contains two 

internal signal sequences at aa positions 839–883 and 928–960, which are responsible for ER 

membrane association (Santolini et al., 1995, Yamaga and Ou, 2002). NS2, together with the 
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amino-terminal domain of the NS3 protein, the NS2-3 protease, constitutes a zinc-dependent 

metalloprotease that cleaves the site between NS2 and NS3 (Grakoui et al., 1993b, Grakoui 

et al., 1993c, Hijikata et al., 1993b). NS2 is a short-lived protein that loses its protease 

activity after self-cleavage from NS3 and is degraded by the proteasome in a 

phosphorylation-dependent manner by means of protein kinase casein kinase 2 (Franck et al., 

2005). In addition to its protease activity, NS2 could interact with host cell proteins, such as 

the liver specific pro-apoptotic cell death-inducing DFF45-like effector (CIDE-B), and affect 

reporter genes controlled by liver and non-liver-specific promoters and enhancers (Dumoulin 

et al., 2003, Erdtmann et al., 2003). However, the consequences of such interactions within 

the context of the HCV lifecycle are not clear. 

2.4.2.3 NS3-NS4A 

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

terminal third and a helicase/NTPase domain in its C-terminal two-thirds. NS4A is a cofactor 

of NS3 protease activity. NS3-4A also bears additional properties through its interaction with 

host cell pathways and proteins that may be important in the lifecycle and pathogenesis of 

infection. Not surprisingly, the NS3-NS4A protease is one of the most popular viral targets 

for anti-HCV therapeutics  (Pawlotsky and McHutchison, 2004, Pawlotsky, 2006). 

2.4.2.4 NS3-NS4A Protease 

The NS3-NS4A protease is essential for the HCV lifecycle. It catalyzes HCV 

polyprotein cleavage at the NS3/NS4A, NS4A/NS4B, NS4B/NS5A and NS5A/NS5B 

junctions. The 3D structure of the NS3 serine protease domain complexed with NS4A has 

been determined (Kim et al., 1996, Love et al., 1996, Yan et al., 1998). The catalytic triad is 

formed by residues His 57, Asp 81 and Ser 139 (Grakoui et al., 1993a, Tomei et al., 1993, 

Yan et al., 1998). The central region of NS4A (aa 21–30) acts as a cofactor of NS3 serine 

protease activity, allowing its stabilization, localization at the ER membrane as well as 

cleavage-dependent activation, particularly at the NS4B/NS5A junction (Bartenschlager et 

al., 1995, Lin et al., 1995, Tanji et al., 1995). 

Recently, HCV NS3-NS4A was shown in vitro to antagonize the dsRNA-dependent 

interferon regulatory factor 3 (IRF-3) pathway, an important mediator of interferon induction 

in response to a viral infection (Foy et al., 2003). NS3-NS4A also appears to prevent dsRNA 
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signaling via the toll-like receptor 3 upstream of IRF-3 (Li et al., 2005a). One potential 

mechanism includes a blockade of the intracellular double-stranded RNA sensor protein 

(RIG-I) pathway by NS3-NS4A (Sumpter et al., 2005). Thus, HCV could utilize NS3-4A 

protease to circumvent the innate immune response at the early stages of infection. In 

addition, NS3 was also reported to induce malignant transformation of NIH3T3 cells 

(Sakamuro et al., 1995), suppress actinomycin D-induced apoptosis in murine cell lines 

(Fujita et al., 1996), and to be involved in hepatocarcinogenesis events (Borowski et al., 

1996, Hassan et al., 2005), although the exact mechanisms are not clear. 

2.4.2.5 NS3 Helicase-NTpase 

The NS3 helicase-NTPase domain consisting of the 442 C-terminal aa of the NS3 

protein is a member of the helicase superfamily-2. Its three-dimensional structure has also 

been determined (Yao et al., 1997, Cho et al., 1998, Kim et al., 1998). The NS3 helicase-

NTPase has several functions, including RNA-stimulated NTPase activity, RNA binding, and 

unwinding of RNA regions of extensive secondary structure by coupling unwinding and NTP 

hydrolysis (Tai et al., 1996, Gwack et al., 1997). During RNA replication, the NS3 helicase 

has been suggested to translocate along the nucleic acid substrate by changing protein 

conformation, utilizing the energy of NTP hydrolysis. A recent study proposed that the 

helicase directional movement step is fueled by single-stranded RNA binding energy, while 

NTP binding allows for a brief period of random movement that prepares the helicase for the 

next cycle (Levens et al., 2005). In addition, NS3 helicase activity appears to be modulated 

by the NS3 protease domain and the NS5B RdRp (Zhang et al., 2005a). 

2.4.2.6 NS4B 

NS4B is an integral membrane protein of 261 aa with an ER or ER-derived 

membrane localization (Hugle et al., 2001, Lundin et al., 2003). NS4B is predicted to harbor 

at least four transmembrane domains and an N-terminal amphipathic helix that are 

responsible for membrane association (Hugle et al., 2001, Lundin et al., 2003, Elazar et al., 

2004). One of the functions of NS4B is to serve as a membrane anchor for the replication 

complex (Egger et al., 2002, Elazar et al., 2004, Gretton et al., 2005). Additional putative 

properties include inhibition of cellular syntheses (Florese et al., 2002, Kato et al., 2002), 
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modulation of HCV NS5B RdRp activity (Piccininni et al., 2002), transformation of NIH3T3 

cell lines  (Park et al., 2000), and induction of interleukin 8 (Kadoya et al., 2005). 

2.4.2.7 NS5A 

NS5A is a 56–58 kDa phosphorylated zinc-metalloprotein that probably plays an 

important role in virus replication and regulation of cellular pathways. The N-terminal region 

of NS5A (aa 1–30) contains an amphipathic α-helix that is necessary and sufficient for 

membrane localization in perinuclear membranes as well as for assembly of the replication 

complex (Brass et al., 2002, Elazar et al., 2003, Penin et al., 2004a). Downstream of this 

motif, the NS5A protein was predicted to contain three domains, numbered I to III. Domain I, 

located at the N-terminus, contains an unconventional zinc-binding motif formed by four 

cysteine residues conserved among the hepacivirus and pestivirus genera (Tellinghuisen et 

al., 2004). HCV replicon RNA replication was inhibited by mutations in the NS5A sequence 

(Elazar et al., 2003, Penin et al., 2004b) and abolished by alterations of the zinc-binding site 

(Tellinghuisen et al., 2004). The recently determined 3-D structure of Domain I suggested the 

presence of protein, RNA and membrane interaction sites (Moradpour et al., 2005, 

Tellinghuisen et al., 2005). 

The mechanisms by which NS5A regulate HCV replication are not entirely clear. 

NS5A associates with lipid rafts derived from intracellular membranes through its binding to 

the C-terminal region of a vesicle-associated membrane-associated protein of 33 kDa (hVAP-

33) (Tu et al., 1999, Shi et al., 2003). This interaction appears to be crucial for the formation 

of the HCV replication complex in connection with lipid rafts (Gao et al., 2004). A recent 

study in the replicon system proposed a model in which NS5A hyperphosphorylation disrupts 

the interaction with hVAP- 33 and negatively regulates viral RNA replication (Evans et al., 

2004). Another report suggested that the level of NS5A phosphorylation plays an important 

role in the viral lifecycle by regulating a switch from replication to assembly, whereby 

hyperphosphorylated forms function to maintain the replication complex in an assembly-

incompetent state (Appel et al., 2005). Furthermore, NS5A can interact directly with NS5B, 

but the mechanism by which NS5A modulates the RdRp activity has not been elucidated 

(Shimakami et al., 2004). In addition, NS5A was reported to interact with a 

geranylgeranylated cellular protein (Wang et al., 2005a). This is potentially significant 
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considering that assembly of the viral replication complex has been shown to require 

geranylgeranylation of one or more host cell proteins (Ye et al., 2003). 

Multiple functions have been assigned to NS5A based on its interactions with cellular 

proteins (Tellinghuisen and Rice, 2002). For instance, NS5A appears to play a role in 

interferon resistance by binding to and inhibiting PKR, an antiviral effector of interferon-α 

(Gale et al., 1998). NS5A also bears transcriptional activation functions (Polyak et al., 2001, 

Pellerin et al., 2004) and appears to be involved in the regulation of cell growth and cellular 

signaling pathways (Tan and Katze, 2001, Tellinghuisen and Rice, 2002). However, these 

observations remain to be confirmed in vivo. 

2.4.2.8 NS5B (RNA-Dependent RNA Polymerase) 

NS5B belongs to a class of membrane proteins termed tail-anchored proteins 

(Schmidt-Mende et al., 2001, Ivashkina et al., 2002). Its C-terminal region (21 residues) 

forms an α-helical transmembrane domain responsible for post-translational targeting to the 

cytosolic side of the ER, where the functional protein domain is exposed (Schmidt-Mende et 

al., 2001, Moradpour et al., 2004). The crystal structure of NS5B revealed that the RdRp has 

a classical “fingers, palm and thumb” structure formed by its 530 N-terminal aa (Ago et al., 

1999, Bressanelli et al., 1999, Lesburg et al., 1999). Interactions between the fingers and 

thumb sub-domains result in a completely encircled catalytic site that ensures synthesis of 

positive- and negative-strand HCV RNAs (Lesburg et al., 1999). The RdRp is another 

important target for the development of anti-HCV drugs (Pawlotsky and McHutchison, 2004, 

Di Marco et al., 2005, Ma et al., 2005, Pawlotsky, 2006). 

Interactions between NS5B and cellular components have also been reported. The C-

terminus of NS5B can interact with the N-terminus of hVAP-33, and the interaction may play 

an important role in the formation of the HCV replication complex (Schmidt-Mende et al., 

2001, Gao et al., 2004). More recently, NS5B was reported to bind cyclophilin B, a cellular 

peptidyl-prolyl cis-transisomerase that apparently regulates HCV replication through 

modulation of the RNA binding capacity of NS5B (Watashi et al., 2005). 
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2.5 The HCV Lifecycle 

2.5.1 Cellular Attachment of HCV Virions and Entry 

Many efforts have been made to develop models to identify candidate HCV receptors 

and study viral binding and entry into target cells. Various cellular and in vivo systems 

utilizing infected blood samples, virus-like particles produced by expression of structural 

HCV proteins in insect or mammalian cells, liposomes containing E1–E2, as well as pseudo 

type particles have yielded a considerable amount of data, although they are not always easy 

to reconcile (Chevaliez and Pawlotsky, 2006). Figure 2.3 summarizes the hypothetical HCV 

lifestyle. 
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Figure. 2.3: Hypothetical HCV replication cycle. HCV particles bind to the host cells via a specific 

interaction between the HCV envelope glycoproteins and a yet unknown cellular receptor. Bound particles are 

probably internalized by receptor-mediated endocytosis. After the viral genome is liberated from the 

nucleocapsid (uncoating) and translated at the rough ER, NS4B (perhaps in conjunction with other viral or 

cellular factors) induces the formation of membranous vesicles (referred to as the membranous web; EM in the 

lower right). These membranes are supposed to serve as scaffolds for the viral replication complex. After 

genome amplification and HCV protein expression, progeny virions are assembled. The site of virus particle 

formation has not yet been identified. It may take place at intracellular membranes derived from the ER or the 

Golgi compartment. Newly produced virus particles may leave the host cell by the constitutive secretory 

pathway. The upper right panel of the figure shows a schematic representation of an HCV particle. The middle 

panel shows a model for the synthesis of negative-stranded (-) and positive stranded (+) progeny RNA via a 

double stranded replicative form (RF) and a replicative intermediate (RI). The bottom panel shows an electron 

micrograph of a membranous web (arrow heads) in Huh7 cell containing subgenomic HCV replicons. The web 

is composed of small vesicles embedded in a membrane matrix. Bar: 500 nm; N: nucleus; ER: endoplasmic 

reticulum; M: mitochondria. Reproduced from Chevaliez and Pawlotsky 2006.  

2.5.2  HCV Receptors 

Several cell surface molecules have been proposed to mediate HCV binding or HCV 

binding and internalization. 

2.5.2.1 CD81 

Among all putative HCV receptor molecules, CD81 has been the most extensively 

studied (Pileri et al., 1998). Human CD81 (target of antiproliferative antibody 1, TAPA-1) is 

a 25-kDa molecule belonging to the tetraspanin or transmembrane 4 superfamily. It is found 

at the surface of numerous cell types, where it is thought to assemble as homo- and/or 

heterodimers by means of a conserved hydrophobic interface. CD81 contains four 

hydrophobic transmembrane regions (TM1 to TM4) and two extracellular loop domains of 

28 and 80 aa, respectively: the small extracellular loop (SEL) and the large extracellular loop 

(LEL). The LEL is located between TM3 and TM4. It is composed of five α-helices and 

contains four cysteine residues (Kitadokoro et al., 2001). The SEL is needed for optimal 

surface expression of the LEL (Masciopinto et al., 2001). The intracellular and 

transmembrane domains of CD81 are highly conserved among different species. In contrast, 

the LEL is variable, except between humans and chimpanzees, the only two species 

permissive to HCV infection (Walker, 1997, Major et al., 2004). The CD81 LEL has been 
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shown to mediate binding of HCV through its envelope glycoprotein E2 (Pileri et al., 1998). 

The integrity of two disulfide bridges is necessary for the CD81-HCV interaction to occur 

(Petracca et al., 2000), and the site of interaction appears to involve CD81 residues 163, 186, 

188 and 196 (Flint et al., 1999, Meola et al., 2000). The E2 domains involved in CD81 

binding remain controversial. Early studies suggested the involvement of aa 480–493 and 

544–551 in the truncated soluble form of E2 (Flint et al., 1999), whereas a more recent study 

pointed to a role for two other domains, including aa 613–618 and a second domain spanning 

the two HVRs (aa 384–410 and 476–480) (Roccasecca et al., 2003). 

Several studies argue that cellular factors other than CD81 are required for HCV 

infection. The expression of human CD81 in a CD81-deficient human hepatoma cell line 

restored permissiveness to infection with HCV pseudo-particles, but a murine fibroblast cell 

line expressing human CD81 remained resistant to HCV entry (Cormier et al., 2004). In 

addition, expression of human CD81 in transgenic mice did not confer susceptibility to HCV 

infection (Masciopinto et al., 2002). It is possible that the CD81 molecule could act as a post-

attachment entry co-receptor and that other cellular factors act together with CD81 to 

mediate HCV binding and entry into hepatocytes (Cormier et al., 2004). 

2.5.2.2 SR-BI 

The scavenger receptor B type I (SR-BI) has been proposed as another candidate 

receptor for HCV (Scarselli et al., 2002). SR-BI is a 509-aa glycoprotein with a large 

extracellular loop anchored to the plasma membrane at both N- and C-termini by means of 

transmembrane domains with short cytoplasmic extensions (Krieger et al., 2001). SR-BI is a 

fatty acylated protein located in lipid raft domains. It is expressed at high levels in 

hepatocytes and steroidogenic cells (Babitt et al., 1997, Krieger et al., 2001). The natural 

ligand of SR-BI is high density lipoproteins (HDL). HDLs are internalized through a non-

clathrin-dependent endocytosis process that mediates cholesterol uptake and recycling of 

HDL apoprotein (Silver et al., 2001). HCV genotypes 1a and 1b recombinant E2 envelope 

glycoproteins were shown to bind HepG2 cells (a human hepatoma cell line that does not 

express CD81) by interacting with an 82 kDa glycosylated SR-BI molecule (Scarselli et al., 

2002). Binding appeared to be highly specific: tranfection of rodent cells with human or 

tupaia SR-BI (88 % aa identity with human SR-BI) resulted in E2 binding, whereas neither 
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mouse SR-BI (80 % aa identity) nor the closely related human scavenger receptor CD36 (60 

% aa identity) bound E2. The SR-BI LEL appeared to be responsible for HCV binding, and 

HVR1 was recently suggested to be the E2 envelope region involved in the interaction, 

which was facilitated by serum HDLs (Scarselli et al., 2002, Bartosch et al., 2003, Voisset et 

al., 2005). However, the fact that antibodies directed against SR-BI resulted only in a partial 

blockade of binding suggests that SR-BI is not the only cell surface molecule involved in 

HCV binding to hepatocytes (Barth et al., 2005). 

2.5.2.3 DC-SIGN and L-SIGN 

The dendritic cell-specific intercellular adhesion molecule-3-grabbing nonintegrin 

(DC-SIGN or CD209) and the liver/lymph node-specific intercellular adhesion molecule-3 

(ICAM-3)-grabbing integrin (L-SIGN or CD209L) have been proposed as tissue-specific 

capture receptors for HCV present in various cell types that could play a critical role in viral 

pathogenesis and tissue tropism (Gardner et al., 2003, Lozach et al., 2003, Pohlmann et al., 

2003, Lozach et al., 2004). DC-SIGN is a 44-kDa homotetrameric type II integral membrane 

protein with a short aminoterminal cytoplasmic domain and a carboxy-terminal C-type 

(calcium-dependent) lectin domain. DC-SIGN is expressed at a high level on myeloid-

lineage dendritic cells. Its interaction with ICAM-3 activates T cells (Geijtenbeek et al., 

2000). L-SIGN is abundantly expressed at the surface of endothelial cells of the liver and 

lymph nodes and shares 77% aa sequence identity with DC-SIGN (Bashirova et al., 2001). A 

rapid internalization of virus-like particles upon capture of HCV pseudo-particles by both 

DC-SIGN and L-SIGN, presumably via E2 binding, was reported (Ludwig et al., 2004), 

although this was not observed in another study (Lozach et al., 2004). 

2.5.2.4 LDL-R 

The low-density lipoprotein (LDL) receptor (LDL-R) is an endocytic receptor that 

transports lipoproteins, mainly the cholesterol-rich LDLs, into cells through receptor-

mediated endocytosis (Chung and Wasan, 2004). Virus-like particles complexed with LDLs 

have been reported to enter into cells via the LDL receptor (Agnello et al., 1999, Monazahian 

et al., 1999). In support of this view, binding of low-density HCV particles recovered from 

plasma by sucrose gradient sedimentation correlated with the density of LDL receptors at the 
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surface of MOLT-4 cells and fibroblasts, and the binding was inhibited by LDL but not by 

soluble CD81 (Wunschmann et al., 2000). 

2.5.2.5 Asialoglycoprotein Receptor 

The asialoglycoprotein receptor (ASGP-R) has been reported to mediate binding and 

internalization of structural HCV proteins (C-E1-E2±p7) expressed in a baculovirus system. 

Cotransfection of a non-permissive mouse fibroblast cell line with cDNAs of both ASGP-R 

subunits (H1 and H2) restored permissiveness (Saunier et al., 2003). 

2.5.2.6 Glycosaminoglycans 

Conservation of positively charged residues in the N-terminus of E2 is in keeping 

with a possible interaction with heparan sulfate proteoglycans (HSPG) (Barth et al., 2003). 

E2, in particular its HVR-1, has been shown to bind HSPG with a stronger affinity than other 

viral envelope glycoproteins, such as human herpes virus 8 or dengue virus envelope 

proteins. However, glycosaminoglycans are ubiquitously expressed as cell surface molecules. 

It is conceivable that HSPG could serve as the initial docking site for HCV attachment and 

the virus is subsequently transferred to another high-affinity receptor (or receptor complex) 

triggering entry (Barth et al., 2003). 

2.5.3 Mechanisms of Cell Entry and Fusion 

After attachment, the nucleocapsid of enveloped viruses is released into the cell 

cytoplasm as a result of a fusion process between viral and cellular membranes. Fusion is 

mediated by specialized viral proteins and takes place either directly at the plasma membrane 

or following internalization of the particle into endosomes. The entry process is controlled by 

viral surface glycoproteins that trigger the changes required for mediating fusion. At least 

two different classes of fusion proteins (I and II) can be distinguished (Lescar et al., 2001). 

The flaviviruses enter target cells by receptor-mediated endocytosis and use class II fusion 

proteins (Lindenbach and Rice, 2001). By analogy, HCV envelope glycoproteins are believed 

to belong to class II fusion proteins (Yagnik et al., 2000). However, in contrast with other 

class II fusion proteins, HCV envelope glycoproteins do not appear to require cellular 

protease cleavage during their transport through the secretory pathway (Op De Beeck et al., 

2004). HCV entry into cells is pH-dependent and endocytosis-dependent (Agnello et al., 
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1999, Bartosch et al., 2003, Hsu et al., 2003), but the identity of the HCV fusion peptide 

remains controversial. E1 appeared as a good candidate because sequence analysis suggested 

the presence of a fusion peptide in its ectodomain (Rosa et al., 1996, Flint and McKeating, 

2000). Nevertheless, E2 was shown to share structural homology with class II fusion proteins 

(Yagnik et al., 2000, Lescar et al., 2001). Crystallographic 3D structure determination and 

cryo-EM-based studies of both envelope glycoproteins are needed to better understand the 

mechanisms of HCV fusion. 

2.5.4 RNA Translation and Post-Translational Processing 

2.5.4.1 Polyprotein Synthesis 

Decapsidation of viral nucleocapsids liberates free positive-strand genomic RNAs 

into the cell cytoplasm, where they serve, together with newly synthesized RNAs, as 

messenger RNAs for synthesis of the HCV polyprotein. HCV genome translation is under the 

control of the IRES, spanning domains II to IV of the 5′ UTR and the first nucleotides of the 

core-coding region. IRES domain I is not part of the IRES but plays an important role by 

modulating IRES-dependent translation (Friebe et al., 2001, Luo et al., 2003). The IRES 

mediates cap-independent internal initiation of HCV polyprotein translation by recruiting 

both cellular proteins, including eukaryotic initiation factors (eIF) 2 and 3 and viral proteins 

(Lukavsky et al., 2000, Ji et al., 2004, Otto and Puglisi, 2004). Three distinct translation 

initiation complexes (40S, 48S and 80S) are generated, as shown by in vitro translation 

experiments in HeLa S10 cells and rabbit reticulocyte lysates and by ex vivo experiments in 

mammalian cells (Kong and Sarnow, 2002). 

The HCV IRES has the capacity to form a stable pre-initiation complex by directly 

binding the 40S ribosomal subunit without the need of canonical translation initiation factors 

(Spahn et al., 2001, Otto et al., 2002). The 40S subunit assembles with eIF3 and this ternary 

complex joins with eIF2, GTP, and the initiator tRNA to form a 48S particle in which the 

tRNA is positioned in the P site of the 40S subunit, base-paired to the start codon of the 

mRNA. Upon hydrolysis of GTP, eIF2 releases the initiator tRNA and dissociates from the 

complex. A second GTP hydrolysis step involving initiation factor eIF5B then enables the 

60S ribosomal subunit to associate, forming a functional 80S ribosome that initiates viral 
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protein synthesis (Sizova et al., 1998, Kieft et al., 2001, Ji et al., 2004, Otto and Puglisi, 

2004). 

A number of cellular proteins were reported to interact with the 5′ UTR including the 

polypyrimidine tract-binding protein (PTB) (Ali and Siddiqui, 1995), heterogeneous nuclear 

ribonucleoprotein L (hnRNP L) (Hahm et al., 1998), La autoantigen (Ali and Siddiqui, 1997), 

the poly(rC)-binding protein 2 (PCP2) (Spangberg and Schwartz, 1999) and NS1-associated 

protein 1 (NSAP1) (Kim et al., 2004). The biological significance of these protein-RNA 

interactions remains unknown. In addition, HCV proteins may affect IRES translational 

efficiency, including the core protein (Zhang et al., 2002) and non-structural proteins NS4A 

and NS5B (Kato et al., 2002). The HCV 3′ UTR may also modulate IRES -dependent 

translation, but this remains controversial (Imbert et al., 2003, Wang et al., 2005b). 

2.5.4.2 Post-Translational Processing 

HCV genome translation generates a large precursor polyprotein, which is targeted to 

the ER membrane for translocation of the E1 ectodomain into the ER lumen, a process 

mediated by the internal signal sequence located between the core and E1 sequences. 

Cleavage of the signal sequence by the host signal peptidase yields the immature form of the 

core protein (P23) (McLauchlan et al., 2002). The signal peptide is further processed by a 

host signal peptide peptidase (SPP, a presenilintype aspartic protease that resides in the ER 

membrane) to yield the mature form of the core protein (P21) (Figure 2.3) (Penin et al., 

2004b). The host signal peptidase also ensures cleavage at the E1–E2 junction in the ER 

lumen. Additional signal peptidase cleavages at the C-terminal end of E2 and between p7 and 

NS2 give rise to p7 (Figure 2.3). An incomplete cleavage may lead to the production of non-

cleaved E2-p7 proteins, the role of which is unknown. E1 and E2 subsequently undergo 

several maturation steps, including N-glycosylation, conformation and assembly of E1E2 

heterodimers (Penin et al., 2004b). Heterogeneous E1E2 aggregates are also produced, but 

their role in viral particle formation is not known. 

The zinc-dependent NS2-3 auto-protease ensures cis-cleavage of NS3 from NS2 

(Figure 2.2). NS3 needs to assemble with its cofactor NS4A to catalyze cis-cleavage at the 

NS3-NS4A junction and trans-cleavage at all downstream junctions including NS4A-NS4B, 

NS4B-NS5A, and NS5A-NS5B (Figure2.2) (Bartenschlager and Lohmann, 2000, 
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Lindenbach et al., 2005). The cleavage sites recognized by the NS3-NS4A protease have in 

common the following sequence: Asp/GluXXXXCys/Thr-Ser/Ala, with trans cleavages 

occurring downstream of a cysteine residue and the cis cleavage occurring downstream of a 

threonine residue. 

2.5.5 HCV Replication 

2.5.5.1 The HCV Replication Complex 

Infection with a positive-strand RNA virus leads to rearrangements of intracellular 

membranes, a prerequisite to the formation of a replication complex that associates viral 

proteins, cellular components and nascent RNA strands. The HCV NS4B protein seems to be 

sufficient to induce the formation of a membranous web or membrane-associated foci (Egger 

et al., 2002, Gretton et al., 2005). It is not known whether NS4B recruits cellular proteins 

responsible for vesicle formation or induces vesicle formation by itself. The membranous 

web is derived from ER membranes (Bartenschlager et al., 2004). It is rich in cholesterol and 

fatty acids, the degree of saturation of which (that influences membrane fluidity) modulates 

HCV replication (Kapadia and Chisari, 2005). HCV replication was shown to occur in 

detergent-resistant membranes that co-localize with caveolin-2, an essential component of 

lipid raft domains (Shi et al., 2003). Indeed, lipid rafts are involved in the formation of the 

replication complex, through protein-protein interactions between hVAP-33 and both NS5A 

and NS5B HCV proteins (Tu et al., 1999, Shi et al., 2003, Gao et al., 2004). Overall, the 

membranous web consists of small vesicles embedded in a membranous matrix, forming a 

membrane-associated multiprotein complex that contains all of the nonstructural HCV 

proteins (Egger et al., 2002). 

2.5.5.2 Mechanism of HCV Replication 

The precise mechanisms of HCV replication are still poorly understood. By analogy 

with other positive-strand RNA viruses, HCV replication is thought to be semi-conservative 

and asymmetric with two steps, both of which are catalyzed by the NS5B RdRp. The 

positive-strand genome RNA serves as a template for the synthesis of a negative-strand 

intermediate of replication during the first step. In the second step, negative-strand RNA 

serves as a template to produce numerous strands of positive polarity that will subsequently 

be used for polyprotein translation, synthesis of new intermediates of replication or 
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packaging into new virus particles (Bartenschlager et al., 2004). The positive-strand RNA 

progeny is transcribed in a five to ten fold in excess compared to negative-strand RNA. 

NS5B RpRd was initially thought to catalyze primer-dependent initiation of RNA synthesis, 

either through elongation of a primer hybridized to the RNA template or through a copy-back 

mechanism (Behrens et al., 1996). More recently, the HCV RdRp was shown to be capable of 

initiating de novo RNA synthesis under certain experimental conditions (Zhong et al., 2000). 

Initiation of RNA strand synthesis at the 3′-end of the plus and minus strands involves 

domain I of the 5′ UTR, which can form a G/C -rich stem-loop, the 3′ UTR and a  cis-acting 

replication element (5BSL3.2) consisting of 50 bases located in a large predicted cruciform 

structure at the 3′ end of the HCV NS5B -coding region (You et al., 2004). Initiation of RNA 

replication is triggered by an interaction between proteins of the replication complex, the 3′ 

X region of the 3′ UTR, and 5BSL3.2 that forms a pseudoknot structure with a stem -loop in 

the 3′ UTR (You et al., 2004, Astier-Gin et al., 2005, Friebe et al., 2005). A phosphorylated 

form of PTB was found in the replication complex and PTB was shown to interact with two 

conserved stem-loop structures of the 3′ UTR, an interaction thought to modulate RNA 

replication (Luo, 1999, Chang and Luo, 2006). Importantly, inhibition of PTB expression by 

means of small interfering RNAs reduced the amount of HCV proteins and RNA in HCV 

replicon-harboring Huh7 cells (Chang and Luo, 2006). 

2.5.5.3 Virus Assembly and Release 

Little is known about HCV assembly and release due to the lack of appropriate study 

models. Different variants of the HCV core protein, which can exist as dimeric, and probably 

multimeric forms as well, have been shown to be capable of self assembly in yeast in the 

absence of viral RNA, generating virus-like particles with an average diameter of 35 nm 

(Acosta-Rivero et al., 2004a, Acosta-Rivero et al., 2004b). Recent reports suggested that the 

N-terminal portion of the core protein is sufficient for capsid assembly, in particular the two 

clusters of basic residues (Kunkel et al., 2001, Lorenzo et al., 2001, Klein et al., 2004, 

Majeau et al., 2004, Klein et al., 2005). In bacterial systems, HCV core proteins efficiently 

self-assembled to yield nucleocapsid-like particles with a spherical morphology and a 

diameter of 60 nm, but the presence of a nucleic acid was required (Kunkel et al., 2001). 

Overall, particle formation is probably initiated by the interaction of the core protein with 
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genomic RNA; HCV core can indeed bind positive-strand RNA in vitrothrough stem-loop 

domains I and III and nt 23-41 (Shimoike et al., 1999, Tanaka et al., 2000). It is tempting to 

speculate that the core-RNA interaction may play a role in the switch from replication to 

packaging. 

Virus-like particles were produced in mammalian cells by using a chimeric virus 

replicon allowing high-level expression of HCV structural proteins in BHK-21 cell lines 

(Blanchard et al., 2002). Budding of virus-like particles of 50 nm in diameter in the dilated 

ER lumen was observed (Blanchard et al., 2003). Transfection of full-length HCV RNA in 

HeLa G and HepG2 cell lines led to the formation of virus-like particles with a diameter of 

45 to 60 nm, which were synthesized and assembled in the cytoplasm and budded into the 

ER cisternae to form coated particles (Mizuno et al., 1995, Dash et al., 1997). Indeed, the 

HCV envelope glycoproteins E1 and E2 associate with ER membranes through their 

transmembrane domains (Cocquerel et al., 1998), suggesting that virus assembly occurs in 

the ER. Structural proteins have been detected both in the ER and the Golgi apparatus, 

suggesting that both compartments are involved in later maturation steps (Serafino et al., 

2003). Moreover, the presence of N-glycan residues at the surface of HCV particles is also in 

keeping with a transit via the Golgi apparatus. The mechanisms underlying exportation of 

mature virions in the pericellular space have yet to be understood. Newly produced virus 

particles may leave the host cell by the constitutive secretory pathway. 

2.6 Structure of HCV Virions 

HCV is thought to adopt a classical icosahedral scaffold in which glycoproteins E1 

and E2 are anchored to the host cell-derived double-layer lipid envelope. Within the envelope 

is the nucleocapsid which is likely composed of multiple copies of the core protein, forming 

an internal icosahedral viral coat that encapsidates the viral genomic positive-strand RNA. 

EM and immuno-EM (IEM) studies of bona fide HCV particles have been hampered by the 

low amount of viruses in blood and tissues, the failure to efficiently propagate HCV in cell 

culture, the poor sensitivity of these methods, and antibody cross-reactivity. Visualization of 

HCV virions or virus-like particles was therefore made essentially from in vitro or non-

human in vivo models. 
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Infection of primary cells or stable cell lines of hepatic or lymphoid origin with sera 

from HCV-infected patients revealed the presence of spherical virus-like particles (Shimizu 

et al., 1996, Iacovacci et al., 1997, Serafino et al., 1997). Transfection of Huh7 cells with 

full-length HCV genomes did not lead to virion production (Pietschmann et al., 2002), but 

virus-like particles were generated after transfection of HepG2 or Hela G cells (Mizuno et 

al., 1995, Dash et al., 1997). HCV virus-like particles could also be produced in mammalian 

cells, by means of recombinant Semliki Forest virus (SFV) or vesicular stomatitis virus 

(VSV) replicons expressing genes encoding the structural HCV proteins (Ezelle et al., 2002, 

Blanchard et al., 2003), and in insect cells infected with a recombinant baculovirus 

expressing HCV structural proteins (Baumert et al., 1998, Maillard et al., 2001). 

2.7 Circulating Forms of HCV Virions 

2.7.1 Plasma Compartmentalization of HCV Particles 

HCV was initially reported to have a lower buoyant density than other members of 

the Flaviviridae family on 20–60% isopycnic sucrose density gradients (1.05 to 1.07 

g/ml vs. 1.15 to 1.25 g/ml, respectively) (Yoshikura et al., 1996, Trestard et al., 1998, 

Lindenbach and Rice, 2001). Ultracentrifugation of sera from patients with acute and chronic 

HCV infection revealed the presence of two populations of HCV particles with a broad range 

of densities, from 1.06 to 1.25 g/ml. Low-density HCV particles were shown to be 

principally associated with lipids and lipoproteins and to contain the infectious virus, 

whereas high-density HCV particles were largely associated with immunoglobulins in the 

form of immune complexes and supposedly less infectious (Thomssen et al., 1992, Hijikata 

et al., 1993b, Aiyama et al., 1996, Andre et al., 2002). Interestingly, the respective 

proportions of high- and low-density fractions in infected patients' blood were reported to 

fluctuate over the course of infection and according to the stage of liver disease (Hijikata et 

al., 1993b, Kanto et al., 1994, Choo et al., 1995, Kanto et al., 1995). 

2.7.2 Non-Enveloped Nucleocapsids 

The existence of non-enveloped HCV nucleocapsids during natural infection and their 

role in the pathophysiology of HCV infection has been debated. Lipo-viroparticles (LVPs) 

rich in HCV RNA, HCV core protein, triglycerides and apoproteins (especially apoB and 
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apoE) were recently described as large spherical particles of 100 nm, the dilapidation of 

which yielded capsid-like structures (Andre et al., 2002). Non-enveloped nucleocapsids were 

detected in the serum of infected patients and in hepatocytes from patients and 

experimentally infected chimpanzees (Maillard et al., 2001, Falcon et al., 2003a, Falcon et 

al., 2003b). Non-enveloped HCV particles recovered from the plasma of infected individuals 

had a buoyant density of 1.27 to 1.34 g/ml (Maillard et al., 2001). They were heterogeneous 

in size, with a diameter of 38–62 nm in EM, and were recently shown to exhibit Fcγ receptor-

like activity and bind non-immune IgG (Maillard et al., 2001, Maillard et al., 2004). Whether 

or not non-enveloped nucleocapsids are infectious remains to be established. 

The development of novel anti-HCV therapeutic agents has been stymied by the lack 

of an efficient in vitro viral infection system and a suitable animal model. Although 

significant progress has been made through genetic and biochemical approaches in dissecting 

the molecular processes of HCV replication, our understanding of the viral entry and virion 

production steps remains rudimentary. The rapid increase in the study of small interfering 

RNA (siRNA) as a powerful tool for silencing gene expression has spurred considerable 

interest in its therapeutic potential. Following paragraphs summarize RNA interference, its 

mechanism of action, and the use of RNAi as a tool to inhibit HCV gene expression.  

2.8 History of RNA therapeutics 

In the last 30 years, numerous novel roles for RNA in the regulation of gene expression 

have been discovered in addition to its traditional function as a conveyor of message from 

DNA to protein. Many of these RNA functions have been and will continue to be probed for 

therapeutic applications. The earliest therapeutic nucleic acids explored were antisense 

oligonucleotides, typically short (13–25 nucleotides (nts)) single-stranded DNA or RNA 

molecules. Hybridization of an antisense molecule with its target RNA results in either 

degradation by RNase H or steric hindrance of the mRNA splicing or translational machinery 

[reviewed in (Dias and Stein, 2002)]. In 1998, the United States Food and Drug Administration 

approved the first antisense DNA drug, fomivirsen by Isis Pharmaceuticals, to treat 

cytomegalovirus retinitis in immuno-compromised patients (Orr, 2001), thus demonstrating 

that clinical application of therapeutic nucleic acids is an achievable goal. 
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Ribozymes and aptamers are RNA molecules identified in the 1980’s that were also 

tested for therapeutic potential. Hammerhead ribozymes, a class of catalytic RNAs (about40 

nts), are of particular interest because of their ability to recognize and cleave at specific RNA 

sequences (Uhlenbeck, 1987, Sigurdsson and Eckstein, 1995). Aptamers are highly structured 

RNAs (25–40 nts) with a high affinity for their protein ligand making them useful as possible 

drug inhibitors. For example, the transactivation response (TAR) aptamer encoded by HIV-1 

binds the viral transactivator of transcription protein (Tat), and when over-expressed in vitro, 

TAR renders cells resistant to HIV-1 replication (Sullenger et al., 1990). 

The newest and most promising addition to the field of RNA therapeutics arose from 

the discovery of the RNA interference (RNAi) pathway in 1998 by eventual Nobel Prize 

recipients Fire and Mello (Fire et al., 1998). In C. elegans, Fire et al. noted injection of long, 

double stranded (ds) RNAs (~300–1000 nts) complementary to a specified mRNA was 

accompanied by efficient elimination of the targeted transcript. This phenotype could not be 

reproduced in mammalian cells until Elbashir et al. provided a major breakthrough (Elbashir et 

al., 2001a). They showed that target mRNAs could be silenced by the transfection of cells with 

chemically synthesized siRNAs, which were designed to mimic the native siRNAs produced 

by RNAi in other systems (Elbashir et al., 2001a). It was subsequently shown that short 

hairpin RNAs (shRNAs), which mimic endogenous pre-miRNAs, could be expressed in cells 

and also yield effective target RNA silencing (Paddison et al., 2002). These studies have 

ushered in a new era of using siRNAs and shRNAs for mammalian genetics and therapeutic 

approaches. While RNAi-based therapeutics have not yet realized their considerable potential, 

much work is being done to advance these approaches into the clinic. 

2.9 The RNAi pathway 

RNAi is a conserved mechanism of post-transcriptional gene silencing (PTGS) 

identified in multiple organisms, from worms to plants to mammals. Much of the mechanism 

and key components of the RNAi pathway are now appreciated (Figure 2.4). In the cytoplasm, 

Dicer, a RNase III type enzyme, cleaves long dsRNAs into ~21–25 nucleotide siRNAs, with 5 ′ 

phosphate groups and two nt 3′ overhangs ( Zamore et al., 2000, Bernstein et al., 2001). The 

strand complementary to the target mRNA is called the guide strand while the other is called 

the passenger strand. Clues as to how Dicer recognizes its dsRNA substrate and how cleavage 
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sites are chosen lie within its structure (Zhang et al., 2004a, MacRae et al., 2007). Dicer 

proteins usually contain a helicase/ATPase domain, two RNaseIII-like domains, a PAZ domain, 

and a dsRNA binding domain. The size of siRNAs produced are predicted by the distance 

between the PAZ and the RNaseIII domains, and the 3′ overhangs are a common feature 

produced by RNaseIII activity (MacRae et al., 2007). Several positively charged residues 

connecting these domains are thought to facilitate binding of RNA (MacRae et al., 2007). 
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Figure 2.4: Illustration of the endogenous RNAi pathway and therapeutic mimics. Genome-encoded primary 

microRNAs (pri-miRNAs) are processed by Drosha into pre-miRNAs that are then exported from the nucleus. In 

the cytosol, Dicer cleaves premiRNAs into miRNAs and a single-stranded guide RNA is incorporated into RISC. 

Depending on sequence homology between the guide strand and the target, RISC either cleaves the mRNA or 

causes translational repression. The RNAi pathway can be activated by synthetic siRNAs or shRNAs to 

therapeutically treat metabolic disorders, cancers, or viral infections. shRNAs delivered by viral vectors mimic 

pre-miRNAs while siRNAs mimic the native miRNA duplexes and are incorporated into RISC. shRNAs must be 

exported from the nucleus and siRNAs delivered using liposome-based technologies must escape from endosomal 

compartments before being processed. Accessory proteins involved are DiGeorge syndrome critical region 8 

(DGCR8), argonaute 2 (ago2), and HIVtransactivating response RNA-binding protein (TRBP). Reproduced from 

(Berger and Randall, 2010). 

Dicer then delivers the siRNA to the RNA-induced silencing complex (RISC), in part 

consisting of Dicer, argonaute proteins, and HIV-transactivating response RNA-binding protein 

(TRBP) (Gregory et al., 2005). Argonaute 2 (Ago2) is the catalytic endonuclease at the heart 

of human RISC that binds the siRNA duplex, cleaves and removes the passenger strand, and 

thus leaves behind an intact single-stranded guide (Liu et al., 2004, Matranga et al., 2005). 

The strand with least complementarity at the 5 ′ end tends to serve as the guide (Schwarz et al., 

2003). Furthermore, TRBP binds to the more thermodynamically stable end of the siRNA and 

orients it with Ago2 in a way that helps identify the guide strand (Chendrimada et al., 2005). 

The degree of complementarity between the guide and target mRNA determines whether the 

mRNA is degraded (exact match) or translationally repressed due to steric hindrance (partial 

homology) (Bartel, 2004). In the case of exact homology, the RNase H domain of Ago2 is 

responsible for target mRNA cleavage (Liu et al., 2004). 

Endogenous microRNAs (miRNAs) are the natural substrates for Dicer in mammals 

[reviewed in (Bartel, 2004)]. In the nucleus, RNA polymerase II (Pol II) transcribes genome-

encoded primary miRNAs (pri-miRNAs) that can contain multiple hairpins (Lee et al., 2004b). 

A complex consisting of the RNase III enzyme Drosha and dsRNA binding protein DGCR8 

cleaves the pri-mRNAs into 60–80 nt hairpins called pre-miRNAs (Lee et al., 2003). Pre-

miRNA hairpins are exported into the cytoplasm where they are recognized by Dicer and 

cleaved to generate the final miRNA duplex with characteristic two nt 3 ′ overhangs (Lee et al., 

2003). Novel Dicer-independent mechanisms for miRNA processing may also exist since it 
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was reported that miR-451 cleavage relied only on Ago2 catalytic activity in zebrafish 

(Cifuentes et al., 2010). The majority of miRNA-derived guide strands have only partial target 

homology and are directed by RISC to the 3′ untranslated region (UTR) of mature mRNAs 

resulting in translational repression (Lai, 2002). The “seed” region of the miRNA (nts 2–8 from 

5′ end of the guide strand) is critical for recognition of target 3’UTRs (Lewis et al., 2003). 

More recently, it has been shown that central nucleotides can also guide substrate selection in 

some cases (Shin et al., 2010). RNAi is now recognized as a critical regulator of virtually 

every cellular process. 

RNAi has become a preferred method to perform highly specific genetic manipulations 

for functional studies in cell culture. RNAi studies have also greatly expanded the repertoire of 

possible drug targets to treat metabolic and genetic disorders, cancer, or viral infections. The 

underlying principle for RNAi-based therapy is to trigger PTGS using mimics of Dicer 

substrates (Figure 2.4), either chemically synthesized siRNAs or virally expressed shRNAs. 

Synthetic siRNAs can be delivered to Dicer in the cytosol by a variety of delivery approaches. 

shRNAs encoded in viral delivery vectors must be exported and processed by the endogenous 

miRNA pathway. 

A study by Song et al. demonstrated the first in vivo siRNA application for disease 

therapy (Song et al., 2003). They showed that systemic delivery of siRNA duplexes targeting 

Fas, a mediator of hepatitis and fibrosis, resulted in hepatocyte-uptake and protected the treated 

mice from liver injury in a fulminant hepatitis mouse model. More in vivostudies for other 

diseases soon followed supporting the efficacy of siRNA-based therapies [reviewed in (Aigner, 

2007, de Fougerolles et al., 2007)]. An array of antiviral RNAi therapies have been 

corroborated in animal models, for example, influenza (Ge et al., 2003, Tompkins et al., 

2004), respiratory syncytial virus (RSV) (Bitko et al., 2005, Zhang et al., 2005b), 

parainfluenza virus (Bitko et al., 2005), coxsackievirus B (Merl et al., 2005), SARS-associated 

coronavirus (Zheng et al., 2004), West Nile virus (Bai et al., 2005), and herpes simplex virus 

(HSV-2) using a topical application (Palliser et al., 2006).  

2.10 RNAi and HCV 

RNAi is considered an endogenous antiviral mechanism in plants and insects, but it is 

unlikely to be a robust antiviral pathway in mammalian somatic cells (Ding et al., 2004). 
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However, there is some evidence for limited antiviral activity of RNAi in mammalian cells. 

Minor processing of HCV RNAs, in addition to those of other viruses, into small RNAs during 

infection has been reported (Parameswaran et al., 2010). Interestingly, mammalian viruses that 

replicate in mosquito vectors, in which RNAi is a primary antiviral pathway, had extremely 

low levels of small RNAs identified in this study. This suggests that viruses that successfully 

infect insects may have evolved counter-strategies to RNAi. On the other hand, viruses that do 

not replicate in insect vectors, such as HCV, had higher levels of short viral RNAs, suggesting 

an absence of evolutionary pressure in mammals to express RNAi antagonists. 

Contrary to the idea that RNAi is a mammalian antiviral mechanism, HCV in fact 

utilizes RNAi to support its infection. HCV replication and infectious virus production were 

inhibited when components of the RNAi pathway, including Dicer, were silenced by siRNAs 

(Randall et al., 2007). This is likely related to a downstream processing effect: the loss of 

cellular miRNA-122 (miR-122). miR-122 is the most abundant miRNA in the liver (Lagos-

Quintana et al., 2002) and studies suggest it plays a role in fatty acid and cholesterol 

metabolism (Esau et al., 2006). During HCV infection, miR-122 binds to the 5’UTR of the 

HCV genome and regulates both HCV translation and replication by unknown mechanisms 

(Jopling et al., 2005, Henke et al., 2008, Jopling et al., 2008, Jangra et al., 2010). It has been 

shown that genotype 1b HCV replicon replication can be inhibited by sequestering miR-122 

(Jopling et al., 2005), and infectious J6/JFH-1 replication and virus production can be inhibited 

by anti-miR-122 RNAs (Randall et al., 2007). A much more detailed description of HCV 

therapeutic approaches targeting miR-122 is described in this special issue of Viruses by 

Catherine Jopling (Jopling, 2010). Many other viruses, particularly the herpesviruses, co-opt 

the RNAi pathway by expressing viral miRNAs that modulate either cellular or viral gene 

expression [reviewed in (Cullen, 2006)]. 

Consistent with the lack of an HCV RNAi antagonist, many groups have shown that 

HCV replication is exquisitely sensitive to either chemically synthesized siRNAs or shRNA 

expression targeting HCV RNA. It was reported that siRNAs directly targeting HCV replicon 

RNAs, specifically at the 5′ untranslated region (UTR), core, NS3, NS4B, or NS5 A, were 

effective at reducing viral replication and suggests siRNAs can be designed against most 

regions of the HCV genome (Kapadia et al., 2003, Randall et al., 2003, Seo et al., 2003, 

Wilson et al., 2003, Yokota et al., 2003, Kronke et al., 2004). The in vitro efficacy of siRNAs 
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against fully infectious HCV has also been shown (Randall et al., 2007). While the majority of 

HCV-siRNAs are complementary to the (+) strand, a reduction in both strands of the viral 

dsRNA replication intermediate has been observed (Wilson and Richardson, 2005). It is 

plausible that targeting the (+) strand template indirectly leads to a decrease in synthesis of ( −) 

strands. Although HCV mouse models are very limited, some groups have reported RNAi of 

HCV transgene expression in mice. One in vivo mouse study reported shRNAs specific to the 

HCV 5’UTR were effective at diminishing HCV internal ribosome entry site (IRES)-driven 

luciferase expression (Wang et al., 2005c). Another study using a similar method in mice 

reported silencing of a NS5B-luciferase transgene by NS5B-specific siRNAs (McCaffrey et 

al., 2002). 

Because dsRNAs can activate the interferon (IFN) pathway, it was necessary to address 

whether HCV-specific siRNAs could trigger IFN production. Kapadia et al. demonstrated that 

inhibition of viral replication by HCV RNAi in vitro was not associated with an upregulation of 

IFN-stimulated genes (Kapadia et al., 2003). In fact, HCV siRNAs were better at reducing 

HCV RNA levels than high doses of IFN-α (Kapadia et al., 2003). An analysis of combined 

RNAi and IFN treatment of HCV replicons in cell culture using lentivirus-delivered shRNAs 

has been performed. Results indicated that IFN-α did not interfere with gene silencing, and 

inhibition of HCV replication by HCV-specific shRNAs was enhanced by addition of IFN-α 

(Pan et al., 2009). This underscores the possibility of combination therapies of siRNAs and 

IFN against HCV. 

In addition to directly targeting the virus, one important use of RNAi in the HCV 

therapeutic arena that is likely to have success is the identification of novel drug targets by 

RNAi. In general, this approach uses siRNAs or shRNAs targeting cellular genes to identify 

host co-factors of HCV infection. Small molecule inhibitors can then be developed against the 

identified drug targets. Although host genes have traditionally been overlooked as antiviral 

targets, there is growing interest in the potential of host targets to minimize viral resistance and 

possibly for use as broad-spectrum antivirals. RNAi has been used on a small scale to verify 

that co-factors, such as CD81, PTB, La antigen, and VAP-A are important for HCV replication 

(Zhang et al., 2004b, Zhang et al., 2004c). Many groups have recently published medium-to-

high-throughput RNAi screens that identified hundreds of host factors utilized by HCV (Ng et 

al., 2007, Randall et al., 2007, Supekova et al., 2008, Berger et al., 2009, Li et al., 2009, Tai 
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et al., 2009, Vaillancourt et al., 2009). Identification of cellular proteins with enzymatic 

functions is ideal for development of novel, small molecule inhibitors and/or therapeutic 

siRNAs. Two such candidates are ubiquitin specific peptidase 18 (USP18) and 

phosphatidylinositol 4-kinase III alpha (PI4K-IIIα). siRNAs targeting USP18 have been shown 

to potentiate the ability of IFN-α to inhibit HCV replication and virus production (Randall et 

al., 2006). PI4K-IIIα siRNAs dramatically reduce HCV replication suggesting this is a critical 

viral replication cofactor (Berger et al., 2009, Borawski et al., 2009, Li et al., 2009, Tai et al., 

2009, Trotard et al., 2009, Vaillancourt et al., 2009). The identification and characterization of 

host co-factors utilized during HCV infection using RNAi technology is a significant 

advancement towards discovery of much needed new, therapeutic targets.  

2.11 Advantages & drawbacks of RNAi therapeutics 

Since HCV is a major public health burden and the current HCV therapy of IFN and 

ribavirin is successful in only half of treated patients (Fried et al., 2002), there are many 

alternative therapeutics under development. Most of these are traditional small molecule 

approaches inhibiting the function of viral proteins. RNAi-based antiviral strategies have a 

number of distinct advantages and disadvantages as compared with these therapies, which are 

discussed below. One of the primary advantages is that siRNAs are easy to design and 

synthesize, unlike small molecule inhibitors. Several guides and algorithms exist to aid in the 

choice of siRNA (Pei and Tuschl, 2006). siRNAs must be experimentally tested for efficacy, 

but this is relatively trivial and typically amenable to high-throughput analysis. They also have 

a distinct target (RNA for siRNAs, versusprotein for small molecule inhibitors), which yields 

promise for inclusion in multiple drug cocktails with distinct targets to limit viral escape. 

However, significant challenges remain with respect to RNAi therapy of HCV infection. 

The first obstacle is the relative ease of viral resistance to a siRNA drug. HCV has a 

high mutation rate due to its error prone viral RNA polymerase, which leads to the emergence 

of drug-resistant viruses. In one study, siRNA-resistant HCV replicons emerged after four 

weeks of HCV-siRNA therapy with specific mutations in the target sequence (Konishi et al., 

2006). In order to minimize the risk of drug resistance, multiple viral and/or cellular targets 

must be considered, as is the case with highly active antiretroviral therapy (HAART) for HIV. 

Delivery of multiple HCV siRNAs in parallel can be effective at limiting escape mutants 
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(Wilson and Richardson, 2005, Shin et al., 2009). Alternatively, siRNAs could be also 

combined with IFN treatment or viral protease and polymerase inhibitors. Another approach is 

to identify highly conserved regions of the HCV genome that are susceptible to siRNAs. These 

sequences should be less likely to mutate and provide resistance. 

Another problem is the poor stability of siRNAs in serum which last only minutes due 

to the high concentration of nucleases present in blood (Layzer et al., 2004). However, naked 

siRNAs can be masked with chemical modifications for stability while maintaining sequence 

specificity [reviewed in (Dorsett and Tuschl, 2004)]. A 2′ -O-methyl addition is the most 

commonly used modification. The use of a phosphorothioate backbone linkage at the 3′ end or 

a 2′-fluoro sugar modification also offers protection against nuclease activity (Allerson et al., 

2005, Choung et al., 2006). Furthermore, incorporation of fluoro-β-D-arabinonucleic acid or 

arabinonucleic acid can increase serum stability and potency (Dowler et al., 2006, Fisher et 

al., 2007). 

siRNAs may deviate from their intended target and alter the expression from 

unintended mRNAs, which is termed an “off-target effect”. Off-target activity can occur when 

siRNAs target RISC to the 3’UTR of an unintended mRNA. This activity is mapped to the 

“seed” region described for miRNAs (Jackson et al., 2006b). For miRNAs, translational 

repression occurs when there is exact pairing between the seed region (nts 2–8 of the guide 

strand) and its target 3’UTR, although a partial seed match can also trigger silencing given that 

there is sufficient base-pairing in other regions of the miRNA. This flexibility makes it difficult 

to predict potential off-target activity. For synthetic RNAs, RISC can integrate siRNAs into the 

miRNA pathway to produce translational repression of unintended mRNAs containing seed 

region homology. However, chemical modifications at nucleotide 2 of the seed region greatly 

reduce off-target effects. These include 2 ′-O-methyl, 2′-fluoro, 2’deoxy, or locked nucleic acids 

(LNAs) (Jackson et al., 2006a). Additionally, a pool of siRNAs could be used wherein the 

concentration of an individual siRNA is reduced, thus minimizing off-target mRNA repression 

while enhancing specificity. 

Unintended activation of the innate immune response is another complication. Some 

siRNAs have been shown to trigger innate immunity leading to cytokine and interferon 

production (Hornung et al., 2005, Judge et al., 2005, Sioud, 2005). dsRNAs >30 nts activate 



35 
 

protein kinase PKR and 2 ′,5′-oligoadenylate synthetase (Minks et al., 1979), but shorter siRNA 

duplexes minimize this activation. siRNAs can also be recognized by the mammalian toll-like 

receptors (TLRs) 3, 7, and 8 (Kariko et al., 2004, Judge et al., 2005). TLR3 is a dsRNA 

sensor, while TLR7 and 8 recognize ssRNA and dsRNA motifs. siRNAs targeting vascular 

endothelial growth factor (VEGF) or its receptor are being clinically tested for treatment of wet 

age-related macular degeneration (AMD). Interestingly, it was discovered that siRNAs from 

two different clinical trials interacted with and activated TLR3, thereby indirectly down 

regulating VEGF (Kleinman et al., 2008). Thus, the siRNA activity is not sequence-specific 

and is unrelated to the RNAi mechanism. Some siRNAs can bind to TLR7 in a sequence-

specific manner (Judge et al., 2005), but this can be remedied in some cases by adding a 2′-O-

methyl modification (Robbins et al., 2007). Lastly, guanosine and uracil rich regions should be 

avoided in siRNA design as these may contribute to siRNA recognition by TLR7 and TLR8 

(Diebold et al., 2004, Heil et al., 2004). 

An undesired off-target effect unique to viral delivery of shRNAs is the saturation of 

the RNAi machinery. Over-expression of shRNAs was found to saturate nuclear exportin 5, 

thereby inhibiting nuclear export and activity of cellular miRNAs (Yi et al., 2005). Adeno-

associated virus 8 (AAV8) is an attractive delivery vehicle for HCV therapies due to its 

improved liver transduction efficiency over other AAV vectors (Gao et al., 2002). In a study by 

Grimm et al., long-term over-expression of shRNAs from an AAV8 vector, delivered 

intravenously in mice, resulted in liver injury that was often fatal (Grimm et al., 2006). Again, 

this phenotype was pinpointed to competition between the shRNA and host miRNAs for 

limiting cellular factors. In theory, toxicity can be controlled by lowering the shRNA dosage, 

either by decreasing the amount of virus or the strength of shRNA promoter. Despite the 

disadvantages mentioned, several RNAi-based therapies have successfully made it to clinical 

trials. As with any potential therapeutic, issues of unintended consequences, such as toxicity, 

should be evaluated in standard pharmacokinetic and phase I safety studies.  

2.12 siRNA in clinical trials 

siRNA drugs are promising treatments for many diseases [reviewed in (Fichou and 

Ferec, 2006, Leonard and Schaffer, 2006, Ashihara et al., 2010)]. The first generation of 

therapies was designed to treat wet AMD, the major cause of blindness in the United States in 
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patients over the age of 55. The first highly anticipated siRNA therapy to advance to phase III 

clinical trials was intravitreal injection of bevasiranib (Opko Health), designed to target VEGF 

for treatment of wet AMD. While it showed promising activity in combination with an anti-

VEGF antibody, ranibizumab (Genentech), the trial was predicted not to reach its therapeutic 

potential and was terminated in March 2009 (Doug, 2009). In a collaboration between Merck-

siRNA Therapeutics and Allergan, the AMD drug called AGN211745 (formerly sirna-027), 

which is a chemically modified siRNA targeting VEGF receptor 1, also held promise but did 

not pass phase II trials in 2009 (Doug, 2009). Despite these two setbacks, PF-4523655 

(formerly RTP801i-14) from Quark Pharmaceuticals and Pfizer is a siRNA currently in phase 

II trials for use in AMD and also diabetic macular degeneration. 

Using a more advanced approach, CALAA-01 (Calando Pharmaceuticals) is a RNAi 

therapeutic candidate for treatment of solid tumors and consists of transferrin-coated 

cyclodextrin nanoparticles containing siRNAs that target the M2 subunit of ribonucleotide 

reductase (RRM2), a cancer target (Davis et al., 2010). A recent report shows that systemic 

administration of CALAA-01, currently in phase 1 trials, specifically inhibits the intended 

mRNA transcript in humans (Davis et al., 2010), unlike the off-target effects reported for other 

clinical RNAi therapies (Kleinman et al., 2008). This is the first evidence of a RNAi 

therapeutic in humans that indeed works by a RNAi mechanism. Dependent on upregulated 

transferrin receptors in cancer cells, this is also the first clinical siRNA therapy to utilize 

receptor-mediated delivery. Silence Therapeutics AG has developed a unique siRNA-lipoplex 

formulation to target protein kinase N3 (PKN3), an effector of the PI3-kinase pathway (Aleku 

et al., 2008). This drug (Atu027) is being explored in phase I trials for anti-angiogenesis 

therapy of advanced solid cancers. siRNA-mediated treatment to boost the immune response 

against metastatic melanoma is also in phase I (Duke University). For this study, patients are 

injected with autologous dendritic cells transfected with melanoma tumor antigen expression 

constructs and siRNAs targeting the immunoproteosome, presumably to enhance melanoma 

antigen presentation (Available online:http://www.clinicaltrials.gov). 

The first antiviral siRNA drug approved for clinical trials targets respiratory syncytial 

virus (RSV). RSV causes respiratory tract infections that are most severe in children. ALN-

RSV01 (Alnylam Pharmaceutical) targets the RSV nucleocapsid and inhibits viral replication 

in the lung (DeVincenzo et al., 2010). Findings from phase II trials, involving healthy adults 

http://www.clinicaltrials.gov/�
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experimentally inoculated with RSV, have now been published (DeVincenzo et al., 2010). 

Both prevention and treatment modalities were incorporated into the trial design. In either 

modality, viral loads were diminished in patients treated with ALN-RSV01 as compared to 

placebo. However, the most significant antiviral effect was observed when it was administered 

prophylactically. A phase II trial testing efficacy of ALN-RSV01 in naturally infected lung 

transplant patients has been completed and now a phase IIb has begun (Available 

online:http://www.clinicaltrials.gov). Benitec, in collaboration with the City of Hope National 

Medical Center in California, published its phase I clinical trial for RNAi therapy of HIV-1 in 

June 2010 (DiGiusto et al., 2010). Autologous CD34+ cells from HIV patients with AIDS-

related lymphoma were modified with a triple combination vector (rHIV7-shI-TAR-CCR5RZ) 

consisting of a shRNA targeting a tat/rev exon, a TAR RNA decoy, and a CCR5 targeting 

hammerhead ribozyme. This combination afforded long term suppression of HIV replication in 

a prior in vitro study (Li et al., 2005b), and the clinical results show it is feasible, well tolerated 

in patients, and has sustained expression up to 24 months (DiGiusto et al., 2010). 

Lastly, the safety of a therapeutic for HCV that targets miR-122 is being analyzed in 

phase I clinical trials. SPC3649 (Santaris Pharma) is a LNA-modified phosphorothioate 

oligonucleotide that was published to effectively silence miR-122 in African green monkeys 

(Elmen et al., 2008) and produce prolonged suppression of viremia without HCV resistance in 

chronically infected chimpanzees (Lanford et al., 2010) with tolerated reduction in cholesterol 

levels. Phase I clinical trials of SPC3649 began this year, with a competing anti-miR-122 

antiviral developed by GlaxoSmithKline and Regulus Therapeutics scheduled for phase I trial 

in 2011 (Available online:http://www.regulusrx.com/news-events/press-release-

details.php?id=34). These clinical studies pave the way to designing effective RNAi strategies 

in patients.  

2.13 RNAi therapeutics for HCV: siRNA delivery to the liver 

The major challenge now is to progress from HCV in vitro “proof of concept” studies 

to in vivo therapeutic approaches using siRNAs or shRNAs. This has been especially 

challenging for HCV due to limited animal models. The greatest breakthrough for HCV RNA 

therapeutics thus far has not been siRNAs or shRNAs, but the anti-miR-122 drug SPC3649, 

which to date is the only successful treatment in a HCV animal model supportive of these 

http://www.clinicaltrials.gov/�
http://www.regulusrx.com/news-events/press-release-details.php?id=34�
http://www.regulusrx.com/news-events/press-release-details.php?id=34�
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approaches. By far the biggest hurdle in HCV siRNA therapy is the efficient delivery of 

siRNAs to the cytosol of infected hepatocytes. This entails maximizing both the uptake of 

siRNA by the liver and the escape of siRNAs from the endocytic compartments into the 

cytosol. The liver is an attractive organ for uptake of nucleic acids following systemic delivery 

as evidenced by several reports showing naked siRNAs are readily taken up by the liver in 

mice using hydrodynamic tail vein injection (Lewis et al., 2002, McCaffrey et al., 2002, Song 

et al., 2003, Morrissey et al., 2005). This delivery approach involves rapid, large volume 

injection and is not amenable to use in humans. The amounts of siRNAs required for a 

therapeutic effect against hepatitis B virus (HBV) using intravenous injection in an animal 

model were an order of magnitude above conceivable therapeutic doses in people (Morrissey 

et al., 2005). Nevertheless, this method was important in first demonstrating siRNA efficacy in 

hepatocytes in vivo. There are multiple approaches being taken to improve uptake and delivery 

to the liver, which are outlined below. 

One approach to improve specific organ delivery is conjugation of siRNAs to 

biologically relevant molecules. The strategy behind lipophilic modifications to siRNAs 

depends on binding to lipoproteins and internalization by low-density or high-density 

lipoprotein (LDL or HDL) receptors, which are highly expressed in the liver. Intravenous 

injection of cholesterol-conjugated siRNAs for apolipoprotein B (apoB) was effective at 

silencing transcripts in the liver and jejunum of mice, resulting in lowered cholesterol levels 

(Soutschek et al., 2004). siRNAs conjugated to bile-salt derivatives or long chain fatty acids 

were also found to trigger RNAi in hepatocytes in vivo (Wolfrum et al., 2007). Vitamin E (α-

tocopherol) is incorporated into lipoproteins after consumption, including LDLs and HDLs 

(Rigotti, 2007). With this in mind, Nishina et al. showed that α-tocopherol-conjugated siRNAs 

(Toc-siRNAs) specific to apoB were effectively delivered and processed by Dicer in livers of 

mice without stimulating IFN production. 

The negatively charged plasma membrane, circulating nucleases present in serum, and 

rapid clearance by the renal system impede uptake of siRNAs. One approach to overcome 

issues of membrane charge and nucleases is the incorporation of siRNAs into multilayered 

polyelectrolyte films (MPFs), which consist of alternating layers of polycations and polyanions 

wherein siRNAs are semi-protected from spontaneous release or diffusion until cell uptake 

(Dimitrova et al., 2008). Using this method, Dimitrova et al. showed effective and sustainable 
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inhibition of HCV replication in cell culture using HCV siRNAs complexed within MPFs 

(Dimitrova et al., 2008). Another approach is the use of stable nucleic acid lipid particles 

(SNALPS) which contain siRNAs within a combination of cationic and fusogenic lipids coated 

with polyethylene glycol (PEG) (Morrissey et al., 2005). SNALPS have been successfully 

used to deliver anti-HBV siRNAs to inhibit HBV replication in mouse hepatocytes and to 

deliver anti-apoB siRNAs in mice and monkeys (Morrissey et al., 2005, Zimmermann et al., 

2006). Other types of cationic lipid-based vehicles have been developed based on a library of 

cationic lipid-like molecules, called lipidoids, that were generated by adding primary or 

secondary amines to alkyl-acrylates or alkyl-acrylamides (Akinc et al., 2009). The leading 

compound identified, 98N12-5(1), when combined with cholesterol and PEG lipid, effectively 

encapsulated and delivered siRNAs to mouse hepatocytes. Although, cationic liposomes have 

improved hepatic delivery, siRNA uptake is often observed in other organs. Also, liposome-

siRNA based technologies face the problem of escaping the endosome once they are 

internalized. Endosomal release can be facilitated by incorporating fusogenic peptides and 

ligands or by using pH-sensitive nanocomplexes [reviewed in (Dominska and Dykxhoorn, 

2010)]. 

A unique technology called dynamic polyconjugates (DPCs) addresses issues of cell-

specific targeting and endosomal escape. DPCs consist of the hepatocyte targeting ligand N-

acetylgalactosamine conjugated to PEG (used as a shielding agent to prevent non-specific 

interactions of the nanoparticle) and to an endosomolytic polymer that is activated only in the 

acidic environment of the endosome. Using a single simple intravenous injection of anti-apoB 

siRNAs carried by DPCs, Rozema et al. reported specific reduction of apoB mRNA in the liver 

(hepatocytes specifically and not Kupffer cells) and not in the jejunum of mice (Rozema et al., 

2007), thus demonstrating the effectiveness of utilizing a targeting ligand. 

Viral vectors are another means of triggering RNAi in hepatocytes. shRNAs are cloned 

into viral vectors under control of Pol II or Pol III promoters and typically packaged into 

lentivirus, adenovirus, or AAV particles. Viral encoded and delivered shRNAs have the benefit 

of long-term expression in dividing and non-dividing cells and incorporation of target ligands. 

To direct viral vectors to specific cells, target ligands can be incorporated into the viral particles 

or liver-specific RNA pol promoters used to drive shRNA expression. Viruses that have a 

natural tropism for certain tissues can be used, as in the case of hepatropic AAV8. However, as 



40 
 

mentioned earlier, the downside of viral-encoded shRNAs is RNAi saturation and toxicity 

(Grimm et al., 2006).  

2.14 Conclusion 

The identification of RNAi in mammalian cells is less than a decade old. However, the 

field has dramatically altered our fundamental understanding of gene regulation in almost 

every setting. It is clear that there is an enormous potential for RNAi-based therapies, which is 

as of yet unrealized. In the case of HCV, RNAi therapies will not be the next generation of 

antivirals to emerge from clinical trials. These almost certainly will be more classical protease 

and polymerase small molecule inhibitors that will be used in combination with IFN and 

ribavirin. Nevertheless, it is clear that additional therapeutic strategies involving novel targets 

will likely be required to treat patients who fail to respond to this combination therapy, which is 

proposed to be ~15–25% of treated patients (Rong et al., 2010). It is possible that RNAi 

therapeutics may be one of the next generations of drugs to help fill this niche. 

The compelling strength of RNAi therapeutic approaches is that once the proper 

modifications are designed to minimize off-target effects, while maximizing effective delivery 

of siRNAs or shRNAs to the hepatic cytosol, they are universally applicable to any liver target. 

Only the siRNA nucleotide sequence needs to change in order to target any hepatotropic virus 

or liver gene target, e.g. to treat diseases with elevated LDL or cholesterol. Thus, if the issues 

with effective delivery are overcome, it will be trivial to apply this technology to many 

different hepatotropic diseases. 
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MATERIAL AND METHODS 

3.1 HCV Genome Construct: 

H/fl plasmid containing the whole genome of HCV-1a genotype was provided by DR. 

Zafar Nawaz (Biochemistry and Molecular Biology Department, School of Medicine, 

University of Miami, USA). 

3.1.1  Generation of Competent Cells  

 The DH5α strain of Escherichia coli (E.coli) was made competent in order to accept 

extra-chromosomal DNA or plasmids and to increase the efficiency of transformation. These 

E.coli were cultured overnight at 37oC with shaking, diluted 100 times with L.B. broth 

having Ampicillin (50mg/ml), re-incubated at 37oC with shaking for 3 hrs until optical 

density reached to  0.6 at 600nm, and then incubated on ice for 15 min. The cells were then 

recovered by centrifugation at 3300 g for 10 min at 4oC. Pellet was re-suspended in 30 ml 

MgCl2-CaCl2  and was incubated on ice for 10 min. Cells were again recovered by 

centrifugation as previously and were re-suspended in 4ml of 0.1M CaCl2.  To make the 

stock of competent cells, 140µl of DMSO per 4ml of re-suspended cells were added, gently 

swirled and incubated on ice for 15 min.  Again 140µl of DMSO per 4ml of re-suspended 

cells were added, gently swirled and incubated on ice for 15 min. 50µl of competent cells 

were aliquoted into 1.5 ml micro-centrifuge tubes and were stored to -70oC freezer. 

3.1.2    Heat shock Transformation 

 H/fl plasmid containing the whole genome of HCV-1a genotype was eluted from 

the membrane and transformed into DH5α competent cells through heat shock transformation 

method. The ligation product (4µl) was added into 50μl of competent cells and placed the 

cells on ice for 30min. The water bath was set at 42oC and heat shock was given to the cells 

for 90sec. Cooled it again on ice for 5min and 250μl of SOC medium was added into each 

tube. Transformed cells were incubated for 45min at 37oC with shaking. Spread 200µl of the 

growth medium on LB-tetracyclin (50mg/ml). Transformed colonies appeared after 

incubation at 37oC overnight (16 hours). 
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3.1.3  H/fl Plasmid DNA isolation 

 The H/fl plasmid DNA was isolated from bacteria through alkaline lysis method. 

5ml of L.B containing antibiotic (50mg/ml tetracyclin/L.B) was inoculated with a single 

white colony grown on LB/tetracyclin plate and incubated at 37oC overnight with shaking for 

growth. The grown bacterial culture was transferred in eppendorf tubes and centrifuged at 

13,000rpm for 5min. Culture media was discarded and cell pellet was re-suspended in 100µl 

of ice cold solution I (Appendix- II). Then 200µl of solution II was added and placed at room 

temperature for 5min, 150µl of ice-cold 3M potassium acetate (Solution III) (Appendix-II) 

was added and placed on ice for 5min followed by centrifugation for 10min at 

13,000rpm/4oC. Supernatant containing the plasmid was transferred into new corresponding 

micro centrifuge tubes, 1ml of absolute ethanol added and incubated at room temperature for 

5min followed by centrifugation for 10min at 13,000rpm. Plasmid pellet was washed with 

70% ethanol and centrifuged for 15min at 13,000rpm. Resultant plasmid pellet was air dried 

which was re-suspended in 30µl of ddH2O with 1µl RNase solution to degrade RNA and 

stored at -20oC. 

3.1.4   Gel electrophoresis 

 After miniprep H/fl plasmid DNA isolation, DNA was resolved on 0.8% TAE 

agarose gel along with lambda HindIII DNA size marker on the basis of molecular weight; 

mixing samples with 6x loading dye (Fermentas, USA). Gel was run at 100V for 50min. 

Then observed under ultra violet (U.V) light and picture was taken for further analysis. 

3.2 Construction of expression vector pCR3.1/FLAG-tag 

3.2.1 Plasmid pCR 3.1  

The mammalian expression vector pCR 3.1, was kindly provided by Dr. Zafar Nawaz 

(Department of Biochemistry and Molecular Biology, School of Medicine, University of 

Miami, USA). This plasmid is 5060 bp long. It has CMV promoter for expression in 

mammalian cells, Neomycin resistance gene for selection in mammalian cells and Ampicillin 

resistance gene to allow selection of transformants in E.coli. 
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3.2.2 Restriction Digestion of pCR3.1 plasmid and Purification  

 pCR 3.1 plasmid was linearized by using 1x Tango yellow buffer and 1U of BamH1& 

EcoRV restriction enzymes. The reaction was incubated at 370C for 2 hours. 

 After incubation the linear plasmid was purified by adding an equal volume of 

Phenol: Chloroform: Isoamyl alcohol (25:24:1) and was mixed gently. It was then 

centrifuged at 14000 × g for 5 min. The aqueous phase was carefully taken by the pipet to a 

new tube. Then after adding the equal volume of chloroform, it was again centrifuged at 

14000 × g for 5 min and the aqueous layer is again taken to a new tube. Then 1/10 volume of 

3M sodium acetate was added. And then after adding the double volume of 100% ethanol, 

the reaction was incubated on ice for 2 hours, and centrifuged at 14000 × g for 30 min. The 

supernatant was discarded and pellet was washed with 70 % ethanol. And after centrifugation 

for 10 min the supernatant was discarded, the pellet was air dried and re-suspended in the 

nuclease free water. 

3.2.3  Cloning of FLAG-tag into pCR3.1 plasmid 

  The 2X FLAG-tag was designed and synthesized as single stranded oligonucleotides 

(sense and anti-sense) including restriction sites, BamHI at 5'and EcoRV at 3' side (table 3.1). 

In order to hybridize both oligos, 1µg of sense and anti-sense strand were mixed in a PCR 

tube and kept in boiling water for 5 min and then was cool down and incubated overnight at 

room temperature. 

Table: 3.1: Sequences of FLAG-tag oligos 

Oligo Name Sequence 5ʹ to 3ʹ 
FLAG-tag 1st strand GATCCATGGACTACAAGGACGACGATGACAAGGACTACAA

GGACGACGATGACAAG GAT 
FLAG-tag 2nd strand ATCCTTGTCATCGTCGTCCTTGTAGTCGTTGTCATCGTCG

TCCTGGTAGTCCATG 

 

After hybridization the double stranded 2X FLAG-tag was ligated with the purified 

linear pCR3.1 plasmid (obtained after restriction digestion with BamHI and EcoRV ) by using 

1U of T4 DNA ligase enzyme. In the ligation reaction three plasmid to insert ratios (1:1, 1:3 
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and 1:10) were used to ensure the efficient cloning. The 25 µl reaction mixture was incubated 

overnight at 14°C. 

3.2.4 Transformation of pCR3.1 FLAG Plasmid 

 The reaction mixture after ligation of FLAG-tag and pCR3.1 was transformed into 

competent DH5α strain of bacteria through heat shock method. For this purpose 5µl of each 

ligation reaction product was added into 50µl of competent cells, mixed and incubated on ice 

for 30 minutes. Cells were exposed to heat shock by incubating at 42oC for 30 seconds. Then 

chilled on ice for 3 minutes and 250µl of S.O.C medium was added. Transformed cells were 

then incubated for 1 hour at 37oC with shaking. 20 µl and 100µl of each transformation was 

plated onto selective LB plates having Ampicillin (50mg/ml). Plates were incubated 

overnight at 37oC. Transformed colonies appeared and were picked after about 14 to 15 hrs. 

3.2.5  Mini-Prep Isolation of pCR3.1/FLAGtag Plasmid 

 From bacterial culture plasmid DNA was isolated by alkaline lysis with SDS. Single 

colonies were picked from L.B/Amp plates and inoculated in 5ml of L.B containing 

Ampicillin (50mg/ml) then incubated overnight at 37oC with shaking for growth and 

centrifuged at 14000 × g at 4oC for 5 minutes. Remaining protocol was followed as 

mentioned above (3.1.3). Resultant plasmid pellet was air dried which was re-suspended in 

50µl of ddH2O with 1µl RNase solution to degrade RNA and stored at -20oC. 

3.2.6  Gel Electrophoresis 

 After miniprep pCR3.1/FLAGtag plasmid isolation, plasmid DNA was resolved on 

1.0% TAE agarose gel along with lambda HindIII DNA size marker on the basis of molecular 

weight; mixing samples with 6x loading dye (Fermentas, USA). Gel was run at 100V for 

50min. Then observed under ultra violet (U.V) light and picture was taken for further 

analysis. 

3.2.7  Confirmation of FLAG-tag Cloning into pCR3.1 Plasmid by 

 DNA  Sequencing 

 After mini-prep isolation of pCR3.1/FLAG plasmid, constructs were sequenced for 

confirmation of FLAG-tag cloning. Sequence analysis of the plasmid DNA was performed 
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according to the manufacturer’s instructions (Big Dye Deoxy Terminators; Applied 

Biosystems, Weiterstadt, Germany). Sequencing of both positive and negative strands were 

performed by using T7 forward and BGH reverse primer on automated sequencer (Applied 

Biosystems 3100 DNA Analyzer). The deduced nucleotide sequence of the flag TAG region 

was compared with the consensus sequences of the flag TAG. The reaction mixture consisted 

of plasmid DNA 500ng, 10pmol T7 primer, 1μl Big dye (Applied Biosystems, USA.) and 5x 

sequencing buffer (Applied Biosystems, USA.).  The cycling conditions for sequencing PCR 

were as below: 

      Hold 1                                 Hold 3                                          Hold 2 

                                                      

 

 

 

 

 Figure 3.1: Cycling conditions for the sequencing PCR of plasmid DNA. 

After the sequencing PCR has done then the product was precipitated with ethanol. 

For this purpose 40µl of 70% ethanol was added and incubated in dark at room temperature 

for 20 minutes. Supernatant was removed after twice centrifugation for 20 minutes at 14000 

× g at 4oC. The pellet was air-dried in dark and re-hydrated in 15µl of formamide. Then the 

samples are transferred into micro-titer plate, heat shock was given at 95oC for 5 minutes, 

quick chilled on ice for 5 minutes and was handed over to sequencing lab for analysis. 

3.3 Construction of Mammalian Expression Plasmids 

 For expression analysis and screening of HCV genes specific siRNAs, 

pCR3.1/FLAGtag vectors expressing HCV 1a structural and non-structural genes were 
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generated by cloning of PCR amplified HCV genes from H/fl plasmid. Mammalian 

expression vectors were designed so that, HCV individual proteins were tagged with double-

FLAG at the N-terminus. 

 

 

Figure 3.2: Schematic representation of mammalian expression vector pCR3.1/FLAGtag/HCV genes. 

3.3.1 Designing and synthesis of primers to clone HCV genes 

  Primers were designed for the amplification of all individual HCV genes from the 

H/fl plasmid by the Polymerase Chain Reaction (PCR) and to clone them into the 

mammalian expression vector. For this purpose 18 bases complimentary to both ends of each 

gene were chosen for primer designing. Towards 5' side, basis (GC GAT ATC) for EcoRV 

restriction site were added in forward primers and basis (AAT CTA GA TTA) for XbaI 

restriction site were added in reverse primers for all genes. Sequences of cloning primers are 

mention in table 3.2. 

Table: 3.2: Sequences of cloning primers  

No 
Primer 

Name 
Primer Sequence 5ʹ to 3ʹ 

Product size 

(bp) 

1 Core-F GCGATATGAGCACGAATCCTAAAGGT 
573 

2 Core-R AATCTAGATTAGGCTGAAGCGGGCACGGT 

3 E1-F GCGATATCTACCAAGTGCGCAATTCC 576 
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4 E1-R AATCTAGATTACGCGTCGACGCCGGCAAA 

5 E2-F GCGATATCGAAACCCACGTCACCGGG 
1089 

6 E2-R AATCTAGATTACGCCTCCGCTTGGGATAT 

7 P7-F GCGATATCGCTTTGGAGAACCTCGTA 
189 

8 P7-R AATCTAGATTATGCGTATGCCCGCTGAGG 

9 NS2-F GCGATATCCTGGACACGGAGGTGGCC 
651 

10 NS2-R AATCTAGATTACAGCAACCTCCACCCCTT 

11 NS3-F GCGATATCGCGCCCATCACGGCGTAC 
1893 

12 NS3-R AATCTAGATTACGTGACGACCTCCAGGTC 

13 NS4A-F GCGATATCAGCACCTGGGTGCTCGTT 
162 

14 NS4A-R AATCTAGATTAGCACTCTTCCATCTCATC 

15 NS4B-F GCGATATCTCTCAGCACTTACCGTAC 
783 

16 NS4B-R AATCTAGATTAGCATGGAGTGGTACACTC 

17 NS5A-F GCGATATCTCCGGTTCCTGGCCAAGG 
1344 

18 NS5A-R AATCTAGATTAGCAGCACACGACATCTTC 

19 NS5B-F GCGATATCTCAATGTCTTATTCCTGG 
1775 

20 NS5B-R AATCTAGATTACATCGGTTGGGGAGGAGG 

 

  Primers were synthesized and re-suspended in the nuclease free water to the final 

concentration of 1µg/µl as a  stock and the stock was further diluted into 10pm/µl to use 

them for all further PCR experiments. The PCR reactions were set in 0.2ml PCR tube. 

3.3.2 PCR Amplification of HCV Genes 

All individual HCV genes were amplified through PCR with optimum reaction 

conditions of temperature, magnesium concentration, buffer and dNTPs from the H/fl 

plasmid. 50ng H/fl plasmid, 2U of Taq DNA polymerase, 10pmol of primers, 2.5mM of 

MgCl, 2.5mM dNTPs, 1X PCR buffer, and nuclease free water to make the final volume of 

25µl were used in each PCR reaction. The reaction was carried out in a thermal cycler with 

the optimized annealing temperatures mentioned in the Table 3.3. 

Table: 3.3: Optimized annealing temperatures for amplification of HCV genes. 
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S.NO Primers 

Name 

Annealing 

Temperature 

1 Core 64°C 

2 E1 64°C 

3 E2 65°C 

4 P7 63°C 

5 NS2 66°C 

6 NS3 66°C 

7 NS4A 63°C 

8 NS4B 61°C 

9 NS5A 64°C 

10 NS5B 62°C 

 

3.3.3  Agarose gel electrophoresis to confirm PCR amlification 

After the completion of PCR reactions, the products were loaded along with some 

appropriate DNA marker on a 1.2 % agarose gel using ethidium bromide as a staining agent. 

The gel was run in 1X TAE buffer at 100V for 60min and then was observed under U.V light 

and picture was saved further analysis. 

3.3.4  Cloning of Individual HCV Genes into pCR3.1/FLAGtag   

     plasmid 

All PCR amplified gene fragments and the pCR3.1/FLAGtag vector were linearized 

by digestion with EcoRV and Xba1 restriction enzymes to provide sticky ends for ligation. 

The reaction was set according to the manufacturer's protocol and the reaction mixture was 

incubated at 37oC for 2hrs. The digested DNA samples (PCR products and pCR3.1/FLAGtag 

vector) by restriction enzymes were purified through gel elution for further cloning using 

QIAquick gel extraction kit (Qiagen, USA) as described above. Digested plasmid 

pCR3.1/FLAGtag was ligated with all amplified HCV genes by using T4 DNA ligase 
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enzyme. In the ligation reaction three plasmid to insert ratios (1:1, 1:3 and 1:10) were used to 

ensure the efficient cloning. The 25 µl reaction mixture was incubated overnight at 14°C.  

3.3.5 Heat shock transformation and miniprep plasmid isolation 

 Heat shock transformation method was used for transformation of the ligated 

plasmid as described above. Transformed cells were spread on LB/Amp (50mg/ml) plates 

and incubated at 37oC overnight (16 hours).  Isolation of the plasmid DNA was done 

according to the alkaline lysis protocol as described above.  

3.3.6  Confirmation of the cloned gene in pCR3.1/Flag TAG 

 Sequence analysis of the plasmid DNA of constructed mammalian expression 

vector was performed to confirm the cloning of HCV structural gene in mammalian 

expression vector pCR3.1. The nucleotide sequence of the inserted regions were compared 

with the consensus sequence of plasmids DNA and HCV genes from H/fl to confirm the 

cloning of HCV genes in correct frame.  

3.3.7  Glycerol Stock Preparation 

 Before mini-prep isolation of plasmid DNA from the bacterial culture, the cultures are 

saved in the form of glycerol stocks for future use. For this purpose 400 µl of overnight 

culture and 400 µl of 50% glycerol was added into a 1.5ml cryo-vial. These glycerol stocks 

are then stored to -70 oC freezer. 

3.4  Maxi Preparation of Plasmid DNA 

 To get the high yield and quality DNA, constructed plasmids 

(pCR3.1/FLAGtag/HCV gene) were prepared by maxiprep by using QIAGEN plasmid 

purification kit (Qiagen, USA). Qiagen Plasmid purification protocol is based on modified 

alkaline lysis procedure through binding of DNA to an anion-exchange resin under 

appropriate low salt (RNA, proteins, dyes, and low molecular weight impurities removed by 

medium salt wash) and pH conditions. Protocol was followed according to the 

manufacturer’s guide briefly described below. 

 A single bacterial colony from freshly streaked selective plate was picked and 

inoculated in a starter culture of 5ml L.B/Amp (50µg/ml) medium and incubated for 
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approximately 8hrs at 37°C with vigorous shaking. The starter culture was diluted 1/500 into 

L.B/Amp (50µg/ml) medium and incubated for approximately 12hrs at 37°C with vigorous 

shaking. The culture was harvested by centrifugation at 6,000xg for 15min/4°C. Cell pellet 

was resuspended in 10ml of P1 buffer; 10ml P2 buffer was added for cell lysis, mixed 

thoroughly by inverting the tube 4-6 times and incubated for 5min at room temperature for 

complete cell lysis. Then 10ml of chilled P3 buffer was added, and mixed immediately for 

precipitation. Poured the cell lysate into the barrel of QIAfilter cartridge and incubated at 

room temperature for 10min. The outlet nozzle cap of QIAfilter cartridge was removed and 

gently inserted the plunger into it; lysate was filtered out into a new 50ml tube. ER buffer 

5ml was added to the filtered cell lysate mixed completely and incubated on ice for 30min to 

remove endotoxin. In the meanwhile, QIAGEN-tip 500 was equilibrated by applying 10ml 

QBT buffer and allowed the column to empty by gravity flow. The filtered lysate was applied 

to the QIAGEN-tip and allowed to enter the resin slowly by gravity flow. QIAGEN-tip was 

washed with 2 x 30ml QC buffer. DNA was eluted with 15ml buffer QF and precipitated the 

DNA by adding 10.5ml (0.7 volumes) room temperature isopropanol to eluted DNA. Mixed 

and centrifuged at ≥ 15,000rpm for 30min/4°C and discarded the supernatant. DNA pellet 

was washed with 5ml of 70% ethanol followed by centrifugation at ≥15,000rpm for 10min 

and decanted the supernatant. The pellet was air-dried for 5-10min and dissolved in 100ml of 

ddH2O. DNA concentrated was determined by Nanodrop spectrophotometer (ND-100 

spectrophotometer, Optiplex, USA) at 260nm and on 0.8% agarose gel. 

3.5  siRNA Designing 

The sequences of all HCV genes were used to find target sequences for siRNAs and 

these sequences were determined by using a web-based tool “siRNA Target Finder” 

(Ambion). siRNAs with 21nt sequences in the target HCV sequence started with an AA 

dinucleotide and having 30–50% GC content was selected. In order to minimize the effect 

siRNAs against human genes, the homology to coding sequences in humans was checked by 

BLAST, found on the NCBI server at: www.ncbi.nlm.nih.gov/BLAST. A negative control 

scrambled siRNA with the same nucleotide composition as the experimental siRNA which 

lacks significant sequence homology to the HCV genome was also designed. 

Oligonucleotides were designed by including a 8-nucleotide leader sequence 5`- 

http://www.ncbi.nlm.nih.gov/BLAST�
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CCTGTCTC -3’at the 5′-end, complementary to the region of T7 RNA polymerase promoter, 

followed by 19 bases complementary to the target region of the HCV, and a non-

complementary uridine dimer at 3′ end. Sequences of the siRNA oligonucleotides designed 

for this study are mentioned in table 3.4.   

Table: 3.4 Sequence of siRNA oligonucleotides directed against structural and non-structural genes of HCV 1a 

genotype 

 

S.No Name of siRNA siRNA Sequences 5´-3´ 

1 Csi-29 antisense AAACCAAACGTAACACCAACCCCTGTCTC 

2 Csi-29 sense AAGGTTGGTGTTACGTTTGGTCCTGTCTC 

3 Csi-361 antisense AAGGTCATCGATACCCTTACGCCTGTCTC 

4 Csi-361 sense AACGTAAGGGTATCGATGACCCCTGTCTC 

5 E1si-52 antisense AACTCGAGTATTGTGTACGAGCCTGTCTC 

6 E1si-52 sense AACTCGTACACAATACTCGAGCCTGTCTC 

7 E1si-192 antisense AACGCAGCTTCGACGTCATATCCTGTCTC 

8 E1si-192 sense AAATATGACGTCGAAGCTGCGCCTGTCTC 

9 E2si-86 antisense AACTGATCAACACCAACGGCACCTGTCTC 

10 E2si-86 sense AATGCCGTTGGTGTTGATCAGCCTGTCTC 

11 E2si-493 antisense AATTGGTTCGGTTGTACCTGGCCTGTCTC 

12 E2si-493 sense AACCAGGTACAACCGAACCAACCTGTCTC 

13 P7si-18 antisense AATACTCAATGCAGCATCCCTCCTGTCTC 

14 P7si-18 sense AAAGGGATGCTGCATTGAGTACCTGTCTC 

15 NS2si-241 antisense AAACTACTCCTGGCCATCTTCCCTGTCTC 

16 NS2si-241 sense AAGAAGATGGCCAGGAGTAGTCCTGTCTC 

17 NS3si-229 antisense AATGTGGACCAAGACCTTGTGCCTGTCTC 

18 NS3si-229 sense AACACAAGGTCTTGGTCCACACCTGTCTC 

19 NS3si-858 antisense AATAATTTGTGACGAGTGCCACCTGTCTC 

20 NS3si-858 sense AATGGCACTCGTCACAAATTACCTGTCTC 

21 NS4Asi-108 antisense AATTATACCTGACAGGGAGGTCCTGTCTC 

22 NS4Asi-108 sense AAACCTCCCTGTCAGGTATAACCTGTCTC 
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23 NS4Bsi-166 antisense AATTTCATCAGTGGGATACAACCTGTCTC 

24 NS4Bsi-166 sense AATTGTATCCCACTGATGAAACCTGTCTC 

25 NS5Asi-409 antisense AATCTTAAATGCCCGTGCCAGCCTGTCTC 

26 NS5Asi-409 sense AACTGGCACGGGCATTTAAGACCTGTCTC 

27 NS5Asi-826 antisense AACAAAGTGGTGATTCTGGACCCTGTCTC 

28 NS5Asi-826 sense AAGTCCAGAATCACCACTTTGCCTGTCTC 

29 NS5Bsi-241 antisense AACTTGCTATCCGTAGAGGAACCTGTCTC 

30 NS5Bsi-241 sense AATTCCTCTACGGATAGCAAGCCTGTCTC 

31 NS5Bsi-1064 antisense AACCAGAATACGACTTGGAGCCCTGTCTC 

32 NS5Bsi-1064 sense AAGCTCCAAGTCGTATTCTGGCCTGTCTC 

33 Sc antisense AACCTGCATACGCGACTCGACCCTGTCTC 

34 Sc sense AAGTCGAGTCGCGTATGCAGGCCTGTCTC 

 

3.6 siRNAs Construction 

 siRNA oligonucleotide templates were synthesized from the Department of 

Biochemistry and Molecular Biology, School of Medicine, University of Miami, USA. From 

the siRNA oligonucleotide templates, siRNAs were constructed by using the “Silencer 

siRNA Construction Kit” (Ambion) and the protocol was followed according to the 

manufacturer’s instructions. First of all siRNA templates were prepared for the transcription. 

For each siRNA both sense and antisense templates were made double stranded by using T7 

promoter.  After hybridizing T7 promoter primer, it was extended in a DNA polymerization 

reaction. The reaction mixture having T7 promoter primer, DNA hybridization buffer and 

template oligonucleotide was heated at 70°C for 5 min and then left for 5 min at room temp 

in the following concentration. 

Component Concentrations 

T7 promoter primer 2μl 

DNA Hyb buffer  2µl 

Either of the templates 2μl 
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 In this reaction mixture, klenow reaction buffer, dNTP mix and exo-klenow were 

added and incubated for 30 minutes at 37°C in the following concentration.  

Component Concentrations 

10X Klenow reaction buffer  2μl 

10X dNTP mix  2µl 

Nuclease-free water  4μl 

Exo-Klenow 2µl 

 The transcription reaction for both (sense and antisense) siRNA templates was 

assembled separately, by adding NTP mix, T7 reaction buffer and T7 enzyme mix and the 

reaction was incubated at 37°C for 2 hours as follows.  

Component Concentrations 

Either siRNA template from above step  2μl 

Nuclease free water  4µl 

2X dNTP mix  10μl 

10X T7 reaction buffer 2µl 

T7 enzyme mix 2µl 

 Then after combining both (sense and antisense) transcription reactions, it is 

incubated again overnight at the same temperature (37°C). At the end of synthesis siRNAs 

were digested with RNase and DNase in the presence of digestion buffer in order to remove 

5' overhanging sequences and DNA template, and after mixing the reaction was incubated at 

37°C for 2 hours.  

Component Concentrations 

Digestion buffer  6μl 

Nuclease-free water  48.5µl 

RNase  3μl 

DNase 2.5µl 

 The siRNAs are then purified by column purification in order to get rid of salts, 

enzymes and nucleotides. 400µl of siRNA binding buffer was added to the nuclease 

digestion reaction and incubated for 2-5min at room temperature. The filter cartridge was 
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placed in a 2ml tube and 100µl of the siRNA wash buffer applied on it. siRNA reaction 

(400µl wash buffer with nuclease digestion reaction) was loaded on the prewet filter 

cartridge and spun at 10,000rpm for 1min. The flow through was discarded and 500µl of the 

siRNA wash buffer added on to the filter and again spun at 10,000rpm for 1min, discarded 

the flow through and repeated the step. 100µl of preheated nuclease-free water (75°C) was 

added on the filter and incubated at room temperature for 2min. The purified siRNA was 

eluted in a new tube by centrifugation at 12,000rpm for 2min. siRNA concentration was 

determined by Nanodrop spectrophotometer (ND-100 spectrophotometer, Optiplex, USA) at 

260nm. The purified 21-mer siRNAs ready for transfection into mammalian cells were stored 

to -70°C. 

3.7  Expression analysis of mammalian expression plasmids  

  comprising HCV genes 

3.7.1 Huh-7 Cell culturing 

Human hepatocellular carcinoma cell line (Huh-7) was kindly provided by DR. Zafar 

Nawaz (Department of Biochemistry and Molecular Biology, School of Medicine, University 

of Miami, USA). Huh-7 cell line was cultured in Dulbecco's Modified Eagle Medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS), 100 IU/ml penicillin and 100 

µg/ml streptomycin (Sigma Aldrich, USA), in 37oC incubator with an atmosphere of 5% 

CO2. After the Huh-7 cells had confluent monolayer in 75mm2  culture flask, then they were 

reseeded into the same size flask and also in 24 or 6-well tissue culture plates, when needed 

for experiments.  Medium (DMEM+10%FBS+ antibiotic), trypsin EDTA (Invitrogen life 

technologies, CA), and 1XPBS was incubated at 37oC for half an hour before use. The 

medium from the culture flask was removed and the cells monolayer was washed with 10ml 

of 1X PBS. The cells from the flask were removed by using 5ml of trypsin EDTA and 

incubating at 37oC for 3 to 5 minutes. Trypsin EDTA is then neutralized by adding 5ml of 

DMEM. Cells were recovered by centrifugation at 2,000 rpm for 3 minutes. Supernatant was 

removed and fresh DMEM was added and mixed to get single cell suspension. Cells were 

counted on haemocytometer and approximately 5×104 cells in 24-well and 3×105 cells in 6-
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well plates were plated. Cell were grown in the DMEM with 10% FBS and antibiotics 

(penicillin and streptomycin) in a 37oC incubator having 5% CO2. 

3.7.2 Transfection into Huh-7 cells 

  Huh-7 cells were transiently transfected with expression plasmids comprising HCV 

genes (pCR3.1/FLAGtag/HCV genes), after about 24 hours of cells seeded in 6 or 24-well 

plates, when plates have about 80 to 90% confluent monolayer. The media was removed 

from all wells of plates, washed with 1xPBS, and 2ml or 0.5ml of fresh media (DMEM + 

10%FBS + antibiotics) was added in each well of 6-well or 24-well plates respectively.  

Transfection complex was prepared (for 6-well plate) by adding 6µl of FuGENE HD (Roche) 

transfection reagent, 2µg of plasmid DNA, 50 or 100nM of siRNA (only for co-transfection) 

and DMEM as a diluents to make the volume 100µl. And in case of 24-well plate every 

reagent was adjusted accordingly. All reagents in transfection complex were mixed and 

incubated for 15 minutes at room temperature. Transfection complex was then added in each 

well of the plate in a drop wise manner and the plate was swirled to ensure the distribution. 

The plates were then incubated in a 37oC incubator having 5% CO2.  

3.7.3 Expression analysis through RT-PCR 

3.7.3.1 Total RNA isolation 

RNA was isolated after 24 hours of the transient transfection of expression plasmids, 

comprising HCV genes, alone or co-transfection of plasmids along with their specific 

siRNAs into the Huh-7 cell line cultured in 24-well plates. The cells were first rinsed with 

1X PBS. Cells were directly lysed in the culture plate by adding 100µl of TRIZOL Reagent 

and the cell lysate was passed several times through pipette. 20µl of chloroform was added 

after the lysate was transferred into 1.5ml appendorf tubes. Samples were vortexed, 

incubated at room temperature for about 3 minutes, and centrifuged at 12000 × g for 15 

minutes. After centrifugation, the upper aqueous phase was carefully taken by pipette and 

transferred into the fresh tube. Then RNA was precipitated from this aqueous phase by 

adding 50µl of isopropanol. The sample was mixed and centrifuged at 12000 × g for 10 

minutes. The supernatant was removed and the RNA pellet was washed with 100µl of 75% 

ethanol. The sample was then vortexed and centrifuged at 7500 × g for 5 minutes. After 
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removing the supernatant, RNA pellet was air dried for about 10 minutes and then dissolved 

in 10µl of Diethylpyrocarbonate (DEPC) treated water. RNA was incubated on ice for 30 

minutes and then was quantified by NanoDrop spectrophotometer before further use. 

3.7.3.2 cDNA Synthesis 

After the RNA isolation and quantification, cDNA was synthesizes by using the first 

strand cDNA synthesis kit (Fermentas). For this 1µg RNA was used as a template in each 

reaction.  And from the kit, 1µl of the oligo dT primer and DEPC treated water to make the 

volume 11 µl, were added in the reaction mixture. After mixing, the reaction mixture was 

incubated at 65 ºC for 5 minutes, then chilled on ice. Then 4µl of 5X reaction buffer, 2µl 

10mM dNTPs, 1µl of Ribolock RNase inhibitor, and 2µl of M-MuLV reverse transcriptase 

were added in the reaction mixture. The reaction mixture was incubated at 37 ºC for 60 

minutes and the enzyme was inactivated by incubating at 70 ºC for 5 minutes .  

3.7.3.3 Designing and Synthesis of Primers for RT-PCR 

 Primers were designed to check the expression of HCV genes at RNA level through 

RT-PCR. For this purpose the forward primer was designed from the FLAG sequence and the 

reverse primer was designed from then entire sequence of the gene, cloned in-frame after the 

FLAG-tag. These primers were also used to confirm the cloning of HCV gene by PCR 

amplification into the mammalian expression plasmid. Sequences of RT-primers are shown in 

table 3.5. 

Table: 3.5 Sequences of RT-primers 

S.No 
Primer 

Name 
Sequence 5ʹ to 3ʹ 

GC 

%age 
Tm 

PCR Product 

Size (bp) 

1 rtFLAG-F GGACGACGATGACAAGGACT 55 60.12  

2 rtCore-R GGGGAGACAGGAGCCATC 66.67 60.58 359 

3 rtE1-R CGCCTGGGAGAGAAGGTAA 57.89 60.34 375 

4 rtE2-R CCACAAGGTCTTGGAGGGTA 55 59.96 393 

5 rtP7-R CATCCCGTAGAAGGCGTAGA 55 60.23 199 

6 rtNS2-R CGCACGAAGTAGGGGACTT 57.89 60.26 372 

7 rtNS3-R CCTCGTGACCAGGTAAAGGT 55 59.06 385 

8 rtNS4A-R AGGTATAATTGCCGGCTTCC 50 60.3 175 
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9 rtNS4B-R CCCCCAATATGTTGAAGAGG 50 59.24 365 

10 rtNS5A-R TTATAGTTCGGCGCAGGAAG 50 60.36 378 

11 rtNS5B-R CCAAACTTGGATTTGGCTGA 45 61 363 

  

Primers were synthesized and re-suspended in the nuclease free water to the final 

concentration of 1µg/µl as a  stock and the stock was further diluted into 10pm/µl to use 

them for all further PCR experiments. The PCR reactions were set in 0.2ml PCR tube. 

3.7.3.4  Semi-quantitative RT-PCR 

In order to check the expression of HCV genes at RNA level, a portion of the 

expressed HCV gene was amplified by PCR using total RNA (isolated from Huh-7) as a 

template. Oligos mentioned in table 2 were used as primers in these PCR reactions. PCR 

reactions were set by using 12.5µl of 2X PCR master mix (Fermentas), 5pmol of both 

primers, 1µl of cDNA as a template and nuclease free water to make the total volume of 

25µl. The PCR product was analyzed on 2% agarose gel electrophoresis. For the internal 

control, the same reaction was repeated by using GAPDH primers, just to be sure about RNA 

quantity and all subsequent steps regarding PCR and electrophoresis. The cycling condition 

for the PCR was as below. 

      Hold 1                                 Hold 3                                          Hold 2 

                                                      

 

 

 

 

 Figure 3.3: Cycling conditions for the expression analysis through RT-PCR. 
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3.7.4 Expression analysis through western blotting 

  The total protein from the transfected and non-transfected cells was isolated. The 

protein samples were separated on Polyacrylamide gels (PAGE) on the basis of size and 

transferred to a membrane for detection with antibodies as described below. 

3.7.4.1 Protein isolation and estimation  

  Huh-7 cells were harvested after 24 hrs of transient transfection of expression 

plasmids with or without  their specific siRNAs and protein was isolated from 6-well plates 

for expression analysis at protein level. Cells were washed with 1X PBS. 500ul of TEN 

buffer was added to dislodge the cells and were scrapped off after 15 sec. The cells were 

collected by centrifugation at 12000 × g for 5 min at 4oC. Cell pellets were then lysed by 

adding 100ul of lysis buffer (50mM Tris-Cl, pH8.0, 150mmNaCl 0.02% Sodium azide, 1% 

Triton X-100, 1µg/ml protease inhibitors, and 100µg/ml PMSF), incubated on ice for 15 min 

and centrifuged at 12000 × g for 30 min at 4oC. Supernatants containing protein were 

pipetted into fresh tubes and stored at -20oC. The isolated protein was quantified by 

spectrophotometer. 1μl sample was diluted in the mixture of 800μl of 1x PBS and 200μl of 

Bio Rad dye and quantified at 595 nm of wavelength. 

3.7.4.2 SDS gel Electrophoresis 

 The expression of HCV genes were analyzed at protein level through western 

blotting. After protein isolation and quantification, the sample were prepared for sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Protein samples were 

treated with reducing agents to remove secondary and tertiary structures, and therefore 

proteins were separated by their molecular weight. Samples were prepared by adding 100μg 

of protein, 5X protein loading buffer (fermentas) and 20X reducing agent (fermentas) 

accordingly. Samples were mixed and heated at 65ºC for 5 minutes.  

 Stacking and resolving gels for SDS-PAGE were prepared with the composition as 

mentioned in table 6 and 7 below. 
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Table 3.6: Components of Stacking gel.  

Reagents for Stacking Gel 
Volume 

(ml) 

30% Acrylamid/0.8% Bis-

acrylamide 
0.650 

4XTris-Cl/SDS (pH 6.8)              1.250 

H2O 3.050 

10% APS 0.025 

TEMED 0.005 

 
Table 3.7: Components of Resolving gel. 

Reagents for Resolving Gel 

10% 

Gel 

(ml) 

12% 

Gel 

(ml) 

15% 

Gel 

(ml) 

30% Acrylamid/0.8% Bis-

acrylamide 
5.00 6.00 7.50 

4XTris-Cl/SDS (pH 8.8)              3.75 3.75 3.75 

H2O 6.25 5.25 3.75 

10% APS 0.05 0.05 0.05 

TEMED 0.01 0.01 0.01 

Protein samples were loaded with a suitable pre-stained protein marker, and the gel 

was run at 80 volts until the blue marker reached at the end of the gel.  

3.7.4.3 Protein Transfer and Immunoblotting 

  After the SDS gel electrophoresis was complete, the protein was then transferred to a 

nitrocellulose membrane (Hybond-C by Amersham), to make the protein available to 

antibody detection. For this one piece of nitrocellulose membrane and 6 pieces of blotting 

papers were cut to the dimensions of the gel. The membrane was soaked in the transfer buffer 

for about 10 to 15 minutes. After the SDS-PAGE running was complete, the gel was 

equilibrated in the transfer buffer for about 10 to 15 minutes, to remove the detergents and 

buffer salts from it. The transfer sandwich was prepared by placing the pre-wet nitrocellulose 
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membrane over three complete wetted blotting papers (soaked in transfer buffer), followed 

by the equilibrated gel was placed on the top of nitrocellulose membrane carefully, and then 

three blotting papers were soaked in transfer buffer and placed on the top of the gel. All this 

was done carefully and it was ensured that there was no bubbles in between gel and blotting 

papers. This transfer sandwich was placed in Transblot (Bio-Rad) semi-dry electrophoretic 

transfer apparatus and this apparatus was run on 16 volt for about 1 and ½ hours.  

 Before immunoprobing of antibodies, blocking of nonspecific binding was done by 

incubating the membrane in blocking solution of 5% skim milk overnight. This ensures that 

there is no space for antibody to attach somewhere else on the membrane except on the 

binding sites of the target protein.  The primary mouse anti-FLAG M2 antibody (stratagene) 

was diluted 1:1000 and goat anti-mouse secondary antibody (sigma-aldrich) was diluted 

1:4000 in 1% skim milk solution.  The membrane was incubated in diluted anti-FLAG 

primary antibody for about 2 hour at room temperature, followed by three washings by 1X 

TBST (tris buffered saline with 0.1% tween 20), for 10 minutes each. The membrane was 

then incubated in diluted anti-mouse secondary antibody for about 1 hour at room 

temperature. After this the membrane was again washed three times as mentioned earlier. 

3.7.4.4 Chemiluminescence (ECL) detection 

   After washing the excess liquid was removed from the membrane, and the membrane 

was kept over the saran wrap on some flat surface. The two solutions of the 

Chemiluminescent Substrate (sigma-aldrich) were mixed in 1:2 ratio and the membrane was 

exposed by this solution for about 5 minutes. The extra substrate was drained and the 

membrane was enfolded in the saran wrap. The membrane was then exposed to the X-ray 

film (Fujifilm) in a cassette twice for 30 seconds and for 5 minutes. The X-ray film was 

developed by using Kodak GBX Developer and Fixer Solutions with the procedure that the 

film was first dropped in the developer solution for 30 seconds, then picked up by using 

forceps and after washing briefly in water, the film was transferred to fixer solution for about 

30 seconds, followed by rinsed with water and dried. The dark protein bands appeared on the 

x-ray film. 
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3.8 Inhibition of full length HCV particles of 1a genotype by 

effective siRNAs 

The effect of gene specific siRNAs against whole virus was evaluated by treating 

cells with effective siRNAs and tested for HCV RNA titer through Real Time PCR. 

3.8.1 Serum samples 

Serum samples of those Hepatitis C patients who have not taken any antiviral 

treatment, were collected from the CEMB diagnostic lab under the provision of Institutional 

Review Board (IRB) of the National Center of Excellence in Molecular Biology.  The 

participating subjects gave informed consent for the collection of blood samples for this 

study. The estimated duration of infection varied from 6 months to 10 years among the 

patients. Blood samples from both male and female patients excluding children were used in 

this study. For each patient, the diagnosis of chronic HCV was based on elevated serum ALT 

(SGPT) and AST (SGOT) levels at least for six months, histological examination, and 

detection of HCV RNA and anti-HCV antibodies (3rd generation ELISA). All patients were 

negative for HBs Ag. For viral inoculation experiments, 1×108 IU/ml viral load of genotype 

1a was used. 

3.8.2 Viral inoculation and co-transfection with siRNA 

Huh-7 cell line was used to establish the in vitro replication of HCV. For cell 

culturing and viral inoculation, we used similar protocols as established by El-Awady et al., 

2006 and Zakari et al., 2009. Huh-7 cells were maintained in 6-well culture plates to semi-

confluence with 2ml of standard growth medium for 24hrs. Viral inoculations were 

performed after washing twice with 1X PBS then inoculated with 500 μl (5×107IU/well) viral 

load of HCV 1a genotype serum obtained from HCV infected patient and 400µl serum free 

media. The viral load in used serum was quantified by Real Time PCR. After 6hrs of 

infection, cells were washed twice with 1X PBS and complete medium containing 10% FBS 

added. Cells were maintained overnight at 37°C with 5% CO2. The next day adherent cells 

were washed 5 times with 1X PBS to get rid of remaining infection serum, 2ml of fresh 

growth medium was added and incubation was continued 48hrs. To analyze the effect of 

siRNA on HCV RNA, serum infected Huh-7 cells were again seeded after three days of 
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infection in 24 well plates and grown to 80% confluence with 2ml of standard medium, the 

cells were transfected with or without 50nM/well or 1.2µg siRNA (synthetic or vector 

derived) either alone or in combination using FuGENE HD (Roche) as described above. 

Cells were harvested for expression analysis by Real Time PCR to quantify the viral load 

determination after 72hrs incubation.  

3.8.3 Total RNA isolation from serum infected Huh-7 cells 

Total RNA was extracted from the Huh-7 cells infected with HCV serum and siRNA 

using the Purescript® RNA Isolation kit (Gentra System Pennsylvania, USA) according to 

the manufacturer’s protocol. The media from the wells was discarded with the help of 10ml 

disposable pipette. 300μl Cell Lysis solution was added to every well with 4.16μl internal 

control from Sacace HCV quantitative analysis kit (Sacace Biotechnologies Caserta, Italy) 

and cells were scraped with the help of plastic scrapper. The resulting cell lysate was added 

in the labeled 1.5ml eppendorf tubes with 100μl Protein-DNA Precipitation solution and 

gently inverted 10 times. The tubes were placed into an ice bath for 10min followed by 

centrifugation at 13,000rpm for 7min. The precipitated proteins and DNA formed an irregular 

pellet. The supernatant containing the RNA was pipette out into a clean 1.5ml tube 

containing 500μl 100% isopropanol. The sample was mixed by inverting gently 20 times and 

centrifuged at 13,000rpm for 7min, the RNA was visible as a small, translucent pellet. The 

supernatant from the tube was discarded. Then 500μl of 70% ethanol was added to wash the 

RNA pellet and centrifuged at 13,000rpm for 6min. Carefully, pour off the ethanol and 

allowed to air dry on clean absorbent paper for 10-15min. 20μl of RNA Hydration Solution 

was added to RNA pellet and allowed RNA to hydrate at least 30min in an ice bath. Before 

use, vortex sample vigorously for 5sec and pulse spin. Pipette sample up and down several 

times to ensure adequate mixing. RNA sample were stored at -70°C until further use. 

3.8.4  HCV RNA quantitative detection in Huh-7 cells by Real Time PCR 

             HCV Real-TM Quant SC kit (Cepheid Sunnyvale, USA), is used for Real Time test 

for the quantitative detection of HCV using fluorescent reporter dye probes specific in the 

SmartCycler® (Cepheid). Internal control (IC) serves as an amplification control or each 

individually processed specimen and to identify possible inhibition. IC is detected in a 

channel other than the HCV RNA. To generate HCV and IC standard curve or quantification 
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of the amplification products all calibrators were used and defined as standards with specific 

concentrations. 

Reagents were thawed and 16 SmartCycler reaction tubes (25µl) were prepared. The 

reaction mixture was prepared by adding in to the tube with DTT 300µl of RT-PCR-mix-1, 

200µl of RT-PCR-mix-2, 20µl of Hot Start Polymerase and 10µl of MMLV Revertase, 

vortexed thoroughly and centrifuged briefly. 12.5µl of reaction mix and 12.5µl of extracted 

RNA sample was added into appropriate SmartCycler tube. For each run, 6 standards and 1 

negative control was prepared. 12.5µl of Quantitation Standards HCV (QS1 HCV, QS2 HCV 

and QS3 HCV) were added into 3 labeled tubes while 12.5µl of TE-Buffer was added to the 

tube labeled as negative control. After brief centrifugation, the tubes were inserted in the 

thermal cycler according to the set parameters as given in Table 3.8. 

Table 3.8: Parameters followed for quantitative Real Time PCR  
 

Steps Time [min] Temperature [°C] 

Step 1 30 50 

Step 2 15 95 

Step 3 
0.20 95 

0.40 60 

   

 The concentration of HCV RNA in each results obtained from PCR, were calculated 

by the following formula. The concentration is given in IU HCV/ml. 

IU HCV/ml = (Cy3 STD/Res/ Fam Std/Res) × Coefficient IC 

3.8.5 Statistical Analysis 

 All statistical analysis was carried out using SPSS software (version 16.0, SPSS Inc). 

Data is presented as mean ± SD. Numerical data was analyzed using student’s t-test and 

ANOVA. P value < 0.05 was considered statistically significant. 
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RESULTS 

4.1 Construction of expression vector pCR3.1/FLAG-tag 

4.1.1 Restriction digestion and purification of pCR3.1 expression plasmid 

 In order to prepare the plasmid pCR3.1 for cloning, it was linearized by the restriction 

enzymes BamH1 and EcoRV. And for cloning of FLAG-tag into pCR3.1, the same restriction 

sites were already included while designing of FLAG-tag oligos. The pCR 3.1 plasmid was 

linearized by using 1x Tango yellow buffer and 1U of BamH1& EcoRV restriction enzymes 

and isolated by gel elution from agarose gel. 

The digested product was mixed with 6x loading dye (Fermentas) and was run on 

1.0% TAE agarose gel along with λ/HindIII DNA size marker. Figure 1 shows the digested 

product band of 5060 bp in lanes 2, whereas lane 3 shows the undigested pCR3.1. 

                    

Figure 4.1: Restriction digestion of pCR3.1. Lane1: λ/HindIII DNA size marker, Lanes 2 : digested pCR3.1, 

Lane 3: undigested pCR3.1 plasmid. 

4.1.2 Cloning of FLAG-tag into pCR3.1 expression plasmid 

To construct the expression vector pCR3.1/FLAG-tag, FLAG-tag oligos were cloned 

into the expression vector pCR3.1. The 2X FLAG-tag was designed and synthesized as 

single stranded oligonucleotides (sense and anti-sense) including restriction sites, BamHI at 

5'and EcoRV at 3' side and also the start codon (ATG) was incorporated  just after the BamHI 

site. The two strands (sense and anti-sense) of 2X FLAG-tag were hybridized and ligated 
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ligated with the purified linear pCR3.1 plasmid (obtained after restriction digestion with 

BamHI and EcoRV ). 

 The ligated product was transformed into E.coli DH5α cells using the heat shock 

transformation method. The colonies were randomly picked from L.B/Amp (50ug/µl) plates, 

and were analyzed containing recombinant plasmids. The cloning and orientation of the 

FLAG-tag into pCR3.1was verified by sequence analysis. The result of the sequencing 

reaction showed 100% sequence homology with previously analyzed sequence of pCR3.1/ 

FLAG-tag. 

Score =  623 bits (324),  Expect = 1e-175 
Identities = 324/324 (100%), Gaps = 0/324 (0%) 
Strand=Plus/Plus 
 
Query  1    ACTATAGGGAGACCCAAGCTGGCTAGCGTTTAAACTTAAGCTTGGTACCGAGCTCGGATC  60 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1    ACTATAGGGAGACCCAAGCTGGCTAGCGTTTAAACTTAAGCTTGGTACCGAGCTCGGATC  60 
 
Query  61   CATGGACTACAAGGACGACGATGACAAGGACTACAAGGACGACGATGACAAGGATATCCA  120 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  61   CATGGACTACAAGGACGACGATGACAAGGACTACAAGGACGACGATGACAAGGATATCCA  120 
 
Query  121  GCACAGTGGCGGCCGCTCGAGTCTAGAGGGCCCGTTTAAACCCGCTGATCAGCCTCGACT  180 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  121  GCACAGTGGCGGCCGCTCGAGTCTAGAGGGCCCGTTTAAACCCGCTGATCAGCCTCGACT  180 
 
Query  181  GTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTG  240 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  181  GTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTG  240 
 
Query  241  GAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTG  300 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  241  GAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTG  300 
 
Query  301  AGTAGGTGTCATTCTATTCTGGGG  324 
            |||||||||||||||||||||||| 
Sbjct  301  AGTAGGTGTCATTCTATTCTGGGG  324 
 

Figure 4.2: Sequence alingment to confirm cloning of FLAG-tag into pCR3.1. Alignment of the sequence 

obtained from Sanger sequencing of the construct pCR3.1/FLAG-tag with the already designed sequence of 

pCR3.1/ FLAG-tag plasmid.  
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4.2 H/fl plasmid DNA isolation 

H/fl plasmid containing the whole genome of HCV-1a genotype was eluted from the 

membrane (provided by DR. Zafar Nawaz, Biochemistry and Molecular Biology 

Department, School of Medicine, University of Miami, USA) and was transformed in E.coli 

DH5α cells using the heat shock transformation method. The growth of colonies were 

observed in the plates of LB-tetracyclin (12mg/ml). Tetracyclin resistant colonies were 

selected, and plasmid DNA was isolated by minipreparation alkaline lysis plasmid DNA 

isolation method. The isolated plasmid was checked on 0.8 % agarose gel along with lambda 

HindIII marker.  

 

 

Figure 4.3: Minipreparation of H/fl Plasmid DNA: Lane M: λ-HindIII digested marker; Lane 1&2: positive 

sample containing H/fl plasmid of 12.9 kb length  

4.3 Construction of mammalian expression plasmids 

 For expression analysis of all HCV individual genes and for studying the interference 

of HCV replication by siRNA, mammalian expression vectors expressing full-length 

individual HCV 1a structural and nonstructural genes were constructed through molecular 

cloning. 

 

 

23.1 Kb

9.4 Kb
12.9 kb

M 1                 2             
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4.3.1 pCR3.1/FLAG-tag plasmid restriction digestion for HCV genes 

 cloning 

            The plasmid pCR3.1/FLAG-tag was digested with restriction enzymes EcoRV and 

XbaI to facilitate its ligation with HCV genes. The digested pCR3.1/FLAG-tag was gel eluted 

and purified from agarose gel. The digested and undigested pCR3.1 plasmid was run on 0.8% 

TAE agarose gel. Figure 4.4 shows the digested product which made a sharp band of 5120 bp 

when observed under U.V light.  

 

                                            

Figure 4.4: Restriction digestion of pCR3.1/FLAGtag. LaneM: λ/HindIII DNA size marker, Lane 1: 

undigested pCR3.1/FlagTAG Lane 2: digested pCR3.1/FlagTAG. 

4.3.2  PCR amplification and cloning of HCV genes into mammalian 

 expression plasmid (pCR3.1/FLAG-tag) 

 All HCV 1a structural and non-structural genes were amplified by PCR using H/fl 

plasmid DNA (containing the whole genome of HCV-1a genotype) as template. The entire 

coding region of HCV genes with a translational stop codon at the end were amplified 

through PCR. PCR was run at specific conditions of the primers to get the expected size PCR 

products. The amplified PCR products showed sharp bands of expected sizes as mentioned in 

Table 3.1. And restriction enzyme sites were already included in PCR primers for cloning 

into mammalian expression vector. The amplified product of each gene was resolved on 1.2 

% TAE agarose gel along with 1Kb/100bp DNA size marker (Figure 4.5). 
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 PCR fragments of all 10 HCV genes were digested with restriction enzymes EcoRV 

and XbaI to facilitate their cloning into the plasmid pCR3.1/FLAG-tag. The digested PCR 

products of HCV genes were gel eluted from agarose gel. The estimated and quantified 

segments of HCV genes were then ligated into the linearized pCR3.1/ FLAG-tag and 

transformed into E.coli DH5α cells using the heat shock transformation method. The colonies 

were randomly picked from L.B/Amp (50ug/µl) plates. Colonies were analyzed containing 

recombinant plasmids.  

To confirm the cloning and orientation of HCV genes into pCR3.1/FLAG-tag 

expression vector the sequence was analyzed by sequencing PCR. The result of the 

sequencing reaction showed 100% sequence homology with previously analyzed sequence of 

HCV genes into pCR3.1/ FLAG-tag expression plasmid. 

 

 

Figure 4.5: PCR amplification of HCV genes from H/fl plasmid for construction of expression plasmids.  . 

M represents DNA Size Marker. PCR amplification of Core (573bp), E1 (576bp), NS2 (651bp), p7 (189bp), E2 

(1089bp), NS3 (1893bp), NS5A (1344bp), NS5B (1775bp), NS4A (162bp) and NS4B (783bp) of HCV 1a 

genotype. 
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4.4 Expression analysis of mammalian expression plasmids 

 comprising all HCV genes of genotype 1a  in Huh-7 cell line 

 In order to investigate HCV genes expression, constructed plasmids 

(pCR3.1/FLAGtag/HCV genes) were transfected into human hepatoma cells (Huh-7) and 

HCV genes expression level was determined and analyzed at RNA and protein level by RT-

PCR and western blotting. 

4.4.1  Expression analysis of HCV genes through RT-PCR 

 Mammalian expression plasmids (pCR3.1/FLAGtag/HCV genes) comprising HCV 

structural and non-structural genes of genotype 1a were transfected into Huh-7 cells by using 

FuGENE HD™ (Roche) and transient expression of all HCV genes was observed through 

RT-PCR. 24 hours after tranfection, cells were harvested and total RNA was isolated for 

cDNA synthesis. To evaluate expression of HCV genes from constructed expression 

plasmids, forward primer was designed within the FLAG-tag region and reverse primers 

were designed from HCV genes. The gene segments were amplified from cDNA through RT-

PCR with product size of 359bp (Core), 375bp (E1), 393bp (E2), 199bp (p7),  372bp (NS2), 

385bp (NS3), 175bp (NS4A), 365bp (NS4B), 378bp (NS5A), 363bp (NS5B). The results 

showed the amplification of the required bands of each gene on 1.2% agarose gel with 50bp 

DNA size marker from the cDNA, which confirms the expression of HCV genes in Huh-7 

cells (Figure 4.6).  

  

 

Figure 4.6: Expression analysis of constructed mammalian plasmids at mRNA level. Huh-7 cells were 

transfected with 0.1µg of each constructed vector for 24hrs. Cells were harvested to isolate total RNA. After 

cDNA synthesis, HCV RNA was detected by using semi-quantitative PCR for Core  (359bp), E1 (375bp), E2 
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(393bp), p7 (199bp),  NS2 (372bp), NS3 (385bp), NS4A  (175bp), NS4B  (365bp), NS5A  (378bp) and NS5b  

(363bp) genes. 50bp DNA size markers (M) are shown. 

4.4.2  Expression analysis of HCV genes at protein level  

 To confirm the protein expression of HCV genes cloned into expression plasmids 

(pCR3.1/FLAGtag/HCV genes), total protein was isolated from transfected cells. The 

extracted protein samples were resolved on 12% SDS PAGE and probed with anti-FLAG M2 

antibody (stratagene). As expected, all viral proteins were expressed which showed the 

protein size of 21KDa (Core), 35KDa (E1), 70KDa (E2), 7KDa (p7), 23KDa (NS2), 69KDa 

(NS3), 6KDa (NS4A), 27KDa (NS4B), 56 (NS5A) and 68KDa (NS5B). 

 (Figure 4.7).  

 

Figure 4.7: Expression analysis of constructed mammalian expression plasmids at protein level. Huh-7 

cells were transfected with 2µg of each constructed vector. 24hrs after transfection, cells were harvested and 

protein expression of all HCV genes was detected through western blotting using anti-FLAG antibody.  

4.5  Screening of siRNAs against HCV genes  

 To assess the effect of chemically synthesized siRNAs on HCV genes, specific 

siRNAs targeting the HCV genes of genotype 1a were transfected into Huh-7 cells and 

expression levels both at mRNA and protein level were determined via semi-quantitative RT-

PCR, and western blotting. To evaluate the dose response of effective siRNAs increasing 

concentration of HCV specific siRNAs targeting the HCV genes of genotype 1a were 

introduced into the cells. All effective siRNAs against HCV structural and nonstructural 

genes inhibited the expression of their corresponding genes in a dose dependent manner (50 

and 100nM) compared with control siRNA (scrambled) unrelated to HCV and human 

sequences. The band intensity of agarose gel and western blot was measured by GelQuant 

software. And graphs showing relative expression of HCV genes were made by the values 

obtained by the software (GelQuant) after normalizing them with the internal control 

GAPDH. 
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4.5.1  Effect of Core specific siRNAs  

siRNAs designed against Core gene of HCV-1a genotype were co-transfected with 

constructed Core expression plasmid. The ability of siRNA to suppress RNA synthesis was 

examined after 24hrs of transfection, by semi-quantitative RT-PCR which showed that 50nM 

and 100nM of siRNAs significantly decrease Core expression level compared with scramble 

siRNA which showed no significant change in expression of pCR3.1/FLAGtag-Core vector. 

The inhibitory effect of Csi-29 siRNA was about 60% and of Csi-361 was more than 80% at 

concentration of 100nM (Figure  4.8 A&B). 

 The results of semi-quantitative PCR were further confirmed by western blotting. 

Protein expression of Core gene was dramatically reduced in cells co-transfected with 

pCR3.1/FLAGtag/Core plasmid, and Core specific siRNAs, but not in the cells co-

transfected with plasmid and scramble siRNA after 24 of transfection. Both siRNAs, one 

from the start (Csi-29) and another from end of the coding region (Csi-361) inhibited the 

protein expression of Core gene up to 100% after 24hrs of transfection (Figure  4.8 B&C). 

 

A)      B) 

 

  

 

 

C)      D) 
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Figure 4.8: Inhibition of Core gene expression by its specific siRNAs. A) Dose dependent silencing effect of 

synthetic siRNA against Core gene of HCV 1a. Huh-7 cells were transfected with 0.4µg of constructed HCV 

Core plasmid along with along with scramble (Sc), as a control, and 50nM, and 100nM of gene specific siRNAs 

for 24hrs. Cells were harvested and relative RNA determinations were carried out using semi-quantitative RT-

PCR. Gene expression results are given for increasing concentrations of Csi-29 and Csi-361 siRNAs against 

HCV 1a Core. Expression levels of GAPDH are also shown. B) The intensity of bands from Figure A was 

measured by GelQuant software. The graph represents the relative expression of HCV Core gene, made by the 

values obtained from the software (GelQuant) after normalizing them with the internal control GAPDH. C) 

Silencing of HCV 1a Core gene expression by siRNAs using anti-FLAG antibody show reduction at protein 

level. The protein expression levels were determined by western blot analysis after 24hrs transfection with 

mock (M), HCV-1a Core expression plasmid with scramble (Sc) and Core specific siRNAs (Csi-29 and Csi-

361) in Huh-7 cells. D) The graph represents Figure C, the relative expression of HCV Core gene, after 

normalizing values with the GAPDH, (an internal control). Values obtained from GelQuant corresponds to 

bands intensity of the blot. 

4.5.2  Effect of E1 specific siRNAs  

 siRNAs, designed to trigger RNAi within the E1 coding region of the HCV 1a, were 

co-transfected with E1 constructed vector into Huh-7 cells. At RNA level E1 siRNAs (E1si-

52 and E1si-192) inhibited 60% to 75% of the expression of E1 gene, 24hrs post transfection 

compared with scramble siRNA (Figure 4.9 A&B). 

 Effect of E1 siRNAs were then verified at protein expression level through western 

blot analysis. E1si-52 siRNA gives 25% and 50% inhibition, and E1si-192 gives 60% and 

100% inhibition of E1 protein expression after normalizing with GAPDH. Protein expression 

was observed after 24hrs of transfection in Huh7 cells (Figure 4.9 C&D). 

 

A)      B) 
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C)      D) 

 

 

 

 

 

 

Figure 4.9: Inhibition of E1 gene expression by its specific siRNAs. A) Huh-7 cells were transfected with 

0.4µg of constructed HCV E1 vector with 50nM and 100nM of siRNAs for 24hrs. Cells were harvested and 

relative RNA determinations were carried out using semi-quantitative PCR. Gene expression results from semi-

quantitative PCR are given for scramble siRNA (Sc), and two different concentrations of E1si-52 and E1si-192 

siRNAs against HCV-1a E1 gene. GAPDH as an internal control are also shown. B) The graph represents 

Figure A, the relative expression of HCV E1 gene, after normalizing values with the GAPDH, (an internal 

control). Values obtained from GelQuant corresponds to bands intensity of the electropherogram. 

C) Silencing of HCV 1a E1 gene expression by specific siRNAs using anti-FLAG antibody at protein level. The 

protein expression levels were determined by western blot analysis after 24hrs of transfection with mock (M), 

HCV-1a E1 expression plasmid with scramble (Sc) and E1 specific siRNAs (E1si-52 and E1si-192) in Huh-7 

cells. D) Bands intensity of Figure C was quantified by GelQuant software,  The graph represents the relative 

expression of HCV E1 gene, made by the values obtained from the software (GelQuant) after normalizing them 

with the internal control GAPDH. 

4.5.3  Effect of E2 specific siRNAs  

To determine whether siRNA could inhibit HCV E2 expression, we screened siRNAs 

designed to trigger RNAi within the E2 coding region of HCV 1a and co-transfected with 

constructed vector into Huh-7 cells. Semi-quantitative RT-PCR analysis showed that 

inhibitory effect of 50nM siRNAs is less than 100nM siRNAs concentration on E2 RNA 

levels. However, at a concentration of 100nM, siRNAs significantly decreased E2 expression 

level compared with scramble siRNA, which was used as a control. The inhibitory effect of 

E2 siRNAs E2si-86 and E2si-493 are more than 60% and 85% respectively at higher siRNA 

concentration of 100nM after 24hrs of transfection (Figure  4.10 A&B). 
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While siRNA E2si-86 almost inhibited the E2 protein expression at 100nM 

concentration, when observed through western blot analysis after 24hrs of co-transfection.  

But E2si-493 could only suppress the E2 protein expression only up to 20% even at 100nM 

of concentration, when observed at 24hrs post transfection (Figure  4.10 C&D). 

A)      B) 

  

 

 

 

 

 

C)      D) 

 

 

 

 

 

 

Figure 4.10: Inhibition of E2 gene expression by its specific siRNAs. A) After co-transfection of Huh-7 cells 

with 0.4µg of constructed HCV E2 vector along with scramble (Sc), as a control, and 50nM and 100nM of gene 

specific siRNAs. After 24hrs, cells were harvested and relative RNA expression was observed using semi-

quantitative PCR. Gene expression results from semi-quantitative PCR are given for scramble siRNA and two 

different concentrations of E2si-86 and E2si-493 siRNAs against HCV-1a E2 gene, and GAPDH are also shown 

as internal control. B) The graph represents Figure A, after normalizing values with GAPDH, measured from 

the software GelQuant. C) Silencing of HCV 1a E2 gene expression by specific siRNAs using anti-FLAG 

antibody at protein level. The protein expression levels were determined by western blot analysis after 24hrs of 

transfection with mock (M), HCV-1a E2 expression plasmid with scramble (Sc) and E2 specific siRNAs (E2si-

86 and E2si-493) in Huh-7 cells. D) Bands intensity of Figure C was quantified by GelQuant software,  The 
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graph represents the relative expression of HCV E2 gene shown in Figure C, made by the values obtained from 

the software (GelQuant) after normalizing them with the internal control GAPDH. 

4.5.4  Effect of P7 specific siRNAs  

Only one siRNA was designed to trigger RNAi through homology with gene regions 

of the HCV 1a p7 and co-transfected with p7 expression vector. Semi-quantitative RT-PCR 

analysis showed that siRNA (P7si-18) inhibited 40% when used 50nM, but at 100nM 

concentration it suppressed more than 90% of gene expression compared with scramble 

siRNA. The RNA was isolated 24hrs after transfection to observe the relative expression 

(Figure  4.11 A&B).  

Moreover, the effect of P7si-18 was found 30% and 70% at 50nM and 100nM 

concentrations respectively, when P7 gene expression was observed at 24hrs post transfection 

at protein level through western blotting. These results suggest that synthetic siRNA against 

structural genes of HCV 1a genotype not only decrease the gene expression at RNA level but 

also it has almost similar effect at protein production level (Figure  4.11 C&D). 
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Figure 4.11: Inhibition of P7 gene expression by its specific siRNAs. A) Suppression of HCV P7 gene 

expression after co-transfection of Huh-7 cells with 0.4µg of constructed HCV P7 vector along with scramble 

(Sc), as a control, and 50nM and 100nM of gene specific siRNA (P7si-18). After 24hrs, cells were harvested 

and relative RNA expression was observed using semi-quantitative PCR. Gene expression results from semi-

quantitative PCR are given for scramble siRNA and two different concentrations of P7si-18 siRNA against 

HCV-1a P7 gene, and GAPDH are also shown as internal control. B) The graph represents Figure A, after 

normalizing values with GAPDH, measured from the software GelQuant. C) Silencing of HCV 1a P7 gene 

expression by specific siRNAs using anti-FLAG antibody at protein level. The protein expression levels were 

determined by western blot analysis after 24hrs of transfection with mock (M), HCV-1a P7 expression plasmid 

with scramble (Sc) and P7 specific siRNA (P7si-18) in Huh-7 cells. D) Bands intensity of Figure C was 

quantified by GelQuant software,  The graph represents the relative expression of HCV P7 gene shown in 

Figure C, made by the values obtained from the software (GelQuant) after normalizing them with the internal 

control GAPDH. 

4.5.5  Effect of NS2 specific siRNAs 

The designed siRNA against NS2 gene regions of the HCV-1a was co-transfected 

with constructed vector. The ability of siRNA to suppress RNA synthesis was examined by 

semi-quantitative RT-PCR which showed that 50nM of siRNA (NS2si-241) did not appear to 

have significant effect on NS2 RNA levels. However, at a concentration of 100nM, siRNA 

showed decrease in NS2 levels about 40% compared with scramble siRNA. The inhibitory 

effect of siRNA NS2si-241 was observed at 24hrs of post transfection. The silencing effect of 

siRNA was better at 100nM concentration (Figure  4.12 A&B).  

The result of semi-quantitative PCR was further confirmed at protein expression level 

by western blot analysis. NS2 protein expression was inhibited more than 35% at 100nM 

concentration of NS2si-241 siRNA, when observed through western blot analysis after 24hrs 

of co-transfection.  But the same siRNA give no significant effect on NS2 protein expression 

at low concentration of 50nM, when observed at 24hrs post transfection (Figure  4.12 

C&D). 
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A)      B) 
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Figure 4.12: Inhibition of NS2 gene expression by its specific siRNAs. A) Suppression of HCV NS2 gene 

expression after co-transfection of Huh-7 cells with 0.4µg of constructed HCV NS2 vector along with scramble 

(Sc), as a control, and 50nM and 100nM of gene specific siRNA (NS2si-241). After 24hrs, cells were harvested 

and relative RNA expression was observed using semi-quantitative PCR. Gene expression results from semi-

quantitative PCR are given for scramble siRNA and two different concentrations of NS2si-241 siRNA against 

HCV-1a NS2 gene, and GAPDH are also shown as internal control. B) Bands intensity of Figure A was 

quantified by GelQuant software,  The graph represents the relative expression of HCV NS2 gene shown in 

Figure A, made by the values obtained from the software (GelQuant) after normalizing them with the internal 

control GAPDH. C) Silencing of HCV 1a NS2 gene expression by specific siRNAs using anti-FLAG antibody 

at protein level. The protein expression levels were determined by western blot analysis after 24hrs of 

transfection with mock (M), HCV-1a NS2 expression plasmid with scramble (Sc) and NS2 specific siRNA 

(NS2si-241) in Huh-7 cells. D) The graph represents Figure C, after normalizing values with GAPDH, 

measured from the software GelQuant. 
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4.5.6  Effect of NS3 specific siRNAs  

 To determine whether siRNA could inhibit HCV NS3 expression, we screened 

siRNAs designed to trigger RNAi within the NS3 coding region of HCV 1a and co-

transfected with constructed vector into Huh-7 cells. Semi-quantitative RT-PCR analysis 

showed that inhibitory effect of siRNA NS3si-229 is about 70% at both concentration of 

50nM and 100nM on NS3 RNA levels. However, another siRNA NS3si-858 at a 

concentration of 100nM, dramatically decreased NS3 RNA expression level upto 100%, but 

at 50nM concentration it showed only 60% suppression of NS3 expression compared with 

scramble siRNA, which was used as a control, after 24hrs of transfection (Figure  4.13 

A&B). 

 When protein expression was observed through western blot analysis, the siRNA 

NS3si-858 inhibited almost 100% of the NS3 protein level at 100nM concentration, but at 

50nM the same siRNA could reduce NS3 protein expression up to 70%, when observed after 

24hrs of co-transfection.  And NS3si-229 inhibited the NS3 protein expression about 30% at 

50nM and 50% at 100nM concentration of siRNA, when observed at 24hrs post transfection. 

The expression of NS3 gene was inhibited in a very nice dose dependent manner (Figure  

4.13 C&D). 

 

A)      B) 
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C)      D) 

 

 

 

 

 

 

Figure 4.13: Inhibition of NS3 gene expression by its specific siRNAs. A) Inhibition of NS3 gene expression, 

after co-transfection of Huh-7 cells with 0.4µg of constructed HCV NS3 vector along with scramble (Sc), as a 

control, and 50nM and 100nM of gene specific siRNAs. After 24hrs of transfection, cells were harvested and 

relative RNA expression was observed using semi-quantitative PCR. Gene expression results from semi-

quantitative PCR are given for scramble siRNA and two different concentrations of NS3si-229 and NS3si-858 

siRNAs against HCV-1a NS3 gene, and GAPDH are also shown as internal control. B) The graph represents 

Figure A, after normalizing values with GAPDH, measured from the software GelQuant. C) Silencing of HCV 

1a NS3 gene expression by specific siRNAs at protein level. The protein expression levels were determined by 

western blot analysis using anti-FLAG antibody, after 24hrs of transfection with mock (M), HCV-1a NS3 

expression plasmid with scramble (Sc) and NS3 specific siRNAs (NS3si-229 and NS3si-858) in Huh-7 cells. D) 

The graph represents the relative expression of HCV NS3 gene, shown in Figure C, made by the values 

obtained from the software (GelQuant) after normalizing them with the internal control GAPDH. Bands 

intensity of Figure C was quantified by GelQuant software. 

4.5.7  Effect of NS4A specific siRNAs  

The siRNA designed to trigger RNAi through homology with gene regions of the 

HCV 1a NS4A was co-transfected with NS4A expression vector. Semi-quantitative RT-PCR 

analysis showed that siRNA (NS4Asi-108) did not any significant inhibition when used 

50nM, but at 100nM concentration it suppressed more than 30% of gene expression 

compared with scramble siRNA. The RNA was isolated 24hrs after transfection to observe 

the relative expression (Figure  4.14 A&B).  

Moreover, at protein level the effect of NS4Asi-108 was found 15% and 50% at 

50nM and 100nM concentrations respectively, when NS4A gene expression was observed at 

24hrs post transfection through western blotting. These results suggest that synthetic siRNA 
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against NS4A gene of HCV 1a genotype decreases the gene expression both at RNA and 

protein level in a dose dependent manner (Figure  4.14 C&D). 
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Figure 4.14: Inhibition of NS4A gene expression by its specific siRNAs. A) Suppression of HCV NS4A gene 

expression after co-transfection of Huh-7 cells with 0.4µg of constructed HCV NS4A vector along with 

scramble (Sc), as a control, and 50nM and 100nM of gene specific siRNA (NS4Asi-108). After 24hrs, cells 

were harvested and relative RNA expression was observed using semi-quantitative PCR. Gene expression 

results from semi-quantitative PCR are given for scramble siRNA and two different concentrations of NS4Asi-

108 siRNA against HCV-1a NS4A gene, and GAPDH are also shown as internal control. B) The graph 

represents Figure A, after normalizing values with GAPDH, measured by the software GelQuant. C) Silencing 

of HCV 1a NS4A gene expression by specific siRNAs using anti-FLAG antibody at protein level. The protein 

expression levels were determined by western blot analysis after 24hrs of transfection with mock (M), HCV-1a 

NS4A expression plasmid with scramble (Sc) and NS4A specific siRNA (NS4Asi-108) in Huh-7 cells. D) 

Bands intensity of Figure C was quantified by GelQuant software,  The graph represents the relative expression 

of HCV NS4A gene shown in Figure C, made by the values obtained from the software (GelQuant) after 

normalizing them with the internal control GAPDH. 
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4.5.8  Effect of NS4B specific siRNAs  

To test the HCV 1a directed siRNAs for their ability to suppress HCV RNA 

dependent RNA polymerase, the siRNA was designed to trigger RNAi and co-transfected 

with constructed vector into Huh-7 cells in two different concentrations. Semi-quantitative 

RT-PCR analysis showed that siRNA (NS4Bsi-166) could only inhibit NS4B gene expression 

about 20%, when used 100nM, but at 50nM concentration it did not give any effect on NS4B 

RNA level compared with scramble siRNA. The RNA was isolated 24hrs after transfection to 

observe the relative expression (Figure  4.15 A&B). 

Western blot revealed that, at protein level the effect of NS4Bsi-166 was found 35% 

and 60% at 50nM and 100nM concentrations respectively, at 24hrs post transfection. These 

results suggest that synthetic siRNA against NS4B gene of HCV 1a genotype decreases the 

gene expression significantly at protein level in a dose dependent manner (Figure  4.15 

C&D). 
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Figure 4.15: Inhibition of NS4B gene expression by its specific siRNAs. A) Inhibition of HCV NS4B gene 

expression after co-transfection of Huh-7 cells with 0.4µg of constructed HCV NS4B vector along with 

scramble (Sc), as a control, and 50nM and 100nM of gene specific siRNA (NS4Bsi-166). After 24hrs, cells 

were harvested and relative RNA expression was observed using semi-quantitative PCR. Gene expression 

results from semi-quantitative PCR are given for scramble siRNA and two different concentrations of NS4Bsi-

166 siRNA against HCV-1a NS4B gene, and GAPDH are also shown as internal control. B) The graph 

represents Figure A, after normalizing values with GAPDH, measured by the software GelQuant. C) Silencing 

of HCV 1a NS4B gene expression by specific siRNAs using anti-FLAG antibody at protein level. The protein 

expression levels were determined by western blot analysis after 24hrs of transfection with mock (M), HCV-1a 

NS4B expression plasmid with scramble (Sc) and NS4B specific siRNA (NS4Bsi-166) in Huh-7 cells. D) The 

graph represents Figure A, after normalizing with GAPDH. Band intensity was measured by the software 

GelQuant. 

4.5.9  Effect of NS5A specific siRNAs  

To investigate the effect of HCV 1a directed siRNAs for their ability to suppress HCV 

NS5A gene expression, siRNAs were designed to trigger RNAi and co-transfected with 

constructed NS5A expression plasmid into Huh-7 cells. Semi-quantitative RT-PCR analysis 

showed that the siRNA NS5Asi-409 could only inhibit NS5A gene expression about 10%, 

but another siRNA NS5Asi-826 did not give any significant effect on NS5A RNA level, 

when used 100nM compared with scramble siRNA. The RNA was isolated 24hrs after 

transfection to observe the relative expression (Figure  4.16 A&B). 

Western blot was conducted to confirm the result of semi-quantitative PCR at protein 

level. Both siRNAs (NS5Asi-409 NS5Asi-826) did not show any inhibition at protein 

expression level of NS5A gene, at 24hrs post transfection (Figure  4.16 C&D). 
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Figure 4.16: Inhibition of NS5A gene expression by its specific siRNAs. A) Effect of gene specific siRNAs 

against HCV NS5A gene expression after co-transfection of Huh-7 cells with 0.4µg of constructed HCV NS5A 

vector along with scramble siRNA (Sc), as a control, and 50nM and 100nM of gene specific siRNAs (NS5Asi-

409 NS5Asi-826). After 24hrs, cells were harvested and relative RNA expression was observed using semi-

quantitative PCR. GAPDH are also shown as internal control. B) The graph represents Figure A, after 

normalizing values with GAPDH, measured by the software GelQuant. C) Effect of gene specific siRNAs 

against HCV 1a NS5A gene expression at protein level. The protein expression levels were determined by 

western blot analysis after 24hrs of transfection with mock (M), HCV-1a NS5A expression plasmid with 

scramble (Sc) and NS5A specific siRNA (NS5Asi-409 NS5Asi-826) in Huh-7 cells. D) The graph represents 

Figure A, after normalizing with GAPDH. Band intensity was measured by the software GelQuant. 

4.5.10 Effect of NS5B specific siRNAs  

To test the HCV 1a directed siRNAs for their ability to suppress HCV RNA 

dependent RNA polymerase, we screened siRNAs designed to trigger RNAi within the NS5B 

coding region of HCV 1a and co-transfected with constructed vector into Huh-7 cells. Semi-

quantitative RT-PCR analysis showed that inhibitory effect of siRNA NS5Bsi-241 is slightly 

more than 30% at both concentration of 50nM and 100nM against NS5B RNA expression. 

However, another siRNA NS5Bsi-1064 at a concentration of 100nM, considerably decreased 

NS5B RNA expression level up to 75%, but at 50nM concentration it showed about 30% 

suppression of NS5B expression compared with the scramble siRNA, which was used as a 

control. The RNA was isolated after 24hrs of transfection (Figure  4.17 A&B). 

Similarly, when protein expression was observed through western blot analysis, the 

siRNA NS5Bsi-1064 inhibited almost 100% of the NS5B protein level at 100nM 

concentration, but at 50nM the same siRNA reduced 60% of NS5B protein expression, when 
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observed after 24hrs of co-transfection.  And NS5Bsi-241 inhibited the NS5B protein 

expression about 25% at both 50nM and 100nM concentration of siRNA, after 24hrs of 

transfection. Results suggest that the siRNA NS5Bsi-1064 could inhibit the expression of 

NS5B gene both at RNA and protein level in a dose dependent manner (Figure  4.17 C&D). 
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Figure 4.17: Inhibition of NS5B gene expression by its specific siRNAs. A) Inhibition of NS5B gene 

expression, after co-transfection of Huh-7 cells with 0.4µg of constructed HCV NS5B vector along with 

scramble siRNA (Sc), as a control, and 50nM and 100nM of gene specific siRNAs. After 24hrs of transfection, 

cells were harvested and relative RNA expression was observed using semi-quantitative PCR. Gene expression 

results from semi-quantitative PCR are given for scramble siRNA and two different concentrations of NS5Bsi-

241 and NS5Bsi-1064 siRNAs against HCV-1a NS5B gene, and GAPDH are also shown as an internal control. 

B) The graph represents Figure A, after normalizing values with GAPDH, measured from the software 

GelQuant. C) Silencing of HCV 1a NS5B gene expression by specific siRNAs at protein level. The protein 

expression levels were determined by western blot analysis by using anti-FLAG antibody, after 24hrs of 

transfection with mock (M), HCV-1a NS5B expression plasmid with scramble siRNA (Sc) and NS5B specific 

siRNAs (NS5Bsi-241 and NS5Bsi-1064) in Huh-7 cells. D) The graph represents Figure A, after normalizing 

values with GAPDH, measured from the software GelQuant. 
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4.6  Inhibition of full length HCV particles of 1a genotype by 

effective siRNAs 

The present study was undertaken to design and test siRNA as an alternative therapy 

against HCV, the above results indicate that siRNAs targeting HCV structural and non-

structural genes has the ability to inhibit the corresponding HCV gene RNA and protein in 

Huh-7 cells. Taken advantage of the newly developed model system of HCV infection in 

liver cells, the effect of gene specific siRNAs against whole virus was evaluated by treating 

cells with effective siRNAs and tested for HCV RNA titer through Real Time PCR. Selected 

siRNAs for this experiment were labeled as Csi-361, Csi-29, E1si-52, E1si-192, E2si-86, 

E2si-493, P7si-18, NS2si-241, NS3si-229, NS3si-858, NS4Asi-108, NS4Bsi-166, NS5Bsi-

241 and NS5Bsi-1065. The results indicate that siRNAs targeting HCV structural and non-

structural genes have the ability to inhibit the whole virus of 1a genotype in serum infected 

liver cells. The effect of gene-specific siRNAs against the whole virus was evaluated in 

serum-infected Huh-7 cells by measuring reduction in the HCV RNA titer. Real-time PCR 

results showed that core siRNAs (Csi 361 and Csi 29) reduced HCV-1a RNA level up to 70% 

(Figure  4.18A). siRNAs against E1 and E2 envelop genes showed a dramatic reduction in 

HCV viral RNA, E2si 86 showed a maximum inhibition of about 93%, while E1si 192, E2si 

493 and E1si 52 showed 87%, 80%, and 66% inhibition respectively (Figure  4.18B). P7 and 

NS4A specific siRNAs (P7si-18 and NS4Asi-108) resulted in 90% and 60% reduction in 

HCV viral RNA respectively (Figure  4.18C). siRNAs directed against HCV NS3 serine 

protease/helicase (NS3si-229 and NS3si-858) resulted in 58% and 82% reduction in viral 

titer, while siRNA against HCV NS2 gene (NS2si-241) showed 27% reduction in viral titer. 

siRNAs against HCV NS5B RNA dependent RNA polymerase and NS4B genes showed a 

dramatic reduction in HCV viral RNA, NS4Bsi- 166 and NS5Bsi-1064 exhibited maximum 

inhibition up to 90% at a 20 μM concentration. No significant inhibition was detected in cells 

transfected with the negative control siRNA (Figure 4.18D). 

Together, these data suggest a negative impact of chemically synthesized Core and 

envelop genes siRNAs on HCV replication and infection that could be used for the down 

regulation of the whole viral particle of HCV la genotype.  
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Figure 4.18: Antiviral effect of siRNAs against HCV viral replication. Huh-7 cells were infected with high 

titer sera sample from HCV-1a patients to establish in vitro cell culture model of HCV-1a, cells were maintained 

overnight at 37°C in 5% CO2 for three days. Cells were harvested after siRNA treatment 24 hrs post 

transfection and intracellular HCV RNA levels were quantified by Real Time PCR.  A) Effect of Core specific 

siRNAs against HCV. B) Effect of E1 and E2 specific siRNAs against HCV. C) Effect of P7 and NS4A specific 

siRNAs against HCV. D) Effect of NS2, NS3, NS4B and NS5B specific siRNAs against HCV. Data is 

expressed as percentage of HCV survival in cells. Error bars indicate, mean S.D p < 0.05 verses control.  

4.7  Antiviral analysis of some selected siRNAs in combination 

against HCV virus in HCV serum infected Huh-7 cells 

Keeping in view the greater diversity of HCV quasispecies, that minor variation of 

even a single nucleotide may decrease the likelihood of siRNA induced inhibition of HCV 

replication. And after positive results indicating that siRNAs targeting HCV structural and 
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non-structural genes have the ability to inhibit the whole virus replication of 1a genotype in 

serum infected liver cells. A strategy was designed to test the combine effect of two different 

siRNA against HCV 1a replication. For this reason three effective siRNAs specific to HCV 

structural genes (Csi-361, E1si-192, E2si-493) were selected. The combine effect of gene-

specific siRNAs against the whole virus was evaluated in serum-infected Huh-7 cells by 

measuring reduction in the HCV RNA titer. In order to differentiate the effect of siRNAs in 

combination than used alone, in this trial half the quantity of siRNA was used as compared to 

siRNA used in above experiment (Figure  4.18). Real-time PCR results showed that core  and 

E1 siRNAs (Csi-361+E1si-192) reduced HCV-1a RNA level up to 60% and 50% 

respectively, but give dramatic decrease in HCV RNA level when use in combination (Figure  

4.19A). Similarly other combinations of E1 and E2 siRNAs (E1si-192+E2si-493) and core 

and E2 siRNAs (Csi-361+E2si4993) inhibited 85% and more than 90% of HCV viral titer 

respectively in serum infected Huh-7 cells (Figure  4.19 B&C). 

Therefore, the use of selective inhibitors like chemically synthesized siRNA in 

combinations for inhibition of HCV replication might be a good strategy for the treatment of 

HCV infection.  
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Figure 4.19: Antiviral effect of siRNAs use in combination against HCV viral replication. Huh-7 cells were 

infected with high titer sera sample from HCV-1a patients to establish in vitro cell culture model of HCV-1a, 

cells were maintained overnight at 37°C in 5% CO2 for three days. Cells were harvested after siRNA treatment 

24 hrs post transfection and intracellular HCV RNA levels were quantified by Real Time PCR.  A) Effect of 

Core and E1 specific siRNAs alone and in combination against HCV. B) Effect of E1 and E2 specific siRNAs 

alone and in combination against HCV. C) Effect of Core and E2 siRNAs alone and in combination against 

HCV. Data is expressed as percentage of HCV survival in cells. Error bars indicate, mean S.D p < 0.05 verses 

control. 
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DISCUSSION 

HCV is a leading cause of acute and chronic hepatitis which can eventually lead to 

permanent liver damage, hepatocellular carcinoma and death. Currently, there is no vaccine 

available for the prevention of HCV infection due to high degree of strain variation. The only 

therapy available is a combination of interferon and ribavirin, which cure only 50% of 

patients having genotype 1a. RNA interference (RNAi) represents a new promising approach 

to develop effective antiviral drugs against HCV. In order to identify potent anti-HCV agents, 

many investigators design and test multiple oligonucleotides that target different sites and 

regions of the target mRNA and many of them show desired results (Khaliq et al., 2010). The 

underlying mechanism of siRNA-mediated gene silencing is still unknown in mammalian 

cells; it could interfere with RNA stability and/or translation or, alternatively, transcription. In 

cultured mammalian cell lines, chemically synthesized siRNAs can be introduced into cells 

when formulated with lipophilic reagents (Caplen et al., 2001). Longer dsRNAs (50 bp) have 

a broader effect in mammalian somatic cells, resulting in general arrest of protein synthesis 

through interferon response and also protein kinase activation. In contrast, shorter siRNAs of 

21–23 nt have a more specific effect, inducing up to 90% suppression of specific mRNAs 

both in vitro and in vivo (Elbashir et al., 2001a, McCaffrey et al., 2002). Due to its high 

suppression efficiency and sequence specificity up to a single nucleotide resolution (Elbashir 

et al., 2001b) has encouraged the development of RNAi-based therapeutic models for 

possible use in viral infections i.e. HIV-1 (Shin et al., 2009), HBV (McCaffrey et al., 2002), 

HCV (McCaffrey et al., 2002), respiratory viruses (Bitko et al., 2005) and cancer i.e. K-ras 

(Brummelkamp et al., 2002), PI 3-kinase (Caplen et al., 2001).  

The HCV genome is a positive-sense single stranded RNA that functions as both a 

messenger RNA and replication template via a negative-strand intermediate, making it an 

attractive target for the study of RNA interference. A potential problem that may arise in 

RNAi based approach is the error prone nature of HCV genome with generation of 

quasispecies during chronic HCV infection but this problem can be overcome by designing 

siRNAs against highly conserved region of HCV (Prabhu et al., 2005, Wilson and 

Richardson, 2005, Watanabe et al., 2007). Several reports have demonstrated that RNAi, 

efficiently inhibits viral replication and infection by targeting 5`UTR, Core, E1, E2, NS3, 
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NS4b and NS5b sequences as alternative anti-HCV strategies (Kapadia et al., 2003, Seo et 

al., 2003, Wilson et al., 2003, Yokota et al., 2003, Prabhu et al., 2005, Kim et al., 2006). Two 

different groups used siRNA against Core gene of HCV 1a and 1b genotype and observed 

60% and 80% reduction in mRNA and protein expression respectively (Kim et al., 2006, Liu 

et al., 2006). A study demonstrated that siRNAs targeted against E2, NS3 and NS5B regions 

effectively inhibit core gene expression (Liu et al., 2006). Kim et al., 2006, designed siRNAs 

against HCV 1b and 1a genome to explore the silencing of structural genes and showed 

significantly less expression in a dose dependent manner.  

In the present study, different siRNAs were designed, with GC content of 35-50%, 

targeting structural and non-structural genes of HCV 1a genotype. The plaque assay is the 

most important procedure in virology to measure virus infectious titers by visualizing the 

viral-induced cytopathic effect. However, plaque assay for HCV is not available because 

HCV is non-cytopathic and detection of HCV-infected cells commonly rely on visualization 

of the infected cells by immunostaining of HCV proteins (Zhong et al., 2005), western 

blotting and RT PCR. Recently, different groups also have studied HCV replication in serum-

infected liver cell lines, which mimics the naturally occurring HCV infection in humans (el-

Awady et al., 2006, Lazaro et al., 2007, Buck, 2008). In this study, after screening the 

affectivity of HCV genes specific siRNAs through RT PCR and western blotting, the potent 

siRNAs were also tested for their efficiency to inhibit HCV RNA level. For this Huh-7 cells 

were infected with native viral particles from HCV-genotype-1a positive serum, using the 

same protocol as described by El-Awady et al., and Zekri et al. (el-Awady et al., 2006, Zekri 

et al., 2009).  

Considering structural part of HCV, a recent study indicated that HCV Core, E1 and 

E2, the major components of the virus particle, in transgenic mice develop significantly 

larger tumors than transgenic mice expressing Core alone (Kamegaya et al., 2005) while p7 

is considered to promote virus budding via an ion channel formation (Griffin et al., 2003, 

Pavlovic et al., 2003). Among non-structural genes of HCV, NS2/NS3 protease cleaves NS2 

protein from NS3 protein (Grakoui et al., 1993c, Hijikata et al., 1993a). Cleaved NS2 protein 

has a role in inhibition of cellular apoptosis and it also interferes with host gene expression 

(Machida et al., 2001, Dumoulin et al., 2003). NS3 protein is a multifunctional protein with 

N-terminal protease domain and C-terminal helicase domain. N-terminal domain of NS3 and 



91 
 

NS4A as a cofactor constitute serine protease that is responsible for HCV polyprotein 

processing (Bartenschlager et al., 1995, Kim et al., 1996). NS4B protein mediates anchoring 

of nonstructural protein to cellular membranes in order to form replication complexes (Gao et 

al., 2004). NS5B protein is HCV encoded RNA dependent RNA polymerase responsible for 

replication of HCV genome (Poch et al., 1989).  

Keeping in view the importance of all HCV genes and to test them as a target to 

develop antiviral agents, the mammalian expression plasmids were constructed comprising 

all individual HCV genes, for screening of gene specific siRNAs against HCV. The FLAG 

tag has been effectively used to detect and purify proteins in mammalian and bacterial 

systems (Chubet and Brizzard, 1996). So, in order to escape the usage of ten different 

antibodies against all HCV individual proteins, FLAG tag was first cloned into the 

mammalian expression vector pCR3.1 (pCR3.1/FLAGtag) and cloning was confirmed by 

sequencing analysis (Figure 4.2). After that all HCV genes were cloned individually into the 

vector pCR3.1/ FLAG tag (pCR3.1/ FLAGtag/HCV gene). Design of the expression vectors 

for HCV structural and non-structural genes (pCR3.1/ FLAGtag/HCV gene) features a CMV 

promoter to direct the transcription of FLAGtag and HCV individual gens to determine the 

expression of constructed vector in transiently transfected cells. Cloned vectors were later 

used for expression analysis of HCV 1a gene’s RNA and protein inhibition in Huh-7 cell line. 

HCV infects liver cells, replicates efficiently and continuously in liver derived Huh-7 cells 

(Lohmann et al., 1999). To determine whether the pCR3.1/ FLAGtag/HCV genes vectors can 

efficiently express the HCV structural genes, reverse transcriptase PCR (RT-PCR) and 

western blot were used. The results showed good expression level of both RNA and protein 

in Huh-7 cells (Figure 4.6 and 4.7). 

As different domains of Core have different functions, N-terminal 1-50 amino acid 

contains RNA and DNA binding domain, nuclear localization signals (NSL) while C-terminal 

91-191 aa inactivates and binds to Leucine zipper (Sabile et al., 1999, Jin et al., 2000). 

Therefore two siRNAs were designed, one from N-terminal and another from C-terminal 

region of the gene named as Csi-29 and Csi-361 respectively. C-terminal domains contain 

hydrophobicity residues and N-terminal of Core induces apoptosis and necrosis higher than 

those of C-terminal (Yan et al., 2005). The results of this study demonstrated that siRNAs 

directed against Core gene resulted in specific inhibition of HCV RNA synthesis as 
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control siRNA. The expression levels were significantly reduced in cells transfected with 

expression plasmid and sequence specific siRNA. The inhibitory effect of Csi-29 siRNA was 

about 60% and of Csi-361 was more than 80% at concentration of 100nM of siRNAs (Figure 

4.8 A&B). To determine whether the synthesized siRNA could effectively silence target gene 

protein expression, we used western blotting to detect the expression of Core protein in 

transfected cells. Both siRNAs, (Csi-29 and Csi-361) inhibited the protein expression of Core 

gene up to 100%, 24hrs after transfecting Huh-7 cells, which were designed against C and N-

terminal of the HCV 1a Core gene making them a potent site for inhibition of the gene 

expression (Figure 4.8 B&C). 

HCV envelope glycoproteins are essential in virus entry so they are good target for 

the development of antiviral molecules that block HCV entry (Helle et al., 2006). It is worth 

noting that some glycans have been shown to play a role in HCV glycoprotein folding or in 

HCV entry (Goffard et al., 2005). In this study, our results represents primarily to show that 

the inhibition of one specific N-linked glycosylation site of the HCV E1 glycoprotein was 

inhibited by the specific siRNA E1si-52 up to 75%. The other siRNA E1si-192 gave 60% 

inhibition at RNA level and showed dramatic decrease of E1 protein expression up to 100% 

when observed after 24hrs of transfection in Huh7 cells  (Figure 4.9).  

Besides containing N-glycosylation sites, the large ectodomain of E2 (residues 384-

661) a receptor binding domain that interacts with the CD81 large extracellular loop, plays an 

important role in the early step of viral entry (Meola et al., 2000, Cocquerel et al., 2003). 

Keeping in view this observation, N-glycosylation site was targeted by two different siRNAs 

E2si-86 and E2si-493. siRNA E2si-86 almost inhibited the E2 protein expression at 100nM 

concentration, when observed through western blot analysis after 24hrs of co-transfection.  

But E2si-493 could only suppress the E2 protein expression only up to 20% even at 100nM 

of concentration, when observed at 24hrs post transfection (Figure 4.10). Based on our 

results E1 and E2 with the inhibition of the HCV N-glycosylation sites by siRNAs are an 

attractive approach for the development of therapy against HCV infection. 

Comparison of p7 sequences of different genotypes reveals a high degree of 

variability, showing that p7 may differ in a sequence specific manner to antiviral compound 

sensitivity. A recent study found amantadine to be very effective in blocking HCV assembly 
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in culture cells, whereas imino-sugars were effective against different genotype (Steinmann 

et al., 2007). In the present study, p7 gene of HCV 1a genotype was targeted by siRNA 

resulting in 90% inhibition at RNA level and 70% inhibition at protein level (Figure 4.11). 

Due to small size of the gene only one siRNA was designed and tested. So it is assumed that 

siRNA against p7 could reduce p7 gene expression in Huh-7 cells but its inhibition was not 

as effective as compared to silencing of other genes observed in the present study. 

Non-structural genes of HCV 1a genotype were also targeted by their specific 

siRNAs to block HCV replication in host cells. Considering non-structural genes of HCV,  

residues H143, E163 and C184 (H952, E972 and C993 when numbered in polyprotein) 

constitute catalytic triad of NS2/NS3 protease and are conserved among all genotypes of 

HCV (Grakoui et al., 1993a), therefore the siRNA was designed that targeted regions 

encoding H143 residues. The results in this study demonstrated that siRNAs directed against 

NS2 gene (NS2si-241) resulted in specific inhibition of HCV RNA synthesis about 40%, 

whereas up to 35% at protein expression level (Figure 4.12). NS3 protein of HCV is a 

multifunctional protein, with a protease domain in N-terminal one third and helicase domain 

in C-terminal two third. NS3-4A (NS4A being cofactor of NS3) serine protease perform the 

proteolytic cleavage at four different junctions of HCV polyprotein (Bartenschlager et al., 

1995, Failla et al., 1995, Lin et al., 1995, Tanji et al., 1995). The exact function of NS3 

helicase is not known but it has been demonstrated that the helicase activity is necessary for 

HCV replication (Kolykhalov et al., 2000). His57, Asp81, and Ser139 residues constitute the 

catalytic triad of NS3-4A protease and are highly conserved (Bazan and Fletterick, 1988, 

Miller and Purcell, 1990). siRNA NS3si-229 was designed targeting NS3 gene region that 

codes Asp81 residue of catalytic triad. NS3si-229 inhibited the NS3 expression up to 70% 

both at RNA and protein level. NS3si-858 was designed against region coding for helicase 

domain of NS3. NS3si-858 was being the most effective siRNA against HCV NS2 gene, 

showing very significant inhibition of NS3 gene RNA and protein level for almost 100% 

(Figure 4.13). NS4A protein is an activating subunit of NS3-4A protease and central region 

of the protein (residues 21 to 34) of NS4A (54 amino acid protein) is essential and sufficient 

for cofactor function (Bartenschlager et al., 1995, Tanji et al., 1995). siRNA NS4Asi-108 was 

designed against this region and showed inhibition of NS4A expression both at RNA and 

protein level (Figure 4.14). NS4B is a hydrophobic protein responsible for binding to the 
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lipid rafts of cellular membranes which enables the anchoring of other nonstructural protein 

of HCV for the formation of replication complexes responsible for HCV replication (Gao et 

al., 2004). NS4Bsi-166 designed against NS4B gave only 20% inhibition of HCV RNA 

expression, but reduced about 60% of the NS4B protein expression level (Figure 4.15). 

siRNAs NS5Asi-409 and NS5Asi-826 designed against NS5A did not give any significant 

effect on NS5A RNA and protein level (Figure 4.16). A membrane-associated enzyme 

complex (replicase) that consists of viral and host proteins is responsible for replication of 

HCV RNA genome. The catalytic subunit of this replicase complex is virally encoded NS5B 

protein and it contains all the sequence motifs that are conserved among all known RNA 

dependent RNA polymerases (Poch et al., 1989). The three-dimensional structure of NS5B 

protein of HCV has been determined by several independent groups and HCV RNA 

dependent RNA polymerase has discrete fingers, palm and thumb sub domains (Ago et al., 

1999, Bressanelli et al., 1999, Lesburg et al., 1999). Two different siRNAs NS5Bsi-241 and 

NS5Bsi-1064 were designed against NS5B sub domains. siRNA NS5Bsi-241 was targeted 

against fingers sub domain and about 30% inhibition of NS5B RNA expression, and 25% 

inhibition of NS5B protein expression was observed. Residues D220, D318 and D319 are 

involved in nucleotidyl transfer at the catalytic pocket of NS5B protein. siRNA NS5Bsi-1064 

targeted region near D318 and D319 and was observed to be the most effective siRNA giving 

up to 75% inhibition of NS5B RNA expression. Protein expression analysis also confirmed 

that siRNA NS5Bsi-1064 was the most effective siRNA showing almost 100% reduction in 

NS5B expression (Figure 4.17).  

After screening and selecting the most effective siRNAs through RT PCR and 

western blotting, they were used to test for their affectivity to inhibit HCV replication in 

serum infected liver cells. As recently, different groups also have studied HCV replication in 

serum-infected liver cell lines, which mimics the naturally occurring HCV infection in 

humans (el-Awady et al., 2006, Lazaro et al., 2007, Buck, 2008). In this study, potent 

siRNAs were tested for their efficiency to inhibit HCV RNA level. For this Huh-7 cells were 

infected with native viral particles from HCV-genotype-1a positive serum, using the same 

protocol as described by El-Awady et al., and Zekri et al. (el-Awady et al., 2006, Zekri et al., 

2009). Selected siRNAs for this experiment were labeled as Csi-361, Csi-29, E1si-52, E1si-
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192, E2si-86, E2si-493, P7si-18, NS2si-241, NS3si-229, NS3si-858, NS4Asi-108, NS4Bsi-

166, NS5Bsi-241 and NS5Bsi-1065. 

siRNAs against HCV-1a structural genes were investigated against HCV-serum-

infected Huh-7 cells. An exciting finding of this study was a decrease in the HCV viral titer 

to a maximum of 93% and 90% after treatment with gene-specific siRNAs E2si-86 and P7si-

18 respectively (Figure 4.18 B&C). siRNAs against HCV core gene (Csi 361, Csi 29) 

showed up to 70% inhibition in the viral titer of HCV 1a genotype (Figure 4.18A). Similarly 

siRNAs directed against HCV envelop proteins (E1si 192, E2si 493 and E1si 52) showed 

87%, 80%, and 66% inhibition in the viral titer of genotype 1a respectively (Figure 4.18B). 

These results are in agreement with previous studies, which have suggested that siRNA is the 

most efficient nucleic-acid-based antiviral approach that can be utilized to degrade the HCV 

genome in infected cells.  

Selected potent siRNAs targeting conserved region of HCV non- structural genes 

were also examined for their effect on viral replication. An exciting finding of this study is 

decline of HCV viral titer to a maximum of 90% with a gene specific siRNAs directed 

against HCV NS5B RNA dependent RNA polymerase and NS4B. HCV replication in the 

Huh-7 cells was observed through detection of 5’UTR of viral copies by Real Time PCR in 

cells 3rd day post infection. HCV NS3si-229, NS4Asi-108 and NS5Bsi-241 showed greater 

than 50% inhibition in viral titer, while NS2si-241 exhibited only 27% reduction in viral titer. 

Other investigators have also reported the inhibition of HCV replication by targeting NS5A, 

NS3, or NS5B sequences (Kapadia et al., 2003, Seo et al., 2003, Wilson et al., 2003, Wilson 

and Richardson, 2005). Our data suggest that effect of siRNAs against HCV non- structural 

genes on HCV viral titer reduction is possibly due to the simultaneous degradation of HCV 

genomic RNA (as HCV genome contains a positive sense ssRNA). In summary, these results 

clearly show that the siRNAs mediated viral gene silencing is a very effective antiviral 

strategy that has a very strong potential for curing chronic HCV infection.  

Similar to existing antiviral therapies, a new siRNA therapy based on a single target 

may fail due to the development of viral resistance. Another possible approach is to target 

different regions of HCV genome by combinational effects of several siRNAs (De Francesco 

and Migliaccio, 2005, Korf et al., 2007). Shin et al., 2009 evaluated the antiviral activity of 
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constitutively expressed long duplex RNA, containing multiplexed siRNAs targeting HCV 

E2 and NS3 coding regions in HCV replicon containing cells, with the potential advantage to 

reduce the probability of the viral escape mutants (Shin et al., 2009). Keeping in view this 

finding, a combinational effect of few selected potent siRNAs (Csi-361, E1si-192, E2si-493) 

against HCV 1a was evaluated. Real-time PCR results showed that core  and E1 siRNAs 

(Csi-361+E1si-192) reduced HCV-1a RNA level up to 60% and 50% respectively, but give 

dramatic decrease in HCV RNA level when use in combination (Figure 4.19A). Similarly 

other combinations of E1 and E2 siRNAs (E1si-192+E2si-493) and core and E2 siRNAs 

(Csi-361+E2si4993) inhibited 85% and more than 90% of HCV viral titer respectively in 

serum infected Huh-7 cells (Figure 4.19 B&C). Effect of siRNA in combination against 

HCV structural genes on HCV viral titer reduction is possibly due to interaction between 

different HCV regions. Combination of different groups of siRNAs revealed significant 

additive inhibitory effects on HCV copy number, indicating that the use of selective 

inhibitors like chemically synthesized siRNA in combinations for inhibition of HCV 

replication might be a good strategy for the treatment of HCV infection. And also as Pan et 

al., have reported that RNAi and IFNα can be applied in combination without effecting 

transduction to hepatocytes. This combination approach was proposed to have enhanced 

antiviral effect (Pan et al., 2009). Therefore, it can also be speculated from this study that 

therapeutic induction of siRNA either alone or in combination with other siRNAs with 

different target regions or even with IFN treatment might could potentially provide an 

efficient therapeutic option against HCV infection.    

Using siRNAs as therapeutic agents against HCV has some advantages over many 

other traditional small molecule approaches inhibiting the function of viral proteins. One of the 

primary advantages of RNAi-based antiviral approach is that siRNAs are easy to design and 

synthesize, unlike small molecule inhibitors. Several guides and algorithms exist to support in 

the choice of siRNA (Pei and Tuschl, 2006). siRNAs must be experimentally tested for 

efficacy, but this is relatively trivial and typically agreeable to high-throughput analysis. They 

also have a distinct target as compared to protein for small molecule inhibitors, which yields 

promise for inclusion in multiple drug combinations with different targets to limit viral escape. 

But still, considerable challenges remain with respect to siRNA based therapy of HCV 

infection. 
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After having the library of very potent siRNAs effective against HCV, it is needed to 

test their efficacy in some natural and realistic biological model. And also the issues with the 

effective delivery are needed to be overcome. Effective delivery vehicles such as lipidosomal, 

cationic and biodegradable polymers with positive charges should be chosen as good means to 

deliver siRNA in vivo for long lasting RNAi activity. Once the matter regarding effective 

delivery will be resolved, it will be trivial to apply this technology to many different 

hepatotropic diseases. The compelling strength of RNAi therapeutic approaches is that once 

the proper modifications are designed to minimize off-target effects, while maximizing 

effective delivery of siRNAs or shRNAs to the hepatic cytosol, they are universally 

applicable to any liver target. Only the siRNA nucleotide sequence needs to change in order 

to target any hepatotropic virus or liver gene target, e.g. to treat diseases with elevated LDL 

or cholesterol.  

Due to the above mentioned advantages, specificity and affectivity of siRNA drugs, 

many of them are now in clinical trials. One of the most significant facts about the current 

status of siRNA clinical trials is the diversity of targets and players involved. The eleven drugs 

currently in the clinic cover eight conditions including viral infections, in seven target tissues, 

from eight different companies (Watts and Corey, 2010). It is an exciting time in the field of 

siRNA therapeutics, with more drugs than ever in clinical trials and some important lessons 

being learned. With this energy across such a diverse pipeline, it is likely that duplex RNA is in 

the clinic to stay. 
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APPENDIXES 

Appendix I 

List of Abbreviations 
7.1 List of Abbreviations 
aa Amino acid 

Amp Ampicillin 

ARFP Alternative reading frame protein 

BLAST Basic local alignment search tool 

bp  Base pair 

BVDV bovine viral diarrhea virus 

CDC Center for disease control 

Cox-2 Cyclooxygenase-2 

dH2O Distilled water 

DMEM Dulbecco's Modification of Eagle's Medium 

dNTPs Deoxynucleoside triphosphate 

dsRNA Double stranded RNA 

E1 Envelope glycoprotein 1 

E2 Envelope glycoprotein 2 

EDTA Ethylenediamine tetra acetic acid 

ER Endoplasmic reticulum 

FBS Fetal bovine serum 

GFP Green fluorescence protein 

HBV Hepatitis B virus 

HCC Hepatocellular carcinoma 

HCV Hepatitis C virus 

Huh-7 Human hepatoma cell line-passage 7  

HVR1 Hyper variable region 1 

IC Internal control 

IDUs Injection drug users 
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IFN Interferon 

iNOS Induced nitric oxide synthatase 

IRB Institutional Review Board 

IRES Internal ribosome entry site 

Kb Kilo base pair 

LDLR low-density-lipoproteins receptor 

MEGA Molecular Evolutionary Genetics Analysis 

MMLV-RTase Moloney murine leukemia virus reverse transcriptase 

mRNA Messenger RNA 

NANBH Non-A, non-B hepatitis 

 ng Nano gram 

NS nonstructural 

 nt Nucleotide 

 NTR Non-translated region 

ORF Open reading frame 

PAGE polyacrylamide gel electrophoresis 

PBS Phosphate buffered saline 

PCR Polymerase chain reaction 

PEG Polyethylene glycol 

PEG-INFα Pegylated interferon α 

PKR Protein Kinase R 

pM Pico-mole 

RdRp RNA-dependent RNA polymerase 

RISC RNA-induced silencing complex 

RISC RNA induced silencing complex 

RNA Ribonucleic acid 

RNase Ribonuclease (enzyme) 

ROS Reactive oxygen species 

rpm Revolution per minute 

RT-PCR Reverse transcriptase polymerase chain reaction  

SDS–PAGE Sodium dodecyl (lauryl) sulfate-polyacrylamide gel electrophoresis 



127 
 

shRNA Short hairpin RNA 

siRNA Short interfering RNA 

SR-B1 scavenger receptor class B type I 

ssRNA. Single stranded RNA 

Taq DNA polymerase Thermos aquaticus DNA polymerase (enzyme) 

Tm Melting temperature 

TMDs transmembrane domains 

UTR Untranslated region 

UV Ultra violet 

WHO World health organization 

μg Microgram 

μl Microlitre  
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Appendix-II 
7.2  Stock solution 
7.2.1    Ampicillin 

  Stock     100mg/ml  

      Dissolved 1g of ampicillin in 10ml dH2O. 

7.2.2 Tetracyclin 

 Stock         12.5g/ml 

 Dissolved 0.125g of tetracyclin in 10ml of 70% ethanol. 

7.2.3 0.5M EDTA (1000ml) 

EDTA    186.1 g 

NaOH    Few pellets to dissolve EDTA 

dH2O    to make volume one liter. 

7.2.4 10% SDS 

 SDS     100g 

 dH2O    900ml 

7.2.5  10N NaOH (100ml) 

  NaOH    40g 

  dH2O    100ml 

7.2.6 1N HCl 

  Pure HCl     8ml 

  dH2O    92ml 

7.2.7 5M Potassium Acetate (250ml) 

 Potassium actate   122.67g 

  dH2O  250ml 

7.2.8 3M Potassium Acetate (100ml) 

 5M Potassium acetate  60ml 

 Glacial acetic acid   11.5ml 

 dH2O 28.5ml 
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7.2.9  Phenol:Chloroform:Isoamylalcohol 

 Phenol    25ml 

 Chloroform    24ml 

   Isoamylalcohol 1ml 

7.2.10 1M CaCl2 Stock (300ml) 

 CaCl2    110.99g 

 Dissolved 33.3g of CaCl2 into 300ml dH2O and autoclaved. 

7.2.11 1M MgCl2 (100ml) 

 MgCl2    230.30g 

  Dissolve 23.03g of MgCl2 in 100ml dH2O and autoclaved 

7.2.12 Solution I (Alkaline lysis) 

  Glucose 50mM 

  Tris-HCl 25Mm (pH: 8.0) 

  EDTA 10Mm 

  Autoclave for 15 minute at 15psi (1.05kg/cm2) on liquid cycle, and store at 4oC. 

7.2.13 Solution II (Alkaline lysis) 

  NaOH 0.2N (Freshly diluted from 10N stock) 

  SDS  1%(W/V) 

  Solution prepares freshly and use at room temperature. 

7.2.14 Solution III (Alkaline lysis) 

  5M Potassium acetate   60.0ml 

  Glacial acetic acid   11.5ml 

  dH2O    28.5ml 

  Autoclave and store at 4oC and transfer to an ice just before use. 

7.2.15 10% APS (ammonium per sulphate) 

 APS     0.1g 

 Water    1ml 

7.2.16 Blocking Solution 

 Skim milk    1.25g 

 1x PBS    25ml 
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7.3      Buffers 
 7.3.1 10X TBE Buffer (1000ml) 

 Trisma base    108g 

 Boric acid      55g 

 EDTA (0.5M)   40ml 

 dH2O    To make volume one liter 

7.3.2 TE Buffer (100ml) 

 0.5M EDTA    0.2ml 
 1M HCl    1.0ml 

 dH2O    To make volume 100ml 

7.3.3 50X TAE (250ml) 

Tris-base 70.5g 

0.5M EDTA 50ml 

Acetic acid 14.7ml 

pH  8.5 

dH2O    To make volume 250ml 

7.3.4 10X Phosphate buffered saline PBS (1 Liter) 

NaCl  80g 

KCl  2g 

Na2HPO4.7H2O 11.5g 

KH2PO4 2g 

dH2O    To make volume one liter. 

7.3.5 1X PBST (1 Liter) 

NaCl  8g 

KCl  0.2g 

Na2HPO4.7H2O 1.15g 

KH2PO4 0.2g 

Tween 20 1ml 

dH2O    To make volume one liter. 

Adjust pH at 7.4 with NaOH. 
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7.3.6 Lysis Buffer 

NaCl  400Mm 

Tris-HCl 50mM (pH: 8.0) 

EDTA 10Mm (Ph: 8.0) 

IGPAL 1% 

Protease inhibitors 2μl/ml 

PMSF 10mg/ml 

 Protease inhibitors and PMSF added just prior to use lysis buffer. 

7.3.7 TEN buffer: 

  Tris (pH: 7.5)   40 mM 

  EDTA (pH: 8.0)   1mM 

  NaCl     150mM 

7.3.8 4x TRIS-SDS Buffer pH 8.8. 

Trizma base    18.2g 

SDS     0.4g 

dH2O    To make volume100ml. 

 Adjust pH to 8.8 with concentrated HCl, filter sterilize and store at 4ºC. 

7.3.9 4x TRIS-SDS Buffer pH 6.8 

 Trizma base    6.05g 

 SDS     0.4g 

dH2O    To make volume100ml. 

 Adjust pH to 6.8 with concentrated HCl, filter sterilize and store at 4ºC. 

7.3.10 10x Running Buffer 

Trizma base    30.05g 

Glycine    142.5g 

SDS     10g 

dH2O    To make volume one liter. 
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7.3.11 Transfer Buffer 

Trizma base    3.032g 

Glycine    14.416g 

Methanol    200ml 

dH2O    To make volume one liter. 

7.3.12 2x Sample Buffer 

 4x TRIS-SDS Buffer   2.5ml (pH 6.8) 

Glycerol    2ml 

SDS     0.4g 

β-mercaptoethanol   200ul 

Bromophenol blue   200ul 

dH2O    To make volume upto 10ml. 

 

7.4 Culture Mediums 
7.4.1  Luria Bertani Medium LB  

Tryptone    10g 

Yeast Extract    5g 

NaCl     10g 

dH2O    upto 1000ml 

 Dissolved the above reagents in dH2O, adjust the pH to 7.5 by 1N NaOH and 

 autoclaved. 

7.4.2 Luria Bertani Agar  

Tryptone    10g 

Yeast Extract    5g 

NaCl     10g 

Agar     15g 

dH2O    upto 1000 ml 

 Dissolved the above reagents in dH2O, adjust the pH to 7.5 by 1N NaOH and 

 autoclaved. 
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7.4.3 SOC Medium  

Tryptone      2g 

Yeast Extract   0.5g 

NaCl      0.06g 

KCl     0.02g 

MgCl2     0.2g 

MgSO4    0.25g 

Glucose    0.36g 

dH2O    upto 200 ml 

 Dissolved the above reagents in dH2O, adjust the pH to 7.5 by 1N NaOH and 

 autoclaved. 


	Title pages
	TABLE OF CONTENTS
	SUMMARY

	Complete Thesis by Ansar (2) FINAL



